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PREFACE

In this second edition, the authors have included information about recent
developments, such as the degradation of medical implant materials and
provided some photographic illustrations of corrosion and surface coating
technologies. The purpose of the book remains the same, ie. to provide a
comprehensive view of subjects that are traditionally treated as separate, i.e. the
various forms of materials degradation and protective coating technologies.
While the established subjects of aqueous electrode theory for corrosion and
mechanical causes for wear are given adequate coverage in this book, less
familiar problems such as liquid metal corrosion are also covered. An applied
approach to the problem of materials degradation is offered to help engineering
students to appreciate the significance of materials degradation. The wide variety
of materials degradation that is found in practice, e.g. damage to polymer and
ceramics is discussed here to enable students to recognize potential materials
degradation problems in any given situation.

In industry, materials degradation of components and equipment comes in
the form of wear caused by materials processing and handling, corrosion from
process chemicals and natural water and fracture from fatigue and shock
loading. In some industries, thermal and radiation damage may also be
significant. In the absence of premature technical or economic obsolescence, the
lifetime of any mechanical device is determined by which is the faster process,
wear, corrosion or fracture. Engineering students therefore need a
comprehensive view of corrosion, wear, fracture and their preventive
technologies. In most courses on corrosion, electrode theory has been
emphasized at the expense of detailed discussion of painting and other
important coatings. Most practicing engineers need to know more about
polymeric coatings and their effective use than the fine details of electrode
theory. This book on materials degradation (or corrosion, wear and fracture) and
its control is intended to help students to achieve a balanced knowledge of
materials degradation and how to control it. They should then be able to either
solve basic problems in materials or interact effectively with specialists. The lack
of awareness of materials degradation by many engineers belies its importance.
It has been known for an engineer to replace a zinc sacrificial anode with a
stainless steel anode because the zinc anode required frequent replacement. As a
consequence of this action, a large mineral processing tank became severely
corroded necessitating replacement.

The authors aim to provide the reader with a readable and generously
illustrated guide as to what is materials degradation and how it can be

vii



controlled. The nature of corrosion, wear and fracture is first described. Methods
of materials conservation are then discussed and followed by examples of actual
applications. The book is intended for final year students of an undergraduate
mechanical or materials engineering course. Postgraduate students and
professional engineers may also find the book useful.
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CHAPTER 1

INTRODUCTION

Accumulated human experience over several millennia in
the adaptation of natural materials for useful purposes has caused
the notion of materials degradation to be firmly embedded in
language and culture. The familiarity of such words as 'fracture’,
'wear out’, 'burn up' or 'rot' are evidence of the close relationship
between human civilization and materials degradation. An
instinctive appreciation of surface engineering is present in almost
all civilized peoples where the quality of a surface controls much of
the value of the object enclosed within. Common examples of this
association of value with effective surface engineering are the
emphasis given to the polishing or to the painting of mechanical
equipment. A single scratch on some new article often causes
depreciation in its financial value that is much greater than the cost
of mechanical damage caused by the scratch.

Whereas lay persons usually give priority to the subjective
significance of materials degradation and surface engineering, it is
the task of technologists to evaluate the true costs of materials
degradation and balance this against the costs of surface
engineering necessary to prevent such materials degradation.
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1.1 Definition of materials degradation

Before proceeding into a subject, which depends on an
enormous variety of information from many diverse sources, some
pertinent questions would have to be asked: What is materials
degradation? How does it affect an engineering system? What is

the significance of materials degradation in terms of engineering
performance?

From the moment that any material is released from the point of
production, it is in theory subjected to some form of materials
degradation although such degradation may not be readily
observed or measured. The rapid rusting of freshly machined steel
surfaces is a common example of immediate materials degradation.
Such damage continues throughout the lifetime and materials
degradation of any component be a limiting factor. No known
service environment provides perfect immunity from materials
degradation. Under atmospheric conditions, electrochemical
corrosion is the most significant degradation process in economic
terms. In outer space, although the absence of atmosphere
precludes corrosion, radiation damage can be severe.  Corrosion,
radiation damage and many other mechanisms all have a shared
feature of reducing the performance of engineering materials to
cause premature failure of components and devices. A simple
definition of materials degradation is that it is the consequence of a
wide range of physical processes; it is almost universal in
occurrence and is a major engineering problem.

Materials degradation imposes a cost penalty on all engineering
systems. For instance, a mechanical structure has to be constructed
with extra metal or concrete to allow for corrosion-induced loss of
strength. If such corrosion did not occur, the extra metal could be
dispensed with and the structure could carry more weight. The
corrosion ensures that a more expensive structure is required for
any given load. Wear between pistons and cylinders inside an
internal combustion engine causes leakage of combustion gases
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from inside the cylinders and the engine becomes less efficient.
Piston-cylinder wear causes a vehicle to consume more fuel per
distance travelled than would otherwise be the case. The risk of
sudden fracture of an aluminum structure necessitates frequent and
expensive preventive repair of aircraft fuselage. Further examples
of loss of performance are discussed below in this chapter.

Materials degradation can be defined in terms of loss of
performance of an engineering system. Loss of performance can
relate to many parameters, e.g. loss of reflectivity in optical
equipment caused by fungal attack. A more common example
might be the loss in mechanical strength of a structural component
exposed to a corrosive medium. For any item of equipment, there
is a critical minimum level of performance, e.g. whether a useful
image is obtained from the optical system or whether the
mechanical structure will collapse due to corrosion damage. For
the engine with worn cylinders, wear can increase the clearance
between piston ring and cylinder to such an extent that there is no
compression of combustion gases. In this case the engine can be
considered to have failed, as it will no longer be able to pull the car
or truck up the hill. A mechanical degradation proceeds at a rate
that varies with local conditions and failure occurs if the
performance declines to below the critical level. Loss of efficiency
occurs if performance declines but remains above the critical level
during the service lifetime. Referring to the previous examples of
the optical system and mechanical structure, loss of efficiency could
involve a progressive distortion of the image for the optical system
and load restrictions for the mechanical structure. This view of
mechanical degradation is illustrated schematically in Figure 1.1

Some loss of performance is inevitable unless very expensive
control measures are implemented, e.g. constructing a car from
stainless steel instead of plain steel. The objective of surface
engineering is to ensure that performance remains far above the
critical level for the entire service lifetime of the system. The
scientific study of degradation of engineering materials can be
summarized as predicting the rate of decline of performance; this is
the gradient on the graph shown in Figure 1.1. Engineering
analysis of materials degradation is directed at finding the factors
controlling this gradient and how to reduce it.
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Performance
parameter, Service lifetime
e.g. strength,
conductivity,

reflectivity.
A ctivity Initial performance

level

Progressive loss of
performance Loss of

efficiency

.\ Crtical performance
Failure Il
level

Exposure time in hostile
environment

Figure 1.1. Graphical definition of materials degradation as loss of performance
of an engineering system.

1.2 Definition and significance of surface engineering

Surface engineering is a comparatively recent term that
refers to control of problems originating from the surface of
engineering components. It is generally considered that the surface
of a component is much more vulnerable to damage than the
interior of the component and that surface originated damage will
eventually destroy the component. Most types of materials
degradation such as, wear, corrosion and fracture are usually
located at the surface of a component. As a result of this
concentration of damage processes at the surface of a component,
surface engineering is essential to control these damage processes.

A time-honored solution to the problem of materials degradation is
to try and shield the material from the hostile agent. For example,



INTRODUCTION 5

painting is a well-established example of this practice and serves to
shield a metal (or wood) from water and oxygen. The range of
techniques available to prevent materials degradation by shielding
has expanded enormously in recent years. The principal of
shielding by surface engineering is illustrated schematically in
Figure 1.2.

Corrosion damage is illustrated in Figure 1.2 but the same principle
applies to wear and surface-originated fracture.

Shielding is usually achieved by coating the material with another
substance or by generating a surface modified layer, which is more
durable than the original material. Another form of shielding is to
inhibit the chemical processes that directly control degradation.
Cathodic protection where an electrical potential is used to
suppress electrochemical corrosion of metals is an example of this
latter method. The vast majority of materials degradation problems
are, however managed by the former method of coatings and
surface modified layers. Most physical phenomena have been
applied where possible for the development of coatings and surface
modified layers. The power of an explosion has been used to
directly clad steel with a corrosion resistant layer of aluminum.
Each method of coating or surface modification has its own
advantages and disadvantages. For instance, painting may be
cheap but will it be effective when the corroding water is
substituted by abrasive aqueous slurry? A comprehensive
knowledge of the various coating and surface modification
techniques is required before an optimum or near-optimum
solution to a materials degradation problem can be obtained. A
definition of surface engineering is an informed selection of the
appropriate coating or surface modification technology and its
effective application to prevent or delay one or more forms of
materials degradation thereby improving the performance of
components and devices.
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Uncontrolled
damage to
component

Protective shield
developed by
Surface Engineering

Corrosion prevented

Protected material ,

Figure 1.2 . Graphical definition of surface engineering to control materials
degradation.

1.3 Classification of materials degradation by physical
mechanism

Almost any known natural phenomenon can cause materials
degradation. =~ Heat, light, short-wavelength electromagnetic
radiation, radioactive emissions, chemicals, mechanical stress and
interactions with bacteria, fungi or other life forms; all these can
damage materials.  Classification of materials degradation
according to its basic cause is a first step in any plan to protect a
specific material in a specific situation. A classification of the
known forms of materials degradation in as physical, chemical or
biological phenomena is illustrated schematically in Figure 1.3 as a
Venn diagram.
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PHYSICAL PHENOMENA

CHEMICAL
Heat: thermal damage _ / PHENOMENA
High-
Wear temperature Agueous Corrosion
corrosion
Fracture and fatigue Corrosion- Solvation by liquid
fracture metals
Corrosive-
Creep
wear _ Reaction with organic
Radio-activity: neutron Photo-chemical | sojvents
damage
bombardment

Accelerated
wear and fracture
of metals inside
the human body

Bacterial
corrosion

of cements
and metals

BIOLOGICAL PHENOMENA

Consumption of wood by termites
and marine worms. Consumption of polymers
by rats.

Figure 1.3. Classification of the various types of materials degradation in terms of
physical, chemical and biological phenomena.

There are three basic categories of materials degradation, physical,
chemical or biological in origin. Physical origin refers to the effect
of force, heat and radiation. Chemical origin relates to destructive
reactions between the material and chemicals that contact it.
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Biological origin includes all interactions between life forms and
engineering materials.

Materials degradation such as thermal damage or chemical
reactions, which are either entirely physical or chemical in nature,
coexists with combined forms of materials degradation such as
corrosive-wear. Materials degradation is an uncontrolled process
without restriction on interactions between seemingly unrelated
events. Environmental conditions also exert a strong effect on
materials degradation with the result that any given materials
degradation problem is effectively dependent on locality. As will
be shown in later chapters, there is a wide range of possible
interactions or synergy between degradation processes and
considerable care is needed to predict which of these interactions
are significant to any given situation.

An important example of interactions between degradation
processes is Corrosive-wear, which is mechanical wear that is
accelerated by chemical damage to the worn material. Biological
phenomena are either found in a pure form, i.e. organisms eating
artificial materials or in a complex form such as bacterial corrosion
where the waste products of bacteria are destructive to materials.
Biological, chemical and physical phenomena all interact in the
human body to impose severe stresses on any metal component
implanted in the human body.

Damage that depends on just one type of phenomena, e.g. physical
is easier to recognize than multi-phenomena modes of damage
such as those occurring inside the human body. Protective
measures are usually ineffective when a multi-phenomena mode of
damage is mistakenly concluded to a single-phenomenon mode of
damage. In this book, single-phenomena modes of materials
degradation are described before more complex forms of
degradation are discussed. = An example of this approach is the
prior discussion of abrasive wear and aqueous corrosion before
corrosive-abrasive wear is introduced.
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1.4 Economic and technical significance of materials degradation

How much will materials degradation cost the company or
project? What are the technical problems caused by materials
degradation? Practicing engineers and technologists need to know
the answers to these questions to ensure the success of any
engineering venture. An idea of the scale of costs incurred by
materials degradation can be obtained by trying to estimate the
value of all the engineering equipment that is currently in use in the
world. A figure reaching perhaps trillions of dollars would not be
surprising. Suppose now that materials degradation causes an
effective depreciation of 5% a year in capital value, which is a very
conservative estimate. The cost of materials degradation would
then be in the range of $100 billion to $1 trillion a year. Expert
studies have pursued this method of estimation of costs in far
greater detail and arrived at similarly high cost estimates. Friction
and wear losses alone cost about 1% of the GNP of Germany or
about 10 billion DM per annum in 1975 prices [1]. Corrosion is
estimated to impose a similar level of costs on advanced economies
with one estimate being 5% of GNP. Admittedly, the idea of a
direct cost imposed by materials degradation is simplistic in
economic terms as much economic activity is generated by
replacement of corroded or otherwise degraded components.
However, even with the beneficial effect of extra economic activity,
materials degradation represents an undesirable financial burden,
which is the task of engineers to try and reduce as much as
possible.

As discussed above, before a component or device must be
replaced because of materials degradation, some loss of
performance would have already occurred. Rusting and corrosion
can reduce the factor of safety in mechanical strength so that a
structure or component can fail unexpectedly during severe
loading. In 1989, a Boeing 747 aircraft suffered an in-flight
structural failure, which is believed to be due to localized corrosion
and metal fatigue. Fortunately, the structural failure was limited to
the loss of a door and the plane was able to land safely. Corrosion
products of pipe materials can easily become contaminants of the
fluid conveyed by the pipe. Dissolved metal emanating from the
stirrer blades of a casting system can compromise the metallurgical



10 MATERIALS DEGRADATION AND ITS CONTROL BY SURFACE...

content of the cast metal. Wear of screw threads and gears causes a
progressively increasing backlash in mechanical transmission.
This will prevent accurate location of a cutting tool or milling
cutter. Wear of cutting tools causes increased roughness and
dimensional inaccuracy on the cut material. This corruption of
mechanical performance by materials degradation must be
considered when devising reliable engineering systems.

Before the reader is persuaded that materials degradation is
entirely destructive, it should be noted that the same phenomena,
which in uncontrolled form cause damage, could also be controlled
to achieve useful results. For example, the interaction between
corrosion and abrasive wear by small hard particles is found to
polish silicon wafers much more efficiently than pure abrasion by
the hard particles alone. In this instance, the acceleration of
abrasive wear by corrosion reduces the time required to remove
machining marks from a silicon wafer surface and generate an
extremely smooth surface on the wafer. The key factor is control,
which is very costly to implement and cannot be readily applied on
a routine basis to any engineering system. This is a major reason
why materials degradation is suppressed instead of being arranged
to occur at some pre-set time. It would be economically
advantageous if a large metal structure such as a ship could be
planned to self-destruct into small manageable lumps of metal at
the end of its service life. At present, obsolete ships are manually
dismantled by large teams of workers in countries with low labor
costs. It is probable that in the future, all countries will reach
similar labor costs with no cheap labor countries. Ship breaking
will then become more expensive and impose an extra cost on ship
construction unless an alternative method is found.

1.5 Summary

Human culture has recognized the importance of materials
degradation since the beginning of civilization. Many methods of
protecting materials have been devised based on either traditional
practice or more recently on scientific knowledge. There are many
forms of materials degradation, which require a specific mode of
protection, which may not be applicable to another form of material
damage. Materials degradation causes such a high level of costs to
industry and individuals that effective counter-measures are
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essential. Damage to materials can lead to either complete failure
of an engineering system or else its loss of performance, efficiency
or accuracy.

RECOMMENDED READING

1. Research Report (T76-38) Tribologie (Code BMFT-FBT76-38),
Bundesministerium fur Forschung und Technologie (Federal
Ministry for Research and Technology), West Germany, 1976.
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PART 1: MECHANISMS OF MATERIALS
DEGRADATION

Overview

In Part 1 Mechanisms of materials degradation, the characteristics
of the economically significant forms of damage to materials is
discussed in terms of the physical and chemical processes involved.
There is a wide range of materials degradation mechanisms but all
can be classified into four basic categories; (i) by direct mechanical
action, (ii) by heat or radiation, (iii) by the presence of chemical
reagents and (iv) where two or more of (i), (ii) and (iii) combine
synergistically. The economically significant forms of materials
degradation are discussed sequentially in the following chapters
according to this classification.

13
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CHAPTER 2

M ECHANICAL CAUSES OF MATERIALS
DEGRADATION

2.1 Introduction

When the concept of mechanical causes of materials
degradation is invoked, mechanical forces are necessarily involved.
With the exception of a stationary object in a weightless
environment, there are few examples of a mechanical structure,
which does not sustain any force. Most of these forces, e.g. the
weight force are not destructive but some forces and their attendant
stresses can cause rapid material degradation and failure. Principal
examples of these destructive forces and stresses are oscillating
forces and stresses associated with fatigue, extremely localized
areas of very high stress at contact areas between solid bodies that
cause wear, internal stresses that accumulate within a material to
initiate delamination and peeling. Degradation mechanisms that
are dependent on mechanical forces, i.e. wear, fatigue and fracture
are discussed below in this chapter.

2.2 Wear

Direct experience of wear and the importance of controlling it are
probably as old as the invention of the wheel and axle. Ancient
civilizations were familiar with failure of axles by wear and devised
rudimentary lubricants to suppress the wear. Prehistoric cavemen
in northern countries probably resented the fact that their primitive
foot coverings of un-tanned animal skin were rapidly destroyed by

15
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wear. An adequate description of what wear is, i.e. its fundamental
causes and mechanisms are in contrast only a recent discovery.
A primary reason for this historical delay in understanding, is that
the collection of experimental evidence of wear mechanisms relies
on sophisticated microscopes and surface profilometry, which were
only developed not so long ago.

Wear appears to be an inevitable consequence of relative motion
between solid bodies and is fundamentally related to the nature of
contact between solid bodies. Profilometry studies have revealed
that almost all surfaces of solid bodies are rough where perhaps the
only known exception are perfectly cleaved faces of single crystals.
Artificial smoothing and polishing of a surface only reduces the
scale of roughness and cannot create a truly smooth or planar
surface. Surfaces of real objects are composed of an irregular series
of peaks and troughs and when two solid bodies are pressed
together, true contact is limited to the peaks of surface roughness
which are known as asperities. This model of localized contact
between rough surfaces is illustrated schematically in Figure 2.1.

SURFACE ROUGHNESS OF REAL SURFACES

Profile of surface along a specific line

Distance tangential
to surface [mm}

Distance normal to Surface profile along
surface [pm] another line

CONTACT BETWEEN REAL SURFACES

TRUE CONTACT LIMITED TO AFEW
SMALL AREAS OF EACH SURFACE

Figure 2.1. Nature of contact between rough surfaces
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The scale of roughness is very small, the standard deviations of
peaks and troughs from an imaginary central plane are only in the
range of 0.1 to 10 um for most machined surfaces but this is
sufficient to dramatically limit the area of true solid contact.
Contact stresses at the interface between two solid bodies are
therefore much higher than is simply predicted by dividing the
contact force by the external dimensions of the contact. Early
theories predicted that the contact stress was equal to the
compressive yield stress of the weaker contacting body, it is now
believed that elastic contact stresses are more common but the
values of stress are still large. The true contact area is typically 1 to
0.1% of the nominal contact area, which means that the true contact
stress is 100 to 1000 times greater than the nominal contact stress
(load/nominal contact area). The division of true contact area into
numerous small areas of contact between asperities further raises
the contact stress. This is because each asperity has a small radius
of curvature, which raises the contact stress according to the Hertz
equations of contact stress. Even these high levels of contact stress
are relatively harmless if there is no relative motion. Wear begins
when the asperities have to accommodate sliding motion or to a
lesser extent rolling motion and impact. The combination of high
stress and constrained motion initiates material deformation and
other processes at contacting asperities, which lead to wear.
Sliding contact generates heat through the frictional dissipation of
energy and this heat has a strong influence on wear. The
relationship between adhesion, deformation, frictional heating and
the various forms of wear are illustrated schematically in Figure
2.2. Adhesion leads to adhesive wear and in extreme cases,
frictional seizure. Plastic deformation and fracture promote a very
common form of wear based on subsurface or surface crack
growth. A variant of wear by deformation or fracture is abrasive
wear and the related erosive wear. In this instance, the intervention
of external hard particles controls the wear process. When the
sliding amplitude is very small, fretting occurs which differs from
typical sliding wear because wear debris is trapped inside the
contact. If there is high levels of frictional heating or process
heating then melting wear and diffusive wear becomes significant.
Diffusive wear involves transfer of material as atoms by diffusion
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from one contacting body to another. All of these different modes
of wear are discussed in this chapter.

The only way to prevent wear is to separate solid surfaces so that
although they appear to be in contact they are in fact separated by a
thin film of lubricant or coating material that is perhaps 1 um thick.
This is a basic function of lubricating oils and can be extremely
effective. Another method is to separate the sliding surfaces by
magnetic levitation but this involves expensive super-conducting
magnets and so is limited to specialized applications.

2.2.1 Adhesive wear

When wear begins as a result of localized stress and relative
motion, the question is what is actually worn away? At the
beginning of wear, the underlying material, e.g. steel of a steel
component is almost never worn away.

