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No reference book on manufacturing engineering will ever be
an unqualified success. It cannot be a panacea for those
seeking cures for the ills of poor management. At best it
provides an insight into the multifarious techniques and pro-
cesses which combine to enable goods to be produced com-
petitively in terms of cost, quality, reliability and delivery.

Within manufacturing organisations it is to be hoped that
specialist knowledge exists in all the relevant fields, extending
beyond the confines of the chapters in a reference book. If it
does not exist, the companies must ensure that they acquire it
by providing suitable training or by employing experts, if they
hope to survive.

What purpose is served, then, by this sort of reference
book? The editor believes that, apart from those copies which
are destined to gather dust in executives’ bookcases to help
provide an ambience of professional respectability, the book
will be useful for top and middle managers who feel the need
to widen their perspectives. With this in mind it has been
written in compartmentalised form, each section being free-
standing and capable of being understood as an introductory
text. It will also be of use to engineering students as an adjunct
to the more specific texts used in support of their lectures.

Preface

Some reference books are primarily compendiums of tabu-
lated data, essential to the task of technical quantification.
This volume is not such a compendium: it is mainly a
qualitative approach to knowledge gathering from which
subsequent quantification may be attempted. It covers those
aspects of manufacture which are essential for designing new
production systems or for managing exisiting factories. These
include materials selection, manufacturing and fabrication
processes, quality control, and the use of computers for the
control of processes and production management.

The editor wishes to thank the specialist authors who
contributed their expertise for their forbearance during the
various stages of preparation, together with colleagues, past
and present, at the University of Brighton for their sug-
gestions. Special thanks are due to Mr Don Richardson for his
helpful suggestions on various chapters.

I would particularly like to thank my wife and family for
their continued support during this project.

Dr Dalbir Koshal
University of Brighton
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1.1 Engineering properties of materials

1.1.1 Elastic properties

Elastic or Young's modulus, E (units GPa) The stress re-
quired to produce unit strain in the same direction, i, in the
absence of restraint in the orthogonal directions:

E; = o} (1.1)

where o is the stress and ¢ the strain which it produces. A
standard testing method is described in ASTM E231.

Shear modulus, G (units GPa) The shear stress required to
produce unit angular rotation of a line perpendicular to the
plane of shear:

G=To™" (1.2)

where T is the shear stress and ¢ is the angular rotation (in
radians).

Bulk modulus, K (units GPa) The hydrostatic pressure p
required to effect unit change in volume V:

K = pv(av)™! (1.3)

Poisson’s ratio v (dimensionless) The ratio of the strain in a
direction orthogonal to the direction of stress to the strain in
the direction of stress:

v = Ejykﬁi-l (14)

These four basic elastic properties apply to homogeneous and
isotropic materials and are related by the equations:

E = 3K(1 — 2v) (1.5)
=2G(1 + v) (1.6)

In the case of a material which has anisotropic elastic proper-
ties the terms used may have different meanings, and stresses
and strains should be related using tensor analysis.

1.1.2 Tensile testing parameters

When considering the properties obtained from the tensile test
it should be realised that the results are always reported as
though the load was applied to the initial cross-section A, of
the test piece. Any reduction of this cross-section is ignored.
The test subjects a sample of material of circular or rectangu-
lar cross-section, of a specific gauge length and equipped with
end pieces of larger section which taper smoothly to the gauge
length.

When subjected to uniaxial tension beyond the limit of
proportionality the material within the gauge length elongates
plastically, contracts uniformly or locally transversely and
work hardens. The stress ¢ in the material increases but,
because of the decrease in the cross-sectional area A, the
stress S calculated from the load and the original cross-
sectional area A, increases more slowly, attains a maximum
value S, and (usually) declines before the specimen breaks.

Limit of proportionality 'The stress at which elastic behaviour
of a material is replaced by a combination of elastic and plastic
behaviour, normally expressed as either the yield stress, S,
(units MPa), or the proof stress, Sose, So29, So.19 (units
MPa), where the departure from elastic behaviour is indicated
by the suffix and S (or, in some codes P) is the load:
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P < Yield or strain offset g g5 )

0.002
0.001
S =

Ao

Ultimate tensile stress S, (units MPa) The maximum load at
which a ductile material fractures in the tensile test divided by
the original cross-sectional area. S, is not to be confused with
o, which is the true stress:

oy = Sudod, ™! (1.8)

where A, is the cross-sectional area at the time of failure.

S, depends on the dimensions of the specimen (the gauge
length is normally 0.565VA,, but it may be 50 mm or some
other value) and the rate of application of stress. Both these
parameters should be recorded.

Fatigue endurance Related to S, rather than §,. The diffe-
rence between S, and S, is a measure of the safety margin
against accidental overload.

Most modern design codes base the permissible stress in a
material on a factor (say 66%) of S,. Some other codes use a
factor of S, as a design criterion. This is cost effective and safe
when using a ductile material such as mild steel.

Tensile ductility Reported either as elongation, e (units %)
8 L-1L,

e=—=

L L

where 8 is the extension to fracture, or as reduction in area, Ag
(units %)

x 100 (1.9)

(1.10)

Ductility is the property that confers tolerance to flaws to a
material and is also an indication of material quality and
correct heat treatment. Standards usually specify a minimum
ductility.

Standard procedures for tensile testing are given in BS 18,
ASTM ES8, ASTM E345 and ASTM B557.

Flexural strength, S (units MPa) The calculated maximum
stress on the tensile side of a beam which fails when stressed in
bending. It is used to measure the strengths of materials such
as cast iron and ceramics which are too brittle to be tested
using the standard tensile test. A beam stressed in three-point
loading has the maximum stress applied only on one line on
the surface. Multiple testing is required to produce results
which can be used in design and much higher safety factors
(see Section 1.6.10) are required than are used for ductile
materials tested using the standard tensile test.
A standard testing method is described in ASTM C580.

1.1.3 Hardness

Hardness is the resistance of a material to permanent defor-
mation by indentation or scratching. It is not a simple intrinsic
property of a material but a complex response to a test.
Vickers, Brinell and Knoop hardnesses compare the load and
the area of the impression produced by an indenter, Rockwell
hardness compares the load and the depth of the impression,
Shore hardness is a measure of the rebound of an indenter,
and Moh hardness measures the ability of one material to
scratch another.

Vickers hardness, HV (the dimensions are strictly those of
force per unit area, but in practice Vickers and Brinell
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hardnesses are comparative numbers), is the quotient ob-
tained by dividing the load F (kgf) by the sloping area of the
indentation left in the surface of the material (in mm?) by a
136° pyramidal diamond indenter:

2F sin (136/2)
d2

where d is the diagonal of the indentation.

Hardness is a measure of the wear resistance of a material.
Used on metals the Brinell hardness value of a medium carbon
steel is directly related to the ultimate tensile stress, whilst the
Vickers hardness is related to the proof stress. Vickers, Brinell
and Rockwell hardnesses can be used to ensure that heat
treatment has been carried out correctly.

Hardness testing of ceramics is carried out with very light
loads to avoid failure of the material.

Standards for hardness testing are:

HV = = 1.854Fd"? (1.11)

Vickers BS 427, ASTM E92
Brinell BS 240, ASTM E10
Rockwell BS 891, ASTM E18

Schierscope ASTM 4448

1.1.4 Fracture toughness and impact testing

1.1.4.1 Fracture toughness testing

Plane strain fracture toughness, K. (units N-m~3?) The
limiting stress intensity required to cause crack extension in
plane strain at the tip of a crack when the stress is transverse to
the crack. K, and K;, are parameters corresponding to
stresses in the plane of the crack.

Standard testing methods are given in BS 5447 and ASTM
E399.

Fracture toughness is sometimes denoted by K. or Kj,.

Elastic-plastic fracture toughness, Ji. The limiting value of
the J integral (which is a line or surface integral used to
characterise the fracture toughness of a material having appre-
ciable plasticity before fracture) required to initiate a crack in
tension from a pre-existing crack.

Stress intensity to initiate stress corrosion, Ky (units
N-m~¥?) The limiting stress intensity required to initiate
propagation of a crack in a specific environment at a specific
temperature.

1.1.4.2 Impact testing

In contradiction to fracture toughness testing which quantifies
a material property, Izod cantilever and Charpy beam type
impact test results are a function of the method of testing. In
particular, a machined rather than a fatigue-propagated notch
is used. Resuits are expressed as the energy, J (in joules),
required to break the cross-sectional area behind the notch.

Testing a number of specimens of body-centred metals,
ceramics and polymers over a range of temperature will reveal
a transition temperature below which brittle behaviour is
observed. This is reported either as the fracture appearance
transition temperature (f.a.t.t. in °C) at which half of the
fracture surface is fibrous and half is crystalline, or as the
fracture energy transition temperature (in °C) at the inflection
in the energy curve. This is a criterion of use for assessing
material composition, treatment and behaviour.

Standards for impact testing are BS 131, ASTM E23, ASTM
E812 and ASTM E602 (sharp notch tension testing).

1.1.5 Fatigue

S-N curve The graphical relationship between the stress §
and the number of cycles N required to cause failure of a
material in a fatigue test. This depends on the mean stress,
frequency and shape of the stress cycle, the temperature and
the environment, all of which should be specified. Note this
applies to high cycle fatigue.

High strain fatigue is strain, not stress, related and the
plastic strain per cycle resulting in failure e, is inversely
proportional to N*? for almost all engineering materials.

Fatigue endurance limit, o, (units MPa) The maximum stress
below which a material is presumed to be able to endure an
infinite number of cycles. This applies only to certain specific
engineering materials such as, for example, steel and titanium.

Fatigue limit, oy (units MPa) The maximum stress below
which a material is presumed to be able to endure a specific
number of cycles; this is usually of the order of 107 to 10, but
may be lower for specific applications.

The fatigue endurance limit and the fatigue limit are both
statistical quantities and depend on the same parameters as
the S=N curve (see above).

Standard methods for fatigue testing are BS 3518, ASTM
ES513, ASTM E912, ASTM E206, ASTM E742, ASTM E466,
ASTM E606, ASTM 4 468 and ASTM E739. Other ASTM
standards are given in ASTM Standards Vol. 03;01.

Fatigue life for p% survival (units MPa) The maximum stress
below which not less than p% of tested specimens will survive.

Fatigue notch factor, Ky (dimensionless) Ratio of the fatigue
strength of a notched to that of an unnotched specimen.
Fatigue notch sensitivity, g (dimensionless)
(K¢ = 1)

(K- 1)

where K, is the stress concentration factor.
When g approaches 1 a material is fully sensitive; when g
approaches 0 a material is insensitive.

g= (1.12)

1.1.6 Creep and stress rupture

Creep range The temperature range, usually above half the
melting-point temperature (in kelvin), at which the design
stress computed from creep or stress rupture is lower than that
calculated from yield or 0.2% proof.

Stress to rupture, o (units MPa) The tensile stress at which
a material will fail if held at a specific temperature for a
specific time, depending on the type of application.

Stress to a certain creep strain, o, (units MPa) The tensile
stress at which a material will creep to a specific strain e
(ignoring the initial strain on loading) if held at a specific
temperature for a specific time. For a specific material o, and
og are related.

Creep rupture elongation (units %) The percentage of the
original length by which a creep rupture specimen extends
before failure.

Larson-Miller parameter, P A parameter used to extra-
polate the results of creep rupture tests carried out at relat-
ively short times to longer times. The rate equation is:

P = T(log tg + C) (1.13)



where T is the absolute temperature and C is an empirically
determined constant. Other rate equations have been derived
by Sherby-Dorn and Manson-Haferd.

Standards for creep and stress rupture testing are BS 5447
and ASTM E1329 for metals and BS 4618 for plastics.

1.1,7 Thermal properties

Specific heat per unit mass, Cg (units J kg~' K=!) The rate of
change of heat content of 1 Eg of the material with tempera-
ture. Specific heats are often quoted in J g~ K~! or in
compilations of thermodynamic data as cal mol~! K~1. They
may also be quoted as mean specific heats over a range of
temperature, usually 25°C to a specific elevated temperature.

Specific heat per unit volume, C, (units Jm~> K~!) The
specific heat of a gas at constant volume C, does not include
the work required to expand the gas and is therefore lower
than C,.

Thermal expansion The linear thermal expansion a (units
K™Y} is the fractional increase in length ! per degree rise in
temperature at a specific temperature T:

dl

oT) = I'I;ﬁ:

More commonly, a mean expansion between two tempera-
tures

(1.14)

L4
AT

where Al is the change in length from [, at temperature T,
when the temperature is changed by AT = T — T,,, is quoted.
In data compilations T, is often 25°C.

In anisotropic materials (single crystals or materials having a
preferred orientation), the thermal expansion coefficient may
differ between each of the three orthogonal directions x;, x;
and x,.

a=1,

(1.15)

Thermal conductivity, A (W m~! K1) The heat flow per
unit area generated by unit temperature gradient:
.40 d
dr dT
where dQ/dt is the rate of heat flow across area A and dT/dl is

the temperature gradient. A is normally a function of tempera-
ture and, in anisotropic materials, of direction.

A=A

Thermal diffusivity, D (units m? s~%) A measure of how fast
a heat pulse is transmitted through a solid:

A
Pcp
where A is the thermal conductivity, p is the density and C is
the specific heat.
Thermal diffusivity varies with temperature but can be

measured more quickly and accurately than thermal conduc-
tivity.

1.1.8 Electrical properties

Volume resistivity, p (units 2-m) The resistance (in ohms) of
1 m3 of a material:

R=pla~! (1.16)

where R is the resistance of a body, / is its length and A is its
uniform cross-section.
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Dielectric breakdown (no standard symbol: units K V mm~!
or KV) Measured according to IEC 672, BS 1598: 1964,
ASTM D116 or DIN 40685.

Relative permittivity (dimensionless) The ratio of the charge
storage capacity of a material in an electric field which results
from realignment of the crystal structure compared with the
charge storage capacity of empty space.

Permittivity (units A s V™' m~1) Given by:
(As)/(Vim)

where A is the current in amperes, s is the time in seconds, Vis
the electric protential in voits and m is the length in metres.

Dielectric loss, tan § (dimensionless) The phase angle intro-
duced by the time taken for polarisation to occur on applica-
tion of a field. Dielectric loss is frequency and (usually)
temperature dependent.

1.1.9 Optical properties

Spectral absorption coefficient, K (units mm~) The log of
the ratio of the incident to the transmitted light intensity
through unit thickness:

K = (log I, — log Nx~! (1.17)

where I, is the incident intensity, I is the transmitted intensity
and x is the thickness (in mm). K varies according to the
wavelength of the incident light.

Refractive index, u (dimensionless) The ratio of the velocity
of light in vacuo to that in the medium:

- -1
B = VoV ™ medium

1 (1.18)

=sinisin™'r
where i and r are the incident and refracted angles of the beam
to the surface.

1.2 The principles underlying materials
selection

1.2.1 Introduction

The need to select a material may arise from a number of
circumstances including the following.

(1) An entirely new component is to be developed to per-
form functions not previously visualised.

(2) A component is required to perform an increased duty
which renders the performance of the material previously
used unsatisfactory.

(3) The incidence of failure in a material previously specified
is too high, or occurs at too early a stage in the life of the
component,

(4) Some material shortcoming not strictly related to opera-
tional performance has become apparent. A material
which was acceptable initially may become unsatisfactory
because:

(a) it has become so expensive, relatively or absolutely,
that the equipment, of which the component is a
part, can no longer fulfil an economic function;

(b) itis no longer available locally or globally (or might
become unavailable in the event of an emergency);
or

(c) it is no longer acceptable on grounds of health,
safety, aesthetics or public sentiment.
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Examples of materials which have been developed in
answer to the above-listed circumstances are as follows.

(1) The ‘magnox’ can for the first-generation gas-cooled
power reactor.

(2) Superalloy blades of progressively increasing creep res-
istance culminating (so far) in the directionally solidified
castings now used.

(3) Notch ductile aluminium killed steels to replace the
materials which failed by brittle fracture in the ‘liberty’
ships.

(4) (a) Steel-cored aluminium instead of copper conductors

for overhead power lines;

(b) nickel-based superalloys for military jet aircraft
after it was realised that the source of cobalt in
cobalt-based superalloys were situated in doubtful
African or Iron Curtain countries; and

{c) ceramic fibres to replace asbestos as a binder for
heat insulation because of the hazard of ‘asbestosis’.

All these examples of material choice were developed by
means of the techniques described later in this section. The
materials selected have performed entirely satisfactorily, and
in those cases where operational parameters were not the
cause of replacement the substitute material has in fact
performed better than the original.

1.2.2 Techniques of materials selection

There are at least three different techniques by which the

optimum material for use in a specific component may be

selected.

(1) The classical procedure using functional analysis and
property specification.

(2) The imitative procedure which consists of finding out
what material has been used for a similar component.

(3) The comparative procedure which consists of postulating
that the component be made from some cheap and well
understood engineering material, assessing in what ways
such a material’s performance would be inadequate and
from this arriving progressively at the right material.

The classical procedure is the only one that is universally
applicable and its use is essential, even when procedure (2) or
(3) is followed, to check the findings of the functional analysis
and property specification. By itself, however, the classical
procedure is expensive and time consuming and requires a
considerable amount of prototype testing to ensure that no
critical requirement or essential property has been over-
looked.

The imitative and comparative procedures, where applic-
able, provide invaluable shortcuts, save a vast amount of time
and money and will help to ensure that no essential parameter
has been overlooked. The materials engineer will be wise to
employ all three techniques in parallel wherever practicable.

1.2.3 Preliminary examination of design

Whichever of the above procedures is employed, it is essential
to commence with an analysis of the function of a component,
a critical examination of the design and to establish the
property requirements of the material under consideration.
Design affects the materials-selection procedure at all
stages. A component may fulfil its function in more than one
way due to different designs which result in different
materials-property requirements and hence different optimum
materials and different manufacturing routes. For example, a
box with a hinged lid may be made from two pieces of thin
metal sheet and a pin or from one piece of polypropylene.

The effect of design on a manufacturing process is particu-
larly important when considering a materials change in an
existing product, for example from metal to plastic or ceramic.

Design and materials selection constitute an iterative pro-
cess: design affects the optimum material, which in turn affects
the optimum design.

1.2.4 The classical procedure

1.2.4.1 Functional analysis

Functional analysis is a formal way of specifying material
properties, starting from the function of a component. This
involves:

(1) specification of the functions of a component;

(2) specification of the requirements of a component; and

(3) specification of the requirements of the material proper-
ties.

1.2.4.2 Function

The overall function should be specified as broadly as possible
to allow the greatest number of options in design. Where there
are several functions all must be specified. This latter require-
ment is essential even when the choice of material has been
necessitated by the failure of a material to perform one
specific function, because a change in a material to make it
capable of fulfilling one function may make it incapable of
fulfilling another. For example, using a higher tensile steel to
carry an increased load may result in brittle fracture under
shock.

1.2.4.3 Component requirements

When the functions have been established the component
requirements can be identified. For example, the one-piece
box mentioned above must be capable of being opened and
closed an indefinite number of times. In specifying component
requirements it is important to remember that it must be
possible to produce the article in the required form, and that
the component must withstand the environment in which it is
operating, at least for its design life.

1.2.4.4 Materials property requirements

From the component requirements the materials-property
requirements can be established. The material for the one-
piece box must have an almost infinite resistance to high strain
fatigue in air at room temperature. This is obtainable from a
polypropylene component manufactured in a specific way.

The property requirements established by the functional
analysis may be quantitative or qualitative. For example, the
material for an automobile exhaust must be sufficiently strong
and rigid to withstand weight and gas pressure forces. Quanti-
tative requirements must be established by analysis of the
design and operating conditions. In comparison, the require-
ment to resist corrosion and oxidation is qualitative. Property
requirements may also be classified as essential and desirable.
The strength requirement in the material for the exhaust is
essential. Environmental resistance is often sacrificed to mi-
nimise initial cost (even when, as in this example, a more
resistant material may be economically superior over the total
life of an automobile).

1.2.4.5 Materials requirement check-list

The next stage is the formulation of a ‘materials requirement
check-list’. Some properties which will feature in this check-



list are listed in Section 1.1. The reader should not be
discouraged by the length and complexity of this list. It will in
many cases become evident that whole ranges of properties
(and materials) may safely be ignored at first glance. For
example, if the component is required to transmit or refract
light the choice of material is immediately limited to a glass,
mineral or polymer and the design and property specification
is thus also restricted. If electrical conductivity is significant,
choice is limited to conducting metals, resistive or semicon-
ducting materials or insulators.

1.2.4.6 Important characteristics

The important characteristics requiring consideration for
many engineering components are:

(1) mechanical properties—stiffness, strength and ductility;

(2) physical properties—thermal, electrical, magnetic and
optical properties;

(3) environmental resistance and wear, including applica-
bility of corrosion protection;

(4) capacity for fabrication; and

(5) cost, which includes material, manufacturing, operating
and replacement costs.

1.2.4.7 Mechanical properties

Resistance to manufacturing and in-service loads is a require-
ment of all products. The material must not buckle or break
when the component comes under load. A product must also
have an economic life in fatigue or under creep conditions.
Where a number of materials meet the minimum strength and
stiffness requirements, a preliminary short-list can be made on
the basis of cost per unit strength or unit stiffness (or in the
case of transport applications, strength per unit weight).

1.2.4.8 Physical properties

Physical properties such as, for example, specific gravity, are
important for most applications. As noted above, for some
applications optical or electrical properties may be para-
mount.

1.2.4.9 Environmental resistance (corrosion)

Resistance is a property whose universal importance has been
obscured by the circumstance that it has been inherent in the
choice of materials for most common applications.

Corrosion-resistance requirements vary from the absolute,
where even a trace of contamination in a fine chemical, food
or cosmetic is unacceptable, to the barely adequate where the
cheapest material whose integrity will survive the minimum
economic life should be chosen.

When assessing corrosion resistance attention should be
paid not only to the rate of general corrosion but also to the
possibility of localised corrosion which, as described in Section
1.8, may destroy component integrity without significant
dimensional changes.

Corrosion mechanisms may cause the disintegration or
deterioration of metals, polymers, ceramics, glasses and
minerals.

1.2.4.10 Wear resistance

Wear is the product of the relative movement between one
component and another or its environment. Prevention of
wear depends principally on design and operation, but can be
minimised or eliminated by the correct choice of material,
material pair, or coatings.
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1.2.4.11 Manufacture and cost

Manufacturing routes are selected on the basis of lowest total
cost to produce the desired performance. In the past, perfor-
mance requirements have favoured certain processes such as,
for example, forging instead of casting, but more recently
attention to quality improvement techniques in casting has
levelled up in-service properties and cost is emerging as the
deciding factor.

It is difficult to assess the relative total costs of different
material/manufacturing route combinations at the early stage
of a design and, wherever possible, finalising precise geom-
etries should be delayed until possible materials and manufac-
turing routes have been identified, otherwise there will be an
avoidable cost penalty.

The cost of a component includes:

(1) in-position costs, which comprise material cost
(influenced by quality and quantity), manufacturing cost,
quality-control cost and administration cost; and

(2) lifetime costs, which comprise servicing, maintenance,
warranty, outage and replacement costs.

Costs which accrue at different periods must be discounted
to a common date. Differences in discounting rates between
different countries or organisations can lead to the selection of
different materials for applications which are, in all other
respects, identical.

Comprehensive knowledge of the application is important
in assessing the relative importance of cost and performance.
Cost is paramount in the case of a widely marketed consumer
item where small differences in reliability and life have little
influence on saleability, but performance is paramount for
certain sporting or military applications. There may, for
example, be no advantage to be gained by incurring additional
expense to prolong the life of a car exhaust system from 5to 7
years when the purchaser intends to replace the car after 2
years. In cases such as this the sales department must always
be consulted before the final material choice is made. On the
other hand the material from which a racing car spring is made
must have the maximum possible specific rigidity, regardless
of cost. The potential rewards for employing the optimum
material far outweight any cost saving which might be ob-
tained by choosing the second-best material.

1.2.4.12 Material selection

When the properties of candidate materials have been ascer-
tained (by the procedures discussed later) a short-list should
be established. If it is immediately obvious that one material is
outstandingly superior the choice is straightforward. Often
there is one property requirement that outweighs all the
others. When this is the case the choice is simplified. There
may, however, be a number of possible materials, or none
may meet all requirements.

A number of procedures have been proposed for eliminat-
ing all but one of a number of possible materials. These
include an advantage/limitation table, an elimination grid,’
and ranking methods for properties (and the number of
properties) that meet the requirements.

Local factors—using a material which is familiar locally,
using a material which has a margin in one specific property
that may be of value in a future marque of component, or
using a material that is suitable for a locally available fabricat-
ing or machining technique—will often influence the final
choice.

When no material meets the necessary requirements, a
careful re-examination may reveal that a change in design,
environment or operating conditions will enable satisfactory
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performance at minimum extra cost. As a last resort it may be
possible to arrange for easy replacement after a fixed time,
and to hold a supply of spares.

1.2,5 Drawbacks of the classical procedure

Application of the procedures outlined above guarantees
success if followed logically and completely and if design,
operating and material parameters are thoroughly under-
stood. This is seldom the case in practice. Designs cannot
always be evaluated precisely, material properties are seldom
specified fully, and it is impossible to predict exactly what an
operator will do.

In most cases the classical method requires a considerable
amount of mechanical-property evaluation, possibly materials
and process development and a substantial programme of
prototype testing, before satisfactory performance can be
guaranteed. Time may not be available to undertake this. The
easiest way to reduce the time required is to use the imitative
procedure.

1.2.6 The imitative procedure

The imitative procedure involves finding out what material has
been used for the same component (or a component as similar
as possible) and using this, an improved material, or a material
modified for the difference in conditions. Successful imple-
mentation of this procedure not only verifies design and
reduces the time for materials-property evaluation but also
very substantially reduces prototype testing because the most
likely causes of failure have already been experienced and
cured. The problem is to ensure that the information obtained
is accurate, comprehensive and fully understood.

Even within an organisation, operators’ reports are not
completely reliable. A report of satisfactory performance may
merely mean that the operator knows when the component is
about to fail so that he can replace it without extra outage. The
operator may have found out how to handle this component
and a similar component may fail disastrously in the hands of
another operator. These difficulties are compounded when
information is obtained from an outside source, whether rival
or friendly. Informants do not mean to mislead. The informa-
tion they withhold is usually information that they cannot
imagine the recipient does not already possess.

The ability to obtain information when it is required
depends on appropriate organisation. Ideally, there should be
a materials engineer who combines knowledge of all the
materials and requirements of the organisation with an ac-
quaintanceship or, ideally, friendship with all similar persons
throughout the world. The right person is, when presented
with a problem, able to contact the person who already has
experience of the matter wherever she or he may be and
obtain the benefit of that experience. His or her knowledge of
the other organisation is comprehensive enough to enable him
or her to assess the effect of different procedures between the
two organisations.

The chemical industry (as described by Dr Edeleanu?)
operates a world-wide information system with personnel of
this type and has found that information on what can be done
and how to do it may most efficiently and quickly be obtained
in this way.

1.2.7 The comparative procedure

The comparative procedure for materials selection involves
selecting a cheap, tolerant and well-understood material and
investigating to what extent its properties fall short of what is
required for the component to operate satisfactorily.

A typical example, and one for which this procedure is
extremely suitable, is the specification of a material for
chemical process plant.> A scheme design is produced using
carbon steel which is cheap, readily produced, easily fabri-
cated, ductile and, therefore, tolerant of flaws and geometrical
irregularities and corrodes uniformly at a predictable rate. If
carbon steel is shown not to be satisfactory the unsatisfactory
property or properties can be modified. The necessary change
may impair other properties but will do so in a predictable
way. Thus:

(1) Improved corrosion resistance may be obtained by the
use of a steel with a higher chromium, and possibly a
higher nickel, content. This will increase cost and pro-
bably also delivery time, render design and fabrication
more sensitive and may enhance sensitivity to localised
corrosion.

(2) Improved strength may be obtained by the use of a steel
with increased carbon and alloy content with drawbacks
similar to those that apply in the case of the improved-
corrosion-resistance material.

(3) A higher temperature of operation may require the use
of a creep resisting steel, again with similar drawbacks to
).

(4) Operating at a lower temperature may require a steel
with guaranteed low-temperature properties or may, at
the limit, require an aluminium alloy.

Evidently this procedure, with the exception of the case where
a change is made to a completely different material, involves
changes which are progressive, and whose effects can be
foreseen. Therefore the chances of encountering some unex-
pected drawback are minimised and the requirement for
component testing is minimised also.

1.2.8 Information sources

It has so far been assumed that staff charged with material
selection have at their disposal a complete range of informa-
tion on material properties. This may be the case when
electronic databases* now being developed are perfected. In
the meantime staff should have available for reference British,
American and possibly German materials standards, and
volumes such as the ASM Metals Handbook, the Plastic
Encyclopaedia and as up to date a ceramic work as is
available. In addition, the Fulmer Materials Optimizer, which
shows properties of all types of engineering materials in the
form of comparative diagrams, will prove an invaluable guide
to materials selection.

When the field has been narrowed down to a few materials
the material manufacturer should be consulted. Organisations
such as steelmakers or polymer manufacturers possess more
information on their products than has been published and
also have experience in their application. They can provide
valuable guidance on final selection, design and manufacture.
Furthermore, it should be remembered that a standard steel
obtained from one manufacturer may differ in some relevant
characteristic from the same steel purchased from a compe-
titor. A reputable manufacturer is aware of this and should, in
addition to extolling advantages, warn of problems which will
have to be overcome.

1.2.9 Computerisation of materials selection

Much effort is at present being deployed towards producing
databases of material properties. Three recent international
conferences have been devoted to this subject* and a directory
of databases for materials is available.’ These databases are
not necessarily material-selection systems and much interest



has been directed to providing systems which will undertake
material selection using the classical functional-analysis and
property-specification procedure.

It is not possible, legitimately, to computerise the imitative
procedure because no organisation can be expected know-
lingly to provide another, possibly competing, organisation
with access to programmes intimately concerned with its own
design philosophy and development programme.

There is, however, no difficulty in computerising the com-
parative procedure of materials selection. A computer pro-
gram which will select the optimum material for a specific
application can easily be produced if (a) the materials involved
form a very closely related family with very similar properties,
(b) no novel and unforeseen failure mechanism takes over,
and (c) the properties of the candidate materials have been
determined comprehensively. Two such programs are known
to exist: ICI (EPOS), for the selection of polymers; and a
Sandwik program for selection of cutting tools. These are
knowledge-based systems dealing with families of essentially
similar materials.

A computer program for selecting process-plant materials
(as described in Section 1.2.7) would be equally straightfor-
ward, provided the requirements could be met by a steel and
no unforeseen failure mechanism took over.

The requirements for a computer program to undertake
selection by the classical procedure are much more general
and much less well defined. The starting point is a product
design specification (PDS) which is a functional and formal
statement of what is required from the product to be designed,
not a description of the product. The PDS contains a material
design specficiation (MDS) which, like the PDS, is incomplete
and ill defined. The computer must match this MDS to
descriptions of existing materials and materials specifications
(MS) which may be incomplete and reflect various levels of
confidence. The result of the analysis may be a requirement to
modify the PDS, to develop a new material, or to acquire
additional information concerning specific materials.

A computer system capable of selecting materials requires:

(1) the ability to deal with simple and complex data struc-
tures;

(2) powerful structures for data acquisition and updating by
augmentation and modification;

(3) the ability to manage sparse data;

(4) the ability to compare incomplete descriptions;

(5) the ability to distinguish the relationships, and sometimes
lack of relationships, between materials, or parameters
nominally in the same classification; and

(6) the ability to be easily extensible.

The system must take into consideration:

(1) the duty or function of the component;

(2) the materials properties;

(3) the manufacturing route;

(4) shape, dimensions and failure mode; and

(5) the relative cost of the materials, manufacturing routes
and designs considered.

In addition, the system requires certain user characteristics
so that it can be operated by designers and engineers and free
the materials engineer for long-term difficult and strategic
problems. It should:

(1) be rapid in use;

(2) require a minimum of learning;

(3) be accessible at different levels to suit different levels of
user;

(4) have text and graphical output; and

(5) have recording facilities.
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Various procedures for optimised decision-makin§ have been
proposed, including linear programming methods® and nume-
rical algorithms.” There is a tendency to rely on ranking
methods which allocate a rank of 0 to 3 for each material
property. This introduces an imprecision which should not be
necessary in the application of a computer which should be
capable of relating property variation with overall cost.

At least one system is available which is claimed to be
applicable at the innovation stage of design. A brief descrip-
tion of this system is given below, as an example of methods
which could be employed.

PERITUS? is a knowledge-based system which comprises
three main stages.

(1) A director stage which directs the non-specialist to data
and knowledge modules. The structure of this is shown in
Figure 1.1.

(2) A presort stage which uses ranking lists to produce a
short-list of candidates from the materials indicated by
the director stage (see Figure 1.2).

(3) An evaluation and optimisation stage which can either
display the short-list together with deviations from
ideality or, where the required modules exist, uses failure

pipes,
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housings, covers,
gears, bolts,

T bearings, wear surfaces,
Component electrostructural,
category thermostructural,
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processes
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Figure 1.1 The structure and features of the director stage of the
PERITUS knowledge-based system for the selection of engineering
materials. (Reproduced by permission of Metals and Materials)
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Figure 1.2 A representation of the organisation of the presor,
evaluation and optimisation stages of the PERITUS knowledge-based
system. (Reproduced by permission of Metals and Materials)

modes to optimise component dimensions and proper-
ties, presumably including overall cost (see Figure 1.2).

This system is modular and additional modules may be added
as required or when available.

Further information on the PERITUS system is given by
Swindells and Swindells® and a conceptual model for materials
selections is discussed by Dimaid and Zucker.!°

1.3 Ferrous metals

1.3.1 Introduction and standards for wrought steels

The development of alloys of iron, which include wrought
iron, steel and cast iron, has been essential to a technological
society. Iron ore is widespread, cheap and easily mined and
from it can be produced alloys with the widest range of
properties of any material. Steels may be produced with
properties which vary from soft and ductile to strengths and
hardnesses which, until the very recent development of the
sialons, exceeded those of any relatively inexpensive material.

There are a very large number of wrought steels and
numbering systems, German specifications'! alone include
1400 grades. Because of the rapid evolution of ferrous metal-
turgy none of these classifications or numbers are ever fully up
to date. In engineering, standard steels are commonly referred

to by their AISI/SAE number'? based on composition (Table
1.1). The last two figures indicate the carbon content in the
case of non-stainless steels. The corresponding general British
specification is BS 970:1983 and earlier. In it steels are
identified by a three-digit number denoting the type of steel,
followed (in the case of non-stainless steels) by a letter
denoting the type of specification (A for analysis, H for
hardenability or M for mechanical properties) and two
numbers denoting carbon content. For stainless steels the first
three figures are identical to the AISI figures, the letter is S,
and the final two numbers are coded. In the following
accounts of classes of steel the AISI/SAE and BS ranges will,
where possible, be given. There are also a number of specifica-
tions depending on product or application which do not always
follow the BS 970 or AISI/SAE numbering system. Apart
from the standard steels there are well-known steels which are
recognised by designations used by their orginators and are in
no way inferior to standard steels. Many steels of this kind are
recognised and used world-wide in aircraft specifications and
are made by many different steelmakers, although they have
not yet been recognised by the several national bodies that
govern steel specifications. Cast irons and cast steels have
separate specification numbering systems.

1.3.2 Types of wrought steel

There are at least 11 separate classes of wrought steel, most of
which are further subdivided.

1.3.2.1 Carbon steel (AISI 1006-1572; BS 970 000-119)

This is the basic type of steel which far exceeds all other metals
in tonnage produced. Low carbon steels are subdividied into
hot-rolled (see Section 1.4.3.1) and cold-rolled steel.

Hot-rolled steel has low strength (although the higher car-
bon versions can be heat treated to high hardness in small
sections) and low toughness, but is readily available at low cost
and is easily formed, welded and machined. Cold-rolled steel is
harder, has good surface finish and dimensional tolerances,
high strength at low cost and good machineability.

1.3.2.2 High strength low alloy steels

These are proprietary steels with low carbon made to SAE
950. They have significantly higher strength and are easily
formed and welded.

1.3.2.3 Hardened and tempered steels (AISI/SAE 31-98; BS
970 500-599 including higher carbon steels)

These steels contain sufficient carbon and alloy to enable them
to be heat treated to the desired strength and toughness at the
design thickness. They may have high toughness and high
strength at elevated temperature but they are more expensive
than carbon steels and the higher alloy steels have poor
weldability and machineability.

1.3.2.4 Case hardening steels

These are steels of relatively low carbon content (final BS
specification Nos 12 to 25). They may be surface hardened by
carburising, carbonitriding or nitriding when heat treatment
will produce a very hard surface and a softer (but, where
necessary, strong) ductile core. They are used when wear
resistance must be combined with core toughness.
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modes to optimise component dimensions and proper-
ties, presumably including overall cost (see Figure 1.2).

This system is modular and additional modules may be added
as required or when available.

Further information on the PERITUS system is given by
Swindells and Swindells® and a conceptual model for materials
selections is discussed by Dimaid and Zucker.!°

1.3 Ferrous metals

1.3.1 Introduction and standards for wrought steels

The development of alloys of iron, which include wrought
iron, steel and cast iron, has been essential to a technological
society. Iron ore is widespread, cheap and easily mined and
from it can be produced alloys with the widest range of
properties of any material. Steels may be produced with
properties which vary from soft and ductile to strengths and
hardnesses which, until the very recent development of the
sialons, exceeded those of any relatively inexpensive material.

There are a very large number of wrought steels and
numbering systems, German specifications'! alone include
1400 grades. Because of the rapid evolution of ferrous metal-
turgy none of these classifications or numbers are ever fully up
to date. In engineering, standard steels are commonly referred

to by their AISI/SAE number'? based on composition (Table
1.1). The last two figures indicate the carbon content in the
case of non-stainless steels. The corresponding general British
specification is BS 970:1983 and earlier. In it steels are
identified by a three-digit number denoting the type of steel,
followed (in the case of non-stainless steels) by a letter
denoting the type of specification (A for analysis, H for
hardenability or M for mechanical properties) and two
numbers denoting carbon content. For stainless steels the first
three figures are identical to the AISI figures, the letter is S,
and the final two numbers are coded. In the following
accounts of classes of steel the AISI/SAE and BS ranges will,
where possible, be given. There are also a number of specifica-
tions depending on product or application which do not always
follow the BS 970 or AISI/SAE numbering system. Apart
from the standard steels there are well-known steels which are
recognised by designations used by their orginators and are in
no way inferior to standard steels. Many steels of this kind are
recognised and used world-wide in aircraft specifications and
are made by many different steelmakers, although they have
not yet been recognised by the several national bodies that
govern steel specifications. Cast irons and cast steels have
separate specification numbering systems.

1.3.2 Types of wrought steel

There are at least 11 separate classes of wrought steel, most of
which are further subdivided.

1.3.2.1 Carbon steel (AISI 1006-1572; BS 970 000-119)

This is the basic type of steel which far exceeds all other metals
in tonnage produced. Low carbon steels are subdividied into
hot-rolled (see Section 1.4.3.1) and cold-rolled steel.

Hot-rolled steel has low strength (although the higher car-
bon versions can be heat treated to high hardness in small
sections) and low toughness, but is readily available at low cost
and is easily formed, welded and machined. Cold-rolled steel is
harder, has good surface finish and dimensional tolerances,
high strength at low cost and good machineability.

1.3.2.2 High strength low alloy steels

These are proprietary steels with low carbon made to SAE
950. They have significantly higher strength and are easily
formed and welded.

1.3.2.3 Hardened and tempered steels (AISI/SAE 31-98; BS
970 500-599 including higher carbon steels)

These steels contain sufficient carbon and alloy to enable them
to be heat treated to the desired strength and toughness at the
design thickness. They may have high toughness and high
strength at elevated temperature but they are more expensive
than carbon steels and the higher alloy steels have poor
weldability and machineability.

1.3.2.4 Case hardening steels

These are steels of relatively low carbon content (final BS
specification Nos 12 to 25). They may be surface hardened by
carburising, carbonitriding or nitriding when heat treatment
will produce a very hard surface and a softer (but, where
necessary, strong) ductile core. They are used when wear
resistance must be combined with core toughness.



Table 1.1 Basic numbering system for AISI/SAE steels

Numerals  Type of steel and average chemical Numerals  Type of steel and average chemical Numerals  Type of sieel and average chemical
and digits  contents and digits  contents and digits  contents
(%) (%) (%)
Carbon steels Nickel-chromium—molybdenum steels Tungsten—chromium steels
10XX Plain carbon (1.00%Mn max.) 43XX Ni 1.82; Cr 0.50 and 0.80; Mo 0.25 TIXXX W 13.50 and 16.50; Cr 3.50
1XX Resulphurised 43BVXX Ni1.82; Cr 0.50; Mo 0.12 and 0.25; V. 72XX W 1.75; Cr 0.75
12XX Resulphurised and rephosphorised 0.03 min.
15XX Plain carbon (max. range 47XX Ni 1.05; Cr 0.45; Mo 0.20 and 0.35 Silicon-manganese steels
>1.00-1.65%Mn) 81XX Ni 0.30; Cr 0.40; Mo 0.12 92XX Si 1.40 and 2.00; Mn 0.65, 0.82 and
86XX Ni 0.55; Cr 0.50; Mo 0.20 0.85; Cr 0.00 and 0.65
Manganese steels 87XX Ni 0.55; Cr 0.50; Mo 0.25
13XX Mn 1.75 88XX Ni 0.55; Cr 0.50; Mo 0.35 Low alloy high tensile steels
93XX Ni 3.25; Cr 1.20; Mo 0.12 9XX Various
Nickel steels 94XX Ni 0.45; Cr 0.40; Mo 0.12
23XX Ni 3.50 97XX Ni 0.55; Cr 0.20; Mo 0.20 Stainless steels AISI (not SAE)
25XX Ni 5.00 98X X Ni 1.00; Cr 0.80; Mo 0.25 2XX Chromium-manganese—-nickel-
nitrogen austenitic steels
Nickel-chromium steels Nickel-molybdenum steels 3IXX Chromium-nickel austenitic steels
31XX Ni 1.25; Cr 0.65 and 0.80 46XX Ni 0.85 and 1.82; Mo 0.20 and 0.25 4XX Chromium ferritic and martensitic
32XX Ni 1.75; Cr 1.07 48XX Ni 3.50; Mo 0.25 steels
33XX Ni 3.50; Cr 1.50 and 1.57 5XX Silicon—chromium steels
34XX Ni 3.00; Cr 0.77 Chromium steels
50XX Cr 0.27, 0.40, 0.50 and 0.65 XXBXX  Boron intensified steels
Molybdenum steels S1XX Cr 0.80, 0.87, 0.92, 0.95, 1.00 and 1.05 B denotes ‘boron steel’
40XX Mo 0.20 and 0.25 501XX Cr 0.50
4XX Mo 0.40 and 0.52 511XX Cr1.02 XXLXX  Leaded steels
521XX Cr1.45 L denotes ‘leaded steel’
Chromium~molybdenum steels
41XX Cr 0.50, 0.80 and 0.95; Mo 0.12, Chromium—vanadium steels
0.20, 0.25 and 0.30 61XX Cr 0.60, 0.80 and 0.95; V 0.10 and

0.15 min.
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1.3.2.5 Stainless steels (AISI 200-499; BS 970 3005-499S)

These contain chromium in amounts above 12% so that the
magnetic layer formed on the surface of the iron becomes, at
lower chromium levels, a spinel and at higher levels chromic
oxide. The introduction of chromium into the oxide layer
greatly increases its stability and integrity and provides greatly
increased resistance to corrosion and oxidation, but also
influences significantly the structure and properties of the
underlying metal. The addition of further alloying elements
results in five separate classes of stainless steel.

Ferritic stainless steels These are alloys of iron with up to
18% chromium and relatively small amounts of other alloy.
They are ductile, the high chromium versions have good
corrosion resistance, and they are inexpensive compared with
other stainless steels. However, they have a tendency to grain
growth and are therefore difficult to weld.

The recently developed ‘low interstitial’ ferritic stainless
steels have chromium contents between 17 and 30% and very
low carbon contents. These are claimed to have outstanding
corrosion resistance, but may be difficult to obtain.

Martensitic stainless steels These are limited in chromium
content to about 17% so that they may be hardened by
quenching to give high hardness and strength.

Austenitic stainless steels These avoid the problems which
result from the addition of chromium to the ferrite matrix by
the addition of nickel and other elements which change the
structure to the high-temperature y form. The resultant alloys
may have very high corrosion resistance, good ductility and/or
high hot strength. Their very highly alloyed versions merge at
iron contents below 50% into nickel alloys (see Section 1.4.5)
and the very high creep strength versions are described as
‘superalloys of iron’.

Duplex stainless steels These have compositions which pro-
duce a mixed ferrite/austenite structure. They have excellent
mechanical strength and corrosion resistance but may be
difficult to obtain.

Precipitation hardening stainless steels These combine very
high mechanical strength with excellent corrosion resistance.
They require complex treatments.

1.3.2.6 Intermetallic strengthened maraged steels

These steels may be formed or machined in the soft condition
and then aged. The maraged steels are very strong and very
tough, but are very expensive.

The steel classes so far described are based on composition
and structure. Other classifications based mainly on applica-
tion (which to some extent cut across the classification already
described) include the following.

1.3.2.7 Electrical steels

These are very low carbon steels containing about 3% silicon
supplied as strip, hot or cold rolled, with the surfaces insu-
lated.

1.3.2.8 Spring steels

These are steels in which a very high hardness can be produced
by working, quenching or precipitation hardening. They may
be carbon, alloy or stainless.

1.3.2.9 Tool steels

These are steels used for forming or cutting materials. Their
essential properties are: high hardness, resistance to wear and
abrasion, reasonable toughness and, in the case of high speed
steels, high hot hardness.

1.3.2.10 Creep resisting steels

These steels have high creep and creep rupture strengths at
high temperatures. They may range from bainitic through
martensitic to austenitic steels and superalloys. The higher
temperature steels are also oxidation resistant because of
chromium additions.

1.3.2.11 Valve steels

These steels have high temperature tensile and creep strengths
and good high temperature oxidation and corrosion res-
istance. In the UK the term is restricted to certain martensitic
and austenitic steels, but elsewhere it is used to include all
steels which may be used for internal combustion engine
poppet valves.

1.3.3 Steelmaking and casting of wrought-steel ingots

The raw materials for steelmaking (iron ore and coke) are
converted in the blast furance to molten iron containing about
3% carbon at a rate which varies up to about 8 million ton per
annum. (This makes the blast furance by far the most econo-
mical process for producing steel, but economies which do not
have the capacity to utilise steel production of this magnitude
may use the direct reduction of iron ore to sponge and powder
instead.) A typical blast furnace is shown in Figure 1.3.
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Since World War II the conversion of the iron from the blast
furnace to flat products, billet, bar and sections has undergone
a revolutionary change due to the development of oxygen
argon lancing, vacuum treatment, continuous casting and
rapid in-works analysis.

Iron from the blast furnace is conveyed while still molten to
the basic oxygen convertor (BOC or BOF) (see Figure 1.4)
where oxygen gas is passed through it, reducing the carbon
content to approximately that of the specified steel. The iron
may then proceed direct to the pouring ladle where alloying
additions are made and slagging processes undertaken. The
molten steel is poured into a lander which conveys it to a
water-cooled mould the base of which is formed by the
previously poured solid metal. This metal is retracted through
the mould which may oscillate about a vertical axis. The whole
of the blast-furace output may pass through a single mould of
this type (Figure 1.5(a)) and the cast metal may be fed directly
into a rolling mill which reduces it to plate bar or section, as
required (Figure 1.5(b)). The process as described is applic-
able to very large throughputs, but successive ladle charges
may differ in composition, the different alloys being separated
later in the mill train. Where higher quality or special steels
are required the liquid steel from the BOC may be transferred
to a vacuum plant for further treatment prior to pouring'? (see
Figure 1.6).

The Dortmund Horder (DH) and Ruhr-Stahl Heraeus
(RH) processes transfer the metal from a ladle into a superim-
posed vessel, the DH by sucking it up by vacuum, the RH by
driving it up by pressure of argon. A further improvement has
been to equip a vacuum argon treatment vessel with electric-
arc heating (vacuum arc deoxidation (VAD)3) and effectively
to produce a secondary steelmaking process (see Figure 1.7).

Most special steels, and in particular stainless steels, cannot
be decarburised by the BOF because the oxygen which
reduces the carbon present also oxidises chromium. Oxidation
may be prevented by blowing oxygen in a yacuum, but there
are practical problems involved. These may be overcome by
the argon oxygen degassing (AOD) process in which an
artificial vacuum (insofar as the partial pressume of carbon
monoxide is concerned) is produced by diluting the blown
oxygen with argon. This process is carried out in a tiltable
vessel'* (see Figure 1.8) with base twyers which agitate the
vessel contents. With this process the removal of carbon, slag
reduction, metal dioxidation, desulphuration and alloying are
easily achieved.

Conversion of the molten iron from the blast furnace direct
to the finished product in an integrated steelworks not only
gives significant economies in energy and labour but can also
provide steel of quality equal to or better than was previously
available from electric-arc melting.

L-D, basic

Kaldo basic

Figure 1.4 Types of basic oxygen convertor (BOC) or basic oxygen
furnace (BOF)
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In the first place oxygen blown steel is naturally low in
nitrogen so that the toughness problems associated with strain
ageing are eliminated. However, where, as in austenitic
stainless steels, nitrogen has a beneficial effect on tensile
strength, controlled amounts may be introduced by replacing
some or all of the argon in the AOD process.

The greatest improvement in liquid metal quality is,
however, gained by vacuum treatment. Raising and lowering
the steel in the DH or RH vessel very significantly reduces the
partial pressures of hydrogen and carbon monoxide in the melt
and the

C + FeQ — CO + Fe

reaction proceeds until equilibrium between carbon and oxy-
gen is established at a lower oxygen level. Line A in Figure 1.9
represents the oxygen/carbon equilibrum at 1013 mbar
(1 atm) over the carbon range 0.03-0.13%; the effect of
reducing the pressure (e.g. by vacuum degassing) to 133.3 and
13.33 mbar is shown by lines B and C, respectively. Since both
carbon and oxygen are lost to the system, the theoretical effect
on a steel initially at 0.05%(C is shown by line 1 which connects
lines A to C. The actual effect on steels with various vacuum
degassing techniques is shown by lines 2-5. Vacuum degassing
thus reduces the oxygen content to levels less than half those
obtained in the best practice in steels air melted and refined at
atmospheric pressure. Consequently, final residual deoxida-
tion can be effected with much smaller amounts of aluminium
or silicon and much cleaner steel can be produced with, if
required, lower carbon levels. Vacuum carbon deoxidation is
extremely beneficial in the production of plate with good
through-the-thickness ductile properties because it virtually
eliminates planar concentrations of non-metallic inclusions.

Vacuum degassing techniques properly applied to permit
carbon deoxidation are the most economical way of up-
grading steels and, in particular, low carbon steels. It is further
possible to make injections in a stream of inert gas of elements
such as calcium or calcium carbide which can reduce sulphur
and phosphorus and to replace the sometimes damaging
inclusion of silicon and aluminium with other inclusions which
improve transverse ductility, fatigue and machineability.

Additional advantages are gained by the substitution of
continuous casting for ingot casting. Carbon, sulphur and
phosphorus have been shown to segregate enough to give a
concentration ratio of 3:1 or 4:1 between the top and bottom
of a large conveniently poured ingot. Silicate inclusions seg-
regate to different parts of the ingot. No longitudinal segrega-
tion can develop in 2 continuously cast ingot once the casting
process has reached equilibrium. The only longitudinal varia-
tion of composition is that between one ladle charge and
another; this is revealed by analysis and may be corrected
before pouring. There will be some compositional variation
across the section, and possibly between dendrites, but at the
outside this is unlikely to exceed 5% of the mean. Conti-
nuous casting has the further advantage that the cross-section
of the ingot can be much better matched to that of the final
rolled product than is possible with a conventionally cast
ingot. A large plate requires a large ingot, which in conven-
tional casting must be of large cross-section and may be too
large for the available rolls. With continuous casting the size of
plate is only limited by handling down the line and the metal
quality is improved by the finer structure achieved by casting a
smaller section.

However, the quantity of special and stainless steels re-
quired seldom warrants production from hot metal in proxim-
ity to the blast furnace. Such steels are generally produced
from cold metal in the arc furnace. Here the quality of the
steel is dependent on careful selection of the charge, so that
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Figure 1.5 Continuous casters: (a) with cut-off; (b) with in-line roll stand. (Reproduced by permission from Continuous Casting, Institute of Metals)



Figure 1.6 Vacuum degassers (deoxidisers, decarburisers): (a) RH;
(b) DH. (Reproduced by permission from Secondary Steel Making for
Product Improvement, Institute of Metals)

quantities of tramp elements (tin, arsenic, antimony, bismuth,
copper, etc.), which have serious effects on ductility and
cannot be reduced by steelmaking, are minimised. Electric arc
furnace steel is usually considered superior to steel made in
the BOF, but the application of AOD and VAD can produce
equivalent steel from either.

There are other steelmaking processes that will produce
very high-quality metal, but all depend on the use of good
quality raw material.

The vacuum high frequency furnace will produce metal of
low oxygen, nitrogen and hydrogen content, but is not well
adapted to a continuous-casting process. It is mainly used to
produce small quantities of metal as small ingots (or castings).

The highest quality steel is produced by the consumable
vacuum arc or the electroslag remelting (ESR) processes. In
both these processes an electrode (or electrodes) is made of
steel of the target composition and this electrode is progress-
ively melted by striking an arc between it and a starting pad
which is progressively withdrawn (or the electrode is with-
drawn) thereby producing a semicontinuous casting (see
Figure 1.10). The metal is refined on passing through the
vacuum in the case of the consumable vaccum arc or through a
low-melting-point slag in the case of ESR. The solidifying
metal is easily fed from the pool of molten metal and
inclusions are dispersed and very substantially reduced in size.
The consumable vacaum arc removes all gaseous or gasifiable
impurities but does not significantly influence the proportion
of non-metallic constituents. ESR can transfer non-metallic
inclusions into the slag but does not remove hydrogen. ESR
consumables must, therefore, be hydrogen free.

The influence of these melting processes on such important
properties as ductility or fatigue strength is very significant.
The highest values of properties are not usually improved
significantly compared with conventionally melted steel, but
the proportion of values falling below a specific standard is
very significantly reduced so that a much higher component
performance may be guaranteed.

A small proportion of steel is electron beam or plasma
melted.

The proportion of steel that is continuous (or semiconti-
nuously) cast has very greatly increased. A large integrated
steelworks may have its entire throughput fed to a one-stream
continuous casting of 1 m X 2 m section, but batch metal
from an electric arc melting shop is often semicontinuously
cast in sections down to approximately 10 cm. In such pro-
cesses mould costs are reduced and throughputs and metal
recovery considerably increased compared with the older type
of mould. The proportion of wastage at the feeding head and
the chances of segregation in the pipe are also reduced.
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Ingot is still employed where the quantity of steel required is
insufficient to justify the use of continuous casting, or for very
large forgings where the cross-section of the ingot required to
withstand the reduction needed is too large for it to be
continuously cast.

1.3.4 Mechanical working of metals

This topic is included for convenience in this section on ferrous
metals, but is more widely applicable.

A metal is worked mechanically either to generate a shape
more economically than can otherwise be obtained or to
provide improved properties in strength, ductility and/or
fatigue (not creep for which a cast structure is superior). The
improvement in properties may, overall, be directional to
resist a directional stress system, or statistical to ensure that a
lower percentage of components fall below a specified level of
properties.

Metals can be mechanically worked because they differ
from other crystalline solids in that the atoms in a crystal are
not linked by valence bonds to adjacent atoms. The free
electron metallic bond is non-specific, pulling equally hard in
all directions. Metal atoms are therefore bound tightly in
certain regular crystalline structures. There are seven crystal
systems giving 14 possible space lattices and all engineering
metals crystallise in one of three of these lattices (see Table 1.2
and Figure 1.11). Some metals are polymorphic. For example,
in the case of iron, austenite is face centred cubic, whilst
ferrite is body centred cubic.

These crystalline structures are resistant to tensile stress but
can be sheared along certain crystallographic planes. The
planes of lowest resistance to shear have the closest packing of
atoms in the plane. Each trio of atoms in a close packed layer
surrounds a space (or hollow) in which an atom in the next
layer can rest. Slip occurs when the atoms in a plane move into
the next hollow in the adjacent plane. The shear stress
required to move a whole plane of atoms is very high and a
perfect metal crystal (such as occurs in ‘whiskers’) would
deform elastically between 3 and 10% before deforming
plastically in shear.

The crystals in bulk metal are not perfect. ‘Dislocation’ rows
occur in the lattice where an atom is missing or an additional
atom is present. These dislocations allow the planes to shear
one row of atoms at a time, thus greatly reducing the critical
shearing force. More dislocations come into play as the metal
is deformed and, in most cases, two or more dislocations may
interact and stop each other. The critical shear stress therefore
increases and the metal work hardens, increasing its tensile
strength. Finally, no more shear is possible and the metal
fractures. If temperature is increased, diffusion and recrystalli-
sation can release stopped dislocations. In hot working diffu-
sion occurs while the metal is worked, but in cold working and
annealing the two processes occur separately. In either case
the grain of the metal may, if the conditions are chosen
correctly, be refined.

Mechanical working has other beneficial effects. The struc-
ture of cast metal may contain microsegregates, lumps and
planes of constituents which separate out during casting.
Mechanical working correctly applied may break up and
disperse these to a size at which they can be diffused during
heat treatment.

Castings may contain cracks, voids and non-metallic inclu-
sions. Mechanical working correctly applied may close up and
remove the cracks and voids (or aggravate them so that the
part must obviously be rejected), and break up non-metallic
inclusions. Alternatively, defects may be aligned and
elongated in the direction of the tensile component of stress so
that they do not impair resistance to fracture caused by tension
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Table 1.2 Space lattices ot engineering metals

Lattice Metals

Face-centred cubic Aluminium, titanium,* lead,
copper, iron,* cobalt.* nickel,*
gold, silver

Body-centred cubic Iron,* vanadium, chromium,*
niobium, molybdenum,
tungsten, zirconium

Hexagonal close packed Titanium,* chromium,* cobalt,*
nickel,* magnesium, zin¢

* Metals having polymorphic habit.

= At
BB

Face-centred cubic  Body-centred cubic  Close-packed
hexagonal

o Atoms at centres of faces
or body of cube

Figure 1.11 Three simple space-lattice-system unit cells

or fatigue. Of the three space lattice systems shown in Figure
1.11 the face centred cubic has more planes on which slip can
occur than the other two (which are themselves greatly
superior to other lattice systems). Face centred cubic austenite
is, therefore, more ductile than body centred cubic ferrite, and
steel is usually hot worked in the austenite (y) phase.

Hot working Before working, the steel (unless already hot
from continuous casting) is reheated into the y phase. Care
must be taken to prevent excessive scaling and to avoid
overheating (or burning) the steel. The limiting temperatures
for carbon steels can be estimated from Figure 1.12 and are
given in Table 1.3. Further forging temperature ranges are
given in Table 1.4. Grain growth occurs when steel is held in
the y phase, but subsequent working reduces grain size. Figure
1.13 illustrates these effects. The grain size of mild steel
increases from ASTM 10 to ASTM 6 on heating to 900°C, but
six rolling passes reduces it to ASTM 10. Heating to 900°C has
no effect on the grain size of two other steels, but in both cases
heating to higher temperatures increases grain size and rolling
reduces it again. The finer austenite resulting from hot work-
ing transforms to a finer grain ferrite on cooling.

1.3.4.1 Rolling

Rolling is the most economical way of working steel if sufficient
quantities are to be produced. Steel for strip is cast into slabs,
scarfed to ensure a defect-free slab and hot rolled using
automatic gauge control. Carbon steels may be ‘controlled
rolled’, that is finish rolled at relatively low temperatures
thereby inducing a fine ferritic grain structure with improved
tensile strength and notch toughness.

Hot rolied strip is cold rolled to reduce thickness and give
the required surface finish and forming qualities. Finishing
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Table 1.3 Maximum forging temperatures for plain carbon* steels

Carbon

(%)

Maximum forging temperature

O

—OLEoo
Ll =B IR R

1315
1286
1259
1215
1176
1133

* Maximum forging temperatures for alloy steels may be up to

50°C lower.



Table 1.4 Forging temperature ranges, tool and hot work die steels (American* and British practice)
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ASTM grain size number

Temperature— Temperature—
American British
Composition (%) °C) (°C)
Type of steel C Cr Mo W vV Start Finish Start Finish  Remarks
Carbon tool 0712 — — — — - —_ 950 750
(water hardening) 0.851.1 — — — —  981-1093 815 — —
Tungsten 09/1.15 05 — 0516 —  981-1063 871 — — General tools and dies
(oil hardening) 1.25 05 — 15 —_ — — 950 750 Drill and saw steel
Tungsten finishing steel 01/03 — — 35375 — 10081063 871 950-1010 800 Preheat siowly to 842°C. Slow cool
(water hardening) in insulating material. For fine
finishing cuts, cold dies, punches,
gauges, etc.
Tungsten high speed steel 0.8 4 — 18 1 1120-1176 926 1050-1100 900 Slow cool and anneal after forging
(pil or salt bath hardening)
Hot work die steel 0.3 5 1 1.25 —  1093-1149 898 1050-~1090 850 Preheat 653-700°C, slow cool,
chromium-molybdenum anneal
Hot work steel tungsten 0.35 3 — 10 0.5 1120-1176 898 1100 900 Preheat 800-850°C, slow cool,
anneal
* American data from Sub-Committee on Tool Steels, Metals Handbook, pp. 991-1031 (1939)
1r
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Figure 1.13 Effect of heating temperature and number of roll passes on austenite grain size
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Figure 1.14 Mili trains for producing hot- and cold-rolled strip

capabilities include rewinding to coil or cutting to length, side
trimming and oiling.

Roll trains for producing hot and cold rolled strip are shown
in Figure 1.14.

By the use of a cluster mill such as the Senzimir (see Figure
1.15), strip down to 0.1 mm thickness can be produced.
Grooved rolls are used to produce blooms, billets, bar and
sections. Hollow sections can be produced by suitably de-
signed mill trains and strip can be passed through forming rolls
which turn the edges towards each other to form a seamed
tube which is then welded continuously by inert metal arc or
electric resistance. Seamless tube may be formed by cross
rolling a billet in a Mannesman piercer in which the rolling
action produces a tensile stress at the centre of the work piece.

Rigid housing made from
single steel casting

1.3.4.2 Forging

Forging is the process of working hot metal between dies
either under successive blows or by continuous squeezing. It
may be used to break down an ingot into a bloom or bar, to
work down an ingot or billet to a rough finished shape before
finishing, or to make a forging. There are two essential
differences between forging and rolling. It is almost always
possible (a) to design the dies and to arrange the sequence of
forging to impose a higher ratic® of compression to tension
forces than is possible by rolling, and (b) to ensure that the
grain of the metal is in a preferred direction and not purely
longitudinal as in rolling. For breaking down an ingot in, for

example, tool, high speed and some stainless and heat resist-
ing steels that have a two-phase structure, hot rolling would
(at least before the development of electroslag remelting or
Flat Bottom ves

vacuum arc casting) lead to ruptures due to the strong tension
forces induced. Such ingots are usually broken down by
hammer cogging. Forging is also used for making very large

components such as turbine rotors which are usually ‘open die’
forged in a press. Large forging ingots have a cross-section the
circumference of which comprises a number of arcs meeting at

cusps because this shape minimises surface cracking during

casting. The first forging operation removes the cusps to form

an approximately circular cross-section and the forging is then

drawn out through successive shape changes from octagon to Swaging

square and back to octagon using dies of the shape shown in

Figure 1.16. If the geometry of forging and press permit, the Figure 1.16 Die shapes for open-die forging

Figure 1.15 Sendzimir cluster reversing mill
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forging is upended and upset to produce some radial grain
flow and it is then drawn out again.

Hollow forgings are made by punching a hole in the centre
of a cylindrical work piece and ‘becking’, working the die
against a stiff bar passing through the forging and supported
on V blocks.

Small closed die forgings are made in two dies attached to
the hammer ram and bed which have successive cavities to
shape the stock progressively into final shape in the last or
finish cavity. For larger forgings a number of dies are made to
perform one operation each. A wide variety of shapes can be
made, depending only on the ability to make and extract the
component from two meeting dies with a parting line which
may or may not be planar.

Most of the steels listed in BS 970 can be forged and will
give properties appropriate to their section. Carbon steel
forgings for engineering purposes are listed in BS 24 and BS 29
and forgings for fired and unfired pressure vessels are given in
BS 1503.

The most demanding requirements for aircraft and similar
requirements are met by ESR or consumable vacuum arc cast
ingot, usually made to the manufacturer’s own specifications
(agreed where appropriate by official inspecting bodies).

There are some 30 hot and cold metal working processes
which can be considered to be some version of forging.

1.3.4.3 Drawing and extrusion

A third important group of metal working processes involves
shaping metal by pushing (‘extruding’) or drawing (‘drawing’)
through a die. Extrusion is usually performed hot, whilst
drawing is usually done cold.

Extrusion Hot extrusion consists of placing a hot cylindrical
billet into a container and either forcing a die with a centraily
placed orifice onto one end (indirect extrusion) or applying
pressure to a ram at the other end, the die being held
stationary (direct extrusion). In either case metal is extruded
through the die in the form of an elongated bar having the
same cross-section as the orifice.

Extrusion is applied widely to non-ferrous metals which
soften at lower temperatures than do steel or hard metal dies.
Bar, and very complex sections can be economically produced
and cut into a wide variety of shapes. Tubes and hollow
sections can be made either by extruding metal through
bridge-type dies in which the metal stream separates and
rewelds at a later point, or by extruding a hollow billet over a
central mandril. Non-ferrous metals are extruded hot or cold.
Only the softer steels are extruded cold.

Hot extrusion of steel requires a glass lubricant. Very rigid
and powerful presses are required and their high cost plus the
need for machined billets limits the process to high cost steel,
unusual shapes and tubes (which are mandril extruded).
Besides extrusion there are other methods of tube production.

Drawing Usually, after a ‘semi’ has been produced hot it is
cold drawn to reduce the diameter, wall thickness or both.
Cold drawing through dies is used to produce wire, tube and
light bar. This process requires considerable skill and attention
to detail in die design, choice of lubricants, wire rod cleansing
and baking to remove hydrogen introduced during cleaning.

1.3.5 Constitution and heat treatment of ferritic steels

The versatility and adaptability of steel depends on the ability
to vary and control the constitution, distribution and nature of
the microstructure constituents by varying chemical composi-
tion, heat treatment and hot and cold working. This provides a
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wide variation in mechanical properties over a range extend-
ing from very low temperatures to around 1000°C.

To indicate how this variation and control is achieved, it is
necessary to consider matters such as allotropy, solid solu-
tions, constituents, phases, equilibrium, and the iron-carbon
composition diagram.

1.3.5.1 Allotropy of iron

Each of the allotropic modifications of pure iron (see Figure
1.12) is stable within certain ranges of temperature as shown in
Table 1.5. The change from one modification to the other
which occurs on heating or cooling through the critical tempe-
ratures 910°C and 1400°C is accompanied by recrystallisation.

1.3.5.2 Solid solutions

Solid solutions are formed when a metallic solid dissolves one
or more elements or compounds. The solute elements can
diffuse as in liquid solutions. If the atomic size of the solvent
and solute atoms is similar the solute atoms tend to replace the
solvent atoms in an unchanged space lattice but, if they are
substantially smaller, they will most probably be situated
interstially between the solvent atoms.

Pure iron at room temperature is composed of grains of «
iron (ferrite). Ferrite is capable of dissolving in limited quant-
ity elements such as silicon, phosphorus, nickel, copper,
arsenic, etc., so that commercial steel of ultra-low carbon
content will have ferrite grains with these elements in solid
solution. The « iron in commercial steel is referred to as
‘ferrite’. vy iron (austenite) also dissolves elements to form
solid solutions. If, as is usually the case, y iron dissolves an
element to a greater extent than « iron, when the change to a
iron occurs, then on cooling through the critical temperature
the a must accommodate more atoms of the element than its
solubility allows and becomes supersaturated. Under suitable
conditions excess atoms will precipitate to arrive at a stable
condition.

The high solubility of iron carbide (Fe3C), ‘cementite’ in
austenite, and its relatively low solubility in ferrite is the basis
for the heat treatment of hardened and tempered steel.
Although steels containing cementite are strictly metastable,
for all practical purposes they may be considered as stable
because the precipitation of graphite which is the stable form
of carbon occurs too slowly to be of interest except under
special conditions.

1.3.5.3 Phases, equilibrium and the iron-carbon phase
diagram

Constituents are the components of a metal alloy, visible
under the microscope after suitable etching. Phases are phy-
sically and chemically homogenous entities separated from the
rest of the alloy by definite bounding surfaces. Phases in solid
steel are austenite, ferrite, cementite, graphite, alloy carbides

Table 1.5 Stable temperature ranges of the allotropic modifications
of pure iron

Modification Crystal structure Temperature range of
stability
(%)

Delta, & Body centred 1535-1400

Gamma, y Face centred 1400-910

Alpha, o Body centred =910
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and other intermetallics. All phases are constituents but some
constituents are not necessarily phases, e.g. pearlite is a
constituent but it consists of the phases cementite and ferrite
in a particular arrangement.

The phase diagram represents the phases present, at given
temperatures, which are in equilibrium with each other.
Equilibrium is attained by slow heating or cooling to allow
constitutional changes to be completed.

The iron—carbide phase diagram (Figure 1.12) shows the
effect of adding carbon to molten iron on the temperature
ranges of stability of the 8, y and « phases in the solidified
alloy and the effect of the varying solubility of iron carbide
(cementite) on the phases present at temperatures from
solidification downwards. The diagram represents nominally
pure alloys; similar diagrams for other iron alloy systems
(Fe-Cr, Fe-Mn, etc.) show the effect of other elements such
as chromium, manganese, etc., on the range of stability of the
phases. Since commercial plain carbon steels contain man-
ganese and other elements in varying degrees Figure 1.12 does
not accurately represent the critical temperatures but is a
useful starting point for heat treatment.

1.3.5.4 Equilibrium decomposition of austenite:
consideration of the iron—carbon constitution diagram

Point A in Figure 1.12 is at 1535°C, the highest temperature
for the existence of the solid 8 phase in carbon free iron; line
ABC shows the fall in the temperature, at which the first
phase to separate from the solidifying liquid appears, as
carbon content is increased. Line AHJEF (the solidus line)
shows the temperatures below which all alloys are solid. As is
shown in Figure 1.17 pure iron changes from face-centred
(austenite) to body-centred cubic (ferrite) at 910°C; adding
carbon lowers this temperature as shown by line GS and, as
the solubility of cementite in ferrite is less than in austenite the
change results in an increase in the carbon content of the
remaining austenite which, on further cooling, then forms
more ferrite, again with an increase in carbon content of the
remaining austenite. This process continues until the last small
amount of austenite contains 0.80%C which changes at the
fixed temperature of 723°C to a mixture of cementite and
ferrite called ‘pearlite’ or ‘eutectoid’, PSK being the ‘eutectoid
line’.
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Alloys below and above 0.8%C, (hypo- and hyper-
euctectoid) both contain ferrite and cementite when cooled to
room temperature, but the mode of occurrence (the micros-
tructural constitutents of hypoeutectoid steels being ferrite
and pearlite, those of hypereutectoid being cementite and
pearlite) of the phases is different with markedly different
effect on mechanical properties. Descriptive sketches or actual
photomicrographs may be used to illustrate the mode of
occurrence of the phases. The constituents in the phase fields
and the changes in constituents on cooling for pure iron,
0.10%C and 0.80%C steel are shown schematically in Figure
1.17 when equilibrium conditions exist at extremely slow
cooling or heating so that the diffusion of carbon is not
inhibited.

The solid solubility of carbon in v iron is 1.7% (point E in
Figure 1.17). Hypereutectoid steels between 0.8%C and
1.7%C precipitate cementite (6.8%C) when cooled to line SE
which reduces the carbon level of the remaining austenite,
thus requiring a further lowering of temperature before more
cementite can precipitate. Continuous cooling down to the
eutectoid line PSK, therefore, results in continuous precipita-
tion of cementite until, at the eutectoid, the austenite contains
0.8%C and precipitates ferrite and cementite simultaneously
to produce pearlite. Steels contain up to 1.7%C and cast irons
contain more than 1.7%C.

It is common practice to use terms such as ‘primary austen-
ite’, to differentiate austenite which freezes out of hypoeutec-
toid alloys from austenite formed by heating up into the
austenite phase field. Also, ferrite formed along line GS
(Figure 1.17) from steels with less than 0.8%C is called
‘hypereutectoid ferrite’ and cementite formed along SE is
called ‘proeutectoid cementite’. The ferrite phase in the
eutectoid constituent pearlite is called ‘pearlitic ferrite’ and
the cementite ‘pearlitic cementite’.

The microstructural constituents shown schematically in
Figure 1.17 are the basis of most commercial steels, but the
proportions in which they occur and the mode of their
occurrence (distribution and form) are profoundly influenced
by rate of cooling from the austenite phase field. The equili-
brium conditions necessary to the behaviour shown in Figure
1.17 and the approximate temperature indicated, do not
obtain in steel heat treatment practice, except possibly when
very large forging ingots are annealed.

Moreover, there is a thermal lag in the allotropic change so
that the eutectoid line PSK (Figure 1.17) lies at a temperature
approximately 3°C higher during heating up than on cooling
down. With normal rates of heating and cooling of steel the
eutectoid change is raised or lowered with faster heating or
cooling; consequently, in practice, a plain carbon steel has a
temperature range in which the eutectoid temperature can
vary according to heating or cooling rates. This also applies to
the position of the austenite to ferrite change line GS.

However, Figure 1.17 illustrates an essential feature of steel
heat treatment, namely that austenite in transforming through
the lines GS, SE or PSK develops a number of grains of the
new constituents in each austenite grain, thereby refining the
grain structure. The mechanical properties of steels consisting
of ferrite and pearlite are strongly influenced by the average
grain size of ferrite as well as the amount and type of pearlite
(coarse lamellar, fine lamellar, etc.). The yield stress varies
linearly with the reciprocal of the square root of the grain size.

On heating steel through the critical temperatures into the
austenitic phase field the behaviour observed on cooling is
reversed in the following manner.

Steel with 0.1%C On passing through the lower critical
temperature Ac;, which is higher than Ary, the pearlite areas
first transform to austenite of 0.8%C content. This austenite
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grows by dissolving the surrounding ferrite grains as the
temperature is raised and its carbon content is reduced.
However, the austenite areas developing from the pearlite
consists of numerous crystals so that just above line GS, when
the structure is wholely austenitic containing 0.1%C, it cons-
ists of numerous small austenite grains. Heating to higher
temperatures in the austenite phase field causes grain growth,
some grains growing by absorbing smaller ones around them.

Eutectoid steel, 0.8%C On heating above the lower critical
temperature Ac, (which coincides with the upper critical
temperature Acs at the eutectoid composition), theoretically
the pearlite should transform to austenite of 0.8%C content.
In practice it does so over a temperature range, the ferrite
lamellae absorbing cementite to form a lower carbon austenite
which then dissolves the remaining cementite. Grain growth
follows on heating to higher temperatures in the austenite
phase field.

Hypereutectoid steel, 1.2%C At the eutectoid line the pear-
lite starts to transform to austenite of 0.8%C content. As the
temperature is raised through the austenite plus cementite
phase field, proeutectoid cementite is gradually dissolved by
the austenite adjacent to it and eventually, by carbon diffu-
sion, above the upper critical temperature the austenite attains
a uniform carbon content of 1.2%. Grain growth follows on
heating to higher temperatures in the austenite phase field.

The above simple behaviour of carbon steel relies on
adequate time for diffusion of carbon being available. When
the time at the required temperature is reduced the diffusion is
inhibited in varying degrees, with a pronounced effect on the
transformation changes. Thus, in plain carbon steels, increas-
ing the rate of cooling through the critical temperature range
Ari-Ar lowers this range and alters the proportions of ferrite
and pearlite. Steels with less than 0.25%C show refinement of
ferrite grains, the growth of individual grains being sup-
pressed, and the pearlitic constituent has finer cementite
lamellae. Steels with more than 0.25%C show an increased
amount of pearlite and decreased ferrite.

If the steel contains 0.35%C or above, it is possible by a
sufficient increase in cooling rate to produce a structure
consisting entirely of pearlite. This pearlite will differ from
equilibrium pearlite in having very thin cementite lamellae
separated by wide ferrite lamellae. Since pearlite (with hard
cementite lamellae) is the main contributor to tensile strength
in ferrite—pearlite steels, its proportion and morphology in the
structure are prime considerations for heat-treatment practice.
If the cooling rate through the critical range is increased still
further, the austenite transformation may be entirely sup-
pressed, and the steel remains as unstable austenite down to a
lower temperature when transformation begins with the for-
mation of lower temperature products, e.g. martensite and
bainite. When this happens the steel has been cooled at its
‘critical rate’.

Martensite has special characteristics which are of great
importance in the heat treatment of steel. The essential
difference between the mode of formation of martensite and
that of pearlite is that the change from the face-centred cubic
austenite lattice to the body-centred cubic ferrite lattice occurs
in martensite formation without carbon diffusion, whereas to
form pearlite carbon diffusion must take place producing
cementite and ferrite. The effect of this is that the carbon
atoms strain the o martensite lattice producing microstresses
and considerable hardness. The higher the carbon content the
greater the hardness of martensite (Figure 1.18) and the lower
the temperature at which the change to martensite begins.
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Figure 1.18 Hardness of martensite related to carbon content

Furthermore, martensite, which is characterised by an aci-
cular appearance, forms progressively over a temperature
range as the temperature falls; if the temperature is held
constant after the start no further action takes place. Marten-
site formation produces an expansion related to the carbon
content. The mechanical properties of martensite depend on
the carbon content; low carbon martensites (less than
0.08%C) have reasonable ductility and toughness, high carbon
martensites have no ductility or toughness and extreme hard-
ness and, because of the state of internal stress, are very liable
to spontaneous cracking. Thus low carbon martensite can be
used for industrial purposes, e.g. welded 9%Ni steels for
low-temperature applications have low carbon martensitic
heat-affected zones. High carbon martensite must be tem-
pered before it is allowed to cool to room temperature, €.g.
carbon tool steels are water quenched to exceed the critical
cooling rate, but the tool is withdrawn from the bath while still
hot and immediately tempered.

1.3.5.5 Isothermal decomposition of austenite

Reference was made in the previous section to the fact that if
the vy to « transformation is suppressed by fast cooling, the
austenite is in an unstable condition. If, before reaching the
temperature at which martensite begins to form, the cooling is
arrested and the steel is held at a constant temperature, the
unstable austenite will transform over a period of time to a
product which differs markedly from pearlite and has some
visual resemblance to martensite in being acicular. This struc-
ture is called bainite; it is formed over a range of temperatures
(about 550~250°C) and its/properties depend to some degree
on the transformation temperature. Bainite formed at a lower
temperature is harder than bainite formed at a higher tempe-
rature. It is tougher than pearlite and not as hard as marten-
site. It differs fundamentally from the latter by being diffusion
dependent as is pearlite.

This type of transformation, at constant temperature, is
important in the heat treatment of steel and is called ‘iso-
thermal transformation’. It is characterised by an induction

period, a start and then a gradual increase in speed of
decomposition of the austenite which reaches a maximum at
about 50% transformation and then a slow completion. An
isothermal transformation diagram which gives a summary of
the progress of isothermal decomposition of austenite at all
temperatures between A3 and the start of martensitic transfor-
mation can be constructed. This is done by quenching small
specimens of a steel (which have been held for the same time
at a fixed temperature in the austentite field above Ar;) to the
temperature at which transformation is desired, holding for
various times at this temperature and determining the propor-
tion of transformed austenite. Such a diagram provides infor-
mation on the possibilities of applying isothermal heat treat-
ment to bring about complete decomposition of the austenite
just below A, (isothermal annealing) or just above M
(austempering), or of holding the steel at subcritical tempera-
tures for a suitable period to reduce temperature gradients set
up in quenching without break down of the austenite as in
martempering or stepped quenching. Furthermore, if the steel
is air hardening or semi-air-hardening the cooling rate during
most welding processes exceeds the ‘critical rate’ so, by using
the isothermal diagram, the preheat temperatures and time
necessary to hold a temperature to avoid martensite and
obtain a bainitic structure can be assessed.

The principle of the isothermal diagram, also known as the
time—temperature transformation (T-T-T) diagram, is illus-
trated schematically in Figure 1.19. The dotted lines showing
the estimated start and finish of transformation indicate the
uncertainty of determining with accuracy the start and finish.
The main feature of isothermal transformation, the consider-
able difference in time required to complete transformation at
different temperatures within the pearlitic and bainitic tempe-
rature ranges, should be noted. These diagrams vary in form
for different steels. They also vary according to austenitising
temperature (coarseness of y grains) and the extent to which
carbides are dissolved in the austenite.

In alloy steels containing chromium, molybdenum or
tungsten, segregation and carbide banding (size or carbides)
varies and can affect the extent of carbide solution. In
applying these diagrams it is usual to allow a considerably
longer time for completion of transformation than the time
indicated on the diagram, in order to cover the inherent
uncertainties in individual consignments of steels.

1.3.5.6 Effect of carbon and alloying elements on austenite
decomposition rate

As the carbon content is increased the isothermal diagram is
moved to the right which indicates that austenite transforma-
tion is rendered more sluggish. Alloying elements increase the
induction period thus delaying the start and they also increase
the time necessary for completion. Furthermore, the effect of
adding alloying elements is cumulative but, because they have
different specific effects on transformation in the pearlitic or
bainitic ranges, it is not generally possible to predict the
behaviour of multialloy steels.

1.3.5.7 Decomposition of austenite under continuous
cooling conditions

It will be appreciated that, while the isothermal transforma-
tion diagram provides the basic information about the charac-
teristics of isothermal transformation for austenite of given
composition, grain size and homogeneity, the common heat
treatments used in steel manufacture such as annealing,
normalising or quenching are processes which subject the
austenite to continuous cooling. This does not necessarily
invalidate the use of isothermal diagram data for continuous



Steel austenitised above Aca

Ferrous metals 1/25

Acs o I
Acy /" R
T -
/
Ferrite
. and
Transformation
to ferrite and \ pearlite
earlite
p ! \
Austenite AN
N h
5 ; < \ <
-
g , Upperbainite ™\ Y
g Transformation and austenite N
2 to intermediate —— — —_—
structures 1
(bainite) //\\\
\
Transformation ‘,
Ms to martensite ; Lower
| g bainite
0% 10% 50% 90% 100%
p—— 50%
90%
1 . il 1 1 ! 1 1 | 1 1 1 1 A —t
2 5 10 20 40 2 5 10 20 40 2 5 10 20| 40
Seconds Minutes Hours Days

Duration of isothermal treatment

Figure 1.19 Schematic isothermal transformation diagram

cooling conditions because, as the steel passes through
successively lower temperatures, the microstructures
appropriate to transformation at the different temperatures
are formed to a limited extent depending on the time allowed
instead of proceeding to completion. The final structure
consists of a mixture which is determined by the tendency to
form specific structures on the way down, this tendency being
indicated by the isothermal diagram.

The time allowed for transformation in the ferrite—pearlite
and intermediate (bainite) regions obviously depends on cool-
ing rate. A continuous transformation diagram will therefore
have as its essential features means for indicating the amount
of ferrite, pearlite, bainite and martensite which is obtained at
various defined cooling rates; these are usually appropriate to
heat treatment or selected welding cooling rates. Such a
diagram is shown schematically in Figure 1.19.

The effect of continuous cooling is to lower the start
temperatures and increase the incubation period so the trans-
formation time tends to be below and to the right of the
isothermal line for the same steel, these effects increasing with
increasing cooling rate. As indicated in Figure 1.19 the time
axis may be expressed in any suitable form; ¢.g. as transforma-
tion time (Figure 1.20(a)) or as the bar diameter for bars
(Figure 1.20(b)).

The positions of the lines defining the transformation pro-
ducts obviously vary according to the steel composition and

austenitising temperature. Diagrams for welding applications,
in which five cooling rates appropriate to the main fusion
welding processes are applied to various steel thicknesses,
have been produced by the Welding Institute, Cambridge, and
by other welding research institutions in connection with the
development of weldable high tensile steels.

Manipulation of composition and heat treatment gives rise
to the several classes of steel already listed.

1.3.6 Carbon/carbon-manganese steels

Rolled or hollow sections of carbon steels with carbon below
about 0.36% constitute by far the greatest tonnage of steels
used. Besides the general specification of steels by analysis
they are sold by specification depending on product form and
BS 970 is applied mainly to bar.

1.3.6.1 Weldable structural steels (specifications BS 4360:
1970 and ISO R630)

These steels have yield strengths depending on section be-
tween 210 and 450 MN m~2 achieved by carbon additions
between 0.16 and 0.22%, manganese up to 1.6% and, for
some qualities, niobium and vanadium additions.
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1.3.6.2  Structural plates

These products exemplify more than any others the quality
improvements that the improvements in steelmaking
described in Section 1.3.3 have produced in tonnage steels.
Plates can now be obtained with:

(1) lower maximum sulphur levels (as low as 0.008%);

(2) improved deoxidation with low inclusions and controlled
morphology;

(3) very low hydrogen levels resulting from vacuum degass-
ing;

(4) greater control of composition resulting from secondary
steelmaking units and rapid in plant analysis, low inclu-
sions and controlled morphology;

(5) guaranteed high impact and elongation in the transverse
direction; and

(6) high impact values at low temperature in heat affected
zones.

There are many private specifications, primarily for mat-
erial for offshore structures. For example, British Steel Corpo-
ration’s ‘Hized’ plate will give reduction in area values through
the plate thickness of around 25%.

Plates with superior properties, such as are used for oil
pipelines, are made by controlled rolling steels such as BS
4360, grade SOE containing up to 0.1%Nb and/or 0.15%V
and, although this is not explicitly specified, small amounts of
nitrogen. Controlled rolling produces appreciably higher
strength, e.g. yield and tensile values up to 340 and 620 MPa
in a very fine grained steel due to precipitation of carboni-
trides and the low carbon equivalent promotes weldability.

Besides plates, weldable structural steels are available in the
form of flats, sections, round and square bars, blooms and
billets for forging, sheet, strip and tubes. The range of flats,
sections and bar is slightly restricted compared with plates,
and properties show minor variations.

A very wide range of beams guides and columns may be
fabricated by automatic welding of plate steels.

Increased use is being made of hollow sections, because
they take up less space than angles or I sections, decrease wind
resistance and allow increased natural lighting and because,
with care in design, they need not be protected on the inside,
and are cheaper to paint. Cold forming sections increases
strength and improves finish.

Forgings in weldable structural steels are included in BS
970.

Tubes specified in BS 6323 may be hot or cold finished,
seamless or welded in various ways. Yield strengths of hot
finished carbon steel tubes vary between 195 and 340 MPa and
cold finished between 320 and 595 MPa.

Cold finished tubes are available in a variety of heat
treatments.

The cheapest available steels to the specifications listed
may, if purchased from a reputable steel maker, be used with
confidence for most engineering purposes (with the exception
of pressure vessels). If service conditions are known to be
onerous, more demanding specifications and increased testing
may be required.

1.3.6.3 Pressure vessel steels

The range of engineering plates, tubes, forgings (and,
included here for convenience, castings) is matched by equiva-
lent specifications for pressure vessel steels.

Pressure vessel plate steels, specified in BS 1501: 1980: Part
1 are similar to structural steels, but differ in the following
ways.

(1) Pressure vessel steels are supplied to positive dimen-
sional tolerances, instead of the specified thickness being
the mean. A batch of pressure vessel plates will, there-
fore, weigh more than the equivalent batch of structural
plates (and cost more). A tensile test must be carried out
on every plate (two for large plates) instead of one test
per 40 t batch.

(2) Elevated temperature proof tests are specified for all
pressure vessel plates.

(3) Al pressure vessel plates have the nitrogen content
specified and some the soluble aluminium content.

(4) All pressure vessel plates are supplied normalised.

(5) Pressure vessel tube steels are similar to those used for
plates but, to facilitate cold bending, some of the grades
are softer. The relevant specifications are: for seamless
tube BS 3601: 1974; for electric welded tube BS 3602:
1978; and for submerged arc welded tube BS 3603: 1977.
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(6) Yield points lie between 195 and 340 MPa and Charpy V 1100
notch impact must exceed 27 J at —50°C.

(7) For lower temperature service steels with up to 9%N, 1000 Carbon (%)
austenitic stainless or even martempered steels should be 0.05-0.30
used.

Carbon-manganese steel forgings for pressure vessels are 900 |- . 0.30-0.60
specified in BS 1503: 1980. Materials are available with yield % 0.60-1.00
strengths varying (depending on section) between 215 and __ gogj =
340 MPa. o

Carbon-manganese steel castings for pressure vessels are £
specified in BS 1504: 1976. These castings may contain up to z 700}
about 0.25% chromium, molybdenum, nickel and copper 2
(total maximum 0.8%) and 0.2% proof stresses range between £ 600
230 and 280 MPa. &

L]

1.3.6.4 Coil and sheet steel % 500

Basic oxygen furnace (BOF) steel is continuously cast into ‘E

slabs and rolled hot to coil or cut sheet. c 400 -

Hot rolled strip is available in thicknesses above 1.6 mm up g
to 6.5 mm pickled and oiled and 12.7 mm as rolled in widths 300 b
varying up to 1800 mm in:

(1} forming and drawing quality aluminium killed, 200}

(2) commercial quality, and

(3) tensile qualities to BS 1449: Part 2 and BS 4360,

in a variety of specified minimum yield strengths above 100 T

280 MPa. Weathering steel, which develops an adherent coat-

ing of oxides and raised pattern floor plate, is also available | L L 1

hot rolled. 0 20 40 60 80 100

Cold reduced strip is available in thicknesses above
0.35 mm up to 3.175 mm and in widths varying up to 1800 mm
in: Figure 1.21 Increase in tensile strength related to amount of

reduction in wire drawing for three levels of carbon
(1) forming and drawing qualities (typically 180 MPa yield
ultimate tensile strength (UTS) 620-790 MPa to BS 1449:
Part 1); and
(2) tensile qualities with yield points for low carbon phos-
phorus containing steels of 125 and 270 MPa and
microalloyed with niobium of 300 and 350 MPa.

Reduction (%)

28
%C 0.05-1.00

Cold rolled narrow strip is available to BS 1449 and other
more exacting specifications in thicknesses between 0.1 and
4.6 mm and widths up to 600 mm.

Cold rolled strips may be supplied in a variety of finishes,
hot dip galvansied to BS 2989, electrogalvanised, electro zinc 20
coated, ternplate (coated with a tin-lead alloy which facilitates
forming and soldering) or coated with a zinc-aluminium alloy
with exceptional corrosion resistance.

1.3.6.5 Steel wire

Wire with carbon contents ranging from 0.65 to 0.85% is 12
specified in BS 1408. Carbon steel wire in tensile strengths of
1400-12 050 MPa for coiled springs and 1400-1870 MPa for
zig-zag and square-form springs are listed in BS 4367: 1970 and
BS 4368: 1970, respectively. The heat treatment of wires,
including annealing and patenting differs appreciably from
other heat-treatment processing.

The increase in tensile strength as the amount of drawing 4 %
increases is shown for three carbon ranges in Figure 1.21. /////// /
Ductility falls as the tensile strength increases (Figure 1.22). ///////////////
When the limit of reduction has begen reached the wire must b)e ////////////////,
heat treated to remove the hard drawn structure and replace it v L 4 :
by a suitable structure for further reduction. For low carbon 0 20 40 60 80 100
steel this treatment is an anneal, just below the lower critical Reduction (%)

temperature, which recrystallises the ferrite grains to an  Figure 1.22 Decrease in ductiiity refated to amount of reduction in
equiaxed form. Medium and high carbon wires are generally wire drawing

\\\‘\\\k\\\.\\\\\\\\\\\\\\\\\\\\\“ e
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patented (farily fast cooling from above the upper critical
point by air cooling or quenching in lead) to give a coarse
pearlitic structure which will draw to very high tensile
strengths. Additional to subcritical annealing and patenting,
the heat treatments used in wire production include, normalis-
ing, annealing, hardening and tempering and austempering,
all of which are designed to confer structures and properties
which have particular relevance to the requirements of specific
wire applications.

The tensile strength obtainable depends on carbon content
and an approximate indication of the relationship for an-
nealed, patented and hardened and tempered wire is shown in
Figure 1.23. Wire has a relatively large surface-to-volume ratio
so that any decarburisation due to heat treatment has a
proportionately more significant effect than in heavier steel
products. Consequently, wire heat treatment is conducted in
specialised equipment (i.e. salt baths, atmosphere controlled
furnaces, etc.) aimed at minimising any such difficulties.

Cold drawing through dies requires considerable skill and
attention to detail in die design, lubricants, wire rod cleansing
and baking to remove hydrogen introduced during cleaning.

