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Preface

Metal matrix composites can no longer be excluded from daily life. The individual
consumer is not aware of the variety of material systems and their application; in
many cases they are even unknown. Examples are carbides for machining of mate-
rials in product engineering, noble metal composite systems for contacts in elec-
tronics and electro-technology, copper—graphite sliding contacts for generators and
electric motors and multicompound systems for brake linings in high speed
brakes. After the massive effort in recent years to develop metal matrix composites
(MMCs) with light metal matrixes the successful application of these materials has
taken place in traffic engineering, especially in automotive and transport technolo-
gy. New applications are, for example, partially fiber-reinforced pistons and hybrid
reinforced crank cases in passenger cars and truck engines, and particle-reinforced
brake discs for light trucks, motorcycles, passenger cars and rail-mounted vehicles.
A further application area of these materials is in civil and military air and space
flight. These innovative materials are of great interest for modern material applica-
tions due to the possibility to develop MMCs with specific properties. Ongoing
from this potential, the metal matrix composites meet the desired concepts of the
design engineer, because they represent custom-made materials. This material
group is becoming of interest for construction and functional materials, if the
property profile of conventional materials does not meet the requirement of light-
weight construction. The advantages of metal matrix composites are of use if a
meaningful cost-performance relationship is possible during production of the
components. Of special economic and ecological interest is the need for integra-
tion of processing residues, cycle scrap and waste products from these materials
into the material cycle.

In the area of communication and power engineering, the replacement of the
currently dominant structural materials with functional materials based on non-
ferrous and noble metals is a development aim. For example, good electrical and
thermal properties combined with high strength and wear resistance are demand-
ed. Although the application of metal matrix composites in the area of contact ma-
terials has been known for years, it has been necessary to carry out further optimi-
zation for the use of new or modified material systems. Of special interest are ma-
terials which are able to dissipate the heat which develops during the use of electri-
cal and electronic units (heat sinks). Additional requirements concerning the effect
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Preface

of temperature on resistance are development challenges. In many cases improve-
ments in wear resistance will be of benefit, leading to the development of multi-
functional material systems.

This book gives an overview of the current state of research and development as
well as a realistic introduction to materials in various application areas. Besides ba-
sic knowledge of metal matrix composites, the idea of appropriate material sys-
tems and production and processing methods, special importance is attached to
the presentation of the potential of materials and their application possibilities.
This summary arose from a further education seminar of the same name, present-
ed by the German Society of Material Science, which has taken place regularly
since 1990. Because of the overview character of the book it is addressed to engi-
neers, scientists and technicians in the material development, production and de-
sign areas. As the editor I would like to thank all the authors for their efforts in pro-
viding appropriate articles. A special thanks to the publisher Wiley-VCH, repre-
sented by Dr. Jorn Ritterbusch, for the support grants and excellent supervision,
especially necessary in the critical phases.

Geesthacht, December 2005

Prof. Dr.-Ing. habil. Karl Ulrich Kainer
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1
Basics of Metal Matrix Composites

Karl Ulrich Kainer

1.1
Introduction

Metal composite materials have found application in many areas of daily life for
quite some time. Often it is not realized that the application makes use of compos-
ite materials. These materials are produced in situ from the conventional production
and processing of metals. Here, the Dalmatian sword with its meander structure,
which results from welding two types of steel by repeated forging, can be men-
tioned. Materials like cast iron with graphite or steel with a high carbide content, as
well as tungsten carbides, consisting of carbides and metallic binders, also belong to
this group of composite materials. For many researchers the term metal matrix
composites is often equated with the term light metal matrix composites (MMCs).
Substantial progress in the development of light metal matrix composites has been
achieved in recent decades, so that they could be introduced into the most important
applications. In traffic engineering, especially in the automotive industry, MMCs
have been used commercially in fiber reinforced pistons and aluminum crank cases
with strengthened cylinder surfaces as well as particle-strengthened brake disks.

These innovative materials open up unlimited possibilities for modern material
science and development; the characteristics of MMCs can be designed into the
material, custom-made, dependent on the application. From this potential, metal
matrix composites fulfill all the desired conceptions of the designer. This material
group becomes interesting for use as constructional and functional materials, if
the property profile of conventional materials either does not reach the increased
standards of specific demands, or is the solution of the problem. However, the
technology of MMCs is in competition with other modern material technologies,
for example powder metallurgy. The advantages of the composite materials are on-
ly realized when there is a reasonable cost — performance relationship in the com-
ponent production. The use of a composite material is obligatory if a special prop-
erty profile can only be achieved by application of these materials.

The possibility of combining various material systems (metal — ceramic — non-
metal) gives the opportunity for unlimited variation. The properties of these new
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1 Basics of Metal Matrix Composites

materials are basically determined by the properties of their single components.
Figure 1.1 shows the allocation of the composite materials into groups of various
types of materials.

The reinforcement of metals can have many different objectives. The reinforce-
ment of light metals opens up the possibility of application of these materials in ar-
eas where weight reduction has first priority. The precondition here is the im-
provement of the component properties. The development objectives for light met-
al composite materials are:

e Increase in yield strength and tensile strength at room temperature and above
while maintaining the minimum ductility or rather toughness,

¢ Increase in creep resistance at higher temperatures compared to that of conven-
tional alloys,

e Increase in fatigue strength, especially at higher temperatures,

o Improvement of thermal shock resistance,

e Improvement of corrosion resistance,

e Increase in Young’s modulus,

e Reduction of thermal elongation.

To summarize, an improvement in the weight specific properties can result, offer-
ing the possibilities of extending the application area, substitution of common ma-
terials and optimisation of component properties. With functional materials there
is another objective, the precondition of maintaining the appropriate function of
the material. Objectives are for example:

e Increase in strength of conducting materials while maintaining the high con-
ductivity,

e Improvement in low temperature creep resistance (reactionless materials),

e Improvement of burnout behavior (switching contact),

e Improvement of wear behavior (sliding contact),

e Increase in operating time of spot welding electrodes by reduction of burn outs,

e Production of layer composite materials for electronic components,

e Production of ductile composite superconductors,

e Production of magnetic materials with special properties.

For other applications different development objectives are given, which differ
from those mentioned before. For example, in medical technology, mechanical
properties, like extreme corrosion resistance and low degradation as well as bio-
compatibility are expected.

Although increasing development activities have led to system solutions using
metal composite materials, the use of especially innovative systems, particularly in
the area of light metals, has not been realised. The reason for this is insufficient pro-
cess stability and reliability, combined with production and processing problems
and inadequate economic efficiency. Application areas, like traffic engineering, are
very cost orientated and conservative and the industry is not willing to pay addition-
al costs for the use of such materials. For all these reasons metal matrix composites
are only at the beginning of the evolution curve of modern materials, see Fig. 1.2.
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Fig. 1.1  Classification of the composite materials within the group of materials [1].
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1 Basics of Metal Matrix Composites

Metal matrix composites can be classified in various ways. One classification is
the consideration of type and contribution of reinforcement components in parti-
cle-, layer-, fiber- and penetration composite materials (see Fig. 1.3). Fiber compos-
ite materials can be further classified into continuous fiber composite materials
(multi- and monofilament) and short fibers or, rather, whisker composite materi-
als, see Fig. 1.4.

Classification of the
composite materials
with metal matrix

| Composites with metal phase |

dispersion
hardened and Layer composites Fiber Infiltration
particle (Laminates) composites composites

composites

Fig. 1.3 Classification of composite materials with metal matrixes.

N

Ll

Mono filaments Whiskers/ Particle
Short fibers

Fig. 1.4 Schematic presentation of three shapes of metal matrix
composite materials [3].

1.2
Combination of Materials for Light Metal Matrix Composites

1.2.1
Reinforcements

Reinforcements for metal matrix composites have a manifold demand profile,
which is determined by production and processing and by the matrix system of the
composite material. The following demands are generally applicable [4]:



1.2 Combination of Materials for Light Metal Matrix Composites

¢ low density,

e mechanical compatibility (a thermal expansion coefficient which is low but
adapted to the matrix),

e chemical compatibility,

o thermal stability,

e high Young’s modulus,

e high compression and tensile strength,

e good processability,

e economic efficiency.

These demands can be achieved only by using non-metal inorganic reinforcement
components. For metal reinforcement ceramic particles or, rather, fibers or carbon
fibers are often used. Due to the high density and the affinity to reaction with the
matrix alloy the use of metallic fiber usual fails. Which components are finally
used, depends on the selected matrix and on the demand profile of the intended
application. In Refs. [4, 5] information about available particles, short fibers, whisk-
ers and continuous fibers for the reinforcement of metals is given, including data
of manufacturing, processing and properties. Representative examples are shown
in Table 1.1. The production, processing and type of application of various rein-
forcements depends on the production technique for the composite materials, see
Refs. [3, 7]. A combined application of various reinforcements is also possible (hy-
brid technique) 3, 8].

Every reinforcement has a typical profile, which is significant for the effect with-
in the composite material and the resulting profile. Table 1.2 gives an overview of
possible property profiles of various material groups. Figure 1.5 shows the specif-
ic strength and specific Young’s modulus of quasi-isotropic fiber composite mate-
rials with various matrixes in comparison to monolithic metals. The group of dis-
continuous reinforced metals offers the best conditions for reaching development
targets; the applied production technologies and reinforcement components, like
short fibers, particle and whiskers, are cost effective and the production of units in
large item numbers is possible. The relatively high isotropy of the properties in
comparison to the long-fiber continuous reinforced light metals and the possibility

Tab.1.1 Properties of typical discontinuous reinforcements for aluminium
and magnesium reinforcements [6].

Reinforcement Saffil (Al,O;) SiC particle Al,O; particle
crystal structure 5-AL0; hexagonal hexagonal
density (g cm™) 3.3 3.2 3.9

average diameter (pm) 3.0 variable variable
length (pm) ca. 150 - -

Mohs hardness 7.0 9.7 9.0

strength (MPa) 2000 - -

Young’s Modulus (GPa) 300 200-300 380

5
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Tab. 1.2 Property potential of different metal matrix composites, after [2].

Al-alloy

MMC type Properties Young's High Wear Expansion Costs
Strength  modulus temperature coefficient
properties
mineral wool: MMC * * ok ok * medium
discontinuous reinforced sk & wRE Rk low
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long fiber reinforced MMC: s ok i * sk high
C fibers
other fibers ekt sk s #* s high
0.6
km* 100 Carbon fibers/
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=2 fibers m
= Cwl
s 04 H aran
i Mg-C
f:" Glass fibars/
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Fig. 1.5 Specific tensile strength
and specific Young’s modulus of
different quasi-isotropic fiber
0 T I I I I I I composite materials in compari-
0 20 40 60 km*100  sonto some metal alloys, after [2].
Specific Young's modulus

of processing of composites by forming and cutting production engineering are
further advantages.

1.2.2
Matrix Alloy Systems

The selection of suitable matrix alloys is mainly determined by the intended appli-
cation of the composite material. With the development of light metal composite
materials that are mostly easy to process, conventional light metal alloys are ap-
plied as matrix materials. In the area of powder metallurgy special alloys can be ap-
plied due to the advantage of fast solidification during the powder production.
Those systems are free from segregation problems that arise in conventional solid-
ification. Also the application of systems with oversaturated or metastable struc-
tures is possible. Examples for matrix configurations are given in Refs. [7, 9-15]:
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e conventional cast alloys
— G-AlSi12CuMgNi

G-AlSi9Mg

- G-AlSi7 (A356)

- AZ91

— AE42

e conventional wrought alloys
— AIMgSiCu (6061)
— AICuSiMn (2014)
— AlZnMgCul.5 (7075)
— TiAl6V4

e special alloys
— Al-Cu-Mg-Ni-Fe-alloy (2618)
— Al-Cu-Mg-Li-alloy (8090)
— AZ91Ca

For functional materials non-alloyed or low-alloyed non-ferrous or noble metals
are generally used. The reason for this is the demand for the retention of the high
conductivity or ductility. A dispersion hardening to reach the required mechanical
characteristics at room or higher temperatures is then an optimal solution.

1.23
Production and Processing of Metal Matrix Composites

Metal matrix composite materials can be produced by many different techniques.
The focus of the selection of suitable process engineering is the desired kind,
quantity and distribution of the reinforcement components (particles and fibers),
the matrix alloy and the application. By altering the manufacturing method, the
processing and the finishing, as well as by the form of the reinforcement compo-
nents it is possible to obtain different characteristic profiles, although the same
composition and amounts of the components are involved. The production of a
suitable precursor material, the processing to a construction unit or a semi-fin-
ished material (profile) and the finishing treatment must be separated. For cost ef-
fective reasons prototypes, with dimensions close to the final product, and reform-
ing procedures are used, which can minimize the mechanical finishing of the con-
struction units.
In general the following product engineering types are possible:

e Melting metallurgical processes
— infiltration of short fiber-, particle- or hybrid preforms by squeeze casting, vac-
uum infiltration or pressure infiltration 7, 13-15]
— reaction infiltration of fiber- or particle preforms [16, 17]
— processing of precursor material by stirring the particles in metallic melts, fol-
lowed by sand casting, permanent mold casting or high pressure die casting
[9, 10]

7
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e Powder metallurgical processes

— pressing and sintering and/or forging of powder mixtures and composite
powders

— extrusion or forging of metal-powder particle mixtures [11, 12]
— extrusion or forging of spraying compatible precursor materials [7, 18, 19]

e Hot isostatic pressing of powder mixtures and fiber clutches

e Further processing of precursor material from the melting metallurgy by thixo-
casting or -forming, extrusion [20], forging, cold massive forming or super plas-
tic forming

e Joining and welding of semi-manufactured products

e Finishing by machining techniques [21]

e Combined deformation of metal wires (group superconductors).

Melting metallurgy for the production of MMCs is at present of greater technical
importance than powder metallurgy. It is more economical and has the advantage
of being able to use well proven casting processes for the production of MMCs.
Figure 1.6 shows schematically the possible methods of melting metallurgical pro-
duction. For melting metallurgical processing of composite materials three proce-
dures are mainly used [15]:

e compo-casting or melt stirring
e gas pressure infiltration
e squeeze casting or pressure casting.

Both the terms compo-casting and melt stirring are used for stirring particles into
a light alloy melt. Figure 1.7 shows the schematic operational sequence of this pro-
cedure. The particles are often tend to form agglomerates, which can be only dis-
solved by intense stirring. However, here gas access into the melt must be abso-
lutely avoided, since this could lead to unwanted porosities or reactions. Careful at-
tention must be paid to the dispersion of the reinforcement components, so that
the reactivity of the components used is coordinated with the temperature of the
melt and the duration of stirring, since reactions with the melt can lead to the dis-
solution of the reinforcement components. Because of the lower surface to volume
ratio of spherical particles, reactivity is usually less critical with stirred particle re-
inforcement than with fibers. The melt can be cast directly or processed with alter-
native procedures such as squeeze casting or thixocasting. Melt stirring is used by
the Duralcan Company for the production of particle-strengthened aluminum al-
loys [9, 10]. At the Lanxide Company a similar process is used, with additional re-
actions between the reinforcement components and the molten matrix being pur-
posefully promoted to obtain a qualitatively high-grade composite material [16]. In
the reaction procedures of the Lanxide Company it may be desirable that the rein-
forcement component reacts completely with the melt to form the component in
situ, which then transfers the actual reinforcement effect to the second phase in the
MMC.

In gas pressure infiltration the melt infiltrates the preform with a gas applied
from the outside. A gas that is inert with respect to the matrix is used. The melting
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of the matrix and the infiltration take place in a suitable pressure vessel. There are

two procedure variants of gas pressure infiltration: in the first variant the warmed
up preform is dipped into the melt and then the gas pressure is applied to the sur-

face of the melt, leading to infiltration. The infiltration pressure can thereby be co-
ordinated with the wettability of the preforms, which depends, among other

things, on the volume percentage of the reinforcement. The second variant of the
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particle
(pure or with
carrier gas)

crucible

heating
melt

rabble

gas pressure infiltration procedure reverses the order: the molten bath is pressed
to the preform by the applied gas pressure using a standpipe and thereupon infil-
trates the bath (see Fig. 1.8). The advantage of this procedure is that there is no de-
velopment of pores when completely dense parts are present. Since the reaction
time is relatively short with these procedures, more reactive materials can be used
than e.g. with the compo-casting. In gas pressure infiltration the response times
are clearly longer than in squeeze casting, so that the materials must be carefully
selected and coordinated, in order to be able to produce the appropriate composite

material for the appropriate requirements.

Valve

Fig. 1.7 Schematic operational
sequence during melt stirring.

divided form
with fiber preforms

=

RISER—

vacuum pressure m

e > |

melt o~ aend

Fig. 1.8 Gas pressure infiltration technique.



1.2 Combination of Materials for Light Metal Matrix Composites

Squeeze casting or pressure casting are the most common manufacturing vari-
ants for MMCs. After a slow mold filling the melt solidifies under very high pres-
sure, which leads to a fine-grained structure. In comparison with die-casted parts
the squeeze-casted parts do not contain gas inclusions, which permits thermal
treatment of the produced parts. One can differentiate between direct and indirect
squeeze casting (Fig. 1.9). With direct squeeze casting the pressure for the infiltra-
tion of the prefabricated preforms is applied directly to the melt. The die is thereby
part of the mold, which simplifies the structure of the tools substantially. Howev-
er, with the direct procedure there is a disadvantage in that the volume of the melt
must be determined exactly, since no gate is present and thus the quantity of the
melt determines the size of the cast construction unit. A further disadvantage is
the appearance of oxidation products, formed in the cast part during dosage. In
contrast, in indirect squeeze casting, where the melt is pressed into the form via a
gate system, the residues will remain in this gate. The flow rate of the melt through
a gate is, due to its larger diameter, substantially less than with die casting, which
results in a less turbulent mold filling and gas admission to the melt by turbulenc-
es is avoided.

Both pressure casting processes make the production of composite materials
possible, as prefabricated fiber or particle preforms are infiltrated with melt and so-
lidify under pressure. A two-stage process is often used. In the first stage the melt
is pressed into the form at low pressure and then at high pressure for the solidifi-
cation phase. This prevents damage to the preform by too fast infiltration. The
squeeze casting permits the use of relatively reactive materials, since the duration
of the infiltration and thus the response time, are relatively short. A further advan-
tage is the possibility to manufacture difficultly shaped construction units and to
provide partial reinforcement, to strengthen those areas which are exposed to a
higher stress during service.

al pressure b)
direction

melt
praform

pusher

counter die

form
heating

- Casting

. die

———— gating

press table

base plate shoat

cylinder

T piston

Fig. 1.9 Direct and indirect squeeze casting.
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13
Mechanism of Reinforcement

The characteristics of metal matrix composite materials are determined by their
microstructure and internal interfaces, which are affected by their production and
thermal mechanical prehistory. The microstructure covers the structure of the ma-
trix and the reinforced phase. The chemical composition, grain and/or sub-grain
size, texture, precipitation behavior and lattice defects are of importance to the ma-
trix. The second phase is characterised by its volume percentage, its kind, size, dis-
tribution and orientation. Local varying internal tension due to the different ther-
mal expansion behavior of the two phases is an additional influencing factor.

With knowledge of the characteristics of the components, the volume percent-
ages, the distribution and orientation it might be possible to estimate the charac-
teristics of metallic composite materials. The approximations usually proceed from
ideal conditions, i.e. optimal boundary surface formation, ideal distribution (very
small number of contacts of the reinforcements among themselves) and no influ-
ence of the component on the matrix (comparable structures and precipitation be-
havior). However, in reality a strong interaction arises between the components in-
volved, so that these models can only indicate the potential of a material. The dif-
ferent micro-, macro- and meso-scaled models proceed from different conditions
and are differently developed. A representation of these models can be seen in
Refs. [3, 23]. In the following, simple models are described, which facilitate our
understanding of the effect of the individual components of the composite materi-
als and their form and distribution on the characteristics of the composite.

Fiber model Layer model

iz
{-ﬁ\\
% | %
normal E

3 - —= Ean E]
— —= Same | Same
- —— strain L, s strain
b
0 @ E,-E, &
@ O

nge
by

tension

Same
strain

Fig. 1.10 Schematic presentation of elastic constants in composite materials.
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Simply, we can consider a fiber and/or a plate model. Depending on the load di-
rection, different elastic constants in the metallic composite material can result.
Figure 1.10 illustrates the two different models and shows the resulting E and G-
moduli as a function of the load type. On the basis of these simple considerations
an estimate can be made of the attainable strength of the fiber reinforced compos-
ite material for the different forms of the fibers.

1.3.1
Long Fiber Reinforcement

For the optimal case of a single orientation in the direction of the stress, no fiber
contact and optimal interface formation (Fig. 1.11), it is possible to use the linear
mixture rule to calculate the strength of an ideal long fiber reinforced composite
material with stress in the fiber orientation [23]:

Oc=Dp-0p+ (1- Dp)- ' 1)
where oc is the strength of the composite, @y the fiber volume content, or the fi-
ber tensile strength and 0"y, the matrix yield strength. From this basic correlation
the critical fiber content @ ., which must be exceeded to reach an effective
strengthening effect, can be determined. This specific value is important for the
development of long fiber composites:

Limit of reinforcement:

Om = Pr crie - Or + (1- d)F,crit) -0'm (2)

Critical fiber content:

Om — Cf‘"M
Dy iy = ————— A3)
O — O

Fig. 1.11  Load of a unidirectional fiber composite layer
with a force F in the fiber direction.

13



14

1 Basics of Metal Matrix Composites
Approximation of high fiber strength:
Om — 0% M
D rip = ———— “4)
Of
Figure 1.12 shows the dependence of the tensile strength of unidirectional fiber
composite materials on the fiber content. The basis is the use of a low strength duc-
tile matrix and of high-strength fibers with high Young’s modulus. For different
matrix fiber combinations different behavior of the materials results. In Fig. 1.13
O =G @pr Oy t1-Gp)
GCT Long fiber
£
o
o
g
7
2
2
o Onm
= - Fig. 1.12  Linear mixture rule for tensile
, T~ -~ % - O i1-Gp) strength of unidirectional fiber composite
GRII b 1 =~ ~ materials with a ductile matrix and high
S strength fibers [23].
1
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Fig. 1.13  Stress—strain behavior of a fiber
composite material with a ductile matrix, in
which elongation at fracture is higher than
that of the fibers (oge=tensile strength of
the fiber, o* =effective fiber strength

at the fracture of the composite material,

ogc=strength of composite material,
Ogm=matrix strength, g= elongation

at fracture of the fiber, egy=elongation

at fracture of the matrix, esc= elongation
at fracture of the composite material) [24].
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the stress—strain behavior of fiber composite materials with a ductile matrix, whose
tensile strength is larger than of the fibers itself (according to Fig. 1.12) is shown.
Above the critical fiber content @y ;, the behavior is affected considerably by the
fiber. On reaching the fiber strength a simple brittle failure develops and the com-
posite material fails.

For composite materials with a brittle matrix, where no hardening arises and
where the elongation to fracture is smaller than those of the fibers, the material
fails on reaching the strength of the matrix below the critical fiber content (see Fig.
1.14). Above this critical parameter a higher number of fibers can carry more load
and a larger reinforcement effect develops. In the case of a composite material with
a ductile matrix and ductile fibers; where both exhibit hardening during the tensile
test, the deformation behavior is, in principle, different (Fig. 1.15). The resulting
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b i Fiber Gun [rawre| fracture
B
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1
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Fig. 1.14 Stress—strain behavior of a fiber
composite material with a brittle matrix,
which shows no strengthening behavior and
whose elongation at fracture is smaller than
that of the fibers (oge=tensile strength of the
fiber, 0" ¢ =effective fiber strength at fracture

of the composite material, ogc=strength of
the composite material, 0gy=matrix strength,
egr=elongation at fracture of the fiber,
eam=elongation at fracture of the matrix,
esc=elongation at fracture of composite
material) [24].
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Fig. 1.15  Stress—strain behavior of fiber
composite materials with a ductile
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at fracture of the composite material)
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stress—strain curve can be divided into three ranges: range I is characterized by the
elastic behavior of both components by a Young’s modulus in accord with the lin-
ear mixture rule. In range II only the matrix shows a strain hardening, the fiber is
still elastically elongated. Here the composite material behaves as represented in
Fig. 1.13. In range III both matrix and fiber show strain hardening behavior: the
composite material fails after reaching the fiber strength.

1.3.2
Short Fiber Reinforcement

The effect of short fibers as reinforcement in metallic matrixes can be clarified
with the help of a micromechanical model (shear lay model). The influence of the
fiber length and the fiber orientation on the expected strength can be shown as a
function of the fiber content and the fiber and matrix characteristics with the help
of simple model calculations. The starting point is the mixture rule for the calcula-
tion of the strength of an ideal long-fiber-reinforced composite material with load
in the fiber direction (Eq. (1) [23]). For short-fiber reinforcement the fiber length
has to be considered [25]. During the loading of the composite materials, e.g. by
tensions, the individual short fibers do not carry the full tension over their entire
length. Only with over tension and predominantly shear stresses at the fiber/
matrix interface will the load transfer partly to the fiber. Figure 1.16 shows the
modeling of the load of a single fiber, which is embedded in a ductile matrix and
stressed in the fiber direction.

The effective tension on the fiber in dependence on the fiber length can be cal-
culated as follows:

dox

cdx o 4 21 Ty rrdx =0 )
dx

a) Strain field in the matrix
b)Shear strength at the interface fiber/matrix
and tensile strength within the fiber

Fig. 1.16 Model of loading of a single fiber, embedded in a ductile matrix (after [23]):
(a) Stress field in the matrix, (b) shear stress distribution at the interface fiber/matrix
and tensile strength contribution in the fiber.
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2 2

OF=_'TFM'|:__x] (6)
e 43

lc _ Of * dF (7)
2 Ty

Where o = fiber tension, r = fiber radius, dy = fiber diameter, 7y, = shear stress
at the fiber/matrix interface. A critical fiber length I results, at which the fiber can
be loaded to its maximum (Fig. 1.17).

The shear strength at the interface matrix/fiber is

Tem = 0.5 - O™ 8)

where 0y,* = matrix yield point.
The effective fiber strength or . in dependence on the fiber length is

lC
Oper=1]" OF-(l—Z'ln) 9)

where 1= fiber efficiency (deviation from optimum 0<n<1) [28]; l,,.= average fiber
length.

According to Fig. 1.17 three cases, depending on the fiber length, can be distin-
guished [23-27]:

Fiber length [,,,> 1.

oc=n-C~¢F-0F-<1—dF-#> (10)

where C = orientation factor [26] (orientated C =1, irregular C=1/5, planar isotrop-
ic C=3/8).
Fiber length [, = I.:
0c=1n-C-05-Pp-0p + (1 - Dg) - o™ (11)
Fiber length I,,, < I.:

‘m

oc=1n-C-om*- 5 + (1= D) - o™ (12)

*UE
At a fiber length below the critical fiber length I the tensile strength of the fiber
under load cannot be completely utilized. The reinforcement effect is lower [27]:

Op — O™

L=dg (13)

o

o™

The models are based on idealised conditions: ideal adhesion between fiber and
matrix and ideal adjustment and distribution of the long fibers or the arranged
short fibers. Figure 1.18 shows schematically the influence of the length/thickness
relationship of the fibers on the reinforcement effect under optimal conditions. By
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Fig. 1.17 Dependence of the effective
b g p
(4 fiber strength on the fiber length
5 (Or= Ok 1), after [24].
5, Cr
F /—
]

I>|C IC |

Stress

increasing the fiber length the potential of long fibers (I/d 100) will be approached.
For irregular or planar-isotropically arranged short fibers an optimal distribution is
the basic condition for applicability. The result of an estimation is shown in
Fig. 1.19. It represents the relationship of the strength of fiber-reinforced light
metal alloys, calculated with Egs. (1) and (10)—(12), to the strength of the non-rein-
forced matrix (reinforcement effect) as a function of the content of aligned fibers
for different fiber length [29]. For the matrix characteristics the following mechan-
ical properties at room temperature were used: tensile strength, 340 MPa; yield
strength, 260 MPa. The aluminum oxide fiber Saffil (fiber tensile strength,
2000 MPa; diameter, 3 pm) was the fiber used. At small fiber contents a reduction
in strength first occurs, up to a minimum fiber volume content, above this value
the strength increases until a fiber content ¢,—¢, (depending on the fiber length) is
reached, this is the strength of the nonreinforced matrix. Thereafter the reinforce-
ment effect increases with increasing fiber content and length.

The presented calculations presuppose an orientation of the fibers in the stress
direction, with an irregular arrangement there is a smaller reinforcement effect.

00 O (L)
- 100
) o =05 + o 1185 L 50
c Long fiber ™
=
= L
< 0 = 5t B * Sl (1 GF,eff (K)
2 Short tiber AT 15
(]
2 10
c (8
g M 5 '-’dTO'F,efr
* // ~ -~
Om s | | S~ - -

A A o)
0 Opcl) gkl O P
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Fig. 1.18 Linear mixture rule of the tensile strength of unidirectional
fiber composite materials, the right ordinate represents the effective
fiber strength according to Eq. (9), after [23] and [27].
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I, =1, =16 pm composite materials
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(AZ91+Saffil-fibers) [28].

] ] Fig. 1.19  Influence of the fiber
Linear mixture rule length and volume content

l, =25 pm on the properties of magnesium

Figure 1.20 illustrates this using as an example magnesium alloy AZ91 strength-
ened by Saffil fibers. With increasing isotropy more fibers must be added in order
to obtain a reinforcement effect. The amount of fibers required for the reinforce-
ment effect is: for long fibers, a fiber content @, = 3.2 vol %; for aligned short fibers
@,=3.5 vol % and for planar-isotropically distributed fibers @;=12.5 vol %. This ef-
fect increases with increasing load temperature, as shown in Fig. 1.21. This figure
gives the calculated strength of composite materials for two different yield
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Fig. 1.20 Influence of the fiber length and fiber orientation on the composite
material strength for the system magnesium alloy AZ91 (yield strength: 160 MPa,
tensile strength 255 MPa) + C fiber (fiber strength 2500 MPa, fiber diameter 7 pm),
schematic after Eqs. (1) and (10).
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Fig. 1.21 Influence of the fiber length and
fiber orientation on the reinforcement effect
oc/owm for a composite material with 20 vol. %
aluminum oxide fibers for different matrix
yield strengths [29].

*R..=80MPa
n R, =120 MPa

2 - aligned

\statistical

T T
1 10 100 1000

Fiber length [pm]

strengths of the nonreinforced matrix (80 MPa and 115 MPa) [29]. Although for the
calculations only models with simplified boundary conditions were used, they
show the objective for the production and processing of such composite materials.
A goal is an optimal alignment of the fibers with the retention of a long fiber
length.

133
Strengthening by Particles

The influence of ceramic particles on the strength properties of particle reinforced
light metals can be described by using the following micromechanical model [30,
31]:

AR, c = Ao, + 0k + Aoske + Aokr (14)
where AR,  is the increase in tensile strength of aluminum materials by particle

addition.
The influence of induced dislocations Ao, is given by:

Aoy=0-G-b-p'? (15)
with
ACD
p=12AT P (16)

where Ao, is the yield strength contribution due to geometrical necessary disloca-
tions and inner tension, « is a constant (values 0.5-1), G is the shear modulus,
b the Burger’s vector, p the dislocation density, AT the temperature difference, AC
the difference in thermal expansion coefficient between matrix and particle, @, the
particle volume content and d the particle size.
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The influence of the grain size Ao is given by:

Aoyg = ky, D71/? (17)
with
1- @\
D=d( P) (18)
P

where Aoy is the yield strength contribution from changes in grain size (for exam-
ple recrystallization during thermomechanical treatment of composite materials,
analogue Hall-Petch); ky, is a constant, D is the resulting grain size and @, is the
particle volume content.

The influence of the grain size Aoskc is given by:

Aoske =ky, - D72 (19)
with
2\ 1/2
D,=d ( nd ) (20)
60,

where Aosyg is the yield strength contribution due to changes in subgrain size (for
example in a relaxation process during thermomechanical treatment of composite
materials), ky, is a constant (typical value 0.05 MN m™/?), D, is the resulting sub-
grain size and @, is the particle volume content.

The yield point is usually measured as the yield strength with 0.2 % remaining
elongation. A significant strain hardening occurs, which is dependent on the par-
ticle diameter and content.

The strain hardening contribution Aoy is given by

2b)\ 112
AOKF=KG(DP<7) V2 (21)

where Kis a constant, G the shear modulus, @; the particle volume content, b the
Burger’s vector, d the particle diameter and ¢ the elongation.

According to whether the particle size or the particle content is the dominant
effect, different characteristic tension contributions of the individual mechanisms
to the technical yield strength Ry, of the particle strengthened light metal alloys
result. The example of a particle-strengthened composite material with two differ-
ent particle diameters in Fig. 1.22 clarifies this in principle. Generally higher hard-
ening contributions are made by smaller particle diameters than by coarser parti-
cles. For smaller particle diameters the work hardening and the grain size influ-
ence contributes the most to the increase in the yield strength. Figure 1.23 shows
schematically the change in the substantial hardening contributions with increas-
ing particle content for a constant particle diameter.
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Fig. 1.22  Strain contribution of different mechanisms to the technical yield
point calculated after the micromechanical model for aluminum alloys

with SiCp-addition, after [31].
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Fig. 1.23 Composition of particle reinforcement of various strengthening

contributions (after [27]).

1.3.4
Young’s Modulus

An objective in the development of light metal composite materials is to increase
the modulus of elasticity (Young’s modulus). Which potential arises here, can be
estimated by the mixture rule, whereby the well-known border cases apply only to
certain geometrical alignments of the components in the composite material. The
universally used models are the following linear and inverse mixture rules [3]:

Linear mixture rule: Voigt-model (ROM)

Ec=®,E,+ (1 - @,)Ey

(22)
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Inverse mixture rule: Reuss-model (IMR)

D, 1-@,\1
{3152
P ™M

Where @; is the volume content of particles or fibers, E. the Young’s modulus of
the composite material, E, the Young’s modulus of the particle or fiber and E,, the
Young’s modulus of the matrix.

The Voigt model is only applicable for long-fiber-reinforced composite materials
with a stress direction parallel to the fiber orientation, while the Reuss model ap-
plies to layer composite materials with a load perpendicular to the layers. An ad-
vancement of these models, which is also applicable for short fibers or particles, is
the model by Tsai Halpin. By implementing an effective geometry factor, which
can be determined from the structure of the composite materials as a function of
the load direction, the geometry and the orientation of the reinforcement can be
considered [32]:

Eu(1+2Sq D)

b= 24
with:
E,/Ey) -1
q= L (25)

(Ep/Em) +2S

where S is the geometry factor of the fiber or particle (1/d).

Figure 1.24 presents as an example the Young’s moduli calculated using Egs.
(22)—(25) for SiC particle reinforced magnesium materials as a function of the par-
ticle content and for different geometry factors according to Egs. (24) and (25).

100 s=20 s=5

80 ROM

60 + ¢
IMR

40 -

Young's modulus (GPa)

20 4

T T
0 5 10 15 20 25 30
Volume content (%)
Fig. 1.24 Comparison of theoretically calculated Young’s modulus values

with the experimentally determined values for particle reinforced composite
materials (ROM: linear mixture rule, IMR: inverse mixture rule [33].
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Comparison of the measured Young’s moduli is shown. A good agreement
between calculated and experimental values can be seen; using a geometry factor
S=2 for the applied SiC particles [33]. The basic condition for the application of
such models is the presence of a composite material with an optimal structure, i.e.
without pores, agglomerates of particles or nonreinforced areas.

1.3.5
Thermal Expansion Coefficient

Reinforcement of light metal alloys with ceramic fibers or particles entails a reduc-
tion in the thermal expansion coefficients. For this physical characteristic also,
simple models are available to estimate the thermal expansion coefficients with the
help of the characteristics of the individual components. The model of Schapery
[34] was developed, in order to describe the influences on the thermal expansion
coefficients:

Er 0 @p + Ey 0y (1 — Dp)

O = B (26)

where ;¢ is the axial thermal expansion coefficient, o the thermal expansion co-
efficient of the fibers and o, the thermal expansion coefficient of the matrix.

o= (1 + V) O Pu + (1 + Vi) O Pr — Oac Ve (27)
Viaic = Vi P + Viu (1- d)F) (28)

where o is the transverse thermal expansion coefficient, v Poisson’s ratio of the
fibers and vy, Poisson’s ratio of the matrix.

Since the Schapery model is conceived for the calculation of thermal expansion
coefficients for aligned long fibers the model can only be used for short-fiber rein-
forced materials with restrictions. A basic condition is an alignment of the short fi-
bers. The thermal prehistory of the materials, in order to be able to proceed from a
uniform internal tensile state, also has to be considered. A representation of calcu-
lated and measured values for the thermal expansion coefficients of light metal al-
loy composite materials for the example of a magnesium alloy reinforced with
aligned Al,Os-short fibers (Saffil) is shown in Fig. 1.25. Here the upper curve rep-
resents the calculated values for the transverse thermal expansion coefficients and
the lower curve the calculated values for the axial coefficient. The lower limit curve
was calculated with the help of the theoretical Young’s modulus according to the
linear mixture rule of Eq. (22). When using the experimentally determined values
of the Young’s modulus of the composite material, then the values marked by
squares result. In this case the deviations from the optimal structure are consid-
ered to be in good agreement, for the Mg+15 vol % Al,O, with the measured axial
expansion coefficients. This agreement with the real measured Young’s modulus
of the composite materials can be found also when using particles as reinforce-
ment [35].
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Fig. 1.25 Change in the thermal expansion coefficient with increasing fiber content
(model after Shapery [34]) [33].

The thermal expansion coefficient is determined by the thermal prehistory of the
composite materials, which results from the production and the application. Es-
sentially the internal strain exercises influence. Figure 1.26 shows the temperature
dependence of the thermal expansion coefficients of the monolithic magnesium
alloy QE22 and the composite material QE22+20 vol % Saffil fibers for different
orientations of the fibers. With the monolithic materials the expansion coefficient
increases with increasing temperature. The same applies to the composite materi-
al with a fibers oriented perpendicular to the level of the planar-isotropic distribu-
tion of the fibers (90°). Since the fibers there are not optimally effective a lower re-
duction in the expansion develops. With increasing temperature the difference
between the reinforced and the nonreinforced matrixes becomes less. In the case
of an orientation parallel to the fiber level (0°) a stronger reduction effect results,

20.0

g

& QE22, as cast
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Fig. 1.26 Dependence of the thermal expansion coefficient of magnesium
composite materials on the temperature and fiber orientation in comparison
to the nonreinforced matrix [36].

25



26 | 1 Basics of Metal Matrix Composites

(o]
(3]
(=]

— MSR,0°, as cast
23.0 - E— MSR,U",T'E-treated

— MSR,0°,after 125 cycles
210 —
19.0 -

fter 125 I
after cycles T6-treated

0 50 100 150 200 250 300 350 400 450 500
Temperature [*C]

-
=1
(=]

L

Thermal expansion coefficient [108/K]

Fig. 1.27 Influence of the thermal prehistory on the expansion behavior
of aluminum oxide fiber reinforced magnesium composite materials [36].

which increases with increasing temperature. The influence of the thermal prehis-
tory on the thermal expansion coefficients is represented in Fig. 1.27 for the exam-
ple of the magnesium alloy MSR +vol % Saffil. For the cast condition a comparable
process results, as shown in Fig. 1.24. After a T6-heat treatment the curve shifts to
higher values, particularly in the temperature range above the ageing temperature
(204°C). After a thermal cyclic load a reduction in the internal strain appears and
results in further increase in the values.

1.4
Interface Influence

Compared with monolithic materials the microstructure and the interfaces of met-
al matrix composite materials cannot be considered in isolation, they are mutually
related. Chemical interactions and reactions between the matrix and the reinforce-
ment component determine the interface adhesion, modify the characteristics of
the composite components and affect the mechanical characteristics significantly.

In high temperature use of MMCs the microstructure has to remain stable for
long service periods. Thermal stability and failure is determined by changes in the
microstructure and at the interfaces, e.g. reaction and precipitation processes.
Thermal stress of MMCs can take place both isothermally and cyclically. The ef-
fects show differences. During a cyclic load of monolithic materials, especially at
high temperature gradients and cycle speeds, a high probability of failure by ther-
mal fatigue is to be expected, e.g. short-fiber reinforced aluminum alloys possess
good thermal shock stability.

The formation of the interface between the matrix and the reinforcing phase has
a substantial influence on the production and characteristics of the metallic com-
posite materials. The adhesion between both phases is usually determined by the
interaction between them. During the production of the molten matrix e.g. by in-
filtration, wettability becomes significant.
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1.4.1
Basics of Wettability and Infiltration

Basically the wettability of reinforcement with a metal melt can be shown by the
edge angle adjustment of a molten droplet on a solid base as the degree of wettabil-
ity according to Young:

Ysa— Yis = Yia * Ccos @ (29)

where yi4 is the surface energy of the liquid phase, ysa the surface energy of the
solid phase, y;s the interface energy between the liquid and solid phases and O is
the edge angle.

Figure 1.28 shows the edge angle adjustment of a molten droplet on a solid base
for different values of the interface energy. At an angle of >7t/2 a nonwettable sys-
tem is described and for an angle limit of <mt/2 a wettable system. With decreasing
angle the wettability improves. In Table 1.3 the surface and interface stresses of se-
lected metal — ceramic systems at different temperatures are summarized. Of spe-
cial relevance is the system Al/SiC, since it is the basis for the melting metallurgy
of particle reinforced aluminum composite materials.

As the contact develops, for example at the beginning of an infiltration, adhesion
occurs. The adhesion work W, for separation is [41]:

Wa = VYsa—Via = Vis (30)

Wa=Via-(1+ cos®) (31)

Tab. 1.3 Surface and interface strains of selected metal-ceramic systems
at different temperatures.

Alloy, Ceramic, Systems ~ Temperature  y, (m m™3) vy, (m/m?) vy, (m/ m?  Ref

()
Al 953 1050 - - 37
Mg 943 560 - - 37
ALO, 0 - 930 - 38
MgO 0 - 1150 - 38
Cu/ALO, 1370 1308 1485 2541 39
1450 1292 1422 2284 39
Ni/ALO, 1843 1751 1114 2204 39
2003 1676 988 1598 39
Al/SiC 973 851 2469 2949 40
1073 840 2414 2773 40

1173 830 2350 2684 40
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Fig. 1.28 Edge angle adjustment of a melt drop on a
solid base for various values of the interface energy
(after Young).

Yso = Yoo + Yia-CcOS @

In the case of immersion the interface between the solid and the atmosphere dis-
appears, while the interface between the solid and the liquid forms. The immers-
ing work W is:

Wi=Vis — Vsa (32)
In the case of spreading the liquid is spread out on a solid surface. During this pro-
cedure the solid surface is reduced as well as a new liquid surface being formed
and hence a new solid/liquid interface is formed. The spreading work Wi is:

Ws = ysa— Yis— Via (33)

The wetting procedure is kinetic and is dependent on time and temperature.
Therefore, the kinetics can be affected by the temperature. Figure 1.29 shows, as
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o 0.6 -
E_"}’ pure Al
04 .
: .. — aes
— Al-5Fe
E 0.2 4 — AI-52Mn
— Al-5Cu
0 T T T T
0 200 400 600 800 1000

Time [s] —»

Fig. 1.29 Time dependence of the wetting degree (unit fraction) of
SiC plates by aluminum melts at different alloy additions [42].
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an example of the time dependence of a wetting procedure, the wetting degree
(surface fraction) of SiC plates by aluminum alloy melts of different composition.
In Fig. 1.30 the temperature dependence of the wetting angle of one aluminum al-
loy droplet on a SiC plate is represented. Both figures show the further possibility
of the influence of variation of the composition in the appropriate material system.
The alloying elements act by changing the surface tension of the melt or by reac-
tion with the reinforcement. On the one hand the composition of the matrix, or
rather reinforcement, is modifiable and on the other hand there exists the possibil-
ity of purposeful influence by applying coatings on the intensifying phase. The role
of a reaction at the interface is important, because from it a new system can result
and the interface energies can be changed substantially, thus altering the wetting
angle.

In Eq. (29) the change induced by the reaction, for example, of an oxide reinforce-
ment Me;O with a matrix alloy part Me,, has to be taken into consideration [44]:

Yis — Vsa = (Yis — Vsa)o— AYr -AG, (34)
Me, + Me;O < Me,O + Me, (35)
Yia - COs @ = (Ysa— Yis)o— Ay, — AG, (36)

where (yis— Ysa)o is the wettability without reaction, Ay, the interface tension from
the reaction of newly formed interfaces and AG, the given free energy at the triple
line solid/liquid/atmosphere (reaction energy).

Figure 1.31 shows the influence of pressure-free infiltration through different
reactions by using different reactive binder systems and fiber contents such as
Mg/AlLO; fibers. With a very reactive SiO,-containing binder premature infiltra-
tion happens at lower temperatures than with an Al,O; binder [17].
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Fig. 1.31 Influence of pressure free infiltration by different reactions under use
of different reactive fiber contents on the example of pure Mg/Al,O; fibers,
Dissertation Fritze and [17].

An additional possible influence exists through the change in the surrounding
atmosphere or rather the atmosphere in the preform. It is possible, for example,
that a preform before infiltration is flushed with gas, which can lead to a change in
the oxygen partial pressure. Figure 1.32 shows the dependence of the wetting an-
gle in the system Al,O;/pure aluminum on the temperature for two oxygen partial
pressures [40]. For high partial pressures of oxygen high wetting angles occur at
low temperatures. Only when starting from temperatures above 1150 K does the
value for the wetting angle decrease to that for a low oxygen partial pressure. How-
ever, technically this influence is not relevant, because the atmosphere can be
changed only with difficulty. An exception is the infiltration by the production of a
vacuum (gas pressure infiltration); in this case gas pressures can be modified.
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T T T T > Fig. 1.32  Schematic presentation of the
1000 1200 1400 change in the wetting angle with change in

Temperature T [K] the oxygen particle pressure [44].
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Wetting for the actual infiltration procedure is of substantial importance. This
is shown in a simple schematic representation in Fig. 1.33. In the case of good wet-
ting (small edge angle) a capillary effect occurs (Fig. 1.33a). At large edge angles
this procedure is inhibited (Fig. 1.33b). Additionally this can occur in technical pro-
cesses by a reaction between the melt and the surrounding atmosphere. Then, for
example, an oxide film forms, as in the case of magnesium alloys, which affects the
wetting behavior by formation of a new interface between the reinforcement and
the melt, as clarified in Fig. 1.34. The statements made above apply only to consid-
erations close to the equilibrium. The influence of the wetting on the infiltration
during technically relevant processes is thus less, if applied pressure on the melt,
or rather the flow rate of the melt in the perform, determines the kinetics of the
wetting, for example in the production of a wetted system by high pressure in the
melt. However, the wetting nevertheless still has an influence on the adhesion of
the components in the composite, which will later be described in more detail.
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The actual infiltration process for the production of metallic composite materi-
als consists of several indexing steps: the formation of a contact between the melt
and the reinforcement at the surface of a fiber or particle preform, the infiltration
with the melt flow through the preform and the solidification procedure. At the be-
ginning of the infiltration a minimum pressure must usually be developed, so that
infiltration can follow. Usually a pressure-free spontaneous infiltration is not the
rule, and is only possible with thin preforms with reactive systems and with long
process times. The resulting pressure as driving force for the infiltration [46] is

AP=P,—P,— AP, (37)

where AP is the resulting pressure, the driving force for the reaction, Pythe pres-
sure in the melt on entering the preform (see Fig. 1.35), P, the pressure in the melt
at the infiltration front (see Fig. 1.36), AP, the pressure decrease in the melt at the
infiltration front due to surface influences (effect of wettability).

When P, = P, a minimum infiltration pressure AP, can be defined:

AP, = AP, = S¢(Vis — Vsa) (38)

where S is the surface interface per unit area.
Without external applied pressure the effect of induced infiltration by the capil-

lary force can be presented as following [47]:
2 . D
p =2V 8T (39)
r

where r is the radius of the capillary.
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Fig. 1.35 Schematic presentation of
an adiabatic, unidirectional infiltration,
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Using the hydrostatic pressure

S o Ve 40
(1= vy 49)
results in the rising height:
2 . b
frg = 2 VA COST (41)
p-g-h

where h, is the rising height, g the gravitational constant and p the density.

As a pressure-free infiltration a preform consisting of many capillaries can be
imagined and thus the influence of wettability and structure parameter (surface
and pores — or rather capillary diameter) can be seen when introducing the follow-
ing structure parameter in Eq. (38) [47]:

For a spherical particle:

Sp= _ OV (42)
dr(1-Vp)
For a long fiber bunch and short fiber preform:
Sime Yt (43)
dr(1-Vp)

Where Vi is the fiber or particle content and d; is the fiber or particle diameter.

Table 1.4 shows the change in the specific surface with increasing fiber portion
in the Al,O;-preform of Saffil fibers [48]. The specific surface also influences the
permeability of a preform. This characteristic is important for the even supply of
the preform with the melt and affects the necessary pressure for the infiltration.
This is shown in Fig. 1.37 for Saffil preforms with water infiltration [48, 49]. It is
noticeable that from fiber contents of 20 vol % the permeability is significantly re-
duced. In this context the viscosity of a melt also has an important influence. By
variation of the temperature and composition optimisation of the infiltration pro-
cess is controllable. Fig. 1.38 gives information on the change in the viscosity of
magnesium and aluminum melts as a function of the temperature for unalloyed
systems.

The previous considerations provide only an explanation of the processes and in-
fluencing variables on the wetting and infiltration, which are relevant in material
systems, for example for stirring particles into melts or infiltrating. For both pro-
cesses further procedures are of course relevant. Examples are the solidification

Tab. 1.4 Specific surface of Al,O; preforms, after [17] and [48].

Fiber volume content of Al,O; preforms 10 20 24 25
[vol. %]
Specific surface: Sy = 10° fiber surfaces (m?)/ 1.26 3.41 4.39 4.58

pore volume (m?)
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procedures of the melts. They overlay with the abovementioned procedures. For
poor wetting of particles, for example in the production of particle-strengthened
light alloys, a segregation or liquidization of the particles can take place. During the
infiltration, solidification procedures can affect the permeability and prevent the
complete treatment of the preform. Equation (38) (see Fig. 1.35 and 1.36) assumes
a constant heat balance and no partial solidification. In reality there is heat dissipa-
tion over the tool and thus directed solidification occurs. Also the given free solid-
ification heat has a substantial influence. The solidification worsens the permeabil-
ity and influences the flow conditions in the preform. In reality a feed and a solid-
ification procedure take place during the infiltration as a result of the directed heat
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Fig. 1.39 Schematic presentation of solidification with external heat loss
during a unidirectional infiltration [47].

dissipation, as represented in Fig. 1.39. The heat dissipation in the system pre-
form/liquid or solidified melt is essentially determined by the thermal characteris-
tics of the components (specific heat, thermal conductivity). Thus the reinforce-
ments possess essentially higher specific heat values and smaller heat conductiv-
ities (exceptions are carbon fibers). In Table 1.5 these characteristic values are
summarized for C and AL, O; fibers. In the case of the applied alloys it is to be no-
ticed that magnesium melts possess a smaller heat capacity than aluminum and
therefore are processed at higher temperatures or the preforms have to be at high-
er temperatures than with aluminum alloys.

Tab. 1.5 Comparison of physical data of C fibers and aluminum oxide fibers (Saffil).

Fiber Specific heat Coefficient of thermal conductivity
gm=K) (W K7)

Carbon P100 1.988x10° 520

Carbon T300 1.124x10° 20.1

Saffil 2.31 x10° 0

1.4.2

Objective of Adhesion

The interaction between wetting and adhesion has already been briefly mentioned
in Section 1.1. Figure 1.40 describes this connection using the example of the ad-
hesive strength of a solidified aluminum melt dropped onto a substrate as a func-
tion of the wetting angle, determined by the droplet shear test. For small edge an-
gles high adhesive strength values with a failure by shearing result. At larger an-
gles the adhesive strength decreases and the failure only occurs under tension. In
systems with good wettability reactions play a substantial role. The adhesion in
composite systems can be improved by reaction. However, in some cases the reac-
tions can become too distinctive, so that they result in damage to the reinforce-
ment, e.g. reduction of the tensile strength of fibers. Thus the reinforcement po-

35



36

1 Basics of Metal Matrix Composites

faillure
1.04 | tension
shear | 0

S 08— CLY
52 @ 00|
jo) N e I
c o
= 0.6+ [
5 ® [
02
ow 04
£5
Q
j= g 0.2

0 T T T T T T T T T

100° 120° 140° 160° 180°

Wetting angle 6

Fig. 1.40 Edge angle dependence of the adhesion strength of solidified
Al melt drops [51].

tential is reduced. Later, brittle reaction products or pores can develop, which can
again decrease the adhesion. Fot the example of the system Ni and Al,O; in Fig.
1.41 it is clear that an optimum must be sought. With a proceeding reaction bond-
ing is improved and the fiber strength decreases. In the case of poor binding the
interface fails and the fiber failure dominates with increasing binding. In Fig. 1.42
the formation of an interface between an Al,O; fiber and a magnesium alloy is rep-
resented for two conditions. In the cast condition in Fig. 1.42b only sporadic dis-
continuous MgO particles occur. The fibers are negligibly damaged and possess
their full reinforcement effect. After a long-term annealing treatment the reaction
products have grown and the fibers are damaged, the strength of the composite
material decreases (see Fig. 42a) [53]. In an example of a thermal treatment of the
composite material system magnesium alloy AZ91/Al,0O; fiber/(Saffil) the connec-
tion between reaction layer thickness and strength properties can be clarified. An
untreated composite material of this system has a tensile strength of 220 MPa [54].
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Fig. 1.42 Reaction products at the interface Mg alloy/Al,O; fiber [53]:
(a) SEM image, long term loading 350°C, 250 h; (b)TEM image, as-cast condition.

With increasing reaction layer thickness the tensile strength decreases to more
than 50 % of the output strength (Fig. 1.43). With support of thermodynamic cal-
culations the risk of this damage can be estimated. Also the influence of the reac-
tion by layer systems on fibers [2, 22] or by modification of the alloy composition
[55] is calculable and thus predictable.

The formation of the interface has, as discussed, a crucial influence on the be-
havior of the metallic composite materials. The influence of the elastic constants
and the mechanical properties on the failure is substantial. As an example the
change in the crack growth behavior in fiber composite materials is represented
schematically in Fig. 1.44. In the case of weak binding (Fig. 1.44a) the crack moves
along the fiber, the interface delaminates and the stress leads to the fracture of the

200
& 180
=
£ 180
=)
&
ﬁ 140
@
w120 maximum annealing lime: 16 h
5 annealing temperalure: 510°C
'_
100 : - -
R} 0.2 0.2 04 0.5

Reaction layer thickness [um]

Fig. 1.43  Transverse pull strength of the fiber composite material
AZ91/20 vol % Al,O; fibers in dependence on the reaction layer
thickness as a function of annealing time at 530°C [54].
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LIILY

a) poor adhersion b) medium adhesion  c) good adhesion

libre

e

Fig. 1.44 Schematic presentation of the fiber/matrix dependence of the
adhesion of a crack run [56, 57].

fibers successively. A classical “fiber pull out” develops. In the fracture image, for
example the tensile test sample of a titanium composite material with SiC fibers
(Fig. 1.45a) or aluminum alloy with C fibers (Fig. 1.46a), pulled out fibers are spo-
radically visible. For the case of very good adhesion of the matrix on the fiber no de-
lamination (Fig. 1.44c) occurs. The crack opens up due to the tensile stress and the
matrix deforms, due to the good adhesion the fiber is fully loaded and malfunc-
tions. During further load the matrix continues to deform above the fiber fracture
area also, thus the fiber is further loaded above and below the separation and mal-
functions in further fragments. Macroscopically a brittle failure without pulling
out of fibers (Fig. 1.45b, 1.46¢,d) develops.

Depending on the interface formation transitions at very small delamination
and fiber pull out also result (Fig. 1.44b and 1.46b). The adhesion for the tensile
strength perpendicular to the fiber alignment (transverse pull strength) is of sub-
stantial importance, see Fig. 1.47 and 1.48. With very poor adhesion the fibers or
particles work like pores and the strength is less than for the nonstrengthened ma-
trix (Fig. 1.47a). In the case of very good binding a failure occurs in the matrix (Fig.
1.47c and 1.48a,b) or by disruption of the fiber (Fig. 1.47d and 1.48c). The strength
of the composite material is comparable to the nonstrengthened matrix. At an av-
erage adhesion a mixed fracture occurs (Fig. 1.47b).