RELATIVE MOTION AND
CONTACT
BETWEEEN SOLIDS

ADHESION DEFORMATION & FRICTIONAL
FRACTURE HEATING

\nemng wear  Diffusive
wear
Adhesive wear

and frictional Wear by subsurface  Abrasive and

seizure crack growth and erosive wear
formation of deformed (Ingress of hard
surface layers particles)

Fretting wear

(wear at very small

sliding amplitudes)
Figure 2.2 The relationship between different wear mechanisms and their
physical causes.
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Instead a layer of contaminants and for metals an oxide layer is
usually removed. It is very difficult to maintain a surface perfectly
or very clean and clean surfaces can only be reliably produced
under conditions of high vacuum with cleaning by ionic
bombardment. Surface contaminants in the form of water and oils
always accumulate on surfaces under atmospheric conditions.
The atmosphere contains oxygen, which aggressively reacts with
metals to form an oxide layer on each surface. Even though a metal
component may appear shiny and metallic, it is in fact being
viewed through a transparent layer of oxide, which is typically 5
nm thick. At the beginning of wear, it is the contaminants and
oxide films, which are worn away to only later expose the metal
surfaces. What happens when the metal surfaces are finally
exposed? Clean exposed metal surfaces are entities that are rarely
seen and have unusual properties. A major characteristic is
electron emission by metal surfaces and exchange of electrons with
contacting metal surfaces. Electron exchange between contacting
metal bodies exerts a fundamental influence on friction and wear.
The mechanism of free electron transfer from a metal to a metal or

non-metal is shown schematically in Figure 2.3.
High energy of free electrons

BODY 1

Surface atoms
donate free

Less than 1 electrons

atom diameter

Surface atoms
gain electrons

AP IGIN

INTER

Electrons at lower BODY 2
energy level

Figure 2.3 Mechanism of inter-metallic adhesion by transfer of free electrons.
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Metals contain electrons, which are not bound to a specific atom
but are free to move between atoms. The free movement of these
electrons enables efficient conduction of electricity and heat in
metals. When two clean metal surfaces approach each other within
a distance that is less than the diameter of one atom, electrons from
the high-energy metal transfer to the low energy metal. A strong
bond between the two metal bodies is produced by this electron
transfer, where the bonding is as strong as inter-atomic bonding
within each metal body. The transferred electrons remain free to
move between atoms so that there is a permanent interchange of
electrons between the contacting bodies. Contact in this context
implies approach to within one atom diameter. A similar form of
adhesion is also possible when a metal contacts a non-metal such as
a ceramic or polymer. In this case, the character of the electron
bonding assumes a more chemical character with strong bonding
being observed between metals and a reactive non-metal such as
fluorine or oxygen. An important example of bonding between
fluorine and metal is provided by contact between iron and
Polytetrafluoroethylene (PTFE).

Adhesion based on electron transfer is immediate, spontaneous and
not restricted to high temperatures. Another form of adhesion
based on diffusion is also observed to occur where adhesion
develops from diffusion driven mixing of the contacting bodies.
This mechanism of adhesion is extremely slow and restricted to
high temperatures, time periods as long as several weeks with
heating to several hundred degrees Celsius are required before
noticeable adhesion between metals is generated by diffusion.
Sliding contact and wear are characterized by short periods of
contact between asperity that last only milliseconds or even
microseconds which effectively prevent diffusion based adhesion.

If the two contacting bodies illustrated in Figure 2.3 are then forced

to slide past each other, a severe form of wear known as adhesive
wear will be caused by the free electron bonding. In simple terms,
the opposing metal bodies tear small pieces from each other while
sliding. The process of contaminant and oxide layer removal
followed by metal-to-metal bonding and adhesive wear is
illustrated schematically in Figure 2.4.
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Figure 2.4 Contaminant and oxide layer removal on metals by wearing contact to
initiate adhesive wear.

Adhesion between metals is a form of cold welding and in its most
severe form can bind the two wearing metals to prevent further
relative motion. Atmospheric oxygen fortunately limits adhesive
wear considerably but for space vehicles it is a major problem. In
one incident the docking assemblies of two spacecrafts that joined
in space could not be later separated because of adhesive bonding.
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It appeared that the impact of docking was sufficient to cause
perforation of residual oxide films on the metal surfaces of the
docking assembly. Direct metal contact and unwanted adhesion
then resulted.

Under atmospheric conditions, it is sliding not rolling or impact,
which initiates adhesive wear. This is because this mode of relative
motion is most effective at removing oxide films. Adhesion between
sliding bodies has two consequences; severe wear and friction and
the formation of transfer layers. Severe wear (i.e. rapid wear with
high friction) occurs because sliding motion is only possible during
adhesive wear when asperity contacts and adjacent material are torn
out of the worn surfaces. A high friction coefficient exceeding unity
has also been observed. Wear particles once formed by rupture of
an asperity contact have a tendency to partly roll and partly plough
their way through the sliding contact. These wear particles also
grow in size by the accumulation of further material to cause
extensive grooving in the worn surface. In the context of a journal
and bush, growth of one single wear particle in the annular space
between journal and bush may cause frictional seizure. Transfer
layers are composed of wear debris that may or may not have been
formed by adhesive wear, which subsequently adheres to the
wearing surfaces. When adhesion is absent, wear debris is rapidly
expelled from a sliding contact. Transfer layers effectively change
the composition of materials in sliding contact and the friction and
wear coefficients will also change as a result. Transfer layers are
noticeable when a hydrocarbon polymer is made to slide repetitively
on a metal surface. The transfer layer is believed to reduce the
friction and wear coefficients from high initial value to usefully low
values.  The processes of severe wear by adhesion and the
formation of transfer layers is illustrated schematically in Figure 2.5

The greatest likelihood of adhesive wear occurs between similar
metals in dry sliding. Substitution by a dissimilar combination of
metals reduces friction and wear. For example, sliding between steel
test specimens is more likely to cause adhesive wear than sliding
between steel and brass or bronze test specimens. A complex
microstructure is also unfavorable to adhesive wear, so that the
likelihood of adhesive wear is less with steel than with
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ADHESIVE WEAR MECHANISM
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pure iron. The reason for the lessening of adhesive wear with
increasing complexity of microstructure is that the probability of
two identical micro-structural phases coinciding at a contact
decreases with the number of phases present in a material.
Adhesion tends to be strongest between identical phases so that
this probability controls the severity of adhesive wear. Some
phases in metal alloys have a non-metallic character when
compared to the base metal. For instance, the low adhesion
tendency of non-metallic phases such as interstitial carbide or
carbon compared to the metallic phases of steel, martensite,
austenite, ferrite is a major reason why cast iron is more suitable for
dry sliding than plain steel. Micro-structural effects on adhesive
wear are illustrated schematically in Figure 2.6.

Non-metals such as ceramics and polymers do not initiate electron
exchange so that adhesive wear is far less likely provided that
melting temperatures are not reached by frictional heat. This
condition imposes severe restrictions on polymers. If surface
melting is caused by frictional heating, another form of wear
occurs, melting wear, which is discussed later.

High hardness suppresses true contact on a microscopic scale
between atoms of opposing surfaces, as the contacting surfaces are
unable to deform sufficiently to make contact. Hard materials are
therefore less likely to suffer adhesive wear provided that the
process of hardening does not change other characteristics of
material structure to predispose adhesive wear. Brittleness is also
a favorable property since if the material is ductile, severe plastic
deformation and the formation of large wear particles occurs
during asperity contact. High tensile ductile materials such as
nickel base alloys and stainless steels are prone to severe friction
and wear for this reason.
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Figure 2.6 Microstructural effects on adhesive wear.

Adhesive wear is usually unacceptable during sustained operation
of machinery and is associated with mechanical breakdown. The
prevention of adhesive wear is often the primary purpose of the
wear resistant coatings to be described.

2.2.2 Abrasive and erosive wear

The most economically significant form of wear is caused by
abrasive and erosive wear of mineral processing machinery.
Extremely rapid wear often occurs at the interface between the
metal processing equipment and the rock, which contains the
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mineral to be extracted. It was originally thought that the rock
particles or sand resembled miniature-cutting tools in their action
on the worn metal surface. It is now known that this view is
simplistic and that abrasive wear involves processes such as
fatigue, grain detachment and brittle fracture. Erosive wear is
caused by the impact of solid and liquid particles on a surface.
Liquid particles can quickly erode even hard metals if they driven
against a surface with sufficient velocity. Wear of aircraft fuselage
when flying through clouds is a common example of this process.

Abrasive wear

During abrasive wear, apart from some gradual chipping of the
abrasive particle and possible adhesive transfer of abraded material
to the particle, the abrasive particle remains largely intact for the
duration of one passage of the abrasive particle over the worn
surface. The particle is hard enough to plastically deform the worn
surface and with sufficient contact load will plough a groove in the
worn surface. If the particle is sufficiently sharp and suitably
orientated to the worn surface, cutting as well as groove formation
will occur. In most cases however, the particle is too blunt for
cutting and instead a wedge of material builds up in front of the
abrasive particle or grit by plastic deformation. This wedge of
material eventually detaches by crack propagation to form a wear
particle. When the material is particularly brittle, cracks propagate
beneath the wear track of the grit to cause rapid wear. Raising
hardness at the expense of toughness is therefore largely
counterproductive in suppressing abrasive wear. Materials with
weak inter-crystalline bonding are liable to wear by removal of
entire crystal grains, alumina is susceptible to this form of wear.
Repeated passage of many grits over a worn surface produces
overlapping wear tracks. At the edge of each wear track there is
usually a lip of displaced material, repeated deformation by
overlapping wear tracks will cause this lip material to detach by a
fatigue process. The mechanisms of abrasive wear are illustrated
schematically in Figure 2.7.
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Figure 2.7. Mechanisms of abrasive wear.

Abrasive wear has the virtue of being possibly the easiest of the
wear mechanisms to suppress completely if adequate materials are
available. Rapid abrasive wear only occurs when the ratio of
particle hardness to material hardness is greater than 1.2. When the
ratio of particle hardness to material hardness is less than 1.2,
abrasive wear declines rapidly but does not cease entirely until the
material hardness is greater than the particle hardness by a similar
factor of 1.2. It is observed that when the particles have equal
hardness to the material, some scratching and wear of the material
occurs although damage to the particles by crushing and plastic
deformation is extensive. The effect of hardness on abrasive wear is
illustrated schematically in Figure 2.8.
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Figure 2.8 Effect of hardness of abrasive grit on abrasive wear rate.

A major practical difficulty to the elimination of abrasive wear from
most practical engineering situations is that the most common
abrasive is silica with a Vickers hardness (VHN) of 1100
approximately. To prevent abrasive wear by silica, the minimum
hardness of the worn material should be 1100/1.2 VHN = 917
VHN. This is unfortunately just a little harder than martensite at
700 VHN so that the abrasive wear of steel implements persists
with the absence of cheap hard-coatings. Most hard coatings with a
hardness of 1000 VHN approximately are based on tungsten or
other expensive materials, which cause the coatings to be
comparably expensive.

Where the hardness of the particle or 'grit' is much larger than the
hardness of the worn material, a linear proportionality between
material hardness and wear rate is observed. For example, when
diamond grits, which are the hardest known abrasive, are tested
against various metals, it is found that if one metal is twice as hard
as another, the former metal will wear half as fast. This rule applies
so long as only one class of materials is considered. If plastics are
compared with metals, it is found that both materials conform to
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proportionality between hardness and wear but the constants of
proportionality are different for polymers and metals. Another
important exception to the rule is that when metals are hardened
by alloying or heat treatment, the gains in wear resistance are less
than predicted by an exact proportionality between wear and
hardness. These characteristics of abrasive wear by hard abrasives
are illustrated schematically in Figure 2.9.

Detailed experimentation reveals that abrasive wear is not truly
proportional to hardness measured by a hardness tester, which is
hardness at very low strains. Abrasive wear is controlled by
hardness at extreme strains similar to those that occur in the chip of
material, which is extruded in front of an abrasive particle. When
hardness at extreme strains is measured, it is found that the
hardness of alloys and heat-treated metals becomes very similar to
the plain metal. A graph of wear rate versus high-strain hardness
shows wear-hardness proportionality for all metals irrespective of
heat treatment and alloying.

Resistance to abrasive wear is not a materials property in the same
way as tensile strength, since the wear rate is strongly dependent
on grit characteristics as well as material strength parameters. Grit
abrasivity, which is an index of propensity to cause abrasive wear, is
strongly dependant on grit shape, hardness and toughness.  Grit
shape dictates the sharpness of edges on the exterior surface of the
grit. Rounded blunt edged grits cause less wear than the same grit
material with many sharp edges. Sharp edges on grits facilitate
the more rapid cutting mode of abrasive wear and so accelerate
wear. Freshly crushed rock which produces grits with surfaces
composed of sharp edged fracture faces is likely to cause far more
wear on processing equipment than well worn river sand where
any sharp edges would have been worn away by repeated contact
with other grits. The hardness of the grit dictates the maximum
hardness of materials that are prone to severe abrasion as discussed
above. Toughness of grits controls the formation of new sharp
edged fracture faces on the grit surface. During abrasive wear, grits
progressively reduce in size by fracture. Size reduction in grits is
particularly common during high stress abrasive wear. There
appears a critical toughness which results in maximum wear rate
since this toughness represents the
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Figure 2.9. The relationship between wear rates with hard abrasives and the
hardness of the worn material.
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optimum balance between formation of new sharp edges and ’fhe
survival of the grit.  Very brittle grits rapidly degrade to a f1;1e
powder while very tough grits change to a roundec'l profile by
gradual wear of the grit. The role of grit sha}?e and. grit toughness
in controlling abrasive wear is shown schematically in Figure 2.10
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Loss of grit material Fracture of grit forms
in small amounts causes new cutting edges
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BRITTLE GRIT MATERIAL

ATOUGH GRI
MATERIAL

Figure 2.10 Role of grit shape and toughness of grit material in abrasive wear.
Erosive wear

The mechanisms of erosive wear are not constant but are controlled
by the angle of impingement of a particle, its speed, its size and the
phase of material that constitutes the particles. Erosive wear
mechanisms are different when a direct or normal impact is
substituted by a glancing impact, the speed of impact controls the
energy dissipation level and the temperature rise at impact while
erosive wear by high speed droplets of liquid differ from erosion by
solid particles. The angle of impingement and the other listed
parameters are illustrated schematically in Figure 2.11.
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Figure 2.11. Physical and material parameters controlling erosive wear

Erosive wear can resemble abrasive wear when hard solid particles
of microscopically visible size are the eroding agent and the angle
of impingement is low and the impingement speed is of the order
of 100 m/s. For all other conditions, wear mechanisms not
resembling abrasive wear become dominant. For particles of
microscopically visible size and an impingement speed of the order
of 100 m/s, wear at high impingement angles proceeds by a
combination of plastic deformation and fatigue or by cracking for
brittle materials. For very large particles or objects moving at very
high speeds, superplastic flow and melting in the impact zone
becomes the controlling factor, while for very small particles or free
atoms, wear proceeds by dislodgement of atoms from the crystal
lattice. Superplastic flow is extremely rapid plastic deformation,
which resembles the flow of a liquid. These latter two forms of
erosive wear have few terrestrial examples but are highly
significant to space technology. When a satellite is located in what
is called Low Earth Orbit (LEO), it is within the reach of
atmospheric gases. The satellite has to maintain a high speed in
order to remain in orbit, which results in continuous impingement
by ions originating from the atmosphere. Impingement by oxygen
ions is particularly harmful as it causes oxidation of the worn
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material as well as destruction of its crystalline lattice. Planetary
erosion by meteorites is the prime example of erosive wear by high
speed large size objects as meteorites can impact on a planet with
enormously high speeds. Practical significance of this mode of
wear is at present quite limited, but it is conceivable that in the
future, meteorite impact may be engineered to expose a valuable
subsurface deposit of minerals on an uninhabited planet. The
discussed mechanisms of erosive wear are illustrated schematically
in Figure 2.12

With small but not atomic particles at moderate speeds, a
distinction is observed between what is called the ductile mode of
erosive wear (at moderate particle speeds) and the brittle mode of
erosive wear is reflected in the response of a worn material to the
angle of impingement. The ductile mode of erosive wear is
dependant on tangential movement of the impinging particle
across the eroded surface for a wear particle to be produced by
shearing or cutting. This tangential movement is favored by a very
small angle of impingement as opposed to normal impact. If the
angle of impingement is zero however, there will be no kinetic
energy of impact between particle and worn surface to initiate
indentation by the particle and chip formation. A maximum in the
ductile mode of erosive wear is usually found close to an angle of
30°, which represents a compromise between the requirements of
tangential particle movement and impact energy. For the brittle
mode of erosive wear, the maximum in erosive wear occurs around
90° where the kinetic energy of impact is at a maximum. The
distinction in wear rates as a function of impingement angle for the
brittle and ductile modes of erosive wear is shown in schematically
in Figure 2.13.

Erosive wear by liquid particles is mostly limited to the brittle mode and
the rate of wear is far more sensitive to particle velocity than when solid
particles are involved. For liquids, erosive wear is observed to be
proportional to approximately the 5th power of impact velocity while for
solids wear is proportional to the square of impact velocity approximately.
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Figure 2.12. Mechanisms of erosive wear for varying particle speeds, sizes and
impingement angles.

Materials with high toughness are usually the most effective at
resisting erosive wear as hard materials are often too brittle to be
wear resistant. The size of particle size is critical to wear resistance
as small particles, e.g. 8-pm average size tends to erode by ductile
shearing of the worn material. This characteristic is due to the fact
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Figure 2.13.  Contrast in dependence on impingement angle for brittle and
ductile modes of erosive wear.

that brittleness depends on the presence of at least one defect in the
deformed volume. Since the deformed volume decreases in
proportion to particle size, erosive wear at small particle sizes is
more likely to be ductile than erosion at large particle sizes where
the apparent brittleness of the worn material is higher. High
hardness materials are therefore more likely to be effective in
resisting erosive wear by small particles whereas tough materials
are suitable for larger particles of e.g. 50-pym size and larger.
Rubber is durable against erosive wear for particles below a critical
kinetic energy. When the particle kinetic energy is low, the rubber
is able to deform and rebound during particle impact. Beyond the
critical kinetic energy, particles are able to drill holes into the
rubber and rapid wear ensues.

Another type of wear that is similar but not identical to erosive
wear is cavitational wear. Cavitation is the result of negative
pressure developed on the downstream faces of bodies immersed
in a flow of liquid. Within the region of negative pressure, bubbles
of dissolved gases and vapor successively form and collapse.
When these bubbles collapse on the downstream face of the
immersed body, wear is caused by the hammering effect of
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repetitive bubble collapse on a hard surface. A slow form of wear
involving the formation of holes by localized crack development
then results. It is found that high resistance to mechanical fatigue
correlates with resistance to cavitational wear. Cavitation wear can
be destructive to propellers and water turbines, but is useful in
medicine. Kidney stones can be removed without surgery by using
ultrasonic sound waves to induce cavitation around kidney stones
in a patient's body. The kidney stones disintegrate and the debris is
later expelled by urination. The mechanism of cavitation wear is
shown schematically in Figure 2.14.

Collapse of bubble causes
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Figure 2,14 Mechanism of cavitation wear.

2.2.3 Wear induced by mechanical fatigue of the worn surface

Wear is generally observed to be a gradual process involving
repetitive passage of one solid body over another. The number of
cycles of relative movement between two wearing bodies can easily
reach one million or more. Common examples of such cyclic
relative movement are found in rolling and sliding bearings. Even
when adhesive wear is suppressed by effective lubrication or
surface coatings, or where sliding is substituted by rolling, fatigue
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processes will occur on the contacting surfaces. When two bodies
make sliding contact without strong adhesion, a surface wave is
developed between the asperities. The wave moves across the
sliding surface in a manner analogous to a rack in a carpet that is
driven across the carpet. The wave is generated by large strains in
the surface layers of the worn material. When repeated sliding
contact and wave formation occurs, these strains lead to fatigue
wear. Wave generation at the surface of a wearing solid is
illustrated schematically in Figure 2.15.

'Wave' of strained material

Asperity on worn surface

Movement of wave
ahead of asperity

Shearing to
produce
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ermanent displacement

Initial position Final position
on surface on surface

Figure 2.15. Wave formation at the worn surface of a material.

A fundamental characteristic of contact between solids that is
predicted by the theory of Hertz and later workers is that a
maximum in shear stress occurs below the contact interface unless
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the friction coefficient is high. At the contact interface, stress is
high but it is mostly hydrostatic in nature unless the friction
coefficient is high enough to impose a maximum in shear stress at
the surface. When a body is subjected to repetitive rolling or
sliding contact, material at a depth of typically a few micrometers
below the contact interface is subjected to cyclic shear stresses.
Crack propagation may then result to form a wear particle. This
mechanism of wear is basically a form of subsurface crack
propagation to produce lamellar wear particles and is known as
delamination. It is possible for the subsurface crack to reveal few
signs of wear on the surface prior to release of a wear particle.
Sliding as opposed to rolling often causes the formation of severely
strained layers directly beneath the worn surface. When there is
sufficient frictional force, surface material is stretched tangentially
to the surface in the direction of sliding. These strained layers are
vulnerable to crack formation and consequent release of wear
particles. The cracks usually propagate from the surface along
fissures generated by the extreme surface strain and a more lumpy
type of particle is usually generated than with the subsurface or
delamination mechanism. The subsurface and surface mechanisms
of crack propagation to cause wear are illustrated in Figure 2.16.

Oxidation of the worn surface prevents re-adhesion between
adjacent folds of the highly strained surface layers thus facilitating
the propagation of cracks along the interfaces between the folds.