1.3.7 High strength low alloy steels

High strength low alloy steels (HSLA steels) are proprietary
steels manufactured to SAE 950 or ASTM 242 with carbon
(0.22% maximum), manganese (1.25% maximum) and such
other alloying elements as will give the minimum yield point
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Figure 1.23 The relationship between tensile strength and carbon
content for wire

prescribed for various thicknesses ranging between 12 and
60 mm. Steels are available with yield points ranging from 275
to 400 MPa, and the restriction on carbon and manganese
content is intended to ensure weldability. Quenched and
tempered welded steels with significantly higher yields are also
available.

Reduction in weight of steel gained by utilising the higher
yield stress in design is unlikely to reduce the cost of the
material compared with that of the greater weight of a
standard weldable structural steel purchased from British
Steel Corporation.

Cost benefits arise, however, from handling the smaller
quantity and welding the reduced thickness of the steel and, in
transport applications from increased pay load, decreased fuel
costs, freedom from weight restrictions and reduced duty
imposed on other components of the vehicle.

Attention must be paid to the following factors.

(1) The modulus of elasticity of a HSLA steel is the same as
that of other ferritic steels. Therefore any design which is
buckling critical will require stresses and thus sections
identical to those of steels of lower strengths, and there
will be no saving in the quantity of steel.

(2) Stress intensity is proportional to the second power of
stress and fatigue growth rate per cycle is proportional to
the fourth power of the range of stress per cycle. If brittle
or fatigue fracture is a ruling parameter in design, a much
more severe standard of non-destructive testing is needed
for a component made from steel operating at a higher
stress. In the limit the critical defect size may fall below
the limit of detection.

(3) The notch ductility of an HSLA steel varies greatly
according to the alloying elements used by the steel-
maker.

If there is a risk of brittle fracture, values of Charpy V notch
energy and transition temperature should be specified by the
designer. Spectacular failures have resulted from ignoring
these precepts.

1.3.8 Electrical steels

Electrical steels comprise a class of steel strip which is
assembled and bolted together in stacks to form the magnetic
cores of alternating current plant, alternators, transformers
and rotors. Its essential properties are low losses during the
magnetising cycle arising from magnetic hysteresis and eddy
currents, high magnetic permeability and saturation value,
insulated surfaces, and a low level of noise generation arising
from magnetostriction.

These parameters are promoted by maintaining the contents
of carbon, sulphur and oxygen to the minimum obtainable and
increasing grain size which together minimise hysteresis loss
and incorporating a ferrite soluble element (usually silicon) at
a level of 3% to increase resistivity and thus reduce eddy
current loss. The thickness of the steel must be opti-
mised—reduction in thickness minimises the path available for
eddy currents but reduces the packing fraction and hence the
proportion of iron available and increases handling problems.
The surfaces are coated with a mineral insulant to prevent
conduction of eddy currents from one lamination to the next.
Accurate control of thickness and flatness minimises stress
when the laminations are bolted together and, therefore,
reduces magnetostrictive noise which is promoted by stress.

There are two principal grades of electrical steel differing
essentially in loss characteristics. Hot-rolled strip is supplied to
ASTM 840-85 in gauges of 0.47 and 0.64 mm with guaranteed
losses of 13.2 and 16 W kg~! at 15 kG induction and 60 Hz.
Cold-rolled strip is supplied to ASTM 843-85 in gauges of



0.27, 0.3 and 0.35 mm with guaranteed losses of 1.10, 1.17 and
1.27 W kg1, respectively, at 17 kG induction and 50 Hz.
Cold-rolled strip is manufactured by first rolling a sulphu-
rised steel, followed by a programme of rolling and heat
treatment which eliminates sulphur and produces a Goss or
‘rooftop’ texture. In this structure the [1 0 0] crystallographic
direction, which is the one most easily magnetised, lies
longitudinally in the strip. Cold-rolled strip is normally used
for large alternators and transformers where the saving in lost
power (and the problems of disposing of heat generated)
outweigh the additional cost compared with hot rolled strip.

1.3.9 Hardened and tempered steels

At a carbon content above about 0.35%, or less when alloying
elements are present, useful increases in strength may be
obtained by transformation. The most important class of steel
to which this procedure is applied is the ‘hardened and
tempered steels’. These will be chosen from AISI/'SAE
1035-4310 and BS 970 080A32-945A40.

1.3.9.1 Heat treatment

The steel heat treatments, quenching and tempering,
austempering, martempering, annealing and isothermal an-
nealing can be described most simply by means of the iso-
thermal diagram (Figure 1.20). (There are other heat treat-
ment procedures, notably ageing and controlled rolling).
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1.3.9.2 Quenching and tempering (Figure 1.24(a))

Steel quenched to martensite is hard and brittle due to the
carbon being in unstable solid solution in a body-centred
tetragonal lattice’® and has high internal stresses. Heating
(tempering) at 100°C causes separation of a transition phase,
€, iron carbide (Fe;,C) from the matrix, this being the first
stage of tempering; slight hardening may occur initially. As
the temperature is increased, relief of stress and softening
occurs due to cementite formation and release of carbon from
the matrix. The steel becomes significantly tougher.

Steels of suitable composition quenched fully to martensite
and tempered at appropriate temperatures give the best
combination of strength and toughness obtainable. There is a
tendency, varying with different steels, for a degree of
embrittlement to occur when tempering within the range
250-450°C, so steels are either tempered below 250°C for
maximum tensile strength, or above about 550°C for a combi-
nation of strength, ductility and toughness due to increasing
coalescence of carbides.

1.3.9.3 Austempering (Figure 1.24(b))

The purpose of this treatment is to produce bainite from
isothermal treatment; lower bainite is generally more ductile
than tempered martensite at the same tensile strength but
lower in toughness. The main advantage of austempering is
that the risk of cracking, present when quenching out to
martensite, is eliminated and bainitic steels are therefore used
for heavy section pressure vessels.
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Temperature
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Log time
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Figure 1.2@ Isothemal diagrarps showing the heat treatment of steel. {(a) Quenching and tempering to give tempered martensite. (b)
Austempering to give lower bainite. (c) Martempering to give tempered martensite. (d) Annealing to give ferrite and peariite. (e) isothermal

annealing to give ferrite and pearlite
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1.3.9.4 Martempering (Figure 1.24(c))

The risk of cracking inherent in quenching to martensite can
be reduced considerably while retaining transformation to
martensite by quenching into a salt bath which is at a
temperature slightly above that at which martensite starts to
form and then, after soaking, allowing the steel to air cool to
room temperature. Distortion in quenching is a problem in
pieces of non-uniform section and this is also considerably
reduced by martempering.

1.3.9.5 Annealing (Figure 1.24(d))

Maximum softness is attained by annealing, involving slow
cooling through the ferrite—pearlite field. The pearlitic struc-
ture developed provides optimum machinability in medium
carbon steels.

1.3.9.6  Isothermal annealing (Figure 1.24(e})

This treatment is used to produce a soft ferrite-pearlite
structure. Its advantage over annealing is that, with
appropriate steels and temperatures, it takes less total time
because cooling down both to and from the isothermal treat-
ment temperature may be done at any suitable rate, provided
the material is not too bulky or being treated in large batches.

1.3.9.7 Hardenability of steel

In this context ‘hardenability’ refers to the depth of hardening
not the intensity. Hardening intensity in a quench is depen-
dent on the carbon content. Plain carbon steels show relatively
shallow hardening; they are said to have ‘low hardenability’.
Alloy steels show deep hardening characteristics, to an extent
depending primarily on the alloying elements and the austen-
itic grain size.

Hardenability is a significant factor in the application of
steels for engineering purposes. Most engineering steels for
bar or forgings are used in the oil quenched and tempered
condition to achieve optimum properties of strength and
toughness based on tempered martensite. It is in this connec-
tion that hardenability is important; in general, forgings are
required to develop the desired mechanical properties through
the full section thickness.

Since the cooling rate in a quench must be slower at the
centre of a section than at the surface, the alloy content must
be such as to induce sluggishness in the austenite transforma-
tion sufficient to inhibit the ferrite-pearlite transformation at
the cooling rate obtaining at the centre of the section. It
follows that, for a given steel composition and quenching
medium, there will be a maximum thickness above which the
centre of the section will not cool sufficiently quickly except in
those steels which have sufficient alloy content to induce
transformation to martensite in air cooling (air hardening
steels).

The practical usefulness of engineering steels, ignoring
differences in toughness, can therefore be compared on the
basis of this maximum thickness of ruling section which must
be taken into account when considering selection of steel for
any specific application.

A method for determining hardenability is to cool a bar of
standard diameter and length by water jet applied to one end
only. The cooling rate at any position along the bar will
progressively decrease as the distance from the water sprayed
end increases. The hardeness is determined on flats ground at
an angle of 180° on the bar surface. The greater the hardena-
bility the further along the bar is a fully martensitic structure
developed. This method of assessment is known as the
‘Jominy end-quench test’: for full details see BS 3337.
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Figure 1.25 End-quench (Jominy) curves for steels of medium and
high hardenability

Typical end quench (Jominy) curves for steels of medium
and high hardenability are shown in Figure 1.25. A relation-
ship between end-quench hardenability curves and the dia-
meter of oil quenched bars is shown in Figure 1.26. This can be
used to choose a size of bar which will harden fully.

Jominy curves are provided by the SAE/AISI for steels to
which the letter ‘H’ is added to the specification number and
to BS 970 steels with the letter ‘H’ in the specification.

Alternatively, a steel which will through harden to the
required yield stress at the design diameter may be selected
from Table 1.6.

1.3.9.8 The function of alloying elements in engineering
alloy steels

Aside from specialised functions—corrosion resistance, abra-
sion resistance, etc.—alloying elements are most widely used
in engineering alloy steels with carbon in the range
0.25-0.55% or less than 0.15% for case hardening. Their
function is to improve the mechanical properties compared
with carbon steel and, in particular, to make possible the
attainment of these properties at section thicknesses which
preclude the use of shallow hardening carbon steels, water
quenched. They increase hardenability and, thereby, allow a
lower carbon content to be used than would be required in a
carbon steel and the use of a softer quenching medium, e.g.
oil. This substantially reduces quench cracking risks.
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Figure 1.26 Relationship between end-quench hardenability curves
and oil-quenched bars



The alloying elements used are manganese, nickel, chro-
mium, vanadium and aluminium (as grain refining element).
An important function of allpying elements, by rendering
austenite transformations sluggish, is to make possible treat-
ments which depend on an arrested quench followed by a
timed hold at somewhat elevated temperature (austempering
and martempering) which reduce internal stress and minimise
distortion and cracking risks.

For full effectiveness in increasing hardenability, the alloy
elements should be completely dissolved in the austenite
before quenching; this is no problem with manganese and
nickel, but chromium, molybdenum and vanadium form car-
bides which, in the annealed steel prior to quenching, may be
of comparatively large size and, owing to a slower solution
rate than cementite, are more difficult to dissolve. Solution
temperatures may therefore be increased and/or times in-
creased.

The effect of alloying elements when tempering is impor-
tant; in general they retard the rate of softening during
tempering compared with carbon steel, but in this respect the
effect of the carbide formers chromium, molybdenum and
vanadium is much greater than that of the other elements.
They increase the tempering temperatures required for a given
degree of softening, which is beneficial for ductility and
toughness. Molybdenum and vanadium, at higher levels,
confer an increase in hardness at higher tempering tempera-
tures, due to alloy carbide precipitation; this is ‘secondary
hardening’ and is the basis of hardness in heat treatment alloy
tool steels. The effect of individual elements on the properties
of steel is given in Table 1.7.

1.3.10 Free cutting steels

Most free cutting steels and those with the largest number of,
and the most important, applications are carbon/
carbon—-manganese steels. Some hardened and tempered and
a few stainless steels are also free cutting.

AISI/SAE free cutting carbon/carbon-managenese steels
have 11 or 12 as the first two digits instead of 10 and the BS
970 designations have as the first digit a ‘2’ while the second
and third figures indicate the mean, or the maximum, sulphur
content.

Free cutting steels are really composites with additions
which form a soft particulate second phase which acts as ‘chip
breaker’ during machining. This reduces tool wear, greatly
diminishes the time and cost of machining, and makes it easier
to obtain a good finish.

The addition is usually sulphur in amounts of 0.1-0.33%.
These steels were formerly manufactured by using a less
effective sulphur removing slag, but the present procedure is
to resulphurise and the additional processing stage results in a
slightly higher price for free cutting steels. There is no
systematic nomenclature for direct hardening resulphurised
alloy steels.

Additions of lead in amounts of 0.15-0.35% in addition to
sulphur make steel even easier to machine.

Specifications indicate leaded steels by inserting an ‘L’ as an
additional third letter in AISI/SAE grade numbers or adding
‘Pb’ to BS 970 grade designations.

Free cutting austenitic steels are limited to 303 or 303 Se
which are standard 18/8 304 steels with sulphur or selenium
additions. Free cutting versions of 13%Cr, steels are available
to BS 970 416821, 416529 and 416837.

The particulate phase in free cutting steels reduces their
resistance to fatigue and may introduce other drawbacks. Free
cutting steels may be safely used in low duty applications in
non-aggressive environments for components which are not to
be welded. It is essential, however, to ensure that components
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for severe duties are not made from them. This is of great
importance when ordering components from a machining firm
which will supply components made from free cutting steel
wherever possible to reduce costs. In particular, the designa-
tion 18/8 should not be used when ordering a steel as the
supplier can supply 303 or 304. The AISI number should
always be specified.

1.3.11 Case hardening steels

Case hardening produces a very hard wear and fatigue resist-
ing surface on a core which is usually softer but stronger and
tougher than that of a hardened and tempered steel. Besides
its obvious advantages, case hardening usually improves fati-
gue endurance, partly because of the compressive stress
induced at the surface.

There are at least five different processes:

(1) surface hardening;
(2) carburising;

(3) carbonitriding;

(4) nitriding; and

(5) ion implantation.

1.3.11.1 Surface hardening

Surface hardening is achieved by austenitising only the surface
of the steel by applying a high heat flux by electrical induction
or by direct flame impingement, and then quenching in
moving air, water or oil. Any steel of sufficiently high carbon
content may be surface hardened. Those most usually
employed are carbon and free cutting steels with 0.45-0.65%C
and hardened and tempered steels with 0.35 to 0.55%C.

The properties of the core are those to which the steel has
originally been heat treated while hardnesses of from 50 to 65
Rockwell C are produced on the case. These hardenesses are
lower than those available from other case hardening pro-
cesses but surface hardening is very versatile.

The depth of case produced by induction hardening may be
varied by varying the frequency from 0.64 mm at 600 kHz to
Smm at 1 kHz. This is a much thicker case than can be
produced by any other method and is very valuable for
combating abrasive wear.

In flame hardening the surface is heated by one or more gas
burners before quenching. The process can be applied to work
pieces whose shape and size preclude other methods of case
hardening.

1.3.11.2 Carburising

Any carbon, free cutting or direct hardening alloy steel with
0.23% or less carbon is suitable for carburising. The steel
should be chosen according to the properties desired in the
core. BS 960 and SAE publish lists of carburising steels with
hardenability data. Core strengths between 500 and 1310 MPa
are available and Charpy impact toughness up to 55 J (68 with
5%Ni, 0.15%Mo steel). Case hardnesses of 64 Rockwell C for
low hardenability steels and 60 Rockwell C for high hardena-
bility steels can be obtained and the case, which contains a
proportion of cementite, is hard wearing.

Carburising is achieved by exposing the surface of the steel
to a gas or liquid with a high carburising potential at a
temperature up to 925°C. Surfaces not required to be carbu-
rised should be masked, possibly by copper plating or better;
the carburised layer should be machined off before it has been
hardened. There are three processes.

In pack carburising the component(s) are placed in a
heat-resisting box surrounded by a carburising powder consist-



The alloying elements used are manganese, nickel, chro-
mium, vanadium and aluminium (as grain refining element).
An important function of allpying elements, by rendering
austenite transformations sluggish, is to make possible treat-
ments which depend on an arrested quench followed by a
timed hold at somewhat elevated temperature (austempering
and martempering) which reduce internal stress and minimise
distortion and cracking risks.

For full effectiveness in increasing hardenability, the alloy
elements should be completely dissolved in the austenite
before quenching; this is no problem with manganese and
nickel, but chromium, molybdenum and vanadium form car-
bides which, in the annealed steel prior to quenching, may be
of comparatively large size and, owing to a slower solution
rate than cementite, are more difficult to dissolve. Solution
temperatures may therefore be increased and/or times in-
creased.

The effect of alloying elements when tempering is impor-
tant; in general they retard the rate of softening during
tempering compared with carbon steel, but in this respect the
effect of the carbide formers chromium, molybdenum and
vanadium is much greater than that of the other elements.
They increase the tempering temperatures required for a given
degree of softening, which is beneficial for ductility and
toughness. Molybdenum and vanadium, at higher levels,
confer an increase in hardness at higher tempering tempera-
tures, due to alloy carbide precipitation; this is ‘secondary
hardening’ and is the basis of hardness in heat treatment alloy
tool steels. The effect of individual elements on the properties
of steel is given in Table 1.7.

1.3.10 Free cutting steels

Most free cutting steels and those with the largest number of,
and the most important, applications are carbon/
carbon—-manganese steels. Some hardened and tempered and
a few stainless steels are also free cutting.

AISI/SAE free cutting carbon/carbon-managenese steels
have 11 or 12 as the first two digits instead of 10 and the BS
970 designations have as the first digit a ‘2’ while the second
and third figures indicate the mean, or the maximum, sulphur
content.

Free cutting steels are really composites with additions
which form a soft particulate second phase which acts as ‘chip
breaker’ during machining. This reduces tool wear, greatly
diminishes the time and cost of machining, and makes it easier
to obtain a good finish.

The addition is usually sulphur in amounts of 0.1-0.33%.
These steels were formerly manufactured by using a less
effective sulphur removing slag, but the present procedure is
to resulphurise and the additional processing stage results in a
slightly higher price for free cutting steels. There is no
systematic nomenclature for direct hardening resulphurised
alloy steels.

Additions of lead in amounts of 0.15-0.35% in addition to
sulphur make steel even easier to machine.

Specifications indicate leaded steels by inserting an ‘L’ as an
additional third letter in AISI/SAE grade numbers or adding
‘Pb’ to BS 970 grade designations.

Free cutting austenitic steels are limited to 303 or 303 Se
which are standard 18/8 304 steels with sulphur or selenium
additions. Free cutting versions of 13%Cr, steels are available
to BS 970 416821, 416529 and 416837.

The particulate phase in free cutting steels reduces their
resistance to fatigue and may introduce other drawbacks. Free
cutting steels may be safely used in low duty applications in
non-aggressive environments for components which are not to
be welded. It is essential, however, to ensure that components
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for severe duties are not made from them. This is of great
importance when ordering components from a machining firm
which will supply components made from free cutting steel
wherever possible to reduce costs. In particular, the designa-
tion 18/8 should not be used when ordering a steel as the
supplier can supply 303 or 304. The AISI number should
always be specified.

1.3.11 Case hardening steels

Case hardening produces a very hard wear and fatigue resist-
ing surface on a core which is usually softer but stronger and
tougher than that of a hardened and tempered steel. Besides
its obvious advantages, case hardening usually improves fati-
gue endurance, partly because of the compressive stress
induced at the surface.

There are at least five different processes:

(1) surface hardening;
(2) carburising;

(3) carbonitriding;

(4) nitriding; and

(5) ion implantation.

1.3.11.1 Surface hardening

Surface hardening is achieved by austenitising only the surface
of the steel by applying a high heat flux by electrical induction
or by direct flame impingement, and then quenching in
moving air, water or oil. Any steel of sufficiently high carbon
content may be surface hardened. Those most usually
employed are carbon and free cutting steels with 0.45-0.65%C
and hardened and tempered steels with 0.35 to 0.55%C.

The properties of the core are those to which the steel has
originally been heat treated while hardnesses of from 50 to 65
Rockwell C are produced on the case. These hardenesses are
lower than those available from other case hardening pro-
cesses but surface hardening is very versatile.

The depth of case produced by induction hardening may be
varied by varying the frequency from 0.64 mm at 600 kHz to
Smm at 1 kHz. This is a much thicker case than can be
produced by any other method and is very valuable for
combating abrasive wear.

In flame hardening the surface is heated by one or more gas
burners before quenching. The process can be applied to work
pieces whose shape and size preclude other methods of case
hardening.

1.3.11.2 Carburising

Any carbon, free cutting or direct hardening alloy steel with
0.23% or less carbon is suitable for carburising. The steel
should be chosen according to the properties desired in the
core. BS 960 and SAE publish lists of carburising steels with
hardenability data. Core strengths between 500 and 1310 MPa
are available and Charpy impact toughness up to 55 J (68 with
5%Ni, 0.15%Mo steel). Case hardnesses of 64 Rockwell C for
low hardenability steels and 60 Rockwell C for high hardena-
bility steels can be obtained and the case, which contains a
proportion of cementite, is hard wearing.

Carburising is achieved by exposing the surface of the steel
to a gas or liquid with a high carburising potential at a
temperature up to 925°C. Surfaces not required to be carbu-
rised should be masked, possibly by copper plating or better;
the carburised layer should be machined off before it has been
hardened. There are three processes.

In pack carburising the component(s) are placed in a
heat-resisting box surrounded by a carburising powder consist-
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Table 1.6 BS 970 and BS 4670 steels classified by tensile strength and maximum diameter, hardened and tempered”

Mar. Tensile strength
aliarmeter — " = = ~
40-50 ton in.~* 45-55 1on in.~? 50-60 ton in.~? $5-65 von in, " H0-70 ton in. "
{in.)(mm) 630-790 MN m~? 690-850 MN m~? T50-930 MN m~? 85-1000 MN m—2 931080 MN m~?
OM26 0,260 (OM36 0360 245480 | (BOMAE 0460 H0-555 | 0BOMSD 0.50C 2H0-595
212M¥%  0.36C 30495 | 150MZH 02BCISMm  3255T0 | 150M36 036C13Mn 355635
212M44 D.44C 30540 | 25Mad 1.5Ma 413500
3 ORIM3 0,3 DBOM4) 0.4 M5-5H | 120M36  0.3C1.2Mn 40-570 | 070MIS 0.35C 310630
216M2E 0.280 120M19 ISC12Mn 265510
o™ W3M40 1M 295-585
s 1208419 1.2Mn 265-510 | (ROM6 0,460 280955 | 0BOMS0 0.50C B0-5B5 | S3MSD ICr 510680 | G0SHY I SMrMo SI0-850
150M19  1.5Mn 295-510 | 150M36  1.2Mn 355435 | S06M36 | 5MnMo 510680 | 605M36 1. 3MrMo 480830
120M28 1.2Mn 310-510 | 225M44  1.5Mn 415-600 GUIMa) 1.23NICe 510-7385 |
120M36  1.2Mn 155-570 MEM&) 1CrMo 510-755
216M36 [ 3Mn 310-510 W5MIE 1SMaNICTMo  480-B50
&4 216836 0080 0-510 | S03M40 N 295-585 | OP0MSS 0.55C 3N0-620 | SSMID | SMuMo SI0-850 | S08MIS | SMaMo 48850
213M36 0360 310495 | DSOMS0 0,5C 280-385 | 530M40 ICr 510-680 480-850 | 653M31 INICr SM0-755
135M3 03eC 370480 | 150M28 1 5Mn 15570 | 406M36 | SMnMo 510680 00Ma0 1CrMo 280530
150M19 1.5Mn 295-510 | 1S0M36  1.5Mn 385-635 | WSM3L L.25CrAMo  S10-589 SI8MA [ SNiCrMo  540-50
2U2ME 40 -840
1 I 060 2B0-555 | OTOMSS 0.55C HO-620 | 405MI0 1. SMaMo 510-850 SITMAD LSNICMo  &35-1240/
120828 1 3Min J10-510 | 212M44 0480 IT0-540 | 605SM3E | SMMo AR0-B50
120836 1.2Mn J0-570 | I25M44 1 5Mn 415-600 | 640M40 1 25NICE 510-733
S0 M 295588 | S30M40 1Cr 510-680 | 708M40  ICrMo 510-745
S06M36 | SMnMo S10-680 | 905M39  1L5CrAIMo  510-680
WML 1. 5CrAlMo S10-585 | 043M38 0. 5MENiCrMo  480-850
B 150[150M2 1.5Mn 325-530 | 0SMI0  |.5MaMa S10-850 | 608M38 1 SMnMo 0850 | TEMM 3CrMo 635-755 | TAIMM Mo 35755
150036 1.5Mn 335435 | 60SM36  |.5MnMo 480-850 | A5IMIL INICr SHLT5S | BITMA0 1 SNICeMo 635-1240| B23MI0 INiCrMo &35-1735
SIOM40 M3 T95-385 | GAM3E 1. 5MnMo 4B0-ES) | MEM4D  ICrMo AB0-830 | BTIMMD  INICrMo 63512351 B26M31 2. 3NICrivo 6351235
TESMIS 1.5MnNiMo 430465 | 650040 1, 25MCr S10-755 | B16M40 15NICrMo  540-850 | 826M31 2.5NiCrMo B35-1215 KIM40 1.5MiCrMo  633-1235
M8MA0  1CiMe S10-755 EIOM3!  INICrMo 615-940  BIOMIL INiCrMo
MG 1 5CralMo S10-4a0
HM3IB | SMaNiCiMo  &BD-850
10 3504 500M40 [N I95-585 | 60IM36 1. SMnMo 430850 | G0EMIE 1, SMnMo E0-E50 | TIIM24  3CrMo E35-TS5 | B2IMID IMRCrMo 6351135
TRSM IS | 5MnNiMo 430-465 | S08M3E | SMnMo 4R-&50 | M9M40  1CrMo ARO-A50 | BITM40 | SNCrivio G35=1240 | B26M31 2 SNACriMio &35-1235
MM 1CrMo 400-850 | A16M40 1INICrMo 560850 | MM INiCrMo 6351295 | EIsM4D 1SMiCiMe  E35-1235
TOMXN 325CiMo AS0-TBD | S4SM3E | SMoNiCrMo 480-850 E6M3] 2 5MiCiMo 6351235
TIIM4D  1CTMo 480600 | B0M3]  INICrMo 635-940 | BIEM40 |SNICrMe  $90-THD
THMM  1C:Mo 4A0-600 | RIBM40 15NiCrMo  S0-T80 BIEM3] 2SNiCrMo 835-1238
TEMM 3.25CtMo 450-780 | B26M3 2SNICrMo  635-1235 | SIEM40 1,5NiCrMo S90-780 || 976M33 3.25MiCrMoV  T00-940
B6M3] 2. SMiCrMa G35-1235| B9TMI9 3.2SCrMoY 640940
BX6MA0 2 SNIiCrMo &40-900
BTMI 3.25CiMoV S40-840
' TEMD® 3.25CiMo 440780
\ GIEMIY 3 2SNICrMoV 700980
0 s THMS  1CeMo B18M40  1.5NiCrMo 590-T80 | BISM4D 1,5MiCrbo S90-780 | S1BM4D 1SNICrMo  S50-780
TIM® 32.5CrMo B2EM3IL TSMICTMo 6351235 | BDEM3]  2.5MiCrbe 635-1235| 976M33 3. 25NiCiMoV  TD0-980
THMI9 3.25CiMo AS0-TEO | BIGM4D 2 SMiCrMo GA0-000 | B9TMID 3.25CrMoV  B40-340
TOMN 3.25CtMo 450-780
GIAMI3 J2SNICrMoV  TOD-980
MTM¥ 3.25CiMoV 4540
TEMIN 3.25CrMo TIM 3.25CiMe 450-TB0 | BIBM40 15NiCrMo  S90-TBD | S26M40 2.5MiCrMo S40-000 | 976MI3 3.25NiCrMoV  TDN-950
B26M31 2ENIC:Me 6351235 | O76M3 3.SMiCrMoV  TOO-ORN | 89TM39 32SCrMoV  A40-840
MY 3 BCiMo A50-TRO | E9TMI? 3.25CrMo¥ GG

Reproduced from The Fulmer 'Opomieer” by permission of Elsevier Ltd,

Far each tenssbe-strength block. the three subecolumns denoie:

151 Present designalion of the sicel in BS ST0L ahe M' i the dessgnation irdicates thae the steel is 1o be ordered o specific mechanical propemy requinemeats, However, many stechs may be ondered 10
analysis ondy, when ihe letier becomes "A', of o analysis and hardenabdity (end-quench) specification. when the letter becomes ‘H', The first three figures indicate the broad anaivis classification, the
last rwo the carbon conret.

Ind Type of sieel by broad analysis, These do not give full snalyses. only (B¢ mediusn content af the leading clemens amd 3 lint of cther alloying eiements. For the sraight carbon stesls, the earbon coment is
repeated here. but fur the alloy steels the carbom consens can be inferred from the desipnation. Composstians aré given & per cent by weight.

Ird Yiekd siress ramge available for the steel at the specifed equivalent diameter.

Steels marked with an * are frec-machiaing qualities.
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Tensile strength

65-75 ton in.~2 70-80 fon in. ~2 75-85 ton in. 2 80-90 ton in. 2 >100 ton in.‘z’
1000-1160 MN m~2 1080-1240 MN m~? 1160-1310 MN m~2 1240-1390 MN m~2 >1540 MN m~2

605M30 1. 5MnMo 510-850

605M36 1.5MnMo 480-850

608M38 1.5MnMo 480-850 | 817M40 [(.5NiCrMo 635-1240 [ 817M40 1.5NiCrMo  635-1240 817M40 1.5NiCrMo 635-1240

709M40 1CcMo 480-950 897TM39  3.25CrMoV 640-940

816M40 1.5NiCrMo 540-850

945M38 1.5MnNiCrMo  480-850

526M69  0.05Cr 620-740 | 830M31 3NiCrMo 635-940 | 823M30 2NiCrMo 635-1235 823M30 2NiCrMo  635-1235

817M40 1.5NiCrMo 635-1240 826M31 2.5NiCrMo  635-1235 826M3t  2.5NiCrMo 635-1235

897MI9  3.75CrMoV  1110-1235
{85min.)

830M31 3NiCrMo 635-940 | 823M30 2NiCrMo 635-1235 826M40  2.5NiCrMo  640-900
826M31 2.5NiCrMo 635-1235

823M30 2NiCrMo 635~1235 | 826M40 2.5NiCrMo 640-900 | 826M40 2.5NiCrMc 640-900 | 826M40 2.5NiCrMo 640-900] 835M30 4NiCrMo 1125-1235

826M31 2.5NiCrMo 635-1235

826M40  2.5NiCrMo 640900

826M40 2.5NiCrMo 640-900 | 826M40 2.5NiCrMo 640-900

897TM39 3.25CtMoV 640-940 | 976M33 3.25NiCrMoV  700-980

976M33 3.25NiCrMoV  700-980 | 897M39 3.25CrMoV 640-940

3

for generaf purposes.

E)

Steels with first three digits *905" have high aluminium contents and are specifically intended for surface-hardening by nitriding. However, steels 722M24 and 897M39 are also suitable for nitriding, as welt as

As a general rule. steels quoted in any one block can be tempered down fo the next lower tensile range. Equally, where a tensile range is quoted up to a certain maximum diameter, the properties can be
antained on smaller diameters. but in practice this may be wasteful of the alloy content. and a cheaper steel may be satisfactory.
All steels in the second block in the 10 in. diameter blocks refer 10 heavy forgings as specified in BS 4670, but all steels may be used as smaller section forgings as well as rolled bar or billet.
This table is based on the 1970 edition of BS 970 and the 1971 edition of BS 4670 except that steels in italics have been eliminated from the 1983 edition of BS 970.
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Table 1.7 Influence of added (and adventitious) elements in steel

Element Dominant characteristic Influence in ferritic steel Influence in austenitic steel
Carbon Strong austenite former Strongly increases strength and Causes weld decay unless stabilised.
hardenability. Stabilises austenite
Decreases ductility
Nitrogen Strong austenite former Increases strength. Increases strength,
Decreases toughness Stabilises austenite
Manganese Austenite former Strongly increases strength. Stabilises austenite
Increases hardenability.
Increases tendency to quench cracking.
Neutraliscs harmful effect of sulphur
Nickel Austenite former Refines grain. Stabilises austenite.
Increases toughness. Stress corrosion cracking peaks at 17%N
Increases hardenability.
Slightly increases strength
Chromium Ferrite former, Improves corrosion and scaling Improves corrosion and scaling resistance.
carbide former resistance. Destabilises austenite. In high
Improves hardenability. concentration forms brittle o phase with
Slightly increases strength. iron
Retards softening in tempering
Molybdenum Ferrite former, Strongly increases hardenability. Improves corrosion resistance.
carbide former Moderately increases strength. Strongly increases strength at high
Retards softening and tempering. temperatures
Strongly increases strength at high
temperature.
Alleviates temper embrittlement
Vanadium Ferrite former, Strongly increases hardenability.
carbide former Moderately increases strength.
Strongly increases high-temperature
strength.
Increases toughness.
Alleviates embrittlement by nitrogen
Silicon Deoxidiser Improves scaling resistance. Improves scaling resistance
Increases hardenability.
Reduces toughness.
Increases resistivity.
Promotes decarburisation
Niocbium Strong carbide former Increases strength of carbon steel by Stabilises against weld decay.
age hardening Increases strength at high temperature
Titanium Strong carbide former Strongly increases strength by age Stabilises against weld decay.
{with aluminium) hardening Increases strength at high temperature.,
Very strongly increases strength by age
hardening
Aluminium Deoxidiser Increases toughness by combining with
nitrogen. Increases scaling resistance.
Renders steels suitable for gas nitriding
Boron In small amounts greatly increases Greatly improves creep and rupture
hardenability. strength
Improves strength at high temperatures
Sulphur Impurity, except when added Reduces cleanliness. Reduces cleanliness.
to improve machinability Reduces ductility. Reduces ductility.
Approx. 0.3% added to improve Approx. 0.3% improves machinability
machinability
Lead Improves machinability Added to improve machinability
Selenium Improves machinability Added to improve surface finish on
machining
Phosphorus Impurity Reduces ductility and cleanliness. Reduces ductility and cleanliness
Can improve strength of carbon steel
Copper Normally an impurity Improves corrosion resistance. Improves corrosion resistance.

Tin, antimony,
arsenic, bismuth

Hydrogen

Tramp element impurities

Impurity.
Decarburiser

May improve strength but reduces
ductility by ageing

Strongly reduce ductility.
Promote temper embrittlement

Strongly promotes rupture and fracture

Can increase strength at high temperature

Fortunately seldom encountered

Fortunately seldom encountered




ing basically of coke or charcoal particles and barium car-
bonate. The coke and barium carbonate react to produce
carbon monoxide from which carbon diffuses into the steel.
The process is simple, of low capital cost and produces iow
distortion, but it is wasteful of heat. It is also labour intensive
because the boxes have to be packed and later emptied before
heat treatment.

In liquid carburising the component is suspended in a
molten salt bath containing not less than 23% sodium cyanide
with barium chloride, sodium chloride and accelerators. The
case depth achieved (which is proportional to time) is 0.3 mm
in 1 h at 815°C and 0.6 mm in 1 h at 925°C.

The process is efficient and the core can be refined in, and
the. component hardened from, the salt bath, but the process
uses very poisonous salts, produces poisonous vapours and
maintenance is required.

In gas carburising, hydrogen gas is circulated around the
work piece at between 870 and 925°C. The relationship
between case depth temperature and time is the same as for
liquid carburising. The process is clean, easy to control, suited
to mass production and can be combined with heat treatment,
but the capital cost of the equipment is high.

1.3.11.3 Carbonitriding

Carbonitriding is achieved by heating the steel in a bath
similar to a liquid carburising bath but containing 30/40%
sodium cyanide which has been allowed to react with air at
870°C (liquid carbonitriding) or in a mixture of ammonia and
hydrocarbon (gas carbonitriding) at a lower temperature than
is used for gas carburising. The case produced is harder and
more wear and temper resistant than a carburised case but is
thinner. Case depths of 0.1-0.75 mm can be producedin 1 h at
760°C and 6 h at 840°C, respectively.

Steels which are carburised can also be carbonitrided, but
because the case is thinner there is a tendency to use steels of
slightly higher carbon and alloy content so that the harder core
offers more support to the thinner case. A significant advant-
age of carbonitriding is that the nitrogen in the case signifi-
cantly increases hardenability so that a hard case may be
obtained by quenching in oil which can significantly reduce
distortion in heat treatment. Case hardnesses of 65 Rockwell
C may be produced with the same range of core strengths as by
carburising.

1.3.11.4 Nitriding

Nitriding may be achieved by heating steel in a cyanide bath or
an atmosphere of gaseous nitrogen at 510-565°C. The steel
component is heat treated and finish machined before nitrid-

ing.

Liquid nitriding This uses a bath of sodium and potassium
cyanides, or sodium cyanide and sodium carbonate. The bath
is pre-aged for a week to convert about one-third of the
cyanide into cyanate.

Two variants of the process are: liquid pressure nitriding, in
which liquid anhydrous ammonia is piped into the bath under
a pressure of 1 to 30 atm; and aerated bath nitriding, in which
measured amounts of air are pumped through the molten
bath.

All the processes provide excellent results, the depth and
hardness of case being the same as that obtained from gas
nitriding. Unlike gas nitriding, carbon steels can be liquid
nitrided and the case produced on tool steels is tougher and
lower in nitrogen than a gas nitrided case. However, liquid
nitriding uses a highly poisonous liquid bath at a high tempera-
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ture and the process may take as long as 72 h. It is really only
suitable for small components.

Gas nitriding This is achieved by introducing nitrogen into
the surface of a steel by holding the metal at between 510 and
565°C in contact with a nitrogenous gas, usually ammonia. A
brittle nitrogen rich surface layer known as the ‘white nitride
layer’, which may have to be removed by grinding or lapping,
is produced. There are two processes, single- and double-stage
nitriding.

In the single-stage process a temperature between 496 and
524°C is used and about 22% of the ammonia dissociates. This
process produces a brittle white layer at the surface. The first
stage of the double-stage process is the same as for the
single-stage process, but following this the ammonia is cata-
lytically dissociated to about 80% and the temperature in-
creased above 524°C. Less ammonia is used in the double-
stage compared with the single-stage process and the depth of
the brittle white layer is reduced and is softer and more
ductile. Process times are of the order of 72 h.

Gas nitriding can only be used if the steel contains an
alloying element (e.g. aluminium, chromium, vanadium or
molybdenum) that forms a stable nitride at nitriding tempera-
tures. The film produced by nitriding carbon steels is ex-
tremely brittle and spalls readily. In general, stainless steels,
hot work die steels containing 5% chromium and medium
carbon chromium containing low alloy steels have been gas
nitrided. High speed steels have been liquid nitrided.

There are also a number of steels listed in AISI/SAE or BS
970 (or having the name ‘Nitralloy’) to which 1% aluminium
has been added to make the steel suited for gas nitriding. AISI
7140 (BS 970, 905M39) is typical.

Nitriding can produce case hardnesses up to 75 Rockwell C,
depending on the steel. This hardness persists for about
0.125 mm but depths of case with hardness above 60 Rockwell
C of 0.8 mm may be produced.

The relatively thin case compared with other methods of
case hardening makes it customary to use fairly strong core
material. For ferritic steels a UTS of 850-1400 MPa is usual.
Typical components nitrided are gears, bushings, seals, cam-
shaft journals and other bearings, and dies. In fact, all
components which are subject to wear. In spite of their
relatively low hardness, austenitic stainless steel components
are nitrided to prevent seizure and wear, particularly at high
temperatures. Two considerations apply.

In the first place stainless steels must be depassivated by
mechanical or chemical removal of the chromic oxide film
before nitriding. Secondly, nitriding decreases corrosion res-
istance by replacing the chromic oxide film by a chromium
nitride film and should not be employed when corrosion
resistance is of paramount importance.

lon implantation This is achieved by bombarding the surface
of a steel with charged ions, usually nitrogen when the aim is
to harden the surface. The cost is high, the quantity of
nitrogen implanted small, and the process can only be carried
out in a laboratory which has an accelerator such as, for
example, AERE. Ion implantation is used for special applica-
tions which will probably increase in number.

1.3.12 Stainless steels

The addition of strong oxide forming elements, aluminium
silicon and chromium, repiaces the oxide on the surface of iron
by a tenacious film, which confers corrosion and oxidation
resistance. Alloys of iron with substantial proportions of
aluminium and silicon have undesirable properties so that
chromium additions which in progressively increasing quanti-
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Figure 1.27 Iron—chromium—carbon phase diagrams: (a) at 0.10%C; (b) at 0.50%C

ties change the oxide film first to a spinel and then to
chromium trioxide must be employed. Stainless steels are
alloys with a minimum of 50% iron and a minimum of 12%
chromium.

1.3.12.1 Metallurgy of stainless steels

The above comments are reflected in the phase diagram for
the iron—chromium system (Figure 1.27). Of particular signifi-
cance is the small austenite field known as the y loop; alloys to
the right of this loop are ferritic and undergo no allotropic
changes in heating or cooling; consequently, grain refinement
by such changes is not possible. The amount of chromium
which closes this loop if no other element is present is 12.8%.
Above this figure pure iron—chromium alloys are ferritic and
subject to grain growth as temperatures are raised to the
liquidus. Addition of austenite formers enlarge the vy loop so
that, in the limit, the austenitic phase is stable over the entire
range of temperature. Varying the proportions of chromium
and nickel (and mangenese and nitrogen) produces the several
types of stainless steel.

Ferritic stainless steels These contain between 11 and 30%
chromium, a minimum of austenite formers (see Table 1.7)
such as carbon whose influence on the extent of the y loop is
shown in Figure 1.27, and often some other ferrite formers so
that they always retain a ferritic structure.

The standard ferritic (and martensitic) stainless steels have
‘400’ series AISI and BS 970 numbers. These numbers
increase with the chromium content, low numbers, e.g. 403,
denoting 12% chromium. Other things being equal, therefore,
a higher numbered steel will have a better resistance to
general corrosion than a lower numbered steel. The following
numbers indicate a ferritic steel: 405, 409, 430, 434 and 436.

The non-standard steels include Carpenter 182 FM and four
aluminium containing steels (Armco 18 SR and BSC Sicromal
9, 10 and 12).

Ferritic stainless steels are marketed only in the form of
plate and strip and all have similar mechanical properties
(UTS 415-460 MPa; yield strength 275-550 MPa; elongation
10-25%, depending on the thickness of the plate). They
require no heat treatment beyond an anneal at about 800°C

followed by air or furnace cooling. They are easily drawn and
pressed and their machinability is good, 430 FSe being
naturally the best. They are prone to grain growth, particu-
larly during welding, and this impairs toughness and ductility.
Ferritic stainless steels are virtually immune to chloride
induced stress corrosion cracking at the relatively low temp-
eratures at which they are used and have good resistance to
scaling at elevated temperatures, the aluminium containing
varities (e.g. the Sicromals) being some of the best available
materials in this respect. They are significantly cheaper than
austenitic steels and are used for chemical-plant components,
domestic and catering equipment, automobile trim, domestic
and industrial heater parts, exhaust systems, and fasteners.
The higher numbers, which have greater resistance to general
corrosion, are used for the more demanding applications.

‘Low interstitial’ grades These are characterised by carbon
and nitrogen contents below 0.03%, chromium contents be-
tween 17 and 30%, usually with molybdenum, and other
additions in recently developed ferritic stainless steels. These
include one standard steel, 444 (which in spite of its high
number, contains only 18.5%Cr) and non-standard steels
(Allegheny Ludlum ‘E Brite 261°, ‘A129.4.4’ and ‘A294C’,
Nyby Uddeholm ‘Monit’, Crucible ‘Seacure/SCI’ and Thyssen
‘Superferrit’).

These steels, particularly the versions which contain 28% Cr
and 4% or more molybdenum, are claimed to have excep-
tional resistance to general stress and pitting corrosions and to
be suitable for the most aggressive environments obtaining in
chemical plant and elsewhere.

Martensitic stainless steels These contain 11-18% chromium
and some austenite formers (see Table 1.6), such as carbon
(see Figure 1.27) so that they can be hardened by cooling
through the y-a phase transformation.

The martensitic stainless steels also have 400 series numbers
(4038, 4108, 414B, 416°, 4208, 422, 431® and 440—the
superscript B indicates a BS. 970 version) with chromium
contents increasing with specification number from 12 to 17%
(the highest chromium content at which a steel can have a fully
martensitic structure). They have, therefore, less general
corrosion resistance than the ferritic stainless steels, but have



fair resistance to stress corrosion. They can be hardened by
quenching from above 950°C to form a hard and brittie
structure which must be tempered. Tempering at 150-370°C
improves ductility with little loss of strength, but above 500°C
the strength falls off rapidly. Holding at temperatures between
370 and 600°C causes temper embrittlement which reduces
impact resistance and must be avoided.

The martensitic high carbon grades are difficult to form and
weld. They are particularly suited for operations requiring
resistance to wear and manufacture of a cutting edge and their

Table 1.8 Most readily available martensitic and feritic stainless steels
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applications include valves, tools, cutlery, scissors, turbine
blades, coal-mining equipment and surgical instruments. The
most widely used (and, therefore, most commonly available)
martensitic and ferritic stainless steels are listed in Table 1.8.

Austenitic stainless steels These contain 15-27% chromium
and, in the case of the ‘300’ series, 8-35% nickel. In the 200’
series, for which there is no BS 970 eqivalent, some of the
nickel is replaced by manganese and nitrogen which cost less

AISI  Approximate UTS Additional information

No.  composition  (MPa)
(%)

403 C0.08 max. 420 A low carbon stainless iron suitable for rivets, split pins, and lightly
Cr 12.0/14.0 stressed engineering fittings.
Ni 0.50 max. Nearest equivalent specifications: BS 970: 1970 403S17; BS 1449: 1970

403S17; BS 1501: 1973: Part 3 403517

405 C 0.08 max. 420

Non-hardenable. Suitable for welded fabrications.
Nearest equivalent specifications: BS 1449: 1970 405517; BS 1501: 1973:

Nearest equivalent specifications: BS 970: 1970 410S21; BS 1449: 1970

Surgical instruments, scissors, taper and hinge pins. General engineering

Valve and pump parts (which are not in contact with non-ferrous metals

Cr 12.0/14.0
Ni 0.50 max. Part 3 405817
Al 0.10/0.30
409 C0.09 max. 420 Non-hardenable. Suitable for welded fabrications.
Cr 11.0/13.0 Nearest equivalent specifications: BS 1449: 1970 409517
Ni 0.70 max.
Ti 5 x C/0.60
410  C0.09/0.15 540/690 Martensitic stainless steel for general engineering applications.
Cr11.5/13.5
Ni 1.00 max. 410821
420 C0.14/0.20  690/850
Cr 11.5/13.5 purposes.
Ni 1.00 max. Nearest equivalent specifications: BS 970: 1970 420829
420 C0.20/0.28  690/850
Cr 12.0/14.0 or graphite packing), surgical instruments.
Ni 1.00 max. Nearest equivalent specifications: BS 970: 1970 420837
420 C0.28/0.36  690/930 Cutlery and edge tools.

Cr 12.0/14.0
Ni 1.00 max. 420845
430 C. 0.10 max. 430
Cr 16.0/18.0
Ni 0.50 max.
430815

431 C 0.12/0.20
Cr 16.0/18.0
Ni 2.00/3.00

434 C 0.10 max. —
Cr 16.0/18.0
Mo 0.90/1.30
Ni 0.50 max.

SF67* C0.70 —
Cr13.0

Razor-blade strip

Nearest equivalent specifications: BS 1449: 1970 420S45; BS 970: 1970

Ferritic stainless. Domestic and catering equipment, motor car trim,
domestic and industrial heater parts.
Nearest equivalent specifications: BS 970: 1970 430S15; BS 1449: 1970

850/1000 General engineering. Pump and valve parts (in contact with non-ferrous
metals or graphite packing).
Nearest equivalent specifications: BS 970 431529

Ferritic stainless. Motor car trim.
Nearest equivalent specifications: BS 1449 434519

Free machining versions of 13%Cr steels are available to BS 970 416521, 416529, 416S37.

* BSC trademark.
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than nickel. These steels can be cold worked to higher
strengths than the ‘300° series steels.

Austenitic materials with much more than 30% nickel are
known as ‘nickel alloys’. If they contain age hardening alu-
minium and titanium additions, they are known as ‘iron (or
nickel) superalloys’.

The mechanical properties of austenitic steels are: UTS
490-680 MPa, yield strength 205-575 MPa, elongation
30-60%.

Some of the AISI specification numbers are followed by
letters, these letters (and, where applicable, to the BS 970
numerical code) are:

H (BS code 49)—these steels contain 0.006%B and
0.15%Nb (except 347 which already has a higher
niobium content) and have creep resisting proper-

ties.
Se this steel contains 0.15%Se and is free machining.
L (BS code 11)—these steels contain a maximum of
0.03%C.
N (BS code 6X)—these steels contain 0.2%N and,

therefore, have proof stresses 50-130 MPa higher
than non-nitrogen containing steels.

(BS code 40)—these steels contain titanium or
niobium to combine with the carbon and, thereby,
prevent weld decay.

There are over 50 standard AISI and slightly less BS 970
austenitic stainless steels. Table 1.9 lists those most commonly
used and, therefore, the most readily available. (Steels suit-
able for use at elevated temperatures are listed in Table 1.10.)

There are, in addition, a very large number of non-standard
austenitic steels of which the following list gives a small
selection.

Tior Cb

(1) Allegheny Ludlum ‘A286'—this is really a superalloy but
it is also used as a stainless steel because of its high yield
strength.

(2) ‘Nitronic’—a high nitrogen steel with high yield strength.

(3) Avesta ‘SMO'—high molybdenum content steel with
exceptional resistance to pitting corrosion.

(4) Carpenter ‘20 Cb3'—really a nickel alloy but generally
known as a stainless steel, this has high resistance to
sulphuric acid attack.

(5) BSC ‘Esshete 1250'—a steel with exceptional creep res-
istance and high yield.

Austenitic stainless steels are chosen on account of their
resistance to general corrosion which is superior to that of a
ferritic steel of similar chromium content and also because of
the high ductility of the face-centred vy structure which confers
high hot and cold formability and high toughness down to
cryogenic temperatures.

It is not possible to state exactly where the limits of stability
of austenite steel lie at room temperature because transforma-
tion can be too sluggish to permit precise delineation of the
phase fields and is influenced by further alloy addition such as
molybdenum, silicon or nitrogen. The austenite should ideally
be ‘persistent’, that is it should not transform under the
temperature or working conditions encountered in fabrication
and service.

The range of compositions with ‘persistent’ austenite at
room temperature is shown in Figure 1.28 (labelled ‘A’).
Austenite stability is increased by increasing the nickel, man-
ganese, carbon and nitrogen content.

Partial transformation will cause the steel to lose its non-
magnetic character, impair its deep drawing characteristics
and reduce notch toughness at cryogenic temperatures. There
may be other drawbacks but service performance is not usually
impaired.

Substantial advantages—the prevention of fissuring on solidi-
fication and resistance to intergranular corrosion—are con-
ferred by the presence of a proportion of ferrite.

Except in the case of welding (see Section 1.3.17) these
advantages apply to cast rather than wrought austentic steels.

Many austenitic stainless steels, including 304, the typical
18.8 grade, are partially transformed by cold work and work
harden appreciably. Steels such as these are air cooled in thin
section, but thicker sections are water quenched. Besides
promoting stability, this retains carbide in solution.

Duplex stainless steels These contain 18-27%Cr, 4-7%Ni,
2-4%Mo with copper and nitrogen in proportions which
ensure that they have a mixed ferritic austenite structure
which is not heat treatable (see Figure 1.28). Their mechanical
properties are: UTS  600-900 MPa, yield strength
410-850 MPa, clongation 16-48%.

The one standard duplex stainless steel is AISI 329, but
there are in addition, BSC ‘SF22/5’, Langley Alloys ‘Ferralium
255", Sandvik ‘2RE60’ and ‘SAF2205/AF22’ and Sumitomo
‘DP3’.

The duplex stainless steels have outstanding properties.
Their resistance to stress corrosion cracking is superior to that
of comparable austenitic steels and they have good resistance
to pitting corrosion. They have better toughness than ferritic
steels and they are easily welded. Those containing nitrogen
can be cold worked to higher strengths than can ferritic or
austenitic steels, and are highly weldable provided that a
welding consumable that will ensure the presence of ferrite in
the weld metal is employed.

They have so far been used for tube plates, marine applica-
tions, sour-gas pipeline and acetic acid production. When they
are better known and more widely available they should
become used in preference to austenitic steels for the more
demanding applications.

Precipitation  hardening stainless steels These contain
12-28%Cr, 4-7%Ni, and aluminium and titanium to give a
structure of austenite and martensite which can be precipita-
tion hardened. The mechanical properties of precipitation
hardening stainless steels are: UTS 895-1100 MPa, yield
strength 276-1000 MPa, elongation 10-35%.

No precipitation hardening stainless steels are standardised
by AISI or in BS 970, but Firth Vickers ‘FV 520’ is covered by
BS 1501 460552 for plate and BS ‘S’ specifications $143, S144
and 5145 for bars, billets and forgings. Non-standard steels
include Armco ‘15-5PH’, ‘17-4 PH’ and ‘17-7 PM’ and Car-
penter ‘Custom 450’ and ‘Custom 435’

The excellent mechanical properties and corrosion res-
istance has caused precipitation hardened stainless steels to be
used for gears, fasteners, cutlery and aircraft and steam
turbine parts. They can be machined to finished size in the soft
condition and precipitation hardened later. Their most signifi-
cant drawback is the complex heat treatment required which,
if not properly carried out, may result in extreme brittleness.

1.3.13 Corrosion resistance of stainless steels

Corrosion resistance of stainless steels depends on surface
passivity arising from the formation of a chromium containing
oxide film which is insoluble, non-porous and, under suitable
conditions, self-healing if damaged. Passivity of stainless steel
is not a constant condition but it prevails under certain
environmental conditions. The environment should be oxidis-
ing in character.

Other factors affecting corrosion resistance include compo-
sition, heat treatment, initial surface condition, variation in
corrosion conditions, stress, welding and service temperature.



1.3.13.1 Composition

Those ferritic and martensitic steels with roughly 13%Cr are
rust resisting only and may be used for conditions where
corrosion is relatively light, e.g. atmospheric, steam and
oxidation resistance up to S00°C. Applications include cutlery,
oil cracking, turbine blades, surgical instruments, and automo-
bile exhausts.

17% chromium (ferritic and martensitic) steels are corro-
sion and light acid resisting. They have improved general
corrosion resistance compared with 13%Cr steels. Applica-
tions for the ferritic grade include domestic and catering
equipment, automobile trim, and industrial heater parts. The
martensitic grade is used in general engineering, for pump and
valve parts in contact with non-ferrous metals or graphitic
packings.

The addition of molybdenum significantly improves the
integrity of the oxide film. The ferritic 434 and 436 grades can
withstand more severe corrosion conditions and the marten-
sitic 440 grades are used where wear and acid resistance is
required such as in valve seats.

Additional amounts of nickel above 8% to form an austen-
itic structure in the ‘300” steels further improve resistance to
corrosion and acid attack. Applications include domestic,
shop and office fittings, food, dairy, brewery, chemical and
fertiliser industries.

The stainless steels with the highest corrosion resistance are
those with even higher chromium contents such as 310 with
25%Cr and the low interstitial steels with up to 30%Cr. The
addition of molybdenum up to 6% is also highly beneficial.
The resistance to sulphuric acid attack of Carpenter 20 Cb-3
which contains 3.5%Cu as well as 2.5%Mo has already been
mentioned.

Note that in order to ensure an austenitic structure the
nickel content of the molybdenum bearing steels increases
above 8% as the content of molybdenum and other ferrite
stabilising elements (titanium, niobium, etc.) increases. The
4.5%Mo alloy 317 LM is used in sodium chiorite bleaching
baths and other very severe environments in the textile
industry.

1.3.13.2 Heat treatment

Heat treatment has a significant influence on corrosion res-
istance. Maximum resistance is offered when the carbon is
completely dissolved in a homogeneous single-phase struc-
ture. The 12-14%Cr steels are heat treated to desired combi-
nations of strength, ductility and toughness and, because of
their low carbon content, are generally satisfactory unless
tempered in the temperature range 500-600°C.

Austenitic steels (18/8) are most resistant when quenched
from 1050-1100°C, their normal condition of supply. A steel
chosen for welded fabrications should be titanium or niobium
stabilised (AISI, ‘Ti’ or ‘Cb’, BSI ‘40°) or, better still, an
extra-low carbon grade (AISI, ‘L’ or BSI 11). Quenching after
welding is usually impracticable.

1.3.13.3  Surface condition

For maximum resistance to corrosion the passive film must be
properly formed; this is ensured by removing all scale, em-
bedded grit, and metal pick-up from tools and other surface
contaminants. Polishing improves resistance. Passiviating in
oxidising acid (10-20% NHO; by weight) solution at 25°C for
10-30 min confers maximum resistance to austenitic steels.
The ferritic-martensitic grades are passivated in nitric acid/
potassium dichromate solution (0.5% nitric acid + 0.5%
potassium dichromate at 60°C for 30 min).
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1.3.13.4 Variation in corrosion conditions

In the absence of experience, samples of the proposed steels
should be tested in the condition in which they are to be used
(i.e. welded, if fabricated) in the intended environment,
taking full note of any possible variation in service conditions.
The effect of welding on corrosion resistance is considered in
Section 1.3.17.

1.3.13.5 Service temperature

Because stainless steels other than those with very low carbon
which are unstabilised or partly stabilised with titanium or
niobium may show chromium carbide precipitation when
subjected to service temperatures above 350°C (see Section
1.3.16), this should be the upper limit for service in corrosive
environments. Fully stabilised steels are not restricted in this
manner.

1.3.13.6 Localised corrosion of stainless steels

The considerations discussed in Sections 1.3.13.1 to 1.3.13.5
apply principally to general corrosion which progressively
reduces the thickness of a component until it is completely
dissolved or its strength is so reduced that it can no longer
withstand imposed stress. More insidious attack mechanisms
on stainless steels are the five varieties of localised corrosion:
galvanic, crevice, pitting and stress corrosion and intergranu-
lar penetration. These are confined to isolated areas or lines
on the surface, but penetrate through the thickness of a
component to destroy its integrity without materiaily affecting
its dimensions. Their incidence is less predictable and their
onset more difficult to predict than is general corrosion, but
their effect may be catastrophic.

Crevice and galvanic corrosion must be countered by
designing to eliminate crevices and the juxtaposition of metals
of different solution potential. Intergranular penetration is
discussed in Section 1.3.17. Pitting and stress corrosion are
composition dependent.

Pitting occurs in conducting aqueous liquid environments
(usually halide solutions) when local penetration of the oxide
film creates stagnant locations in which diffusion generates
strongly acid environments which rapidly penetrate a compo-
nent. Figure 1.29 shows a pit in an early and in a very late
stage. Resistance to pitting in low interstitial ferritic steels
increases with increase of chromium content from 18 to 29%
and molybdenum from 1 to 4%, while austenitic steels require
at least 20%Cr and between 4.5 and 6%Mo. Typical austenitic
steels with very high resistance are Allegheny Ludlum ‘A129-
92’ Avesta 254 SMO’ and Langley Alloys ‘Ferralium’ 255, all
of which are claimed not to pit in stagnant seawater. (These
steels are also claimed to resist crevice corrosion should this
not have been eliminated by design.) The best standard
austenitic stainless steel is 317 LM,

Stress corrosion cracking occurs when a material is stressed
in tension in an aggressive aqueous environment, usually an
alkali metal halide or hydroxide solution.

Cracks may be intergranular (see Figure 1.30(a,b)) or
transgranular (see Figure 1.30(c,d)). The tendency to stress
corrosion cracking of a material is measured by its Kigcc
value, which is the lowest value of stress intensity (in
MN m~%?) at which a crack will propagate in a specific
medium at a specific temperature.

The growth rate of stress corrosion cracks is highly tempera-
ture dependent, increasing about 500 times with an increase in
temperature from 20 to 100°C. Most austenitic steels are
resistant at ambient temperature, but if the temperature rises
above about 40°C in a saline environment a change should be
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Table 1.9 Most readily available austenitic stainless steels
AlSI Approximate UTS Additional information
No. composition (MPa)
(%)
202 C0.07 max. 630 Nearest equivalent specifications: BS 1449: 1970 284516
Mn 7.00/10.0
Cr 16.5/18.5
Ni 4.00/6.50
N 0.15/0.25
301 C0.15 max.  540/1240 Readily hardens by cold working. Structural steels for applications
Cr 16.0/18.0 where high strength is required.
Ni 6.00/8.00 Nearest equivalent specifications: BS 1449: 1970 301821
302 C0.08 max. 510/790 For spoons and forks, holloware, architectural and shop fittings,
Cr 17.0/19.0 domestic catering, food manufacturing, dairy and brewery equipment.
Ni 8.00/11.0 Nearest equivalent specifications: BS 970: 1983 302825; Bs 1449: 1970
302817, 302825
303 C0.12 max. 510/790 A general purpose austenitic free-cutting steel.
S 0.15/0.30 Nearest equivalent specifications: BS 970: 1983 303521
Cr 17.0/19.0
Ni 8.00/11.0
304L C0.03 max. 490 A low carbon version of 304, fully resistant to weld decay. For
Cr 17.5/19.0 chemical plant, food manufacturing, dairy and brewery equipment.
Ni 9.00/11.0 Nearest equivalent specifications: BS 970: 1983 304S12; BS 1449: 1970
304S512; BS 1501: 1973: Part 3 304512
304LIN C0.03 max. 59 A high proof stress version of 304L. For cryogenic, storage, and
Cr 17.5/19.0 pressure vessels.
Ni 9.00/12.0 Nearest equivalent specifications: BS 1501: 1973: Part 3 304562
N 0.25 max (Hi-proof 304L*)
304 C0.06 max. 510/790 Holloware, domestic, catering, food manufacturing, dairy and brewery
Cr 17.5/19.0 equipment. Recommended for stretch forming applications. Readily
Ni 8.00/11.00 weldable.
Nearest equivalent specifications: BS 970: 1983 304515; BS 1449: 1970
304S15; BS 1501: 1973: Part 3 304515, 304549
304 C0.06 max. 510 As above. Preferable for deep drawing applications.
Cr 17.5/19.0 Nearest equivalent specifications: BS 1449: 1970 304516
Ni 9.00/11.0
304N C 0.06 max. 590 A high proof stress version of 304. Cryogenic, storage and pressure
Cr 17.5/19.0 vessels.
Ni 8.00/11.0 Nearest equivalent specifications: BS 1501: 1973: Part 3 304565
N 0.25 max. (Hi-proof 304*)
305 C0.10 max. 460 Dental fittings, thin walled deep drawn pressings. Low cold working
Cr 17.0/19.0 factor and very low magnetic permeability.
Ni 11.0/13.0 Nearest equivalent specifications: BS 1449: 1970 305519
316L C 0.03 max. 520 A low carbon version of 316 fully resistant to weld decay For chemical
Cr 16.5/18.0 and textile plant, dairy and food equipment.
Ni 11.0/14.0 Nearest equivalent specifications: BS 970: 1983 316512; BS 1449: 1970
Mo 2.25/3.00 316S12; BS 1501: 1973: Part 3 3165812
316LN  C0.03 max. 620 A high proof stress version of 316L. Cryogenic storage and pressure
Cr 16.5/18.5 vessels.
Ni 11.0/14,0 Nearest equivalent specifications: BS 1501: 1973: Part 3 316562
Mo 2.25/3.00 (Hi-proof 316L*)

N 0.25 max.
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AlSI Approximate  UTS Additional information

No. composition (MPa)
(%)

316 C0.07 max. 540 Chemical and textile plant. Dairy and food equipment. A lower ferrite
Cr 16.5/18.0 content version is for use in special applications e.g. urea plant.
Ni 10.0/13.0 Nearest equivalent specifications: BS 970: 1983 316816; BS 1449: 1970
Mo 2.25/3.00 316S16; BS 1501: 1973: Part 3 316516

316N C0.07 max. 620 A high proof stress version of 316. For cryogenic storage and pressure
Cr 16.5/18.5 vessels.
Ni 10.0/13.0 Nearest equivalent specifications: BS 1501: 1973: Part 3 316566
Mo 2.25/3.00 (Hi-proof 316*)
N 0.25 max.

317L C0.03 max. 490 A low carbon version of 317 fully resistant to weld decay. For chemical
Cr 17.5/19.5 plant.
Ni 14.5/17.0 Nearest equivalent specifications: BS 970: 1983 317S12; BS 1449: 1970
Mo 3.00/4.00 317812

317 C0.06 max. 540 For chemical plant.
Cr 17.5/19.5 Nearest equivalent specifications: BS 970: 1983 317516; BS 1449: 1970
Ni 12.0/15.0 317816
Mo 3.00/4.00

320Ti C0.08 max. 520 Fully stabilised against weld decay.
Cr 16.5/18.0 Nearest equivalent specifications: BS 970: 1983 320S17; BS 1449: 1970
Ni 11.0/14.0 320817; BS 1501: 1973: Part 3 320817
Mo 2.25/3.00
Ti 4 x C/0.60

321 C0.08 max. 540 Fully stabilised against weld decay. Chemical, dairy and brewing plant,
Cr 17.0/19.0 food manufacturing and textile equipment. Domestic and catering
Ni 9.00/11.0 equipment.
Ti 5 x C/0.70 Nearest equivalent specifications: BS 970: 1983 321512, 321820; BS

1449: 1970 321S12; BS 1501: 1973: Part 3 321812, 321549

Warm C0.08 max. 620 A high proof stress version of 321 obtained by controlled low

worked Cr 17.0/19.0 temperature hot working.

321 Ni 9.00/11.0 Nearest equivalent specifications: BS 1501: 1973: Part 3 321887
Ti 5 x C/0.70

325 C0.12 max. 510/790 A free-cutting version of 321, fully stabilised against weld decay.
Cr 17.0/19.0 Nearest equivalent specifications: BS 970: 1983 325521
Ni 8.00/11.0
Ti s x C/0.90
S 0.15/0.30

347 C0.08 max. 510/540 Chemical, dairy and brewing plant. Food manufacturing and textile
Cr 17.0/19.0 equipment. Domestic and catering equipment. Particularly suitable for
Ni 9.00/11.0 use in welded plant in contact with nitric acid.
Nb 10 x C/ Nearest equivalent specifications: BS 970: 1983 347S17; BS 1449: 1970
1.00 347517, BS 1501: 1973: Part 3 347817, 347549

347N C 0.08 max. A high proof stress version of 347.
Cr17.0/19.0 650 Nearest equivalent specification: BS 1501: 1973: Part 3 347567
Ni 9.00/12.0 (Hi-proof 347*)
Nb 10 x C/
1.00

N N 18/ I8

* BSC trademark.
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Table 1.10 Steels suitable for use at elevated temperatures showing 0.2% proof and creep rupture strengths near the top of their useful
temperature ranges

BS 1501, 20r3  AlSI Type of steel* Min. 0.2% proof 10° h rupture Note
Designation equivalent stress (MPa) at ~ strength (MPa) ar
temperature (°C)  temperature (°C)
161 Grade 28 1025 Si kifled carbon 147.5 at 450 133 at 450
221 Grade 32 1527 Si killed carbon manganese 172 at 450 147 at 450
223 Grade 32 Si killed carbon manganese 173 at 450 142 at 450
Nb treated
271 Mn, Cr, Mo, V 292 at 450 309 at 450 Used for boiler drums in heavy sections
620 1Cr, 0.5Mo 136 at 550 49.4 at 550
622 2.25Cr, 1Mo 145 at 550 72.5 at 550
625 5Cr, 0.5Mo 210 at 550 290 at 550 Used in refinery. Not in power plant
9Cr, 1Mo 210 at 550 84 at 550
660 0.5Cr, 0.5Mo, 0.25V 199 at 550 74 at 550
Jessups H46 12Cr, 0.5Mo, V, Nb, N, B 181 at 600 Gas turbine disc or steam turbine blade
material
BS 4882 B16A (Durehete 1055) 1Cr, 1Mo, 1.5V, 0.1Ti, 0.005B Stress relaxation specification Bolting materials for temperature range
500-565°C

304 549 304H 18Cr, 12Ni, 2Mo, 0.15Nb, 0.005B 100 at 600 74 at 600
316 S49 316H 18Cr, 10Ni, 0.5Ti, 0.15Nb, 0.005B 100 at 600 118 at 600
321 849 321H 18Cr, 10Ni, 0.5, 0.45, 0.005B 111 at 600 105 at 600
347 849 347H 18Cr, 12Ni, 1Nb, 0.005B 123 at 600 106 at 600

310 25Cr, 20Ni 120 at 550 120 at 550
BSC Esshete 1250 15Cr, 6Mn, 10Ni, 1Mo, INb, 0.5V, 0.006B 140+ at 650 160 at 650
Iron superalloy 15Cr, 25Ni, Mo, V, 3Ti, 0.3Al 150 at 700 79 at 700 Used in aircraft gas turbines

* Compositions are given as percentages.

Figure 1.28 lron—nickel—chromium phase diagram (room
temperature) showing persistent austenite (A) and duplex {c) (d)
ferrite—austenite (F+A) phase fields

(a)

C Figure 1.30 Stress-corrosion cracks. (a,b) Intergranular; (c,d)

F = transgranular. (a) Continuous wall at interface with brittle fracture. (b)
T —————— A network of cracks penetrating around grains. The cracks are thin

and sharp and there is no distortion of grains. Cracks may be filled

Figure 1.29 (a) An early stage of pitting corrosion showing a partially with corrosion product. (d) Multiply branching, thin, sharp cracks which
spherical pit. (b) Pitting corrosion has penetrated the wall causing a may be filled with corrosion product. There is no distortion of grains.
leak—pits can also initiate fatigue stress corrosion. (Courtesy of Dr D. ((a,b) Courtesy of Berkeley Nuclear Laboratories; (c,d) courtesy of Dr
Bagley, BNF Fulmer Contracts Research) D. Bagley, BNF Fulmer Contracts Research)



made to a high molybdenum steel, a duplex steel, a nickel free
ferritic steel or a nickel alloy, depending on the severity of the
conditions.

Materials are tested for resistance to stress corrosion by
exposure to stress in a boiling aqueous solution of 42% MgCl,.
Very few materials will withstand this for long.

1.3.14 Heat resisting steels

The range of operating temperature of carbon steels is limited
to about 400°C by decrease in resistance to deformation, and
in oxidising atmospheres to about 500°C by diffusion of
oxygen through the oxide film. Operation above these temper-
atures is achieved by the addition of alloying elements such as
chromium, aluminium and silicon which render the oxide film
more tenacious and limit diffusion (see Figure 1.31) and
chromium, molybdenum, vanadium and niobium which. in
solid solution or as carbides impart stability and increase
resistance to deformation.

The scope for providing high-temperature yield and creep
strength in ferritic steels is limited so, for service above about
550°C, austenitic steels are used. Steels for use at high
temperature must, in addition, be stable and capable of
fabrication to the design shape. Material requirements vary
with application.

Steam-power-plant materials, with minor exceptions,
operate below 650°C and in an atmosphere which is frequently
little more aggressive than air. However, they must last for at
least 10% hours and preferably two or three times that figure.
Chemical and refinery plant may be required to operate over a
wider temperature range in very varied environments, but
they have shorter lives of usually about 2-4 X 10* h. Aircraft
propulsion turbines require materials to withstand high
stresses at very high temperatures, but component operating
lives are seldom above 10>-10* h. The materials used to meet
these requirements are basically as follows.

For components which must resist oxidation but are not
stressed, ferritic chromium steels, preferably also containing
silicon and aluminium, may be chosen. The choice will depend
on cost, temperature, aggressiveness of environment and

100 Maximum

Cro | service
temperature (°C)

115 750
21.0 1000
30.0 1100-1150

Scaling index loss (mg cm—2)

80O 200 1000 1100 1200
Temperature (°C)

Figure 1.31 Relationship between scaling loss, temperature and
chromium content of chromium steels
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ability to fabricate from 405, 409 (the cheapest weldable
stainless steel) 446 and BS Sichromal ‘9’, ‘10’ and ‘12’.

For stressed components operating at high temperatures a
choice may be made from the steels listed in Table 1.9. This
table lists only a few of the many alternatives but provides at
least one steel that may be selected with confidence to operate
over any part of the temperature range. At temperatures
below 450°C silicon killed carbon or carbon manganese steels
are used, except for heavy pressure vessels where bainitic
steels such as BS 1501 271 or 281 which have a high proof
stress in the normalised condition are used.

Time-dependent deformation becomes more important
than yield at temperatures above 400°C and the design cri-
terion changes from a factor of the proof stress to a factor of
the creep rupture stress at the design life of the component. As
the temperature increases above 400-450°C carbon steels start
to give place to chromium-molybdenum bainitic or martensitic
steels. In power plant, strength rather than corrosion res-
istance is the critical parameter and the lower chromium
steels are preferred. In chemical or refining plant the
environment may be hydrogenous and higher chromium
contents are essential to prevent hydrogen, which diffuses into
the steel, combining with carbon to cause internal ruptures
(see Figure 1.32).

Increase in temperature beyond 550°C requires the higher
creep resistance of an austenitic steel. One of the steels
designated ‘H’ by AISI or coded 44 by BS 970 should be
selected. These are stabilised by niobium and their creep
rupture strengths and ductilities are improved by the addition
of 0.006%B.

Standard steels are satisfactory up to about 600°C, but
non-standard steels such as BS ‘Esshete 1250’ have an in-
creased temperature range and allow the use of thinner
sections. In critical locations the very high scaling resistance of
310 may be used as the corrosion resistant face of a laminated
structure backed with ‘Esshete 1250°.

For the higher temperatures and higher stresses in aircraft
gas turbine engine blades or discs recourse must be had to
superalloys such as Allegheny Ludlum ‘A286° or ‘Discoloy’.
Where high-temperature strengths of these are inadequate,
recourse must be made to nickel alloys (see Section 1.6).

Scaling resistance of aircraft gas turbine blade materials is
provided by coating with. aluminium.

1.3.14.1 Structural stability

Stainless steels heated to above 600°C in fabrication or opera-
tion are subject to embrittlement mechanisms which have in
the past given rise to severe problems. These mechanisms are
listed and the compositions over which they may occur are
indicated in Figure 1.33. Better understanding of the problems

Figure 1.32 Microfissures caused by hydrogen in steels. (Courtesy
of Dr D. Bagley, BNF Fulmer Contracts Research)
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Figure 1.33 Embrittlement mechanisms in stainless steels related to composition. (L1) Martensitic cracking between 0 and 290°C; (O) hot cracking
above 1250°C; () o phase embrittiement after heat treatment or service at 500-900°C; (W) coid brittleness after grain growth due to high
temperatures (>1150°C)—ductile above 400°C. Where symbols overlap, the material shows the characteristics of both mechanisms

has resuited in a method of avoidance or the appreciation that
they are not so serious as was originally considered.

Embrittlement due to carbide precipitation is avoided by
using a low carbon or a stabilised steel (AISI ‘L’ or ‘H’ or BS
970 Code ‘11’ or ‘44’).

Straight chromium steels with chromium contents less than
27%Cr are not subject to o phase embrittlement (precipitation
of an intermetallic iron-chromium phase). Steels with more
than 27%Cr should not be employed within the temperature
range 520-700°C at which ¢ phase embrittlement occurs. The
o phase is dissolved by heating to 820°C. Straight chromium
steels with more than 15%Cr suffer from ‘475°C’ embrittle-
ment if held in, or slowly cooled through, the range
525-425°C.

Austenitic steels, particularly 310 with silicon in excess of
1.5%, develop o phase when heated in the range 590-925°C
but, provided local stressing by differential expansion is
prevented by design, the embrittlement has little effect on
service performance, even though the steel has zero room-
temperature ductility.

Austenite transformation to ferrite may be avoided by
ensuring that the composition of the steel is such as to produce
persistent austenite. There is little evidence of the transforma-
tion leading to problems in service even when this condition
has not been met.

1.3.14.2 Valve steels

Internal combustion engine valves operate under severe con-
ditions of fatigue, impact, high-temperature corrosion and
wear. In the USA the SAE lists a special category which
includes all types of steel which are used for valves (see the
SAE Handbook'®).

In the UK five steel types classified as stainless steels in BS
970 are described as ‘valve steels’. These are

(1) Grade 401S45; 3%Si, 8%Cr (strictly not a stainless
steel)}—martensitic steel used for inlet valves in petrol
engines and exhaust valves in medium-duty diesels.
Limiting temperature 700°C.

(2) Grade 382834; 21%Cr, 12%Ni—austenitic steel used for
diesel exhaust valves, must be hard faced above 700°C.

(3) Grade 443562; 2%Si, 20% Cr—martensitic steel used for
exhaust valves in petrol engines. Limiting temperature
750°C.

(4) Grades 331540 and 331542 (KE965—common (or trade)
name); 14%Cr, 14%Ni, 1%Si, 2.5% W—austenitic steel
suitable (with hard faced seats) for temperatures up to
800°C.

(5) Grades 349552, 349854, 352S52 and 352854 (the S54
types are free cutting with sulphur additions)—scaling
resistance up to 900°C. Used for petrol engine exhaust
valves.

1.3.15 Toughness in steels

Toughness is the property that prevents failure of a material
when a load is either rapidly applied or generates a high stress
intensity at the root of a discontinuity. Toughness is defined as
the critical stress intensity resulting in fracture (Kic in MN
m~32) or Charpy impact energy (in J). In the case of metals
with a body-centred cubic structure (ferritic steels) or a
hexagonal structure (magnesium), which decline sharply in
toughness over a narrow temperature range, toughness is also
defined by the impact transition temperature (FATT in °C).
This section describes materials which meet the requirements
for specific applications.

Other things being equal, fracture toughness bears an
inverse relationship to the tensile strength, grain size, and
carbon content of a steel.



Martensitic structures are tougher than bainitic which are
themselves tougher than pearlite structures with the same
hardness. Toughness is reduced by increase in the content of
hydrogen, oxygen, nitrogen and sulphur and the so-called
‘tramp elements’ (phosphorus, antimony, arsenic and tin)
which cause ‘temper embrittlement’. Toughness is increased
by increasing the content of nickel, manganese and appro-
priate amounts of aluminium, vanadium, niobium and molyb-
denum which specifically reduces temper embrittlement.

The face-centred cubic austenitic steels do not suffer from a
ductile-brittle transition at low temperature.

Two examples of failures which were eliminated by a change
to a tougher material are given below.

(1) Failures in the original welded ships which in some cases
split in half. These failures all occurred at low tempera-
ture. In one specific case failure occurred at a weld start
strake at 2°C in a steel with a ductile-brittle transition
temperature of 30°C and a Charpy energy at failure
temperature of 11 J. Failures were eliminated by deoxi-
dising steel with 0.15-0.3%Si and 0.02-0.05% Al which
refines grain size and combines with nitrogen. Ship plate
is now specified to have a Charpy V notch value of 20 J at
4°C, afigure which is well within the capability of modern
steels low in hydrogen, oxygen, sulphur and phosphorus.

(2) Failures in heavy section turbogenerator forgings, which
operated at relatively low temperature, due to embrittle-
ment by hydrogen combined with temper embrittlement.
Hydrogen was eliminated by vacuum treatment of the
molten steel. ‘Lower nose’ temper embrittlement is asso-
ciated with the migration of ‘tramp’ elements such as
phosphorus, arsenic, antimony and tin, which are taken
into solution at the tempering temperature and re-
precipitate at grain boundaries at temperatures around
500°C. The migration is promoted by carbon, silicon,
nickel and manganese, but is retarded by molybdenum.
The embrittlement could be avoided by quenching the
steel from its tempering temperature, but the internal
stresses so produced would. be worse than the temper
embrittiement. Temper embrittlement is minimised by
reducing the content of ‘tramp’ elements and by using
carbon vacuum deoxidation which obviates the need for
silicon.

Figure 1.34 and Table 1.11 show the properties available in
modern large forgings in 3.5 nickel-chromium-vanadium
steel. Control of embrittlement is also important to avoid the
risk of failure in light water pressure vessels made from ASTM
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533B MnMoNi and 508 NiCrMo steels and is achieved by a
specification with limits of: Cu, 0.10; P, 0.012; S, 0.015 and V
0.05% which guarantees a K¢ value of 176 MN m ~3? at room
temperature.

1.3.15.1 Cryogenic applications

Care must be taken when choosing steels for cryogenic
applications for which, as a result of their ductile-brittle
transition, normal ferric steels are unacceptably brittle.

All the common standard austenitic stainless steels have
excellent toughness at temperatures down to —240°C, mea-
sured by Charpy impact values usually between 140 and 150.
Ultimate tensile stress and 0.2% proof stress increase as the
temperature is lowered to around 1500 and 456 MPa, respect-
ively, and elongations decrease slightly but remain adequate at
40-50%. The 0.2% nitrogen grades, typically 316N, H
(316866), have higher proof stresses and are particularly
suited to cryogenic applications, because the nitrogen ensures
that the austenite is persistent. There is some evidence that the
endurance limit of austenitic steels increases as temperature
decreases.

If a non-stainless steel is preferred there are the French
‘Afnor’ specification steels (3.5%Ni, 5%Ni, 9%Ni) whose
low-temperature properties improve with increasing nickel
content. If high strength combined with high toughness at
cryogenic temperatures is required, a maraging steel (see
Section 1.3.16) should be specified.

1.3.16 Maraging steels

Maraging steels are supplied to ASTM AS579. They are high
nickel steels which are hardened by precipitation of an alu-
minium-titanium compound on ageing at S00°C. They have a
number of advantages, including high strengths, normally
ranging between 1100 and 1930 MPa (but a steel with a proof
stress of 2400 and a UTS of 2450 MPa is available), excellent
toughness even at —196°C, and good resistance to stress
corrosion cracking.

Their greatest advantage, however, is ease of fabrication.
They can be machined at their low solution treated hardness of
300 VPN (Vickers pyramid (hardness) number) and then aged
to their optimum hardness at 500°C with minimal distortion
and no risk of cracking. They have good weldability needing
no preheating and their properties may be restored after
welding by ageing.

Their main disadvantage is their high cost and the fact that,
to obtain optimum toughness, they should be made by ESR or
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Figure 1.34 Dimensions of a typical farge rotor forging, showing the location of test specimens
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Table 1.11 Mechanical properties of the rotor shown in Figure 1.34 after quality heat treatment*

Sample Position and Tensile test Charpy impact test (notch: 2mm V)
No. ri ?
;f sample 8oz Ag As received De-embrittledt  Embrittledt AFATT, AFATT,

Su e
(kg mm™?) (kg mm~2) (%) (%)

O )

Energy FATT  Energy FATT Energy FATT AsRe-WQ STC-WQ

W 0 OO O (O
Desired properties
— Surface R 824 84.5 15 45 4.1 <+15.5
— Centre of L  81.0 84.5 15 45 -—_ —
core bar T — — —_- — 4.1 =+15.5
Actual properties
S—1 Surface 6] 84.0 95.3 19.1 69.6 out. 11.0 <-75
radial I in. 121 -65
S$—2 O 83.8 96.0 19.1 65.6 out. 12.7 —~63
I in. 12.1 =29
$—3 (o] 83.7 94.8 20.5 68.3 out. 12.7 75
I in. 125 =37
S—4 (o] 92.1 102.8 18.0 62.8 out. 9.3 <-75
I in. 11.0 <-=75
$—5 (o] 90.9 101.6 19.1 68.8 out. 10.8 <-75
1 in. 11.5 <-75
O-1 Ends L 90.9 101.9 20.5 67.4
02 92.8 103.6 20.5 67.9
C-1 Centre of L 84.3 98.4 19.8 57.9 46 +15 105 +1 4.1 +38 +14 +37
core bar T 83.8 98.7 17.7 51.9 5.9 +12 6.9 +13 4.1 +43 -1 +30
C-2 L 85.0 98.5 18.3 60.5 6.7 0 125 ~18 7.7 +6 +18 +24
T 85.0 99.0 16.9 53.9 7.3 0 130 =20 9.2 +5 420 +25
C3 L 84.0 97.1 19.9 59.5 87 -8
T 83.8 96.4 18.2 57.8 87 -10
C-4 L 83.4 96.0 20.8 62,6 8.1 +11 140 ~4.5 7.1 +20  +155 +24.5
T 83.4 95.7 18.7 59.9 0.6 +10 9.0 +8 5.8 +22 +2 +14

R. radical; T, transverse: L, longitudinal: I, inner; O; outer.

AFATT, increase in FATT; AsRe-WQ. s re-water quenched; STC-WQ, step cooled and water quenched.

* Reproduced by courtesy of Japan Steelworks.
# De-embrittled: 590°C x 1 h — WQ.
1 Embrittled: step cooled.

vacuum arc melting. Also, because of the absence of hard
carbides they are inferior in wear properties to hardened or

tempered steels.

1.3.17 Weldability of steels

Steels may be welded by almost all varieties of electric arc
welding methods, including gas shielded metal inert gas
(MIG) and tungsten inert gas (TIG) with and without filler,
flux shielded manual metal arc, suberged arc, electroslag,
spot, projection and flash butt welding. Other fusion methods
include the more recently developed electron beam and laser,
and the relatively old-fashioned gas welding. Solid-phase
methods, forge, diffusion, friction and explosive welding may
also be used. Many of these procedures are concerned with

relatively thin sections or special design and applications.

1.3.17.1 Weldability of non-stainless steels

The term ‘weldability’ as applied to steels usually implies the
ability to make long runs in fairly large sections either by
manual metal or submerged arc and is governed in ferritic

steels by the ‘carbon equivalent’ (CE):

Cr% + Mo% V% + Ni% + Cu%

CE = C% + N% +

+
5 15

(Boron is not taken into account in this equation but has a
great influence on hardenability and, therefore, on weldabil-

ity).

Steels with carbon equivalents below 0.14% are readily
welded without special precautions in a wide range of
thicknesses. Steels with carbon equivalents between 0.14%
and 0.45% require the following precautions, depending on
the value of CE and section size, to prevent the formation of
austempered martensite cracking aggravated by hydrogen.

(1) Specification of low hydrogen electrodes. This is always
desirable but requires operator skill to compensate for
the moze sluggish metal and slag flows compared with
other electrodes.

(2) Use of preheat before welding. The preheat temperature
required depends on the CE and the metal thickness; for
a CE of 0.2, 40°C and 110°C are advisable for metal
thicknesses of 25 and 225 mm, respectively, while for a
CE of 0.45, 170°C and 260°C are advisable for the same
thicknesses.

(3) Control of heat input. Other things being equal, a higher
heat input gives less risk of formation of austempered
martensite than does a lower heat imput, but care must
be taken to limit distortion and the introduction of stress.

(4) Use of post-heat after welding. This is seldom required for
CE values below about 0.35%, but high-duty compo-
nents with restrained welds should be post-weld heat
treated at between 600 and 650°C for 1 h per 25 mm
thickness. Besides preventing immediate cracking (or
making it obvious during inspection) post-weld heating
improves dimensional stability. It is essential when weld-
ing thick and complex structures to post-heat-treat one
weld before commencing to weld a cross-seam.



Steels with a CE above 0.45 present very severe problems in
welding. Very high preheats ranging up to 340°C for CE = 0.6
and a 225 mm thickness, low hydrogen electrodes (preferably
lower in CE than the parent material) and immediate post-
heat-treatment at temperatures around 800°C are essential.
Sample test welds are advisable.

Maraging steels with carbon contents around 0.3% have a
soft martensite matrix and are highly weldable with no risk of
decarburisation, distortion or cracking. These should be used
where very high strength combined with weldability is re-
quired.

1.3.17.2 Weldability of stainless steels

Welding is the normal method of fabricating stainless-steel
vessels, etc. The heat-affected zones are raised to incipient
fusion temperature, but the time spent at this temperature
varies with different welding processes. Argon arc and spot
welding are most satisfactory in heating for minimum time;
metal arc welding, inert-gas metal arc and submerged arc are
less so in that order from this point of view.

The problems associated with welding stainless steels fall
into two categories. The first, associated with carbide precipi-
tation includes ‘weld decay’ and ‘knife line attack’, and affects
mainly corrosion behaviour. The second includes those pheno-
mena which may be assessed by means of the Schaffler
diagram (see Figure 1.33).

Carbide solution and precipitation The solubility of chro-
mium carbide in austenite decreases with decreasing tempera-
ture and increasing nickel content (Figure 1.35). At room
temperature the solubility in 18%Cr, 8%Ni austenite (solid
line) is approximately 0.03%. If an 18%Cr, 8%Ni alloy
containing, say, 0.06%C is annealed at 1050-1100°C all chro-
mium carbide is in solution and remains in unstable solution
after quenching to room temperature. If the alloy is heated to
an intermediate temperature excess carbide is precipitated.
The mode of precipitation depends on whether the austenite
has been worked. If the quenched but unworked material is
heated in the temperature range 450-750°C, chromium car-
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Figure 1.35 Variation in solubility of carbon in 18%Cr steel with
temperature and nickel content
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bide is precipitated at the grain boundaries; and the lower the
temperature the longer the time required. Thus at around
450°C the time taken for precipitation can be about 2 years,
whereas at 700°C it is a matter of minutes.

Precipitation is effected by diffusion of carbon atoms to the
grain boundaries where they each combine with approxi-
mately four times the number of chromium atoms. Diffusion
of carbon is relatively fast at these temperatures, but that of
chromium is extremely slow. Consequently, the chromium
atoms are almost entirely supplied by the grain boundaries, so
that the grain boundary chromium content is substantially
lowered. This local depletion of chromium causes loss of
passivity in acid corrodants with consequent attack along grain
boundaries.

Weld decay The resultant ‘intergranular penetration’ in a
casting or, if the heating has been caused by welding, ‘weld
decay’ (see Figure 1.36) can completely disintegrate the ma-
terial. Precipitation in cold worked material takes place along
slip planes as well as grain boundaries. Consequently, the
distance that the chromium atoms must diffuse is small.
Hence, although the same amount of chromium is removed as
carbide, the depletion is more uniformly distributed with a
consequential lowering of general corrosion resistance, but a
lower tendency to intergranular failure,

There are two alternative approaches to the problem of
preventing intergranular corrosion. Either the carbon content
of the steel is limited, by using an AISI ‘L’ or BS 970 code ‘11’
steel, to 0.03% at which precipitation of carbide in sufficient
quantity to cause trouble is impossible or an element such as
titanium or niobium, which has a stronger affinity for carbon
than chromium, is added to form the appropriate carbide by
using an AISI ‘Nb’ or “Ti’ or a BS 970 code ‘40’ steel. The
theoretical amounts required to ensure that all carbon in
excess of 0.02% is combined are: titanium = 4 X excess car-
bon; niobium = 8 X excess carbon. In practice, allowance
must be made for nitrogen combining with the added element
(particularly titanium) and for the efficiency of combina-
tion—carbon levels below 0.06% requiring a higher titanium
or niobium to carbon ratio for complete combination than
those above 0.08%C.

Knife-line attack When a stabilised (titanium or niobium
treated) steel is heated to successively higher temperatures
above 950°C up to 1250°C, the carbide enters solution and is
broken down into its constituent elements to an increasing
extent so that above 1100°C a relatively small amount of
carbon remains combined. The free carbon is then available to
form chromium carbide on subsequent reheating in the
450-750°C range. Combination of carbon with titanium occurs
in the range 850-950°C, given adequate time. The whole

Figure 1.36 Example of ‘weld decay’ in an austenitic steel.
(Courtesy of ICI)



1/48 Materials properties and selection

question of ‘stabilisation’ is concerned with time, temperature
and amount of free carbon.

Time at temperature affects the extent of re-solution of the
titanium and niobium carbides present in stabilised steels;
titanium carbide dissolves more rapidly than niobium carbide.
Re-solution takes place at temperatures in excess of approxi-
mately 1200°C under welding conditions. The extent depends
on carbide particle size as well as time at temperature. If
reheated within the sensitisation temperature range (around
650°C) this narrow zone immediately adjacent to the weld
metal precipitates intergranular chromium carbide, because
combination of titanium or niobium with carbon cannot occur
at this temperature.

Thus, although the stabilised steels will not precipitate
chromium carbide in the region of the heat-affected zone
raised to 650°C by welding, there is the possibility, in condi-
tions where the edge of the weld metal is reheated to 650°C,
that intergranular attack can occur. The existence of such
conditions depends on the welding practice but, in most
fabricated articles, as distinct from samples with single run
welds, positions must arise at weld junctions where these
conditions will obtain; welded samples should therefore al-
ways have crossed welds.

This particular type of intergranular attack at the weld metal
edges is known as ‘knife-line attack’ (see Figure 1.37). It is
most likely to be seen in boiling dilute nitric acid solutions.
The composition of the steel affects its incidence; steels with
lower nickel-to-chromium ratio, which produce a greater
amount of 8 ferrite in the knife-line zone are less suceptible.
Fully austenitic titanium stabilised grades appear to be more
suceptible than fully austenitic niobium stabilised ones.

Where corrosion conditions are known to offer a knife-line
hazard, treatment of the fabrication at 870°C will promote
precipitation of the carbon as titanium of niobium carbide with
consequent resistance to attack.

The unstabilised 431 and 434 grades are susceptible to
intergranular attack after welding. This can be prevented by
heat treating for 2 h at 600-800°C which coalesces the carbide
films.