Fig. 1.45 Fracture surface in a monofilament composite material [58]:
(a)low interface shear strength; (b) high interface shear strength.
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Fig. 1.46 Fracture surfaces in aluminum formation of a deformed matrix on the
composite materials after tensile strain fibers (Al,05/Al-2.5Li, medium adhesion);
vertical to the fiber orientation [57]: (c) Fracture in the matrix (SiC/Al good
(a) fiber/matrix- delamination (C/Al, weak adhesion); (d) fracture run in multiple

adhesion); (b) shearing of fibers and dimple broken fibers (SiC/Al good adhesion).

AERSSSSSsss  poor adhesion a)

Fibar-malrix debonding

medium adhesion b}
Fiber crack near the interface and
on fiber by malrix

good adhesion remains
Fracture within the matrix  C)

:\\\\\\\\m\ good adhesion d)

splicing of the fiber
A
—

Fibar Matrix

Fig. 1.47  Failure mechanism (schematic) in fiber composite materials
for loading vertical to the fiber orientation [57].
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Fig. 1.48 Fracture surfaces in fiber
composite materials at a strain vertical

to the fiber orientation, Schulte:

(a) Shearing at 45°; (b) formation of dimple
around small SiC particle; (c) fiber split.

1.5
Structure and Properties of Light Metal Composite Materials

The structure of the composite materials is determined by the type and form of the
reinforcement components, whose distribution and orientation are affected by the
manufacturing processes. For composite materials, which are reinforced with long
fibers, extreme differences result with different fibers. For multi-filament-strength-
ened composite materials (Fig. 1.49) the fiber/fiber contacts and nonreinforced ar-
eas are recognizable as a result of the infiltration of fiber bunch preforms. Struc-
ture defects, like fiber/fiber contacts, pores and nonreinforced areas are visible,
which have a substantial influence on the composite characteristics. Figure 1.50
shows the optimal structure of a SiC monofilament/Ti composite material. With

Fig. 1.49  Structure of a unidirectional
endless fiber reinforced aluminum
composite material (transverse grind-
ing) [59]: matrix: AA 1085, 52 vol. %
15 pm Altex-fiber (Al,O5).
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Fig. 1.50  Structure of a titan matrix

' composite material of SiC monofila-
l ments [60].

monofilament-reinforced materials and with wire composite superconductors
(Fig. 1.51 and 1.52) the uniformity of the fiber arrangement which result from the
production process is remarkable. In Table 1.6 the material properties of different
light alloy composite materials with continuous fibers are shown.

Figure 1.53 shows typical structure images of short-fiber reinforced light alloys.
With short-fiber reinforced composite materials a planar-isotropic distribution of

Fig. 1.51 Composite superconductor
type Vacryflux NS 13000 Ta: 13000 Nb
filaments in CuSn and 35 % stabiliza-
tion material 30% Cu+5% Ta) ina
shell [61].

Fig. 1.52 Composite superconductor
cable consisting of 7 superconductor
cables and 5 stabilisation cables [61].
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Tab. 1.6  Selected properties of typical long fiber reinforced light metal composites.

Material Fiber Density Tensile Young's Ref.
content (gcm™)  strength modulus
(%) (MPa) (GPa)
System Orientation
Monofilaments
B/Al 0° 50 2.65 1500 210 22
B/Al 90° 50 2.65 140 150 22
SiC/TiAl6V4 0° 35 3.86 1750 300 17,5
SiC/TiAl6V4 90° 35 3.86 410 20,2
Multifilaments
SiC/Al 0° 50 2.84 259 310 21,4
SiC/Al 90° 50 2.84 105 19,3
AlL,O;/Al-Li 0° 60 3.45 690 262 16,9
Al,05/Al-Li 90° 60 3.45 172-207 152 21,4
C/Mg-Leg 0° 38 1.8 510 16, 6
C/Al 0° 30 2.45 690 160 6,4
SiC/Al Al+55-70% SiC 2.94 226 7,2
MCX-736™ Al+55-70% SiC 2.96 225 7,3

Ly Fh_"iq. K

Infiltration direction %

parallel to &5

fiber orientation ==gsle eLR O
R

EEN

ALl Fig. 1.53  Structure of formation of short
] fiber reinforced light metal composite
materials [62].
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the short fibers develops, due to the fiber molded padding production. The pres-
sure-supported sedimentation technology leads to a layered structure. The infiltra-
tion direction is generally perpendicular to these layers. A reinforcement of light
metal cast alloys by short fibers does not lead exclusively to an increase in strength,
e.g. at room temperature, as the objective. It leads to a strength increase with in-
creasing fiber content, as the example of AlSi12CuMgNi with a fiber content of
20 vol. % (Fig. 1.54) shows. However, the achievable effect is not economically jus-
tified in practice. The improvement in the properties, particularly at higher tem-
perature where a doubling of the strength occurs (Fig. 1.54) and the strength prop-
erties under alternating flexural stress at 300°C (Fig. 1.55), makes the material
interesting for applications such as pistons or for reinforced cylinder surfaces in
engines. A dramatic increase in the temperature alternating resistance at the same
application temperature is attainable, see Fig. 1.56.

500

\
a
I 400 N ;
mm’ 300 -
%’ T / Fig. 1.54 Comparison of temperature
S 200 b N dependence of the tensile strength of
5 / nonreinforced and reinforced piston alloy
@ ¢ AISi12CuMg (KS 1275) [13]: (a) KS 1275
(é 100 \ with 20 vol. % SiC whisker; (b) KS 1275
= r with 20 vol. % Al,O; fibers; (c) KS 1275
0 nonreinforced.

0 100 200 300 400°C
Temperature ——p

150r N,=2.5* 10’

P.,=50%

O MPal

50|
=GP - KS1275/A1,0,

ma GP - KS1275
me GK - KS1275

Alternating bending strength

0 i 1 1 1
0 100 200 300 °C 400

Temperature

Fig. 1.55 Change in the alternating bending strength of nonreinforced
and reinforced piston alloy (20 vol. % AL O; fibers) AlSi12CuMgNi (KS1275),
with increasing temperature (GK=mold casting, GP=die casting) [14].
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60 Fig. 1.56 Temperature shock resistance
T of the fiber reinforced piston alloy
e a AlSi12CuMgNi (KS1275) for different fiber
% 40 ki & contents for a temperature of 350°C [13]:
5 (a) Nonreinforced, (b)12 vol.% Al,O5 short
% b fibers, (c)17.5 vol. % Al,O5 short
@ / t_’\ fibers, (c) 20 vol. % Al,O; short fibers.
5 /
= 20
: /
2 / g
= / \
5 o<
< 0 2000 4000 6000

1000 3000 5000

Temperature cycles —

The cast particle-reinforced light alloys show typical particle distributions de-
pending on the processing methods. Gravity die cast materials show nonrein-
forced areas due to the solidification conditions (Fig. 1.57a); while with pressure
die cast materials the distribution of the particles is more optimal (Fig. 1.57b).
Even better results are reached after the extrusion of feed material (Fig. 1.57¢). In
powder metallurgically manufactured composite materials (Fig. 1.57d) the ex-
tremely homogeneous distribution of the particles is noticeable after the extrusion

Fig. 1.57 Arrangement of typical structures of different particle reinforced

light metal composite materials: (a) SiC-particle reinforced Al (mold cast [9]),

(b) SiC-particle reinforced Al (die cast [10]), (c) SiC-particle reinforced Al
(extruded powder mixture [11]), (d) SiC- particle reinforced Al (cast and extruded).
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of powder mixtures. The possibility of combining particles and fibers to form a hy-
brid-reinforced composite material with the different effects of both reinforcement
components is shown in Fig. 1.58.

Fig. 1.58 Structure of formation of hybrid reinforced light metal composite
materials with C short fibers and Mg,Si particles [63].

With particle addition to light metals like aluminum, the hardness, the Young’s
modulus, the yield strength, the tensile strength and the wear resistance increase
and the thermal expansion coefficient decreases. The order of magnitude of the
improvement of these characteristics depends on the particle content and the se-
lected manufacturing process. In Tables 1.7 and 1.8 characteristics of different par-
ticle-reinforced aluminum alloys are presented. In melting metallurgically manu-
factured materials by mixing in particles (Table 1.7) the upper limit of the particle
addition is approx. 20 vol %. This limit is technically justified since a maximum
tensile strength of over 500 MPa and a Young’s modulus of 100 GPa are attainable
with this particle content. Higher particle contents are made possible by reaction
infiltration procedures, however, the materials then take on a more ceramic char-
acter becoming susceptible to brittle failure and, during tensile stress, a premature
failure without plastic deformation takes place. However, the low thermal expan-
sion despite the metallic character of these materials is outstanding.

For spray formed materials (Table 1.8) the limit for the particle content is ap-
proximately 13-15 vol %. However, the utilisation of special alloy systems, e.g. with
lithium addition, can nevertheless lead to high specific characteristics. In powder
metallurgical materials processed by extrusion from powder mixtures the particle
content can be increased to over 40 vol %. Along with the fine-grained structure of
the matrix, very high strength (up to 760 MPa), very high Young’s modulus (up to
125 GPa) and low expansion coefficients (approximately 17x10°° K™') are attain-
able. Unfortunately also the elongation at fracture and fracture toughness are
worsened, however, the values are better than those of cast materials.
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1.6
Possible Applications of Metal Matrix Composites

Light alloy composite materials have, in automotive engineering, a high applica-
tion potential in the engine area (oscillating construction units: valve train, piston
rod, piston and piston pin; covers: cylinder head, crankshaft main bearing; engine
block: part-strengthened cylinder blocks), see Table 1.9. An example of the success-
ful use of aluminum composite materials within this range is the partially short-
fiber reinforced aluminum alloy piston in Fig. 1.59, in which the recess range is
strengthened by Al,O; short fibers. Comparable construction unit characteristics
are attainable only with the application of powder metallurgical aluminum alloys
or when using heavy iron pistons. The reason for the application of composite ma-
terials is, as already described, the improved high temperature properties. Poten-
tial applications are in the area of undercarriages, e.g. transverse control arms and
particle-strengthened brake disks, which can be also applied in the area of rail-
mounted vehicles, e.g. for undergrounds and railway (ICE), see Fig. 1.60. In the

Tab.1.9 Applications of metal composites.

L. Drive shaft for people and light load motor vehicles (Fig. 1.61) [65]:
Material: AlMg1SiCu + 20 vol. % Al,O;P
Processing: extrusion form cast feed material
Development aims: — high dynamic stability, high Young’s modulus (95 GPa)

- low density (2.95 g cm™)

— high fatigue strength (120 MPa for n =5x10’, R=-1, RT)
— sufficient toughness (21.5 MPa m'/?)

— substitution of steels

II. Vented passenger car brake disk (Fig. 1.62) [65]:
Material: G-AlSi12Mg + 20 vol. % SiCp
Processing: sand- or gravity die casting
Development aims: — high wear resistance (better than conventional cast iron

brake discs)
— low heat conductivity (factor 4 higher than cast iron)
— substitution of iron materials

II1. Longitudinal bracing beam (Stringer) for planes (Fig. 1.63) [66]:

Material: AlCu4Mg2Zr + 15 vol. % SiCp
Processing: extrusion and forging of casted feed material
Development aims: — high dynamic stability. high Young’s modulus (100 GPa)

— low density (2.8 g cm™)

— high strength (R,,, = 540 MPa. Rp,, = 413 MPa. RT)

— high fatigue strength (240 MPa for n = 5x107, R=-1, RT)
- sufficient toughness (19.9 MPa m'/?)

v. Disk brake calliper for passenger cars (Fig. 1.64) [67]:
Material: Aluminium alloy with Nextel ceramic fibre 610
Weight reduction: 55% compared to cast iron.
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Fig. 1.59  Partial short fiber reinforced
light metal diesel pistons [13, 14].

following some potential construction units made out of aluminum matrix com-
posite materials with data concerning materials, processing and development tar-
gets are presented.

Fig. 1.60 Cast brake disk particle of
reinforced aluminum for the ICE 2 [64].
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Fig. 1.61 Drive shaft particle
of reinforced aluminum for passenger
cars of [65].

Fig. 1.62 Vented passenger car brake
disk of particle reinforced aluminum
[65].

Fig. 1.63 Longitudinal bracing beam
(Stringer) of particle reinforced alumi-
num [66].

Fig. 1.64 Disk brake calliper for
passenger cars of conventional cast
iron (left) and an aluminum matrix
composite material (AMC) with
Nextel® ceramic fiber 610 [67].

In the aviation industry the high specific strength, the high Young’s modulus,
the small thermal expansion coefficient, the temperature resistance and the high
conductivity of the strengthened light alloys are of interest compared with polymer
materials, e.g. for reinforcements, axle tubes, rotors, housing covers and structures
for electronic devices. A compilation of potential and realized applications of most
different metal matrix composites can be seen in Table 1.10.
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1.7
Recycling

Of special economic and ecological interest for newly developed materials is the
necessity for recirculation of arrears, cycle scrap and other material from these
composites into the material cycle. Since ceramic materials usually occur in the
form of particles, short fibers or continuous fibers for the reinforcement of metal-
lic materials, a material separation of the components with the goal being the reuse
of the matrix alloy and the reinforcement is almost impossible. However, with con-
ventional melting treatments in remelting factories the matrix alloy can be recycled
without problems.

In melting or powder metallurgically manufactured discontinuous short fiber or
particle-strengthened light alloys reuse of the composite materials from cycle scrap
or splinters can be possible under certain conditions. Particularly for particle-
strengthened aluminum cast alloys the use of cycle scrap is possible, however
splinters on direct remelting cause difficulties due contamination problems. Ref.
[69] gives an overview of different recycling concepts for light alloy composite ma-
terials in relation to the alloy composition, the kind of reinforcement and the pro-
duction and processing prehistory.
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2
Particles, Fibers and Short Fibers
for the Reinforcement of Metal Materials

Hajo Dieringa and Karl Ulrich Kainer

2.1
Introduction

The availability as well as the demand for reinforcing compounds for metal matrix
composites is very extensive. Their selection depends on the condition of the ma-
trix, the type of processing of the composite material and the demands on the ma-
terial (temperature, corrosion, stress etc.). The following requirements apply in
general:

e low density

e mechanical compatibility (a thermal expansion coefficient which is low but
adapted to the matrix)

o chemical compatibility, which leads to optimal adhesion between matrix and
reinforcement, but does not lead to corrosion problems

e thermal stability

e high Young’s modulus

e high compression and tensile strength

e good processability

e low cost.

These demands can be almost exclusively fulfilled by nonmetal inorganic rein-
forcement components. Ceramic particles, or rather fibers or carbon fibers, are
used for metal reinforcement. An application area of metal fibers is that of func-
tional materials (for example for contacts, conductors and superconductors). How-
ever, their application in the structural area mainly fails because of the high den-
sity. Organic fibers cannot be employed because of their low Young’s modulus,
processing problems, poor thermal stability and poor compatibility. However,
there have been attempts to use organic reinforcement components in metallic
materials.

Considering economic criteria, the use of discontinuous reinforcement, like par-
ticles or short fibers, appears most favorable. Significant improvements in the
property profile only become possible by using high-performance fibers. The
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Fig. 2.1 Area of specific strength and specific Young’s modulus of
aluminum-composite materials with various reinforcements [1].

achievable properties of metal matrix composites using the same matrix alloying
systems are dependent on, amongst others, the contribution, orientation and type
of reinforcement compound. Figure 2.1 shows as an example the possible varia-
tion in the specific strength and specific Young’s modulus of aluminum matrix
composite materials with various reinforcements. With the employment of discon-
tinuous reinforcements, the specific properties are only slightly improved. The ad-
vantages exist in the isotropic condition of the material and their low production
costs. Fiber matrix composites, with aligned monofilament fibers with a high
Young’s modulus or carbide fibers, have high specific strength and Young’s mod-
ulus, but have the disadvantage of anisotropic properties as well as high fiber and
production costs.

2.2
Particles

For particle-reinforcement of light metals, hard particle material is used for rea-
sons of economy; the conventional areas of use are in the ceramics and the grind-
ing and polishing industries. A large number of different oxides, carbides, nitrides
and borides are suitable for reinforcement; an overview is given in Table 2.1. The
following have proved technically and economically interesting: silicon and boron
carbides, aluminum oxide, aluminum and boron nitrides and titanium boride. A
summary of the properties of these hard materials is given in Table 2.2.

The production of hard particle material usually takes place through endother-
mic reaction of oxides with the elements. Silicon carbide is produced from a mix of
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Tab. 2.1 Potential particle- or platelet-shaped ceramic compounds for metal reinforcement.

Metal-basis Carbide Nitride Boride Oxide
boron B.C BN - -
tantalum TaC - - -
zirconium ZrC ZrN Z1B, 710,
hafnium HfC HIN - HfO,
aluminum - AIN - ALO,
silicon SiC Si;N, - -
titanium TiC TiN TiB, -
chromium CrC CrN CrB Cr,0,
molybdenum Mo,C, MoC Mo, N, MoN Mo,B, MB -
tungsten W,C, WC W,N, WN W,B, WB -
thorium - - - ThO,

Tab. 2.2 Properties of various particles for reinforcement of metals [4-6]

Type of Particle SiC Al,O, AIN B,C TiB, TiC BN
Type of Crystal hex. hex. hex. rhomb. hex. cub. hex.
Melting point [°C] 2300 2050 2300 2450 2900 3140 3000
Young’s modulus [GPa] 480 410 350 450 370 320 90
Density [g cm™] 3.21 39 3.25 2.52 4.5 493 2.25
Heat conductivity [W m™ K] 59 25 10 29 27 29 25
Mohs-hardness 9.7 6.5 9.5 1.0-2.0
Thermal coefficient of 4.7-5.0 8.3 6.0 5.0-6.0 7.4 7.4 3.8
expansion [10° K™
Producer Wacker Wacker H.C.  Wacker H.C. H.C. Wacker
Ceramics Ceramics Starck Ceramics Starck  Starck  Ceramics
Kempten, Kempten Kempten, Kempten,
Electro Electro H.C.
Abrasive, Abrasive, Starck
H. C. H. C.

Starck Starck
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quartz sand (SiO,) and coke (C), which is reacted in a resistance furnace at a tem-
perature of 2000°C [3]:

625.1 k] + SiO, + 3C — SiC + 2CO

Boron nitride is produced from the elements by high temperature synthesis. Bor-
on carbide is produced by heating boron or diboron oxide with coal at 2500°C. Alu-
minum oxide is usually produced from bauxite by the Bayer technique and then
melted and purified in an electric arc furnace [7]. Aluminum nitride is synthesized
at 1600°C and 100 bar from the elements. The carbides and the solidified oxides
are broken up and ground. The classification (sizing) into different grain classes
takes place by processes like sieving or sedimentation in order to obtain the favored
particle size contribution. The notation for the grain classification is in line with
FEPA regulation or Mesh notation [8, 9]. Examples are shown in Tables 2.3 and 2.4.

The geometries of the particles are manifold. It is possible to produce spherical,
block-shaped, plate-shaped or needle-shaped geometries. However, due to the pro-
duction process the particles are mostly irregular in shape, having sharp tips and
edges. Figure 2.2a shows an example of a SiC particle in block-shaped geometry,
Fig. 2.2b shows a SiC particle in the spherical form. The geometrical shape can
have an unfavorable effect on the composite material. Therefore, attempts have
been made to produce by suitable techniques, regular shaped particles in platelet
(Fig. 2.2¢,d) or rod forms, which have a positive influence on the mechanical prop-
erties of particle reinforced light metals [2]. Rod-shaped particles act, at an appro-
priate length—thickness ratio, like short fibers.

Tab.2.3 F.E.P.A. codes for the grain size Tab. 2.4 Mesh notation with USA sieving-

of SiC particles. equivalent.

F.E.P.A.-Code Main gain portion Mesh USA sieving equivalent
(>50%) [um] notation (um)

F 100 106 -150 42 355

F 120 90 —125 48 300

F 150 63 -106 60 250

F 180 53 - 90 65 12

F 220 45 - 75

F 230 50 - 56 80 180

F 240 425 - 46.5 100 150

F 280 35.0 - 38.0 115 125

F 320 27.7 — 30.7 150 106

F 360 21.3 — 243 170 90

F 400 16.3 — 183 200 75

F 500 11.8 — 13.8 250 63

F 600 83 - 10.3

F 800 55— 75 270 >3

F 1000 37 - 53 325 4

F 1200 25 - 35 400 38
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c)

Fig. 2.2 (a) SiC, particle in block shaped geometry [10]; (b) SiC, particle in
spherical geometry [10]; (c) SiC, particle in platelet-shaped geometry [11];
(d) SiC, particle in platelet-shaped geometry [11].

2.2.1
Fibers

The application of thin fibers for the reinforcement of metallic materials is,
amongst other reasons, related to their high strength. The high strength of these
thin fibers is explained by the fiber paradox, which is expressed as follows: Fibrous
material has a considerably high strength; the thinner the fibers, the greater the
strength. The reason for this phenomenon is the contribution of defects, which are
significantly responsible for the reduction in strength. The following example de-
scribes the phenomenon:
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The defect density in a solid pp, and the volume which contains exactly one de-
fect, Vp, are related by:

Vo=pp ' 1)

The average defect distance I,_p, corresponds graphically to the edge line of a cube
with exactly one defect:

Ibp=Vp'?= PDil/3 (2)

For an assumed defect density of 1000 cm™ an average defect distance of 1 mm re-
sults from Eq. (2), see Fig. 2.3. At a fiber volume, Vy, where

Vp=dzl7't/4 (3)
o
i o
o ©
° i |l.°._
-0
Lo e
L om defects: o ;\

Fig. 2.3 Defect distance in a cube and a fiber
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Fig. 2.4 Dependence of tensile strength of thin glass fibers on their thickness [12].
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(the volume of a cylinder) one can calculate at similar defect density (1000 cm™) an
average defect distance of approximately 12.7 m. This is the average defect distance
in comparison to a cube 1.27x10* times larger (Fig. 2.3). Because the fiber diame-
ter is present as the inverse square in the formula for the average defect density,
the defect distance again increases substantially by application of thinner fibers,
see Fig. 2.4. This effect can be used in both short fiber reinforced and long fiber re-
inforced composite materials.

2.3
Continuous Fibers

The potential of inorganic and organic long fibers (continuous fibers) for rein-
forcement of metals is manifold. The classification of the fibers into monofilament
(single fibers with d=100-150 pm) and multifilament (fiber strands with 500-1000
single fibers with d=6-20 pm) results from the thickness of the fibers. The differ-
ent chemical compositions, production processes and delivery shapes offer a large
bandwidth of properties, see the overview of the tensile strength and Young’s mod-
ulus of different fibers in Fig. 2.5.

If the properties are related to the density, one can classify fibers into different
groups. Figure 2.6 shows the classification regarding the specific strength and spe-
cific Young’s modulus. Oxidic fibers have average specific strength and Young’s
modulus, far above those of the metals. Multifilament fibers, based on SiC or SiO,
have high specific strength at comparable specific Young’s modulus.

5
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4 .
— Celion :
o E-glass Fe,B f BonC sSiConC
£ 9. A 35z hlgh strengsg ¢ ¢ + AlLLO, Wkisker
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g. 2.5 Breaking strength and Young's modulus of some fibers [13].
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Fig. 2.6 Specific strength o/p and specific Young’s modulus E/p of different
reinforcements and metals [14].

2.3.1
Monofilaments

The production of monofilament fibers takes place in general by chemical vapor
deposition (CVD) [15]. Figure 2.7 shows an example of the production scheme for
SiC monofilaments. The fiber substrate, typically carbon or tungsten, is guided
through a reactor through which passes a stream of hydrogen and silane (hydro sil-
icon) gas. The deposition process takes place at a temperature of 1000-1300°C ac-
cording to the following reaction [16]:

CH,SiCl,(g) — SiC(s) + 3HCI(g)

The SiC fiber consists mainly of microcrystalline B-SiC in stoichiometric composi-
tion. By suitable changes in process control, a composition in the border area can
be reached, which has special functions. First, pyrolytic carbon is deposited on the
surface to heal surface defects in order to achieve a higher strength of the fibers.
Then, the deposition of SiC in stoichiometric composition follows, to complete the
task of increasing the moistening behavior in a metal matrix [17].

Due to their low density and high strength, boron fibers are an ideal strengthen-
ing component. However, their high cost reduces their application to a niche mar-
ket. The production of boron monofilaments takes place by deposition from a bor-
on trichloride-hydrogen gas mixture according to the following equation [16]:

2BCl,(g) + 3H,(g) — 2B(s) + 6HCl(g)
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Substrate

Q: gas [Hz + Silane)

Carbon -0
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(1000-1300°C)

gas recyeling = 140 um

=

Fig. 2.7 Scheme for the production of SiC monofilament [15].

In this case tungsten fiber with a thickness of 12.5 pm is used exclusively as a sub-
strate, and is guided continuously through the reaction chamber. The structure of
the monofilaments, especially their surface morphology, can be varied by predeter-
mined process techniques. This has a major influence on both the mechanical
properties of the fibers and their adhesion to the metal matrix.

Monofilaments are characterized by very high strength and Young’s modulus at
a density below 3 g cm™. The property profiles of typical, commercially available
monofilaments are presented in Table 2.5. It has been shown, by statistically
checked measurements, that the strength of the monofilaments has to be de-
scribed with a Weibull distribution. Figure 2.8 shows, as an example, the tensile
strength of SiC monofilaments. Hence, information on the average strength of a

Tab. 2.5 Properties of three SiC fibers, manufacturer: Specialty Materials Inc.

Product name SCs-6™  SCs-9™  SCS-Ultra™
Cross-section round round round
Diameter (pm) 140 78 140
Tensile strength (MPa) 3450 3450 5865
Young’s modulus (GPa) 380 307 415
Density (gem™) 3.0 2.8 3.0

CTE [10°K™] 41 43 41
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fiber is insufficient, the minimum strength o, and the Weibull modulus should
also be stated [18].

Thermal stress of monofilaments in air or protective gas atmospheres occurs re-
sulting in a decrease in strength with increasing temperature, depending on the
composition of the fibers and the atmosphere. Figure 2.9 shows the change in
strength with increasing temperature for SiC and boron monofilaments. SiC fibers

uy
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Fig. 2.8 Histogram of breaking strength tests on SiC monofilaments [16].
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Fig. 2.9 Relative strength loss of different types of fibers (monofilaments)
after treatment for 9 min in air or argon [16).
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show sufficient stability at higher temperatures, whereas, untreated boron fibers
show a decrease in strength in both argon and air. An appropriate coating, for ex-
ample with SiC (Borsic fibers), can reduce the damage to the fiber.

2.3.2
Multifilament Fibers

Multifilament fibers consist of a multiplicity of single fibers. Usually fiber strands
consist of 500, 1000, 2000 or 3000 filaments. The fiber diameter is usually less than
20 pm. There is a large variation possible in the chemical composition and fiber
shape, including carbon fibers, carbide fibers and oxide fibers.

2.3.2.1 Carbon Fibers
Carbon fibers are the most developed fiber group. The reason for this is their excel-
lent property profile:

e low density

e high strength

e high Young’s modulus

e high stability to molten mass in various metal systems
e possible large variation in property profiles

o low coefficient of thermal expansion

e good thermal and electrical conductivity

e high availability

o cost effectiveness

For the production of C fibers two techniques are available, which can be distin-
guished by their use of different feed materials [19]. Figure 2.10 shows the sche-
matic representation of the production processes. In the first technique polyacry-
lonitrile (PAN) precursors are used, which are manufactured by spinning. The
final product here is the PAN fiber. In the second technique, spun tar and pitch
fibers are used.

Before carbonation of the precursor fibers a suitable orientation of the molecules
is necessary to reach the subsequent desired property profile for the C fibers. In the
case of the pitch fibers, this takes place automatically due to the spinning process.
However, the PAN precursor has to be stretched. Both precursor types are fixed by
careful oxidation. The fibers are then carbonized at temperatures above 800°C. Sta-
bilization annealing at temperatures between 1000 and 3000 °C allows adjustment
of the property profile of the fibers, see Fig. 2.11. Up to 1600°C high-strength fi-
bers are obtained, higher treatment temperatures give fibers with a high Young’s
modulus.

The elastic constants for the layer-wise graphite lattice amount to 1060 GPa in
the direction of the layer level and 36.5 GPa perpendicular to the level. This means,
that the better the alignment of the microstructure of the fiber in the direction of
these levels, the higher the Young’s modulus [19, 21]. The tensile strength of the C
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Fig. 210 Manufacture of C fiber from polyacrylonitrile or pitch [19].
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Fig. 211 Temperature dependence of the tensile strength and Young’s modulus
of fibers made from PAN or pitch [20].

fibers is mostly determined by the radial structure. Fibers with low Young’s mod-
ulus and high strength have, in general, a radial structure, whereas fibers with
high Young’s modulus and low strength have shell-shaped structures. Crosssec-
tions of C fibers with different structures are shown in Fig. 2.12a—c. A summary of
the properties of carbon fibers can be found in Table 2.6 (PAN fibers) and Table 2.7
(pitch fibers).
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Fig. 2.12 (a) Round tar-based fibers
[22]; (b) rectangular-shaped PAN-based
fibers; (c) cross-shaped PAN-based
fiber [22].
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Tab. 2.6 Properties of PAN-based C fibers [23].

Standard fibers  Air traffic applications

low modulus  medium modulus  high modulus

Young’s modulus (GPa) 288 220-241 290-297 345-448

Tensile strength (MPa) 380 3450-4830 3450-6200 3450-5520

Elongation (%) 1.6 1.5-2.2 1.3-2.0 0.7-1.0

Elec. resistance (pQ2 cm) 1650 1650 1450 900

CTE (10° K% ~0.4 ~0.4 -0.55 -0.75

C-content (%) 95 95 95 >99

Fiber diameter (pm) 6-8 6-8 5-6 5-8

Manufacturer Zoltec Fortafil ~ BPAmoco. Hexcel. Mitsubishi Rayon. Toho.
SGL Toray. Tenax. Soficar. Formosa

Tab. 2.7 Properties of pitch-based C fibers [23].

Low modulus High modulus Ultrahigh modulus
Young’s modulus (GPa) 170-241 380-620 690-965
Tensile strength (MPa) 1380-3100 1900-2750 2410
Elongation (%) 0.9 0.5 0.4-0.27
Elec. resistance (p€) cm) 1300 900 220-130
CTE (109K -0.9 -16
C-content (%) >97 >99 >99
Fiber diameter (pm) 11 11 10
Manufacturer BPAmoco. Mitsubishi Kasei BPAmoco

2.3.2.2 Oxide Ceramic Fibers
The majority of oxide ceramic fibers consist mostly of aluminum oxide with addi-
tions of silicon oxide and boron oxide (see Table 2.8). These additions are deter-
mined by the production process selected. At higher SiO,- or B,O;-contents the fi-
bers can be produced by spinning or melting, as they have lower melting points. At
higher Al,O; content melting is impossible and not economic. Such fibers are pro-
duced by Precursor technology. Feed materials here are produced, by solution, dis-
persion (for example FP-fibers) or sol-gel processes (for example Saffil, Altex),
spun precursor fibers, which are transformed into closed oxide fibers by thermal
treatment [30]. The SiO,-content has a large influence on the structure and there-
fore on the properties of the fibers. An overview of the properties of continuous ox-
ide ceramic fibers is given in Table 2.8.

At very low SiO,-content the fibers consist exclusive of a-Al,O;. This structure
enables a high Young’s modulus, which can be found in Nextel 610 fibers [22]. A
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Tab.2.8 Manufacturer and properties of commercially available oxide fibers [24-29].

Salesname Manufacturer Composition Diameter Density Young's Tensile CTE
(weight%)  of fiber (g cm™) modulus strength (10°K™)

(um) (GPa) (MPa)
Altex Sumitomo 85 Al,O, 15 33 210 2000 7.9
15 SiO,
Alcen Nitivy 70 Al,O, 7-10 31 170 2000
30 SiO,
Nextel 312 3M 62 ALL,O; 10-12 2.7 150 1700 3.0
24 SiO,
14 B,0O;
Nextel 440 3M 70 Al,O, 10-12 3.05 190 2000 5.3
28 Si0,
2 B,0;
Nextel 550 3M 73 Al,O, 10-12 3.03 193 2000 5.3
27 SiO,
Nextel 610 3M >99 AL,O, 12 39 373 3100 7.9
Nextel 650 3M 89 ALLO; 11 4.1 358 2500 8.0
10 ZrO,
1Y,0;,
Nextel 720 3M ALLO; 12 34 260 2100 6.0
Almax Mitsui Mining 99.5 AL,O; 10 3.6 330 1800 8.8
Saphikon  Saphikon 100 ALO, 125 3.98 460 3500 9.0
Sumica Saphikon 85 ALLO; 9 3.2 250
15 SiO,
Saffil Saffil 96 Al,O, 3.0 3.3-3.5 300-330 2000
4 Si0,

disadvantage of this structure is the high fracture sensitivity, which is expressed in
the low tensile strength. The reason for this is the coarse grain structure produced
by sintering. A coating, for example of SiO,, decreases the surface roughness and
leads to an increase in strength [31].

Safimax fibers are semi-continuous with a diameter of 3-3.5 pm and consist of
approximately 4 % SiO, with mostly 8-Al,O; with a small amount of 0-Al,O;. An-
nealing at temperatures above 1000°C increases the 0-Al,O; proportion signifi-
cantly, the stability of the 8-phase is limited. This leads to degradation of the prop-
erties [29, 31]. The AL O,-fibers with approximately 15-20 % SiO, are a special
group, they consist of spun, polymerized organic aluminum bonding by hydrolysis
and annealing [24, 26, 29]. A typical representative is the Altex-fiber with a diame-
ter of approximately 15 pm. The structure of these fibers is microcrystalline. Fibers
with higher SiO,-contents and additions of B,Os, like the Nextel fibers, have an in-
creasingly glass-fiber character, but have a very high Young’s modulus.
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The advantages of oxidic ceramic fibers are:

e cost-effective manufacturing processes

e universal application possibilities

e good processability

e good resistance in air and inert atmosphere

e high stability at higher temperatures

o sufficiently low density

e low thermal expansion

e low thermal and electrical conductivity

e isotropy properties in comparison to C fibers.

A special feature of oxide fibers is the high thermal stability, which is especially im-
portant in the processing of metal matrix composites by fusion—infiltration tech-
niques. The stability is determined by the SiO,-content. Figure 2.13 shows the
changes in strength of aluminum oxide fibers with respect to the duration of the
heat treatment.
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Fig. 213 Influence of heat treatment on the strength of aluminum oxide fibers [29].

2.3.2.3  SiC Multifilament Fibers

There are only a few developments concerning SiC multifilament fibers, for appli-
cation in the area of reinforced ceramics. Some types of fibers have been developed
for the application in metal matrix composites. The available fibers are manufac-
tured exclusively using spun, polymeric precursors. Feed materials are polycarbo-
silane (Nicalon fibers) or polytitanocarbo-silane (Tyranno fibers). The precursor fi-
bers are transformed into ceramic fibers at high temperatures (ca. 1300°C) using a
protective gas atmosphere [16, 30]. As a result of the applied manufacturing tech-
nique the SiC fibers show a SiO,-layer on the surface, this is advantageous for wet-
ting in many metal matrix systems.
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The advantages of SiC multifilaments for metal reinforcement are:

o relatively low manufacturing costs

e high thermal stability in a protective gas atmosphere
o sufficient thermal stability in air

e low density

e very good corrosion and chemical resistance

e very good wettability in many metal systems

e low thermal and electrical conductivity

o low thermal expansion.

Table 2.9 shows the significant properties of common SiC multifilament fibers.
SiC fibers show a very good resistance to higher temperatures in protective gas

atmospheres. They are stable up to 1000 °C in air, only above this temperature is a

significant decrease in strength for long periods of strain noticeable. Figure 2.14

Tab.2.9 Properties of Nicalon NL200 and three Tyranno fibers [32, 33].

Fiber name  Manufacturer ~ Content. element:  Fiber Density  Young's  Tensile

wt% diameter (gcm™) modulus strength
(um) (GPa) (MPa)

Nicalon Nippon Si:56.5 C:31.2 15 2.55 196 2.74

NL200 Carbon 0:12.3

Tyranno Ube Ind. Si:54.8 C:37.5 8.5 2.52 186-195 3.14-3.4

Lox E Ti:1.9 0:5.8

Tyranno Si:54.0 C:31.6

Lox M Ti:2.0 0:12.4

Tyranno Si:50.4 C:29.7

New S Ti:2.0 0:17.9

before treatment

37 1000°C (in argon)
.-a. _\ ) ) )
?5 ° 800°C (in air)
5 2
[=2)
5 1000°C
£ (in air)
o o 1200°C (in argon)
2 1200°C (in air)
i 14

0 05 1 5 10 100 200

Heat treatment duration [h]

Fig. 2.14 Influence of heat treatment on the strength of SiC fibers (Nicalon) [32].
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shows how the change in strength is dependent on annealing atmosphere and
time for a Nicalon fiber. In principle, Tyranno fibers show similar behavior.

2.3.2.4 Delivery Shapes of Multifilament Fibers

Multifilament fibers can be delivered in various shapes. A delivery shape as a
thread with up to 3000 single filaments is common. There is also the possibility to
obtain fabrics in various shapes and geometries. An overview is shown in Fig. 2.15
and 2.16. There are also customised products for special needs. These delivery

Fig. 215 Delivery shape of Nextel
Ceramic Textiles [26].

V¥ Fig.2.16 Schematic illustration
of delivery shapes of multifilaments
(Plain, Satin and Reno are different
fabric shapes) [32].

band
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shapes are not always suitable for processing to metal matrix composites. That for
so named fiber shape bodies or pre-shapes are sometimes necessary, see Chapter
3 and [34].

2.4
Short Fibers and Whiskers

Short fibers and whiskers represent a special group of reinforcement compounds,
since they have the potential to provide a metal reinforcement between that of con-
tinuous fibers and particles. The reinforcement effect is indeed lower than that of
long fibers, but the advantage is the change in the isotropic property profile of the
produced composite material. A further advantage is the low manufacturing and
processing costs.

The manufacture of short fibers takes place according to the described tech-
niques for continuous fibers, the difference being that there is no need to manu-
facture continuous precursor fibers. It involves atomization (spraying) techniques
to a large extent. In a few cases long fibers are chopped and milled but this is un-
economical, since lower grade short fibers are produced from higher grade long fi-
bers. The compositions of short fibers conform to those of many oxidic long fibers.
SiC short fibers do not exist at the moment. Table 2.10 shows an overview of the
composition and properties of short fibers.

Whiskers are fine single crystals with a low defect density. They have diameters
around 1 pm and show a very high aspect ratio. Special manufacturing techniques
are applied to produce whiskers. They are grown from oversaturated gases, from
solutions by chemical pyrolysis, by electrolysis from solutions or solids [40]. In
many cases the creation of whiskers can be realized by the use of catalysts. There
are two ways in which whiskers may grow: growth of the base plate or growth at the
tip, the dominant way being determined by the manufacturing process and the
composition of the whiskers. Among the many available techniques the VLS (va-
por-liquid-solid) technique offers the optimal control of the manufacturing pro-
cess. Figure 2.17 shows schematically the steps in the growth of SiC whiskers. A
crystalline catalyst, for example steel, is positioned on a substrate in a reactor. The
catalyst melts at higher temperature (ca. 1400°C) and forms a sphere due to the
surface tension. A gas consisting of hydrogen—methane and vaporized SiO, flows
through the reactor. The fusion drop becomes oversaturated with carbon and sili-
con, which leads to crystallization of SiC on the substrate. The SiC whiskers grow,
whereas the catalyst drop remains on the tip. After stopping the growing process
the separation of whiskers and catalyst have to be separated by suitable technology,
e.g. the flotation technique. In a different technique the SiC whiskers are deposit-
ed by a hydrogen reaction from methyl trichloride silane onto a carbon substrate at
a temperature of 1500°C. A combination of chlorosilane, carbon monoxide and
methane as the Si and C source is also possible.

Among the possible compositions of whiskers, SiC and Si;N, have proved to be
particularly suitable for the reinforcement of metals. The reasons for this are the
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Tab. 2.10 Manufacturer, composition and properties of well-established
short fibers and whiskers for the reinforcement of metals [26, 29, 35-39].

Fiber name Manufacturer Composition  Fiber Density  Young's  Tensile
diameter (gcm™) modulus strength
(ym) (GPa) (MPa)
Saffil RF Saffil 6-Al,0, 1-5 3.3 300 2000
Saffil HA Saffil 5-Al,0; 1-5 34 >300 1500
Nextel 312 M 62 AL,O; 10-12 2.7 150 17
24 Si0,
14 B,0;00
Nextel 440 M 70 Al,O; 10-12 3.05 190 200
28 SiO,
2 B,050
SCW #1 Tateho Silicon B-SiCw) 0.5-1.5 3.18 481 2600
Fiberfrax HP Unifrax 50 ALLO; 1.5-2.5 2.73 105 1000
50 SiO,
Fiberfrax Mul.  Unifrax 75 ALLO; 1.5-2.5 3.0 150 850
25 SiO,
Supertech Thermal Cer. ~65 SiO, 8-12 2.6 n.a n.a
~31 CaO
~4 MgO
Kaowool Thermal Cer. ~45 Al,O, 2.5 2.6 80-120 1200
~55 SiO,
Tismo Otsuka Chem. K,0x6TiO; (w) 0.2-0.5 3.2 280 7000
Alborex Shikoku Chem. 9 Al,0;%xB,0; 0.5-1.0 3.0 400 8000
gas R _ vapor
H, CH, SiO, SiC
Whisker
solid catalyst
e.g. steel (30pum)
liquid catalyst
oversaturated with Siand C
— increasing time ~———»

Fig. 2.17  Growth of SiC whiskers by theVLS technique [41].

good wettability of many metal systems, the very good property profile, the high
stability and the low manufacturing costs. A few new developments, like potas-
sium titanate and aluminium borate are also of interest. Table 2.10 gives informa-
tion on technically interesting whiskers of various compositions. Figure 2.18
shows a SiC whisker.
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Fig. 2.18
[42].

SEM-image of an SiC whisker

Whiskers have developed a poor reputation recently. The reason is that the
geometry of the whisker, which is indeed responsible for its good properties, has a
high hazard potential. Being very thin and light, whiskers are respirable and easy
to breathe in and due to their high stability they are not degradable. They have, sim-
ilar to asbestos fibers, a very high health risk and are considered to be carcinogen-
ic [42]. There is a similar suspicion about fine mineral fibers and processing is on-
ly possible using suitable protection devices.

Short fibers and whiskers are usually deliverable in an agglomerated shape
which cannot be brought into the metal matrix. Therefore it is necessary to process
to fiber-form bodies, which can then be infiltrated. Such a process is described in
Chapter 3. Also for powder metallurgical processing there are special manufactur-
ing techniques needed to insert particles, long or short fibers into a matrix, see

Chapter 10.
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3
Preforms for the Reinforcement of Light Metals —
Manufacture, Applications and Potential

R. Buschmann

3.1
Introduction

Rising fuel prices and tighter emission standards are known to be a constant pres-
sure on the automobile industry, leading to attempts to optimize the specific effi-
ciency and the fuel consumption of their vehicles. According to an analysis of the
Traffic Institute of the University of Michigan (Transportation Institute) weight re-
duction and an increase in engine efficiency are the largest contributions to reach
these goals [1]. Light metal alloy composite materials, generally called MMCs (met-
al matrix composites), can help to reduce moving and unsprung masses within the
vehicle due to their high specific properties.

In the group of MMC materials the infiltration of a porous preform, using ce-
ramic reinforcement components in the form of short fibers and/or particles, with
molten light metal alloy surely represents one of the most promising technologies
with regard to the range of the attainable properties of the final composite materi-
al. Some applications, e.g. fiber-reinforced aluminum diesel pistons for trucks
have been in production for over 10 years with up to several hundred thousand
pieces produced annually, and it has been proven that this technology is controlla-
ble for series quantities also. Nevertheless the widespread use of MMC materials
has not yet taken place. The reason for this is the manufacturing cost, since among
other things special pressure casting processes such as squeeze casting are neces-
sary and there is only limited acceptance of higher prices in the cost-sensitive auto-
mobile industry. However, hope for increased use of MMC materials comes from
two different areas. The analysis in [1] forecasts that the value of weight reduction
in automobiles will triple from approx. 1$ per pound at present to 3% per pound by
2009. At the same time modern high pressure die cast machines with real time
controls and the latest generation of squeeze cast machines show clear improve-
ments regarding initial costs, cycle times and floor space requirements, thereby
contributing significantly to the economic application of this technology.

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
Edited by Karl U. Kainer.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2
Manufacturing Principle of Preforms

3.2.1
Short Fiber Preforms

To obtain an effective reinforcement with short fibers the preform must fulfill the
following requirements:

e extreme cleanliness

¢ homogeneous fiber distribution

e homogeneous fiber orientation

o preferably large fiber length/fiber diameter ratio
e homogeneous binder distribution

e low binder content

o sufficient preform strength

The standard manufacturing procedure for most shaped fiber products, e.g. those
used in the kiln industry for high temperature insulation, is based on the drainage
of a fiber slurry by means of vacuum in a suitable mold. In order to meet the higher
requirements for a fiber preform, additional process steps are necessary (Fig. 3.1).
Depending on the type of fibers used these process steps can have a different de-
gree of complexity. Discontinuous manufactured fibers consist of two main
groups: glassy, melt spun fibers, and polycrystalline fibers made by a spin sinter
process. The fibers produced from a melt are predominantly alumina silicate fi-
bers. Here the raw materials are melted with electrodes in a funnel-shaped kiln at
temperatures above 2000°C. A controlled melt stream is run out through an orifice

Delivery condition fiber wool

’ Dispersing in water ‘

v

Binder addition

v

’ Shaping ‘

Fig. 3.1 Process steps of the preform
manufacture.




3.2 Manufacturing Principle of Preforms

at the bottom of the kiln, and then either hits a set of fast rollers rotating in oppo-
site directions, or is blown by a vertically arranged stream of compressed air. In ei-
ther case the melt stream is divided, by the centrifugal forces or the dragging effect
of the compressed air flow, into fine droplets, which then, due to their high veloc-
ity, extract to fibers and solidify glassily under rapid cooling. Figure 3.2 shows the
upper section of a fiber melting furnace with three molybdenum electrodes, which
melt the raw material mixture. Figure 3.3 shows the lower part of the furnace with
the melt stream running out and being blown into fibers by a blowing nozzle.
Fibers with Al,O; content above 60 wt.% cannot be economically manufactured
by this procedure, since the viscosity of the melt is too low. Here the already men-
tioned spin sinter procedure is often applied, in which metal-salt solutions with ad-
ditives with high molecular spin implements are spun to fine and very regular fi-
bers by drawing or blowing [2]. In a subsequent, multilevel temperature treatment
polycrystalline fibers develop, e.g. alumina fibers and mullite fibers. The two man-
ufacturing processes lead to fibers of quite different quality and properties (Table
3.1). The difference is particularly remarkable in the so-called “shot content”. Shot
is the portion of nonfibrous components. With the alumina silicate fibers pro-
duced from a melt, a process related drop-shaped swelling forms at the tip of each
fiber. These drops break off to a large extent during the subsequent processing and
then occur as glass sand in the fiber (Fig. 3.4). The shots in polycrystalline fibers
predominantly result from loose bakings at the spinning device, which also get
into the fiber stream (Fig. 3.5). The C fibers specified in Table 3.1 do not have shot

Fig. 3.2 Fiber melting furnace,
top view.
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Fig. 3.3 Fiber melting furnace,
bottom view.

Fig. 3.4 Shot particles in aluminum
silicate fibers.

Fig. 3.5 Shot particles in aluminum
oxide fibers.
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Tab.3.1 Overview of common fiber types for the preform technology.

Type Al,O, Al,0,-SiO, C (PAN)

Example Saffil, Maftec Kaowool, Cerafiber Sigrafil

Chemistry >95% Al,O, 48% Al,O5 95% C
<5% SiO, 52% SiO,

Mineralogies mostly 6-AL,0, glassy

E-Modulus, GPa 270-330 105 2240

Strength, MPa 2000 1400 2500

Fibre-@, pm 3 2-3 8

Density, g cm™ 3.3 2.6 1.8

Shot content, % ca. 1 40-60 -

portions, because they are chopped or milled from continuous fibers. The shot por-
tions in the fiber represent a substantial problem for most MMC applications. The
size of the particles extends in some cases down to the millimeter range. Particu-
larly in applications where the MMC components are stressed by thermal fatigue,
shot particles can lead to catastrophic effects and to the failure of the component.
Shot particles are inhomogeneities in the matrix and, at a critical size, act as crack
formation centers. Figure 3.6 shows the microstructure of a fiber-reinforced alu-
minum alloy with a shot particle of approx. 250 pm. It can be seen clearly that
cracks proceed from the particle and keep running into the surrounding matrix.
Tests have proved a critical shot size of 2100 pm, above which harmful effects
arise. Therefore a process step has to be inserted ahead of the actual preform man-
ufacturing, in which the critical shot portion is removed as completely as possible
from the fibers and limited to a size less than 100 pm.

The fibers occur in the delivered state as strongly felted wool, either as “bulk” fi-
bers with lengths of 20-60 mm, or as “milled” fibers with adjusted fiber lengths of
up to 500 pm depending on the degree of milling (see Fig. 3.7). Fiber wool must be
first disagglomerated and shots isolated from the fibers, before the separation can

Fig. 3.6 Microstructure of an Al-MMC
with shot particle.
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Fig. 3.7 Fiber wool: left, bulk fiber;
right, milled fiber

begin. Here the fiber break rate must be considered, so that in the later preform, a
sufficiently high fiber length remains. Thermal Ceramics have a proven procedure
for unlocking and cleaning fibers which has been in use for years and which is able
to limit shot contents to less than 10 ppm, with no shots > 75 pm. For commercial
confidentiality reasons this procedure cannot be described here in more detail. The
cleaned fibers are then dispersed in water, usually at low solid concentrations with-
in the range 10 to 40 g fibers per liter. Colloidal SiO, is added to the fiber suspen-
sion, in the form of silica sol, as an inorganic bonding agent. By the type of stabil-
ization of the silica sol, e.g. with NaOH, the SiO, particles exhibit a negative sur-
face charge. In water thin hydrate layers deposit on the fiber resulting also in a neg-
ative surface charge. Thus the solids mutually repel each other and accumulation
of the SiO, particles on the fibers is prevented (Fig. 3.8(a)). The addition of a sec-
ond binder component, a cationic corn- or potato-based starch solution causes ag-
glomerization of the solids in the suspension. The long-chain molecules of the
starch cause flocculation of the solids from the aqueous suspension (Fig. 3.8(b)
and (c)). Under carefully controlled conditions this process produces good preform
strengths with binder contents below 5%, which is sufficient for the further han-
dling and pressure infiltration with molten metal.

The shaping of such a prepared fiber suspension takes place in a vacuum press-
ing. A defined quantity of suspension is filled into a mold with a porous bottom
part (e.g. sieve insert) and vacuum drained up to the formation of a loose fiber cake
(Fig. 3.9(a)). The fiber cake is then compressed with a press stamp to a preform
with the desired height and density (Fig. 3.9(b)). The short fibers orientate them-
selves planar-isotropically in the plane perpendicular to the vacuum and press di-
rection. After releasing from the mold the still moist preforms are dried at 110°C
when the contained starch pastes up and provides the preform with the appropri-
ate green strength. When fired at temperatures between 900 and 1200°C the or-
ganic starch burns completely away and the SiO, bonding becomes active.

For cost reasons the preform should always be designed to be able to be manu-
factured to the “near net shape procedure”, without subsequent mechanical ma-
chining. The design possibilities of preforms with planar isotropic fiber orienta-
tion are limited due to the spring- back behavior of the fiber. An example of Al,O,
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Hepulsion Fig. 3.8 Bond mechanism:
(a) repulsion,
(b) agglomeration,
(c) flocculation.

=5

Fiber Silica sol

a)

Agglomeration

Silica sol ™~

Flocculation

Fig. 3.9 Shaping:

(a) drainage of the fiber slurry,
(b) pressure- and vacuum

a}  Vacuum b)  Vacuum supported drainage.
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fibers with a mean fiber length of 100 pm, of which a preform with 15 % fiber vol-
ume fraction should be manufactured, shows that an over pressing of approxi-
mately 30% is necessary to adjust the desired preform density (Fig. 3.10(a)—(c)).
The spring-back of the preforms during pressure release limits the possibilities for
net-shaping complex geometries such as chamfers and steps or the like. Figures
3.11 and 3.12 show the equipment for the series production of preforms in near
net shape, which is in use at Thermal Ceramics.

The extent of the spring back effect depends on the type of fiber used (elasticity,
strength, and fiber diameter), the fiber length of the source fiber and the preform
density. During pressing of the preform shearing forces act in a direction predom-
inantly perpendicular to the fibers lying in the press direction. If the shearing forc-
es exceed the fiber strength single fibers will break. The greater the source fiber
length, the higher the pressure needed to achieve the same preform density, result-
ing in a higher fiber break rate. In an internal test row the influence of the source
fiber length on the attainable fiber length in a Saffil fiber preform with 20 % fiber
volume fraction was examined. For this test especially milled Saffil fibers 150, 300
and 500 pm in length were used and processed to preforms in the procedure de-

Fiber cake by Vacuum

Example
Saffil fiber preform,

15 Val-%, 20 mm height

average fiber length ca.
100pm

Vacuum
a)

Compression Release, Fiber-"Spring bac

20 mm

Vacuum

b) c)

Fig.3.10 Near-net shape process: (a) formation of a fiber cake,
(b) compression, (c) release.
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Fig.3.11 Preform series production equipment, press side.

Fig.3.12  Preform series production equipment, processing side.

scribed above. An evaluation of the resulting fiber length in the final preforms did
not show significant differences despite greatly different source fiber lengths.
Thus there results a direct dependence of the attainable fiber length in the preform
on the preform density.

322
Hybrid Preforms

Hybrid preforms are defined as preforms which consist of a homogeneous ar-
rangement of fibers and particles. The production of hybrid preforms takes place
in a similar manner to fiber preforms, with the particular particles as an addition-
al solid component. The selection and availability of suitable short fibers for the

85



86

3 Preforms for the Reinforcement of Light Metals — Manufacture, Applications and Potential

light metal alloy reinforcement is rather scarce. Compared to that, commercially
available particles of the oxide and non-oxide ceramic range represent a substan-
tially larger group of materials with different properties, which can clearly extend
the application field for MMCs. Many ceramic powders are now mass-produced
goods because they are used in large quantities in other industries such as techni-
cal ceramics or grinding media. They can be obtained with defined grain spectra
and usually at relatively economical cost. A lot of work has been done on MMCs
which are based purely on reinforcement with particles, e.g. castable composite
materials (“cast composites”), where particles such as SiC or Al,O; are stirred into
the molten alloy by special procedures or composite materials are manufactured by
melt infiltration of particle preforms. While the particle contents in cast compos-
ites are limited to a maximum of approx 20 vol%, MMCs manufactured with parti-
cle preforms usually have particle contents starting from 50 vol% upwards. Hybrid
preforms can close the gap between both systems and make it possible to combine
the advantages of both fiber and particle reinforcement. Since, with this technolo-
gy, any type of fiber can be combined with any type of particle in a broad composi-
tion and volume fraction range with only few restrictions regarding the particle
size, a tool is given to "tailor” the properties of light alloys within a defined range.
Table 3.2 shows the most important advantages and disadvantages of the three sys-
tems: “cast composites”, “particle preform reinforcement” and “hybrid preform re-
inforcement”.

Cast composite materials can be processed with conventional casting processes.
However, due to limitation in the maximum particle content a limited property po-
tential exists. Furthermore, a great disadvantage is that no selective reinforcement
is possible, only the complete component can be reinforced. The usually high hard-
ness of particle reinforced alloys then results in extremely high and thus expensive

Tab.3.2 Comparison of different MMC systems.