Critical material properties relating to the prevention of

delamination wear appear to be the lack of defects to initiate crack
formation. The precursors of cracks, dislocations are trapped by
inclusions and when sufficient number of dislocations is collected,
a crack is initiated at the inclusion. Material purity, e.g. lack of
sulfur in steels, is therefore critical to the prevention of
delamination wear. For surface originated fatigue wear, resistance
to crack growth appears critical, as even very hard materials when
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Figure 2.16. Mechanisms of wear particle formation by delamination and crack
formation from surface strained layers.

slid against each other will form highly strained surface layers.
High fatigue resistance is therefore beneficial to wear resistance in
this instance.

2.2.4 Melting wear, fretting wear and diffusive wear

Melting wear and fretting wear are forms of wear that
prevail at what may be considered the margins of engineering
application. With a few important exceptions such as the moment
when a shell is fired from a gun barrel, most practical sliding
contacts do not slide at sufficient speed for melting wear of metals
to occur. Fretting wear is generally associated with parasitic
movement within a nominally static interface such as interference
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fit between a shaft and bush. Melting wear and fretting wear are
however significant wear mechanisms that cannot be overlooked in
any discussion of wear. Diffusive wear is usually found at the
interface between a cutting tool and chip of cut material where it
causes eventual tool failure. Diffusive wear has been likened to the
dissolution of sugar in hot water but requires considerable
mechanical energy for its activation.

Melting wear
When two bodies slide against each other at high speed, the

frictional temperature rise at the sliding interface can reach the
melting point of the more fusible of the two materials in contact.
Frictional heating is characterized by extreme localization of heat to
a depth of only a few micrometers below the worn surfaces. It is
therefore possible for a layer of molten material to form on the
worn surface with only negligible heating of the material below.

Melting prevents severe adhesive wear from occurring because
although inter-asperity adhesion is strong, the fracture strength of
the asperity contact is greatly reduced. The molten layers are
however easily expelled from the wearing contact to promote wear.
Friction is therefore reduced by the melting of asperity contacts but
wear is usually more rapid than wear without surface melting. The
mechanism of melting wear is illustrated schematically in Figure
2.17.
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of wear debris

Figure 2.17. Mechanism of melting wear.
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Melting wear has two characteristics of general importance;
thermal control of friction and a strong interaction with
atmospheric oxygen. Thermal control of friction is a condition
where a limiting frictional surface temperature rise dictates an
inverse relationship between sliding speed and the coefficient of
friction. This phenomenon occurs because as stated above, it is
observed that the maximum temperature in a sliding contact never
exceeds the lower melting point of the two materials in contact.
The high latent heat of fusion of most materials is probably the
reason for this characteristic. At high sliding speeds, the frictional
temperature rise is proportional to the product of the friction
coefficient and the square root of sliding velocity.

For a constant temperature rise, it follows that the friction
coefficient will be inversely proportional to the square root of
velocity. This relationship between friction and velocity is seen at
moderate sliding speeds of the order of 10 m/s for polymers, which
have low melting points, and at higher speeds of 100 m/s or more
for metals. An important practical application of this phenomenon
is high speed skidding of road tires. Such skidding will not only
cause very rapid wear of the tire but also ensure an almost total loss
of frictional grip to the road compared to low speed skidding. The
relationship between sliding speed of rubber and its coefficient of
friction against a hard surface is illustrated graphically in Figure
2.18. A graphical illustration of the effect of skidding by rubber
tires on the braking distance and wear of the tires is also shown in
Figure 2.18.

The melting of surface material by frictional heat may cause surface
oxidation if sliding of a reactive material occurs under atmospheric
conditions. For steels, a hard surface layer known as 'white layer’
because of its non-etching characteristic is observed to form. This
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Figure 2.18 Decline in friction with sliding speed of rubber caused by melting
wear and its effect on skidding by rubber tyres.

white layer is believed to be composed of rapidly quenched steel
and iron oxide, which have been blended into a finely divided
mixture by sliding contact. The formation and structure of white
layers is illustrated schematically in Figure 2.19.
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Figure 2.19. Structure and formation of white layers by melting wear.

The formation of white layers is believed to be associated with
increased wear resistance of the steel and possibility of deliberately
forming white layers has been invoked on more than one occasion.

Fretting wear
Accumulated observations over a long period of time have revealed

that in practice it is very difficult if not impossible to entirely
prevent sliding motion in any contact that is subject to varying
load. While it is not difficult to stop gross movement from
occurring, short reciprocating movements with amplitude of a few
micrometers appear to be impossible to prevent without the use of
an adhesive in the contact interface. The severity of wear is not
diminished by the short amplitude of sliding involved and fretting
wear is involved in the premature fatigue failure of shafts at the
edges of interference fits with bushes and of wire ropes at the
interfaces between individual wires of the rope. These sites of
fretting wear are illustrated schematically in Figure 2.20.

In wire ropes, the wires have to move by several micrometers
between each other to allow the rope to flex. Wear and wire
damage occurs mostly during contact with a sheave where the
combination of flexing and contact forces between sheave and rope
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Figure 2.20. Location of fretting wear in some common engineering
components.

results in heavily loaded sliding between individual wires. A basic
analysis of the reason for micro sliding in a nominally stationary
contact is attributed to Mindlin and in summarized form is as
follows.

Any contact between rough surfaces can be modeled as a series of
discrete Hertzian contacts. A fundamental characteristic of a
Hertzian contact is that the contact pressure declines in a
continuous manner from a central maximum to zero at the margins
of the contact. If an ideal contact where no sliding under frictional
force is considered, when a frictional force is applied to the
Hertzian contact, a uniform tangential stress is established over the
Hertzian contact area. The local friction coefficient at any point in
the contact area is equal to the tangential stress divided by the local
contact pressure. The friction coefficient therefore rises from a
finite value at the center of the contact to an infinite value at the
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margin of the contact. This result is clearly impossible and Mindlin
predicted that an annular region of slip would surround a central
region in the contact where the local friction coefficient did not
exceed a critical value. K.L. Johnson and co-workers later
confirmed Mindlin’s analysis experimentally. Mindlin's analysis is
illustrated in Figure 2.21 graphically for the simplest case where a
circular Hertzian contact is subjected to a frictional torque.

Hertzian contact
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| FRETTING MATERIAL

MECHANICS OF FRETTING IN A CONTACT

SHAPE OF WEAR SCAR DURING FRETTING

| _Worn annular
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Figure 2.21. Origins of microsliding in a Hertzian contact that sustains frictional
force.

Such localized micro sliding, which is typically of the order of one
micrometer, occurs in interference fits between e.g. shaft and bush
or bolt and washer. When the frictional force reaches a sufficiently
high value, the central non-sliding region in the Hertzian contact
vanishes and uniform sliding begins. Fretting wear at amplitudes
of tens of micrometers then occurs as is found in the interface
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between roping wires. While the damage and wear in a small
number of cycles is quite negligible, many engineering components
reach one million cycles of reciprocating micro sliding during their
service lifetime which leads to significant damage and wear by
fretting. Fretting is found to accelerate mechanical fatigue by the
formation of surface cracks around wear scars. These cracks then
propagate to cause fracture.

Fretting wear involves basic wear processes such as adhesive wear
and fatigue based wear but is different from wear as normally seen
in unrestricted sliding. The small amplitude of sliding compared to
the dimensions of the sliding contact causes wear debris to become
trapped within the sliding interface. A layer of wear debris
progressively forms on the worn surface and wear becomes a
function of both the formation of new wear debris and the later
release of wear debris from the trapped layer. For reasons that are
still not fully understood, the presence of trapped debris layer
affects friction coefficients and the relative wear resistance of
materials to fretting. The effect of small amplitude of sliding on
wear and the formation of a wear debris layer in fretting is
illustrated schematically in Figure 2.22.
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Figure 2.22.  Formation of wear debris layer by entrapment in restricted
amplitude sliding.

Materials that offer usefully high wear resistance in unrestricted
sliding may fail prematurely in fretting. Wear-resistant coatings
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contain many examples of this characteristic. If adhesion between
asperity contacts occurs then cracking may occur adjacent to the
asperity contact, which remains intact during micro sliding. Such
cracking is the cause of accelerated mechanical fatigue at even very
low amplitudes of fretting movement. Fretting remains one of the
more poorly controlled types of wear that is implicated in the
unexpected failure of many critical machine components.

Diffusive wear

Diffusive wear occurs at high contact stresses and
temperatures where two materials are in intimate contact and
diffusion processes are rapid as compared to low temperatures. If
the contact stress is sufficiently high, then the true contact area
becomes comparable or equal to the nominal contact area since the
asperities on at least one of the surfaces become completely
flattened by high load. If a very hard material is in contact with a
softer material, then only the asperities on the softer material will
be flattened and made to conform to the opposing surface.
Whatever is the hardness, the contact model of isolated asperity
contacts are randomly distributed over a contacting interface and is
no longer appropriate and near perfect contact between the opposing
surfaces can be assumed.

These conditions of near perfect contact at high load are usually
found on the surface of a cutting tool immediately adjacent to the
cutting edge where contact stresses reach the yield stress of the
softer material and temperatures can reach 1000°C. If one of the
contacting bodies is far larger than the other or else supplied as a
continuous flow of material, then it is possible for atoms from the
smaller body to be continuously dissolved into the flow of
opposing material. For cutting tools, strengthening elements in the
metal alloy that constitutes the tool are lost by dissolution into the
cut metal. The weakened alloy that remains is then rapidly worn
away to expose fresh alloy. As well as direct dissolution, chemical
reaction is also possible between the contacting materials.
Examples of diffusion wear are: tungsten carbide-cobalt composite
tools cutting steel or titanium at high speeds, silicon nitride cutting
tools for steel. Aluminum oxide and aluminum oxide composites
are suitable for cutting steel even though aluminum oxide can react
with iron oxide (present on all steel surfaces) to form iron
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aluminate. The mechanism of diffusive wear is illustrated
schematically in Figure 2.23
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Figure 2.23 Schematic illustration of the mechanism of diffusive wear.

Many cutting tools depend on carbides for their hardness and it is
found when cutting steel that carbides tend to react with the steel to
form complex carbides in the steel swarf. According to the model
of wear developed by Loladze, the transfer of carbide hardening
phase to the steel swarf causes rapid wear of the softer metal matrix
‘in the metal-carbide composite. Elemental carbon is also reactive
and prone to diffusive wear. It is found that diamond tools display
severe wear despite their extreme hardness when cutting steel or
iron. This is because carbon is soluble in iron and diffusive wear is
therefore rapid. Diamond displays little wear when cutting non-
ferrous metals such as zinc and aluminum because of the low
solubility of carbon in these metals.

2.2.5 Analytical models of wear

The complexity of wear with its multitude of causes defies
interpretation by an exact analytical model. An approximate model
was developed by Archard several decades previously and has
remained a popular tool for interpreting the severity of wear. The
basic principal of the Archard model is that wear is proportional to
the true area of contact between asperities of the opposing surfaces
and the sliding distance. This principle is based on the idea that the
size of wear debris must be proportional to the area of asperity
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contacts. In the simplest form of the Archard model, a single
circular asperity contact is imagined to generate a hemispherical
wear particle with the same radius as the radius of the contact area.
The total volume of wear debris is equal to product of the sliding
distance and projected area of the hemisphere when the sliding
distance is much greater than the radius of the hemisphere. The
projected area of the hemisphere is equal to half the true contact
area; this observation forms the basis of the Archard model. This
model of wear is illustrated schematically in Figure 2.24.

Side view
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wear particle at single Volume of material lost
asperity contact as wear particles

Figure 2. 24 The Archard model of wear.

The true area of contact is independent of the nominal contact area
and is approximately equal to the contact load divided by the flow
stress of the material. The flow stress is typically 1/3 of the
measured hardness. A constant known as the Archard constant is
then introduced, it is typically referred to as 'K'. The equation of
wear then becomes.

V = 3*W*D*K/H 2.1

Where V is the wear volume [m”3], W is the contact load [N], D is
the sliding distance [m], K is the Archard constant [dimensionless]
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and H is the hardness [Pa]. An expression for K can then be
derived which is:

K = V*H/3*W*D) {2.2}

A critical advantage of the Archard model over other models of
wear is that values of 'K' can be determined experimentally. It is
found by experiment that typically K<0.001 which lends credibility
to the fatigue models of wear discussed above where a large
number of asperity contacts precede detachment of a wear particle.
In severe abrasive wear by hard sharp abrasives, the value of the
Archard constant might reach 0.01 whereas in mild wear or wear
under lubricated conditions, values of the constant as low as 1.0E-6
can be reached. For adhesive wear, K = 0.001 is typical. The
Archard constant is extremely useful for crudely estimating a scale
of wear to within a factor of 10 ~ 100 by using literature values of
the constant and applying them to a particular situation. =~ This
method of calculation can become grossly inaccurate when the
wrong wear mechanism is assumed, e.g., adhesive wear instead of
fatigue wear.

The reader may note an apparent inconsistency between Archard's
emphasis on material hardness and the general observation that
hardness has only a weak influence on wear excluding abrasive
wear. This observation is true for small variations in hardness
while Archard's model deals with very large variations in hardness
between e.g. silicon carbide and a polymer. Archard's model is also
only approximately correct and cannot be used to predict small
variations in wear as a function of hardness.

2.2.6 Wear resistant materials

The different mechanisms of wear are each inhibited by
different properties and characteristics of materials. To obtain a
high level of wear resistance, the specific wear mechanism should
be considered.

Abrasive, erosive and cavitation wear

For resistance to abrasive and erosive wear, hardness
without excessive brittleness is critical.  For erosive wear,
brittleness should be more carefully controlled than for abrasive
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wear in most instances. Hard metals, e.g. martensitic steels have
moderate abrasive wear resistance. Higher levels of abrasive wear
resistance can be obtained from ceramics such as alumina, zirconia
toughened alumina or silicon carbide. If the abrasion or erosion is
associated with impact sufficient to cause spalling of ceramics, it
will be necessary to accept a higher rate of abrasive/erosive wear
and select hard metals.

For cavitation wear, fatigue and corrosion resistance are the
controlling properties since the wear process is gradual and occurs
in a liquid, which is usually water. Stainless steels, titanium alloys
and cobalt alloys e.g. stellite are the most resistant. Ceramics and
composite materials where a hard phase is embedded in a soft
phase are unsuitable because cavitation selectively attacks weaker

phases and microstructural flaws that are commonly found in
ceramics.

Adhesive wear

Choosing a material with a complex microstructure that is
either non-metallic in character or contains non-metallic phases best
controls adhesive wear. A high hardness is also desirable in at least
one of the sliding surfaces to suppress adhesive contact. Grey cast
irons are more resistant to adhesive wear than steel because of the
interstitial graphite, which is non-metallic and acts as a solid
lubricant. Ductility is undesirable for adhesive wear resistance
because it promotes tensile adhesive contact between asperities.
Ceramics are resistant to adhesive wear for this reason. Low
chemical activity in metals is also desirable to suppress electron
transfer between contacting surfaces. Silver and gold are useful in
suppressive adhesive wear because of chemical inertness despite
their comparatively high ductility. Aluminum and titanium show
very poor resistance to adhesive wear because of high chemical
activity and ductility. Proneness to adhesive wear combined with
low hardness restricts aluminum to a very low wear resistance in
almost all instances.

Fatigue-based wear

The critical feature for resistance to fatigue-based wear is a
clean microstructure with the absolute minimum of brittle
incoherent inclusions and bubbles or voids. A high quality
microstructure in a common material, e.g. steel can generate as
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much wear resistance as selecting a nominally more advanced or
precious material.  Increases in hardness are not usually useful in
controlling fatigue-based wear because of possible embrittlement
and acceleration of crack growth. A tough yet hard material such
as a high strength cobalt alloy is resistant to fatigue-based wear.

Minor wear modes

There is a considerable variety of wear modes, the most
significant forms of wear, fretting, melting wear and diffusive wear
each have radically different wear resistant materials. Fretting
wear appears to be suppressed by a combination of toughness and
hardness, rather than hardness or toughness acting alone. While it
is difficult to identify materials, which show universally high
fretting resistance, it is easier to recognize those materials, which
are prone to fretting. These include aluminum, titanium and
zirconium alloys where these metals are the bulk component.
Steels have moderate to good fretting wear resistance yet cannot be
said to be entirely immune to damage by fretting. Oxide ceramics
such as alumina can display much better resistance to fretting than
steels.

Materials with high resistance to melting wear are those with high
melting points, e.g. refractory metals and ceramics since melting
wear only becomes significant when frictional temperatures reach
the melting point of a material.

Diffusive wear of e.g. cutting tools is best suppressed by avoiding
those combinations of cutting tool and work piece materials, which
are known to generate severe diffusive wear problems.

2.3 Fatigue, fracture and creep

Ductile and brittle fracture, Fatigue and Creep are the
primary causes of structural failure of materials. Ductile or brittle
fracture usually occurs immediately after a high load is applied to a
structure. Fatigue is a mechanism of slow crack growth, which
depends on exposure to oscillating or variable stresses. Fatigue
occurs at lower loads and stresses than immediate ductile or brittle
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fracture. Creep involves the continuous extension or stretching of a
material until it finally fractures. Creep is commonly associated
with high temperatures but many materials suffer from creep at
low temperatures. The relationship between fracture, fatigue and
creep is summarized schematically in Figure 2.25.

N
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of material until fracture FATIGUE: Slow crack
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Figure 2.25 Basic classification of fracture modes.

Ductile and brittle fracture occurs on exposure to stress levels
higher than the ultimate tensile strength of the materials. Since the
resultant failure is more or less of immediate imminence upon
application of stress, they are not generally classified as forms of
materials degradation. However, the ductile or brittle nature of the
materials has a significant effect on the fatigue and creep resistance
of the materials which is dealt in the following sections.

Ductile and brittle fracture occurs either immediately or fairly
rapidly after a mechanical load is applied and is not usefully
classified as forms of materials degradation. = As described in
Chapter 1, materials degradation refers to a progressive loss of
performance over a significant period of time. A reader seeking
more information on brittle and ductile fracture is referred to
standard materials science texts.

Although fatigue is just one form of progressive mechanical failure
of structural materials, there are several sub-categories of fatigue
corresponding to different loading conditions. The most important
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types of purely mechanical fatigue are described in this chapter,
while fatigue mechanisms involving synergy with corrosion are
discussed in Chapter 5.

Creep involves bulk deformation of mechanically stressed material
but is subject to influence by surface effects.  The basic causes of
creep are summarized below, for more detailed information the
reader is referred to standard materials science texts.

2.3.1 Mechanisms of fatigue and creep

Fatigue induced fracture

Fatigue induced fracture is a phenomenon involving
mechanical failure after a large number of cycles of oscillating
stress. The amplitude of the oscillating stress is always less than
the stress required to cause immediate ductile or brittle fracture.
There is an inverse proportionality between the number of cycles of
oscillating stress at failure and the amplitude of oscillating stress.
Failure of the material is caused by progressive crack growth that
continues until the remaining cross section of a component reaches
a stress sufficient to cause rapid brittle or ductile fracture. Most
mechanical components in service can be assumed to be subject to
fatigue because of the ubiquity of cracks in most components.
While the fatigue crack is small, the component can still be used but
it is vitally important to replace the component before the crack
becomes too large. Crack growth can be predicted by the theory of
Fracture Mechanics.

Almost all known materials are subject to fatigue, which means that
unless the material is subjected to a truly constant stress, eventual
failure will occur. Constant stress is not the norm for most
engineering structures, stress typically varies with level of imposed
duty and environmental factors. The classic examples of fatigue
sites are rotating shafts of turbines and other high-speed engines
where it is immediately apparent that stresses will oscillate at the
same frequency as shaft rotation. Less easily recognized examples
are ships hulls and oil-rig structures where the continuous battering
of waves generates variable stress. Weighbridges where vehicles
continuously pass over a weighing-plate are also subjected to fatigue
problems. In general, it should be assumed that stress is variable
unless demonstrated to be constant.
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Steel and iron offer the favorable distinction from other metals of
having an endurance limit to fatigue. The endurance limit is the
maximum stress level where fatigue remains too slow to measure.
If the stresses in a steel structure remain below the endurance limit,
fatigue is considered unlikely to occur. The endurance limit for steel
is only observed for situations where pure fatigue without
aggravation by wear or corrosion occurs. If a wear scar or a
corrosion pit is formed and then functions as a crack initiation site,
the steel will display fatigue failure at any stress level. This topic is
discussed further in Chapter 5. The inverse proportionality between
amplitude of stress and cycles to failure and the endurance limit are
illustrated schematically in Figure 2.26 via a graph of fatigue lifetime

versus amplitude of oscillating stress.
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Figure 2.26 The endurance limit of metal fatigue

Many factors have a controlling effect on Fatigue failure of materials,
which are listed below
1. Size
Loading effects
Surface finish
Surface treatments
Temperature and
Environment.

U LN

Fatigue failure of the materials is largely dependent on the
interaction of stress with the critical flaw size. A large component
will have a smaller stress gradient as compared to a smaller one in
case of stress concentration occurring due to a critical flaw thus
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exposing a larger volume of material to high stress. This leaves us
with an increased possibility of initiating a fatigue crack in large
sized components.