Weld problems which may be assessed by means of the
Schaefler diagram (Figure 1.33) Fully austenitic weld metal
tends to crack on solidification because of inherent
weaknesses at the boundaries of columnar grains. The compo-
sition of the filler metal is therefore adjusted to ensure that all
the molten zone contains a small proportion of ferrite and also
to ensure that its strength is not excessive compared with the
parent metal (that is, it is adjusted to lic on the A + F side of
the A/A + F line in Figure 1.33). So long as the weld-metal
composition is maintained within:the zone in which ferrite and
austenite coexist austenitic steels have excellent weldability.

Figure 1.37 Example of ‘knife-line’ attack on stainless steel welds.
(Courtesy of ICI)

Ferritic stainless steels are weldable but suffer from brittle-
ness and grain growth problems (see Section 1.3.12).

Martensitic stainless steels suffer from the same brittleness
problems as carbon and quenched and tempered steels unless
the carbon content is below 0.12%.

Both precipitation hardening and duplex stainless steels (the
compositions of which can be roughly estimated from Figure
1.28) are fully weldable without preheat, and the precipitation
hardening steels may be hardened by precipitation after
welding.

Brief summary notes on corrosion and welding aspects of
stainless steels are given in Table 1.12.

1.3.18 Tool steels

The name ‘tool steels’ (BS 4659: 1971 and AISI/SAE ‘Tool
steels’) covers a wide variety of steels used for forming and
cutting materials which have as essential properties high
hardness, resistance to wear and abrasion and adequate
toughness. There are, or have been, some 82 AISI standard
steels, 25 BS steels and many non-standard steels, but it
should be possible to meet almost all requirements from the 10
steels listed here.

Carbon steels are used for hand tools and other applications
where high levels of toughness are required and where some
distortion in heat treatment can be tolerated. Recommended
steels are:

(1) AISI 109; BS 4659 BWIA (0.9%C)—a steel with good
combination of hardness and toughness, good general
purpose steel; and

(2) AISI 210; BS 4659 BW2 (1%C, 0.25% V)—a steel which
retains a sharp edge and withstands shock better than
BWIA.

A carbon tool steel should be quenched in water or brine
and tempered as soon as its temperature has been quenched to
‘hand warm’. Carbon tool steels will soften and lose their edge
if appreciable heat is generated by the cutting action.

High speed steels have a high content of carbide forming
elements (tungsten, vanadium and chromium) and, therefore,
retain their hardness at high temperatures (i.e. they have good
‘red hardness’). Recommended steels are:

(1) AISI M2; BS 4659 BM2—for normal duty;

(2) AISI T4; BS 4659 BT4—for faster cutting and increased
output; and

(3) AISI M42; BS 4659 BM42—for cutting hard materials.

‘T steels are tungsten steels and ‘M’ steels molybdenum
steels which are cheaper but slightly more difficult to heat
treat. Heating must be carried out in atmosphere-controlled
furnaces to prevent decarburisation; heating done slowly to
825°C and then quickly to the manufacturer’s recommended
temperature (around 1300°C), followed by quenching in air
blast, oil or salt bath at 525°C and air cooling. After an
optional refrigeration treatment the steel must be tempered
(secondary hardened) two or three times at about 545°C, again
in controlled atmosphere.

For many purposes high speed steels are being replaced by
sintered carbides (see Section 1.5) or ceramics such as sialons
(see Section 1.6) which have exceptional wear and heat
resistance even though they may not be as tough as high speed
steels.

Hot work steels are used for forming (not cutting) hot
materials. They must not soften at high temperature and they
must have good wear resistance. They must also be able to
resist thermal fatigue when heated and cooled (sometimes by
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Table 1.12 Corrosion resistance and weldability of stainless steels
Nominal composition (%)

AISINo. C Cr Ni Mo Other Corrosion notes

410 0.08-04 12-14 — — — Rust resisting. Higher carbon grades for engineering applications, turbine
blades, cutlery, etc.

405 0.08 max. 13 —  — Al Weldable grade.

430 0.01 max. 165 — — — Resists mild acids. Special feature is resistance to nitric acid. May require heat
treatment after welding (600-800°C) to avoid intergranular attack. Forming of
sheets up to 3 mm at room temperature; greater thicknesses at 200-350°C

430Ti 01max. 175 — — Ti Weldable grade not requiring heat treatment. Argon arc (gives minimum grain
growth) preferred. Both grades, if welded, should not be applied under
conditions of shock loading or vibration

304 0.08 max. 18 100 - — Rust and acid resistant. Suitable for welding in certain applications.

304L 0.03 max. 18 0 — — Extra low carbon. Very resistant to intergranular corrosion. Weldable for
practically all applications.

309Cb 0.1 max. 18 10.5 — NborTi Not susceptible to intergranular attack (but see reference to knife-line attack

321 in text). Applicable above 300°C. Weldable

316 0.07 max. 17.5 11 22 — Resistance to chemical attack better than 18/8 (e.g. severe acid attack).
Resists intergranular attack up to 6 mm thickness. Applicable below 300°C.
Weldable for most applications.

316L 0.03 max. 175 11 22 — Superior resistance to intergranular corrosion, suitable for thicknesses greater
than 6 mm

316Cb 0.1max. 17.5 11.5 22 NborTi Not susceptible to intergranular attack (but see reference to knife-line attack

316Ti in text). Applicable above 300°C. Suitable for strong acids at elevated
temperatures. Weldable

317 0.07 max. 175 12 28 — Resists intergranular attack up to 6 mm thickness. Applicable below 300°C.
Corrosion resistance superior to 2%Mo alloys. Weldable for most
applications.

317Cb 0.1max. 17.5 125 2.8 NborTi For strong acids at high temperatures. Applicable above 300°C. Weldable

317Ti

317LM 0.03 max. 17 135 45 — Resistance to strong organic acids at elevated temperatures. Increased

reistance to pitting. Applicable below 300°C. Resists intergranular attack.
Weldable for most applications

water jets). Their metallurgy is similar to that of high speed
steels. A recommended steel is:

AISI Hi3; BS 4659 BH13—this steel has the highest and
deepest hardness of the hot work steels.

Cold work steels are used for forming cold materials and
resistance to abrasive wear is of highest importance. In
addition, they may have to be machined to very complex
shapes and must therefore have very high dimensional stability
during heat treatment.

Recommended steels are:

(1} AISI 01; BS 4659 BO1 (0.95C, Mo, V)—a steel for light
duties, simple to heat treat; and

(2) AISI D2; BS 4659 BD2 (1.5%C, 12%Cr, Mo, V)—a
martensitic stainless steel with very high hardness and
wear resistance for general application.

Shock resisting steels are used for tools which are subject to
heavy vibration or hammering; they must be hard but also
have reasonable toughness to avoid failure by brittle fracture.
A recommended steel is:

AISI S1; BS 4659 BS1 (0.5%C, Si, Mn, Cr, W)—the
metallurgy of this steel is relatively uncomplicated and heat
treatment is straightforward.

1.3.19 Steels for springs

There are three different types of spring steel. ‘Patented’ and
cold drawn carbon steel wire is used for small coil springs.
‘Patenting’ consists of heating the billet to roughly 1000°C to

develop a coarse grain size so that after slow cooling the steel
has a coarse pearlite-bainite structure which is readily drawn
into wire.

The steels used and the properties of the wire are covered in
BS 5216 and ASTM A227 and 228. The carbon content varies
between 0.65% for ‘hard drawn spring wire’, which has the
largest diameter (up to 9 mm), the poorest surface finish and
the lowest tensile strength (less than 940 MPa), and 0.85% for
‘piano or music wire’, which has the smallest diameter
(0.1 mm minimum), the best surface finish and the highest
tensile strength (up to 3780 MPa).

Many ranges of tensile strength are available. Springs are
cold coiled from the wire.

Carbon and alloy spring steels are made to the specifications
given in BS 770: 1972: Part 5 and the corresponding AISI/SAE
grades. Coil springs are usually made from hot rolled and
ground bar of the diameter required for the final spring. The
bar is heated to a temperature within the hardening tempera-
ture range, coiled on a mandrel, slipped off the mandrel,
quenched and tempered to a tensile strength around
1650 MPa. Carbon steels are used for springs up to 13 mm
diameter, more highly alloyed steels are used for larger
diameters, the maximum diameter (around 80 mm) being
made from BS 925 A60 manganese-molybdenum steel.

The purchase specification must strictly limit decarburis-
ation of the surface (to which silicomanganese steel, which is
popular for springs, is particularly prone), because fatigue
cracking, which will propagate across the spring, may start in a
soft decarburised surface layer.

The surfaces of all but the smallest springs are conditioned
by shot peening which induces a compressive surface stress
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and increases fatigue strength by 25-30%. *Scragging’, which
overloads the spring in the direction it will be used in service,
produces residual stresses which oppose service stresses in the
surface layers and, therefore, improves endurance.

Rust is harmful to spring performance and to prevent it a
spring should be protected immediately after peening. Corro-
sion resistant steel springs are covered by an old British
Standard (BS 2056: 1953) which uses the EN designations. In
practice, stainless steel wire for springs is usually supplied to
AISI number.

Martensitic steels are usually supplied softened and lightly
cold drawn to a UTS of 820-850 MPa. They are hardened and
tempered after forming. Austenitic steels are cold drawn to a
UTS of 1800-2000 MPa for diameters below 2 mm and
1000 MPa for diameters up to 10 mm. One precipitation
hardening stainless steel (DTDS5086) can be supplied for
forming in the softened condition and can then be precipita-
tion hardened to 1800 MPa.

1.3.20 Cast steel

All the types of steel described earlier in this section can, in
principle, be produced as castings. In practice, the steel grades
listed in British Standards and by the several US standards
authorities are confined to a limited number of types. Table
1.13 gives:

(1) BS specifications;

(2) ASTM grades for carbon steels and for steels with alloy
content up to 8% and a UTS of 482-827 MPa; and

(3) ACI (Alloy Castings Institute of the USA) grades for
heat resistant and corrosion resistant steel castings.

While each grade in a steel-castings specification is the
equivalent of a grade in BS 970 or SAE/AISI, they differ in
important aspects. For example, a foundry is less likely to be
equipped for carbon vacuum deoxidation than is a large
steelworks. To allow for this the silicon content of steel
castings is usually set at a higher level than for the correspond-
ing wrought steel and the very low carbon grades are not
included. This may require the content of other alloying
additions to be adjusted. Also, an austenitic steel casting often
contains more ferrite than the corresponding wrought steel to
prevent fissuring during solidification (both in casting and
welding) and to resist intergranular penetration. Therefore,
when ordering a casting the designer should specify the BS
1504, BS 3100 or ACI grade rather than the BS 970 or AISI
grade number for the corresponding wrought steel.

If a compelling reason exists for specifying a steel not listed
in a standard casting specification, the casting will almost
certainly be more expensive because the foundry may have to
make experimental castings and will not be able to recycle
scrap directly. In addition, it may be more difficult to obtain a
guarantee of quality.

Design of castings is too complex a subject for detailed
consideration here. The essential criterion is to make abso-
lutely sure that nowhere within the casting is there a point
where, through a local increase in section, metal is left to
solidify surrounded by metal that has already solidified. Walls
should be of as uniform thickness as possible, corners rad-
iused, multiple junctions eliminated, changes of section
tapered and, where large sections are inevitable, they should
be so placed that they solidify progressively towards a feeding
head. Where isolated large increases in section are unavoid-
able, chills may be used (seec The ASM Metals Handbook'").

In principle, the properties of a casting should be identical
to those of a forging of the similar composition and, in
practice, castings are available with a UTS to match any

forgings up to 827 MPa UTS, and corresponding yield
strengths are available.

There are, however, significant differences in the cast and
wrought structure, particularly in alloys with more than one
phase present. Castings have a ‘cast structure’ which is effect-
ively a skeleton of intermetallics which tend to limit and
restrict slip. In a correctly worked wrought alloy this skeleton
is broken up so that it becomes effectively a dispersion of fine
particles rather than a network. Working refines the grain and
renders the alloy more susceptible to heat treatment, and has
two effects which are significant in design; i.e. ductility is
increased and creep strength decreased.

The reduction in ductility of castings compared with
wrought steel has a negligible effect on design with steels with
a UTS of around 500 MPa. However, with strengths of
800 MPa and above, the fracture toughness of cast material is
lower and more variable and the fatigue endurance limit is
about 20% lower than that of wrought material.

In addition to this, the continuous casting process for
manufacturing ingots from which wrought material is forged
has much superior feeding and segregation characteristics than
is possible in a large sand casting, so that the material is
inherently superior. Furthermore, forging, if correctly pro-
grammed, can be made to align the grain (and any discontin-
uities) in the principal stress direction and thus make the
component more resistant to both brittle fracture and fatigue.
On the other hand, the transverse properties of a casting
should be superior, and thorough inspection will reduce or
eliminate dangerous defects.

The improved creep resistance of the cast structure is of
considerable value in the case of large turbine castings, while
the creep properties of the small lost wax castings listed in BS
3146 could not be obtained in forgings. Even higher creep
properties could be obtained by directional solidification, but
this is used for the more highly creep resistant nickel alloys
rather than steels.

1.3.21 Cast irons—general

Cast iron is an alloy of iron with 1.7-4.5% carbon (1.7% is the
eutectic composition). There are two basic types, one of which
is a composite of steel and graphite, while the other (white cast
iron) consists of cementite in a matrix of steel.

White irons (white cast iron, low alloy white cast iron,
martensitic white cast iron and high chromium white cast iron)
have special wear and environmental resistant properties.

The graphite containing cast irons, which include the flake
graphite, nodular graphite and malleable grades, have been
regarded as a cheap and brittle substitute for other engin-
eering materials but, in addition to their relatively low cost,
have very definite technological advantages. These advantages
are particularly evident in the case of the newly developed
austempered ductile irons.

The several grades of cast iron are listed according to BS
specification in Table 1.14, which gives all (with the possible
exception of damping capacity) relevant physical and mecha-
nical properties.

1.3.22 Grey cast iron

Grey cast iron (flake graphite iron) can be ‘non-alloyed’, ‘low
alloy’ or acicular. Design stresses, etc., given in Table 1.14 (BS
1452 and ASTM A48 class 20~60) are for non-alloyed grey cast
iron with carbon contents varying from 3.65 to 2.7%, silicon
from 2.5 to 1.35%, phosphorus from 0.5 to 0.09% and
manganese around 0.6%.

This is the cheapest engineering metal, not only because the
raw materials—pig iron, cast iron and steel scrap, limestone,
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Grade
BS 3100: 1976 BS 1504: 1976 ASTM* UTS Steel type Special requirements
(MPa)
Non-stainless steels
Al.2&3 A27 & A148 430, 490, 540  Carbon steel for general purposes
430. 450, 540 A356 430, 480, 540  Carbon steel for pressure vessels 0.2% PS specified at temperature
ALl 430 Carbon steel for low temperature Charpy 20 J at —40°C
Ad. 5&6 540, 620, 690  Carbon-manganese steel for general purposes
Bl A27 460 Carbon-molybdenum steel for elevated temperatures
26 A356 460 Carbon—molybdenum steel for pressure vessels 0.2% PS specified at tempcrature
27 460 3.5%Ni steel for pressure vessels Charpy 20 J at —60°C
BL1 460 0.5%Mo steel at low temperatures Charpy 20 ] at —50°C
BL2 460 3%Ni, 0.5%Mo steel Charpy 20 J at —60°C
B2 480 1.25%Cr-molybdenum steel
28 A389 480 1.25%Cr-molybdenum steel 0.2% PS specified at temperature
B3 540 2.25%Cr-molybdenum steel
29 540 2.25%Cr—molybdenum steel 0.2% PS specified at temperature
B4 620 3%Cr-molybdenum steel
30 620 3%Cr-molybdenum steel 0.2% PS specified at temperature
B3 620 5% Cr-molybdenum steel
31 620 5% Cr-molybdenum steel 0.2% PS specified at temperature
B6 620 9% Cr-molybdenum steel
32 620 9% Cr-molybdenum steel 0.2% PS specified at temperature
B7 510 0.5%Cr, 0.5%Mo, 0.25%V
33 510 0.5%Cr, 0.5%Mo, 0.25%V 0.2% PS specified at temperature
Stainless and heat resisting steels
ACI No.
302 C25 CF-20 480
302 C35
304 C12 CF-3 430
304 C15 CF-8 480 ‘Low carbon 18/8 type
309 C30 CH-20
309 C32 560
309 C35 510
309 C40 CK-20 450
311 C11
315 Ci5 CF-16F 480 1.5%Mo 18/8
315 Cl6 480
316 C12 316 C12 CF-3M 430 2.5%Mo 18/10 low carbon
316 Ci6 316 C16 CF-8M 480 2.5%Mo 18/8
316 C71 316 C71 510 2.5%Mo 18/8
317 C12 430 3.5%Mo 18/10 low carbon
317 Cl6 317 C16 CG-sM 480 3.5%Mo 18/10
318 C17 CF-12M 480 2.5%Mo-niobium 18/10
347 C17 347 C17 CF-8C 480 Niobium stabilised 18/12
364 C11 CN-7M 430 Chromium-nickel-copper
410 C21 CA-15 540 13%Cr martensitic steel
420 C29 34 CA-40 690 13%Cr martensitic steel
425 C11 35 CA-6NM 13%Cr. 4%Ni1
452 C11 28%Cr, 1.5%Mo ferritic steel
452 C12 28%Cr, 0.5%Mo ferritic steel

BS 3146: Part 2

Corrosion and heat resisting investment castings

Most grades are covered by ASTM A743 and A744. PS, pros
* The figures indicate carbon content.

of stress.

coke and air—are all relatively cheap, but also because
melting costs in a cupola are relatively low. Casting is very
easy because cast iron is more fluid, has a narrower solidifica-
tion range and a lower in-mould shrinkage than steel. Mach-
inability is excellent because graphite acts both as a chip
breaker and as a tool lubricant.

Grey cast iron has good dry bearing qualities and its
freedom from scuffing makes it a good material for automo-

bile cylinder walls. Its wear resistance is assisted by slight
chilling and a hard network of phosphide eutectic.

It also has an excellent damping capacity, particularly in the
lower (higher carbon) grades and is particularly suitable for
machine tool bases and frames.

However, it is brittle because the graphite flakes reduce
strength and the maximum recommended tensile design stress
is only 25% and its fatigue loading limit is 11-16% of the



Cast irons resistant to heat, abrasion, corrosion, thermal shock

Table 1.14 Cast irons, classes, grades and properties
‘Engineering’ cast irons
Flake graphite iron, Nodular graphite (SG) iron, BS 309: BS310: 1972 BS 3333: 1972 BS 1591 BS 4844: ‘Austenitic cast iron, BCIRA
BS 1452: 1977 85 2789: 1973 1972 5 1975 :972-19745 BS 3468: 1974 Broadsheet 63
5 g
R Y § > . Flake Nodular § g
§ £ §3 5% ¢ 3 5 §f s ¢ T 5
- = v g = & & 3] & A = s Y g 5 F
§ § §§ 355§ 8 5 ¥ & 5 T 85 £ § 53
Safe design 5 § £ § § g £ g § iy o —_—-—
3 § g 3 & § % 5 s T R & .« S I ;
stresses and 5':& o ngggQggSgQQgs 5;;";’06%@%&;: s
other properties s o o ¥ 8 S S f § % 8§ 8§ S § ° PN s - < TR REE s s ¥
5 S & H ¢ ow w0 N [
8288838 &ag§§§§s&Ssa@@S@ae§§;6:'s:g§g~.§§§;*.g
LY ¥ v v & & ¥ J v YR} ¥ (Y R L & HF X 8 & B By 153
§’§§§E§§§§§§§§§§§§’¥§§§§§§§§S§§EE§§§§§§§S§Qg
S 6 & 5 &8 3 ¢S5 S8 8 ¢ 6 & < &8 S8 dF &S5 S b S F SS S 28T IRE XS D
Tensile stress 92 173, 198, 270, 81, 88, 120, 130, 134, 162, 49,
(N 2) 38 45 S5 65 75 88 100 129 138 145 156 102 110 121 140 54 % 8 77 % 35
236 270 620 63 83 144 154 158 210 57
, 4, 25, 20, 1515 5, 5. 10, 15,
Elongation (%) <l < < <l < <l <« >3 >4 >6 >10 >12 >7T >4 >5 >3 >2 15 7 25
2 17 12 7 3 2 2 1 10
Compressive stress 238, 271, 350, 93, 120, 172, 184, 188, 238,
(Nmm'7) 156 187 229 270 312 364 416 150 152 173 204 216 130 138 149 150
322 367 850 116 140 270 230 233 279
Unnotched-fatigue 130, 41, 53, 78,
; 23 27 33 39 45 50 51 60 63 67 75 83 93 101 58 62 68 79 85 88 93 35 50
stress (Nmm'?) 170 51 62 91
Hardness (HB) 130, 150, 160, 180, 200, 225, 250, 140, 115, 140, 170, 215, 250, 265, 250, 120, 120, 125, 130, 130, 140, 170, 180, 190, 240, 450, 450, 200, 250, 500, 400, 140, 120, 130, 140, 150, 140, 550, 550, 250. 90,
160 180 200 220 250 275 305 150 140 170 215 250 265 305 500 180 180 140 140 140 170 180 190 240 270 520 520 220 400 600 650 200 215 170 200 180 190 750 750 340 120
; 155. 172, 172, 155, 172, 140, 180, 180, 180, 85, 85, 140, 112, 120. 112,
Y"(‘a“ﬁs,“,“’d“‘“s 100 109 120 128 135 140 145 169 169 169 174 176 176 169 169 169 172 172 (72 176 124 124 217 224
%) 5 176 176 170 176 00 200 200 200 105 105 150 130 140 123
Noiched-impact 7, 15 10, 5 5 5 5 8 17, 13, 17, 10, 5 5 5 5, n, 12, 27, 7,
values (1) 7
220°C 301305 2 2 2 2 & 13 R 135 2 2 2 2 2 6 15 13
Notched-impact -10, 10, 40, 80, 100, 100, -10, 10, -10, 40, 40, 40. 0" 0
transition
temperature (°C) +30 430 100 120 120 120 +30 430 +30 100 100 100 100 100
Fracture 2, 45, 45, 45, 45, 100, 55, 55, 55, 50, 50, 50, 50, 30, 25, 20,
toughness 12 20 46 -
K. (MNm ) 20 37 37 25 25 70,1 35 35 35 40 40 30 30 5 20 25
Service temperare  Max. 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 250, 250, 800, 50, 50, S50, 700, 700. S00, 700, 700, 800, 900, 1050,900, %
€O Min, -50 ~50 -50 -50 -50 50 -S5O 40 0 20 0 0 40 40 0 0 0 0 0O O 0 0 4 0 0 0 —40 —80 -80 80 -200 -80 900 1050 500°§
Designstress  +450 °C 17, 18, 18, 30, 30, 2. 2, 3, 1, 2 % 19, 19, 19, 19, 19, 23, 23, 23, 28, 28 35, 39, 62, 59, 70, 70, 70,
=2
(N -S0°C 38 45 55 65 75 88 100 129 138 145 156 1731198/ 7285 102 110 121 1200 1304 134/ 162 257 54 57 86 77 0 70 70
71, 71,
Density (gem') 70071072 72 72 73 93 72 74 7L 0072 72 74 74 74 73 73 93 73 73 73 73 93 70 70 685 77 77 77 73 73 73 74 74 76 767 769 743 10
Thermal expansion 20°C 10, 10, 10, 10, 10, 10, 10, 10, to. 10, 10, 10, 10, 10, m, 1, W, 1w, b, T 12 12, 12, 18, 18, 18 18, 18, 18,
e
GO°KD 20_400°C 125 125 125 125 125 125 125 125 125 125 125 125 125 125 13 13 13 13 13 13 13 13 13 13 159 159 135 18 18 18 18 18 18
Thermal conductivity 100°C 53, 52, 50, 49, 47, 46, 44, 41, 37, 37, 36, 33, 3i, 3I, 36, 36, 38, 38, 38, 36, 35 35 34, 33, 27, 59,
Wm K-!
WmKh 400°C S0 49 47 46 44 43 41 38 36 36 35 32 31 31 35 35 36 36 36 35 34 34 33 32 25 36
Electrical 0.24,0.24,
resistivity (40-m) 085 0.78 0.76 0.73 0.70 0.67 0.64 0.50 0.50 0.51 0.53 0.54 0.54 026 026 O37 037 037 040 040 0.40 040 040 050 0.50
Maximum 310, 310, 310. 310, 310, 310, 310, 910, 910, 1280, 900, 750, 650, 400, Non-
magnetic 2140 2140 1600 870 500 500 1900 1900 1900
permeability (uHim ') 380 380 380 380 380 380 380 1820 1820 900 750 650 400 380 mag.
i 2500,2500.2500,2500,2500,2500,2500, 1500,1500, 1300, 1900, 2200,2400,3800, H H HHHHHHHH
Hysteresisloss 590 60 600 1300 2200 27002700 450 450 450
(B=1T),0im") 3000 3000 3000 3000 3000 3000 3000 850 850 1900 2200 2400 3800 4500 A A A A A A
) c cc Cc ¢cccccccc
Poisson's ratio - 0.26 0.275 -—— 0.26 T
* Hardened and tempered.  Cycling. I/ static loading.
§ steady H, heat; A, abrasion; C, corrosion; T, thermal shock.

+ Equivalent k.



tensile strength. (It should be remembered that tensile stress is
measured by bend—see Section 1.1)

There are (or were) two variants with better fatigue proper-
ties. Compacted graphite iron or mechanite is made by
inoculating an iron which would otherwise solidify white.
Haematite high carbon low phosphorus iron was originally
made from haematite pig iron. Its low phosphorus content
improves its fatigue properties (while reducing fluidity).

Low alloy and acicular cast irons made by adding nickel,
copper, chromium, molybdenum, vanadium or titanium (and
in the case of acicular cast iron reducing the phosphorus
content) enables grey cast iron to be used in higher duty
applications without re-design or technological change.

1.3.23

Nodular or spheroidal graphite (S§G) cast irons are available in
grades corresponding to those of grey cast iron, but are
produced by inoculation of the melt with nickel, magnesium
and caesium compounds which change the form of the gra-
phite to near spheroidal nodules (see Figure 1.38). This
produces material which has strength, ductility and thermal
shock resistance more typical of steel but castability, damping
capacity and machinability more typical of cast iron.

The recommended design, tensile and fatigue stresses are a
much higher proportion of the UTS than is the case with cast
iron. Steel castings, fabrications and sometimes forgings may
be replaced with considerable economic advantage.

Matrix structures can be varied (by changing the cooling
rate or alloying) between ferrite, pearlitic carbide and acicular
structures for higher duty applications.

The development of nodular and other higher duty irons
detailed here has accelerated the trend to modern melting
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practice. Casting from a cupola is not amenable to the precise
composition control which is possible with an electric or gas
furnace. Even where a cupola is used for the actual meiting,
final control of composition requires a holding furnace.

1.3.24 Austempered ductile iron

Austempered ductile iron is SG iron with added alloying
elements (usually molybdenum, nickel and/or copper) suffi-
cient for a bainitic structure, usually with retained austenite,
to be produced in the section size by austempering. Such
material can have yield strength and UTS up to 1150 and
1400 MPa, respectively, with elongations of 6% and fatigue
limit up to 33% of the UTS. Wear resistance because of the
graphite and retained austenite is superior to steel of the same
hardness and components such as gears are quieter in opera-
tion. The potential of austempered ductile iron, which is
substantially cheaper than forged steel and can be cast closer
to shape than steel is usually forged, exceeds that of any other
recently developed material.

Obtaining the required properties requires dedication to
process control in foundries and heat-treatment departments.

The most economically rewarding application for austem-
pered ductile iron is as a material for gears which can be made
quieter, lighter and cheaper than equivalent steel gears. One
disadvantage, for the highest rated gears, is the lower fatigue
strength of austempered ductile iron compared with that of
steel, but this is being overcome by shot peening the teeth of
the gears.

Austempered ductile iron has been used successfully for
tracks for off-the-road vehicles, pump bodies, agricultural
equipment, friction blocks and drive shafts.

(b)

Figure 1.38 Contrast in graphite morphology: (a) grey cast iron; (b} ‘SG’ iron. Magnification x100. (Courtesy of Mr R. Davies, BNF Fulmer

Contracts Research)
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1.3.25 Malleable iron

Malleable iron is cast with a white cementite structure which is
converted to a steel-graphite composite by annealing. The
requirement for the as-cast structure to be graphite free, limits
the maximum section to about 38 mm and the general run of
castings weigh under 5 kg and have a maximum section of
25 mm. There are three varieties.

Whiteheart malleable This has a carbon content of about
3.5% which improves castability compared with the other
varieties. Other alloying elements are silicon (0.6%), man-
ganese (0.25%), sulphur (<0.3%) and phosphorus (<0.1%).
It is heat treated for 5-6 days at 875°C packed in an oxidising
medium to produce spidery graphite aggregates in a pearl-
ite—ferrite matrix. This long heat treatment increases cost,
limits rate of production and decarburises the surface layer.

Blackheat malleable This has compositions varying between
2-2.65%C, 0.9-1.65%$Si, 0.25-0.55%Mn, 0.05-0.18%S and
<0.18%P. It is heat treated in a neutral atmosphere for
40-60 h at 860°C, cooled to 690°C, held for 4-5°C/hour and air
cooled. It has graphite aggregates in a ferrite matrix (no
decarburisation) and, although not so easy to cast as white-
heart, has rather better properties and the best combination of
machinability and strength of any ferrous material.

There are two ASTM A47 grades (32510 and 35018) and
one A197 ‘Cupola’ grade of lower quality.

Pearlitic malleable This usually has a higher manganese
content (0.25-1.25%) and may be cooled rapidly after an-
nealing. It has higher strength than the other malleables and,
unlike them, has good wear resistance and is difficult to weld.

Because of their low cost and excellent shock resistance the
malleable irons have been used extensively in power train,
frame, suspension and wheels of motor vehicles, rail, agricul-
tural and electrical equipment. The market for malleable iron
has contracted with the sole exception of galvanised pipe
fittings.

1.3.26

Austenitic cast irons have an austenitic matrix containing
either flake or nodular graphite. They are non-magnetic, have
thermal expansion coefficients similar to low-expansion alu-
minium alloys (with which they can be used as wear and
thermal fatigue resistant inserts for pistons) and are available
in a wide range of grades including:

(1) Ni resist {(14-32%Ni, 20% Cr)—for resistance to medium
concentration acids; and

(2) Nirosilal (Ni + Si)—for resistance to high temperature
oxidation and growth up to 950°C.

Austenitic cast irons

High nickel nodular irons have excellent ductility and are
suitable for cryogenic applications.

1.3.27 High silicon cast irons

High silicon cast irons, composition (10-17%Si, <3.5%Mo)
have a silicoferritic solid solution matrix with dispersed gra-
phite, exceptional corrosion resistance to mineral oxidising
acids and, although extremely brittle, are used as pipes, stills
and vats where strength is not needed.

The 4%5i, 0.5%Mo grade has good resistance to oxidation
and acids and better strength than the high silicon grades.

1.3.28 White cast irons (abrasion resisting white
irons)

There are four types of white cast iron: unalloyed, low alloy,
martensitic and high chromium.

Unalloyed white cast irons have a reduced content of silicon
so that on fairly rapid cooling after casting no graphite is
formed and the carbon is in the form of cementite or pearlite.

Chill in white cast iron is increased by increasing the content
of carbon and manganese, but is reduced by increasing sulphur
and phosphorus.

White irons with carbon contents above 3.5% can have
Brinell hardness of up to 600. However, increased carbon
decreases transverse breaking strength and low alloy white cast
irons have added elements (usually chromium and nickel) that
increase chill and improve toughness and wear resistance (but
are insufficient to produce a martensitic structure).

Martensitic white cast irons (e.g. Nihard) have sufficient
alloying elements (usually chromium and nickel) to produce a
cementite-martensite structure with higher hardness (up to 90
schleroscope) and toughness than other cast irons, and are
also stable at temperatures up to 550°C. Martensitic white cast
iron should preferably be stress relieved.

The white cast irons can be machined only with difficulty
using carbide tools and should be cast as nearly to size as
possible. They have higher solidification shrinkage than other
cast irons and require careful running and feeding.

White cast irons are used for grinding and ore crushing
equipment, mill liners, tables, rollers and balls and other
applications requiring wear resistance.

The selection of the correct wear-resistant material for any
application depends on relative life and relative cost. Marten-
sitic white irons cost more than low alloy which cost more than
unalloyed irons but, depending on the application, the life in
wear of the most expensive material may be between 50 and
400% longer than the cheapest. Also, the more ductile more
expensive material should be less prone to fracture, but this
may depend more on events in the mill or on the technique of
the supplying foundry. It is advisable to carry out comparative
trials on different materials including, where appropriate,
forged martensitic steel and deposited carbides and to standar-
dise on that material which proves to be most economical for
the specific application.

1.3.29 High chromium iron

Irons having a chromium content of 15-35% have a partially
austenitic structure with higher toughness and strength than
nickel based irons. They also have high corrosion and oxida-
tion resistance.

They have a higher resistance to strong acids than silicon
cast irons and can be used for heat-treatment equipment,
melting pots for lead, zinc and aluminium, other parts exposed
to corrosion at high temperature and for wet grinding opera-
tions.

1.4 Non-ferrous metals
1.4.1 Copper and its alloys

1.4.1.1 General

Copper is basically more expensive than iron but has impor-
tant advantages for special applications, the most significant of
which is conduction. The electrical conductivity of pure
copper is superior on a volume basis to all metals other than
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1.3.25 Malleable iron

Malleable iron is cast with a white cementite structure which is
converted to a steel-graphite composite by annealing. The
requirement for the as-cast structure to be graphite free, limits
the maximum section to about 38 mm and the general run of
castings weigh under 5 kg and have a maximum section of
25 mm. There are three varieties.

Whiteheart malleable This has a carbon content of about
3.5% which improves castability compared with the other
varieties. Other alloying elements are silicon (0.6%), man-
ganese (0.25%), sulphur (<0.3%) and phosphorus (<0.1%).
It is heat treated for 5-6 days at 875°C packed in an oxidising
medium to produce spidery graphite aggregates in a pearl-
ite—ferrite matrix. This long heat treatment increases cost,
limits rate of production and decarburises the surface layer.

Blackheat malleable This has compositions varying between
2-2.65%C, 0.9-1.65%$Si, 0.25-0.55%Mn, 0.05-0.18%S and
<0.18%P. It is heat treated in a neutral atmosphere for
40-60 h at 860°C, cooled to 690°C, held for 4-5°C/hour and air
cooled. It has graphite aggregates in a ferrite matrix (no
decarburisation) and, although not so easy to cast as white-
heart, has rather better properties and the best combination of
machinability and strength of any ferrous material.

There are two ASTM A47 grades (32510 and 35018) and
one A197 ‘Cupola’ grade of lower quality.

Pearlitic malleable This usually has a higher manganese
content (0.25-1.25%) and may be cooled rapidly after an-
nealing. It has higher strength than the other malleables and,
unlike them, has good wear resistance and is difficult to weld.

Because of their low cost and excellent shock resistance the
malleable irons have been used extensively in power train,
frame, suspension and wheels of motor vehicles, rail, agricul-
tural and electrical equipment. The market for malleable iron
has contracted with the sole exception of galvanised pipe
fittings.

1.3.26

Austenitic cast irons have an austenitic matrix containing
either flake or nodular graphite. They are non-magnetic, have
thermal expansion coefficients similar to low-expansion alu-
minium alloys (with which they can be used as wear and
thermal fatigue resistant inserts for pistons) and are available
in a wide range of grades including:

(1) Ni resist {(14-32%Ni, 20% Cr)—for resistance to medium
concentration acids; and

(2) Nirosilal (Ni + Si)—for resistance to high temperature
oxidation and growth up to 950°C.

Austenitic cast irons

High nickel nodular irons have excellent ductility and are
suitable for cryogenic applications.

1.3.27 High silicon cast irons

High silicon cast irons, composition (10-17%Si, <3.5%Mo)
have a silicoferritic solid solution matrix with dispersed gra-
phite, exceptional corrosion resistance to mineral oxidising
acids and, although extremely brittle, are used as pipes, stills
and vats where strength is not needed.

The 4%5i, 0.5%Mo grade has good resistance to oxidation
and acids and better strength than the high silicon grades.

1.3.28 White cast irons (abrasion resisting white
irons)

There are four types of white cast iron: unalloyed, low alloy,
martensitic and high chromium.

Unalloyed white cast irons have a reduced content of silicon
so that on fairly rapid cooling after casting no graphite is
formed and the carbon is in the form of cementite or pearlite.

Chill in white cast iron is increased by increasing the content
of carbon and manganese, but is reduced by increasing sulphur
and phosphorus.

White irons with carbon contents above 3.5% can have
Brinell hardness of up to 600. However, increased carbon
decreases transverse breaking strength and low alloy white cast
irons have added elements (usually chromium and nickel) that
increase chill and improve toughness and wear resistance (but
are insufficient to produce a martensitic structure).

Martensitic white cast irons (e.g. Nihard) have sufficient
alloying elements (usually chromium and nickel) to produce a
cementite-martensite structure with higher hardness (up to 90
schleroscope) and toughness than other cast irons, and are
also stable at temperatures up to 550°C. Martensitic white cast
iron should preferably be stress relieved.

The white cast irons can be machined only with difficulty
using carbide tools and should be cast as nearly to size as
possible. They have higher solidification shrinkage than other
cast irons and require careful running and feeding.

White cast irons are used for grinding and ore crushing
equipment, mill liners, tables, rollers and balls and other
applications requiring wear resistance.

The selection of the correct wear-resistant material for any
application depends on relative life and relative cost. Marten-
sitic white irons cost more than low alloy which cost more than
unalloyed irons but, depending on the application, the life in
wear of the most expensive material may be between 50 and
400% longer than the cheapest. Also, the more ductile more
expensive material should be less prone to fracture, but this
may depend more on events in the mill or on the technique of
the supplying foundry. It is advisable to carry out comparative
trials on different materials including, where appropriate,
forged martensitic steel and deposited carbides and to standar-
dise on that material which proves to be most economical for
the specific application.

1.3.29 High chromium iron

Irons having a chromium content of 15-35% have a partially
austenitic structure with higher toughness and strength than
nickel based irons. They also have high corrosion and oxida-
tion resistance.

They have a higher resistance to strong acids than silicon
cast irons and can be used for heat-treatment equipment,
melting pots for lead, zinc and aluminium, other parts exposed
to corrosion at high temperature and for wet grinding opera-
tions.

1.4 Non-ferrous metals
1.4.1 Copper and its alloys

1.4.1.1 General

Copper is basically more expensive than iron but has impor-
tant advantages for special applications, the most significant of
which is conduction. The electrical conductivity of pure
copper is superior on a volume basis to all metals other than



silver, and on a weight (and specific cost) basis to all metals
other than aluminium. The same relationships apply to its
thermal conductivity. Both properties are reduced by alloying,
but the conductivities of copper alloys are superior to those of
steels.

Copper’s second most important characteristic is its res-
istance to natural environments. Where iron rusts, copper
remains bright or develops an attractive patina, and this
characteristic is improved by appropriate alloying. In marine
environments the toxicity of copper prevents fouling. There is,
however, a temperature limitation on the use of copper alloys
compared with steels.

Copper and a high proportion of its alloys are highly ductile
so that they are eminently suited to forming operations. Some,
particularly the leaded brasses, are also highly machinable so
that the finished cost of a brass component may well be
competitive with that of any other material, when allowance is
made for the value and easy recovery of scrap.

The mechanical properties of copper (tensile and fatigue
strength and creep resistance) can be improved by alloying,
but without achieving the strengths of steels or approaching
the specific strengths of the light metals. The good mechanical
properties are retained at cryogenic temperatures but are
inferior to steels at elevated temperatures. Other properties
also benefit from alloying. The influence of specific additions
is indicated in Table 1.15.

Copper alloys are by no means the easiest to cast or weld
and their toxicity, although having useful biocidal applica-
tions, prohibits contact with foodstuffs.

Copper alloys are divided into classes, the main classes
having traditional names. The main classifications together
with their British Standard designations are listed in Table
1.16. The British Standards for product forms are listed in
Table 1.17 and the material condition codes are given in Table
1.18.

1.4.1.2 Copper

Copper’ is an alloy of copper and oxygen. The oxygen content
of the conductivity grades is not such as to affect their

Table 1.15 Influence on copper of alloying additions
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clectrical conductivity, but unless an ‘oxygen free’ grade is
used would cause problems in welding and also when heated in
a reducing atmosphere. Non-conductivity grades are deoxi-
dised, usually with phosphorus which reduces electrical con-
ductivity.

The suitability of copper for electrical conductors depends
on its high conductivity combined with a high resistance to
atmospheric corrosion and ease of drawing and fabrication.
Material for conductors should be selected from grades C100
to C104 or C110, all of which have electrical conductivities of
at least 101 IACS annealed, 97 IACS cold drawn (100
IACS = 0.019 w{2-m). If the conductor is to be heated in a
reducing atmosphere the oxygen free grade C103 should be
used. The high conductivity grades have UTS 385 and proof
stress 325 MPa hard and 220 and 60 MPa anncaled.

Additions of silver between 0.02 and 0.14% improve creep
strength and resistance to annealing without impairing con-
ductivity and should be used for rotating machinery or where a
component must be heated during manufacture.

For general engineering and building operations where
conductivity is not significant any of the grades C101 to C107
may be used. Arsenical grades have slightly better strength at
high temperature, phosphorus deoxidised grades are better to
braze or weld.

1.4.1.3 High conductivity copper alloys

There are a number of alloys containing a high percentage of
copper which balance the minimum possible reduction in
conductivity against some other desirable property, machina-
bility (C109, C110) strength (CB101) wear resistance (C108)
or strength at high temperature (CC101, CC102). Strengths
range from 495 to 1346 MPa and conductivities from 90 to 20
IACS. Several of these alloys are available in cast form.

1.4.1.4 Brass

The range of composition of copper—zinc alloys is illustrated in
Figure 1.39. There are two classes: a brasses containing
24-37% zinc; and duplex brasses with 40-47% zinc.

Improved property Alloying addition

Strength

Aluminium, beryllium, chromium,

zirconium, zinc, tin, phosphorus, silicon,

nickel, manganese, iron

Corrosion resistance
manganese, iron

Wear resistance

Bearing properties Lead

Colour Zinc, tin, nickel

Cost Zinc

Machinability Lead, tellurium, sulpbur, zinc
Castability Zinc

Resistance to annealing Silver

(conductivity not impaired)

Nickel, aluminium, silicon, tin, arsenic,

Tin, cadmium, silicon, aluminium, silver




Table 1.16 Classes of copper alloy

Common Name Description British Standard: British Standard and ASTM: ASTM designation:
wrought cast wrought
Copper Alloy of copper and oxygen. Sometimes C100-107, 110 HCC1 (BS 4577 A1/1) OF. ETP. OLP.
accompanied by deoxidant. Sometimes
contains silver
High conductivity copper ~ Aloy of copper with additions which C108, 110, A2/1-472
alloy improve strength at a minimum loss in 111-113, CB
conductivity 101, CC 1012
Brass Alloy of copper and zinc to which other SCB1-5
elements (usually with their name as a CZ 101-137 DCB1-3 2XX
prefix) may have been added PCB1 3XX (leaded)
HTB1-3
Bronze Traditionally alloys of copper and tin 5XX
Phosphor bronze Copper, tin and phosphorus PB101-104 PB 14
Leaded bronze Copper, tin and lead LB 1-5
Leaded phosphor bronze ~ Copper, tin, phosphorus and lead LPB1
Copper-tin Copper and tin CT
Silicon bronze Copper, silicon and manganese CS 101
Gunmetal Copper, tin and zinc G1, G2
Nickel gunmetal Copper, tin, zinc and nickel G3
Leaded gunmetal Copper, tin, zinc and lead LG 1-3
Nickel-silver Copper, nickel and zinc NS 103-109 7XX
Leaded nickel-silver Copper, nickel, zinc and lead NS 101, 103, 111
Cupronickel Copper, nickel, manganese (sometimes NC 102-108 NC1,2 7XX
iron)
Aluminium bronze Copper aluminium (iron, nickel and/or CA 101-107 AB 1-3,CMA 1 6XX
manganese-silicon)
Copper-lead Bearing alloy. Copper, 20-40% lead (1SO 20%Cu, 40%Pb)
Constant resistivity alloys (ISO Cu,
13%Mn, 3%Ni;
Cu, 13%Mn,
2% Al)

Memory alloys

Copper, zinc and aluminium

No standard
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Table 1.17 British and some ASTM standards for copper alloys in product form

British Standard ASTM*

BS 6017 Depends on material Copper refinery shapes

BS 1400 B176, 584, 148 Cast copper alloys

BS 2870 B248 Copper and copper alloys—sheet, strip and foil

BS 2871 B251 Copper and copper alloys—tubes (3 parts)

BS 2872 B124 Copper and copper alloys—forging stock and
forgings

BS 2873 B250 Copper and copper alloys—wire

BS 2874 B249 Copper and copper alloys—rods and sections (other
than forging stock)

BS 2875 B248 Copper and copper alloys—plate

BS 1432 Copper for electrical purposes—strip with drawn or
rolled edges

BS 1433 Copper for electrical purposes—rod and bar

BS 1434 Copper for electrical purposes—commutator bars

BS 1977 High conductivity copper tubes for electrical
purposes

BS 4109 Wire for general electrical purposes and for
insulated cables and flexible cords

BS 4608 Copper for electrical purposes—rolled sheet, strip

and foil

* These are a selection of equivalent ASTM standards many of which refer to particular material
applications.

Table 1.18 Material condition coding for copper and copper alloys

Code Description

0 Annealed
4H, 4H, H, EH Harder tempers, produced by cold working
(or part annealing)

SH, ESH ‘Spring hard’ tempers produced by cold
rolling thin material

M ‘As manufactured’

w Solution treated. Will precipitation harden

W(¥sH), W('2H), W(H) Material solution treated and then coid
worked to progressively harder tempers
WP Solution and precipitation treated
W(H)P, W(*2H)P, W(H)P Material solution treated, cold worked to
progressively harder tempers and then

precipitation treated

All brasses can be hot worked; a brasses are readily cold
worked and cast, but duplex brasses are significantly more
workable at elevated temperatures and can be extruded and
forged into complex sections and shapes. This formability has
the result that brasses are available in a very wide range of
shapes. They are intrinsically easy to machine and machina-
bility is improved even more by the addition of low percent-
ages of lead. Brasses have a very useful strength range,
(330-810 MPa), they are resistant to atmospheric and natural
water corrosion, and the incorporation of zinc lowers their
cost appreciably compared with copper.

The most suitable alloy for high speed machining is the
leaded CZ1214PB and for hot stamping CZ122. These alloys
have an ultimate tensile strength (UTS) of 450 MPa and they
are, because of their high zinc content, the least expensive of
the wrought brasses.

Where a higher tensile strength is required there are a
number of high tensile brasses, with additions which include
aluminium, iron, manganese and silicon. The wrought alloys
CZ114 to CZ116 and CZ135 have UTS values of between 430
and 770 MPa, the cast alloys between 470 and 810 MPa.

Corrosion resistance may be improved by adding tin, alu-
minium arsenic and nickel.

Two important considerations must be observed when intro-
ducing brass components into service in aqueous environ-
ments.

(1) In some potable, marine or industrial waters containing
sulphur compounds, many brasses (particularly duplex
brasses) are prone to ‘dezincification’ (the preferential
dissolution of zinc leaving a weak copper sponge). This
can usually be prevented by choosing an « brass inhibited
with arsenic. Recently, a duplex alloy (CZ132) has been
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Figure 1.39 Partial phase diagrams: (a) copper-zinc alloys; (b) copper-tin alloys; (c) copper—aluminium alloys

developed which, when correctly heat treated, is claimed
to resist potable waters (see Figure 1.39(a)).

(2) Stress corrosion may be caused by ammonia derived
from organic refuse, by chlorine, or by mercury. Brass
which may be exposed to these environments should be
given a stress relief heat treatment.

Where there is a possibility that either of these phenomena
will occur, trials should be made of the behaviour of the brass
in the chosen environment. Alternatively, a bronze or alumi-
nium bronze (but not a manganese bronze) should be used.

1.4.1.5 Bronze and gunmetal

Brasses all contain zinc but not all bronzes, which traditionally
are copper-tin alloys, contain tin. ‘Aluminium bronze’, ‘silicon
bronze' and ‘lead bronze’ contain no tin and ‘manganese
bronze’ is a brass.

The true wrought bronzes contain up to 8%Sn and are
deoxidised with phosphorus. They have a single phase solid
solution structure at the annealing temperature, but the
solubility of tin falls with decreasing temperature (see Figure
1.39(b)). Cold working the resultant supersaturated solution
gives them excellent elastic properties to which, coupled with

a high resistance to corrosion, they owe the majority of their
applications.

The phosphor bronze most generally used is PB102 which
contains 5%3Sn but higher and lower tin contents with UTS
values ranging between 590 and 680 MPa (hard) and 320 and
380 MPa (annealed) are available. They are used for springs,
instrument components and bearings.

Cast phosphor bronzes, PB1, PB2 and PB4 contain 10%Sn,
which is more than the wrought alloys, and are also used for
bearings with hardened steel where load-carrying capacity at
low speed is required. Gunmetals G1 (a single-phase alloy of
copper, tin and zinc) and L.G1, LG2 and LG4 (similar alloys
which also contain lead), which combine modest strength
(UTS ranging between 180 and 440 MPa) with good corrosion
resistance, are more widely used because of their better
castability. Applications include pumps, valves, bearings and
statuary.

Also used for bearings are the leaded bronzes (LB1 to LBS)
which have better plasticity and are particularly suitable for
mating with soft steel journals which would be scored by
harder materials. The addition of lead (which does not dis-
solve in solid or liquid copper but forms a composite) confers
machinability and very considerably improves bearing charac-
teristics.



1.4.1.6 Aluminium bronze

Aluminium bronzes CA 102 and CA 104 to CA107 and AB1-3
contain between 6 and 10% aluminium together with iron,
nickel or silicon (see Figure 1.39(c)).

They all have excellent corrosion resistance properties, due
basically to the combination of the electrochemical properties
of copper with the tenacious oxide film of aluminium, and
good mechanical properties (UTS 430-820 MPa for wrought
and 460-700 MPa for cast types).

They can be used in a very wide range of environments,
including dilute acids, with the exception of nitric acid. They
are particularly suited to marine environments where, unlike
most steels, they resist pitting and crevice corrosion and,
because of the biocidal nature of copper, are not subject to
biodeterioration.

The alloys with higher aluminium contents (see Figure
1.39(c)) have a duplex structure of a solid solution and
B-Cu3Al and develop high strengths when worked.

Although aluminium bronzes have quite good wear res-
istance they should not be used in applications which involve
relative movement in contact with other metals, because the
oxide film causes galling, fretting and seizure. This restriction
apart, aluminium bronze has a very high potential as an
engineering material which has yet to be realised fully.

1.4.1.7 Silicon bronze

There is one silicon bronze CS101 (Cu, Si, 3%Mn) used
mainly as wire for marine fasteners.

1.4.1.8 Copper-nickel alloys

The copper-nickel alloys (CN101, CN102, CN104, CN105 and
CN107 (wrought) and CN1 and CN2 (cast)) have even better
corrosion resistance than the aluminium bronzes. They have
moderate strengths, the UTS ranging from 300 to 390 MPa
(annealed) and 360-650 MPa (hard). They may be used with
confidence in the most severe conditions of marine pollution,
and corrosion. However, no copper alloy is completely resis-
tant to corrosion/erosion. Where, as is the case with those
marine condenser tubing installations from which sand or silt
cannot be excluded, corrosion/erosion is the principal cause of
failure, titanium or a pitting resistant stainless steel performs
better.

1.4.1.9 Nickel silvers

Nickel silvers (NS102 to NS106) are copper alloys with
10-25%Ni and 18-28%7Zn. They have good corrosion res-
istance and attractive colour and are available as strip and wire
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with proof stresses between 600 and 620 MPa, which makes
them very suitable for relay springs at ambient and moderately
elevated temperatures.

Leaded nickel silvers (NS101 and NS111) which have im-
proved machinability are also available as bar.

1.4.1.10 Miscellaneous alloys

Copper alloys with between 20 and 45% lead are used for
bearings whose loadings are too high for white metals. They
were originally cast into a steel backing but are now usually
made using powder metallurgy techniques to improve con-
sistency and produce a more favourable structure.

Alloys of copper with manganese and aluminium or man-
ganese and nickel can have very small temperature coefficients
of electrical resistance. They are used in instruments and are
usually supplied as annealed wire. Other copper—manganese
alloys have high damping capacities.

Typical compositions and mechanical properties of these
alloys (which are not covered by British Standards) are listed
in Tables 1.19 and 1.20.

Alloys of copper with zinc (12-40%) and aluminium (2-8%)
are capable of existing in two distinct configurations above and
below a critical temperature which may be selected to lie
between —100°C and +100°C. This ‘shape-memory’ character-
istic enables the manufacture of a component that will gene-
rate a force 200 times that which can be obtained from a
bimetallic strip of similar size and is used for controlling
temperature.

1.4.1.11 Selection of copper alloys

Choice of the alloy of copper that will most satisfactorily fulfil
most appropriate engineering applications may be made by
consulting Tables 1.21 to 1.24.

1.4.2 Aluminium and its alloys

1.4.2.1 General

Although aluminium has been used commercially for little
more than 100 years, on a volume basis it has become the most
widely used non-ferrous metal. It has the essential character-
istic of high corrosion resistance in normal atmospheres and
conditions and its cost per unit volume is usually lower than
that of any other metal except steel.

One of the most important characteristics of pure alumin-
jum is its high electrical conductivity, 61 IACS on a volume
basis; because of its low specific gravity, aluminium con-
ductors are usually cheaper than copper conductors.

Table 1.19 Composition and mechanical properties of copper—lead alloys for bearings (lead bronzes)

Composition (wt%)  Tensile
Type Strength

Characteristics

Cu Pb Sn Ag Other (MNm?)

80720 Cu-Pb 78 20 — — 1.2-5Ni 140 Bonded to steel shells for bearings.
Alloys up to 45% lead are in use

74/24 Cu-Pb 74 24 2 — — 140 Good conductivity

70/30 Cu-Pb 69 30 — 0.6 — 140 Withstands ‘pounding’

60/40 Cu-Pb 59 40 — 1 — — Lead distribution improved by powder
metallurgical processing

55/45Cu-Pb 55 45 1 — — 120

* Reproduced by permission of the heirs of Dr E. A. West.
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Table 1.20 Composition and mechanical properties of copper-manganese alloys”

Composition (%) Tensile properties

Type Cu Mn Al Ni Condition Strength  Elongation
(MNm™?) (%)

Characteristics

Cu-Mn-Ni Balance 12 — 2-4 Drawn—soft 420 30
(‘Manganin’)
Cu-Mn-Al Balance 13 2 -— Drawn—soft 430 30
Drawn—hard 680 10
General purpose, 58 40 2 — Hot and cold
high damping alloy worked

(‘Incramute’)t

Marine high damping 30 63.5 4 2.5 Cast
alloy (‘Sonoston’)%

60 200 — 20 Heat treated

High specific resistance alloys with
low temperature coefficient of
electrical resistance

High capacity for vibration damping
and good corrosion resistance.
Good casting and hot and cold
forming properties, but difficult to
machine. Costly

High capacity for vibration damping
and good marine corrosion
resistance. Casting requires skill.
Poor machinability. Costly

High strength suitable for springs

* Reproduced by permission of the heirs of Dr E. A. West.
t International Copper Research Association Inc.
i Stone Manganese Marine Ltd.

Table 1.21 Initial guide to selection of copper and copper alioys for electrical purposes”

Application Wrought Cast
Power cables, overhead lines, industrial C101, C102

and domestic wiring

Telecommunication and coaxial cables C101, C102

Overhe?d lines and electric-traction C101, C102, C108

catenaries

Bus-bars C101, C102

Flexible cables C101, C102, C108

Generator windings and transformers at C101, C102

low and normal temperatures

Generator windings at raised temperatures CC101, CC102
Cu + 0.1%Ag

Commutators C101, C102, A2/1
Cu + 1%Ag

Slip rings CZ108

Electronic components in vacuum C103, C110

Switch blades, etc. C101, C102, CB101
Cu + 0.1%Ag

Machined components for fittings C111, C109

(terminals, etc.)

Cast components for conductors

PB4, HTB1, SCB4, SCB6

HCC1, CC1

HCC1

Spring contacts, etc. PB101, PB102, PB103, C108, CB101, A3/2,

NS103, NS105, NS106, NS107

* Reproduced by permission of the heirs of Dr E. A. West.
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Table 1.22 Initial guide to selection of copper and copper alloys for applications in mechanical and chemical engineering*

Application Wrought Cast
Bellows and diaphragms PB101, PB102

Valve bodies for high duties CA104, CA105 ABI1, AB2
Pressure vessels C106, C107, CS101

Wear-resistant cans, guides, etc. CB101, CA105 AB1, AB2

Pump components

Springs

Bearings
Heavy duty, rolling mills
Marine
Non-critical, low loads
Light duties
Average duties, good lubrication
Average duties, poor lubrication
For hard shafts
For soft shafts, low loads
Plates for bridges
Ball and roller cages

Automobile radiators
Tubes
Strip
Tanks

Gears
Light duty
Moderate duty
Moderate duty
Very heavy duty, low speed
High loading
High abrasive loading
Pinions
Clocks and similar
Instruments (high precision)

Bushings for sleeves

Deep drawn and pressed items

Repetition machined items

Brazed assemblies
Non-sparking tools, etc.
Chains

Hot forgings and stampings

CA106, PB103, PB104

CB101, PB102, PB103, NS104, NS106,
NS107
CZ106, CZ107, CZ108, C101

CA106, CA105, Copper lead
CZ120, CZ121, CZ122
PB104, CZ124

PB104, CZ124

PB103, PB104, CZ121, CZ124

CA104, PB104
A/312

C101, C102, C106, CZ105, CZ106
Cu + 0.1%Ag
CZ105, CZ106, CZ107

PB103, PB104, CA103, CA104, CZ105
PB103, PB104, CA103, CA104, CA105

CA103, CA104

CA104

PB103, PB104

CZ118, CZ120, CZ122

CZ120, CZ122

PB103, PB104, CZ120, CZ121, CZ122

CZ105, CZ106, CN104, NS104, NS105,
C104

C109, C111, CZ118, CZ119, CZ120,
CZ2121, CZ122

C106, C107, CZ103

CB101, CA103, CA104, CA105
CB101, CA104

CZ109, CZ120, CZ122, CZ123

AB1, AB2, CMA1, G1,
LG2, LG4

AB2

Gl

LG2, LG4, LB4
DCB1, DCB2, DCB3
LG2,LG3

LB2, LB3, LB4, LPB1
PB1, PB2, PB4, G1
LB1, LB4, LBS

PB1, PB2, PB4

Gi, LG2, LG3, LG4, DCB1
DCB2, DCB3, AB1

PB1, PB2, PB4

PB2, AB2

PB1, PB2, PB4, AB2

AB1

PB1

ABI1, AB2

AB1

* Reproduced by permission of the heirs of Dr E. A. West.
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Table 1.23 Initial guide to selection of copper and copper alloys for corrosion resistance*

Environment and Application Wrought Cast

Rural and industrial
Roofing sheet and cladding, flashing and C101, C102, C104

gutters
External decorative items, formed strip C102, C104, CZ107, CZ121, CZ125,
and sections NS101, NS102, NS111, NS112
Lightning conductors C101, C102, C104
Wall ties and masonry fittings PB102, CA103 PB1, AB1, AB2
Window frames and statuary CZ121
Statuary C101, C102, C104, C106 Special tin bronzes
Solar heating panels C106, C10
Damp-proof course and weather strip C104, C107, CZ101, CZ102
Tubes for water and gas C106
Water cylinders, calorifiers C106, CS101
Tubes for soil and waste systems C106
Hinges and butts CZ108, CZ121
Water fittings, taps, etc. SCB1, SCB3, SCB6, DCBI1,
DCB3, PCB1
Valves for water SCB1, SCB3, SCB6, DCB3,
LG2, LG4, G1
Nails and screws C102, CS101, CZ106, CZ108, CZ121,
CZ124
Marine
Condenser tubes CN101, CN107, CZ109, CZ110, CZ112,
CA105
Tubes for seawater CN101, CN107, CZ110, CS101, CA104,
CA105
Oil tank heaters CZ110
Fittings for seawater CZ112, HTB1, CN107, CS101, CA104, PB1, PB4, G1, LG2, LG4
CA105
Valves and pump components CA104, CA105 G1, LG2, LG4, PB1, PB4,
AB2
Boiler feed water fittings CT1, PB1, PB3 AB2, G1, LG2, LG4, PB1,
PB4
Propellors CMAL1, (CMA2), AB2,
HTB1
Portholes, deadlights, windows CA104 G1, AB2
Non-magnetic fittings CZ112, CA103, CA104 G1, LG2, LG4, AB1, AB2
Small fittings and cleats CZ110, CZ111, CZ112, CS101, CA104 HTBI1, LG2, LG4
Nails, clouts and screws CS101, CZ112, CA103, CA105

* Reproduced by permission of the heirs of Dr E. A. West.

Table 1.24 Initial guide to selection of copper and copper alloys. for applications at raised temperatures”

Application Wrought Cast

Superheated steam valves and fittings CA103, CA104, CA105 L.G2, LG4, AB2, CMA1
Oxygen lance heads CC101, CCi102

Arc furnace electrode holders C108 CC1-TF

Disc brakes CC101, CC102

Aircraft brakes CC101, CC102

Spot, seam and flash butt welding C108, CB101, CC101

electrodes and dies

* Reproduced by permission of the heirs of Dr. E. A. West.



A most important point to consider in the selection of
aluminium is the cyclical price variation. The supply of
aluminium is inelastic because furnace capacity cannot be
expanded quickly. Therefore, while aluminium components
cost less than copper or magnesium components when supply
exceeds demand, magnesium components and occasionally
even copper conductors may become superior economically
when aluminium is in short supply. In extreme cases a correct
choice made when a component is designed may prove to be
incorrect when it comes to be manufactured.

Aluminium is ductile and easily fabricated and, although its
mechanical properties are not outstanding, the specific
strength and modulus of its alloys are excelled only by
titanium and magnesium among common engineering metals
because of its low specific gravity (2.7).

The tensile properties of aluminium improve with reduction
in temperature and, because it has a face centred cubic
structure, it does not embrittie at cryogenic temperatures. It
is, therefore, suitable for components for operation at cryo-
genic temperatures.

The casting and fabrication of aluminium are easy due to its
low melting point and high ductility. Because of this, and
because of its wide usage, aluminium is readily available in all
wrought forms, shapes and finishes, and all varieties of
castings. British Standards specifications covering aluminium
alloys are listed in Table 1.25.

Most wrought alloys can be hardened by cold working and
are available in a variety of tempers.

Some alloys, both cast and wrought, are amenable to heat
treatment by solution treatment and ageing. The several heat
treatments and conditions are denoted by letter and number
codes which are listed in Table 1.26. All except some heat-
treated alloys are very easy to weld.

Aluminium is easily machined and, in spite of its ductility, is
capable of a good finish. It is non-sparking and non-magnetic.

Drawbacks are poor fatigue and poor elevated-temperature
properties. Aluminium has no endurance limit, the fatigue
strength of the pure metal at 10% cycles is only about 60% of its
tensile strength and this ratio is lower the higher the tensile
strength of the alloy. Because of its low melting point, its
high-temperature capability is very limited and the tensile
strength of wrought alloys falls very sharply above 220°C and
that of cast alloys above 270°C.

Table 1.25 British Standard specifications covering aluminium alloys*

BS 1490: 1970  Aluminium and aluminium alloy ingots
and castings

Applications
BS 1470: 1985  Wrought aluminium and aluminium alloys
for general engineering purposes—plate,

sheet and strip

BS 1471 Drawn tube

BS 1472 Forging stock and forgings

BS 1473 Rivet, bolt and screw stock

BS 1474 Bars, extruded round tubes and sections
BS 1475 Wire

BS 3087: 1974  Anodic oxide coatings on wrought
aluminium for external architectural
applications

Anodic oxidation coatings on aluminium
Methods for crack opening displacement
(COD) testing

Code of practice for the design of
aluminium structures

BS 1615: 1972
BS 5762: 1979

BS 8118: 1985

* See atso BS L series and DTD specifications for defence materials.
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Table 1.26 BS codes for aluminium product forms and conditions

Wrought material

Prefixes indicating product form:
Bolt and screw stock

Clad

Longitudinally welded tube
Rivet stock

Bars, extruded round tube and sections
Forging stock and forgings
Wire

Plate, sheet and strip
Drawn tube

HLOTMME =AW

Suffixes indicating condition:

F As fabricated

(6] Annealed

H Strain hardened (i.e. strengthened by cold
working—non-heat-treatable materials)

H2  Approximately equivalent to previous BS
designation 1/4 H

H6  Approximately equivalent to 1/2H

H8  Approximately equivalent to 3/4H

Heat treatable:

T4  Solution treated and naturally aged (formerly TB
or W)

T3  Solution treated, cold worked and naturally aged
(formerly TD or WD)

T5  Precipitation treated (formerly P or TE)

T8  Solution treated, cold worked and precipitation
treated (formerly TH or WDP)

T6  Solution treated and precipitation treated (formerly

TF or WP)
Electrical grade:
E A special suffix indicating an electrical grade of
material

Cast material
Code indicating heat treatment:

M As cast
TB  Solution heat treated and naturally aged (formerly
W)

TB7 Solution heat treated and stabilised (W special)

TE Precipitation treated (P)

TF  Solution heat treated and precipitation treated
(WP)

TF7 Solution heat treated, precipitation treated and
stabilised (WP special)

TS  Thermally stress relieved

Ingot material
Ingot materials have the same designations as castings, but
no code letters for condition

Although corrosion resistance in normal atmospheres is
good, aluminium is prone to galvanic corrosion when coupled
to most engineering metals (except magnesium and zinc) and
certain alloys in high heat treatment conditions are prone to
localised corrosion.

1.4.2.2 Wrought aluminium alloys (see Table 1.27)

All aluminium alloys are collectively known as ‘aluminium’.
‘Pure aluminium’ is an alloy of aluminium, iron and silicon
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Table 1.27 US and UK wrought aluminium alloy designations

Composition USA UK BS Heat Uurs Weldability
(%) AA (where different) treatable (MPa) Notes
Fusion Resistance
99.99A1 1099, 1199 — No 50-100 Very good Good
99.8Al 1060 No 50-150 Verygood Good
99.5Al 1050 IE No Very good
99.5Al EC IE No Very good
99.0Al 1200 No 100-150 Verygood Very good
Al, 4Cuy, Si, Mg 2014 Yes 400-500 No Very good
Al, 4Cu Mg 2024 197,198 Yes 400-500 No Good
Al, 12Cu, 1.5Mg, 1Fe, INi 2618 Yes 400-500 No No
Al, 12Cu, 1INi, 1Mg, Fe, Si — No No RR50
Al, 15.5Cu, Cu, Pb, Si — FC1 No No free cutting
Al, 1Mn 3103 No 200 Good Good
Al, Mn, Mg 3105 No 200 Good
Al, 5Si 4043/4543 — No
Al 128i 4047 — No
4032 DTD324B
Al, IMg 5005 Excellent Excellent
Al, 2Mg 5052 No 150 Excellent Excellent
Al, 3Mg 51.54A 5154 No 200 Excellent Excellent
Al, SMg 5056A 5056 No 200-300 Excellent Excellent
Al, 3Mg, Mn 5454 No 250-300 Excellent Excellent
Al, 4.5Mg, Mn 5083 No 300400 Excellent Excellent
Al, Mg, Si 6063 Yes 150-200 Good Good
6363 Yes 150-200 Good Good
Al, 1Mg, Si, Cu 6061 Yes 200-300 Difficult  Good
Al, Mg, Si, Mn 6082 Yes 200-300 No Good
Al, 14.5Zn, 1Mg 7005 Yes 350 No Good
7075 DTD35074A
Al, 12.5Li, 1.3Cu, 0.8Mg, 0.1Zr 8090 Yes 400-500 Notstated Notstated Low density,
Al, 12.3Li, 2.7Cu, 0.12Zr 2090 Yes 400-500 Notstated Notstated high modulus
derived from the reduction process, in contents varying chromium. These have UTS up to 330 MPa without any
according to grade up to 1% with minor quantities of other real deterioration in corrosion resistance. They are used
metals. ‘Bright trim’ grades have slightly higher impurity for applications similar to those of the non-heat-treated
contents and small additions of magnesium. In ‘super pure’ alloys, but which require slightly higher strength.
aluminium, which is double refined, the impurities (copper, (2) Alloys containing copper as well as Mg,Si with one or
silicon and iron) total less than 0.01%. more of manganese, iron, nickel, chromium, titanium,
The tensile strength of the pure aluminium grades varies zirconium or niobium may age harden at room tempera-
from about 55 MPa (temper designation ‘O’) annealed to ture after quenching or may require precipitation heat
about 160 MPa strain hardened full hard (temper designation treatment to give UTS up to 450 MPa. The corrosion
‘H.8). Increases in strength are obtained by alloy additions. resistance of these alloys is impaired so that they must be
Manganese and magnesium in amounts up to 1.25%Mn and protected from weathering. These alloys may be used for
4.5%Mg increase the UTS up to about 300 MPa annealed and aircraft structures, other miscellaneous structural appli-
375 MPa strain hardened half hard. cations and, in some cases, forged aircraft engine parts,
None of these alloys owes its tensile properties to heat including forged pistons.
treatment, and corrosion resistance is reduced only marginally (3) Alloys containing zinc and magnesium, and sometimes
compared with that of pure aluminium. All of the alloys are chromium, some of which give UTS around 450 MPa,
readily welded. while others give UTS up to 600 MPa. Alloys heat
The lower strength alloys of this group are used for domestic treated to the higher levels may have both their fracture
and culinary equipment and automobile trim; the medium toughness and their resistance to stress corrosion im-
strength alloys are used for architectural, marine and commer- paired. These alloys are mainly used for aircraft struc-
cial road vehicles; and the higher strength alloys are used for tural applications, but other structural applications are
marine, welded structural applications and aircraft tubing. becoming important.
Higher strengths are obtained by quenching suitable alloys (4) The addition of lithium in amounts of around 2.5% to

from elevated temperatures and then ageing by reheating at
lower temperatures.
There are several groups.

(1) Alloys containing amounts of magnesium and silicon in
the ratio of the compound Mg,Si with manganese or

copper—-magnesium-zirconium alloys gives an increase in
modulus and a decrease in specific gravity of 10% in
alloys with 0.2% proof stress and UTS of 500 and
420 MPa, elongations around 7%, and plane strain frac-
ture toughness values around 35, which are to be com-
pared with the properties of 2324 or 2014 for which the
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Tabie 1.28 UK and US aluminium casting alloys designations
Alloy type  Composition UK BS USA AA UTS* Notes
(%) (MPa)
Pure Al 99.5A1 LMO 80
i 58i LM18 443 120-150 ~
AL S 2}’ 1281 LM6 — 170-200  Linear expansion coefficient 20 x 1076
Al, Si, Mg Al 158i, 1Cu, Mg LM16 355 210-310%
& Al, 7Si, Mg LM25 356 140-310%
Al, 118i, Mg, Cu LM13 A332 150-290+
Al, 12Si, Mg LM9 A360 180-310%
Al, 198i, Cu, Mg, Ni LM28 130-200t ) ) -
Al, 23Si, Cu, Mg, Ni LM29 130-210t Linear exg)ansmn coefficient
16 X 107°.
Low ductility
Al Si, Cu Al 106Cu, 2Si, Mg LM12 222 180
Al, 58i, 1Cu L78 200-310%
Al, 58i, 3Cu LM4 319 150-310%
Al, 5Si, 3Cu, Mn LM22 — 260
Al, 6Si, 4Cu, Zn LM21 319 180-200
Al, 78i, 2Cu LM27 319 150-180
Al, 88i, 3Cu, Fe 1L.M24 A380 200
Al, 9Si, 3Cu, Mg LM26 F331 230
Al, 108i, 2Cu, Fe LM2 — 180
Al, 128i, Cu, Fe LM20 413 220
Al, 17Si, 4Cu, Mg LM30 390 160
Al, Mg Al, SMg LMS5 314 170-230
Al, 10Mg LM10 520 310-360
Al, Cu, X Al 2Cu, 1.38i, 1.3Ni, 1Mg, 1Fe L51 — 2151 Maximum impact 250
Al, 4Cu 1.91/92 280-355t  Maximum impact 250
Al, 4Cu, 2Ni, 2Mg L35 220-310+ Maximum impact 270
Al, 4.5Cu, 0.7Ag, 0.3Mg, _ )
0.10Si, 0.14Fe, 0.4Mn, 0.4Cr  Not in specification 450+ High technology sand casting
Al, Zn, Mg Al, 5Zn, Mg DTD5008 215
Al, 7.7Mg., 1.2Zn DTD5018 275-305

® Weakest sand casting—strongest die casting.
1 Solution heat treated and precipitation treated.

lithium alloys might be substituted. Fatigue crack growth
rates also appear comparable or better than the standard
alloys as does the range of general corrosion. These
alloys are, however, prone to stress corrosion. Samples
of these alloys have been used in aviation applications for
2 years and qualifying tests for major usage are proceed-
ing.

1.4.2.3 Aluminium casting alloys (see Table 1.28)

The alloying additions for casting alloys differ significantly
from those for wrought alloys because of the role of silicon in
improving castability and reducing thermal expansion. The
coefficient of thermal expansion is reduced by 33% for a
silicon content of 23% and proportionately for other con-
tents—an effect which can be important in components such as
pistons. All aluminium casting alloys contain approximately
0.2% titanium as a grain refiner. In addition, alumi-
nium-silicon alloys must be ‘modified’, i.e. the acicular silicon
phase in the aluminium-silicon eutectic must be converted to a
fine spheroidal particle by the addition of sodium, either as a
metal or as a fluoride compound, if the alloy is to have a
reasonable ductility. The eutectic composition of modified
silicon-aluminium is approximately 12.6%. If, to reduce the

coefficient of thermal expansion, the silicon content is raised
above this value, the elongation will become very low because
of the presence of hypereutectoid silicon.

Five major casting alloy groups can be identified:

(1) In castings, additions of manganese or up to 12% silicon
increase the UTS up to 170 MPa without heat treatment.
The straight aluminium-silicon alloys are used where
castability is essential but only moderate strength is
required.
Moderate increases in tensile strength without heat treat-
ment are obtained by additions of copper, sometimes
accompanied by iron, magnesium or zinc, to the basic
silicon alloys. These alloys are used where good casting
characteristics, weldability and pressure tightness are
required with moderate strength. Applications include
manifolds, valve bodies, ornamental grills and general-
purpose castings.

(3) Heat-treated aluminium-silicon alloys, either alumi-
nium-silicon~magnesium or aluminium-silicon-copper
may have UTS ranging up to 310 MPa, but ductility is
low with elongation values ranging around 1% or less,
particularly with the higher silicon content materials.
These alloys are used for automobile and diesel pistons
and pulleys.

@
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Figure 1.40 The Cosworth Foundry: (a) the casting unit; (b) flow
diagram of the Cosworth Process. (Courtesy of Metals and Materials)

(4) UTS ranging up to 300 MPa with elongation between 4
and 10% may be obtained by heat treating alu-
minium-magnesium, aluminium-copper, aluminium~
zinc—-magnesium or more complex alloys of low silicon
content. These alloys are used for more highly stressed
components such as aircraft fittings, internal combustion
engine pistons and cylinder heads where higher strength
and hot strength are important but castability is not so

critical.
(5) There is one, silver containing, casting alloy (Al
4.5%Cu, 0.7%Ag, 0.34%Mg, 0.10%Si, 0.14%Fe.

0.4%Mn, 0.4%Cr) not in any standard which, when
manufactured by a high-technology casting process, may
be heat treated to UTS 450 MPa, elongation 10%; this is
equivalent to many forging alloys. It is expensive and
unlikely to have a high resistance to corrosion, but it
offers great advantages for complex highly stressed com-
ponents such as may be used in fighter aircraft.

1.4.2.4 Fabrication of aluminium and its alloys

Aluminium has a face centred cubic structure and its conse-
quent ductility combined with its relatively low melting point
make it easy to cast and work. It is available in the form of
sand, gravity and pressure die castings, a very wide range of
shapes and sizes of extruded sections, forgings, plate, sheet
and strip, many sheet metal products, rod, wire and tube.
Most of its alloys can be welded by inert gas shielded metal arc
or electric resistance processes. Powder processes have been
developed, principally for producing composites usually of an
alumina or other ceramic in an aluminium matrix.

High quality aluminium components depend on the pro-
duction of a fine-grained defect-free casting. Aluminium has
no allotropic modification and cannot be refined by heat
treatment. While aluminium alloys can be recrystallised after
working, their fatigue characteristics depend on the produc-
tion of an inherently fine-grained casting with a very fine
dispersion of intermetallic particles. Furthermore, because of
the high solidification contraction, aluminium alloys depend
for their soundness on very efficient feeding during solidifi-
cation.

These problems are compounded by the tendency of molten
aluminium to absorb hydrogen which is evolved to form
cavities in the metal on solidification and by the tenacious
oxide film which forms on the surface of the molten, as of the
solid, metal and may be carried under the surface of the
casting by turbulence to form discontinuities and interrupt
feeding.

Hydrogen must be minimised by melting practice and
eliminated by fluxing shortly before pouring.

A fine cast structure and satisfactory feeding of ingots for
mechanical working can be achieved by continuous casting
and this process is amenable to smooth liquid metal transfers
which minimise or eliminate oxide inclusions.

The production of high quality conventional sand and
gravity die castings has, in the past, depended to a very large
extent on the experience and skill of the foundry. Recent
developments in the technique, both of sand and die casting,
have gone a long way to ensure rapid and efficiently fed
solidification of a melt free from oxide inclusions. The most
modern techniques of sand and die casting consist of causing
molten alloy to rise from the centre of the melt into a
superimposed die or mould.

The liquid metal (which has no oxide skin) rises with an
unbroken surface during all stages of filling with metal,
transferred in non-turbulent conditions, from a large quiescent
enclosed bath of molten alloy. The pressure head developed to
raise liquid smoothly into the mould is maintained to feed the
casting during solidification. The more even flow of metal
itself increases the chilling effect of the mould on the solidify-
ing metal, but this effect is augmented by using mould
materials with greater heat capacity.

Cosworth foundry, whose casting unit is represented
diagrammatically in Figure 1.40 uses zircon sand which, be-
sides producing a greater chill, has a lower thermal expansion
than silica sand and significantly improves accuracy.

The newly developed casting processes improve tensile and
fatigue strength by about 30% and double the elongation
compared with conventional sand casting.

1.4.2.5 Identification and standards of aluminium alloys

Wrought products The British Standards Institution (BSI)
the US Government and the standards organisations oof many
countries use the four-digit system of the Aluminium Associa-
tion of the USA to identify wrought aluminium alloys, as listed
in Table 1.27.
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Table 1.29 Guide to exposure of aluminium alloys to rural, marine and industrial environments™

Castings (BS 1490) Wrought (BS

Notest

1470—1475)
Group 1
LM5-M 1060, 1050, 1200
LM10-TB
LMé6-M, LM9-TE, LM9-TF 3103, 3105
LM18-M, LM20-M 5005, 5251, 5154, 5454
5083
6060-T4, 6061-T4,

6082-T4, 6463-T4
2014C-T4, 2024C-T4

Group 2
LM4-M, LM2-M
LMI16-TF, LM13-M

6060-T6, 6061-T6,
6065-T6, 6082-T6,

LM21-M, LM22-TB, LM24-M,  6463-T6
LM27-M, LM31-M, LM20-M

Group 3

LMI12-TF 2014-T4

2024-T4, 2024-T6

Weathers to pleasant grey colour, deepened
to black in industrial atmospheres.
Superficial pitting occurs initially and
gradually ceases. Seldom needs painting,
except for decoration. May be anodised for
appearance, but some alloys (e.g. LM6) give
dark films

Weathers as above. Is normally painted in
severe industrial environments and for
marine service. May be anodised as above

Painting needed in marine and industrial
atmospheres, but coatings need only
infrequent renewals. Sprayed aluminium
coatings, or cladding, give excellent
protection. Seldom anodised

* Reproduced by permission of the heirs of Dr E. A. West.

t Aluminium retains its initial appearance if it is washed periodically (3- to 12-month intervals),
depending on the severity of the pollution in the air. For many applications the weathered surface is
satisfactory, but anodising is often undertaken, particularly for architectural items, to preserve a smooth
appearance, but periodic washing is desirable, especially when the anodic film is coloured. Anodising

should be in accordance with BS 1615: 1972 and BS 3987: 1974.

Table 1.30

Initial guide to corrosion resistance of aluminium alloys at normal temperatures®

Exposurelapplication

Wrought products (BS 14701477, 4300) Castings (BS 1490)

1050, 1090, 1200, 3103,
3105, 5005, 5251
5083, 5154, 5454, 6061,
6063, 6082, 7020

Inland atmosphere/ 1st choice:
building components,

roofs 2nd choice:

5005, 5083, 51540, 5251,
54540, 6061TB, 6063TB,
6082TB

5154H, 5454H, 6061TF,
6062TF, 6082TF,
7020TB, 7020TF

Marine/boats and ships, 1st choice:

fittings

2nd choice:

Chemical and food 1st choice: 1080, 1050, 3103, 3105,
plant 51040
Strt ems Ist choice: 6061TB, 6063TB,

6082TB
6061TF, 6063TF, 7020,
6082TF, 2014A (clad)

2nd choice:

1st choice: LMO, 5, 6, 9, 10, 18, 25

2nd choice: LM2, 41, 13, 16, 20, 21,
22,24, 26, 27, 28, 29, 30
1st choice: LMS5, 10

2nd choice: LMO, 9, 18, 25

1st choice: LMO, 5, 10

1st choice: LMS, 10

2nd choice: LM6, 9

* Reproduced by permission of the heirs of Dr E. A. West.

In most cases the British Standard numbers are identical to
those of the US ones, but a few British alloys, for which there
is not always a US equivalent, retain the old ‘L’ system of
numbering and a few newer alloys are so far covered only by
Department of Technical Development specifications.

Castings Casting alloy numbers have not been homologised.
Most British Standard alloys have ‘LM’ numbers, but a few ‘L’
numbers survive and some alloys are covered by DTD specifi-
cation. At least three distinct number classifications are used
in the US Aluminium Association casting alloy numbers and
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Table 1.31 Initial guide to selecting cast aluminium alloys according to static strength*+
urs Elongation  Alloy reference Form of Condition
(MPa) (%) (BS 1490) casting
120-1406 1-5 LM4, LMS, LM18, LM25, Sand M
LM27
LM28, LM29 Sand TF
LM28 Chill TE
150-180 1-5 LM2, LM4, LM5, LM12, Chill M
LM18, LM21, LM24,
LM25, LM27, LM28, LM30
LM16 Sand TB
LM6 Sand M
LM25 Sand TE
190-210 1-5 LMé6, LM9, LM20 Chill M
LM13, LM25, LM26, LM29 Chill TE
LM28, LM29 Chill TF
210-245 1-8 LM4, LM9, LM6, LM25 Sand TF
LM9 Chill TE
LM16, LM22, LM25 Chill TB
250-310 1-2 LM4, LMY, LM13, LM16, Chill TF
LM25
8-12 LM10 Chill TB
450 10 Special silver alloy: High technology TF

sand

* Reproduced by permission of the heirs of Dr E. A. West.
+ Figures are those obtained on standard test bars.
i Referred to in Section 1.4.2.3.

Table 1.32 Initial guide to selecting wrought aluminium base materials
according to static strength*t

urTs Elongation Alloy reference Condition

(MPa) (%) (BS 1470-1475, 4300) range

55-95 35-20 1080A, 1050A, 1200, 1350 0
9-155  25-16 3103. 3105, 5005 0
18-16 6082 0
10-3 1080A, 1050A, 1200, 1350  H4-HS8
145-185 8-1 3103 H2-H4
15 3103, 5005 H4-H8
12 6082, 6463 TB/TF
6061, 6063 TF
160-200  20-18 5251 0
215-285  18-12 5154A, 5454 0
8-3 5251 H3-Hé
12 7020 TB
9 6061, 6063 TF
275-350  16-12 5083 0
8-3 5154A, 5454 H2-H4
8 6082 TF
10 7020 TF
12 2031 TB
375-400 14-8 2014A, 2014 (clad), 2618A  TF
104 5083 H2-H4
400480 8-5 2014A, 2014 (clad), TF
2618A, DTDXXXA
480-580 4 7075, DTDXXXB Té6

* Reproduced by permission of the heirs of Dr E. A. West.
+ As there are variations depending on form and thickness, details must
be obtained from the relevant British Standard.

British Standard Product Specifications are listed in Table 1.25
and the condition codes are given in Table 1.26.

1.4.2.6 Design using aluminium

The attention of the design engineer is called to three matters
which are of great importance in the design and operation of
aluminium components.

Creep buckling in compressed struts and sheets can occur
under loads far smaller than those calculated from the normal
Euler formula using the modulus of elasticity. !® Creep buck-
ling is not unique to aluminium alloys, but the loading
conditions in aircraft struts are often such that it is critical.

When a typical aluminium alloy is compared with a steel,
the fatigue crack growth rate per cycle da/dN for the alumi-
nium alloy is 40 times that for the steel. When compared with
a titanium alloy of twice the yield stress, da/dN for the
aluminium alloy is 20 times that of the titanium alloy. Ky for
the aluminium alloy is typically 20 MN m~¥? compared with
160 MN m 32 for the steel and 60 MN m ~3? for the titanium
alloy (see Chapter 8, Section 8.3). This is to some extent offset
by the lower stresses used in design with aluminium. Even so,
fatigue crack growth calculations play a much more significant
part in the design process for aluminium alloys than for
medium strength steels.

The fatigue crack growth versus stress intensity curve shows
less tendency to turn down to the vertical with aluminium
alloys than with steel. Therefore aluminium alloys do not have
a well defined endurance limit. This is not so serious as it might
seem because aluminium alloy components are seldom de-
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Table 1.33 Initial guide to selecting aluminium alloys for use at elevated temperatures*t

BS references

UurTs Temperature
(MPa) (°C) Castings Wrought forms
100-155 100 LM4, LM5, LM6, LM10 TB, LM12 TF, 1200 H8, 2014 T6, 2618 T6, 3103 H4-H8,
LM13 TF, LM25 TF, L35, 2L.92 TF 5083 0, 5251 0 H4-H8, 5454 0/H2-H4,
6063 T6, 6082 T6, 7075 T6
150 LM4, LM5, LM6, LM10 TB, LM12 TF, 1200 H8, 2014 T6, 2618 T6, 3103 H4-HS,
LM25 TF, L35, 2L.92 5083 0, 5251 0/H4-H8, 5454 0/H2-H4,
6063 T6, 6082 T6, 7075 T6
200 LM4, LM5, LM6, LM10 TB, LM12 TF, 2014 Té6, 2618 T6, 5083 0, 5251
LM13 TF, L35, 2092 0/H4-HS, 5454 0/H2-H4, 7075 T6
250 LM4, LM5, LM10 TB, LM12 TF, 5083 0, 5454 0/H2-H4, 6082 T6, 7075 T6
LM13 TF, L35, 2092
300 LM10 TB, LM12 TF, L35, 2L92 —
150-200 100 LM4, LM5, LM6, LM10 TB, LM12 TF, 1200 H8, 2014 T6, 2618 T6, 3103 H8,
LM13 TF, L25 TF, L35, 2L92 5083 0, 5251 0/H4-H8, 5454 0/H2-H8,
6063 T6, 6082 T6, 7075 T6
150 LMS, LM10 TB, LM12 TF, LM13 TF, 2014 T6, 2618 T6, 3103 H8, 5083 0,
LM25 TF, L35, 2192 5251 0/H4-H8, 5454 0/H2-H4, 6082 T6,
7075 T6
200 LM10 TB, LM12 TF, LM13 TF, L35, 2618 Té6, 5083 0, 5251 H4-H8, 5454 0/
2L92 H2-H4
200-250 100 LMI10 TB, LM12 TF, LM13 TF, 2014 AFT, 2618 T6, 5083 0, 5251 H4-H8,
LM25 TF, L35, 2L92 5454 0/H2-H4, 6063 T6, 6082 T6, 7075 T6
150 LM10 TB, LM12 TF, LM13 TF, L35, 2014 T6, 2618 T6, 5083 0, 5251
2092 H4-H8, 5454 H2-H8, 7075 T6
200 LM10 TB, LM12 TF, LM13 TF, L35, 2618 T6
2192
250 LM12 TF, L35 —

* Reproduced by permission of the heirs of Dr E. A. West.

+ Based, in general, on static tests undertaken at temperature after soaking at the same temperature.

signed to withstand cyclic loading in the region of 108 cycles. It
should be noted that the endurance limits normally quoted for
sand castings refer to those produced by conventional methods
and not the high technology methods described in Section
1.4.2.4.

The choice of alloy to meet specific requirements will be
assisted by reference to Table 1.29 for resistance to environ-
mental corrosion, Table 1.30 for resistance to aqueous corro-
sion, Table 1.31 for resistance of castings to stress at room
temperature, Table 1.32 for resistance of wrought products
and Table 1.33 for resistance to stress at elevated tempera-
tures.

1.4.3 Titanium and its alloys

1.4.3.1 General

The importance of titanium as an engineering material de-
pends on alloys which have specific strengths which (except for
beryllium which is costly and toxic) are greater than those of
any other metal alloys—excellent creep resistance up to 600°C
and exceptional corrosion resistance to oxidising media.

The high specific strengths derive from alloys with tensile
and yield strengths up to 1380 and 1230 MPa, respectively, and
a specific gravity of 4.51 (for the pure metal) rising to a
maximum of 4.85 when alloyed, i.e. roughly half that of steel.

The corrosion and oxidation resistance is due to a tenacious
oxide film on a metal above silver and nickel and below only
Hastelloy and Monel in the electrochemical series for struc-
tural metals in scawater. One research programme on coupled
specimens in seawater has indicated titanium to be the most
noble of structural metals. Titanium alloys are very resistant to
cavitation erosion.

These advantages are reinforced by a high fatigue resistance
(endurance limits are roughly half the UTS) and a thermal
expansion (8 X 1076 °C ! between 0 and 500°C), roughly half
that of austenitic stainless steels and aluminium and two-thirds
that of ferritic steels. Most titanium alloys may be welded
using gas shielded or diffusion methods, and some are capable
of superplastic forming.

The main disadvantage of titanium is its cost. Ore separa-
tion and reduction to the metal is expensive and the metal
reacts readily when hot with oxygen and nitrogen, so that
melting and casting must be done in vacuo and welding must
be done under a protective atmosphere.

Further features are a modulus of 105-125 GN m~2 com-
pared with 180 GN m 2 for steel and 65 GN m 2 for alumi-
nium alloys, and low electrical and thermal conductivities only
about 4% of that of copper. (The higher modulus compared
with aluminium can have advantages for use in springs,
ultrasonic devices, surgical implants, etc.) In addition, in spite
of its generally excellent performance, the corrosion reactions
of titanium with very strongly oxidising media can be catastro-
phic and it is attacked by uninhibited reducing media.
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There are essentially five major groups of engineering
applications of titanium: process plant, marine condenser
tubing, electrochemical fitments, aerospace frames and
aeroengines. The most exciting applications are in the com-
pressors (and other comoponents) of aircraft turbine engines.
The development of these engines has depended on the
parallel development of alloys with progressively improved
creep resistance without sacrificing fatigue resistance. The
development of titanium alloys has kept pace with these
requirements, as illustrated diagrammatically in Figure 1.41.

)

1.4.3.2 Titanium metal and alloy structure

The structure of titanium metal is transformed from the low
temperature close packed hexagonal « phase to the higher
temperature body centred B phase on heating above 850°C.
Alloying elements influence the properties of one or both
phases, and their relative stability.

Titanium with o stabilising and strengthening ele-
ments Zirconium and tin are two additions that strengthen
the « phase considerably, particularly at high temperature.
Unfortunately they also raise the density.

Oxygen and nitrogen which may be introduced during
reduction and processing stabilise the a phase and increase
strength at the expense of toughness. Their content must
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Figure 1.42 Part phase diagrams of 8 stabilising additions to titanium. (a) Complex structure of manganese alloys. (b) Favourable simpler

structure of vanadium alloys
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therefore be limited. The addition of small quantities of
palladium (IMI grades 260 and 262) markedly improves
resistance to reducing environments; the addition of molyb-
denum and nickel (ASTM grade 12) is a cheaper but less
effective means of obtaining a similar result.

Aluminium stabilises the o phase and also reduces density.
The Ti, 5%Al, 2.5%Sn alloy (ASTM grade 6) has useful
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300

Stress (MPa)

200 Ti, BAl, 2-565n
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tensile properties up to 300°C and is weldable but difficult to
cold form.

Unfortunately attempts to increase strength still further by
increasing the alloy content lead to embrittlement due to
ordering and formation of Ti3Al according to:

S Zr
A1+?"+?+1002<9%

Titanium with [ stabilising and strengthening ele-
ments Manganese, iron, copper, chromium, vanadium and
molybdenum additions tend to stabilise the B phase. The most
favourable elements are those that do not have a peritectic
reaction (see Figure 1.42).