Advantages Disadvantages
Cast e Conventional casting processes e Particle content limited to approx.
composites 20 vol%

o No selective reinforcement
e High machining effort
e Expensive

Particle e Low cost preforms e DParticle content 25-50 vol%
preforms o Selective reinforcement e Complex infiltration due to high particle
density and fine pore diameters
o At selective reinforcement extreme
property step

Hybrid- o Reasonable costs e Special casting processes necessary
preforms e Selective reinforcement
o Wide vol% range
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machining efforts, which greatly limits the economic application of these materi-
als. Particle preforms are relatively low cost materials, depending on type and grain
size, and allow selective reinforcement of components. However, the infiltration
with molten metal requires more complex pressure casting processes such as
squeeze casting. The high particle contents limit the achievable infiltration depth
and thus the size and/or thickness of the reinforcement area. In the case of selec-
tive reinforcement there is, furthermore, a drastic change in properties from the
particle reinforced section to the surrounding unreinforced matrix, which leads to
extreme internal stresses in the component. Hybrid preforms can be produced at
reasonable cost depending on the type of fibers and particles used, but also need
pressure casting processes for the infiltration. Because of the variety of possibilities
regarding the adjustable preform density (approximately 10 to 50 vol%), the ratios
of particles and fibers, particle sizes and type combinations, a characteristic prop-
erty profile can be produced that considers the above mentioned problems of the
two other systems. Figure 3.13 shows as an example the thermal fatigue behavior
as a function of temperature cycles for an aluminum alloy reinforced with hybrid
preforms of different porosities of 30, 50 and 70 %. The investigations were under-
taken by the KS Kolbenschmidt GmbH in Neckarsulm as a common research pro-
ject.

The matrix used was the piston alloy KS 1275 (AlSi12CuMgNi), the hybrid pre-
forms were combinations of Al,O; fibers and AL, TiOs particles. The basis alloy KS
1275 shows an average total crack length of 60 mm after 2500 temperature cycles.

100 - - -
| @ KS 1275 fine grained
90 L A KS 1275 + FKD 70% P
m KS 1275 + FKD 50% P
= 80 0 KS 1275 + FKD 30% P
£ X KS 1275 + 20%A1,0 -Fiber
g 60
& |
&
5 50
|
S 40
3;. brittle fractura
g 30— H—p
E brittle fracturg P

L

Temperature Cycles ( x 1000)

Fig. 3.13 Thermal fatigue of AI-MMCs as a function of preform porosity.
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The samples with a preform porosity of 30%, thus a reinforcement portion of
70 vol%, fail by fracture after 1000 cycles. The samples with 50 % preform porosity
fail after 3000 cycles, also by fracture, while the variant with 70 % porosity showed
after 6000 cycles an average total crack length of only 12 mm and no fracture. This
is in the same range as a 20 vol% Al,O; fiber reinforced alloy, as shown as a refer-
ence in Fig. 3.13.

33
Current Applications

3.3.1
Aluminum Diesel Piston with Fiber Reinforced Combustion Bowl

The demand for improved performance of turbo-charged diesel engines, for better
utilization of fuel and smaller pollutant emissions puts conventional aluminum
piston alloys to the limits of their material strength, particularly in the combustion
bowl rim area (Fig. 3.14). Conventional cast aluminum alloys are limited in their
application to temperatures below 350 °C, whilst the use of cast iron to cover high-
er temperatures means a drastic weight increase. Selective reinforcement of the
critical area in the combustion bowl with ceramic fibers, here the addition of
20 vol% Saffil, doubles the hot strength and fatigue strength at elevated tempera-
tures, as shown in Fig. 3.15 and 3.16 [3]. Such pistons have been successfully used
in commercial vehicles for a long time in series quantities of several hundred thou-
sand pieces per year.

Fig. 3.14 Aluminum piston with fiber
reinforced combustion bowl.
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Fig.3.15 Tensile strength of Al-Saffil
MMCs as a function of the temperature.
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Fig.3.16 Alternating bending strength of Al-Saffil MMCs as function
of the temperature.
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33.2
Aluminum Cylinder Heads with Fiber Reinforced Valve Bridges

Since the establishment of turbo-diesel engines with direct fuel injection in the
passenger car range, their market share has been constantly rising. Significant in-
creases in the specific performance are to be observed from engine generation to
engine generation, realized by ever higher ignition pressures and the application
of high pressure injection systems. At the same the aim is to build more compact
engines to reduce their weight. This becomes problematic in the bridge area
between inlet and exhaust valves. Between the inlet and discharge valve side a dras-
tic temperature difference prevails which, paired with rising mechanical stresses,
leads to fatigue problems in the bridge area. For conventional aluminum alloys a
critical bridge width results, which cannot be reduced for material strength rea-
sons. Selective reinforcement of the bridge area in the cylinder head with ceramic
fibers (Fig. 3.17) significantly increases the fatigue strength of aluminum (com-
pare Fig. 3.16), thus allowing for a minimization of the bridge widths. This appli-
cation is at present in the final phase of an extensive testing program and, if suc-
cessful, production will be undertaken shortly.

Fig.3.17 Cylinder head preforms to
reinforce the valve bridges.

333
Cylinder Liner Reinforcement in Aluminum Crankcases, Lokasil

Aluminum crankcases need reinforcement in the cylinder lining surface. The stan-
dard solution is cast-in-place gray cast iron liners. Apart from weight disadvantag-
es due to large distances between the cylinder bores, problems due to cylinder dis-
tortion and gap formation between the liner and the surrounding aluminum are to
be found with this concept, caused by the different coefficients of thermal expan-
sion of aluminum and gray cast iron. A linerless running surface concept is given
by the use of the hyper-eutectic alloy KS Alusil®, in which silicon particles form in
the alloy primarily by precipitation. In a special hone process the aluminum matrix
is set back to make the silicon particles protrude in the cylinder bores, thus provid-



3.3 Current Applications

ing a running surface structure for the pistons. Although this concept provides
outstanding tribological characteristics, it has the disadvantage that the entire cast-
ing consists of a specialty alloy, whose properties are only needed in the cylinder
surface. This concept is predominantly found in the large stroke volume engines
of the upper segment automobiles. By melt infiltration (Fig. 3.18) of hybrid pre-
forms consisting of ceramic fibers and silicon particles the same advantages and
tribological characteristics can be obtained as with Alusil®, however, with use of a
conventional remelting alloy (Fig. 3.19). This opens up the introduction of this
technology into engines of the middle and lower market segments.

Fig. 3.18 Preforms to reinforce
cylinder running surfaces.

Fig. 3.19 Crankcase part with running
surface reinforcement (Lokasil).
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334
Al-MMC Bearing Blocks for Crankshafts

Bearing blocks for the crankshaft are either made completely out of gray cast iron
and inserted into the engine or pre-cast from aluminum and provided with a gray
cast iron bearing shell. Gray cast iron bearing blocks represent a substantial excess
weight in the engine, while the combination of an aluminum block with a grey cast
iron bearing shell is problematic due to the very different coefficients of thermal
expansion ¢ of both materials (Ogrey case=(11-12) X 10 K™, Clituminum >20x10"° K™).
By infiltration of a hybrid preform (Fig. 3.20), consisting of ceramic fibers and spe-
cial silicate ceramic particles it is possible to manufacture aluminum MMC blocks
whose expansion coefficient corresponds exactly with gray cast iron. Thus the
problem of different thermal expansions is removed and the employment of heavy
gray cast iron bridges can be avoided.

Fig.3.20 Preforms to reinforce bearing
blocks.

335
Al-MMC Brake Disks

The weight of brake components, particularly on the steering axle, has a significant
influence on the handling, driving and steering behavior of a vehicle. It is therefore
of interest to investigate lighterweight alternatives to gray cast iron brake rotors.
Conventional aluminum is not suitable for this application due to an insufficient
coefficient of friction and temperature stability. Attempts with SiC particle
strengthened cast composites, e.g. Duralcan showed that the main problem is its
low temperature resistance. It is reported that such brake disks can fail at temper-
atures from 380 to 420°C. However, this can be significantly improved by rein-
forcement with hybrid preforms. On the brake disk dynamometer test stand of a
brake component manufacturer aluminium MMC disks, reinforced with hybrid



3.4 Summary and Outlook |93

preforms based on ceramic fibers and SiC particles of different volume fractions,
were tested (Fig. 3.21 and 3.22). The best results were obtained with a variant
which was reinforced with 10 vol% ceramic fiber + 30 vol% SiC particles. A service
temperature of up to 500°C was obtained and coefficients of friction were meas-
ured, which were close to those of gray cast iron.

Fig. 3.21 Brake disk performs.

Fig.3.22  Aluminum-MMC brake disk

3.4
Summary and Outlook

MMC-materials belong to a group of materials with an enormous potential to re-
duce the vehicle weight in general and the weight of the oscillating and unsprung
masses in particular. The majority of the projects, investigations and material data
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originate from the range of aluminum MMCs. The aim of these developments is
the substitution of heavy materials, such as gray cast iron, by aluminum, or the de-
sign of existing aluminum components more filigree, so that they can then be de-
signed more compact. Magnesium alloys are also attaining increasing importance
because of their low specific gravity. Promising results were obtained in work with
carbon short fiber preforms and carbon fiber hybrid preforms [5].

Above all, the group of the hybrid preforms offers a tool to influence light metal
alloy characteristics such as Young’s modulus, tensile strength, fatigue behavior,
creep stability, hardness, wear resistance, thermal expansion, thermal conductivity
etc. and to tailor properties within certain limits. This can be further extended by
the development of multiphase hybrid preforms and the adjustment of controlled
property gradients in the direction of local material engineering in both the MMC
component and the preform itself. Although there are so far only little accessible
data, it is well-known that MM C materials are significantly superior to most single
phase material systems in their oscillation and absorption behavior. A further ap-
plication potential exists in the range of noise reduction: “NVH” (Noise—Vibra-
tion—-Harshness).

Progress in the equipment technology for pressure infiltration and in the manu-
facturing of preforms, along with a certain confidence level in this group of mate-
rials and the constantly rising accepted extra costs per kilogram of weight reduc-
tion will contribute to these materials finding significantly wider application with-
in the next 5 years. This is supported by the strong interest from the industry and
the numerous development projects with potential end users.
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4
Aluminum-matrix Composite Materials in Combustion Engines

E. Kéhler and J. Niehues

4.1
Introduction

The use of composite materials offers advantages when the characteristic profile of
a standard material for an application is no longer sufficient. In their use in com-
bustion engines the following objectives are of importance:

e Increase in mechanical strength (in particular at higher temperatures)
e Increase in thermal shock stability

e Increase in stiffness (Young’s modulus)

e Improvement in wear resistance and tribological characteristics

e Reduction of thermal expansion.

Different concepts for the local reinforcement of construction units in aluminum
combustion engines have been motor-powered tested in the past years (Table 4.1).
Locally ceramic-fiber reinforced light metal pistons have become generally accept-
ed, and cylinder surfaces have been produced by different technologies. In this
chapter a cylinder surface technology, by which the cylinder surfaces in an alumi-
num cylinder crankcase are enriched by preform infiltration with silicon, is pre-
sented. This method develops a local metal matrix composite material. This tech-
nology went into mass production for the first time in 1996 with the cylinder
crankcase of the Porsche Boxster. Since then more than 400000 LOKASIL® cylin-
der crankcases for the Porsche Boxster and 911 Carrera (Fig. 4.1) have been man-
ufactured. In this chapter this technology and its advances are discussed, and com-
pared with old, proven concepts and new developments with aluminum cylinder
crankcases.

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
Edited by Karl U. Kainer.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 3-527-31360-5
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Fig. 4.1

Cylinder crankcase of Porsche

911 Carrera with LOKASIL®-technology.

Tab. 4.1 Engine components made of aluminum matrix composites (Al-MMC).
Engine component Primary aim Reinforcement Present state
Cylinder head: improved thermal short fiber no mass production

Combustion chamber
calotte

Valve train:

valve spring carrier
rocker arm

Piston:

ring carrier

bowl edge

Piston pin
Piston rod

Cylinder crankcase:
cylinder surfaces

Bedplate:
crankshaft bearing area

shock resistance

mass reduction
mass reduction

mass reduction
improved thermal
shock resistance

mass reduction
mass reduction

tribological properties

reduction of thermal
expansion

particle, short fiber
particle

short fiber + particle
short fiber

short fiber, long fiber
short fiber, long fiber

short fiber mixture
particle
short fiber + particle

short fiber + particle
particle

no mass production
no mass production

mass production
mass production

no mass production
no mass production

mass production
mass production
mass production

no mass production

4.2

Cylinder Crankcase Design Concepts and Cylinder Surface Technology

With the substitution of gray cast iron by aluminum for lightweight construction,
the question for the best concept comes up, see Fig. 4.2 [1]. Thus the components
of the alloy, construction, casting processes and surface technology concerning the
most important criteria and the specific boundary conditions are to be optimized,
giving consideration to various incompatibilities.

Whereas in cylinder crankcases of gray cast iron (a perlitic structure) the materi-
al is also suitable for the cylinder surface, this applies only in exceptional cases for
aluminum. Beside this monolithic design there are still heterogeneous and quasi-
monolithic solutions for aluminum cylinder crankcases (Fig. 4.3).
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Fig. 4.2 Parts of aluminum cylinder crankcase design concepts [1].

Fig. 4.3 Cylinder running surface technologies of aluminum cylinder crankcases [1].
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421
ALUSIL®

One possible way to produce a monolithic cylinder crankcase is using a hypereu-
tectic AlSi alloy. KS Aluminum Technology AG has made cylinders and cylinder
crankcases of ALUSIL® (AlSi17Cu4Mg) since the beginning of the seventies. In
this concept Si grains are primarily precipitated from a hypereutectic melt (Fig.
4.4). These hard particles form, after suitable machining of the cylinder surface,
the support frame for the contact surface between pistons and piston rings [2]. This
proven system with all the advantages of a monolithic cylinder crankcase like small
mass, short overall length (minimum web width between the cylinder bores
4 mm), outstanding heat conductivity (thermal release for cylinder web and piston
ring groove), small cylinder distortion (thermal and long-term distortion) and
smaller piston assembly clearance due to similar heat expansion coefficients
(smaller piston noise) is still in use; in particular for the cylinder crankcases in the
V-building method, see the examples in Fig. 4.4.

However, the ALUSIL® concept is constrained by the state of the art in the low
pressure casting process, which brings, besides many qualitative advantages, high-
er costs, so that this concept has not yet been able to be introduced into the mass
motor market (series engines). For small to medium scale production, ALUSTL®
gives price production benefits due to smaller tooling expenses (in relation to die
casting) and already integrated cylinder surfaces are economically priced.

ot P

""‘-'L "% Structure with approx. 8 vol%
\ LY primary precipitated silicon

e :? (grain size 20 - 60 pm)

BMW V8 (M5) VWAL W12

Fig. 4.4 ALUSIL® concept and two current application examples.
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422
Heterogeneous Concepts

The most economical possibility to produce aluminum cylinder crankcases con-
sists of casting-in (using classical die cast processes) liners of gray cast iron, which
will, after machining, form the cylinder surface. When casting in the liners the
smallest gap between the liner and the surrounding cast is obtained in the die cast
process, which leads to comparatively good equivalent thermal conductivities. Lin-
ers of suitable aluminum materials can at present be cast in only in the high pres-
sure die cast process, since they require short solidification times because of the
danger of melting through. Planar merging of the aluminum liner at its exterior
surface with the surrounding cast occurs only very slightly. By the use of cast lin-
ers with rough surfaces (from gray cast iron) a mechanical clamping of the liner to
the surrounding cast can be achieved. Merging with the surrounding cast is clear-
ly improved by suitable coatings on the outside of the liners but this adds to the
cost. However, cast liners of ALUSIL® or hypereutectic liners, which are powder
metallurgically produced, reduce some of the disadvantages of these heterogene-
ous solutions like higher weight, greater cylinder distortion and poorer thermal
conduction, but are much more expensive than gray cast iron liners. Figure 4.5
shows some liners, which are cast-in at the KS Aluminum Technology AG at
present serially.

Wet, slip fit liners, are applied in small production runs, e.g. sports car and rac-
ing engines, an exceptional case where cost is not the highest priority [3]. Here
high-strength aluminum liners, which have a galvanically deposited Ni-SiC dis-
persion layer as a running surface, are used. An example is shown in Fig. 4.6.

rough cast iron Liner graycast iron Liner AISi Liner

Fig. 4.5 Different liners to cast in.
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running surface

+ nickel matrix

* 7-10Vol.% SiC,

 SiC grain size 1 - 3 pum
= mixed hardness 610 HY

75 um

base material AISi9Cu3
* most pore-poor

Fig. 4.6 Microstructure image of a Ni-SiC dispersion layer.

4.23
Quasi-monolithic Concept

All quasi-monolithic concepts have the goal to achieve the advantages of a mono-
lithic cylinder crankcase with smaller costs for mass production. State of the art is
the galvanically deposited Ni-SiC dispersion layer (Fig. 4.6). A precondition for
good adhesion of this layer is extremely small porosity of the surface to be coated.
However, this tribological high-quality contact surface technology is no longer very
common. A rather critical attitude to nickel, the problem of disposal of the result-
ing nickel sludge, and the corrosion problem when using sulfur-containing fuel
are probably the main reasons for the decline in its use.

After the decline of the galvanic Ni-SiC dispersion layer different coating pro-
cesses are in the ascendancy. One possibility is to apply a thin layer from TiN or
TiAIN by a PVD process onto a honed cylinder surface, whereby the honed struc-
ture remains [4]. This plasma process in vacuum requires a complex preparation of
the surface to be coated. High costs and lack of process security probably still pre-
vent a break-through by this technology.

Thermal sprayed coatings are at a more developed stage. The engine of the VW
Lupo FSI is the first to have gone into series production with a plasma-coated cyl-
inder surface [5]. With atmospheric plasma spraying, not only iron based layers,
but also layers with further metallic or ceramic additions are possible [6]. Figure 4.7
shows a structure image of a plasma-sprayed cylinder surface. When using low-
priced powder the calculated coating costs for mass production numbers are simi-
lar to those for gray cast iron liners [6]. Initial problems such as layer adhesion and
high porosity of the layer seem to be eliminated. In any case, coatings demand a
high surface quality (keyword: pores), which is, according to experience, best ful-
filled by low pressure permanent mold cast parts. Other casting processes (e.g. die
cast, sand casting or also lost foam) do not yet have the necessary surface quality
for coating in mass production with appropriate process security. This technique is
relevant to cylinder crankcases of multicylinder engines.

Better layer adhesion and smaller porosity are expected with high-velocity oxy-
gen fuel spraying than with plasma spraying [7]. Here metallic, ceramic and Cer-
met layers are also possible. The coating of cylinder surfaces by this procedure is
still at the development stage.

To avoid adhesion problems with coatings, laser alloying has been developed [8].
Here the cylinder surface is metallurgically alloyed using a turning optics with par-
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Fig. 4.7 Structure image of a plasma coated cylinder contact surface.

allel powder supply. Since the alloyed zone cools down very quickly, the formation
of a laminated structure with fine deposited hard phases (e.g. silicon) is also
achieved. However, these fine particles require a chemical process step at the sur-
face finish after honing to set back the aluminum matrix. An objective of the fur-
ther development is a clear reduction in the coating time, in order to make eco-
nomic production possible.

4.2.4
The LOKASIL® Concept [9]

A hypereutectic alloy such as ALUSIL® is difficult to cast in processes like high
pressure die casting or squeeze casting. It is more expensive and makes higher de-
mands on machining than the standard alloy 226 (A1Si9Cu3) and is actually only
needed in the cylinder bore. However, alternatively the silicon enrichment needed
at the cylinder bores could take place only locally. Here highly porous, hollow cylin-
drical parts of silicon, so-called preforms, are infiltrated during casting under pres-
sure with economical secondary alloy (A226). Thus a tribological equivalent com-
posite material to the hypereutectic alloy ALUSIL® has been developed in connec-
tion with a very efficient casting process. The monolithic character of the cylinder
crankcase is essentially maintained.

LOKASIL® can be understood as a material family. For the application in series
primarily two variants are available. In the fiberless variant, LOKASIL® is an out-
standing primary tribological material. This variant is used in cylinder crankcases
of the Porsche Boxster and 911 Carrera series. With fiber particle composite mate-
rial the higher strength requirements can be fulfilled. This benefits the realisation
of a minimum web width between the cylinder bores at appropriate higher thermal
stress.

Figure 4.8 gives an impression of the respective preform structure and the asso-
ciated composite material structure. A small portion of alumina fibers in the basic
variant forms a support frame for the embedded Si particles. With both variants
the Si grain size was adapted to the grain size of the Si primary grains of the
ALUSIL®. This is also very positive for the surface finish. Meanwhile both variants
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were developed with respect to cost reduction in the preform manufacture and
higher strength of the composite material, so that today for each application a cus-
tom-made LOKASIL® solution is available. The advantages of the LOKASIL® con-
cept are once more summarized in Table 4.2.

Typ

preform

preform structure

structure of composite

LOKASIL |

5 % Al,O.- Fibres +
15 % Si (30 - 70 pm)

variant with increased
demand of strength

LOKASIL Il

25 % Si (30 - 70 pm)

base variant for primary
fribological application

Fig. 48 LOKASIL® cylinder contact surface variants.

Tab. 4.2 Advantages of the LOKASIL® concept [10].

Criteria

Advantages of LOKASIL

Comment

weight

compact construction
heat conductivity
cylinder deformation
tribological properties
emission

noise

compatibility
recycling

without heavy castings
minimum web width

gap free bonding embedded
in Al casting

low thermal and remaining
deformation

high seizure resistance,
low wear, low) friction

low oil consumption (pos. and
HC emission before converter)

low piston clearance

preform replaceable by liner

suitable for secondary metal cycle

grey cast cast liners
with fiber reinforcement

thermal release cylinder web
and piston ring groove

no liner tolerance problems
gap freedom, no bimetal effects

well proven hard phase silicon
(ALUSIL)

optimal finish of cylinder
surfaces

similar thermal expansion
cylinder — piston
technology similarity

also with fibers
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4.3
Production of LOKASIL® Cylinder Crankcases

4.3.1
Introduction

Production of metal matrix composite materials can take place in various ways.
Possibilities are:

¢ forming (forging, extrusion of continuous semi-finished castings of composite
material)

e powder metallurgical production

e thermal spraying

e laser alloying

e casting of composite melts

e melt infiltration of preforms by gas pressure infiltration or squeeze casting

In the LOKASIL® cylinder crankcases the production is by squeeze casting, where
prefabricated preforms are infiltrated with the metallic melt.

4.3.2
Preform Manufacture

Fibers and particles can be processed to porous preforms with the addition of bind-
ers in the following ways:

e processing of long fibers for reinforcement and fabrics

e pressing and burning/sintering

e casting of an aqueous suspension, profiling and subsequent water removal
o gel-cast freeze drying.

Figure 4.9 shows examples of preforms of different geometry and materials.

Since the production of fiber preforms and hybrid preforms (fibers + particles)
is already described in detail in other places in this book, only the production of
particle preforms is described here. Pure particle preforms are used for LOKASTL®

& O

Fig. 4.9 Examples of different preforms.
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II-cylinder crankcases in series; for the achievement of a high porosity of 70-75%
the gel-casting freeze-drying method is used (Fig. 4.10) [11]. In this procedure the
pores are introduced by the place holder, water. A homogeneous slurry, consisting
of silicon powder, water and binders is produced first and cast into a metallic neg-
ative form of the desired geometry. After cooling the filled form, at approximately
60°C, to temperatures below the freezing point, the parts are freeze dried in the
frozen condition. That means the water is sublimed at approximately 6 mbar pres-
sure by a supply of energy. Thus, in the places where the ice crystals were previous-
ly, the desired uniform cavities are produced, and these are then infiltrated with
aluminum during the casting process.

By this process the preforms — depending on powder and water proportion as
well as process parameters — will get exactly the desired porosity, pore distribution
and pore structure. Finally the construction parts are solidified during a burning
process at temperatures of approximately 1000°C and cut to the required length.
The resultant parts offer, despite high porosity, sufficient strength for automatic
handling in the manufacturing process and form an extremely homogeneous met-
al matrix composite structure after infiltration with aluminum.

If smaller porosities are required, procedures like isostatic pressing, axial press-
ing or extruding can be applied (Fig. 4.11) [11]. With these procedures the poros-

Silicon 45 - 70 pm, water,

Si powder, org./inorg. binder dissolving, dispersing, respectively

| gel freeze casting | from +60°C to -10°C
I

| freeze drying | < 6 mbar, thermal energy
|

| sintering | approx. 1000°C air
|

| cutting to length |

Fig. 410 Operational sequence of gel-freeze casting of LOKASIL II1® preforms, CeramTec AG.

— mate":'l'nz:rmm agent, wet- or dry processing
|
pressing / extrusion ‘
|
sintering ‘ 800 to 1300°C
|
finishing CNC-turning, -milling, -drilling

Fig. 411 Operational sequence of powder technological profiling, CeramTec AG.
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ities are not produced by water and the consequent expensive intermediate step of
freeze casting, but by the addition of porosity mediums, which burn out during
sintering. In principle nearly all kinds of hard materials can be processed with
these developed procedures. Thus there is the advantage of selecting the most eco-
nomical hard material reinforcements which supply the desired MMC material
properties for each case.

433
Casting Process

The Porsche Boxster cylinder crankcase halves are cast by squeeze casting. This
procedure combines die filling similar to the low pressure method and thus slow
and a little turbulent, with the die-cast typical high pressure after die filling. The
latter causes very large heat transmission coefficients, which lead to fast solidifica-
tion of the casting. This permits comparable cycle times with the conventional die
cast. Figure 4.12 shows a comparison of usual casting processes with regard to
casting pressure and filling speed. Figure 4.13(a) shows the principle of applied
squeeze casting machines. The tool, divided into a fixed and mobile mold half, is
situated between the cast and the closing unit. The casting chamber is swivelled in
and docked onto the fixed die half. The casting piston is in its final position after
filling the form. In the casting chamber the so-called press-residual remains, from
which the high pressure load results. Figure 4.13(b) shows the time curve for the
most important casting parameters. Thereby the end of the mold filling is of cen-
tral importance for the process control concerning preform infiltration. Here the
casting piston speed must be reduced so as to keep the increase in pressure during

100

10

Honda
NDC

Squeeze-
Casting

0.1

filling speed in ingate in m/s

0.01

105

0.1 1 10 100 1000

casting pressure in bar

Fig. 4.12 Presentation of different casting processes by casting pressure and filling speed.
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| closing
rj unit
I | I. docking phase II. casting phase
- v == - Lt >
mobile die piston pressure
half K
* i piston track s
gating e
press T
remain piston speed v /
"'-n...* T .H\-
fixed die V1
half — _?«;' B — |
/ . . 5 |
// hv- ;‘\
casting -
unkt time sequence

a) b)

Fig. 413 (a) Scheme of a squeeze-casting machine and (b) time sequence of
essential process parameters [10].

the infiltration within permitted values. This process is so stable that the contact
surface inspection by eddy current can be reduced to a sampling inspection.

The squeeze casting machine is a component of a fully automated casting cell
(Fig. 4.14), in which two robots take over all necessary handling. Whilst robot 2
cleans the die and spreads the die release agent, robot 1 takes three heated pre-
forms (Fig. 4.15) out of the preheating furnace and sets them on tempered remov-
able sleeves. Subsequently, these are positioned in the casting tool. After closing
the die the casting process takes place, as the casting piston moves upward and fills
the cavity slowly with melt. The preforms are infiltrated with melt and the casting
solidifies under high pressure. Afterwards the mold opens and robot 1 takes the
casting. This is inspected for completeness, marked and put down after pressing
out the removable sleeves on the conveyor. The removable sleeves are then coated
in an immersion bath and kept at a moderate temperature. At this time robot 2 has
already begun another cycle with the cleaning of the mold.

For the first application of LOKASIL® in the cylinder crankcases halves in the
Porsche Boxster engines these were cast by squeeze casting, but the extension of
the procedure to horizontal working die casting machines was being studied in
parallel from the very early stages of the work. The world-wide provision of such
machines forced this in respect of the broader marketing of the LOKASIL® con-
cept. Although some functional LOKASIL® cylinder crankcases had already been
produced on conventional die casting machines with die-cast typical in-gate tech-
nology, process stabilization could only be achieved with real-time-controlled die
casting machines. With this regulation and a modified in-gate and tool lay out de-
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sign a similar process to squeeze casting is possible, as the past examples have
shown, which guarantees, in principle, a safe preform infiltration with good cast-
ing quality. Series applications surely require a component specific process devel-
opment.

: UBE Squeeze Casting Machine
: Holding and Dosing Furnace

: robot 1, handling

: robot 2, spraying

: preform preheating furnace

: sleeve pressout press

: conveyor

~NOoO R WN 2

Fig. 4.15 Heated preforms taken out of
the preheating furnace [12].
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4.4
Summary and Outlook

Monolithic and quasi-monolithic concepts are to be preferred to heterogeneous so-
lutions due to their technical advantages. In multicylinder engines the monolithic
ALUSIL® concept is also economical as the most favorable solution for middle se-
ries production numbers.

If the costs are of paramount importance in mass production, highly productive
casting processes like high pressure die casting have to be applied. Casting-in of
gray cast iron liners is the most economical solution, presupposing the technical
disadvantages can be accepted. The proven LOKASIL® concept, which links the ad-
vantages of the monolithic cylinder crankcases with highly productive die casting
processes, is surely the best solution for the advancement of preform production
and composition, with only small extra costs compared to gray cast iron liners.

Plasma-coated cylinder surfaces just find straightforward introduction into se-
ries application. Their operability is beyond doubt. Thus the success of this new
technology will also depend to a large extent on the two most important factors: the
medium-term attainable process security and the actual costs arising per coated
bore. How far the higher degree of porosity in inexpensive high pressure die cast

cylinder crankcases will be acceptable cannot be answered yet.
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5
Production of Composites or Bonding of Material
by Thermal Coating Processes

B. Wielage, A. Wank, and J. Wilden

5.1
Introduction

In modern mechanical engineering, components are generally subject to both a
high strength requirement and high requirements of the surface properties, e.g.
corrosion and/or wear resistance. Further, functional characteristics must often be
fulfilled at the surface. The entire requirement profile may not be met by one ma-
terial alone. Only by a functional separation of the tasks of the component surface
and inside, which is technically realized by applying coatings onto a structural
component, can the entire requirement complexity be fulfilled.

A large range of procedures can be used in principle to manufacture coatings.
Besides physical (PVD) and chemical (CVD) vapor deposition, galvanic and exter-
nal currentless chemical deposition, a hot-dipping process, thick-film coatings of
thermal spraying and cladding welding have been utilized. Thick-film coatings are
characterized by high deposition rates and short process times for manufacturing
material composites. In these, partial multilayered coatings are used to ensure the
stability of the composite layer. Both the substrates, which determine the compo-
nent strength, and the coatings can be composite materials.

Thermal spraying and cladding procedures, which in particular find their appli-
cation in protective coatings against wear and corrosion of highly stressed compo-
nents, are of high economic importance and are described in detail in the follow-
ing, where their applications will be discussed with examples. The economic loss
as a consequence of wear and corrosion amounts to at least 8 billion Euros in the
Federal Republic of Germany, so that a high value is attached to these applications.
Such layers can be important to reduce friction as well as to provide thermal or
electrical isolation. Finally, functional coatings with special magnetic, thermo-
electric or chemical characteristics are becoming increasingly important.

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
Edited by Karl U. Kainer.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 3-527-31360-5
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5.2
Thermal Spraying

In accordance with DIN 32530 thermal spraying is characterized by the fact that
the fed material is molten or solidified and spun on prepared surfaces (Fig. 5.1).
The surface of the component part is thereby generally unmelted. Typical layer
thicknesses are in the range from 10 pm up to a few millimeters.

The processes of thermal spraying are characterized by a powder, (filler-) wire or
rod-shaped material which is conveyed into an energy source. Furthermore the
European standard EN 657 “Thermal spraying” divides the spraying technology in
accordance with the energy source and differentiates between jet, liquid and gas-
based processes as well as electrical gas discharge. Laser spraying and molten me-
tal spraying have at present no economic importance and thus they will be neglect-
ed in the discussion. The conventional flame spraying, detonation-, high-velocity
flame and cold gas spraying belong to the gas-based processes. Arc and plasma
spraying are based on electrical gas discharges.

Thermal spraying exhibits inherent advantages:

almost any coating material is applicable,

small thermal load on the component,

locally limited and/or large area coating

e on-site application of many procedures is possible.

The applicability of a material for thermal spraying depends only on the require-
ment that a molten phase or a sufficient ductility below the decomposition temper-
ature must exist. Practically no restrictions exist for the selection of the structural
materials due to the thermal load of the substrate which is adjustable by the pro-
cessing.

Warming up and Substrate
acceleration

Spraying pistol

Energy source
- flame //,i_
g P e o]
- plasma / ()
i
— Spraying material llr .

- powder

- wires Y ®

- rods . . 5

Fig. 5.1 Principle of thermal spraying.
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Since thermal spraying does not result in metallurgical bonding of the layers to
the base material (substrate), only a small adhesive strength results. A subsequent
remelting or hot-isostatic pressing (HIP) treatment brings improvement and re-
duces the porosity. A compression of the layers can be achieved by simultaneous
or subsequent shot peening. Adjustment to the final size and a defined surface
quality usually takes place via machining.

5.2.1
Spraying Additive Materials

The spraying additive can be supplied to the spraying process in the form of pow-
ders, wires or rods. In the manufacturing processes a substantially smaller materi-
al spectrum is processable by using wires or rods than with powders. Nevertheless,
approximately 3800 t wire-shaped and 840 t powdered spraying additives are pro-
cessed annually. With almost 80 %, zinc wire takes by far the largest part followed
in importance by different steels (approximately 13 %) and molybdenum (approxi-
mately 5%). For rod spraying, ceramic sinter rods are used. While spraying wires
usually have a diameter from 1.6 to 3.2 mm, rods can have a diameter up to 8 mm.
With the use of cored wires the spectrum of the processable materials is substan-
tially extended. Hard materials can be used to improve the wear resistance of a
metal matrix material (material of the covering). Furthermore the characteristics of
the matrix can be modified by alloy formation with fillers in the coating process,
without affecting the manufacturing properties of the covering material during
manufacture of the wires. Folded cored wires, which permit a particularly high de-
gree of filling and tube filler wires are also available, promoting process stability
due to the closed covering.

Usually powders used for spraying have particle diameters between 5 and
150 pm. The applicable size of powders depends on the fluidity and the thermal
physical characteristics. The fluidity of the powder depends on the particle form
(spherical or sharp-edged) as well as the affinity to agglomerate in consequence of
the increasing specific surface with decreasing particle size. The thermal physical
characteristics determine which particle sizes melt off and/or whether a sufficient
warming through is possible by interaction with the hot gas stream. In principle,
close grain fractions positively affect the layer quality (homogeneity of the micro-
structure and layer thickness, porosity, deposition efficiency).

The majority of metallic spraying powder alloys are based on iron, nickel and co-
balt. MCrAlY (M: = Fe, Ni, Co) alloys are of great importance for hot gas corrosion
protection in combustion turbines. Furthermore, molybdenum especially is often
processed as well as light metal alloys based on aluminum and titanium. Both the
particle shape and the gas content depend mainly on the process control of the
powder production. MCrAlY alloys are usual atomized by inert gases in a chamber
with an inert atmosphere, because the hot gas corrosion resistance depends sub-
stantially on the oxide content of the layers. On the other hand self-fluxing NiCrB-
Si alloys are often atomized in water, because a certain oxygen content is necessary
for good melting behavior after spraying, however, coarse particles can form.
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Oxide ceramics account for approximately a quarter of the total spraying powder
consumption. ZrO,-based ceramics are predominantly used for thermal insula-
tion, while Cr,0; and Al,O; (TiO,) ceramics are predominantly used for wear pro-
tection. ALLO; is also used for electrical isolation. Besides melted and/or sintered
and broken powders, which have sharp-edged shapes due to the milling process,
spheroidized, spray-dried and sintered powders are available.

A further quarter of the powder used, can be found in Cermets, composites with
a metal matrix, which prevents brittle failure, and a ceramic reinforcement compo-
nent, which improves the wear resistance. The most important Cermet materials
are hard materials based on WC-Co(Cr) as well as Cr;C,-Ni20Cr. The composite
powders are usually made by spray-drying a suspension with an organic binder,
whereby the bond strength of the particles is substantially improved by a subse-
quent sintering process. To optimize the wear and corrosion resistance for a cer-
tain hard material content, the size of the hard materials and the kind of the hard
material is mainly of importance as well as the matrix composition. Due to its
spherical shape the composite powder offers outstanding fluidity.

With the help of careful development of the metallurgical concept as well as the
use of adapted process technology, it has recently been possible to apply hard ma-
terials for spraying applications which do not allow an initial layer production. SiC
is characterized by outstanding wear protection characteristics and by low price,
however, no pure SiC sprayed coatings can be produced due to its incongruent
melting behavior and low ductility below the decomposition temperature. The
high reactivity of all technically relevant metallic elements in the solid state oppos-
es their application as a hard material in Cermets. Investigations on the manufac-
turing of SiC-based Cermets by sintering have shown that the kinetics of dissolv-
ing in an iron-based matrix alloy is strongly restrained by saturating the iron mixed
crystal with silicon and carbon. At the same time the wettability of the hard mate-
rial is improved, resulting in good interface bonding. For manufacturing sub-mi-
cron structured Cermet composite powders with homogeneous contribution of the
SiC particles in oversaturated nickel or cobalt matrixes high-energy milling can be
applied (Fig. 5.2). By processing with kerosene-operated high-velocity flame spray-

(T  Void

"~ Oxide inclusion
s // Unmelted particle
~ Substrate

Fig. 5.2 Schematic
presentation of spray
coating formation.
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ing technology the microstructure can be transferred into the layers. Thus hard
material contents of more than 50 vol % can be realized. Hence an inexpensive al-
ternative to the conventional WC-Co(Cr) Cermet layers is available as a result of
optimization of the spraying material.

Thermoplastics (granulates) can also be processed to layers by thermal spraying.
However, these coatings are only of small economic importance.

5.2.2
Substrate Materials

In principle, any material is suitable as a substrate if it can be sufficiently rough-
ened by blasting. The most important metallic substrate materials are: unalloyed to
highly alloyed steel, gray cast iron, super alloys based on Ni and Co, copper alloys
and light alloys based on aluminum and titanium. Ceramics and plastics can be
coated just like composites with a metal, ceramic or polymer matrix. For the coat-
ing of long fiber reinforced composites an optimization of the jet process is neces-
sary to avoid, as far as possible, damaging the outside lying fibers. From the con-
structional side it is relevant to note that all surfaces should be well accessible.
Undercuts cannot be coated and sharp edges and gaps should be avoided.

5.2.3
Surface Preparation

The characteristics of the substrate surface can exert substantial influence on the
resulting layer adhesive strength and may be adjusted by careful pretreatment. The
substrate preparation usually consists of a three step procedure: precleaning, blast-
ing and subsequent cleaning. Precleaning primarily removes oil and fat as well as
colour remains on the surface if necessary, and takes place either mechanically or
chemically.

Blasting effectively activates, decontaminates and roughens the surface to be
coated, in order to create suitable conditions for the adhesion mechanisms de-
scribed in the following: roughing of the substrate surface leads to an increase in
the defect concentration, the dislocation density and the frequency of the stacking
faults. Plastic deformation in the zones near the surface leads to an increased free
surface energy. In addition, the surface area is increased and offers to the im-
pinged spraying particles the possibility of mechanical interlocking. For mechani-
cal roughing different blast grains are used, e.g. chill casting gravel, SiC or corun-
dum. The blast grain hardness, grain size as well as the kinetic energy of the parti-
cles and the jet angle affect the surface roughness. An optimal adhesive strength is
obtained when adjusting a jet angle of 75° to the substrate surface.

A subsequent cleaning, e.g. by ultrasonic-assisted cleaning in alcohol, removes
residues remaining on the surface after blasting. It also eliminates dirt and dust
particles as well as fats, which cause deactivation of the surface. However, the ap-
plicability is limited by the size of the pool.
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Pickling, which removes reaction layers from the surface, occasionally finds ap-
plication as a chemical pretreatment. It is possible to adapt the composition of the
pickles, the pickling temperature and time to the material in order to obtain the
desired roughness.

5.2.4
Structure and Properties of Spray Coatings

Thermally sprayed layers differ from layers which are coated by other processes in
their structure, bonding mechanism and subsequent treatment possibility. De-
pending on the processed materials and the applied spraying processes the layers
are more or less porous.

The structure of a sprayed coating has to be seen as a stochastic procedure. Due
to the particle size distribution and the variations in form of the powdered spray-
ing materials within a grain fraction, as well as the place-dependent temperature
and speed distribution in the gas stream, different conditions arise for the individ-
ual spraying particles. Each powder particle and/or each spraying particle, which is
entering the gas stream, describes its own path to the work-piece surface according
to its mass, density, form and speed. Due to the high number of particle trajecto-
ries a range of variations is found for the interaction between gas stream and par-
ticle, and between particles and substrate. The development of a sprayed coating is
represented schematically in Fig. 5.2.

Extreme heating and cooling rates, reactions during or after the flight phase, me-
chanical influences at the solidification and temperature gradients through the
layers develop a microstructure, which is characterized by a multitude of unstable
and metastable conditions. Thermal sprayed coatings often exhibit a laminated
layer structure and, depending on applied spraying process parameters and spray-
ing additives, a more or less porous, micro-cracked, heterogeneous and anisotrop-
ic microstructure. Particles, which are incompletely melted or already solidified be-
fore impacting the substrate surface, are embedded in the layer as well as oxides or
nitrides.

The spraying particles reach the substrate surface with a certain speed and tem-
perature, which can lie either above or below the melting point. At a given, smooth
substrate surface and a certain particle temperature and viscosity the amount of
the kinetic energy decides the overall distribution behavior and thus the resulting
form of the particles. The work performed during diffusion acts contrary to the sur-
face energy, whose amount depends on the temperature-dependent particle viscos-
ity. The viscosity of the spraying particles decreases with increasing temperature
and causes a reduction in the work required to form the new surface, depending on
the particular particle shape. Spraying particles spread out on polished surfaces ra-
dially; upon impact with a rough substrate surface or already sprayed on particles,
the preferred direction is that for which the smallest work against the surface ener-
gy is necessary. The morphology of spraying particles after solidifying affects the
adhesive strength of the layer on the substrate.
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Fig. 5.3 Phase diagram of a metallurgically optimized Ni6Si1C matrix to
manufacture SiC-based Cermet and SEM image of a cross section of
high-energy milled Co—Si—C/70 vol. % SiC composite powder particle.

Metallic spraying particles usually form lamellas. The multilayer microstructure
of the sprayed coating is caused by impurities, e.g. oxides, geometrically caused
cavities and pores. Two different morphologies can occur, the so-called “pancake
type” and the so-called “flower type”. In particular in materials with a high materi-
al plasticity the often observed pancake type solidified particles show, besides the
round form, also deviating morphology types. The flower type is characteristically
found at high impact speeds at small particle viscosity. An increase in the kinetic
energy leads to intensified flow and to a remerging and/or corona formation,
which exhibits various appearances. Solidified oxide-ceramic spraying particles of-
ten show cracks in the vertical and horizontal direction. The horizontal running
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cracks are critical and limit the strength of the sprayed coating. Incompletely melt-
ed and/or already solidified spraying particles rebound from a polished surface;
when a rough surface is present such particles can be pressed into the roughness
of the substrate. However, only a relatively weak adhesion results.

A change in the composition and structure of the sprayed layer can occur by re-
action of the spraying additive material during the flying phase of the particle. The
main reactions and processes are:

e selective vaporization of a component

e reaction of metal compounds (for example decomposition of hard materials in
the presence of O,)

o formation of nonvolatile metal bonding like oxides, nitrides and hybrids in the
presence of O,, N,, H, (especially in reactive metals).

Of special importance is the oxidation of the surface of metallic spraying particles
on their way to the substrate. The oxides formed are usually built into the interface
of the spraying lamellas of the sprayed coating. Thereby, the possibility exists of in-
creasing the layer hardness and thus the wear resistance of the layer. Oxides can al-
so serve as partly fixed lubricants and thus decrease friction losses.

Thermally sprayed layers can have different porosities, depending on the spray-
ing additive and the spraying process used. The highest porosity occurs in flame
and electric arc sprayings, while very compacted layers with a porosity of approxi-
mately 1% can be obtained only by high-energy processes like high-velocity flame
spraying or vacuum plasma spraying as well as by cold gas spraying for some com-
posite layers. In general, more porous layers result in the case of ceramic rather
than metallic materials, as well as with the use of coarse-grained powders. Particu-
larly for applications of corrosion protection, an appropriate subsequent treatment
is often necessary. Furthermore, thermally sprayed layers show a rough surface
with roughness between 5 and 60 pm. In this context the mechanical treatment is
of special importance, i.e. both cutting procedures with a geometrically defined
cutting edge and grinding and polishing. Due to their roughness sprayed coating
surfaces provide excellent adhesion for painting and lacquering. This is used for ex-
ample in flame or arc-sprayed Zn or Al layers for atmospheric corrosion protection.

Thermally sprayed layers often show relatively high residual stress, dependent
on the processing. This occurs due to the thermally induced contraction during the
solidification and cooling after the impact of the spraying particles on the substrate
surface. Since the spraying particles already stick strongly to the substrate and/or
other spraying particles, residual stress develops due to the shrinkage. Since this
lower the adhesive strength of the layer, the maximum permissible layer thickness
is often limited.

The developing shrinkage stress during the contraction of metallic spraying par-
ticles can be released partially by plastic deformation. In brittle materials, e.g. ce-
ramics, a release of residual stress usually takes place via cracking. Segmenting by
vertically running cracks causes e.g. in heat-insulating layers on ZrO,-based mate-
rials an improvement in the thermal shock stability. Here special importance is
given to an adapted temperature control during the spraying process.
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5.2.5
Adhesion of Thermally Sprayed Coatings

The adhesion of thermally sprayed layers on metallic base materials usually results
from the following physical and chemical mechanisms:

o mechanical interlocking

e Jocal chemical-metallurgical interaction effect between sprayed coating
and substrate (diffusion, reaction, formation of new phases)

e adhesion by physical adsorption

o adhesion by chemical adsorption.

The adhesion mechanism is based on forces, which allow the adhesion of a strong
interface and a second phase. It is necessary to differentiate between physical ad-
sorption which works due to electrostatic forces at a sufficiently activated (rough-
ened) surface and particle approach to the atomic spacing, and chemical adsorp-
tion with homopolar binding forces which depend on the affinity of the metal to
the adsorbed material and the activation energy of the chemical environment.
Physical absorption is based on the relatively weak van der Waals bonding. In con-
trast to this, chemical absorption is characterized by large binding forces. Howev-
er, this effect is reduced by existing surface impurities.

Mechanical interlocking as an adhesion mechanism is realized by the surface
roughness of the substrate surface. The molten particles penetrate in uneven are-
as and undercuts due to their high thermal and kinetic energy as well as to capil-
lary forces, then solidify and cause mechanical interlocking. This effect is in-
creased by shrinkage stresses, which develop within the first spraying layers due to
high cooling rates, when they hit the cold substrate surface.

The adhesion of the spraying particle on the base material can also take place
due to mutual metallurgical influence by diffusion or chemical reaction as well as
the formation of new phases. Diffusion causes a strong increase in bond energy
and is an important adhesion mechanism. The reaction of the additive spraying
material with the base material increases the adhesion. Adhesion of a metallic
spraying particle on the substrate or on another spraying particle does not takes
place over the entire particle surface, but at single microscopically visible active
contact areas, which are separated by pores and oxides. At places with strong con-
tact between the spraying particles and substrate strong diffusion or even phase
transformation can eventually occur at a sufficiently high interface temperature.
Processes within the spraying particles during and before the impact on the sub-
strate, as well as between the spraying particles and the substrate after contact, in-
fluence the interface reactions. Under the conditions of a favorable element affin-
ity and formation enthalpy, adhesion-strengthening reactions take place as well as
the formation of new phases and/or solid solutions. The amount of areas with
close contact zones between metallic spraying particles and a metal substrate de-
pends on the cooling and solidification time as well as the interface temperature of
the spraying particles. The adhesion of oxide-ceramic spraying particles is affected
by bonding with oxides in the primer and can be increased by oxidation of the
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primer (substrate surface). At plasma-sprayed Al,Os-layers it can be proven that in
the interface layer/substrate, iron and mixed oxide zones arise, whose formation is
influenced by the preheating temperature.

The discussed adhesion mechanisms work individually or together with differ-
ent contributions depending on the coating process, the surface preparation and
the layer/base material combination. The adhesive strength is influenced by the
following: the temperature of the interface, spraying particles/substrate, the parti-
cle impulse of the impact, the characteristics of the particle and substrate surface,
the heat capacity of the spraying particles, the heat conductivities of the base mate-
rial and spraying particles as well as the residual stresses forming in the layer. A
high interface temperature increases diffusion and reactions at the interface,
whereby generally the adhesion is improved. For this reason an increased sub-
strate temperature usually positively affects the adhesion. However, oxidation reac-
tions occur unfavorably during coating of metallic sprayed layers at high tempera-
tures.

5.2.6
Thermal Spraying Processes

5.2.6.1 Flame Spraying

During flame spraying a fuel gas oxygen flame is used as the heat source, into
which the spraying additive (powder, wire or rod shape) is inserted. Acetylene is
mostly used as the fuel gas, but ethene, methane, propane, propylene, natural gas
or hydrogen may also be used.

5.2.6.1.1 Powder Flame Spraying

In powder flame spraying (Fig. 5.4) only small particle speeds are obtained
(<50 m s7"), with a relatively long interaction time between hot fuel gases and pow-
der particles. Powder flame sprayed layers therefore show a relatively high porosity
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Fig. 5.4 Principle of powder flame spraying (Linde AG).
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(5%), a high oxide content and a high gas cavity. In general, spraying powders with
a diameter between 20 and 100 pm are used. For metallic spraying powders depo-
sition rates between 3 and 6 kg h™" are obtained, while for ceramics 1to 2 kgh™is
common.

The most commonly processed material group using powder flame spraying is
self-fluxing NiCrBSi alloys, which are characterized by a long solidification inter-
val. A subsequent thermal treatment of the sprayed coatings is remelting, which
leads to a metallurgical bonding to steel substrates, and both molten and gas sealed
coating. Remelting takes place partly using the burner, which was already applied
for coating. It can also take place in furnaces or via inductive warm up, which is
characterized by local warming of the edge zones of a component. The layers gen-
erally show an outstanding corrosion resistance. The hardness can be adjusted
within a wide range, primarily by the content of chromium carbides and borides
(between HRC 20 and HRC 65). Such coatings are applied for protective covers of
shafts, roller table rolls, bearing seats, fans or rotors of barrel extruders.

5.2.6.1.2 Plastic Flame Spraying

Plastic flame spraying (Fig. 5.5) differs from the powder flame spraying in that the
plastic granulates do not interact directly with the fuel gas oxygen flame. On the ax-
is of the flame spraying pistol is a powder conveying nozzle. It is surrounded by
two ring-shaped nozzle exits, whereby the internal ring gives out air or an inert gas
and the outside ring the thermal source of energy, the fuel gas oxygen flame. The
melting of the plastic does not take place directly via the flame, but from heated up
air and radiation heat. Because of the requirement for a molten phase only thermo-
plastics can be converted to layers. Application areas for plastic flame spraying are
railings of various kinds, grommets, drinking water containers, garden furniture
or pool markings.

Thermoplastic
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Fig. 5.5 Principle of plastic flame spraying (Linde AG).

5.2.6.1.3 Wire/Rod Flame Spraying

With wire flame spraying (Fig. 5.6), the wire-shaped spraying material is fed con-
tinuously to the centre of a fuel gas oxygen flame and melts. The melt is transport-
ed in the flame stream to the wire tip, where the speed is substantially increased by
the addition of an atomiser gas — usually compressed air — and atomized in pri-
mary droplets. As a function of the flow conditions as well as the viscosity and sur-
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Fig. 5.6 Principle of wire / rod flame spraying (Linde AG).

face tension of the molten droplets, fine diffusion takes place in the gas stream, be-
fore the particles impact on the work piece surface.

Typical spraying materials are molybdenum, low and highly alloyed steels, as
well as aluminium-, copper- and nickel-based alloys. In comparison to powder
flame spraying, higher particle speeds up to 200 m s™" are clearly obtained. Since
the melt at the wire tip interacts with the environment for a relatively long time, an
oxide content comparable to the powder flame spraying results. Since by solid so-
lution hardening a substantial increase in the hardness can be reached, the absorp-
tion of oxygen is used during the production of molybdenum layers. Such layers
find their application in the automotive industry in shift forks, synchronizers or
piston rings. Compared to powder flame spraying a smaller porosity (3 %) can be
obtained by the avoidance of embedding unmelted particles in the layer, as well as
higher particle speeds. The deposition rates of processing solid wires are usually
between 6 and 8 kg h™".

For the production of ceramic layers, fibers with ceramic powder filler or sinter
rods can be used. Sinter rods require cost-intensive production; however, they
guarantee, contrary to laces, that spraying additive materials are completely melt-
ed. Therefore they can be used for the production of high-quality oxide-ceramic
layers with defined porosity.

5.2.6.2 Detonation Spraying

Detonation spraying (Fig. 5.7) was developed in the 50s in the United States and is
the forerunner of high-velocity flame spraying. Detonation spraying is a discontin-
uous burning process. Sequential filling of a pipe with one side open and one
closed, with fuel gas (usually acetylene)—oxygen mixture at the open end and pow-
dered spraying additive materials at the closed end takes place. After ignition of the
mixture, which results in melting and accelerating the powders to high speeds to-
wards the substrate to be coated, rinsing the pipe with nitrogen takes place. The
ignition frequency can vary between 4-8 cycles s™ in older systems up to 100 cycles
s~' with modern systems, which work with fluid-dynamic regulation of the gas in-
jection and thus require no mechanically operated components.
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Fig. 5.7 Principle of detonation spraying (Linde AG).

Detonation spraying is characterized by relatively high process gas temperatures
(<4000°C) and extremely high particle speeds (<900 m s™). The high particle
speeds lead to a compact layer structure and outstanding adhesion, and to small ox-
ide contents due to the small interaction times of the spraying additive with the hot
fuel gases.

Detonation spraying is used primarily to manufacture Cermet high-quality wear
and corrosion resistant layers (e.g. WC—Co). Ceramic and metallic layers can also
be produced with almost theoretical density.

5.2.6.3 High Velocity Flame Spraying

High-velocity flame spraying (Fig. 5.8) or the HVOF (high velocity oxyfuel) process
represents a modification of detonation spraying by continuous burning and is
now a widely used engineering process. Beside systems which use fuel gases such
as acetylene, ethene, propylene, propane, natural gas or hydrogen, liquid fuel (ker-
osene) systems exist. In modern systems combustion chamber pressures can ex-
ceed 10 bar, so that ethene or hydrogen is preferred as the fuel gas.

High-velocity flame spraying is characterized by high spraying particle speeds
and low process temperatures. Liquid fuel operated systems obtain particle speeds
of up to 650 m s™* at flame temperatures of less than 2700 °C. Therefore the HVOF
process is especially used to process WC/Co or Cr;C,/NiCr materials, because due
to the high impact speeds the metal matrix of the spraying powder is converted
into a “pasty” condition. Thus the hard materials are not dissolved in the metal ma-
trix and the combination of a ductile and extremely wear resistant component re-
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Fig. 5.8 Principle of high speed flame spraying (Linde AG).
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mains. The high impact speeds cause low porosity and high adhesive strengths.
The small interaction times of the particles with the relatively cold flames lead to
little oxidation and gas admission of the spraying additive, so that high-quality
MCrAlY layers can be produced at high deposition rates.

The temperature load of the component to be coated, which often requires the
use of cooling devices, can be reduced for systems with axial powder supply by so-
called flame limiters. The outside flame ranges, not necessary for the coating pro-
cess, can be excluded by a screen. The diameter of the aperture plate is 4 to 6 mm
smaller than the visible flame diameter. Using such devices reduces the heat entry
into the substrate, for example, by approximately 55 % with an expansion nozzle di-
ameter of 12 mm and a screen diameter of 8 mm. Advantages are: reduced cooling
aggregate sizes, smaller quantities of cooling agents and, last but not least, influ-
ence on the residual stress in the manufactured layers.

High-velocity flame spraying can be applied for high-quality coatings, which can
also be considered for design layout. Already the surface preparation by applying
blasting to roughen the surface effects, as a consequence of induced compressive
residual stress, a clear increase in fatigue strength and a small increase in creep re-
sistance for the structural steel $355J2G3. HVOF WC Co 88-12 coatings permit a
substantial improvement in both the fatigue strength and creep resistance of
S355]J2G3 (Fig. 5.9). Therefore, the coatings provide fulfillment of surface-specific
requirements and structural strength contributions.