Loading has considerable effect on the endurance limits of the
material. The endurance limit varies with the type of loading the
structural material is subjected to. Under normal conditions the
limits are specified for axial loading conditions where there is no
stress gradient present in the material. In the case of rotating
bending or torsional loads due to the presence of stress gradients the
endurance limits are on the lower side and varies from 0.6 to 0.9 and
03 to 0.45 times the endurance limits in the axial direction.
Moreover the mean stress values in fatigue loading have a profound
effect on the cycles to failure.

The surface finish has an immediate effect on the fatigue crack
nucleation as the surface irregularities act as a source of stress
concentration. The irregularities act as an aggravating factor in
addition to the geometry effects. This is one reason why mirror-
polished surfaces are preferred in members, which are subjected to
cyclic or oscillating stresses.

Fatigue cracks always initiate in the free surface of the materials.
Thus any surface treatment can have a significant effect on the
fatigue crack initiation. The fatigue crack initiation is quicker in
ductile materials than brittle materials upon application of cyclic
loads. This is due to the fact that dislocation motion is an important
factor in fatigue crack initiation. However, the crack propagation is
faster in brittle materials than ductile materials as the crack initiated
act as a source of stress concentration to open up the crack. It is thus
preferable to have a brittle surface with a ductile core to delay the
fatigue crack initiation and propagation stages respectively. So
generally the members subjected to cyclic loading are given prior
surface treatment such as shot peening to induce compressive
residual stress on the surface to delay the crack initiation process in
the material. Thermal processes such as carburising or nitriding
involve diffusion at higher temperatures, which also help to
improving the fatigue strength by inducing a compressive residual
stress. Metal plating operations, which induce tensile residual
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stresses, are often detrimental to the fatigue resistance of the
material.

At higher environmental temperatures creep predominates over
fracture. But at slightly elevated temperatures the endurance limit
disappears in steel due to the increased mobility of dislocations.
Elevated temperatures also anneal the surface removing the
beneficial effect of compressive residual stress produced by surface
treatments. The endurance limit increases at lower temperatures, but
a significant reduction in fracture toughness is experienced in most
materials at low temperatures. Moreover the ductile to brittle
transition takes place below the critical temperatures resulting in
increased flaw size dependence.

The operating environment influences fatigue phenomena and the
endurance limit is often altered due to the corrosion pits produced.
The alternating stress intensity/ mean stress values drops to a much
lower value when corrosion coincides with fatigue of materials.

Most of the theory of fatigue relates to metals rather than polymers
and ceramics. These materials show similar fatigue characteristics to
metals but with some significant differences.

Mechanical fatigue

The mechanism of fatigue involves 3 distinctly different
stages: Crack Nucleation, Crack Propagation and Fracture.
Nucleation is the stage most affected by the surface characteristics
and features of a material while crack propagation is strongly
affected by environmental agents, e.g. air as discussed above.

Cracks are usually nucleated at the surface of a component because
the surface contains more severe stress concentrations than the
subsurface unless there is a severe pre-existing flaw in the material.
Surface roughness, corrosion pits, wear scars can all generate
significant stress concentrations at the surface. Even a fine surface
finish such as produced by grinding will generate a measurable
increase in stress close to the surface. A half-exposed inclusion or
void generates a higher stress concentration at the surface than the
same inclusion or void when located subsurface. As explained
above the fatigue crack initiation normally takes place on the surface
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of the material and is delayed in brittle surfaces than ductile surfaces
while the crack propagation is slower in ductile surfaces. Thus a
composite material with brittle surface layers and a ductile core is
often desired to have higher fatigue strength. The only redeeming
factor to the above is the production of stressed layer on the surface
of the material with mirror finish surface. The stressed layer is
produced by various treatments either mechanically using cold
rolling, shot peening, etc. or by thermally assisted diffusion such as
carburizing or nitriding process generating a compressive residual
stress. Tensile residual stress produced due to processes such as
chrome plating or nickel plating is detrimental to fatigue strength as
explained above. The other option is to produce a mirror finish
surface to minimize the effect of stress concentration due to the
surface irregularities. The only redeeming feature is that plastic
deformation caused by most forms of surface finishing can create a
compressive residual stress.

During the nucleation stage, dislocations in a metal move under the
influence of stress and eventually congregate at some favoured
location on or in the metal. In most cases, the site is a stress
concentration located at the surface of the component. Dislocations
require only a very low stress to become mobile; it is the generation
of dislocations via Frank-Reed sources for bulk plastic deformation
that requires a high stress. When the dislocations reach the surface
they contribute to the formation of a crack nucleus. The crack
nucleus consists of a series of extruded metal lamella that reach
above the surface by a few micrometers. = Each metal lamella is
separated by a 'fatigue slip band’, which is where the dislocations
have concentrated. The structure of the crack nucleus is illustrated

below schematically in Figure 2.27.
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Figure 2.27 Mechanism of fatigue crack nucleation in a metal.
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Several crack nucleation structures form on a component at the
initial stages of fatigue, the most advanced crack nucleation
structure is likely to be the one that later becomes a crack. Despite
the small size of the crack nucleation structure, a large portion of the
fatigue life is expended by its formation.

In the Propagation stage, a distinct crack or micro-crack forms from
the void. The initial direction of growth of the micro-crack, which is
controlled by shear stress, is at 45° to the direction of the applied
stress. Once the micro-crack has enlarged, the tensile stress
concentration around the apex of the crack becomes the controlling
factor.

Crack growth is controlled by the cyclic nature of oscillating stress
and the path of the crack is never entirely straight. The crack grows
most during the period in each cycle of oscillating stress where the
tensile stress is at a maximum. When the tensile stress is at a
minimum or is converted to compressive stress, crack growth is
slow or can even reverse. It is found that fatigue is slower in a
vacuum than in air for chemically active metals e.g. nickel if there is
a period in the stress cycle, which is compressive. In a vacuum,
crack growth can be reversed during the compressive portion of the
stress cycle because the lack of oxide films permits near perfect re-
adhesion of the opposing surfaces of a crack. Striations or 'beach
marks' are formed on the crack surface as the crack front performs
an oscillation about the preferred direction of crack growth. The
fracture face of a component after fatigue induced failure is covered
with the 'beach marks' apart from a small area of ductile or brittle
failure where the component finally breaks. While each striation
corresponds to crack extension over one cycle of oscillating stress,
the number of striations is generally less than the number of stress
cycles to failure. This means that there are inactive or latent stress
cycles, which are not associated with a specific 'beach mark'

Contact fatigue
Contact fatigue occurs on or close to the surface of any rigid

body that sustains repeated rolling contact with only a limited
amount of sliding in the contact. The prime cause of contact fatigue
is the high stresses generated by Hertzian contact between any pair
of curved solid bodies. For example, stresses of 1 GPa or more are
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commonly found in contacts between steel spheres. Few materials
can resist surface damage from repeated exposure to such large
stresses. Repeated rolling contact generates a fatigue process of
oscillating stress for any material located in the rolling path.
Examples of contact fatigue are found in gear teeth, rolling bearings,
steel rails and wheels. The prime mode of damage in contact fatigue
is pitting of the contacting bodies. Where loads are higher and the
size of pits is much larger, the pits are called spalls and the process is
termed 'spalling'. Pits and spalls are however closely related and
associated where the stresses in rolling contact are high but below
the plastic flow stress of the contacting material. Examples of rolling
contact fatigue are illustrated schematically in Figure 2.28.

ROLLING BEARING Contact fatigue occurs
on raceways and rolling
elements.

RAILROAD WHEEL

Rolling surface
and rail head
suffer contact
fatigue

Figure 2.28. Common examples of rolling contact fatigue.

As is the case with other forms of fatigue, the three stages of
initiation, propagation and fracture are identified. In the initiation
stage a small crack originates from either a subsurface inclusion or at
the surface from wearing contact between the two rolling bodies.
Initiation is strongly correlated with shear stress and most crack
initiation sites from subsurface inclusions are located close to the
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subsurface maximum of shear stress for a Hertzian contact. Thus,
unlike mechanical fatigue where surface initiation of cracks
predominates, contact fatigue is often initiated at a small depth
below the surface. The precise location of the crack nucleation site is
usually close to the Hertzian shear stress maximum except for when
a major stress concentration occurs at a different depth. Inclusions
and voids can become favored sites for crack nucleation. If the
rolling of the contacting bodies is combined with some sliding and
wearing contact, then surface scratches may initiate cracks. Where
crack initiation occurs close to the surface to form a shallow pit, this
is classified as the Surface Mode of contact fatigue. When crack
initiation leads to the formation of a deeper pit with the origin of the
pit evidently at some distance below the surface, the Subsurface
Mode of contact fatigue has been said to occur.

The initiation stage often lasts for a considerable amount of time and
does not impair mechanical function of the rolling contact. =~ The
next stage is crack propagation where more rapid growth of the
crack occurs leading to the formation of what is in fundamental
terms a wear particle. The rolling contact remains functional during
this stage but its lifetime is already limited. The final stage is
fracture where the crack is large enough to allow detachment of the
wear particle. Once the wear particle is detached, the rolling contact
vibrates since one of the contacting bodies no longer has an
accurately circular profile and if rolling speed is high, considerable
noise is generated. The rolling contact is usually (but not always)
considered to be unusable at this stage and replacement of the
rolling parts is required. The mechanism and three stages of rolling
contact fatigue are illustrated schematically in Figure 2.29.

Contact fatigue occurs in both lubricated and unlubricated
situations, examples of lubricated contact fatigue are found in gears
and rolling bearings. Unlubricated contact fatigue can be seen in
railway wheels and rails. The presence of oil in lubricated contact
fatigue does modify the mechanisms involved. The oil can contain
additives; particularly sulfur and chlorine additives that can
accelerate contact fatigue by a form of Corrosion Fatigue (see
Chapter 5, section 5.3) while all oils can accentuate contact fatigue by
a process known as the Hydraulic Crack Propagation Mechanism.
Any oil present inside a rolling contact is subjected to very high
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pressures of 1 GPa or more. This high pressure enables the oil to
separate the contacting surfaces, suppress the surface mode of
contact fatigue and thereby prolong the working life of the rolling
materials. The same high pressure does however accelerate crack
growth by pressurizing the space between the crack surfaces. The
apex of the crack sustains an increase in tensile stress as a result of
this pressurization and the crack propagation rate is increased.
Hydraulic crack propagation is most significant where some degree
of sliding as well as rolling is present. It is usually found that the
slower rolling body shows more signs of hydraulic crack
propagation than the faster rolling body. The mechanism of
hydraulic crack propagation is illustrated schematically in Figure
2.30.
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Figure 2.29 Mechanism of rolling contact fatigue.
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Figure 2.30 Mechanism of hydraulic crack propagation in lubricated rolling
contact fatigue.

Dry wunlubricated rolling contact fatigue always occurs
simultaneously with wear of the rolling surfaces. For steel rails
and wheels, a mild form of oxidative wear (see Chapter 5, section
5.2.1) occurs which produces iron oxide granules as wear particle.
When the contact stress reaches the plastic limit of either of the
rolling bodies, a process known as corrugation occurs on the softer
rolling body. Corrugation is the distortion of the original flat or
curved surface of the rolling body to a waved profile. It is
frequently found on steel rails with the resulting nuisance of noise
and vibration. The exact mechanism of corrugation is still
unknown but clearly involves plastic flow just below the rolling
surface.

High frequency rolling contact does not only generate surface
defects in metals. Heavily used steel rails are prone to a mode of
fracture originating in the interior of the rail, which is known as
tache ovale. This is a large oval shaped defect that develops close to
the center of the rail cross-section. The tache ovale is usually
aligned with longitudinal axis of the rail and can be much longer
(i.e. axially along the rail) than its height. When the tache ovale
reaches sufficient size after prolonged usage of the rail, there is a
sudden fracture of the rail as it splits open. The concealment of
tache ovale inside the rail with no external signs of damage and the
sudden and catastrophic failure of the rail represent a severe
problem for the management of railways. Many railways practice
regular monitoring with eddy current detectors or other devices
designed to reveal tache ovale and other internal defects.
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Thermal fatigue
Stresses leading to cyclic crack growth are not only generated

by the deliberate application of mechanical loads but also are caused
by rapid changes in temperature. If a solid body is made to rapidly
cool or become hot, the variation in temperature between the
exterior and interior of the body will cause thermal expansion
stresses. When the temperature rises or declines of several hundred
degrees Celsius in a few seconds are involved, thermal expansion
stresses become severe and a phenomenon known as thermal fatigue
results. Instances of thermal fatigue are found in gas turbine blades
of e.g. aero-engines, which are exposed to very rapid changes in
temperature during start up. Cylinder blocks and heads of internal
combustion engines also suffer from thermal fatigue.

Thermal fatigue reaches final fracture more quickly than mechanical
fatigue at ambient temperatures. Fracture typically occurs after
1,000 to 10,000 cycles but the frequency of the stress cycle is lower
than of a rotating shaft so that the lifetime is still usefully long.

Fatigue of non-metallic materials

Polymers and in some instances, ceramics, display similar
characteristics of fatigue, i.e. slow crack growth under alternating
stress but the micro-structural mechanisms of fatigue are very
different from metals. The mechanisms of fatigue in polymers are
also fundamentally different from that of ceramics.

Crazing and shear band formation in polymers

Crack growth under fatigue loading in polymers is largely
controlled by the formation of either a crazed region ahead of the
crack or a series of shear bands. Ductile crystalline polymers are
more likely to display shear bands, while brittle glassy polymers
tend to form crazed regions. Shear bands are planar regions where
shear strain is concentrated and are aligned along the plane of
maximum shear stress. Crazing is characterized by the formation
of a diffuse 'crazed' region ahead of the crack front with fibrous
tendrils that extend across the gap between the opposing
surfaces of the crack. Unlike metals here, there may not be a
distinct crack apex. Formation of the fibrils and crazed region are
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associated with chain scission and extreme alignment of molecules
under mechanical stress. Shear bands and crazing around a fatigue
crack are illustrated schematically in Figure 2.31.

Crazed
region
controlling

Fibrils crack

Shear
bands

Figure 2.31 Fatigue mechanisms of polymers.

Crazing is often located at the surface of the polymer where it
generates an initiation site for a crack. Consequently, fatigue in
polymers is usually surface originated, as is the case for metals.

Crazing and shear band formation can cause crack growth to
proceed by a series of steps rather than in a continuous manner.
This is considered to be a benign phenomenon because of the slower
rate of crack growth that results.

Crazing can be induced by chemical reagents, leading to a
phenomenon known as Environmental Crazing. Polymers when
stressed and is in contact with chemical reagents undergo a slow
brittle failure termed as environmental stress cracking and crazing
(ESC). ESC is the premature initiation of cracking and embrittlement
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of a plastic due to the simultaneous action of stress and strain and
contact with specific fluids. This definition provides the key to the
problem of predictability. Failure is due to a combination of
influences, which would not cause the same problems if
encountered individually. A phenomenon known as static fatigue
can also occur where a steady stress causes delayed fracture by the
formation of a crack from a region of degraded polymer.

High frequencies of fatigue loading may cause significant heating of
the strained polymer. Since the mechanical strength of polymers
are extremely sensitive to temperature, thermal softening may occur
with high frequency fatigue loading.

Ceramics

At low temperatures, the mechanical properties of ceramics are
dominated by their inherent brittleness, which can lead to sudden
fracture. Brittle fracture is determined by a critical level of stress
intensity, with little effect from oscillating stress amplitude.
Growth of long cracks at room temperature is accelerated when, a
static load is substituted by an oscillating load. Long cracks are
cracks, which are larger than crystalline grains. At higher
temperatures, e.g. 1000 degrees Celsius, the ductility of ceramics,
such as aluminium oxide increases significantly and thermal fatigue
or slow thermal fracture becomes an important mode of materials
degradation. In this instance, the thermal contraction stresses cause
numerous microcracks to form in the ceramic before it finally
fractures.

Creep

Creep, like fatigue, is a phenomenon displayed by most known
materials. It is widely considered to be an exclusively 'high
temperature' mode of failure but low temperature creep is common
and significant to engineering materials such as polymers. Creep is
characterized by a slow growth or contraction in the length of a
component under applied stress. Compressive stress causes a
component to progressively contract and conversely tensile stress
causes gradual extension. A parameter that is fundamental to the
measurement of creep is strain rate, which has the scientific
dimensions of reciprocal seconds but is more often quoted as %
strain per year. At constant true stress, creep can be categorized into
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three periods. An initial period where strain rate is comparatively
high but then declines to a near constant value, a middle period
where the strain rate remains at this constant value and a final
period where strain rate increases at an accelerating rate until final
failure occurs. These three stages are commonly known as primary,
secondary and tertiary creep respectively. = The progress of creep
through the primary, secondary and tertiary phases is shown
schematically in Figure 2.32.
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Figure 2.32 Development of creep at constant stress level and a model of different
stages of creep.

CREEP RATE AT CONSTANT STRESS

A model depicting the behavior of materials at different stages creep
is shown in the figure 2.32. During the primary stage the creep
curve can be modeled as a spring, which shows increasing resistance
to deformation with stress. The strain rate during secondary creep is
not precisely constant but can be modeled as constant for the
purpose of failure prediction. It is during this stage of creep where it
can be equated to a spring and a damper in parallel and the
resistance and the deformation increases uniformly with applied
load. Prevention of failure by creep usually involves ensuring that a
material remains within primary and secondary creep within the
prescribed period of service.

The propensity of material to creep is not controlled by temperature
in an absolute sense but instead is controlled by the ratio of service
temperature to the melting point of the material. It is generally
observed that observable creep occurs only when the prevailing
temperature is greater than 40% of the melting point of the material.
For this reason, ice as found in glacier creeps at climatic
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temperatures since these are very close to its melting point. Another
typical practical example could be creep of ice cream during
transport due to self-weight. Among the metals, lead and indium
also creep at room temperatures because room temperature which is
close to 300°K (23°C) is half of the melting point of lead at 601°K
(328°C) and greater than half the melting point of indium at 430°K
(157°C).  For steel and metals with higher melting points, the creep
only becomes significant at temperatures exceeding several hundred
degrees Celsius. Ceramics with higher melting points than steels,
e.g. alumina, are creep resistant to at least 1000 °C while polymers
are sensitive to creep at room temperature.

There are several mechanisms of creep which all contribute to the
overall creep rate additively, i.e. the creep rate is the sum of creep
rates predicted for each mechanism. The most significant creep
mechanisms are listed below.

(i) Dislocation glide where dislocations move along slip planes and
pass over barriers by thermal activation. Typical barriers are
precipitates, solute atoms and other dislocations. This mechanism of
dislocation occurs at high stress, which are approximately 1% of the
shear modulus of the material sustaining creep.

(ii) Dislocation creep, which involves the movement of dislocations
in the same manner as dislocation glide but is controlled by the
balance between strain hardening and thermal recovery. Thermal
recovery is the dissipation of strain by temperature dependent
dislocation movement. This mechanism is significant at stresses
ranging from 0.01% to 1% of the shear modulus.

(iii) At high temperatures and low stresses, diffusion of vacancies
and interstitial atoms becomes a significant mechanism of creep.
The effect of applied stress is to reduce the activation energy for
diffusion along the direction of stress. Vacancies and interstitial
atoms then diffuse along the axis of stress to generate creep. This
mechanism is dominant at low stresses, which are approximately
0.01% of the shear modulus.

(iv) Another high temperature mechanism of creep is intergranular
sliding. The strength of grain boundaries is more acutely
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temperature sensitive than strength of material within a grain. Thus
at high temperatures, the grain boundaries become the weakest part
of a metal. Intergranular sliding is a major cause of final fracture in
creep. Integranular sliding is more probable at low strain rates than
at high strain rates.

The Arrhennius law of thermal activation accurately models the
temperature dependence of creep. In metals, the Arrhennius
activation energy for creep is found to closely correspond to the
activation energy of either lattice self-diffusion or grain boundary
diffusion or dislocation pipe diffusion. Creep is also strongly
influenced by stress where the strain rate can be reasonably modeled
as proportional to stress®n where 'n' varies according to the
mechanism of creep. Where creep is diffusion based: n = 1. For
grain boundary sliding and intergranular creep, n > 1 where the
actual value of 'n' may reach 10. At the end of tertiary creep, voids
may form in the component to cause the final fracture.

Interaction of creep and wear

Creep can cause a form of 'quasi-wear’, which involves migration of
a contact area, or wear scar deeper into one of the contacting bodies
but without any weight loss of either contacting body’s. The
classical model of wear always involves weight loss as wear
particles. With quasi-wear, frictional heating and the shear and
compression stresses of frictional contact cause material directly
beneath the contact area to be displaced away from the contact area.
A common example of this effect is found on polymer pins after a
wear test. A tongue of displaced material is found at the
downstream side of the pin. This tongue contains polymeric
material that sustained rapid creep during the wear test until it was
removed from the contact interface. Eventually the tongue of
material detaches from the pin to form an unusually large wear
particle. Creep induced pseudo-wear is illustrated schematically in
Figure 2.33.
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Figure 2.33 Pseudo-wear generated by creep and friction.

Creep of non-metallic materials

Both polymers and ceramics suffer from creep but the
controlling physical mechanisms are different. The creep of
ceramics displays some similarities to metals where strain is
generated by the movement of dislocations. In polymers, strain is
dependent on the relative sliding and uncoiling of macromolecules.
A further distinction between creep of ceramics and polymers is that
the brittleness of ceramics ensures that creep competes with brittle
crack growth as the dominant fracture mechanism even at high
temperatures. Creep can interact with brittle crack growth by
causing closed cracks to open and in doing so, become blunt. Creep
in ceramics therefore tends to suppress sudden brittle fracture.