Very high strengths (up to 1500 MPa) can be achieved in
metastable B alloys but, although alloys such as Ti, 8%Mn
(which was processed in the a + B phase region) and Ti,
13%V, 11%Cr, 3% Al (which was strengthened by precipita-
tion of the a phase) have been developed the alloys can
embrittle on heating above about 300°C and none have found
high temperature applications in aeroengines.

Titanium with both a and B stabilising and strengthening
elements Titanium alloys with added elements that stabilise
both the o and B phases simultaneously provide significantly
increased room and high temperature strengths.

Ti, 6%Al, 4%V is rated up to 350°C and has found
widespread application. The addition of silicon significantly
increases creep strength and Ti, 4% Al, 2%Sn, 4% Mo, 0.5%Si
(IMI 550) is not only 10% stronger than Ti, 6% Al; 4%V but,
in addition, can be operated up to 400°C. (It was later found
that the optimum benefit of silicon additions occurs at a lower
level of addition to near « titanium alloys (see Figure 1.43).)

IMI 834

IMI 829
(5-3-3-15)

5-6-2-1S

5.5-2-25

Temperatu}e for TPS=0.2% in 100 h

550°C
Ll

16 17

18 19

Larson-Miller parameter = 1(20 logt) x 10°

Figure 1.44 Creep resistant alioy development. Larson—Miller plot showing improvements achieved over the last 30 years. (Reproduced by

permission of IMI Titanium Ltd)
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Near « alloys have also been developed to have high
strength for moderate temperature applications (up to about
400°C). These include Ti, 2.25%Al, 11%Sn, 4%Mo, 0.2%Si
(IMI 680) and Ti, 6%Al, 5%Zr, 4%Mo, 1%Cu, 0.2%Si (IMI
700) and in the US Ti, 6%Al, 2%$Sn, 4%Zr, 6%Mo and Ti,
5%Al, 2%Sn, 2%Zr, 4%Mo, 4%Cr.

Near a titanium alloys The near a titanium alloys have the
maximum amount of « stabilisers with sufficient amounts of 8
stabilising elements to give medium strength levels but low
enough amounts to avoid weldability or high temperature
creep resistance.

Ti, 11%Sn, 2.25%Al, 5%Zr, 1%Mo, 0.2%Si (IMI 679) can
be operated up to 450°C and the US alloy Ti, 8%Al, 1%V,
1%Mo up to 400°C although it suffers from ordering embritt-
lement and needs careful control in processing. Ti, 6%Al,
2%Sn, 4%Zr, 2%Mo (‘6-2-4-2) was developed to have a
temperature capability of about 470°C and has been widely
used in the USA.

All these alloys had previously been worked and heat
treated in the « + B phase region. B8 heat treatment signifi-
cantly improved creep strength but reduced tensile ductility to
an unacceptably low level. This problem was overcome by the
development of near o Ti, 6%Al, 5%Zr, 0.5%Mo, 0.25%Si
(IMI 685), which is B heat treated to produce an acicular
microstructure and in this temper has creep capability up to
520°C (see Figure 1.44).

B heat treatment by itself may not be sufficient to maximise
creep resistance. Cooling rate is also critical and an example of
this is shown in Figure 1.45.

Fracture toughness and fatigue crack growth rate are im-
proved by changing from « + B to 8 heat treatment. This is
illustrated in Figure 1.46. Unfortunately, room temperature
tensile ductility and fatigue crack initiation are worsened. The
effective initiation unit is the prior 8 grain or the a colony
which, in a B treated structure, can be from 0.5 to 2 mm in size
compared with 10-15 um in an a + B structure.

Reduction in the size of structural features while retaining
an acicular structure can be achieved by using thermomecha-
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Figure 1.46 Crack propagation in high-temperature alloys.
(Reproduced by permission of IMI Titanium Ltd)

nical processing with multirecrystallisation stages, and by alloy
development. This procedure has resulted in B grain sizes of
0.5-0.75 mm in the alloy Ti, 5.6%Al, 3.5%Sn, 3%Zr, 1%Nb,
0.3%Mo, 0.3%Si (IMI 829). Improvements have also been
carried out in the USA on Ti, 6%Al, 2%Sn, 4%Zr, 2%Mo.

The best creep properties (see Figure 1.44) together with an
acceptable fatigue crack growth rate are given by Ti, 5.8%Al,
4.4%Sn, 3.5%Zr, 0.7%Nb, 0.5%Mo, 0.35%Si, 0.06%C (IMI
834). This alloy is characterised by a more gradual change in
phase content with heat-treatment temperature, as shown in
the comparison of the B8 transus approach curves for this ailoy
and 829 shown in Figure 1.47. This allows the alloy to be heat
treated in the high a field for optimum creep and crack
propagation resistance, but with 8 grain size controlled to
about 0.19 mm for improved fatigue performance.

The relationship between heat-treatment temperature and
the balance of creep and fatigue properties is illustrated
schematically in Figure 1.48. The optimum balance can be
adjusted for a particular application.

1.4.3.3 Nomeclature and standards

The chemical composition, nomenclature, (where available)
UK and US specification numbers, tensile properties and
weldability are listed in Table 1.34.

In Europe, titanium alloys are often referred to by their IMI
number. Some of the more recent titanium alloys had not at
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Table 1.34 Alloys of titanium

Typical mechanical

properties
Nominal composition IMI No.* BS ASTM 0.2% PSt  UTS Weldability
(%) (MPa) (MPa)
a-phase alloys
Ti, 0.050+/N, 110 — Grade 1 (B265, 337, 338, 348, 367, 190 310
381t
Ti, 0.070+/N, 115 2TA.1 — 250 375
Ti, 0.130+/N, 125 2TA2,3,4,5 Grade 2 (B265, 337, 338, 348, 367, 381) 330 465
Ti, 0.020+/N, 130 — Grade 3 (B265, 337, 338, 348, 367, 381) 410 540
Ti, 0.280,N; 155 2TA6 Grade 4 (B265) 540 650 Excellent
Ti, 0.3004/N, 160 2TA7,8.9 Grade 4 (B348, 367, 381) 500 670
Ti, 0.15Pd, 0.0704/N, 260 — Grade 11 (B265, 337, 338, 348, 381) 220 330
Ti, 0.15Pd, 0.1304/N, 262 — Grade 7 (B265, 337, 338, 348, 381) 350 465
Ti, 2.5Cu 230 2TA 21-24 — 530(a)8 620(a)
TA 52-55, 58 — 667(STA)§  770(STA)
Ti, 0.3Mo, 0.8Ni (Grade 12) — Grade 12 (265, 337, 338, 348, 367, 381) 400 500
400 500
Ti, 5AL 2.55n 317 TA14-17 Grade 6 (265, 337, 338, 348, 367, 381) 850 950 Very good/
850 950 excellent
a/B-phase alloys
Ti, 6Al, 4V 318 2TA11-13, 28 Grade 5 (B265, 337, 338, 348, 367, 381)  930(a) 1030(a) Good
TA 56, 59 1070(STA)  1130(STA)
Ti, 4Al, 4Mn, 2Sn, 0.5Si 550 TAA45-51, 57 1040(STA) 1170(STA)  Poor, not normaily welded
Ti, 4Al, 4Sn, 0.5Si except by diffusion
551 TA38-42 1200(STA) 1310(STA)
Ti, 6Al, 6V, 2Sn (662) 960(a) 1020(a)
Ti, 6Al, 2Sn, 4Zr, 6Mo (6246) 1080(STA)  1150(STA)
1145(STA)  1260(STA)
Ti, 5Al, 28n, 2Zr, 4Mo, 4Cr (T.17) 1090(STA) 1170(STA)  Poor, not normally welded
Ti, 4.5Al, 5Mo, 15Cr, 0.13 O (Corona 5) 890(a) 956(a)
1172(STA)  1255(STA)
Near-a-phase alloys
Ti, 2.25Al, 11Sn, 5.2Zr, 1Mo, 0.25Si 679 TA 18-20, 25, — 1025 1230 Poor
26,27
Ti, 6Al, 2Sn, 2Zn, 2Mo, 0.1Si (62425) — 950 1050 Poor
Ti, 8Al, 1Mo, 1V (811) — 975 1095 Fair
Ti, 6Al, 5Zr, 0.5Mo, 0.25Si 685 TA 43, 44 - —_ 900 1020 Very good/excellent
Ti, 5.6Al, 3.58n, 3Zn, 1Nb, 0.25Mo, 829 — 850 1000 Very good/excellent
0.3Si
Ti, 5.8Al, 4.4Sn, 3.5Zn, 0.7Nb, 834 —_ 950 1090 Very good/excellent
0.5Mo, 0.358i, 0.06C
B-phase alloys
Ti, 15V, 3Cr, 3Sn, 3Al — — — 1450 1500 Fair
Ti, 10V, 2Fe, 3Al, <0.160 — — — 1115 1170 -—

* Designations in brackets are not IMI numbers.

+ Proof stress.

 In US Specifications: B265 Plate sheet and strip; B337 Seamless and welded pipe; B338 Seamless and welded tube; B348 Bar and billet; B367 Castings; B381 Forgings.
§ (a) annealed. (STA) Solution treated and aged.



Table 1.35 Properties of IMI 829 and 834
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Alloy Temperature 0.2% PS* UTS

Elongation Stress for 0.1% Modulus of Endurance Fracture

Specific Coefficient

No. (°C) min. min.  (min.) total plastic elasticity limit of toughness, K;. gravity of thermal
(MPa) (MPa) strain in 100 b (GPa) UTS (MN m~2) expansion at
(MPa) (%) 20-1000°C
(K™
829 20 820 950 10 200 ~120 50 78 4.54 10.4 x 107°
540 450 590 12 ~ 93
834 20 910 1030 6 150 ~120 50 37 4.59 11.3 x 107¢
600 450 585 9 ~ 93

* Proof stress.

the time of writing appeared in national material specifica-
tions. The properties of the more attractive of these (IMI 829
and IMI 834) are, therefore, listed in Table 1.35.

Such is the pace of titanium alloy development that the
designer is recommended to approach the manufacturer for
information on materials available at the time before designs
are finalised.

1.4.3.4 Fabrication

Titanium, and where appropriate alloying metals, are com-
pacted and welded into electrodes for vacuum arc consumable
electrode furnaces and double or triple melted to ensure
homogeneity. The resulting ingot is forged and then rolled.
Bar, rod, wire, sheet, plate, seam welded tube and bored or
extruded and drawn seamless tube are available commercially.

Almost all titanium alloys can be forged. The technique
which can produce near-to-size components is isothermal
press forging in which the metal and dies are heated to the
same temperature (900-950°C). Some fine grained duplex
alloys including IMI 318, 550 and 6242 have high strain-rate
sensitivity at temperatures between 900 and 950°C and will
deform superplastically at low strain rates to strains of over
1000% .

Titanium will dissolve its own oxide and can therefore be
diffusion bonded; this process can be combined with
superplastic forming to make a variety of hollow components
economically.

Most titanium alloys are weldable by electron beam, inert
gas shielded arc, resistance, flash butt, pressure or friction
welding and, even in those alloys which are considered to
deteriorate when welded, the properties can usually be aug-
mented by heat treatment.

The titanium alloys IMI 110 to 160, 260, 262, 318, 685 and
829 can be centrifugally cast in rammed graphite or investment
moulds using a consumable electrode skull melting furnace.

Tensile and yield strengths are about 5% below those of
forgings and dimensional tolerances vary from 0.6 to 2%,
depending on process and size.

It is becoming increasingly common for castings to be hot
isostatically pressed to give properties comparable to those of
forgings.

1.4.3.5 Applications

So-called ‘commercially pure’ titanium (IMI 110 to IMI 160) is
primarily a chemical-plant vessel and piping material resisting
seawater, halogen compounds, oxidising and organic acids and

many gaseous environments. It is also used for non-
consumable anodes, sometimes coated with precious metal,
and fitments for metal finishing and other electrochemical
operations. IMI 260 or IMI 262 may be substituted if there is
any possibility that the environment may become reducing in
nature.

A coarse-grain faceted structure can be produced which can
be selectively anodised and used for decorative and jewellery
products.

The UTS of these alloys ranges up to 650 MPa, so that they
can be used for less highly stressed aircraft components.

Aircraft engine casings and bypass ducts require stronger
and more creep-resistant material, and for these applications
the higher strength more creep resistant readily formed and
welded a strengthened IMI 230 or, if there is no severe
forming operating involved, ASTM grade 5 (IMI 318) may be
used.

The o + B alloys (for example IMI 550) have much higher
tensile and fatigue strengths (which are exceeded only by the
less stable 8 strengthened alloys) and are used for discs, blades
and highly stressed air-frame components.

The creep properties of the near « alloys have already been
described. They are used for the higher temperature com-
pressor discs, rings, blades and impellers at temperatures
approaching 600°C. Above this temperature the limitation for
titanium appears to be in the field of oxidation rather than
strength. Oxidation resistant noble-metal-ion plated coatings
and titanium—aluminium and titanium-niobium-aluminivm al-
loys or compounds are showing promise.

1.4.4 Magnesium and its alloys

1.4.4.1 Introduction

Magnesium is the least dense of the engineering alloys and,
because of this, the specific strengths of its alloys are superior
to those of aluminium and to medium strength steels. More
importantly, although the specific rigidities Ep™! of the alloys
differ little from those of aluminium and steel, the stiffness in
bending of a section of equal weight (which is related to Ep~?)
is far superior. Substantial savings in weight are possible for
designs for which rigidity is a significant criterion.

A further advantage of magnesuum is its high damping
capacity which helps to minimise vibration fatigue.

Further scope for weight reduction in comparison with
aluminium arises from the excellent castability of some alloys
for components where section thickness is determined by
casting considerations. Die casting benefits from the fact that
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Table 1.36 Casting alloys of magnesium*

Tensile propertiest Comy ive propertie Fatigue endurance

Hardness
Typical chemical valuest
composition—major Elektron alfoy 0.2% proof Tensite  Elongationt 0.2% proof Ultimate  Unnotched  Notched  (Brinell)
afloving efements stress strengtlt (%) stress strength  (MPa) {(MPa)
(%) {MPa) (MPa) . (MPa) {MPa)
YS5.25, Nd and other WES4
heavy rare earth Solution and
metals 3.5, Zr0.5 precipitation treated:
Sand cast 185 255 2 — — 95-100 — 80-90
Chill cast 185 255 2 — — — — —
Rare earth metals 3.0, ZREI
Zn2.5, Zr0.6 Precipitation treated:
Sand cast 95 140 3 85-120 275-340 65-75 50-55 S0-60
Chill cast 100 155 3
Zn4.2, rare earth metals
13, Z10.7
Sand cast 135 200 3 130150 330-365  90-105 75-%0 55-70
Chill cast 135 215 4
Zn5.8, rare earth metals ZE63
2.5, Z:0.7 Solution and
precipitation treated:
Sand cast 170 275 N 190-200 430-465 115-125 70-75 60-85
Th3.0, Zn2.2, Z10.7 ZT1
Precipitation treated:
Sand cast (85) 185 5 85100 310-325  65-75 55-70 50-60
Chill cast (85) 185 5
Zns5.5, Thi.g8, Zr0.7 TZ6
Precipitation treated:
Sand cast 155 255 5 150- 180 325370 75-80 70-80 65-75
Chill cast 155 255 s
Agl.5, Nd rich rare earth EQ21A
metals 2.0, Zr0.6, Solution and
Cu0.07 precipitation treated:
Sand cast 175 240 2 165-200 310-385  100-110 60-70 70-90
Chill cast 175 240 2
Ag2.5, Nd rich rare earth MSR-B
metals 2.5, Zr0.6 Sotution and
precipitation treated:
Sand cast 185 240 2 165-200 310-385 100-110 60-70 70-90
Chill cast 185 240 2
Ag2.5, Nd rich rare earth  QE22(MSR)
metals 2.0, Zr0.6 Solution and
precipitation treated:
Sand cast 175 240 2 165-200 310-385  100-110 60-70 70-90
Chill cast 175 240 2
Al8.0, ZnG.5, Mn0.3 AR
As cast:
Sand cast (85) 140 2 75-90 280-340  75-85 58-65 50-60
Chill cast {85) 185 4
Solution treated:
Sand cast 80 200 7 75-90 325-415 7590 60-70 50-60
Chill cast 80 230 10
Al9.0, Zn0.5, Mn0.3, AZ91
Be0.0015 plus Be Die cast (150) (200) [§)]
Al9.5, ZnG.5, Mn0.3 AZ91
As cast:
Sand cast (95) 125 — 85-110 280-340  77-85 58-65 55-65
Chill cast (100} 170 2
Solution treated:
Sand cast 80 200 ) 75-110 185432 77-92 65-77 55-65
Chill cast 80 215 5
Solution and
precipitation treated:
Sand cast 120 200 — 110-140 385465  70-77 58-62 75-85
Chill cast 120 215 2
Al7.5-9.5, Zn0.3—1.5, C
Mn0.15(min.) As cast: (85) 125 — 65-90 278-340 7380 58-65 50-60
Sand cast (85) 170 2
Chiil cast
Solution treated:
Sand cast (80) 185 4 75-90 330-415  77-85 62-73 50-60
Chill cast (80) 215 s
Solution and
precipitation treated:
Sand cast (110) 185 — 90115 340432 62-73 58-62 T0-80
Chill cast {110y 215 2
Zn5.5-6.5, Cu2.4-3.0, ZCM630-T6
Mn0.25-0.75 Sand cast 125 210 2 94 57 5565

* Reproduced by courtesy of Magnesium Elektron Ltd.

+ The tensile properties quoted are the specification minima for the first specification listed for that alloy and condition. The ranges given are the
specified minima; bracketed values are for information only. The values quoted are for separately cast test bars and may not be realised in
certain portions of castings.

MoD, Ministry of Defence.



Specifications

Non-ferrous metals

Description MoD British Standards ASTM
Provurement Aircraft General Engineering Aoy designation  Specifi
Execuiive raiio
(D.T.0). Series) and iemper
Excellent retention of steength after
long exposure at 25M'C, -
Guod castability. weldable, —_ - — WESA-TH
Good corrosion resistance -_— — _—
Creep-resistant up to 25FC.
Excellent castability. Pressure tight _ 2L.126 2970 MAGE TE .
and weldable - 2L.126 2970 MAG6-TE EZI3A-TS BA-TH
Easily cast. weldable, pressure tight,
with useful strength at elevated - 2L.128 2970 MAGS-TE ;
emperatures -— 2L.128 2970 MAGS-TE LEHA-TS Ba0-6
Excellent castability, pressure tight
and weldable with high developed
properties i thin wall castings 5045 ZERIA-TH
Crecp-resistant up to 350°C. S05A — 2970 MAGSE-TE . 1
Pressure tight and weldable S00SA - mMAGRTE  NZWATS B80-%
Stronger than, but as castable as RZS, 50154 -_— 970 MAGS-TE ZAGIA-
weldable, pressure tight SM5A - M MAGY-TE 18 BA0-76
Heat-treated alloys with high yicld
strength up w 200°C. Pressure tight
and weldable
50354
50354
5055
0ss QE?A-TH BSO-T6
General purpose alloy. Good -_ -_— 2970 MAG L-M
founding properties. Good ductility, —— —_ 2970 MAGI-M .
strength and shock resistance. Also AZHIAF BA-Th
available 3s a high purity grade -_— JL.22 1970 MAGL-TB i
- ILIZ BOMAGLTR  AZHAT
General purpose pressure diecasting
alloy. Draft 150 specification AZ9B-F BH-Th
Gieneral purpose alloy. Good _ .
founding propemies. Suitable for — g?,% nggn AZSIC-F
pressure dic castings
IL.124 2970 MAG3-TB
IL124 2970 MAGALTR  AZSICTY
ILA2S 2970 MAG3-TF
ILI2S 9T MAGITE  ADIICTS
General-purpose alloy with good — _— 2970 MAGT-M
average properties — - 2970 MAGT-M
T MAGT-TB
97 MAGT-TB
2970 MAGT-TF
970 MAGT-TF
Good founding properties.

Good creep resisiance

1+ Elongation values are based on a gauge length of 5,65 VA except in the case of thin material where a gauge lengih of
5 mm may be vsed (see BS 2L.500. 3370 and 3373). Wiih the larter gauge length, clongation reguirements for sheat and
plate depend on thickness and a range of minima is quoted.
§ Endurance values for 50 x 10 reversals in rotating bending-type tests; semi-cireular notch, radius 1.2 mm; siréss
concentration factor approx. 2.0. Reversed bending for sheet.
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dies are not attacked by molten magnesium as they are by
molten aluminium.

Magnesium is readily extruded and forged at elevated
temperatures. It is highly machinable but suffers from a risk of
fire and even explosion unless precautions are taken to
prevent accumulation of swarf.

These advantages are (or have been in the past) offset by
three major drawbacks.

The major drawback compared with aluminium is the less
protective nature of the oxide. The early magnesium alloys
had very poor corrosive resistance and, although this disability
has to a large extent been overcome in more recently deve-
loped alloys, the liability to galvanic corrosion has not been
lessened and care must be taken to prevent it.

A second drawback arises from the hexagonal structure of
the magnesium crystal which prevents fabrication by cold
working.

In the past a third drawback was the higher price of
magnesium compared with aluminium which, even allowing
for the lower specific gravity, confined its use to applications
in which weight reduction is at a premium. These include
aerospace, components for high performance automobiles,
materials handling, portable tools, high speed machinery and
high value portable consumer goods. Recently, however, the
relative costs of the two metals have reversed and magnesium
components may cost less than aluminium components.

1.4.4.2 Alloy designation and standards

Magnesium alloys are usually referred to by their ASTM
designations which, together with their temper designations,
are given in a four-part code.

The alloy designation consists, first, of letters which identify
the major alloying elements, given in order of decreasing
concentration. The letters that refer to the alloying elements
are:

A aluminium N nickel

B Dbismuth P lead

C copper Q silver

D cadmium R chromium
E rare earth S silicon

F iron T tin

H thorium W yttrium

K zirconium Y antimony
L lithium Z zinc

M manganese

The letters are followed by numbers which give, to the nearest
percentage, the weight percentage of the alloying elements.

In the ASTM system only the two most concentrated alloy-
ing elements are designated. Thus MEL alloy ZCM711, which
contains 6.5 wt% Zn, 1.2 wt% Cu, 0.7%Mn has the ASTM
designation ZC71.

The third part of the alloy designation consists of a letter
which refers to a standard alloy within the broader composi-
tion range specified by the first two parts of the designation.

The temper designation, which is separated from the first
two or three parts of the code by a hyphen, is the same as that
adopted for aluminium alloys. This is given in full in ASTM
specification B296-67.

Thus a complete designation might be QH21A-T6. The
alloy contains approximately 2 wt% silver and 1 wt% tho-
rium; its exact composition is covered by the specification for
the ‘A’ version of the alloy; and it is in the solution treated and

artificially aged condition. The alloy designation is given in full
in ASTM specification B275.

ASTM specification numbers comprise: B92 magnesium
ingot; B93 magnesium alloy ingot; B94 die castings; B50 sand
castings; B199 permanent mould castings; B403 investment
castings; B90 sheet and plate; B91 forgings; and B107 ex-
truded bar shapes and tubes.

BS 2970 lists cast and wrought alloys and has a code for
conditions similar to ASTM with the addition of ‘M’ for ‘as
cast’.

The designations of the major British supplier, Magnesium
Elektron, are roughly similar to those of the ASTM.

Tables 1.36 to 1.38 list the cast and wrought alloys, their
Magnesium Elektron designations, British and ASTM specifi-
cations, and principal mechanical properties and character-
istics.

1.4.4.3 Development of magnesium alloys

The first magnesium alloys contained aluminium up to 10%
and sometimes also zinc up to 6%. These alloying additions
increase strength and give precipitation hardening properties.
The addition of manganese reduced iron pick up and so
improved corrosion resistance. Further development was
aimed at improving creep and corrosion resistance, both of
which were very poor in the earlier alloys.

Addition of zirconium refines the grain structure and im-
proves the strength and ductility, both hot and cold. About
0.5% of this alloying addition, together with additions of
thorium, rare-earth metals, silver and/or copper, provide a
combination of strength, castability and high-temperature
tensile and creep strengths comparable with the high-
temperature aluminium alloys.

Improvements in corrosion resistance have resulted from an
understanding of the effect of heavy-metal impurities.
Aluminium and zinc containing casting alloys are now pro-
duced with the following impurity limits: Fe <0.005%, Ni
<0.001%, Cu <0.015%, with 0.15% <Mn<0.25% to suppress
iron pick up. As a result of this the high purity versions
(ASTM designations AZ1D and AM60B) have corrosion rates
in salt solution that are only about 2% of those of the original
alloys. Alloy WE54 is unique among the creep resisting alloys
in that its corrosion resistance is excellent and on a par with
that of the high-temperature aluminium casting alloys.

1.4.4.4 Casting of magnesium alloys

A major problem in the manufacture of magnesium castings
has been the prevention of oxidation of the molten metal
which has, in the past, been achieved by melting under a layer
of flux. It has always been difficult to prevent entrainment of
flux, and the possibility of flux inclusions in castings has
worsened the problems arising from corrosion.

New techniques of fluxiess melting and stirring have been
developed and the introduction of low-pressure casting as used
for aluminium alloys should bring further improvements.

1.4.4.5 High temperature strength of magnesium alloys

The variation in ultimate tensile and proof stress of the creep
resisting cast alloys of magnesium is shown in Figure 1.49 and
the stress to produce 0.2% total strain at 1000 h is given in
Table 1.39. These properties are adequate for many aerospace
and automobile engine components. A creep resistant forging
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Figure 1.49 Effect of temperature on (a) 0.2% proof stress, and (b)
ultimate tensile strength of various magnesium cast alloys.
(Reproduced by permission of Mr. W. Unsworth, Magnesium Elektron
Ltd)

Table 1.37 Physical properties of magnesium casting alloys
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alloy (ZT) is available but its application is restricted com-
pared with that of castings.

1.4.4.6 Corrosion of magnesium alloys

The improved corrosion resistant alloys of magnesium have
been referred to in Section 1.4.4.3.

The high purity casting alloys have performed at least as
well as high temperature aluminium alloys in salt fog corrosion
tests. Painted die cast high purity AX91D has shown negligible
scribe corrosion creepages and excellent stone chip resistance.

Unfortunately, the galvanic corrosion of magnesium is not
affected and great care must be taken in design not to place
magnesium in electrical contact with a metal with a signifi-
cantly more positive electrode potential. Where juxtaposition
is unavoidable for service in a corrosive atmosphere, reliable
insulation should be inserted between the two components, or
the magnesium component should be protected in some other
way. This applies particularly to rivetted joints. Because of the
limitation on ductility imposed by the hexagonal crystal struc-
ture magnesium cannot be used for rivets. Rivets of alumin-
ium, which has a relatively small positive electrode potential
compared with magnesium, are used. Steel or copper rivets
must not be used.

1.4.4.7 Applications of magnesium alloys

Improvements in high temperature and corrosion resistance
have increased the possible applications of cast magnesium
alloys in automobile, aerospace and other applications, where
reduction in weight is significant. These applications include
helicopter gearboxes, aircraft-engine casings, high perfor-
mance car and motorcycle components (including wheels),
computer parts, military equipment and video and conven-
tional cameras.

The applications of wrought alloys are more restricted
because of the problems of cold forming and rivetting, but
include railings, ladders, brackets and cans for ‘magnox’
reactors.

Alloy  Specific Coefficient Thermal Electrical Specific heat
gravity  of thermal conductivity resistivity (20-100°C)
(20°C)  expansion (20°C) (20°C) Gkg'K™H
(20-200°C) (W m~! K1) (nf2-m)
(105K~
WE5S4 19 27 107 70 1000
ZRE1 1.80 26.8 100 73 1050
RZ5 1.84 271 109 68 960
ZE63 1.87 27.1 113 56 960
zT1 1.83 26.7 105 72 960
TZ6 1.87 27.1 113 66 960
EQ21A 1.81 26.7 113 68.5 1000
MSR-B 1.82 26.7 113 68.5 1000
QE22 1.82 26.7 113 68.5 1000
A8 1.81 27.2 84 134 1000
AZ91 183 27.0 84 141 1000
C 1.81 27.2 84 134 1000




Table 1.38

Wrought magnesium alloys*

Tensile propertiest

Comp.

prop:

Fatigue prop

Impact value

Specifications

Txpical chemical Elekiron alloy 0.2% Proof Tensile  Elongation§ 0.2% Proof Compressive Unnotched Notched Unnoiched Noiched Hardness Description MoD British Standards ASTM
composition— stress strength (%) stress strength {MPa) (MPa) () [ {(VPN} Procurement
major alloving {MPa) {MPa) (MPa) (MPa) Executive  Aircraft  General engineering 10 giondard No.
elements (%) (DTD series) designation
Zn6.5. Cul.2,  ZCM7I11
Mn0.7 Extruded bars and sections: The highest strength
0-13 mm diameter 160 240 7 — — — — — — — magnesium wrought — — —
As extruded: alloy when fully heat ZCTIA-T6 —
Precipitation treated 200 250 5 — — — — — — — treated. — — —
Fully heated 300 325 3 — — — — — — — Weldable — — —
Forgings** - - — ad — — — - — — — -
Zn3.0. Zr0.6 ZW3
Extruded bars and sections:
0-10 mm 200 280 8 — — - — - — 65-75 High strength - 2 L.505 3373 MAG-E-151M
10-100 mm 225 305 8 200-250 385465 110-135 85-95 23-31 9.5-12  65-75 extrusion, and forging — 2 L.505 3373 MAG-E-151M
Extruded forging stock: alloy. Weldable under ZK30A —
0-10 mm 195 280 8 — — - — —_ — 65-75 good conditions — L.514 3372 MAG-E-{51M
10-100 mm 205 290 8 — — - — — — 65-75 — L.514 3372 MAG-E-I5IM
Forgings** 205 2% 7 165-215 370-340 — — 6~27 4.7-9  60-80 — L.514 3372 MAG-F-15IM
Al6.0. Znl.0, AZM
Mn0.3 Extruded bars and sections
and extruded forging stock:
0-75 mm 180 270 8 130-180 370420 125-135 90-95 3443 6.7-9.5  60-70 General purpose alloy. — L.512&3 3373 MAG-E-121M } B107-76
75-150 mm 160 250 7 115-165 340-400 —_— — —_ — 55-65 Gas and arc weldable — L.512&3 3373 MAG-E-121M )
Extruded tube 150 260 7 130-180 — _— — _ — 60-70 — 2L.503 3373 MAG-E-12IM  AZ61A-F
Forgings** 160 275 7 130-165 340-400 115-125 80-90 16-23 344 6070 — L.513 3372 MAG-F-12IM B9!1-72
AlR.5. Zn0.5.  AZS0 High strength alloy for
Mn0.12(min.) Forgings—precipitation 200 290 6 — — — — — — 60 forgings of simple — — — AZS0A BY1-72
treated design
AB3.0. Znl .0, AZ31
Mn0.3 Sheet—soft: (120) 220-265 10-12 — —_ — —_— — — 50-65 Medium strength sheet — - 3370 MAG-S-1110 AZ31B-O B70-9%0
0.5-6.0 mm and extrusion alloy.
Extruded bars and sections: 150 230 8 — — — — — — 50-65 Good formability. — — 3373 MAG-E-111M
0.10 mm 160 YL _ - _ — _ = 5060  Weldable -~ - 33 MAG.E-HIM | AZIBF BIOT-76
10-75 mm
Tho.8, Zn0.6. ZTY
Zr.6 Extruded forging stock:
0-25 mm 130 230 6 — — 75 45 — — 50-60 Creep resistant up to 5111 — —
25-50 mm 110 200 8 — — — — — — 50-60 350°C. Fully weldable 5111 — —_
>50 mm 9% 200 8 — — — — — — 50-60 s — - HzliA - —
Forgings** 130 230 6 — — — — — — 50-65 5110 — —
. by courtesy of Elektron Ltd.

+ Larger sizes than those given in the table are available: when required property levels wilt be by agreement.
2 The tensile properties quoted are the specification minima for the first specification listed for that alioy and condition. Where a ran;

ge is quoted the specification requirements depend on sheet thickness. Bracketed values are for information only.

% Elongation values are based on a gauge length of 5.65V/A except in the case of thin material where a gauge length of SO mm may be used (see BS 2L.500, 3370 and 3373). With the latter
" Endurance values for 5 X 106 reversals in rolating bending-type tests; semi-circular noich. radius 1.2 mm; stress concentration factor approx. 2.0. Reversed bending for sheet.
" Forging properties quoted are those in the most favourable direction of flow: the manufacturer should be consulted on directionality.

VPN. Vicker's pyramid number. MoD. Ministry of Defence.

gauge length. elongation requirements for sheet and plate depend on thickness and a range of minima is quoted.



Table 1.39 Stress (MPa) to produce 0.2% total strain in 1000 h in
creep resisting cast magnesium alloys*

Temperature (°C)

Alloy 150 204 260 315
WES54 88 40 23

HK31 55 24 6.7
EZ33 38 18 5.5
HZ32 44 28 12
QE22 31 12

ZCM630 61 41

* Reproduced by courtesy of Mr W. Unsworth, Magnesium Elektron Ltd.

1.4.5 Nickel and its alloys
1.4.5.1 General

Although the major proportion of nickel mined is used as an
alloying agent for ferrous metals, nickel as a major constituent
forms many alloys which have a very wide range of outstand-
ing properties.

The face centred cubic lattice of nickel persists without
allotropic change from very low temperatures to its melting
point. This confers ductility down to cryogenic temperatures
and strength up to 70% of the melting point, which makes
nickel an outstanding base for creep-resistant materials.

Pure nickel has excellent corrosion resistance to non-
oxidising media and this property is enhanced by the addition
of copper, chromium and molybdenum. Oxidation and scaling
resistance is conferred by the addition of chromium and
adherence of the chromic oxide surface layer is improved by
rare-earth additions.

The range of properties available in nickel alloys includes
very low thermal expansion coefficients and almost constant
elastic moduli over limited ranges of temperature. Other
alloys have a wide range of electrical resistance and in some
this is almost constant over a range of temperature. Excellent
magnetic properties are available, but only at low magnetic
induction.

The major drawback of nickel alloys is their cost. Nickel is
not widely distributed and some of the more abundant depo-
sits are expensive to process. The cost of the metal is aug-
mented by that of some of the alloying additions. The embritt-
ling action of some impurities requires their content to be kept
very low. This complicates the refining and scrap segregation
procedures and further increases cost.

The manufacturing cost of components from nickel alloys is
high, partially because of their poor castability, partially
because of their high resistance to deformation at elevated
temperatures and partially because of their high rate of work
hardening. Very powerful equipment operating at high temp-
eratures is required to work nickel alloys and they are hard
to machine.

The resistance of nickel to oxidising gases is poor and the
action of sulphidising gases is catastrophic.

There are six main groups of nickel alloys: corrosion
resistant; high temperature; electric; magnetic; controlled
physical property;, and hard facing. There are also a few
miscellaneous types.
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1.4.5.2 Nomenclature and standards

Some of the more important alloys are covered by national
specifications, but among engineers they are normally referred
to by the designation given by their supplier, usually a
subsidiary of the International Nickel Corporation. Some-
times an identical material is available from another supplier
and in this case it is usually referred to by the same number but
without the tradename, e.g. ‘Alloy 800" instead of ‘Incoloy
800"

Most wrought alloys are available in all the semifinished
forms and may also be available as castings. Cast alloys are
usually available only in that form.

Such British and ASTM Standards as exist are listed in
Table 1.40.

1.4.5.3 Corrosion-resistant alloys
The corrosion-resistant alloys include:

(1) ‘Nickel—a name which covers a range of general-
purpose corrosion-resistant materials;

(2) ‘Monels’—essentially nickel alloys with 30% copper
which have exceptional resistance to aqueous environ-
ments;

(3) ‘Hastelloys’ (a Cabot corporation tradename)—
nickel-molybdenum alloys which have excellent re-
sistance to acids at high temperature;

(4) ‘Tliums’—nickel-chromium-molybdenum—copper alloys
which resist sulphuric acid;

(5) ‘Inconels’ (nickel-chromium~iron alloys) and ‘Incoloys’
(nickel-chromium-molybdenum alloys)—these are really
high temperature alloys but Inconel 625 and Incoloy 800
have exceptional resistance to stress corrosion and

Table 1.40 British and ASTM Standards for nickel and nickel alloys

Refined nickel (principally cathodes, briquettes and pellets)
BS 375—35 grades (99.5-99.95) of refined nickel
ASTM B39—99.8% refined nickel

Depending on grade, nickel may contain 0.005-1.5%Co,
0.05-0.1%C and 0.002-0.15%Cu. Minor impurities are
restricted to 0.00002-0.002%

Nickel alloy castings

BS 3071 Nickel copper (N30%}) castings

ASTM 494 Chemical composition and tensile requirements
for 11 casting alloys

Wrought nickel alloys

BS 3072 Nickel and nickel alloy sheet and plate
BS 3073 Nickel and nickel alloy strip

BS 3074 Nickel and nickel alloy seamless tube
BS 3075 Nickel and nickel alloy wire

BS 3076 Nickel and nickel alloy bar

ASTM B564 Nickel alloy forgings

ASTM B161 Nickel seamless pipe and tube

ASTM B162 Nickel plate sheet and strip

ASTM B168 Nickel chromium iron alloys—plate sheet and
stri

ASTM B169 Welded nickel alloy pipe

ASTM B670 Precipitation hardening nickel alloy—plate,
sheet and strip

ASTM B335 Nickel-molybdenum alloy rod
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Incoloy 825, with additional copper resists strong mineral
acid.

The corrosion-resistant alloys are listed, with their standard
designations, tensile strengths and dominant characteristics in
Table 1.41.

1.4.5.4 High temperature alloys

The high temperature alloys of nickel (with the exception of
the dispersion strengthened composites) can be regarded
either as based on Nimonic 75, (80/20 nickel chrome) or as an
extension of the austenitic steels with progressively reducing
contents of iron and progressively increasing strengthening
additions. There are two classes.

High temperature corrosion resistant alloys These have relat-
ively low hot strength (for a nickel alloy) but good scaling
resistance (see Table 1.41). They include:

(1) Nimonic 75 (originally developed as Brightray wire) but
available in other forms;

(2) Inconel 600 and 601 with higher scaling resistance are
similar to Brightray but contain some iron; and

(3) 50/50 nickel chrome available as castings or as a cladding

Single crystal
Directionally solidified
IN700 cast ]
‘ IN100 (cast)
“ IN738 (cast)
L

\
i

Nimonic 115 (forged)
‘ PK33 (sheet) 7

1 I 1 1 1 L i

Figure 1.50 Comparative 1000 h rupture strengths of nickel alloy
gas turbine blading materials produced by a variety of techniques

material (Incoclad) and IN657 (with niobium) available
as castings are the materials with the highest resistance to
fuel ash corrosion (except for precious metals).

Creep and corrosion resistant alloys (nickel superal-
loys) These are alloys of nickel and chromium, or nickel,
chromium and iron with strengthening additions. They are
employed anywhere that strength and oxidation resistance are
required at high temperature, but their development as ma-
terials to withstand progressively more severe conditions in
gas turbine engine components has stimulated research both in
alloy composition and in manufacturing technique. The pro-
gress and results of this development are summarised in the
following section. The relative rupture strengths of the several
alloys produced in different ways are shown in Figure 1.50.

1.4.5.5 Nickel alloys for gas turbines'

Materials for forged blades™? The original nickel alloy
turbine blades were forged and their creep and creep rupture
strengths were improved by increasing the proportion of
ordered precipitating phase 7' (NiAl;) and solid solution
strengthening additions, chromium, cobalt, molybdenum,
tungsten and tantalum. These elements also dissolve in the ¥
phase and may have a two-fold hardening effect.

Alloy compositions must be optimised to obtain the most
favourable balance of creep and thermal fatigue strength and
oxidation resistance. Unfortunately, increasing content of v’
must be balanced by a reduction in chromium (which reduces
the solubility of aluminium and titanium), but the effect of this
on scaling resistance is offset to some extent by the increase in
aluminium. At the highest temperatures, oxidation resistance
is obtained by coating with aluminium. The increased temp-
erature capacity of the improving forged nimonic alloys is
illustrated in Figure 1.51 and shown in Table 1.42.

Increase in y' content reduces the range of temperature
available for hot working between softening and incipient
melting. This can be offset to some extent by the addition of
cobalt, which increases the solvus temperature. Even so, the
small margin between the maximum preheating temperature
(1100°C) and the minimum working temperature (1050°C) of
Nimonic 115 indicates that this is likely to remain the forged
alloy with the best high temperature properties.

1100

—
1050 r—
S 1000 SRR99
= DS MM002
2 o950} MMOOZK SC alloys
2 IN 100,
8 INCO7 1% DS cast alloys
é’ s00 ,’N1 15 Conventionally cast alloys
@ —
= 850 ////ﬁmg, Wrought alloys
8007/

| /
750‘ENi’.“°"i°.8°A i | { L
1940 1950 1960 1970 1980 1990 2000
Approximate year available

Figure 1.51 Increase in temperature capability for turbine-blade
alloys based on creep rupture in 1000 h at 150 MPa. (Reproduced by
permission of Metals and Materials)



Table 1.41 Corrosion resistant nickel alloys

Composition™ (%)

Alloy N C Mn Fe S Si Cu  Cr Mo Other BS Form Tensile Corrosion resistancet
strength
(MPa)
Low/medium temperature
Nickel 200 99.5 008 0.18 02 0005 0.18 0.13 — — — NAIl International Nickel Annealed — cold 380-550 Aqueous and general
3072/6 worked
Nickel 201 99.5 0.01 018 02 0.005 018 013 — — — } NAI12 Annealed — cold 340410 Stress corrosion and general
worked
Nickel cast 9% 01 10 02 — Lo — — — Mg0.1 Cast bar 360-420 Aqueous and general
MONEL alloy 400 63.0 015 1.0 25 0024 05 310 — — — 3072/6 NAIL3 Annealed bar 480-620 Seawater, polluted water and acids
min. max. max. max.
MONEL alioy 410 66.0 0.2 0.8 1.0 0.008 1.6 305 — — — 3071 NAL Cast bar 450-580 Seawater, polluted water and acids
MONEL alloy K-500 63.0 015 1.5 20 001 05 300 — — — 3072/6 NAIS Heat-treated bar 620-760 Higher strength alloy resists seawatcr
min. max. max. max.
HASTELLOY alloy B Bal. 0.09 1.0 50 003 10 — 1.0 28.0 V0.3 Cabot Corporation  Solution-treated 880 Hydrochloric acid
bar
HASTELLQOY alloy C276 Bal. 0.10 1.0 55 003 1.0 — 16.0 16.5 V0.3 Solution-treated 780 Chlorides and hypochlorites
plate
HASTELLOY alloy D Bal. 0.12 1.0 20 — 10,0 3.0 1.0 — — Solution-treated cast 790 Sulphuric acid
bar
HASTELLOY alloy G Bal. 005 1.5 195 — 1.0 20 220 6.5 WI max Annealed sheet 710 Hot sulphuric and phosphoric acids
max. max Nb+Ta2
HASTELLOy alloy N Bal. 0.06 08 50 — 1.0 038 7.0 16.5 B 0.01 max Solution-treated 700 Molten fluorides
max. max. max. max. sheet
ILLIUM alloy B Bal. 0.05 1.0 1.5 — 35 55 28.0 8.0 — International Nickel — 415485 All concentrations sulphuric acid to b.p.
ILLIUM alloy G 56.0 — — — — — 6.5 225 6.5 — — 470
ILLIUM alloy R 68.0 — — — — — 3.0 210 5.0 —_ - 780 60% sulphuric acid to 50°C
ILLIUM alloy 98 Bal. 0.07 1.5 5 — 125 5.0 28.0 85 — — 370-540 60% sulphuric acid to b.p
max. max.
INCONEL alloy 625 6.5 010 025 50 0015 05 — 215 9.0 Nb+Ta3.65 3072/6 NAI6 Annealed cold 830-1040 Scawater
max. max. max. max worked
INCOLOY alloy 825 420 005 1.0 Bal. 003 05 225 215 3.0 — Annealed bar 590-730 Strong mineral acids
max. max. max. max.
High temperature
8ONi, 20Cr Bal. 0.13 1.0 50 0.02 1.0 05 19.5 — — Cast and extruded
max. max. max. max. max. clad 300 Resists fuel ash corrosion
S0Ni. S0Cr 50 — — — —_ — — 50.0 — — —
IN 657 Bal. 0.1 0.3 1.0 — 05 — 48.52 — — Nbl.5 Cast 600
max. max. max max.
INCONEL alloy 600 Bal. 0.15 1.0 8.0 0.015 05 0S5 15.5 — — 3072/6 NAL4 Annealed bar 550-690
max. max max. max. max.
INCONEL alloy 601 60.5 005 05 141 0007 025 025 230 — — Annealed bar 740
INCOLOY alloy 800 325 010 1.5 Bal. 0015 1.0 075 21.0 — — 3072/6 NAILS Annealed bar 590 Originally developed for clectric-kettle
max. max max. max. max. clements
INCOLQY alloy DS 37.0 0.1 12 Bal. — 23 05 18.0 — — Annealed bar 730
max. max.

* Bal.. balance.
+ b.p.. boiling point.
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Table 1.42 Nimonic alloys

Basic grade Improved corrosion Operating
resistant grade temperature
)]
80A 81 815
90 (Inconel 750) 91 920
105 940
115 1010

Cast blades Vacuum casting has provided an alternative
manufacturing route. Problems met with in the earlier alloys
included cracking due to the separation of massive carbides on
solidification and the formation of o-like intermetallic com-
pounds. However, in one specific alloy, IN100, up to 70% ¥’
fraction was achieved. This had the immediate effect of
eliminating the need for solid solution strengthening so that a
low density high creep resistance material became available.
Early casts of IN100 embrittled after prolonged exposure at
850°C due to the formation of intermetallic compounds o, u,
X, 7 or Laves phases which had to be avoided by computerised
phase control (Phacomp) techniques. >

The achievement of yet higher temperature capability re-
quired the addition of a high-melting-point solid solution
strengthener such as tungsten. The further addition of 2%
hafnium improved ductility and minimised cracking by
increasing the amount of low-melting-point eutectic in (Martin
Marietta) MarMO002. This and the alloy IN738, which although
it lacks the best creep rupture properties is extremely well
suited to coating with aluminium and is therefore used where
the maximum creep resistance is not essential, were standar-
dised.

The structure of the grain boundaries is important. Too

little strengthening impairs creep resistance, too much impairs
creep ductility and, therefore, thermal fatigue. The grain
boundary structure is controlled through precipitation of
carbides, usually chromium carbides (but substituted with
other carbides) and by boron and zirconium additions. Com-
positions of wrought and cast superalloys are listed in Table
1.43. Two Martin Marietta alloys which are similar in many
respects are referred to in this section. MarMO002 is suitable for
conventional casting, whilst MarM200 is better for directional
solidification.
Directional solidification > The next improvement in tem-
perature capability came with directionally solidified blades
made in a plant of the type shown in Figure 1.52. The mould is
enclosed within a hot zone and the heat extracted through a
chill plate. The blade consists effectively of a bundle of crystals
each with the (100) direction longitudinal and having random
rotational orientations transverse to this direction.

This structure has little effect on creep but, because there
are no transverse grain boundaries, very significantly increases
rupture ductility, particularly in the highly creep resistant
alloys such as, for example, MarM200 (see Figure 1.53). This
produces greatly increased thermal fatigue life, which is
further enhanced by a low elasticity modulus in the longitu-
dinal (100) direction. This allows a greater elastic extension in
a thermal stress cycle and reduces 4e,,.

Single crystals Even greater improvements accrue from cast-
ing blades as single crystals either by restricting the cross-
section of the solidifying metal in advance of the moulded
blade (see Figure 1.54) or by using a seeding crystal. There are
no grain boundaries in a single crystal and, consequently,

elements introduced to strengthen grain boundaries (e.g.
carbon, boron, zirconium and hafnium) may be omitted.
Higher solution treatment temperatures can therefore be used
and stronger more uniform y’ precipitates produced. Thus, in
the UK, SRR99 will replace MarM002, low density RR2000
will replace IN100 and RR2060 will be used for nozzle guide
vanes.

The kind of performance that may be expected from
directionally solidified and single-crystal materials is shown in
Figure 1.50. The compositions of superalloys that are suitable
for directional solidification are listed in Table 1.44. Any
significant further advance in gas turbine blade materials must
come from the use of composites.

Composite blades Composites can be produced by casting
eutectic alloys in directionally solidifying furnaces or by
powder techniques.

Crucible and
charge
Melting HF melting
chamber coil
- uy
P
Mould 3
chamber k— Mould
3
2
11 Chill plate
. Water-cooled
Withdrawal chill and ram
chamber assembly

Figure 1.52 Schematic of Rolls Royce directional solidification plant.
(Reproduced by permission of Metals and Materials)
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Figure 1.53 Comparison of creep curves for MarM200 tested at
1255 K and 206 MPa in conventional cast directionally solidified and
single-crystal forms. (Reproduced by permission of the Metals Society)



Table 1.43 Typical composition of some wrought, cast and powdered nickel based superalloys

Alloy Co cr Al i C Ta Mo W Nb  Fe Zr B Other Developerluser
Turbine-blade alloys: wrought

Inconel 600 — 155 — — 0.8 - — — — 80 — — —

Inconel 722 — 150 06 25 0.04 —_— - — — 7.0 — — —

Incoriel X-750 05max. 150 09 25 0.04 —_ - — 1.0 70 0.03 — —

Nimonic 75 — 195 — 04 0.10 - = — — 5.0 max. 0.05 max. 0.001 max. —

Nimonic 80A 20max. 195 14 25 0.10max. — — — — 1.0 max. 0.10 max. 0.005 max. —

Nimonic 90 18.0 195 15 24 0.13max. — — — — 1.0 max. 0.10 max. 0.005max. — | International Nickel
Nimonic 105 20.0 148 47 12 016max. — 50 — — 1.0 max. 0.14 max. 0.008 max. —

Nimonic 115 14.8 150 50 40 015 — 40 — — 1.0 max. 0.20 max. 0.06 max. —

Nimonic 120 10.0 125 45 35 0.08max. — 57 — — 1.0 max. 0.05 max. 0.025 —

Nimonic 81 20max. 300 09 18 0.05 —_ - — — 1.0 max. 0.06 0.002 —

EPK 55 20.0 285 12 23 0.05 —_ = — 0.75 0.5 max. 0.07 0.006 —_

EPK 57 19.7 243 14 3.0 0.05 — 15 — 0.95 0.5max. 0.05 0.012 —

Udimet 500 16.5 175 29 29 0.15max. — 40 — —_— 4.0 max. — 0.010 max. —

Udimet 700 17.0 150 43 34 015max. — 53 — — 4.0 max. — 0.05 max. —

Turbine-blade alloys: cast

INTI3LC — 125 6.1 08 O012max. — 42 — 2.2 0.5 max. 0.10 0.012 — . .
IN 100 15.0 100 55 47 018 — 30 — = 05max. 006 0.014 10V } International Nickel
B 1900 10.0 80 60 1.0 0.025 40 60 — — — 0.04 0.015 — Pratt and Whitney
MarM200 10.0 9.0 50 20 0.15 —_ — 125 1.0 — 0.05 0.15 —

MarM002 10.0 9.0 55 15 0.15 25 — 10,0 — — 0.05 0.15 1.5 Hf Martin Marietta
MarM247 10.0 83 55 1.0 015 3.0 067 100 — — 0.05 0.015 Hf

IN 738 8.5 160 34 34 017max. 18 18 26 09 0.5max. 0.10 0.010 — International Nickel
René 77 15.0 145 43 33 0.07 — 42 — —_ — 0.04 0.010 — .
René 80 9.5 140 30 50 0.17 — 40 40 — — 0.03 0.015 — } General Electric
Mechanically alloyed powder

MA 6000 120 45 25 20 20 40 — — - — 1.1Y,0,

Sheet alloys (rolled from cast billet)

PE 16 18.0 16.5 12 12 0.06 — 33 — — 22 0.06 max. 0.05 max.

PK 33 14.0 185 29 22 0.07 — 70 — — 1.0 — —

Turbine-disc alloys (forged from cast billet)

Nimonic 90.1 125 03 29 0.04 — 67 - — 3.0 — —

Waspaloy 13.5 195 13 3.0 0.08 — - — — — 0.06 0.006

Astroloy 17.0 150 4.0 35 0.06 — 525 — —_— —_ — 0.03

Turbine-disc ailoys (forged from powder)
AP1 17.0 150 4.0 3.5 0.025 — 50 — — — 0.04 0.025
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Directionally cast eutectics normally have a laminar struc-
ture but can, theoretically, be seeded to produce fibre reinfor-
cement in a matrix. Typical compositions are listed in Table
1.45. Unfortunately, some directionally solidified eutectics
have limited oxidation resistance, some delaminate on thermal
cycling, and some have uneconomically long production times.
None have so far been exploited commercially.

Dispersion strengthened alloys resist creep at very high
temperatures (see TD Nickel in Figure 1.50), but it is ex-
tremely difficult to produce a material with high strength at
lower temperatures. One such alloy, MA 6000 (see Table
1.43), is said to be strong enough for stubby tapered un-
shrouded blades which can be run at higher temperatures than
other nickel based alloy blades.

Turbine disc materials Turbine disc materials require good
tensile strength (to prevent bursting in the event of an
overspeed) and good low cycle fatigue life (to withstand the
changes of stress undergone in the flight cycle) rather than
creep resistance at high temperatures. The alloys adopted,
Astroloy, Waspaloy and Nimonic 901 (sce Table 1.43) are
similar in composition to turbine blade alloys, but are given
low temperature thermomechanical treatments which gen-
erate a homogeneous dislocation structure, improve tensile
strength by up to 40% and produce a fine-grained microstruc-
ture which has good fatigue properties.

Ingots cast from more highly alloyed disc materials are
prone to segregation and difficult to forge. It should be
possible to overcome this by powder processing, but so far the
presence of defects too small to be detected by non-destructive
Figure 1.54 Single-crystal blade with spiral construction. testing (NDT) has prevented the application of powder techni-
(Reproduced by permission of Metals and Materials) ques to turbine discs. The mechanically alloyed powder API
(Table 1.43) is an example of this type of alloy.

Table 1.44 Composition of high temperature alloys that have been directionally solidified™

Compositiont (%)

Alloy Ni Co Cr Al Ti Ta Mo W Nb Zr B Others
IN713LC Bal. — 120 59 0.6 005 -— 45 — 20 01 001 —
IN713C Bal. — 125 6.1 0.8 012 - 42 — 20 01 0.012 —
IN100 Bal. 15.0- 10.0 55 4.7 0.18 — 30 — — 0.06 0.014 10V
MarM200 Bal. 100 9.0 50 20 015 - — 125 1.0 0.05 0.015 —
MarM002 Bal. 100 9.0 55 15 0.15 25 — 100 — 0.05 0.015 1.5Hf
MarM246 Bal. 10.0 :9.0 55 15 0.15 1.5 25 100 — 005 0.015 —
B1900 Bal. 100 8.0 6.0 1.0 0.10 40 60 — — 010 0015 —
IN738LC Bal. 85 160 35 35 0.11 1.6 175 25 0.7 008 0.008 —

IN 939 Bal. 19.0 225 19 3.7 0.15 14 — 20 1.0 0.09 0009 —
MarM247 Bal. 10 84 55 105 0.15 33 065 100 — 0.05 0015 14Hf
UTRCMMT 143 739 — — 5.8 60 143 — — — — —

X 40 10 Bal. 250 — 0.5 1.5

MarM509 10 Bal. 235 0.2 0.6 7.0

Single-crystal alloys

P& W 444 Bal. — 86 51 198 — - - 11.1

P & W 454 Bal. 5.0 100 50 15 — 12.0 — 4.0

NASAIR 100 Bal. — 9.0 575 1.2 <0.01 33 15 105

RR SR99 Bal. 50 85 55 22 <0015 28 — 9.5

RR 2000 Bal. 15.0 10.0 55 4.0 002 — 30 — — — - 1.0V
RR 2060 Bal. 50 150 5.0 2.0 0.02 50 20 20 — —  — —

* Reproduced (with addition) by permission of the Metals Society.
+ Bal.. balance.
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Table 1.45 Composition of directionally solidified eutectic composites™

Non-ferrous metals 1/87

Structure Compositiont (wt%)
Alloy Matrix Reinforcement Ni  Co Cr Al Nb Ta C W Re V. Mo Y Fe
NITAC3116A 7yNi + ¥'NizjAl TaC Bal. 37 19 635 — 82 024 — 63 42 — — —
COTAC 744  yNi + y'NizAl NbC Bal. 20 100 40 49 — 06 10 — — — — —
y-y'-CrsCs  Ni + ¥Ni;Al CrC, Bal. — 123 69 — — 18 — — — — 05 —
(Co,Cr)-Cr,C; Co,Cr solid Cr,Cs — Bal 410 — — — 24 — — - - — —
solution
y-y'-86 yNi + y'NizAl 8 NizNb Bal. — 60 25 201 — 006 — — — — — —
y-y'-a yNi + ¥'NisAl a Mo Bal,. — — 60 — — — - - — 32 — —

* Reproduced by permission of the Metals Society.
1 Bal., balance.

Casing materials Sheet materials have compositions similar
to blade materials, but their creep resistance is usually lower,
partly because it is not needed, partly because the high
technology casting procedures are not applicable to sheet, and
partly because they usually have to be welded. The creep
rupture properties of two sheet materials, PE16 and PK33,
which span the available range are indicated in Figure 1.50.
The compositions of a selection of available (and potential)
nickel gas turbine alloys are listed in Tables 1.43 to 1.45.

The above account is based on experience at Rolls Royce, but
similar developments, using alloys of marginally different
compositions tttttailored to meet specific design requirements,
have been achieved at General Electric and United Technol-
ogies.

1.4.5.6 Electrical alloys

Nickel and nickel alloys are used in electrical applications,
usually in the form of wire or strip, because of their individual
characteristics of resistivity, electron emission, thermoelectric
properties or corrosion resistance. Table 1.46 lists these ma-
terials giving composition, supplier, tensile strength, and
property of major interest. They are usually supplied in the
form of annealed bar for drawing into wire or strip.

1.4.5.7 Magnetic alloys

The magnetic alloys of nickel are principally those with high
magnetic permeability in low or medium strength magnetic
fields or some special form of magnetic hysteresis loop. They
are used mainly in the form of tapes or sheet, or as powder for
cores for electronic equipment. Very careful control is needed
in production. Pure nickel or nickel rich cobalt alloys are used
as magnetostriction transducers. Compositions, tensile
strengths and an indication of magnetic characteristics are
listed in Table 1.47. Magnetic alloys can be obtained from
Telcon Metals, ITT (Hounslow) and International Nickel.

1.4.5.8 Alloys with special dimensional and elastic
properties

Certain alloys of nickel have minimal or controlled coefficients
of expansion over certain ranges of temperature. Alloys with
minimal expansion coefficients are used in instruments and
those with controlled coefficients for sealing to glass or
ceramics are used in vacuum devices. Alloys with small
positive temperature coefficients are used for temperature-

insensitive vibrating instrument devices. There is also a low-
temperature shape-memory alloy (Nitinol). The compositions,
ultimate tensile strengths and an indication of the character-
istic properties of nickel alloys with dimensional property
applications are listed in Table 1.48.

1.4.5.9 Hard facing materials®*

A large number of commercial hard facing alloys depend on a
nickel matrix, usually containing a dispersion of tungsten and
chromium carbides, boron and, sometimes, molybdenum and
silicon. The hardness of the deposited material varies accord-
ing to composition (300~720 VPN) and wear resistances can
be obtained superior to other materials at room temperature,
but inferior to cobalt alloys at high temperature or in res-
istance to aqueous environments.

1.4.6 Zinc and its alloys
1.4.6.1 Introduction and standards
Zinc owes its commercial applications to three characteristics:

(1) Zinc components are essentially low priced. The metal
requires less energy to produce and to cast than any of its
competitors and is cheap to machine.

It has quite exceptional corrosion properties. Only alu-
minium, magnesium and the alkali metals are cathodic to
it so that it will protect all other metals sacrificially and
can be used as the cathode in an electrolytic cell, but in
normal atmospheres it forms a protective film which is
penetrated only about 0.01 mm per year in the worst
industrial atmospheres.

Its low melting point makes it exceptionally suited as a
material for die casting.

@

©)

The drawbacks of zinc are that it is relatively soft and weak,
has poor creep resistance and its hexagonal structure makes it
brittle at room temperature.

Its major uses are:

(1) as a coating to protect steel;
(2) as a base for casting alloys; and
(3) as a sheet material for battery cases and roofing.

Standards covering zinc metal include:

(1) BS 1004 and ASTM B669—Zinc alloys for casting

(2) BS 3436 Ingot zinc; and ASTM B6 Zinc

(3) BS 5338 Code of practice for zinc alloy pressure die
casting



Table 1.46 Electrical alloys of nickel

Compositiont (%)

Alloy N C Mn  Fe s Si Cu Cr Co Mo Al Ti Other BS  Supplier Form Tensile  Properties and uses
strength
(MPa)
Nickel 205 9.5 008 0.18 0.10 0004 0.08 0.08 - — - = 0.03  Mg0.05 Annecaled rod 460 High damping. Electronic valve electrodes
Nickel 212 97.7 0.10 2.0 0.05 0005 (.05 0.03 — — — - — — International — 476 Resists sulphur embrittiement. Support wires
Nickel 222 99.5 001 002 0.04 0.0025  0.01 0.01 0.01 0.06 — 601 0.01 Mgoo8 3504 Nickel — 340 Emits electrons. Valve cathode sleeves
Nickel 240 950 — 20 — — . — 1.7 — - — 03 Z0.15 — Resists lead and sulphur. Spark plug clectrodes
Nickel 270 99.98 0.01 0.003 <0.001 <0.00f <0.001 <0001 <0.001 <0.001 — — <0.001 Mg0.001 Annealed strip 340 Powder product, highty deformable. Valves, etc.
Constantan
(Ferry) 45 — — — — — 55 — — — = — — ITT (Harlow) Aannealed bar 415 Low temperature cocefficient of resistivity. Resistors and
thermocouples
Brightray B 590 0.1 10 Bal. — 0.35 — 16.0 — — - 017 — Annealed bar 686 Heating elements up to 750°C
max.

Brightray C Bal. 0.1 025 1.0 — 1.5 — 19.2 — — 026 — Rare Annealed bar 735 Heating elements up to 1150°C

max. max. carth

metals
0.5 Wiggin

Brightray § Bal. 0.1 04 1.0 — 1.0 — 200 — - — - = ailoys Annealed bar 734 Strip heating elements up to 1150°C

max. max. max.
Brightway 35 377 0.1 1.2 Bal. — 2.2 — 18.0 - - - — — Annealed bar 740 Resists carburisation. Heating elements up to 1050°C

max.
Chromel alloy P Bal. —  — 0.2 — 04 — 10.0 — - = — — Thermocouples up to 1110°C
Alumel Bal. — L75 0.1 - 1.2 — — — — 16 —_ — British Thermocouples up to 1110°C
Nicrosil Bal. — — — - 1.5 - 14.3 — - - _ — Driver Harris Thermocouples up to 1110°C
Nisil Bal. — — — — 4.5 — — — —_ = — Mg0.1 Thermocouples up to 1110°C
+ Bal.. balance
Tabile 1.47 Magnetic alloys of nickel*

Compositiont (%) Tensile
- - . strength .
Alloy* Ni C Mn Fe § Si Cu Cr Co Mo Al Ti Other BS Form (MN m~2) Properties and uses
Nickel 205 99.5 0.08 0.18 0.10 0.004 008 — — — — — 0.03 Mg0.05 — — — High magnetostriction. Ultrasonic transducers
Nickel, 4Co Bal, — — — — — — — 40— — — — — — — High magnetostriction. Ultrasonic transducers
Nickel, 18Co Bal. — — — — - — — 180 - — — — - - — —
75Ni, 25Fe  70-80 — — Bal. — X X — — X — = — 2875A Annealed strip 540 —
50Ni, 50Fe 50 — — Bal — X X = - X — - — 2875A Annealed strip 430 —
36Ni, 74Fe 36 — — Bah— x X —— X — — - 2875A Annealed strip 530 —
JAE metal 70 —_— = = 0 - — - - - = = — Annealed bar 430 —
30Ni, 70Fe 30 - - M’ - - - — = - == — — Annealed strip 430 High temperature coefficient of permeability. Magnetic
components

* Trad and suppliers of magnetic alloys are: Mumetal and Radiometal, Telcon Metals Ltd; Permalloy, ITT Harlow; Nilomag and JAE metal, Wiggin Alloys Ltd.
+ Bal., balance.

x, Smail additions of one or more of these elements.



Table 1.48 Controlled-expansion and constant-modulus alloys of nickel

Compositiont (%) Tensile
- - - strength .
Alloy* Ni C Mn Fe Si Cue Cr Co Mo Al Ti Other Form (MN m~2) Properties and uses
NILO alloy 36! 36.0 0.15 0.5 Bal 05 05 — — - — — — Annealed bar 460 Very low thermal expansion 20-100°C. Metrology.
max. max. max. Chronometers
NILO alloy 42° 2.0 015 0.5 Bal 05 05 — — — - — Annealed bar 525 Thermal expansion ¢.5.5 K™! (20-300°C).
max. max. max. Thermostats for sealing into glass
NILO alloy 482 48.0 0.15 0.5 Bal 05 05 — — — - — — Annealed bar 494 Thermal expansion ¢.9 K™! (20-400°C). Thermostats
max. max. max. for sealing into alumina
NILO alloy K? 29.5 0.05 0.3 Bal 05 05 — 170 — — — — Annealed bar 525 Thermal expansion ¢.6 K™!. Sealing into borosilicate
max. max. max. glass
INCONEL alloy 903 380 — — Bal - - — 150 — 0.7 14 Nb3.0 Warm-worked bar — Thermal expansion c.5 K™!. Components stressed at
variable temperature
NI-SPAN alloy C-902* 42.25 0.1 0.5 Bal. 06 — 53 — — 05525 — Heat-treated bar 1240 Low positive coefficient of elastic modulus. For
max. accurate vibration devices
55 Nitinol} 55 — — — —_ - — - — — 45 — Annealed bar 860
50 Nitinol 60 — —_ — — - —_ = = — 40 — Annealed bar, 940
heat-treated bar 1070

* These are Wiggin designations. Other designations are: 'Telcon Metals *

+ Bal., balance.

1 Property of the Naval Ordinance Laboratory, Washington, DC, USA.

Tnvar’, British Driver Harris

“Therlo’; 2Telcon Metals ‘Telcoseal’, British Driver Harris ‘Therlo’; *Telcon Metals ‘Elinvar’.
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(4) ASTM B69 Rolled zinc
(5) ASTM B418 Cast and wrought galvanic zinc anodes for
use in saline electrolytics

1.4.6.2 Zinc based casting alloys

Zinc_based alloys may be used for all types of sand, invest-
ment, gravity and pressure die casting. Melting is clean and
easy, casting is less sensitive to problems of oxide inclusions,
misruns and voids, finish is superior, wall thicknesses can be
thinner, detail is sharper, and shapes are more complex than is
possible with such competitive materials as aluminium and
copper alloys and cast irons. Zinc alloys have excellent
machinability and less machining is required than with castings
in other metals. Complex shapes can therefore be produced
more cheaply in them than in any other metallic material.

A further advantage of the zinc alloys is that for those low
speed bearing applications for which copper alloys have
traditionally been used there are indications that zinc casting
alloys perform better than leaded gunmetal.

Casting alloys, which usually have aluminium as their main
alloying element are commonly known by their ‘ZA’ number.

The composition and properties of zinc based casting alloys
are listed together with those of competitive materials in
Tables 1.49 to 1.51.

1.4.6.3 Alloy development

In early days, zinc based alloys developed a poor reputation
because some castings disintegrated in service and electroplate
sometimes showed poor adherence. The cause of disintegra-
tion was traced to the pressure of heavy metals (iron, lead,
cadmium and tin) which are held strictly to acceptable limits in
modern high-purity zinc and research on plating eliminated
the problems of adherence.

The alloys ZA3 and ZAS are very suitable for hot chamber
high pressure die casting because the molten metal has a very
low affinity for iron and there is very little wear on the dies.
Castings in these alloys are therefore inexpensive to produce
and very suitable for complex lowly stressed components.

Increasing the aluminium content very significantly
increases strength but also increases aggressiveness to iron, so
that above 8% (the aluminium content of ZAS8) the alloys
cannot be hot chamber die cast. Although more expensive in
the form of components, the higher aluminium casting alloys

Table 1.49 Composition (%) of zinc casting alloys

are more than competitive with cast iron, copper and alumi-
nium alloys in situations where their low hot strength is not
detrimental.

ZA12 should not be considered for use in stressed applica-
tions at or above 120°C, but the ASME boiler code design
stress for ZA27 at 150°C (which is the stress required to
produce a secondary creep of 1% in 100 000 h) is 69 MPa.

As long as these limitations are observed, ZA12 and ZA27
have a potential market for components for mass-produced
cars equivalent to that of magnesium alloys for high perfor-
mance Sports cars.

1.4.6.4 Wrought zinc alloys

Zinc is available in the form of sheet, extrusions (and forgings)
and wire.

Sheet zinc is used mainly for roofing and as anode cans in
the common dry cell. Zinc for roofing can be the pure metal,
or the more creep resistant zinc—copper or zinc-titanium alloys
which are an economical replacement for copper or lead. Zinc
strip for battery cases contains approximately 0.5%Pb and
zinc plate for photoengraving (an important application) con-
tains 0.2%Pb and 0.2%Cd.

Sheet containing 78%Zn and 22%Al can be made
superplastic and drawn and stretched into shapes that require
a very high degree of deformation.

Extruded zinc is available as the copper—titanium alloy.
These alloys are used for architectural purposes in conjunction
with roofing or walling sheet, but their applications have been
largely superseded by plastics. A major remaining application
for pure extruded (or sheet) zinc is as sacrificial anodes to
protect steel ships or buried pipes.

Zinc wire is largely used for spray metallising, but is
available for nails, hooks, gauze and similar wire products,
and for solder.

1.4.6.5 Zinc coating for corrosion protection

The major use for zinc is as a coating on steel for corrosion
protection. Zinc operates in two ways. Its room-temperature
oxidation product is adherent (as opposed to that of steel in
moist conditions) but, after it has eventually been penetrated,
it protects the underlying metal electrochemically. It makes an
excellent base for paint.

There are three types of zinc coating. ‘Hot dip galvanising’
is achieved by immersing the steel in a bath of molten zinc.

Alloy
Component ZA3 ZAS ZA8 ZAI2 ZA27
Specification  BS 1004 BS 1004 — ASTMB-669-82 ASTMB-669-82
Aluminium 3.943 3.9-43 8-8.8 10.5-11.5 25.0-28.0
Copper 0.10 0.75/1.25 0.8-13 0.5-1.25 2.0-2.5
Magnesium 0.025/0.05 0.05/0.06  0.015-0.030 0.015-0.030 0.010-0.020
Iron <0.075 <0.075 <0.010 <0.075 <0.010
Lead — —_ <0.004 —
Cadmium — —_— <0.003 —_
Tin — — <0.002 —
Zinc — — Bal. —

Bal., balance.



Table 1.50 Mechanical and physical properties (20°C) of zinc casting alloys and competitive materials

ZA3  ZAS ZA8 ZAI2 ZA27 Brass Cast iron
Property Pressure Pressure Sand Gravity  Pressure Sand Gravity Pressure Sand Sand Gravity Pressure BS 1004 Aluminium Blackheart  Grey
die die cast die die cast die die cast HIT diet die SCB3 LM6M malleable
UTS (MPa) 283 324 248-276 221-255 365-386 275-317 310-345 392-414 400-440 310-324 424 407441 185-240 160-185 290-345 160-345
Elongation in 2 in. 15 9 1-2 1-2 6-10 1-2 1-2 47 36 8-11 1 1 15-30 5-7 6-12 <0.5
(%)
Young’s modulus — — 88 85 — 83 — — 78 79 — — 83 71 169 75-145
(GPa)
Hardness* 83 92 82-89 85-90  99-107 90-110 85-95  95-105 110-120 90-100 110-120 116-122  45-65 55-60 110-149 200-250
* Brinell hardness number.
t+ Preliminary data.
Table 1.51 Physical properties (20°C) of zinc casting alloys and competitive materials
ZA3 ZAS ZAS8 ZAI2 ZA27 Cast iron
Brass -
Property Pressure  Pressure Sand Gravity  Pressure Sand Gravity Pressure Sand Sand Gravity Pressure BS 1004 Aluminium Blackheart Grey
die die cast die* die cast die die cast HT die* die SCB3 LM6M malleable
Density 6.7 6.7 6.3 6.3 6.3 6.0 6.0 6.0 5.0 5.0 5.0 5.0 8.5 2.6 73 7.3
(g cm™)
Electrical 26 26 21.7 21.7 21.7 283 28.3 28.3 29.7 29.7 29.7 29.7 20 37 — —
conductivity
(%IACS)
Thermal 113 110 115 115 115 116 116 116 125.5 125.5 125.5 125.5 90 142 49 42-50
conductivity
(w m~l oc~l)
Melting range 382-387 379-388 375-404 375-404 375-404 380-430 380-430 380430 380-490 380-490 380-490 380-490 920-1000 580-640 1450-1550 1090-1260
O

* Preliminary data.
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The zinc and steel form an alloy at the interface. ‘Electrogal-
vanising’ is achieved by electroplating zinc through an aqueous
electrolyte. The thickness of coating is more uniform but
usually thinner than that produced by other methods. ‘Shera-
dising’ (heating the component to 370°C in zinc powder)
produces a layer of uniform thickness.

‘Zalutite’ (a trademark of British Steel Corporation), a
55%Al, 43.5%Zn, 1.5%Si silicon coated steel combines the
protection of zinc and aluminium and in many environments is
superior to galvanising.

1.4.7 Low-melting-point metals, lead, tin and their
alloys

1.4.7.1 Introduction

Lead and tin are soft metals with low melting points. Lead is
used pure or strengthened by alloying with antimony for
roofing, cable sheathing, radiation shielding, battery electrode
and chemical plant materials. Both lead and tin alloys are used
for bearings.

Alloys of lead and tin have melting points lower than those
of either metal and may be further alloyed with antimony and
bismuth to reduce the melting point still more or to confer
other properties. Tin is used for coating steel and may be
alloyed with lead for this purpose. ‘

1.4.7.2 Nomenclature and standards
The standards and nomenclature for chemical lead are:

BS 334 Type A Pure lead

Type B1 Copper lead

Type B2 Copper tellurium lead
Type C  Antimonial lead

ASTM B 29 Pig lead
Standards for alloys and products are:

BS 3332 and ASTM B23 White metal bearing alloys
(Babbitt metal)

ASTM B 32 Solder metal

BS 2920 Tin plate

1.4.7.3 Lead in corrosion service

Lead forms adherent corrosion products which may be sul-
phate, oxide, carbonate, chromate, or more complex com-
pounds. These coatings protect the base alloy and have led to
its use for roofing, underground pipes and products in contact
with sulphuric, sulphurous, chromic and phosphoric acids.

The two main drawbacks of lead are its toxicity which has
caused its withdrawal from all applications associated with
potable liquids and its low creep strength.

Antimony additions increase both the ultimate tensile
strength (UTS) and the creep strength of lead. The tensile
strength of pure lead is about 15 MPa and the stress to cause
1% creep per year at 30°C is about 2.1 MPa. Lead containing
8% antimony has a tensile strength of 60 MPa and a stress to
cause 1% creep per year at 30°C of 2.7 MPa.

1.4.7.4 Bearing metals (babbitts)

‘Babbitt’ bearing metals contain up to 90% tin with antimony,
copper and in some cases lead, or up to 90% lead with
antimony and tin. Their important characteristics are ‘anti-
seizure’ properties and ‘fatigue resistance’.

Anti-seizure properties render the material readily wetted
by oil but, should the oil film break down, the material will not
adhere to a steel journal but flow out of the way locally and

embed and cover any hard particle which may have gained
access. Both lead and tin have these characteristics.

Fatigue resistance in a bearing implies that the material will,
when the bearing is subjected to an alternating load, resist the
formation of cracks that initiate at right angles to the bearing
surface, propagate almost to the backing and then turn at right
angles so that ‘loose tiles’ will erode away. Traditional tin
based babbitts were considered to have greater fatigue res-
istance than lead based ones, but it is now appreciated that
lead is superior if it is made thin enough, preferably down to a
thickness of 0.125 mm.

Both tin and lead based babbitts are easy to cast, easy to
bond to the backing and easy to machine. They are useful for
low duty bearings made in short production runs. They have,
however, been supplemented by other types of bearing for
high duty service and mass production. Often a very thin layer
of pure lead bonded to the surface of a stronger support
material is used.

1.4.7.5 Low-melting-point alloys

Solders are alloys of tin and lead in varying proportions, for
example 38%Pb, 62%Sn for tinman’s solder and 66%Pb,
34%Sn for plumbers’ solder.

There are a number of lead-tin alloys with bismuth or
antimony the applications of which depend on their low
melting points. The most important are the type metals which
contain 12-30% antimony. Antimony expands on solidifica-
tion and an alloy containing 20-30% of this metal has a
negligible contraction and produces a clear type face.

1.4.7.6 Tin and terne plate

Electrolytic or immersion tin plate has been used to protect
steel sheet; this is used mainly in the food industry. For
products other than those associated with food, terne plate
(which contains 10-25% tin, with the remainder being lead) is
supplanting tin plate, largely due to cost but also because the
lubricity of lead assists drawing and forming operations.

1.4.8 Cobalt and its alloys
1.4.8.1 Introduction

Cobalt is a soft silvery metal which is readily corroded by
aggressive environments, but properties developed by alloying
include a high coercive force, exceptional resistance to corrod-
ing and oxidising environments at ambient and elevated
temperatures, exceptional hardness and wear resistance and
high hot strength.

Cobalt can also be transmuted by irradiation with neutrons
to ®Co which emits 7 X 10 eV y-rays; this is used for
high-penetration radiography.

The major drawbacks of cobalt are its high cost and the
distribution of its ores which are found in politically unstable
countries. In addition, its alloys compare unfavourably in high
temperature strength to those of nickel (see below).

1.4.8.2 Applications of cobalt alloys

The major application of cobalt is as a permanent-magnet
material. Alnico 5 (24%Co, 14%Ni, 8%Ai, 3%La, 51%Fe)
has, for example, a retentivity B, of 12 500 G and a coercive
force H, of 550 Oe. Cobalt is also a constituent of high
permeability magnets. Permendar has a saturation induction
B, of 24 500 G and a coercive force H, of 2 Oe.

The next most important group of applications comprises
those which depend on strength, hardness and corrosion
resistance at room and elevated temperatures. These include



gas turbine materials, furnace hardware and wear resistant
and spring alloys. Almost all of these materials are based on
an alloy containing 20~30% chromium to which are added
other constituents conferring specific mechanical properties.

Because cobalt is a high-melting-point metal with no allotro-
pic modifications, its prospects as a high creep strength
material for aircraft turbines would appear highly favourable.
Unfortunately, no strengthening mechanism comparable with
the y' precipitation process in nickel has been found. This
deficiency might be overcome by the development of a creep
resisting composite, but there is little incentive to develop such
a material on a base whose supply might fail in an emergency.
Nickel has therefore supplanted cobalt as a gas turbine
material.

The deformation, corrosion and oxidation resistant charac-
teristics of the cobalt superalloys, LG05, HS188, UMCo50 and
stellite 250 have led to their extensive application in furnace
hardware.

There are a number of dental and prosthetic alloys specified
in ANSI/ASTM F75-76 for cast alloys and ANSI/ASTM
F90-76, ANSUVASTM F562-78 and ASTM F563-78 for
wrought alloys. BS 3561: 1980: Part 2 covers both cast and
wrought alloys. Cobalt alloys are superior for dental purpose
to gold because of their higher strength and lower specific
gravity. The decision as to which cobalt alloy to use for
prosthetic purposes, or whether to use surgical stainless steel,
titanium or tantalum instead depends on the preference of the
surgeon.

Cobalt based wear resistant products are, in effect, alloys of
Co, 20%Cr with tungsten carbide. They are available to a
number of designations, depending on the wear and other
characteristics required, and in forms which include castings,
forgings, powder for compaction and hard facing consumables
(see Bibliography).

The most comprehensive classification of cobalt alloys is
that of the Australian Welding Research Association
(AWRA).

Cobalt is also the basis for a number of alloys for springs
(‘Elgiloy’ or ‘Cobenium’), low expansion corrosion resistant
alloy (‘Stainless Invar’) and alloys with low temperature
coefficients of modulus of elasticity.

(See also Section 1.5.12.)

1.4.9 Other non-ferrous metals

There are some 28 non-ferrous metals not considered indi-
vidually here. Many of them are used as alloying additions to
the metals described in Sections 1.3.1 to 1.3.7. Only those
which form the major constituents of alloys are considered
here.

1.4.9.1 Mezals used for alloying steels

Tungsten This has the highest melting point (3410°C) of any
metal and the highest strength at elevated temperatures. The
ultimate tensile strenth (UTS) (of 1 mm diameter wire) is
approximately 2600 MPa at room temperature and 30 MPa at
2800°C. It has good corrosion resistance, but oxidises in air at
temperatures above 500°C. It is normally fabricated by
powder metallurgical techniques, but can be cast by vacuum
arc or electron beam.

Its applications depend on its high temperature properties in
protective atmospheres. They include the following.

(1) Electric light filaments—These are made by a powder
metallurgy technique incorporating an oxide which res-
tricts grain growth so that the filament consists of a
bundle of single crystals each of which is continuous
along the length of the filament.
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(2) Electrodes in electron tubes.

(3) Electrodes for inert gas welding—for this and the pre-
vious application, thorium oxide may be incorporated to
promote ionisation and the smooth striking of an arc.

(4) Electrical contact materials for highly repetitive and
continuous arcing applications—Tungsten has outstand-
ing resistance to arcing welding or sticking. It has,
however, a tendency for the positive terminal to oxidise
which can be prevented by substituting palladium or
platinum for this terminal only.

Molybdenum This has many of the high temperature charac-
teristics of tungsten, but its melting point (2610°C) is lower
and its high temperature strength, although good, does not
compare with that of tungsten. Like tungsten it oxidises in air
above 500°C unless protected. It is, however, more ductile and
more easily fabricated than tungsten. It is highly resistant to
liquid media, including glasses and molten metals, but is
attacked by oxidising agents. It is fabricated by consumable
arc melting.
Its applications include the following:

(1) electrical and electronic parts,

(2) high temperature furnace parts (particularly for vacuum
furnaces),

(3) glass-melting furnaces,

(4) hot working tools, and

(5) dies and cores for die casting.

Chromium This is a light silvery metal which is highly
resistant to oxidation and to many corroding media, but not to
hydrochloric acid. It is, however, extremely brittle (the pro-
duction of ductile chromium has been reported but not
followed up) and this restricts its use.

Applications include the following:

(1) mirrors,
(2) X-ray targets, and
(3) decorative and wear resistant electroplate.

The hardness of electroplated chromium depends on its hydro-
gen content and may be up to 1200 VPN as plated reducing to
70 VPN annealed. Chromium has a low coefficient of friction
(0.12 sliding, 0.14 static) and can be plated in a porous form to
retain oil.

Tantalum and niobium These have excellent fabricability,
high hot strength and a low ductile brittle transition, but
oxidise in air above 300°C. Tantalum is used for chemical-
plant liners, surgical implants and, because of the electrical
properties of its oxide film, for rectifiers and capacitors.

1.4.9.2 Precious metals

The precious metals have very high resistance to oxidation and
corrosion. They include:

(1) the platinum group metals (platinum, palladium, irid-
ium, rhodium, osmium and ruthenium) which have high
melting points (1760-3050°C), high strengths and excel-
lent dimensional stability at elevated temperatures; and

(2) gold and silver which have low melting points (1063 and
961°C, respectively) and are soft and ductile.

Precious metals are specified for applications which demand
extreme reliability or absolute freedom from corrosion and
those in which high recovery value and long trouble-free
service offset a high original cost. Applications of specific
precious metals include the following.

Silver:
(1) electrical conductors which, unlike those of copper, do
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not oxidise at elevated temperatures and contacts;

(2) corrosion resistant containers for food processing
(largely superseded by stainless steels);

(3) bearings;

(4) ornaments and jewellery (sometimes as plates); and

(5) high-melting-point solder.

Gold:

(1) instruments requiring corrosion resistance;
(2) conductors for transistor circuitry;

(3) dentistry;

(4) high-melting-point solder; and

(5) coinage, jewellery and ornaments.

Platinum (and to a lesser extent palladium):

(1) catalysts, particularly for automobile exhaust systems
and chemical synthesis;

(2) furnace windings;

(3) laboratory crucibles and containers;

(4) resistance thermometers and thermocouples;

(5) linings for optical glass and fluoride process plant; and

(6) electrical contacts.

Iridium and rhodium are used mainly as alloying agents for
platinum, but pure iridium has been used for the manufacture
of high quality glass and rhodium as an electroplate of even
higher resistance than platinum.

Osmium and its alloys have very high hardness (approxi-
mately 800 VPH), resistance to wear and corrosion and mo-
duli. They are used for fountain pen nibs, record-player
needles, instrument pivots and electrical contacts.

1.4.9.3 Nuclear metals

Nuclear metals are divided into “fissile’, ‘fertile’, ‘canning’ and
‘control’ materials.

Fissile metals undergo fission when irradicated by neutrons,
disintegrating into two major fission products, a number of
neutrons which serve to carry on the chain reaction, other
particles and energy (including <y radiation). Fissile materials
include 25U a constituent of natural uranium, 23*U a product
of neutron capture by thorium, and plutonium a product of
neutron capture by 23U the major constituent of natural
uranium. They constitute the fuel in nuclear reactors.

‘Fertile’ metals include **U and thorium. They are incorpo-
rated into nuclear-reactor fuel or used separately in ‘blankets’
to absorb neutrons and produce additional fissile material.

Canning metals are used to contain nuclear fuel in a reactor,
maintain its integrity and dimensions, protect it from attack by
the coolant, retain fission products so that they do not
contaminate the coolant and, through it, the environment,
transfer the heat produced efficiently and absorb a minimum
proportion of neutrons. Canning and core structural materials
now in use include stainless steel for sodium cooled and high
temperature gas-cooled reactors, magnesium alloy for the
original ‘Magnox’ reactors, zirconium for pressurised water
and boiling water cooled power reactors and aluminium for
water-cooled research reactors.

Zirconium occurs naturally together with hafnium, which
has high neutron-absorbing properties. These must be sepa-
rated by a complex chemical process before they can be used
in water reactors, zirconium as a core structural material and
hafnium as a control rod material. Both have excellent res-
istance to pressurised water attack if they are suitably alloyed
and satisfactorily pure.

Beryllium combines a very low nuclear capture cross-section
with good strength and hardness at moderately high tempera-
tures. It appeared to have great promise as a canning and core
structural material, but the promise has not been fulfilled,

mainly because of its lack of ductility and resistance to
environmental attack and partly because of doubts concerning
the effect of helium which is produced when beryllium is
irradiated by neutrons.

The applications of alloys based on beryllium are confined
to those such as spacecraft where its high specific strength
outweighs its high cost and hazard to health. (Its oxide causes
‘beryllicosis’, which is similar to silicosis but when inhaled
beryllium is more virulent.)

1.4.9.4 Metals used in integrated circuits

Silicon and germanium, which when pure are very poor
electronic conductors of electricity, can be transformed by
‘doping’. Introducing into the lattice pentavalent elements
(phosphorus, arsenic or antimony) introduces free electrons
and gives rise to negative or n-type conductivity. Introducing
trivalent elements (boron or aluminium) reduces the number
of electrons and forms ‘holes’, giving rise to positive, or
p-type, conductivity.

Junctions between regions of these two conductivity types
are called p—n junctions. These junctions are at the heart of
most semiconductor devices (diodes, transistors, solar cells,
thyristors, light-emitting diodes, semiconductors, lasers, etc.).

By taking a slice of highly pure single-crystal silicon, diffus-
ing into it p- and n-type atoms in a geometrical pattern
controlled photographically, and then insulating or intercon-
necting regions by metallisation, circuits with millions of
components can be formed on one silicon chip.

Highly pure, zone-refined single-crystal silicon has com-
pletely superseded germanium for the manufacture of tran-
sistors and silicon integrated circuits. The quantity used is
small, amounting to only tens of tons per annum, but its
technological importance is enormous.

1.5 Composites

1.5.1 Introduction

A ‘composite’ is a combination of two or more constituents to
form a material with one or more significant properties
superior to those of its components. Combination is on a
macroscopic scale in distinction to alloys or compounds which
are microscopic combinations of metals, polymers or cera-
mics.

Those properties that may be improved include:

(1) specific gravity;
(2) elasticity and/or rigidity modulus;
(3) vyield and ultimate strength and, in the case of ceramics
and concrete, toughness;
(4) fatigue strength;
(5) creep strength;
(6) environmental resistance;
(7) hardness and wear resistance;
(8) thermal conductivity or thermal insulation;
(9) damping capacity and acoustical insulation;
(10) electrical conductivity;
(11) aesthetics (attractiveness to sight, touch or hearing);
and
(12) cost.

Not all these properties can be, or should be, improved at
the same time, but the consideration which governs the choice
of a composite is that a critical property has been adequately
improved, while deterioration in other properties has not been
significant.
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not oxidise at elevated temperatures and contacts;

(2) corrosion resistant containers for food processing
(largely superseded by stainless steels);

(3) bearings;

(4) ornaments and jewellery (sometimes as plates); and

(5) high-melting-point solder.

Gold:

(1) instruments requiring corrosion resistance;
(2) conductors for transistor circuitry;

(3) dentistry;

(4) high-melting-point solder; and

(5) coinage, jewellery and ornaments.

Platinum (and to a lesser extent palladium):

(1) catalysts, particularly for automobile exhaust systems
and chemical synthesis;

(2) furnace windings;

(3) laboratory crucibles and containers;

(4) resistance thermometers and thermocouples;

(5) linings for optical glass and fluoride process plant; and

(6) electrical contacts.

Iridium and rhodium are used mainly as alloying agents for
platinum, but pure iridium has been used for the manufacture
of high quality glass and rhodium as an electroplate of even
higher resistance than platinum.

Osmium and its alloys have very high hardness (approxi-
mately 800 VPH), resistance to wear and corrosion and mo-
duli. They are used for fountain pen nibs, record-player
needles, instrument pivots and electrical contacts.

1.4.9.3 Nuclear metals

Nuclear metals are divided into “fissile’, ‘fertile’, ‘canning’ and
‘control’ materials.

Fissile metals undergo fission when irradicated by neutrons,
disintegrating into two major fission products, a number of
neutrons which serve to carry on the chain reaction, other
particles and energy (including <y radiation). Fissile materials
include 25U a constituent of natural uranium, 23*U a product
of neutron capture by thorium, and plutonium a product of
neutron capture by 23U the major constituent of natural
uranium. They constitute the fuel in nuclear reactors.

‘Fertile’ metals include **U and thorium. They are incorpo-
rated into nuclear-reactor fuel or used separately in ‘blankets’
to absorb neutrons and produce additional fissile material.

Canning metals are used to contain nuclear fuel in a reactor,
maintain its integrity and dimensions, protect it from attack by
the coolant, retain fission products so that they do not
contaminate the coolant and, through it, the environment,
transfer the heat produced efficiently and absorb a minimum
proportion of neutrons. Canning and core structural materials
now in use include stainless steel for sodium cooled and high
temperature gas-cooled reactors, magnesium alloy for the
original ‘Magnox’ reactors, zirconium for pressurised water
and boiling water cooled power reactors and aluminium for
water-cooled research reactors.

Zirconium occurs naturally together with hafnium, which
has high neutron-absorbing properties. These must be sepa-
rated by a complex chemical process before they can be used
in water reactors, zirconium as a core structural material and
hafnium as a control rod material. Both have excellent res-
istance to pressurised water attack if they are suitably alloyed
and satisfactorily pure.

Beryllium combines a very low nuclear capture cross-section
with good strength and hardness at moderately high tempera-
tures. It appeared to have great promise as a canning and core
structural material, but the promise has not been fulfilled,

mainly because of its lack of ductility and resistance to
environmental attack and partly because of doubts concerning
the effect of helium which is produced when beryllium is
irradiated by neutrons.

The applications of alloys based on beryllium are confined
to those such as spacecraft where its high specific strength
outweighs its high cost and hazard to health. (Its oxide causes
‘beryllicosis’, which is similar to silicosis but when inhaled
beryllium is more virulent.)

1.4.9.4 Metals used in integrated circuits

Silicon and germanium, which when pure are very poor
electronic conductors of electricity, can be transformed by
‘doping’. Introducing into the lattice pentavalent elements
(phosphorus, arsenic or antimony) introduces free electrons
and gives rise to negative or n-type conductivity. Introducing
trivalent elements (boron or aluminium) reduces the number
of electrons and forms ‘holes’, giving rise to positive, or
p-type, conductivity.