Due to the high noise level, which can exceed 140 dB(A), noise-insulated spray-
ing rooms are necessary for high-velocity flame spraying. In comparison to detona-
tion spraying, high-velocity flame spraying shows economic disadvantages due to
the substantially higher gas consumption. However, the employment of detona-
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Fig. 5.9 Fatigue strength of HYOF WC—Co coated steel materials.
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tion spraying requires special explosion-proof rooms and the handling of detona-
tion spray pistols is substantially more complex due to their higher weight com-
pared to high-velocity flame spray pistols.

5.2.6.4 Cold Gas Spraying

Cold gas spraying (Fig. 5.10) is a relatively new spraying process, which permits
the deposition of layers without substantial heating of the spraying powder. The
particles are accelerated in a gas stream of moderate temperature (<600°C) to
speeds of over 500 m s™" and are then emitted at supersonic speed from a Laval
nozzle. During the impact on the substrate the kinetic energy is transformed into
heat energy, whereby the particles can become “forged together” to give a strong
adhesive coating at almost theoretical density. Since the transformation of kinetic
energy into heat energy takes place via plastic deformation, the spraying material
must show sufficient ductility. Especially, metals with face-centred cubic crystal
lattice such as copper, stainless austenitic steel or nickel-based alloys can be pro-
cessed. Zinc is also very well processable because of its low melting point. In prin-
ciple Cermet layers can also be manufactured. However, substantially lower hard-
nesses are obtained compared to HVOF sprayed coatings.

Since operating pressures of up to 35 bar with gas streams of 75 m* h™" are usu-
ally used for cold gas spraying an adapted gas supply is necessary as well as a spe-
cial powder feeder. Usually the process gas is heated in a spiral by resistance heat-
ing. Nitrogen is mostly used as process gas but admixtures of helium or pure heli-
um are also used, especially when the spraying materials have high requirements
regarding the heat transfer to the powder particles and the gas speeds. The high
cost of helium has led to the development of plants where it is possible to recycle
up to 90 % of the process gas.

The substantial advantage of cold gas spraying is the avoidance of oxidation of
the spraying additive. Cold-gas-sprayed copper layers reach 90% of the electrical
and thermal conductivity of the cast material. Layers several centimeters thick can
be produced and applied on polished glass as strong adhesive coatings. In conse-
quence of the small particle stream, more complex structures are producible. This
new technology will provide special application fields in the coming years.

Work piece

Fig. 5.10 Principle of cold gas spraying (Linde AG).

125



126

5 Production of Composites or Bonding of Material by Thermal Coating Processes

5.2.6.5 Arc Spraying

During electric arc spraying (Fig. 5.11) an arc is produced by an electric current, in
which the wire-shaped spraying additive is melted. Usually two electroconductive,
metallic wires, which function as electrodes, are continuously melted. Therefore a
voltage in the range of 15 to 50 V is applied between the two wires which are guid-
ed at an angle to each other, whereby the distance of the wire tips continually re-
duces. The arc ignites when the wires are close enough and its heat melts the wire
ends. An atomiser gas stream shears the melt of the wire ends and accelerates the
drops onto the work piece to be coated. The size and speed of the molten droplets
depend on the atomization conditions. High atomiser gas stream rates lead to fine,
fast particles and thus relatively dense layers. At the same time the large specific
surface of the molten droplets promotes oxidation reactions, so that generally the
oxide content increases. In conventional plants deposition rates up to 20 kg h™ and
particle speeds up to 150 m s are obtained. The diameter of the wires is mostly
1.6 to 3.2 mm but in high speed plants, wires up to 4.8 mm in diameter are used.

The temperature of the arc exceeds the melting temperature of the spraying ad-
ditive material by far. Overheated particles result, which can cause local metallur-
gical reactions with the work piece surface, or lead to the formation of diffusion
zones. This effect works especially for large particles with correspondingly large
stored heat in the particle and leads both to good adhesive strength and good coher-
ence within the layer. Due to the relatively small particle speeds and the large over-
heating of the molten droplets, the oxide content, as well as the gas loading are
usually high. Usually the porosity of the layers is at least 2 %.

Compressed air is usually used for atomization, but in some cases nitrogen or
argon are also used. Turbulence in the atomiser gas stream substantially reduces
the protective effect of inert gases. However, the application of an additional gas
stream using ring shaped nozzles attached around the pistol nozzle, so-called
shrouds, or by moving the spraying process into a controlled, inert atmosphere,
permits a processing of high oxygen affine metals such as titanium alloys.

To manufacture high-quality layers it is necessary that the droplets impact the
substrate surface under comparable conditions. Closed nozzle configurations, by
which an additional gas stream in the radial direction towards the wire tips is ap-
plied, lead to a focused spray stream and are thus favorable for reaching homoge-
neous impact conditions of the molten droplets.

The direct use of electrical energy to melt the spraying wires makes electric arc
spraying the process with the highest energetic efficiency. By employing wire-
shaped spraying additives it is possible to prevent unmelted particles being thrown

Air 45

Fig. 5.11  Principle of arc spraying (Linde AG).
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onto the substrate. Outstanding high coating rate efficiencies result, similar to
wire flame spraying. Since the investment costs of arc spraying plants are relative-
ly low, it represents the most economic thermal spraying technology, if the neces-
sary layer properties can be obtained. The selection of spraying additive materials
is limited to electrically conductive materials that can be produced as wires. Beside
zinc-, aluminum- and copper alloys, steel, and nickel-based alloys are used. As for
wire flame spraying, the application of filler wires extends the spectrum of use of
the coating materials substantially.

Arc spraying in controlled, inert or reactive environments has gained no indus-
trial importance so far and single-wire arc spray pistols are also still in the labora-
tory stage. In the latter the arc burns between the wire and the nozzle wall, which
functions as a permanent electrode. Aligned anodically poled wires can be pro-
cessed with an extremely small widening angle of the spray stream.

5.2.6.6 Plasma Spraying

5.2.6.6.1 DC Plasma Spraying

In DC plasma spraying (Fig. 5.12) an arc is ignited between a water-cooled copper
anode, designed as a ring nozzle, and a similarly water-cooled, pin-shaped tung-
sten cathode. The gases flowing between both electrodes (Ar, He, N,, H,) are there-
by dissociated, ionized and form a plasma jet, into which the spraying additive ma-
terials can be brought.

The outstanding advantage of plasma spraying is the high plasma temperature
of approximately 6000 to 15000 K, which makes it possible to process materials
with very high melting points. Beside metals and ceramics, cermets can be used.
The basic condition for processing is the existence of a molten phase. The perfor-
mance of commercially available plasma spraying plants ranges from small burn-
ers with 10 kW performance, up to water-stabilised 200 kW plasma burners. Com-
puter-aided control and regulation of the system parameters and the manipulation
device, permit automatic and reproducible coatings in series production and of
components with complex geometry. Increasing the spraying particle speed by us-
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Fig. 5.12  Principle of DC plasma spraying (Linde AG).
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ing high-speed electronic burners with special nozzle systems is the subject of cur-
rent research. Higher gas speeds can be attained in comparison to conventional
plasma spraying by, for example, application of a dynode. Investigations in this
context show that the plasma gas speeds vary between 1500 and 3000 m s™* at tem-
peratures between 3500 and 6500 K.

Relocating the plasma spraying process into an inert low pressure environment
leads to the vacuum plasma spraying process (VPS). The main industrial applica-
tion is the coating of turbine blades of superalloys with MCrAIY alloys for hot gas
corrosion protection. These layers serve as a primer for additional applied ceramic
heat-insulating layers based on ZrO,. The MCrAlY layers produced by VPS are
characterized by a close, almost oxide-free homogeneous layer structure. With suit-
able adaptable supersonic nozzles, and internal powder injectors, improved layer
qualities can be achieved, which are based on the increased particle spraying
speed.

Conventional plasma burners show instabilities during the plasma production.
These are caused by the movement of the arc, which causes on the one hand ex-
treme noise and on the other hand uneven heating of the powder particles. This re-
sults in relatively unfavorable coating rate efficiency. A newly developed three-cath-
ode burner (Triplex) does not show these disadvantages. Three arcs burn with a
stationary anode root point and mutually stabilize. This results in a clearly reduced
noise emission and a substantially increased efficiency.

5.2.6.6.2 HF Plasma Spraying

Production of HF plasmas (Fig. 5.13) is based on producing a high frequency mag-
netic field in an induction coil, which induces ring currents, provided that the plas-
ma is already present, which run contrary to the direction of the primary current in
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Fig. 5.13  Principle of HF plasma spraying.
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the coil. The gases pass through the high frequency electrical field, become activat-
ed and dissociate almost completely into molecular gases. Electrodeless produc-
tion of the plasma permits the application of a wide range of gases and makes it
possible to adjust both reducing and oxidizing conditions. Beyond that, the supply
of gaseous base materials for plasma-synthetic processes is possible within plas-
matrons. Usually the generator performance is between 25 and 200 kW.

The large volume and relatively slow plasma jet permits high material through-
put, but only relatively small particle speeds (< 50 m s7"). Usually the force of grav-
ity is used to provide a further contribution for accelerating the spraying powders.
Due to the long dwell times in the plasma jet, in which temperatures up to 10000 K
exist, relatively rough powders can be completely melted and reactions with the
plasma gases are effectively used. However, the layers are relatively porous because
of the small impact speeds. Supersonic nozzles for HF plasmatrons are at present
being evaluated in laboratory conditions. However, the jet width is substantially re-
duced by the use of these nozzles.

The main disadvantage of HF plasma spraying burners is the limited handling
conditions, since the force of gravity exerts a major influence on the particle trajec-
tories and the injection of the electricity requires a fixed connection to the genera-
tor. Furthermore, strong electromagnetic fields develop, which prevent the appli-
cation of electronically regulated handling systems. Thus the main field of applica-
tion of HF plasma burners is in the area of spheroidizing and material analysis
which is based on emission spectroscopy after complete evaporation in the plasma
jet.

Vapor HF plasma beams are very well suited for the synthesis of layers. The ax-
ial injection of the base materials within the plasma burner prevents large materi-
al wastes and makes the application of liquid precursors possible; e.g. supercon-
ducting YBa,Cu;0,._, layers can be made by plasma synthesis (thermal plasma
chemical vapor deposition, TPCVD).

Suspension plasma spraying (SPS) represents a compromise between the
TPCVD process with its outstanding possibilities for material synthesis with cus-
tom-made layer structure and morphology, and the HF vacuum plasma spraying
of powders with its very high deposition rates. The starting points for fast coating
are solid phases in a suspension injected into the plasma, while the liquid phase of
the suspension as well as the plasma gases ensure the reactivity. This technology
has already been used successfully to make bioceramic hydroxyapatite layers of
suspensions with nanoscale particles.

5.2.7
New Applications

Because of recent research and development some substantial new process devel-
opments and improvements in thermal spraying technology, especially for open-
ing and extending traditional areas of application, have been developed. In electro-
technology, new areas of application result from manufacturing copper-coated
components. Due to the small layer thicknesses needed the application of copper
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layers is, for economic reasons, limited to the well-known thin film process PVD
(physical vapor deposition) and electroplating. However, advances in the area of
plasma spraying allow the production of layers with thicknesses between 40 and
250 pm. Vacuum plasma sprayed copper layers show a conductivity comparable to
conventional copper with sufficient layer adhesive strength.

Vacuum plasma spraying and plasma spraying with increased process pressure
in relation to atmospheric pressure allow the manufacture of new materials. Due
to the difference in the material properties of melting metallurgically and/or pow-
der metallurgically manufactured materials new possibilities are opened up. Inves-
tigations of the mechanical-technological properties of sprayed materials in com-
parison to materials from other production techniques clarify the potential of ther-
mal spraying technology for the manufacture of new materials. Vacuum plasma
spraying is also an effective technology for applying cavitation- and erosion- resist-
ant layers based on nickel aluminum. Vacuum plasma sprayed NiAl alloys appear
suitable, due to their high melting point, high Young’s modulus, low density and
outstanding oxidation resistance, for applications at high temperatures. Vacuum
plasma sprayed oxide and pore-free layers as well as moulded paddings of NiAl al-
loys show the same material structure as the base powders used as the spraying
additive.

Nanostructured materials produced by thermal spraying have excellent proper-
ties regarding mechanical strength, hardness and ductility, whereby the properties
of conventionally processed materials are clearly exceeded. The cold gas or high-ve-
locity flame spraying with nanostructured powders produced by high-energy mill-
ing and/or mechanical alloying is a suitable procedure to produce dense layers as
well as compact bodies of unconventional materials.

Thermal spraying technology has been introduced for the interior coating of cyl-
inder bores in engine manufacture in the automotive industry. For this application
a special burner had to be developed, which allows fast coating of cylinder bores
with sizes less than 70 mm in diameter with small heat entry in the Al-Si die cast-
ing engine block as well as a reliable, long life of the burner components. It has
been possible to develop coatings and liners, with superior tribological properties
compared to gray cast at reasonable material costs, as well as a holistic technology
which fulfils all necessary pretreatment and processing steps. The Rota Plasma
System developed by Sulzer Metco rotates at a constant distance from the wall in
the cylinder bore in a fixed position engine block. The grit inserted in the automat-
ed blasting process is completely removed before coating. Not only are composite
powders with a steel matrix and solid lubricants used as coating materials but also
low alloyed carbon steels. Since the plasma spraying process takes place at atmos-
pheric pressure, the particles only partly oxidize. The oxides show good lubricating
properties during engine operation. Open pores work as reservoirs for liquid lubri-
cants, so that altogether smaller friction losses are obtained compared to gray cast
iron bushes. To obtain these properties a careful optimisation of post-processing
by honing is necessary.

Besides the ability to be integrable in production, the range of thermal spraying
processes will depend strongly on the success of adjusting specific and reprodu-
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cible material structure and morphology. Parameter studies for solidification clar-
ify that for thermal spraying, the boundary conditions can be adjusted in such a
way that a melt film of four to five times the thickness of particles on the substrate
can develop. It is necessary to control the solidification of this approximately 10 to
50 pm thick film in such a way that an aligned structure develops. Thus the poten-
tial of materials with anisotropic properties can be fully used. Electromechanical or
electrochemical surface properties can be optimized by consideration of the crystal
orientation. Furthermore new possibilities in the use of thermal spraying as a pro-
duction method for semi-finished material e.g. shape memory alloys arise.

528
Quality Assurance

Special importance has been given to quality assurance over the last few years, es-
pecially in Europe due to recent upgraded laws regarding product liability. More-
over, the joint European market leads to increased competition for companies and
their products. Due to the high certification fees most companies and institutes,
active in the sector of thermal spraying, have formed a community quality for ther-
mal spraying, called GTS. Their quality guidelines are based on the DIN ISO 9000
to 9004 with application to the specific characteristics of thermal spraying.

In principle it applies to methods and instruments for on-line control and to con-
trol of the coating process for quality assurance and the development of nonde-
structive methods to investigate the layers. State of the art is controlling and adjust-
ing the process parameters on the input of a spraying pistol by adjustment of nom-
inal and actual values. Monitoring of these parameters is also state of the art. For
example, to produce semi-finished material and/or coatings with special structure
and morphology it is necessary to guarantee high process capability. This requires
on-line control of the process parameters with the aim being to reproduce the en-
ergetic conditions (temperature and kinetic energy) resulting from the interaction
between plasma/hot-gas jet and the particles before impact on the substrate.
Therefore it is necessary to measure process parameters in the interaction zone
during the entire coating process. These process parameters allow correlation of
the particle speed and temperature.

Such measuring systems must be portable and adapted to a spraying pistol. Op-
tical emission spectroscopy offers the possibility to adapt an optical system to the
burner and to transfer the signals via fiber-optic cables to a spectrometer. Spectro-
scopic investigations show a significant emission intensity change for characteris-
tic wavelengths of the process gases and the elements of the coating material by
changing the process parameters. By local dissolved emission spectroscopy, devia-
tions in process conditions can be sensitively monitored. Within a quality assu-
rance system quality control plays an important role and requires the availability of
different testing methods during the production process. Classical metallographic
and material testing methods are destructive testing methods. To affect the coated
component as little as possible by such destructive testing methods, a system to
check the smallest samples possible has been developed. This system permits sam-
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pling for microstructure investigations. The samples taken have thicknesses in the
range of only 0.8 to 2.5 mm, so that the damage is small and repair at the sampling
area can often be omitted.

However, the constantly growing technical and economic importance of thermal
spraying requires increasing application of nondestructive testing methods. The
application of nondestructive material testing methods is still in the development
stage. In this context, ultrasonic procedures, optical holography, eddy current tech-
nology and thermography should be mentioned. Another new method for on-line
quality control in the development stage is based on sound emission analysis. The
sound emitted by the spraying particles impacting the surface, processed with the
help of the most modern computer technology, supplies information about the di-
ameter, the mass, speed and viscosity of the particles. In this way constant control
of the structure of the sprayed coating and corresponding parameter regulation is
possible. The use of neural networks and fuzzy logic offers the potential for pro-
cess control. Process controllers can be adapted to control and regulate the process
parameters as a function of the desired coating characteristics.

5.2.9
Environmental Aspects

Thermal spraying is now a well known coating technology, which is characterized
by a high environmental compatibility. Spraying dust and uncaptured spraying
particles are extracted in special plants and do not get into the environment. In
general there are no problems regarding the disposal of the waste materials. How-
ever, so far, little information is available concerning the endangerment of the
plant operator during the spraying process. In this connection increasing environ-
mental awareness has led to the development of new measuring methods, which
help to overcome the information deficit. In particular the direct effects on opera-
tors, as well as new methods for the minimization of emissions, are to be exam-
ined. Such investigations become more important with the increasing require-
ments of environmental law. Early research work has examined different influenc-
es on the environment by atmospheric plasma spraying. The results show that
apart from the dust load on changing gaseous connections, radiation emission
(ultraviolet to infrared) has to be expected as well as high noise emissions.

53
Cladding

Cladding is characterized by the application of a strong adhesive layer on a sub-
strate surface by the fused flux of the welding filler and also, partially, the substrate
material. A metallurgical bonding between coating and substrate is obtained by
partial melting of the substrate surface. The degree of the developing mixture of
base and coating material is called dilution and leads to changed properties of the
coating compared to those of the additive weld metal.
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Cladding is characterized by outstanding adhesion of the layers, nonporous
layers and an excellent heat transfer of the coating into the substrate. It produces,
apart from the repair of worn surfaces, armouring (wear protection) or corrosion
protection of component surfaces, as well as buffering (intermediate layers for the
gradual adaptation of the substrate properties and cover layer). It is not possible to
differentiate clearly between armouring and corrosion protection. Depending on
the process used only small restrictions exist regarding component geometry. The
coating thicknesses are single layered from 1 to 5 mm. Line tracks as well as pen-
dulum tracks up to 50 mm width can be realized. By multilayer technology, lami-
nar coating and form-giving cladding (cladding near to the final geometry up to
“free” modeling of a component) is possible. The coatings are self-supporting and
mechanically post-processable (hard machining or grinding).

5.3.1
Coating Material

Additive materials can be supplied to the cladding process as powder, wire or band,
depending on the applied process. The spectrum of the processable materials for
powders is very large, similar to that of thermal spraying. However, attainable sur-
face and melt efficiencies are generally significantly smaller. The metallic powders
used for cladding are mostly larger, particle diameter between 60 and 200 pm, than
for thermal spraying. Depending on the area of application, substantially rougher
hard material powders are used for reinforcement of the metal matrix. Besides
melt atomization of metallic powders, agglomeration and sintering are also used to
produce composites. Due to their spherical form, the fluidity of the relatively
coarse powders is outstanding.

Wire-shaped weld additives usually have diameters between 1 and 8 mm, while
the width of bands can exceed 200 mm. Solid wires and bands provide the shape
with the lowest price for weld additive materials. By processing core wire, the com-
position of the coating can be influenced. By the use of filler wires or bands the
spectrum of the coating materials can be substantially extended, similar to thermal
spraying. By using sintering band electrodes still higher degrees of freedom exist
regarding adjustment of the chemical composition of the weld additive. A further
advantage exists in the improved homogeneity compared to filler bands. Sintering
band electrodes are manufactured by rolling powders into coils of green bands fol-
lowed by substantial thermal treatment in an instantaneous furnace to increase the
mechanical strength by sintering. The employment of powdered source materials
and the thermal treatment, usually in an inert atmosphere, lead to high manufac-
turing costs, so that the use of sintering band electrodes is only economic if small
amounts of an expensive material are needed and there exist high requirements
for the layer homogeneity.

Besides stainless steel, which contains substantial amounts of molybdenum, ti-
tanium or niobium, depending on the area of application of the coated component,
to prevent pitting corrosion or intergranular corrosion, and aluminum, nickel-
based alloys are also used for cladding. The aluminum content is high, especially
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in applications for oxidation protection. Copper alloys are also sometimes applied
on the same substrates.

Coating materials for armouring can be classed as single-phase or multiphase
materials. Classical austenitic manganese steels, e.g. X 110 Mn 13, are single-
phase alloys. The cooling rate has a substantial influence on the structure of these
alloys. Very fast cooling from approximately 1050 °C to room temperature produc-
es a purely austenitic structure with a hardness value of only 200 HB. Impact or
compression stress occurring during use leads to an increase in cold working and
hardness up to approximately 550 HB in a surface layer less than 1 mm thick. The
cause of this hardening is the blocking of sliding planes by fine martensite. If cold
working does not occur due to a lack of operating stress, the wear resistance of the
austenitic manganese steel corresponds approximately to that of normal construc-
tional steel.

The high cooling rates of cladding of this material, which need to be guaranteed,
require a special procedure. Therefore it is usually armoured with thin electrodes,
using small amperages and short arc stringer bead technology. Welding in a water
pool is preferable for small components. Since higher temperatures can cause brit-
tle carbide precipitations, this material requires low application temperatures, be-
low 300°C. Exceeding this temperature is not permissible for plastic deforming in
service or for cutting treatment, since even small amounts of heat can only be taken
away extremely slowly due to the poor heat conductivity of armouring.

Martensitic chrome steel with mainly 2 % carbon and up to 18 % chrome is also
a single-phase cladding material. The weld material, which is air-hardened from
the weld heat, exhibits sufficient ductility after an annealing treatment. Depending
on the carbon content, hardness values up to 500 HB can be obtained. For this rea-
son only post-processing by grinding is possible. These coating materials can find
use where strong abrasion and impact stress arise at the same time. In order to
minimize the risk of hardness crack formation, slow cooling in hot sand or in the
furnace must be undertaken for some alloys after welding or annealing.

Multiphase cladding materials show a relatively ductile matrix, into which hard
materials such as carbides, boride and silica are embedded. Alloys based on iron,
nickel or cobalt with a high content of hard material former, like chrome, tungsten,
molybdenum and vanadium and the metalloids carbon, boron and silicon belong
to this group (Table 5.1).

Tab. 5.1 Classification of hard metal alloys.

Matrix  Hard metal Metal oxide = Matrix element ~ Hard material

Fe Cr, W, Mo, V C, B, Si Mn, Ni, Co M,5Cq, M,Cq, MC, M;C,
(M-B, M-Si)

Ni Cr, W, Mo B, Si, C Fe, Co, Cu,Mn  Ni;B, CrB, Ni;Si, (M-C)

Co Cr, W, Mo, V,Nb,Ta C, B, Si Ni, Fe, Cu, Mn  M,;C¢, M,C;, M(C,

(M-B, M-Si)
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During and after the solidification of the coated melt, carbides, preferably of the
type M,C;, are formed. Additionally carbides of the type M¢C and M,;C, can devel-
op, dependent on the carbon, tungsten and iron content. Thus, the zones influ-
enced by dilution represent the places in which these carbides preferentially form.
In nickel-based materials, which are additionally alloyed with boron and silicon,
phases of the type Ni;B, CrB and Ni;Si form.

Dilution, usually with low-alloy base material, is decisive for the kind and quan-
tity of the precipitating hard phases. Since the wear resistance quality depends on
the coating, this knowledge is of importance. As an example the relationship can
be discussed on the basis of Fe-Cr—C-based alloys. The content of precipitated car-
bides is determined by both the ratio of the elements Cr and C and the absolute
amount of the coating. With increasing dilution these contents decrease, leading to
a decreased amount of carbide. This allows adjustment of the amount of carbide
from 15 % to 40 % by appropriate welding processing using dilution. Hardness val-
ues are between 40 and 70 HRC. On increasing the amount of layers the influence
of dilution decreases.

From this, result various possibilities to vary the application properties of multi-
phase coatings by alloying variants. The development of materials is not yet com-
pleted, but recent research activities aim to increase the carbide amount in the ar-
mouring in order to increase the wear resistance of such coatings.

Coatings with tungsten carbides precipitated from the melt do not obtain the ex-
cellent wear protection properties that are obtained for the same pseudo-alloys. To
manufacture pseudo-alloys, NiBSi and NiCrBSi alloys have attained the greatest
importance as a metal matrix in combination with tungsten melt carbides. On steel
substrates hard material of 60 % volume can be obtained, without crack formation,
by plasma powder cladding (PTA). The hard material content will be lowered if the
coated components are exposed to impact stress to reduce the residual strain and
to increase the portion of the ductile metallic phase. Attention has to be paid to the
selection of the welding parameters so that these carbides do not go into solution
in the melt causing the matrix to become brittle. With the help of appropriate pro-
cessing, hardnesses of up to 70 HRC can be realized in the coating.

Besides the carbon content, the tungsten melt carbide content and its micro-
structure have a substantial influence on the wear resistance of the armouring.
Fine feathered structures, which can be produced by keeping the carbon content
between 3.9 and 4.2 vol %, avoiding iron impurities and by a small thermal influ-
ence of the welding process, give the highest hardness and best wear resistance. Fi-
nally, the shape of the carbides can also affect the tribological properties. Because
of their metal matrix, melted tungsten carbide spheroids are less strongly dissolved
due to their smaller surface compared to block carbides, which are manufactured
by melting and breaking. Furthermore, an internal notch effect of the carbide edg-
es is avoided and the spheres can allow a better gliding of the counter bodies. How-
ever, an increase in the service lives could not be proven by using the substantially
more expensive spherical carbides for each application.

Extensive investigations of dissolving WSC in the fused material (weld) have
been carried out, especially for the development of vanadium carbide-containing
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wear protection alloys, since vanadium carbide shows metallurgical advantages. If
it is melted by heating and dissolved in the melt, it is re-precipitated finely dis-
persed. Here no vanadium-rich mixed carbide forms, so that no unwanted chang-
es in the hard phases arise. The high carbide nucleus density leads to a fine struc-
ture.

This fundamental knowledge has led to the development of a material system,
which can be used for wear resistance purposes, and also for combined wear and
corrosion resistance. The reason for the good wear resistance is vanadium carbide,
which is embedded into a high-strength matrix. Iron-based alloys of different com-
position similar to steel are used as matrix materials. To ensure a martensitic hard-
ening from the welding heat, all variants contain chrome and molybdenum. Ac-
cording to the required properties the contents are specified, and/or further ele-
ments alloyed. To guarantee a good weldability the alloys contain approximately
1% silicon and 1% manganese. For martensitic hardening of the matrix material
0.4% C should be available. The so-called “free” carbon content guarantees work
hardness above 60 HRC. Lack of carbon, less than 0.4 %, leads to the dissolution of
vanadium in iron and the matrix solidifies ferritically. Carbon surplus leads to a
stable austenitic residue and the material becomes brittle.

To achieve a significant improvement in the wear resistance compared to con-
ventional tool steels, the alloys contain at least 10 % vanadium. Up to an upper lim-
it of 20% vanadium all material compositions are atomisable. Practical investiga-
tions indicate that vanadium contents from 10% to 18 % are necessary to use the
full potential of the property spectrum of alloyed materials.

For further improved wear resistance, 4 to 6% chromium, 1 to 2% molybde-
num, approximately 1% silicon and 1% manganese is added to the basic alloys.
Thus a safe martensitic hardening is ensured from the welding heat with all tech-
nically relevant cooling processes, as well as safe processing by welding. The car-
bide content is from 17 to 20 vol % VC for alloys with 10 to 12 % vanadium and 26
to 31% vol % VC for alloys with 15 to 18 % vanadium.

An increase in the amount of chromium to more than 13 % at similar contents
of the alloying elements as specified above, leads to chrome-martensitic variants,
which are corrosion resistant to organic acids and atmospheric loads. Thus small
nickel contents positively affect the plastic properties, so that the typical crack sus-
ceptibility of these materials is reduced. For precipitating chromium carbides the
carbon content has to be increased.

Nickel contents from 6 to 8 % cause an austenitic structure, so that the materials
are highly corrosion resistant and possess an excellent wear resistance quality due
to the high amount of vanadium carbide .

Powder mixtures containing up to 80 vol% vanadium carbide are realizable.
However, in contrast with tungsten carbide the variation options regarding the car-
bide grain size are limited, since vanadium carbide can only be produced by car-
burising fine-grained vanadium powders and subsequent sintering. At present
there are available sinter carbides in different ground sizes and agglomerated fine
grain carbides which can be used, depending on the application.
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53.2
Substrate Materials

Because the cladding procedures require melting of the component surface, only
metallic substrate materials are used. Structural steels are most commonly used to-
gether with low and high alloyed steels and nickel- and copper-based materials. In
exceptional cases partially protective layers are applied on components of alumi-
num alloys.

533
Cladding Processes

5.3.3.1 Autogenous Cladding

Autogenous cladding is the oldest cladding procedure. Usually a hand-guided au-
togenous burner is used as a heat source for the local melting of the component
surface. Acetylene is used almost exclusively as fuel gas due to the high flame tem-
peratures and thus the fast melting of the component surface. The weld additive
can be injected in the flame of the burner in the form of powders or by external
supply into the weld pool. Furthermore there exists the possibility of using wires,
not only solid wires but also filler wires or cladded wires.

The equipment technology for autogenous cladding is extremely cheap and
very well suited for on-site application. It is applied, for example, for armouring
plough scrapes in agriculture. Because of the relatively strong dilution with the
base material and the small surface and melting efficiency, this process is only
rarely used.

5.3.3.2 Open Arc Cladding (OA)

Open arc cladding melts both the base material and the weld additive by a burning
arc between them. The process can be both manual with hand held bar electrodes
or automated with a continuous supply of cored wire electrodes. In applying bar
electrodes, the covering of the core is of extreme importance, while during the use
of filler wires the filling has a substantial influence on the process stability as well
as the composition of the coating. The technology is characterized by the technical
requirements of a small supply, since only a sufficiently dimensioned power
source and a wire feed unit are necessary.

Using bar electrodes beside the core wire the covering melts by exposure to the
heat of the arc and forms a slag, which covers the molten wire end as well as form-
ing drops partly or totally on the surface. Metallurgical reactions at the interface
between slag and wire have influence on the surface tension and thus the drop for-
mation with reference to replacement frequency and mass. Electrodes with base
covering promote the formation of large drops and short-circuits take place more
rarely than with electrodes with titanium oxide covering, which show a fine
dropped transition of thick covering. Besides the composition and strength of the
electrode covering, the length of the arc, the welding current and the power source
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characteristic have influence on the material transition. Increasing amperage caus-
es finer drops and decreases the possibility of short-circuits. Welding electric recti-
fiers with high dynamics cause higher drop frequencies than those with low dy-
namics.

Using filler wires, the arc attaches at the ring-shaped, outside metal body and
moves along the edge, which can lead to an unstable process. The drops formed are
cut and change with different flight paths into the weld pool. Generally the filling
forms a more or less marked cone of the transforming material. Besides the wire
structure, the compositions of the filling and the filling degree also have substan-
tial influence on the welding parameters.

Automated open arc cladding is used in particular for armouring components
with large surfaces, for example in cyclones in the cement industry, for crowns in
oil exploration, and for large shovels in mining and in building material produc-
tion.

5.3.3.3 Underpowder Cladding (UP)

During underpowder cladding (Fig. 5.14) an arc burns between the work piece and
a continuously melting electrode. Thereby the arc burns in a cavern, which is cov-
ered by the partly melted powder and kept upright by the gas pressure formed in-
side. The molten powder portion solidifies to a slag layer on the seam surface and
mostly bursts off automatically. The unmelted portion can be drawn off, cleaned
and used again. The material transition is influenced by the welding current, the
power source characteristic and the powder. The dumping height, the chemical
compositions and the kind of powder production are substantial influencing vari-
ables, because they determine acceptable current load, gas permeability and the
layer characteristic by pick-ups. For example, a too strong silicon pick-up for appli-
cations in some corrosive media can lead to the transition from uniform surface
corrosion to selective pitting corrosion.
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Fig. 5.14  Principle of under powder cladding (ISAF, TU Clausthal).
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Simultaneously supplied wires, or bands, whose width can exceed 200 mm, are
used as electrode material. By applying wide bands the arc is usually led with the
help of a magnetic deflector along the lower band edge. Notably, double wire and
band technology have attained industrial importance for armouring as well as for
corrosion protection of structural steel units with nickel-based alloys.

Dilution of less than 10% can lead to process-specific binding defects. Thus the
dilution with 13 % to 40 % is relatively high. To ensure corrosion resistance, three
layers with a thickness between 5 and 8 mm have to be applied. This requirement
causes relatively high costs for expensive welding additives. Regarding component
geometry the application of the process is limited to rotationally symmetric bodies
with minimum diameters of 150 mm.

Substantial process advantages are high deposition rates up to 40 kg h™' and the
high surface performance up to 9000 cm?® h™". With approximately 175 ] mm™ the
surface energy is less than for electro slag cladding.

5.3.3.4 Resistance Electro Slag Welding (RES)

Resistance electro slag welding (Fig. 5.15) is mechanized and assigned primarily
for coating components with larger (wall) thickness, because the surface energy of
about 190 ] mm™ is relatively high. Only the use of band electrodes, whose width
is up to 180 mm, is of economic importance. The melting electrode is continuous-
ly supplied. Comparing the arc process with this resistance fusion welding the re-
sistance heating of the molten slag pool serves as the heat source. The welding cur-
rent can exceed 3000 A.

The welding powder must have a sufficiently high resistance for the molten slag
pool to produce the necessary heat but the resistance must not be allowed to cause
inadmissibly high current flows over the weld pool, to avoid short-circuits or an ig-
nition of the arc. Usually powders with CaF, contents from 50 to 90 wt % and Al,O;
contents between 10 and 40 wt % are applied.

Electric contact —___
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Fig. 5.15 Principle of resistance electro slag welding (ISAF, TU Clausthal).
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Resistance electro slag welding has deposition rates of 15 kg h™" and surface per-
formances of approximately 5000 cm” h™" are usual. Single layer cladding is carried
out with thicknesses from 4 to 5 mm. Often in consequence of the dilution of ap-
proximately 15%, a two layer coating is necessary for cladding steel with nickel-
based alloys to give sufficient corrosion protection. The process is characterized by
a simple and robust principle and a uniform penetration.

5.3.3.5 Metal Inert Gas Welding

Metal inert gas welding (Fig. 5.16) works like the plasma jet-based process with a
protective gas for the arc, the material transition and the weld pool. Thereby the gas
does not form under exposure to heat from weld additives, but is externally sup-
plied. Special gas-sensitive materials and large weld pools require the use of a pro-
tection chamber, inert gas shower or gas-trails to keep the inert gas in the welding
area longer or to add inert gas into the solidifying and cooling pool.

With this process the arc melts partly a continuously supplied, current-carrying
electrode and partly the surface of the substrate material. Both the wire and the ma-
terial transition into the weld pool, which take place in the arc, are shielded from
the surrounding atmosphere by a coaxially supplied process gas. Depending on the
material combinations used, inert (metal inert gas, MIG) or active (metal active
gas, MAG) gas mixtures are used.

Usually the burner is guided perpendicularly and oscillating to the direction of
welding to obtain a constant energy input. Dependent on processing, the surface
energy is between 160 and 185 ] mm™2. With the help of the cold wire technology,
where an additional dead wire is supplied to the arc within the melting pool area,
the heat entry into the component can be decreased. Dilution can be limited to 5%
at the same time. Dilution of approximately 15 % is mostly adjusted to guarantee a
continuous binding. Similar to the cold wire technology a reduction in the heat en-
try into the component can be obtained by injecting powders into the weld pool.

, Electrode Electric contact
Protection gas 1 -
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Fig. 5.16  Principle of metal protection gas cladding
(ISAF, TU Clausthal).
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Heat entry can be also reduced by the electric power supply. The pulsed arc tech-
nology works with a relatively low base current and in intervals with overlaid cur-
rent peaks. During the base current phase a drop at the electrode tip, which has not
reached the critical dissolution mass, is melted and is relieved by the Pinch effect
in the high current phase. Besides the smaller heat entry due to the reduced base
current, improved process stability is obtained due to defined material transition.

Metal inert gas cladding is characterized by a simple, robust equipment technol-
ogy as well as an unproblematic automation. Cladding up 4 to 8 mm thick coatings
means obtaining surface performances between 2000 and 3000 cm” h™" and depo-
sition rates of 8 to 9 kg h™". This process is applied, for example, for armouring con-
necting components for drill pipes in the deep drilling technique.

5.3.3.6 Plasma MIG Cladding
During plasma MIG cladding (Fig. 5.17) a wire electrode in a MIG arc is melted.
The wire is supplied in the burner centre, whereby over a separate power source a
concentric plasma arc burns between the work piece and a water-cooled cathode
ring, which functions also as a nozzle. Applying two independent power sources
and thus two independent heat sources allows adjustment of the heat control.
Furthermore, the plasma arc stabilizes the MIG arc, whereby high welding cur-
rents and thus high deposition rates can be obtained with splash-free material tran-
sition. Weld pools of up to 40 mm width are possible with a small penetration and
small dilution, up to approximately 10 %. Due to a forward-moving cathodic clean-
ing via the plasma jet, the requirements for cleaning the component surface are
small.

Plasma MIG cladding is characterized by high deposition rates up to 25 kg h™" as
well as surface performance of 5000 cm® h™" with relatively small surface energies
of 150 ] mm™. Layer thicknesses are usually 4 to 6 mm. Typical applications are
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Fig. 5.17  Principle of plasma MIG cladding
(ISAF, TU Clausthal).
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armouring with tough or hard steel, cladding with corrosion resistant steel and
cladding of copper- or nickel-based alloys of the same kind. However, due to
relatively high machine effort the process has not found widespread application
so far.

5.3.3.7 Plasma Powder Transferred Arc Welding (PTA)

During PTA welding (Fig. 5.18), a plasma jet produced by a nonmelting electrode
is used as a heat source. Two arcs are used, which are controllable over separate
power sources. The so-called pilot arc burns after ignition by high frequency
between a rod-shaped cathode and an anodically polarized ring nozzle. The pilot
arc is used for ignition of the transferring main arc between work piece and pin
cathode. The thermal load is kept relatively small by a negative polarity.

Plasma powder transferred arc welding uses powdered weld additives, which are
supplied to the burner by a transfer gas. Besides an internal powder supply, where
the powder is injected directly in the area of the plasma nozzle into the plasma col-
umn within the burner geometry, an outside powder supply can be used, where
the powder is supplied to the plasma jet outside the burner geometry. During
internal supply the powder is absorbed into the plasma jet due to the injector effect
on the powder/gas stream by the thermal expanding plasma gases. The powder is
accelerated to high speeds. Melting of the weld additive is adjusted by the pilot arc
and melting of the base material is controlled by the transferred arc.

With the outside powder supply a shorter retention period in the arc is obtained
and thus there is a smaller heat transfer to the weld additive. On the one hand a
smaller thermal load on the weld additive occurs and temperature sensitive mate-
rials can remain in their original structure; on the other hand the risk of binding
defects and/or too high dilution exists. Generally a smaller coating efficiency is ob-
tained with the outside supply than with the internal supply. A combination of
internal and outside powder supply is partly realized. When applying Ni-B—Si
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Fig. 5.18 Principle of plasma transferred arc welding (ISAF, TU Clausthal).
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tungsten fusion carbide composite layers, the internal supply can be used for the
metallic component and the outside supply for the carbide hard material. Thus the
thermal load of the hard material is minimized and complete melting of the metal-
lic component is guaranteed, resulting in metallurgical strongly merged hard ma-
terials with almost unchanged structure, which results in optimal wear resistance.

Inert gases, i.e argon and helium, are used for both the plasma gas of the pilot
arc and the powder transportation gas exclusively. The inert gas can also contain
portions of active gases to influence the pool viscosity and flow behavior, for exam-
ple by the reducing effect when using hydrogen additions.

Plasma powder transferred arc welding is characterized by a high degree of au-
tomation and high surface performances up to 5000 cm” h™". Deposition rates of
more than 12 kg h™" are possible. A further advantage is the high flexibility con-
cerning the attainable layer thickness, which can be adjusted between 0.5 and
5 mm. Finally, the process is characterized by the possibility of producing defect-
free coatings and interfaces with dilution of only 5 %. The main application field of
this process is coating of components which are subject to high corrosive and/or
wear loads. Typical application areas are armouring valves in engine construction,
highly stressed zones of tools in the plastic processing industry as well or protec-
tive layers on sealing surfaces of fitting parts in the (petro)chemical industry.

5.3.3.8 Plasma Hot Wire Cladding

Plasma hot wire cladding (Fig. 5.19) offers a separate adjustment for melting the
base material surface by a plasma burner with transferred arc and melting the ad-
ditive materials by the hot wire technology. The weld additive is usually supplied to
the weld pool in the form of two crossing wires. The contact of the wires and the
short-circuit over the weld pool causes a current flow of the contact tubes over the
free wire ends, and thus a resistance heating to the solidus temperature of the weld
additive metal. To minimize the magnetic field influence, alternating current
sources are used, which are equipped with voltage limitation to avoid arc dis-
charges (flashover). The residual energies required to melt weld additives are

Plasma Tungsten electrode Hot wire
power source Plasma gas POWer source

Pendular axis

lDirectian of welding

Fig. 5.19  Principle of plasma hot wire cladding (ISAF, TU Clausthal)
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small, and therefore the thermal treatment of the substrate and the weld additive is
mostly uncoupled. Besides wires, band electrodes can also be used as weld addi-
tives. The combination of two different wires influences the coating within a wide
range.

The substantial advantage of plasma hot wire cladding exists in the combination
of high deposition rates up to 30 kg h™ and the performance of 7000 cm* h™" at
dilution of only 5% for defect free coatings. Coating thicknesses are adjusted
between 2 and 7 mm. The surface energy can be limited to 95 ] mm™ and a
very small heat affected zone results. Finally, this process permits large automa-
tion.

Small dilution with relatively thin coatings permits substantial savings and
makes the process economically attractive for processing expensive weld additives.
For two-layered implemented coatings the same corrosion resistance properties as
with rolling material or rolling cladding are obtained. Within the area of apparatus
and reactor engineering, for example claddings of CrNi steel, copper- and nickel-
based alloys are manufactured. Beyond that, applications exist for corrosion protec-
tion in the area of flue gas desulfuration, waste incineration, offshore industry and
nuclear technology.

5.4
Summary and Outlook

Coating technologies are nowadays a decisive factor in realizing new products and
making technological progress. The main focus of the applied layer systems has so
far been in the range of wear and corrosion resistance or thermal insulation. Layers
of special physical, electrical, chemical and electrochemical characteristics find
increasing interest. Such layer developments are extremely complex and require
high experimental effort. There is a need for knowledge on thermal spraying
and cladding in order to predict the parameters of the coating process and the
technological marginal conditions for the equipment technology and material
used, regarding the desired microstructure and minimization of the experimental
effort.

The goal of further scientific and technological work is the real material descrip-
tion of the total coating process with regard to manufacturing and material-specif-
ic characteristics and parameters. The combination of measured process variables
and thermodynamic values of the processed composite layer with the simulation of
the structure and morphology of the sprayed coating is crucial. It will then be pos-
sible to optimize the structure and morphology of the layers as a function of the
thermodynamic material properties and to obtain process setting parameters at the
same time, which are system-dependent. The experimental effort can be limited to
the verification of the calculated process setting parameters, which will lead to a
substantial cost and time saving in the development of new layer systems.
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6
Machining Technology Aspects of AI-MMC

K. Weinert, M. Buschka, and M. Lange

6.1
Introduction

Materials of a low specific weight have gained importance within the last years. In
this context the substitution of iron-based materials by light metals, like alumi-
num, magnesium and titanium is of interest. Aluminum alloys have a particular
place within the structural materials due to their convenient application and man-
ufacturing properties. However, in some areas, for example the automotive indus-
try, conventional Al alloys cannot be fully applied because of poor heat and wear re-
sistance. A way out is the application of Al metal matrix composites (Al-MMC),
where these properties are improved by embedding hard particles and/or fibers.
Thus an adjusted property profile can be produced by the combination of a light
metal matrix and reinforcement phases, aimed to the construction unit strain [1,
2]. Figure 6.1 shows the application and manufacturing properties of AI-MMC as
well as application examples. Application examples are particle reinforced brake
compounds [3], short fiber reinforced diesel pistons and cylinder surfaces and lo-
cally reinforced cylinder crankcases [4, 5]. Further examples are whisker reinforced
connecting rods [6] and particle reinforced seat rails [7].

6.2
Machining Problems, Cutting Material Selection and Surface Layer Influence

The aim during production is to achieve near net shape MMC components. How-
ever, further machining is necessary to ensure the correct function and for further
reduction in weight. The main problem with machining is the wear of the cutting
tool caused by direct contact with the hard particles or rather fibers in the insert.
Thus abrasion and surface disruption are the dominant wear mechanisms. During
abrasion the reinforcement compounds form a groove by the cutting movement
into the machining and flank face of the tool. Surface disruption occurs when re-
inforced compounds crash into the machining surface during the cut and thus

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
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Functional properties of
metal matrix composites (MMC) Particle reinforced

= Increased yield stress stiffness
tensile strength, creep resistance

* Improved creep resistance at
higher application temperatures

« Reduced temperature change

sensitivity

* Increased damping behavior

» Increased wear resistance

« Reduced thermal expansion
Manufacturing engineering properties

= More difficult machining

brake drum

Fiber reinforced
engine piston

Particle reinforced
cylinder surfaces

Fig. 6.1 Properties and applications of Al-matrix composites.

cause a dynamic strain. The consequences are grain eruptions in stressed areas of
the tool caused by crack formation and development [8-10].

Figure 6.2 shows a comparison between the hardness of cutting materials or
rather coatings and the hardness of the reinforcement of the light metal matrix
composites. From this comparison the problem of machining this material group
becomes clear. The cutting materials PCD and diamond coatings, or thick layers,
manufactured by the CVD process, are most suitable for machining fiber- or parti-
cle-reinforced light metal matrix composites because they show a very high hard-
ness due to the good wear resistance to abrasion. The basic condition for success-
ful application of the diamond coating (thin films) is sufficient adhesion on the ce-
mented carbide substrate to avoid spalling due to the tribological strain. Coated ce-
mented carbides and cutting ceramics are only of limited applicability for light
metal matrix composites with SiC-, B,C- and TiB,-particle reinforcement, since
their hardness is equal to or lower than the hardness of the particles (2600 to
3700 HV). All cutting materials are suitable for light metal matrix composites, re-
inforced with 6-Al,O; short fibers, with a low fiber hardness (800 HV). For machin-
ing Si particle-reinforced materials (~1250 HV) the application of coated cemented
carbides is economically possible [8-12].

Figure 6.3 shows the development of wear versus cutting time for different
cutting materials during turning of the spray-formed and hot-formed two-phased
AlSi alloy AlSi,sCu, sMg;Ni;. The PCD tool shows the lowest flank wear due to its
high hardness (Fig. 6.2). In comparison with uncoated cemented carbide (CC-MC),
diamond and TiAIN coated tools show lower wear, which can be attributed to the
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Fig. 6.3 Tool wear of different cutting materials after turning of over-eutectic AlSi alloy.
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wear decreasing effect of the coating. Diamond-coated tools especially perform
well during short process times due to the high hardness of the wear protecting
layer. While for all tools the flank wear region width increases in the stationary
phase with increasing cutting time, a progressive increase is to be noted for the di-
amond-coated cemented carbides. The reason for this is the flaking of the coating
on the flank face and also on the machining surfaces. Thus the substrate is laid
open and exposed to wear stress by the hard Si crystals of the compound material.
On specially developed diamond-coated tools for machining Al materials, no wear
can be detected on the tools after processing the over eutectic AlSi alloy for 750 s
(12.5 min). For that tool the cutting geometry, the substrate composition, the coat-
ing adhesion and the coating thickness are optimized to the occurring strain [10,
11]. However, during machining of SiC-particle-reinforced Al alloys, coating flak-
ing occurred during the application of inserts.

In comparison to diamond coatings the hardness of the TiAIN coating is approx-
imately 2450 HV, whereby the resistance to abrasive acting Si particles is lower, re-
sulting in higher tool wear. Although the hardness of the TiN coating is the same
as the TiAIN coating, the flank wear after a cutting time of 750 s (12.5 min) is con-
siderably higher. The reason for this is the high chemical affinity of TiN to Al, so
that the coating dissolves by the mechanical, thermal and tribochemical strain in
the contact zone, and thus the tool is not protected against wear [10, 11].

Concerning the wear of PCD tools, the PCD grain size is of special importance.
To investigate the influence of the grain size of PCD tools on the tool wear during
processing of different Al matrix composites, turning tests with PCD of average
grain size (PCD-MG, GS = 10 pm) and coarse grain size (PCD-CG, GS = 25 pm)
have been carried out on different Al matrix composites. Furthermore, a fine
grained PCD type (PCD-FG, GS = 2 pm) was tested with SiC- and B,C-particle-
reinforced aluminum. The results of these tests with regard to the tool wear are
summarized in Fig. 6.4. It can be seen that the grain size has hardly any influence
on the tool wear during machining of 6-Al,O;-short-fiber-reinforced aluminum. In
comparison a significant reduction of wear can be determined with increasing
grain size of PCD during machining of SiC- and B,C-particle-reinforced materials.
Of special importance is the grain size ratio between the particles of the composite
and the PCD grains. If the particle impacting onto the cutting edge is significantly
larger than the PCD grains, the diamond bridge binding is strongly stressed by one
or more PCD grains. In this way crack formation can easily occur and during fur-
ther cutting, a breakout of complete grains can occur. If the composite particles are
smaller than the PCD grains, the impact strain of the particle hitting the tool is pre-
dominantly absorbed by the PCD grain; the breakout of complete grains is made
more difficult [9].

An important aspect during the machining of metal matrix composites besides
the tool wear is the quality of the machined surface and the process caused influ-
ence on the peripheral zone. The mechanical and thermal strain of the surface
layer during machining can cause fractures and cracks in the hard particles and/or
fibers, plastic deformation of the metal matrix, pore formation, and changes in the
residual stress profile. These surface zone changes can adversely affect the materi-
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Fig. 6.4 Influence of PCD grain size on the tool wear during turning of Al matrix composites.

al properties, so that the requirements on the application of MMC compounds can-
not be fulfilled. The appearance of pores and grooves in machined surfaces is char-
acteristic for metal matrix composites. This damage occurs due to breakouts of par-
ticles and/or fibers from the surface during the cutting process. In this way further
grooves emerge.

Figure 6.5 demonstrates the surface layer influence exemplified by cemented
carbide (CC-MC) and a PCD machined over-eutectic AlSi alloy after a cutting time
of 750 s (12.5 min). In contrast to the workpiece machined with cemented carbide,
the surface layer structure shows no influence after turning with PCD, whereas
even the hard Si crystals can be cut by the PCD tool. After machining with cement-
ed carbides, plastic deformations of the surface and the peripheral zone occur and
cracks are detectable in the hard phases as well as fractures in the hard phases. The
Si particles are thereby aligned in the cutting direction. Similar changes in the sur-
face layer structure can also be noticed on SiC- and Al,O;-reinforced metal matrix
composites.

In an analogous manner to turning with cemented carbides, the composite ma-
terial reacts during processing in a similar manner to coated cemented carbides.

151



152 | 6 Machining Technology Aspects of Al-MMC

Material - AlSi25Cu2,5Mg1Ni1
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Fig. 6.5 Surface layer override after turning with cemented carbide and PCD tools.

The surface layer influence is similarly distinctive. The obtainable surface rough-
ness increases in the order: PCD, uncoated and coated cemented carbide. After
machining the average roughness values are 2 to 3 pm for PCD and 3 to 6 pm for
cemented carbide tools.

6.3
Processing of Components of Metal Matrix Composites

Starting from the previous basic results for turning, drilling and milling of Al ma-
trix composites [8-11, 13-15] tests for the machining of concrete compounds com-
posed of Al matrix composites have been carried out. The aim was to optimize the
process strategy and the parameter selection taking into account the required pro-
cess quality. The compounds are used in SiC-particle-reinforced brake drums
manufactured by semi-permanent-moulding, cylinder crankcases produced by
squeeze casting, with local Si-particles and Al,O;-short-fiber-reinforced cylinder
surfaces as well as in situ TiB,-particle-reinforced extrusion profiles for application
in passenger planes, see Fig. 6.6. During the production of cylinder crankcases
highly porous, hollow cylindrical preforms are first inserted in the cylinder center
sleeve of the mould, then fusion infiltration of the preform takes place by squeeze-
casting under pressure with the under-eutectic secondary alloy AlSisCus. This
leads to a local reinforcing in the area of the cylinder surface [5].
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Component Brake components Cylinder surface Extrusion profile
Application area Automotive industry Automotive industry  Aircraft industry
Manufacture Semi-Permanent- Squeeze-Casting Extrusion

Molding
Matrix alloy AlSigMg AISI9Cu3 AA 5083, AA 7071
Reinforcement SiC-particle Si-particle + TiBz-particle

Alz03-short fiber

Reinforc.-part 20 Vol.-% 15 and 5 Vol -% 5 and/or 7 wt-%
Reinforc.-size 10 um 30 to 70 um (Si) 1 pm
Reinforc.-hardness 3400 HV 1250 HV 3800 HY

Fig. 6.6 Components of Al matrix composites.

6.3.1
Materials, Cutting Materials and Process Parameters

The structure of the processed MMC compounds is shown in Fig. 6.7. The brake
drums consist of the alloy AlSi9Mg, in which 20 vol % SiC particles, 10 to 15 pm in
size, are embedded. The cylinder crankcases consist of the alloy AlSi9Cu3, where-
as the cylinder surfaces are locally reinforced with 15 vol % Si particles, 30 to 70 pm

Fig. 6.7 Structure of (a) SiC-particle-reinforced brake drums, (b) Si-particle- and
Al,Os-short-fiber-reinforced cylinder surfaces (Lokasil 1), (c) and d) TiB,-particle-
reinforced extrusion profiles.
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in size, and 5 vol % Al,O; short fibers. The matrix of the extrusion profiles consists
of the alloy AAS5083 (AlMg4.4Mn0.7Cr0.15), and the alloy AA7071
(AlZn5.6Mg2.5Cul.6Cr0.23), in which fine TiB, particles are embedded. The alloy
AA5083 contains 7 wt% TiB, and the alloy AA7071 5 wt% TiB,. The average size
of the TiB, particle is approximately 1 pm, and they are aligned in the structure in
the direction of transformation.

A list of process parameter values which are varied when machining MMC com-
pounds is summarized in Table 6.1. For turning brake drums and drill finish cyl-
inder surfaces, polycrystalline diamond (PCD) or a cutting material with a dia-
mond thick-film layer produced by CVD technology (CVD-diamond) is used. The
properties of the cutting materials PCD and CVD-diamond are shown in Table 6.2
[16]. The Knoop hardness of CVD-diamond is 85 to 100 Gpa, significantly higher
than that of PCD which shows a Knoop hardness of 50 to 75 GPa. The cutting ma-
terial produced with the CVD technology consists of 99.9% diamond, whereas
PCD contains a small part of Co, approximately 8 vol %. To verify the capability of
cutting materials based on diamond, uncoated and coated cemented carbide is
used as cutting material to drill finish cylinder crankcases. The coatings used are
commercial TiN and diamond coatings. Cemented carbide tools are not used for
turning of brake drums and finish boring of cylinder surfaces. During the drilling
of reinforced extrusions, uncoated full cemented carbide and PCD tools were used.
For milling TiAIN and diamond-coated end mills were used. Processing was car-
ried out with different PCD types, which differ in their grain size.

6.3.2
Evaluation of Machinability

To evaluate machining, the criteria of tool wear and surface roughness have been
used. Wear and surface roughness were evaluated in a scanning electron micro-
scope. Additionally metallographic analysis of the processed surface peripheral
zones was carried out to check for possible structure changes like plastic deforma-
tion and cracks in the reinforcement phase. The measurement of the deterioration
depth in the hard phases was carried out with an optical microscope with an addi-
tional microhardness measuring system. To determine the roundness of brake
drums after turning and after finish boring of the cylinder surfaces, measure-
ments were carried out with a roundness measuring device and a 3D-coordinate
measuring machine. The measurement of the cylinder surfaces was done at three
drilling depths: 10, 50 and 85 mm at three levels.