~ 2.3.2 Fatigue and creep resistant materials

Fatigue

In principle, fatigue resistance is enhanced by a very clean
microstructure with the lack of inclusions and bubbles, which
provide sites for crack nucleation. A general guide for enhanced
fatigue resistance is to choose a high strength material in order to
ensure that the applied stress is only a small fraction of the yield
stress. Fatigue resistance is strongly influenced by careful design to
avoid the generation of notches and sharp corners and
manufacturing quality where surface finish is of high quality.
Even a high strength material will suffer early fatigue failure if
design and manufacturing standards are not maintained. Many
high strength materials also have the disadvantage of being brittle
which compromises fatigue resistance as well as entailing the risk of
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sudden fracture. Steels are effective and cheap materials for fatigue
resistance.

Creep resistant materials are usually evaluated in terms of the
temperature threshold of rapid creep. On this basis, the most creep
resistant materials are the refractory ceramics such as alumina and
silicon carbide, which suffer from negligible creep up to
temperatures of 1000°C. The limitation of ceramics is brittleness,
which often necessitates the use of metals such as nickel and cobalit.
Molybdenum is also creep resistant because of its high melting point
but as shown in Chapter 3, suffers severely from high temperature
oxidation and so cannot be used where oxygen is present. To
enhance the creep resistance of a particular metal alloy, the
component is often manufactured from a single metal crystal. The
lack of grain boundaries in a single crystal suppresses inter-grain
boundary creep.

Almost all known organic polymers are subject to creep, the most
creep resistant are the thermosetting polymers which have extensive
cross-linking between adjacent carbon chains. A high glass
transition temperature is also essential for creep resistance.

2.4 Summary

The main mechanical causes of degradation involving wear and
fracture are discussed in this chapter. Both fracture and wear
comprise of many separate mechanisms, each of which has distinct
characteristics. Some forms of wear can be modeled as micro-
fracture at the surface but other forms of wear e.g. melting wear
cannot be so classified. Frictional contact generates local heating
and this is the prime reason why wear can be fundamentally
different from fracture. The predominance of compressive stresses
in a wearing contact also favors plastic deformation over fracture.
Plastic deformation can reach very high levels in a wearing contact
and this is one of the reasons why wear rates are usually
comparatively low (because material flows over a surface rather
than fracturing and detaching).
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Fracture is affected by the nature of stress, i.e. steady or variable
stress and the prevailing temperature. Variable or oscillating stress
causes slow crack growth, which is termed fatigue. Elevated
temperatures lead to continuous stretching of a material until it
fractures, this phenomenon is called creep. It is very difficult to
devise a material, which is permanently resistant to fracture.
Eventually fatigue or creep will cause failure of the material, even if
a thousand years or more is required.
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CHAPTER 3

CHEMICAL CAUSES OF MATERIALS
DEGRADATION

3.1 Introduction

Perhaps the most common causes of materials degradation
are chemically mediated since they can proceed without the
expenditure of mechanical work. It is an unfortunate reality that
technology currently relies on metals in a reduced or unoxidized
state while under terrestrial conditions; the oxidized state
represents chemical equilibrium. Chemically mediated materials
degradation largely involves a reversion of metals to chemical
equilibrium. If at some time in the future metal oxides, e.g.
alumina becomes widely used as engineering materials, the
severity of chemically mediated materials degradation will greatly
reduced though not eliminated. Alumina and other metal oxides
are still vulnerable to hydration and other forms of chemical attack.

73
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There are almost as a great a variety of types of chemically mediated
materials degradation as there are chemical reactions. The most
significant types of chemical reactions and associated materials
degradation are illustrated schematically in Figure 3.1
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Figure 3.1  Relationship between the various forms of chemical degradation of
materials.

Chemically mediated degradation can be divided into 3 basic
classifications: aqueous, high temperature and biochemical/ biological.
Aqueous degradation involves damage by water, salt water or acids to
metals, which either rust or dissolve. Water and acids can also damage
non-metals e.g. strong acids rapidly attack concrete. High temperature
corrosion is endemic to any metal used at high temperature and is in
fundamental terms a form of burning although the protective effect of
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oxide layers usually prevents rapid destruction of metal from occurring.
Molten metals and salts can be very destructive solvents of metals and
some non-metals, thus posing problems for moulds and furnace crucibles.
Biological organisms can treat solid materials as a food source or else, the
material is degraded by corrosive excretions from organisms. Life-forms
ranging from single-cell bacteria to mammals (rats) are the culprits.
Chemical degradation at very low temperatures is similar to that at
ambient temperatures except that the rate of degradation will be less and
may even be negligibly small. All of these modes of materials degradation
shown in Figure 3.1 will be discussed in this chapter.

In terms of economic costs, aqueous oxidation of metals at ambient or
moderately elevated temperatures and dry oxidation of metals at high
temperatures are the most significant modes of chemically mediated
materials degradation. Polymers and ceramics are also prone to damage
by water and solvents, these and other related mechanisms of materials
degradation are discussed below.

3.2 Corrosion of metals in aqueous media

The metal of greatest economic and technical value, iron, is prone
to corrosion in aqueous media or aqueous corrosion. This phenomenon is
commonly known as 'rusting’ and if unchecked will lead to complete
destruction of a steel component. Rusting and other types of aqueous
corrosion are an undesirable form of the same electrochemistry that is used
to store electric energy in batteries. During rusting, the electrical energy
produced is dissipated as resistive heating (which is usually too slow to
be noticed) while the iron or steel is converted to iron hydroxide, which is
too weak to be useful as a structural material. Other metals such as zinc
and magnesium suffers a similar process of electrochemical reaction or
electrochemical corrosion when wetted by water. For metals, aqueous
corrosion is almost always equivalent to electrochemical corrosion but for
other materials e.g. ceramics this equivalence does not apply.

' 3.2.1 Electrochemistry and aqueous corrosion

The key to understanding and controlling aqueous corrosion is to
analyze the processes involved in electrochemical reactions. Knowledge
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of basic electrochemistry is therefore a prerequisite for a study of aqueous
corrosion.

The electrochemical cell as a mechanism for corrosion

A convenient starting point for discussion of electrochemistry is
events occurring when two bars of dissimilar metals are placed in a weak
acid solution together and connected by a metal wire. In the context of
electrochemistry, the bars (or any other physical form) of the two
dissimilar metals are known as electrodes. One of the metals could be
copper and the other zinc while only a small amount of acid need to be
added to the water. The acid is an example of an electrolyte since when
dissolved in water, the acid raises the level of dissociation of neutral
water into positively and negatively charged ions. Other soluble
substances such as salt but not sugars are electrolytes. An electrolyte is so
called because it facilitates conduction of electricity by the water. The
entire assembly of electrodes, electrolyte and connecting wires is an
example of an electrochemical cell. Recognition of hidden electrochemical
cells inherent in engineering structures is an essential skill for corrosion
prevention. So long as there is no wire connection between the copper
and zinc, neither metal shows any visible sign of reaction although some
very slow reaction is almost certain to occur. As soon as the wire
connection is established, gas bubbles will be emitted from the copper
electrode while the zinc electrode will slowly start to show changes in
surface topography as reaction progresses. If a galvanometer is connected
between the copper and zinc instead of only a wire, electrical current will
be detected. These events are illustrated schematically in Figure 3.2.

The rate of reaction of the more chemically active metal which in this case
is zinc, is increased by sharing some of the stages in chemical reaction
with a less active metal, which is in this example is copper. This rapidity
of reaction is a critical feature of electrochemistry. Chemical reactions in
the form of corrosion are almost inevitable but where electrochemical
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Figure 3.2 Electrochemical interactions between dissimilar metals immersed in an
aqueous solution of electrolyte.

factors are favorable, significant corrosion can occur in days but instead of
years. If electrochemical reactions can be prevented then rapid aqueous
corrosion is much less probable. For example, aluminum and most of its
alloys are protected by a strong but extremely thin film of aluminum
oxide which blocks the electrical circuit needed for electrochemical
corrosion to occur. This is the reason why boats made of aluminum can
be expected to last for many years.

Electrochemistry involves two chemical reactions proceeding at different
sites but in coordination as observable accumulations of electrons either
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in the electrodes, electrolyte or conducting wires are not found. At the
zinc electrode the following reaction occurs:

Zn=7n" +2¢ {3.1}

This reaction means that metallic zinc atoms are converted to zinc ions,
which are then sequestered by water molecules to form a coordination
complex in the water. This coordination complex is a formalized
arrangement of water molecules around an ion or alien molecule and
forms a basic part of the process of solubilization.

The electrons released by the formation of zinc ions do not remain in the
zinc electrode but flow to the copper electrode. At the copper electrode,
electrons are consumed in the following reaction to produce hydrogen gas
bubbles and water.

2¢ + 2HO'= H, + 2HO {3.2}

The copper does not suffer any chemical changes other to be a site for this
reaction to occur. The zinc electrode, which donates electrons and loses
metal to the electrolyte is said to be anodic while the copper electrode,
which acquires electrons, is said to be cathodic. In electrolytes composed
of acidic solutions, hydrogen evolution at the cathode is the most probable
reaction as shown above.

A rate-controlling factor in this electrochemical corrosion is apart from
temperature, often the concentration of ions e.g. H,O+ in the electrolyte.
The ionic forms of water, H,O+ and OH- are illustrated schematically in
Figure 3.3.
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The hydrogen atoms and hydrogen ions are considerably smaller than the
oxygen atom and form only small extensions to the central oxygen atom
when bonded to form a water molecule. A water molecule can either gain
a hydrogen ion to form H,O" or lose a hydrogen ion to form OH. The
hydrogen ion itself, H" is just a proton which is minute compared to
atoms and ions with electron shells. Being so small, the proton would
generate such an intense electric field that it would be immediately
bonded to an adjacent molecule. In some discussions of corrosion
reactions, H+ is written as a reactant not H,O" because the water molecule
H,O appears to be entirely passive in the chemical reaction. It is then
possible to omit H,0O, which simplifies the writing of the chemical
equation. This abbreviation of the reaction process overlooks the kinetic
aspects of the reaction. As will be discussed later, the speed of corrosion
reactions is often controlled by diffusion of H,O" to the reaction site. H,O"
is much larger than H" and so can only diffuse at a much lower rate
through water.

Distilled and tap water have rather small concentrations of H,O" and OH’
ions, but sea water which contains about 5% by weight of sodium
chloride has a much larger concentration of ions. An abundant supply of
ions to facilitate electrochemical reactions is the basic reason why
seawater is so corrosive. The corrosive nature of sea water is the reason
why shipping companies are prepared to spend a small fortune to extract
their ships from the sea and send small armies of workers to paint the
entire exterior of each ship owned.

The significance of surface structure in electrochemistry
A point often overlooked in discussions of corrosion is the process

whereby metal atoms are dislodged from their crystal lattice to be ionized
and later solubilized by water. Gulbransen observed that corrosion, as we
know it depends on minute imperfections on a metal surface. A typical
metal surface is not perfectly planar but in fact consists of terraces of
atoms. The terraces are irregular in shape and there are also numerous
missing single atoms or single atoms known as adatoms that stand isolated
above a terrace. Ionization of metal atoms always occurs preferentially at
adatoms in particular or along terraces since this where atoms are bonded
to the least number of adjacent atoms compared to subsurface atoms.
This concept of localized corrosion is illustrated schematically in Figure
34
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Figure 3.4 The role of imperfections in atomic layering of surfaces in promoting
COTTOSion.

A reasonable objective for future technical development may be to produce a
perfectly planar surface, which is therefore corrosion resistant without recourse to
rare alloying elements such as chromium. A typical metal surface is not perfectly
planar but in fact consists of terraces of atoms. This model of the surface is
known as the Terrace-Ledge-Kink (TLK) model.

Electrochemical potentials
Innumerable experimental measurements have lead to the

observation that there is a systematic ranking between the various metals
of the periodic table in terms of their electrochemistry. Some inactive
metals such as copper release bubbles of hydrogen i.e. are cathodic, when
connected to almost other metals whereas zinc is only cathodic when
connected to a much smaller number of metals. Iron is moderately active
so that it is anodic to copper but cathodic to zinc. Metals are usually
ranked in terms of their standard electrochemical potential. The standard
electrochemical potential is the voltage measured between an electrode of
the metal to be tested and a nominal hydrogen electrode, which is in fact, a
platinum electrode immersed in a one molar solution of hydrochloric acid
with hydrogen gas flushed through. The voltage is measured at the
minimum possible current to prevent voltage loss caused by
accumulations of jons around each electrode. Each electrode is
surrounded by a pool of electrolyte containing either metal ions of the
same metal as used in the electrode, e.g. zinc ions for a zinc electrode or
hydronium ions (H,O+) for the hydrogen electrode. The two different
solutions of electrolyte are maintained in electrical contact but physically
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separate by a permeable membrane. The hydrogen electrode and a
connected test electrode are illustrated schematically in Figure 3.5.

Voltmeter
Hydrogen gas

| / I
Test metal
electrode

R R R A A R R R R R

1 M solution of Y3 “Misolution V5 A
Y test metal ions YaxPf hydrogen ions 2 Bubbling of hydrogen

\ =2 gas to maintain
Semi-permeabile membrane saturation of hydrogen
to allow flow of electric charge in electrolyte solution

Figure 3.5 Use of the standard hydrogen electrode to measure the standard
electrochemical potential of a metal.

The electrochemical potential represents the difference in chemical energy
release between when a metal is ionized and solubilized in water and
when hydrogen gas is ionized and absorbed by water to form H,O".
Where two metals differ in electrochemical potential or energy of
ionization, the metal with the lesser electrochemical potential (i.e. the
more negative) is more likely to be corroded. A list of some common
electrochemical potentials is shown below in Figure 3.6.
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Figure 3.6 Electrochemical potentials of common elements.
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The standard electrochemical potential between e.g. iron and zinc in an
electrochemical cell can be found by computing the difference in
electrochemical potentials relative to the reference electrode. It is possible
to refer directly from data based on the hydrogen electrode to data
involving a different metal electrode because the only influence that
reactions at one electrode have on the other connected electrode is a
supply of electric current. This view of the independence of separate
electrode reactions is based on the assumption that there is no mixing at
all between the corresponding solutions of electrolyte. If such mixing
occurs then the electrochemical potential will be affected. To calculate the
relative electrochemical potential between iron and zing, it is necessary to
find the electrochemical potentials of the respective electrode reactions,
which are as follows.

Fe"+2e = Fe  Electrochemical potential = -0.440 V {3.3}
Zn = Zn" +2e  Electrochemical potential = 0.763 V {3.4}

In this instance it has been assumed that ferrous ions will be de-ionized
and deposited on the iron electrode because iron has a lesser negative
electrochemical potential than zinc. The value of the final calculated
electrochemical potential will reveal if this assumption is correct. It
should be noted that the electrochemical potential of the zinc electrode
reaction is the reverse of the table value because the reverse reaction,
ionization of zinc is considered here. The two chemical equations and
their corresponding electrochemical potentials are then added separately
to form two equations representing the overall reaction and the overall
release of electrochemical energy. The combined reaction of the two
electrodes and the corresponding electrochemical voltage is shown below.

Zn +Fe™ =7Zn" +Fe 3.5}
Electrochemical potential = -0.440 V+ 0.763 V = 0.323 V {3.6}

The electrons, which appear on both sides of the combined equation, are
eliminated as in reality they do not accumulate (unlike the zinc ions and
iron) but are circulated between the two electrodes. A positive value of
calculated electrochemical voltage means that the reaction is energetically
favorable while a negative voltage means that it is unfavorable. In this
example, it is apparent that iron does not usually corrode in the presence
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of zinc and this result is used in many protective coatings for irons and
steels.

Limitations of electrochemical potentials and the galvanic series
Electrochemical potentials are usually only observable in carefully

controlled chemical experiments where pure chemicals and clean metals
are studied. In practical situations the relationship between metal and
propensity to corrode may differ from what is directly predicted by the
electrochemical series, i.e. the larger the electronegative potential the
more corrodible the metal is. Another series called the galvanic series has
been devised which gives an approximate allowance for complicating
factors such as oxide films which envelope a metal to alter its effective
chemical characteristics. Aluminum, as discussed above, is a particularly
good example of this phenomenon. The galvanic series is illustrated
schematically in Figure 3.7.
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Figure 3.7 The galvanic series of metals.

It can be seen that the galvanic series provides a qualitative indication of
corrosion tendency unlike the electrochemical series, which offers
quantitative information.
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Application of electrochemical potentials and the Nernst equation
Electrochemical potentials are not absolute constants but are

dependent on temperature and concentration of the electrolyte solutions.
The electrochemical potentials listed in Figure 3.6 are based on
measurements at 25°C cell temperature and 1.0 Molar concentration of
electrolytes. A fundamental equation known as the Nernst law describes
the effect of electrolyte concentrations and temperature on the
electrochemical potential. A simplified form of the Nernst law is shown
in {3.7}.

E = E"- R.T/(n.F). In(ratio of concentrations of electrolytes) {3.7}

Where E is the actual electrochemical potential, E" is the standard
electrochemical potential calculated from tabulated values, R is the
universal gas constant ( 8.31 J/mol. K), T is the absolute temperature of
the cell, n is the number of electrons involved and F is the Faraday constant
which has a value of 96,500 C/mole. The Faraday constant represents the
amount of electric charge in coulombs to deposit from solution or
solubilize one mole of monovalent electrolyte. In the case of iron and
zinc, which are both bivalent 2 * 96,500, C would be required to deposit or
ionize one mole of each. In this example, since the number of electrons
involved in {3.3} and {3.4} is 2, then n = 2. The ratio of concentrations of
electrolytes is by convention has the numerator equal to the concentration
of electrolyte that gains ions while the denominator is the concentration of
the other electrolyte that loses ions should the reaction proceed. In the
example given above this means the concentration of ferrous ions in
solution is assigned to the denominator while the concentration of zinc
ions is assigned to the numerator. If the concentration of ferrous ions is 10
M (molar, i.e. 10 moles per litre) and the concentration of zinc ions is 1 M
then the ratio of concentrations is 1/10 = 0.1. At a temperature of 27°C or
300°K, where ferrous ions are present in 10 M concentration and zinc ions
are present in 1 M concentration, the electrochemical potential of a zinc
and iron cell is calculated in the following manner.

E =0.323V-(8.31]/(mol. K) * 300 K)/(2 * 96,500 C/mol)*In(0.1)

= 0323V +0.0297V =0.3527 V
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It should be noted that since the dimensional quantity Joules/Coulomb is
the definition of electric voltage, the above calculation is dimensionally
consistent.

The effect of temperature on electrochemical potential can be seen to
depend on temperature. Where there is a negative logarithm of
concentration ratio, which means in the current example that the
concentration of ferrous ions is higher than the concentration of zinc ions,
then increased temperature raises the electrochemical potential of the
reaction. Conversely if the logarithm of the concentration ratio is positive
then increased temperature will reduce the electrochemical potential.
What are the practical consequences of this result? To answer this
question, suppose that an iron bolt protrudes from a zinc casing, which is
exposed to a concentrated solution of zinc sulfate with a smaller
concentration of sulfuric acid. If the temperature is sufficiently high, e.g.
if the zinc casing forms a high pressure autoclave where the boiling point
of water is elevated beyond 100°C, then it is possible that the
electrochemical potential described in {3.7} will become negative. This
model of events is based on the premise that the electrochemical potential
of (3.5} does not increase. If the electrochemical potential of {3.7}
becomes negative then iron will become anodic to zinc and so corrode.
For reasons described in section 3.1.2, the small size of the iron bolt
compared to the zinc casing will cause far more intense corrosion of the
iron bolt than the casing. The possibility of extreme concentration

differences  reversing electrochemical potentials is illustrated
schematically in Figure 3.8

It is found in practice that zinc coatings do not effectively protect iron or
steel structures when they are immersed in hot water. The cause of this
loss of corrosion protection is a decline in electrochemical potential of the

zinc coating with respect to the iron substrate with increase in
temperature.
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Figure 3.8 Generation of abnormal electrochemical potentials by large concentration
differences in electrolytes and associated corrosion problems.

Rate of electrochemical corrosion

Equations of electrochemical potential only predict whether a
corrosion reaction can proceed and cannot be used to directly predict the
rate of corrosion. Corrosion rates are of critical importance to estimating
how long a specific metal will last in a corrosive fluid. A typical question
is whether a steel vessel will withstand acid solution for hours, days or
months? If the answer is a few months or longer then steel can be used
otherwise it will be necessary to specify a more resistant but also more
expensive material. The rate of aqueous corrosion is usually answered by
calculating the corrosion current, which is the current that passes between
anode and cathode of the electrochemical cell causing the corrosion. It is
convenient to measure corrosion in terms of corrosion current instead of
mass of corroded material since corrosion current can be directly
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calculated from electrochemical theory. Corrosion current also provides a
common basis for comparison of corrosion of different metals.