Junctions between regions of these two conductivity types
are called p—n junctions. These junctions are at the heart of
most semiconductor devices (diodes, transistors, solar cells,
thyristors, light-emitting diodes, semiconductors, lasers, etc.).

By taking a slice of highly pure single-crystal silicon, diffus-
ing into it p- and n-type atoms in a geometrical pattern
controlled photographically, and then insulating or intercon-
necting regions by metallisation, circuits with millions of
components can be formed on one silicon chip.

Highly pure, zone-refined single-crystal silicon has com-
pletely superseded germanium for the manufacture of tran-
sistors and silicon integrated circuits. The quantity used is
small, amounting to only tens of tons per annum, but its
technological importance is enormous.

1.5 Composites

1.5.1 Introduction

A ‘composite’ is a combination of two or more constituents to
form a material with one or more significant properties
superior to those of its components. Combination is on a
macroscopic scale in distinction to alloys or compounds which
are microscopic combinations of metals, polymers or cera-
mics.

Those properties that may be improved include:

(1) specific gravity;
(2) elasticity and/or rigidity modulus;
(3) vyield and ultimate strength and, in the case of ceramics
and concrete, toughness;
(4) fatigue strength;
(5) creep strength;
(6) environmental resistance;
(7) hardness and wear resistance;
(8) thermal conductivity or thermal insulation;
(9) damping capacity and acoustical insulation;
(10) electrical conductivity;
(11) aesthetics (attractiveness to sight, touch or hearing);
and
(12) cost.

Not all these properties can be, or should be, improved at
the same time, but the consideration which governs the choice
of a composite is that a critical property has been adequately
improved, while deterioration in other properties has not been
significant.



Usually, but not always, a composite consists of a matrix
which is relatively soft and ductile containing a filler which is
harder but may have low tensile ductility.

The use of composites has persisted ever since tools of wood
or bone (which are naturally occurring composites) were used
by primitive humans. The earliest human-made composite was
probably straw-reinforced mud for building. The Egyptians
invented plywood, an early example of the improvement
(which continues to the present day) of the natural composite,
wood.

There are two ways of classifying composites: either accord-
ing to the material of the matrix or according to the geomet-
rical distribution of the components. Composites classified
according to geometry include:

(1) particulate composites which are distributions of powder
in a matrix; ,

(2) laminar composites which comprise layers of two or more
materials; and

(3) fibrous composites which comprise a matrix which is
usually relatively soft and ductile surrounding a network
of fibres which are usually stronger but may be brittle
relative to the matrix. The fibres may be short and their
orientation effectively random or they may be long and
carefully aligned. Composites with long fibre reinforce-
ment are known as ‘filamentary composites’ and the
fibres may be aligned on one, two or three directions.

Composites classified according to matrix include:

(1) fibre-reinforced or powder-filled polymers;

(2) concrete, reinforced concrete and prestressed concrete;
(3) wood and resin-impregnated wood;

(4) metal-matrix composites;

(5) fibre-reinforced ceramics and glasses;

(6) carbon-fibre-reinforced carbon.

Of these, reinforced concrete probably has the greatest indus-
trial importance, but fibre-reinforced polymers have the grea-
test technological and engineering interest and the major part
of this section is devoted to them. Some other classes of
composite are described briefly and their properties and
applications outlined..

1.5.2 Reinforcing fibres

Reinforcing fibres may be long (even continuous) and care-
fully aligned, or short with only the limited degree of align-
ment that is produced by flow during fabrication. The ability
to control directional properties by the use of long fibres has
opened up new fields in design, particularly for aerospace.
Fibre material may be glass, ceramic, high-modulus polymer,
carbon, boron or metal. Most types of fibre are manufactured
and used in long lengths, but the cheaper materials may be
used in short lengths. In the case of glass, the fibres are
manufactured long but may be chopped. Some ceramic fibres,
notably alumina, can be produced short or long, depending on
the technique of manufacture.

The most widely used glass fibres are ‘E glass’, a non-
alkaline aluminoborosilicate of average composition 54%
Si0,, 14% Al,03, 8.5% B,0s, 18.5% CaO, 4% MgO and
0.8% rare-earth oxide. This material was originally developed
for electrical insulation and represents a compromise betwen
mechanical-property considerations and ability to form fibres
from the melt. Fibres are made by feeding the liquid glass
through a multitude of orifices to form up to 4000 filaments of
approximately 20 um diameter in one strand of roving. E-
glass fibres have a specific gravity of 2.5 and a breaking
strength of 2.6 GPa, which is higher than that of massive glass,
notably because discontinuities are less severe. However, their
modulus (86 GPa) is low and this makes it difficult to utilise
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the high tensile strength in design because of the danger of
buckling and the high elastic deformation.

Glasses with higher strength and slightly higher modulus are
available, but it is more difficult to manufacture fibre from
them. Quartz fibres have excellent high-temperature strength,
but must be drawn individually from heated rod, and are,
therefore, expensive.

E glass cannot be used to reinforce concrete because it is
attacked by alkali. Glass in which the alumina is replaced by
zirconia is more difficult to convert to fibre, but retains its
strength much better in concrete and is marketed by Pilking-
ton under the name of ‘Cemfil’, as a substitute for asbestos,
which may no longer be used. The specific gravity of Cemfil is
2.5, its UTS is 3.6 GPa and its elastic modulus is 75 GPa.

The most extensively used oxide fibre is aluminia prepared
by spinning or extruding an aqueous solution of a precursor,
aluminium hydroxide/chloride, with a slurry of aluminia in
suspension. Spinning produces relatively short staple fibre
2-4 cm long in blanket form; extrusion produces continuous
filament. Small amounts of silica may be present. The spun or
extruded fibre is converted into aluminia by heating and may
have UTS up to 1.8 GPA and elastic modulus up to 380 GPa.
Aluminia fibres have no application for resin-matrix compo-
sites, but their high-temperature strength makes them an
attractive constituent of metal-matrix composites and they
have been used both in the staple form and as whiskers.

Carbon and graphite fibres are made by spinning a precur-
sor filament, usually polyacrylonitride (PAN), which is then
heat treated while being subjected to tensile stress. The heat
treatments include stabilisation, oxidation, pyrolysis and gra-
phitisation at temperatures increasing from around 200 to
3000°C. Fibres with tensile properties ranging between
3.4 GPa UTS, 235 GPa elastic modulus and a breaking strain
of 1.5% (for Courtaulds Graphil AXS) and 2.5 GPa UTS,
340 GPa elastic modulus with a breaking strain of 0.6% (for
Graphil HMS) may be obtained in the more expensive grades
by varying the temperatures and stress applied. The produc-
tion of carbon fibres is illustrated schematically in Figure 1.55.
Cheaper grades are available with inferior properties.
Cheaper precursors for carbon fibre include cellulose and
pitch of high aromatic low impurity content.

Boron filaments (boron/tungsten (B/W) fibres, 95-200 um
diameter) are manufactured by the chemical deposition of
boron from a gaseous mixture of boron trichloride and hydro-
gen at between 1000 and 1300°C on a 12.5 um diameter
tungsten wire. Boron/carbon (B/C) fibres have been made
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Figure 1.55 Schematic to show the method of production of carbon
fibre. (Reproduced by permission of North Holland Publishing
Company)
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experimentally by deposition on carbon filaments. The tensile
strength of B/W fibres ranges from 3.4 to 3.9 GPa, their elastic
modulus is 390 GPa, and their specific gravity is 2.5. Although
the ductile properties of boron fibres are no better than those
of a ceramic they do not suffer long-term loss of strength and
their creep properties are superior to those of tungsten. They
are the strongest and stiffest fibres at present used for compo-
site reinforcement.

Silicon carbide fibres are manufactured by spinning high-
molecular-weight polycarbon silane fibres at between 200 and
300°C, curing in air at 200°C and heat treating at 1250°C.
Depending on the grade of precursor, fibres of 10 um dia-
meter may have a UTS between 2 and 3 GPa and elastic
moduli between 150 and 200 GPa. They have excellent high-
temperature strength and useful electrical properties.

Paraorientated aromatic polyamide (Aramid) fibres are
manufactured by spinning a liquid crystalline solution (or
‘dope’) of their sulphuric acid ester to form highly ordered
domains of extended polymer chains. This structure confers a
much higher modulus than is common in polymers and is the
basis of the commercial exploitation of poly-p-phenylene
teraphthalamide (Kevlar) fibres.

After spinning, the ‘dope’ is spun into fibres, coagulated in
an aqueous bath at low temperature, stretched, washed, dried
and heat treated at temperatures between 250 and 550°C. The
resultant fibres have specific gravities around 1.45, a UTS of
2.64 GPa, elastic moduli of 59-127 GPa and breaking strains
of 2.8-4.0%. Fibres with moduli up to 60 GPa can be made
from polyolifins and polyoxymethylene.

Metal reinforcing fibres include carbon, alloy and stainless
steels, tungsten, niobium and tantalum. The characteristics
and properties of these materials are described in Section 1.3.

The properties of fibres and whiskers appropriate for use in
composites are listed in Table 1.52.

1.5.3 Polymer matrices

The essential qualities of a matrix material are the ability to
infiltrate among and bond strongly to reinforcing fibres. After
these criteria have been met the matrix should set as quickly as
possible to a strong heat- and environment-resisting solid.
Polymers share with concretes the advantage over other
possible matrix materials that they fulfil these requirements at
a relatively low processing temperature. There are two classes
of polymer: thermosetting and thermoplastic.

Thermosetting resins compounded with a hardener may be
infiltrated between fibres while liquid and allowed to harden
at room or elevated temperature. They include unsaturated
polyesters, which are relatively cheap and easy to work, but do
not bond well to fibres and have a relatively high shrinkage.
They are used for large and comparatively low-duty compo-
sites, usually with glass reinforcement.

Epoxide resins are the most extensively used matrix ma-
terials for high duty carbon, boron and aramid fibres. They
perform excellently at temperatures up to the range
160-200°C.

Thermosetting resins which have been used as matrices
operating at higher temperatures include phenolics, phenol
arakyls and the recently developed polyphenylene quinoxia-
line. Resins which are beginning to replace epoxides for
high-temperature service with carbon reinforcement are bis-
maleides (BMI) and polyimides (PI) which have continuous-
service capabilities of 200 and 300°C, respectively. (Some
polyimides have survived short exposures to 760°C.) These
polymers are however difficult to handle and polyimides in
particular are expensive and require high cure temperatures.

Thermoplastic matrix materials are tougher than thermo-
sets, have an indefinite shelf-life, the semifinished composite
can be hot formed and, in some cases, thermoplastics have

better high temperature and solvent resistance. However, the
molten polymer has a higher viscosity than an uncured ther-
moset, fabrication temperatures are high and some are ex-
pensive. Many thermoplastics have been used ranging from
the cheapest (nylon) to the highly expensive polyamide imide
(PAI) and polyether—ether ketone (PEEK). PEEK compo-
sites have a maximum service temperature of 250°C, a work of
fracture up to 13 times that of epoxide composites and
significantly better fatigue resistance, but are expensive.

1.5.4 Manufacturing procedures for filamentary
polymer composites

Filamentary composites are manufactured by ‘layup’ a term
used for the positioning of the fibres and matrix to form the
shape of the final component. Layup may be accomplished by
‘pultrusion’, ‘winding’ or ‘laying’, ‘tow’, ‘tape’, ‘cloth’ or
‘mat’. In none of these forms are the fibres twisted to form a
yarn. All forms of subassemblies can be obtained as ‘prepregs’
saturated with the resin which is later to form the matrix.

In pultrusion (see Figure 1.56) the reinforcing fibres are
used to pull the material through a die.

In winding, impregnated single filaments, rovings or tapes
are wound onto a former or mandrel. Figure 1.57 shows a
winding machine which may be computer controlled to pro-
duce any convex shape from which the mandrel can be
removed. Filaments may be orientated according to the pat-
tern of stresses that are to be withstood.

Cloth winding or laying utilises preimpregnated cloth which
is deposited in the desired form and orientation. The bidirec-
tionality and convolutions of the fibres in cloth make for lower
precision in strength and stiffness. Cloth laying is therefore
often used for filling where strength and stiffness are not
critical.

Moulding can start with a deposition of precut layers of
prepreg fibres which are compressed at elevated temperature
to form the final laminate.

Continuous lamination is the application of pressure by
rolling to bond layers of prepreg cloth or mats.

1.5.5 Properties of filamentary polymer composites

Filamentary composites consist in principle of ‘laminae’ which
are assembled into ‘laminates’. A ‘lamina’ is a flat or curved
assembly of unidirectional fibres in a matrix. It is highly
anisotropic having high stiffness and strength in the fibre
direction and very low stiffness and strength transverse (see
Table 1.53).

Laminae of varying orientations are therefore superimposed
in a stack to form a ‘laminate’ with directional properties
tailored to match the stress. Laminates are therefore essen-
tially two-dimensional structures (the ‘dimensions’ may be
curved when the component is a cylinder or sphere) and the
mechanical properties in any of the principal directions of a
laminate are inferior to those in the principal direction of one
of the constituent laminae. In addition, the thermal stresses
which arise on cooling from the curing temperature may
impair strength.

Three-dimensional reinforcement, such as is employed in
carbon—carbon composites (see Section 1.5.8) and reinforced
concrete (see Section 1.5.11), is not normally applied to
laminated plastics, and shear and transverse tensile stresses
can result in delamination.

The matrix supports, protects, and distributes load among
and transmits load between the fibres. If a fibre should break,
the matrix, stressed in shear, transmits load from one broken
end to the other and to adjacent fibres. Because boron or
graphite fibres in a polymer matrix provide by far the greater
proportion of strength and stiffness, composites with these



Table 1.52 Properties of fibres and whiskers appropriate for use in composites

Fibre Type of Whisker Density  Elasticity Tensile Specific Specific Elongation, € Composites in which used
filament (kg m™>)  modulus, E strength, a, strength, o Jp  stiffness, Elp (%)
(GPa) (MPa) (km) (Mm)
Alumina 38.80 380 18000 4.5 9.8 Metal matrix
Asbestos Chrysotile 25.50 164 1000 0.4 6.5 2.5 Previously
Crocidolite 33.70 196 3500 1.1 6 2.5 cement
Boron 25.20 390 3400 1.35 15 Polymer matrix
Boron carbide 24.70 450 6700 2.70 18 Metal matrix
Carbon High modulus 19.00 340 3500 1.8 18 0.5 Polymer
Low modulus 19.00 235 2350 1.37 12 1.0 Polymer, metal and ceramic matrix
Carbon 16.30 980 21000 13.00 60
Cellulose 12.00 10 400 0.33 0.8 15 Concrete
Copper 87.40 124 3000 0.34 1.4 Polymer matrix
Glass E 25.00 86 3200 1.37 34 4.8 Polymer matrix
Alkali resistant 27.00 75 2500 0.95 3 3.6 Polymer and concrete matrix
Iron 76.80 200 13000 1.70 2.6 Polymer matrix
Kevlar High modulus 14.40 133 2900 2.01 9 2.1 Polymer matrix
Low modulus 11.40 69 2900 2.63 6 4 Polymer matrix
Nickel 87.90 215 3900 0.44 24 Polymer matrix
Nylon 11.40 >4 850 0.75 0.35 13.5 Concrete matrix
Polypropylene 9.00 >8 400 0.44 0.9 18 Concrete matrix
Silicon 31.20 840 11000 3.50 27 Polymer and metal matrix
carbide
Steel High tensile 78.60 200 2000 0.25 31 3 Concrete matrix

Stainless 78.60 160 1760 0.22 2.5 35 Polymer matrix
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Figure 1.57 Gantry-type five-axis filament winding machine.
(Reproduced by permission of Metals and Materials)

fibres can, in most cases, be considered to be linear elastic
materials. In composites with glass or aramid fibres the lower
modulus results in the matrix bearing a higher proportion of
the load and the stress-strain relationship may depart from
linearity.

Elastic and physical properties may, in the case of thh-
strength composites, be calculated using classical theory.?

Strengths are more difficult to calculate because the second-
ary stresses induced in a composite may exceed the transverse
shear strengths and may themselves cause failure.

The parameters which must be taken into account in design
include the following.

(1) Elastic properties:
longitudinal stiffness E y,
Transverse stiffness E; 5,
In-plane shear modulus G,
Poisson’s ratio vy ;.

(2) Strength properties:
Longitudinal tensile strength o4 1,
Transverse tensile strength o, 1,
Longitudinal compressive strength o ¢,
Transverse compressive strength o, ¢,
Yield strength o,
In-plane shear strength T ».

(3) Physical properties:
Specific gravity SG,
Longitudinal thermal expansion coefficient a;,
Transverse thermal expansion coefficient a5,

Longitudinal thermal conductivity k,
Transverse thermal conductivity k.

The specific strengths and moduli of fibrous composites and
other engineering materials are illustrated diagrammatically in
Figure 1.58 (in this figure specific properties are derived by
dividing the modulus or strength by the density and a gravita-
tional term of 9.81).

The fatigue processes which occur in composites differ
fundamentally from those in metals and, providing that they
are well understood, offer very significant advantages to the
designer. High modulus fibres such as carbon and boron
confer excellent tension/tension fatigue properties, the fatigue
stress at 107 cycles of longitudinal boron epoxy being only
15% less than the tensile stress. This is because the high
modulus fibres limit the stress in the lower modulus matrix and
so protect it from fatigue damage. However, in those plies in
which fibres are orientated transverse to the principal cycle
stress, the matrix is subjected to transverse tensile and shear
stresses which cause cracking parallel to the plies and delami-
nation. The effect of fibre orientation on carbon-fibre-
reinforced polymer (CFRP) laminates is shown in Figure 1.59.

Only glass composites have a steep S—N slope, presumably
caused by the diffusion of moisture which causes cracks to
initiate in the glass fibres. Even so, the specific fatigue
resistance of longitudinal fibreglass is far superior to that of
any metal.

A further advantage of composites subjected to fatigue is
that, whereas in metal fatigue there is, during the greater part
of the life of a component, no superficial evidence of deterio-
ration, there is in filamentary reinforced plastics a slow and
progressive deterioration revealed at an early stage by a
decrease in modulus or an increase in cracking in specific plies
which is easily detectable by non-destructive examination.

This reduction in modulus could, if allowed to continue,
lead to failure by buckling but, because of both the higher
specific fatigue strength and the more obvious incidence of
failure, catastrophic fatigue failures in filamentary composites
are much less likely than in metals.

The assessment of the influences of impact on filamentary
composites is more complex than metals because of their
anisotropy and large number of failure mechanisms. Where,
for example, in a jet engine a titanium blade will shear
undamaged through the body of an intruding bird, a compo-
site blade of equivalent strength will shatter. It can be stated
that, in terms of impact strength, for composites the common
fibres may be ranked in order of superiority: Kevlar 29, glass,
Kevlar 49, boron, high tensile carbon, high modulus carbon.

The resistance to attack of polymers depends on the specific
polymer and its environment. Traditional matrices based on
polyesters, vinyl esters and epoxides perform very successfully
in atmosphere, soil and many items of chemical plant. Protec-
tion may, however, be needed against degradation by ultravio-
let radiation from sunlight. Some polymers, including the



Table 1.53 Properties of 60% fibre plies in epoxide laminates™
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Property E glass S glass Keviar 499 HT-CFRP HM-CFRP Boron
Elastic moduli (GPa)
E 37-50 55 77-82 140-207 220-324 210
Eyp 12-16 16 5.1-5.5 9.8-10.0 6.2-6.9 19
Gp 4.5-6 7.6 1.8-2.1 5-5.4 4.8 4.8
2% 0.20 0.26 0.31 0.25-0.34  0.20-0.25 0.25
Strengths (MPa)
o7 1100-1200 1600-2000 1300-2000 1240-2300  783-1435 1240
a1 40 40 2040 41-59 21 70
oc 620-1000 690-1000  235-280  1200-1580 620 3300
oy 140-220  140-220 140 170 170 280
T2 50-70 80 40 80 60-70 90
ILSS 60 80 60 90-100 60-90 90
Strains to failure
€] 2-3 2.9 1.8 1.1-1.3 0.5-0.6 0.6
€ 0.4 0.3 0.5 0.5-0.6 <0.7 0.4
€11c 1.4 1.3 2.0 0.9-1.3 — 1.6
€nc 1.1 1.9 2.5 1.6 2.8 1.5
Thermophysical
1.9-2.1 2.0 1.35-1.38 1.5-1.6 1.63 2.2

a (X107 K1 6.3 3.5 -4t0-47 +04 —041to -08 4.5
as (x1078 K“? 30 29 60-87 25 27-32 23
ky (Wm K™D 1.26 1.58 1.7-3.2 10-17 48-130 —
ks (Wm™ 1K™ 0.59 0.57 0.15-0.35 0.7 0.8-1.0 —
Specific heat

kg 'k 840 840 1260 840 840 1260

* Reproduced by courtesy of Metals and Materials.

fluoroplastics PTFE and PDF and polyether-ether ketone
(PEEK), have exceptional resistance to radiation damage and
may be used as matrices and as coatings.

1.5.6 Applications of filamentary polymer composites

The cost of glass-fibre-reinforced polymer (GFRP) is of a
similar order to that of steel, aluminium or timber, and it is
used where its lightness and corrosion resistance are advanta-
geous, and where its fabrication methods are suitable for the
specific component. Applications include small boats (and not
so small minesweepers), roofing and cladding for buildings
and many components for road and rail transport.

Other uses of GFRP are promoted by one or more specific
property parameters. For example, GFRP is displacing steel
for vehicle leaf springs on account of its lightness and fatigue
resistance, and it is replacing porcelain and glass for elec-
trically insulating components on account of its strength and
insulating properties. In addition, GFRP is replacing steel for
aqueous liquid vats, tanks and pipes because of its lightness,
strength and corrosion resistance.

High performance composites are used in aerospace or
sport applications, where the requirement for the specific
stiffness and/or specific strength justifies the increased cost.
The aerospace applications of carbon-fibre-reinforced
polymer (CFRP) include the basic structures of spacecraft and
commenced with ancillary fittings, floors and furniture of
aircraft, but is now extending to major structural items such as
stabilisers, tail-planes and fins. Future fighter aircraft will
probably contain a high proportion of CFRP and will benefit
from a reduced sensitivity to radar.

High performance sports goods are also increasingly made
of CFRP because the reward of coming first in a race (or a
fishing contest) far outweighs the additional cost of a CFRP
racing car skin or a CFRP fishing rod compared with any
conceivable alternative material, save possibly boron-fibre-
reinforced composites.

The combination of a specific tensile strength of around 0.8
and a modulus of around 105 GPam®kg™! can only be
obtained from boron-fibre-reinforced plastics. Boron fibres
may be used by themselves or as a hybrid composite, part
boron fibre, part carbon fibre for horizontal and vertical
stabilisers, control surfaces, wing skins, flaps, slats, tail sur-
faces, spars, stringers, fuselage reinforcement tubes, spoilers,
airhole flaps, doors, hatches, landing gear struts, helicopter
rotor shafts and blades for military and civil airplanes and
space shuttles.

The use of such materials (including aluminium matrix
composites) can reduce weight by 12-45%, almost double
service life, and reduce fuel usage and maintenance by about
10%.

Boron-fibre-reinforced composites are also used for the
pick-up arms for hi-fi record-playing decks where specific
stiffness is paramount.

The relative cost of glass, carbon, hybrid and boron rein-
forced plastics is 1, 10, 20 and 30, but the cost of the high
strength, high modulus fibres is reducing with time.

The use of ‘aramid’ para orientated aromatic polyamids
fibres has been restricted because their relatively low moduli
(58.9-127.5 GPa) makes it difficult to take advantage of their
high UTS (up to 2.64 GPa) in designs which may be buckling
critical. They have been used for golf shafts, tennis racquets
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Figure 1.58 Specific strengths and moduli of composites and competing materials. (Reproduced by permission of Metals and Materials)
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and boat hulls; Kevlar T950 has been used for tyres and Kevlar
T956 for other rubber components.

1.5.7 Discontinuous fibre reinforced polymer
components

1.5.7.1 General

Discontinuous fibres of an average length in the region of
380 wm may be incorporated in proportions up to about 25%
by volume in mouldable polymers to enhance their stiffness,
strength, dimensional stability and elevated temperature per-
formance.

Reinforced thermoplastic materials (RTPs) may be shaped
by melt fabrication techniques, injection moulding, extrusion,
blow moulding and thermoforming. The material is melted or
plasticised by heating, shaped in the plasticised condition and
cooled to resolidify. Reinforced thermosets may be made to
flow in the precured state and cured or cross-linked to an
infusible mass in the hot mould.

‘Commodity’ thermoplastics, polyolefins, polystyrene, poly-
vinyl chloride, etc., are used mainly in the non-reinforced
form but are marketed in the fibre-reinforced form. A much
higher proportion of engineering thermoplastics, polyamides,
polyacetyls and thermoplastic polyesters are reinforced,
usually with short glass fibre and the specialised high perfor-
mance thermoplastics such as polysulphones are also rein-
forced often with short carbon fibre. Short-glass-fibre reinfor-
cement is used for thermosets such as phenolic, amino and
melamine formaldehyde resins which may be injection
moulded, although the curing time lengthens the manufactur-
ing cycle.

An important class of composite is the long-fibre-reinforced
sheet-moulding compounds (SMC) and the dough-moulding
compounds (DMC) based on unsaturated polyester, vinyl
ester and epoxide resins. These materials are normally com-
pression moulded (see Figure 1.60) and have to compete with
steel pressings. Similar composites are based on ther-
moplastics which are produced as sheets which are heated and
then pressed between cold dies.

Two materials are used for discontinuous fibre reinforce-
ment: short and long staple glass fibre, and short staple carbon
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Figure 1.60 Press moulding arrangement for discontinuous fibre
reinforced plastics. (Reproduced by permission of Metals and
Materials)

fibre. Aramid fibres have the required properties but
polymers compounded with them are not yet obtainable
commercially.

Discontinuous fibre reinforced plastics cost less to fabricate
than the corresponding filamentary reinforced materials, but
their mechanical properties are significantly inferior. This is
because the rule of mixture that is obeyed precisely insofar as
modulus is concerned, and approximately insofar as yield
strength and UTS is concerned, for high modulus continuous
fibres is not obeyed for discontinuous fibres. The strength of
short fibre reinforced polymers is controlled by a complex
series of interactions between the fibres and the matrix.

The fibre-matrix interface is usually the weakest link. In
aligned fibres the end becomes debonded at quite low loads
and the debonding spreads along the fibre as the load
increases. Debonding reduces the stiffening efficiency of the
fibre and constitutes a microcrack which may extend into the
matrix.

The mechanical strengths of typical short and woven fibre
reinforced thermosets are listed in Table 1.54. Table 1.55 lists
the mechanical properties of short-fibre-reinforced ther-
moplastics, which includes some carbon-fibre-reinforced ma-

terials. The superiority of filamentary reinforcement is evi-
dent. Short-fibre reinforcement shows to even less advantage
in fatigue, creep and impact loading and is not to be recom-
mended for highly stressed parts. Short-fibre reinforcement is,
however, much cheaper than filamentary reinforcement and is
used extensively for a wide variety of domestic, architectural,
engineering, electrical and automotive components.

1.5.8 Carbon—carbon composites

Carbon—carbon composites retain their strength to a higher
temperature than any competitive material (see Figure 1.61).
They are unique in that the matrix is identical in composition
to that of the reinforcing fibres. They differ from the polymer
composites already described in that the matrix, which can
exist in any number of quasi-crystalline forms from ‘glassy’ or
amorphous carbon to graphite, has low strength and negligible
ductility.

While, therefore, single and bidirectionally reinforced car-
bon—carbon composites are manufactured, the need to avoid
delamination has promoted three-dimensional reinforcement.

Complex weaving equipment has been developed to achieve
multilayer locking by means of structures such as those shown
in Figure 1.62. Even more complex patterns are employed. As
an alternative to three-dimensional or eleven-dimensional
weaving, the directional reinforcement may be produced by
fabric piercing. Arrays of layers of two-directional fabric are
pierced with metal rods or needles. The metal needles are
withdrawn and replaced by yarns or by precured resin yarn
rods. Fabric piercing is versatile and can produce a higher
overall fibre volume and a higher preform density than
weaving.

Other techniques for producing multidirectional structures
involve the assembly of rod consisting of yarns prerigidised
with phenolic resins by pultrusion. These can be used to form
‘four-directional’ tetrahedral structures or, by incorporating a
filament winding operation, a cylindrical structure.

Table 1.54 Properties of short-fibre- and woven-fibre-reinforced thermosets*

Property DMCt SMCt  Glass fibre  Glass fibre ~ Woven Woven
polyester epoxide CF Keviar
epoxide  epoxide
Stiffnesses (GPa)
E;LEp 11 12-13 17-21 23-26 70 31
v 0.11 0.11 0.11-0.12 0.12-0.16 0.08 —
Strengths (MPa)
041,09 6069 75-120 303 379-517 586620 517
o10:T2C 138 179-193 276 345413 690 83
o 103 138-172 214 517624  841-1034 345
TiLSS 13.8 17-28 24 28 55-67 55
Izod impact (J m™!)  430-640  640-850 750-960 1600 — —
SG 1.65-1.80 1.7 1.7-1.8 1.8-1.9 1.59 1.33
apay( X 107K 18-31 22-36 10-16 10.6 3 0
ki, k(Wm 1 K™h) 0.1-0.23 0.6-022 0.16-020 0.16-0.33 — —
Specific heat
JkgleCc™H) 850 850 850 850 — 1260

* Reproduced by courtesy of Metals and Materials.
+15-25% glass.
1 30-40% glass.
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Table 1.55 Mechanical properties of short-fibre-reinforced thermoplastics*

1B 2B 9 10 ) 12 13
Polymer Glass fibre  Water Flexural UTS  Tensile Notched
content absorption modulus (MPa) elongation Izod impact
————— (max.) (GPa) (%) Jm™)
wW%) (v%) (%)
Polyethylene (HD) 20 9 01 4.0 55 25 50
Polyethylene (HD) 40 20 0.3 7.5 80 2.5 70
Polypropylene 20 8 0.02 4.0 63 2.5 75
Polypropylene
(chemically coupled) 20 8 0.02 4.0 79 4 90
Polypropylene
(chemically coupled) 40 19 0.09 7.0 103 4 100
Nylon 6 40 23 4.6 10.5 180 2.5 150
Nylon 6.6 20 10 5.6 9.0 130 35 100
Nylon 6.6 40 23 3.0 15 210 2.5 136
Nylon 6.10 40 22 1.8 9.0 210 2.5 170
Nylon 11 30 15 0.4 32 95 5 —
Acetal homopolymer 20 12 1.0 4.3 60 7 40
Acetal copolymer 30 19 1.8 9.0 90 2 40
Acetal
(chemically coupled) 30 19 0.9 9.7 135 4 95
Polystyrene 40 22 0.1 11.3 103 2.5 60
SAN 40 22 0.28 13.4 128 2.5 60
ABS 40 22 0.5 7.6 110 3.5 70
Modified PPO 40 22 0.09 8.6 135 3.5 80
PETP 30 18 0.24 8.3 130 4 85
PBTP 40 26 0.4 9.6 150 4 155
Polysulphone 40 26 0.6 11.0 138 2 100
Polyethersulphone 40 26 — 11.0 205 — 80
PPS 40 26 0.06 12.5 160 3 80
Polycarbonate 20 10 0.19 5.8 110 6 180
Polycarbonate 30 17 0.18 8.2 127 5 190
Polycarbonate 40 24 0.16 10.3 145 4 200
Carbon fibre filled materials
Nylon 6.6 30 21 2.4 20.0 240 35 75
PETP 30 24 0.3 13.8 138 2.5 60
Polysulphone 30 24 0.4 14.0 158 2.5 60
PPS 30 24 0.1 16.9 186 2.5 55
* Reproduced by permission of North Holland Publishing Co.
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Densification of the structure with carbon is achieved either
by impregnation with pitch, a thermosetting phenol or furfural
type resin or by depositing carbon from a hydrocarbon (CVD
process). The preform may be impregnated with liquid by a
vacuum process, carbonised at 650-1100°C at low pressure and
then graphitised within the range 2000~2750°C. The cycle is
repeated until the desired density is achieved.

Alternatively, the preform may be impregnated with pitch,
carbonised and then graphitised at high pressure and tempera-
ture in a furnace; and the cycle repeated as required. In this
process the work piece must be isolated from the pressure
vessel in a furnace of the type shown in Figure 1.63.

Impregnation by carbon by the CVD process is carried out
by feeding hydrocarbon gas through and into the pores of the
preform, isothermally, under a thermal gradient or under
differential pressure. Carbon is deposited at 1100°C and, in
this case, as in impregnation with a thermosetting resin, a
carbon rather than a graphite matrix is formed.

The tensile properties of carbon—carbon composites with
various matrices are listed in Table 1.56.

The application of carbon—carbon composites has so far
been restricted by high cost and their susceptibility to oxida-
tion at temperatures above 400°C. Coatings to protect against
oxidation are under development. Their most important appli-
cation so far has been as rocket nozzles, thrust chambers,
ramjet combustion lines and heat shields for space vehicles.

Pressure Isolation

vessel hood

Differential
pressure
transducer

Heating
element

To control
circuitry

Figure 1.63 Isolation hood and differential pressure equipment for
HIPIC processing. (Reproduced by permission of Metals and
Materials)

They are used commercially for aircraft brake systems for
Concorde and military aircraft. They are also used for hot-
pressing moulds. They can be used for very high temperature
heat shields and elements for vacuum furnaces.

The high temperature strength of carbon—carbon compo-
sites will favour a large number of uses if their cost is reduced.

1.5.9 Fibre-reinforced metals

The potential of fibre-reinforced metals is so great that they
have been declared a strategic material in the USA. The fibres
may be:

(1) whiskers, usually silicon carbide, made by pyrolysis of
rice hulls;

(2) discontinuous fibres, of alumina and alumina silica, often
packed together as insulation blankets;

(3) continuous fibres, of boron, silicon carbide, alumina,
graphite, tungsten, niobium zinc and niobium titanium.

Most engineering metals could be used as a matrix for a
composite. Matrices of titanium, magnesium, copper and
superalloys are the subject of investigation, but almost all the
applications so far recorded have used an aluminium matrix.

Typical properties of metal-matrix composites so far investi-
gated are shown in Table 1.57. The fabrication techniques
used include conventional and squeeze casting, powder me-
thods including hot moulding and isostatic pressing, diffusion
bonding and vapour deposition. A major problem is to
prevent damage or dissolution of the fibres during the manu-
facturing process, while producing a good metallurgical bond
with the matrix. Surface treatments are sometimes empioyed
to promote one or both of these objectives.

Silicon carbide particles and whiskers are given a special
surface treatment which promotes wetting by aluminium.
After casting, the composite may be worked by any of the
conventional methods.

Powder metallurgy techniques are best suited to the manu-
facture of particle-filled composites but, provided the pressing
operation is designed to avoid damage to the fibres, either by
carefully controlled direction of the pressure, or by hot
hydrostatic pressing it can be used to make fibrous metal
matrix composites.

In ‘squeeze casting’, pressure is used to force molten metal
into the interstices of fibre preforms which have preferably
been evacuated. The production of a piston by this process is
illustrated in Figure 1.64.

Diffusion bonding has been used to fabricate boron fibre
reinforced aluminium by the process illustrated in Figure 1.65,
but it can also be used for magnesium or titanium. Fibres of
silicon carbide or aluminium may be coated with aluminium by
vapour diffusion or by passing through molten aluminium, and
bundles of coated files may then be compacted by rolling,
swaging or hot hydrostatic pressing.

Almost all the manufacturing processes for metal matrix
filament composites are expensive and most of the applica-
tions have so far been limited to space technology. The
aluminium-boron composite described earlier has been used
for tubular spars for the space shuttle. An antenna boom is
being built for the NASA space telescope from graphite fibre
reinforced aluminium which has the advantage of a very small
thermal expansion coefficient and a good thermal conductiv-

ity.

1.5.10 Fibre reinforced glasses and ceramics

Fibre reinforcement of glasses and ceramics is an attractive
concept because, in theory, it should eliminate the problems
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Table 1.56 Typical mechanical properties of carbon—-carbon composites™

Matrix
Property CVD pyrocarbon  Pitch Pitch  Phenolic resin
Heat-treatment temperature (°C) 2000-2500 1700 2500 1000
Bulk density (g cm™3) 1.6 1.6-1.65 1.6-1.9 1.73
Flexural strength (MN m~?) 250 200240 150-200 220
Tensile strength (MN m™2) 180 240 300
Young’s modulus (GN m~%) 90 7090  75-95 65
Intertaminar shear strength (MN m~2) 8 12-15 12-15 12
* Reproduced by courtesy of Metals and Materials.
Table 1.57 Representative properties of metal-matrix composites™
. Modulus (GPa) UTS (MPa)
Reinforcement

Matrix Reinforcement (vol. %) Longitudinal Transverse Longitudinal Transverse
Aluminium None 0 70 70 280-490 280490
Epoxy High-strength graphite fibres 60 147 10.5 1260 35
Aluminium Alumina fibres 50 203 154 1050 175
Aluminium Boron fibres 50 203 126 1530 105
Aluminium Ultrahigh modulus graphite

fibres 45 350 35 630 35
Aluminium Silicon carbide particles 40 147 147 560 560
Titanium  Silicon carbide monofilament

fibres 35 217 188 1750 420

* Reproduced by courtesy of Metals Engineering.
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Figure 1.64 Production of a piston with fibrous inserts by squeeze
casting. (Reproduced by courtesy of Metals Engineering)

e

Apply aluminium foil Cut to shape  Lay up desired plies

Vacuum

encapsulate Heat to fabrication

temperature

%

Cool, remove,
and clean part

Apply pressure and hold
for consolidation

Figure 1.65 Aluminium—boron fibre composite fabrication by diffusion
bonding. (Reproduced by courtesy of Metals Engineering)
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associated with ‘static fatigue’ and allow significant tensile
stresses to be imposed.

In practice, however, the behaviour of a not very ductile
fibre such as carbon or boron in a brittle matrix is not such as
to confer significant advantage, and the high fabrication
temperature required restricts the choice of fibre and increases
cost.

For these reasons, the only composite of this class to have
achieved significant commercial application has been glass
reinforced with steel-wire mesh which continues to present a
barrier after the glass has been shattered.

Further information on the principles and technique of fibre
reinforcement of ceramics is to be found in references 32 and
33.

1.5.11 Reinforced concrete

Concrete and mortar constitute, in terms of volume, the most
important matrix materials for human-made composites. They
are particulate composites.

‘Concrete’ comprises a matrix of hydrated Portland cement
(other cements have been used) surrounding mineral particles,
usually silica in the form of sand and aggregates. ‘Fine’
aggregates are limited in size to 5 mm and ‘coarse’ aggregates
to between 5 and 20 mm. ‘Mortar’ is hydrated Portland
cement and sand.

Portland cement should conform to BS 12. The sampling
and testing of aggregates is described in BS 812 in conjunction
with BS 882.

The strength of concrete and mortar depends on the propor-
tion of cement to aggregate and sand and the ratio of the
volume of water added to the volume of cement, because this
controls the proportion of voids.

Depending on arriving at the best optimisation, the com-
pressive strength of concrete may vary up to 120 MPa; 50 MPa
is readily obtainable. The tensile strength of concrete is
affected by slow crack growth and must therefore be assessed
by the Weibull techniques referred to in Section 1.6. A
reasonable working estimate is 5 MPa.

A material, ‘macro defect free (MDF) cement’ has been
made by removing macroscopic flaws during preparation of
cement paste having flexural strengths between 60 and 70 MPa
and compressive strengths greater than 200 MPa. >

The addition of polymers further improves concrete. There
are two types: polymer-impregnated and polymer-added con-
crete.

Polymer-impregnated concretes (PICs) are made by drying
and vacuum/pressure impregnating hardened concrete with a
liquid monomer such as, for example, methylmethacrylate to
fill the voids and then polymerising the monomer by radiation,
thermal or promoter catalysis. The strength of PIC is about

four times that of normal concrete, 200 MPa compressive and
20 MPa tensile strength being obtained. However, the ma-
terial is more prone to brittle failure. Water permeability,
water absorption and chemical attack are also reduced, but
PIC is expensive and its commercial application is therefore
limited.

Polymer-added concrete is prepared by the addition of a
polymer or monomer during the mixing stage. The increases in
strength are not as great as those of PIC, compressive
strengths being limited to about 100 MPa, while tensile
strengths up to 18 MPa are reported.

Polymer-added concretes have increased resistance to abra-
sion and chemical attack and bond well to existing concrete.
Since the increase in cost is only the cost of the materials,
polymer-added concretes have extensive applications for items
such as floors which are subject to heavy wear.

Evidence is accumulating as a resuit of studies on biomecha-
nics® that comparatively high values of modulus and tough-
ness can be achieved in such materials as nacre (mother of
pearl) and antler by geometrical arrangements of calcium
carbonate and small quantities of organic material.

It is conceivable that high modulus, high strength and high
toughness might be achieved at relatively low cost by combin-
ing high strength high modulus fibres, an MDF cement matrix
and a thin, tough, flexible polymer or elastomer interlayer
which would bond both to the fibres and the matrix.

Concrete, like carbon, is a brittle material and benefits from
three-dimensional reinforcement by both short and long
fibres, as shown (for both concrete and mortar) in Table 1.58.

Chopped steel, glass and polypropylene have been used for
precast concrete sections and steel for in situ concrete. Fle-
xural reinforcement can be achieved by adding 2% of random
steel fibre to concrete. The main problem is to obtain an
adequate dispersion of this concentration. The mix must
contain 50% of fines and if vibration compacting is used care
must be taken to avoid unacceptable fibre alignment.

Polypropylene (0.44%) has been used successfully for pile
sections. Glass fibre and steel bar and wire are used for
filamentary reinforcement. Concrete pipes are manufactured
with 1% wound glass fibre concentrated at the inner and outer
sections.

Reinforced concrete contains a three-dimensional network
of steel bar and/or wire aligned to resist tensile stress. Com-
pression stresses are resisted by the concrete, but those
regions of the concrete near to a steel bar which is stressed in
tension are subjected to tensile stress during operation.

The versatility of reinforced concrete is illustrated by its use
in the Thorpe railway suspension bridge. This bridge actually
contains more steel than would have been used in a steel-
girder bridge, but it was cheaper steel, and does not require
painting.

Table 1.58 Fracture strengths and work of fracture of cement—-mortar composites®

Material Flexural cracking Ultimate flexural Work of
strength strength Fracture, yp
(MN m™?) (MN m™?) (k) m™2)

Carbon fibre/cement  30-50 130-185 2-8

Steel fibre/cement 6-12 6-17 2-4

Asbestos/cement — 17-38 —

Glass/mortar 5-8 7-17 0.6-1.0

Polypropylene/mortar ~5 ~5 —

Plain concrete ~5 ~5 ~0.03

* Reproduced by courtesy of Applied Science Publishers Ltd.



In prestressed concrete steel tendons may be stressed, while
the concrete is poured over them, and released to compress
the concrete after it has cured. More frequently, the tendons
pass through channels or holes in the concrete and are
stretched, and the ends secured after the concrete has cured.
In correctly designed structures of prestressed concrete the
whole of the concrete should be in compression. Prestressed
concrete structures can be designed to have much lighter
sections than reinforced concrete.

Corrosion of the steel reinforcement can be a serious
problem with both reinforced and prestressed concrete. A
sound layer of concrete (25 mm thick) will protect steel from
corrosion, but cracks which may form under either tensile or
compressive loading may allow water, which is very likely to
contain salt, to gain access to the steel reinforcement. If the
steel rusts it will increase in volume and eventually cause
disintegration of the concrete.

The techniques for improving the fracture strength of
concrete (discussed earlier) should prove extremely beneficial,
not only in preventing failure due to corrosion, but also by
allowing reinforced and prestressed concrete structures to be
designed to higher stresses, in opening up new applications in
the field of mechanical as well as civil engineering.

1.5.12 Particulate composites

The most important metal-matrix particulate composites are
cemented carbides or hard metals. These are cermets, consist-
ing of finely divided hard particles of carbide of tungsten,
usually accompanied by carbides of titanium or tantalum, in a
matrix, usually cobalt, but occasionally nickel and iron.

Hard metals have the high elastic moduli, low thermal
expansions and low specific heats of ceramics combined with
the high electrical and thermal conductivities of metals. They
are hard, have high abrasive wear and corrosion resistance,
good resistance to galling, and good friction properties. In
addition, compared with ceramics, hard metals are ductile,
having fracture strengths about 1000 MPa and work of fracture
v of about 250 J m~?

Hard metal dies and tools are manufactured by a powder
route. A ‘green’ or partially sintered compact is machined into
shape and then sintered in hydrogen atmosphere at a tempera-
ture approaching (or even reaching) the melting point of the
matrix metal. After sintering (or solidification) cobalt occu-
pies the interstices between the grains as an almost pure metal
with its original ductility. If nickel or iron is used as binder,
more tungsten carbide is dissolved than with cobalt as binder
and the ductility of the resulting composite is impaired.
Increasing the percentage of cobalt increases ductility but
decreases hardness, modulus, resistance to wear, galling and
crater formation.

Cemented carbides with 3% cobalt have a hardness (HV
500 g) above 1900, a flexural strength of 2200 MPa and an
elasticity modulus of 675 GPa. Increasing the cobalt percent-
age to 25% decreases hardness to 950 and the modulus to 462
GPa, but increases flexural strength to 3200 MPa.

In general, high carbide versions, particularly those with
added titanium carbide, are used for finishing cuts. Medium
carbide content materials are used for roughing cuts and low
carbide content materials for high impact die applications.
Tantalum carbides are used for applications involving heat.

Tungsten carbides may be used in oxidising conditions up to
about 550°C and in non-oxidising conditions up to about
850°C. Titanium carbides can be used at temperatures up to
about 1100°C.

The application of hard metals for wear resistant cutting
tools is now being challenged (in the absence of shock) by
ceramics such as alumina and sialon.

Composites  1/107

British Standards for hard metals include:

BS 3821: 1974 Hard metal dies and associated hard metal
tools.

BS 4193: 1980 Hard metal insert tooling.

BS 4276: 1968 Hard metal for wire, bar and tube drawing
dies.

A new and important development in metal-matrix particulate
composites is the reinforcement of aluminium by silicon
carbide particles. A level of 40 vol.% silicon carbide in
aluminium doubles the modulus, halves the coefficient of
thermal expansion, increases tensile strength and greatly
reduces frictional wear. This composite is available as sheet,
extrusions, forgings and castings.

The field of metal-in-metal particulate composites is, by
comparison, restricted. Examples are the additions of lead to
steel to promote machinability and to copper to produce a
bearing material. These applications are both giving place to
other materials. In particular, bearings are made of porous
sintered bronze impregnated with PTFE.

1.5.13 Laminar composites

The number of laminar composites is vast and defies classifica-
tion.

Metal-metal laminates usually comprise a substrate that
provides strength but reduces cost, with a surface material that
resists environment or improves marketability. Examples in-
clude rolled gold, Sheffield plate and electroplate, tin plate,
galvanised iron or titanium sheathed steel.

Alternatively, the core may be ductile and the surface hard
enough to provide a cutting edge, e.g. a Damascus sword
blade.

Wrought iron consists of layers of iron and slag which
confers corrosion resistance (and solid phase weldability).

Glass is laminated with transparent plastic for automobile
wind shields.

A most important class of laminar composites is the sandwich
(lightweight) structure which comprises two high-strength skins
which may be metal, wood, plastic or cardboard, separated by
a core which may be basically lightweight such as balsa wood
or may be foam or of honeycomb construction.

1.5.14 Wood and resin-impregnated wood

Wood is a natural composite and is one of the oldest, if not the
oldest, composite used by humans. It is reinforced by a system
of parallel tubes constructed of cellulose fibres which confer
longitudinal properties such as those shown in Table 1.59. This
structure has developed by natural selection in such a way as
to ensure that failure of one element does not interact with an
adjacent element in such a way as to lead to progressive
failure. The low specific gravity of wood gives it specific
strengths comparable with steel. Its transverse properties are
very poor and its very easily splits longitudinally. Provided,
however, that this is allowed for in design, timber structures,
such as, for example, the Lantern Tower at Ely, may be
designed to support heavy loads for many centuries.

Plywood was developed by the ancient Egyptians to provide
strength in two directions and to prevent warping.

The next advance was to impregnate laminated wood with
resin. This can be achieved in two ways.

(1) Venecers of softwoods such as Douglas fir are im-
pregnated with epoxy resin, laid up in a female mould
and cured under a vacuum bag. Figure 1.66 shows a
section near the root end of an aerogenerator blade made
by joining two half sections made in this way. Design
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Table 1.59 Mechanical properties of raw materials used for wood—resin composites

Douglas fir Dry yellow birch West system epoxy

Specific gravity 0.52 0.62
Compressive strength (MPa)  48.2* 56.8*
UTS (MPa) 103.4* 138*
Elastic modulus (GPa) 14 14.3

1.14
96.5
62

2.06

* Parallel to grain.

4 layers birch ply

Stud pattern: 24 equally spaced studs on
47 cm stud circle

allowables (based on wooden propeller blade exper-
ience) are given in Table 1.60. Tests on prototype
aerogenerator blades have indicated that the mechanical
properties are adequate and, in series production, the
blades would be cheaper than any other material (with

the possible exception of prestressed concrete).
(2) Compressed impregnated wood (as manufactured by

Table 1.60 Design allowable for wood laminates*

Static allowables

4 x 108 cycles

Fatigue allowables

Strain type ‘One time’ Working R=-1 R=1
Parallel to grain

Flexural (MPa) 39.25 32.87 16.69 39.25

Tensile (MPa) 34.43 28.84 16.69 34.43

Compressive (MPa) 30.21 25.30 16.69 30.21

Shear (MPa) 4.71 3.94 211 471

Perpendicular to grain

Tensile (MPa) 1.15 0.97 0.47 1.15

Compressive (MPa) 9.92 8.25 3.81 9.92

Rolling shear (MPa) 0.70 0.59 0.32 0.70

* Douglas fir laminae; values corrected to 8% moisture, 49°C except R = —1

(room temperature).

Epoxy joint

Figure 1.66 Section near the root end of an impregnated wood aerogenerator blade

Permali, Gloucester) involves laying up birch or beech
veneers interleaved with phenolic resin and bonding at
high temperature and pressure. This product is a highly
weather resistant electrical insulating material with
mechanical properties as listed in Table 1.6] and a
substantially flat S—N curve with fatigue strength better
than 90 MPa at 10° cycles.
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Table 1.61 Mechanical properties of permali impregnated compressed wood

Property Longitudinal 75% Equal
grain longitudinal  longitudinal
grain cross grain
Cross-breaking strength (MPa) 190 150 85
Compressive strength
Parallel to laminae (MPa) 170 170 140
Perpendicular to laminae (MPa) 105 190 205
Shear strength
Endwise (MPa) 20 34 48
Flatwise (MPa) 62 55 48
Elastic modulus (GPa) 17.2 15.2 13.8

1.6 Engineering ceramics and glasses
1.6.1 Introduction

Ceramics These are inorganic crystalline materials, low in
ductility and high in melting point which are usually fabricated
not by melting but by processes involving powder compacting
and sintering at very high temperatures. They are usually
compounds of metals with non-metals and they owe their high
temperature resistance to deformation to directed covalent or
electronic bonds between the constituent atoms which do not
permit plastic flow at operating temperatures too low for
diffusion to occur.

Glasses These have analogous compositions to ceramics but
have lower melting points and retain their amorphous liquid
structure on cooling. They have, instead of a melting point, a
glass transformation temperature above which their viscosity
is low so that they can be melt formed, and below which the
viscosity is high so that they have effective shape retention
equivalent to a solid.

Glass ceramics  Also known as ‘melt-formed ceramics’, these
can be melt formed as glasses but crystallise on a micrometer
or submicrometer scale at a lower temperature.

Single-crystal materials These are special products with a
uniform structure.

Machinable ceramics These fall into two types. One type has
plate-like structures which can be readily cleaved and the
other consists of particles that are only weakly bonded to-
gether so that they can be readily chipped apart. These, unlike
other ceramics that have to be ground with an abrasive, can be
machined with conventional tools.

1.6.2 Standards

Most national standards are highly oriented to testing or
application. Only in the field of electrical insulation has any
systematic classification been attempted in IEC 672: 1980,
which is to be the basis for BS 6045. So far as is possible, the
IEC classification is followed in this section.

1.6.3 Clay based ceramics

1.6.3.1 Technical porcelains (IEC classes 1XX)

These are ceramics based on clay and other silicates with
added alumina. Fine-grain versions (IEC 1XX, 2XX and

4XX) are used primarily for electrical purposes, but coarser
grain size chemical stoneware and kiln furniture are also
included. These are well vitrified and, therefore, non-porous.

IEC class C110—porcelains with <30% alumina These cons-
ist of quartz grains and massive mullite surrounded by a matrix
of glassy feldspar, and the shrinkage of the quartz on trans-
formations at 530°C leads to microcracking. They have low
strengths (50-100 MPa) and the lowest thermal conductivities
(1.7-2.1 W m~1 K1), They are good insulators at ambient
temperature, but resistivity falls off as temperature increases.
They are cheap and used for internal and external insulators.

IEC class Cl11—pressed porcelains with <30% alu-
mina These are similar in composition to class C110 but,
because the pressing process, which is carried out with a clay
containing less water, allows trapping of air between the
granules, pressed porcelains are more porous and have lower
strengths. They must be glazed for outdoor applications and
cannot be used at high voltages.

IEC class Cl12—crystobalite porcelains These contain
crystobalite instead of quartz, but are otherwise similar to
class C110.

IEC class CIl120—aluminous porcelains with 30-50% alu-
mina In these porcelains most or all of the quartz in class

C110 is replaced with alumina giving improved strength (c.
100 MPa).

IEC class Cl30—aluminous porcelains with 75% alu-
mina These are feldspar porcelains in which all the quartz

has been replaced by alumina improving modulus and strength
(up to 200 MPa).

1.6.3.2 IEC class C2XX

These are steatite and forsterite ceramics where the quartz or
alumina in class C1XX is replaced with enstatite or forsterite
talc. These materials comprise the following.

IEC class C210—low voltage steatites These are porcelains
with 80-90% talc, 5-10% plastic clay and 5-10% feldspar.
They have low strength (50-100 MPa) and, because they have
about 0.5% open porosity, are limited to low-voltage insula-
tion.

IEC class C220—normal steatites In these the electric losses
of the glassy phase are reduced by the substitution of barium
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Table 1.61 Mechanical properties of permali impregnated compressed wood

Property Longitudinal 75% Equal
grain longitudinal  longitudinal
grain cross grain
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Compressive strength
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Shear strength
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Flatwise (MPa) 62 55 48
Elastic modulus (GPa) 17.2 15.2 13.8
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and sintering at very high temperatures. They are usually
compounds of metals with non-metals and they owe their high
temperature resistance to deformation to directed covalent or
electronic bonds between the constituent atoms which do not
permit plastic flow at operating temperatures too low for
diffusion to occur.

Glasses These have analogous compositions to ceramics but
have lower melting points and retain their amorphous liquid
structure on cooling. They have, instead of a melting point, a
glass transformation temperature above which their viscosity
is low so that they can be melt formed, and below which the
viscosity is high so that they have effective shape retention
equivalent to a solid.

Glass ceramics  Also known as ‘melt-formed ceramics’, these
can be melt formed as glasses but crystallise on a micrometer
or submicrometer scale at a lower temperature.

Single-crystal materials These are special products with a
uniform structure.

Machinable ceramics These fall into two types. One type has
plate-like structures which can be readily cleaved and the
other consists of particles that are only weakly bonded to-
gether so that they can be readily chipped apart. These, unlike
other ceramics that have to be ground with an abrasive, can be
machined with conventional tools.

1.6.2 Standards

Most national standards are highly oriented to testing or
application. Only in the field of electrical insulation has any
systematic classification been attempted in IEC 672: 1980,
which is to be the basis for BS 6045. So far as is possible, the
IEC classification is followed in this section.

1.6.3 Clay based ceramics

1.6.3.1 Technical porcelains (IEC classes 1XX)

These are ceramics based on clay and other silicates with
added alumina. Fine-grain versions (IEC 1XX, 2XX and

4XX) are used primarily for electrical purposes, but coarser
grain size chemical stoneware and kiln furniture are also
included. These are well vitrified and, therefore, non-porous.

IEC class C110—porcelains with <30% alumina These cons-
ist of quartz grains and massive mullite surrounded by a matrix
of glassy feldspar, and the shrinkage of the quartz on trans-
formations at 530°C leads to microcracking. They have low
strengths (50-100 MPa) and the lowest thermal conductivities
(1.7-2.1 W m~1 K1), They are good insulators at ambient
temperature, but resistivity falls off as temperature increases.
They are cheap and used for internal and external insulators.

IEC class Cl11—pressed porcelains with <30% alu-
mina These are similar in composition to class C110 but,
because the pressing process, which is carried out with a clay
containing less water, allows trapping of air between the
granules, pressed porcelains are more porous and have lower
strengths. They must be glazed for outdoor applications and
cannot be used at high voltages.

IEC class Cl12—crystobalite porcelains These contain
crystobalite instead of quartz, but are otherwise similar to
class C110.

IEC class CIl120—aluminous porcelains with 30-50% alu-
mina In these porcelains most or all of the quartz in class

C110 is replaced with alumina giving improved strength (c.
100 MPa).

IEC class Cl30—aluminous porcelains with 75% alu-
mina These are feldspar porcelains in which all the quartz

has been replaced by alumina improving modulus and strength
(up to 200 MPa).

1.6.3.2 IEC class C2XX

These are steatite and forsterite ceramics where the quartz or
alumina in class C1XX is replaced with enstatite or forsterite
talc. These materials comprise the following.

IEC class C210—low voltage steatites These are porcelains
with 80-90% talc, 5-10% plastic clay and 5-10% feldspar.
They have low strength (50-100 MPa) and, because they have
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of the glassy phase are reduced by the substitution of barium
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or caicium carbonate for the feldspar and the addition of
magnesia and zirconia. Class C220 has higher strength, res-
istivity and lower dielectric dissipation than class C210.

IEC class C221—low loss steatites Alkali levels are lower
than those of class C220 to reduce dielectric loss by minimising
the glassy phase.

IEC class C230—porous steatites These are low-loss steatites
with ¢. 30% open porosity which improves machinability and
thermal shock resistance but limits the material to low-voltage
applications.

IEC classes CO240 (porous forsterites) and CO250 (dense
forsterites) In forsterites the magnesia level is raised so that
forsterite is formed instead of steatite to give a coefficient of
expansion of ¢. 10 X 107 K~!, which is close to that of
titanium and some nickel-iron alloys for ceramic to metal
assemblies in high-frequency power devices and microwave
tubes.

IEC class C410—dense cordierite Cordierite is a magnes-
ium-aluminium silicate which is made synthetically from clay,
talc and sillimanite and has a low coefficient of thermal
expansion. Ceramics consisting of this material with 5%
vitrifying feldspar are readily fired and can be made dense.
Although their strength is only 50-100 MPa, their low thermal
expansions (c. 3 X 107® K1) confer shock resistance.

IEC class C420—dense celsian and zircon porcelains (unclas-
sified) These are little used.

1.6.3.3 Porous ceramics (IEC class G5XX)

These may be based on clay, cordierite or alumina up to about
80%. (Porous ceramics with higher alumina contents are
included under high aluminas, class C7XX.) They are used
primarily as electrical heating and thermocouple insulations
where their porosity confers resistance to thermal shock and
machinability.

These ceramics are compounded from fine aggregates for
electrical applications, but coarse aggregates may be used for
crucibles and tubing for high-temperature processing.

IEC class C510—porous aluminosilicates These are manufac-
tured primarily from refractory clays with additions of quartz,
silimanite or alumina to increase refractoriness. They contain
very little fluxing material and their 30% porosity gives them
the thermal shock resistance required for such applications as
gas fire radiants.

IEC classes C511, C512 and C520—porous magnesium alumi-
nosilicates These are developed from class C510 by the
addition of magnesia containing minerals to produce cordie-
rite which greatly enhances shock resistance and the distinc-
tions between classes are based on performance. The highest
performance class (C520) will withstand severe thermal cyc-
ling and is used for experimental heat exchangers and automo-
bile exhaust catalyst supports.

IEC class C530—porous aluminous materials These ceramics
have alumina contents up to 80% and are more refractory but
less shock resistant than the other classes of porous ceramic.

1.6.3.4 Impermeable aluminosilicate and mullite ceramics
(IEC class C6XX)

These are impermeable fine-grain materials with high strength
(100-200 MPa) and high dielectric strength. They are used for

gas-tight tubing and high temperature electrical insulation.
They are classified according to alumina content.

IEC class C610—50/60% alumina ceramics These are made
from clay and alumina (or aluminosilicates) and consists of
mullite in a siliceous glassy phase.

IEC class C620—060-80% alumina ceramics This specifica-
tion covers materials with a wide range of properties and
crystalline compositions because mullite which is 71.8% Al,04
and 28.2% SiO is highly refractory and compositions contain-
ing more Al,Oj3 are also highly refractory (and require a high
firing temperature). Compositions with more silica than mul-
lite are less refractory and the addition of other oxides such as
CaO reduces refractoriness considerably. If a highly refractory
material is required this must be specified closely. However,
all materials in this class are fine grained with no open porosity
and have fair shock resistance.

1.6.4 Oxide based ceramics

Oxide based ceramics (IEC classes C3XX C7XX and C8XX
and non-classified materials) consist of synthetic oxides to-
gether with bonding materials which sometimes form a glassy
phase. The amount and composition of the glass has a
significant influence on the engineering properties. In general,
a low glass content gives a high refractoriness, a large grain
size, high electrical resistance and low dielectric loss. On the
other hand, strength and wear resistance are favoured by a low
grain size which requires more glass to reduce the firing
temperature.

1.6.4.1 IEC class C7XX—high alumina ceramics

In these ceramics the second two digits denote the minimum
percentage of alumina. This degree of classification is presu-
mably adequate for electrical purposes, but not for all applica-
tions.

IEC class C799—high purity aluminas (>99.9%
Al O3) These are single-phase ceramics which may be sin-
tered to give a large grain size or hot pressed to give low
porosity and a small grain size. If sintered in a reducing
atmosphere they can be made translucent or transparent and
may be used, for example, for sodium vapour lamp envelopes.

Aluminas with over 99.7% Al,O3; may be made from
relatively lower purity aluminas or may have added magne-
sium oxide which restricts grain growth. The magnesia free
products are more refractory but weaker (100-200 MPa ten-
sile strength), while those containing magnesia have tensile
strengths of 200400 MPa and are more suitable for thin-
walled tubing or small-diameter rods.

Aluminas with 99-99.7% Al,0; usually have a small
amount of glassy phase which facilitates sintering and controls
electrical properties.

High purity aluminas are the most widely used of the
alumina ceramics for engineering and electrical purposes,
those with fine grains having strengths up to 400 MPa, while
those with coarse grains are used for electrical insulation.

IEC class C795 These aluminas all have a deliberately for-
mulated glassy phase which facilitates metallising by
manganese/molybdenum.

IEC class C786 This is a somewhat heterogencous class,
some having a glassy phase while others have additions of
manganese and titanium dioxides which impair electrical
properties and refractoriness. Those with lower alumina con-



tents are non-refractory and are used for low temperature
electrical insulators and mechanical components.

IEC class C780 There are two types of material in this class,
one is refractory consisting of mullite and silica, and the other
is non-refractory and limited to low temperatures and non-
critical uses.

Other There are also aluminas which do not fall within the
IEC classification. Porous alumina ceramics are available in
the same composition ranges with high resistance to corrosion
or slag attack. Unlike the non-porous materials these can be
machined (or rather chipped) by hard metal tools.

The addition of 10-20% of zirconia to alumina ceramics
enhances strength to over 400 MPa making them suitable for
cutting-tool tips. The addition of 20-40%TiC also increases
strength and stiffness for similar applications.

The addition of TiO (a high permittivity material) signifi-
cantly increases the dielectric constant of alumina ceramics
where this is desirable.

Synthetic alumina crystals such as sapphire and ruby are
used for high temperature and scratch resistant windows and
for bearings and laser elements.

1.6.4.2 IEC class C8XX

IEC class C830—zirconia ceramics Zirconia is more refrac-
tory than alumina, it can be machined readily to give a low
coefficient of friction against metals and it is a useful oxygen
ion conductor above about 700°C. It is, however, more
expensive than alumina which is therefore used preferentially
where either will suffice, and its use is complicated by phase
instability. Pure zirconia is monoclinic at room temperature,
transforms to tetragonal form at about 1200°C and to cubic
form at about 2370°C. Its use as a ceramic depends on
stabilisation either of the cubic phase, of a fine tetragonal
phase within cubic crystals or of an all tetragonal material.

Truly stable zirconia would be very strong (above 400 MPa)
and highly refractory. Development is proceeding and if
manufacturers’ claims are fully justified zirconia ceramics have
wide applications. In the meantime they are used for oxygen
probes, small crucibles, dishes, etc., and heating elements for
operation in air at high temperature.

1EC class C3XX—titania ceramics Ceramics based on TiO,
have been used for applications requiring high permittivity
and clay bonded substochiometric materials are used for
thread guides in the textile industry because they are semicon-
ducting and discharge static electricity.

IEC class C820—magnesia ceramics Magnesia possesses few
advantages over alumina as a ceramic but, considered as a
refractory, it has a higher thermal conductivity, greater refrac-
toriness and greater resistance to basic slags. Magnesia cera-
mics are therefore used in applications requiring resistance to
corrosion at high temperatures and, specifically, for electrical
purposes as an insulator in mineral insulated cabling.

IEC class C810—beryllia ceramics Beryllia is much more
expensive than alumina and is highly toxic. However, it has a
thermal conductivity at room temperature of 500 W m~1 K=},
i.e. one order of magnitude greater than other electrical
insulating material, and it is therefore used for some electronic
devices. Its widely heralded future as a nuclear material has
not yet been realised.

Other Other oxide ceramics not in the IEC classification
include: lime, thoria, uranium dioxide (used as a nuclear fuel),
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ferrites (which have very extensive magnetic applications) and
titanates.

Ferrites, compounds of Fe,O; with other oxides such as
ZnO, are available with very high magnetic permeability and
can be made in powder form to have very low losses so that
they may be used for cores for high-frequency inductors.
Certain ferrites will form strong permanent magnets.

Titanates are used for their electrical properties. Some,
usually barium titanates, have permittivities up to 5500 and
are used as dielectrics for electronic circuitry. Magnesium
titanates have permittivity-compensating properties. Lead zir-
conate-titanates have strongly piezoelectric properties.

1.6.5 Non-oxide ceramics

Non-oxide ceramics differ essentially from oxide ceramics in
that they oxidise at high temperatures in air and cannot
therefore be fabricated by means of a conventional oxide
sintering process. They must therefore be fabricated by the
alternative routes listed in Section 1.6.11 and their composi-
tions and microstructures are adjusted accordingly.

The most important are carbides, silicides, borides and
carbons.

1.6.5.1 Silicon carbide (carborundum)

This owes it application to its high hardness, very high
refractoriness, high thermal conductivity and its semiconduct-
ing properties. Its electrical conductivity is low at low temper-
ature and low currents, but increases by orders of magnitude
at high temperatures and high currents.

Although silicon carbide is oxidised in air at high tempera-
ture, many of the commercial materials form a protective layer
of silica.

The name ‘silicon carbide’ covers a number of products
manufactured in different ways.

The conventional method of manufacture is the reduction of
silica sand by carbon in the arc furnace which produces the
high temperature stable a phase. The phase is produced by
low temperature gas reactions and is converted to the 8 phase
by heating above 2000°C.

Commercial products include the following.

(1) Clay bonded silicon carbide containing 10-15% clay
which bonds chemically to the surface film of silica on
sintering.

(2) Other additives which enhance sintering, but permit a
higher proportion of silicon carbide than is possible with
clay bonding, have been used with reported success.

(3) Very high temperature sintering of prime silicon carbide
produces a coarse grained, porous and highly refractory
product.

(4) Hot pressed silicon carbide requires the addition of a
secondary material, usually about 2% alumina. It is very
strong (above 400 MPa) fine grained and non-porous,
but very expensive.

(5) Reaction bonded silicon carbide is made by two distinct
processes. In one process a compact of silicon carbide,
carbon and an organic binder is infiltrated by liquid
silicon which bonds the particles by the formation of
additional silicon carbide. The free silicon remaining
may, if required, be leached out with acid to leave an
open porous refractory. The other process achieves the
same object by firing a compact of silicon carbide and
silicon in nitrogen to produce a silicon nitride bond.

(6) Coatings of thin-walled components of pyrolytic silicon
carbide can be produced by decomposing a gas mixture
containing both silicon and a hydrocarbon on a heated
substrate. This process has found an important applica-
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tion in the manufacture of fuel elements for high-
temperature gas-cooled reactors. In these fuel elements a
silicon carbide shell contains fission products produced in
small spheres of fissile material.

(7) Graphite can be ‘case hardened’ with silicon carbide
produced from solid (or gaseous) silicon.

Applications of silicon carbide The original application of
silicon carbide was as an abrasive for grinding steel, but it has
been replaced for this purpose by fused alumina and its use as
an abrasive is now restricted to shaping materials of lower
tensile strength.

It is used extensively for refractories, particularly where the
shock resistance conferred by its high thermal conductivity is
an asset both in vacuum or reducing conditions and in air.

A major use is in electrical resistance heating elements and
it is also used for susceptors in high frequency induction fields.

Its high hardness makes it suitable for abrasion-resistant
components, in particular for non-lubricated bearings.

1.6.5.2 Silicon nitride based materials

Silicon nitride and its derivatives have properties which augur
a great engineering potential because of its high hardness, high
strength, refractoriness, low coefficient of thermal expansion
(which confers thermal shock resistance) and its resistance to
oxidation which, like that of silicon carbide is due to the
formation on its surface of a silica film.

The application of silicon nitride ceramics has, however,
been hindred by fabrication difficulties. Like silicon carbide it
cannot be readily sintered, tending to dissociate at above
1850°C and alternative methods of manufacture are difficult to
control or expensive. Two products are available.

Reaction bonded silicon nitride Reaction bonded silicon ni-
tride can be produced by converting a silicon powder compact
to nitride by sintering in a nitrogen atmosphere. The resulting
compact is porous and the product variable.

Hot pressed silicon nitride Hot pressed silicon nitride re-
quires the addition of an oxide, typically 1-5% MgO which
provides a liquid phase at the sintering temperature. This
produces a fine, strong product but limits the temperature at
which the high strength is retained. Hot pressing is expensive
and the shapes which can be produced are limited.

Applications of silicon nitride The applications of silicon
nitride have so far been limited to high temperature industrial
applications. It is extremely valuable for such components and
operations as furnace supports, heating tubes, jigs and prin-
ter’s saggars, silver soldering and vacuum and copper brazing.

1.6.5.3 Sialons

The difficulties experienced with silicon nitride have, to a
large extent, been overcome by the partial substitution in the
molecule of aluminium for silicon and oxygen for nitrogen.
The resulting ‘SiAIONs’ can be hot pressed from mixtures of
silicon nitride, alumina, silica and aluminium nitride or, if
additional densifying constituents are added, they can be
sintered. These materials merit, and have received consider-
able study and, as a result, porosities as low as those in hot
pressings and strengths above 400 MPa may be achieved with
sintered materials.

An alternative route to sintering is the nitriding (and
subsequent high temperature sintering) of a mixture of oxides
and silicon.

Sialons and related products are finding wide and increasing
applications in manufacturing processes, where resistance to
heat and abrasion are required.

1.6.5.4 Boron carbide

Boron carbide is one of the hardest ceramic materials avail-
able and can be hot pressed to achieve tensile strengths above
400 MPa. It is used for very abrasive conditions, e.g. for shot
blast nozzles and ballistic armour. Its main drawback is its
cost, which is high. The sintered product is more porous and
has a coarser grain size.

1.6.5.5 Boron nitrides

Boron nitride in its most commonly available form differs
from the ceramics already considered in that it has a laminar
structure and is therefore soft and machinable.

The properties of the boron nitride crystal are highly
anisotropic and shapes deposited pyrolytically on a substrate
have thermal and electrical conductivities and coefficients of
thermal expansion which may be up to 100 times greater
parallel to the substrate than perpendicular to it. This property
and the fact that many molten metals do not wet boron nitride
has led to its use for crucibles for metal melting.

There is also a cubic form made under high pressure, which
is used as an abrasive.

1.6.6 Carbons and graphites

Three allotropic modifications give rise to a very wide range of
carbons and graphites with a correspondingly large range of
applications. The three allotropes are:

(1) Diamond, a cubic crystalline material with a very stable
structure. It is the hardest substance known, highly
refractive, highly transparent when pure and very ex-
pensive. It can, with difficulty, be manufactured, but the
manufactured product, which can be used as an abrasive,
is barely competitive with the mined product.

(2) Graphite has a laminar hexagonal ring structure. Each
ring is strongly bonded to six other rings in approximately
the same plane but the bonding between planes is weak.
Graphite has, therefore, excellent lubricating properties,
is highly refractory and, if the layers of hexagonal rings
are continuous and aligned, very high specific strength
and specific elasticity modulus in a direction in the plane
of the rings.

(3) Amorphous carbon is, as its name implies, amorphous to
X-rays, but this structure is probably a large scale stat-
istical phenomenon rather than a true liquid-type struc-
ture. The available amorphous carbons are probably
random assemblies of graphite platelets, the size and
distribution of which govern the properties.

Solid carbon and graphite products are usually made from a
mixture of graphite (which occurs naturally) or carbon par-
ticles (usually derived from coal or oil cokes) pressed with a
carbonaceous binder to form a solid block. The mass is
converted to carbon on firing. Very high temperature firing
graphitises both the amorphous carbon and the carbon derived
from the binder.

Both industrial carbons and graphites are highly refractory
materials which must be protected from oxidation at high
temperatures. They have strengths around 45 MPa and elec-
trical resistivities around 30 2-m. The thermal conductivity of
graphite is higher than that of carbon.

Carbons may be impregnated with resin to improve strength
and soundness or with metals.



Carbons and graphites manufactured by polymer carbonis-
ation are assuming great technical importance. They include
the following.

(1) Carbon fibres, made by carbonising polymer fibres which
are subjected to tension during carbonisation and graph-
itesation. These are highly oriented graphite fibres with
high specific tensile strengths and specific moduli ex-
ceeded only by boron fibre. They are used for the
manufacture of the composites described in Section 1.6.
Carbon—carbon fibre combines the refractory and elec-
trical conducting properties of graphite with high specific
strength.

(2) Vitreous carbon, produced by controlled carbonisation
of a cross-linked polymer, is glassy in appearance and has
no open porosity. It is available in plate, dish and
crucible forms and, according to grade, will withstand
temperatures of 1000-2500°C in inert atmospheres.

(3) Graphite foam and graphite or carbon felts are produced
by carbonisation or graphitisation of the appropriate
polymer foam or mat.

The refractoriness, electrical conductivity, lubricity and (in the
form of fibre) high mechanical properties of carbon and
graphites together with their reasonable cost render them
suitable for many and varied engineering and consumer appli-
cations.

1.6.7 Miscellaneous ceramics

A number of other ceramics have specific applications. They
include refractory metal (usually tungsten or titanium) car-
bides which are used extensively for cutting or forming tools.
These are usually bonded with cobalt, nickel or nickel molyb-
denum and are described in Section 1.5.

1.6.8 Glasses

All commercial glasses are based on silica (5i05) to which may
be added other oxides which progressively reduce the soften-
ing point, increase the thermal expansion and affect other
characteristics.

99.8% silica glasses include:

(1) fused silica, which contains small bubbles, and is used for
applications that require good thermal shock and corro-
sion resistance;

(2) fused quartz, which is transparent and used for high-
quality tubing; and

(3) vitreous silica, which is used for high-quality optical
components.

Aluminosilicate glasses have service temperatures close to
those of silica glasses and are resistant to alkalis. They are
used for high performance electronic applications and other
industrial applications.

Borosilicate glasses have lower softening temperatures than
aluminosilicate glasses and, because of the lower cost of
fabrication, have more widespread applications.

Sodalime silicate glasses have still lower softening tempera-
tures and high coefficients of expansion. They are widely used
for windows and other domestic applications because of their
relatively low cost.

Alkali-lead silicate glasses have, besides the lowest soften-
ing points commonly available, refractive indices and disper-
sive power, which makes them useful for optical and similar
applications.

Other glasses include photochromic glasses, semiconducting
glasses, solder glasses for glass—metal seals and ophthalmic
glasses.
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1.6.9 Glass ceramics

The properties of glass ceramics can be tailored to have
specific properties to fit the desired application. The proper-
ties concerned include:

(1) thermal expansion, which can be made to match that of
the material to which the glass ceramic is to be fused, or
possibly to approach zero;

(2) refractoriness;

(3) transmission of light;

(4) colour; and

(5) machinability.

Where an application is foreseen, manufacturers or specialists
should be consulted for advice on manufacturing procedure
and practicability.

1.6.10 Mechanical properties

The applications of ceramics are strongly influenced by their
differences in mechanical behaviour compared with metals.

1.6.10.1 Elastic properties

The elastic properties of ceramics are influenced by the level
of porosity and also by the proportion of different phases
present. The effect of small, closed, randomly distributed
spherical pores on the modulus of a material of Poisson’s ratio
v = 0.3 has been shown to be approximately:

E=Ey1 - 19 + 0.9%

where E, is the modulus of the non-porous material, and v is
the proportion of pores by volume.

Each phase in a multiphase material contributes, to a first
approximation, according to its volume fraction.

Where a high-modulus major phase is bonded by a low
modulus minor phase, as is common in engineering ceramics,
the modulus reduces rapidly with an increase in the content of
the minor phase.

The modulus usually decreases with increasing temperature,
but glasses and complex ceramics are available with moduli
which increase with increasing temperature (over a limited
range). The range of moduli for ceramics is indicated in Table
Le62.

Table 1.62 Typical room-temperature elastic moduli of glasses and

ceramics

Material Young’s modulus
(GNm™%)

Glass 63-73
Glass ceramics 78-120
Carbons and graphites 9-13
Porous ceramics 54
Porcelains 69-138
Oxides 132-155
Zirconias 230-580
Aluminas €99% 280-350
Silicon carbide 385-470
Boron nitride* 44-104
Silicon nitride 160-310
Sialon 280
Boron carbide 440

* Anisotropic.
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1.6.10.2  Strength and ductility

The tensile strength values for ceramics quoted here and
elsewhere are not comparable with those quoted for metals. In
a metal the strength of the material obtained from a simple
mechanical test adjusted by a safety factor chosen on the basis
of previous experience may be used to determine a safe
loading stress.

In ceramics and other brittle materials, measurements on
nominally identical materials will show scatter in strength
results with standard deviations around 20% of the mean
strength. Catastrophic failure occurs by rapid propagation of a
crack as soon as the stress at the most severe flaw reaches a
critical value. (For more detailed discussion of this see refer-
ences 36 and 37.)

the consequences of this are as follows.

(1) As specimens contain critical flaws of varying severity,
nominally identical specimens exhibit scatter in strength.

There is, therefore, no single measure of strength applicable
to both a test specimen and a component, and no absolute
guarantee can be given that a component will not fail under its
design load.

Design must be based on a probabilistic approach which will
keep the frequency of failure below an acceptable figure
depending on the seriousness of the consequences.

1.6.10.3 Methods of testing

The standard uniaxial tensile and compression tests used for
metals are not applicable to ceramics because of the difficul-
ties of gripping the specimen and of aligning it axially. The
tests used apply specific parts of the specimen to tensile stress
by loading other parts in compression. A number of tests have
been devised.® The most straightforward method is the
three-point bend test in which the tensile stress rises to a
maximum on a line on one surface of the specimen.

(2) Large components and components with larger surface There is no recognised international standard for the testing
areas are, on average, weaker than smaller ones because technique, specimen size, surface finish or shaping procedure;
there is a higher chance of finding a flaw of given therefore small differences in strength quoted by a number of
severity. (It is also likely that a manufacturing method manufacturers should not be regarded as significant where it is
will produce a larger flaw in a larger component, but this desired to select the strongest.
is secondary to the argument.) Procedures have been developed for determining the load

(3) Because a severe flaw at a stress less than the maximum which may be applied to a component to give a specific
stress in a component may reach a critical value for probability of failure in the short term. It is necessary to
fracture before a less severe flaw subjected to the maxi- undertake a programme of tests on at least 20 specimens from
mum stress, a component will not necessarily fail at the which a statistical distribution known as the ‘Weibull modulus’
point of maximum stress. A thorough stress analysis of a m is determined, which gives an estimate of the degree of
component must therefore be carried out. scatter of the data (see Figure 1.67). From the value of m, and
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Figure 1.67 The fracture strengths of a batch of 95% alumina specimens tested in four-point bending at room temperature with a 3?0 grit-ground
surface finish are plotted (a) as a cumulative distribution and (b) as a Weibull plot to get a straight-line fit to the .point.s. QS|ng the Welbul| .
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(Reproduced by permission of Dr R. Morrel and the National Physical Laboratory)



the effective volume or surface of the component the probabil-
ity of failure at a given load may be calculated. Working
stresses for a 10~ failure probability may be of the order of
25-50% of the mean bend stress.

The procedures are described in detail in references 12 and
36.

1.6.10.4 Long-term strength

The long-term strength of many ceramics, in particular silicate
bonded materials, is lower than the short-term strength. This
phenomenon has been described, usually referring to the
behaviour of glasses, as ‘static fatigue’ but is more correctly
termed ‘slow crack growth’.

The crack-like defects present in all ceramics (except
whiskers) extend by a thermally activated atomic process,
driven by the applied stress, influenced by the environment at
the crack tip and strongly dependent on temperature.

In oxide ceramics hydroxyl (OH) ions can break
metal-oxide bonds; therefore clay-bonded materials may have
lower long-term strengths in high-humidity atmospheres and,
particularly, in alkaline environments.

With most non-oxide ceramics, water vapour has little
influence so that little effect may be observed at stresses well
below the fracture stress.

Most ceramic components are subject to low values of
tensile stress in service, but where a guarantee of survival for a
specific period at stresses in excess of 10% of the nominal
breaking stress is required the only solution is a short-term
overload proof stress which re&'ects components in the low
strength tail of the distribution.

1.6.10.5 Fatigue under cyclic loading

Little systematic work has been carried out on the effect of
cyclic loading on ceramics. If cyclic loading cannot be avoided
the effect may best be estimated by integrating the varying
stress intensity factor raised to the power n (obtained from
reference 36) with time.

1.6.10.6 Strength at elevated temperatures

As described in Section 1.6.10.4, slow crack growth increases
with increasing temperature; consequently, increasing temp-
erature may initially reduce long-term strengths. However,
further increases in temperature may result in flaw rounding
which increases strength to a maximum. At stilt higher temp-
eratures strength is reduced by creep and creep rupture.

Few data are available beyond statements on ‘upper use
temperature’ usually under no-load conditions, which implies
suitability for short-term use without disastrous changes in
microstructure.

Temperatures at which ceramics are suitable for long-term
use under load are indicated in Table 1.63,

Table 1.63 Approximate temperatures at which ceramics and
glasses are suitable for long-term operation under load

Type of ceramic Temperature  Notes
O

C)
Sodalime glass 300
Silica glass 800
High purity alumina 1400
Silicon nitride 1600 Oxidises in air above 900°C
Graphite >1500 Oxidises in air above 400°C
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1.6.11 Manufacturing processes

The manufacture of ceramics includes shaping, with or with-
out the application of pressure, and consolidation by firing.
The characteristics of the ceramic and its cost depend on the
process which must be used. The simplest (and cheapest)
method is compaction and sintering.

Compaction This may be carried out by a variety of pro-
cesses which may involve the addition of a binder or lubricant
or may include the application of pressure.

Sintering In the pure sense, ‘sintering’ implies the densifica-
tion of an assembly of particles at high temperatures by
solid-state-diffusion processes. This process is relatively slow,
needs very high temperatures and a dense impervious body is
achieved only with difficulty. Ceramics other than oxides may
require a protective atmosphere.

Vitrification Also known as liquid-phase sintering, vitrifica-
tion is achieved by incorporating a component which melts to
a viscous liquid during sintering and solidifies (in the case of a
clay-based ceramic) to a glassy phase. The term ‘well vitrified’
indicates that a dense impervious body has been achieved.

Reaction bonding This is achieved by arranging for two or
more components of a compacted body to react to form both a
desired phase and a bond between particles. The reacting
components may all be solid or one of them may be gaseous or
liquid and introduced during the sintering process.

Self bonding This involves bonding the major constituent of
a ceramic with its constituents formed by reaction during
sintering.

Hot pressing This is achieved by the application of pressure
during sintering. There are two variants. Hot pressing, as the
term commonly understood, consists in applying pressure
unidirectionally by a plunger acting on material in a rigid
container. Hot hydrostatic pressing consists in submitting the
material contained in a membrane to hydrostatic pressure
during heating. Both processes produce material of a higher
density and superior quality more quickly than can be
achieved by sintering, but they are substantially more expens-
ive and the range of possible component shapes is restricted.

Pyrolysis  This is the process whereby a ceramic is deposited
from a gaseous environment onto a (usually) heated substrate.
This process is usually employed to deposit coatings or pro-
duce thin-walled components of graphite or silicon carbide
from carbon or silicon containing gas.

1.6.12 The future prospects of engineering ceramics

Ceramics and glasses have a wide range of application in
manufacturing technology and even wider application in
domestic use. If they are to achieve the really widespread
engineering application that their properties appear to merit,
they must find this in some field such as the automotive
industry.

Some components, including oxygen sensors, catalyst sup-
ports, diesel glow plugs, rocker arm pads, precombustion
chambers and turbocharger rotors have already been standar-
dised, usually for high efficiency and military engines. Tables
1.64 and 1.65 and Figure 1.68 list the properties and applica-
tions of the ceramics at present available for the required
breakthrough into the mass market.



1/116 Materials properties and selection

Table 1.64 Properties of selected metals and technical ceramics (properties are at room temperature unless otherwise
stated*t)

Density Bend Young'’s Fracture Thermal Thermal
(x10° kg m™3) strength modulus  toughness  expansiont  conductivityt
MNm?) (GNm?) (MNm3?) (x107°K™)) (Wm™'K™)

Alumina 99% 3.9 400 400 ~3.0 9.0 24
Zirconia

toughened

alumina 4.1 450 340 ~8 8.1 23
Aluminium

titanate 3.0 ~40 20 0 1.5
Cordierite (MAS) 2.5 120 110 ~2.5 2.0 1.5
Silicon carbide

Reaction bonded 3.1 ~500 410 ~4.5 3.8 100

Sintered 3.1 460 400 ~4.5 4.0 90
Silicon nitride

Hot pressed 32 800 310 6 3.2 ~20

Reaction bonded  ~2.5 200 170 ~3 3.0 12

Sintered 32 ~400-700 250 5 34 ~16

Sialon ~3.2 ~950 ~290 ~8 ~3.1 ~21
Zirconia

Plasma sprayed 52 6-80 48 ~2 8.0 1.0

Partially stabilised 5.6 500 205 8 9.5 1.7

PZT (Y) 6.05 1000 210 15 9.0 2.0

Fully stabilised 5.8 180-250 160 ~4 10.0 2.0
Cast iron

Nimonic (80A)§ 7.2 — 117 — 12.0 54

8.2 —_ 200 — 13.0 12

Aluminium

alloy IM27 2.75 71 21.0 155

* Reproduced by permission of Metals and Materials.

+ The values should be used as a guide only, since various ceramic grades exist under one generic name.
$ Values for 300-600 K.

§ Inconel 751 has a K¢ of 80-100 Mn m™32,

Table 1.65 Automotive ceramic components*

Component Material Car maker Ceramic Year of
manufacturer introduction
Engine
Diesel glow plug  Silicon nitride Isuzu Kyocera 1981
Mitsubishi Kyocera 1983
Toyota Toyota 1984
Caterpillar Kyocera 1986
IDI precombustion Silicon nitride *  Isuzu Kyocera 1981
chamber Mazda 1986
Toyota 1986
Exhaust port liner Aluminium titanate Porsche Hoechst 1986
Rocker arm pad  Silicon nitride Mitsubishi 1984
Turbocharger Silicon nitride Nissan NTK 1985
rotor Buick 1987
Knock sensor PZT Toyota 1980
Pb(ZrTi)Os
Other
Oxygen sensor Zirconia/titania Vehicles with three-way
catalytic converters
Catalyst support  Cordierite Vehicles with three-way
converters
Warning alarm PZT Toyota plus other
Sensors NTC/PTCt
thermistors

* Reproduced by permission of Metals and Materials.
+ Negative/positive temperature coefficient ceramics (ALO~Cr,04/BaTiO3).
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HPSN — hot pressed silicon nitride
RBSN — reaction bonded silicon nitride
HPSIiC — hot pressed silicon carbide
RBSIC — reaction bonded silicon carbide
a-SiC  — sintered silicon carbide

PSZ  — partially stabilised zirconia
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Figure 1.68 Flexural strength variations with temperature of several
materials. (Reproduced by permission of Metals and Materials)

The major problem is that, depending on the fabrication

procedure, the cost of a ceramic component is 5-15 times that
of the presently used steel component, so that a substantial
improvement in performance or a marked reduction in cost is
required to justify the use of the ceramic.

The potential advantage of materials, such as sialons, which

combine excellent properties and a relatively inexpensive
manufacturing route (sintering), is evident.
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2.1 introduction

2.1.1 Polymers, rubbers and plastics

Rubbers and plastics are important examples of materials
based on chemicals known as high polymers. Other materials
which belong to the same family include adhesives, surface
coatings and fibres.

Such polymers are characterised by being made up of a large
number of repeating units. One such example is polyethylene
which is usually made by joining together many molecules of
ethylene, a gas consisting of two atoms of carbon and four of
hydrogen and which has the structure shown on the left-hand
side-of the following diagram. (In this diagram ‘C’ represents a
carbon atom and ‘H’ one of hydrogen, a single link represents
a single bond and the double link between the two carbon
atoms a double bond.)

H H

I

_—_(l: — —CH,—CH;—CH,—CH,—CH,—CH,—
|
H H

Ethylene is an example of a monomer and the process of
joining up the molecules is known as polymerisation. In this
case chemical reactions are initiated that lead to the double
bonds opening up so that the particular process is often known
as double-bond polymerisation. Many other important plastics
such as polyvinyl chloride (PVC), polypropylene and poly-
styrene are made in a very similar way.

In the above examples only one monomer is used to make
the polymer and the products may be referred to as homo-
polymers. Where more than one monomer is used the process
is known as copolymerisation and the products as copolymers.
In the case of two monomers the products are strictly known
as ‘binary copolymers’ (although the adjective is commonly
dropped), whilst with three monomers the products are known
as ‘ternary copolymers’ (or more commonly simply as fer-
polymers).

Other ways of making polymers also exist. Without going
into detail, the polyamides (nylons) are made either by
opening up small molecules which have a ring structure
(ring-opening polymerisation) or by reacting small molecules
which become joined together with the elimination of some
small molecule. This is an example of condensation polymer-
isation, in this case the small molecule being split out is that of
water.

To say that a chemical is a ‘high polymer’ means thatit has a
high relative molecular mass (which is also known as ‘molecu-
lar weight’). This is approximately the number of times the
molecule is heavier than an atom of hydrogen. Common
laboratory chemicals usually have molecular weights of less
than 300. For example, that of water is 18, benzene 78, ethyl
alcohol 46 and sulphuric acid 98. Typical commercial polymers
may have molecular weights ranging from a few thousand to
over a million. A typical grade of polystyrene, for example,
has a molecular weight of about 200 000.

Although it is the high molecular weight which confers on
polymers important properties it is as well to bear in mind
that, since the weight of an atom of hydrogen is only about
1.7 x 1072 g, then the absolute weight of a polymer molecule
is still very small.

A further point that should be made at this stage is that
rubbers and plastics do not solely consist of polymers. It is
usual to incorporate a number of additives into the polymer in
order to adjust the properties. For example, PVC plastics may
contain plasticisers (to increase flexibility), stabilisers (to
improve heat and light resistance), lubricants (to aid flow or to
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stop sticking to processing equipment), fillers (such as china
clay, usually primarily to reduce cost) and colorants.

2.1.2 Thermoplastics and thermosetting plastics

All of the polymers mentioned in the previous section are long
chain-like polymers (generally referred to by chemists as /inear
polymers). Let us consider what happens when we heat up and
subsequently cool one of these, namely polystyrene. At usual
ambient temperature polystyrene is hard and rigid. The long-
chain molecules are intertwined and are generally fixed in
space, rather like a frozen mass of spaghetti. If the polystyrene
is then heated up to above 100°C the molecules acquire energy
which enables them in effect to ‘wriggle about’. If subjected to
an external stress such as a shear stress or simply the effect of
gravity, the mass starts to move or, in common terminology,
we say that the material has melted. At this stage the material
may be shaped by such processes as moulding or extrusion. On
cooling down the mass it will harden again. Materials that
behave in this way are known as thermoplastics. In theory,
heating and cooling processes can be repeated over and over
again. However, polymers can be damaged to a greater or
lesser extent each time they are heated and sheared, so that
there is a limit to the number of times the process may be
repeated.