6.3.3
Turning of SiC-particle-reinforced Brake Drums

Figure 6.8 shows the development of the tool wear with cutting time after the ap-
plication of the cutting material PCD and CVD-diamond during turning of brake
surfaces at a cutting speed of 500 m min~" and a feed rate of 0.3 mm. Additionally,
the tool wear is documented by scanning electron microscopic images. Direct com-
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Tab.6.2 Properties of polycrystalline diamond (PCD) and CVD diamond thick film [3].

Characteristic Unit PCD CVD-diamond
Cutting material thickness mm 1 0.5
Density p gcm™ 4.1 3.51
Young’s modulus GPa 800 1180

Knoop hardness GPa 50-75 85-100
Cross break strength GPa 1.2 1.3
Fracture toughness K¢ MPa m'/? 8.89 5.5
Coefficient of thermal expansion o 10°° K™ 4 3.7

Heat conductivity A Wm' K 500 750-1500

! .

S \ Material : AlSigMg
@ ] + 20 Vol -% SiC
; 100+ PCD-CG Cutting speed : ve = 500 m/min
i CVD-diamond | Feed f =03mm
E 601 / ~ | Cutting depth : ap = 0.5 mm
2 Coolant Sdry
= 201

a Og | Yo I Kr I e
0 100 200/ sco 400 s00N\soo & |soo 5° | 6° [91°]0.8mm
Cutting time t,

Fig. 6.8 Width of wear region during turning with polycrystalline diamond (PCD)
and CVD diamond thick layer inserts.

parison between both cutting materials shows that CVD diamond has a better wear
resistance than PCD.

Due to the significantly higher hardness of CVD-diamond cutting materials, this
material compared to PCD is less damaged by the SiC particles during turning.
The significantly higher hardness of diamond cutting tools compared to SiC parti-
cles makes an abrasive wear attack by the reinforcement phase of the Al composite
at the tool impossible. Here surface damage has to be assumed. The detection of
grooves on the cutting face and/or flank face is caused by self-grooving of broken
out diamond grains or parts of grains, which slide over the chip and flank face dur-
ing cutting movements causing grooves to develop.
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The gradient structure of CVD diamonds leads to spalling of only small areas of
the cutting edge due to the surface disruption of the cutting material in the work-
ing area. The grain size at the cutting face is up to 2 pm. The grain size increases
to 25 pm inside the substrate [16]. At isotropic PCD large areas could spall so that
the wear ratio is higher. Furthermore, the tendency to form material deposits of
the Al alloy at the chip and flank face of the insert is lower for CVD diamond than
for PCD. This is caused by the lower adhesion tendency between the Al alloy and
the cutting material of CVD diamonds, in comparison to PCD. However, CVD di-
amonds do not contain Co, which could interact with the compound material.

Figure 6.9 shows examples of scanning electron microscope images of CVD di-
amond- and PCD inserts after a cutting time of 120 s. To show the above described
wear mechanisms, the typical wear appearance of each tool can be seen. At the tool
face of the PCD tool, spalling is seen directly at the cutting edge, which is the result
of continuous impact of SiC particles on the chip surface during turning. Thus the
surface roughness of the insert at the tool face increases. The CVD diamond tool
does not show any damaged rake face, however, spalling occurs at the cutting edge.
Furthermore the image shows the fine cutting material grain structure of the CVD
diamond cutting material.

With increasing cutting speed, the thermal and mechanical strain of the cutting
material increases. This can lead to higher tool wear and pseudo-chip formation
can occur at the tool due to the increasing process temperature or large material
deposits. The process quality is negatively influenced by this procedure. To reduce
the tendency of material deposit formation, tests using CVD diamond cutting tools
at higher cutting speeds using minimum quantity lubrication (MQL) have been
carried out. Figure 6.10 shows the influence of the cutting speed on the tool wear
during turning of SiC reinforced Al brake drums. At higher cutting speed the tool
wear rises due to the increasing thermal and dynamic cutting material strain. Ata
cutting speed of 750 m min" a wear mark of over 100 pm is measured after a
cutting time of 750 s (12.5 min). By further increasing the cutting speed up to

Material . AISiOMg + 20 Vol -% SiC

Cutting speed : v =500 m/min

Cutting depth : ap=0.5mm

Cutting time  : 1, =210s g | To | Kr| T

Coolant : dry 5° | 6 [91°] 0.8mm
" -~ - .

-

§3121 1o 80 _Is A
+ CVD diamond (f = 0.3 mm)} « PCD(f=0.2 mm)
* Spalling on the cutting edge » Spalling on the chip surface

Fig. 6.9 Wear and tear on PCD and CVD diamond inserts.
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Material : AlSi9Mg + 20 Vol.-% SiC
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Feed f=0.3mm ‘-‘ul?o | Kr | le
Cutting depth  : a, = 0.5 mm 5°] 6 [91°]0.8 mm
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Fig. 6.10 Influence of the lubrication concept and cutting speed on the tool wear.

1000 m min" extreme flank wear can be seen after short cutting times. Thereby
turning tests had to be stopped after a cutting time of 210 s (3.5 min). The meas-
ured wear region had already reached a value of 130 pm. The influence of the cool-
ing lubricant concept on the tool wear is not clear for turning tests.

Figure 6.11 shows the influence of the feed rate (f= feed per tooth) on the flank-
wear region width after turning with PCD inserts. The measured wear mark is on-
ly present for tools with an edge radius of 1.2 mm. The significance of the influ-
ence of the edge radius on the wear is not clear. With increasing feed rate the flank
wear rises whereas there is no change in the wear appearance and thus wear mech-
anism. During the increase of feed the amount of SiC particles which are impact-
ed onto the cutting face or slide over the chip and flank face does not increase, but
the strain of the cutting material increases due to the higher chip thickness. For ex-
ample the cutting force during application of a tool with an edge radius of 0.8 mm
rises from 52 N (f= 0.1 mm) to 249 N (f= 0.7 mm), so that the tool wear increases
in the same direction.

Furthermore, Fig. 6.11 shows the influence of feed rate and edge radius of the
insert on the average surface roughness. The roughness of the brake surface is not
allowed to exceed an upper limit of average surface roughness of 11 pm after fin-
ishing. The feed rate of finishing the brake surface depends on the edge radius and
may not exceed 0.25 mm for an edge radius of 0.8 mm and 0.3 mm for an edge ra-
dius of 1.2 mm. During the pre-machining, e.g. removing the mold and the fin-
ished shape chamfer at the brake surface, as well as during processing the center,
during inner facing and during processing the outside, significantly higher feed
rates can be set. If the values for the feed rate do not exceed 0.5 mm, the brake
drum manufacturing is process-sure. By applying CVD diamond and PCD inserts,
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Material : AlSi9Mg + 20 Vol.-% SIiC
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Fig. 6.11 Influence of the feed on the tool wear and the average surface roughness.

small spalling can occur occasionally at a feed of 0.7 mm. Processing SiC-rein-
forced brake drums with high feeds means, short process times and thus high pro-
ductivity because of the low dependence of the tool wear on the feed rate.

Figure 6.12 shows the surface and the peripheral zone after turning brake drums
with PCD in the area of the surface after a cutting time of 210 s (3.5 min). The scan-
ning electron microscope image of the surface shows a typical surface topography,
which is present after processing of SiC-reinforced Al alloys. Pores can be seen in
the areas where the hard SiC particles have been separated. SiC fragments can be
found partly in the pores. The surface and the peripheral zone of the Al alloy is al-
together slightly plastic deformed. This is made clear by optical microscope imag-
es of the peripheral zone. Near the processed surface only broken SiC particles can
be seen.

Starting with the tests to select the cutting parameter and cutting materials,
which are carried out with the machining of the brake surface of a SiC-particle-re-
inforced brake drum, a turning process took place in the area of the center, the fix-
ing holes and the brake surface as well as the processing of the outside. Figure 6.13
shows the clamped, processed brake drum with the processing steps and the se-
lected cutting conditions. The brake drum is clamped in a conventional three-jaw
chuck, which is adjusted to the outside geometry of the drum. With this clamping
a roundness of 14 pm can be reached in the area of the brake surface after finish-
ing. As tools CVD diamond inserts with a corner radius of 1.2 mm are used. The
complete turning process takes place at a cutting speed of 500 m min™" in dry ma-
chining. In the area of the center of the fixing holes and when machining the out-
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side a feed rate of 0.4 or 0.5 mm can be used. To process the brake surface the feed
rate needs to be reduced during the final process step to 0.3 mm to reach an aver-
age surface roughness of 1 pm.

B A Material . AlSisMg

{4 + 20 Vol -% SiC
& Cutting material : PCD - CG

j Cutting speed  : v¢ = 500 m/min
Feed f =03 mm
Cutting depth . ap=0.5 mm
Cutting time te = 2105
Coolant dry

“ol To | Kr| Mg
5] 6° [91°]1.2mm

Fig. 6.12 Surface formation and surface layer after turning of the brake surface.

Process operations:

» Inside longitudinal turning
» Inside facing

» Qutside facing

» QOutside longitudinal turning

‘Clamping: radial

Requirement for the brake surface:

» Roughness ‘Rz max =11 pm

» Roughness t=8um

» Concentricity (to the hub): tx = 0.1 mm

» Cylindricity :t; = 0.05 bis 0.1 mm
Parameter:

» Cutting speed : ve = 500 m/min

» Feed :f=[0.3; 0.5] mm

» Cutting material : CVD-diamond thick film

» Edge radius rp=1.2 mm

Fig. 6.13 Turning of SiC-particle-reinforced brake drums: process operations,
requirements, and process parameters.
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6.3.4
Boring of Si-particle- and Al,O,-fiber-reinforced Al Cylinder Surfaces

Figure 6.14 shows the cylinder crankcase that was selected for tests (4-cylinder in
open deck pattern) with local reinforced cylinder contact surfaces, as well as the
boring tools used for the tests. A double-edged tool is applied for the pre-boring op-
eration, which has been adjusted to a process diameter of 83.4 mm to remove the
cast surface and the draft angle. The cutting depth is between 1.2 and 1.4 mm. The
final finish boring operation is a premachining for honing, the process when fine
boring has been adjusted to reach the necessary average surface roughness of 5 to
9 pm during the first hone step. The roundness is therefore limited to a value of
15 pm. The diameter of 83.8 mm is the process diameter including honing meas-
urement.

Fig. 6.14 Cylinder crankcase with cylinder surfaces locally reinforced with Si-
and Al,O; particles and boring and pre-boring tools.

6.3.4.1 Pre-boring Operation

During the pre-machining under dry cutting conditions heavy material disposals
and pseudo-chip formation occurred. Thus the pre-boring operation had to take
place with the aid of emulsion. Figure 6.15 shows scanning electron microscopic
images of uncoated and TiN- or diamond-coated tools after pre-boring finishing a

CC; VBmax = 106 pm CC-TiN; VBmax = 25

100 B0 I5E0

Fig. 6.15 Wear of coated and uncoated cemented carbide tools.
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cylinder crankcase (4 cylinder surfaces). From these images of the wear region it
becomes clear that customary wear resistance coatings, like TiN and diamond,
show higher flank wear after the drill boring operation than uncoated cemented
carbide. Using TiN tribochemical coating, dissolution takes place during machin-
ing [10-12], while the diamond coating spalls at an early stage during drill out op-
eration due to the low adhesion on the cemented carbide substrate.

The present investigations to drill out cylinder surfaces with cemented carbide
tools show that an economical processing does not appear to be possible. On the
one hand this is caused by the strong tool wear. On the other hand the machining
has taken place relative to recent basic investigations at a cutting speed of
100 m min~', whereby the cutting time (primary processing time) of the pre-ma-
chining of cylinder crankcases at the selected cutting parameter is 554 s (9.2 min).
Because of the high wear resistance of PCD this cutting material can be used at sig-
nificantly higher cutting speeds. Experiments to vary the cutting speed and the
feed rate have shown that the optimal cutting parameters during pre-machining of
cylinder surfaces with PCD are a cutting speed of 400 m min™" and a feed per tooth
of 0.12 mm. At a cutting speed of 500 m min™" significantly higher flank wear oc-
curs and thus there is a strong material wear down at the inserts whereby the feed
per tooth had to be reduced to 0.08 mm. The cutting time of pre-machining of cyl-
inder crankcases with more favorable cutting parameters is 92 s (1.5 min).

Further investigation concerning the performance characteristics of the cutting
materials PCD- and CVD-diamond during the pre-boring operation took place at a
cutting speed of 400 m min™" and a feed per tooth of 0.12 mm. Figure 6.16 shows
a comparison of wear development for both cutting materials during processing of

(f =012 mm
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CVD diamond

CVD-diamond, VB
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Cutting length L

Fig. 6.16 Tool wear during pre-boring with cutting materials with polycrystalline
diamond (PCD) and CVD diamond thick film.
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MMC cylinder surfaces. Progressive wear development can be seen during boring
with PCD inserts. Already after pre-boring of 6 cylinder crankcases (24 cylinder
surfaces) a maximum width of wear region of approximately 200 pm has been
reached. The wear of tools during application of inserts with a CVD diamond thick
layer develops linearly, contrary to PCD inserts, and at a significantly lower level.
Due to a small spalling, which appeared after 3 cylinder crankcases (12 cylinder
surfaces), a wear mark of approximately 120 pm could be measured at the insert,
which did not increase during further processing. The scanning electron micro-
scope images in Fig. 6.16 make clear the strong difference between both cutting
materials in the tool wear development after pre-boring. Furthermore the image of
the CVD diamond tool shows the occurrence of the cutting edge chipping.

6.3.4.2 Finish Bore Processing

In a similar way to the turning process of SiC-reinforced brake drums and to the pre-
boring operation of MMC cylinder surfaces, it is also shown for finish boring that
the tools with a CVD diamond thick layer show lower wear than PCD tools after ma-
chining. In Fig. 6.17 the cutting speed related influence of the the tool wear is shown
after finish boring of reinforced cylinder surfaces during the use of CVD diamond
thick layer inserts in dry cutting. Additionally, scanning electron microscope imag-
es show wear and tear. The most useful cutting speed for the application of CVD di-
amond thick layer tools is 500 m min~". Processing at higher cutting speeds leads to
strong, progressive flank wear and to spalling of the flank face even at short cutting
lengths. This spalling already appears at a cutting speed of 600 m min™.

Material : Lokasil
(Cylinder surface)
Cutting material : CVD-Diamond

Feed f=0.15mm
Cutting depth  :a,=0.2 mm
Coolant cdry
—_—C do | Yo | ¥ | T&
. ve = 500 m/min 11°] 0° | 80°[ 0.4mm
0 1000 2000 3000 m 5000

Cutting length L:

Fig. 6.17 Influence of the cutting speed on the flank wear after boring of Si-
and Al,Os-reinforced cylinder surfaces.
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Figure 6.18 shows the average and theoretical surface roughness after finish bor-
ing of the cylinder surfaces as a function of feed and cutting speed. The curve of
the average surface roughness versus the feed or cutting speed is always above the
theoretical surface roughness. To reach the required average surface roughness of
5 to 9 pm after finish boring of cylinder surfaces, a feed rate between 0.1 and
0.15 mm has to be selected, based on the measured surface roughness at a cutting
speed of 500 m min~" and a tool corner radius of 0.4 mm.

After finish boring at a cutting speed of 500 m min " spalling always appears at
the processed surface, see Fig. 6.19, especially at places where the hard Si particles
are separated from the surface. The damage depth, up to which the Si particles in
the peripheral zone show cracks or are broken out of the surface, can be up to
30 pm. Random tests to avoid spalling on processed surfaces show that at very high
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Material : Lokasil
le =248 m lz = [248; 3968] m {eylinder surface)
Cutting material : CVD-diamond
Cutting speed : vz = 500 m/min
Feed :f=0.15 mm
Cutting depth  :ap=02mm
101 Coolant s dry
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Fig. 6.18 Roughness after boring of MMC cylinder surfaces, influence of feed
and cutting speed.

Fig. 6.19 Surface after boring at various cutting speeds.
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cutting speeds of 2000 to 2500 m min™" the spalling occurring during chip forma-
tion can be significantly reduced, see Fig. 6.19. However, at these high cutting
speeds extremely high tool wear can be noticed, which excludes the finish boring
of cylinder surfaces at these speeds. Plastic deformation of the Al matrix after the
process with cutting speeds of 500 to 2500 m min™" is not observed in metallo-
graphic peripheral zone samples.

Besides the surface parameter, the shape of the processed cylinder is an impor-
tant requirement for finish boring operation. Thus a maximum roundness of
15 pm should not be exceeded for the following honing of all four cylinders. At the
two inner cylinder surfaces a roundness in dependence on the drilling depth
between 3 pm (L, = 10 mm) and 5 pm (L, = 90 mm) is reached at a cutting speed
of 500 m min™', a feed rate of 0.15 mm and a cutting depth of 0.2 mm. The two out-
side cylinders show a significantly worse roundness due to the open construction
of the cylinder crankcase, which exceeds the critical value for the roundness of
15 pm, particularly at a drilling depth of 50 mm. To reach the required roundness
also at the outside cylinder surfaces, investigations to determine the influence of
the cutting depth on the roundness have been carried out. Figure 6.20 shows the
roundness in dependence on the cutting depth during finish boring. Due to the
roundness value of 55 pm after pre-boring of the two outside cylinders, an en-
hancement of the roundness occurs with increasing cutting depth during the fin-
ish process operation. At a cutting depth of 0.3 mm the required roundness of
15 pm is reached at the outside cylinders. Pre-boring in two cuts is a further pos-
sibility to improve the roundness. With that machining concept the mechanical
strain of cylinder surfaces can be reduced, so that the roundness after the pre-ma-
chining could be better.

Material . Lokasil
(cylinder surface)
um Cutting material : CVD-diamond

(L, = 85 mm) Cutting speed  : v = 500 m/min

— 20 - Feed :f=0.15mm
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g 15 1 t(L, = 50 mm) Diameter :D=83.6-84mm
3 Drill depth ‘Lz max = 141.2 mm
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(x0| To | Kr | le
5 t(L, = 10 mm) 11°] 0° [ 90°[0.4 mm
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Fig. 6.20 Roundness after boring of reinforced cylinder surfaces — influence
of the cutting depths.
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6.3.5
Drilling and Milling of TiB,-particle-reinforced Extruded Profiles

Machining operations have to follow the extrusion process of profiles for applica-
tion of TiB, —particle-reinforced extrusion profiles in the aircraft industry with the
aim of mount fixing possibilities and for weight reduction. Therefore drilling and
milling processes can be used. Process problems occur due to the extremely hard
particles embedded in the Al matrix, and also due to the thin walled extrusion pro-
files, which increase the problems of vibration loads due to the discontinuous cut
during the milling process. This can lead to increased tool wear due to spalling at
the cutting edges, especially during machining with the brittle PCD cutting
material.

6.3.5.1 Drilling

Figure 6.21 shows the tool wear after drilling of TiB,-reinforced extrusion profiles
at a cutting speed of 100 m min~" and a feed rate of 0.1 mm against the drilling
length and in dependence on the numbers of drill holes, respectively. There the in-
fluence of the cutting materials (cemented carbide and PCD) and of the TiB,-con-
tent of the Al matrix is shown. While the alloy AA7075 with a content of 5% TiB,
shows good machining behaviou during processing with an uncoated cemented
carbide tool, significantly stronger tool wear occurs during drilling of the alloy
AA5083 with a content of 7% TiB,. The wear mark at the flank face reaches a val-
ue of 200 pm after 50 drill holes, whereas after processing of the material with 5%
TiB, a wear mark of 50 pm is measured. Although both Al composite materials dif-

Tool : Drill
CC, AA5083 + 7 weight-% TiB 2 d=7.3mm
Cutting speed v, = 100 m/min
Feed f=0.1mm
Drilling depth  :1=4 mm
Coolant tdry

CC, AATOTS + 5 weight-% TiB 5
< PCD MG, AA5083 + 7 weight-% TiB 2
0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 mm 500
Drilling length L,
I | I | T !

0 25 50 75 100 125
Mumber of drill holes

Fig. 6.21 Tool wear after drilling of TiB,-particle-reinforced extrusion profiles
with cemented carbide and PCD tools.
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fer in both the TiB, content and also the type of Al-matrix, the strong difference in
wear behavior of cemented carbide drills is due to the TiB, content. The influence
of the type of Al matrix on the tool wear is assumed to be not that significant.

When comparing the wear mark after processing the Al alloy with a content of 7
% TiB, with cemented carbide and PCD drills (see Fig. 6.21) it becomes obvious
that the PCD tools in comparison to cemented carbide drills show a significantly
more convenient wear behavior. The width of the wear region after processing 100
drill holes is approximately 30 pm, even lower than after drilling the Al alloy with
5% TiB, during application of cemented carbide tools after 50 drill holes.

The average surface roughness after drilling the Al alloy with 7% TiB, with a
PCD tool is between 3 and 7 pm, in which smaller surface parameters are meas-
ured at the end of the test series due to the increasing tool wear. When using ce-
mented carbide tools an average surface roughness value between 1 and 3 pm is
reached. The better surface roughness compared to PCD drills can be explained by
the significant marked wear of the cemented carbide tool and by a significantly
higher drilling torque. With increasing drilling length the drilling torque increas-
es only slightly with the application of PCD drills and reaches a value of almost
1 N m after a drilling length of 400 mm (100 drill holes). With application of ce-
mented carbide tools, the drilling torque after a drilling length of 200 mm (50 drill
holes) is 2.2 N m.

The strong wear condition and the high drilling torque lead to plastic deforma-
tion of the drill hole peripheral zone when using cemented carbide tools, see Fig.
6.22. The peripheral zone after processing the first drill hole shows a similar strong
alignment of the structure in the cutting direction as after processing the 50th drill
hole. The drill hole peripheral zone after drilling with PCD tools shows a signifi-

CC (1. drilling) P CC (50. drilling)
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@l PCD (100. drilling)
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Fig. 6.22 Surface layer after drilling of the alloy AA5083 with 7 wt % TiB,.
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cantly lower influence due to the smaller drilling torque and the lower tool wear.
Metallographic investigations of the peripheral zone of the first drill hole show no
change in the structure. After 100 drill holes only a slight alignment of the struc-
ture in the cutting direction is noticeable.

6.3.5.2  Milling

Due to the interrupted cut during milling of thin walled extrusion profiles, the
clamping device which is used to clamp the work pieces to the machining table
shows a significant influence on the wear development. Fixing the 700 mm long
profiles on the machining table with three jaws already causes spalling by the use
of a cemented carbide shaft milling cutter after a single milling. If the work pieces
are clamped over the full length by one ledge no spalling occurs due to the low os-
cillating strain. To reduce the oscillating strain during milling, most of the tests are
carried out in up-cut milling. The cutting edge contact takes place in the area of the
minimum chipping thickness, whereas the chip thickness increases continuously
with further cutting procedure until the edge comes out of the insert. The cutting
insert in the work piece proceeds with the biggest chip thickness during synchro-
nous milling, so that the process is initiated by the strongest oscillation due to the
strong insert impulse.

Figure 6.23 shows the development of the width of the wear region in depen-
dence on the feeding path during peripheral milling of the alloy AA5083 with a
content of 7% TiB, with cemented carbide and PCD tools. Furthermore, scanning
electron microscope images of the wear marks of both milling tools, taken at the
end of the process, are shown. The cemented carbide tool shows a significantly
higher flank wear after milling at a cutting speed of 100 m min™" in contrast to the
PCD milling cutter. After a feed length of 2.1 m the width of wear region is 70 pm.

Material : AA 5083 + 7 weight-% TiB _ _
Tool : End mill, d = 12 n?m *  Cutting speed : v, = 100 m/min
Cutting material: PCD-GG; CC Cutting depth :a; =2 mm
Coolant s dry Contact width : a, = 0.5 mm
&4 Milling strategy : Up-cut run milling Feed f,= 0.1 mm
E .
s cc
T mim =
@
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Fig. 6.23 Tool wear after milling with cemented carbide and PCD tools.
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In contrast to that the PCD tool reaches a flank wear value of 25 pm after a feed
length of 5.6 m. The convenient wear behavior of the PCD tool can also be seen in
scanning electron microscopic images of both tools. Spalling at the cutting edges
occurs on neither of the tools.

The influence of the cutting speed, feed and contact width on the tool wear for
processing with PCD miilling cutters is shown in Fig. 6.24. The three curves at
cutting speeds, 100, 250 and 560 m min~" show declining, nearly parallel develop-
ing wear. Thus it can be seen that with increasing cutting speed a slight tendency
towards higher tool wear occurs. During the increase in the cutting speed from 100
to 560 m min™" a positive effect takes place from a process technological view.
There the cutting time, which is used for the processing of one work piece, is re-
duced by a factor of 5.6. Because the tool wear does not increase significantly at a
cutting speed of 560 m min~"' compared to lower cutting speeds, the TiB,-particle-
reinforced Al alloy is more economical for machining at higher cutting speeds.
Wear development during the milling process of Al alloy is not significantly influ-
enced by the feed and the contact width, so that appropriately high values of cutting
parameters can be chosen for processing.

Figure 6.25 shows the influence of the milling strategy up-cut and synchronous
milling on the application behavior of TiAIN-coated cemented carbide and PCD
tools. During processing with the PCD milling cutter it can be seen that, due to the
high hardness and connected low ductility, the up-cut milling turns out to be a bet-
ter strategy than synchronous milling. While, for the average width of wear, a wear
development can be determined which is independent of the milling strategy, on-
ly during synchronous milling does spalling occur. The reason for this spalling is
to be found in the high input impulse of PCD cutting edges in the TiB,-reinforced
work piece. Due to this cutting edge spalling during synchronous milling, a maxi-

Material - AA 5083 + T weight-% TiB:  Coolant - dry
Tool - End mill, d = 12 mm Cutting depth - a,=2 mm
o DECutting material : PCD-CG Milling strategy : Up-cut milling
-*
f=01mm; a,=1mm
O mm * A
= v, = 560 m/min gE
S s
g . S
'_é 0.03 4 Ve = 250 mimin P
)
E : \
2002 . .
= f=0.2 mm;a,=1mm
& v, = 100 m/min \
2 0,011 14% f=0.1 mm; a, = 0.5 mm
Contact width: a, = 0.5 mm
0 Feed ‘f,=01 mm . Cutting speed : v, = 250 mimin
0 2 4 6 8 m 12 0 2 4 G 8 m 12
Feed length L, Feed length L,

Fig.6.24 Tool wear versus cutting parameter during milling with PCD tools.
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Material : AA 5083 + 7 weight-% TiB,  Feed (f;=0.1mm
Tool :End mill, d =10 mm Cutting depth : a, =2 mm
Cutting material: PCD-MG; CC-TiAIN Contact width : a, = 0.5 mm
200 Coolant cdry Milling strategy : Synchronous, up-cut milling
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Fig. 6.25 Tool wear versus milling strategy during milling with TiAIN-coated
cemented carbide and PCD tools.

mum width of wear region of over 100 pm is measured after a feed length of 4.9 m.
Due to the better ductility of cemented carbide, compared to that of PCD, different
behavior is shown during milling with TiAIN-coated cemented carbide tools. Low-
er tool wear at synchronous milling, compared to up-cut milling, can be noticed.
Spalling at the tool edges occurs both during up-cut and synchronous milling.
Thus, in both cases, a maximum width of wear region which is clearly higher than
the average width of wear region can be measured.

The use of a diamond-coated cemented carbide shaft milling cutter does not
show any improvement in the application behavior when machining TiB,-rein-
forced extrusion profiles compared to TiAIN-coated tools, due to flaking of the dia-
mond coating during the milling process. It is not possible to determine any influ-
ence of the grain size of PCD (2 and 10 pm) on the average width of wear region af-
ter up-cut milling. However, cutting edge spalling occurs with application of fine
grained PCD types with a grain size of 2 pm after a feed length of 2.8 m. For this
reason the maximum width of wear region reaches a value of almost 100 pm at a
feed length of 6.3 m.

A change in the microstructure of the peripheral zone, for example in the form
of a plastic deformation, could not be detected by metallographic investigations af-
ter processing of extrusion profiles with cemented carbide and PCD milling cut-
ters. The average surface roughness that was measured parallel to the feed direc-
tion is always between 1 and 2 pm after up-cut or synchronous milling with PCD
tools. With the application of cemented carbide tools an average surface roughness
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of 1 to 2 pm is also measured for synchronous milling. After up-cut milling the val-
ues range from 5 to 15 pm due to strong material wear down on the tools. The
worn down material on the tool can be chipped off when inserting the cutting edge
into the work piece.

6.4
Summary

The main problem during the machining of metal matrix composites is the strong
tool wear, caused by direct contact between the hard reinforcement phase of the
composite and the cutting edge. For this reason very hard cutting materials are par-
ticularly suitable for machining. During processing of SiC reinforced Al alloys it
can be seen that coarse grained PCD types show lower wear compared to fine
grained PCD. The present basic knowledge on the process of machining metal ma-
trix composites of SiC-particle-reinforced brake drums, local Si-particle and Al,O5-
short-fiber-reinforced cylinder crankcases and TiB,-particle-reinforced extrusion
profiles is transferred to the processing of concrete compounds. To evaluate pro-
cessing tool wear and process quality (surface, peripheral zone and roundness) is
used. The application of new cutting materials with a diamond thick layer, pro-
duced by CVD technology, leads to significantly lower tool wear compared to PCD
during turning of SiC-reinforced brake drums and during drill finishing of Si- and
Al,Os-reinforced cylinder surfaces. During drilling and milling of TiB,-reinforced
extrusion profiles a significant superiority of PCD tools is shown compared to the
applied cemented carbide tools. For machining of MM C compounds more conven-
ient process parameters can be used.
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7
Mechanical Behavior and Fatigue Properties
of Metal-matrix Composites

H. Biermann and O. Hartmann

7.1
Introduction

Swords have been manufactured, for example in Japan, for many decades by the
layer-wise superposition of hardened and soft steel with subsequent massive trans-
formation, for example by folding and hammering. In this way the opposing de-
mands on the properties of the blade material, i.e. hardness so that the blade can
be sharpened and high toughness, have been met. Nowadays, composites offer,
from a technical view, similar advantages. By combination of several materials a
compromise between the properties of each single component can be achieved,
whereby the properties of the composites are mostly better than the properties of
the homogeneous components. The selection of the combination is determined by
the properties of each component. Thus, the combination, for example, of a ductile
metal and a brittle ceramic, results in (compared to the pure metal) a composite
with a higher Young’s modulus, and also lower ductility.

In the last quarter of the last century more and more metal-matrix composites
(MMC) were developed for technical applications. The better mechanical proper-
ties, compared to nonreinforced matrix materials, led to an impulse in materials
research and to a considerable increase in techniques to manufacture composites.
The decrease in manufacturing costs mostly helped in the application of some
types of composites in industrial applications, mainly discontinuously reinforced
MMCs. Nevertheless, MMCs are niche market materials, which, however, can
replace other construction or functional materials due to their special properties [1].

Technical applications are mostly combined with cyclically varying mechanical
stresses. These result in fatigue damage which is responsible for numerous failure
cases. The mechanical parameters of a material, which are relatively easy to deter-
mine at a quasi-static load, are not easily transferable to properties of cyclic loading.
Therefore, knowledge of the influence of the microstructure and the composition
of a composite on the fatigue properties is of special interest.

The results presented in this chapter are a part of an extensive investigation of
the mechanical behavior of metal-matrix composites [2]. The influence of the ma-
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trix strength and the reinforcement morphology on the cyclic deformation and fa-
tigue behavior is considered in detail. In a nonreinforced material (hardened Al al-
loy AA60G61) as well as with particle- and short-fiber-reinforced composites with an
aluminum matrix, isothermal, total-strain controlled cyclic deformation tests have
been carried out with three different composites. These differ either in the shape
of the reinforcements (particles or short fibers (Saffil fibers) of Al,O5) or the matrix
strength (AA6061 alloy or technically pure aluminum Al99.85).

7.2
Basics and State of Knowledge

7.2.1
Thermal Residual Stresses

Thermally induced residual stresses are unavoidable during cooling from the pro-
cessing temperature to room temperature, because the thermal expansion coeffi-
cient of aluminum is larger than the coefficient of the, mainly ceramic, reinforce-
ments. Thus, during cooling, different thermal contractions occur in the phases.
The residual stresses, which occur, are in equilibrium with each other and hence [3]:

[0+ (1-f) - Con™y =0 1)

In the composite, tensile residual stresses in the metal matrix (M: matrix)
(¢on™)y >0) and compressive residual stresses in the ceramic reinforcement phase
(R: reinforcement) ({oz") <0) inevitably occur, see for example Refs. [4, 5]. After
Eq. (1), thermally induced stresses develop which are higher within the reinforce-
ment phase than in the matrix, if the volume fraction of the reinforcement phase,
£, is less than 50 %. These residual stresses can be measured experimentally, for ex-
ample by X-ray or neutron diffraction, or also determined theoretically. The ther-
mally induced stresses depend on various parameters of the composite, for exam-
ple the volume fraction, size, morphology or arrangement of the reinforcement
phase and, of course, the strength of the matrix and thus also the heat treatment.

7.2.2
Deformation Behavior of Metal-matrix Composites

Figure 7.1 shows schematically the quasi-static stress—strain behavior of MMCs.
The metallic matrix thereby shows simplified ideal elastic—plastic behavior. The ce-
ramic reinforcement deforms in a purely elastic way until it fails. In comparison to
nonreinforced material (matrix), a higher stiffness (Young’s modulus), a higher
strain hardening (increase in the o—& curve after the start of plastic deformation), a
higher strength and a lower strain to fracture are found in the composite.

By a simple approach, the Young’s modulus, which depends on the properties of
the components and their portions, can be estimated [6, 7]. It is differentiated
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Ceramic
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Fig. 7.1 Schematic representation of the defor-
Metal matrix mation behavior of composites, resulting from
D the mechanical behavior of the single phases.

€

between the parallel and serial arrangement of reinforcements, which present the
limits of the expected Young’s modulus of the composite, Eppsc:
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Figure 7.2 shows the dependence of the Young’s modulus of the composite on the
volume fraction of the reinforcement ( f) for both possible borderline cases. There-
fore, composites with continuous arrangement of the reinforcements (long fibers)
reach higher Young’s moduli than those with discontinuous reinforcements (short
fibers or particles).

In comparison with nonreinforced metallic materials the higher work hardening
of composites results from the stronger hindering of dislocation movements by the
presence of the ceramic phase. This causes a smaller grain size (Hall-Petch hard-

EMMC

parallel in Series

| | | |
0 20 40 60 80 100
f [%)]

Fig. 7.2 Influence of the volume fraction of the reinforcement fon the
Young's modulus after Egs. (2) and (3). The shown lines set the limits
of composite properties of parallel (Eq. (2)) and of serial (Eq. (3))
arrangement of the reinforcements.
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ening) and a higher dislocation density, already created before the deformation by
thermal residual stresses.

Figure 7.1 shows that the stress of the reinforcement phase in the composite at
a given macroscopic load is considerably higher than the stress in the matrix (load
transfer). A failure of the reinforcement already occurs at a lower external stress
than in the homogeneous ceramic material. The damage acts contrary to the in-
crease in the strength of the matrix due to the plastic deformation and leads to an
earlier failure (in terms of strain) of the composite compared to the nonreinforced
matrix material.

Figure 7.3 shows the stress—strain curves of nonreinforced Al matrix materials
AAG6061-T6 and Al99.85 and of particle- or short-fiber-reinforced composites. All
composites show a higher Young’s modulus than the corresponding matrix mate-
rial. The composites show a higher degree of strain hardening. In the case of short-
fiber reinforcement with the AA6061-T6 matrix, the curve of the MMC lies partly
below the curve of the nonreinforced material due to the earlier starting damage of
the fibers on reaching the yield stress.

500 T T T T l T T T T I T T T T I
i AA6061-20p-T6 T
400 | -
AAG061-T6
300 |- —
T i AA6061-20s-T6 |
s
o200 |- Al99.85-20s ]
100 —
Al99.85 T =25 ¢
0 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I
0 1 2 3

%]

Erotal [

Fig. 7.3  Stress—strain curves of AA6061-T6 and Al99.85 and of their particle-
(20p) and/or short-fibre (20s) reinforced composites. The arrows indicate
that the deformation of the sample was stopped before failure.

7.23
Determination of the Damage in Composites

The damage of ceramic reinforcements (especially the fracture of particles) can be
analyzed by optical microscopy on metallographic sections. Lloyd [8] has investigat-
ed the polished and electrochemically marked surface of a reinforced AA6061 al-
loy, containing f= 10 and 20 vol. % SiC particles, with a scanning electron micro-
scope (SEM) after defined deformation steps and correlated the number of dam-
aged particles with the strain or stress.
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A commonly used method to analyse the damage in MMCs over the last few years
has been the in situ deformation in a scanning electron microscope (SEM) [9-12], in
which local changes at the polished surface of a sample can be observed. Beside
qualitative results, for example the position of the first occurrence or the greatest ob-
served damage, quantitative damage values can also be determined. However, this
in situ method allows only conclusions on the damage at the surface of a sample,
which could be quite different from that in the interior of the material [13].

Another method to analyse damage is the measurement of the elastic stiffness of
a sample, which can be determined in mechanical tests by partial unloading. Thus,
the decrease in stiffness is combined with the deformation-induced damage of the
reinforcements [14-22], since the load-carrying fraction of the reinforcements is
decreasing. Kouzeli et al. [19] have investigated the relation between the damage
caused by deformation and the decrease in density. From this, they have defined a
resulting damage parameter which has been related to the values determined from
the unloading tests.

Singh and Lewandowski [23] have discovered a relationship between the change
in the Poisson’s ratio and the damage caused by mechanical deformation. The
strain has been measured both in the deformation direction and transverse to it.
With increasing deformation the Poisson’s ratio increases, whereas a significant
strong increase has been found at a threshold stress (strain).

Microtomography presents an investigation method in which the microstruc-
ture of the sample can be imaged in a nondestructive way (compare [13, 24-29)).
With this technique an MMC sample up to 2 mm thick is irradiated with a mono-
chromatic, coherent synchrotron X-ray beam and the intensity contrast caused by
the different absorption of the two phases (weakening of the X-ray beam) is meas-
ured by a CCD camera. Not only the intensity difference but also the phase contrast
can be used for imaging (called holo-tomography). During the rotation of the sam-
ple, several hundred two-dimensional images are produced which can be recalcu-
lated into a three-dimensional image of the composite using information on the ro-
tation angle. With this data any (virtual) cross-section through the material can be
shown. The advantage of this technique is that a nondestructive insight into the
material interior is possible, and the sample can be further deformed after the
measurement. Hence the development of damage can be presented in more detail.
The lateral resolution of this technique is nowadays a maximum of 0.7 pm.

Acoustic emission analysis (see for example Refs. [30-36]) is a further nonde-
structive investigation method to quantify damage. In this the emitted sound is de-
tected on the sample surface, which, for example, occurs during rupture of parti-
cles. The recorded signals can be assigned to the energy emitted by the damage
(elastically stored strain energy) which is a measure (at least relatively) of the size
of the particles using their intensity and frequency.

The damage parameter D commonly used in literature is the change X,—X of a
parameter X related to the damage, normalized on the initial parameter X;:

Xo—X X

0<D= —1-—<1 (4)
X, X,
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D has, thereby, values between 0 (no damage) and 1 (maximum damage). In most
cases the difficulty is to determine a critical parameter of this damage measure-
ment because it is necessary to differentiate whether the received parameter is rep-
resentative of the total sample or not. In many publications, for example Refs. [20,
37-40], it is shown that the fracture probability of the particles increases with in-
crease in the particle size, and thus the biggest particles fail first. This is caused by
the increase in the defect probability of a particle with increasing particle volume
and by the increasing strain energy.

However, D, defined after Eq. (4), is a parameter which describes the global (av-
erage) damage — provided that several evenly distributed statistical areas of the
sample are investigated, and does not admit any statements about the local damage
fraction or the classification into a special group (for example the orientation of the
particles with respect to the stress axis). Moreover, a sample fails at that part where
the highest damage has been found [18, 30, 41, 42]. Since this part is not always
known, a value measuring the integral damage of the entire sample is not neces-
sarily suitable to predetermine the failure of components or samples.

7.2.4
Basic Elements and Terms of Fatigue

Cyclic load is the temporal variation and repeating plastic or purely elastic defor-
mation of a component. By microstructural processes, like, for example, the local-
ized deformation or locally arising “over loading” and thus localized damage, a
weakening (fatigue) of the material, and finally a failure of the component takes
place. In fatigue tests such a load is transferred in a reproducible way to the stan-
dardized component (fatigue specimen). So, for example, low cycle fatigue (LCF)
tests are carried out in strain control that means the temporarily varying strain of
the sample follows a given course. Figure 7.4 shows the corresponding test proce-

€p O [arbitrary units]
o

e, /dt| =
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0 1

‘total”

€

Relative cycle time

Fig. 7.4 Course of the signals of stress, total strain and plastic strain during
one cycle (N>1) at total strain control.
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dure with a triangle-shaped signal course of the total strain &, and the resulting
material reaction, the stress o. Figure 7.5 shows the stress-strain hysteresis loop.
The characteristic parameters of this are:

Erotal, min» Erotal, max Minimum or maximum total strain

Ominy Omax Minimum or maximum stress

A€iotal = Eotal, max — Erotal, min L 0tal strain range

Om = (Omax + Omin) /2 Mean stress

AO = Oppax— Omin Stress range

Er Sample stiffness after load reversal in tension

Ec Sample stiffness after load reversal in compression

Often the term amplitude is used instead of range, which is half the total range (for
example: stress amplitude Ao/2). All parameters depend on the present micro-
structural state of the material and they can change during the course of fatigue
loading. The presentation of the stress or strain amplitudes as a function of the
number of cycles N is called a cyclic deformation curve (one cycle corresponds to
one repetition of the cyclic deformation). Figures 7.6(a) and (b) show schematical-
ly the possible courses of a cyclic deformation curve for the case of a total-strain
controlled test, which can be mostly divided into three regions. Depending on the
initial condition showing higher strength (for example by massive deformation
due to the manufacturing process) or lower strength (for example by a recovery or
recrystallization annealing done before the test), the strength decreases or increas-
es during the first cycles, represented by the change in the stress amplitude. These
changes of strength in regions I are called initial cyclic softening and hardening of
the material, respectively. Due to the repeating mechanical deformation, a cyclical-
ly stable microstructure appears, for example a constant density and arrangement
of dislocations. Such a condition gives a constant course of the cyclic deformation
curve, compare region II in Fig. 7.6. Due to the mechanical load, the material is

Omax - Y
AE,
Ctotal‘ min /
c /i
74 glota\, max

[°]
<
A‘Slota\ —

T |

€

total

Fig. 7.5 Mechanical parameters of a hysteresis loop.
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Fig. 7.6  Schematic representation of cyclic deformation curves. Characterization
of the cyclic behavior of two materials with cyclic softening (solid line) and cyclic
hardening (dashed line) during total strain control (Ag../2 = constant) with

(a) the stress amplitude (Ao/2) and (b) the amplitude of plastic strain (Ag,/2).

damaged, mostly by localization of the strain, and fatigue cracks occur. Their
growth leads to a rapid decrease in the stress amplitude (region III). Figures 7.6(a)
and (b) show that the changes in stress and plastic strain amplitude are contrary.

A further possibility to describe the fatigue behavior is a plot of the stress ampli-
tudes of several tests versus the corresponding (plastic) strain amplitudes of cyclic
saturation. The resulting curve is known as a cyclic stress—strain (CSS) curve, see
Fig. 7.7. It contains information on the strength for a given strain amplitude. Fur-
thermore, the comparison with the stress—strain curve of the tensile test gives in-
formation about the cyclic softening/hardening behavior.

The fatigue life of a material (number of cycles to failure) depends on the stress
or strain amplitude under cyclic loading. The dependence of the deformation pa-
rameter on the fatigue life is recorded in double-logarithmic so-called Wohler dia-
grams (stress-controlled tests) or in strain-Wohler diagrams (strain control). In the
Wohler diagram the stress amplitude is given versus the number of cycles to fail-
ure. At strain control a double logarithmic diagram of the total, plastic and elastic
strain amplitudes in the saturation condition are plotted against double the num-
ber of cycles to failure, 2Ny. If there is no cyclic saturation, values are taken of the

Fig. 7.7 Connection between
stress—strain hysteresis loops of
cyclic saturation and the cyclic
stress-strain (CSS) curve.

e G5 S-Curve
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hysteresis at maximum strength (N= Nag ma,) 01 at half the number of cycles to fail-
ure (N = 0.5 N¢). The relation between plastic strain amplitude and the number of
load reversals until failure of a sample was first reported by Manson [43] and Cof-
fin [44] and they, independent of each other, set up the relation between N¢and
Agy/2:

Aey/2 = €f (2N)© )

Here ¢/ is the fatigue ductility coefficient and c the fatigue ductility exponent. In an
analogous way Basquin [45] discovered already at the beginning of the 20th centu-
ry the relation between elastic strain amplitude Ae,;/2 and fatigue life:

Aea/2 = (0f/E) (2Ng)® (6)

where o7/ is the fatigue strength coefficient and b the fatigue strength exponent.
Because of the decrease in fatigue life with increasing elastic or plastic strain am-
plitude, the exponents in Egs. (5) and (6) are always negative.

Basically three types of damage are possible by cyclic loading of discontinuously
reinforced materials: (i) fracture of the reinforcement, (ii) failure of the interface
between the reinforcement and the matrix (delamination) and/or (iii) failure of the
matrix. A combination of all types mostly takes place with one dominateing. Figure
7.8 shows schematically the possible different paths of fatigue cracks depending on
the failure type for the example of particle-reinforced composites (after [46]). A fa-
tigue crack therefore preferably runs through damaged areas. The type of the dam-
age depends on the relation between the local load, and each (fracture) strength of
the matrix or the reinforcement as well as the interface adhesion between both
phases. The latter is strongly influenced by the interface reaction between ele-
ments of the reinforcement and the matrix. Depending on the system of the MMC,
different interface products can result from the thermal prehistory and manufac-
turing technique. Their properties, especially their adhesion to the matrix and to

i TN Crack
ol 9 Reinforcement
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Fig. 7.8 Schematic representation of possible crack paths of different failure cases.
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the reinforcement, influence the properties of the composite, especially the ability
to transfer load from the matrix to the reinforcement, since the strength of the
composite depends strongly on that [47].

The load of the material at the crack tip is influenced by the macroscopic load,
given by the stress range Ao, as well as the length of the crack, g, and is character-
ized by the stress intensity factor range AK:

AK = Kpo = Kein =00 - Y-Ym - a (7)
With Kipax = Opmax - Y- YT - 0
Kmin=0min' Y'Vﬂ: a

Y is thereby a value dependent on the sample geometry. It follows from Eq. (7) that
the load at the crack tip increases with increasing crack length.

At small stress intensity levels the reinforcements are not damaged and thus the
cracks bypass them. The size of the plastic zone in front of the crack tip is influ-
enced (reduced) by the particles and the crack growth is thereby hindered. At high-
er stress intensities a large plastic zone forms in front of the crack tip, in which the
reinforcements break due to stress concentrations (process zone), through which
the crack runs. The influence of the plastic zone in front of the crack tip depends,
at a given stress amplitude, on the crack length. Li and Ellyin have shown, that
cracks only a few hundred micrometers in length run along the particles in front
of the crack tip [48], because from this length onwards a value of AKis reached, at
which the particles or the interfaces to the matrix are damaged. Similar results
have also been found by Wang and Zhang [49].

The resulting crack growth rate da/dN at a given load is determined by using
standardized samples, where the crack growth with the cycle number N is meas-
ured at a given stress intensity factor range AK. The double-logarithmic graph
showing da/dN against AK presents a crack growth curve, as is seen in Fig. 7.9.
Therefore it is worth mentioning that crack growth demands a sufficiently large
value of the stress intensity factor range. Below this critical threshold value AK, no
crack growth is found. At larger values of AK the curve is characterized by a linear
course, which can be described by the Paris law:

da

Iy = CAK” 8)
At high values of AK the crack growth rate increases to a great extent until an over
critical crack growth occurs and thus failure of the sample takes place.

Fatigue cracks develop in metal-matrix composites mostly at damaged reinforce-
ments near to the surface area [50, 51]. Results of Chen et al. [52], Habel et al. [53]
and Lukasek and Koss [54] show that, related to Ny, a crack initiation starts earlier
at higher stress amplitudes than at low amplitudes (high fatigue lifes), in which
small cracks occur relatively late. Due to damage occurring within the first cycles
at low-cycle fatigue, microcracks around 10 pm length occur already after 10 % of
the fatigue life; however, at small amplitudes, with a resulting high number of cy-
cles to failure, a crack initiation only occurs at the end (70-90 %) of the fatigue life.
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Fig. 7.9 Dependence of the crack growth rate da/dN on the stress intensity
factor range AK for the nonreinforced material and the MMC.

In general the threshold value of the cyclic stress intensity factor AK, is slightly
increased by the addition of ceramic reinforcements [55, 56]. However, the critical
crack growth starts earlier than in the nonreinforced matrix [57, 58], see Fig. 7.9.
The crack growth rate increases thereby with an increase in volume fraction of re-
inforcements [51, 59-62].

7.2.5
Fatigue Behavior of Composites

In technical applications the components are designed in such a way that the rela-
tion between maximum stress and yield point is significantly smaller than 1. The
material is then subjected to HCF loading (high-cycle fatigue). Various tests of fa-
tigue behavior apply stress-controlled tests, because here the control parameter
(stress amplitude) can be controlled more easily than the very low strain ampli-
tude. In the area of short fatigue lives the maximum strains are higher, so that in
this case the strain control is often applied. However, the circumstance that the
Young’s modulus and often the hardening exponent as well as the yield point are
increased by the addition of a phase with higher Young’s modulus makes it neces-
sary to consider the type of test guidance if a MMC is compared to nonreinforced
material [63]. This context is shown in Fig. 7.10, in which the hysteresis loop of a
nonreinforced material is compared to the curve of a metal-matrix composite for
various cases of control type. It can be seen that during total-strain control the
MMC is exposed to a higher load (stress) and moreover the plastic strain range Ag,,
is higher than in the nonreinforced material. However, comparing the hysteresis
loops with each other under the aspect of stress control (constant Ao) shows that
both the plastic and also the total strain amplitudes are significantly lower. The
nonreinforced material is therefore, in tests with identical stress amplitude, under
higher plastic strain amplitudes and therefore a lower service life is reached
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v

e non-reinforced matrix
- == MMC

Fig. 7.10 Comparison of hysteresis loops of a nonreinforced matrix material
(solid line) with hysteresis loops of reinforced material (dotted lines) at identical
total strain amplitude (outside hysteresis) and identical stress amplitude

(inner hysteresis).

[64-66]. Under total-strain control this is mostly the other way round [61, 64, 67].

Due to the increasing fracture probability with an increase in ceramic reinforce-
ments at given stress, the fatigue life for MMCs can be less than that of nonrein-
forced materials; this is also true in stress-controlled tests, when the reinforce-
ments are sufficiently large [40, 68]. Under stress control the effect of fatigue life
increase with an increase in the reinforcement volume fraction is more pro-
nounced at smaller stress amplitudes, because the MMC is damaged by particle
fracture to a smaller degree from the beginning of the deformation onwards. It
should also be considered that plastic deformation occurs within the MMC in a
strongly localized manner. This could be proven by finite element calculations
[69-72]. For this reason the microplastic strain in the matrix is locally higher than
the hysteresis opening of the macroscopically measured plastic strain.

There have been several investigations of the influence of the average size of re-
inforcements on the fatigue behavior [40, 68, 73, 74] and it was found that the num-
ber of cycles to failure decreases with increasing particle size. Two reasons are
mostly given: analogous to uni-directional behavior [69] the fraction of damaged re-
inforcements increases at a given stress with increasing amount of reinforce-
ments, due to the increase in the probability that one critical defect initiating rup-
ture of the sample will be present [62]. Moreover, the distance between the rein-
forcements, and thus the free length for dislocation glide movements, is also influ-
enced by their average size, which affects the formation of dislocation arrange-
ments (dislocation cell structures, slip bands) [75]. A current overview on the fa-
tigue behavior of discontinuously reinforced composites is given by Llorca [76],
some of the results presented in this work with additional data on fatigue tests on
continuously-reinforced composites were given elsewhere [77].
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7.3.1
Materials

The investigated material is an age hardenable AA6061 alloy (AIMgSiCu), which is
reinforced by Al,O; either with f= 20 vol % particles (commercially available MMC
from Duralcan company), or f= 20 vol % Saffil short fibers. These MMCs are de-
noted in the following by AA6061-20p (p: particle) or AA6061-20s (s: short fiber). A
nonreinforced AA6061 alloy serves as a reference material. Furthermore, an addi-
tional composite of short-fiber-reinforced, technically pure (therefore very soft)
aluminum Al99.85 (Al99.85-20s) was investigated. The samples with the AA6061-
matrix were hardened by the T6 precipitation heat treatment (30 min solution an-
nealing at 560°C, followed by water quenching, 16 h hardening at 165°C for
AAG6061-20p and 8 h for AA6061-20s). The gauge length of the round samples was
polished mechanically with a diamond suspension of finally 1 pm after T6 heat
treatment. Further details on the preparation can be found in Refs. [2, 78, 79].
Figures 7.11 and 7.12 show the reinforcement structure of the composites for
the particle-reinforcement and the short-fiber-reinforcement (both short-fiber-re-
inforced MMCs have the equivalent Al,O; reinforcement preforms), respectively,
in sections parallel to the axes of the samples. The particle-reinforced MMC has
been extruded into rods. Figure 7.11 shows the orientation of the approximately

Fig. 7.11  Optical micrograph of the
particle-reinforced composite
AA6061-20p.

Fig. 7.12  Optical micrograph of the
short-fiber-reinforced composite
AA6061-20s.
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13 pm long, square-shaped and almost evenly distributed particles with a preferen-
tial orientation in the extrusion direction (vertical). The short-fiber-reinforced ma-
terial (plates) was produced by infiltration of a porous preform and shows a so-
called random planar arrangement of about 3-5 pm thick and 200 pm long fibers;
i.e. the fibers are oriented parallel to a plane, in which the sample axes also lie.

7.3.2
Mechanical Tests

The mechanical tests were carried out in a servo-hydraulic universal testing ma-
chine with total-strain control (|de/dt| = 0.002 s™), where the strain was measured
with a clip-on extensometer directly at the gauge length. The symmetrical ten-
sion—compression cyclic tests were carried out with amplitudes of total strain,
Aéoa/2, between 0.001 and 0.01 at room temperature (see also Ref. [2]).

7.4
Results and Comparison of Different MMCs

7.41
Cyclic Deformation Behavior

The cyclic deformation curves of the nonreinforced AA6061-T6 alloy and of the
composites with AA6061-T6 matrix are shown in Fig. 7.13 (compare also for more
details Refs. [2, 77, 79, 80]). The numbers next to the curves indicate the total-strain
amplitude for each test. The nonreinforced material shows cyclic hardening at on-
ly Agior1/2 = 0.008. At low strain amplitudes stable cyclic behavior is observed. Ad-
dition of a ceramic reinforcement phase causes an increase in strength.
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Fig. 7.13  Cyclic deformation curves of AA6061-T6 and composites with
AA6061-T6 matrix at different total strain amplitudes [2].
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The cyclic deformation curves of the composites at a given strain amplitude are
therefore above those of AA6061-T6, whereas the particle-reinforced MMC shows
higher stress amplitudes than the short-fiber-reinforced composite. Furthermore,
an initial cyclic hardening occurs at total strain amplitudes of Ag,,1,1/2 = 0.002 and
higher, which the nonreinforced material does not show. At small strain ampli-
tude, the cyclic deformation behavior of the composites is cyclically stable.

The amount of the initial cyclic hardening depends on the plastic deformation of
the alloy; the hardening is based on the mutual (interfering) interaction of the dis-
locations. Since plastic deformation occurs in localized shear bands and thus a lo-
cally higher dislocation density is present than macroscopically measurable, com-
posites harden to a larger extent than the non-reinforced alloy (at given total-strain
amplitude). The short-fiber reinforced composite hardens more than the particle-
reinforced composite.

In the particle-reinforced MMC, a cyclic softening occurs at higher strain ampli-
tude (see Figure 7.13, only at Ag,,11/2 = 0.004), which is not caused by the growth
of a macro crack, but by softening processes within the matrix [2].