The corrosion current of an electrochemical cell is determined from the
Tafel equation, which predicts a linear relationship between
electrochemical potential and the logarithm of corrosion current.  The
Tafel model is a superb simplification of some very complex processes
that occur on electrode surfaces and provides a very useful means of
estimating corrosion currents. The Tafel model is most effectively
illustrated by considering a graph of measured current passing through
an electrode versus an imposed voltage. Instead of letting the
electrochemical cell generate its own characteristic voltage between its
electrodes, the voltage between one electrode and its adjacent solution of
electrolyte is controlled externally. As may be instinctively realized, if the
voltage is lowered, i.e. a larger negative voltage is generated, the current
emanating from the electrode increases. This is because a negative
voltage means that electrons are being forced into the electrode.
However, when a positive voltage is imposed, the current also increases,
as now the electrode is receptive to electrons from the solution of
electrolyte. It is also found that the plot of the logarithm of the modulus
of current versus voltage has a linear portion and a non-linear portion
when the imposed voltage is small. The linear portion represents an
exponential relationship between imposed voltage and resulting electrode
current, the non-linear portion is caused by the precipitate decline of a
logarithm to negative infinity when the current approaches zero. At
extremely small currents, the current decomposes into individual electron
movements where the concept of continuous electric current is
inapplicable so that negative infinity' cannot actually be reached. This
level of current is hard to observe, of limited practical importance and so
is not considered further. When the voltage is progressively lowered
from positive values to negative values, the electrode current passes
through zero before reversing in polarity. The non-linear portion of the
relationship between voltage and logarithm of current is usually
overlooked in applications of the Tafel model because unless the electrode
is very large, very small currents are involved. Inspection of actual
voltage-corrosion current measurements plotted on a Tafel diagram
reveals significant non-linearity between voltage and logarithm of current
close to a reversal in current polarity.
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For large-scale electrodes, which typically consist of entire metal
structures, non-linearity becomes detectable at measurable currents and
therefore should be analyzed accordingly. Extrapolation of the linear
portion of the voltage-current relationship for both positive and negative
imposed voltages defines a characteristic current at the intersection of the
two linear extrapolations. The linearization of the voltage-current
relationship and isolation of a characteristic current, which form the basis
of the Tafel model, are shown graphically in Figure 3.9 for an idealised
metal electrode.

IDEALISED GRAPH OF ELECTRODE CURRENT VERSUS IMPOSED VOLTAGE
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Figure 3.9 Tafel model of relationship between current and electrochemical

potential for a zinc electrode.

The Tafel extrapolation of current versus external voltage reveals a
minimum non-zero value of electrode current. As may be readily
appreciated this current does not flow from the electrode, instead it is
recycled within the surface of the electrode where ionization of metal ions
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are exactly balanced by deposition of metal ions from solution. When an
electrode is immersed in a solution of electrolyte, the electrode does not
remain inert but continuously changes ions from solution with atoms of
electrode material or else continuously dissociates water to form
hydrogen while simultaneously synthesizing water. This is an exchange
process and the minimum current is known as an exchange current. The
effect of an externally imposed voltage is to suppress one direction of the
current flow while raising the other in order to create a net current flow to
or from the electrode. The phenomenon of change in electrode potential
(voltage) with current is known as polarization. The effect of imposed
voltage is therefore not to initiate some previously dormant chemical
reactions but merely to bias the rates of the various reactions occurring so
that a change occurs in the overall state of the electrode, i.e. it is corroded
or it gains material. The concept of exchange current is illustrated
graphically in Figure 3.10. Exchange current dictates the rate of corrosion
and chemical activity as much as electrochemical potential. Zinc is more
rapidly corroded in an acid solution than iron not just because of the
difference in electrochemical potential but also because zinc has a higher
exchange current density per unit area. However, electrochemical potential
and exchange current density are independent parameters, which do not
correlate with each other. For example, the metal with one of the highest
exchange current densities, platinum, is well known as a noble metal.

So long as the electrode is isolated electrically, the two opposite
components of exchange currents are equal with no net current from the
electrode. As soon as the electrode is connected either to another
electrode or power source or even to the earth (which is effectively an
electrode), the electrode will sustain an externally applied voltage. The
difference between the external voltage and the electrode potential
calculated according to {3.7} is often referred to as an over voltage and its
effect is to alter the ratio of exchange current components from its
undisturbed value of unity. The over voltage is caused by the activation
energy of the rate limiting process on the electrode. There are several
reactions occurring at an electrode, e.g. adsorption of ions, electron
transfer, supply of non-ionic molecules. The slowest reaction controls the
rate of electrochemical reaction and its rate is controlled by activation
energy of chemical reaction. Part of the electrochemical potential is lost at
the electrode surface to satisfy this activation energy. The full or
standard electrochemical potential of an electrochemical system is only
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Figure 3.10 Exchange current between an electrode and electrolyte solution and the
mechanism of current flow from an electrode.

realized at an infinitesimally small electric current. This loss of
electrochemical potential is known as activation polarization.

The net current from an electrode as a function of exchange current and
over voltage is usually determined from the following approximation {8},
which is accurate for the levels of over voltage usually encountered in
corrosion problems. At very small over voltages, the component of
exchange current flowing in opposite direction to the voltage becomes
comparable to component that flows with the voltage. In this case a
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different relationship is applicable for which the reader is directed to
more specialized texts.

E*=E,_-E"=Klog (i/i) (3.8}

Where E* is the over voltage [volts], E, is the externally applied voltage
[volts], E” is the electrochemical potential[volts] calculated from {3.7}, K
is known as the Tafel constant [volts], 7 is the current density passing
through the electrode [A/m’] and i, is the exchange current [A/m’].

The Tafel constant is the gradient of voltage versus logarithm of current
density shown in Figure 3.6. The Tafel constant varies over a narrow
range for most metals of interest and is typically 0.1 V in value. Exchange
currents vary over a much wider range, from 100 A/ m’ for platinum to
0.001 A/m’ for iron and 10 A/m’ for platinum at ambient temperatures.
Exchange currents are a function of temperature and in general rise with
temperature.

The next problem to consider before a meaningful corrosion current can
be obtained is to analyze how two different electrodes with different
exchange currents and electrochemical potentials are coupled to produce
a functioning electrochemical cell. The deciding factor is that unless there
is considerable resistance in the electrical connection between the two
electrodes, both electrodes attain the same voltage or with only a
negligible difference in voltage to allow current flow. Most of the
electrical resistance of an electrochemical cell is located in the electrolyte
solution and on the surface of the electrodes. The electrode currents are
also strictly identical as electrons are not stored in the connecting wire or
diverted elsewhere. These two conditions of commonality in electrode
current and voltage imply a pair of simultaneous equations involving the
respective exchange currents and Tafel constants of either electrode. In
practice however, a graphical solution is often preferred as an easier and
quicker method, which allows for any deviation from strict linearity in the
relationship between electrode voltage and logarithm of current.
Electrode current or corrosion current is determined by plotting the
relationship between over voltage and logarithm of current for both
electrodes as a graph of absolute voltage (not over voltage) versus
logarithm of current. Corrosion current is found from the intersection of
the two plots. This graphical method of solution is shown schematically
in Figure 3.11 for zinc and iron electrodes separately placed in dilute acid.
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Figure 3.11 Analysis by Tafel model of corrosion of zinc and iron electrodes in acid.

The microscopic electrochemical cells, which are modeled to form on a
metal surface, are also illustrated schematically in Fig. 3.11. A real metal
surface is not smooth but is covered by numerous terraces and adatoms as
shown in Figure 3.4. Adatoms and atoms forming the terraces are more
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weakly bonded than other atoms to the metal and so will be preferentially
ionized. The sites of ionization become the anodes of an electrochemical
cell while other areas of the metal surface become cathodic to facilitate
hydrogen gas evolution. It is convenient to invoke a model where a
nominal hydrogen electrode and the real metal electrode coexist on the
same metal surface. The hydrogen electrode is identical to the hydrogen
electrode illustrated in Fig. 3.8, except that the corroding metal substitutes
the platinum, e.g. zinc so that the corresponding exchange current and
Tafel constant are specific to the corroding metal. The corrosion rate is
then found from the conditions of equality of electrode currents and
voltage. This means that: (i) the current required to ionize or oxidize the
metal must equal the current released by de-ionization or reduction of
hydronium ions to produce hydrogen (ii) activation polarization of the
metal electrode and nominal hydrogen electrodes must be sufficient to
equalize the electrode potentials. The values of current density and
electrochemical potential satisfying both these conditions are known as
the corrosion current density and corrosion potential respectively. Both these
parameters are fundamental to corrosion engineering. A comparison of
zinc and iron is shown in Figure 3.7 to demonstrate why zinc has a lower
corrosion rate in dilute acid than iron even though it has a larger negative
electrochemical potential. The reason is that the exchange current of
hydrogen reduction/ oxidation is much lower on zinc than on iron.
Overall corrosion rates, which are of critical interest to the engineer, are
often controlled by factors not directly related to chemical activity or
position in the galvanic series. By careful manipulation of these factors it
may be possible to reduce the corrosion of even very reactive metals.

The mass of corroded metal or the depth of corrosion per unit time is
found from the corrosion current by the following calculations. The
Faraday constant is 96,500 Coulombs per mole per electron lost, most
metals of interestlose 2 electrons per atom upon ionization, e.g. Cu++ or
Zn++, the molar weight of zinc is 65 grams. To corrode one mole or 65
grams of zinc requires 2 * 96,500 Coulombs of electricity, which is
approximately 1 gram per 2969 Coulombs. 2969 Coulombs is equivalent
to 0.82 Amp-hours.
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To estimate the depth of material corroded, consider the above example of
zine, Imm depth of zinc over 1 square meter is equal to 0.001 cubic meters
and would have a mass of 7.14 kg. This amount of zinc corroded would
be equivalent to 7140 g * 2969 C/g = 21198660 C = 5888.5 Ampere-hour.&
In other words, 1 Ampere per square meter of corrosion current is
equivalent to 0.169 pm per hour depth of zinc lost as corrosion product or
1.48 mm per year. The latter quantity is more useful as a measure of
long-term corrosion rates. For the purposes of rough estimation of
corrosion of almost any metal, it is safe to assume that 1 Ampere per
square meter is equivalent to 1 mm per year of corroded metal depth.

Corrosion prediction for varying environments
The use of the Tafel diagram can often be quite restricted, as each

solution for corrosion current is limited to one specific condition. Very
often in engineering problems it is required to know which environments
cause corrosion for a specific metal. Pourbaix diagrams were developed by
a researcher of that name for this purpose. According to the Pourbaix
model, a corrosive environment can be usefully classified in terms of just
two parameters, the corrosion potential of the material and the acidity of
the fluid that the material is immersed in. For example, the material can
be stainless steel and the immersing fluid can be sulfuric acid. The
corrosive response of the material, i.e. inert or reacts can be mapped on a
diagram where one axis represents corrosion potential and the other axis
represents pH which is a measure of acidity. The corrosion potential is an
engineering term used to describe the electrochemical potential of a
specific material in a specific environment. It can be applied to alloys and
composite materials in complex fluids and not only pure metals in
idealized fluids, as is usually the case for electrochemical potentials. The
pH is the negative log of the concentration of the hydronium ion H,O"
where p denotes negative decimal logarithm. Neutral water contains
approximately 0.1 ppm or 10-7 parts of hydronium ions hence its pH is
7.2. Acidification of water by e.g. adding concentrated sulfuric acid
generates a higher concentration of hydronium ions, which causes the pH
to decline. Mapping of the corrosive response of a material is based on
dividing the graph into regions that denote the equilibrium reaction
product. The Pourbaix diagram for iron in water at room temperature is
shown in Figure 3.12.
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Figure 3.12 Example of Pourbaix diagram: corrosive response of iron to acidified and
alkalized water. Adapted from Fontana and Greene.

The Pourbaix diagram shows graphically that iron is only stable in water
under an imposed cathodic voltage, which can be achieved either by an
external electricity supply or connecting the iron to another more anodic
metal such as zinc. Corrosion of iron in water is simply the process of
establishing chemical equilibrium between iron and water. At low pH
(high acidity), dissolution of iron to ferrous or ferric ions occurs. At
higher pH, hydroxides are formed which are form an insoluble deposit on
the iron surface. At extremely high pH, which corresponds to very strong
alkalinity, an amphoteric reaction between iron and the alkali may occur
where, the iron acts as a weak acid. This reaction is of only specialized
interest in corrosion studies. The 'safe’ region for survival of iron is
generally considered to be less than the theoretically safe region denoted
on the Pourbaix diagram. For combinations of electrochemical potential

and acidity that lie close to the transition between un-reacted iron and a
reaction product, it is prudent to assume that some corrosion will occur.
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In terms of corrosion resistance, the ideal case is inertness; the second best
case is passivation by the formation of a solid reaction product. The worst
case for corrosion is the production of soluble ions of metal. Temperature
is also a major environmental variable but unfortunately cannot be
directly considered in a Pourbaix diagram. It is necessary to use a series
of Pourbaix diagrams for different temperatures to cover a specified
temperature range. It should also be noted that the Pourbaix diagram
does not provide any information about the rate of chemical reactions and
should never be used even to attemptan 'estimate’ of corrosion rates.

The Pourbaix diagram is dependent on the thermodynamic principle
discussed previously that corrosion does not usually occur unless the net
energy release as predicted by the Nernst equation {3.7} is positive. It is
possible for some reactions to occur even when the Nernst equation
indicates a negative result because of large entropy changes involved
which is an application of the Third Law of Thermodynamics. Such
reactions are termed endothermic and are not commonly found in
corrosion problems.

3.2.2 Electrochemical corrosion of machinery and structures -

A basic reason why corrosion causes so much damage to
machinery and structures is that components of differing materials and
shape are placed in close contact with each other. Another reason is that
pure metals are rarely used to manufacture components; instead alloys
and composite materials are usually selected. These characteristics of
mechanical construction and manufacture ensure that a machine or
structure contains many electrochemical cells even though in most cases
no electrochemical cell was deliberately designed into the system. A
simple example of the ease with which electrochemical cells are generated
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is to consider a steel shaft contacting a bronze bearing when immersed in
seawater. Where no electrochemical cell is present, a metal object may
last almost indefinitely. An iron column sited in India is observed to
have not significantly rusted over many hundreds of years. It is believed
that the purity of the iron used contributes to its corrosion resistance by
ensuring that electrochemical cells are not formed between the iron and
any other metals or carbon that are commonly present in iron. Alloying
introduces electrochemical cells on a microscopic scale between grains of
different metallic phases.

Another factor that heightens corrosion damage is the increasing hostility
of the environments to which manufactured items are subjected. There is
a continuing demand for ever higher temperatures when exposed to
increasing concentrations of acids and alkalis. Even when there is no
deliberate environmental stress, environmental pollution brings
increasing amounts of sulfur compounds and other corrosive agents into
contact with manufactured materials. These pollutants combine with
atmospheric oxygen and water to generate more potent forms of
electrochemical corrosion, which can rapidly destroy equipment and
structures.

Crevice corrosion and pitting are the most common manifestations of
electrochemical corrosion. Pitting and crevice corrosion are examples of
localized corrosion, which is associated with early fracture of components
before corrosion has damaged the bulk of the component or structure.

Rusting
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copper, aluminum and other metals to either cover the metal component
in a layer of corrosion products or else in more severe cases cause the
metal component to be damaged by extensive conversion of metal to
corrosion products. In most cases, the corrosion products are oxides and
hydroxides of the rusted metal but other compounds such as carbonates
and sulfates are also possible.  Atmospheric oxygen, water, and
atmospheric pollutants such as sulfur compounds and to a lesser extent
atmospheric carbon dioxide activate rusting. The rate of rusting and
corrosion product formed is closely dependent on environmental factors
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so that accurate prediction of rusting a priori is very difficult. The
temperature, frequency of rainfall and sunshine, orientation of the rusted
surface relative to gravity, concentration of sulfur dioxide, salt crystals
and dust particles all influence rusting rates. In general, iron and steels
suffer the most severe rust damage of all the metals in common use. The
basic reason for that is the product of rusting, iron hydroxide is not
impermeable and does not protect the underlying surface to the extent
that aluminum oxide protects aluminum.

Under typically humid conditions, a film of water about 1 pm thick will
cover any exposed metal surface. Proximity to the sea will expose metals
to airborne salt crystals, which lower the minimum humidity for water
accumulation on the metal surface. The salt crystals on the metal surface
will dissolve in the water film to create saline solution. Exposure to
polluted atmospheres adds sulfates and nitrates to the aqueous solution.
Iron and steel surfaces, particularly those, which lie horizontally, are
therefore covered in a layer of corrosive solution of electrolytes unless the
surface is continuously irradiated by the sun or some other source of heat.
Light rain increases the amount of water available for corrosion while
heavy rain-washes off the electrolytes and delays rusting. Corrosion
often begins around a crystal of salt or some other hygroscopic material,
which is in the process of absorbing water. A minute electrochemical cell
is then formed close to this deposit. A basic characteristic of
electrochemical corrosion is that the formation of an electrochemical cell is
often a slow process. Once formed, the electrochemical cell usually grows
in size and strength to cause an ever-accelerating corrosion rate. After a
period of initial corrosion, a layer of iron hydroxide covers a small pit in
the metal, which is filled with an aqueous solution of sulfate ions, ferrous
ions and hydronium ions. This aqueous solution can be become highly
concentrated compared to surface water away from the rust pit and will
generate an electrochemical potential that is large enough to permit rapid
corrosion of iron. The adjoining metal becomes cathodic to complete the
electrochemical cell. The surface of the rusting iron or steel is covered
with an inner layer of amorphous ferrous hydroxide (FeOOH) and
magnetite (Fe,0,), which has sufficient electrical conduction to convey
current to the surrounding metal. A schematic diagram of the rusting
process is shown in Figure 3.13. The chemical reactions of rusting appear
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Figure 3.13 Mechanism of rusting of iron in open air.

to proceed in two stages where initially metallic iron is converted to
ferrous ions followed by the formation of visible products in the form of
ferrous hydroxide. This two-stage process is described by the following
chemical reactions.
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Dissolution of iron inside the anodic pool of liquid beneath the rust
layer:
Fe = Fe™ +2¢

Formation of hydroxide ions on the surrounding metal which
functions as the cathode:
O, +2H,0 + 4 =40H

Combination of hydroxide ions and ferrous ions inside the layer of
rust to form more rust:

4Fe?* +10H2O + O; =4 FeOOH + 4H;0*

The production of hydronium ions and the flux of electrical current
between the anode and cathode attract more sulfate ions so that the fluid
at the anode becomes an increasingly concentrated solution of electrolyte.
The rise in electrolyte concentrate contributes to the progressive
acceleration in the rate of rusting. Protection of irons and steels against
rusting mostly involves alloying to substitute the porous hydroxide layer
with an impermeable protective layer of oxide. Washing of the surface to
remove sulfates and chlorides is very difficult on a large scale. =~ Wire
brushing and dry blasting with sand particles to clean a steel surface have
the disadvantage of causing plastic deformation of the steel surface which
results in traces of sulfates and chlorides being trapped beneath folds of
metal [Mattson].

Localized corrosion

Corrosion being an uncontrolled process does not usually proceed
in a uniform manner over a wide area. Instead, either specific areas of
the surface are corroded more severely than other parts.  This non-
uniform characteristic of corrosion is reinforced by the nature of
electrochemical reactions where for every anodic site of corrosion there
must be a cathodic site of non-corrosion. It is extremely common for the
surface to spontaneously divide into cathodes and anodes as illustrated in
Figure 3.12 for rusting. Pitting is also associated with this segregation of
cathodes and anodes. = Most surfaces of engineering components are
complex to the extent that they contain a mixture of exterior surfaces,
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which are visible and hidden interior surfaces. The interior surfaces
usually enclose spaces that are known as crevices. Common examples of
crevices are the space between a nut and bolt or between overlaid shgets
of metal. For reasons discussed below, crevices usually become anodic to
form hidden sites of corrosion. Much corrosion occurs beyond the range
of easy inspection, which further hinders its control.

Pitting represents an intermediate stage between unrestrained corrosion
of a metal and its protection by a passivating film [Fontana and Greene].
Pitting is caused by localized failure of a passivating surface film, which
exposes small areas of metal surface to unrestrained corrosion. Once a pit
is established on the surface, the pit becomes anodic to surrounding metal
surface, which functions as a cathode. Rapid corrosion can then occur
inside the pit to deepen and widen the pit so that extensive subsurface
corrosion of a metal is possible even when the surface opening of the pit is
comparatively small. Formation of deep pits by corrosion is a problem in
boilers where the pits are found inside the tubes conveying water to be
heated. Perforation of the tubes results when the pits reach sufficient
depth and as can be readily imagined, the boiler then ceases to function.
The initial process of pit formation in an unbroken passivating film is
known as nucleation and subsequent pit growth is known as propagation.
The causes of nucleation are still not established despite extensive
investigation. One model of nucleation, which has received some
quantitative experimental confirmation, invokes the mechanics of ion
diffusion in surface film growth. Oxide or other corrosion product film
growth is a consequence of metal cation diffusion from the interface
between oxide and metal to the outer surface of the oxide. This metal
cation diffusion causes the accumulation of crystalline vacancies at the
interface between metal and oxide. The accumulation of vacancies causes
void formation and when the voids reach sufficient size, localized
collapse of the oxide film will occur. A small pit then rapidly forms at the
exposed metal. The process of nucleation is comparatively slow so that a
metal surface will remain apparently undamaged by immersion in a
corrosive medium for a length of time that is known as the induction
period. According to the ionic diffusion model of nucleation, the induction
period is the time required for voids in the oxide film to reach a critical
size. The mechanisms of pit nucleation and propagation are illustrated
schematically in Figure 3.14.
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Figure 3.14 Mechanisms of pit nucleation and propagation.