Until about 1960, thermoplastics were less important than
thermosetting plastics. As supplied to the processor, these
materials contain fairly small polymer molecules. However,
during and after shaping operations, reactions occur which
cause the molecules to join up into a three-dimensional
network and the polymer becomes hard or set at the process-
ing temperature. This process is generally irreversible and is
frequently referred to as cross-linking. (It may be noted at this
point that, although the term ‘thermosetting’ was originally
used to denote materials that were set at elevated tempera-
tures a number of similar materials may now be hardened at
normal ambient temperatures. Strictly, it is probably better to
use the term cross-linked plastics to cover these materials,
irrespective of the reaction temperature used.) Important
thermosetting plastics include the phenolic resins, urea for-
maldehyde and melamine formaldehyde resins, and epoxide
resins. Some polyesters are thermoplastic and some are ther-
mosetting (and, for that matter, some are rubbers and some
are fibres).

2.1.3 Amerphous thermoplastics and orientation

It is important to distinguish between two types of ther-
moplastic: the amorphous and the crystalline types. In the
former type, exemplified by polstyrene and acrylic plastics
such as polymethyl methacrylate, the polymer molecules will,
given time, coil up into a random structure in the melt state.
When the melt is cooled in the absence of external stresses this
random structure will be retained. This leads to the following
characteristics:

(1) the solid material will be isotropic in its properties (i.e.
they will be the same in every direction);

(2) the shrinkage that occurs on solidification will be small
(typically about 0.005 cm per centimetre in an injection-
moulding process); and

(3) in the absence of powdery additives or bubbles of air or
other gas the product is likely to be transparent.

In practice, the molecules are often subject to extensive shear
in the melt during processes such as injection moulding and
extrusion, and the melt freezes in an oriented or partly
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oriented state so that the product is anisotropic. The following
types of orientation may be distinguished.

(1) Monoaxial orientation—this occurs when a molten rod is
elongated into a filament. The molecules tend to align
with the filament axis leading to increased strength and
modulus in the axial direction.

(2) Biaxial orientation—this occurs when a sheet or film is
stretched in two directions in the plane of the sheet. This
can give a toughening effect to the sheet.

(3) Triaxial orientation—because solid thermoplastics are
very resistant to volume change triaxial orientation lead-
ing to general dilatation is virtually impossible but locally
may cause fracture.

(4) Complex orientation—this commonly occurs during in-
jection moulding where orientation tends to follow the
lines of melt flow and thus varies from place to place.

Orientation may or may not be a desirable feature as will be
discussed in Section 2.8.

2.1.4 Crystalline thermoplastics

Several thermoplastics in the solid state show many of the
characteristics of crystalline materials. In such cases individual
molecules pass through several regions where segments of
many molecules are arranged or packed in a highly ordered
way. Such ordered regions tend to be spatially mingled with
less ordered and virtually amorphous regions. Examples of
crystalline polymers are polyethylene, polypropylene, the
nylons and the polyacetals. As a result of this ability to pack,
crystalline polymers show the following general character-
istics:

(1) there is a greater shrinkage on cooling from the melt
(typically 0.015-0.060 cm per centimetre), which de-
pends on polymer type and the processing conditions;

(2) properties can be affected by seeding to encourage
initiation of crystallinity;

(3) because the different zones will have different densities
and hence different refractive indices crystalline
polymers tend to be opaque although there are some
exceptions; and

(4) since levels of crystallinity vary with temperature and
with processing conditions, the physical properties of
products made from crystalline thermoplastics are more
dependent on the manner in which they have been
processed and on the ambient temperature than are those
of amorphous thermoplastics.

As with the amorphous thermoplastics, when cooled from
the molten state without subjection to external stress crystal-
line thermoplastics are isotropic in that the crystalline struc-
ture tends to be randomly dispersed. Furthermore, orientation
of the various types indicated with amorphous thermoplastics
can also occur. In the case of crystalline thermoplastics,
however, orientation of the crystal structures is more impor-
tant than orientation of molecules. Most synthetic fibres are
made by drawing crystalline thermoplastic materials. Because
of the layering effect that takes place it is interesting to note
that biaxial stretching tends to enhance the transparency of
crystailine materials.

2.1.5 The glass transition and the crystalline melting
point
Successful processing and use of plastics and rubbers are

facilitated by an understanding of two properties: the glass
transition temperature and the crystalline melting point.

At room temperature an amorphous thermoplastic material
such as polystyrene is hard and rigid because the constituent
molecules are also effectively frozen in space. If, however,
polystyrene is heated up to above 90°C the material becomes
more flexible and further heating takes it into a rubbery state.
If the molecular weight is not too high, raising the temperature
above about 150°C causes the material to melt but, in the case
of very high molecular weight materials (e.g. over 500 000},
the material may decompose before melting as the tempera-
ture is raised. The change at about 90°C arises because the
polymer molecules start to ‘wriggle’ and on application of a
stress they tend to be elongated. However, entanglements and
limited motion stop the chains from sliding past each other so
that, on release of a stress, the molecules tend to coil up
randomly and the sample recovers, at least in part, its original
shape. In other words its exhibits rubberiness (also known as
‘reversible high elasticity’). This transition from being glass
like to rubbery is known as the glass transition temperature,
universally given the abbreviation 7,,. Many properties other
than mechanical ones change at the glass transition tempera-
ture whilst processing behaviour is very dependent on the
relationship between processing temperatures and T,. It may
be noted that T, does depend slightly on molecular weight and
also on the method by which it has been measured, so that any
quoted figure can only be considered as approximate.
However, for practical purposes, this does not matter too
much.

In the case of crystalline polymers the changes at 7' are less,
the extent depending on the degree of crystallinity. Indeed,
with highly crystalline materials T is often difficult to identify.
This is because many of the polymer molecules are incorpo-
rated in whole or in part in crystalline structures which still
exist above T, thus still effectively freezing the mass. In the
case of lightly crystalline structures the crystal structures
present act more like cross-links between which the molecules
are able to coil and uncoil on application of a stress so that a
measure of rubberiness may be observed.

If, however, the crystalline polymer is progressively heated
to higher temperatures, it may be observed that the degree of
crystallinity will fall. Eventually a temperature is reached
where the last traces of crystallinity disappear and this is
known as the crystalline melting point (T,,). (In practice, it is
becoming more common to obtain this value from peaks
observed in differential scanning calorimetry which may be
slightly lower.)

It is frequently found that the following rule-of-thumb
relationship exists between T and Ty

T, = 2T/3 (when expressed in degrees Kelvin)

In many common instances this means that the crystalline
melting point is about 100 K above the T,. Providing the
molecular weight is not so high that entanglements prevent
flow above this temperature, the polymer rapidly becomes
molten rather than rubbery. The various relationships are
illustrated schematically in Figure 2.1.

At this point it is also instructive to show graphicaily how
the stiffness or modulus of the various types of material
considered so far are affected by temperature. This is shown in
Figure 2.2.

2.1.6 The elastic state and vulcanised rubber

It has already been indicated that high elasticity in polymers
arises from the fact that, on application of a stress, molecules
above T, are able to deform from a randomly coiled up state.
Where there is some entanglement, flow or slippage of
molecules past one another is difficult so that when the stress
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Figure 2.1 Temperature vs. molecular weight diagrams for (a)
amorphous and (b) moderately crystalline polymers (with highly
crystalline polymers the glass transition is less apparent).
(Reproduced by permission from Brydson, Plastics Materials,
Butterworth)
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Figure 2.2 Scheme to show the dependence of the modulus of a
polymer on a variety of factors. A is an amorphous polymer of
moderate molecular weight, whereas B is of such a high molecular
weight that entanglements inhibit flow. Similar effects are shown in C
and D, where the polymer is lightly and highly linked, respectively. In
E and F the polymer is capable of crystallisation, F either being more
highly crystaliine than E or containing fibre reinforcement.
(Reproduced by permission from Brydson, Plastics Materials,
Butterworth)

is removed the molecules recover a coiled up state. Simply
relying on entanglements or small crystalline structures acting
as knots is somewhat inefficient and substantial slippage or
creep may occur. This may be very much reduced by introduc-
ing a small amount of cross-linking, as with thermosetting
plastics, but to a much lower extent than prevents chain
slippage. In rubber technology this process is known as
vulcanisation. It is interesting to note that the process was first
discovered by Charles Goodyear in the USA as long ago as
1839 when natural rubber was heated with sulphur, a process
exploited first by Thomas Hancock in London. Today the use
of 1-2 parts of sulphur per 100 parts of rubber is still by far the
most common way of vulcanising both natural and most of the
large tonnage synthetic rubbers.

In effect the cross-links tend to lock the polymer chains
relative to each other in space so that on release of any
deforming stress the mass recovers its original shape. Unfilled
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vulcanised rubbers may be stretched more than 1000%, hence
the term ‘high elasticity’ as distinct from the ‘elasticity’ of
metals. Commercial rubbers, however, usually have much
lower breaking elongations (150-550%) in order to obtain
improvements in other properties such as stiffness, tear res-
istance and abrasion resistance.

2.1.7 Thermoplastic rubber

One of the more interesting developments in the past 30 years
has been that of thermoplastic rubbers. One of the problems
with conventional vulcanised rubber is that, once cross-linking
or vulcanisation has taken place, the material is, like a
thermosetting plastic, ‘set” and cannot be melted and repro-
cessed. Thus material used in a process but not incorporated
into the final product or defective products cannot be re-used
as can a thermoplastic material. Thus many attempts have
been made to produce a rubbery material in which effective
cross-links exist at normal use temperature but which disap-
pear (become heat fugitive) at elevated temperatures. To some
extent entanglements and crystalline zones fulfil this role and
rubbers have been used that are simply very high molecular
weight polymers (but thus difficult to process) or slightly
crystalline. Polymers have also been made in which ionic
cross-links exist at low temperatures, but which lose their
force at elevated ones. A number of true covalent-bonded
systems have been devised in which these bonds break down at
elevated temperature, but which reform at low temperatures.
Such systems have been of limited use. Far more successful
has been the use of block copolymers.

Such block copolymers differ from the more common
random copolymers in that the monomers of each type are
grouped together in one chain. One such material consists of a
block of butadiene molecules (forming a segment of a rubbery
polybutadiene block) set between two blocks of styrene mol-
ecules (forming glassy polystyrene blocks). Such as system is
known as a styrene-butadiene—styrene (SBS) triblock copol-
ymer. At room temperature the polystyrene ends congregate
into domains effectively forming cross-links between many
triblock molecules at the chain ends. However, above T, these
domains tend to break up and, because the overall molecular
weight is quite low, the whole system melts and is capable of
flow. When the melt is cooled the domain structures and thus
the cross-links reform. Slightly different are the polyether—
polyester block copolymers in which amorphous polyether
zones are separated by crystallisable polyester blocks. At
room temperature these latter blocks do crystallise together to
produce small crystal structures which act as cross-links. These
latter materials are available in a variety of polyether/poly-
ester ratios and thus vary in stiffness and rubberiness. Because
of the high melting point of the polyester blocks these
materials have good heat resistance, and because of their
chemical nature they have good oil resistance. They have
become important engineering rubbers.

Blends of polypropylene (which is a crystalline polymer)
with rubbery ethylene—propylene rubbers, which are very
slightly crystalline have also been prepared. Appropriately
modified by a heat treatment these blends have also been
successful as thermoplastic rubbers.

2.1.8 Additives

The polymers used for making rubbers and plastics are very
rarely used on their own without the incorporation of addit-
ives. In the case of a rubber it is usually necessary to
incorporate a vulcanising agent such as sulphur. Since the
reaction between most rubbers with sulphur is slow and
inefficient, a chemical known as an accelerator is often used,
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an additive which often works better in the presence of an
accelerator activator such as zinc oxide and a fatty acid such as
stearic acid. To retard ageing, antioxidants and antiozonants
may be used. To increase stiffness, tear resistance and abra-
sion resistance reinforcing fillers such as fine particle carbon
blacks may be incorporated, whilst coarser, so-called inert
fillers may be used primarily to reduce cost. Adjustment of
stiffness may be made by softeners (plasticisers), whilst blow-
ing agents may be used to give a cellular structure. Non-black
compounds may incorporate colorants. Thus, for example, a
bridge bearing based on natural rubber could consist of the
following formulation:

Rubber Natural rubber 100
Vulcanising system Sulphur 2.5
Zinc oxide 5
Stearic acid 2
Accelerator (e.g. CBS) 0.6
Reinforcing filler ~ General purpose furnace 50
type (GPF) carbon black
Protective system  Antioxidant (TMQ) 3
Antiozonant (IPPD) 2
Paraffin wax 2

where CBS is N-cyclohexylbenzothiazole-2-sulphenamide,
[PPD is N-isopropyl-N'-phenyl-p-phenylene diamine, and
TMQ is polymerised 1,2-dihydro-2,2,4-trimethylquinoline.
As one example with thermoplastics, a compound for PVC
wire covering insulation flex would contain, in addition to the
polymer, plasticiser(s) to make the material flexible, china clay
as a filler which also improves electrical insulation properties,
a stabiliser to reduce degradation on heating and exposure to
light, a colorant and a lubricant (to prevent sticking to
processing machinery). For both rubbers and PVC other
additives may also be used for other purposes and similar
comments also apply for other rubbers and plastics.

2.1.9 Polymer blends

In recent years increasing use has been made of blends of
polymers. In many cases the reason for this is to produce
tough polymers and frequently this involves blending a glassy
amorphous thermoplastic with a rubbery material as, for
example, with toughened polystyrene, a blend of glassy poly-
styrene with rubbery polybutadiene, and the acryloni-
trile~butadiene-styrene (ABS) plastics, originally blends of
glassy acrylonitrile-styrene with butadiene~acrylonitrile, but
today rather more complex structures. Other important blends
include blends of polystyrene and the crystalline polymer
2,6-dimethyl-p-phenylene oxide (the produce marketed as
Noryl) and blends of polypropylene and ethylene-propylene
rubbers to give a type of thermoplastic rubber.

In principle, these materials, often known as polyblends, are
a physical mixture of different polymers and are thus distinct
from copolymers where the different monomers are on the
same polymer chain. Therefore a blend might be expected to
have quite different properties from a copolymer. For
example, a random copolymer usually has too irregular a
structure to enable it to crystallise, whereas it is often possible
to make a polyblend containing one or more crystalline
polymers so that the polyblend retains a measure of crystallin-
ity. In practice this situation may be more complicated with
some blends involving copolymers, whilst in some instances
there may be chemical reaction between the components of a
blend.

2.1.10 Composites

By definition a composite consists of two or more physically
distinct materials which are combined in a controlled way.
Three classes of composite may be distinguished:

(1) where one material (component) forms a continuous
phase (continuous matrix) and the other components are
embedded within this matrix;

(2) laminar structures where the components are in separate
layers (alternating where there are just two components);
and

(3) interpenetrating systems where both components form a
continuous matrix.

Strictly speaking any polymer compound containing an addit-
ive or a polyblend could be considered a composite, although
common usage of terminology excludes these materials.

Whilst all three types are used the most typical in the case of
rubbers and plastics is the first group and, specifically, the
structural composites which are characterised by the matrix
material being enhanced in stiffness and strength by the
presence of a reinforcing material embedded within it. Where
the continuous phase is a polymer, such materials are known
as polymer-based structural composites.

Such systems have long been used in the rubber industry
where, for example, the strength of a tyre is greatly enhanced
by incorporating fibrous filament or cloth which may be
organic (e.g. cotton) or a synthetic fibre, or inorganic (e.g.
glass fibre or metal filament).

In the plastics industry, laminates using paper have long
been used for electrical insulation, whilst cloth-based phenolic
laminates have been used for constructional materials for most
of the twentieth century. Rather better known is the use of
glass-fibre reinforcement in polyester resins for sports cars,
boats and railway engine cabs and in epoxide resins in the
aircraft and chemical industries. For extreme operating de-
mands the reinforcement may be carbon fibre or an aramid
fibre (aromatic polyamide fibre).

2.2 General properties of rubbery materials

In this section the general properties of rubbery materials
relevant to their use in engineering applications are consi-
dered, followed in the next section by a short review of the
types available. Unless otherwise stipulated, the use of the
word ‘rubber’ implies vulcanised rubber.

Today, the bulk of manufactured rubber articles is used in
engineering applications such as tyres, springs, seals, bearings,
mine belting, transmission belting, chemical plant liners and
electrical cable and wire insulation in severe environments.
Successful use clearly requires an understanding of relevant
properties.

2.2.1 Stress-strain properties in tension

Probably the best known property of rubbers is that they are
capable of large elastic deformations. It is also well known that
this deformation is highly recoverable on release of stress.
Two other properties may be noted at this stage:

(1) rubbers have a low modulus or stiffness;
(2) rubbers are virtually incompressible in bulk (Poisson’s
ratio v is about 0.5).

In tension an unfilled natural rubber vulcanisate (the product
of vulcanisation) may be extended in tension by more than
1000%. Commercial products which more commonly contain



large amounts of filler will have lower elongations at break,
but for many engineering applications values do exceed 400%.
The tension stress-strain curve is not linear but is somewhat S
shaped (Figure 2.3).

A number of attempts have been made to derive theoretical
expressions to fit this curve. The so-called ‘Gaussian theory’
yields the expression

F=1G(A, — 1A}

where f is the tensile stress, G the shear modulus and A the
strain (strained length/original length).

This gives fair fits up to about 500% elongation, but is poor
at higher elongations. A rather better fit is given by the
Mooney-Rivilin equation

=2 — UAD(C, + CiA)

where C; and C, are constants. )

In practice, most uses of rubber in engineering applications
involve elongations of less than 50%. In this range the rubber
is almost Hookean in behaviour and it is possible to use a
Young’s modulus derived from the slope within this range.

Compared with metals the modulus of rubbery materials is
very low. Some typical figures are given in Table 2.1.

2.2.2 Modulus and hardness

Rubber technologists make wide use of hardness measure-
ments. With rubbers this involves the measurement of a
reversible deformation produced by a specified indentor,
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Figure 2.3 Tensile stress ~ strain curves for four natural rubber
compounds of different hardness: 73 IRHD contains 50 parts of a
reinforcing black; 59 IRHD contains 50 parts of a non-reinforcing
black; and different vulcanising systems account for the different
curves of the two gum compounds (47 and 33 IRHD). (Reproduced by
permission from Lindley, Engineering Design with Natural Rubber,
Malaysian Rubber Producers’ Research Association)

Table 2.1 Comparison of the modulus and Poisson's ratio of rubbers
with those of mild steel

Natural rubber

Gum* Filledt Mild steel
Young’s modulus (MPa) 1.8 5.9 210 000
Shear modulus (MPa) 0.54 1.37 81 000
Poisson’s ratio 0.4997 0.4997 0.29

* A vulcanisate of an unfilled natural rubber compound.
* A vulcanisate.
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unlike metal hardness measurements which are concerned
with an irreversible plastic indentation. There is a good
correlation between hardness and Young’s modulus. The most
widely used hardness test is that which yields ‘international
rubber hardness degrees’ (IRHD). Also often quoted in the
literature are British Standard (BS) hardness degrees and
Shore A units. All three give similar numerical values. Table
2.2 shows the relationship between various types of modulus
and IRHD.

2.2.3 Bulk modulus, Poisson’s ratio and
incompressibility

The bulk modulus of rubber is in the range 1000-2000 MPa
and Poisson’s ratio is almost exactly 0.5. This means that solid
rubber vulcanisates are virtually incompressible (in bulk). It is
therefore essential that if rubber is being used in an application
which involves deformation, there should be some room for the
rubber to deform. For example, if a rubber disc was placed at
the base of the inside of a cylinder and a close-fitting piston
was dropped into the cylinder, the piece of rubber would be
unable to deform and would behave as a hard solid. Failure to
realise this fact of incompressibility even with very soft
rubbery articles has led to embarrassing design failures. (This
restriction does not, of course, apply to cellular (sponge)
rubber articles.)

2.2.4 Stress—strain properties of rubber in shear

At constant rates of shear deformation the stress—strain rela-
tionship in shear is linear up to about 100% shear strain, i.e.
Hookean behaviour may be assumed in shear. In this case it is
possible to postulate the relationship

r=Gtan y

where 7 is the shear stress and tan y = x/t where x is the
displacement in the direction of shear and ¢ is the separation
between shearing surfaces (Figure 2.4).

It is also possible to define the shear stiffness K of a
mounting being sheared by

K = Fix = GAlt

where F is the shearing force and A the area over which the
force is applied.

It may be noted at this stage that inserting plates into a
rubber mounting parallel to the shear direction does not affect
the stiffness of the plate, providing that the total thickness of
rubber in the mounting is unchanged. The importance of this
will become apparent later.

2.2.5 Stress—strain properties of rubber in
compression

The compression stress—strain properties of vulcanised rubber
are usually measured by compressing a block of rubber
between two metal plates. Unless special measures are taken
to lubricate the interfaces between rubber and metal, the
rubber at the interface will be constrained. Thus, on compres-
sion the interfacial area will not change but, since rubber is
incompressible in bulk, there must be a lateral expansion
between the plates which is at a maximum at the midplane of
the sample. In turn this will mean that the free surface of the
rubber block will increase, setting up tensile strains on the
surface (Figure 2.5).

This tensile strain will be in addition to the forces required
simply to compress the sample and will, therefore, increase
the stiffness. It may be appreciated that this effect is greater



2/8 Polymers, plastics and rubbers

Table 2.2 Hardness and elastic moduli*t

Hardnesst Young’s modulus§,  Shear modulus/l/, k** Bulk modulus,
(IRHD +2) E, G E.

(MN m~2) (MN m~?) (MN m~%)
30 0.92 0.30 0.93 1000
35 1.18 0.37 0.89 1000
40 1.50 0.45 0.85 1000
45 1.80 0.54 0.80 1000
50 2.20 0.64 0.73 1030
55 3.25 0.81 0.64 1090
60 4.45 1.06 0.57 1150
65 5.85 1.37 0.54 1210
70 7.35 1.73 0.53 1270
75 9.40 2.22 0.52 1330
Shore A (Ibf in.™?) (Ibf in.”?) (1bf in.”?)
(approx.)
35 168 53 0.89 142 000
45 256 76 0.80 142 000
55 460 115 0.64 154 000
65 830 195 0.54 171000
75 1340 317 0.52 189 000

* Reproduced by permission from Engineering Design with Natural Rubber, 4th edition,
Malaysian Rubber Producers’ Research Association.

+ Based on experiments on natural rubber spring vulcanisates containing (above 48
IRHD) SRF black as filler. Note that hardness is subject to an uncertainty of about *2

IRHD.

1 The majority of springs are in the harduess range 40-60 IRHD.

§ Theoretically, with a Poisson’s ratio of %%, Ey should equal 3G. This is so for soft gum
rubbers, but for harder rubbers containing a fair proportion of non-rubber
constitutents, thixotropic and other effects increase E, to about 4G.

/I Average design limits: 15% compression, 50% shear.

** k is used in the calculation of compression characteristics.

Figure 2.4 Rubber mounting subjected to shear deformation
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Figure 2.5 Rubber block in compression.

with thin blocks and it is necessary to introduce a shape factor
S in order to determine the compression modulus E effective
in any particular sample, test piece or mounting. This shape
factor is given by

S = LBP2(L + B)

for a rectangular block of length L, breadth B and thickness 7.
For a block of square section (i.e. L = B) or circular section
(diameter L) then

S = L/4t

The compression modulus depends on the shape factor by
the relationship

E. = Ey(1 + 2k$?)

where Evy is Young’s modulus and k is a numerical factor the
values of which are given in Table 2.2.
The compression stiffness K. may be defined as

K. = Fix = E.Alt

where x is the deflection.

The load (F) vs. deflection (x) curve for vulcanised rubber is
non-linear. Providing there is no slip at the interface it
approximates to

F=E.Ae(l + ¢)

where e is the compressive strain (= x/f). The non-linearity is
usually ignored for strains up to 10% (Figure 2.6).

If plates parallel to the metal-rubber interfaces are inserted
into the blocks, one thick sample will in effect be replaced by a
number of thinner samples with a higher shape factor (Figure
2.7). In effect we have a stacked array of rubber springs. If
these springs have deflections x,, x,, x3, etc., the total
deflection is

X1 +txy+x3+ ...

Since the deflecting force will be the same for each element,
then the total stiffness for the unit K, is given by

VK= VUK + UKy + UUKs + ...
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Figure 2.6 Effect of shape factor: experimental stress—strain curves
for 6.3 mm thick discs of rubber (47 IRHD) in compression. The shape
factor is shown alongside each curve; the diameter (in millimeters) is
25.4 times the shape factor. (Reproduced with permission from
Lindley, Engineering Design with Natural Rubber, Malaysian Rubber
Producers’ Research Association)
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Figure 2.7 The vertical stiffness of a rubber block can be increased
by inserting into the block horizontal metal spacer plates which reduce
the freedom of the rubber to bulge. The shear stiffness is not altered
by the presence of these horizontal plates. (Reproduced by
permission from Lindley, Engineering Design with Natural Rubber,
Malaysian Rubber Producers’ Research Association)

If all the rubber ‘springs’ between the plates are equal and
there are n separating metal plates, i.e. (n + 1) rubber
springs, then the expression simplifies to

K = Ki(n + 1)

where K is the compression stiffness of each element.

Simple calculations show that insertion of such metal plates
markedly increases the compression stiffness. For example,
Table 2.3 illustrates how the insertion of a number of metal
plates increases the stiffness of a rectangular mounting of
loaded face area L? and thickness ¢ = L/4. This has the effect
of increasing the compression stiffness but not affecting shear
stiffness. This is of considerable importance as a means of
producing rubber components with differing levels of stiffness
in different directions. This is discussed in Section 2.7.1.3.
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Table 2.3 Effect of the insertion of metal plates on the compression
stiffness of a rubber mounting of loaded face area L’ and thickness
Li4

No. of plates \) Increase in stiffness,™

KIK,

3

9
19
51
99
201

—
(=N RV RIS SN
[y

=R S R

* K is the stiffness of the composite and K is the stiffness of the
block with no inserted metal plates.

2.2.6 Resilience

The resilience of a rubber may be considered as the energy
recoverable after deformation. A simple example is where a
metal ball is dropped onto a slab of rubber from a height H. If
the ball rebounds to a height 0.7H it would be said that the
resilience of the rubber is 70%. Energy not recovered is
converted to heat. Since no rubber is 100% resilient it follows
that if a piece of rubber is constantly flexed or otherwise
deformed there is a build up of heat which, unless dissipated,
causes a temperature rise and possibly failure of the part. For
this reason such components as sidewalls of lorry tyres need to
be made from high resilience compounds.

Above T, resilience increases with temperature up to about
(T, + 100)°C. Since the rate of change of resilience with
temperature is similar for many, but not ail, rubbers, this also
tends to mean that the lower the T of the rubber the higher
the resilience at normal ambient temperature (Figure 2.8).
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Figure 2.8 Resilience (ball rebound) vs. temperature relationships for
butyl rubber compared with other major rubbers. (Reproduced by
permission from Gunter, Developments in Rubber Technology, 2nd
edition, Applied Science)
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2.2.7 Creep, set and dynamic properties

When a polymer is subjected to a tensile stress the total
deformation may be considered as the sum of three compo-
nents:

(1) an instant deformation due to bond bending and stretch-
ing (Dog) similar to that of ordinary elastic bending in
metals;

(2) chain uncoiling which is not instantaneous and leads to
high elastic deformation (Dgg); and

(3) chain slippage leading to viscous deformation (D).

Hence,
Dt = Dog + Due + Dise

These various responses and the total response are shown in
Figures 2.9 and 2.10.

The relative proportions of each component vary with the
type of polymer, but with a vulcanised rubber the Dyg
component predominates. Even so there will be some irrever-
sible creep which will progress with time. Similarly, if a piece
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Figure 2.9 Types of deformational response as a result of a fixed
load being imposed between times t, and t, (a). (b) Ordinary elastic
material. (c) Highly elastic material. (d) Viscous material. (Reproduced
by permission from Brydson, Rubbery Materials and their
Compounds, Elsevier/Applied Science)

Recoverable

Deformation —

Irrecoverable

Figure 2.10 Deformation vs. time curve for material showing
substantial ordinary elastic, high elastic and viscous components of
deformation. (Reproduced by permission from Brydson, Rubbery
Materials and their Compounds, Elsevier/Applied Science)

of rubber is held under constant strain, the stress required to
maintain this strain decreases with time. This phenomenon is
known as stress decay.

Total deformations in other strain modes have similar
relationships and, in practice, since rubber is more often used
in compression and shear, these modes can be more impor-
tant. In particular it is important that, when rubber is being
used as a compression seal, the stress decay is not so great that
seal fails. Also of concern is the compression set, i.e. the
irrecoverable component of a compressive deformation.

Because Dyg is not instantaneous, strain will lag behind
stress in a cyclic deformation. The mathematics are similar to
those in a.c. theory and at this point just two points will be
made.

(1) If the stressing frequency is progressively increased there
will be less time for the strain to reach equilibrium so that
the response in each cycle will decrease. This will effect-
ively increase the modulus.

(2) By paying regard to the natural vibrating frequency of a
rubber component it is possible to isolate vibrations. This
technique is useful, for example, for protecting delicate
instruments from machinery vibrations and buildings
from earthquakes.

2.2.8 Non-rubbery properties of technical importance

Clearly there are many properties other than stress—strain
properties that are often important in the use of a rubbery
material. These may include heat resistance, oil resistance,
electrical insulation behaviour, general chemical resistance,
permeability to gases, colour and, always importantly, cost. In
this subsection brief consideration is given to the first two of
these properties.

In the case of a cross-linked (vulcanised) rubber, the heat
resistance will be mainly concerned with the degradation in
structure that occurs at elevated temperatures. This will
depend on both the chemical structure of the raw polymer and
on the vulcanising system used. Therefore it is important to
understand that any statement concerning the relative heat
resistance of various rubbery polymers needs to be given some
latitude depending on the vulcanising system employed.

In the case of thermoplastic rubbers the upper service limit
is determined by the softening point at which the material
loses its rubberiness and begins to flow.

In many applications rubbery components are often in
contact with hydrocarbon oils. As a general rule the hydro-
carbon rubbers (which form the bulk of the market) have less
oil resistance than do non-hydrocarbon rubbers.

2.2.8.1 Classification system for vulcanised rubbers

The American Society for Testing and Materials (ASTM) and
the Society of Automotive Engineers (SAE) have issued a
report entitled Classification System for Rubber Materials for
Automotive Applications (SAE J200/ASTM D2000); BS 5176
issued by the British Standards Institution is almost identical.
The classifications do not at present apply to thermoplastic
rubbers.

The classification provides basic classification codes based
on test values obtained in standard laboratory tests. Each code
is made up of two parts: the first part based on basic
requirements; the second on supplementary or suffix require-
ments. These provide, for a given specification, a line call-out.

The first part of the line call-out results from the basic
requirements and consists of:

(1) a letter ‘M’ to indicate that SI units are being used (this
may be followed or preceded, according to which specifi-



cation is being used, by a number indicating supplement-
ary requirements);

(2) aletter indicating the fype—assigned on the level of heat
resistance required;

(3) a letter indicating the class—assigned on the level of
mineral oil (hydrocarbon oil) resistance required;

(4) a single figure indicating the hardness range; and

(5) a double figure indicating the tensile strength.

The type is based on changes in tensile strength of not more
than 30%, an elongation change of —50% maximum and a
hardness change of not more than 15 points. The temperatures
at which the materials are tested for determining type are
shown in Table 2.4.

The class is based on the resistance of material to swelling in
ASTM Oil No. 3 (or in the case of BS 5176, Oil No. 3 of BS
903). In test the immersion time shall be 70 h and the oil
temperature shall be the type temperature or 150°C,
whichever is the lower. Limits of swelling are listed in Table
2.5.

The basic mechanical properties are indicated by a single
figure for hardness followed by a double figure for tensile
strength. Thus the set ‘810" indicates a Shore hardness (a
commonly used hardness scale) of 80 +5 and a tensile
strength of 10 MPa minimum. (The BS specification uses
IRHD and with slightly different tolerance limits of +5 to
—~4.)

An example of an ASTM D2000 line call-out is: M6 HK 810
Al-11 B38 EF31. This indicates the use of SI units, an
elastomer of type H (resistant to 250°C) and of class K (10%
swell), a hardness of 80 £ 5 and a minimum tensile strength of
10 MPa. The number ‘6’ after ‘M’ provides a key to supple-
mentary suffix requirements which are detailed in the second
part of the call-out (A1-11 B38 EF31). Interpretation of suffix
requirements requires reference to details in the appropriate
standards, but it may be noted that in the above example call-
out these refer to particular heat resistance, compression set
and fuel resistance requirements.

Figure 2.11 shows in graph form the relative positions of
selected rubbers in respect of type and class. Table 2.6
provides a summary of properties of most commercial rubbery
materials.

Table 2.4 Classification of rubber by type—assigned according to
the level of heat resistance

Type Test temperature Type Test temperature
O O

A 70 F 200

B 100 G 225

C 125 H 250

D 150 J 275

E 175

Table 2.5 Classification of rubber by class—assigned according to
the level of resistance to mineral oil

Class Maximum volume Class Maximum volume

swell (%) swell (%)
A No requirement F 60
B 140 G 40
C 100 H 30
D 100 J 20
E 80 K 10
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Figure 2.11 SAE J200 ASTM D2000 classification for cross-linked
elastomers. Whilst specific points are shown for clarity, there will be a
spread for each rubber, the exact position depending on the grade of
polymer and compounding formula used. (Reproduced by permission
from Brydson, Rubbery Materials and their Compounds,
Elsevier/Applied Science)

2.3 Survey of commercial rubbery
materials

There are about 30 types of rubbery material on the market,
although just two (natural rubber and styrene-butadiene
rubber) account for about 70% of total tonnage and three for
about 80%. These materials are listed together with their
recommended ISO/ASTM abbreviations in Table 2.7.

In addition to the nomenclature based on ISO and ASTM
recommendations, several other abbreviations are widely
used. Those most likely to be encountered are listed in Table
2.8.

During World War II the US Government introduced a
system of nomenclature which continued in use, at least
partially, until the 1950s and is used in many publications of
the period (see Table 2.8).

Rubber usage continues to be dominated by the tyre
industry, which consumes about two-thirds of total new rubber
each year. Hence it is not surprising that those rubbers widely
used in the industry tend to dominate the market, not simply
because they are used in tyres but also because the large-scale
production tends to give these materials a competitive price
structure. The term tyre rubbers is given to these materials.

In the non-tyre industry, tyre rubbers are used alongside
other rubbers and four such materials are used in this area in
quantities similar to those of the tyre rubbers. These materials
are commonly known as special purpose rubbers, although in
reality they may be used in a wider range of applications than
some of the tyre rubbers.

There are a number of applications, particularly in engin-
eering, where more severe demands are put on the rubber
than can be met with the tyre rubbers and special purpose
rubbers, particularly in terms of heat and oil resistance. The
term speciality rubber is commonly used for these materials.
Some extremely specialised materials, available only in small
quantities, and at high cost are sometimes separately classed
as exotics.
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Table 2.6 Summary of properties of principal rubbery materials*

ASTM D1418 class
Property NR SBR BR IR EPDM 1R CR NBR
ASTM D2000 rating AA AA/BA AA/BA AA CA BA, AA BC, BE BF, BG, BK, CM
Specific gravity 0.92 0.94 0.93 0.93 0.86 0.92 123 1.00
Tensile strength (gum)

(MPa (psi)) >20.7 (3000) <6.9 (1000) <6.9 (1000) >17.2 (2500) <6.9 (1000) >10.3 (1500) >20.7 (3000) <6.9 (1000)
Tensile strength (black loaded)

{MPa (psi)) >20.7 (3000) >13.8 (2000) >20.7 (3000) >20.7 (3000) >20.7 (3000) >13.8 (2000) >20.7 (3000} >13.8 (2000)
Tear resistance Good-v.good Fair Fair Good-v. good Fair-good Good Good Fair
Abrasion resistance Excellent Good-excellent V. good V. good Good—excellent  Good Excellent Good
Compression set Good Good Good V. good Good Fair Fair-good Good
Rebound (cold) Excellent Good Excellent Excellent V. good Poor V. good Good
Rebound (hot) Excellent Good Excellent Excellent Excellent Good V. good Good
Dielectric strength Excellent Excellent V. good V. good Excellent Excellent Good Poor
Electrical insulation Good-excellent  Good-excellent V. good V. good Excell Good: 1l Fair—good Poor
Environmental resistance

Oxidation Good Fair Fair Fair Excellent Excellent V. good—excellent Good

Ozone Poor-fair Poor Poor Poor Outstanding Excellent V.good Fair

Sunlight Poor Poor Poor Poor Outstanding V. good V.good Poor

Heat ageing

{upper limit at constant service)(°C) 85 90 90 85 145 120 95 120

Low-temperature flexibility Excellent V. good Excellent Excellent Excellent Good Good Fair-good
Fluid resistance

Gas permeability Fair Fair Fair Fair Fair V. fow Low V. low

Acid resistance (dilute) Good Good Good Good Excellent Excellent Excellent Good

Acid resistance (conc.) Good Good Good Good Excellent V. good Good Good
Swelling

In aliphatic hydrocarbons Poor Poor Poor Poor Poor Poor Fair-good Excellent

In aromatic hydrocarbons Poor Poor Poor Poor Poor Poor Fair Good

In oxygenated solvents Fair-good Good Good Fair-good Good Good Poor Poor

ASTM D1418 class
Property ACM ECOICO AEM CSM FKM PYMQ FYMQ YBPO
ASTM D2000 rating DJ CM EF CE HK GE FJ Not assigned
Specific gravity 1.10 1.27-1.36 1.08-1.12 1.12-1.28 1.85 1.06-1.42 1.41 1.17-1.25
(compound) {compound)
Tensile strength (gum)

(MPa (psi)) — <6.9 (1000) — >17.2 (2500) >12.4 (1800} — — 25-45 (3500-6500)
Tensile strength (black loaded)

(MPa (psi)) >13.8 (2000) 17.2 (2000) >17.2 (2500) >20.7 (3000) >13.8 (2000) 5-10 >6.9 (1000) —

(725-1450)
Tear resistance Fair Fair—good Good Fair Fair Poor Poor Outstanding
Abrasion resistance Fair Fair-good Good Excellent Good Poor Poor Outstanding
Compression set V. good Poor Good Fair Fair-good Poor—fair Poor-fair Fair-poor
Rebound (cold) Low Good Poor Fair-good Fair-good Poor Poor Fair-v. good
Rebound {hot) — Good Fair Good Good — — Good—excllent
Dielectric strength Good Good Good V. good-excellent  Good Good Fair—good
Electrical insulation Fair Good Fair-good Good Fair—good Excellent V. good Fair-good
Environmental resistance

Oxidation Good Good Excellent Excellent QOutstanding Excellent Excellent Excellent

Ozone Excell Excell O di O di O ding Excell Excell Excellent

Suntight Good Good O di O di O di Excell Excel V. good

Heat ageing

(upper limit at constant service)(°C) 177 135 170 135 205 235 230 100-110

Low-temperature flexibility Fair-v. good Good-v. good  Good Good Fair-good Excelient Exceilent Exceltent
Fluid resistance

Gas permeability Fair Low V.low V. low V. low High High Low

Acid resistance (dilute) Fair Fair-good Good Excellent Excell Excell Excell Excellent

Acid resistance (conc.) Poor Fair Poor V. good Excellent Fair Good V. good
Swelling

In aliphatic hydrocarbons Excetlent Excellent Good Good Excellent Poor Excellent Excellent

In aromatic hydrocarbons Fair-poor Good Fair Fair Excellent Poor Good-excellent Good

In oxygenated solvents Poor Poor Poor Poor Poor Fair Good—excellent Fair

* Reproduced by permission from Brydson, Rubbery Materials and Their Compounds. Elsevier/Applied Science.



Table 2.7 Standard abbreviations for rubbery materials (based on ISO
Recommendation and ASTM D 1418)

ABR  Acrylate-butadiene rubber

ACM  Copolymers of ethyl or other acrylates and a small amount
of a monomer which facilitates valcanisation

AECO Terpolymers of allyl glycidyl ether, ethylene oxide and
epichlorohydrin

AEM  Copolymers of ethyl or other acrylate and ethylene

AFMU Terpolymer of tetrafluoroethylene, trifluoronitrosomethane
and nitrosoperfluorobutyric acid

ANM  Copolymers of ethyl or other acrylate and acrylonitrile
AU Polyester urethanes
BIIR Bromo-isobutene-isoprene rubber (brominated butyl

rubber)

BR Butadiene rubber

CFM Polychlorotrifluoroethylene

CIIR Chloro-isobutene-isoprene rubber (chlorinated butyl rubber)

CcM Chlorinated polyethylene

co Epichlorhydrin rubber

CR Chloroprene rubber

CSM Chlorosulphonated polyethylene

ECO Ethylene oxide and epichlorhydrin copolymer

EAM  Ethylene-vinyl acetate copolymer

EPDM Terpolymer of ethylene, propylene and a diene with the
residual unsaturated portion of the diene in the side-chain

EPM Ethylene-propylene copolymer

EU Polyether urethanes

FFKM  Perfluoro rubbers of the polymethylene type having ali
substituent groups on the polymer chain either fluoro,
perfluoroalkyl or perfluoroalkoxy groups

FKM  Fluoro rubber of the polymethylene type having substituient
fluoro and perfluoroalkoxy groups on the main chain

FVMQ Silicone rubber having fluorine, vinyl and methyl

substituient groups on the polymer chain
GPO Polypropylene oxide rubbers

IR Isobutene-isoprene rubber (butyl rubber)

M Polyisobutene

iR Isoprene rubber (synthetic)

MQ Silicone rubbers having only methyl substituent groups on

the polymer chain

NBR Nitrile-butadiene rubber (nitrile rubber)

NIR Nitrile-isoprene rubber

NR Natural rubber

PBR Pyridine-butadiene rubber

PMQ  Silicone rubbers having both methyl and phenyl groups on
the polymer chain

PNR Polynorborene rubber

PSBR  Pyridine-styrene-butadiene rubber

PVMQ Silicone rubbers having methyl, phenyl and vinyl substituent
groups on the polymer chain
Rubbers having silicon in the polymer chain

SBR Styrene-butadiene rubber

T Rubbers having sulphur in the polymer chain (excluding
copolymers based on CR)

VMQ  Silicone rubber having both methyl and vinyl substituent
groups in the polymer chain

XNBR Carboxylic-nitrile butadiene rubber (carboxynitrile rubber)

XSBR  Carboxylic-styrene butadiene rubber

Y Prefix indicating thermoplastic rubber
YBPO Thermoplastic block polyether-polyester rubbers

Two further groups of rubbery materials which have a quite
different processing technology to the above are the ther-
moplastic rubbers which are processed on equipment used in
thermoplastics processing and the liquid processing rubbers
such as the cast polyurethanes and the liquid silicones which
have their own specialist technology.

2.3.1 Tyre rubbers

This term is used for three diene rubbers widely used in the
tyre industry. Although capable of making products with good
performance in respect of toughness, strength, abrasion and
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Tabie 2.8 Miscellaneous abbreviations used for rubbery materials

ENR Epoxidised natural rubber

EPR Ethylene-propylene rubbers (either EPM or
EPDM)

EVA Ethylene—vinyl acetate copolymers (instead of
EAM)

SBS Styrene-butadiene—styrene triblock copolymer

SEBS Hydrogenated SBS

SIR Standard Indonesian rubber

SIS Styrene-isoprene—styrene triblock copolymer

SMR Standard Malaysian rubber

US Government nomenclature

GR-A Government Rubber Acrylonitrile (modern equivalent NBR)
GR-I Government Rubber Isobutyiene (IIR)

GR-M Government Rubber Monovinyl acetylene (CR)

GR-P Government Rubber Polysulphide (T)

GR-S Government Rubber Styrene (SBR)

tear resistance these materials have a lower resistance to
hydrocarbon oils, oxygen, ozone, heat and light than do most
of the rubbers described in the following sections.

All of the tyre rubbers are usually vulcanised using conven-
tional sulphur based systems.

2.3.1.1 Natural rubber

Natural rubber (NR) has about 40% of the total new rubber
market in tonnage terms. Although rubbery materials have
been obtained from the latices (plural of latex) of some 500
plants, nearly all commercial rubber comes from Hevea brasi-
liensis, originally from Brazil but now grown widely in South-
East Asia, West Africa and the Indian subcontinent. The
material is obtained by coagulating the latex which has been
tapped from the bark of the tree. The raw polymer has a high
molecular weight (>1 million) and, because of entanglements,
is quite elastic and incapable of shaping by melt processing. It
is therefore necessary to subject the rubber to an intensive
shearing process (mastication) to break down the molecular
weight to a state in which the material may be blended with
additives, shaped and then vulcanised. Newer grades may be
treated at the latex stage to produce raw material which needs
little or no mastication (known as ‘constant viscosity (CV)
rubbers’).

Unfilled vulcanisates (gum stocks) are highly elastic and
resilient and, although this may be reduced by incorporation
of fillers, NR vulcanisates tend to be better than comparable
filled vulcanisates from most synthetic rubbers. On ageing, the
rubber tends to soften.

Because of its high resilience NR is widely used in tyre
sidewalls and, more generally, in large tyres such as truck
tyres. It is also an engineering rubber, where it is used, for
example, in engine mountings and bridge bearings. Unlike
other tyre rubbers, gum stocks show high vulcanisate strengths
and this leads to many uses in stationery and medical applica-
tions.

The two major disadvantages of NR are its poor resistance
to hydrocarbon oils (vulcanisates swelling extensively) and
moderate heat resistance. However, penetration by oil and by
oxygen (the main agent for limiting heat resistance) is slow so
that thick articles or articles in which a large portion of the
surface is in contact with metal and thus not accessible to oil
and/or oxygen may be satisfactorily used at high temperatures
or in oily environments for long periods of time.

2.3.1.2 Styrene-butadiene rubber

For many years styrene-butadiene rubber (SBR) was the
leading rubber in tonnage terms, NR recovering its pre-
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eminence about 1980. Currently SBR has about 30% of the
market. [t differs from NR in the following ways.

(1) It does not break down on mastication and so has to be
supplied at the correct molecular weight. Unvulcanised
compounds also have inferior strength (green strength)
and lack natural tack (a property useful when assembling
or plying up pieces of rubber to make an article).

(2) Carbon black reinforcement is necessary for reasonable
strength.

(3) Vulcanisation is slower than with NR with similar vulcan-
ising (curing) systems.

(4) Abrasion resistance of reinforced compounds is generally
better than with natural rubber. Wet grip and rolling
resistance of tyres is also better.

(5) It hardens, rather than softens, on oxidation.

Mainly used for tyres, SBR is also used in such areas as
mechanical goods, shoe soling and carpet underlay.

2.3.1.3 Polyburadiene rubber

Polybutadiene rubber (BRY) is superior to both NR and SBR in
terms of:

(1) abrasion resistance and groove cracking of tyres;

(2) low-temperature flexibility;

(3) high resilience at low deformations;

(4) heat ageing resistance;

(5) ozone resistance (under both static and dynamic condi-
tions); and

(6) ability to accept higher levels of fillers and oil with less
deterioration in properties.

It does, however, exhibit the following limitations:

(1) poor tack;

(2) poor road grip of tyre treads; and

(3) poor tear and tensile strength (compared with NR and
SBR).

With regard to (3), in some ways BR vulcanisates may be
considered as brittle with the possibility of products being
subject to chunking and gouging, that is pieces of rubber
breaking off when operating under severe conditions.

For these reasons BR is seldom used alone but mainly as a
blending material (e.g. with SBR in passenger-car tyres and
NR in truck tyres). It is also widely used as a toughening
rubber in the manufacture of high-impact polystyrene. A small
application is for very highly resilient solid playballs. BR has
about 10% of the new rubber market.

2.3.2 Special purpose rubbers

This term is something of a misnomer but is commonly
employed for those rubbers that find fairly widespread use but
which are not normally used in any quantity as tyre rubbers.

2.3.2.1 Ethylene-propylene—diene terpolymers

These materials are now widely used in the general rubber-
goods field. They have the best heat resistance of the tyre and
special purpose rubbers as well as good resistance to oxygen,
ozone and to light. As with the diene tyre rubbers (BR, NR
and SBR) they do not have good resistance to hydrocarbon
oils. Unlike NR, but like SBR, they require reinforcement
with fine fillers in order to obtain good strength and abrasion
resistance.

Ethylene—propylene—diene (EPDM) polymers contain just a
small amount of some diene component which allows the

rubber to be vulcanised using conventional sulphur based
curing systems.

2.3.2.2 Ethylene-propylene copolymers

With properties similar to the above, the absence of a diene
component in ethylene-propylene (EPM) copolymers pre-
vents the use of conventional sulphur cures and require such
materials as peroxides for vulcanisation. These rubbers there-
fore have limited use compared with EPDM.

2.3.2.3 Isobutylene—isoprene rubbers (butyl rubbers)

Isobutylene-isoprene rubbers (butyl rubbers; IIR) have the
following particular characteristics:

(1) very low air permeability for a rubber (but not as low as
many plastics materials);

(2) low resilience over a wide temperature range, although
resilience does increase with temperature; and

(3) low unsaturation (i.e. low level of double bonds in the
polymer) giving good resistance to oxygen, ozone and
weathering, although not so good as with EPM and
EPDM.

As with EPDM, a small amount of a diene component
(from isoprene) allows conventional sulphur vulcanisation.

Comparatively recent developments are the brominated and
chlorinated butyl rubbers (BIIR and CIHR). They are faster
curing and capable of vulcanisation bonding. The main uses
for IIR and derivatives are tyre inner tubes and inner linings,
tyre curing bags, sealants, pipe-wrapping systems, pharma-
ceutical bottle closures, acid-resistant tank linings, reservoir
roofing membranes, pond liners, and even chewing gum.

2.3.2.4 Polychloroprene rubbers

Available since the early 1930s polychloroprene (CR) rubbers
are well known under the tradenames ‘Neoprene’, ‘Baypren’
and ‘Butachlor’. They are well established as engineering
rubbers of moderate heat, oxygen and ozone resistance with
useful fire retardancy characteristics and better hydrocarbon
oil resistance than any of the hydrocarbon based rubbers
described earlier in this section.

They cannot be vulcanised using conventional sulphur based
systems and require their own specialist curing technology.

2.3.2.5 Butadiene—acrylonitrile rubbers (nitrile rubbers)

The principal use for butadiene~acrylonitrile rubbers (NBR) is
where oil, grease and, particularly, petrol resistance is re-
quired. Recently, more severe demands for under-the-bonnet
applications have required NBR to be replaced by some of the
speciality rubbers.

Nitrile rubbers may be vulcanised using conventional sul-
phur based systems.

2.3.2.6 Polyisoprene rubber

Polyisoprene rubber (IR) is a synthetically produced version
of NR. Although generally purer than the natural product the
polymer structure is less perfect. This means that the mecha-
nical properties are generally not so good but, because of the
lower level of impurities, IR finds use in pharmaceutical goods
and as the raw material for producing chlorinated and iso-
merised rubber for the surface-coating industry. Other speci-
alised uses include golf-ball thread (because of the low mod-
ulus) and some engineering applications where the low com-
pression set (compared with NR) is an important prerequisite.



At one time IR was extensively used in tyre blends, but in
recent years this application has proved uneconomical (rather
than technically unsatisfactory).

2.3.3 Speciality rubbers
2.3.3.1 Acrylic rubbers

Acrylic rubbers (ACM) were developed for use where it is
necessary to operate at higher temperatures than is possible
for nitrile rubbers or where oils contain sulphur bearing
additives which tend to react with nitrile rubber. They are also
superior in heat resistance to all the rubbers considered above.

2.3.3.2 Fluoro rubbers

Many types of fluoro rubber are now available but, in general,
they are used where a high level of oil resistance coupled with
a high level of heat resistance is required.

2.3.3.3 Silicone rubbers

These materials are used because of their excellent heat
resistance and excellent electrical insulation properties, their
physiological inertness, their high permeability and low com-
pression set. Besides conventional materials, special grades
include liguid silicones rubbers and room temperature vulca-
nising systems that may be used for flexible mould-making, for
seals and for caulking applications.

2.3.3.4 Polysulphides

Polysulphides (T) have been in production for longer than any
synthetic rubber, having been introduced in the 1920s. They
have poor heat resistance but outstanding resistance to hydro-
carbon oils.

2.3.3.5 Epichlorhydrin rubbers

Epichlorhydrin (CO and ECO) rubbers have excellent res-
istance to ozone and weathering, an even lower gas permeabil-
ity than butyl rubber, and good resistance to both heat and
swelling in hydrocarbon oils. They have replaced nitrile
rubber in some applications where specifications have become
too stringent for the latter.

2.3.3.6 Polynorbornenes

Polynorbornenes (PNR) are hydrocarbon rubbers, of interest
because they can be blended with large amounts of plasticiser
and thus are available in very soft forms. They can also be
formulated with interesting damping characteristics.

2.3.3.7 Chlorinated polyethylene and chlorosulphonated
polyethylene

Chlorinated polyethylene (CM) and chiorosulphonated poly-
ethylene (CSM) have good resistance to heat, ozone, weath-
ering and a wide range of chemicals. Their main uses are in
coated fabric and sheet form and for wire covering.

2.3.3.8 Ethylene-acrylic rubbers

Ethylene~acrylic (AEM) rubbers have intermediate heat res-
istance to more expensive rubbers and also may be formulated
to have good flame retardance coupled with low emission of
smoke and toxic gases under fire conditions. Uses are split
between cable and automotive applications.
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2.3.4 Thermoplastic rubbers

All the materials discussed in this subsection can be processed
on conventional thermoplastic processing machinery such as
injection-moulding machines.

2.3.4.1 Styrene-butadiene-styrene triblock rubbers

The high level of creep with styrene-butadiene-styrene (SBS)
triblock rubbers limits their use in conventional rubber appli-
cations. They are important as bitumen additives, in pressure-
sensitive and contact adhesives and for plastics modification.
They are also used in shoe soling. Related SIS rubbers using
isoprene instead of butadiene are also useful in adhesives.

2.3.4.2 Thermoplastic polyester rubbers and similar
materials

These materials have better oil resistance and heat resistance
(both in terms of thermal stability and heat softening res-
istance) than SBS materials. They are also available in a range
of hardness from a stiff rubber to that of a more leather-like
plastics material. They are important specialised engineering
rubbers. Somewhat similar in properties are the thermoplastic
polyurethanes and the thermoplastic polyamide rubbers.

2.3.4.3 Thermoplastic polyolefin rubbers

These materials are blends of EPDM with polypropylene, and
sometimes also polyethylene. Being hydrocarbons they have
limited oil resistance. They are of extensive interest in auto-
motive applications, window profiles, cable insulation and
footwear. Although they have somewhat limited levels of high
elastic recovery after deformation, there have been consider-
able improvements with these properties in recent years.

2.3.5 Liquid processing rubbers

Both polyurethane and silicone rubbers are frequently pro-
cessed in the liquid (low-molecular-weight state). Their pro-
cessing technology is, therefore, highly specialist. Polyur-
ethanes made using these techniques may have, if suitably
formulated, outstanding oil resistance and abrasion resistance
coupled in many cases with high values of tensile strength.
Silicones tend to retain the properties mentioned in Section
2.3.3.3.

2.3.6 Exotics

The term ‘exotics’ is applied to highly specialised materials
often only produced to specific order. They include the
fluoropolyphosphazenes which have a very wide operating
range (—65 to +175°C) coupled with good oil resistance and
the totally non-inflammable carboxy-nitroso rubbers
(AFMU).

Rubbery materials are discussed in greater detail in Rubbery
Materials and their Compounds' with more recent develop-
ments discussed in more detail in Handbook of Elastomers.*

2.4 General properties of plastics

Since plastics may be regarded as those polymers that are not
rubbers, fibres, adhesives or surface coatings, the range of
properties possible is very wide. Some materials such as
low-density polyethylene and plasticised PVC are flexible; the
polyurethane foams are flexible and, in some cases, rubbery:
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glass-reinforced polyester laminates are hard and rigid; whilst
the nylons are less rigid but tough. Some plastics dissolve in
water, others have excellent resistance to a wide range of
chemicals. Other properties such as electrical-insulation cha-
racteristics and heat resistance also vary widely.

Since this handbook is concerned with engineering, this
section is restricted to the consideration of certain selected
properties of particular importance when plastics are used in
engineering applications. The next section then provides a
brief review of the main types of plastics material.

The properties considered here are:

(1) softening point (T, and Ty,);
(2) heat resistance;

(3) fire retardancy;

(4) toughness;

(5) creep resistance; and

(6) solvent resistance.

2.4.1 Softening point

The maximum temperature that may be used with a given
plastics material depends on two independent factors:

(1) the softening behaviour of the polymer; and
(2) the thermal stability of the polymer, particularly in air.

Whilst the softening behaviour will put a short-term limit on
the maximum temperature, the thermal stability is more time
dependent.

-The softening point of a plastics material is an arbitrary
property, being the point at which the modulus of the material
drops to some arbitrary, and usually unmeasured, value. Two
tests are now widely used.

The Vicat softening point test A sample of the material is
heated at a specified rate of temperature increase and the
temperature is noted at which a needle of specified dimensions
indents into the material a specified distance under a specified
load. Most commonly a load of 10 N is applied, the needie
indentor cross-section is 1 mm?2, the specified penetration
distance is 1 mm and the rate of temperature rise is 50°C per
hour. (The relevant standards are ISO 306; BS 2782: Method
120; ASTM D1525 and DIN 53460.)

The deflection temperature under load test Also widely
known by its earlier name of the heat distortion temperature
test, the temperature is noted at which a bar of material,
subjected to a three-point bending stress, is deformed a
specified amount. The load F applied to the sample will vary
with the thickness ¢ and width w of the sample and is
determined by the maximum stress specified at the midpoint
of the beam P which may be either 0.45 MPa or 1.82 MPa.
(The formula used for the calculation is F = 2Pwt?/3L, where
L is the distance between the outer supports.) (The relevant
standards are ISO 75, BS 2782: Method 121, ASTM D648 and
DIN 53461.)

It can be seen from Figure 2.2 that, in the case of amorphous
polymers such as polystyrene and polymethyl methacrylate,
the modulus will eventually reach a temperature where the
modulus drops catastrophically. In these circumstances the
softening points are very similar whatever test method is used
and are all quite close to T (Table 2.9).

In the case of crystalline polymers, modulus does not
change so sharply with temperature and a wide spread of
softening point values are obtained. In this case Vicat temper-
atures are often quite close to Ty, (Table 2.10).

Table 2.9 Glass transition temperature (7g), Vicat softening point
(VSP) and deftection temperature under load (DTL) of selected
amorphous plastics

Plastic T, vspP DTL (at 1.82 MPa)
O O O

Polycarbonate* 149 155 127-135

Polymethyl methacrylate 104 114 85-100

Polystyrene 90-100 90 80

Polysulphone 190 — 174

Polyethersulphone 230 226 203

UpPVC 80 73-77  76-80

* Polycarbonate is very slightly crystalline.

Table 2.10 Relationship between 7, Ty, and softening points for
selected crystalline plastics

Plastic 7, Tn VSP DTL (at 1.82 MPa)
(YO O O Q)

Nylon 6 50 215 — 80

Nylon 66 60 264 240 80

Polyacetal (copolymer) -—-13 163 162 110

PBT 22-43 225 169-180 65

Many of the so-called engineering thermoplastics (see
below) are supplied in fibre-reinforced form. It is interesting
to note here that fibre reinforcement has a greater effect on
the softening point of crystalline than on amorphous polymers
(Figure 2.12).

It is of further interest to note that with such polymers the
deflection temperature of reinforced polymers is often close to
T,,, whilst that of the unreinforced materials is closer to T,
(Table 2.11).

2.4.2 Thermal stability

As with assessment of softening point, the assessment of
thermal stability is also somewhat arbitrary. One method that
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Figure 2,12 Heat deflection temperatures under a load of 1.82 MPa
for selected polymers. Note that incorporation of glass fibre has a
much greater effect with crystalline polymers than with amorphous
ones. (Reproduced by permission from Whelan and Craft, British
Piastics and Rubber, 29 (Nov. 1982))



Table 2.11 Comparison of T, T, and heat deflection temperatures
of polymers with and without glass reinforcement*
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Table 2.12 Continuous Use Temperature Index (mechanical, without
impact unless otherwise stated)*t

Heat deflection Polymer Temperature
temperature (°C) °C)
T, T
(°C) (°C) Unfilled  Filled ABS 60-80
Nylons 75
Polyether ether ketone 143 334 150 315 Polyacetal (homopolymer) 90
Polyether ketone 165 365 165 340 Polyacetal (copolymer) 90
Polyphenylene sulphide 85 285 135 260 Polybutylene terephthalate 105-140
Polyethylene terephthalate 70 255 85 210 Polyethylene terephthalate 140 (glass reinforced)

Polybutylene terephthalate 2243 225 54 210

* Reproduced by permission from Brydson, Plastics Materials, Sth
edition, Butterworth-Heinemann.

has become increasingly used in recent years is the test leading
to the Continuous Use Temperature Index of the Under-
writers Laboratories.

In order to obtain this rating a large number of samples are
subjected to oven ageing at a variety of temperatures for
periods up to 1 year. In this time samples are withdrawn and
tested and values of the property tested are plotted against
time. The time taken for the property to lose half its value is
noted for each temperature tested. This time is, quite arbi-
trarily, referred to as the failure time. A plot of the logarithm
of the failure time against 1/K (where K is the temperature in
kelvin) is made and the temperature corresponding to a failure
time of 10 000 h is referred to as the temperature index (Figure
2.13).

Clearly, the temperature index will depend on the property
being measured. Amongst those properties widely used are
tensile strength (where the results are often quoted as ‘mecha-
nical, without impact’), Izod impact strength and electrical
properties. Results also depend on sample thickness. Some
representative data are given in Table 2.12.
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Figure 2.13 Method for determining the UL temperature index.
(Reproduced by permission from Brydson, Handbook for Plastics
Processors, Butterworth-Heinemann)

Polyarylate (Ardel D-100) 130
Polysulphones 160
Polyetherimide 170
Polyethersulphone 180
Polyphenylene sulphidei 200
Aromatic polyester (Ekkcel 1-2000) 220
Liquid crystal polyester 220
Polyether ether ketone 240

* Reproduced by permission from Brydson, Handbook for Plastics
Processors, Butterworth-Heinemann.

+ The data given in this table have been obtained using procedures
related to the UL Temperature Index method. The data given
here do not, however, necessarily imply that the Underwriters
Laboratories have awarded the temperature ratings quoted here
either for the class of materials or for specific grades. Unless
specified the figures are for standard unreinforced polymers.

1 Glass reinforced, mechanical with impact.

2.4.3 Flame retardancy

For many applications resistance to burning is an important
requirement. Whilst in many cases it is the fire reistance of a
total structure that is of prime concern, the inherent flame-
retardancy properties of the plastics materials used are also
important. Two tests, described in the next two subsections,
are now widely used for this purpose. It is also to be noted that
in a fire more deaths occur through inhalation of smoke and
toxic gases than through direct burning. For this reason
assessments should also be made of smoke evolution and of
toxicity of fire products.

2.4.3.1 Limiting oxygen index

The ‘limiting oxygen index’ (LLOI) is the minimum concentra-
tion of oxygen, expressed as a percentage, in a slowly rising
stream of a mixture of oxygen and nitrogen which will support
combustion. The percentage of oxygen in air is 20.9%, so that
polymers with a higher figure than this will not burn easily, if
at all. Typical LOI figures are given in Table 2.13.

2.4.3.2  Underwriters Laboratory UL 94 Vertical Burning
Test

Where plastics materials exhibit a measure of flame retardan-
cy it is more common to classify them according to the
Underwriters Laboratory UL 94 Vertical Burning Test.

In this test a rectangular bar is held vertically and clamped
at the top. The burning behaviour of the bar and its tendency
to form burning drips when exposed to a methane or natural
gas flame applied to the bottom of the specimen is noted.
Methods of specimen preparation and details of the test
method are laid down in Underwriters Laboratory Inc. Stan-
dard UL 94. Materials are rated 94 V-0, 94 V-1 or 94 V-2
according to the following characteristics:
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Table 2.13 Typical limiting oxygen index (LOl) values for polymers*t

Polvmer LoI
(%)

Polyacetal 15
Polymethyl methacrylate 17
Polypropylene 17
Polyethylene 17
Polybutylene terephthalate 18
Polystyrene 18
Polyethylene terephthalate (unfilled) 21
Nylon 6 21-34
Nylon 66 21-30
Nylon 11 25-32
PPO 29-35
ABS 29-35
Polycarbonate of bisphenol A 26
Polysulphone 30
Polyethylene terephthalate (30% G.F.) 31-33
Polyimide (Ciba-Geigy P13N) 32
Polyarylate (Solvay Arylef) 34
Polyether sulphone 34-38
Polyether ether ketone 35
Phenol-formaldehyde resin 35
Polyvinyl chloride 23-43
Polyvinylidene fluoride 44
Polyamide imides (Torlon) 42-50
Polyphenylene sulphide 44-53
Polyvinylidene chloride 60
Polytetrafluoroethylene 90

* Reproduced by permission from Brydson, Plastics Materials, S5th
edition, Butterworth-Heinemann.

+ Where only a single figure is given it applies to raw polymer,
unless otherwise indicated; where there is a range of figures the
result is dependent on the grade of material, which may be
dependent on the polymer structure or the presence of additives
such as glass fibre and flame retardants. The relevant standards
are ASTM D-2863 and BS 2782: Method 141B.

94 V-0 Specimen burns for less than 10 s after application of
test flame. The wad of surgical cotton beneath the specimen is
not ignited. When the specimen stops burning the flame is
replaced for a further 10 s; after removal of this flame glowing
combustion should die within 30 s. The total flaming combu-
stion time for 10 flame applications on five specimens should
be less than 50 s.

94 V-1 Specimen burns for less than 30 s after either test
flame application: cotton not ignited. Glowing combustion
dies within 60 s of second flame removal. Total flaming
combustion time for 10 flame applications on five specimens
should be less than 250 s.

94 V-2 As for 94 V-1, except that there may be some flaming
particles which burn briefly but which ignite the cotton.

The UL 94 ratings of some selected engineering ther-
moplastics are given in Table 2.14.

The UL codings apply to a specific grade of material. The
ratings may be dependent on the sample thickness, conditions
being more stringent with thinner samples. Many of the
so-called engineering thermoplastics now meet the V-0 rating
and there has been an increasing tendency to quote minimum
sample thickness for which the material will pass the V-0 test.

Table 2.14 The UL 94 ratings of some selected engineering
thermoplastics*

Polymer Tradename UL 94 rating
Polycarbonate Lexan 101 V-2
Nylone 66 Maranyl A100 V-2
Nylon 66 G.F. Maranyl AD 447 V-0
Polysulphone Udel P-1720 V-0
Polyethersulphone Victrex 200P V-0
Polyethylene

terephthalate G.F. Rynite 530 FR V-0
PPO Noryl HS 1000 V-0

Noryl GFN-2 HB

Polyacetal Delrin 500 HB
Polyphenylene

sulphide G.F. Ryton V-0
Polyarylate Ardel D-100 V-0
Polyether—imide Ultem V-0
Polyether ether ketone Victrex PEEK V-0
ABS Standard Grades HB

ABS/polycarbonate alloy Cycovin KMP V-0

* Reproduced by permission from Brydson, Plastics Materials, 5th
edition, Butterworth-Heinemann .

Mention should also be made of two other UL ratings; the
94HB rating for which the sample passes a less severe burn test
than the vertical test and the 94 5-V rating which is more
severe than the V-0 rating and involves a test in which the
sample is subjected to a 5 in. flame five times at 5-s intervals
with each exposure lasting 5 s.

2.4.4 Toughness

An important prerequisite of plastics materials in most appli-
cations is that they should have an acceptable level of
resistance to sudden impact. It is quite common to classify
plastics into two types: brittle plastics and tough plastics.

A brittle plastic material is one that can only withstand a
very small strain before fracture (e.g. 1-2%) so that the area
under a stress-strain curve is small. Such materials break
cleanly with little permanent distortion of the broken surfaces
and such parts may sometimes be repaired by welding or by
adhesives. Just because a material is classified as brittle does
not mean that it is unsatisfactory. This will depend on the
expected operational conditions.

Tough plastics extend by several per cent before fracture. In
this case the area under the stress—strain curve is quite large,
this being a measure of the energy required to break. In some
cases a product may yield irreversibly before or without
fracture, rendering it unsatisfactory for its purpose so that a
simple consideration of toughness is not enough.

For general comparative purposes toughness is measured by
standard impact tests, in particular the Izod impact strength.
In this test half of a notched sample is supported and then
struck at a fixed point above the notch, on the same side as the
notch, by a swinging pendulum. The energy required to break
is obtained by considering the amount the pendulum follows
through after striking the sample relative to the height of the
pendulum before its release. Results may be expressed in a
number of ways, but it is to be noted that the impact strength
will depend on the cross-sectional area of the sample and also
on the angle of the notch. Some materials are very sensitive to
the notch-tip radius (Figure 2.14).
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Figure 2.14 Impact strength as a function of notch-tip radius for
samples of five different polymers. (Reproduced by permission from
Vincent, Impact Tests and Service Performance of Plastics, Plastics
and Rubber Institute)

Considerable interest has been given to the application of
fracture mechanics to plastics since this can help to predict the
service life of articles containing small cracks or crack-like
defects. For the comparatively simple case of a crack subject
to opening forces in a linear brittle elastic material the stress at
the crack tip in the situation illustrated in Figure 2.15 is given
by

oy = KJQmr)'?

where r is the distance from the crack tip along the direction of
crack growth and

K| = Yo(ma)"*

(a) (b

Figure 2.15 Stresses near crack tip in infinite thin plate
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i.e. the local stress is proportional to the applied stress and
varies with the square root of the crack size. Y is a modifying
factor depending on the location of the crack relative to the
plate geometry and is obtainable from standard texts. K| is
independent of the material, provided that it is linear elastic.
A material will fail by very rapid crack growth when K|
reaches a critical value for the material; typical values of Kyc
are given in Table 2.15.

The crack growth rate is given by
da/dt = CKY

for materials under constant stress where C and »n are con-
stants. These ‘constants’ may vary with the stage of crack
growth. The time for a crack to grow may be found by
integration of the crack growth equation between the original
size of the crack and the new size of the crack.

2.4.5 Creep behaviour

Under long-term load plastics materials will continue to
deform or creep. The extent of creep will depend considerably
on the type of polymer and also on whether or not it has been
reinforced, e.g. with glass fibre. Creep will also depend on the
temperature (Figure 2.16) and on the load (Figure 2.17(a)). A
consequence of this creep is that, after an interval of time, the
amount of deformation may reach unacceptable levels and this
has to be built into design calculations (considered in Section
2.8.1).

It is possible to derive from a family of creep curves such as
those shown in Figure 2.17(a) two other types of curve. In the
first case the strain corresponding to vartous levels of stress at
some specified time, e.g. 1000 h, is noted. The resultant plot is
known as an isochronous stress-strain curve (Figure 2.17(b)).
Any number of such curves may be so derived, simply by
changing the specified time.

Alternatively, the amount of stress that will give a specified
strain at various times will yield an isometric stress vs.
log(time) curve (Figure 2.17(c)). Finally, a creep modulus vs.
time curve may also be derived (Figure 2.17(d)). Although no
additional information is actually provided by the derived
curves they are sometimes more convenient to use.

It is interesting to note that acceptable upper strain limits
are frequently used for plastics materials. Whilst there is some
level of arbitrariness, some typical figures are suggested in
Table 2.16.

On release of a load recovery of plastics material is time
dependent and also incomplete, since some of the creep will
be irreversible. Data are sometimes provided in reduced or
dimensionless form using the following:

Table 2.15 Typical values for fracture toughness in air at 20°C

Material K¢
(MN m—3/2)

Epoxy resin

Polystyrene

Cast acrylic sheet
Polycarbonate

PVC pipe compound
High density polyethylene
Nylon 66

e e N g
cowihoo o
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25 r Table 2.16 Upper strain limits for plastics

Plastic Strain
(%)
20k Glass-reinforced nylon 1
: Acetal copolymer 2

Polypropylene 3
ABS 1.5
Polyethersulphone 2.5
Polycarbonate 0.6

1.5+

Fractional recovered strain

Strain recovered

10 " Total creep strain at moment load is removed
) Recovery time

Reduced time = - -
Duration of creep period

Creep modulus in tension (GN m—2)

Typical data are given in Figure 2.18.

05— 2.4.6 Solvent resistance
Amorphous polymers tend to dissolve in solvents which have a
solubility parameter within 2 MPa'? of that of the polymer. In
the case of crystalline polymers the situation is more compli-
| | | cated and two main effects may be discerned. ) )
o 50 100 150 If the polymer is not capable of specific interaction with a
solvent (as with PE, PP and PTFE) then there are no solvents
Temperature (°C) until temperatures approaching the melting point are reached.
If the polymer is capable of a specific interaction with a
Figure 2.16 Example of the dependence of the creep modulus on solvent then it may be possible to find a solvent if it shows
the temperature for a crystalline thermoplastic: data typical for a complementary specific interaction. Such interaction is
polyacetal copolymer after 100 s loading and 0.2% strain possible with polycarbonates, PVC and the nylons.
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modulus—log(time) (d). {Reproduced by permission of iCl) Technical Service Note G117, ICl)



Some solubility parameter data for polymers and solvents
are given in Tables 2.17 and 2.18. Crystalline polymers
marked with a £ are not capable of specific interaction and do
not dissolve at room temperature, whilst those marked with a
§ are capable of specific interaction with some solvents and,
where these solvents have similar solubility parameters to the
polymers, dissolution may occur. In most of these cases it is
necessary that one of the components (i.e. polymer and
solvent) be what is known as a ‘proton donor’ and the other a
‘proton acceptor’. Examples of proton donors are PVC,
dichloromethane, formic acid, cresol and dimethyl forma-
mide, whilst examples of proton acceptors are the nylons,
polyethylene terephthalate and other polyesters, the polycar-
bonates and cyclohexanone.

Cross-linked polymers including vulcanised rubbers will not
dissolve but will swell in solvents of similar solubility para-
meter. The extent of swelling also depends on the level of
cross-linking.

Table 2.17 Solubility parameters of polymers*t

Solubility parameter, &

Polymer (cal cm™)¥  (MPa'?)
Polytetrafluoroethylenet 6.2 12.6
Polychlorotrifluoroethylene 72 14.7
Polydimethy! siloxane 7.3 14.9
Ethylene-propylene rubber 7.9 16.1
Polyisobutylene 7.9 16.1
Polyethylene} 8.0 16.3
Polypropylenef 8.0 16.3
Polyisoprene (natural rubber) 8.1 16.5
Polybutadiene 8.4 17.1
Styrene-butadiene rubber 8.4 17.1
Poly-t-butyl methacrylate 8.3 16.9
Poly-n-hexyl methacrylate 8.6 17.6
Poly-n-butyl methacrylate 8.7 17.8
Polyethyl methacrylate 9.0 18.3
Polymethylphenyl siloxane 9.0 18.3
Polysulphide rubber 9.0-9.4 18.3-19.2
Polystyrene 9.2 18.7
Polychloroprene rubber 9.2-9.4 18.7-19.2
Polymethyl methacrylate 9.2 18.7
Polyvinyl chloride§ 9.5 19.4
bis-Phenol A polycarbonate§ 9.5 19.4
Polyvinylidene chloridef 9.8-12.2 20.0-25.0
Ethyl cellulose 8.5-10.3 17.3-21.0
Cellulose dinitrate 10.55 21.6
Polyethylene terephthalate§ 10.7 21.8
Acetal resins$ 11.1 22.6
Cellulose diacetate 11.35 23.2
Nylon 66§ 13.6 27.8
Polymethyl-a-cyanoacrylate 14.1 28.7
Polyacrylonitrile 14.1 28.7

* Reproduced by permission from Brydson, Plastics Materials, Sth
edition, Butterworth-Heinemann.

+ Because of the difficulties in their measurement the published
figures for polymer solubility parameters range by +3% from the
average figure quoted.

I See text.

§ See text.
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Table 2.18 Solubility parameters of common solvents

Solubility parameter, 8

Solvent (cal em™)2  (MPal?)
n-Pentane 6.3 12.8
Isobutylene 6.7 137
n-Hexane 73 149
Diethy! ether 7.4 15.1
n-Octane 7.6 15.5
Methyl cyclohexane 7.8 15.9
Ethyl isobutyrate 7.9 16.1
Di-isopropyl ketone 8.0 16.3
Methyl amyl acetate 8.0 16.3
Turpentine 8.1 16.5
Cyclohexane 8.2 16.7
2,2-Dichloropropane 8.2 16.7
sec-Amyl acetate 8.3 16.9
Dipentene 8.5 17.3
Amyl acetate 8.5 17.3
Methyl-n-butyl ketone 8.6 17.6
Pine oil 8.6 17.6
Carbon tetrachloride 8.6 17.6
Methyl-n-propyl ketone 8.7 17.8
Piperidine 8.7 17.8
Xylene 8.8 18.0
Dimethyl ether 8.8 18.0
Toluene 8.9 18.2
Butyl cellosolve 8.9 18.2
1,2-Dichloropropane 9.0 18.3
Mesityl oxide 9.0 18.3
Isophorone 9.1 18.6
Ethyl acetate 9.1 18.6
Benzene 9.2 18.7
Diacetone alcohol 9.2 18.7
Chloroform 9.3 19.0
Trichloroethylene 9.3 19.0
Tetrachloroethylene 9.4 19.2
Tetralin 9.5 194
Carbitol 9.6 19.6
Methyl chloride 9.7 19.8
Dichloromethane 9.7 19.8
Dichloroethane 9.8 20.0
Cyclohexanone 9.9 20.2
Cellosolve 9.9 20.2
Dioxane 9.9 20.2
Carbon disulphide 10.0 20.4
Acetone 10.0 20.4
n-Octanol 10.3 21.0
Butyronitrile 10.5 21.4
n-Hexanol 10.7 21.8
sec-Butanol 10.8 22.0
Pyridine 10.9 223
Nitroethane 11.1 22.6
n-Butanol 11.4 23.2
Cyclohexanol 11.4 23.2
Isopropanol 11.5 23.4
n-Propanol 11.9 242
Dimethyl formamide 12.1 24.7
Hydrogen cyanide 12.1 24.7
Acetic acid 12.6 25.7
Ethanol 12.7 26.0
Cresol 13.3 271
Formic acid 13.5 27.6
Methanol 14.5 29.6
Phenol 14.5 29.6
Glycerol 16.5 33.6
Water 234 47.7

* Reproduced by permission from Brydson, Plastics Materials, Sth

edition, Butterworth-Heinemann .
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2.5 Survey of commercial plastics
materials

As with the rubbery materials the market for plastics materials
is dominated, in tonnage terms, by a small number of
polymers. Today, four polymers, namely polyethylene,
polypropylene, PVC and polystyrene, account for about 80%
of the total market tonnage. There are additionally several
hundred other materials which could be classified as plastics
that are on the market. Most of these have been considered at
greater depth by the writer elsewhere® and this section can
only give an outline indication of the more important ones,
particularly in respect of engineering applications.

Abbreviations for the most well-known materials are given
in Table 2.19.

2.5.1 Major tonnage thermoplastics
2.5.1.1 Polyethylene

In tonnage terms polyethyiene (PE; also known as polyethene
or polythene) is the world’s leading plastics material. Besides
its relatively low cost, other outstanding features include
excellent electrical-insulation characteristics at both low and
high frequencies, excellent resistance to chemicals, absence of
solvents at normal ambient temperature (although it is swollen
by solvents of similar solubility parameter), negligible water
absorption, toughness and flexibility, ease of processing, and
clarity in thin-film form.

It does, however, have a number of limitations such as a low
softening point, susceptibility to oxidation, suceptibility of
low-molecular-weight grades to cracking under stress in many
environments (particularly oils, detergents, silicones and
ethers), wax-like appearance and poor scratch resistance, lack
of rigidity and low tensile strength and stiffness.

Three main types of polymer are recognised.

HDPE (high density polyethylene} This is a virtually
unbranched polymer. Having the most regular structure it is
the most crystalline and has the highest strength, stiffness and
softening point of the polyethylenes.

LLDPE (linear low-density polyethylene) A fairly recent
development in which occasional short hydrocarbon side-
chains are attached to the main chain. These reduce regularity
and ability to crystallise. The main interest in these materials is
for film applications.

LDPE (low-density polyethylene} The original commercial
material which, because of the method of manufacture, has
both long and short branches attached occasionally to the
chain. Because of the limited ability to crystallise this material
is quite flexible.

Also to be mentioned here is the copolymer EVA
(ethylene-vinyl acetate) in which the presence of vinyl acetate
may reduce further, and even eliminate, the ability to crystal-
lise according to the amount of vinyl acetate used. Grades
range from materials similar to but softer than LDPE to
polymers that are rubbery.

About 75% of LDPE use is for film with the rest used for a
variety of applications.

2.5.1.2 Polypropylene

Polypropylene (PP) can exist in a number of forms, depending
on the way in which the monomer molecules are joined
together. The most important is the so-called ‘isotactic

polypropylene’ and the following comments apply to this
form.

Compared with HDPE, polypropylene is stiffer, has a
higher softening point (it may be sterilised in boiling water), is
less wax-like, and mouldingjs can have a better finish. It has a
lower density (0.90 g cm™) and is substantially free from
stress cracking problems, but it is more susceptible to oxida-
tion. Copolymers containing small amounts of ethylene can
show improved impact strength and reduction in brittle point,
but with a small loss in hardness and softening point.

Whilst the main application is in fibres and filaments the
polymer is also widely used in injection moulding for such
diverse products as stacking chairs, beer bottle crates,
washing-machine tubs and car parts. It is also an important
film material. It does not generally have the finish to make it
suitable for housings of domestic electrical equipment.

2.5.1.3  Polyvinyl chloride

Polyvinyl chloride (PVC) is also known as polychloroethene
or poly(1-chloroethylene); it is also often identified by the
term vinyl but this should be discouraged because of ambigu-
ity.

PVC differs from polyethylene in possessing a chlorine atom
attached to alternate carbon atoms on the main polymer
chain. This makes the polymer harder, raises T, increases
resistance to hydrocarbons and gives a measure of flame
resistance. On the other hand, electrical-insulation properties
are not so good (particularly at high frequencies), the polymer
is more susceptible to degradation during processing, there are
some solvents at room temperature and, because the commer-
cial materials are amorphous and therefore do not possess a
crystalline melting point, the softening point is tower than for
HDPE.

There are two main forms of PVC.

UPVC (unplasticised PVC) Commercial grades are blends of
polymer with fillers, stabilisers, processing aids (lubricants)
and colorants. It is widely used in building and pipe applica-
tions and for chemical plant.

PPVC (plasticised PVC) In this case the compound also
contains substantial amounts of a compatible liquid known as
a ‘plasticiser’ (20-100 parts per 100 parts of polymer). Increas-
ing the level of plasticiser increases the flexibility and, at the
higher levels, the material may be quite rubbery. Well-known
applications include domestic flex, leathercloth, sheeting and
hose piping.

Mention should also be made here of the vinyl chlor-
ide~vinyl acetate copolymers which are used for gramophone
records and for flooring materials.

2.5.1.4 Polystyrene and related materials

Polystyrene (PS) is an amorphous hydrocarbon plastic ma-
terial. It is rigid; has low water absorption; it is transparent
(with a high refractive index) when unfilled; and is an excel-
lent electrical insulator over a wide frequency range. As with
the material described above it is also a low-cost material.

Disadvantages include a low impact strength, low softening
point, solubility in a wide range of solvents and the need for
care in processing in order to optimise mechanical properties.
Polystyrene in a cellular form (expanded polystyrene, XPS) is
an excellent thermal insulator and shock absorber widely used
in packaging and insulation applications.

Blending PS with small amounts of a synthetic rubber yields
a material with enhanced toughness. This is known either as



Table 2.19 Some common names and abbreviations for plastics*

Abbreviation Material Common name
ABS Acrylonitrile-butadiene-styrene polymer ABS
ACS Acrylonitrile-styrene and chlorinated
polyethylene
AES Acrylonitrile-styrene and ethylene propylene
rubber
ASA Acrylonitrile-styrene and acrylic rubber
CA Cellulose acetate Acetate
CAB Cellulose acetate—-butyrate CAB, butyrate
CAP Cellulose acetate—propionate CAP
CN Cellulose nitrate Celluloid
CP Cellulose propionate CP, propionate
CTA Cellulose triacetate Triacetate
Cs Casein Casein
DMC Dough-moulding compound (usually polyester)
EP Epoxide resin Epoxy
ETFE Tetrafluoroethylene—ethylene copolymer
EVAC Ethylene-vinyl acetate EVA
EVOH, EVAL Ethylene—vinyl alcohol
FEP Tetrafluoroethylene-hexafluoropropylene
copolymer
FRP, FRTP Thermoplastic material; reinforced, commonly
with fibre
GRP Glass-fibre reinforced; plastic based on a
thermosetting resin
HDPE High-density polyethylene
HIPS High-impact polystyrene
LDPE Low-density polyethylene
LLDPE Linear low-density polyethylene
MBS Methacrylate-butadiene styrene
MDPE Medium density polyethylene
MF Melamine—formaldehyde Melamine
PA Polyamide Nylon (some types)
PBTP, PBT, PTMT Polybutylene terephthalate Polyester
PC Polycarbonate Polycarbonate
PETP, PET Polyethylene terephthalate Polyester
PCTFE Polychlorotrifluoroethylene
PE Polyethyiene Polythene
PEBA Polyether block amide
PEEK Polyether ether ketone
PEG Polyethylene glycol
PEK Polyether ketone
PES Polyether sulphone
PF Phenol-formaldehyde Phenolic
PMMA, PMM Polymethyl methacrylate Acrylic
POM Polyacetal, polyoxymethylene, Acetal
polyformaldehyde
PP Polypropylene Propylene, polyprop
PPG Polypropylene glycol
PPO Polyphenylene oxide
PPO Polypropylene oxide
PPS Polyphenylene sulphide
PS Polystyrene Styrene
PS, PSU Polysulphone Polysulphone
PTFE Polytetrafluoroethylene PTFE
PUR Polyurethane Polyurethane, urethane
PVA Polyvinyl acetate
PVA Polyvinyl alcohol
PVA Polyvinyl acetal
PVAC Polyvinyl acetate PVA
PVB Polyvinyl butyral
PVC Polyvinyl chloride PVC, vinyt
PVDC Polyvinylidene chloride
PVDF Polyvinylidene fluoride
PVF Polyvinyl fluoride
PVF Polyviny! formal
PVP Polyvinyl pyrrolidone
RF Resorcinol-formaldehyde
SAN Styrene-acrylonitrile SAN
SI Polysiloxane Silicone
SMC Sheet moulding compound (usually polyester)
TPS Toughened polystyrene
UF Urea-formaldehyde Urea
upP Unsaturated polyester Polyester
UPVC Unplasticised PVC
VLDPE Very low-density polyethylene
XPS Expanded polystyrene

* Those marked in bold indicate that they are in the main schedule of BS 3502: 1978 Common names
and abbreviations for plastics, Part 1.

Reproduced with permission from Brydson, Handbook for Plastics Processors, Butterworth-Heinemann,
1990.
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high-impact polystyrene (HIPS) or toughened polystyrene
(TPS). Such materials are widely used for a variety of indus-
trial, household and automotive applications. Such materials
are normally opaque.

2.5.1.5 Acrylonitrile-butadiene-styrene polymers

These materials (ABS polymers) may be considered as related
to polystyrene but have been considered under a separate
heading because of their importance. They are complex blends
of polymers produced from acrylonitrile, butadiene and sty-
rene monomers. Suitably formulated, they have better heat
resistance than other polystyrene polymers, have a high level
of toughness and scuff resistance and a finish of moulded
articles acceptable for the demanding household-appliance
and car-component markets. These materials are normally
opaque.

2.5.2 Engineering thermoplastics

This rather loose and inexact term is frequently used to
describe thermoplastics used in load bearing engineering
applications. PTFE, whilst not load bearing in the usual sense,
is also included here because of its widespread use as an
engineering material.

2.5.2.1 The nylons

The nylons are a form of polyamide which are fibre-forming or
derived from fibre-forming polymers. They are the most well
established of the engineering thermoplastics, well known for
their toughness, reasonable rigidity, very good abrasion res-
istance, good hydrocarbon resistance and reasonable heat
resistance. Glass-fibre-filled grades are widely used because of
their higher rigidity, resistance to creep, low coefficient of
friction and high heat deflection temperatures. Glass bead,
carbon fibre and rubber modified grades are also used.

The principal disadvantages of the nylons are their: high
water absorption (as high as 10% with some grades), tendency
to oxidise at elevated temperatures and thus discolour; opac-
ity; poor electrical insulation characteristics at high frequen-
cies; high coefficient of friction; and special care needed in
processing because of their low melt viscosity and water
absorbing tendencies.

The nylons differ from polyethylene in that an amide
(—~CONH-) group occurs regularly along the chain backbone.
The more frequently it occurs the higher the softening point,
the hydrocarbon resistance, the hardness, the yield strength
and the water absorption. A number of types are available in
which the concentration of such amide groups varies. Without
going into details of the chemistry, the following sequence
gives the descending order of amide concentration: nylon
46 > nylon 66 > nylon 6 > nylon 610 > nylon 11 > nylon
12. Nylons 11 and 12 have only about half the concentration of
amide groups as the most commonly used nylons 6 and 66 and
thus are intermediate in properties between these two nylons
and polyethylene.

Most applications of nylons in engineering involve quite
small parts such as cams, gear wheels, bearings bushes and
valve seats. The ability to run silently and without lubrication
in many applications are attractive features. The polymers are
also used in medical applications, in low-frequency electrical
insulation applications; extruded nylon applications include
packaging film, filaments, petrol tubing and chemical plant.

Mention may be made here of the so-called glass-clear
polyamides. These materials are based on aromatic materials
and have an irregular structure that prevents them from
crystallising. These are clearly useful where transparency is

required in conjunction with properties more generally charac-
teristic of the polyamides.

2.5.2.2 Polyacetals

Also known as ‘acetal resins’, ‘polyoxymethylenes’ and ‘poly-
formaldehyde resins’, these polymers have —~CH,O- as a
repeating unit in the chain, i.e. they resemble polyethylene in
which an oxygen atom is inserted between each -CHj- group.

In many respects the acetal resins are similar to the nylons
but may be considered superior in fatigue endurance, creep
resistance, stiffness and water resistance. The nylons (except
under dry conditions) are superior in impact toughness and
abrasion resistance. As with the nylons these materials are
opaque. Two particular points should also be made. Firstly,
the density of the polyacetals is about 30% higher than that of
the nylons so that the weight of material used in an article of a
given volume will be that much higher, a factor to be
considered when making comparative costings. Secondly, the
polymer is somewhat unstable at elevated temperature, par-
ticularly in the presence of PVC. It is therefore essential that
cross-contamination of PVC and acetal resin should not be
allowed to occur since this may lead to explosive decomposi-
tion.

Uses of polyacetals include gears, bearings, cams, fan
blades, conveyor hooks, electric kettles, plumbing valves,
pump housings, lawn sprinklers and ballcocks.

2.5.2.3 Polycarbonates

The outstanding features of the polycarbonates (PC) are their
rigidity up to about 140°C, toughness, transparency, very good
electrical-insulation characteristics (although limited res-
istance to tracking), measure of flame resistance and physiolo-
gical inertness. Disadvantages include a strong notch sensitiv-
ity and a tendency to crack if subject to long-term strain
exceeding about 0.75%. They also have a somewhat limited
resistance to chemicals and some solvents may cause crazing
and cracking. They are therefore not commonly used in the
same areas as the nylons and polyacetals but rather where a
combination of several of the desirable features listed above is
required.

2.5.2.4 Polysulphones and polyether sulphones

Polysulphones (PSU) and polyether sulphones (PES) are
expensive, highly specialist engineering materials usually only
considered when polycarbonates do not meet specifications.
They have a high temperature resistance coupled with a high
softening point and resistance to chemical change on heating.
In addition, creep resistance for an unfilled material is excep-
tional and this is combined with high rigidity, transparency
(when unfilled) and a measure of fire resistance. Smoke
evolution is particularly low. As with the polycarbonates the
polymers are tough but notch sensitive, and electrical proper-
ties are broadly similar. There are two main types; the
so-called ‘polyether sulphones’ being considerably more ex-
pensive but having the highest level of performance. Termin-
ology is unsatisfactory as all types may be considered both as
polysulphones or polyether sulphones. Glass fibre and carbon
fibre filled grades are aiso available.

2.5.2.5 Polyphenylene sulphide

Polyphenylene sulphide (PPS) is another special-purpose ma-
terial with excellent heat resistance for a thermoplastic with
UL (Underwriters’ Laboratories) temperature indices of the
order of 240°C. Filled grades have high deflection tempera-



tures whilst polymers also show excellent flame resistance
without the use of additives. PPS is also attractive because of
precision mouldability (low moulding shrinkage) and high
dimensional stability (low water absorption).

2.5.2.6 Polyether ether ketone and polyether ketone

Polyether ether ketone (PEEK) and polyether ketone (PEK)
are high-cost polymers that are usually considered when
polyether sulphones do not meet specifications. They have a
high softening point, are suitable for long-term use above
200°C, have very low flammability and exceptionally low
smoke emission. Other properties include excellent hydrolytic
stability, very good stress cracking resistance and good radia-
tion resistance. PEK has the higher softening point and heat
resistance.