Figure 7.14 shows cyclic deformation curves of short-fiber-reinforced MMCs
with different matrix strength. Due to the low strength of the matrix at comparable
strain amplitude, the curves of Al99.85-20s are below the AA6061-20s-T6 curves.
Furthermore, Al99.85-20s shows a significant cyclic hardening during the first cy-
cles, which becomes more distinctive with increasing strain amplitude. However,
with the MMC AA6061-20s-T6, cyclic hardening appears only from a total strain
amplitude of Ag,,1a1/2 = 0.004 and higher. The regime of initial cyclic hardening of
Al99.85-20s is limited to a few cycles, whereas AA6061-20s-T6 at amplitudes with
sufficiently large plastic deformation (Ag,a1/2 = 0.003) hardens continually during
the total fatigue life (the decrease in the curve at Ag,.1/2 = 0.002 is caused by
growth of a macrocrack). The (secondary) hardening of Al199.85-20s (compare also
Ref. [76]) at amplitudes up to Ag,or1/2 = 0.006 does not occur with the other MMCs.
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Fig. 7.14 Cyclic deformation curves of AA6061-20s and Al99.85-20s at different
total strain amplitudes [2].
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Fig. 7.15  Cyclic deformation curves of overaged MMCs with AA6061 matrix
in comparison with Al99.85-20s (A&o.i/2 =0.002 and Ag,../2 =0.004) [2].

Cyclic softening of Al99.85-20s occurs only partly at high deformation amplitudes
of Agora1/2 2 0.008 and is caused by damage to the matrix and fibers.

Overageing of MMCs with AA6061-matrix (T6 + 300°C/24 h) reduces the strength
of the matrix and thus the strength of the composite by coarsening of the precipi-
tates. The cyclic deformation curves of AA6061-20p and AA6061-20s (overaged
state) presented in Fig. 7.15 are far below the curves of peak-aged T6 treated sam-
ples, compare Fig. 7.13 and 7.14. The short-fiber-reinforced MMC shows, contrary
to the peak-aged state, in the presented cases of overaged samples a higher
strength than the particle-reinforced MMC. Due to the missing interference of dis-
location movement, caused by coarsening of precipitates, the present cyclic hard-
ening of the overaged material is comparable with the hardening of A199.85-20s.
Cyclic saturation and secondary hardening are also to be observed. The effect of cy-
clic hardening can therefore be directly correlated to the ductility of the matrix,
which is higher in the composite with a softer matrix [2].

7.4.2
Fatigue Life Behavior

To investigate the relation between the cyclic deformation parameters and the
number of cycles to failure, Ny, the corresponding amplitudes of the stress, the to-
tal strain and elastic and plastic strain have been taken from the hysteresis loops at
half the number of cycles to failure. Figure 7.16 shows the strain values in depen-
dence on the number of load reversals 2N; (one cycle corresponds to two load re-
versals) of the composite AA6061-20p. The values of the plastic and elastic strain
amplitudes can be described after Eq. (5) and (6). The sum of both lines results in
a curve, which describes the fatigue life behavior as a function of the total strain
amplitude. These curves of all composites are summarized in Fig. 7.17. Further-
more, the results of an investigation of AA6061-15p-T6 are shown (from [78]). Ac-
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Fig. 7.16  Strain amplitudes at half the number of cycles to failure and their
description by the laws after Manson—Coffin and Basquin for AA6061-20p-T6 [2].
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Fig. 7.17  Number of load reversals to failure

, 2Ny, for AA6061-T6, AA6061-15p-T6,

AA6061-20p-T6 and AA6061-20s-T6 as a function of the total strain amplitude

Aé&orai/2 [2, 78].

cording to that, the reinforcement by particles and short fibers causes a decrease in
the fatigue life in relation to the nonreinforced alloy in total-strain controlled fa-
tigue tests. Furthermore, the comparison of AA6061-15p-T6 with AA6061-20p-T6
shows that the fatigue life reduction is more significant with increasing volume
fraction of reinforcements (see also Ref. [74]). The short-fiber-reinforced MMC

reaches the lowest fatigue life under all

test conditions. All curves can be described

with the laws of Basquin and Manson—Coffin; the coefficients and exponents are

presented elsewhere [80].
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Fig. 7.18  Correlation between number of cycles to failure and maximum stress
amplitude for AA6061-T6, AA6061-15p-T6, AA6061-20p-T6 and AA6061-20s-T6 [2].

Figure 7.18 shows the correlation of the maximum occurring stress amplitude of a
test on the fatigue life (in the case of a stress-controlled test, Fig. 7.18 would corre-
spond to the Wohler diagram). The behavior of particle-reinforced composites is
identical within the scatter of the investigations. Compared to the nonreinforced al-
loy, a similar, even tendentially higher fatigue life is reached in the range of large
stress amplitudes. In this presentation the fatigue life of the short-fiber reinforced
MMC is also lower than the fatigue lives of the other composites with AA6061 matrix.

In an analogous way the influence of the matrix strength on the fatigue life is
shown in Fig. 7.19 and 7.20 (from [2]). Figure 7.19 shows the number of load rever-
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Fig. 7.19 Comparison of fatigue life of A199.85-20s and AA6061-20s-T6, related
to the total strain amplitude (filled symbols indicate the overaged samples) [2].
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Fig. 7.20 Comparison of fatigue life of Al99.85-20s and AA6061-20s-T6, related
to the maximum stress amplitude (filled symbols indicate the overaged samples;
the arrows indicate the influence of overageing) [2].

sals until fracture as a function of the total-strain amplitude for both short-fiber-re-
inforced composites and both tests with overaged AA6061-matrix (compare also
Fig. 7.15). The curves differ significantly at higher strain amplitudes. The MMC
with a softer matrix reaches a longer fatigue life at amplitudes of Ag,.1/2 > 0.002
for a given strain amplitude. At a number of cycles to fracture of Ny = 25000
(A&iora1/2 < 0.002) the regression curves intersect. The additional heat treatment
extends the service life at Ag,.1/2 = 0.004; however, a reduction in the number of
cycles to failure is found at Ag,,..1/2 = 0.002. Thus, a stronger matrix seems to be an
advantage at low cyclic loading.

The evaluation of the plastic-strain amplitude has shown an increase by a factor
of 7 during the test with Ag,,1.1/2 = 0.004 due to overaging, while this has increased
by 47 times during the test with smaller strain amplitude. From this point of view
a reduction in the fatigue life is expected for both experiments. In the evaluation of
the fatigue life in dependence on the matrix strength it has to be distinguished
whether it is related to the strain or stress control. Figure 7.20 shows that the MMC
AAG6061-20s-T6 shows an advantage in fatigue life behavior compared to Al99.85-
20s with stress controlled tests for the total range of stress amplitudes. By overage-
ing of the AA6061 matrix, stress amplitudes and fatigue lives are reached, which
agree approximately with the regression curve of A199.85-20s (the effect of overag-
eing is indicated by arrows). Thereby the stress amplitude is much more reduced
in tests with a higher strain amplitude than in the test with Ag,,,1/2 = 0.002. The
influence of the fatigue life is therefore directly attributed to the strength of the ma-
trix, since the stress in the fibers is strongly influenced by that factor.

Investigations of the fatigue crack paths show that the cracks run through brok-
en fibers or particles with increasing stress amplitude [2]. For small stresses, espe-
cially with tests on Al99.85, the reinforcements keep intact to a large extent and
therefore in this case the crack runs predominately through the matrix [2].
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7.43
Damage Evolution

The damage of composites during cyclic deformation has been investigated using
stiffness measurements (compare Refs. [2, 14, 77 and 78]). For this the elastic un-
loadings after load reversals (E; in tension and Ec in compression, compare
Fig. 7.5) have been evaluated as a function of the cycle number for different total-
strain amplitudes for the MMCs with AA6061-T6 matrix. The changes in the val-
ues Er or Ec have been divided by the Young’s modulus of the samples in the in-
itial state (E,), whereby characteristic damage parameters Dy and D result. Figure
7.21 shows the development of Dr-and D¢ as a function of the number of cycles for
AA6061-20p at different total-strain amplitudes. According to this, the samples’
stiffness values decrease during fatigue (this corresponds to an increase in the
damage values). This effect is even more significant the higher the total-strain am-
plitude. Especially at the beginning of the cyclic deformation, a steep increase is
found and thus a high number of damage events occur during the first cycles. This
could also be proven on the basis of acoustic emission measurements during the
cyclic deformation [35, 36]. For amplitudes up to Ag,.1/2 = 0.004 a regime results
in which the damage values increase only slightly with increasing cycle number. At
the end of the test the Dy-curves increase again very steeply, which is attributed to
the growth of fatigue cracks. The damage curves of the determined damage value
in compression Dc are always below the curves of D;. This is attributed to the fact
that damaged areas can carry load in compression again and thus the loss of sam-
ple stiffness is not very high. The comparison of the damage curves of AA6061-20p
and AA6061-20s does not show significant qualitative differences, see Fig. 7.22.
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Fig. 7.21 Development of damage parameters D¢ and Dy for particle-reinforced
composites at different total strain amplitudes [2].
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Fig. 7.22 Development of the damage parameter D+ for particle- and short-fiber-
reinforced composites with AA6061-T6 matrix at different total strain amplitudes [2].

7.5
Summary

This chapter describes the investigation of the deformation behavior of three dif-
ferent metal-matrix composites (Al,O5 particle- and short-fiber-reinforced Al alloy
AAG6061 as well as short-fiber-reinforced, technically pure Al 99.85), in particular at
cyclic load. The fatigue tests were carried out in total-strain control with total-strain
amplitudes between Ag,,.1/2 = 0.001 and 0.01 at room temperature. The most im-
portant results can be summarized as follows (see also Ref. [2] for more details):

1. The addition of ceramic reinforcements leads to an increase in the Young’s
modulus and the strength. Due to the inhomogeneous stress distribution in the
matrix, plastic (micro) yielding occurs earlier in MMCs compared to the nonre-
inforced reference material.

2. In the case of cyclic deformation at sufficiently high strain amplitudes the com-
posites show an initial cyclic hardening, which is higher than in the nonrein-
forced material. The hardening increases with increasing strain amplitude. It is
higher in the short-fiber-reinforced MMC (at similar matrix) than in the parti-
cle-reinforced MMC. This is due to the fact, that with short-fiber reinforcement
more matrix is influenced by the reinforcements than with particle reinforce-
ments; particles are significantly larger on average than fibers and thus the dis-
tances between reinforcements is higher for particles than for short fibers.

3. The fatigue life of the materials investigated in this work can be described by the
laws of Manson—Coffin and Basquin. With respect to the total-strain amplitude
the addition of ceramic reinforcements causes a reduction in fatigue life in the
range of the investigated strain amplitudes. In the short-fiber-reinforced MMC
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the reduction in the number of cycles to failure using an identical matrix is
more significant in the regime of large strain amplitudes compared to particle
reinforcement. In the case of short-fiber reinforcement the MMC reaches a
higher fatigue life with a softer matrix (A199.85-20s) than the MMC with an al-
loyed matrix.

4. If the fatigue life is related to the maximum occurring stress amplitude of a test,
a comparable number of cycles to failure is found for the nonreinforced materi-
al and for 15 or 20 vol % Al,O; particle-reinforced MMCs. Again, the short-fiber-
reinforced MMC shows the shortest fatigue lives.

5. From the stress—strain hysteresis loops a damage parameter has been deter-
mined, which evaluates the reduction in the samples” stiffness. The course of
damage with the cycle number increases monotonically. The curves show a
strong increase in damage at the beginning of the cyclic deformation, followed
by a slight increase and a final increase just before failure (i.e. growth of a mac-
rocrack within the last third of fatigue life). This behavior shows, like additional
measurements of acoustic emission, that MMCs already experience the first
damage by particle or fiber fracture within the first cycles. The increase at the
end of the test is attributed to the growth of macro cracks which can be detected
easily. The levels of the damage curves depend on the strain amplitudes.
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8
Interlayers in Metal Matrix Composites:
Characterisation and Relevance for the Material Properties

J. Woltersdorf, A. Feldhoff, and E. Pippel

8.1
Summary

The modification of the interlayer reaction kinetics by process and material param-
eters is described as a suitable principle to improve the properties of metal matrix
composites. The structural and nanochemical peculiarities of the layers down to
atomic dimensions will be discussed and correlated with the resulting macroscop-
ic properties measured by in situ experiments. It is shown, that control and adjust-
ment of the chemical reactions during the processing route (especially by selection
of reaction partners and by suitable precoatings) can be used to tune the desired
interface properties and thus the material parameters. It is also demonstrated, in
detail, that modern nanoanalytical techniques combined with quantum mechani-
cal calculations can provide valuable information on the reaction kinetics of the
interlayers between coatings and fibers down to the atomic scale.

8.2
The Special Role of Interfaces and Interlayers

For all solids, their interfaces and interlayers (phase, grain and twin boundaries as
well as special grain boundary phases and reaction layers) are the essential regions
of microstructural processes, due to their energetic and structural peculiarities.
Therefore the material properties can be controlled by the adjustment of the kind
and contribution of these interfaces or interlayers [1], as done in monolithic materi-
als for, e.g., the improvement of strength, high temperature behavior, and fracture
toughness by the embedding of a polymorph second phase [2, 3]. Notably this state-
ment applies for composite materials, as these systems only become compact mate-
rials by the effect of the interfaces and interlayers between the composite partners.

The constantly increasing complex demands on high performance composites
with metal matrices can only be fulfilled by the development of specially optimised
interfaces or interlayers (or even layer systems), which have to fulfil in different
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ways the suitable parameter combinations. This concerns, e.g., chemical reactivity,
diffusion inhibition, and thermomechanical behavior, especially the high temper-
ature strength.

Besides producing interlayers or interlayer systems by precoating of the embed-
ded phase (for example the reinforcement fibers), which can be brought about by
the use of pyrolytic techniques from an organic precursor, the intrinsic formation
of intermediate phases by solid state chemical reactions, which occur during or af-
ter the processing by complex chemical reactions in the nanometer range, can be
applied.

In the case of metal matrix composites (MMCs) the aim is to combine the high
strengths and Young’s moduli of ceramic and graphite fibers with the properties of
the metal matrix, where light metals and their alloys are mostly utilised. Magne-
sium-aluminum alloys are of great interest for applications due to the low den-
sities of their components (each approximately 1.8 g cm™) and the high strengths
(3—4 GPa) and Young’s moduli (several 100 GPa) of the graphite fibers. By optim-
isation of the fiber/matrix interlayers (with simultaneous prevention of fiber deg-
radation) materials can be developed in this system, which are two or three times
as strong as the best steels, but have a density of only a third that of steel.

This chapter is structured as follows: After an overview of the experimental tech-
niques used, the microstructural and nanochemical peculiarities of interlayers in
MMCs down to atomic dimensions, from which reaction mechanisms and crystal
geometry models are derived, are discussed. Furthermore, a correlation of these re-
sults with the macroscopic properties measured by in situ experiments is per-
formed. The possibilities for adjustment of desired interlayer properties by suit-
able fiber precoatings are then demonstrated. In this context, the way in which
quantum theory can complete the nanoanalytical investigations is evidenced.

83
Experimental

The microstructural characterisation of the interlayers was performed by transmis-
sion electron microscopy (TEM) using both a high voltage electron microscope
(HVEM) JEOL JEM 1000 operating at 1 MV acceleration voltage, and a high reso-
lution/scanning transmission electron microscope (HREM/STEM) Philips CM20
FEG, which is equipped with a thermal supported field emission source (coeffi-
cient of spherical aberration of the objective lens C,=2.0 mm, point resolution
0.24 nm) operating at 200 kV. Besides the methods of diffraction contrast and of
selected area diffraction, the high resolution atomic plane imaging technique,
which is caused essentially by the phase contrast, is applied [4]. Thereby arrays of
atomic planes of especially interesting interlayer regions are made visible, so that
this method — parallel to the nanoanalyses — can be used to characterise interlayers
on the nanoscale.

To determine the chemical composition in the nanometer range by energy dis-
persive X-ray spectroscopy (EDXS) and electron energy loss spectroscopy (EELS),
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the CM20 FEG was used in combination with a light element X-ray detector system
Voyager II (Tracor) and an imaging energy filter (GIF 200, Gatan). The chemical
composition and the lateral distribution of phenomena occurring by diffusion and
chemical reactions at interfaces, with dimensions of often only a few nanometers,
cannot be displayed satisfactorily by the X-ray microanalytical method due to a lim-
ited lateral resolution by fluorescence phenomena in adjacent areas and, more-
over, taking X-ray intensity images is very time consuming. Therefore, the interlay-
er areas have been investigated in general by EELS (cf, e.g., Refs. [5, 6]). Thereby
the analyses of the near-edge fine structures (ELNES, energy loss near-edge struc-
ture) are of special importance and are observable at sufficiently good energy reso-
lution (< 1 eV) at the ionisation edges in energy regions of approximately 30 eV (see
Refs. [7-10]). These ELNES features are caused by the excitation of electrons of in-
ner shells in unoccupied states above the Fermi energy. The shape, the energy, and
the signal intensity of the ELNES details are determined both by chemical bonding
and by coordination and distance to the nearest neighbors. Thus, the near-edge
fine structures give information on the local partial density of states above the Fer-
mi energy. Furthermore, a chemical shift of the onset of the ionisation energy oc-
curs, amounting to a few eV, depending on the difference in the electronegativities
of the binding partners, which also allows statements about the bonding. Altogeth-
er, detailed information far beyond the pure chemical composition can be taken
from EEL spectra near the ionisation edge. The identification of the chemical
bonding state is derived both by comparison with ELNES structures of standard
samples (ELNES fingerprinting) and with the help of results of quantum chemical
calculations, which are gained with different, problem adjusted approximation
methods.

The in situ three-point bending tests of notched MMC samples are carried out
with an atmospheric scanning electron microscope ESEM-3 (Electro-Scan, Wilm-
ington) with the use of a special microdeformation unit (Raith, Dortmund).

8.4
Interlayer Optimisation in C/Mg-Al Composites by Selection of Reaction Partners

In metal matrix composites, in contrast to composites with ceramic matrices, the
fracture strain of the fibers is lower than that of the ductile matrix, thus the metal
matrix deforms in plastic and elastic ways after the first fiber cracks, and the fail-
ure behavior is determined by interlayer-controlled secondary microprocesses (e.g.
delamination at the fiber/matrix interface, single fiber and bundle pullout, ductile
and brittle matrix failure). In the case of graphite fibers in metals, the decisive pa-
rameter is the interlayer reactivity, which may lead to carbide formation. Our
systematic tests [11-18] using gas pressure melt infiltration techniques [19] on dif-
ferent, manufactured C/Mg-Al composites reveal

1. that the extent of carbide formation reactions is important for the composite

properties,
2. that the binary carbide Al,C; does not form, but a ternary compound develops,
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3. that it is possible to control the interlayer reactions, and thus the composite
properties, by variation of the aluminum content of the matrix and by use of car-
bon fiber with different surface microstructures.

The last mentioned adjustment of the interlayer reactivity by variation of both
composite partners is based on the following properties of the fiber and matrix
materials:

The fiber reactivity increases with increasing amount of free terminating hexag-
onal graphite atomic planes serving as docking points for chemical reactions with
the metal melt. This means: The transition from high modulus fibers to high
strength fiber types increases the reactivity. The reactivity of the magnesium matrix
is increased by the aluminum content, because only aluminum, and not magne-
sium, is able to form stable carbides with the fiber carbon. The modified C/Mg-Al
metal matrix composites were manufactured at the University Erlangen-Niirnberg
at 720°C with a fiber content of approximately 63 vol%. To control the interlayer
adhesion two commercial Mg—Al alloys of 2 and 9 wt% Al (AM20 and AZ91) with
carbon fiber M40] (high Young’s modulus, surface parallel aligned graphite basal
planes, chemically inert) or high strength fiber T300] (free terminating basal
planes, chemically reactive) have been combined. The following three composites
were investigated, having increasing fiber/matrix reactivity, according to the above
statements: M40J/AM?20, T300]/AM20 and T300]J/AZ91. The investigations show
that at too low or too high fiber/matrix reactivity optimal utilisation of the fiber
strength is not achieved, but that a moderate reactivity gives the best results.

The in situ deformation test of the composite of low interlayer reactivity, pre-
pared by combination of two relatively inert partners, shows, with increasing def-
ormation, an initial linear load increase which flattens due to single fiber damage
and then exhibits a continuous load decrease after exceeding the maximum of the
tensile strength oy of approximately 0.5 GPa (see Fig. 8.1). The fracture surface,
also shown in Fig. 8.1, is characterised by single fiber pullout, caused by the low
fiber/matrix adhesion. Similarly HVEM and HREM observation does not show
any carbide formation or other interaction between matrix and fiber, rather a rep-
lica type separation is shown.

At medium interlayer reactivity (provided by combination of high reactive fiber
and inert matrix) the strength is doubled to approximately 1 GPa, and the fracture
surface shows collective bundle-fracture behavior (see Fig. 8.2). The load decrease
reveals characteristic steps, which can be attributed to failure of fiber bundles. Pla-
nar fracture surfaces occur within the bundles, consisting of approximately 30 to
80 fibers connected by the matrix metal. HREM images demonstrate that a moder-
ate carbide formation occurs in the fiber/matrix interlayer, which leads to precipi-
tations with a size of 10 to 20 nm.

In the case of high interlayer reactivity, provided by the combination of two reac-
tive partners, brittle fracture occurs, caused by the strong fiber/matrix coupling,
and the strength is only approximately 1/6 GPa (see Fig. 8.3). The smooth fracture
surface points to brittle fracture, known from monolithic ceramics. Corresponding
to the high chemical reactivity, HVEM observations show carbide plates with sizes
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Fig. 8.1 Load-deformation diagram and fracture surface of the composite
M40J/AM20 (low interlayer reactivity); og = 544 MPa.

of about 1 pm (see Fig. 8.4), which run through the whole matrix region. High res-
olution imaging clearly reveals that the carbide precipitations start immediately
from the graphite structures of the fiber surface. Thus, fracture-causing notch ef-
fects to the fibers can be exerted from these carbide plates at certain load situations.

Figures 8.1 to 8.5 not only show that, as described above, an optimal utilisation
of fiber strength is only possible at moderate fiber/matrix reactivity but also that
the composite strength with increasing fiber/matrix reactivity is correlated with
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|
0 1000

Fig. 8.2 Load-deformation diagram and fracture surface of the composite
T300)/AM20 (moderate interlayer reactivity); os = 929 MPa.
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Fig. 8.3 Load—deformation diagram and fracture surface of the composite
T300J/AZ91 (high interlayer reactivity); og = 158 MPa.

Fig. 8.4 HVEM image of the plate-shaped carbide precipitations, grown at the
fiber/matrix interface, of the highly reactive system T300)/AZ91; middle: Mg-Matrix.

Fig. 8.5 HREM image of the atomic planes of the carbide plates shown
in Fig. 8.4, immediately growing at the fiber surface (bottom).
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three different failure mechanisms: single fiber pullout, bundle fracture behavior
and brittle fracture. The three composites show a different extent of plate-shaped
precipitations at the interface, which characterises the special interlayer reactivity
and controls the mechanical properties. Therefore it is of general interest for the
optimisation of C/Mg-Al composite materials to elucidate the composition, the
structure, and the growth kinetics of these precipitations.

EDXS and EELS investigations evidenced that the precipitations contain the
three elements Mg, Al and C. However, as described in Section 8.2, additional in-
formation concerning details of the specific bonding can be found from EEL spec-
tra near the ionisation edge, because the ELNES features are substantially influ-
enced by bonding states. In Fig. 8.6, the measured fine structures of Mg-L,;-, Al-
L,;- and C-K-ionisation edges of the precipitation phase are compared with differ-
ent standard substances. From the comparison of the Mg-L,;-ELNES curves in Fig.
8.6(a) it is seen that the bonding states of the magnesium atoms in the precipita-
tion differ substantially from those in metallic (bottom) or oxidic magnesium (top).
The Al-L,;-ELNES (Fig. 8.6(b)) of the Al,C;s-standard (onset at approximately 73 eV)
and the precipitation phase differ significantly from those of the metallic alumi-
num and aluminum oxide. However, they agree with each other to a large extent.
The spectra of the Al,C;-standard and the precipitation phase show a steep signal
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Fig. 8.6 ELNES features of the carbide precipitation phase in comparison to
standard substances: (a) Mg-L,;-edge, (b) Al-L,;-edge, (c) C-K-edge.
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increase at the C-K ionisation edge (see Fig. 8.6(c)), which leads to a peak at approx-
imately 291 eV. At the flank of the peak the signal increase flattens slightly in the
case of the precipitation at approximately 287 eV, which is caused by an additional
interaction of carbon with the 2s electrons of magnesium, which are excited into
unoccupied o*-orbitals forming sp*~s—o-bondings.

These ELNES features indicate that the precipitation phase is an AlI-Mg mixed
carbide, which is closely related to the binary carbide Al,C;. Crystallographic and
morphological investigations reveal that the observed precipitations are Al,MgC,-
mixed carbides with a (0002) lattice plane distance of 0.62 nm. A suggestion for the
crystal structure, which describes the ternary carbide Al,MgC, analogous to the
well known binary carbide AL,C; as an interstitial mixed carbide (cf. Refs. [12],
[14]), is shown in Fig. 8.7, in which the corresponding atomic order in the (1120)
crystal plane is presented and compared with the binary carbide (left). Thus, the
mixed carbide Al,MgC, consists of a close-packed structure of the metal atoms, in
which the Al atoms occur in cubic (c) and the Mg atoms in hexagonal (h) stacking.
The carbon atoms fill the gaps in the metal atom host lattice in such a way that they
have an octahedral neighborhood between successive aluminum atom layers and a
trigonal-bipyramidic one in the height of the magnesium atom layers. The compar-
ison with Al,C; shows that both carbides have one Al,C structure unit in common.

As already noted in the HVEM overview (Fig. 8.4), the morphology of the
C/Mg-Al mixed carbides formed in the composites is plate-shaped. This means
that the longitudinal axes of the carbide crystals are always orientated vertical to
their [0001] direction. Figure 8.8 shows, in atomic plane resolution, that the front
surfaces of the carbide crystals are atomic stepped in relation to the terminating
carbide atom planes in the metal matrix, while they show atomic smoothness
between the (0001) habit surfaces and the metal matrix.
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Fig. 8.7 right: atomic configuration in the (1120) plane of the ternary carbide
Al,MgC, (proposed structure) and comparison with the binary carbide Al,C; (left).
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Fig. 8.8 Atomic structure of the two surface types of a mixed carbide-
precipitation in a Mg—Al matrix (Composite T300J/AZ91), see text.

This morphological difference of both interface types of the carbide plates is due
to two different growth mechanisms, from which the plate-like shape of the precip-
itations results: The atomic-rough interface moves by a continuous diffusion-con-
trolled growth mode, the atomic-smooth interface can only move by slow interface-
controlled step mechanisms, which require multiple two-dimensional nucleation
or a spiral growth mechanism. The diffusion-controlled growth process is, at low
driving forces, much faster than the interface-controlled mechanism. Thus the ob-
served plate-shaped morphology of the mixed carbide crystallites is obvious.

8.5
Interlayer Optimisation in C/Mg—Al Composites by Fiber Precoating

A completely different way to modify the interface properties is made possible by a
defined fiber precoating, which is especially appropriate for the production of hy-
brid compounds, in which the fiber reinforcement is only locally embedded in
high strength areas, whereas in the less-loaded areas sufficient strength is provid-
ed by alloy formation. Therefore it is aimed to apply Mg—Al alloys with a relatively
high Al content of approximately 5 wt % or more, which leads, in combination with
an uncoated high strength carbon fiber, to extensive carbide formation and thus to
the above described brittle fracture behavior. By precoating the fiber with titanium
nitride, the carbide formation and resulting embrittlement of the composite can be
avoided to a large extent (cf. [20, 21]). The coatings of 10-50 nm thickness produced
by chemical vapor deposition from a titanium tetrachloride containing N,—H, at-
mosphere both serve as a diffusion barrier between fiber carbon and matrix metal,
and enable a suitable micromechanical fiber/matrix adhesion. The homogeneous
deposition of the fiber surfaces is clearly shown in Fig. 8.9. The atomic plane reso-
lution (Fig. 8.10) reveals that the titanium nitride coating is polycrystalline with
grain sizes of the order of layer thickness and that the atomic planes of the Mg ma-
trix terminate at the interlayer surface.
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Fig. 8.9 Triple point of three TiN-coated C fibers; middle: pure magnesium
matrix; dark: TiN-interlayer.

Fig. 8.10 HREM image of a polycrystalline TiN fiber coating (middle),
left: turbostratic atomic planes of graphite fibers; right: (1010) atomic
planes of the pure magnesium matrix, terminating at the TiN layer.

With a point-to-point distance of 1.3 nm, EEL spectra were taken across the inter-
face at 30 equidistant points. Figure 8.11 shows the C-K, N-K, Ti-L,; and O-K ion-
isation edges with their fine structures in the energy interval between 250 and
750 eV. In the area of the fiber (spectra at the back) only the C-K edge at 284 eV is
seen in the exponentially decreasing background. At the fiber/coating interface the
Ti-L,; edge appears, and the fine structure of the C-K edge changes. Within a gra-
dient of approximately 5 nm the N-K edge emerges (with similar fine structure to
the locally adjacent C-K edge) with a continuous gradual decrease of the C-K edge.
The Ti-L,; ELNES occurs dominantly over the noise background due to the sharp
white lines, which appear at the L,;-ionisation edges of the transition metals be-
cause of the very high density of unoccupied 3d states existing just at or rather
above the Fermi edge.

To analyse in detail the bonding states directly at the fiber/coating interface,
which are essential for the composite properties, the C-K-, N-K and Ti-L,;-fine
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Fig. 8.11 EEL spectra across the fiber/matrix interlayer in the C/TiN/Mg-composite
material; measured with 1.3 nm point distance.

structures across the interface were measured additionally with a dispersion of
0.1 eV per channel, and compared with both TiC and TiN standards (cf. Figures
8.12-8.14) as well as electron transition energies [22], which were determined us-
ing quantum chemical calculations on the basis of the density functional theory
(cf. Fig. 8.15). These results are presented below in more detail as they demon-
strate how material science can benefit from the combination of quantum me-
chanics and modern solid state analytical techniques.
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Fig. 8.12 C-K-ELNES features of the fiber/coating interface and the TiC standard
(bottom); background-subtracted and scaled.
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The measured C-K standard ELNES of TiC (bottom spectrum in Fig. 8.12) starts
at 280 eV (onset) and shows three main maxima: (i) a relatively sharp peak at 4.5 eV
above the onset, which has at AE = 2.1 eV an extra (second) maximum, (ii) a less
sharp peak at about 14 eV above the onset, and (iii) a very flat maximum at 34 eV
above the onset energy. The top spectrum of Fig. 8.12 shows the ELNES signal of
the composite in the outer fiber region immediately at the fiber/coating interface,
the middle spectrum is that of the layer region at the interface to the fiber. The
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Fig. 8.13 N-K-ELNES features of the TiN interlayer and the TiN standard
(bottom), background-subtracted and scaled.
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Fig. 8.14  Ti-L,5-ELNES features of the fiber/coating interface (middle curves)
and the TiC and TiN standards (top and bottom); background-subtracted
and scaled.
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Fig. 8.15 Calculated energies of core and unoccupied levels, for TiN (left),
for TiC (right) and for a hypothetical carbonitride TiC,N, (middle) of octahedrally
coordinated titanium; DFT-BP-DN*-calculations (see text).

transition of the fiber to the coating is therefore combined with the decrease in the
onset energy by approximately 2 eV, a broadening of the first peak, and a decrease
in the second. The observed splitting of the first peak in the TiC standard (bottom
curve) cannot be resolved in the layer due to an increase in the noise ratio, caused
by the necessary decrease in measurement time.

For the interpretation of the ELNES details of TiC, TiN and a hypothetical carbon
nitride TiC,N, molecular orbital (MO) schemes were derived with the help of den-
sity functional theory (DFT) and are presented in Fig. 8.15. These ab initio calcula-
tions were carried out using the nonlocal self-consistent Becke—Perdew model (BP)
(cf. [23], [24]), with a double numerical basis set (DN*), that means one function for
the core electrons (1s) and two functions for the valence electrons (2s, 2p for C and
N; 3s, 3p, 4s for Ti). Furthermore a set of five 3d functions as an additional valence
electron set was treated for Ti, while five additional 3d functions form the polarisa-
tion functions. The latter corresponds to the above-mentioned peculiarity of the 3d
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metals that the Fermi edge just cuts this 3d band. The principle of DFT is intro-
duced in Refs. [25, 26], a complete overview is given in Ref. [27].

The interaction of C 2p electrons with Ti 3d electrons shown in Fig. 8.15 (right)
leads thus to two unoccupied MOs with t,, and e,symmetry, which are 2.3 eV and
4.5 eV above the Fermi edge, respectively. The latter terms originate from the
group theory based symmetry fitting of linear combinations of atomic orbitales
(AOs) [28]. Thereby the t,, and the e, orbitals represent MOs with octahedrally co-
ordinated central atoms (as Ti with d-like AOs), where the resulting bondings are
n-like in the case of t,, MOs and o-like in the case of e, MOs. It also follows (i) that
the t,, MOs are threefold degenerated orbitals, consisting of d.,, d,, and d., atom-
ic orbitals of the central atom and p-like atomic orbitals of the bonding partner, and
(ii) that the e, MOs are twofold degenerated, with contributions of d.,_,, and d.,
atomic orbitals of the central atom and p-type atomic orbitals of the bonding part-
ner. As both types of MOs contain contributions of p-like AOs (azimuthal quan-
tum number [ = 1), the excitation of 1s electrons (I = 0) in these MOs leads to cor-
responding peaks in the ELNES of the K edges: The excitation of 1s electrons of
carbon in these two unoccupied MOs is the reason for the observation of the rela-
tively sharp first peak above the onset of C-K-ELNES of the TiC standards (cf. Fig.
8.12, bottom curve) and for the splitting by AE = 2.1 eV. This measured splitting
corresponds very well to the calculated value of 2.2 eV between the t,, and the e,
levels, which is not surprising, because the relative peak locations are better ob-
servable than, for example, the absolute location of the ELNES onset and its corre-
lation to the location of the Fermi edge, where specific equipment parameters are
of influence (energy resolution of the spectrometer, energy width of the emitted
electron radiation, calibration of the energy scale). The next measured peak in the
direction of increasing energy values at approximately 14 eV above the onset (less
sharp), shown in Fig. 8.15 at the top right, is a result of the excitation of 1s electrons
of carbon in unoccupied states with 2p-, 3p-, and 3d-like symmetry, localised at the
carbon atom.

Analogous measurements concerning the reaction between titanium and nitro-
gen are shown in Fig. 8.13, where the bottom spectrum is taken for a TiN standard
sample and the top one, which corresponds very well with the standard signal
curve, is taken at the middle region of the layer. It can be seen, that the N-K-ELNES
of TiN starts at approximately 396 eV (onset) and shows essentially the same fea-
tures as that of TiC (cf,, e.g., Ref. [29]); however, the splitting of the first peak with
AE =1.8 eV is slightly smaller than in the case of the carbide. The quantum chem-
ical interpretation of the N-K-ELNES features is enabled again by MO schemes,
which are obtained with the help of ab initio calculations on the basis of density
functional theory (likewise DFT-BP-DN* calculations, see above). Figure 8.15, left,
shows the results: The excitation of 1s electrons of nitrogen in unoccupied, ener-
getically adjacent t,, and e,MOs, arising from the interaction of N 2p- and Ti 3d-
like electrons, leads to the first ELNES peak occurring after the onset and to its
measured splitting.

The observed ELNES features of the titanium L,;-ionisation edges of TiC and
TiN standard substances are shown in Fig. 8.14 in the top and bottom spectra. The
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splitting into two separated peaks L; and L, caused by the spin—orbit coupling can
be seen, where L, corresponds to the higher energy due to the stronger bonding to
the core. An additional splitting of the L; peak in the case of TiC by approximately
AE = 1.8 eV can be interpreted as crystal field splitting. In principle, this effect
should also be observed in other titanium compounds, e.g., TiN, however, in this
case, the transition metal-nonmetal hybridisation is described as weaker (cf. Ref.
[30]), and therefore the splitting is not found.

The titanium L,; ionisation edges of the composite material were also measured
across the TiN coating, from the fiber to the matrix with a point-to-point distance
of 2.5 nm. Figure 8.14 shows — between the standard spectra of TiC (top) and TiN
(below) — two examples of such ELNES profiles, one measured near the fiber (top)
and one in the middle of the coating. At first glance, all measured Ti L,; features in
the layer correspond with those of titanium nitride. However, the spectra taken
near to the fiber show additionally a broadening of the L; peak, which is typical of
carbidic bonding.

Altogether, the ELNES features presented in Fig. 8.11 to 8.14 reveal, that the de-
posited TiN coatings on the graphite fibers consist of a TiC/TiN mixture of variable
composition, and possibly of a titanium carbonitride (TiC,N,) region too, whereas
the layers have a high amount of carbon near the fiber/coating interface and be-
come increasingly nitrogen-rich towards the middle of the coating. The energy lev-
els of a hypothetic carbonitride, determined again with the help of DFT-BP-DN*-
calculations, are presented in Fig. 8.15 (middle), and demonstrate that a distinction
between a TiN/TiC mixture (left and right in Fig. 8.15) and a compound in which
titanium is bound simultaneously to carbon and nitrogen, cannot be facilitated by
ELNES measurements with the recently available energy resolutions: The calculat-
ed differences between these binding states result in energy shifting of the ionisa-
tion edges of less than 0.1 eV.

On the other hand, the measured and calculated bonding-relevant specific fea-
tures within the deposited TiN coatings indicate a chemical reaction of the
TiCl,/N,/H, reactor gas mixture with the carbon of the fiber surface at the begin-
ning of the CVD process: The Ti 3d electrons interact with both the N 2p electrons
of the gas mixture and the C 2p electrons of the graphite fibers, whereas a mixture
of p-d-n bondings (which results in t,, MOs), and p—d—o bondings (which lead to
e, MOs, as described above) results.

Thus it is evidenced that the growth kinetics of the TiN layers during the chem-
ical vapor deposition process is far more complex than described by the usually as-
sumed simple reaction: TiCl, + 1/2 N, + H, — TiN + 4 HCI. Therefore, the depo-
sition of these layers can be described best by the term “reactive chemical vapor
deposition” [31]. The involvement of the fiber carbon in the reaction kinetics dur-
ing the first steps of the layer growth from the precursor gas can also explain the
observed good adhesion of the TiN layers to the fibers.

In conclusion, Fig. 8.16 demonstrates the effect of these TiN coatings for the em-
bedding of the fibers in an Mg—Al alloy with high Al content of 5 wt%: While many
AlLMgC, carbide plates were observed at the surface of the uncoated carbon fibers
(cf. Fig. 8.4), which caused an embrittlement of the composite, the TiN precoating
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Fig. 8.16 HVEM image of the fiber/matrix-interlayer in C/TiN/Mg +
5 wt% Al composite material.

of the fibers can significantly stop this extensive reaction (cf. Fig. 8.16), and thus ef-

fect a considerable increase in strength.
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9
Metallic Composite Materials for Cylinder Surfaces
of Combustion Engines and Their Finishing by Honing

J. Schmid

9.1
Introduction

Improving fuel consumption and reducing emission of combustion engines have
become relevant competition factors in the automotive industry. The series stan-
dards have more and more extra features which sometimes counteract the re-
quired weight and fuel consumption reduction. In the light of increasing fuel costs
and diminishing resources, modern, efficient, economical and light engines are
needed for the future. This requires developments in construction and also in-
creasing application of new materials. Both must go hand in hand, many improve-
ments in construction are only realizable by application of new materials. Modern
light metal composites combine several positive properties:

o Weight saving

e Higher load resitivity in service and therefore better efficiency

o Tribologically most convenient surfaces, that is, for reduction of emissions by
lower oil and fuel consumption.

9.2
Composites Based on Light Metals

9.2.1
Manufacturing Possibilities

In comparison to common gray cast iron, light metals offer a great variety, not on-
ly of properties but also of manufacturing possibilities.

9.2.1.1 Casting of Over-eutectic Alloys
The classical and currently used “composite” of aluminum and precipitated silicon
crystals from the melt, is manufactured in a relatively expensive low-pressure die-

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
Edited by Karl U. Kainer.
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Fig. 9.1 Monolithic V8- engine block of
AlSiy;.

casting technique. Both surfaces and engine blocks are produced, although the lat-
ter are restricted so far to relatively small eight- and twelve cylinder productions,
Fig. 9.1.

9.2.1.2 Infiltration

Particles or fibers of different materials are combined in an open porous frame-
work (preform cylinder) and afterwards under slowly increasing pressure (squeeze
casting) infiltrated with a light metal melt, Fig. 9.2. By the use of fibers, increases
in strength are possible. Especially with magnesium matrix alloys, infiltration can
be the solution, where the precipitation of hard phases from the melt is a problem,
Fig. 9.3.

9.2.1.3 Sintering

Nonmetal particles and light metal powders are cold pre-pressed and sintered, or
hot pressed under a protective gas . Relatively good reproducible, regular struc-
tures can be processed by sintering.

9.2.1.4 Stirring of Hard Particles into the Melt

Corundum or SiC particles are stirred into the melt by the special Duralcan®-pro-
cedure and distributed free of segregations. Afterwards the blank is transformed to
liners by extrusion. Co-extrusion is an interesting variation, Fig. 9.4. Here an inner
layer of wear resistant, particle-containing material with a particle-free easy to pro-
cess cladding is manufactured in one working step.
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ELGAN/NAGEL

Fig. 9.2 Infiltration material Locasil from Kolbenschmidt: detailed image of
the preform area and the final honed surface

Fig. 9.3 Particle content approximately
60 vol %

Fig. 9.4 Cut of the co-extruded liner
(LKR/Ranshofen).
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9.2.1.5 Spray Forming

Fine atomized aluminum melt and a particle jet (alternatively an overheated, over-
eutectic Al-Si melt) are aligned on a rotating carrier and formed into a massive raw
material. Cylinder liners are then extruded from this mass. This procedure is very
suitable for the manufacture of homogeneous, finely dispersed materials. To re-
duce the porosity further compression has to take place in a subsequent process
(forging, rolling or hammering).

9.2.1.6 Addition of Reactive Components into the Melt
By reaction with the melt, hard phases (for example boride or nitride) can be pre-
cipitated.

9.2.1.7 Thermal Coating

A layer of a light metal alloy and ceramic particles (for example Si, AL,O,) is
sprayed onto the cylinder surface by laser or plasma gun. The actual engine block
can be manufactured by the cheap die-cast technique. There, as with coating pro-
cedures, a defined maximum size of the cast pores may not be exceeded. However,
nowadays plasma coatings based on iron are used exclusively. These are described
in Section 9.3.

9.2.1.8 Laser Alloying
In comparison to laser coating only Si from an external source is brought into a lo-
cally made molten bath. The Si powder is very quickly resorbed in the strongly
overheated melt spot of the surface of the cylinder drilling and, due to the fast cool-
ing, precipitated as extremely fine (2-10 pm diameter) primary crystals with irreg-
ular shape. The main advantage is that the intermetallic compound is bound to the
base material with outstanding adhesion and optimal heat transmission, Fig. 9.5.
All these variants have in common the light metal matrix in the surface. For this
reason the possible occurrence of problems like poor resistance to special fuels,

Fig. 9.5 Laser alloyed Al-Si surface
(approximately 20% Si) in low pressure
casting.
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poor heat transmission, crack formation and deformation due to different heat ex-
pansion coefficients can be avoided, or at least reduced. The materials described
here are called metal matrix composites (MMC). Figure 9.6 gives an overview of
the possibility of designing surfaces of light metal engines.

1. Grey-cast iron liners (in general centrifugal casting with relatively high
P content)
2. Hypereutectic “AlSi,,” alloy in low pressure/gravity die casting, e.g. Alusil,
Silumal
3. Infiltration materials with ceramic particles and/or fibres, e.g. Lokasil
(squeeze casting, reaction infiltration)
4. Addition of reactive components in the molten metal, e.g in situ formation
of TiB,
5. Mixing in inert hard materials (Al,O;, SiC into the light metal melt, e.g.
Duralcan)
6. Powder-metallurgical materials (sintered) from LM powders and various ceramic
powders (Si, SiC, etc.)
7. Spray compacting
a) hypereutectic alloys (AlSi,s) e.g. “Silitec”
b) Al alloys with Al,O,/SiC particles
8. Fine-grained, hypereutectic AlSi alloys by suppressing the Si crystal growth and
then heat treatment
9. Laser alloying of Al blocks by adding Si powders (or similar material)
10. Laser depositing of AlSi alloys
11. Thermal coatings (plasma, HVOF, wire arc spraying
a) pure metals (predominantly iron-based)
b) Al-Si alloys
c¢) MMCs
d) pure ceramic layers
12. Plasma-chemical Al,O; coatings/MAO
13. Thin layers (PVD/CVD)
14. Electro plating of e.g. Ni-SiC (Nicasil)

Fig. 9.6 Possible materials for cylinder surfaces for light metal engines.

9.2.2
Selection Criteria

9.2.2.1 Strength

The addition or the precipitation of hard materials does not lead inevitably to high-
er strength. The strength can even be reduced with larger particles by the inner
notch effect. Essentially strength increase, especially for surface properties, can on-
ly be reached when using hard phases when the particle size changes from the mi-
cron to the submicron range. This is not the case for the materials used so far, thus
only moderate strength increases are reached in this way. Significant strength in-
crease could be achieved by:
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e Dispersion solidification of the matrix, for example in powder metallurgy (spray
forming, sintering), but also during casting, the finest precipitations of intermet-
allic phases contribute to higher strength. Strength at higher temperatures is
most important for materials that are to be used for the wall of a combustion ar-
ea. Thus intermetallic compounds which dissolve at higher temperatures (dur-
ing casting), or recrystallize to larger grains, have to be avoided.

e The application of fibers with as large as possible length/diameter ratio. Corre-
spondingly, with endless fibers the highest stability increase can be reached. In
that case their use in high compression engines is also possible. A further advan-
tage is the good high temperature strength.

9.2.2.2 Tribology

Here a wide field for systematic research opens up. So far only little is known of the
influence of the kind, content and size of hard phases on the in-engine service on
real existing friction relationships. Referring to adhesion of the oil film, the direct
material properties are less decisive than the processable surface structure.

9.2.2.3  Flexibility

With regard to kind, shape and size of hard materials, preform solutions, like
Locasil®, seem very adaptable. For the application of fibers, their convenient orien-
tation is easy to control.

Controllable laser or plasma coating is a very interesting solution, not only in
small serial manufacture with changing drilling diameter, but also the coating pro-
cess can be integrated into the engine manufacturer’s production line. Further
flexibility is given concerning the coating composition. However, coating with light
metal alloys is relatively complex due to the required vacuum and protective gas
unit. Therefore atmospheric sprayable alloys based on steel are increasingly ap-
plied (see Section 9.3). When comparing the considerably lower density of magne-
sium (1.74 g cm™) to that of aluminum (2.70 g cm™_), the application of the pos-
sibilities described here will also play a role for magnesium in the future. For ex-
ample, silicon as a hard phase will no longer be used due to the reactivity and de-
crease in the mechanical properties.

9.2.2.4 Design Criteria

To save weight, the web width between the cylinder boreholes is often very small,
so that an application of liners is no longer possible. For these cases monolithic
blocks of over-eutectic alloys complete one metal matrix and hard materials or lo-
cal material changes by preform infiltration, or applying thin coatings (galvanic,
plasma and laser alloying) are to be considered.
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9.2.2.,5 Processing and Machining

Coarse hard phases tend to break increasingly during processing (extrusion). Thus
this technology is reserved for the relatively fine grained MMCs, like Dispal® or
Duralcan®. At least during machining with geometrically defined cutting edges
(drilling, turning and milling) high service times are reached with decreasing par-
ticle size. In general, apart from honing of cylinder drillings, tool service times dur-
ing other processing of monolithic MMC blocks are only a fraction of those of pro-
cessing particle-free die-cast crankcases. That is why, at least for large series pro-
duction, local material solutions are more suitable.

9.2.2.6 Strength of the Material Composite

Contrary to widespread opinion, even surfaces of aluminum alloys included in alu-
minum crankcases are not combined “in one piece” with the block. The reason for
this is found in both the oxide layer of the surface and also in the temperature dif-
ference to that of the hot melt. Neither coating nor pre-heating of the liner could ef-
fect a complete melting. In the top area of the drilling, especially, where the high-
est thermal and mechanical strains apply, the connection is still a problem due to
the small wall thickness and thus the short melting time. This observation applies
to all surface types. For this reason almost all liners are mechanically clamped.
From this point of view monolithic blocks or infiltration solutions are of advantage.
With the adhesion of plasma sprayed surfaces there have now been positive expe-
riences with continuous operation, at least in small series.

9.2.2.7 Heat Transmission Ability and Heat Expansion

In comparison to pure aluminum, addition of corundum and silicon carbide hard
material lead to a considerable reduction in the heat capacity whereas with addition
of pure silicon there is a slight reduction. The heat capacity reduces with increas-
ing content of such materials while the heat expansion behaves inversely. At least
with the use of cast-in and pressed-in liners, attention has to be paid to reach low
deviations (tolerances) to the basic material.

9.2.3
Fine Processing

The best properties inside the material are useless if unsuitable surface conditions
lead to poor friction and wear behavior. Materials of friction partners are therefore
only as good as their surfaces. Consequently, honing as the final process step in
processing functional surfaces is of crucial importance. Especially for combined
composites of hard and soft components, previous attempts at finishing have been
cost intensive, due to the small area between wear resistant and poor conditions,
and they are not suitable for series production. It is shown in the following that by
the development of modern honing technology, cost convenient advantageous ma-
terials can be reproducibly processed in large piece numbers.
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9.2.3.1 Processing Before Honing

In general, for the materials described here, MCD (monocrystalline diamond) or
PCD (polycrystalline diamond) are used for fine drilling or turning. The content of
abrasive particles, like silicon or corundum, nowadays does not allow a meaning-
ful alternative.

Despite the use of diamond, the geometrically defined cutting edge of the tool
becomes rounded off after a few drillings and free surface wear occurs. The conse-
quence for the tool is the appearance of deep cold deformation, and spalling of the
embedded hard phases for reinforcement. Even particles underneath the surface
show crack formation, see Fig. 9.7(a) and (b).

Fig. 9.7 (a) Cross-section of a fine turned cylinder liner. Due to the waviness of
the fine drilled surface, material of at least 100 pm (per side) has to be removed.
(b) Due to strain hardening within the material, cracks also occur in crystals
below the surface.

9.2.3.2 Honing Step 1
For pre-honing the following development steps are desired:

1. High wear rate due to deep damage in the pre-treatment.

2. Good cutting ability at low pressing pressure to reach an optimal borehole
geometry.

3. Possibly low damage of the embedded hard materials.

4. High tool service time.

These aims are reached in the following ways:

During scrub honing material wear of more than 0.3 mm is already reached at
60 s honing time (Alusil®, Locasil® und Silitec®). Even for the difficult to machine
composites of aluminum and corundum or silicon carbide (for example Dural-
can®) comparable wear rates can be reached during honing in the first honing
step.

The big advantage of honing compared to any other process with defined cutting
edges is the permanent self-sharpening of the honing ledges. With proper arrange-
ment of cutting grains and binding these never get blunt during processing of
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MMCs. Therefore the tools can also be used for fine drilling for longer times be-
cause even deeper deformations and damage are worn off in a relatively short time.
With appropriate machining and tool equipment during honing, rectangularity
between cylinder and main surface drilling can be reached. Even corrections of the
drilling center are possible. Thus fine drilling can be completely replaced by the ec-
onomical honing, at least for critical materials with reinforcements of AlL,O; or
SiC. Due to the significantly higher tool service times for honing, clear advantages
in process costs can result. Additionally, constant and low deforming depths are
reached due to the good self-sharpening of newly developed honing ledges. Pro-
cess times for subsequent operations can thus be shortened. For more easy to ma-
chine materials, for example AlSi,,, the material additions during pre-honing are
between 60 and 120 pm.

Almost all new engines allow only a small tool overflow due to the weight saving
building construction. To reach a good cylinder form, the selection of the right
cutting edge and the application of suitable honing tools is important. Here im-
provements are possible which save, completely or partly, repeated grinding of the
tools during the blind hole process.

By the use of diamond as cutting grains, tool life quantities from a few thousand
to over ten thousand drillings have been reached. For the processing of common ma-
terials, an over proportional dependence of the related material removal rate exists.

9.2.3.3 Honing Step 2

Both the improved drilling geometry and the lower damage depth of crystals re-
quire only small wear thanks to the improved pre-honing process. The main em-
phasis can be set mostly on the areas of surface quality and tool service time dur-
ing the second honing step. Thus the degree of damage of the silicon crystals of
Alusil® in the series can be reduced from over 40% to below 10 %. Surface rough-
ness down to Ra = 0.003 pm is possible. The surface quality is almost comparable
with a metallographical polish, even phase differences within the aluminum ma-
trix become significant. Furthermore the relatively high waste ratio caused by
groove formation could be reduced to zero, see Fig. 9.8 and 9.9. By the exchange of

Fig. 9.8 Alusil after the second honing step.
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Fig. 9.9 Spray formed aluminum-silicon alloy after the second honing step.

ceramic cutting grains with diamond, tool life quantities from 10000 to 20000
drillings in series could be reached. This is an important requirement for more
consistency in the working processes.

9.2.3.4 Honing Step 3

Especially with cylinder surfaces of engines, hard phases, which partly stick out of
the metal matrix, are required for functionality reasons. This is possible so far on-
ly with very cost intensive etching techniques. Its reproducibility (problems with
clearing of engine blocks, different reactivity during etching) has also proved to be
problematic. Therefore the third honing step has been developed with the aim be-
ing to replace etching by a more cost convenient, reliable mechanical technique.
Material independent uncover depths to 4 pm have been reached. The required
honing times are between 30 and 90 s. The reachable uncover depth within a deter-
mined time is not the same for all materials; composition and structure have a
strong influence, so that an early cooperation between material and process devel-
opment is important to reach an optimal final result, see Fig. 9.10 to 9.12.

In principle, stripping of hard phases can be reached in the second honing step
with newly developed cutting materials. However, this requires some concessions
of cycle time and tool lifetime, whereas three-step honing is profitable, at least dur-
ing large series runs. As Fig. 9.10 and 9.13 show with the example of Duralcan®,
the possible extreme uncover depths are also possible for outside processing. The
reachable surface is optically comparable with etched materials. In addition to the
enormous cost saving, a further advantage has arisen for this honing technique.
With re-  initialization of the light metal matrix by etching, crystals with relative-
ly sharp edges are uncovered. In comparison, edges are slightly rounded off by me-
chanical stripping during the third honing step. Damage to the piston ring, which
leads to high oil consumption and bad emission values, can be already avoided in
the run-in period. Comparing the relatively regular shaped, precipitated Si crystals
from a melt, for example Alusil®, with manufactured hard phases Duralcan® or
Locasil® (by cutting up) with sharp edges, makes the advantages of the mechanical
stripping of the latter group clearly visible, see Fig. 9.14.
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Fig. 9.10 SEM image of an aluminum
SiC composite; LKR Ranshofen.
Depending on the requirement both
one-sided and all-sided stripping is
possible.

Fig.9.11 Liner made from spray
formed material, surface after
mechanical stripping.
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Fig. 9.12 Laser alloyed Al-Si surface after honing.

Fig. 9.13 Left: Duralcan (with SiC particles) after the third honing step;
middle: Duralcan (with SiC particles) after the second honing step, right:
Duralcan (with AlLO; particles) after the third honing step.
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Si crystals after Si crystals after
mechanical stripping chemical etching

Fig. 9.14 Machining sequence during honing of MMCs. The figure shows from
top to bottom the initial state and honing steps 1 to 3.

However, for the processing of fiber-reinforced materials this is an important
aspect. On or just under the surface, longitudinal aligned fibers can rise up after
etching, like needles out of the matrix.

Additional structuring of the surface is an interesting new development, espe-
cially for fine grained materials. During the last process step, a variable structure
can be processed, using a double honing tool in a few seconds at a low cost, which
improves the adhesion of the oil film by coarsening the specific surface in the
break-in phase, see Fig. 9.15 and 9.16.
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Fig.9.15 Example of surface structur-
ing of a spray formed material.

Fig. 9.16 Detailed image of the surface
structure of a spray formed material:
additional structuring does not cause
damage of the silicon crystals.

9.2.4
Marginal Conditions

9.2.4.1 Expanding systems

The honing operation described has been carried out successfully both with hy-
draulic and with mechanical delivery. During pre-honing a mechanical delivery is
preferable in general; during the intermediate honing step both expanding sys-
tems can be used. Regarding optimally reproducible surfaces, a hydraulic expand-
ing system during the third honing step is recommended due to the constant act-
ing pressure force.