The occurrence of pitting is determined by electrochemical potential of a
surface and there is a minimum potential known as the pitting potential
below which pitting does not usually occur for a particular corrosive
medium. There are also other electrochemical potentials, e.g. nucleation
potential which describes the minimum potential to cause pit nucleation,
but a full description is beyond the scope of this book. The metallurgy of
a metal has a strong influence on pitting both through the development of
passivating films that are resistant to nucleation and through the
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provision of pitting nucleation sites in the metal structure. Manganese
sulfide inclusions in steels are notorious as sites for pitting since
manganese sulfide is unstable in chloride solutions. Mixed Manganese-
iron-sulfide inclusions are considered to be the most active sites of pitting
nucleation. Chromium steels require careful heat treatment to prevent
sensitisation to pitting. Sensitization is caused by chromium segregation at
high temperatures, which results in the formation of chromium-depleted
areas of metal surface. Stainless steels are more prone to pitting than
plain steel while alloying of steels with molybdenum usually inhibits
pitting. Titanium is also very resistant to pitting but is usually too
expensive to use.

Seawater and other corrosive mediums containing dissolved chloride ions
are particularly active as pitting agents. Seawater contains about 35g
dissolved salts per 1 kg of seawater where the dissolved salts have the
following composition by weight : 77.76% sodium chloride, 10.88%
magnesium chloride, 4.74% magnesium sulfate, 3.60% calcium sulfate,
2.46% potassium chloride , 0.22% magnesium bromide and 0.34% calcium
carbonate. Approximately 91.1% of the dissolved salts are chlorides. The
chloride ions in seawater are believed to form complexes on passivating
films, which partially solubilize the passivating film during the initiation
stage of pitting. Chloride ions also accelerate the propagation stage of
pitting by a mechanism involving concentration of chloride ions in the pit.
The progressive rise in chloride ion concentration with extent of pit
formation is caused by migration of negatively charged chloride ions to
the pit by diffusion and entrapment of positively charged metal cations by
restricted diffusion from the pit. The combination of ferrous metal
ions and chloride ions is acidic so that the pH of liquid inside the pit
declines. The rate of anodic dissolution of metal (Me = Me™ + ne) is
accelerated by the decline in pH while the high concentration of metal
chloride solution lowers oxygen solubility. Oxygen is therefore excluded
from the pit and instead reacts to form hydroxyl ions at the margins of the
pit, which are cathodic. The mechanism of chloride ion concentration is
illustrated schematically in Figure 3.15.
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Figure 3.15 Mechanism of intensification of corrosion inside a pit where chloride ions are
present in the corrosive medium.

While the sodium chloride found in seawater is a moderately severe
pitting agent, hypochlorites (bleaches) are a more severe pitting agent
because of their stronger oxidizing powder, which hastens the anodic
dissolution of metals. Sodium chloride is also a less severe pitting agent
than chlorides of metals such as iron and copper. Cupric chloride and
ferric chloride are acidic and both cupric and ferric ions can function as
electron acceptors, e.g. Fe™ + ¢ = Fe”. Electron acceptance or reduction of
cupric and ferrous ions favors the anodic dissolution of more
electropositive metals such as zinc, aluminum and magnesium thus
promoting pit formation. Ferric chloride is often used as a model-pitting
agent in accelerated testing. Pitting is considered to be most intense in
stagnant liquids, the effect of liquid flow may be to scour the pits and
lower the concentration of chloride ions inside the pits.  Pitting is not
however prevented by fluid flow as evidenced by the boiler tube example
described above. For reasons that are still not fully understood, fluoride
and bromide ions are much less severe pitting agents than chloride ions.
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Crevice corrosion resembles pitting that has reached the propagation
stage since the crevice obviates the requirement for initial formation of a
micro pit. Crevice corrosion can be severe as the crevice becomes anodic
to the surrounding exposed metal structure. Corrosion can proceed
unseen inside the closed space to cause failure of critical engineering
components such as nuts and bolts. As discussed above, there are
innumerable examples of crevices in structures and devices so that crevice
corrosion is a widespread problem. Crevice corrosion is highly significant
to the phenomena of corrosion induced fracture and fatigue failure as is.
discussed later. A practical measure to prevent crevice corrosion is to
substitute riveted, bolted or screw joints by welding so far as is possible.
The use of tough inert coatings on the surfaces that form crevices, e.g., on
the threaded surface of a bolt is also a possible remedy.

Corrosion in a flowing electrolyte

There is a substantial difference between the corrosivity of stagnant liquid
and flowing liquid. A classic example is the rapid corrosion of lead by
flowing concentrated sulfuric acid but not stagnant sulfuric acid.
Acceleration of corrosion by fluid flow is also known as erosion-corrosion.
Flow induced acceleration or even initiation of corrosion generates
substantial problems for engineering construction. The fundamental
question is: How to protect from corrosion pump impellers, valve parts,
pipes, stirrers, piston, ships hulls and other devices exposed to flowing
liquids? There are a wide variety of examples of flow-induced corrosion
but they all share some common basic features. The effect of liquid flow
is to remove diffusion limitations on the supply of corrosive reagents to
the metal and to expose the passivating film on a metal to mechanical
stress. Most passivating films are mechanically weak and therefore easily
detached from the underlying metal. A very common process is corrosion
by repeated formation and removal of a passivating film. If the intensity
of flow is raised higher then a passivating film never covers the metal
surface because any passivating material is removed as soon as it forms.
In this case, corrosion proceeds in an unrestricted and often very rapid
manner. Such unrestricted corrosion is very common in high velocity
flow where impingement of a liquid against a surface is involved and
usually leads to rapid localized perforation of a metal component.
Corrosion by cyclic passivating film formation and removal and
unrestricted corrosion where passivation is prevented are illustrated
schematically in Figure 3.16.
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Figure 3.16 Effect of fluid flow on corrosion mechanisms.

Turbulence in a fluid flow accelerates corrosion compared to a laminar
flow of similar speed, fluid density and viscosity. This is because
turbulence introduces an eddy component of flow, which directly
impinges against the passivating films.

Removal of passivating films by fluid flow warrants careful consideration
since the overall effect is to convert a normally corrosion resistant
material into a corrodible material. Corrosion resistance of metals such as
stainless steel is the result of passivating oxide films. This oxide film can
be removed by sufficiently high fluid velocity to cause rapid corrosion of
the metal.

Even when the velocity of fluid flow is already more than sufficient to
cause removal of passivating films, there is still an accelerating effect of
flow on corrosion rate. The effect of moderate flow is to raise the
diffusion limit on corrosion current. This diffusion limitation is caused by
the formation of a boundary layer on the electrode surface where the
concentration of the rate limiting reactant, e.g. hydronium ions declines
significantly from the bulk value. Fluid flow disrupts this boundary layer
and as a consequence raises the maximum current to an extent
proportional to the velocity of fluid flow. Thinning of the boundary layer
above a corroding surface by increased flow and the resulting enhanced
diffusion are illustrated schematically in Figure 3.17.
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Figure 3.17. Thinning of a boundary layer and enhanced diffusion of corrosive agents
during flow of a corrosive fluid.

According to the idealized conditions of the Tafel model, electrode
current can rise indefinitely with imposed voltage. In reality however, the
diffusion limitations to the transport of corrosive medium to the surface
impose a maximum limit to the corrosion current (or current to the
electrode). This limit is observed on the Tafel diagram as a sharp
deviation of the current-voltage characteristic from the ideal straight line
to a two-gradient characteristic where the gradient of voltage versus
current at high currents is much larger than the corresponding gradient at
lower currents. The effect of increased flow is an increase in the critical
current where this change in voltage-current gradient occurs. This critical
current is effectively the limiting corrosion current as very high voltages
are extremely rare except where external voltage is applied. A schematic
illustration of the effect of flow on the electrode current illustrated in
terms of the Tafel diagram is shown in Figure 3.18.
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Figure 3.18. Effect of fluid flow on the limiting corrosion current..

Cathodes are usually subject to more severe diffusion limitations than
anodes due to limitations in hydronium ion transport. Under static non-
flowing conditions, a small cathode will impose a more restrictive
limitation on a larger anode than the opposite configuration, which is a
small anode and large cathode. This is because in general, a larger
cathode is required for the anode to corrode close to its diffusion limit.
Where dissimilar metals are coupled together, intense corrosion of the
anodic metal component will result if it is smaller than the cathodic metal.
An example is the differing corrosion rates of iron bolts in copper water
containers and zinc water containers. For the copper container, the iron
bolt represents a small anode, which will corrode rapidly leaving the
copper largely undamaged. The iron bolts in the zinc container become
small cathodes, which do not significantly accelerate corrosion of the zinc
container. Extremely high flow velocity can however cause significant
corrosion even where the cathode is comparatively small by raising the
cathodic diffusion limit to create an active electrochemical cell.

Control of the maximum corrosion current can have some important
repercussions for passivation as is discussed later. Whatever the precise
effect on corrosion, fluid flow rate is a basic parameter of any corrosion
analysis.
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Hydrogen embrittlement and hydrogen blistering

Hydrogen embrittlement is primarily found in steel components,
which contain sites of cathodic reactions, and is a significant decline in
toughness from the value at the time of manufacture with prolonged
exposure to corrosion processes. Hydrogen blistering is an accumulation
of gaseous hydrogen inside the metal that reaches sufficient pressure to
stretch the metal and so form a bump or blister in the metal surface. The
basic cause of hydrogen embrittlement and hydrogen blistering is that
hydrogen gas bubble release from the surface of a cathode is not always
spontaneous.  Instead of being released to the corrosive medium as
bubbles, hydrogen may penetrate the metal. Once inside the metal,
hydrogen ions rapidly diffuse through the crystalline lattice as they are
smaller than the metal atoms. The hydrogen ions continue to diffuse
through the metal until they reach microscopic voids inside the metal.
Steel contains many of these voids and as soon as the hydrogen ions reach
a void they combine to form hydrogen molecules. The hydrogen gas
attains a high pressure as hydrogen ions continue to reach the void but no
gaseous hydrogen can leave the void. The pressure required to force
hydrogen to ionize and re-dissolve in the metal is extremely high, of the
order of 1 GPa. The void eventually expands to relieve the pressure and a
blister is formed. Hydrogen blistering is illustrated schematically in
Figure 3.19. The most severe problems of hydrogen blistering are found
in oil drilling where steels are exposed to high concentrations of hydrogen
sulfide in hot liquid petroleum. Treatment of steels by acid pickling
followed by changes in temperature in service is also a cause of hydrogen
blistering.

Hydrogen embrittlement is a complex and still incompletely understood
process that involves the formation of metal hydrides. It is however
known that hydrogen sulfide strongly inhibits the reaction between
atomic hydrogen to molecular hydrogen. Atomic hydrogen therefore
accumulates at the sites of cathodic electrochemical reactions before it
later dissolves into the metal below. Plastic flow favors the absorption of
atomic hydrogen and its transport within the metal since the dislocations
produced by plastic deformation provide space for the atomic hydrogen
to reside. It is believed that atomic hydrogen diffuses under the influence
of mechanical stress to the vicinity of a crack. Accumulation of hydrogen
around the crack creates a zone of brittle metal hydride ahead of the
crack, which promotes crack extension. This mechanism of hydrogen
embrittlement is illustrated schematically in Figure 3.20.
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Figure 3.20 Mechanism of hydrogen embrittlement.

Hydrogen embrittlement occurs at lower hydrogen pressures than
hydrogen blistering and is therefore a more widespread problem. Iron
and nickel are particularly prone to hydrogen embrittlement while copper
and aluminum are far more resistant. Titanium and its alloys are prone to
hydrogen embrittlement by the formation of brittle hydrides. Hydrogen
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embrittlement is favored by low stacking-fault energies, high negative
binding energies between hydrogen and dislocations and high fracture
strengths. Metals and alloys with low values of these parameters will
probably be resistant to hydrogen embrittlement. Low temperatures also
promote hydrogen embrittlement because the solubility of hydrogen in
metals declines to minute values when the temperature is reduced. This
low solubility promotes the formation of a separate brittle hydride phase
in the metal structure.

Hydrogen embrittlement and blistering occurs in situations other than
aqueous corrosion. Poor process control in metal refining where iron and
other metals are allowed to contact water leads to the ingress of atomic
hydrogen into the metal. Welding of steels under wet conditions can also
cause hydrogen embrittlement.

3.2.3 Corrosion inhibitors

A corrosion inhibitor is a substance, solid or liquid, which when
added in only moderate quantities to a corrosive fluid should
significantly reduce the corrosivity of that fluid towards a particular
metal. Given the elaborate nature of most surface engineering techniques,
the simplicity of a corrosion inhibitor is a very useful attribute since the
engineer is only required to blend a specified amount of proprietary
chemical into the corroding system.

Corrosion inhibitors are usually classified according to the chemical
mechanism of corrosion inhibition. Most of the inhibitors used currently
are either organic or inorganic chemicals for retardation of corrosion
progress under different environments. The inhibitors interact with the
material surface in question forming a passive film or an adsorbed layer
acting as a barrier film. Corrosion inhibitors are used in a wide range of
applications such as the corrosion of steel surfaces by oxygenated oil in oil
wells, corrosion by acidic mine waters or by hot boiler waters. Corrosive-
abrasive wear can also be minimized, by adding inhibitors to the abrasive
slurry. It is very important for an engineer to understand the corrosion
problem before deciding on a particular inhibitor for application. Since a
large amount of inhibitor may be required to inactivate the entire volume
of corrosive fluid, the cost of the inhibitor should be predicted before
committing to a specific inhibitor. When the optimum concentration of
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an appropriate inhibitor has been added to a corroding system, a very
large reduction in corrosion exceeding a factor of 10, may be obtained.

The type of inhibitors can be classified into 1. Passivators ,2. Barrier
inhibitors, 3. Poisons, 4 Scavengers, and 5. Neutralizers.  Before
discussing, inhibitors, the basic concepts of passivation and passivity will
be discussed.

Passivity
Passivity is a phenomenon where a reactive metal shows an unexpected

resistance to corrosion by a fluid, which is known to produce severe
corrosion in other circumstances. Michael Faraday developed a classic
demonstration of passivity in the 19th century. Faraday observed that
when an iron specimen was immersed in concentrated nitric acid, very
little corrosion could be detected by weight measurements. When water
was progressively added to dilute the nitric acid while containing an
unscratched and unshaken specimen, corrosion was not observed to
occur. However, if the specimen was scratched while immersed in the
diluted nitric acid or else the jar containing the acid and specimen was
shaken vigorously so that the specimen hit the side of the jar, then rapid
corrosion of the iron specimen resulted. When the iron specimen was
directly immersed in dilute nitric acid, severe corrosion occurred. This
sequence of events is illustrated schematically in Figure 3. 21.

Highly concentrated nitric acid is not a corrosive medium for iron because
it causes the formation of a passivating layer. This passivating layer can
subsequently protect iron against the far more corrosive dilute nitric acid.
The passivating layer is mechanically weak so that scratching and even
impact will causes its detachment from the underlying surface. This
results in rapid corrosion of the unprotected metal by dilute nitric acid.
Immediate exposure of iron to dilute nitric acid causes intense corrosion
without the intervention of a passivating film. It is also evident that while
a passivating film can provide an extremely useful degree of corrosion
protection, it also requires careful manipulation to be effective and
reliable.

Passivation can also be induced on a surface by applying an anodic over
voltage to the test electrode. Where the ideal Tafel diagram shows an
indefinite rise of anodic current with positive over voltage, experimental
measurements show that anodic current reaches a maximum and then
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Figure 3.22 Display of anodic passivation on the Tafel diagram.

The main effect of increasing temperature and reduced pH (increased
hydronium ion concentration) is to raise the maximum value of anodic
current at small over voltages and lower the larger value of over voltage
required to destroy passivity. The passivation phenomenon therefore
becomes far more distinct for a hot concentrated acid than for a colder
dilute acid.

Electrochemical corrosion always proceeds as an interaction between a
cathode and an anode so that depending on the electrochemical potential
and exchange current density of the partner electrode, a passivating
material may either be protected or else corrode severely. The partner
electrode can either be a galvanic couple or else a nominal hydrogen
electrode on the same metal surface. To ensure reliable passivation, it is
necessary to ensure that the exchange current - over voltage characteristic
of the partner electrode only coincides with the passivated region of the
anodic current characteristic and does not also coincide with the non-
passivated region. If there is a coincidence with the non-passivated
region then passivation will be unreliable. Under careful test conditions,
passivity is possible but under conditions typical of most process
machinery and structures, passivation will fail. This distinction in the
quality of passivation is illustrated schematically in Figure 3.23.
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Figure 3.23 Discrimination between reliable and unreliable passivation in terms of the
Tafel diagram. Adapted from Fontana and Greene.

The principle of anodic protection of metals is to engineer anodic
passivation by the application of the correct anodic over voltage. The
advantage of anodic protection over cathodic protection (which is the
application of a cathodic over voltage) is lower electric current
requirements. The instrumentation requirements of anodic protection are
however more costly than cathodic protection where avoidance of
excessive over voltages is not a strict necessity.

Velocity of flow of the corrosive medium can exert some unusual effects
on passivity. If one considers a single electrode and nominal hydrogen
electrode in a passivating medium, the diffusion limit of the hydrogen
electrode usually dictates the overall corrosion current. If the
electrochemical potential of the nominal electrode passes through the
passivation range then it is possible for corrosion to cease at a critical
velocity of flow, where the limit of diffusion current exceeds the
maximum current at electrochemical potentials below the range of
passivation.  Passivation induced at high flow velocities is shown
schematically by Tafel diagram in Figure 3.24. Coupled electrodes of
dissimilar metals can also induce the same phenomenon of passivation at
high fluid flow and this characteristic can be exploited in the design of
impellers, pump parts etc.
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Passivators

Passivators are anodic inhibitors that shift the corrosion potential of the material
or metal in the noble direction. The inhibitors can also aid uptake of oxygen by
the surface in question to form a protective film on the surface. These inhibitors
deactivate the anodic sites on the material surface. They provide passivation by
several mechanisms such as 1) Forming a passive film on the surface in question,
2) preventing adsorption of aggressive anions (ex. ClI) by adsorption of
competitive anions on the surface and 3) repassivation or film repair in the event
of film damage. The passivators can further subdivided in to Direct Passivators
and Indirect Passivators depending on the functionality of the corrosion inhibitor.
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Direct passivators are those, which react with the surface of the material in
question and form passive film. Typical direct passivators include metal
Chromates, Nitrites, Tungstates and Molybdates. For the protection of steels,
zinc is often used as the base metal to form e.g., zinc chromate, zinc nitrate. Zinc
is readily available and confers its own additional protection on steels.
Chromates and Nitrites are considered to be the best in terms of corrosion
inhibition but it should be noted that metal chromates are highly toxic. These
passivators are also called oxidizers.

Indirect passivators are not oxidizers but improve the adsorption of dissolved
oxygen on to the surface to enable oxygen to actually passivate the material. Most
commonly used compounds are either organic or inorganic in nature and these
work only if dissolved oxygen is present in the environment. These passivators
create high OH concentrations, where OH™ reacts with the H" ions in order to
facilitate oxygen adsorption. Alkaline compounds are usually used such as,
sodium hydroxide, sodium phosphate, Na,HPOy4, Na,SiO; and Na,B,O; (borax).

One of the important factor to be ensured with the use of passivation inhibitors is
the concentration of the inhibitor should be maintained above the critical level
everywhere in the system and so is not applicable to systems containing dirt,
crevices, rust or lime scale in them.

Barrier Inhibitors

The second classification of inhibitors works on the principle of
forming a protective layer on the surface separating the environment
from the material. These are known as barrier inhibitors and form a
protective layer between the material and environment by forming an
adsorbed film or precipitating a compound scale on the surface. Based on
the type of inhibitor used it can be subdivided in to three categories
namely,

1. Organic Adsorption Inhibitors

2. Inorganic Precipitation Inhibitors and
3. Vapor Phase Inhibitors

Of the above inhib'it.ors the organic inhibitors and vapor phase inhibitors
.fall.lr.l to thg c%asmﬁcatlon of adsorption film former and the inorganic
inhibitor as indicated precipitates a compound scale on the surface.
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Organic Inhibitors

This type of inhibitors forms a thin oily coating on the surface thereby
protecting the surface from the environment. Organic inhibitors are used
in acid environments where the acidity is a process requirement, such as a
pickling bath.  Organic inhibitors adsorb on to the surface by two
mechanisms
1. Physical adsorption and
2. Chemisorption

Physical adsorption is limited to electrostatic attraction between a
monolayer of polar organic molecules and the oxide film on a metal
surface. Chemisorption involves bonding and charge transfer between
the polar end of the organic molecule and the oxide anion or metal cation
of the metal oxide layer. The chemisorption process is slower compared
to the physical adsorption and most commonly used inhibitors include
organic sulfides such as mercaptans, aromatic and heterocyclic amines,
which have a dipole in the molecule. One of the problems associated with
organic inhibitors is that they stimulate corrosion if not added in
sufficient concentration. Another problem is the noxious nature of some
of the organic compounds, some of which release intense odours (e.g., the
mercaptans).

Inorganic Precipitation Inhibitors

Inorganic precipitation inhibitors react with the environment/
metal surface to precipitate insoluble products that give general coverage
to the metal surface. The most commonly used inorganic inhibitors
include those of the carbonate and phosphate salts, which form insoluble
carbonate or phosphate films to protect the surface.