2.5.2.7 Modified PPO (e.g. Noryl)

This is a blend of poly-p-2,6-dimethylphenylene oxide with
polystyrene or modified polystyrene. Self-extinguishing, glass-
reinforced and structural foam grades are important variants.

The polymers are rigid and may be used for precision work
because of low moulding shrinkage, coefficient of expansion
and water absorption. They have moderately high deflection
temperatures. The polymers are particularly useful for compo-
nents used in contact with water such as washing machines,
dishwashers and water pumps as well as marine components.

2.5.2.8 Polytetrafluoroethylene and other fluoroplastics

Polytetrafluoroethylene (PTFE) is a white opaque crystalline
material with exceptionally good electrical insulation proper-
ties over a wide frequency range, exceptional chemical inert-
ness, low coefficient of friction, good non-stick properties and
excellent heat resistance with a crystalline melting point of
327°C. It does not burn but may decompose at elevated
temperatures giving off toxic gases. Disadvantages include low
creep resistance (for an engineering thermoplastics material),
difficulty of processing by conventional techniques and high
cost. It is widely used in a variety of industries.

Several other fluorine containing polymers are also avail-
able. These do not have quite the same exceptional heat
resistance of PTFE but are generally more processable.

2.5.2.9 Polyimides and related polymers

The original polyimides were introduced as materials with
unexcelled heat resistance for a plastics material. They are,
however, expensive and require special processing techniques.
This has led to the availability of a range of modified polyi-
mides, such as the polyamide imides and the polyether imides
which may be processed on conventional equipment but at
some sacrifice to the exceptional physical properties of the
original polymers.

2.5.3 Other thermoplastics

In this section brief mention is made of some other ther-
moplastics which do not quite fit into the above categories.

2.5.3.1 Polymethyl methacrylate

This is best known as the transparent sheet material, first
introduced in the UK by ICI as ‘Perspex’. It is also available in
moulding and extrusion grades. The material is outstanding
for its high light transmission and excellent weathering proper-
ties. (This material is often referred to simply as acrylic. This
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should be discouraged since quite different acrylic polymers
are also important in the fields of rubbers, surface coatings,
fibres and adhesives.)

2.5.3.2 Cellulose plastics

Materials such as cellulose acetate and celluloid still find some
specialist applications, but are no longer of great importance
and are of negligible interest for use in engineering applica-
tions.

2.5.3.3 Polyesters

The term ‘polyester’ simply implies that there are many ester
groups in the polymer molecule without saying anything about
what other chemical groups may be present. There are thus
many very different polyesters used not only in the field of
thermoplastics, but also as thermosetting plastics, fibres,
rubbers and surface coatings.

Two particular thermoplastic polyesters are of importance.

Polyethylene terephthalate (PET) This was originally intro-
duced as a fibre-forming material, but today is also a useful
injection moulding material and of great importance for
disposable bottles for carbonated drinks.

Polybutylene terephthalate (PBT) Also known as ‘polytetra-
methylene terephthalate’ (PTMT) this is usually used in
glass-fibre-filled form, to give a rigid material with excellent
dimensional stability, particularly in water, and resistance to
hydrocarbon oils without showing stress cracking.

2.5.4 Thermosetting plastics

Until about 1960 these were in, tonnage terms, more impor-
tant than thermoplastics. They now have a lesser but still
important role.

2.5.4.1 Phenolic plastics

Originally introduced as ‘Bakelite’, these materials have been
widely used because of their heat resistance, good electrical-
insulation properties at low frequencies and low thermal
conductivity. Limitations include a tendency to surface elec-
trical tracking, odour, limited colour and limited durability of
a good finish.

2.5.4.2 Aminoplastics

There are two main types of aminoplastic.

Urea—formaldehyde (UF) plastics These are available in a
wide colour range but do not have the heat resistance of PFs.
They also absorb water and are stained by many liquids. Uses
include plugs and switches and toilet seats.

Melamine—formaldehyde (MF) plastics These have better
heat and stain resistance than UFs and are used mainly in
tableware applications.

2.5.4.3 Thermosetting polyester resins

Used mainly with glass fibres for structural use in sports-car
bodies, lorry and railway engines, boats and aircraft as well as
many other applications. ,More mouldable materials (dough-
moulding compounds (DMC) and sheet-moulding compounds
(SMC)) are widely used in applications requiring a high level
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of strength and rigidity (e.g. crash helmets, car headlamp
fittings, and microwave cooking equipment).

2.5.4.4 Epoxide resins

Epoxide (epoxy) resins are similar to polyesters but with
improved heat and chemical resistance. They are used with
carbon fibres where exceptional performance is required.
Epoxide resins are also widely used for encapsulation of
electronic components, for surface coatings and as adhesives.

2.6 Processing of rubbers and plastics

2.6.1 Shaping and setting

Whilst rubbers and plastics may be converted into a variety of
products using a wide range of different processes, these
processes may be considered as requiring two stages:

(1) getting the shape; and
(2) setting the shape.

The shaping operation may be carried out with the polymer in
one of the following states:

(1) as a melt (as in compression, injection and blow mould-
ing and in extrusion);

(2) in the rubbery state (as in vacuum forming);

(3) in solution (as in casting film or fibre spinning);

(4) as a suspension (as in rubber latex technology or in PVC
processes);

(5) as a liquid monomer or low-molecular-weight polymer
(as in casting and laminate production); or

(6) as a rigid solid (in machining operations).

In all but the last example a special operation is needed to set
the shape. The most important approaches are:

(1) cooling of thermoplastics and thermoplastic rubbers from
the meit;

(2) cross-linking of thermosetting plastics and of rubbers
(vulcanisation);

(3) polymerisation of monomer as in casting of polymethyl
methacrylate and nylon 6;

(4) evaporation of solvents as in film casting;

(5) gelation or coagulation of rubber latex which separates
the rubber from the continuous (usually aqueous) phase;
and

(6) gelation of PVC paste in which continuous-phase plasti-
ciser is absorbed on heating into the PVC particles to
form a single-phase blend of polymer and plasticiser.

The bulk, by far, of rubbers and plastics processing is carried
out in the melt state.

2.6.2 Processing in the molten state

Amongst techniques available for shaping melts are squeezing
in a mould (compression moulding), injecting into a mould
under pressure (injection moulding), forcing through a hole
(extrusion) and forcing through an annular hole and inflating
the resultant tube in a shaping mould (extrusion blow mould-
ing).

g\))Vhen processing in the melt state it is important to consider
the following:

(1) the water absorption of the raw materials;
(2) the physical form of the raw material;
(3) the thermal stability of the polymer;

(4) the flow properties of the melt;

(5) the adhesion of melt to metal;

(6) the thermal properties affecting heating and cooling of
the melt;

(7) the compressibility and shrinkage; and

(8) the cross-linking (curing, vulcanising) characteristics (in
the case of products the shapes of which are set by
cross-linking).

This topic has been dealt with in the case of thermoplastics
in greater detail elsewhere, but the following points may be
made here.

Traces of water in a compound (perhaps more associated
with an additive than the polymer) may turn to steam at
clevated processing temperatures causing porosity and
possibly affecting cross-linking processes. The higher the
processing temperature the worse the effect so that the level of
water tolerable varies between materials. The water may
simply be deposited on the surface of the polymer or may be
absorbed into its mass. Different levels of action may thus be
necessary to remove water, aithough prevention of contamina-
tion in the first place will reduce many problems.

Polymer compounds may be in a variety of forms before
melt processing, the most common being as pellets, as powder
or as slab. The pellet form is most common with ther-
moplastics and thermoplastic rubbers, facilitating handling,
storage and feed. There has been some interest in powder feed
with rubbers and thermoplastics, but this may cause problems
in feed, in explosive hazards and in porosity of the products.
Powder feed is common with thermosetting plastics used for
compression moulding. With both pellet and powder, regular-
ity of size is important to facilitate feed but, for some purposes
(e.g. where a pelleting process is involved), a less regular
particle size distribution may be required. For most rubber
processing operations it is common to handle the polymer
compound in slab or sheet form; this approach also being used
when feeding PVC into a calender. Glass-fibre-reinforced
polyester and epoxide moulding compounds may also be
supplied in the form of both doughs (dough-moulding com-
pounds) and sheet (sheet-moulding compounds).

All polymers will be adversely affected to a greater or lesser
extent on heating. It is important to ensure that the compound
has sufficient stability for the processing operation envisaged.
Within the processing equipment, points where melt may be
held up or allowed to ‘stagnate’ must be avoided. It should be
realised that use of reworked material may adversely affect the
level of stability. In the case of rubbers, overheating at early
stages of processing may cause premature curing {(scorching)
before shaping is complete.

Flow properties of polymer melts vary enormously between
type of polymer, polymer molecular weight and melt tempera-
ture. Polymer melts also differ from simple liquids in that the
apparent viscosity decreases as the rate of shear increases, i.e.
small increases in shaping forces can cause large increases in
flow rates (Figure 2.19).

For most operations a level of polymer-to-metal adhesion is
desirable; for example, in order to provide a positive pumping
action by the screw in a single-screw extruder. However, with
some polymers adhesion may be so high that if a polymer is
allowed to cool from the melt inside an injection-moulding
machine barrel it can pull pieces of metal away from the barrel
during contraction of the melt.

The amount of heat needed to bring a polymer compound
up to processing temperature will vary according to the melt
temperature required, the specific heat of the polymer, the
latent heat of melting of crystallites (in the case of crystalline
polymers) and, of course, the mass of the polymer compound.
(Note: since most articles are of a definite volume then, when
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Figure 2.19 Log-log plot of viscosity vs. shear stress for an
injection-moulding grade of nylon 66. All polymer melts show a
decrease in viscosity with increase in shear—this is known as

‘pseudoplasticity’
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comparing materials, it is necessary to also take into account
the density of the compound.) Such differences may not just
be of the order of a few per cent, but sometimes two- or
three-fold.

The amount of heat that must be removed from a compound
before it can, for example, be removed from a mould will also
vary from one polymer compound to another. In this case it
will be necessary to know the temperature at which a mould-
ing may be removed from a mould.

The melt and mould temperatures quoted in Table 2.20,
which is designed primarily for injection moulding, are taken
from a paper by Whelan and Goff.* Using data obtained by
differential scanning calorimetry methods, the authors mea-
sured the amount of heat required to cool unit mass of
polymer from the melt temperature to the mould temperature
and used this as a measure of the heat required to be removed
from unit mass of a moulding before the moulding was
extracted. In practice, the mould is opened before the polymer
reaches the mould temperature but the data do provide useful
relative values. Since a moulding is made by volume, the
present author feels that it is more useful to compare the heat
required to be removed per unit volume and this has been
obtained by using specific gravity data.

In their paper Whelan and Goff* estimated the specific heat
averaged between the melt and mould temperatures by the

Table 2.20 Heat required (enthalpy required) to raise polymers to their processing temperatures from an
ambient temperature of 20°C and the heat required to be removed in cooling a polymer from the melt to the

mould temperature

Heat required

Heat required to

Polymer Melt  Mould SG specific to melt cool
temp. temp. heat
(C) (O (k'K dg) Uem™) Jg) Jem™)

FEP 350 220 2.2 1600 528 240 240 109
Polyether sulphone 360 150 1.37 1150 391 285 242 177
Polyether ether

ketone 370 165 1.3 1340 469 361 275 212
Polyethylene

terephthalate

(crystalline) 275 135 1.38 2180 556 403 305 221
Polystyrene 200 20 1.05 1720 310 295 310 295
Polyacetal 205 90 1.41 3000 555 394 345 245
Polycarbonate 300 90 1.2 1750 490 408 368 307
ABS 240 60 1.04 2050 451 434 369 355
Polymethyl

methacrylate 260 60 1.18 1900 456 386 380 322
Polyphenylene

sulphide 320 135 1.4 2080 624 446 385 275
PPO (Noryl type) 280 80 1.06 2120 551 520 434 409
Polysulphone 360 100 1.24 1675 570 459 436 351
Polyethylene

terephthalate

(amorphous) 265 20 1.34 1970 483 360 483 360
Nylon 11/12 260 60 1.03 2440 586 568 488 474
LDPE 200 20 0.92 2780 500 543 500 543
Nylon 6 250 80 1.13 3060 703 623 520 460
Nylon 66 280 80 1.14 3075 800 701 615 539
Polypropylene 260 20 0.91 2790 670 736 670 736
HDPE 260 20 0.96 3375 810 843 810 843

* Data taken from Whelan and Goff.* The table is modified from Brydson, Plastics Materials, 5th edition,
Butterworth-Heinemann.
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method described above. It has been assumed by the present
author that this value is valid between the melt temperature
and 20°C and has then been used also to estimate the amount
of heat required (both per unit volume and unit mass) to raise
the polymer from 20°C to the melt temperature. Whilst this
will be in some error, it once again provides some useful
relative information.

The considerable difference between polymers should be
noted, particularly noting that the polymers with the highest
processing temperatures do not necessarily require the great-
est amount of heat to raise to processing temperature and, in
addition, often require much less heat to be removed before a
moulding can be extracted.

When a polymer solidifies from the melt it shrinks, the
shrinkage being greater with crystalline polymers. However,
where a melt has been subjected to high pressures during
shaping some of the cooling may cause decompression rather
than shrinkage. As a general guide, the linear shrinkage of
amorphous thermoplastics is about 0.005 cm per centimetre,
but crystalline polymers may shrink by anything from 0.007 to
0.060 cm per centimetre.

It is generally desirable with thermosetting plastics and
vulcanisable rubbers that the cross-linking system be such that
it is not activated during shaping but only after the material is
shaped. It is then normally desired for the reaction to be as
fast as possible, i.e. the activity should increase rapidly above
a certain temperature and/or after a delay period. This is not
always satisfactory when shaping thick articles because of the
time taken to heat up the centre of the articles to the required
temperature.

2.6.3 Compression moulding

In principle, compression moulding consists of heating a
polymer compound in a mould and then closing the mould
under pressure forcing the melt to the shape of the mould
cavity, excess material being squeezed out as flash. The main
features of a simple compression mould are shown in Figure
2.20.

The process is of only limited value with thermoplastics and
thermoplastic rubbers because it is necessary to cool the
moulding each cycle before the moulding can be removed. On
the other hand, the process is very suitable for thermosetting
plastics and vulcanising rubbers which are cross-linked in the
mould and thus harden in situ and may be removed whilst still
hot. A typical moulding cycle, applicable to both rubbers and
thermosets, is shown in Figure 2.21.
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Figure 2.20 The moulding sequence in compression mouiding. (a)
Mould open, cavity cleaned; (b) pellet loaded, mould closing; (c)
mould closed, curing stage; (d) mould open, moulding sjected. In this
figure a pellet (possibly preheated) is used but, frequently, and
particularly with automatic processes, powder is used. (Reproduced by
permission of the Open University, Milton Keynes)
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Figure 2.21 The compression-moulding cycle. in many instances the
dwell time will comprise a larger fraction of the moulding cycle than
indicated here. (it is instructive to compare this diagram with that for
the injection-moulding cycle—see Figure 2.25). (Reproduced by
permission from Brydson, Handbook for Plastics Processors,
Butterworth-Heinemann)

Rubbery compounds are usually fed in the form of a slab,
whilst thermosetting plastics are normally put into the mould
either in powder or pellet form. Whilst pelleted material is less
suitable for automated operations, it is useful where preheat-
ing is required and where rapid weighing and minimal con-
tamination is desired. Mention should, however, be made of
dough-moulding compounds based on polyester resins and
which are widely used for such diverse applications as micro-
wave cookware, headlight reflectors and electricity meter
boxes, which are supplied in the form of a dough which is fed
to the mould in a lump form. A variation of this is sheet-
moulding compound which is supplied in sheet form for
moulding.

An important variation of the compression-moulding pro-
cess is used for pneumatic tyre manufacture. In this case the
various parts of a tyre (tread, sidewalls, bead, etc.) are
assembled on a drum into the form of a cylinder. This cylinder
is then turned into the general shape of a tyre by using an
inflating bladder which is actuated as the mould closes. The
pressure exerted by the bladder forces the rubber to adopt the
contours of the mould surface and this is immediately followed
by cross-linking (vulcanisation).

2.6.4 Transfer moulding

In this process the raw material is placed in a transfer pot from
which it is forced by means of a plunger through a runner and
gate into a mould cavity. A simple transfer-moulding system
using an integral pot mould is shown in Figure 2.22. More
complex systems are also used which may be considered as
intermediate between the integral pot system and injection
moulding (see below).

The process has been useful in helping to ensure clean
surfaces of mouldings (rather difficult when compression
moulding from slab feedstocks) and because of the heating
effect when passing down the runners makes it easier to mould
thick articles. The process has been widely used for rubber
moulding, for example O-rings, complex thermoset compres-
sion mouldings and, at one time, unplasticised PVC. The
development of injection-moulding techniques for vulcanising
rubbers and thermosetting plastics has in recent years reduced
the use of transfer moulding, although it has found special
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Figure 2.22 Transfer mould of the integral-pot type. (From Bown and
Robinson, Injection and Transfer Moulding and Plastics Mould
Design, Business Books})

applications for encapsulating electrical components with epo-
xide resins.

2.6.5 Injection moulding

This process may be considered as the workhorse of the
plastics industry (although in tonnage terms more material is
probably extruded than injection moulded). In principle, the
process consists of heating the material in a cylinder (barrel)
until it softens and then forcing the material into a mould in
which the material sets. In the case of thermoplastics and
thermoplastic rubbers the mould is cooler than the tempera-
ture at which the material hardens (e.g. <T, in the case of an
amorphous thermoplastic), but with thermosets and vulcanis-
ing rubbers the mould temperature is kept high to enable rapid
cross-linking to occur.

At one time most injection machines were of the ram type,
as illustrated in Figure 2.23. The diagram shows a spreader
inserted into the barrel to ensure that polymer comes close to
the heated barrel wall in order to give more uniform and more
rapid heating. However, the resulting constriction leads to
undesirable pressure loss between the front of the ram and the
melt in the mould cavity. There will also be undesirable
pressure losses in the granular material which is present at the
hopper end of the cylinder. These opposing requirements of
efficient heat transfer and efficient pressure transmission led
to the development of the in-line single-screw preplasticising
injection moulding machine by BASF and first introduced
commercially by Ankerwerke. The process is illustrated in
Figure 2.24.

In the first stage of the cycle the screw rotates, pumping
polymer from the hopper end towards the front of the barrel,
melting it during the process. In order to accommodate the
material the screw moves backwards at the same time that it
rotates until such time that there is a sufficient amount of
polymer ahead of the screw to fill the mould cavity (or
cavities). The screw then ceases to rotate and moves forward
as a ram, injecting preplasticised material into the mould
which then sets either by cooling or cross-linking.
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Figure 2.23 (a) Scheme to show basic ram injection moulding. (b)
Ram machine incorporating a torpedo or spreader inside the heating
cylinder

Figure 2.24 Screw injection-moulding cycie. (1) Molten polymer
being injected into mould by screw acting as a ram (usually
non-rotating) under injection pressure. (2) Screw in forward position
under holding pressure until the material in the gate (point of entry into
the mould cavity) has frozen. (3) Screw has rotated and moved axially
away from mould to charge sufficient material to front of cylinder for
next shot. Mould opens when moulding is sufficiently hard. a, Motor
for rotation of the screw; b, drive for reciprocating movement of the
screw; ¢, left limit switch for setting holding pressure, right fimit switch
for limiting the screw stroke; d, feed hopper; e, conveying, plastifying
and injection screw; f, heater bands; g, hot plastified material; h,
injection nozzle; i, cooled or heated mould with sprue brush (attached
on the locking unit); k, moulded part with sprue. {(Reproduced by
permission from Saechtling, Plastics Handbook, 2nd edition, Hansen)
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The injection-moulding cycle is shown in Figure 2.25. In this
diagram it is easiest to consider the start of the cycle at the
point the mould starts to close. The preplasticising stage
whereby melt is fed to the front of the barrel takes place
during the stage labelled ‘further cooling of moulding’.

A simple two-cavity injection mould is shown in Figure 2.26
illustrating some of the principal features of such moulds.

A typical pressure profile occurring during the injection
moulding cycle is shown in Figure 2.27(a).

It is desirable that the pressure in the cavity should drop to
zero at the point that the material sets (not a very exact
concept, since not all the melt sets at the same time). If there is
residual pressure after the material sets then the moulding
may be difficult to eject from the mouid, whilst if the pressure
drops to zero whilst the material is still molten further cooling
may lead to sink marks and voids (Figure 2.27(b)).

2.6.5.1 [Injection unit specifications

The injection-moulding machine can be considered as com-
prising two active components: the injection unit based on the
barrel and screw, and the locking unit which operates the
mould.
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hard to allow
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Gate freezes
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Figure 2.25 The injection-moulding cycle. (Reproduced by
permission from Brydson, Handbook for Plastics Processors,
Butterworth-Heinemann)

Gate

Runner

Sprue

Sprue bush

Figure 2.26 Simple two-cavity injection mould. (Reproduced by
permission from Pye, Injection Mould Design, 2nd edition, Plastics
and Rubber Institute)
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Figure 2.27 (a) Preferred trace of mould cavity pressure with time
during an injection-moulding cycle. The cavity pressure shouid drop to
zero at the moment when the moulding has reached the settling point.
I, Mould filling; Il, pressure build up; Ill, consolidation; IV, gate freezing
point. (b) Undesirable cavity pressure vs. time traces. (i) Residual
pressure when the moulding sets causes sticking problems. (ii) Cavity
pressure is at zero while the polymer is still molten. Further cooling
leads to sink marks, voids and shrinkage defects. (Reproduced by
permission from Brydson, Handbook for Plastics Processors,
Butterworth-Heinemann)

Injection capacity The maximum amount of material that
may be injected per cycle of operations (per shot). This is now
usually quoted as the ‘swept volume’ (usually in cubic centi-
metres) that the injection unit can deliver in one stroke at a
nominated injection pressure (e.g. 100 MPa). The old tenden-
cy to quote the weight of polystyrene that could be injected
per shot is now obsolescent.

Length/diameter ratio (L/D ratio) This term is only relevant
to in-line screw machines. The figure quoted is based on the
effective length rather than the actual length of the screw, i.e.
the distance between the rear of the hopper when the screw is
in the fully forward position to the end of the screw flights. A
typical value of L/D is 20:1, but may be smaller for large
diameter screws (e.g. 14:1 for a 90 mm diameter screw) and
larger where a vented barrel is used.

Screw stroke The maximum linear movement of the screw
during the plasticisation stage. As the screw moves back, the
effective L/D ratio is reduced and, if this is overdone, the
polymer will become insufficiently plasticised. To avoid this
problem the maximum screw stroke is usually <3.5D.

Plasticising capacity The maximum amount of material that
may be plasticised to an acceptable melt quality per unit time.
Clearly this depends on the material. It is most commonly
expressed in terms of weight of polystyrene plasticised per
hour (this material presumably being chosen by the machine
manufacturers as it gives the highest value for any common
polymer). Plasticising capacity is, however, also affected by
shot size, injection rate, screw design, barrel specification and



melt temperature. Comparison between machines should
therefore be made using standard procedures such as those of
the Society of the Plastics Industry Inc. (SPI) or the European
Committee of Machinery Manufacturers for the Plastics and
Rubber Industries (EUROMAP).

Injection rate The maximum rate at which melt may be
ejected from the barrel during a single shot. It is usually
measured when no mould is present (i.e. an air shot). The
value depends on the material used and may be expressed in
either volume or weight terms.

Injection pressure This is the maximum pressure that may be
exerted by the ram (screw) on the molten polymer during the
mould-packing stage of the injection cycle. It is not the
maximum line pressure of the hydraulic oil between the pump
and the back of the ram (screw) nor is it the maximum
pressure exerted by the ram (screw) on the melt before the
mould cavity is filled.

2.6.6 Extrusion

In tonnage terms more plastics materials are extruded than
processed by any other method. This is because the process is
not only used for making important products such as film,
sheet, piping, ducting, cable, hose and so on, but also it is an
important intermediate operational stage for such purposes as
the preparation of sheet for vacuum forming, for mixing
operations and reworking of waste material. The injection unit
of an in-line screw injection-moulding machine and the cor-
responding part of a blow-moulding machine may also be
considered as captive extrusion operations. Although perhaps
not quite so dominant in the rubber industry it is widely used
not only to produce end-products but also for intermediate
operations such as producing tyre tread material prior to tyre
building and moulding. A modification of the process has been
used for thermosetting plastics using a ram extruder, but this is
a highly specialised process.

The process consists, in principle, of forcing fluid material
through an orifice (generally known as a die) to give an
extrudate of constant cross-section. It is not confined to
polymers, but is also used for such diverse materials as pasta
and metals. The pumping may be brought about by gas
pressure (as in some rheometers), by the use of gear pumps or
rollers (at one time used with rubber and gutta percha) or by
means of a ram. However, the use of screw pumps is today
virtually universal, mainly single-screw but occasionally of the
twin-screw type.

2.6.6.1 Single-screw extrusion
The extrusion may be considered in four stages:

(1) material feed,

(2) extruder barrel and screw,
(3) extrusion die, and

(4) haul off.

Thermoplastics and thermoplastic rubbers are usually fed in
granule form, although powder is occasionally used. Rubbers
are usually fed in strip form, whilst some extruders are
designed to take large lumps of material that have been
dumped directly from mixing equipment.

The essential features of the barrel and screw are shown in
Figure 2.28, whilst some common terms associated with screw
design are given in Figure 2.29.
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Figure 2.28 The essential features of a single-screw extruder.

(Reproduced by permission of the Plastics and Rubber Institute)
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Figure 2.29 Common terms associated with screw design.
{Reproduced by permission of the Plastics and Rubber Institute)

It is convenient to consider the barrel in three zones:

(1) the feed zone accepts granules from the hopper, pumps
them up the barrel and commences the heating and
plasticisation of the polymer;

(2) the compression zone compresses the polymer, squeezing
air which had been between the granules back out of the
system via the hopper (the actual bulk compression of
solid polymer is very small); and

(3) the metering or delivery zone ensures that the material is
in the correct state for feeding to the die.

The relative lengths of each zone may vary from polymer to
polymer. With some materials the zones may be of similar
length with a gentle transition from zone to zone, whereas
with other materials the compression zone may be very short.
This will affect the type of screw used; some typical screw
designs are shown in Figure 2.30.

In addition to those shown in Figure 2.30, important screw
characteristics are:

(1) the length/diameter ratio (defined as in Section 2.6.5.1);
(2) the compression ratio, which may be defined by the
expression

Compression ratio

_ Swept volume of one turn of the channel at feed

- Swept volume of one turn of the channel at exit

It should also be noted that commonly the screw pitch is
numerically the same as the screw diameter.
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Figure 2.30 Typical screw profiles for three types of thermoplastic

For materials that can volatilise or which may give off
volatiles on heating, a screw with a decompression zone may
be used in conjunction with a vented barrel. Such a design is
shown in Figure 2.31.

2.6.6.2 Extrusion dies

On leaving the barrel the melt is fed into a die that determines
the shape of the cross-section of the extruded product. Many
types of die exist. Simple designs for making tube, lay-flat
film, wire covering and sheet are shown in Figures 2.32 to
2.35.

2.6.6.3 The overall extrusion process

The extruder and die form only a part of the total extrusion
process. Figures 2.36 to 2.39 show typical layouts for tube,
lay-flat film, wire covering and sheet using dies similar to those
described in the previous section.

2.6.6.4 Multi-screw extrusion

In a single-screw extruder the forward pumping action caused
by screw rotation is partially offset by a reverse pressure flow
caused by restrictions at the die. In the case of a twin-screw
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Figure 2.31 Decompression-type screw used in conjunction with a
vented barre!
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Figure 2.32 Tubing die. (Reproduced by permission of the Plastics
and Rubber institute)
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Figure 2.33 Tubing (film) die involving a 90° turn in the flow path via
an elbow adaptor. (Reproduced by permission of the Plastics and
Rubber Institute)
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Figure 2.34 Wire-covering die. (Reproduced by permission of the
Plastics and Rubber Institute)

extruder, in which the screws intermesh, the polymer becomes
trapped between C-shaped spaces between the screw flights
and is positively pumped up the barrel. In this case the output
is independent of the die head pressure. Twin-screw extruders
are expensive and are limited to low extrusion speeds. They
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Figure 2.35 Manifoid die for sheet manufacture. In this design the
melt passes to the die down an inlet tube (A) into the tubular manifold
(C) which is transverse to the cylinder barrel axis. (Iin many designs
the manifold may be slightly bent so that the distance between the
manifoid and the die fip is less on the edge of the die than at the
centre, in order to compensate for the pressure drop down the
manifold.) Between the manifold and the die lip there is also an
adjustable restrictor bar (D) which can ‘fine tune’ the flow rate across
the width of the die. The melt then flows between the fixed die lip (B)
and an adjustable lip. (Reproduced by permission of the Plastics and
Rubber Institute)
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Figure 2.36 Exirusion-line layout for hollow tubing. A, water tank; B,
cutting screw for cutting tubing into lengths; C, caterpillar haul off; D;
sizing disc; E, floating plug to prevent pressurising air from escaping
out of end of pipe. (Reproduced by permission of the Plastics and
Rubber Institute)

are, however, useful with difficult materials such as unplasti-
cised PVC.

2.6.7 Blow moulding

The term blow moulding is used to describe a process for
making hollow articles by inflation of a tube (known in this
context as a parison). There are three main variants of the
process:

(1) extrusion blow moulding,
(2) injection blow moulding, and
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Figure 2.37 A blow film line for low-density polyethylene

(3) stretch blow moulding (which may be based on either
extrusion or injection methods).

2.6.7.1 Extrusion blow moulding

The principle of extrusion blow moulding is illustrated in
Figure 2.40. In the first stage a tube (parison) is extruded
between the halves of an open mould. When a sufficient
length has been extruded the mould closes round the parison
which is then inflated by compressed air to the shape of the
mould cavity. After cooling the mould is opened and the
moulding is ejected. Variants of the process depend on
whether extrusion of the parison is continuous or intermittent,
how many blow stations exist, how many mouldings are made
at a time, the position of the blowing pins, and methods of
controlling parison dimensions. Figure 2.41 shows the outline
of a two-station system using two four-cavity moulds, making
eight mouldings per cycle.

2.6.7.2 Injection blow moulding

The principle of injection blow moulding is illustrated in
Figure 2.42. In this process the parison is formed by injecting
directly onto a blow stick. This is then transferred, together
with the molten parison, to the blowing cavity. In turn the
parison is blown to the shape of the cavity by means of
compressed air which passes through the blowing stick.

The process is useful where parison weight control is critical
and where the dimensions of the threaded neck may be more
accurately controlled. The process has been used particularly
for making polystyrene containers for talcum powder and
other toiletries.

2.6.7.3 Stretch blow moulding

In this process, arrangements are made for controlled stretch-
ing of the parison. This will increase the level of crystaliinity
(in crystallising thermoplastics) and will give products that are
lighter for a given rigidity, enhanced transparency and gloss,
reduced permeability, greater precision and improved burst
strength. The process has been of particular use in the
manufacture of polyethylene terephthalate (PET) bottles for
beer and other carbonated drinks. The process may be based
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both for making sheet (e.g. butyl rubber pond liners) and for
impregnating fabrics (frictioning) with rubber prior to their
use in the manufacture of such products as tyres, belting and
hose. The rubber industry also uses a similar process for
coating rubber onto fabric (skin coating).

——{e) The calender consists of an arrangement (stack) of rolls
(bowls) mounted in bearing blocks supported by side frames
(gables) and equipped with roll drives, nip adjusting gear and
feed, heating and haul off arrangements. Some typical con-
figurations are shown in Figure 2.44.

2.6.9 Thermoforming

All the processes described above involve processing of the
melt. The term thermoforming is used to describe processes in
which the material is shaped in an elastic state and then
frozen. It is particularly important with sheet shaping, but may
also be used for hot stamping (warm forging) operations. In
the case of sheet shaping three main variations are known:

(1) mechanical shaping,
(2) vacuum forming, and
(3) compressed-air techniques.

Mechanical shaping involves forcing the material to shape
either by stamping between the halves of a matched metal
mould or by the use of skeleton tooling which only contacts
the sheet at key points but leaves the sheet unmarked else-
where. Such processes find some use with thicker grades of
sheet (e.g. acrylic sheet) where the material may be preheated
in an oven and then transferred to the press and shaped before
it has had time to lose too much heat.

Figure 2.42 Principles of injection blow moulding. (1) Injection mould
(b) containing transferable blowstick (a). (2) Material injection via hot
nozzle or runner (d) to form molten parison. (3) Mould
opens—blowstick removed with hot parison (c). (4) Blowstick placed in
blowing cavity (e). (5) Air blown through holes in blowstick inflates
parison. (6) Blow cavity opens—moulding removed

o Feed
-
on either an injection moulding or an extrusion blow moulding 6
technique. Figure 2.43 shows a schematic outline of a process
based on injection-moulded parisons. Sheet e
2.6.8 Calendering and frictioning .
{a) Three-roll superimposed (b} Four-rol! superimposed

The calendering process was originally used for applying a
sheen onto fabrics and paper but has since been adopted by
both the rubber and plastics industries. In the plastics industry
it is used mainly for making PVC sheeting employing highly Feed
expensive equipment. In the rubber industry it is also used =
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Figure 2.43 Injection stretch—blow moulding process sequence. (a)

Multiple injection moulding of amorphous preform. (b) Reheating Figure 2.44 Some common calendar configurations. (Reproduced by
stage. (c) Axial extension with telescopic mandrel. (d) Blow moulding permission of the Plastics and Rubber Institute)
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Far more important is vacuum forming. In this process sheet
is clamped over the shaping mould, the sheet is heated by
infra-red heaters until it is rubbery and the air is then
evacuated from the space between the sheet and the mould.
The atmospheric pressure then forces the sheet down onto the
mould and after cooling the shaping is then removed. A simple
form of vacuum forming known as ‘female moulding’ is shown
in Figure 2.45.

A somewhat more complicated process known as ‘male
drape forming’ is shown in Figure 2.46. In this case the sheet is
first clamped in a frame and heated. The male mould then
moves upward into the sheet and this is followed by applica-
tion of the vacuum. Whereas the female mouldings are thinner
at the base of the moulding, the corresponding part of a male
moulding will be the thickest part of the moulding.

There are a number of variations of the vacuum forming
process. The method chosen depends on such factors as
thickness control and material saving. One disadvantage of
sheet-shaping methods is that scrap material may not be
almost directly reprocessed as is often possible with melt-
processing methods such as injection moulding.

Vacuum-forming techniques are also limiting in that the
only pressure available for shaping is that of the atmosphere
(c. 0.1 MPa). This has led to a number of techniques by which
positive air pressure is used to force sheet to shape. In its
simplest form softened sheet may be clamped over a blowing
table by a ring. Air is introduced below the sheet which is then
free blown to the shape of a bubble. Numerous variations on
this process, some of which simuitaneously involve vacuum
and mechanical pressure, are used.

2.6.10 Other processing methods

The processes described above are widely used with many
different polymers. There also exists a large number of other
processes which, although of considerable importance, tend to
be restricted to a few polymers. Some of these are mentioned
briefly below.
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Figure 2.45 Vacuum forming with female moulding. (Reproduced by
permission from IC! Technical Note G109, ICl)
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Figure 2.46 Vacuum forming with drape forming over a male mould.
(Reproduced by permission from IC/ Technical Note G109, ICI)

2.6.10.1 Polymerisation casting

In this process monomer or low-molecular-weight material or
a mixture of monomer and polymer is mixed with a polymeris-
ing agent and is then poured into a mould and allowed to
polymerise. This method has been used to make such widely
differing products as very large gear wheels from nylon,
artificial dentures from polymethyl methacrylate and hydro-
philic contact lenses, also from acrylic materials.

2.6.10.2  Fibre-reinforced thermosetting plastics laminates

In some ways this may be considered a development of
polymerisation casting. Liquid material (usually low-
molecular-weight polymer and generally known as resin) is
blended with a polymerising catalyst and then applied to
glass-fibre material. The resin then hardens with the fibre in
situ. Very often the process, as used to make boat hulls,
sports-car bodies and lorry cabs, is basically very simple. The
mould may be of wood, plaster, metal or even plastic. It is
draped with glass fibre which is then impregnated with resin,
often simply by means of a brush, and the air is removed using
ribbed rollers. When used with polyester laminating resins it is
not necessary to apply external pressure and formulations are
commonly employed that allow for curing (cross-linking) at
room temperature. More elaborate methods are, however,
available; for example, using fibre preforms or
preimpregnated sheet (sheet moulding compound) with
matched metal moulds, processes widely used for microwave
cookware, car light fittings and crash helmets.

Whilst the market is dominated in tonnage terms by
polyesters, epoxide resins are widely used in the aerospace
industry (sometimes using carbon fibre or aramid fibre rather



than glass fibre) and with more sophisticated techniques such
as filament winding. Furan resins are sometimes used for
chemical plant.

2.6.10.3 Polyurethane foams

This may also be considered as a modification of poly-
merisation casting. In this process a liquid polyether or
polyester (generally known as a ‘polyol’) is blended with an
isocyanate, some water, a blowing agent, a cross-linking agent
and other more specialised components. The highly agitated
mix is then run into containers (either open trays or enclosed
moulds) where various reactions occur causing the material to
cross-link and give off gases causing the material to form a
cellular structure more or less simultaneously. By varying the
components the products may be hard (as used in insulation),
semi-rigid (for shock absorption) or soft (as in upholstery).
Much effort has been expended in recent years to make the
products less liable to burn or to give off gases that may harm
the ozone layer. The variation of the process in which the
reacting mixture is pumped into an enclosed mouild, known as
reaction injection moulding has been subject to considerable
development over the years.

2.6.10.4 Rotational moulding and centrifugal casting

In rotational moulding polymer is put into a mouid which is
then closed and rotated in an oven. In most operations the
polymer melts and spreads evenly over the inner wall of the
mould. The mould is then cooled and the moulding extracted.
The process may be used for such diverse products as large
container bins and traffic cones.

In one variation, PVC polymer, plasticiser and other ingre-
dients are mixed together at room temperature to give a paste
with the solid components supended in the liquid ones. On
heating the liquid components are absorbed by the PVC
particles and the whole mass fuses into a homogeneous
material during the rotational operation. The process is used
to make balls and toys.

Pipes may also be made by centrifugal casting of polymer in
a long cylinder which rotates about its axes whilst being
heated.

2.6.10.5 Spreading and dipping

PVC pastes may also be spread onto fabrics and then gelled by
heating in an oven to give leathercloth. In the rubber industry
unvulcanised rubber compounds are dissolved in solvents and
spread onto cloth. The solvent is then removed and the rubber
vulcanised in an oven. The process is important for making
waterproof goods and gas-impermeable fabrics.

Products may be made by dipping formers into polymers in
fluid form. These could be PVC pastes which are then gelled
on heating, rubber solutions (where the solvents are removed
before vulcanisation), rubber latex (where water is first
removed) or even fine particles of polymer suspended in a
gentle air stream (fluidised-bed techniques).

2.7 Design of rubber components

Since the greater part of manufactured rubber goods are used
for engineering purposes and because of the nature of this
handbook, this section is confined to a short discussion of the
design of selected rubber components used in engineering
applications.
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The severe technical demands of such products are often
underestimated. For example, a car tyre has an area of contact
with the road only of the order of the size of the palm of the
hand and yet this is expected to give sufficient grip for the car
to move forward without skidding. Similarly, the tread and
sidewalls are expected to have good abrasion resistance so that
the tyre will be long lasting whilst the danger of blow-outs due
to overheating, often in most severe conditions, has to be
negligible. In many other applications less well known to the
general public such as in springs, seals, bearings and mine
belting, the specification requirements are no less demanding
but, using properly formulated compounds and well-designed
products, rubbery materials have been successfully used in a
wide range of applications.

In Section 2.2 some of the more well-known features of
vulcanised rubbers were discussed. In particular mention was
made of:

(1) capability of large elastic deformations,

(2) low modulus or stiffness,

(3) non-linearity of the tensile stress—strain curve,
(4) bulk incompressibility, and

(5) damping capacity.

It is pertinent to make some comment here on the relevance of
the above to design considerations.

Although an elongation at break as high as >1000% is
possible and 400% is common, this is seldom of immediate
importance. This is because, often for fail-safe considerations,
rubber components are usually stressed in compression, shear
or torsion with deformations usually less than 50%. In such
circumstances the stress-strain relationship is almost linear
and the modulus may be estimated by measuring the slope of
the curve at the intercept. This is a useful simplification in
calculations.

In many applications it is desirable that the stiffness of a
component be anisotropic. This is achieved by incorporation
of fabric or of metal plates; the effect of inserting metal plates
on compression stiffness without affecting shear stiffness was
discussed in Section 2.2.5.

Mention was also made in Section 2.2.3 of the importance of
taking into account the incompressibility of rubber in bulk. It
bears repeating that if a rubber component is required to be
deformed in operation then there must be some room for it to
deform. Figure 2.47 provides an illustration of this. (This
problem of course applies primarily to solid rubber compo-
nents and not those of cellular (foam, sponge, or expanded
rubber) consistency.)

(a) {b)

N

N

Figure 2.47 Because of its bulk incompressibility the rubber pad in
(a) will have no cushioning effect if struck by the piston, whereas in
(b) deformation of the pad is possible, thus allowing some cushioning
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Damping by a rubber results from the fact that response to a
stress is not instantaneous and this enables such features as
shock absorption and vibration isolation to be designed into a
product.

Before discussing some selected applications it is also perti-
nent to mention the causes of failure in rubber-metal bonded
units which are of considerable engineering importance. It is
found that, providing a good rubber compound has been used
and the method of bonding is appropriate, failure normally
occurs where there is splitting or tearing at a point of stress
concentration. Rubber is also easily cut when under stress so
that it is important to avoid:

(1) conditions which start cuts such as sharp metal edges;
and
(2) conditions that result in high local stress concentrations.

Some examples of good and bad design are given in Figure
2.48.

2.7.1 Rubber springs

A steel coil spring has a number of undesirable features,
notably:

(1) it has a limited capacity—it may only be compressed to
the point where the coil is ‘closed’;

(2) itis easily buckled on misalignment; and

(3) unless made of stainless steel it is liable to corrosion.

On the other hand, a rubber spring has an infinite capacity, if
squat in shape it will not buckle, is not subject to corrosion and
is silent in operation. Rubber springs take many forms and
may be used in a variety of applications, some examples of
which are give below.

2.7.1.1 Bushes

Bushes consists of two concentric metal sleeves separated by a
hollow rubber cylinder which may be either bonded to the
sleeves or a push fit (Figure 2.49). Such a bush may be
subjected to a variety of deformation modes such as torsion,
shear (axial deformation), tension—compression (radial defor-
mation) or tilt (conical deformation) (Figure 2.50).

Rubber bushes are widely used for purposes such as shaft
couplings in order to accommodate misalignments, and for a
host of vibration isolation purposes.

2.7.1.2 Inclined shear mountings

In the simple design shown in Figure 2.51 the two inclined
metal plates are separated by two rubber pads which will be
subjected to compression and/or shear stresses according to
the direction in which the load is imposed and, therefore, the
stiffness will vary in each of the three perpendicular directions.

Calculation shows that the stiffness in the three mutually
perpendicular directions x, y and z (the direction normal to the
plane of the paper) is given by

K, = 2(Ksin’B8 + Kcos’B8)
K, = 2(K.cos?’B + Ksin’B)
K, = 2K,

In the above example it is assumed that in the calculation of
horizontal stiffness in the plane of the paper K, there is a
couple preventing rotation under the action of the horizontal
load. Where there is no restraining couple the equation is:

K, = 2K.KJK,

The relative values of the three mutually perpendicular stiff-
nesses may be varied further by inserting metal plates into the
rubber pads (as discussed in Section 2.2.5) since these will
affect K. greatly but have only a small effect on K. Many
industrial mountings may be considered as developments of
this type of mounting.

2.7.1.3 Bridge bearings

A typical modern road bridge comprises decks supported on
piers (Figure 2.52). Such bridges suffer from the well-known
phenomenon of deck expansion and contraction due to seas-
onal and diurnal temperature variations. If the deck was to sit
directly on the piers the expansion of the deck, if transmitted
directly to the piers, could cause dangerously high bending
moments. To accommodate this the deck could be mounted
on metal rollers, thus reducing the transmission of bending
forces to the pier. Such metal rollers are, however, subject to
corrosion and, because of high localised stresses, also cause
wear on the top of the piers. The introduction of rubber pads
(in effect a form of spring and generally known as ‘bridge
bearings’) has overcome this problem and in the second half of
this century became widely accepted by civil engineers.
The main requirements for the rubber pad are that

(1) it must support the weight of the deck giving a controlled
and predictable deflection; and

(2) it must be able to accommodate thermal expansions and
contractions of the deck without transmitting an excess
horizontal force to the top of the pier.

For (2) to be possible in practice it is essential that vertical and
horizontal stiffness are independently controllable. This clearly
requires a consideration of the effect of shape factor and of the
use of metal plates to control compression modulus indepen-
dently of shear modulus.

In order to design a bearing it is necessary to establish from
the civil engineer the following data:

(1) the mass of the deck W;

(2) the maximum horizontal force allowable on the pier H;

(3) the maximum vertical stress allowable to avoid damage
to the concrete o,

(4) the maximum vertical deflection allowed by the bridge
authority d;

(5) the maximum allowable shear strain on the rubber vy;

(6) the maximum horizontal movement due to thermal ex-
pansion m; and

(7) the number of bearings proposed for each deck X.

From these data it is possible to calculate, in turn:

(1) the area of the pad or bearing A;

(2) the thickness of the pad ¢;

(3) the shear modulus of the rubber E,, and hence its
formulation; and

(4) the vertical stiffness required, and hence the number of
plate inserts.

The area of the pad 1f we take 300 000 kg as the mass of the
deck W, the maximum vertical stress considered as being
acceptable without adversely affecting the concrete piers (o)
as 5 MPa and the number of bearings per deck (X) as 4, then
by the definition of stress

o= W/4A
i.e.
A = W/do = 3000 000/(4 X 5 X 10.2) = 1470 cm?
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Figure 2.49 Rubber bush unit. (From Naunton, What Every Engineer
Should Know About Rubber, Natural Rubber Development Board.
Reproduced by permission of the Malaysian Rubber Development
Board)

-
Axial

Radial Conical

Figure 2.50 Principal deformation modes of the bush illustrated in
Figure 2.49. (From Naunton, What Every Engineer Should Know
About Rubber, Natural Rubber Development Board. Reproduced by
permission of the Malaysian Rubber Development Board)

Figure 2.51 Inclined shear mounts. The stiffness in three mutually
perpendicular directions may be controlled independently

Deck

Bridge bearings /

Pier

Figure 2.52 Terms used in discussing bridge bearings

40 cm

7cm

Figure 2.53 Overall pad dimensions (rubber component only)

If the pad is to have a square cross-section then the length of
one side L is 38.35 cm (= 40 cm). For working purposes it is
assumed in the following that L = 40 (Figure 2.53).

The thickness of the pad (t) In order to prevent bond failure
at rubber—plate interfaces a maximum shear strain (y) of 0.35
may be postulated. It is also estimated that for the deck
in question the maximum horizontal thermal expan-
sion-contraction (m) is likely to be £2.5 cm.

From the definition of shear strain it follows that

'Ymax = m/t
i.e.

{= MlYpax = 2.5/0.35 =7 cm

The shear modulus of the rubber This is obtained from the
definition of shear modulus

E., = Shear stress/y
ie.
E, = (HA)y
= 60/1600 x 0.35 kN cm 2
= (60 x 10 000)/(0.35 x 1600 x 1000) = 1.07 MPa

It can be seen from Table 2.2 that this corresponds to a
hardness of about 60 IRHD, a fairly typical figure for a
vulcanisate in which the rubber is loaded with about half its
weight of a carbon black and which is, therefore, easy to
formulate.

Adjustment of vertical stiffness This requires a determination
of the number of plates required to be inserted into the pad. In
Section 2.2.5 it was pointed out that the compression stiffness
K. can be defined as

K.= Fix = E_Alt

It was also noted that

E.= Ev(1 + 2k§?)

Thus, combining these two equations,
Fix = (AINEy(1 + 2kS?%)

Since, in the context of this exercise, F is equal to the force on
each pad (= 300 000g/4 = 0.75 MN), A is the area of each
pad (1600 cm?), x < d < 0.3 cm and the value for Ey cor-
responding to E, = 1.01 is approximately 4.5 with k = 0.57
(see Table 2.2), the only unknown is the value of the shape
factor S. Substitution of the known values gives S = 4.5.

Since § = L/4t; (where t; is the thickness of each individual
rubber spring) and as L = 40 cm, then

t; = L/4S < 40/(4 x 4.5) <22 cm

Furthermore, as the overall thickness of the pad (ignoring
the metal plates) is 7 cm, then it follows that the correct
stiffness is strictly achieved by the use of four separate rubber
springs sandwiched between a total of five metal plates.
However, the use of just three rubber springs would be
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Figure 2.54 Pad with reinforced metali plates (x is the thickness of
each metal plate). In practice the whole assembly may be wrapped in
a rubber sheet

satisfactory if the calculation had yielded a value of 2.33
instead of 2.2 for d and, taking into account the various
assumptions made in the calculation, this should be an accept-
able simplification (Figure 2.54)

2.7.2 Rubber seals

Rubbery materials are useful for seals because their low
rigidity enables them to fill the gap, including surface rough-
nesses, between the faces to be sealed whilst the elasticity
helps them to resist extrusion by the pressure of any enclosed
fluid.

The most commonly used seal is the O-ring which fits
between two faces of circular cross-section. The ring itself is of
solid rubber with a circular cross-section and it fits into a
circumferential groove cut into one of the faces to be sealed.
The dimensions of groove and ring are chosen to minimise any
cutting of the rubber during fitting or use.

One feature of the O-ring is that the tightness of the seal
increases with an increase in the pressure exerted by any fluid
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being enclosed by the seal. Care must however be taken to
ensure that this pressure is not so high, the gap between the
surfaces so great, or the modulus of the rubber so low that the
ring becomes extruded between the faces (Figure 2.55).

Experience has shown that extrusion will not occur if the
combinations of clearance, pressure and modulus do not
exceed the values indicated in Figure 2.56.

Where high sealing pressures are required, the rubber rings
may be backed up by thermoplastic anti-extrusion rings which
may be further reinforced by a metal casing. O-rings generally
are only suitable for static applications or those involving small
reciprocating movements.

For applications where a low friction between shaft and seal
is required a U-ring may be preferred. In the absence of a fluid
sealing pressure the sealing force will be very small. However,
in the presence of the fluid sealing pressure the effectiveness
of the seal is instantly enhanced (Figure 2.57).

Modification of a U-ring enables a design to be used as a
rotary seal (where there is relative movement of shaft and
housing). The knife edge contact with the shaft reduces
friction, but a garter spring (a tight coil of wire formed into a
spring) enhances the sealing stress (Figure 2.58(a)). Such a
design is only suitable for low-pressure work, but somewhat
higher pressures may be accommodated by the use of a more
rigid pressure support ring (Figure 2.58(b)).

The choice of rubber clearly depends on the fluid that is to
be retained by the seal and on the operating temperatures.
Thus a wide range of synthetic rubbers including speciality and
exotic types (see Section 2.3) may be employed.

2.7.3 Vibration isolation

Rubber pads are widely used for vibration isolation. Examples
are the isolation of buildings from earthquake vibrations,
isolation of delicate equipment from general vibrations in a
building or the isolation of machinery vibrations from the
adjacent parts of a building.

Increasing pressure

Figure 2.55 Extrusion of a seal under pressure. {Reproduced by permission of the Open University, Milton Keynes)

Maximum clearance {(mm)
[
N
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Maximum clearance

Figure 2.56 Relationship between pressure, extrusion gap and shear modulus G (in MN m-2). (Reproduced by permission of the Open University,

Miiton Keynes)
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(a)

Figure 2.57 A typical U-ring: (a) unstressed; (b) installed. (Reproduced by permission of the Open University, Milton Keynes)

Pressure
support ring

Figure 2.58 (a) Rotary lip seal. (b) Rotary lip seal with pressure support ring. (Reproduced by permission of the Open University, Milton Keynes)

In principle, insertion of a spring between a source of
vibration and the mass to be protected can reduce the vibra-
tion of the latter. This may easily be demonstrated by connect-
ing an object to a length of elastic thread. If the other end of
the thread is held in the hand and the hand then moved up and
down at increasing frequency it will be noticed that a frequen-
cy will be seached at which the vertical movement of the object
becomes negligible. (The reader is recommended to try this
for him/herself.)

The relevant equation for an ideal spring is

T = xox, = V[l = (wwy)?)

where T is the transmissibility (the ratio of the amplitudes of
motion of the mass x, and the source x;), w is the vibration

frequency and w, is the natural frequency of the spring given
by

wo = (Kim)\?

where K is the spring stiffness and m is the mass being
isolated. .

Calculations show that as w increases from zero the vibra-
tion increases up 1o w = w, at which point it tends to inifinity.
Between this frequency and (2w,)"? the amplitude decreases
but is still greater than the disturbing amplitude. Above this
value the displacement of the mass falls rapidly with increasing
frequency. R

Although it is intended that anti-vibration springs should
operate at these higher frequencies, the very high transmiss-
ibility around the natural frequency «, may be a severe
problem, particularly as most vibration sources have a spec-
trum of vibrating frequencies. In such circumstances the
viscoelastic properties of rubbers come into their own. This
enables them to act simultaneously as both spring and damper

and this ensures that the transmissibility at the natural fre-
quency becomes finite. The dependence of transmissibility of
a simple system on the type of rubber used is indicated in
Figure 2.59.

+20 -

Transmissibility {dB)

Ll ] i | 1} 1 INl L
0.1 020305 10 2 345 10 2030 50

Frequency ratio (w/we)

Figure 2.59 Dependence of transmissibility of a simple linear system
on type of rubber. (Reproduced by permission from Freakley and
Payne, Theory and Practice of Engineering with Rubber, Applied
Science)



2.8 Design of plastic components

Successful use of a plastic material requires that both the
product designer and the fabricator have an understanding of
the properties of plastic materials. In particular there are a
number of characteristics of plastic materials that need speci-
fically to be appreciated including the following items which
are particularly relevant to thermoplastics.

Anisotropy The long-chain polymer molecules of ther-
moplastics become oriented during shaping operations and
recoiling is only partially complete before the melt cools after
shaping. This will result in the mass of material being anisotro-
pic, i.e. its properties will differ in different directions, the
level of anisotropy depending on the amount of relaxation
(recoiling) that has occurred, this in turn depending on the
processing conditions. There may also be a differential shrink-
age on cooling and this may lead to warping of the product.
The anisotropy effect may be aggravated by the use of
anisotropic fillers such as glass and carbon fibres. Further-
more, because an oriented molecule is not in a stable state (it
will always try to coil up in a random fashion), internal stresses
may be set up in the product. This may mean that the
additional level of external stress that may be imposed before
the product breaks will be less than if there is no ‘frozen-in’
internal stress. (However, it should be noted that in some
instances orientation may increase the strength, particularly
where this is measured along the direction of orientation.)

Shrinkage Shrinkage on cooling can be quite substantial in
the case of crystalline polymers, being typically in the range
0.01-0.05 cm per centimetre, i.e. 1-5% (linearly) for unfilled
polymers. This figure will be much less for glass-filled
polymers and for amorphous thermoplastics (0.005 cm per
centimetre). Clearly important for precision products, this
also has more general implications. If a product, e.g. an
injection moulding, has a thick section the surface will tend to
cool much earlier than the core and, therefore, will be the first
to shrink. This may then cause the moulding to shrink
‘outward’ leaving a void in the core and/or the surface to sink.

Problems of such shrinkage may be avoided by using
thin-section mouldings, suitably stiffened by the use of ribs
and, where possible, domed surfaces. Where a thick section is
absolutely necessary then shrinkage problems such as sink
marks and voids may be overcome by incorporating a gas into
the melt, thus generating an internal pressure to counteract
any tendency to shrink.

Bulk compression Whilst it is correct to think of polymers as
being incompressible in bulk in terms of normal conditions of
service, bulk compression is not negligible under the very high
pressures that exist during injection moulding and may be up
to 8%. This can lead to overpacking of polymer into a mould
and this may cause problems when ejecting mouldings and
may also cause severe stresses around the gate of the mould.

Stress concentrations High stress concentrations can occur at
sharp edges and at sudden changes in cross-section. This will
provide a weak point in the product which may, if allowed to
be strained in directions that increase the stress, lead to
premature failure, particularly in some aggressive environ-
ments. Aggressive environments include liquids that have
solubility parameters just outside the range enabling solution
of the polymer but sufficient to soften the surface.

Flow-path ratio Since in injection moulding the melt is
cooling as the mould cavity fills, a moulding may be in-
complete if the flow-path ratio (flow length/flow cross-section)
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is too high. Whilst the maximum flow-path ratio may be
increased by raising injection pressures this may lead to too
high a cavity pressure near the gate end causing both release
problems and problems due to excess stressing.

Temperature 1t should be appreciated that the properties of
most plastics materials vary with temperature even though this
may be below T, (for an amorphous material) or T, (for a
crystalline polymer).

Creep Many plastic materials will tend to creep under load
and this should be taken into account when designing parts for
long-term service.

Ageing Many polymers change their properties with time
due to ageing which may be accelerated by heat, oxygen or
ultraviolet light.

2.8.1 Designing under creep loading

For many engineering applications plastic materials may be
used under conditions of long-term loading which will give rise
to creep. For design purposes this may most conveniently be
taken into account by the use of an ad hoc system known as
the pseudo-elastic design approach. This method uses classical
elastic analysis but employs time- and temperature-dependent
data obtained from creep curves and their derivatives. In
outline the procedure comprises the following steps.

(1) Ascertain the function and the operating conditions for
the component part in question including both the ex-
pected lifetime and the maximum service temperature.

(2) Assume a ‘worst-case’ scenario before commencing cal-
culations. For example assume the component will be
operating continuously at the maximum temperature and
under the maximum load encountered during its service
life.

(3) Select appropriate formulae from classical elastic anal-
ysis.

(4) Obtain the appropriate figures for stress, modulus, etc.,
from a creep curve or a derivative curve. Insert this into
the appropriate formula.

Example 1 A blow-moulded container, cylindrical in shape
but with one spherical end, is prepared from the polysulphone
material the creep curves for which (at 20°C) are shown in
Figure 2.60. The cylindrical part of the container has an
outside diameter of 200 mm and is required to withstand a
constant internal pressure of 7 MPa at 20°C. It is estimated
that the required lifetime for the part will be 1 year and that
the maximum allowable strain is 2%. What will be the
minimum wall thickness for satisfactory operation?

The appropriate formula from classical elastic analysis is
t = pdRa

where ¢ is the thickness, p is the internal pressure, d is the
outside diameter and ¢ is the hoop stress.

Figure 2.60 shows that the stress that will lead to a strain of
2% after 1 year is about 39 MPa. Substituting this into the
equation as the hoop stress gives

t= (7 x 200)/(2 x 38) = 18.4 mm

Example 2 A straight rectangular beam of the same polysul-
phone material as in Example 1 is clamped at one end but is
loaded at the other end by a load of 50 N. If the distance
between the clamp and the point of loading at the other end is
150 mm and the width of the beam is 12 mm what should be
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Figure 2.60 Curves for creep in tension of a commercial
polysuiphone (Polyethersulphone 300P-ICt) at 20°C. (Reproduced by
permission from IC/ Technical Note PES 101, ICI Plastics Division)

the depth of the beam if the deflection of the free end is not to
exceed 3 mm after 1 year at 20°C?

The appropriate formula from classical elastic analysis is
I = bh¥12 = PL*3E$

where [ is the second moment of area, P is the load (50 N), L
is the span (150 mm), & is the free-end deflection (3 mm), b is
the width of the beam (12 mm), # is the thickness of the beam,
and E. is the creep modulus.

Rearranging this in terms of the unknown value A

B3 = APLYBSE,

There is a possible problem in determining the actual modulus
at the appropriate strain, but it will be noted by inspecting the
curves that up to a strain of 1.5% the creep modulus at 1 year
(obtained by dividing the stress by strain at 1 year) is virtually
constant at about 2000 MPa (= 2000 N mm’?) and it would
seem reasonable to use this figure.

Hence

B3 = (4 x 50 X 150)/(12 X 3 X 2000) = 4.167
or
h = 161 mm

2.8.2 Stiffness of structural foam mouldings

The stiffness of a piece of plastic material is related to the cube
of the thickness. On the other hand, if a cellular polymer is
produced then the stiffness only decreases linearly with the
proportion of solid polymer in a foam.

If the blow-up ratio (e) is defined by

e = plpg

where p and ps are the densities of solid polymer and foamed
polymer, respectively, then it may be shown that for a bar of
polymer clamped at one end and loaded at the other (i.e. as in
the previous example) the thickness required of the foamed
product in order to keep the deflection constant is given by

hf = €1/3I1

where h and h¢ are the thicknesses of solid polymer and foam,
respectively.

Similarly, it may be shown that the mass of the foamed part
as a fraction of the mass of a solid part of equal stiffness is
given by e %3,

The data in Table 2.21, derived from these expressions, give
the relative thickness and mass for bars of solid and cellular
polymer of varying blow-up ratio which will give the same
deflection under load. In effect this means that, if solid
polymer is replaced with a cellular polymer with a blow-up
ratio of 2, then a product will be made of equal stiffness with a
saving of almost 40% in material. It will, however, require an
increase in thickness of about 25%.

The use of cellular polymers as replacements for solid
materials has further advantages that the internal gas press-
ures help to reduce sink marks and large voids in the product,
but usually at the cost of an inferior surface finish. A number
of techniques is available such as co-injection, sandwich
moulding, etc., in which cellular material is sandwiched be-
tween solid skins (of good finish).

2.8.3 Design of plastics parts

Because plastics are used in such a wide variety of applica-
tions, any comments concerning design procedures must be
very general. Although the remainder of this section is
basically a statement of the obvious, it is probably worth
listing the following sequence of procedures involved in intro-
ducing a new plastics component or product.

(1) Establish the working conditions (including stress load-
ings, temperature and environmental conditions) to be
demanded of the component.

(2) Establish the number of components to be manufactured
and the financial constraints (e.g. maximum acceptable
cost per part).

(3) Consider possible polymers and provisionally select the
material that will meet the specification requirements

Table 2.21 Relative thickness and mass for various blow-up ratios
that will give the same deflection under load (solid and cellular
polymer bars)

Blow-up ratio

1 12 1.4 1.6 1.8 2.0

Relative thickness 1 1.06 1.12 1.17 122 1.26
Relative mass 1 0.88 0.800 0.738 0.676 0.63




and which will be the cheapest to produce the component
in question (taking into account both raw-material and
production costs).

(4) Select the most appropriate processing method. (Let us
now assume that the method selected is that of injection
moulding. With other processes the procedures would be
similar but nevertheless peculiar to the process chosen.)

(5) Arrange for design of suitable mould and refine the
component shape taking into account such features as
avoiding undue stresses, providing stiffness without mak-
ing the part excessively heavy and bearing in mind the
maximum flow-path ratio for the plastic material se-
lected.

(6) Prepare mouldings and subject them to a testing pro-
gramme to establish their fitness for use.

(7) Modify the design of the mould or part or change the
material if indicated as a result of testing. Repeat the
testing procedures.

(8) Prepare a quality-control programme for use during
manufacture.
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3.1 Economics of casting and moulding

Casting may be defined as ‘metal shaping obtained by the
solidification of molten alloy in the mould cavity of a required
shape’. Of course, there are also other methods of shaping
metal, i.e. forging, stamping, rolling, machining or welding. In
practice, wrought iron is cast as ingots, and then plastically
worked into the required shape. This means that all primary
alloy metals are cast first.

The process of casting has certain advantages over the other
processes of shaping:

(1) it can be adapted to the requirements of mass produc-
tion;

(2) castings have more uniform properties from the direc-
tional point of view than does wrought iron;

(3) heavy pieces (100200 ton) can be cast, while it would be
difficult to make these in any other way;

(4) the design of parts can be simplified so that machining or
forging is reduced to a minimum;

(5) some metals or alloys cannot be hot worked from ingots
into other shapes.

The predominant factor in every process is its economic
aspect. The design of the product may dictate whether a single
process of shaping or a combination of several methods is
suitable.

800

700

600

o

o

o
T

Py

(o]

o
T

Output of steel (Mton)

300+

200

100

Economics of casting and moulding 3/3

Developments in the production of castings are related to the
implementation of new foundry technologies and with ach-
ievements in the many branches of industry. A new develop-
ment requires the use of a material of strictly determined
properties that corresponds to the operating conditions that it
will experience. Examples of well-defined materials are steels
for service at low temperatures, ¢.g. transcontinental pipelines
in Siberia and Alaska, and the new grades of corrosion-
resistant cast steel with a carbon content of less than 0.03%
which eliminates intercrystalline corrosion. In the latter case
interest is focused on materials which are used in aviation and
space applications, e.g. composites and monocrystals. Each of
the above-mentioned operating conditions requires the use of
special-purpose alloys.

Remaining competitive in what is now a world market for
cast products requires continuous study and evaluation of the
production of the main metals and alloys.

For more than 100 years the production of steel has been
systematically growing all over the world (Figure 3.1). In 1960,
the total production of steel in the world amounted to 341
million ton and in 1987 it increased to 734.7 million ton.

It is interesting to note that in highly industrialised countries
such as the USA and the EEC countries, the rate of steel
production decreased, while it increased rapidly in countries
with new industrial traditions such as Brazil, Australia and
South Korea (Table 3.1).

Output of castings (Mton)

! < 1

1980 ; 85 !

1940
Year

1920 1960

Figure 3.1 World output of steel and castings, 1870-2000

1980 1990
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Table 3.1 Production of steel castings (SC) and raw steel (RS) in the years 1970-1987
1970 1975 1980 1982 1983 1985 1987

Country Ne RS Ne RS sc RS Ne RS e RS sC RS sc RS
Australia — 6900 60 8100 74 7900 75 6400 75 5700 75 6600 — 6100
Austria 265 4100 34.5 4500 28.3 5100 — 4300 18.1 4400 25.81 4700 — 4300
Belgium 97.5 42600 88.7 11600 80.7 12300 74.8 10000 76.6 10200 70.5 10700 — 9800
Brazil — — 116 — 163.5 15300 109.4 13000 103 14700 133.7 20500 — 22200
Canada 174 11200 217 13000 198.2 15900 17 11900 36.4 12800 80.4 14600 — 14700
Czechoslovakia 300 11500 349 14300 3632 15200 363.6 15300 342.6 15000 342.6 15000 — 15400
France 288 23800 263 21600 218.2 23700 180.4 18400 142.4 17600 139.6 18800 — 17700
FRG 390 45000 369 40400 293.7 43000 251.8 35900 206.6 35700 228.2 40500 — 36300
GDR — 5100 204 6500 233.2 7300 237.4 7200 — 7200 228 7900 — 8200
Great Britain 263 28300 284.5 20200 174.1 11500 147.8 13700 114.9 13000 118.7 15700 — 17200
India — 6300 68 7800 74 9500 74 11000 — 10200 — 11900 - 12600
ltaly 154 17200 168 21800 132.9 26500 1153 24000 84.5 21800 93.8 23900 — 22800
Japan 897 93300 644 102000 732.6 111000 612.9 99500 518.8 97200 544 105300 -— 98500
Poland 286 11795 342 15000 354.4 19500 355 14800 266 16200 258 16100 — 17000
Spain 127 7400 142 11100 140 13000 105 13200 99.5 13000 105 14200 — 11900
Sweden 38 5500 37.4 5200 41 4200 12 3900 13.5 4200 14.7 4800 — 4600
USSR — 116000 5582 141000 323 140000 - 147200 — 152500 — 154700 — 161400
Republic of Korea - - — — — — 92 11800 — 11900 105 13500 — 16800
China —_— = — — — — 683 37200 — 40000 1000 46700 — 55300
South Africa —_- - — — — — 141.7 8300 — 720 1077 8500 — 8800

Taiwan —_ = — — — —

In recent decades some important changes have occurred in
the structural system of steel manufacture. The Bessemer
process, discovered in Germany in 1856, and the Thomas
process dominated the manufacture of steel in the last century,
but are now very little used. The Siemens-Martin process
discovered in France in 1865, and the extension to the basic
lining in 1875 have also become less important. The steel-
manufacturing processes used today are aimed at achieving a
higher melting rate with a simultaneous reduction in cost and
improved quality of the steel obtained. Currently, attention is
focused on the oxygen converter processes. A small but
constant growth in popularity has been gained by the electric
arc process. The share of these processes in the general
production of steel is shown in Figure 3.2. Different produc-
tion processes are used in different countries, depending on
the availability of raw materials and the level of technical
knowledge.

Future forecasts are based on the use of three processes:
Siemens-Martin, electric arc, and oxygen converter. It is
anticipated that in the year 2000 the share of the oxygen-
converter processes will account for about 70% of the steel
manufactured, the electric-arc process for 20%, and the
Siemens—-Martin process for the remaining 10%. It is expected

100
80|~ Thomas converter \\\\\
=x S
5 %
§ Electric arc
'5 40 \
o Open hearth \\\\
20 Oxygen converter
ot f \X\l
1950 1955 1960 1965 1970 1975 1978
Years

Figure 3.2 Production of steel by various processes. (Reproduced
by permission from Graf!5)

23 4200 — 5000 34.7 5100 — 5600

that Siemens-Martin furnaces will be used only for the manu-
facture of large castings (50-100 ton).

Figure 3.3 shows the trends in the amount of various alloys
used world-wide. In the last decade there has been a decrease
in the production of grey cast iron and cast steel, but an
increase in the share of ductile iron and aluminium alloy
casting.

3.2 Sand casting

Making castings in sand moulds is a multistage process consist-
ing of the following operations:

(1) pattern making—including core boxes, preparation of
the equipment such as drags, flasks and patterns of the
gating system;

(2) core and mould making;

(3) melting and pouring of the alloy;

(4) solidification; and

(5) cleaning and inspection.

3.2.1 Pattern making

The main objective of using a pattern is to reproduce the
external shapes of a casting. The core reproduces the internal
shape of a casting. The pattern equipment also includes a set
of gate or riser patterns and patterns of the core boxes in
which cores are made.

Three main groups of patterns are used:

(1) Loose patterns These are unsplit or split patterns with
or without loose pieces. When making patterns allo-
wance must be made for the contraction of the alloy
during solidification. Patterns are mainly made of either
wood, plastics or alloys such as aluminium and cast iron.
They are used in the manufacture of a small number of
castings.

(2) Loose patterns with core prints The loose part remains
in the mould when the pattern is lifted from the mould,
and is taken out at a later stage. This enables the pattern
to be lifted from the mould without damage.

(3) Gated patterns Compared with the above two types,
gated patterns are designed in such a way that, in
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Figure 3.3 Trends in the amount of various alloys used world-wide

addition to reproducing the proper shape of a casting,
they also reproduce the gating system and core prints.
They are usually made of aluminium alloy or cast iron.
They are used to reproduce small castings made in large

batches. They are usually fixed to the cope and drag -

pattern plates. The cope and drag half moulds are
prepared separately. This method is more expensive than
those described above. However, it is necessary to use
patterns of this type in a mechanised moulding shop.

Although a pattern reproduces the shape of a casting, its
dimensions vary from those of the casting itself. The diffe-
rences arise due to contraction during the solidification pro-
cess and the allowance made for machining the cast surface.

In view of this contraction in the volume of an alloy in the
liquid, solid-liquid or solid state, the pattern has larger
dimensions than the casting. The amount of contraction
depends on the type of alloy cast, the degree of intricacy of the
casting shape, the range of cooling temperatures used, and the
rate of cooling. Mathematically, the relative contraction (&) of
an alloy is given by

&€= a(Tl - Tz) (31)

L
1985 1987

where a is the coefficient of thermal expansion and 7 and T,
are the temperatures (in kelvin) from and to which the casting
is cooled, respectively.

The percentage linear casting contraction of an alloy is
defined as

-1
=2 —= % 100%

£f

(3.2)

[

where [ is the length of the pattern and /_ is the length of the
casting.

Values of the casting contraction for various cast alloys are
given in Table 3.2.

3.2.2 Moulding and casting processes

The process of making a casting consists of the following steps:

(1
@

3)

preparation of charge and moulding materials;

preparation of pattern equipment such as patterns and
core boxes;
melting;
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Table 3.2 Casting contraction in the main cast alloys

Contraction

L Tt
Alloy Restrained  Free (K) (K)
Grey cast iron 1403
Small castings 0.9 1.0 1573-1623
Medium-size castings 0.8 0.9 1523-1573
Heavy castings 0.7 0.8 1493-1523
Cast steel 1783
Carbon cast steel 1.3-1.7 1.6-2.0 1693-1743
High-alloy chromium  1.0-1.4 1.3-1.7 1713-1753
Austenitic 1.7-2.0 2.0-2.5 1613-1653
Ferritic-austenitic 1.5-1.9 1.8-2.2 1713-1743
Malleable cast iron 1773-1848
Whiteheart 0.8-1.5 1.5-2.5 1653-1723
Blackheart
<1.2
Brass 1188
Zinc 1.5-1.7 1.8-2.0
Silicon 1.6-1.7 1.7-1.8 1323-1423
Manganese 1.8-2.0 2-2.3
Bronze
Tin 1.2 1.2-1.8 1253 1273-1423
Silicon 1323-1423
Aluminium
Silumin 0.8-1.0 1-1.2 843 973-1003
Aluminium—copper 1.4 1.6 903
* Temperature of melting.
t Temperature of pouring.
(4) proper preparation of the foundry mould and casting any changes in its position on pouring and allow for the
process, i.e. pouring of mould and solidification; vents and the stability of its shape during mould as-
(5) cooling of the casting; and sembly; and
(6) cleaning and final treatment which includes heat treat- (8) the placing of several cores in one core print seat should
ment and control of the surface and of mechanical be avoided.

properties, cutting of risers and machining.

The term ‘mould making’ refers to a method of making
moulds and to the materials used in the process.

The following guidelines are recommended in the design of
parts to be produced by casting:

(1) large surfaces of a casting which are to be machined
should be located in a horizontal position in the drag;

(2) the position of a casting in the mould should be such as to
ensure easy placing of the cores, and hanging cores
should be avoided if possible;

(3) the size of moulding boxes and the position of a casting in
the mould should ensure the lowest possible consumption
of the sand, hence reducing labour cost;

(4) castings made from alloys which have a high shrinkage
value should be moulded in a position that ensures their
directional solidification;

(5) the pattern should have one parting plane and no loose
parts;

(6) the machining datum should be a rough surface or a
surface with the smallest possible machining allowance;

(7) the core box should have sufficent strength to counteract

3.2.3 Making a mould

In a traditional process the mould is made by pouring the sand
and ramming it around the pattern. Packing of the sand can
also be done by hand, a pneumatic rammer, a slinger, jolt
squeezing, or squeezing and shooting.

There are three types of mould, the type used depending on
the life required:

(1) expendable, single-use type moulds;
(2) semi-permanent moulds; and
(3) permanent moulds, or dies.

The life of a mould is expressed as the number of pourings
for which the mould can be used before its destruction.

Expendable moulds are made of natural or synethetic sands.
The basic material is silica sand, mixed with a binder which is
bentonite, kaolinite clay with an addition of oils, dextrine,
waste sulphite liquor, or a resin. Green sands are sands with a
moisture content of up to 6% and a compression strength of
2-8 X 10* Pa, and skin-dried and dried sands have compres-
sion strengths above 1 x 10° Pa.



Semi-permanent moulds are made of highly resistant ma-
terials such as chamotte, graphite, or plaster. Their life corre-
sponds to several dozen pourings, and for every pouring only
the surface layer of the mould cavity is renewed. These moulds
are used only for large and medium-sized castings of simple
shape that are manufactured in batches.

Permanent moulds are made of cast iron, alloyed cast steel
or copper. Their life ranges from several tens of pourings for
steel castings up to several thousand pourings for aluminium
alloys. They are used in the mass batch production of small
and medium-sized castings.

In foundry practice single-use moulds are most popular.
Some different types of these moulds are shown in Figure 3.4.
These types of mould can be made in a box or on the foundry

"
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Figure 3.4 Types of single-use mould: (a) foundry floor; (b) caisson;
{c) core assembly; (d) boxes; (e) shells. (Reproduced by permission
from Skarbiriskis)
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floor. The selection of the type of mould depends on the
number of castings, the dimensional accuracy and the surface
finish required.

When designing single-use moulds the following considera-
tions should be taken into account.

(1) A mould should have sufficient resistance to the impact
of the stream of metal and to the metal static pressure; a
resistance of this type is ensured through using a sand of
appropriate compression and bending strength.

(2) A mould should preserve its refractory abilities from the
moment of pouring until knocking out of the casting. The
time of solidification for large castings may be 2040 h
and during this time reaction between the molten metal
and the moulding sand is avoided by using protective
coatings applied to the surface of the mould cavity, or by
using more refractory sands for direct contact with mol-
ten alloy.

(3) A mould should possess appropriate permeability to
enable escape of the gas evolved from the sand during the
solidification of an alloy; the permeability is controlled
during sand preparation.

(4) A mould should possess sufficient flexibility to control
the stresses and shrinkage on solidification.

(5) There should be good collapsibility during the separation
of a casting from the mould and crushing of the moulding
sand.

The chemical compositions of moulding sands are given in
Table 3.3.

In modern technologies synthetic sands based on cement,
water glass and furan resins are widely used. The main
advantage of using such sands is that it is possible to control
their properties. Disadvantages include poor collapsibility,
difficult reclamation and pollution of the environment.

Self-setting liquid and loose sands, which do not necessitate
drying of moulds and cores are currently gaining in popularity.
Liquid self-setting sands are poured into a moulding or core
box, where they harden without any ramming. Loose self-
setting sands, on the other hand, require some packing.

The choice of self-setting sands is based on four criteria:

(1) reducing the time required (and thus the cost) to prepare
the mould so that liquid sand can simply be poured into
the mould only;

(2) the rate of setting;

(3) ease of knocking out of casting; and

(4) reducing the cost of the sand components used.

A comparison of the relative costs of the manufacture of
moulds and cores in various types of sand is given in Figure
3.5.

The main operations of the mould-making process consist of
the following stages:

(1) placing the pattern and box on the pattern plate;

(2) coating the pattern with a material such as powder,
kerosene or paraffin which prevents the sand from stick-
ing to the pattern;

(3) filling the moulding box with a facing and backing sand;

(4) packing the sand;

(5) removing the excess sand and placing the vents;

(6) turning over and lifting the pattern;

(7) operations (1) to (6) for the second half-mould; and

(8) blowing the mould cavity and gating system with com-
pressed air, assembly of the two half-moulds, and clamp-
ing.

In practice, all of the above operations can be mechanised.

The mechanised method of sand packing consists of shooting

and squeezing the sand, as shown in Figure 3.6. The advantage
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Table 3.3 Composition of moulding and core sands

Type of Application Composition Binder Additives
sand (Wt%) (wt%) (wt%)
System Machine moulding Sand: 80-95 Bentonite: 6-8 —
sand of castings in Silica sand: <20
aluminium alloys
Machine moulding Sand: 70-90 Bentonite: 6-8 —
of castings in Silica sand: <25
copper alloys
Machine moulding Sand: 85 Bentonite: 1.5 Coal dust: 0.6
of castings in grey Silica sand: 10-15
iron (weight
5-100 kg)
Machine moulding Sand: 55-65 Bentonite: 7-12 Dextrine: 0.3
of steel castings Silica sand: 25-30
Facing Iron castings Sand: 50-90 Bentonite: 7-10 Coal dust: <5
sand Silica sand: <38
Iron castings Sand: 50-60 — Sawdust: 10
(weight <2 ton, Half-strong sand: 30-50
wall section 30 mm)
Responsible steel Chamotte: 85 voi% Kaolinite clay: 15 vol% —
castings of medium
weight
Hadfield stee! Chromite sand: 98-100 Kaolinite clay: 2 vol% —
castings
Large castings in Sand: 50-60 — —
aluminium alloy Half-strong sand: 40-50
Core Heavy iron castings Sand: 35-45 — Sawdust: 10-15
sand Half-strong sand: 35-45 Coal dust: 5-6
Steel castings Sand: 20-30 — Sawdust: 20
susceptible to Half-strong sand: 50-60 Waste sulphite liquor: 1
cracking
Shell moulds and Fractionated sand: 90-92 Resin: 7-10 Kerosene: 1
cores
Steel castings, CO, Silica sand: 90-95 Water glass (M = 2.7): 5-10 —
hardening
Loose For heavy castings Sand: 20-30 Clay: 3-§ Cement: 8-10
sand up to 2 ton and wall Silica sand: 55-65
section above
30 mm
Furan sand Silica sand: >97 Resin: <2 Orthophosphoric acid
Liquid Self-setting good Silica sand: <95 Hydrophilic agent: <1 Orthophosphoric acid: 0.5
sand collapsibility; Synflo Resin: <3.5 Sapogen: 0.05

sand

of this method is a high moulding output: up to 150 moulds per
hour for horizontal mould joints and 300 moulds per hour for
vertical mould joints.

Another way of making the mould stable is the ‘V’ process,
which utilises the physical effect of vacuum (Figure 3.7). In
essence, this method consists in ‘sealing’ the pattern with foil
of thickness 0.05-0.1 mm and making it fit the pattern and

plate through the application of negative pressure using a
vacuum pump. A special moulding box with a collector and
sucking pumps is put into place and filled with binder-free
sand. After a preliminary packing by means of vibration, the
second foil is put into place and the air is sucked off from the
sand mould. Atmospheric pressure then squeeezes the sand to
the required hardness. The negative pressure is maintained
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until the casting solidifies. When the vacuum is removed the
mould spontaneously disintegrates. The main advantage of
this process is the total elimination of the use of a moulding-
sand mixture. Compared with traditional methods, the va-
cuum method reduces both the cost of manufacturing a casting
and environmental pollution.

3.2.4 Gating system

After the foundry mould has been made, the next stage is to
pour the liquid alloy from tilting ladles.

The alioy, previously melted in a furnace, is subjected to a
treatment of deoxidation, desulphurising and inoculation, and
is then poured into the mould cavity through a gating system.
The main objectives of using a gating system are to:

(1) ensure uniform feeding of the molten metal to all parts of
the mould cavity;

(2) obtain a proper distribution of temperature over the
entire casting during its solidification (simultaneous or
directional) and cooling; and

(3) arrest the slag and protect the metal stream from oxida-
tion.

A typical gating system (Figure 3.8) is composed of a
pouring cup, down-sprue, runner, ingates, risers and flow-off.
The place where the metal is fed to the casting is very
important for the casting quality. The general rules that should
be observed are as follows.

(1) For castings which do not require feeding during solidifi-
cation (e.g. grey cast iron, bronzes and light alloys), the

(d}

Figure 3.6 Mechanical method of compacting sand in a moulding box. (a, b) Placing of pattern and box; (c) packing of the sand; {d) removal of
the pattern; (e) assembly of the two half-moulds; (f, g) before pouring on the moulding line. (Reproduced by permission from Jeancolas et al.6)
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Figure 3.7 Making sand moulds using the vacuum process. (1, 2}
Pattern elements; (3) vacuum chamber; (4, 13) foils; (5) foil holder; (6)
heating; (7) sprue; (8) sand; (9) riser; (10) box; (11) tubes; (12)
collector. (a) Preparation of pattern plate and boxes; (b) heating of the
foil; (c) fitting of the foil; (d, e) filling with sand; (f) vacuum turned on;
(g, h) assembly of the moulds; (i) moulding of the sprue. (Reproduced
by permission from Lewandowski?)

metal is fed to the thin sections; a great number of the
ingates of small cross-section and quick pouring ensure
simultaneous solidification.

(2) For heavy castings which require intensive feeding during
their solidification (e.g. cast steel, malleable and ductile
cast iron, brasses, and copper—~aluminium and copper-
nickel alloys) the metal must be fed to the thick walls of a
casting; thus it is advantageous to feed the metal through
feeders and to ensure slow pouring of the mould. This
will give directional solidification.

Calculations associated with the gating system consist in
determining the pouring time, the pouring temperature, and
the sprue-runner—gate ratios. The time of pouring for ferrous
alloys is given in Table 3.4. The results reported therein were
obtained assuming that optimum conditions for filling the
mould cavity exist only for a shorter time than the time for
alloy cooling in the narrowest cross-section of the mould
cavity, in the range of the pouring and liquidus temperatures. ®

The starting point for the calculations associated with gating
systems is to determine the optimum time of pouring () or the
optimum speed of the metal rising in the mould (Vy) . In the
case when moulds are poured from tilting ladles there are
numerous formulae, both theoretical and practical; for
example:

t = s - 8% for cast iron!

where 8 is the wall thickness, s is a coefficient (s = 12.6 for
green-sand moulds; s = 23.0 for dried-sand moulds).?

The calculated time of pouring is used to calculate the speed
of the metal rising in the mould cavity:

>
1
[
=

Figure 3.8 A typical gating system. (Reproduced by permission from
Skarbiriskis)

Vf=

-0

where C is the height of the mould cavity.

The calculated value of V; is checked with the values of V;
given in the literature (Table 3.4 and Figure 3.9).

Once the pouring time has been determined, the smallest
cross-section of all the elements of a gating system is calcu-
lated using

A= g for cast iron
m
and
_9Q
A= g for non-ferrous alloys

1

where A; is the cross-section of the ingates (cm), A is the
cross-section of the sprue (cm), Q is the mass of alloy in the




mould (kg), and m and m, are mould-pouring-rate coefficients
(kg em 2571,

The value of A; or A is used as the basis for calculating the
remaining dimensions of the gating system. For this purpose

Table 3.4 Optimum values of the linear mould pouring rate (cm s~1)
for a height of C = 10-150 cm®

8 (mm)
Alloy 4 4-7 7-10 1040 >40
Cast iron 3-10 2-3 2-3 1-2 0.8-1
Cast steel — — 1 1 0.8
Light alloys 3-10 2-7 1.54 0.828 0.5-1.4
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the practically tested values of the sprue-runner-gate ratios
A, A, 1 A; are used. Values of this ratio are given in Table
3.5.

Steel castings are characterised by different conditions of
pouring. The use of bottom-stoppered ladles instead of tilting
ones is characterised by a low flexibility in the outflow of the
liquid steel from the ladle. The discharge of liquid steel is
limited by the diameter of the tapping hole in the ladle and by
the height of the column of liquid steel in the ladle. Therefore,
the size of the ladle and the diameter should be adjusted to the
size of the castings.

The formulae used to determine the pouring time are:

t = a VG for castings of weight G = 15 ton

¢t = b*V8G for castings of weight G < 15 ton
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Figure 3.9

Nomogram for calculating the dimensions of a gating system. (Reproduced by permission from Baranowski'4}
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Table 3.5 The ratio of the cross-sectional areas of the sprue to that
of the runners and ingates

Alloy A; A, A
Grey cast iron 1 1.1-1.4 1.2-1.6
Malleable cast iron 1 1-1.2 1-1.3
Ductile cast iron 1 1.4 1.5-1.8
Cast steel i 1-1.2 1.1-1.4
Copper alloy 1 2 1
Copper—aluminium alloy 2-4 2-4 1
Aluminium ailoy 2-6 1.2-2 1

where a, b, and p are coefficients and G is the casting weight
(kg)-

Due to the low flexibility of the system, the down-gate must
receive the whole volume of the alloy flowing out from the
ladle. Hence the discharge of the liquid steel from the ladle
(Q)) and the volume received by the mould (Q¢) are equal:

G
Q= Q=" =mVatAp = usV2gH Ap (33
where A, and A, are the cross-sectional areas of the tapping
holes in the ladle and the down-gate, respectively, u; and
are coefficients of the flow resistance in the ladle (0.8-0.95)
and the mould (0.25-0.5), H, is the mean metalostatic press-
ure of the alloy in the ladle, and H, is the static pressure of
the metal in the mould.

After calculating the diameter of the tapping hole in the
ladle (25-55 mm) and rearranging equation (3.3), the cross-
sectional area of the down-gate is given by

H
A=a2 22
me Y Hg

In the further course of the calculations the sprue-runner—gate
ratios (Table 3.5) are used.

3.2.5 Risers

During solidification of an alloy, shrinkage cavities are formed
in those parts of a casting which solidify at the lowest rate (hot
spots). These parts must, therefore, be fed with molten metal.
This is possible through proper control of the solidification
process in such a way as to locate the shrinkage cavities
outside the hot spots in the feeding part. This is done by means
of risers connected directly to the hot spots. Risers fulfil their
task only when:

Table 3.6 Maximum feeding distance of risers*

Alloy Wall A K A+K
thickness
(mm)
Carbon cast steel <25 2.5d 3.5d 6d
< 0.3%C 50-200 2.5d 2d 4.5d
0.3-0.4%C 15-40 2.5d 3d 5.5d
Malleable cast iron 6-10 — — 11d
Bronze 10-40 2d 2d 4d
Aluminium alloy 25 — — 5d

* For definition of A and K see Figure 3.11.

(1) there is directional feeding (solidification) from that part
of the casting which is most remote from the foot of riser;

(2) the time of action of the riser (time of solidification) is
longer than the time of solidification of a hot spot; and

(3) the liquid alloy in the riser absorbs gas and non-metallic
inclusions.

In addition, risers must:

(1) be easy to remove and not hinder the transfer of heat
from the casting (overheating of the moulding sand); and
(2) not hinder the casting contraction.

The parameter which characterises in a consistent way the
process of casting solidification is called the modulus of
solidification (M). This is determined® as the casting volume/
cooling surface ratio M, or as the ratio between the casting
cross-sectional area (hot spot) and the circumference of this
cross-section, M;. The solidification modulus is sometimes
replaced by the concept of ‘reduced wall thickness’.

For intricate castings the calculation of the modulus M
appears at first to be somewhat complicated. However, the
problem is simplified because:

(1) the value of M for the whole casting is only calculated for
large, simple castings; and

(2) in the majority of cases M is calculated only for that part
of a casting which acts as a hot spot.

The casting solidification modulus M, is given by
2
M, = Y—% or M; = —I-:-L
F, 0;
where V, is the casting volume, F_ is the cooling surface of the
casting, Fj is the cross-sectional area of the hot spot, and Ojis
the circumference of the hot spot.

To preserve directional solidification, the solidification mo-
dulus of a riser M, should have values higher than
Myx M, =12M, to 1.3M, for cast steel, non-ferrous alloys
and nodular graphite cast iron, and M, = 0.2M, to 0.8M,, for
grey cast iron, where M, is the ratio of the riser volume to the
cooling surface of the riser.

The calculation of most riser volumes can be done using the
reduced formula

V= M,F + Vg (3.4)

where V, is the riser volume, M, is the modulus of the
protected part (the riser is divided into two parts—the pro-
tected part and the fed part), and V, is the volume of the fed
part of the riser.

Equation (3.4) can be used to calculate the riser volume
required for an arbitrary alloy and for an arbitrary shape of
riser, providing that the riser cooling rate is low. The calcula-
tion of riser dimensions has now been simplified by the
availability of nomograms or computer programs,* which can
be used to calculate and check in practical application the
volume of risers. Results are compiled in the form of tables
giving the shape and size of risers. An example for risers
having a height/diameter (h/d) ratio of 1.5 is shown in Figure
3.10.

The next operation is to calculate the number of risers.
Although the riser should feed each hot spot which occurs in a
casting with metal, for flat and long walls use of a riser does
not ensure the elimination of shrinkage cavities since the range
of its effect is limited. It is assumed that the range of effect of a
single riser is equal to 4M,,. Section A in Figure 3.11 is free of
any shrinkage defects, due to the boundary effect (heat
transfer through a mould) that acts there. The range of effect
of the riser depends on the cast wall thickness and on the type
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Figure 3.11 The range of effect (K) of a riser. (Reproduced by permission from Skarbiriskis)
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of alloy; the height of the riser does not play any part in its
range of effect (Tuble 3.6).

3.3 Pressure die casting

Pressure die casting is one of the few technologies which in
recent years have shown definite growth in usage. This is due
to advantageous market conditions in the automotive, electro-
nics and household goods manufacturing industries.

Pressure die casting involves exerting pressure on the liquid
metal. Filling of the metallic mould, referred to as a die, is
achieved due to a positive gauge pressure (10-70 MPa) of air
or nitrogen in the case of low pressure die casting, or by means
of a mechanical plunger, which can exert up to 200 MPa, in
the case of high pressure die casting.

Pressure-casting dies are most often used to manufacture
aluminium alloy, zinc alloy or copper alloy castings; they are
also used for casting steel. In the majority of cases dies are
made of steel. The die cavity is made of steel characterised by
a strength of 700-1100 MPa for low-melting-point zinc alloys
or 1200-1600 MPa for copper alloys. These are usually steels
containing 1-5%Cr and 0.3-1.1%Mo or 11-12.5%Cr and
0.3-1.2%Mo, in addition to nickel and vanadium.