9.2.4.2 Cooling Lubricants
Of the previously tested cooling lubricants the following have proven to be practi-
cal:

e a thin liquid, mineral product
e a thick liquid, mineral product
e medium viscosity, to esterify vegetable- or mineral-based honing oils.
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Beside the cutting medium, the cooling lubricant has an influence on the wear ra-
tio and remaining condition of the hard phases. However, the main point here
should be the ability to infiltrate since the cleaning of cooling lubricants is techni-
cally very demanding during light metal processing. Thus it has to be done without
the usual magnetic cutter during cast processing.

In a highly concentrated, watery emulsion (more than 10% mineral oil content)
lubricating of the honing ledges can be avoided by good cutting behavior with re-
spect to material wear. Nevertheless the application is only recommended for low
material removal rate volume, otherwise the crystal damage by the aggressive
cutting behavior is relatively high and the tool lifetime is significantly lower. Due
to the resulting unsafe process guidance the application of water-containing cool-
ing lubricants is not advised.

9.2.4.3 Cutting Speeds

Investigations have shown that an optimization of cutting speed gives advantages
for each single honing step. The right alignment is strongly dependent on the ma-
terial, the delivery, the cooling lubricant and the required surface. Thus no general
recommendation can be given here. During the use of double honing tools, a ma-
chine with adjustable, variable rotary rate is suggested.

9.2.5
Summary

In the engine industry the honing process has been optimized in respect of new

light metal composites. With that the following could be achieved:

1. Relief or replacement of fine drilling by honing with high wear rate. The self-
sharpening system during honing makes a high tool lifetime possible. In con-
nection with an already proven successful machining concept which guarantees
both the drilling center and the rectangular arrangement to the main surface
drilling, this is an economical interesting solution, especially for materials with
strongly wearing hard materials such as AL, O;.

2. The use of special diamond honing ledges with high tool lifetime within the sec-
ond honing step. With that, extremely smooth surfaces with nondamaged hard
phases could be achieved for all aluminum materials. This is also an optimal ba-
sis for eventual steps like the re-initialization of the metal matrix.

3. The replacement of chemical etching by honing. Therefore by the development
of suitable, selective cutting tools, a further contribution to the economical pro-
cessing of modern composites is achieved.
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9.3
Plasma Coatings

9.3.1
General

The high heat energy density available to melt powder in plasma, connected with
the possibility to build plasma burners with short spraying distances for specific
applications, has widened the application areas of plasma spraying. All materials
which show a stable liquid phase and are available in the right powder size range
and shape can be coated onto metallic substrates. This allows a great degree of free-
dom for selecting the coating material.

In the special case of the coating of cylinder drillings, the transmission of heat
must be held within limits during the coating process. The obtained temperatures
should be below the maximum service temperature of the engine, so that unwant-
ed changes in the microstructure and mechanical properties of the substrate do
not take place. Plasma spraying allows the coating of a large range of layer types
without disadvantages concerning the structure and deformation of engine blocks
due to the temperature of the interface between coating and base material, which
is approximately 100°C, Fig. 9.17.

However, the selection and use of this great variety of coating materials is only
possible if suitable process solutions are available. In the area of cylinder surfaces,
honing is the final process step so far for all materials, and for a few materials the
only meaningful one. To exclude the limitation “ability to hone” for the material se-
lection, the manufacturer of the equipment responsible for the final process (fin-
ishing), has a duty to work directly with the material producer on a process solution
at a very early stage.

Fig. 9.17 Plasma spraying allows the
application of various coating types.
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9.3.1.1 Coating Materials
Different materials are used as coating materials, especially iron—carbon alloys of
different chemical composition. Because the coating usually takes place by the
APS technique (atmospheric plasma-spraying), a certain degree of oxidation of the
coating results, which acts positively due to the formation of correct oxide types
with appropriate optimization of the oxygen content.

The oxides FeO (Wiistit) and Fe;O, (Magnetite) can be considered as solid lubri-
cants and they increase the tribological properties, as well as the machinability,
Fig. 9.18.

Fig. 9.18 Solid lubricants improve the
tribological properties of coatings.

The application of corrosion resistant coatings to iron based alloys is also pos-
sible by the addition of chromium and molybdenum. These coatings are resistant
to sulfuric acid and formic acid during their application in combustion engine ma-
chines. These materials can be reinforced by addition of fine particles of a tribolog-
ically functionable ceramic. Thus an increase in the compressive strength, abra-
sion resistance and a reduction of galling ability are achieved. These MMC-coat-
ings, which are highly resistant to strain, have already been tested and are especial-
ly suitable for petrol and diesel engines.

Further composites, consisting of many metallic alloys or components are also
used. The drillings are prepared by corundum spraying before coating. The ob-
tained roughness makes a stable mechanical clamping of the coatings possible.

9.3.1.1.1  Layer Characteristics and Tribological Properties

The adhesion strength of the coating (in the case of coatings based on Al-Si alloys
with approximately 7 to 10 % silicon) is in the range 40 to 50 MPa, see Fig. 9.19. Ex-
perience shows, that a minimum value of 30 MPa has to be reached to avoid prob-
lems in combustion engine machines during service.

The microhardness is selected in such a way that the necessary comprehensive
strength (at least HV, ; = 350) is reached and the ability to machine by honing is
still kept at a reasonable level to limit the process times (max. HV, 5 = 650). The re-
maining porosity of the layers (1-3 vol %) fine stochastic contributed, allows con-
venient tribologic properties.
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Fig. 9.19 Adhesion strength of plasma coatings of cylinder bores in dependence
on the coating thickness (material: low alloyed steel; surface treatment:
corundum spraying, Ra = 10 pm; substrate: AlSi-cast alloy; inspection: DIN EN 582.

The pores of diameters of a few micrometers become filled with lubricating oil
and their fine contribution allows a secure lubrication of the system, whereas the
oil consumption can be further reduced in comparison to cast iron.

9.3.1.1.2 Application Potential

The technology of inner plasma spraying of cylinder surfaces can be applied to
both petrol and diesel engines. This technology has already been introduced to se-
ries production in Europe. The relation between costs and benefit can be consid-
ered as very attractive for the automotive industry.

The considerable technical advantages are the reduction of the friction coeffi-
cient between piston ring and cylinder surface, the potential reduction of the oil
consumption, and also the significant increase in the wear resistance. In addition,
the distance between the cylinders can be reduced, so that weight and space can be
reduced by the compact design. At larger volumes (10 000 drillings a day) the coat-
ing costs (depending on the powder type) are more economical than using gray
cast liners.

9.3.1.2 Comparison of Honing with Other Processing Technologies
In polishing, drilling or turning, the wear process is concentrated on a very narrow
contact area. In this quasi-linear-shaped process zone relatively high working forc-
es occur, which lead to crack formation or even to spalling of whole coating areas
with increasing hardness and embrittlement of the coating.

In contrast, wear forces during honing are distributed over the relatively large ar-
ea of honing ledges appearing during the process. Additionally, honing is a self-
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Fig. 9.20 Comparison of processes between geometrically defined cutting
edge (top) and honing (bottom).

sharpening system and therefore, compared to processing with geometrically de-
fined cutting, guarantees a constant treatment process with constant low specific
wear until the cutting coating is used up, Fig. 9.20.

During the processing of plasma-sprayed coatings, the following advantages
arise during honing:

e Coating damage (cracks, spalling) can be avoided as well as lubrication within
the pores (important as oil pockets).

o Avery large variety of coating types is applicable for series production. Thanks to
the self-sharpening process during honing, very hard ceramic or metal-ceramic
(MMC) coatings can be processed with high tool lifetimes. Such coatings lead
otherwise, even with application of diamond, to the rounding off of the geomet-
rically defined cutting edge.



234

9 Metallic Composite Materials for Cylinder Surfaces of Combustion Engines and Their Finishing

9.3.2
Definition of the Process Task

9.3.2.1 Process Adding, Geometry
The maximum possible coating thickness is determined by the heat expansion co-
efficient and the mechanical properties of the coating. If the heat expansion coeffi-
cient of the coating is very different from that of the basic material, or if the elastic-
ity, or rather ductility, is too low, then detachment can occur with too thick coatings
due to residual strain. On the other hand a remaining coating thickness of 100 to
180 pm after honing is required to safely cover casting pores in the basic material.
Therefore it is aimed to keep the necessary honing wear as low as possible above
the required minimum coating thickness. However, it has to be large enough to
correct the deformations which occur during coating.

A run-in, stable coating process shows process adding between 100 and 150 pm
drilling diameter. With single coating procedures significantly higher honing add-
ing can be demanded at first.

9.3.2.2 Requirements of the Surface Processing

The first honing tests on plasma coatings were carried out with a specification
analogous to cast processing. The result was large spalling at the surface. Subse-
quent engine tests gave negative results regarding wear and oil consumption. To
produce a functional surface, material investigations have been carried out by the
equipment producer himself. Metallographic grindings, both conventionally cross-
wise to the layer and also parallel to the coating surface (that means to the surface
of the piston ring) were carried out. Both investigations resulted in important in-
formation for optimization of the honing procedure. Figure 9.21 shows the typical
structure of thermal sprayed coatings using a crosswise Schliff at strong magni-
tude. By the high impact speed, the melting drops are deformed, flat, or rather lens
type. In a honing operation, with cast iron, the single lenses are torn off complete-
ly. This also explains why with such honing — within a certain grain spectrum — the
roughness of a coating is independent of the cutting grain size used. These irregu-
lar shaped spalls not only increase the oil consumption, they also decrease the

Fig. 9.21 Metallographic cross-section
of a plasma sprayed coating (magnified
section).
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creep resistance of the layer in the form of notch areas. As a consequence, cutting
performances had to be developed, at least for the last honing operation, which cut
through the deformed melting drops without weakening their laminated structure.

Independent from this, it was necessary to clarify which surface topography is ac-
tually meaningful for the plasma coating, from the tribological viewpoint.To do this
a polished grinding parallel to the surface was investigated. In comparison with the
cross-section grinding, a completely different picture is revealed, Fig. 9.22. It is
shown that a sufficient amount of pores, i.e. oil pockets, already occur in the plasma
coating. Therefore the machining of additional honing grooves could be avoided for
further tests. Anyhow only very fine honing structures, which do not damage the
coating, are possible and these disappear after a certain running-in period. There-
fore the honing angle makes no difference from the tribological viewpoint.

An advantage of an even plateau structure consists in anticipating the running-
in behavior and thus the increased starting oil consumption. This has already been
impressively proven by the slide-honing of gray cast cylinder surfaces [4, 5].

For safe running behavior it is therefore important that all pores are opened by
honing. With pores removed by lubrication not only the volume of 0il contained is
decreased, Fig. 9.23. In the course of service these spalls can break off. This leads

Fig. 9.22 Metallographic dissected plasma sprayed coating parallel to the surface:
pure steel coating (a), particle reinforced coating (b).

Fig. 9.23 Spall formation of plasma sprayed coatings at nonoptimal processing.
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correspondingly to piston movement in the axial grooves, whereby there is an in-
crease in the oil loss in the combustion chamber and also blow-by in the crankcase.
For these reasons the optimal functionality of a surface of the honed plasma coat-
ing cannot be fulfilled by the global demand for a low Rz value or rather “as smooth
as possible”. At this set-up of specifications, a coating’s own porosity is always to be
considered.

9.33
Results of Honing Tests

9.3.3.1 Investigation of Adhesion
The investigations concerning this topic have been carried out by the equipment
producer considering those points which are relevant to honing.

9.3.3.1.1 Adhesion of the Plasma Coating at High Machining Rates (Rough Honing)
During application of cutting mediums, which are not suitable for plasma coating,
large coating spalling can occur even at conventional wear rates. The reason for
this is the high pressing pressure of the honing ledges, where the flexible plasma
coating is pressed into the soft aluminum basic material. This leads to strains
which remove the coating. On the other hand, the coating can cut in with over-
large cutting grains and thus become torn off. That is why special cutting ledges
have been developed for these coatings, which, even at small grain sizes, have a
high self-sharpening ability, and thus make high material wear possible at low spe-
cific delivery forces. With these cutting mediums a wear rate up to 200 pm (diam-
eter) in 30 s honing time could be reached without crack formation or spalling of
the substrate.

9.3.3.1.2  Adhesion Strength During Honing of Thin Coatings
In further tests it was found that, below a certain minimum coating thickness,
spalling occurs during honing processing. Thus a plasma coating in 15 pm steps

Fig. 9.24 Testing of the adhesion of
honing. After the end of the test there is
no spalling on the plasma coating in
the sand blasting scratches.
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becomes worn. Due to the low content of metal the adhesion is seen as more criti-
cal and for this test a coating with ceramic particle reinforcement was chosen. Sur-
prisingly, at very low coating thickness no spalling could be seen at a wear rate of
15 pum in 5 s. Figure 9.24 shows the good adhesion at the end of the test: even the
plasma coating still remains completely in the processing grooves existing before
the coating procedure (sand spraying).

9.3.3.2 Surface Qualities, Removal of Spalling

In these tests it was aimed to minimize spalling of the pores already in the honing
step before the final one. By doing this the main focus of the process end step
could be on achieving the most even plateau formation possible in economical cy-
cle times. This aim could also be reached by the application of good cutting honing
ledges, which already work effectively at a low specific pressure. Furthermore the
composition of the cutting medium has been changed so that the adhesion
between plasma coating and cutting medium could be almost completely avoided.
Figure 9.25 shows crosswise grindings of the pores of a processed plasma coating
after the second honing step. Only by the costly and time consuming preparation
of the sample with a nickel protection coating on the surface, applied after honing,
can the finest tongues or spalling be seen in the plasma coating. These are orien-
tated according to the direction of rotation. By a simple change in the direction of
rotation, as is possible in the honing process, these can be easily removed by the fi-
nal honing step. The result is quasi-run-in cylinder surfaces with open pores and
smooth, nonspalled plateaus. Figure 9.26 shows this for the example coating of
XPT 512. With especially tough and ductile coatings, for example stainless steel, in
some cases finest spalling on the surface can remain, even after a three-step hon-
ing process. This spalling can be removed by a subsequent process step, which on-
ly lasts a few seconds. “Re-scaling” occurs by application of elastic cutting ledges,
which have been specially developed. Figure 9.27 shows the comparison using
electron microscopic images. The surface print technique (Fax-film) usually ap-
plied for documentation of gray cast processing is therefore less suitable; such
structures are only incompletely reproduced.

Honing
galvanic Ni protection layer direction

—_ -
7

Fig. 9.25 Minimum tongue formation
after intermediate honing in depen-
dence of the honing direction.

237



238

9 Metallic Composite Materials for Cylinder Surfaces of Combustion Engines and Their Finishing

perthometer S8F 5.6

ﬁ HAGEL GHBH ‘IREEL.BLUCK
m im OBERBOIHIHGERSTR .68 ARBG . : Fertighonen
/ D 72622 HUERTINGEN e¥L 3

POSTFACH 1789

LT 5.688 MH 0 72687 HUERTIHGEH
LH 4.868 HH HESS .-HR.:
ue 62.58 YH MESSRALUN T2 RHT 58-6 52 CAL

P VER 2.568 YM HOR ©8.8688 MH

LC Gs 8.888 HN LC SF a.808 mMn LC GS 8.888 Hn
> RHAR 4.71 YN *RK a8.23-Yn PTPC 6.14 5) 8 %
Rz 3.38 ¥n RPE a.88 YH P TPC B.88 5) 5 X%
RA 8.16 YN RUK B.88 YH P TPC -1.88 5) 97 %
RPEX B.14 YN P TP( -2.88 5) 99 %

HR1 9.8 % P TPC -3.88 51188 %

Rz 83.3 % P TPC -4.88 5)188 %

P TPC -5.88 51188 %

Fig.9.26 Final honed surface (SEM image and roughness print) of the coating XPT 512.

Further development of an even more gentle honing procedure has not been
undertaken. The experience of honing with a variety of materials (not only plasma
coatings) has shown that functionable surfaces can be manufactured for very sen-
sitive and labile coatings at appropriate cost. However, in the final engine check it
has been shown that few of these coatings, for example where fatigue or adhesion
strength is concerned, can withstand the real strains in engine service. This means
interval orientated honing tests are also an aptitude test for surface coatings. The
honing process could even be interpreted as part of the quality control; poorly ad-
hering coatings tear off during processing and can be discovered before fitting to
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D)

Fig. 9.27 Ductile plasma sprayed coating before (a) and after (b) removal of spalls.

the crankcase (for example by using reflectometric, ultrascan or eddy current de-
tectors).

9.3.3.3 Reachable Form Accuracies

The embedded metal oxides and the porosity of the plasma coatings lead to short
honing swarfs and act positively towards the machining ability. Together with the
free cutting tools, which are developed for these coatings, very good shape toleranc-
es can be obtained. After honing of four-cylinder aluminum crankcases with pure
metallic plasma spray coating under series production conditions, values of 3.5 pm
are typical for cylindricity. At these outstanding drilling tolerances, the necessity
for a rough surface for “running-in” of the piston rings is unnecessary. The com-
bination of high drilling tolerances with even plateau surfaces (which can be best
characterized by the low Rj-values) is the ideal prerequisite for low oil consump-
tion, from the beginning of engine service.

9.3.3.4 Processing of Metal-Ceramic Coatings

When processing MMC materials (metal matrix composites) an additional require-
ment to those already known for pure metallic spraying coatings arises: the inde-
structive reproduction of the embedded ceramic particle on the honed surface.
Due to the breaking off of these particles, the porosity of the coating, and therefore
the oil consumption of the engine, would increase and the partially broken off ce-
ramic particles would lead to abrasion of the piston rings, due to their hardness
and sharp edges.

Previous experience with diamond honing of over-eutectic aluminium-silicon
alloys forms a good basis to optimize the honing process for this plasma coating
[5]. By the development of suitable cutting mediums, it has been shown that after
the second honing step ceramic particle damage could be avoided. This is shown
in Fig. 9.28 on a crosswise grinding of a sample with a nickel surface. All together
surfaces from three honing steps can be processed, as seen in Fig. 9.29. The matrix
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Fig. 9.28 Condition of ceramic
reinforcement particle after the second
honing step. Plasma coating with
ferrite matrix.
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Fig. 9.29 Surface of a three-step honed MMC coating.
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of the honed MMC coatings is low alloy steel. In comparison to composite materi-
als with an aluminum matrix, in this case uncovering of the ceramic particles by
etching or uncover honing could be avoided. Test bench experiments with engines
having these honed surface coatings were positive, also with regard to galling abil-
ity and abrasion of the piston rings.

9.3.3.5 Cooling Lubricants

9.3.3.5.1 Honing of Pure Metallic Plasma Coatings

Pure metallic plasma coatings can be processed well both with honing oils and al-
so with aqueous cooling lubricant materials (emulsions or solutions). Little advan-
tage is shown with the use of honing oil during surface smoothing. An indisput-
able advantage is the better wetting behavior of honing oils. Thus less material of
the wear honing sticks in the coating pores. In the previous engine tests a subse-
quent cleaning was sufficient to rinse the pores. Alternatively the application of wa-
tery cooling lubricants allows problem free cleaning of the pores by pressure blast-
ing of the cylinder drillings.

9.3.3.5.2 Metal Composites
For large patch production the application of honing oil is suggesed for MMC coat-
ings with an aluminum matrix; with the application of emulsion there often exists
the risk that the worn aluminum particles will lubricate (close) the cutting ledges.
For MMC materials with a matrix based on iron alloy the use of honing oil is also
important. Recent tests have shown that the lowest damage and also the best pla-
teau formation of the embedded ceramic particle can be guaranteed with the use of
honing oil. However, at low requirements the use of special emulsion is possible
for these coatings; a higher content of lubricant and mineral oil is then desirable.
Plasma coatings based on ferrite are of advantage with regards to cleaning the
cooling lubricant. In these, the worn-off material, analogous to gray cast process-
ing can be mostly removed cost effectively from the cooling lubricant cycle by an
upstream magnet cutter. During the series production of large numbers the cost
advantage is of significant importance.

9.3.4
Summary

With reference to cost, plasma coating is a very attractive technique for the produc-
tion of functional surfaces for light metal engines and a highly flexible selection of
materials is available. By the development of suitable treatment processes this flex-
ibility is fully usable. Different honing variants can be chosen within a coating
group to realize different requirements regarding surface quality, structure and
processing costs. The process interpretation for series production will still be very
customer orientated. The test results will form the basis for the optimal price: ben-
efit ratio, corresponding to the motor properties.
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10
Powder Metallurgically Manufactured Metal Matrix Composites

Norbert Hort and Karl Ulrich Kainer

10.1
Summary

Powder metallurgically manufactured metal matrix composites (PM-MMC) offer
economical solutions for the production of high performance materials. A multi-
plicity of material combinations can be manufactured, which can be optimally
adapted to their respective application purposes. At the same time the current pro-
cedures for the production of the source powders for both the metallic matrix as
well as the selected reinforcement components offer further shapeable parame-
ters, for which the characteristics of materials and construction units can be opti-
mally conceived to their application purpose. With manufacturing and processing
methods available, construction units can be produced close to the final contour,
which have economically optimal characteristic combinations and can also be pro-
duced in long production runs. At the same time with PM-MMC many disadvan-
tages, associated with the fusion metallurgical production of composite materials
with a metallic matrix (MMC) can be avoided.

10.2
Introduction

Metal matrix composites (MMC) represent an alternative to conventional materials
for the production of high performance materials. The materials can be manufac-
tured in such a way as to exhibit a combination of the characteristics of the metal-
lic matrix and the reinforcement phase. The characteristic profile thus developed
can be adapted to the respective requirements of application and an optimal util-
ization of the characteristics of matrix and reinforcement component is made pos-
sible. Matrix and reinforcement components have shared interfaces, which are ab-
solutely necessary for the fulfillment of the tasks undertaken by the MMCs.

There is a set of possibilities for the definition of metal matrix composites, which
can differ strongly. While it is agreed that the matrix has proportionally the largest
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part of the total composition, there is at present hardly any clarity about materials
called reinforcement components or the volume content percentage required in or-
der to call a material a reinforcement component. However, it has been generally
accepted to speak of reinforcement as second phases at a volume content starting
from approximately 5 vol % although this definition ignores most ODS (oxides dis-
persion strengthened) materials, which clearly contain smaller contents of oxidic
components [1]. Nevertheless, these ODS alloys will be described in the following,
since they are manufactured with common powder metallurgy techniques and al-
so contain certain ceramic portions as a reinforcement component.

Generally it is assumed that the reinforcement components are of a ceramic na-
ture. With this definition some composite materials are neglected, for example
some superconductors, where both phases are of metallic nature or high tempera-
ture materials [2]. A third point for discussion in the definition of composite mate-
rials results from the fact that the formation of intermetallic phases or ceramic
components can occur during in situ manufacturing, and these develop a compos-
ite material due to their property profile when combined with the matrix. Also this
point can be interpreted by some definitions in such a way that a composite mate-
rial is not concerned [1].

However, in the present report on the topic of powder metallurgically manufac-
tured metal matrix composites (PM-MMC) the definitions specified above and the
associated problems are as far as possible ignored. As soon as two or more phases
are already present in the starting condition or as a consequence of the production
or further processing, the final product will be called PM-MMC. Substantially,
there is only a clear difference in the physical and/or mechanical characteristics
between the phases.

Procedures exist for the production of composites. The procedures, which use
melted liquid metal, fusion infiltration procedures, became generally accepted as
squeeze casting, gas pressure infiltration and so-called compocasting (often also
called melt stirring) [1, 3—-14]. In squeeze casting and also in the gas pressure infil-
tration method so-called preforms are used, i.e. molded parts which consist of the
selected reinforcement components [15-18]. Both short fiber preforms and particle
preforms are used, and also hybrid preforms, where short fibers and particles are
both used. In the following process the preforms are infiltrated with an overheated
melt. In the case of compocasting the particles or fibers serving the reinforcement
are stirred directly into a molten bath and then cast into a semi-finished material
or fully finished construction unit. Examples of fusion metallurgically manufac-
tured composites can be found in Ref. [1].

The manufacture of composites by the powder metallurgical process is based on
the fact that it is often impossible to use fusion metallurgical procedures. Several rea-
sons exist. One lies in the high melting point of the metallic partner involved. Dur-
ing the fusion liquid production of MMCs it can be assumed that serious problems
will arise when the metallic matrix exceeds a melting temperature of approximately
1200°C. Whilst Cu, Al and Mg as well as their alloys have been successfully applied
as molten baths for the production of MMCs, there are restrictions with other met-
als and alloys having higher melting points. Besides the more difficult handling of
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the melt there is the influence of the temperature itself. At higher temperatures re-
actions can occur, where the reinforcement components are so strongly damaged
during the production that they no longer serve their purpose [19]. Furthermore
some metals and alloys are so reactive that it is practically impossible to use them in
fusion procedures for the production of MMCs. Examples of this are especially tita-
nium and its alloys. The high reactivity of titanium causes unwanted reactions
between the melt and the reinforcement component [20] and as a consequence the
composite generally shows worse properties than expected in theory. The remedy
here can be the use of powder metallurgy methods. Both elementary metallic pow-
ders and alloy powders can be applied. In the first case mixtures of the required con-
tent are processed, for example, by mechanical alloying, in order to get a composite
material together with the reinforcement component. The use of element powders
and reinforcement components and processing methods like hot isostatic pressing
can also lead to the production of composite materials with suitable processing pa-
rameters. In this way long fiber reinforcements as well as discontinuous reinforce-
ments can be utilized. However, long-fiber-reinforced titanium MMCs are extreme-
ly costly, particularly because of the special long fibers and the coatings of the fibers
usually needed in order to avoid fiber damage of the titanium basic fiber.

The use of powder shaped source materials represents an economical procedure
for the production of high-stressable MMCs for a broad application field. Among
others, traffic-, energy-, information-, processing technology and plant construc-
tion use these techniques. These applications are concerned with both structure
and functional materials. PM-MMCs possess great importance, mostly in wear or
corrosion protection, where they are used as a spraying powder. Due to the broad-
ly varied applications, practically unlimited combination options are possible
between the metallic powders and reinforcement materials, as well as an almost
unlimited range of variation in their powder form. Large requirements exist on the
manufacturing processes for such powders. Depending on the application area
and the processing method, the resulting characteristic profile of the materials or
composite layers must be ensured. This depends primarily on a homogeneous,
adapted distribution of the components, a high reliability of the powder manufac-
turing process, stable compositions of the materials and, above all, on high eco-
nomic efficiency. However, due to the large variety of composite powders used as
spraying powders, as well as the various procedures applicable for it, this topic is
not described in greater detail here.

10.3
Source Materials

10.3.1
Metallic Powders

Several manufacturing processes are applicable for the production of powder met-
allurgical composites with a metallic matrix, however, the basis is the same: pure
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metallic powders and/or alloy powders. For the production of metallic powders a
number of chemical processes are relevant, as well as the mechanical crushing of
monolithic metals or alloys. However, mechanical processes, machining for exam-
ple, are only suitable under certain conditions to produce a fine source powder [21].
Spark erosion represents a further possibility for the production of powders [22,
23] but the output usually is not very high and impurities in the powders have to be
expected. However, very fine powders can be produced with this procedure.

During chemical deposition only pure metallic powders of very irregular shape
can be produced in general, although an advantage is the high powder fineness.
The production of iron or nickel powders by the carbonyl procedure is probably the
most well-known procedure for the production of highly pure powders [21].
Besides the carbonyl procedure, electrolytic procedures, or the reduction of metal-
lic bonding permit the production of a broad range of pure, very fine metallic pow-
ders [21]. Even finer metallic powders can be manufactured by evaporation and
then deposition of metal vapor onto cold surfaces. In order to produce such pow-
ders, where their grain size is in the range of some nanometers, laser or electron
beams are often used [24-29]. However, this succeeds also by an increase in the va-
por pressure and the employment of resistance or inductive heating mechanisms
for the production of molten baths [21]. Nanoscale metallic powders hardly have
any commercial importance at present. However, they have been intensively inves-
tigated [24-32].

A further possibility for the production of metallic powders lies in different
atomization procedures, with the use of liquid or gases as atomization media [21,
33-37]. In the case of the atomization of molten baths with gases or liquids sever-
al advantages result [21, 36]:

e homogeneous particle size distribution

e homogeneous distribution of alloying elements

e supersaturation at alloying elements also in the manufactured powder
e isotropic material properties

e cooling rates within the range of 107°-10"* K s™

e production of large quantities

e high economic efficiency

Atomization procedures are wide ranging, since they are economically very inter-
esting, and permit the manufacture of large quantities of metal and alloy powders
with accurately defined compositions. This concerns the use of water or gases such
as argon, nitrogen and possibly air as the atomization medium. Impurities also are
hardly a problem. Such powders can undergo, with suitable modifications, the
usual procedures for subsequent treatment, as described in the following. Small
modifications enable such plants to be used in the area of spray forming (Fig.
10.1). The modifications concern mainly a substrate carrier plate, onto which the
sputtered metal particles land. The particles are thus either already solid, in the
part-liquid condition or still completely liquid. By suitable process control and ad-
justment of the atomizing conditions to the melt, semi-finished material in the
form of bands, pipes or pins can be manufactured (Fig. 10.2). These then, for ex-
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ample, can be processed by extrusion, forging, hot or cold isostatic pressing to the
final product. The procedure has already found application for the production of
PM-MMC based on Mg, Al, and Cu alloys, and is also used for the production of
high-speed steels.

Crucible

Melt

Inert gas inlet

Nozzle

Spraying cone

Sprayed material

Substrate carrier

Fig. 10.1 Schematic presentation of the gas atomization of metallic melts to produce
metallic powder and semi-finished product, produced by spray forming.

Fig. 10.2 Spray formed pins
(QE 22 + 15 vol. % SiC) [105].
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Beside the procedures already mentioned, particularly for titanium and its al-
loys, special procedures exist for the production of titanium powder and powder
from titanium alloys, especially if a spherical shape of the powders is of importance
[38—-41]. However, a set of procedures were developed, one being the PREP (plas-
ma rotating electrode process), which have become generally accepted, and which
are also used commercially. However, for the production of titanium materials,
pure element powders are often used, which can be produced by the different pow-
der manufacturing processes already mentioned. Additional manufacturing meth-
ods are essentially based on mechanical alloying, described later, or the in situ
route.

10.3.2
Ceramic Reinforcement Components

A whole class of ceramic powders occur naturally. These can be used directly for
the production of composite materials after appropriate cleaning and classifying to
the desired grain size. However, a lot of the desired particle shaped reinforcement
components are considered as hard materials and must be artificially produced.
For these a number of thermochemical procedures for the production of hard ma-
terials exist [21, 42]. They are predominantly the carburetion or nitrating of metals
or metallic oxides, similarly a set of procedures exist, for the preparation of pure ox-
idic ceramic particles, where the synthetic final products are manufactured by re-
actions with acids and bases during precipitation processes [21].

Practically all current common reinforcement components can be introduced
into the manufacturing procedure of the powder metallurgically manufactured
MMCs, also known as other composite materials with metallic matrix. Both long
and short fibers are used, as well as whiskers and particles. The particular rein-
forcement components are differentiated essentially on the basis of their shape,
and for fiber reinforcement components the relationship of length and thickness
(aspect ratio: 1) plays a role in the distinction, particularly with the differentiation of
short fibers and whiskers (1 > 20: whisker) [43]. Long fiber use is usually called con-
tinuous reinforcement, and other reinforcement components are all considered as
discontinuous reinforcements [15].

Ceramic and carbon fibers are both in use as long and short fibers. The different
ceramic long fibers can be extracted either directly from a melt, or an appropriate
starting material is first spun and then transformed by a subsequent thermal treat-
ment into the desired fiber. The thermal treatment often takes place in two steps,
first the material is dried, and then the fiber crystallizes at high temperatures [15,
43]. Short fibers of desired length can be made from long fibers in further process-
ing by suitable milling or cutting procedures [43, 44]. For whisker production pro-
cedures exist which work with thermal decomposition of the source material, or
with deposition from the gas phase. Details of production and the characteristics of
whiskers can be found in Refs. [15, 43]. Carbon fibers can be differentiated with re-
spect to the source material, pitch or polyacrylonitrile (PAN). Fibers extracted from
pitch or PAN fibers are thermally treated in further steps (carbonizing, graphitiz-
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ing). Depending on the application planned a surface treatment can take place [45].
Depending on the kind of thermal treatment C fibers can be produced in such a
way that they can exhibit major differences in Young’s modulus and strength in
some parts. [15, 43, 45].

Due to their shape, the use of particles in powder metallurgically manufactured
composite materials is naturally much easier, and with them materials with a high-
er homogeneity or more isotropic in nature can be manufactured. When using
long fibers, short fibers or whiskers an anisotropy results due to either the shape of
the reinforcement component or the selected manufacturing and processing pro-
cedure.

10.4
Manufacture of MMCs

Mixing and mixing following consolidation of mixtures is a common procedure af-
ter the production of the output powders. Sometimes a certain degree of consolida-
tion can already take place during the production of the source material by such as
spray forming, which will be further described. However, the most common meth-
od is to manufacture a PM-MMC by first mixing the existing powders, matrix met-
al and reinforcement with each other. This can happen in the dry condition, with
the help of dispersion agents and/or controlled atmospheres. For mixing, normal
devices can be used, for example: asymmetric moved mixers, mills or attrition
grinders, which provide additional energy and therefore affect the material. In the
following the mechanical alloying, coated powders and in situ composite materials
will be described. The representation follows normal powder metallurgy routes
(mixing and consolidating) as well as spray forming as a procedure, which com-
bines the powder and the semi-finished material production in one step. Figure
10.3 shows schematically the operational sequence of the powder metallurgy pro-
duction.

The different powders for the production of sprayed coatings etc. will not be de-
scribed in further detail. These powders consist of different components and are
usually mixed and milled, so that very fine powder particles form, which are not
manageable under normal conditions and are poorly processable. Here are meant
the group of powders for metal-bound hard materials such as WC/Co, Cr;C,/NiCr,
WC-Cr;C,/Ni, WC-VC-Co [46-49] and metal-bound diamond [50]. Structure im-
ages of these powders are shown in Fig. 10.4 to 10.6.

For such powders a multitude of different manufacturing possibilities are avail-
able, e.g. melting and breaking, mixing, agglomerating, sintering, spheroidizing,
precursor technology (sol-gel) and cladding. The techniques ensure the even dis-
tribution of the hard materials in the binder phase whereby a very fine grain size
of the hard materials (1-5 pm) can be produced. However, the powders must at the
same time be agglomerated in such a way that they are capable of flow (Fig. 10.4).
The application of the powders is by thermal spraying for the production of wear-
protection layers, sintering of tungsten carbides and diamond tools. A further
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Metal powder Reinforcement

Consolidation

¢

[ Semifinished part ]

Forging Extrusion Rolling

Fig. 10.3 Schematic presentation of the manufacturing process for PM-MMCs.

Fig. 10.4 WC—Co powder, agglomerated, sintered, spheroidal. Left: overview, right: cut particle [48].
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Fig. 10.5 Structure of different nickel cladded powders: (a) Ni-Al, (b) NiCrAl-Betonit,
(c) Ni metal carbide, (d) Ni-C [119].

Fig. 10.6 (a) WC—Co hard metal, deep etched SEM image, (b) WC—Co hard metal,
WC: dark, Co: bright, (c) WC-TiC-TaC—Co hard metal, Co: black, (W, Ti, Ta)C: gray,
WC: bright, (d) TiC-Mo2C-Ni hard metal, TiC: black, (Ti, Mo)C: gray, Ni: white.

251



252 | 10 Powder Metallurgically Manufactured Metal Matrix Composites

group of procedures is the cladding of powders by galvanic coating, CVD coating
and plastic coating. Examples of material systems, processing and application can
be seen in Table 10.1. Figure 10.5 shows the composition of different cladded pow-
ders. In Fig. 10.7 different structures of materials which were manufactured by

Tab. 10.1  Overview of composite powders produced by coating, their processing and
application [106, 110, 113-116, 119].

System Powder Processing, Application
manufacture consolidation
C/Ni WTiC,/Ni electrolytic deposition thermal spraying wear protection coating
Cr,C,/NiCr hydrometallurgical coating turbine blade coating
NiCrAl/Bentonit bearing applications
Al/Cu, Cu/SiC, W/Cu electrolytic deposition, cold forming carrier for electronic
from Cu on Al, W or SiC components
Fe-polymer coating cold pressing, electric engines, injection
(soft magnetic powder) annealing system, transformation

Fig. 10.7 Structure of cold pressed, coated powder.
Right top: Cu—W, right bottom: Cu-Al,
left: Cu-SiC [106, 110, 113].
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Fig. 10.8 Carrier of electronic components,
made of cold compressed, coated metal
powders [106].

cold pressing of such powders are shown. Heat sink carriers for electronic con-
struction units are an application example (Fig. 10.8).

10.4.1
Mechanical Alloying

Mechanical alloying (MA) is a widespread technique for the manufacture of high
performance materials, including PM-MMC. Figure 10.9 gives an overview of ap-
plications, where mechanical alloying has been used. Table 10.2 gives an overview
of MMCs which are produced by mechanical alloying as well as their processing
and applications.

With mechanical alloying the metallic powders are often mixed with each other
or in combination with nonmetallic powders. The mixing relationship corresponds

Hydrogen storage
catalysts magnetic
Sensors
[

P tal o
ure metals super alloys

Mechanical alloying

High corrosion

Nano crystalline !
resistant alloys

materials

PCD targets
Production of new phases
hard materials

Fig. 10.9 Typical present and potential applications of mechanical alloying [117].
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Overview of MMC powders produced by mechanical alloying (MA), their processing

and application [2, 51-60].

System Manufacture Processing Application
ODS Ni alloys MA HIP, extrusion, hot and high temperature area, engine
cold forming, heat industry, glass processing,
treatment air and aerospace industry,
chemical plant engineering
dispersion hardened Al MA CIP, heat treatment engine industry, high absorbing
(Al/AL,0;, Al/ALC;) (vacuum), extrusion, hot ~ materials, optical devices,
and cold forming high temperature batteries,
compressors, fans
dispersion hardened MA axial pressing, CIP, contact materials, electro-
Cu alloys inner oxidation  sintering extrusion, mechanical components,
hot and cold forming, springs
heat treatment
Cu-W MA axial pressing, CIP, spot welding electrodes,
sintering, extrusion, MIM  contact materials, carrier for
electronic components
dispersion hardened MA CIP, HIP, extrusion, air and aerospace industry,
Ti alloys hot- and cold forming medical technology

in general to the composition of the final alloy or composite material. A high-ener-
gy milling process follows the mixing process, where ball mills or related systems
are used, for example attritor mills. Depending on the energy supply during grind-
ing the final product can show different characteristics. However, only the follow-
ing systems are described, which produce dispersion-solidified materials or fine
dispersive metal-metal combinations [2, 51-60]. Metastable systems, which are
produced by high-energy milling, are not considered here [61]. Yttrium-oxide dis-
persion-solidified nickel and iron-based alloys are examples of the group of disper-
sion-solidified metals, see Table 10.3 [2, 51]. The operational sequence for the pro-
duction of these high temperature materials is represented in Fig. 10.10; an over-
view of their advantages and areas of application is shown in Table 10.4. Besides
nickel- and iron-based materials, dispersion-solidified copper and titanium alloys
are also used [52].

By mechanical alloying, oxide particles are inserted in the element powder parti-
cles of the alloy powders, simultaneously cut and distributed evenly. After the mill-
ing procedure the yttrium oxide particles are isolated within the mixture, evenly
fine dispersive distributed, with a size in the range of some nanometers. This is an
optimal dispersoid size for a high temperature material. Figure 10.11 gives an im-
pression of the procedures during mechanical alloying. From the mechanical al-
loyed powders, semi-finished materials and construction units are made by hot-
isostatic pressing, extrusion, warm or cold-rolling and/or forging.
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Tab.10.3 Chemical composition, in wt %, of selected iron- and nickel-based ODS super alloys,
[2,51107-109, 117].

Fe Cr Al Ti w Mo Ta Zr Y,0; Ni

Inconel MA 6000 15.0 4.5 0.5 4.0 2.0 - 20 - 1.1 rem.
Inconel MA 760 20.0 6.0 - 3.5 2.0 - - - 0.95 rem.
Inconel MA 758 30.0 0.3 0.5 - - - - - 0.6 rem.
Inconel MA 757 16.0 4.0 05 - - - - - 0.6 rem.
Inconel MA 754 20.0 0.3 0.5 - - - - - 0.6 rem.
Inconel MA 957 rem. 140 - 1.0 - 0.3 - - 0.25 -

Inconel MA 956 rem. 20.0 45 0.5 - - - - 0.5 -

PM 1000 3.0 20 0.3 0.5 - — - - 0.6 rem.
PM 1500 3.0 30 0.3 05 - - - - 0.6 rem.
PM 2000 rem. 20 5.5 05 - - - - 0.5 -

Hot isostatic pressing

Tyt
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Mickel
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Master alloy

I 1Y :
i e
Yitrium oxide 1] I
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i

p

Powder raw Mechanical alloying Hot compaction  Hotrolling  Cold rolling  Heat treatment
materials

Fig. 10.10 Process sequence to produce ODS nickel alloys [2, 51].

Figures 10.12 to 10.14 show examples of construction units of high-temperature
resistant nickel alloys. These were manufactured by mechanical alloying and pow-
der metallurgy by the operational sequence shown in Fig. 10.3. The basis for the
production of composite powders is the high availability of most different metallic
powders as element powders, semi-alloyed or alloyed powders, which can be man-
ufactured by a wide range of procedures. These metallic powders usually represent
the matrix in the final metallic composite materials or the composite layers and de-
termine, in dependence on their composition, the matrix characteristics. In the fol-
lowing the best known techniques to manufacture powder metallurgically pro-
duced MMCs are described.
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Fig. 10.11 Processes during mechanical
alloying of lead powder A and B to
homogeneous powder particle of the
composition C [52].

Fig. 10.12 Glass melt stirrer of dispersion
hardened nickel made of PM 2000 [2, 51].

Fig. 10.13 Spark protection made of
PM 2000 [2, 51].
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e AL LR T Fig. 10.14 Diesel engine pre-chamber
. made of PM 2000 (pin and burner base)
2, 51].

e S

10.4.2
In situ Composite Materials

In situ composite material is a material class which uses the reactions of different
components during the production to produce new components. Here source ma-
terials are the different metal or alloy powders as well as other powder shaped com-
ponents. The reaction between components can thus happen both during mixing
the powders and in the subsequent processing. However, a minimum of energy
must first be introduced to get the reaction going. This can take place, for example,
with the thermal energy of hot isostatic pressing, with a subsequent thermal treat-
ment after extrusion, or by high kinetic energy in the case of the mechanical alloy-
ing. In the latter case the process is known by the abbreviation MSR (mechanical-
ly induced self-propagating reaction). Takacs [63] gives an overview regarding the
procedures applied and the possible reaction partners etc. Table 10.5 shows a com-
position of possible reaction systems. These reactions are usually exothermic reac-
tions, which run independently after activation. The components react completely

Tab. 10.5 Examples of reaction systems of in situ reactions during powder atomization in the
manufacture of composite powders [114].

Gas-liquid reaction Liquid-solid reaction

Cu[Al] + N0, — Cu[Al] +ALO, Ti + SiC — Ti[Si] + Ti[C]
Fe[Al] + N — Fe[Al] + AIN g Fe[Ti] + Xr, — g Fe + TiN
Fe[Al] + N,,0, — Fe[Al] + AL, O, Cu[Al] + CuO — Cu + AL,O;

Fe [Ti] + Fe [C] = Fe + TiC
Fe [Ti] + Fe[B] — Fe + TiB,

Liquid-solid reaction
Cu([Ti] + Cu[B] — Cu + TiB,
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with each other in relation to the percentage by volume and in a matrix, specified
before; a new phase develops with a high percentage by volume, which then takes
over the reinforcing function. However, with the production of in situ composite
materials attention has to be paid to the fact that the percentages by volume of the
developing phases sometimes clearly differ from each other. Systems whose man-
ufacturing process offers the possibility to adjust internal strain should therefore
be selected.

10.4.3
Mixing

The different manufacturing processes specified above result in very different
shapes of both metallic source materials and selected reinforcement components.
This is important if further consolidation pressing procedures are used. However,
during manufacture by mechanical alloying, or in situ reactions, the shape of the
components hardly makes a difference. In each case all initial components can be
mixed. However, the size relationship between metallic powders and the reinforce-
ment has to be considered. Investigations here have shown that, dependent on the
size relationship, separations can occur, where, for example, particles segregate to
the grain boundaries (Fig. 10.15). Thus the formation of agglomerates, which have
an unfavorable effect on the properties of the composite material, can be found [8,
62, 64].

Also the kind of mixing process and the separation of mixing parameters were
determined, dependent on the shape of the components to be mixed, the proce-
dure during mixing and the equipment used. It is also important whether the mix-
ing process is undertaken in a gaseous or liquid environment. In the latter case the
mixing process can also be affected by suitable additives [8, 62]. However, spheri-
cal particles are usually assumed for these investigations. Regarding the behavior

Fig. 10.15 Schematic presentation of separation of metal particle and particle
shaped reinforcements during mixing of metallic powders, (a) agglomerate,
(b) homogeneous contribution.
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of very irregular particles, as are manufactured for example by water atomization,
practically no information is present in the literature. However, it can be assumed
that here also clear separation procedures occur, especially if the added component
shows clearly smaller dimensions than the metallic powders. Beside segregations
at the grain boundaries, and separations, which are caused by the mixing parame-
ters, local segregations of particles in some areas of particles can occur, which
show hollow structures or voids. In each case an isotropic distribution of all com-
ponents involved and thus a homogeneous property profile is impossible.

10.4.4
Consolidation

In the classical powder metallurgical production technique, consolidation follows
the manufacture of the powder and powder mixtures. There a variety of techniques
have been developed, which are applied alone or in combination. The following
techniques are most important:

e Sintering [9, 21, 65-75]

e Extrusion [9, 21, 27, 30, 40, 64, 70, 72, 76-81]

e Hot-pressing [9, 21, 27, 64, 72, 73, 81-86]

e Hot isostatic pressing (HIP) [9, 21, 40, 66, 72, 79, 85, 87-93]
e Cold isostatic pressing (CIP) [9, 21, 64, 72, 78, 86, 94]

e Forging [9, 21, 70, 72, 78]

e Rolling [9, 21, 70, 72, 89)]

o Metal injection molding [71]

e Production of coatings [46—48]

Sometimes the respective consolidation procedures are combined and have some
advantages over the respective procedures. In general, for example, compressing
the powders, the subsequent evacuating, sintering and extruding procedures or al-
so forging are applied to reach a density, which corresponds completely, or closely,
to the theoretical density. With procedures such as forging or extrusion, reinforce-
ment components can also be aligned to obtain direction-controlled properties.
Figure 10.3 shows schematically the normal operational sequence for the produc-
tion of PM-MMC.

Regarding subsequent processing, both irregular and regular, spherically
shaped particles show advantages and disadvantages. Advantages of irregularly
shaped particles are the high green strength of the blanks, which are produced
mainly by a cold pressing procedure. However, the irregular shape also causes a
comparatively small green density, and the miscibility of such metallic powders
with reinforcement components is not satisfactory. In contrast spherical powders
can be mixed well with other particles and the green parts produced from them by
cold pressing have a high green density. However, this decreases the green
strength, which is clearly smaller than in the case of irregularly formed particles.

After mixing reinforcement components and the metallic matrix, powders are
pressed and by a suitable procedure manufactured to construction units, which
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can have a density close to the theoretical density. During pressing or the subse-
quent treatment, helping materials are sometimes added, as for example com-
bined procedures in powder injection molding, where the pressing and the shap-
ing are accompanied by such materials. These helping materials are mainly waxes
or other organic materials, which facilitate the shaping by decreasing the internal
friction between the powder particles and, in addition, give the greenling a me-
chanical strength suitable for further processing. However, the helping materials
for pressing have to be removed in the subsequent processing or if possible trans-
ferred as reinforcement components. While the last step is so far not possible,
these materials are normally removed by burning. This step happens directly be-
fore sintering and causes the materials to begin with a certain porosity, which is re-
duced as far as possible by a sinter process up to a value close to the theoretical den-
sity.

An alignment of fibers during the further manufacturing steps can occur for
short fibers and, furthermore, damage of the fiber can occur, depending on the
subsequent treatment steps. With the extrusion of metallic powders and short fi-
bers as reinforcement it could be proven that the short fibers were both aligned
parallel to the extruding direction, and were broken by extrusion. While broken fi-
bers prevent the full reinforcement effect of the short fibers, composite materials
with extremely anisotropic fiber distribution show very different mechanical prop-
erties parallel and perpendicular to the fiber orientation, which sometimes limits
their applicableness. However, processes like hot-pressing or hot-isostatic pressing
are suitable for the manufacture of short-fiber-reinforced or even long-fiber-rein-
forced MMCs.

Sintering is often the only possibility to produce construction units, and it is
mainly used with a high-melting partner in the composite material, in the case of
powder injection molding. By suitable sinter atmospheres the possibility of influ-
encing the properties of the composite material arises. By suitable temperature
control, the interface between the matrix and the reinforcement component can be
optimized. With sintering the porous bodies desired can be manufactured with a
density close to the theoretical density. However, a value of approximately 97 %
cannot be exceeded. To achieve the full theoretical density a further compression is
necessary by, for example, forging, extrusion, hot or cold isostatic pressing. With
the selected procedure the property profile is also affected.

Without pressing helping materials semi-finished materials or near the final
contour construction units can be made of the powder substances directly by the
procedures or a combination of procedures already specified. Hot and cold isostat-
ic pressing (HIP, CIP) are here mentioned. In both cases powder substances are
filled into caps; these caps are evacuated and then exposed to an all-round isostatic
pressure. Cold isostatic pressing (CIP) works at room temperature or only slightly
above; hot isostatic pressing (HIP) uses temperatures close to sinter temperatures.
There is the advantage of directly producing a dense, close to the final contour con-
struction unit, which can be applied directlyor with only slight processing. In con-
trast CIP is seen generally as a preliminary stage, after which the semi-finished
material is then consolidated by extrusion, forging, rolling etc.
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10.4.5
Spray Forming

Spray forming is an advancement of conventional gas atomization and was devel-
oped to save procedure steps and thus to result directly in a semi-finished materi-
al. During the production of conventional MMC a metal or alloy powder is manu-
factured, the desired grain fraction is separated by sieving and mixed with the par-
ticle shaped reinforcement component. The mixture is filled into caps afterwards
and completely consolidated by a suitable process. Sighting and/or sieving, the
subsequent mixing, and the filling into caps are all comparatively complex process-
es, which sometimes result in impurities or segregations. Thus the risk exists to
produce an inhomogeneous material which cannot fulfil the demands. The differ-
ent process steps are also cost-intensive. Spray forming fulfils these demands bet-
ter. During the production of the matrix powders, these are sprayed in the gas
atomization facility onto a substrate carrier. The metallic particles are thus still lig-
uid, part-liquid or already solidified, depending on the size and selected manufac-
ture parameters. Depending on the application, differently dimensioned pins,
bands or pipes can be manufactured directly in one working step. However, there
is still another compression needed; due to the semi-finished material produced
having a density of approximately 90-95 % of the theoretical density. However, no
contamination of the semi-finished material, for example by atmospheric compo-
nents such as oxygen or nitrogen, has to be expected.

A further advantage of spray forming is that, even during the atomization proce-
dure, reinforcement particles can be brought into the atomization beam. Thus a
particle-strengthened semi-finished material can be manufactured in only one
working step. This production is economical and shows in addition a good, repro-
ducible homogeneity. However, a disadvantage of this procedure is that only parti-
cle-strengthened MMCs can be manufactured practically. Attempts to use short fi-
bers as reinforcement components have failed so far because the supply of the par-
ticles in the atomization beam could not be realized. Furthermore it is likely that
the short fibers in the final compression step get broken and therefore their full re-
inforcement effect is not produced. Spray formed composite materials have al-
ready been realized with different metallic matrices such as copper, aluminum,
magnesium and their alloys.

10.4.6
Subsequent Processing

The reason for powder metallurgical manufacture route is that the manufactured ar-
ticle is near to the final contour. Thus as many treatment steps as possible can be
saved, making possible economical manufacture of a long production run. Neverthe-
less it can occur that a semi-finished material, or an already finished work piece, must
be further worked on. In this case it has been realized that conventional tools are prac-
tically unsuitable to work on MMCs in a reasonable way. Diamond tools should be
used to ensure sufficient surface qualities and to hold the wear of tools within limits.
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10.5
Materials

In the following section an incomplete selection of PM-MMCs is given, discussed
according to the respective matrix alloys. Besides these matrix materials and alloys
there is still another area of metallic matrix materials, which are applicable for
composite materials. In particular noble metals and alloys should be mentioned
here but they will be reviewed separately in Ref. [95].

10.5.1
Magnesium-based MMCs

Magnesium and its alloys are at present the lightest construction materials. By ap-
propriate procedures and alloy development it could be possible to produce me-
chanical properties which are, in principle, comparable with aluminum and its al-
loys. However, this applies essentially only from room temperature up to approxi-
mately 150°C. Above these temperatures only the relatively expensive Mg alloys of
the QE series (Mg-Ag—RE) or WE series (Mg-Y-RE) show sufficient mechanical
properties and creep resistance to be able to compete with aluminum alloys. Here
a set of improvements can be reached by the application of magnesium-based
MMC. This applies to the creep behavior, the mechanical properties and the wear
behavior, heat expansion coefficient and thermal conductivity. At present fusion
infiltration, mainly squeeze casting and gas pressure infiltration are the proce-
dures selected most frequently to manufacture Mg-MMC [96]. However, attempts
have also been made to manufacture Mg-MMC by powder metallurgy methods,
particularly by mixing Mg-alloy powders with hard materials (particles, whiskers
and short fibers). Examples and characteristic values of powder metallurgically
manufactured Mg-MMCs are shown in Table 10.6.

The metallic powders used are manufactured mainly by the gas atomization of
melts, where commercial hard materials are used as reinforcement. A clear im-
provement in the mechanical properties has been shown compared to the non-
strengthened basic alloys. Depending on the production process, an adjustment of
whiskers and fibers could be detected, as well as the destruction of short fibers as

Tab.10.6 Change in mechanical properties for the example of gas atomized and extruded
magnesium alloy ZK 60 and their composites, the specifications of the reinforcement are stated
in vol.% [97].

Density Ys uTs El. Young's modulus
[g em™] [MPa] [MPa] in % [GPa]

ZKG60A 1.83 220 303 15.2 42

ZKG60A +20% SiC,, 2.1 517 611 1.3 97

ZKG60A +20% SiC, 2.1 409 502 2.0 85

ZKG60A +20% B,C 1.97 404 492 1.7 83
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soon as extrusion was used as a consolidation procedure. A further consolidation
investigated is spray forming of Mg-MMC, where SiC particles were brought into
the atomization beam. However, these investigations are still in their infancy.

10.5.2
Aluminum-based MMCs

Aluminum and its alloys and a set of AI-MMCs have found wide application with-
in practically all areas of traffic engineering. Special requirements must be fulfilled
for air and space travel applications. Here a low density is of especial interest. With
sufficiently good mechanical properties aluminum has been one of the first candi-
dates for MMCs at slightly increased temperatures, good corrosion properties and
a good processing. However, primarily fusion metallurgical procedures are used to
produce composite materials. Nevertheless, a set of composite materials has also
been manufactured by powder metallurgy methods. Tables 10.7 to 10.9 show the
properties of some different aluminum-based MMCs. Thus it has to be pointed out
that the powder metallurgy manufacturing route of MMCs is ideally suitable for in-
serting high percentages by volume of reinforcement components into the materi-
al. Values up to approximately 50 vol % are obtainable. This differentiates such sys-
tems from particle-strengthened MMCs, which can be manufactured in fusion
metallurgical ways; where typically about 20 vol % of reinforcement components
can be brought into the matrix. Higher percentages by volume are likewise report-
ed; however, process engineering limits are reached. A further advantage of the
powder metallurgy manufacturing of MMCs is the homogeneous structure. Figure
10.16 shows the example of a particle-strengthened Al-PM-MMC. Besides mixing
source materials with subsequent consolidation, mechanical alloying is used or in
situ reaction for aluminum -based PM-MMC. Examples of mechanically alloyed

Tab.10.7 Properties of some aluminum -based MMCs, the specifications of the reinforcement
are stated in vol. %. a, cast; b, gas atomized and extruded; c, spray formed and extruded [112].