Compared with other foundry technologies, the pressure die
casting process has a number of advantages:

(1) a very high production rate (up to 500 pourings per
hour);

(2) good dimensional tolerances (0.03-0.07 mm);

(3) it is possible to cast thin-walled (0.3 mm) details; and

(4) high surface finish and high yield of metal (up to 95%)
are obtained.

These characteristics of the process enable elimination of
machining and fettling of castings and as much as 40%
reduction in the weight of castings. However, the process also
has some disadvantages, e.g. high capital costs of the pressure
die casting machine and of the new dies, and its application is
limited to low-melting-point alloys and castings of low weight.

3.3.1 Low pressure die casting

This process is used for the manufacture of castings which

would require the use of large risers in gravity die casting and

for thin-walled intricate castings. It is most widely used in the

automotive industry (engine cylinders, heads and cylinder

blocks) and in the electronics industry (parts of motor rotors).
The advantages of low pressure die casting are:

(1) higher productivity than gravity die casting;

(2) easy mechanisation;

(3) lower investment outlays for machining and fettling; and
(4) areduced gating system (risers).

There are two types of low pressure die casting machine. In
the first type gas pressure is exerted only on the liquid alloy
and the walls of the crucible. The machine includes the
following elements: a furnace, a timing device, and a gravity
die casting machine. Usually, resistance or main frequency
induction furnaces are used as the crucible. The timing device
is an auxiliary unit which serves to feed compressed air from
the cylinder or central supply system, to reduce and stabilise
its pressure and, after solidification of the casting, to remove
the applied gas. Modern designs are equipped with automatic
pressure-controlling devices and appropriate time relays. They

control the whole casting cycle and facilitate the operation of
machines.

The crucible in a furnace is sealed with a plate on which the
casting machine is placed. Under the effect of positive gauge
pressure, the liquid alloy is squeezed out of the crucible and
fills the die cavity. Since the pressure does not drop, contrac-
tion during solidification is compensated for by permanently
supplied liquid alloy—this either eliminates or reduces the
need for risers.

The metallic mould (die) is made of cast iron and the cores
may be made from sand mixture or steel. Since it is possible
that cores made of moulding sands might suffer some defor-
mation, the velocity of flow of the alloy in the gate (Figure
3.12) should not exceed 1.5 m s~!. The die cavity is coated
with a layer of TiO, or Al,O; with an addition of CaCO;,
while the die is preheated to a temperature of 573-723 K. The
temperature used depends on the wall thickness of the casting
and on the type of alloy cast.

In the second type of machine, gas pressure is not only
exerted immediately above the liquid alloy, but also inside the
whole furnace. An example of such a design is shown in Figure
3.13. The furnace is equipped with two crucibles. The external
cast iron crucible encloses a graphite crucible in which the
liquid alloy is held. The temperature is measured at two
places: with an immersion thermocouple in the graphite
crucible, and in the space between the cast iron crucible and
the furnace lining (4 in Figure 3.13). The molten alloy flows
through a cast-iron pipe (5) heated from the outside by a
heating coil. The furnace chamber is sealed by means of a lid
(6) and the asbestos lining which adheres to a flange of the
cast-iron crucible (2). The cycle of pouring is mechanised and
is based on automatic adjustment of alloy temperature and on
a control system which includes the time relays.

Automation of the manufacturing cycle usually covers the
assembly and removal of a die and filling of the die cavity. The
process is controlled through measuring the pressure above
the level of molten alloy, the temperature of the molten alloy,
and the level of the alloy in the crucible.

Modern machines for low pressure die casting are equipped
with a die pouring rate control system. The principle of
operation of these machines is by casting with counter-
pressure. A characteristic of this method is the possibility of
pouring the alloy into a die at a pressure higher than atmos-
pheric pressure. A variation of this process is shown in Figure
3.14. At the starting position in this process, the compressed
air is fed to an area above the surface of the molten metal (Pg)
as well as to the die (3). By turning the device to position II,
the die cavity is filled with molten metal due to the effect of
gravity.
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Figure 3.12 The velocity of flow of an alloy in a gate. (Reproduced
by permission from Frommer and Lieby'")



Figure 3.13 Low pressure die casting machine. (1) Crucible; (2)
exiernal crucible; (3) housing of the fumace; (4) thermocouple; (5)
heat resistant tube; (6) cover; (7) chill; (8) heating; (9} moveable plate.
(Reproduced by permission from Green?)

Figure 3.14 Casting of molten metal by counter-pressure. (1)
Crucible with molten alloy; (2) bottom outlet; (3) mould. (a~c) Valve
system for the compressed air. (Py, P,) Pressure (P, > P,), (R)
pressure vessel. (Reproduced by permission from Balewski and
Dimov10)
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3.3.2 High pressure die casting

Unlike in the gravity die casting process, in high pressure die
casting machines the liquid metal flows into the die cavity at a
pressure of 7-70 MPa. There are two types of machine: hot
chamber machines for low-melting-point lead, tin and zinc
alloys, and cold chamber machines used for aluminium,
magnesium and copper alloys. In the former type of machine it
is possible to exert a pressure of 7-15 MPa on the liquid metal,
while in cold-chamber machines the pressure can exceed
200 MPa. The design of a die is determined by the tempera-
ture of pouring, the alloy castability, the shape and dimensions
of a casting, and the type of pressure die casting machine used.
Nowadays, the most popular machines are of the hot chamber
plunger type in which a high pressure (10-60 MPa) is used.

The plunger is usually hydraulically driven, which makes it
possible to exert a pressure of up to 300 MPa on the liquid
alloy with the die locking force amounting to 100-5000 ton.

In cold-chamber machines the liquid alloy is kept in a
separate furnace outside the machine. An exact quantity of
liquid metal is carried in a bucket and poured into the pressure
chamber.

In hot-chamber machines the liquid alloy is kept in a
crucible directly connected to the pressure chamber. Pressure
is exerted on the liquid metal in the crucible, and the metal is
then transported under a pressure to the die chamber. In these
machines the liquid alloy remains in contact with the plunger
and the chamber, which affects the machine operation. This
restricts the application of hot-chamber machines, mainly to
the production of zinc castings.

The principle of operation of cold-chamber machines is
shown in Figure 3.15. The liquid alloy is poured into the
pressure chamber located in the horizontal position. Under
the effect of pressure the plunger pushes the excess alloy out
of the chamber in the form of a disk.

Horizontal-chamber machines have the following advant-
ages compared with vertical-chamber machines:

Figure 3.15 Principle of operation of a cold-chamber machine.
(Reproduced by permission from Dariko'2)
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(1) the molten alloy has a shorter path to pass through from
the pressure chamber to the die cavity;

(2) the plunger has better guidance because it does not leave
the chamber;

(3) the lubrication of the plunger is easy to mechanise; and

(4) the yield of metal is higher because of the smaller gating
systems.

The limitations of horizontal-chamber machines are their
greater overall dimensions, and the necessity to provide a
better venting system for the die cavity.

A typical pressure die casting machine is shown in Figure
3.16. The technological process of making a pressure die
casting consists of the following stages:

(1) preparation of the die cavity, including venting and
lubrication;

(2) filling the die with liquid alloy; and

(3) consolidation and ejection of the casting.

With regard to casting quality, the consolidation stage is
most important. The main task of the squeezing system is to
control the increase in pressure during the filling of the die
cavity. This factor is very important in view of the way in
which the die is filled and the application of pressure.

The following is a typical cycle in the pressure die casting
process:

(1) the molten alloy strikes the opposite die wall and its
stream is divided into streams flowing in the opposite
direction;

(2) the stream of molten alloy strikes the opposite wall and
loses its kinetic energy, resulting in a whirling motion of
the metal;

(3) the filling of the die proceeds from the opposite wall with
intensive whirling of the molten alloy.

Such a die-filling mechanism requires certain operating
conditions of the machine and the squeezing system. The most
important factors which determine the operation of a pressure
die casting machine are:

(1) the locking force and unit squeeze pressure, as they
determine the choice of machine power according to the
size of the casting;

(2) the ratio between the casting volume and the volume of
the liquid alloy introduced into the chamber, as this
determines the dimensions of the die and the pressure
chamber;

(3) a constant pressure during pouring and solidification.

The three successive stages in an operating cycle of the
squeezing mechanism are shown in Figure 3.17. The vertical
axis in this figure refers to the pressure (P) and the plunger
travel (S) and the horizontal axis to time (f).

Stage I:  taking the air off from the chamber of consolida-
tion when the pressure exerted on the liquid alloy
is still low (1 in Figure 3.17).

increase in pressure and increase in plunger travel
speed (1-3 in Figure 3.17). Point 3 denotes the end
of filling and the termination of plunger travel.
this stage begins at point 3 with the turning on of
the hydraulic pressure multiplicator and ends at
the moment when the required pressure P is
reached (point 4 represents static pressure). This
is the consolidation stage (point 5).

Stage II:

Stage I1I:

An example of a system that controls the operation of the
machine is shown in Figure 3.18. The system controls the
plunger travel speed, the shot time, the consolidation time and
the pressure level.

Figure 3.16 A typical pressure die casting machine. (Reproduced by permission from the Bihler Catalog's)
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Figure 3.18 Control system for a pressure die casting machine. (1)
Cylinder; (2) speed indicator; (3) plunger rod; (4) control unit; (5) shot
cylinder; (6) valve

3.4 Investment casting

The investment, or ‘lost-wax’, process is widely used in the
manufacture of intricate castings of low weight. This technol-
ogy is particularly suitable for batch production. Surface
reproducibility is so good that castings need no further
machining. With this method it is possible to obtain castings of
wall thicknesses as thin as 0.5 mm.

The investment casting process has the following features:

(1) the use of expendable patterns;

(2) moulding in a slurry;

(3) moulds are bonded with an inorganic ceramic binder
which ensures exact reproduction of the pattern;

(4) the wax is melted out of the hardened mould;

(5) the mould is heated to remove gases; and

(6) pouring is done into a preheated mould.

The patterns are removed from the wax together with the
gating system and risers. The wax patterns with gating systems

Investment casting 3/17

are made in metallic moulds by injection or pouring. The
gating system allows for shrinkage of both the wax and the
alloy, and for the expansion of the mould on preheating.

Patterns are made of a mixture of beeswax, paraffin, ceresin
or other resins, usually in the form of blends, e.g. 50%
paraffin and 50% stearin.

The wax mixture is injected into the chill at 333-343 K.
After 3-10 min the pattern is lifted from the chill. When the
whole pattern assembly is to be intricate in shape, the patterns
and the gating system are made separately. After lifting out
the pattern, the flashes are removed. The single patterns of
the castings are joined with the gating system to form a cluster
(Figure 3.19). The patterns and the gating system are joined
together by heating and surface melting of the parts which are
to be stuck to each other.

The manufacture of a mould consists of the following steps:

(1) preparation of the slurry;

(2) coating of the pattern cluster with a few layers of the
ceramic coating;

(3) melting out of the pattern;

(4) moulding of a ceramic shell; and

(5) preheating of the mould.

The slurry, of a refractory coating material, is prepared
from ethyl silicate solution, distilled water, acetone (or ethyl
alcohol) and hydrochloric acid. Examples of such composi-
tions used for coated-wax assemblies are given in Table 3.7.

The pattern assembly is immersed in the slurry several times
in order to obtain a uniform coating. After the pattern has
been removed from the slurry it is coated by sprinkling with
coarse sand and allowed to dry for 4 h in air. During drying
the coating hardens due to coagulation of silicic acid and
evaporation of acetone and water.

To confer upon a mould certain durability, it is necessary to
apply further coatings. The number of coatings applied de-
pends on the weight, shape and degree of complexity of the
casting and on the material cast. Usually 3-8 layers are
applied. The second and subsequent coatings are of the
materials listed in Table 3.8.

Successive layers of coating can also be applied by immers-
ing the coated-wax assembly in the slurry on a vibrating table.
As the table vibrates, the moulding material surrounds the
patterns. Each new layer is sprinkled with sand and then
allowed to set in air.

The next operation consists of melting the wax out of the
assembly. This is done at a temperature of 353-363 K for
15-30 min. If melting out is done in water, the moulds must
subsequently be dried. For drying and preheating, empty
moulds are put into containers, surrounded with clean sand
and heated to 1150-1320 K (ferrous alloys) or 920 K (alumi-
nium alloys).

The temperature of preheating of moulds is determined by
the pouring temperature required for a given alloy and the
casting design. The heating and melting out operation must
completely remove wax and gas-forming particles from the
mould.

Casting is carried in by means of either a gravity feed
process or a centrifugal method. After cooling, the casting is
cleaned.

3.4.1 The Shaw process

The Shaw process is a variation of the investment casting
process. Its features are:

(1) excellent reproduction of the casting shape, and
(2) very good accuracy and surface finish.
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Figure 3.19 Investment casting. (a) Casting of pattern in the chill; (b) collecting of patterns with pouring system; (c) making of the shell in the
slurry (up to 810 shells); {d) covering each shell with powder; (e) drying or hardening of shells; (f) removal of patterns by melting; (g) annealing;

(h) pouring

Table 3.7 Coating mixtures used in the 'lost-wax’ process

Materials Application

94 parts of 325-mesh silica,

56 parts of 325-mesh alumina,

37 parts of 40-mesh silica,

80 parts of liquid (4 parts of sodium
silicate, 1 part of 2% polyvinyl
alcohol)

High-melting-point
alloys

90% silica, 6% magnesia, Cast steels
3% ammonium phosphate,
1% sodium phosphate,

water or 1% hydrochloric acid

52% SiO,,

45% Al,O3 + TiO,,
0.87% Fe,05
Molichite*

* From English China Clays Sales Ltd.

The moulds are expendable, and are made using permanent
patterns. This process is particularly suitable for the manufac-
ture of castings made of high-melting-point alloys such as cast
steel. The dimensional accuracy of steel castings of dimensions
up to 25 mm is +0.08 mm, whilst for dimensions above
370 mm the accuracy is £1.14 mm.

Table 3.8 Second and subsequent coatings used in the ‘lost wax’
process

95% sand, 5% alumina cement; then 30% water
additionally

90.6% sand, 7.1% calcium phosphate, 2.3% MgO; then
51% water additionally

1460 g of clay/silica flour (3 : 17), 800 ml of ethyl silicate
(No. 40)/denaturated ethyl alcohol/HCI in water
(37.5:60:2.5)

The moulding mixture is composed of a fine-grained ma-
terial (e.g. MgO, MgO-Al,0; or Zr0,-Si0,), a binder (e.g.
hydrolysed ethyl silicate) and a hardener, which is a gelling
agent. The hardener causes a change in the consistency of the
moulding sand: it changes from a dense liquid to a plastic
composition and then to a ceramic shell of high strength at the
final stage.

Moulds are made by the following techniques.

(1) Block (monolith) moulds—the whole mould is made of
the Shaw composition; these moulds are used in unit
production; they are expensive,

(2) Two-layer moulds—the mould is made of two types of
the Shaw composition; these moulds are used for art
castings.



(3) Shell moulds—these are manufactured by means of pres-
sing; they are used for medium-sized castings in an
automated production cycle.

(4) Metallic moulds—these are cast iron moulds lined with
the Shaw composition.

(5) Composite moulds—one layer is made of the Shaw
composition and another layer is made of a filler (i.e. a
mixture of chamotte and water glass); this method en-
ables savings of up to 60% total costs.

The ceramic material used to prepare the Shaw composition
is usually mullite (3A1,05-2Si0,) or zirconium silicate
(ZrO,-Si0;). The Shaw composition is characterised by high
refractoriness, low expansion, absence of molten alloy, mould
reaction, and low price.

The binder is hydrolysed ethyl silicate of pH 1.5-3.0.
Alcohol, water and acid are used for hydrolysis. The acid is
usually concentrated HCl; sulphuric or orthophosphoric acids
are occasionally used.

The gelling material is an ammonium salt or carbonate. The
binding rate of the Shaw composition depends on the amount
and type of hardener introduced into the mixture of binder
and ceramic material.

The process of making two-layer moulds is shown in Figure
3.20. Two patterns are used here. One is an oversize pattern
made of wood or plastic and characterised by a low grade of
accuracy. It is 8-10 mm larger than the mould, i.e. it is larger
by the thickness of the facing sand layer made of the Shaw
composition. After placing this pattern on a plate, the box is
filled with filler (e.g. a chamotte mixture) and hardened with
CO,.

After hardening of the mould, the oversize pattern is
removed, and the mould is placed on another pattern plate
with a pattern exactly reproducing the shape of a casting. This
pattern determines the accuracy of the casting and, therefore,
must be made with great precision. The mould cavity is then
filled with the Shaw slurry. After hardening, the mould is
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turned over, the pattern lifted off and the alcohol is burnt out
from the Shaw composition. During this burning out process
water is removed from Si(OH),4 and the sand loses its elastic-
ity, becomes rigid and acquires proper strength. If burning out
begins immediately after lifting off the pattern, the surface of
the mould is covered with small grazes. These are small
enough to keep the molten metal from penetrating them, but
they increase mould permeability and its resistance to temp-
erature variations. Further increase in the mould strength and
stability takes place during baking at temperatures of
1173-1273 K.

If the mould is not burnt, the surface of the mould cavity is
hardened using a special mixture. If burning is not applied,
volatile matter is not removed from the mould and micro-
cracks are not formed. Hence, with no burning, mouid
permeability is lower and the mould is suitable for the
manufacture of cores.

3.5 Shell moulding

This is a variation of investment moulding which can be fully
mechanised. The process, invented by J. Croning in 1944, is
used very widely because of its high dimensional accuracy
(£0.003 mm). This accuracy is due to the use of pattern plates
with stabilised dimensional deviations (<0.025 mm). Other
advantages of this process include:

(1) reduced consumption of moulding materials;

(2) higher productivity per square metre of foundry shop;
(3) long bench life of moulds;

(4) reduced costs of knocking out, fettling and labour; and
(5) elimination of machining.

The disadvantages of the shell moulding process are the
high cost of pattern plates and resin, and limited weight of
possible castings.

®

Figure 3.20 The making of two-layer moulds. (1) Enlarged pattern; (2) making of the mould with backing sand; (3) proper pattern; {4) facing sand
(with ethyl silicate); (5) drawing of pattern; (6) drying. (a) First stage: making the mould; (b) second stage: making the proper shell
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The process is, therefore, applied in large production runs
in the automotive and precision parts industries.

In the Croning process, the main materials used are washed
silica sand (97% silica), resin (phenolic and aldehyde) and a
hardener (usually hexamine).

After mixing the sand and resin the process of hardening
occurs only after heating the sand to a certain temperature.
Thus it is possible to store the sand in the place where it was
prepared and then to carry it to the moulding stand.

The sand used in this process should have a grain diameter
of 0.1—0.15 mm and a sintering point of 1620 K. The sand
may contain up to 0.5% iron oxides and up to 0.5% car-
bonates.

The binder for the sand is a resin which, during the
formation of a shell, will first form a thin layer and then
undergo hardening. Resins used for this purpose are furfuryl
or polyester (saturated or unsaturated) resins.

Shell moulds are made in the following way. The pattern
plates are coated with a material which facilitates the separa-
tion of the shell. These are usually silicon oils, wax or
kerosene.

The steps involved in the shell moulding process consist of:

(1) coating the pattern plate or core box with a parting
agent;

(2) heating the plate to 500-530 K; and

(3) pouring the sand onto the plate and waiting until a
5-8 mm thick shell is formed.

The excess sand is then removed and the shell heated to
620 K for further hardening. Both mould halves prepared in
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this way are joined together, either mechanically or with a
glue, placed in a container and surrounded with coarse sand.
At this stage the mould is ready for pouring. Similarly, cores
can also be made as a solid or in halves.

A typical machine for making shell moulds is shown in
Figure 3.21. The machine comprises a blower fitted with a
membrane squeezing system. The resin-coated sand (1) is
introduced under pressure through ducts (2) into a space
between the pattern plate (3) and the contour plate (5).
Attached to the contour plate is an elastic membrane (4). The
sand is blown into cavity B, and then the compressed air is
blown into cavity A. The air presses the sand to the pattern
plate through the membrane. The space between the heated
pattern plate and the box is sealed with a rubber which is
resistant to the prevailing temperature.

Sand with 3.5% resin is fed from the tank (8). The blowing
time is 1-1.5 s at a pressure of 6 X 107 Pa. After filling the
box, squeezing is done for 5 s at 1.5 X 10° Pa pressure.

Another technique of making shell moulds is the hot-box
process. This process consists of shooting or blowing the sand
mixture into a hot core box (480-500 K) and holding it there
until hardening takes place.

The core boxes used in the hot-box process are made of cast
iron or cast steel; they are heated either electrically or with
gas. The heating elements are a part of the shooting machines
and their operation is automatically controlled. After heating
to 450-550 K the core box is coated with a parting agent
(water emulsion of silicon oils, or wax), and the sand is then
shot inside. After hardening of the external layer of sand the
cores are removed automatically.
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Figure 3.21 Machine for making shell moulds. 1, Resin coated sand; 2, duct; 3, pattern plate; 4, elastic membrane; 5, contour plate; 6, bottom
flask; 7, nozzle outlet; 8, reservoir with resin coated sand; 9, nozzle; 10, air valve. A and B, cavities. (Reproduced by permission from Dariko'?)



3.6 Sintering

As one of the processes of powder metallurgy (powder
production, mixing and blending, compaction, sintering and
testing), sintering has found wide application in the manufac-
ture of new types of material.

The use of powder metallurgy has enabled the fabrication of
alloys which cannot be produced by melting and casting and
the development of high-strength materials, composites,
refractory compounds, and dispersion strengthened metals.

The final properties of a sintered material depend on the
properties of the materials used for the manufacture of the
powders and on the properties of the mass powder. The latter
are determined by structure, the density, the melting point of
the particles, the average size and shape of the particles, the
particle size distribution, the specific surface of the particles,
and the friction conditions.

The powders are manufactured by milling, grinding and
crushing of solids. If the metals are in the liquid state, powder
is produced by atomisation, i.e. by breaking up the molten
stream into gases or liquids. The particles are mixed to obtain
the required powder characteristic. The essence of the process
is shown in Figure 3.22. The desired particle size and size
distribution are obtained by crushing, milling (ball or rod) and
grinding.

The next stage in powder metallurgy is the mixing of
powders. The aim of this process is to introduce the alloying
elements, binders (glycerine, camphor, or spirit) or sliding
agents (e.g. graphite, oils, wax, or paraffin in amounts of
0.3-1.0%). Alloying elements are added to obtain certain
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predetermined technological and mechanical properties of
the sinters. Sliding agents are used to obtain a more advan-
tageous distribution of pressure during the subsequent process
of consolidation. Binders are added when the alloying
elements differ in terms of density or particle size from the
base powder.

During mixing of the powder changes occur in the particle
size (disintegration) and surface structure (oxidation). In
addition, during mixing there is also abrasion of the particles
due to the presence of the introduced additives and due to the
walls of the mixer.

The next stage in powder metallurgy is the consolidation of
the powders. Moulding of powders into objects of a given
shape is carried out with or without the application of press-
ure. Without the application of pressure compaction involves
unidirectional and isostatic pressing, rolling, forging and
explosive compacting. When pressure is applied, compaction
also involves slip casting, sintering of powder in the mould and
vibrational compacting.

One of the most popular methods of compaction is isostatic
pressing of powders. The method is applied in the case of
sinters of complicated or oblong shape. In sinters of this type
there are some local differences in density. When uniaxial
pressing is replaced by isostatic pressing these differences in
density are removed.

Isostatic pressing essentially consists of placing an elastic
mould (made of neoprene rubber, urethane or polyvinyl
chloride) and a powder in a chamber with compressed air or
liquid. This causes the same pressure to act simultaneously on
all parts of the mould (Figure 3.23) and enables the application

Figure 3.22 Compacting of powder in the sintering process: (a) pressing; (b) in an elastic mould; (c) by rolling
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Figure 3.23 Compacting a powder: (a) with stable mould; (b} with stable mould removed. 1, Stopper; 2, press chamber; 3, powder; 4, mould; 5,
plunger
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Sintering temperature

Figure 3.24 The effect of temperature on the properties of powder compacts. (1) Porosity; (2) density; (3) tensile strength; (4) grain size; (5)
electrical resistivity



of lower pressing pressures. Owing to these effects, isostatic
pressing can be used to consolidate hard and brittle powders as
well as to mould large and heavy sintered compacts.

The moulded powder compacts are subjected to tempera-
ture in order to strengthen the powder mass. During sintering
the powder compacts attain the required properties (Figure
3.24).

Sintering is a complex process and is accompanied by
phenomena such as:

O

2
(3)
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a change in the surface and crystal lattice at the grain
boundaries;

a change in porosity;

recrystallisation;

stress formation; and

changes in foreign constituents (gases and oxide films).
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4.1 The origin, nature and utilisation of
plastic flow

4.1.1 Introductory observations

The initiation of plastic flow owns its origin to a variety of
micro-effects associated with the application of an external
loading system, the level of which cannot be contained within
the elastic recovery capabilities of the material. The dimen-
sional change (or changes) becomes permanent and leads to
either a desirable accommodation of the metal within the
confines of the forming pass or, in extreme conditions, to
failure resulting in fracture.

There are two basic mechanisms of flow. Usually, but not
always, the initiation of flow takes place when a sufficiently
high shearing stress forces the atoms of a crystal to move to a
new position of equilibrium. Since an individual atom cannot
change its position without affecting the neighbouring struc-
ture, the movement will be possible only if a whole layer of
atoms moves along. Slipping of the crystalline structure is thus
effected and occurs along the planes of highest atomic density.
If the load associated with the shearing stress does not exceed
a critical value, return to the original position of equilibrium
takes place on its removal and the elastic recovery is complete.
Generally, stretching is produced by interfacial slip which, in
turn, is independent of the value of the normal stress. Slip of
the material is made easier by the presence of dislocations or
metal-lattice defects. These are instrumental in producing
consecutive atom movement which allows plastic deformation
to occur.

Smaller plastic deformations can be produced by twinning
or by a shift, of constant atomic distance, in a specified
direction. A twinned crystal becomes distorted (in a mirror-
like fashion) along the twinning plane.

Although, on the microscopic scale, the mechanism of
yielding and the subsequent plastic flow are fairly well under-
stood, it is nevertheless very difficult to extrapolate from the
micro-condition to the macro-state with which engineers are
constantly concerned. It is for this reason that the concept of
continuum of matter is generally adopted and the macro-
effects are used as criteria of design and general operational
purposes.

Even with the acceptance of the continuum approach, it is
still clear that a differential in flow is likely to occur. Although
most materials are regarded as isotropic, or as continua in
which mechanical properties are independent of direction, in a
polycrystalline conglomerate lattice faults are usually present
and even on this level perfect isotropy is unlikely. Forming of
a metal—which takes place prior to the final manufacture of
the component—will impose a directionality of flow and a
consequent orientation of the grains. Clearly, therefore, direc-
tionality in properties must be expected and will be reflected
in the level and type of the material response when the
specimen is tested in two mutually perpendicular directions.
Anisotropy becomes a recognisable property which has to be
accommodated in the computation of the relevant numerical
values.

A particular case of a micro- rather than macro-anisotropy
is that of the Bauschinger effect which manifests itself in the
reduction in the level of the yield strength of the material on
reversal of the direction of plastic deformation imposed.

The Bauschinger effect is associated with the anistropy of
the individual grains which, on application of a specific load,
find themselves either in the elastic or plastic state. The
subsequent removal of the load produces a conglomerate that
varies in its properties and remains residually stressed. If the
type of stress imposed thereafter corresponds to the prevailing
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residual, yielding will occur at a lower stress level than the
original condition of the material would suggest.

Although the realisation of the presence of these pheno-
mena and the understanding of their effect on plastic deforma-
tion are of relatively recent origin, the lack of this knowledge
has never, in recorded history, prevented the human race from
utilising the empirically established facts.

Metal forming, i.e. changing the shape of the material
without actually removing any part of it, was practised at least
3000 years ago in Egypt, where hammer forging to produce
gold sheet, cut subsequently to make wire, is recorded in the
Bible to have taken place. Rolling in wooden mills was
employed to manufacture papyrus. Manual swaging and wire
drawing were well established in the Middle Ages but,
naturally, were limited in scope by the power available. It was
only with the advent of the Industrial Revolution that progress
was made and processes like extrusion and cross and longitu-
dinal rolling became available. But even here, the restrictions
imposed by the low quality of tool materials, lubrication
problems and the lack of understanding of the basic precepts
of plasticity impeded progress until, in some cases, well into
the twentieth century.

The ever-increasing demand for high quality pro-
ducts—often of sophisticated shape in difficult to process
materials—economically produced, fabricated or semi-
fabricated, combined with the rising cost of metallic engin-
eering alloys has focused attention on metal-forming processes
and techniques.

The emphasis here lies on the ‘chipless’ approach to shap-
ing. This provides an economical, direct means of converting a
cast ingot to slab, plate, billet or bloom and then—in another
chipless operation—of changing these basic shapes into pro-
filed finished or semi-finished products. The avoidance of the
removal of the material during a forming operation enhances
the economics of the process by reducing wastage associated
with the swarf-producing machining. Whereas the latter has,
of course, a very considerable and necessary role to play in the
range of manufacturing activities, its indiscriminate use (a
feature of the early years of plentiful supply of cheap labour
and materials) is no longer acceptable when high tonnage of
accurately manufactured product can be obtained at a much
lower cost.

In the most simplistic terms, the desired change in shape is
effected either in the cold, warm or hot state (the latter below
the melting point of the material) by the application of
external forces, pressures or torques of sufficient magnitude to
induce plastic flow, and thus a permanent set, of the material
through the forming pass. Depending on the operation, the
material is forced to flow between driven rolls, through (or
into) open or closed dies, or between sets of dies and rolls.
Solid or hollow sections are thus produced from the initially
solid blocks of metal.

The standard basic operations are:

(1) rolling (flat, oblique or longitudinal),

(2) extrusion (axisymmetrical or asymmetrical),

(3) drawing (solid or hollow components},

(4) sheet forming (deep drawing, bending, pressing or bulg-
ing),

(5) forging (solid and hollow sections), and

(6) cropping (shearing and piercing).

Within the compass of any of these operations, a number of
variants exists which reflects not only a variety of manufactur-
ing routes and subroutes, but also the nature, properties and
characteristic responses of the processed materials. Modern
metal-forming technology makes use of solid and semi-solid
(‘mashy’ state), and superplastic, as well as explosively pre-
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wedled metallic composites and dynamically compacted parti-
culate matter. Mixtures of metallic and/or ceramic and poly-
meric materials are formed to manufacture composites of very
specific properties. The problem of forming these into desir-
able shapes presents the engineer with new and often difficult
situations to solve. Selection of the appropriate forming
process, the tool design, the effects of the pass geometry on
the final physical and mechanical properties of the product,
the dimensional accuracy, and the achievement of the as near
as possible final shape in the minimum of operational stages
have to be faced.

The apparently simple sequence of ingot-slab-semifabri-
cate—finished product becomes complex unless there is good
understanding of the basic characteristics of the individual
processes and an appreciation of the principles of the theory of
plasticity, as well as that of the concepts of tool and process
design. The bases for and fundamentals of the major processes
and technological developments are discussed in the following
sections of this chapter, but detailed treatment of the indi-
vidual topics is only indicated by reference to the appropriate
literature.

4.1.2 Classification of processes

For a given application, the selection of the correct process
necessitates the introduction of a criterion of process classifi-
cation. Since hot working homogenises and refines the crys-
tallographic structure of the material and thus, ultimately,
improves its strength and toughness, whereas cold working
increases strength, hardness, dimensional tolerances and im-
proves surface finish, these temperature-induced effects are
often used to differentiate between the various manufacturing
methods.

Important as the processing temperature is, in some cir-
cumstances other criteria of classifying metal-forming pro-
cesses may well be more appropriate. From a purely manufac-
turing point of view, quantity and shape may have to be
considered, while the likely response of the processed material
to the level and/or rate of stressing, as well as the manner of
application of the forming load system, may offer a better clue

Table 4.1 Classification of dynamic regimes

to the desirability or otherwise of using a particular technique
or operation.

The parameters that characterise forming operations give
rise to the following possible classification systems:

(1) operational temperature (hot, warm or cold forming),

(2) shape effect (bulk or sheet forming),

(3) operational stress system,

(4) operational strain rate,

(5) starting material (ingot, slab, billet, bloom, slurry, or
powder).

4.1.2.1 Operational-temperature criterion

The idea behind the subdivision into hot, warm and cold
processing of materials is not only to indicate the nature of the
operation, but also to draw attention to the plant and ancillary
equipment needed, to the level of force parameters required,
and to the likely metallurgical response of the processed
material.

An outline of this classification scheme, including only the
basic operations, is given in Figure 4.1.

Starting with a cast ingot, the primary hot operations of flat,
billet and slab rolling, and slab forging will produce the
starting stage for the secondary, further processing of the slab
into plate, billet or a large forging. These, in turn, will form
the first step in the manufacturing route of a more sophisti-
cated, profiled product. Hot operations are carried out at
elevated temperatures exceeding annealing and normalising
ranges and, consequently, yield a hot-finished product show-
ing a relatively low level of flow stress. However, the force
parameters required match the mechanical properties of the
material and are also relatively low. It follows that the rate of
wear of the tooling can be kept at an economical level
especially if the lubrication problems are well under control.

To improve the mechanical properties of the product, while
at the same time keeping the loading at a moderate level,
warm processing is used. Here, the temperatures are well
above ambient but, equally, well below the hot-processing
range, and usually slightly less than for recrystallisation. The
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Usual method Constant load or Conventional Fast-acting High velocity Light gas gun or
of loading constant stress hydraulic or hydraulic or impact devices, explosively
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impact devices cutting
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considerations in test wave effects in wave propagation,
testing specimen and propagation fluid-like
testing machine behaviour
Isothermal Adiabatic
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increased material ductility is sufficient to reduce the power
requirement of the plant. Cold-working conditions are con-
fined to ambient temperature and are characterised by a high
energy requirement—necessitated by large operational forces
and/or torques—but result in very high quality final product
displaying both good dimensional tolerances and mechanical
properties.

A rough guide to the temperature ranges can be obtained by
considering the operational temperature/melting point ratio.
On this scale, hot working takes place when the ratio is >0.6,
warm working when the ratio is 0.3-0.5 (the latter corresponds
to recrystallisation conditions), and cold when the ratio is
<0.3.

4.1.2.2 Shape-effect criterion

The effect of shape reflects the geometry of both the initial
and final component and, consequently, the nature of the
change imposed on it by the forming operation.

A process in which a component of a relatively small initial
surface area/thickness ratio is deformed in such a way that the
ratio is increased, is often classed as a ‘bulk deformation
operation’. On the other hand, the component of an initially
high surface area/thickness ratio, shaped in a process which
does not impose any change in the thickness but effects shape
changes only, is said to be ‘sheet formed’. Any change in the
thickness of such a component can easily lead to tensile plastic
instability and incipient, localised yielding.

Bulk processes are those of rolling, extrusion, forging and
solid- and/or hollow-section drawing. Bending, pressing, deep
drawing, spinning and shearing are the main sheet-forming
operations.
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4.1.2.3 Operational-stress system

Because of the inherent severity of many forming processes,
particularly the rotary ones, a consideration of the type and
property of the induced stress field is of primary importance.
The success of the operation may well depend on its compati-
bility with the properties of the processed material.

The presence of tensile and compressive stress fields results
in the appearance of shearing stresses which, in turn, lead to
the sliding of molecular planes and, eventually, to the yielding
and plastic flow of the metal. Stress systems containing these
components are most likely to give rise to plastic flow which, if
it is controlled, will produce the desired amount of deforma-
tion.

Purely compressive or tensile systems create conditions of
hydrostatic pressure in a triaxial field (absence of shear), or
produce shearing stresses in uni- and bi-axial conditions.
Clearly, since it is the configuration of the individual stress
system that is indicative of the type of deformation which can
be expected, its assessment prior to choosing a forming system
is imperative. These various possibilities are illustrated,
diagrammatically in Figure 4.2.

As an indication of the incidence of any of the stress
systems, the following, non-exhaustive, list can be considered:

Tensile—compressive systems

Biaxial tension/uniaxial compression:

(1) under a roll of a two-roll piercer,

(2) under a roll of a two- and three-roll piercer, and
(3) under a roll in the helical rolling process.
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Figure 4.1 Process classification system based on operational temperature
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Uniaxial tension/uniaxial compression:
(1) between the rolls in roll forming, and
(2) in the flange in deep drawing.

Uniaxial tension/biaxial compression:
(1) in the drawing die.

Compressive stress systems

Triaxial stresses:

(1) In the oblique zone of a three-roll rotary plug piercing
mill,

(2) in the closed forging die,

(3) near the die throat in extrusion of bar, and

(4) under the punch in tube extrusion.

Biaxial stress:

(1) between the rolls of a longitudinal rolling mill with no
front and/or back tension, and

(2) in the upsetting, open dies.

Tensile stress system
Biaxial stress:

(1) stretch forming, and
(2) bulging.

4.1.2.4 Operational strain rate

A number of engineering alloys and even some practically
‘pure’ materials, e.g. commercially pure aluminium, are sus-
ceptible to the changes in the rate of straining. Modern
technological techniques have either ‘speeded up’ conven-
tional processes—for instance, wire can be drawn at some
120 m min~! —or have introduced new ones that operate in
truly dynamic conditions. Impact extrusion, explosive form-
ing, welding and compaction, and mechanically and elec-
trically induced discharges of energy producing high strain
rates, have all combined to introduce an entirely new field of
high-energy rate fabrication, known commonly as HERF.

The range of possibilities arising in this context are listed in
Tables 4.1 and 4.2 which provide a detailed insight into the
effect of different strain rates and the means of producing
them in an industrial environment.

In terms of the mechanical properties of the material, an
increase in the operational rate generally leads to a rise in the
yield and flow stress and to an accompanying reduction in the
value of the strain to fracture. The engineering alloys usually
employed fall, in this respect, into two main groups (Figure
4.3). One (Figure 4.3(a)) will initially display little change in
the value of the strain to fracture, but this will be reduced
rapidly as the flow stress increases. The other may even show
some initial improvement in the strain value, but the deterio-
ration sets in as soon as the optimum strain rate is exceeded
(Figure 4.3(b)).

Table 4.2 Mass—velocity relationship contributing to total kinetic energy

Forming system Mass contribution  Velocity Velocity/mass
(kg) contribution
(ms™)

Drop hammer 144 122 0.84
Trapper rubber 144 122 0.84

Floating piston 4.54 3050 672
Explosive in gas 0.004 2.75 x 10° 687 x 10°
Explosive in liquid 0.008 1.52 x 106 190 x 10°
Electric discharge  0.008 1.52 x 105 190 x 10°

The toughness of these materials will be correspondingly
affected (Figure 4.4). Consequently, if dynamic working con-
ditions are likely to prevail in the selected process, a classifica-
tion based on the strain rate may offer a more realistic means
of assessment, particularly in the case of cold-forming opera-
tions.

4.1.2.5 Starting material

Since some modern processes do not require bulk solids as
starting materials, but utilise particular matter and semi-solid
substances, a classification based on the initial physical state of
the material offers an interesting alternative to the more
conventional approach.

Typical examples of unconventional starting materials are:
‘mashy’ state processing, leading to conventional rolling of
composite sandwich components; the Conform-type extru-
sion, starting with a powder or granulated material, or an
explosive compaction of powders.

4.1.3 Characteristics of the basic groups of processes

Of the major processes listed in Section 4.1.1, forging is the
most diverse and cannot therefore be described in more
general terms. For this reason, the basic characteristics of only
four groups of processes are indicated here and those of
forging, sheet forming, cropping, etc., are discussed later.

All rolling processes rely on the forces transmitted through
the rolls to the material to effect deformation and on the
rigidity of the roll system for the dimensional accuracy of the
product.

Sheet and plate are initially obtained from a slab by rolling
the slab in a relatively simple system (Figure 4.5). Driven rolls
introduce the material into the roll gap, or working zone of the
pass, and reduce the thickness. The success of any further
processing to obtain strip rather than a sheet or large area of
plate, depends on the ability of the system to maintain a
constant width of the processed metal and on reduction of the
thickness (this being equivalent to the reduction in the cross-
sectional area). These requirements call for a plane strain
operation which is possible only if the lubrication of the pass is
very efficient. Processing in this mode can proceed in either
cold or hot conditions.

A much more complex rolling system is that of longitudinal
rolling, which is employed in the production of axisymmetrical
billets, bars and hollows (Figure 4.6). A train of suitably
shaped rolls, mounted on stands (either in pairs or in three-roll
configurations) inclined at right angles (between the success-
ive stands) is used, as shown diagrammatically in Figure
4.6(a). A gradual reduction in the cross-sectional area of the
material takes place (Figure 4.6(b)) as the specimen moves
axially forward through the sets of driven rolls. While fully
engaged in the train, the processed material experiences,
additionally, axial tensions resulting from a differential distri-
bution of successive stand velocities. The ovality of the early
passes is slowly reduced along the train until the last stand is
reached. Here, the final, circular cross-section is expected to
be achieved.

An alternative to longitudinal rolling is offered by the
oblique-rolling system in which a single set of two or three
driven rolls produces tractive, frictional forces which propel
the specimen axially while, at the same time, causing it to
rotate. The motion of an element of the worked material is
thus forward, but helical.

Figure 4.7 illustrates, using an example of tube rolling, the
basic principle involved. In this case, three profiled, driven
rolls, disposed at 120° to each other, and inclined at an angle «
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(the feed angle) to the horizontal mill axis, and an angle 8 (the
cone angle) in the vertical plane, introduce the bloom (sup-
ported internally in the bore by a mandrel) into the forming
pass. The bloom is ‘sunk’ onto the mandrel in the zone AB
and has its wall thickness reduced on the roll ‘hump’ BC.
Slight elastic recovery takes place along DE. The bloom is
thus elongated and its wall is thinned. The amount of deforma-
tion imposed depends on the size of the inter-roll opening or
the ‘gorge’.

{a)

These basic characteristics of oblique rolling operations (the
variants of which are discussed later) are common to all
operations, as indicated, for instance, in Figure 4.8. This
shows, diagrammatically, the operation of the so-called
‘secondary piercing’, or ‘oblique plug rolling’ of a tube — a
process in which a long cylindrical mandrel is replaced by a
short profiled plug.

On the other hand, processes of profiling by rolling can take
various forms, two of which are indicated in Figures 4.9 and
4.10. A stepped shaft, required to acquire a series of specific
profiles, can be manufactured by oblique rolling in a single
three-roll stand (Figure 4.9). An operation in which the billet
is rotated and fed through a system of driven rolls produces
this effect. In another variant of oblique rolling, a two-roll
system of helically ribbed rolls (Figure 4.10) will produce
metal balls out of a solid cylindrical billet.

These few examples illustrate the versatility of rolling
operations, a more full discussion of which is given in Section
4.5.

When the initial shape of the work piece has been imposed
on it by one of the processes described above, there often
arises the problem of how to achieve a degree of further
deformation leading, possibly, to the final product. Drawing
processes answer this need by providing a means of producing
either solid (bar, rod or wire) or hollow tubular sections,
either circular or non-circular in shape. The drawing operation
is carried out in a die—or a set of consecutive dies forming a
tandem drawing system-—into which the work piece, with a
swaged leading end, is introduced (Figure 4.11). An axial
force is applied through a gripping device (as indicated by the
arrow in Figure 4.11) and the work piece is pulled through the
die. In the case of a solid specimen, the outer dimension only

Figure 4.6 Longitudinal rolling: (a) a roll train; (b) successive roll passes
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Figure 4.9 Three-roll shaft shaping

is reduced, whereas with a hollow section there is also a
change in the wall thickness. Lubrication of the working zone
of the pass (the part of the die surface along which the
deformation is effected) is of importance from the point of
view of the magnitude of both the drawing load and the
induced drawing stress, and in view of the surface finish.

Similar results can be obtained in extrusion, a process in
which the starting billet (sometimes referred to as the ‘slug’) is
inserted into a cylindrical container and is then pushed mecha-
nically through a suitably profiled die (Figure 4.12). there is a
number of variants of this process (see Section 4.7), but the
two basic operations are those of forward (or direct) and
inverse (or backward) extrusion. In the forward extrusion a
solid moving ram is brought into direct contact with the billet
and activates the latter by moving it axially forward through
the die. In inverse extrusion a hollow ram is in contact with a
movable die which bears onto the billet, firmly held in the
container. When the pressure exerted by the tooling is suffi-
ciently high to exceed the yield stress of the material, plastic
flow is initiated and backward extrusion into and through the
hollow ram takes place.

Figure 4.10 Two-roll ball manufacture

Die

N

Figure 4.11 Open die drawing

Considerable control over the dimensional accuracy can be
exercised in such systems but, again, solution of the lubrica-
tion problem is of importance. In this latter context, hydrosta-
tic extrusion (to be described later) provides an important
alternative to the conventional arrangements indicated here.

A large group of ‘unorthodox’, dynamic processes in-
troduces a number of new elements and ‘opens new opera-
tional possibilities of using materials which are sometimes
difficult to process and of reducing manufacturing costs by
dispensing with heavy plant and equipment.

The high-energy-rate processes stem essentially from the
usually overlooked fact that the working of metal requires
energy and not merely the application of force, and that, in
addition, the rate of dissipation of energy is of importance. A
simple consideration of the basic equation for kinetic energy
shows that a comparatively small change in the velocity of a
body will have a more pronounced effect than will a change in
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its mass. A typical conventional system approaching the
conditions of high-energy forming, i.e. drop-hammer forming,
is limited in its usefulness by the necessity of using large
masses and, therefore, unwieldy and costly equipment.

In a high-velocity system, the mass contribution to the
available energy can be negligible, as indicated in Table 4.2.
The forces generated in a system of this type are easily
accommodated by the inertia of the forming dies.

The sources of energy used in the high-velocity systems are
chemical explosives, electrostatic and magnetic fields, and
pneumatic-mechanical devices.

Process assessment 4/11

The basic processes are those of forming (shaping), welding
and powder/particulate-matter compaction. A variety of form-
ing systems exists, each displaying specific characteristics
associated with either sheet or tube forming, for which it is
intended. Consequently, a more detailed description of such
processes is given later, but to appreciate the principles
involved, an example (Figure 4.13) which refers to the explos-
ive bulging of a tube is used here.

A stainless-steel (in this case) tube to be shaped is inserted
into a profiled, vented die which is then closed. An explosive,
linear charge, capable of delivering the required level of
energy, is then placed axially in the tube and either air or
water is used as the energy-transmitting medium. On detona-
tion of the charge, high-pressure, high-temperature gases are
generated and these propel the tube radially outwards, until it
fills the die and acquires the required shape. The two-part die
is then opened and the product extracted. The finish of the die
surface is of importance because the outer surface of the tube
comes into intimate contact with it and will bear the imprint of
any machining, etc., marks.

The action of electrical discharge, whether capacitance in
type or magnetic, is similar, but the forming system employed
will, of necessity, be more complex and sophisticated. Because
of the inherent cost of electrical equipment of this type, only
relatively small sized components can be formed econo-
mically.

4.2 Process assessment

4.2.1 Force/torque estimate

The efficiency of a metal-forming operation can be assessed on
two different levels. From the point of view of plant design
and its subsequent rational utilisation, it is necessary to have a
means of predicting the values of the externally applied forces
and torques. This calls for the development of a suitable
mathematical model of the operation and for a purely theore-
tical approach to the determination of numerical values. A
theory of plasticity and methods of modelling based on it must
be established. These are reviewed in Section 4.3.

However, the characteristics of metal flow, i.e. its incidence
and pattern, cannot be neglected in an assessment because
they reflect both the chosen geometry of the pass and the

Table 4.3 Summary of the characteristics of laboratory stress—strain testing methods

Tension Simple compression

Plane compression

Torsion (solid test piece) Torsion (hollow test piece)

Definability of
stress conditions

Not definable. Dependent
on metal at high strain

Fairly definable, but
dependent on friction at high
strain

Amenability of
features of test
to correction

Corrections doubtful,
complex measurements
{contours) needed

Sound correction methods,
but multiple tests needed

Information at Stress—strain curve Information below 2.3 strain

high strains doubtful only
Ductility Obtained None
indication
Suitability for tests Suitable Suitable
at high
temperatures
Suitability for tests Suitable, but some severe Suitable

at high strain
rates

experimental difficulties

Definable (ptane strain)

No correction needed

Not definable when axial stresses
present

Definable (simple shear)

Strain rate corrections needed for
very strain-rate sensitive materials

Information below 2.3 No limit* Information obtained at
plane strain only strains >6

None Obtained Obtained

Doubtful Suitable Suitable

Unsuitable owing to need Suitable Suitable

to change tools

* Results obtained by the present author up to strains of 10 000.
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Figure 4.13 Explosive forming of a profiled 18/8 stainless-steel tube
in a die

prevailing lubrication conditions, and the response of the
processed material to the imposed mechanics of the operation.

The response of a material depends, primarily, on its
physical and mechanical properties, but it also depends on the
presence, or otherwise, and the type of constraints imposed on
the flow. These parameters govern the degree of severity of
the operation and, consequently, its efficiency.

Constraints imposed by the geometry of the pass and the
initial state of the processed material not only affect the
quality of the final product, but also influence the magnitude
of the operational force parameters. The economics of the
operation will thus be affected from the point of view of both
the power consumption and tool wear, and the volume of
imperfect or even defective product.

Once the expected characteristics of the flow have been
anticipated, the forces, stresses and power parameters can be
estimated theoretically.

4.2.2 Flow characteristics

The desired change in shape of the work piece, i.e. the basic
objective of the metal-forming operation, normally involves
elements of both useful and redundant or unnecessary strain-
ing of the material. In this context, useful or homogeneous
deformation is associated with the absolutely necessary change
in shape, from the initial to the final shape, but not with any
other change in the material that does not contribute to this
situation. In general, homogeneous deformation is defined by
three mutually perpendicular strains and its magnitude and
pattern are related to the external forces applied and to the
geometry of the system. It does not, however, depend on the
mechanical properties of the processed material.

To varying degrees, every forming operation will produce
shearing strains associated with the angular and/or longitu-
dinal distortion of the material. Since this type of deformation
does not contribute anything to the required change in shape,
but merely produces undesirable additional straining, it is
clearly redundant to the basic objective of forming.

The pattern of this deformation depends only on the
geometry of the system, but its magnitude is governed by the
mechanical properties of the material, as reflected by the
stress-strain curve, and also frictional effects produced in the
working zone of the pass.

In some forming operations, e.g. rotary processes, friction
constitutes the only tractive force and its elimination or
reduction below a certain critical level results in break down of
the operation. Frictional effects can, therefore, be viewed
from two different angles. As shears, distorting the structure
of the material, they are detrimental to the operation by
increasing the magnitude of unnecessary straining, whilst not
contributing to the change in shape. As effective tractive
forces, they must be tolerated in certain cases in spite of the
introduction of additional strain.

Thus the redundant deformation consists of two compo-
nents: the frictional component, and the deformation pro-
duced by the geometry of the pass. The latter manifests itself
as shearing at the entry to and exit from drawing dies,
longitudinal warping and circumferential twisting in rotary
processes, etc. It is mostly the magnitude of the latter compo-
nent of inhomogeneous deformation that is governed by the
mechanical properties of the material and can be assessed
from the stress-strain curve. For a given tool-material-
lubricant system, the specific contribution of friction depends
mostly on temperature and is more pronounced for non-
metallic than for the metallic materials.

Detailed study of inhomogeneity calls for the separation of
frictional effects from those imposed purely by the geometry
of the pass. However, for comparison between, say, the
performance of different types of tool profile, this separation
is not strictly necessary. If the work piece and tool materials,
lubrication and temperature conditions are kept constant, the
contribution of friction, although dependent on tool profile, is
minimised. The level of inhomogeneous deformation, as mea-
sured or calculated on this basis, reflects the performance of
the tools and serves as a measure of their efficiency in
changing the shape of the work piece.

Typical examples of the incidence and likely pattern of
inhomogeneous deformation are given in Figures 4.14 and
4.15.

The former refers to the rotary piercing of a solid billet in an
oblique rolling operation (similar to those in Figures 4.7 and
4.8, but not starting with a hollow). If, using a model material
that is capable of being marked internally, the operation is
stopped before the whole of the billet has been pierced, and
the product is sectioned, the angular distortion along the pass
becomes obvious. In the absence of the redundant shear, the
originally vertical and horizontal banks or markers retain their
angular positions and only change dimensions (homogeneous
strains). The distortion seen here is due to a differential
shearing of notionally, infinitesimally thin cylindrical elements
with respect to each other in tangential directions.

In non-rotary drawing or extrusion processes (Figure 4.15),
an internally marked billet (Figure 4.15(a)) shows that distor-
tion takes place in the axial direction; the distortion can,
however, be quite severe. If the distortion is neglected when
estimating the strain for the purpose of calculating extrusion
pressures or drawing loads, considerable error can be intro-
duced. For instance, if the evaluation of redundancy is based
on the distortion of the marker AB (Figure 4.15(b)) to its
steady-state position A'B’, then it could be concluded that the
longitudinal shear strain is practically uniform across the
section and may be represented by, say, A|A; = B;B,. If,
however, the variation in strain along a number of flow lines,
such as aa’, bb’, etc., is considered, the distribution is
non-uniform and corresponds to, say, A3B3.
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Figure 4.14 Development of redundant, shearing circumferential distortion and distortion due to twist strain in the rotary piercing of a billet

Clearly, the material experiences different levels of strain-
ing in different internal sections, and its potential suceptibility
to overstraining and, possibly, fracture must be taken into
account when designing the pass.

The effect of the additional, redundant shearing strain on
the response of the product depends on the type of operation.
In cold processes, the presence of shear increases the level of
flow stress and, therefore, tends to introduce an element of
brittleness into the material. This effect is indicated in Figure
4.16. The curve OA'B’C represents the stress—strain relation-
ship in the original, unworked metal. When this material is
cold formed and the homogeneous strain imposed amounts to,
say, OA, the stress—strain curve obtained will not coincide
with the ‘basic’ curve, but will show a stress level difference of
A’A". This reflects the amount of redundant shearing. A shift
of the curve to the right, until the two coincide (the
Hill-Tupper principle), gives the true value of the strain
imposed, by including the redundant component AB.

In hot processes, the level of stressing is of less importance,
but the presence of shear affects recrystallisation, gives rise to
internal faults, and further weakens the structure which may
already be affected by the presence of inclusions, etc. These
observations are summarised schematically in Figure 4.17.

To assess a priori the suitability of the given material for
processing in a specific forming system, the material proper-
ties must be either known or will have to be determined.
Standard, tensile, compressive and torsional laboratory tests
may have to be conducted, but these, in turn, must be chosen
carefully since not every test will necessarily be suitable. For
example, rotary operations proceed mainly in torsion and,

consequently, material properties established in the torsional
mode will give a better idea of material response than, say,
tensile or compressive testing. The selection of the correct
type of test may be based on the information provided in Table
4.3.

4.3 An outline of the theory of plasticity
4.3.1 Basic concepts

Once the initial yield point of the material has been exceeded
and the load is allowed to continue to increase, plastic flow is
initiated. In strain-hardening materials this produces an ever-
increasing level of the current flow stress and, also, an internal
consolidation of the material. The latter physical fact provides
the basic law of plasticity, i.e. constancy of volume. If the
three, mutually perpendicular strains are ¢, €y, &, the law is
given in the form:

ext e, +e,=0 (4.1a)

The characteristic behaviour of the material in the plastic
regime can differ from its behaviour in the elastic range in that
areversal of strain (in direction) is possible and the strain path
need not be straight since a rotation of the successive planes of
the loaded specimen can take place. To account fully for this
possible pattern, it is insufficient to consider the initial and
final stages of the deformation only, but it is necessary to
follow the deformation of an element through the zone of
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deformation in an incremental manner. In other words, an-
alysis of the pattern of flow has to be based on incremental and
not finite changes.

Equation (4.1a) is therefore often quoted in the form:

de, + dey, + de, =0 (4.1b)

where the strain increments have to be defined, in each
individual case, in terms of the variable dimensions of the
worked specimen. For instance, in the rod or wire drawing,
shown in Figure 4.11, the radial strain increment (de,) would
reflect the change in the radius (R) varying through the zone
of deformation, the axial increment (de,), the variation in the
cross-sectional area (A4), the circumferential increment (de,)
and the change in the circumference (). Hence

o 84 R _as
BT T RETTS (4.22)
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Figure 4.17 Components of total deformation

But, A = wR? and dA = 27RdR, and S = #R and so
dS = #dR. On substituting these values into equation (4.2a),
and accounting for the constancy of volume (equation (4.1a)),
the strain increments become:

2dR dR dR
RS TRy

This approach is adopted in all metal-forming processes, but
naturally the expressions obtained are generally more com-
plex. Table 4.4 gives the values of strain increments for a
selected number of more common processes.

On integrating individual expressions of the type given by
equation (4.2a) between the initial and final values of the
considered sections, finite values of strains are obtained in
natural-logarithmic form. Strains so evaluated are known as
‘natural’, ‘logarithmic’ or ‘true’ since, unlike engineering
percentage strains, they define the actual deformation in any
given section.

The true strains correspond to specific loading conditions
which result in the presence of stresses. In the plastic regime,
changes in the cross-sectional area, material thickness, etc.,
are so substantial that the concept of ‘nominal’ stress, based
on the original dimensions becomes untenable and its use
introduces considerable numerical error. All the stresses must
be calculated on the basis of the current, actual dimensions.

de, = (4.2b)

Although the onset of plastic flow is usually the result of the
interaction of different stress fields, it is quite possible to
visualise this situation as arising from the application of a
single force of sufficient magnitude to cause the material to
flow. To have the desired physical effect, the stress associated
with this hypothetical force must assume the same value as the
yield or flow stress Y. This particular stress, known as the
‘generalised stress’ or ‘equivalent stress’, is often denoted by
the symbol &. It is used in calculations concerned with the
plastic regime of flow and, in terms of the principal stresses; is
given by:

V2

o= - o - o)’ + (02~ a)? + (03— )2 (43)

Similarly, in order to combine the effect of the individual
strains—to be able to consider the total deformation of the
specimen—the concept of the generalised or equivalent strain
is introduced. In terms of homogeneous strains only, the
homogeneous strain increment is given by:

V2
dey = T [(de, — dt-:y)2 + (dey - de,)? + (de, — de)}|"?

(4.4a)
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In many actual operations in which rotation of the axes of
strains is either absent or negligibly small (such as in wire and
tube drawing and extrusion, or strip rolling) and in which the
strain path is clearly defined, equation (4.4a) can be integrated
directly to give:

2
£y = \/5 (e + &7+ &))" (4.4b)

The final, generalised strain, including the redundant strain
component, is given by:

2
er = \/5 [e% + syz +el+i(el+el+ e (4.4¢)

where €1, £, and ¢ are the inhomogeneous longitudinal, radial
and circumferential strains, respectively. Since the shears
produce only internal distortion of the structure and do not
influence dimensional changes, the principle of constancy of
volume does not apply to them and they can thus appear
singly, in pairs, or all three may be present with the mathem-
tical linkage missing. These strains must be assessed exper-
imentally in each individual case. The values of the genera-
lised, homogeneous strains for a number of the forming
processes, are given in Table 4.4.

The relationship between the generalised, or flow stress and
true, generalised strain is known as the ‘constitutive equation’
of the material and is characteristic of the material behaviour
in specified working conditions. Equations of this type are
determined experimentally, using standard laboratory test
techniques (Table 4.3). Generally, the engineering alloys used
in metal forming fall into five distinct groups according to their
properties. In terms of their constitutive relations, they can be
classified as:

(1) perfectly elastic (no plastic ductility);

(2) elastic, but linearly strain hardening in the plastic range
(approximation to, say, ferrous alloys);

(3) elastic-perfectly plastic (a critical and constant value of
stress produces flow, until fracture occurs);

(4) rigid-perfectly plastic (negligible elasticity); and

(5) rigid-linear strain hardening (negligible elasticity).

These properties are illustrated in Figure 4.18.

The usual, empirical equations representing the properties
of an actual material are of the power-law type, and the
functional relationship between the flow stress Y and the total,
generalised strain is either in the form

Y = Ae" (4.5)
or
Y = B(C + &)" (4.6)

where A, B and C are constants related to the material
properties, and n (0 < n < 1) is the exponent indicating the
strain-hardening characteristics.

In the condition of increasing strain rate, the response of the
material is conditioned by the properties of the forming system
(both in terms of geometry and kinematics) and the influence
of frictional and internal shearing parameters. The effect of
the rate of strain can be represented either by the instanta-
neous or the mean strain rate. Using the concept of genera-
lised homogeneous strain and considering the time in which it
takes place, the instantaneous rate (ey) is given by

den
dt .7

Ey =
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Perfectly elastic

Elastic linear strain hardening
Elastic-perfectly plastic
Rigid-perfectly plastic
Rigid-linear strain hardening
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Figure 4.18 Idealised representation of basic stress—strain
relationships

and the mean strain rate &, is given by

) 1(".
Em = f SHdt (4,8)
t i

Since the strain rate is defined in the manner of equation
(4.7), it does not reflect the variation in the velocity of the
strained elements as they proceed along the pass. Further-
more, the mean strain rate (equation (4.8)) refers solely to the
material element under consideration, but not to the volume
of the material undergoing instantaneous deformation.

In metal forming, it may be more important to consider the
strain rate prevailing in the whole zone of deformation, rather
than just locally, since this will account for the variation in
velocity. This objective is attained if the mean strain rate is
referred to the physical boundaries of the pass, rather than to
the time elapsed (¢). In this case,

. 1 {*.
== dt .
Em xJ; £y (4 9)

The values of the latter strain rate are quoted in Table 4.4.

4.3.2 Yielding and criteria of yielding

The elastic ‘failure’ or the onset of plasticity are determined
for a given material by using an appropriate criterion of
yielding which defines the value of the critical flow stress as a
function of the total strain.

The simpler of the two criteria, and that most commonly
used, is the maximum shear stress (or the Tresca criterion).
This ignores the effect of the third principal stress and is
concerned solely with the influence that the maximum possible
stress difference has on the stability of the molecular planes.
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The Tresca criterion is defined as:
o3 — o1 | = Y(e) = k(e)

where k is the yield stress in shear.

The more general Huber-Mises criterion is based on the
critical value of the shear strain energy that can be absorbed
by the material within the elastic range of response, and is
given by:

(01— 0)* + (03— 03)2 + (03— )2 = Y'(g) = K'(¢)
(4.11)

The use of a mathematical function will account for the
changes in the level of the yield stress, but the function itself
may be difficult to handle in actual calculations. In recognition
of this difficulty, a concept of the mean yield stress, operating
over the working zone of the pass, can be used.

A mean yield stress Y, is defined as:

L
Ym=- f Y(e)de
£ 0

where ¢ is the total, generalised strain of equations (4.5) and
(4.6). Alternatively, the value can be obtained by employing
the Hill and Tupper approach and utilising the information
available in a plot of the type represented in Figure 4.16.
When the translation of the actual stress—strain curve is
effected, the values of the mean flow stresses, in addition to
those of the component strains, can be determined by refe-
rence to the areas enclosed under the respective curves. Thus,
in the absence of any redundant effect, the mean flow stress
would be Yy which is obtained by measuring the area OA'A
and dividing it by £y (OA). In the presence of redundancy,
the mean flow stress (Y1) is defined as the area OB'B/et, and
the proportion of the stress induced by redundancy
Yr = (area AA'B'B)/eg. Where eg = AB.

(4.10)

(4.12)

4.3.3 Redundancy and geometry factors

The level of redundancy in an operation has to be assessed in
order to provide a means of determining the efficiency of the
process. This, as already indicated, depends on the geometry
of the pass and the properties of the material.

For most metal-forming processes, when the total strain is
plotted against the homogeneous deformation, the former
increases at a higher rate than would be expected for an
efficient forming process. The relationship is practically linear,
but the ratio of the two quantities, for any given value of the
homogeneous deformation, can be high. This type of relation-
ship leads to the definition of the ‘strain redundancy factor’ ¢:

£1 = ¢dey (4.13)

The factor is clearly a function of both the strain and the
geometry of the pass and so can be defined further as:

¢ = ¢(e.4)

where 4 is the geometry factor.

Therefore the factor can be represented by both a linear
function (a reasonable approximation for most bulk metal-
forming processes) and, by a modified expression that involves
the geometry factor. Hence,

(4.14)

ET = K]E + Kz sina
or

sin «

¢ =K+ K, (4.15)

£

and
d=Ci+ (A (4.16)

where Ky, K,, C; and C; are constants depending on the
material and the frictional conditions.

Equation (4.15) is appropriate for drawing and extrusion.
Similar expressions can be obtained for rotary and longitu-
dinal rolling processes but, of necessity, can be, and often are,
more complex.

The equivalence of the expressions given by equations
(4.15) and (4.16) must be proved in each individual case and
will depend on the somewhat arbitrary definition of the
geometry factor.

The case of drawing represented in Figure 4.11, can again be
taken as an example. On substituting equation (4.2b) into
(4.4a), and integrating the latter within the limits of the initial
and final diameters D, and d, the generalised homogeneous
strain is obtained as:

ey = 2 In(DJ/d) 4.17)
The geometry factor for a conical die is often defined as:
D,+d .
= D, —d sin « (4.18)

where a is the die semi-angle. Consequently, equation (4.16)
in conjunction with equation (4.17) gives:

Y LAk
.} sin
1 265/2_1 a

I

¢

1
Ci+ Cy(———)si
! 2(tanh(s/4)) sin &

For small die angles and normal bar-drawing practice, expan-
sion of this function gives

tan h(e/4) = ¢/4
and so

sin a

¢ =C) +4C, (4.19)

€H
It is clear that equations (4.15) and (4.19) are equivalent, with
K; = Cy, K; = 4C,, and A = (sin a)/ey.

Similar arguments are applied when considering other
metal-forming processes.

The strain redundancy factor is the more often used in
practice since it is based on measurable quantities. However,
occasionally a stress redundancy factor @ is introduced. This is
defined as:
o= Doy (4.20)
where o and oy represent the operational stress levels re-
ferred to the total and homogeneous force requirements,
respectively. Since stresses can only be calculated, their nume-
rical assessment depends on the type of mathematical model
or theory selected and will, therefore, be more arbitrary than
strain values. The two factors are not numerically equivalent
unless, of course, there is no measurable redundancy in the
system in which case their value amounts to unity.

Definitions of geometry factors are somewhat arbitrary but,
even so, they take into account the influence that the indi-
vidual process parameters are likely to have on the conduct of
the operation and the quality of the processed product. A
selection of the expressions defining the individual geometry
factors is given in Table 4.5.



Table 4.5 Geometry factors in basic processes

Process A

1(D¢/2+ h
Rotary piercing* (=) cota
2\Dy2 — h

Wire and bar drawing Do+d . 1/Dg+ d\ /1 — cos a
and extrusion Do—d Sin a; or > Do—d sin @

Tube drawing

Sinkin 4ol (Do + d) — ko]
& (Do + d)(Do — d)

1 (he + h\ |
- Sin a
2\hy— h

Tube extrusiont LN LU P
LN LTl WY SR A
ube¢ extrusion 2 ho _ h b (273

Plug or mandrei

1
sin ={1—-——=—5 |sin
e [ 244 sin? a:' a

* a is the feed angle as in Figure 4.7.
ta=plhy — h); b = (Dy + d)i(hy + h); p is the radius of die curvature.

4.3.4 Stress—strain relationships

Unlike the elastic regime, the relationship between stress and
strain is not necessarily unique once the yield point of the
material has been exceeded. The two parameters are firmly
linked at any instant, but the nature of this can change and
does not therefore constitute a characteristic material property
equivalent to, say, the Young’s, rigidity or bulk moduli which
define the conditions in the elastic range.

When the effect of elastic strain is negligible, as in the
forming of metals, the general relationship between the two
parameters is governed by the Levy-Mises rule of low, defined
as:

deiP = Moy = oy + 03)]
desP = Alo; — Hos + 0y)]
desP = Aoy — Aoy + 07)]

where the superscript ‘p’ indicates purely plastic conditions,
subscripts 1, 2 and 3 refer to _the mutually perpendicular,
principal directions, and A = de/o is the instantaneous con-
stant. This brings in both the differential nature of strain and
the generalised stress and strain—as defined by the
appropriate constitutive equation. Note that, again unlike the
elastic range, an increment of strain is proportional to finite
stress.

Since the material is incompressible, Poisson’s ratio » has a
single value of 0.5, irrespective of the metal considered.

By climinating A from equation (4.21a), the following
standard expression is obtained:

dE]p dé‘zp d83p

o1 = Ho2 + 03) 07 — Yoz + 01) 03— oy + 07)

(4.21a)

_de (4.21b)
o

The relationship between and interdependence of the stresses

are defined by the selected criterion of yielding (equations

(4.10) and (4.11)) or by a suitable mathematical model of the

operation.
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4.3.5 Mathematical modelling of metal-forming
processes

A number of analytical methods have been developed for
assessing the various parameters of metal-forming processes,
showing a varying degree of accuracy and complexity. All
these methods aim ultimately at relating the required defor-
mation of the specimen to the necessary external deforming
agent that must be supplied by the plant.

At present, five basic methods of analysis are usually
employed. In chronological order of development these are:

(1) the equilibrium technique,

(2) the slip-line approach,

(3) the upper-bound method,

(4) the visioplasticity technique, and
(5) the finite-element method.

The equilibrium method is based on the stress field that
develops in the processed material, whereas the other four are
associated with phenomena related to metal flow. Irrespective
of the method of analysis adopted, the basic characteristics of
the plastic state of the material (i.e. the condition of constancy
of volume, the yield criterion and the functional yield, flow or
constitutive stress equation) will have to be assumed.

4.3.5.1 The equilibrium technigue

This approach, sometimes referred to as the ‘stress’ or ‘slab’
technique, consists basically of isolating a representative vo-
lume element in the body of the material undergoing plastic
deformation, and observing its behaviour as it moves along the
working zone of the pass. Since in a normal physical situation
the element does not cease to form an integral part of the
whole of the material body, it must clearly remain in the state
of force equilibrium throughout its period of deformation. The
behaviour of the element, reflecting that of the whole of the
worked specimen, can therefore be analysed by considering
the equilibrium of forces acting on it at any instant of
deformation.

A volume element of a material undergoing axisymmetric-
type deformation is shown in Figure 4.19. The equation of
equilibrium of forces in one direction is

o, — 0oy do, 2t
—_—t—=——=0 (4.22)
r or t

Figure 4.19 An element of material in axisymmetric equilibrium
analysis
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Basically, the equilibrium method requires that conditions of
force equilibrium in three directions be established, i.c.
3F,=2F,=3F, =0, or in, say, cylindrical co-ordinates
that 3F, = 3F, = 3F, = 0. The analysis usually leads to the
formulation of one or more differential equations involving
the stress system produced in the body of the material. The
traction or friction effect, originating at the tool-work piece
interface, is normally allowed for by introducing a friction
term incorporating a value of the coefficient of friction. The
relationship between the stresses produced is established by
means of a suitable criterion of yielding, ultimately related to
the tensile/compressive or shear yield stress of the material.
Finite values of the operative stresses are obtained by integrat-
ing differential equations between the conditions obtaining at
the entry to and exit from the working zone of the pass or, if
this is complex in nature, by splitting the pass into a number of
interconnected zones and summing the effects in the indi-
vidual zones.

The method is only approximate and underestimates the
magnitudes of the forces involved by ignoring the effects of
redundancy and of the pattern of flow and, therefore, by
taking an oversimplified view of the mechanics of the process
in question. Since, however, the analysis involved is usually
reasonably straightforward, the technique is widely used when-
ever approximate solutions are acceptable. It is, for instance
particularly suitable for wire and tube drawing, hot and cold
rolling of strip and sheet, and also gives an acceptable degree
of approximation for rotary piercing and elongation of seam-
less tubing.

If the effects of redundancy in any given situation are either
known or assessable, the accuracy of force predictions given
by the equilibrium approach can be improved. In addition, a
separation of the homogenous effect from the inhomogeneous
one can be carried out, and the respective components of work
done in changing the shape and in distorting the structure can
be determined. A deforming ‘efficiency’ of the process can
thus be established.

To improve the accuracy of calculations a modification of
the value of the operative stress resulting from the integration
of the equation of equilibrium can be made, either by intro-
ducing the stress redundancy factor @ (equation (4.20)) or by
modifying the value of the yield stress. In the latter case,
equation (4.13) (by giving the value of the total strain) will
either provide the limits of integration of the yield-stress
function or will give the mean operative value of the stress Y.
Either of these can be introduced into the analysis when a
criterion of yielding has been selected.

An estimate of the deforming ‘efficiency’ of the operation
can be made in the following manner. The total operative
stress, and therefore by implication the magnitude of the total
deforming agent, can be calculated from the final expression
given by the analysis. If, then, the friction term is omitted
from the equation of equilibrium, the equation will define the
stress of total deformation only. To separate the effect of the
homogeneous deformation from that of the redundant one,
the equation of equilibrium for frictionless forming is used
once again. This time, however, the ‘lower’ value of the yield
is introduced, i.e. the value that corresponds to the magnitude
of the homogeneous strain only and is obtained from equation
(4.12). The two expressions give the magnitudes of the loads
necessary to produce the total homogeneous deformation.
The numerical difference between the two will, of course, give
the load of the redundant deformation. Work done or energy
dissipated in effecting these physical changes can, therefore,
be computed.

4.3.5.2 The slip-line analysis

The technique used here is based on the physical observation
that plastic flow occurs predominantly as a result of microsco-
pic slip (on an atomic scale) along crystallographic planes. A
polycrystalline metal will normally contain a high number of
planes of close-packed atoms, along which slip is likely to
occur, a sufficient number of these being orientated in such a
way that, on a macroscopic scale, the general direction of slip
will coincide with that of the maximum shear stress. The
directions of the maximum shear stresses thus become charac-
teristic properties of the system and, when established, lead to
a numerical assessment of stress distribution throughout the
deforming region including, of course, the boundaries on
which loads exerted by tools are acting. Calculations of such
loads becomes possible.

Detailed descriptions of the theoretical bases of the techni-
que, its scope and limitations, the practical methods of appli-
cation to a variety of problems and the derivation of the
appropriate equations can be found in the standard textbooks
on the subject (see Bibliography). It is sufficient to note here
that this particular method of analysis applies rigorously only
to plane strain deformations of a rigid, perfectly plastic
isotropic solid, and that, unless artificially modified, it cannot
account for strain hardening, strain rate, or frictional and
redundancy effects.

The method forms a useful tool in the general field of metal
forming, mainly by giving some insight into the pattern of flow
of the material. The basic difference between a slip-line
approach and that of, say equilibrium-type solution lies,
however, in the fact that a specific slip-line field has to be
postulated a priori, and that its feasibility must then be
checked against the existing experimental data. It is clear that
in the general course of events the method cannot give a
unique solution, and that a number of fields could be proposed
in a specific case that would fit the specified system of
boundary conditions equally well. In fact, a criterion of
minimum work must be invoked to help select the solution
that is most likely to be the probable one.

To obtain a solution, families of curvilinear or straight lines
are constructed that intersect orthogonally and correspond to
the directions of maximum and minimum constant shear lines.
Static equilibirum, the yield condition and the pattern of flow
in the plastic zone must be satisfied by the assumed network of
these lines. The mutually perpendicular lines in any x—y plane,
are designated as « and B.

Deformation in a plane strain situation is that of pure shear
and, consequently, it is normally assumed at this point that the
deformation is the result of pure shear stress. Yielding will
occur when the maximum shear stress reaches the appropriate
value k, which is limiting for the given material. Since no
linear strain can be experienced along the slip lines, an
element formed between two « and B lines, say that shown in
Figure 4.20, can only distort and will neither extend nor
contract. If oy, o, and o5 are principal stresses, then in plane
strain o3 = }(o; + o3). This can be expressed in terms of
hydrostatic compressive pressure (—p) which is appropriate in
most metal-forming operations as o, = —p. The principal
stresses are then given by:

oy=-p—kioy=-p,o3=-p+k (4.23)

The equations for the equilibrium of forces acting on the
element shown in Figure 4.20 are:

p 2k .
— + — = 0 (along an «a line)
Ja Ta



Figure 4.20 A material element between two slip lines

and

9 2k

X _=_ 0 (along a B line)

B rg

Expressing the radii of curvature in terms of 6, it is found that
Ur, = 36/3a and 1/rg = 86/3p, and therefore on integration

p + 2k0 = C; (along an « line) (4.24)
p — 2k6 = C, (along a B line) (4.25)

For a hardening material, the yield stress in shear k remains
constant along a slip line, but the pressure p may vary. The
stress configuration can be determined at any point on the
deforming material if the magnitude of p and the direction of k
are known. The latter is defined by the direction of the
considered slip line, whereas the former can be estimated by
considering the changes in p produced by an angular rotation
of the slip line between two points in the field. The actual
finite value of p can be established from knowledge of the
appropriate boundary conditions.

As already indicated, the validity of a slip-line field which
satisfies the stress boundary conditions must be verified by
means of continuity equations. In other words, a check must
be made on whether a velocity field that satisfies equilibrium
conditions actually exists.

In the absence of any linear changes in the dimensions of an
element along a slip line, there can be no change in the
direction of shear between two points on a slip line; the
velocity component perpendicular to the line will vary from
point to point. Denoting the velocity component parallel to
the a line as u, and that parallel to the B line as v (Figure 4.21)
it is found that the following equations hold:

du — vd# = 0 (along an « line)
dv + ud# = 0 (along a B line)

(4.26)
(4.27)

If a material point within the deforming body suffers a change
in the magnitude of its absolute velocity on crossing a slip line,
the conditions of continuity demand that the components of
velocity normal to the slip line be the same. However, no such
stipulation is made with regard to the tangential velocity
components, i.e. velocity discontinuities are possible in direc-
tions tangential to the slip lines. These conditions, used in
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Figure 4.21 Diagrammatic representation of the velocity field of a
particle in tube extrusion

conjunction with equations (4.26) and (4.27), provide the
required means of testing the feasibility of the proposed
slip-line field. It should, however, be remembered that a good
approximation to this set of conditions can be expected only
within the fully developed plastic region, and not when
crossing from rigid to plastic regions of deformation where the
change takes place over a finite transition zone.

To establish a slip-line field, the stress and slip boundary
conditions have to be clearly specified. The following four
possibilities exist:

(1) free surface,

(2) frictionless interface,

(3) Coulomb friction condition (u is constant), and
(4) perfectly rough surface.

Free surface In the absence of a normal stress at the surface,
or with o3 = 0, p = k (equation (4.23)) if o, is compressive,
and oy = —2k. If o is tensile, p = —k and oy = k. Slip lines
meet at the free surface at 45°.

Frictionless interface With the resultant shear on the surface
being zero, slip lines meet again at 45°, but in the presence of a
normal stress o3 # 0 and, consequently, p #* k.

Correction for Coulomb friction Taking the vertical pressure
at the point of contact as g, it is clear that the frictional effect
ng on the surface must be balanced by stress k cos 26,
related to the plane of maximum shear or the slip line inclined
at angle 6 to the interface, and consequently k cos 26 = ug.
The problem that immediately arises in this connection is that
of knowing the value of ¢. Since g cannot be determined
before the field has been drawn, it is necessary to adopt an
iterative technique of calculation by taking the first value of ¢
as that obtained from the consideration of a frictionless
surface.
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Perfectly rough surface This normally represents the condi-
tion of sticking friction or absence of interfacial movement.
The frictional stress 7 is equal to &, and is independent of the
normal stress. The necessary slip-line configuration gives one
line normal to and the other tangential to the surface.

The use of the slip-line method of analysis in the examina-
tion of problems involving large redundancies presents certain
difficulties. Although the effect of friction can be incorporated
and a fair degree of accuracy can be attained, the problem of
strain hardening is more difficult. Hencky's equations
((4.24)-(4.27)) can be modified by the addition of another
term to account for hardening, but the method is cumbersome
and has so far shown promise only for machining operations.
The concept of the mean yield stress is, therefore, again
introduced, and an equation of the type given by (4.12) is used
with substitution of 2k for Y(¢).

Effects of redundancy are usually incorporated by correct-
ing the value of the operative stress, determined from the
field, by means of factor .

The most serious limitation of the analysis, of course, is its
dependence for accuracy on the conditions of plane strain.
Attempts have been made to extend the technique to axisym-
metric problems, and have met with some limited success in
application to the extrusion of bars. A similarity between the
results obtained from slip-line-theory considerations, applied
to plane strain extrusion through square dies, and experiment-
ation with axisymmetric extrusion, led Johnson (see the
Bibliography) to propose a semi-empirical method of solution
based on the slip-line-field approach. This method is discussed
later (see Section 4.4) in the context of extrusion operations. It
should be noted here that a correction for hardening was made
on the assumption that the total equivalent strain is indepen-
dent of hardening characteristics.

4.3.5.3 The upper-bound method

Within the scope of its assumptions, the slip-line-field techni-
que produces an exact solution and, whilst this seems desir-
able, difficulties are often encountered in finding suitable
slip-line fields for new problems. In addition, axisymmetric
problems cannot be accommodated. The real power of the
technique lies in the derivation of general solutions to plane
strain problems.

Limit analysis has been proposed as a means of obtaining
solutions to many otherwise intractable metal-forming pro-
blems. In its complete form, this approach seeks to establish
two expressions for forming loads, one (the so-called ‘lower
bound’) which is definitely an underestimate. Since it is
generally sufficient to ensure that the calculated load for a
forming operation is indeed sufficient to perform the process,
then interest naturally centres on the upper-bound technique.
If used correctly, realistic overestimates are obtained.

Upper-bound solutions involve consideration of the condi-
tions which must be fulfilled by the strain increments in a
plastically deforming medium and are not concerned with
stress equilibrium. An important concept involved is that of a
kinematically admissible velocity field. This is a distribution of
generalised particle velocities which is kinematically compa-
tible with itself and with the externally imposed velocities at
boundaries. The total amount of work done by the externally
applied forces in a metal-forming operation is used to over-
come the resistance to plastic deformation and the frictional
resistance to relative motion at the tool-work piece interface.
These two components can be calculated from a velocity field
and the upper-bound theorem that states that the kinema-
tically admissible velocity field which minimises the work done
is the actual velocity field. From such a field the actual work
done can thus be derived, although in practice the actual field

may never be completely attained. When formulating a solu-
tion the general procedure is to divide the deformation zone
into one or more assumed zones throughout each of which the
velocity is continuous. In adajcent zones a different velocity
distribution may exist, whilst across these interfaces and at the
tool-work piece interfaces a tangential velocity discontinuity
may occur. The existence of velocity distributions in each zone
implies that plastic strain and, therefore, energy must be
dissipated:

where V is the volume of the deforming metal. P, is often
referred to as the ‘power of deformation’. Similarly, energy
must be dissipated when material is sheared across velocity
discontinuities. This term, known as the ‘shear power’, is
given by:

where A is the area over which the velocity discontinuity of
magnitude s occurs.

Energy dissipated due to frictional resistance along
tool-work piece interfaces can be accounted for in a similar
manner. A tangential velocity discontinuity s compatible with
a shear stress of maximum value k for perfectly rough inter-
faces will occur. For Coulomb friction, a proportion mk of the
shear stress can be used. Thus the friction power p; is given
by:

(4.28)

(4.29)

p3= | ck|s|dA (4.30)
The upper-bound theorem can be stated as:
P=P + P+ Py (4.31)

where P is the total power required to perform the operation.

Frequently, a characteristic parameter of the velocity field is
retained as a variable when calculating the right-hand side of
equation (4.31). This parameter can then be optimised to
minimise the total power.

4.3.5.4 The visioplasticity technique

The visioplasticity technique makes use of experimental obser-
vations of flow patterns and provides a means of deriving
complete solutions. However, solutions are obtained after the
experimental data have been obtained. The technique cannot
therefore be used to predict the likely behaviour of the
processed medium, but it is very useful in a detailed analysis of
the distribution of stress, strain and strain rate in any section
within the deforming zone of a plastic body. Furthermore,
because the analysis is based on observed experimental fact
and does not, therefore, require any assumption other than
the usual one regarding the stress—strain relationship, it gives
an exact solution and thus can be used as a ‘standard’ to assess
the accuracy of results obtained by other means.

The technique is based on the examination of a velocity field
developed incrementally within the deforming body. In a
general axisymmetric case a marking grid pattern is imprinted
on the meridian plane of a cylindrical work piece undergoing a
metal-forming operation and the latter is conducted by impos-
ing on the material a unit strain at a time. A record of the
change in the grid, after an increment in strain has been
imparted, will give a sufficiently clear picture of the instana-
neous pattern of flow.

As an example of the determination of stress and strain-rate
fields, consider Figure 4.21. If V is a known or measurable



instantaneous velocity of a particle at A, whose position is
defined by co-ordinates r, 8 and z, and u and v are the
components of V in directions z and r, respectively, then plots
of u and v against, in turn, r and z can be constructed. Strain
rates at point A, and any other point in the deforming
material, can then be determined from the slopes of these
curves:

ou . v . du + oV
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If it is assumed that the material is homogenous and isotropic,
the directions of the principal stresses are given by:

(4.32)

Y
tan 2a, = ——
E; — &,

where «a, is the angle between the z axis and the direction of a
principal stress. .

The strain-rate component &4 can be found from the condi-
tion of incompressibility (constancy of volume):
E,+ & + Eg=0

The effective (generalised) strain rate is given by
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and the generalised stress by
1
3 = % [(0’1 - 0'7)2 + (G’, - 00)2 + (Uﬂ - 01)2
+ 37,72 (4.34)

In its final form, the expression for o,, when the velocity field
upstream is known, is given by:
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where o, is a known stress related to the conditions obtaining
at the entry to the working zone of the pass.

It is clear that, because of its complexity, equation (4.35)
must be integrated either numerically or graphically. In fact,
the use of a computer ensures a high degree of accuracy.
Equation (4.35) is, of course, easily reducible to conditions of
plane strain if these become characteristic of the operation
considered.

Although the visioplasticity method gives very satisfactory
results, it has been applied mainly to various extrusion pro-
blems. This is due partly to the labour involved in the

measurements necessary to establish various relationships,
and partly to the actual integration of the final expression.

(4.35)

4.3.5.5 Finite-element method

With the wide availability of powerful computers, a new tool
in the analysis of metal-forming processes is offered by the
finite-element method (FEM). This requires that the deforma-
tion zone be divided into a number of elements that form a
mesh and are connected at a specified number of nodal points.

When this has been done, and the assumed mesh pattern
has influenced the outcome of the exercise, the velocity
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distribution for each element is assumed. The unknown veloc-
ity vectors form part of a set of simultaneous equations which
are solved to give the velocity distributions and the associated
stresses actually present.

Both frictional and material property elements of the work-
ing system can be accommodated, but boundary condi-
tions—pertaining to real physical situations—must be care-
fully assessed a priori.

Considerable computing time is required and each indi-
vidual process must be treated in isolation. Consequently, no
general solution can be offered and details of the analysis
should be obtained from specialised literature (see Bibliogra-

phy).

4.3.6 Simulation of metal flow

The development of various techniques of analysis of metal
flow and, in particular, of controlled tool design, has led to
considerable improvements in the performance of metal-
forming plant. These improvements, as already indicated, are
associated with the reduction in the incidence and magnitude
of inhomogenous strains in the given operation. The resulting
reduction in the severity of the process leads to an increase in
the output and to an improvement in the quality of the
product. The success of an attempt at optimising tool design
can, therefore, be assessed on the basis of a comparison
between the levels of the inhomogeneous deformation.

In many instances, however, the unavailability of industrial
plant for long term experimental work on the effects of
varying tool profiles makes it necessary to employ model
materials in laboratory conditions. Internally marked speci-
mens (see Figure 4.22) can be easily made using a model
material and can then be processed. The development of the
flow pattern can be studied by stopping the operation before it
is completed, withdrawing the partially processed product,

(Ce®ed)
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Figure 4.22 Internally marked wax billets: (a) billets for the
investigation of longitudinal and circumferential shearing strains; (b) a
different, more simple way of marking
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and sectioning the product within the range of the working
pass.

The basic requirement of a model material is that its
mechanical behaviour should resemble as closely as possible
that of the material which it is used to simulate. In general, no
model material will comply completely with this requirement,
and consequently the observed behaviour must be interpreted
bearing in mind the differences existing between the model
and the prototype.

If only qualitative analysis of the problem is undertaken, the
discrepancies between the two materials are of less importance
since they do not affect the observed pattern of flow but only
the relative magnitudes of the measured quantities. In the
quantitative analysis, however, it is essential to be able to
‘translate’ the meaning of the measurements made on the
model material in terms of the properties of the prototype of
the simulated material.

The magnitude of the divergence between the behaviour of
a model and a prototype medium depends on the difference
between the geometrical shapes of the basic true stress—strain
curves, on the susceptibility of the considered materials to the
effects of strain rate and/or temperature, on frictional effects,
and on the work-hardening function.

For a long time, Plasticine and lead have been used as the
most common model materials. It is only fairly recently that
waxes and clays have been added to the list, and the possibility
of using aluminium and copper has been investigated.

One of the difficulties arising from the use of non-metallic
materials is their usually high degree of thixotropy. In this
respect, Plasticine is less reliable since the amount of inbuilt
thixotropy in the original material is unknown and the cumu-
lative effect of further processing is impossible to determine.
Waxes, however, can be standardised easily by melting and
recasting.

The susceptibility of non-metallic materials to strain rates is
often underestimated and considerable error may be intro-
duced in an analysis which is based on an incorrectly selected
stress—strain curve. Examples of the dependability of non-
metallic materials on the conditions of testing are given in
Figures 4.23 t0 4.27.

210 T T l
A/AAsupDHEG
~ 140} ,A/ i n
& A 20°C
£
Z
— A’
g A A— A Oil added
& 70ka rd -
A | |
0 0.2 0.4 0.6

Strain

Figure 4.23 The effect of the addition of oil on the properties of
Plasticine

In the case of, say, Plasticine (which is a mixture of oil and a
filler), a slight change in the contents will be reflected in the
different stress—strain curves (Figure 4.23). Equally, chemical
changes produced by the dye, and the temperature level used
during the test will influence the characteristic properties of
the material (Figure 4.24).

A mixture of waxes (paraffin, ceresin, carnauba and bees-
wax) that has safisfactory frictional and strength properties
and can simulate rotary rolling processes (which proceed in
the condition of shear) can be tested in torsion. This will
establish the basic properties of the mixture. In turn, these
properties can be converted to the effective tensile or com-
pressive stress, and the stress-strain curves can thus be
obtained. Matching of such curves with those of the prototype
or ‘real’ material will provide a means of selecting the correct
conditions of the model.

Figure 4.25 shows the different amounts of deformation (in
shear) imposed on a number of wax specimens. Shear
stress—strain curves for these specimens (obtained at different
shear strain rates) are shown in Figure 4.26. Finally, these
relationships converted to the effective, tensile stress—strain
quantities are given in Figure 4.27.

Although the incidence and pattern of the redundant defor-
mation is independent of the material, its magnitude does
depend on the constitutive relationships. Therefore the diffe-
rence in response of the various materials to strain rate,
temperature and frictional effects will be responsible for either
a magnification of or a reduction in the effect of the shearing
strain present in a given operation. A comparison between the
stress—strain curves of a number of materials (Figure 4.28)
indicates that, in general, this effect, as shown by either hot or
cold wax, is likely to be exaggerated when compared with the
actual effects present in the prototype. To achieve a realistic
interpretation of results when using a model material which is
as near as possible to the prototype in its characteristics, its
stress—strain curve is matched with that of the prototype in
terms of strain rate.

A convenient method of converting measurements made on
the model material to the prototype has been developed and
can be explained with reference to Figure 4.29. In this
example, wax is regarded as the model (M) and lead as the
prototype (P), since their respective stress—strain curves show
a sufficient degree of geometrical difference to illustrate the
approach. OE is the value of homogeneous strain ey and Yygp
and Yyy are the mean yield stresses in the prototype and
model, respectively. Yyp = OACE/OE and Yy = OBDE/
OE. The inclusion of inhomogeneous strains will alter the
values of the respective generalised strains. e will be different
for each material. Let OF and OG be the strains in the
prototype and the model, respectively. The mean yield stress
will then be given by Y1p = OAC'F/OF and Y1y = OBD'G/
OG. Provided that the stress—strain curves of the two ma-
terials are geometrically similar, the following approximate
relationships will be true:

(YTP/YHP) = (YTM/YHM) (436)

Once the mean yield stress, corresponding to the total strain,
has been determined for the model material, the value for the
prototype can be estimated from an equation similar to
equation (4.36), since Yyp can be found directly from the
appropriate stress—strain curve.

For the sake of both convenience and clarity, it can be
assumed that the mean yield stress of a material is represented
by two components: one that corresponds to the homogeneous
deformation and the other that is induced by the presence of
the inhomogeneous deformation. Using this assumption, it
becomes possible quantitatively to convert inhomogeneous
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Figure 4.24 The combined effects of dying and temperature on the properties of Plasticine
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Figure 4.26 Shear stress—strain curves for the wax specimens
shown in Figure 4.25 at different shear strain rates

strains in the model to those in the prototype. Such a concept
is, from the point of view of physical reality, purely artificial,
but it provides a means of accounting directly for the effects of
these two types of deformation.

The inhomogeneous component of the yield stress is given
by Yip = ECC'F/EF and also Y1y = EDD'G/EG. In general,
for a material having a stress-strain curve that does not vary
consider