CTE YS uTs El. Young's Comment
[10°°K] [MPa] [MPa] [%] modulus
[GPa]

2124 +20% SiC® - 379 517 5.3 105 T6
2124 +30% SiC® - 434 621 2.8 121 T6
2124 + 40% SiC® - 414 586 1.5 134 T6
2618 + 13 % SiC© 19.0 333 450 - 75 T6
6061 + 20% SiC® 15.3 397 448 4.1 103 T6
6061 + 30% SiC” 13.8 407 496 3.0 121 T6
6061 +40% SiC" 11.1 431 538 1.9 138 T6
7090 + 20 % SiC® - 621 690 2.5 107 T6
7090 + 30% SiC" - 676 759 1.2 124 T6
8090 + 12 % SiC® 19.3 486 529 - 100 T6

A356 +20% SiC* N 297 317 0.6 85 T6




10.5 Materials

Tab. 10.8 Properties of selected aluminum alloys, the specifications of the reinforcement are
stated in vol. %. a, cast; b, gas atomized and extruded; ¢, spray formed and extruded [97, 112].

CTE YS uTs El. Young's Comment
[10°°K] [MPa] [MPa] [%] modulus
[GPa]

2014* 25.4 414 483 13.0 73 T6
2124° - 345 462 8.0 71 T6
2618° 23.0 320 400 - 75 T6
6061* 26.1 240 310 20.0 69 T6
6061° 23.0 276 310 15.0 69 T6
7090" - 586 627 10.0 74 T6
8090° 22.9 480 550 - 80 T6
A356* - 200 255 4 75 T6

Tab.10.9 Properties of selected in situ MMC with a pure aluminum matrix, the specifications
of the reinforcement components are stated in vol %. a, ex situ composites [84].

Ys uTs El. Young's modulus
[MPa]  [MPa]  [%]  [GPa]

pure Al 64 90 21 70

10.5% AL, O; + 23.7% ALTi 110 145 5

10.5% AL, O; + 6.3% TiB, + 7.9% Al Ti 271 311 5

10.5% ALOs + 7.9% TiB, + 4.0% AL Ti 301 328 5

10.5% AL,O; + 9.5% TiB, 320 353 6

11% Al, O3 +9.0% TiB, + 3.2 wt% Cu 427 478 2

11.4% Al,O; + 8.6% TiB, + 6.0 wt % Cu 588 618 2

20% SiC, * 117 200 10

20% SiC,, ® 176 278 11

20% Ti, 235 334 7 131

20% Ti, * 121 166 16 96
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Fig. 10.16 Structure of a spray formed,
extruded particle composite with a
aluminum matrix (6081 + 20 vol % SiC)
11
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powders are the systems for dispersion-solidified aluminum (Al/AL,O;, Al/ALC,)
[53, 54]. Further materials manufactured by mechanical alloying are aluminum al-
loys, where carbon is ground in an oxygen-containing ball mill atmosphere, which
leads to the formation of Al,O; and Al,C;.

10.5.3
Titanium-based MMCs

Titanium and its alloys are used in chemical apparatus engineering, medical tech-
nology and especially in air and space travel. In air and space travel, weight saving,
the combined properties of high stiffness, high temperature properties and good
strength are of interest. Compared to aluminum, titanium alloys show generally
better high temperature properties, very good corrosion resistance and also a high-
er Young’s modulus. This made titanium and its alloys early candidates for the
production of MMCs. However, above all, titanium melts are very reactive in rela-
tion to practically all well-known crucible materials, as well as the applicable ce-
ramic reinforcement components. This made the fusion metallurgical production
of discontinuous reinforced MMCs impossible at an early stage [97]. A further dif-
ficulty is the high reactivity of titanium in the solid state. The application at higher
temperatures causes damage to the reinforcement components and brittle phases
form at the interface between the matrix and reinforcement component. Also addi-
tional strain arises as a result of large differences in thermal coefficients of expan-
sion, and thus is a further criterion for an early failure of the composite material.

A number of different procedures to manufacture titanium MMCs have been ex-
amined, including the powder metallurgy procedure and in situ reactions [98, 99].
In the case of the powder metallurgically manufactured titanium-MMC, titanium
powders and reinforcement components are mixed and then usually hot pressed.
Both uniaxial and hot isostatic pressing have been used successfully for the pro-
duction of MMCs. Titanium and titanium alloy powders were used to manufacture
foils for the production of layer composite materials. For in situ composite materi-
als TiB, is the preferred compound, which reacts during sintering or hot-pressing
with titanium from the matrix and forms TiB. Table 10.10 shows the properties of
selected Ti-MMCs. Ti-MMC, which contains higher portions of TiB, is a promising
candidate for Ti-based, powder metallurgically manufactured composite materials
[78, 94, 98, 99]. A composite material (CermeTi) [87, 90-101], made of elementary
powders (Ti, Al, V) and SiC particles, is already commercially available. Since such
a composite material is not producible by the fusion metallurgical production, the
advantages of powder metallurgy production become effective during the produc-
tion of this material. CermeTi is made by a combined procedure of cold and hot
isostatic pressing. This composite material has been developed for applications in
air and space travel, as well as for engines (Fig. 10.17).

However, a commercial success for the titanium composite materials investigat-
ed so far remains elusive. The reason is the high reactivity of titanium as matrix
material, which makes it necessary to coat the selected reinforcement components
in a complex way. The reactions between matrix and reinforcement, and the costs
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Tab. 10.10 Properties of selected in situ MMC with a pure titanium matrix, the specifications
of the reinforcement components are stated in vol. % [84].

YS uTs El. Young's modulus
[MPa] [MPa] %] [GPa]

pure Ti 393 467 20.7 109

10% TiC 651 697 3.7

5% TiB 639 787 12.5 121

10% TiB 706 902 5.6 131

15% TiB 842 903 0.4 139

15% (TiB + Ti,C) 690 757 2

22.5% (TiB + Ti,C) 635 680 <0.2

25% (TiB + Ti,C) 471 635 1.2

Fig. 10.17 Valve, piston rod and pin,
made of CermeTi composite [101].

connected with the coating of the reinforcement, as well as the costs in the produc-
tion, cause problems at present, which makes the application of powder metallur-
gically manufactured titanium composite materials appear uncertain [20].

10.5.4
Copper-based MMCs

A major consideration for the production of MMCs based on Cu and its alloys is
their thermal and electrical conductivity [85, 92]. It mainly depends on obtaining
good characteristic values and increasing wear resistance significantly at the same
time. These demands are contradictory goals. However, the problem can be solved
by the application of composite materials, better than with the alloy technique.
Spray forming gains increasing importance compared to procedures such as mix-
ing and subsequent sintering, extrusion or other consolidation procedures. Here
attempts have already been made to bring hard materials and graphite combined
into a copper matrix to keep electrical conductivity as high as possible and to
achieve an improved wear resistance at the same time. By imbedding lighter rein-
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forcement components, the density of the composite material has been lowered,
making such materials interesting for air and space travel [85, 92]. However, be-
cause copper possesses a very good ductility due to its lattice structure, the conven-
tional processing by mixing with subsequent cold pressing or extrusion has at
present the greater importance. Figure 10.7 shows the structure images of cold
pressed Cu-MMC. Such PM-MMCs are, for example, applied as carriers for elec-
tronic construction units (Fig. 10.8) and also for electrical contacts (Fig. 10.18).
Besides these alloys dispersion-solidified copper alloys are also used [55-57].
However, some composite materials, based on copper, can be classified in the
group of tungsten carbide-based composite materials. Here copper is the matrix
and ensures that the operating temperature of the work piece remains within the
desired parameters due to its good heat conductivity. At high operating tempera-
tures, like those existing at electrodes for spot welding; the copper matrix also ful-
fils another task: During service copper evaporates and thereby takes a quite signif-
icant part of the energy [2]. Figure 10.19 shows the structure thereby developed;

ey N
\..3) \__, i : Fig. 10.18 Electronic

i contacts of Cu-W,
Ag-W, Ag-WC, Ag—CdO,
Ag-Ni—C [104].

Fig. 10.19 Partial evaporation of copper
matrix with a W/Cu contact material [104].
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Fig. 10.20 Burn down contacts of W-Cu
12, 51].

Fig. 10.21 Heat sink of a W/Cu contact
material [2, 51].

Fig. 10.20 shows the corresponding components. The evaporation of the copper
causes a higher operating life of the electrode. An application here is the heat sink
shown in Fig. 10.21.

10.5.5
Iron-based MMCs

Iron is the basis for all steel materials, which are of major importance in the tech-
nical area. Due to the relatively high Young’s modulus and the extremely high
range regarding the possible, adjustable tensile strength and yield strengths, con-
siderations regarding the density reduction are only of minor importance if, for ex-
ample, lightweight construction is concerned. However, the wear behavior of steel
is of major interest for tools. By alloying or by thermal mechanical processes the
carbides produced or the martensitic parts are often not sufficient to fulfil the de-
manded properties. Also there are restrictions on fusion metallurgical techniques
regarding the size and the distribution of the hard materials in the iron matrix. In
order to get a homogeneous material containing a high proportion of hard phases
with optimal distribution and particle size, the PM-MMC route is chosen. In such
a way materials are produced which are clearly able to exceed the already outstand-
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ing properties of tool steels. An example for this is Ferrotitanit, a material from the
company Edelstahl Witten Krefeld GmbH [102]. In Fig. 10.22 some tools can be
seen, which consist of Ferrotitanit. Such tools show extremely high wear resis-
tance, even at higher temperatures. For example, they are most suitable for use as
a tool in friction stir welding.

A further example of Fe-based PM-MMC is the material PM2000 from the com-
pany Plansee [2, 51]. Its composition is shown in Table 10.3. Figures 10.12 to 10.14
and 10.23 to 10.26 show some applications of this material. These includes: Glass
melt stirrer (Fig. 10.12), engine components (Fig. 10.13 and 10.14), burner nozzles
for gas turbines (Fig. 10.23), charger frames for the ceramic industry (Fig. 10.24),
honeycomb seals for high performance turbines (Fig. 10.25) as well as clamping
devices for test engineering at higher temperatures (Fig. 10.26).

Besides the production of iron-based MMCs by the common powder metallurgi-
cal path, i.e. mixing the basic materials, followed by consolidation, in situ iron-

Fig. 10.22 Tool made of Ferrotitanit [102].

Fig. 10.23 Burner nozzles for gas turbines
of PM 2000 [2, 51].

Fig. 10.24 Charger frame of PM 2000 to
burn roof tiles [2, 51].
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Fig. 10.25 Honeycomb seal of PM 2000 for
high performance turbine engines [2, 51].

Fig. 10.26 Clamping device for test
engineering at high temperatures
of PM 2000 [2, 51].

based composite materials can be manufactured [103]. In other in situ MMC, one
of the phases involved reacts with other existing components of the mixture and
the desired phase develops during for example hot isostatic pressing. The materi-
als produced in such a way are comparable with other tool steels and show some-
what better wear properties. So the costs of production can simultaneously be sig-
nificantly lowered [103].

10.5.6
Nickel-based MMCs

Nickel and its alloys are very often used for chemical plants, since they show good
corrosion resistance at high temperatures. However, arrangements have to be
made in order to achieve sufficiently high mechanical properties at these tempera-
tures. This can take place either by suitable alloy-technical arrangements or by the
employment of powder metallurgy. The latter applies particularly to the ODS super
alloys. Table 10.2 shows typical compositions of some alloys manufactured by me-
chanical alloying. Figure 10.27 shows one example of applications. However, ex-
amples of the alloy PM of 2000 can be also manufactured with nickel-based ODS
alloys, since the application ranges of iron- and nickel-based ODS alloys overlap
within wide ranges.
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Fig. 10.27 PM 1000 outer-skin honeycomb
panels, aerospace industry [2, 51].

10.6
Summary and Outlook

This chapter on PM-MMC shows the large variation in material systems and pow-
der manufacturing processes, which gives a variety of custom-made powders suit-
able for each application. Accordingly, the application possibilities are manifold.
This compilation can give only a first idea of the potential of powder metallurgical-
ly manufactured composite materials and does not claim completeness. However,
from the literature further information can be obtained, and at present the Inter-
net and its enquiry possibilities offers various starting points to obtain data about
PM-MMC. This applies both to the manufacturing methods and routes as well as
to the materials currently used. Ever more company brochures are available on-line

and permit fast information access.
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11
Spray Forming — An Alternative Manufacturing Technique
for MMC Aluminum Alloys

P. Krug, G. Sinha

11.1
Introduction

Nowadays aluminum-based materials are applied in many technical areas. Due to
its low specific weight, high corrosion resistance and outstanding technological
properties, aluminum (as pure metal) already competes in many applications with
the conventional material steel. The various economic advantages, especially the
advantages of high performance aluminum, make a convincing case for its use.

At the present time Peak Werkstoff GmbH of Velbert, Germany is leading in the
area of spray forming of high performance aluminum alloys. The processed final
products (brand name “DISPAL”) from the primary material are used in the auto-
motive industry and in general mechanical engineering. Further market seg-
ments, for example the aerospace industry, are also available for alloys from
Velbert.

Spray compacted aluminum alloys show a number of outstanding properties
(see also Fig. 11.1 to 11.5):

e high strength alloys with yield stress of 700 MPa
e high strength in combination with good fracture toughness
(strength up to 520 MPa with fracture toughness up to 120 MPa m'/?)
e high Young’s modulus up to 100 GPa
e outstanding hot resistance up to application temperatures of 400°C
o excellent wear resistance
e low thermal coefficient of expansion, adjustable via Si content
e high corrosion resistance in different media
¢ good deformability on conventional machines
e trouble free recycling

The properties mentioned can only be realized by powder metallurgical (P/M)
techniques, which belong to the rapid solidification category. After DIN the pow-
der metallurgy is assigned to the technology of melting and casting, either the con-
ventional P/M technique or the advanced powder metallurgy.

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
Edited by Karl U. Kainer.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 3-527-31360-5
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Fig. 11.5  Coefficients of thermal expansion for DISPAL materials in comparison
with those of other aluminum alloys.

The aim of the conventional P/M technology is to manufacture parts or assem-
bled units as close to the final geometry as possible. The new powder metallurgical
techniques have the aim to develop innovative materials, capable of replacing con-
ventional materials in a widely diversified application area. In fact tailored materi-
als can be created which are recommended for special applications.
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11.2
Spray Forming

Regarding the economic and technical advantages, spray forming, as a consequent
development of conventional powder metallurgy, is very important. The funda-
mental technical background is an extreme quench speed (Fig. 11.6) during the so-
lidification of high alloyed and high overheated alloys in the range of 10* to
10*Ks™.

Extrusion Spray forming Parde atomization

Cooling speed

Fig. 11.6 Various melt processing methods and their classification with respect
to quenching rates.

The resulting structure at this high quench rate shows a monomodal distribu-
tion of very fine primary silicon crystals and intermetallic precipitations (Fig. 11.7).

The manufacture of high strength aluminum alloys is achieved by the alterna-
tion of hardening and solidification mechanisms of traditional precipitation hard-
ening with dispersion strengthening. Furthermore, the transformation from brit-
tle, hypereutectic aluminum cast alloys into ductile wrought alloys succeeds by rap-
id solidification. All available aluminum alloys within the possible alloy spectra
show at least one property, or one property combination, which is not represented
by conventional casting techniques. These properties are, as mentioned already:
high strength, wear resistance, hot strength and high Young’s modulus.



11.3 Techniques

Fig. 11.7  Microstructure of alloy AlISi20Fe5Ni2, “as cast” and “as sprayed”.
(a) as cast 50x; (b) as cast 200x; (c) spray formed 200; (d) spray formed 500x.

11.3
Techniques

11.3.1
Rapid Solidification (RS) Technique

The so-called RS technique is applied with gas atomization. The melt beam of a
highly overheated metal melt is atomized by a cooling gas (nitrogen, air). The re-
sulting molten droplets are cooled down very quickly by the cooling gas; the over-
saturation condition within the powder particle is frozen in. Dispersoids of inter-
metallic composition, which are necessary for the hot strength of the material, are
formed at the same time. Pre-compacting of the gas atomized powder is achieved
by cold isostatic pressing (CIP). The complete consolidation takes place by extru-
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sion. During this process step, adjacent powder particles are sheared off against
each other and rewelded on the newly developed surfaces.

If a later application makes it necessary, further intermediate steps like encapsu-
lating of the CIP billets in aluminum cans, degassing, hot pressing and stripping
down can be applied. Gaseous impurities or humidity are thereby removed from
the particle surface, leading to minor property increase.

11.3.2
Spray Forming Technique

Spray forming can be considered as a further development of atomization. Spray
formed (spray compacted) materials differ from the RS atomized alloys in the ex-
tremely low gas content in the form of hydrogen due to the inert gas atmosphere
(nitrogen) during the spray process. This extremely low hydrogen content means
that the spray formed materials are weldable by fusion weld techniques. The pure
atomization technique is identical to the RS technique. Because the semi-finished
product is in the form of a compact billet, cold and hot isostatic pressing is not ap-
plied at the spray forming stage, which is different to the RS technique. Figures
11.8 and 11.9 show the scheme of a spray forming plant, as is applied at the PEAK
Werkstoff GmbH for special alloys and development concepts. From the Tundish
the melt is dispensed onto the two atomization units. The melt is atomized by ni-
trogen and the resulting drop spectra is accelerated onto the sample. The impinged
droplets solidify at the surface and little by little a structure grows, forming an al-
most perfect cylindrical bolt by constant rotation round the vertical axis and a con-
tinuous downward withdrawal rate.

Cast crucible
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Billet

Ring nozzle
(Atomiser)

Spraying
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Overspra
e Fig. 11.8  Schematic overview of the spray

forming unit.
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Fig. 11.9  Spraying chamber (schematically shown).

11.33
Melting Concept

For large volume production it is recommended to use specially designed spray
forming units for a specific alloy. The disadvantage of this is that if there was an
unexpected alloy change at the plant this would lead to an extensive service pro-
cessing time. The manufacturing plant in St. Avold, France consists of a 1.2 t in-
ductive melting furnace, a 2.5 t holding furnace with a flanged fore-hearth and the
actual spraying chamber.

The melting furnace is filled from a container by a tilting apparatus. From there
the molten metal is transferred via a launder into the holding furnace. The com-
plete unit is situated on load cells to record and control continuously the data relat-
ed to the metal. By controlled pressure increase in the holding furnace the molten
metal is forced into the fore-hearth. The PEAK Werkstoff GmbH runs two serial
spray forming units and one F & E spray forming unit.

For spray forming the holding furnace is moved in the direction of the spray
chamber and the fore-hearth is docked onto the spray chamber. The pressure of
the fore-hearth on the spray chamber can be adjusted by load cells in the hydraulic
cylinders, therefore absolute impermeability can be guaranteed and the sealing ele-
ments are not mechanically destroyed.

The most important feature of the holding furnace is the pressure control. Using
that, it is possible to keep the bath level constant during spraying, independent of
the furnace filling level. A constant bath level is a mandatory condition to control
the rate of metal flow accurately. This happens by a continuous increase in the
overpressure within the holding furnace at a speed which corresponds exactly with
the rate of flow. The measured bath level, taken by a float lever in the fore-hearth,
is used as the actual value for control. At the end of the spraying process the pres-
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sure is reduced only as far as to ensure that the applied foam filter in the fore-
hearth is just still wetted by the molten metal. This is important for a long service
life of the filter. Furthermore, the cleaning effort of the fore-hearth is thereby con-
siderably reduced.

11.3.4
Atomisation of the Metal Melt

In general there is a difference between a single atomizer and multilevel atomiz-
ing. Especially with spray forming plants in production standards, as at PEAK
Werkstoftf GmbH, the multilevel atomization is limited to a twin atomizer, see Fig.
11.10. The nozzle units, consisting of the atomizer, the primary- and secondary
nozzles are identical for each process.

Melt distributor

o Primary nozzle

Primary gas stream

Secondary nozzle
Secondary gas nozzle

Pendular movement of the secondary nozzle
Diffusion point
Diffused liquid stream

Rotating plate
to be lowered

Fig. 11.10  Schematic structure of a twin atomizer.

11.3.5
Nozzle Unit

The atomization unit applied in spray forming is a two-stage arrangement, consist-
ing of two concentric gas ring nozzles, the primary gas nozzle and the secondary
gas nozzle. New ceramic funnels are inserted in the primary gas nozzle for each
spraying run. The task of these nozzles is to avoid direct melt contact with the steel
ring nozzles and their retainers.

Primary and secondary gas nozzles are fixed tightly at the nozzle retainer, at
their feeding connection the feed-in of the primary gas, or rather secondary gas,
takes place.
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11.3.6
Primary Gas Nozzle

The primary gas, which surrounds the discharging concentric melt stream, leads
the jet through the secondary gas nozzle up to the atomization point. Furthermore
a widening of the melt stream is avoided, so that the formation of enclosed recircu-
lation zones near the nozzle area is prevented. In the case of such “flow dead are-
as”, a pre-diffusion of the melt would take place. Enclosed recirculation zones are
avoided by sufficiently high primary gas pressures. The open jet effect developing
during the emission from the atomizer, with the formation of a low pressure area
between primary and secondary gas nozzle, is mainly compensated for by the pri-
mary gas stream. A constant gas pressure of the primary gas stream is an impor-
tant contribution to good flow behavior.

11.3.7
Secondary Gas Nozzle

The secondary gas nozzle, also called the atomizer nozzle, is responsible for the
atomization (diffusion) of the melt stream. The secondary gas, which flow through
holes arranged concentrically at a certain angle, destroys the guided melt stream at
the atomizing point. This point is a few centimeters below the secondary gas
nozzle.

During the impact of the secondary gas stream on the melt stream, an impulse
transmission occurs. A spray cone builds up, whose particle spectrum consists of
particles varying in size from 1 to 400 pm. The shape of the spray cone formation
is dependent on different spraying parameters, for example the nozzle geometry,
the pressure and speed relation and the gas / metal ratio.

Besides diffusing the melt stream, the secondary gas has a further function to ac-
celerate the diffused droplets onto a substrate, which is situated in the center of the
spraying chamber, and to cool down the droplets before impact. Figure 11.11

l “—— Molten particle

Solid particle

e Deposit level solid/molten

Substrate

Substrate plate

Fig. 11.11  Model of particle deposition.
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shows schematically the structure of a spray formed billet, the structure of the de-
posit layer is also shown.

The particles, which experience a sufficiently high impulse, (i.e. which have a
certain mass at a relevant speed) spray directly onto the substrate. Particles, for
which the impulse is too low, follow the gas flow and are sprayed far out. This pow-
der is called overspray powder and is sucked off the spraying chamber. Due to the
particle size spectrum of the atomized melt stream, the solidification state of the
particles is different at the impact.

Investigations have shown that 80% of the atomized droplets are solidified be-
fore impacting. Due to the low mass after diffusion, energy, in the form of heat,
has been taken from these particles, corresponding to the flight time. These parti-
cles impact as solids on the deposit layer. The remaining 20 % of the diffused drop-
lets impact in the form of a semi-solid or liquid phase on the deposit layer. These
droplets cannot release their latent heat and cool down quickly enough; therefore
they do not solidify completely during the flight. This part is of great importance
for the actual spray forming process. The impacting and solidified particles on the
deposit surface are compacted by particles in the liquid or semi-solid state.

In this process the annealing effect in the deposit level is of great importance for
different alloying systems. To reach an appropriate billet structure, the liquid part
of the top billet area should not exceed a certain thickness.

The substrate is set in rotation after the start of the process to build up a cylindri-
cal body, the so-called spraying billet. The cooling path of the diffused particle
(spraying path), i.e. the path which the particle follows before hitting the deposit
surface, is kept constant over the spraying time. To realize that, the spraying plate
is constantly lowered.

Billets of diameter from 150 to 400 mm with a maximum length of 2500 mm can
be manufactured nowadays, dependent on the unit design. A spray formed billet in
its usual dimension has a weight of approximately 450 kg, see Fig. 11.12. The den-
sities of spray formed billets obtained are above 97 % of the theoretical density of
the operated alloy. The residual compression of the material takes place by a sub-
sequent deformation.

The total annual production of currently available spray forming plants, depen-
dent on the peripheral devices, is 3500 tons.

Spray forming was developed in the 1960s by the company Osprey Metals Ltd. of
Neath, Wales (UK). Fundamental research on spray forming was carried out on
different metal systems. Nowadays spray forming plants exist Europe-wide for iron
alloys, copper alloys and aluminum alloys. The main focus of the Osprey Patent is
not only the rigid nozzle unit to build up spray formed bodies, but also the combi-
nation of static and scanning nozzles.

In the spray forming of billets, as manufactured at the PEAK Werkstoff GmbH,
the static nozzle unit is aligned to the deposit edge, the scanned nozzle unit moves
around the area of the deposit radius. Induced by different peripheral speeds by the
deposit radius, the scanner nozzle additionally scans a speed profile. Continuous
supply of a well defined amount of atomised material per billet rotation is a basic
condition.
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Fig. 11.12  Spray formed billets of PEAK
Werkstoff GmbH.

11.3.8
Plant Safety

Handling aluminum powder requires special precautions with regard to explosion
protection. The resulting overspray powder during spray forming is categorized as
fine powders with an average particle size of less than 50 pm and needs special
consideration with respect to dust explosions.

A dust explosion of overspray particles can take place, if the following three condi-
tions are met:

e presence of a critical powder—air mixture, as from 60 g m™
e minimum ignition energy from 25 to 50 m]
e presence of oxygen at a level of 7-9%

The smaller the particle size of the overspray powder, the lower the minimum ig-
nition energy to start an explosion. To avoid a dust explosion at least one of these
factors must be eliminated. Thus oxygen is not present in the spraying chamber;
the atomization of the melt takes place using nitrogen. The need for the absence of
oxygen was taken into account during the conception of the total plant to ensure ex-
plosion protection. Thus a high safety standard can be guaranteed.

The complete spraying chamber is gas-proof, including the spraying chamber
door. Therefore a reaction of the overspray powder with oxygen in the atmosphere
is avoided. In case of any leaks, the nitrogen overpressure in the spraying chamber
provides an escape of nitrogen rather than the ingress of oxygen into the spraying
chamber. A closed circuit cooling within the double wall spraying chamber with
noncorrosive cooling oil prevents thermal deformation and thus possible leaks. An
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explosion panel in one of the spraying chamber walls acts as a rated break point,
which dissipates released energy in the case of a dust explosion. The operational
safety of the plant is controlled by numerous sensors and measurement devices
over the entire spraying process. Upon falling below, or exceeding, fixed critical
values, corresponding messages are given and if necessary the complete plant op-
erates automatically in an emergency stop loop.

11.3.9
Re-injection of Overspray Powder

The resulting overspray powder during spray forming per spraying run is classed
as “waste product”, which limits the degree of efficiency of the total process to a
maximum of 65 %. The technique of re-injection of overspray powders is based on
the idea of bringing the powder back into the spraying process and thus increasing
the efficiency of the plant. For economic and quality reasons, the idea of remelting
the overspray powder is ruled out. The only possibility to use the overspray powder
again is to inject it into the melt stream.

Before injection the overspray powder is classified; only a specific size of pow-
ders can be brought into the melt stream.

For safety and quality reasons the total classifying process, as with the spraying
process, runs in a protective gas atmosphere. Because of transport problems of the
powder due to the occurrence of overpressure in the spraying chamber, special in-
jectors for the injection of the overspray powders have been developed.

11.3.10
Functional Ways of Injecting for Re-injection

Injectors for the re-injection of overspray powders work complying with the laws of
the pneumatic transport, see Fig. 11.13. To avoid powder deposit the transported
powder is always in abeyance in the transport pipes. The speed of the transport gas
is therefore higher than the speed of the powder particles. Powder deposits in pipes
would lead to temporary intermittent transport cycles of each powder package and
consistent melting of the injected powder in the melt stream could no longer be
guaranteed; nonmelted powder nests would arise within the spray formed billet.

Delivery piping
QG : Flow direction
: ] a H . QP - - n L “ II

Speed transport gas > Speed particle
Q, = Mass flow powder
Qg =Mass flow transport gas

Fig. 11.13  Principle of pneumatic transporting.
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The sieved overspray powder is filled into a stainless steel container and set on
the particle injectors. The particle injectors are equipped with a differential dossier
carriage to always supply (inject) the same amount of powder into the transport
pipes over the duration of the spraying process. The powder injected is directly
brought into the primary gas flow over the transport pipes. The powder particles
hit the atomized melt stream at the diffusion point and after melting they are ac-
celerated onto the spraying plate.

Metallographic investigations of spray formed billets show no difference to com-
mon sprayed billets. The injected overspray is melted up to 100 %.

11.4
Materials

11.4.1
Spray Forming Products for Automotive Applications

Hypereutectic aluminum silicon alloys with very high silicon contents, which can-
not be handled by conventional casting techniques, show excellent tribological
properties. Quasi-MMC materials are produced by the primary crystallization of
silicon. The high cooling velocity, which can be found during spray forming, en-
ables an even contribution of fine primary silicon crystals in the size range 1-5 pm.
In normal castings the largest portion of silicon occurs in the eutectic and does not
contribute to tribological behavior. Spray formed, hypereutectic Al-Si alloys, which
precipitate all silicon in the form of primary crystals behave in a completely con-
verse way [5].

Cylinder liners of PM aluminum are one example of using a spray formed com-
ponent in series production. DaimlerChrysler AG and PEAK Werkstoff GmbH
have developed spray formed Al liners for application in V-engines as well as in in-
line engines of the DaimlerChrysler AG in a joint project (Fig. 11.14).

The spray formed billets are thereby extruded to thick walled tubes in one hot
forming process, the indirect extrusion of seamless tubes is carried out using a
mandrel. The extruded tubes are hot swaged to thin walled tubes in a subsequent

Fig. 11.14 High pressure die cast
crankcase with cylinder liners of the
spray formed alloy AlSi25Cu4Mg [6].
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deformation process. There they reach their final dimensions of inner and outer
diameter. After cutting to length and chamfering, the surface is activated by grit
blasting with corundum, which guarantees an excellent metallurgical bonding
with the cast alloy of the crankcase during high pressure die casting.

Spray forming technology is the only serial technique which allows, in situ, a
high amount of primary silicon in the alloy. Alloys with contents up to 35 wt % sil-
icon can otherwise only be obtained by expensive conventional P/M methods.

11.4.2
Spray Forming MMC Materials

Spray formed aluminum materials can be further optimized by inducing a second
phase. By injecting hard materials, particle reinforced aluminum alloys can be
manufactured. Due to their high stiffness and strength parameters compared to
nonreinforced materials these are of great interest for lightweight construction,
even at slightly higher density, see Fig. 11.15. Furthermore the wear resistance can
be increased significantly by the addition of hard phases, even harder than silicon.
Especially when ductility is demanded in combination with high strength and wear
resistance, silicon-containing spray formed aluminum alloys do not reach the de-
sired properties; the ductility is significantly reduced due to the high silicon con-
tent. AlI-Cu-Mg alloys could be used but they exhibit a poor wear resistance. The
desired properties can be achieved by addition of wear resistant particles.

There are a large number of particles possible, like for example silicon carbide
(SiC), silicon dioxide (SiO,), titanium carbide (TiC), aluminum oxide (Al,Os) or
boron carbide (B,C). SiC was used in pre-investigations due to its ready availabil-
ity, especially since a cheap and reliable alternative technique to produce SiC rein-
forced aluminum alloys was sought. This technique is supposed to replace the
more expensive powder metallurgical manufacturing route of the pre-material of
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Fig. 11.15  Al-MMC materials, Young’s Modulus in dependence on the SiC content.
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turbine guiding vanes. Tests have been carried out on two different grain sizes so
far. Figure 11.16 shows scanning electron microscopy (SEM) images of both SiC
powders.

However, injecting of such highly abrasive hard material cannot be realised with
common particle injectors. Due to the relatively high transport speeds damage of
all powder touched parts would take place. Furthermore, powders with a very small
diameter (<40 pm) are difficult to transport due to their affinity to agglomerate and
thus block nozzles and transport pipes. This causes an uneven entry of particles,
which is expressed by a heterogeneous contribution in the structure. As an alterna-
tive powder pumps can be applied to transport abrasives as well as small particles.

The PEAK Werkstoff GmbH has developed, in cooperation with the Swiss com-
pany DACS, such a turn key, production proof powder transport pump especially
for SiC powder. The principle of powder transport pumps is based on the “trans-
port of powder packages”, that means only small powder clumps are transported
over small distances. As Fig. 11.17 shows, the amount of hard material to be trans-
ported is controlled by a defined, time-controlled pressure decrease and not by a
constant gas velocity. This powder transport is realized by a small powder cavity,
which is evacuated by a vacuum pump. The produced underpressure is able to

Fig. 11.16  Silicon carbide, SiC F500 with dso=15 pm and SiC F1000 with dso= 5 pm.

Delivery piping
= Flow direction
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Powder transport is determined by the pressure!
Speed transport gas = Speed particle

Fig. 11.17  Sketch of the principle of powder package transporting.
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suck a powder clump of approximately 1 g into the cavity. A membrane protects the
vacuum pump against pollution from the transported particles. Afterwards a pres-
sure impulse is given to the powder cavity and a valve of the transport pipe is
opened at the same time. This procedure is repeated several times per second, de-
pending on the desired transport rate. The skilful overlaying of several alternating
cavities effects a quasi-continuous powder transport, see Fig. 11.18.

By applying this transport principle a homogeneous injection of hard material
can be achieved. Figure 11.19(a) shows a structure, which is processed with com-
mon hard material injectors. The inhomogeneous contribution of SiC particles is
clearly seen (by image analysis systems marked for better recognition). A further
phenomenon is also clearly seen. The original drop size can be determined by dec-
orating their original surface. Again that means that the impulse of the pneumatic
transported particle is not sufficient to inject the molten droplets and to achieve
mixing before compacting. It should also be mentioned, that particle size, spraying
parameter (especially gas/metal ratio) and of course the desired volume concentra-
tion of hard materials have an influence on the resulting structure. It should be
possible to adjust these parameters so that a homogenous structure can be ob-
tained, see also Fig. 11.19(b).

Delivery rate
_ Pump 1

E—
| I | } | | alternating

B B

{ Total delivery rate

Time
Fig. 11.18  Alternating principle of continuous transporting.

Fig. 11.19  Distribution of SiC particles in the microstructure: (a) inhomogeneous,
former drop sizes decorated by particle; (b) homogeneous particle contribution
by using a powder pump.
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Fig. 11.20 Application of AI-MMC material as turbine guiding vane.

Spray forming in combination with powder transport provides a production
method for aluminium-based MMCs at low maintenance cost and therefore suit-
able for serial production. Further tests with different parameters, powder sizes
and types are necessary to ensure uniform properties batch by batch. In coopera-
tion with Thyssen Automotive and Rolls Royce, within a BMBF funded project, the
possibility has been validated using a demonstrator part (turbine guiding vane).

Acknowledgement

We would like to thank BMBF for kind support of the funded project “Entwicklung
geschmiedeter Leitschaufeln aus partikelverstirktem Aluminum-Matrix-Verbund-
werkstoff (Al-MMC) fiir zivile Hochleistungstriebwerke”, Number 03N3090B.

References

1 R. Michler, Diss. ETH Nr. 10332, 1993, 4 DIN 8580, Fertigungsverfahren,
p. 72. Einteilung, 1976.

2 ].T. Stanley; Properties Related to Fracture 5 W. Kurz, D. J. Fisher, Fundamentals of
Toughness; ASTM STP605, 1976, Solidification, Trans Tech Publication Ltd.,
pp. 71-102. Switzerland, 1989, p. 110.

3 O. Beffort, Diss. ETH Nr. 10289, 1993, 6 P. Stocker, F. Riickert, K. Hummert,

p. 102. MTZ 58, No. 9, 1997.

293



12
Noble and Nonferrous Metal Matrix Composite Materials

C. Blawert

12.1
Introduction

Composite materials based on noble metals such as silver (Ag), gold (Au), plati-
num (Pt) and nonferrous metals such as copper (Cu) and nickel (Ni) are predomi-
nantly used for electro-technical applications. In some cases certain properties e.g.
thermal expansion, thermal and electrical conductivity, or property combinations,
like good conductivity at high strength must be obtained and cannot be achieved by
a single material. In other cases pure metals and alloys may reach their application
limits because of high thermal and mechanical loads. In these cases composite
materials are often used to extend application areas and limits.

The predominant application of composite materials with a noble and/or non-
ferrous metal matrix is in the area of electrical contact and bimetal materials. Fur-
ther applications, particularly of layer composite materials are in jewellery and as
wear and corrosion protection layers.

12.2
Layer Composite Materials

For layer composite materials a large variety of deposition or coating processes and
substrate/layer combinations exists. Even restricting ourselves to noble and non-
ferrous metals as substrate and/or coating materials, a detailed description of the
various processes and coating is beyond the scope of the present chapter. For
decades copper or its alloys have been combined, by plating or pressure welding,
with steel or nickel alloys to give corrosion resistant construction materials and
with aluminum or aluminum alloys to give conducting materials. Copper and
nickel are used for coin plating [20]. The production of slide bearings is done by
composite casting; rolled gold doublé is produced by pressure welding gold alloys
onto less noble substrate materials (silver, copper, brass, bronze, nickel); steel is
coated with tin, aluminum or zinc by melt immersion processes; nickel, copper

Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace Engineering.
Edited by Karl U. Kainer.
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and chromium are often galvanically deposited and with plasma processes nearly
unlimited layer combinations can be deposited. An overview of the different depo-
sition processes and layer types is given by Pursche [40]. In the following are con-
sidered mainly layer composite materials, in which a second phase (usually non-
metallic) is embedded in the layer, thus forming a composite for itself.

12.2.1
Contact- and Thermo-bimetals

The most important properties of contact materials are the contact resistance, con-
tact wear (abrasion, migration of material, burn-off), weldability, reliability and life-
time of electrical contacts. They can be influenced by suitable selection of the con-
tact material. For applications in low voltage technology, pure metals (silver, gold,
platinum) and/or their alloys are often sufficient as contact materials. For applica-
tions in high voltage technology, particle composite materials (silver/nickel and sil-
ver/cadmium oxide) are used besides certain alloys (for example hard silver) [1].
The contact material is then bonded by a suitable joining process to a suitable con-
tact holder material (usually copper and/or copper alloys), see Fig. 12.1. The bond-
ing is often obtained by weld plating, soft or hard brazing.

Thermo-bimetals are layer composite materials in which an active component,
with a high thermal expansion coefficient, is joined to a passive component, with a
low expansion coefficient (with or without intermediate layers). Additional surface
coatings can be applied for corrosion protection. The intermediate layers (copper
or nickel) are used, in order to reduce the resistance at higher currents. As a pas-
sive component Invar alloy (iron with 36 % nickel) is often used, because of its very
low expansion coefficient of 1.2x107¢ K™ at 20°C. Alloys with higher nickel con-
tents are used for more constant expansion coefficient at higher temperature. The
Invar effect is not only found in the iron—nickel alloys but also in further systems,
such as Fe-Pt, Co—Cr-Fe, etc. However, for economical reasons FeNis;Co,,
FeCo,4Ni,Crg and CoFe;,Cr, alloys are predominantly used. In many cases the ac-
tive component is an austenitic steel with nickel contents of around 25 wt% and

Fig. 12.1 Typical layer composites — contact bimetals (left to right Ag/Cu/CuNiy,,
Ag/CuZn,g and AgCdO/AgCd/Cu [1].
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chromium contents of 3-10 wt %, which can be replaced alternatively by Mn. Man-
ganese alloys with copper and nickel contents of approximately 10-20 wt% each
are another alterative. The material selection is based on the thermal expansion be-
havior, on the melting temperature (>1000°C) and Young’s modulus (>100 GPa),
so that, in principle, only the alloys mentioned above are used (Fig. 12.2). The indi-
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Fig. 12.2 Relationship between melting temperature and coefficient of expansion of metals and alloys [1].
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vidual components are combined to the thermo-bimetal by cold-rolling or roll
welding [1].

Further applications in electric engineering are magnetostrictive bimetals made
from nickel/iron-nickel layer composites, spring materials for switching and con-
tact springs. For the latter good spring characteristics and good conductivity are ob-
tained by plating the conductor, e.g. CuCrZr with a high-strength alloy such as Cu-
Ni,oMn,, [2]. Other applications are cladded wires. The materials for the cladded
wires are selected, depending on the application, and range from copper cores with
noble metal-, steel- and nickel-cladding and vice versa.

12.2.2
Wear-protection Layers with Embedded Ceramic Particles

These dispersion layers are often deposited galvanically from electrolytes, which
contain a certain quantity of highly dispersive powders. The dispersoids are held in
suspension by mechanical stirring, air injection or ultrasound. When applying
electric current (voltage) the metal deposits at the cathode (work piece, to be coat-
ed) and the dispersoids are embedded into the metal matrix simultaneously. As
disperse phases, wear-resistant components such as boride, carbides, nitrides etc.
and self-lubricating components such as graphite can be inserted. Depending on
the selection of the matrix, embedding components and the composition of the
layer, certain properties of the layer such as hardness, strength, wear, corrosion be-
havior, electrical conductivity etc. can be adjusted and controlled.

Nickel-based dispersion layers are often used, because nickel behaves inertly
with respect to most solid additives and layers can be relatively easy deposited.
Nickel layers with nonmetallic hard phases (SiC, BN, WC, Al,O; etc.) are used for
wear applications and because of their good heat resistance. Nickel-chromium
multilayer systems provide increased corrosion resistance and self-lubricating
characteristics are obtained (good running-in, dry running properties and low co-
efficients of friction) by embedding MoS,, graphite or boron nitride into the layer.
Ni-SiC dispersive layers are applied in engine construction for the coating of cylin-
der contact surfaces (aluminum cylinders and/or liners) [42, 44]. Dispersion layers
can be also used in order to transfer selected forces by friction. Here Ni-diamond
layers are used, e.g. for coated rotors for open end spinning (textile machines), or
for locking devices of round tables of numeric control processing machines [43].

Dispersion layers based on copper are often used with self-lubricating proper-
ties. Copper corundum dispersion layers are the classical example for good me-
chanical properties and increased recrystallization temperatures. Dispersion rein-
forced silver layers have a higher hardness and wear resistance, improved anti-fric-
tion characteristics and a large resistance to spark erosion compared to solid-free
silver layers. The solid reinforcements are mainly corundum (Al,O;) and/or other
oxides, but solid lubricants are also used e.g. for prevention of welding of silvered
contacts [4].

While the integration of microscale particles is state of the art, and industrially
relevant applications have been developed (e.g. Ni-SiC, NiP-diamond, Ni-PTFE,
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Fig. 12.3  n-Al,O;-particles in a nickel
layer [22].

Ni-Co—-Cr,0;) [10], the integration of nanoparticles is still under intensive research
(Fig. 12.3). A necessary requirement is optimal particle dispersion in electrolytes as
well as a uniform particle distribution in the layer. The following nanoparticles
have been deposited successfully in nickel layers so far: Al,O; [11, 21, 22, 25, 23],
Si0, [25], TiO, [25], SiC [11], diamond [11]. Lead dispersion layers have also been
deposited with SiO, and TiO, embedded [25].

Spray coatings reinforced with hard phases are state of the art for the improve-
ment of the wear characteristics [26]. However, the choice of reinforcement com-
ponents is limited due to thermal decomposition and/or reactivity with the matrix
metal. For example, in thermal spray processes the decomposition of SiC particles
cannot be prevented completely. A possible alternative is under investigation to
lower the reactivity of Ni alloys by saturating silicon and carbon in solid solution
[9].

Furthermore, multifunctional layers and layer combinations can be manufac-
tured with the help of the modern plasma and vacuum technologies. A recent ex-
ample of the efficiency and applicability of these technologies is given in the fol-
lowing. Silver, lead, MoS, and WS, are candidates for solid lubricants in vacuum
applications. In order to increase the wear resistance, and lower the coefficient of
friction, additional hard phases can be embedded. By simultaneous deposition of
silver (by magnetron sputtering) and TiC (by pulsed laser deposition) such com-
posite layers can be easily manufactured [41].

12.3
Particle Reinforced Composites

To the particle reinforced composites belong the large group of dispersion-hard-
ened materials from which a special form or rather manufacturing process was al-
ready introduced in the above section on dispersion layers. In order to obtain opti-
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mal properties, the second phase (oxides, carbides, nitrides, silicate, boride, insol-
uble metals or intermetallic components) should be fine and homogeneously dis-
tributed, since the mechanical properties are influenced by the particle size and the
distance between particles. Additional requirements are a low, or even better no
solubility in the matrix, a high melting temperature and high hardness, so that the
properties, once adjusted, remain even at higher temperatures.

In other particle composite materials, the hardening can play a subordinate role
and the second phase takes over another function, as for example, the reduction of
the burn-out with silver-nickel contact materials, or the change in the wear re-
sistance of sliding bearing materials (e.g. by embedded solid lubricants or hard
phases).

The particle reinforced composites are often processed by powder metallurgical
routes (see also Chapter 10), e.g. by mixing and compacting powder mixtures in
different ways. By mechanical alloying already dispersed powders are produced
due to intensive milling of metallic powders and dispersoids. Composite powders
e.g. AgSnO, can also be precipitated from solutions by chemical methods [14], or
powders can be coated using CVD processes (fluidization process) [30]. Frequent-
ly used processes for compaction are extrusion, hot-pressing, hot isostatic press-
ing, powder forging and powder rolling. Some material combinations can be pro-
cessed to compact materials in one single step; others are only pre-pressed and sin-
tered afterwards, with or without pressure, to a compact composite. Nowadays
spray forming is often used to avoid difficult and intricate powder handling (see al-
so Chapter 11). To the metallic powder produced in the spraying process, particles

\ [ E.' : '\._\/l 15_—-{ A Fig. 12.4 Oxidation front in an AgCd2
L o alloy [1].
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are added directly and deposited together in a semi-solid condition on a substrate.
Usually the material will be further compacted in an additional processing step
(e.g. extrusion), in order to remove or reduce porosity. Particle reinforced compos-
ites can also be produced by melt stirring and by melt infiltration of preforms.

Noble metals with high oxygen solubility, which contain certain alloying ele-
ments with high affinity to oxygen, offer another elegant way to manufacture par-
ticle reinforced composites. The diffused-in oxygen can react with the alloying ele-
ments forming fine dispersive oxides in the noble metal matrix. This process is
called inner oxidation and is often used for silver alloys with small additions of cad-
mium, aluminum, magnesium or indium to obtain a dispersion hardening (Fig.
12.4). By the use of atomic oxygen, produced in a glow discharge of oxygen gas, the
inner oxidation can be accelerated. Further possibilities to enhance oxygen up-take
exist by sintering porous metal powder preforms in an oxygen atmosphere [1].

Nonferrous and noble metal matrix composites are available with a large num-
ber of matrix/particle combinations. Thus the range of possible applications is
rather large:

« zirconium oxide dispersion-hardened platinum for devices of glass production
[1,16]

- oxide-dispersion-hardened nickel alloys (Ni-Y,O5) for high heat resistance, oxi-
dation and corrosion resistance [28]

« aluminum oxide dispersion-hardened copper for conductor materials with in-
creased strength and good long-term strength behavior (resistance welding elec-
trodes, commutation segments, bases for high-power transmitter tubes) [1]

« inner oxidized silver magnesium and silver manganese alloys for conducting
spring materials [1]

« electrical contact materials (copper—graphite, silver—graphite, tungsten—copper,
molybdenum-—copper, silver—nickel, silver-tungsten, silver-molybdenum, sil-
ver—cadmium oxide and, for higher joining security silver with copper, tin or
zinc oxide) [1, 2, 15, 28, 35, 36]

« heat sinks, heat conductors and carrier plates made of WCu or MoCu composite
materials for electronic components [28, 29]

- dispersion-hardened electrode materials made of copper with embedded car-
bides and oxides [18, 20]

- dispersion-hardened copper (materials C15715, C15725 and C15760 after UNS-
list, USA) by internal in situ oxidation of aluminum alloy components [18]

- spray formed copper composites for sliding elements, welding electrodes, wear
resistance components or materials with optimised chipping behavior (Cu-C)
19, 20].

One of the most important new developments in the last decades is the contact ma-
terial Ag—SnO, [39]. Ag-SnO, composites should increasingly replace the Ag—CdO
composites. To adjust the higher stability of SnO, compared to CdO (SnO, evapo-
rates at a substantially higher temperature) and to avoid enrichment of the oxide
(isolating surface layer) at the switching surface, additives, such as WOs;, Bi,Os,
MoO;, In,0; and CuO (0.05-3 wt %) are added [14, 17].
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The development of SiC particle reinforced copper composite materials pro-
duced by powder metallurgical routes is under investigation and their use for ap-
plications in power devices (e.g. base plate of IGBT modules) are being evaluated.
By addition of titanium into the copper matrix property improvements (adhesion)
occur, but the carbide formation leads to Si impurities in the matrix, and a reduc-
tion in the heat conductivity might be the unintended result. Nevertheless, materi-
als with 40 vol % SiC are now being tested for certain applications [7].

The production and application of particle reinforced active solder for metal-ce-
ramic composites are also subject to investigation. Particles of SiC, TiC, Si;N,,
Al,O;, Zr0O,, TiO,, SiO,, C in the size range 1-20 pm are used in active solder of
AgCuTi; [13]. By use of the reinforcement the property transitions between metal/
solder layer/ceramic can be adjusted and will be more flexible.

Great improvements in thermal stability and mechanical properties can be
obtained by adding nanoparticles into copper (Fig. 12.5). By addition of 3 vol%
n-Al,O; the hardness can be increased from approx. 60 HV10 to 130 HV10 and the
yield strength from 105 MPa to over 300 MPa. A grain growth is clearly reduced up
to temperatures of 900°C [24].

Fig. 12.5 TEM image of a Cu/n-Al,O5-
composite after 8 h milling and extrusion
of feedstock powders [24].

124
Infiltration Composites

Infiltration composite materials consist of a porous frame of a higher melting met-
al, in which a lower melting metal is absorbed. The infiltration process can take
place by dipping the frame into a melt of the infiltration material (dipping infiltra-
tion) or the infiltration material and the porous substrate are heated together above
the melting temperature of the infiltration material. The high-melting component
is often tungsten, molybdenum or tungsten carbide, which is usually infiltrated
with lead, copper or silver [2].

Typical applications for tungsten—copper, and also tungsten—silver and tungsten
carbide silver infiltration materials, are highly loaded contact materials (Fig. 12.6)
[28, 35, 36], electrodes for welding machines and for processing of work pieces by
spark erosion [1]. In slide bearings, lead is infiltrated into a framework of tin
bronze [1]. Tungsten—copper and MoCu composites are also used as heat sinks for
electronic components [28].
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Fig. 12.6 Cuwodur® -contact parts (a) and Cuwodur® 75H — structure (b): gap free
transition to the copper substrate [35].

Recent work considers the infiltration of ceramic foams (AIN) and/or SiC pre-
forms by reactive infiltration and centrifugal casting. For higher loaded sliding
bearings the porous ceramic framework is infiltrated with aluminum bronze (G-
CuAl,(Ni) and tin bronze (G-CuSn,,). The materials produced by pressure-free re-
active infiltration (SiC with CuAl,,Ni) show no wear in tribological investigations,
even after several test runs, and perform better than the materials produced by cen-
trifugal casting. However, the latter is still better than a nonreinforced material [5].
Due to the smaller ceramic portion, foams can be infiltrated substantially better
and more completely by centrifugal casting compared to SiC preforms. Altogether,
centrifugal casting can be considered as an attractive process for the production of
circular composites [6].

12.5
Fiber Reinforced Composites

Similar to particle reinforced composites, a large variety of combinations of matrix
metals and reinforcement components exist. Many of the particle reinforcement
materials are available in the form of short or long fibers (see also Chapter 1). The
selection of a suitable combination has to consider the chemical and mechanical
compatibility, the required mechanical and physical properties, and not less im-
portant, the availability and the cost [1].

For production of the composites a large variety of technologies exists [1]:

« melt infiltration under pressure or in vacuum

« powder metallurgical route by sintering and/or pressure sintering
« extrusion, forging and rolling (for short fibers)

- foil plating process

« thermal spray processes (flame and plasma spraying)

« galvanic (in particular for nickel and copper as matrix) deposition
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« pressure sintering and pressure welding of metal coated fibers
« joint deformation of cladded wires
« directed solidification of eutectic alloys

For some applications in power trains, rocket technology and thermal energy con-
version, nickel and cobalt matrix alloys are used with high melting metal fibers of
tungsten, tungsten-rhenium, tungsten—thorium oxide, molybdenum, niobium
and tantalum alloys [1]. Copper reinforced with tungsten fibers is considered as a
possible coating material for combustion chambers of rocket engines [34]. Ni- and
Co-based eutectic composites for turbine blades are often manufactured by direct-
ed solidification [38].

However, the predominant number of applications is found again in the field of
electro-technology. The most well-known examples are superconductors, where
the superconducting material is embedded into a copper matrix as multifilaments.
The copper matrix transfers the current in the case of normal conduction (flux
jumps) and prevents a burning through of the conductor. The alloy Nb;Sn has
gained commercial significance among metallic materials as a superconductor. By
inserting niobium wires into an encased tube of a copper-tin alloy, followed by a
set of cold and hot deformation steps, and a final annealing, the superconducting
NDb;Sn phase is formed in the copper matrix (Fig. 12.7).

The properties of contact materials can be further increased by using fiber rein-
forcements instead of particle reinforcements. A typical example is a silver-nickel
composite (Fig. 12.8). By embedding nickel fibers into the silver matrix better
burn-out properties are attained compared to the particle reinforced variant, even
if the latter was already aligned and elongated by extrusion [1, 3, 36]. Economical
production is possible by the joint deformation of cladded wires. Further material
combinations for fiber-reinforced metal matrix composites as contact materials are
copper/palladium [2, 3] and copper/tungsten [36].

Fig. 12.7 Nonstabilized superconductor
type NS 10000 with 120x 84 = 10 080 Niob-
filaments in a CuSn matrix [31].



12.5 Fiber Reinforced Composites | 305

Fig. 12.8 Cross-section of a silver/nickel
fiber composite with 60 wt % nickel [3].

Similar improvements are obtained for silver—graphite composite materials with
a fibrous structure. To save expensive silver, copper fibers with a graphite core are
often embedded into a silver matrix. Oxidation of the copper in the arc is avoided
by a self-produced inert gas atmosphere of carbon monoxide (Fig. 12.9) [3].

Spark plug electrodes are exposed to similar loads as electrical contacts. There-
fore fiber reinforced matrix composites are also applied for the central electrode. A
corrosion resistant nickel alloy is embedded into a matrix of silver or copper, which
provides excellent heat conductivity [1].

Under development is the pressure-free melt infiltration of carbon fiber rein-
forced carbon structures (C/C) with copper titanium alloys. The fibers require a
SiC coating for successful pressure-free infiltration (minimization of the contact
angle between melt and fiber). Possible areas of application are electrical and/or
thermal conductors as well as tribological applications [8].

Copper—carbon composite materials are commercially available for “chip pack-
aging”. The carbon fabrics are infiltrated with copper and by the metal volume con-
tent the thermal expansion coefficient of the compound can be adjusted to that of
silicon, gallium arsenide or aluminum oxide, while a good thermal conductivity is
still ensured [32]. The use of copper—carbon short fiber reinforced composites for
heat sinks with an expansion coefficient adapted to the electronic components (Si,

Ag Cu C

Fig. 12.9 Localisation of the carbon monoxide protection layer around the
non-noble metal part as a result of the regular structure of an Ag/Cu/C
fiber composite [3].
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ceramic) were also the subject of investigations by Kolb et al. Hot-pressed compos-
ites with 39-44 vol % PITCH type fibers and an average fiber length of > 60 pm (as-
pect ratio: 6) are the most suitable combination for application as a heat sink [27].
Potential applications of graphite—copper composite materials (weight reduction
compared with Cu/W) are heating and cooling devices for aviation and space appli-
cation [33, 34]. However, fiber wettability, infiltration and delamination problems
are not yet solved, and newer developments aim towards aluminum oxide fibers as
a reinforcement component [37].

Another field of investigation is looking into the production and application of C
fiber reinforced active plumbs, for connecting metal and ceramics [12, 13]. The fi-
ber reinforcement is used to adjust the properties of the soldering zone over a wide
range. The active plumbs are based on silver—copper alloys, which are modified
with titanium, zirconium or hafnium, in order to wet ceramics without previous
metallization. Usually the solder material is in situ reinforced, using laminated foil
formed solder and fiber fabrics. The fiber fabrics are coated with copper for a good
wettability and infiltration of the fibers.
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