Vapor Phase Inhibitors

The vapor phase inhibitors are used to protect critically machined
parts or precision mechanical instruments from corrosion. This type of
inhibitor is released in small quantities in the surrounding atmosphere so
as to form a condensed film on the critical parts to protect them against
corrosion. For example amines are injected in to sour gas pipelines to
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react with one of the carrier gases to form protective sulfides or nitrites on
steel. Vapor phase inhibitors are also useful in the protection of copper
and bronze artefacts from atmospheric corrosion.  Organo-nitrogen
compounds such as benzotriazole and indazole are considered to be
among the most effective protectors of copper and bronzes.  There is a
wide range of vapor phase inhibitors for steels, Guanadine chromate
dicyclohexylamine benzoate is an example of an organo-metallic
compound that is effective at very low vapour concentrations.  The
minimum vapour concentration for corrosion protection should be as low
as possible to protect personnel and to conserve the inhibitor.

Cathodic Poisons

Poisons are another class of corrosion inhibitors that are often
termed as cathodic passivators and inhibit reduction of hydrogen and
oxygen at the cathode. This is achieved by addition of arsenic or
phosphorous or antimony or bismuth compounds to restrict formation of
molecular hydrogen at the cathodic sites. One of the major disadvantages
of these cathode poisons are that these are toxic to humans and can cause
hydrogen embattlement of blistering in metals. Oxygen reduction can also
be poisoned by these inhibitors, in a similar manner to hydrogen
reduction.

Scavengers

Scavengers are compounds, which react with the dissolved oxygen
in the system and thereby eliminating them from the closed system. The
scavengers are either neutral or alkaline compounds and include sulfites
and phosphites. These sulfites or phosphites react with the dissolved
oxygen in the closed system and form sulfates or phosphates and deprive
of oxygen for cathode reaction thus stopping corrosion. Another
scavenger used for high pressure and high temperature environments
(e.g., boilers) is Hydrazine, which reacts with the oxygen to form nitrogen
and water. These scavengers are not effective in acidic environment since
they do not remove hydrogen ions.
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Neutralizers

Neutralizers are compounds that reduce the acidity of a corrosive
medium (the concentration the hydrogen ions), most neutralizers are
alkalis which are added in sufficient quantity to remove most of the
hydrogen ions.

3.2.4 Materials factors in aqueous corrosion

A major part of materials engineering involves the mixing of
different materials to produce hybrid materials with superior properties.
The physical scale of mixing inside the material structure can be of the
order of atomic dimensions to produce metallic alloys. At a larger scale of
mixing ranging from micrometers to several millimeters, composite
materials are produced. Both alloys and composites involve the
juxtaposition of materials with different electrochemical potentials. The
unintended formation of innumerable electrochemical cells within the
hybrid material is therefore inevitable. Alloys and composites are often
subject to more intense corrosion problems than pure metals because of
the electrochemical cells they contain within their structure.

Alloys are often processed with extensive heat treatment or even heated
unintentionally as is the case of material adjacent to a welded joint. Such
heating can cause segregation of alloying elements to produce a
heterogeneous microstructure where previously a homogeneous
microstructure was present. Microstructural heterogeneity can generate
additional electrochemical cells inside the microstructure. It can also
expose areas of the surface of the component or specimen to inadequate
protection since there will be areas of metal surface depleted of protective
alloying elements. Stainless steels are a classic example of this form of
thermal damage since the passivity of stainless steel is dependent on a
minimum concentration 12% chromium. If the concentration of
chromium declines to 11% or less at any location then localized corrosion
can occur.

Alloys . '
Alloys in current use contain two basic metallurgical features,

which are, solid solution phases of two or more metals with possibly a
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non-metal, e.g. carbon and a network of inclusions to suppress plastic
flow. Both these metallurgical features can influence corrosion processes.
The classic example of corrosion problems caused by solid solution
phases is the dezincification of brass. Brass is an alloy of copper and zinc
and is composed of copper-rich and a zinc-rich phase. Zinc is a more
electropositive or reactive metal than copper so that galvanic coupling
(formation of an electrochemical cell) is possible where the zinc or zinc-
rich phase is preferentially corroded. Severe dezincification occurs in hot

water or boiler systems where brass tubes are used to convey the heated
water. The original brass microstructure is degraded by dezincification to
a porous structure consisting mainly of copper and copper oxide. It
appears that during dezincification, the zinc is progressively ionized and
solubilized by the reduction of water into hydrogen gas and hydroxide
ions. Zinc is sufficiently electropositive to cause slow reduction of water
at room temperature. Copper is not sufficiently electropositive to react
with water and so remains largely uncorroded apart from oxidation by
atmospheric oxygen. Dezincification is divided into two categories, layer-
type dezincification and plug-type dezincification, which refer to extensive
uniform dezincification and localized dezincification respectively. The
occurrence of preferential corrosion of certain alloying elements involves
the atom-scale structure of a surface as represented by the Terrace-Ledge-
Kink model described earlier. It is possible for atoms of the more
electropositive element, e.g. zinc to be removed from one atomic terrace
or as adatoms on one part of the surface while adatoms and terraces of the
less electropositive element, e.g. copper, gather on another part of the
surface. Dezincification and its fundamental mechanism are illustrated
schematically in Figure 3.25.

Dezincification is suppressed by the selection of brasses with smaller zinc
contents, avoidance of cuprous and chloride ions, reduction in
temperature and alloying with small amounts of arsenic or other
elements. Arsenic, antimony and phosphorous are believed to form a film
on the corroding brass surface, which shields the zinc from further
corrosion.

High strength aluminum alloys depend on a carefully prepared network
of inclusions for their mechanical properties. Inclusions of copper
aluminide, CuAl, are usually precipitated from a solid solution of copper
in aluminum to obtain the required strengthening. A corrosion problem
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sharply declines until much higher over voltages are imposed where
current rises again. This anodic current - over voltage characteristic is
illustrated schematically in Figure 3.22.
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Figure 3.21 Faraday's demonstration of passivation of iron in concentrated nitric acid.



124 MATERIALS DEGRADATION AND ITS CONTROL BY SURFACE...

SELECTIVE CORRGSION OF
ONE PHASE TO LEAVE
DUPLEX GRAIN STRUCTURE POROUS MICROSTRUCTURE

UNDERLYING

MICROSCOPIC MECHANISM OF SELECTIVE CORROSION

Anodic atom escapes

into solution
Cathodlic atoms /é
gather

Exterior of metal formed of atom-sized
terraces and 'adatoms' of both metals

Figure 3.25 Dezincification of brass and its atomic mechanism.

occurs because the precipitation of copper aluminide causes the formation
of regions of aluminum alloy matrix that are depleted in copper.
Galvanic coupling then occurs between the copper-depleted aluminum
alloy and unaffected alloy. The inclusions and adjacent copper depleted
areas are located at the edges of the aluminum alloy grains. A form of
differential corrosion known as intergranular corrosion then occurs where
material close to the grain boundaries is preferentially corroded.
Mechanical failure of the material then results due to the formation of
weak corrosion products along grain boundaries. The mechanism of

intergranular corrosion of aged copper- aluminum alloys is illustrated
schematically in Figure 3.26.



CHEMICAL CAUSES OF MATERIALS DEGRADATION 125

GALVANIC CELLS FORMED BY PRECIPITATES IN
ALUMINIUM ALLOY

Copper depleted zone
around precipitate

Galvanic coupling
between adjacent
copper-rich and
copper-deficient
phases

Copper-aluminide pracipitate

PROGRESS OF CORROSION BETWEEN PRECIPITATES

Initial surface corrosion

Progress of
corrosion along
grain boundaries
following galvanic
couples around
precipitates

Grain boundary Copper aluminide precipitates

lying along grain boundaries

Figure 3.26 Intergranular corrosion mechanism of aged copper-aluminum alloys.

Substitution of copper aluminide precipitates with ferric aluminide,
magnesium aluminide, magnesium silicide and magnesium zincide
precipitates by appropriate alloying of the aluminum reduces the severity
of intergranular corrosion. Ageing related problems of intergranular
corrosion are also found in magnesium and copper-base alloys. Zinc
alloys containing aluminum are also prone to this form of corrosion.

Not all inclusion formation in alloys is deliberate and may occur
inadvertently where process heat is not adequately controlled. The
corrosion resistance of stainless steels depends on a uniform or near-
uniform concentration of chromium in solid solution with iron.
Chromium is however a reactive metal and will precipitate from iron as
chromium carbide if carbon is present in the iron. Welding of stainless
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steels is notorious for unintended heating of metal adjacent to the weld.
Most of the chromium carbide formation occurs at a distance of a few mm
away from the weld seam where the temperature reaches 700 to 800°C for
a period of a few seconds. Areas of metal surface where significant
chromium precipitation has occurred, lose their 'stainless' property and
will corrode. When two plates of stainless steel are welded together and
then immersed in corrosive acid, two linear zones of corroded metal then
form parallel to either side of the weld seam  Chromium carbides are
normally precipitated at grain boundaries so causing a chromium
depleted zone to form along the grain boundaries. Intergranular
corrosion then proceeds along the chromium depleted zone. Remedies
for weld-decay as this phenomenon is called, involve reheating the affected
metal component to 1100°C followed by quenching to much lower
temperatures. This practice causes chromium carbide decomposition to
chromium and carbon at high temperatures without subsequent
reformation. Other remedies are to lower the carbon content below 0.03%
or add niobium and tantalum to the steel. Tantalum and niobium have
stronger affinity for carbon than chromium and so prevent chromium
carbide formation by combining with the carbon to form tantalum or
niobium carbides. Tantalum and niobium are often referred to as carbide
stabilizers. ~ Niobium carbide is however decomposed by extreme heat
particularly when the temperature reaches 1500°C or more as occurs in
welding. Niobium carbide decomposition releases carbon for weld-decay
directly beneath the weld-seam on the side of the sheet opposite to the
weld. The released carbon then diffuses towards the chromium to cause
chromium carbide formation. A highly localized form of corrosion
known as knife-line attack then results. Knife-line attack is usually found
during welding of thin sheet where cooling after completion of the weld
is extremely rapid and the sheet is easily heated to melting temperature.
The solution to this problem is to reheat the weld area to 1100°C to allow
recombination of niobium and carbon.

Effect of work hardening
Metal alloys are not always used in the annealed state and work

hardened alloys are important where higher strength is required. In
general, work hardening accelerates corrosion because the higher levels of
residual strain present in a work-hardened component are associated
with a greater number of dislocations at the surface of the component.
These surface dislocations act as favorable sites for corrosion reactions,
which proceed faster as a result. The acceleration of corrosion reactions
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by plastic deformation of a material is known as Mechanical Activation and
is observed for widely different types of materials and chemical reactions.

Composite materials

The most significant composite material in terms of quantity is reinforced
concrete. In freshly solidified concrete, the steel reinforcing bars are
protected from corrosion by the passivating effect of alkalis contained in
the concrete. These alkalis are calcium hydroxide with smaller amounts
of sodium hydroxide and potassium hydroxide; these cause the pH to
reach 13 approximately. Long-term exposure to atmosphere causes this
pH and consequent corrosion protection to decline since atmospheric
carbon dioxide penetrates the concrete to react with the hydroxides and
convert them to neutral carbonates. Exposure of concrete to salt water
rapidly accelerates corrosion because the chloride ions in salt water
quickly penetrate concrete to cause pitting of the steel reinforcement even
under alkali conditions. The migration of chloride ions causes
acidification as discussed above and severe corrosion results. The
corrosion products of iron are less dense than iron or steel so that the
volume of the un-corroded steel reinforcement bar and corrosion
products increases with extent of corrosion. The increase in volume can
only be accommodated by cracking of the concrete since concrete is brittle
and weak in tension. Cracks allow more effective access by corrosive salt
water so that corrosion becomes further accelerated. A destructive
phenomenon, colloquially known as 'concrete cancer’, then results.

Metal- metal composites, e.g. tantalum fibers in a copper matrix are also
subject to significant corrosion problems. Galvanic coupling between
tantalum and copper causes rapid corrosion of the copper matrix when
the composite is immersed in a strong acid [Fontana and Greene]. To
prevent severe corrosion of either the matrix or the reinforcing element,
the electrochemical potentials of both metals should be as similar as
possible. In practice this requirement imposes considerable limitations on
materials selection and is one of the reasons why metal-metal composites
have been largely substituted by metal-ceramic composites. Selective
corrosion of either the matrix or reinforcement phase by a specific
corrosive medium is also possible. This leads to a widening of the range
of corrosive mediums that will attack the composite compared to either of
the component metals alone. There is little or no scope for improving
corrosion resistance, as is the case with alloying of metals. For example,
with a copper-tantalum composite, copper but not tantalum is vulnerable
to concentrated nitric acid while concentrated hydrofluoric acid attacks
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tantalum but not copper. A copper-tantalum composite is therefore
vulnerable to both hydrofluoric and nitric acids [Fontana and Greene]. In
order to render the copper-tantalum composite durable against
hydrofluoric acid, it would be necessary to shield a core of composite
material with an outer layer of copper only.  This layered structure of a
composite metal is analogous to the structure of concrete where steel
reinforcement bars are protected from rusting by an outer layer of un-
reinforced concrete.

3.3 Oxidative reactions of metals with oxygen, sulfur and other halogens

When a clean unrusted specimen of iron or steel is heated in air to
red heat for several minutes, a scale or layer of reaction product will be
observed on the steel surface after the specimen has been cooled down.
Inspection of scale will reveal that it is uniform and appears to have some
ability to cause passivation of the steel surface to limit further formation
of the scale. If an attempt is made to scratch the surface with a
screwdriver or chisel, it will become evident that the scale is far more
brittle than the underlying steel. A corrosion process, i.e. chemical
conversion of a metal to an inferior product can therefore be said to have
occurred. This form of corrosion is often referred to as oxidative corrosion
or high temperature oxidation of metals. Although, unlike electrochemical
corrosion, which can occur at ambient or even sub-ambient temperatures,
oxidative corrosion usually requires a high temperature for its occurrence,
it is still regarded as a significant and severe form of corrosion. In certain
cases, it is possible for oxidative corrosion to occur at ambient
temperatures.

Among the chemical elements, oxygen is not the only known oxidant.
Sulfur belongs to the same family of elements within the periodic table of
elements and can in liquid or gaseous form initiate a directly analogous
form of corrosion of metals.  The halogens, fluorine, chlorine, bromine
and iodine can also cause related corrosion which is often more severe
than that caused by atmospheric oxygen.

Under dry conditions, the oxidation of most metals is prevented by the
formation of adherent solid oxide films. Some metals have volatile oxides
or more often sulfides and chlorides. These volatile corrosion products,
which may be liquid, do not protect the metal surface against corrosion.
Other metals such as sodium, potassium and magnesium produce a
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friable oxide, which continuously cracks to expose fresh metal surface to
the air. For metals such as iron, chromium, copper, aluminum and other
important engineering metals however, the oxide films are strong and
durable. These oxide films range from a few nanometers in thickness at
ambient temperatures to many micrometers in thickness at temperatures
exceeding several hundred degrees Celsius. Very often, the oxide film
reaches a limiting thickness after a period of initial rapid growth so that
the oxide film can be said to have a characteristic thickness for practical
purposes even though the oxide film does continue to grow at an
infinitesimally slow rate. = Where an oxide film is as thin as 5 nm, it is
transparent so that the underlying metal can reflect light to produce the
characteristic luster of a metal. When the oxide film thickness reaches 100
to 1000 nm, the oxide film becomes comparable in thickness to the
wavelength of visible light. Interference between light reflected off the
oxide surface and light reflected off the underlying metal creates colors.
This is the reason for the tempering colors of polished quenched steels.
Such thin oxide films are not usually a cause of direct corrosion problems
although they exert a controlling influence on friction and wear
phenomena of metals. Sulfide, chloride and other corrosion product films
are believed to show similar characteristics to oxide films.

Whether a metal is protected from oxidative corrosion depends almost
exclusively on the characteristics of the oxide film and its development.
Basic chemical parameters of the metal such as electrochemical potential
or heat of oxidation exert far less influence on oxidative corrosion than is
observed for electrochemical corrosion. A metal will escape severe
oxidation if the reaction product film is able to effectively exclude oxygen
from the underlying metal. Where there is an oxide film, which prevents
corrosion, it is still possible to induce severe corrosion by circumventing
the oxide film. For example, aluminum is under typical conditions highly
resistant to atmospheric oxidation. If a small quantity of mercury is
placed on the aluminum and the portion of the aluminum surface is then
scratched, rapid oxidation of the aluminum will result. Flakes of
aluminum oxide will then form on the mercury and both metals will
become heated by the exothermic reaction of oxidation. The reason for
this phenomenon is that the mercury dissolves aluminum, which diffuses
to the surface of the mercury. Oxidation of the aluminum then occurs
without the protection of an aluminum oxide film, which cannot form on
the surface of liquid mercury.
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Another feature of metal oxidation, which is often overlooked, is that the
heat of oxidation is usually dissipated in a metal structure that is much
larger than an oxide film. At room temperatures, oxide films are usually
of the order of 10 nm thick, while metal components have wall thickness
of 1 mm or more. At temperatures of 1000°C, oxide scale thickness easily
exceeds 10 pm so that the exothermic heat release becomes significant
compared to the thermal capacity of the underlying metal. In such
circumstances, a self-accelerating oxidative reaction is possible leading to
a process that resembles burning. Such cases of large scale burning of
metals have been reported in severe ship fires where the aluminum
superstructure of the ship was observed to catch fire. At lower
temperatures, with the continuing drive towards miniaturization of
components, the need to examine the thermal capacity of the corroding
metal becomes increasingly important. Electrical conductors consisting of
very fine wires are a direct example of this problem. Uncontrolled
oxidation by circumvention of an oxide film using mercury and heating of
the underlying metal substrate are illustrated schematically in Figure 3.27.

Prevention of uncontrolled oxidation of metals dictate that mercury
should not be transported in metal containers and that thin metal films
coated on plastic substrates to make mirrors or lenses should be carefully
protected against oxidation. Control of oxidation is a reason why gold ,
an inert metal, is often used for optical coatings.

Diffusional theory of oxidative corrosion
When a clean metal surface is first exposed to atmospheric oxygen

or another oxidant such as liquid sulfur, the formation of a corrosion
product is mainly controlled by the kinetics of chemical reactions between
two materials in close contact. It is necessary for the oxygen (or other

oxidant) to absorb on the metal surface, electron transfer to occur
followed by bonding between the metal and oxidant. These processes are
relatively rapid for most metals so that a thin monomolecular layer of
corrosion product can cover a metal surface in a minute period of time.
Under atmospheric pressure of oxygen, this period of time is of the order
of microseconds for iron and steel. Unlike aqueous electrochemical
reactions, the corrosion product is not solubilized and removed from the
reaction surface by the corrosive medium. If the corrosion product is
solid, it will instead accumulate on the surface as a film, the most
common example being the oxide films discussed above.  The film of
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Figure 3.27 Mechanisms of uncontrolled oxidation of metals in atmospheric oxygen.

corrosion product exerts a fundamental influence on metal oxidation once
a monomolecular film has been established on the surface of the metal.
The presence of a corrosion product film alters every stage of the process
of oxidation. For example, oxygen molecules or other oxidants can only
absorb onto the corrosion product surface not the metal surface while
electron transfer involves transport of electrons though the corrosion
product film. It is also necessary for either ions of metal or ions of the
oxidant to diffuse through the corrosion product film before bonding
between the metal cations and corresponding anions can proceed. While



132 MATERIALS DEGRADATION AND ITS CONTROL BY SURFACE...

the film thickness increases from just one monomolecular layer of
corrosion product to several monomolecular layers in thickness, electron
tunneling and spontaneous exchange of positions between metal and
absorbed oxygen permit rapid growth of the corrosion product film to
continue. This stage of growth allows the rapid formation of oxide films
to thickness of 5 nm over a very wide range of temperature. Electron
tunneling and the mutual change in location between oxygen and metal
atoms is called place exchange. These are limited to very thin oxide film
thickness of only 5 nm and beyond this thickness, diffusion of cations or
anions become the controlling process for most corrosion product films.
The processes of adsorption of e.g. oxygen molecules, their dissociation
and ionization, the formation of a layer of metal cations at the interface
between metal and corrosion product are not usually rate limiting.
Under typical conditions therefore, corrosion rate is controlled by the
diffusion of either anions or cations across the corrosion product film
under the influence of a concentration gradient and the electric field
developed between opposing layers of cations and anions. Initial
oxidation process and subsequent control of oxidation by diffusion within
the corrosion product film are illustrated schematically in Figure 3.28.

It is possible to derive an expression for corrosion product growth rate
based on the assumptions of a uniform surface film with no voids
between metal and corrosion product and no fissures in the surface film.
The voids would hinder diffusion transfer by acting as an obstacle while
fissures provide more direct access by the oxidant to the metal. The
theory of oxide film growth involves the derivation of an expression for
the flux of metal cations or oxidant anions through the corrosion product
film where this flux is equivalent to the growth rate of the surface film.
The flux of cations or anions is a function of Fick's law diffusion and the
electrostatically driven movement of ions between vacancies in the
defective crystalline lattice of the corrosion product. The corrosion
product is very often non-stoichiometric in composition, i.e.. for iron
oxides, the precise composition may be Fex»Os; instead of the
stoichiometric composition Fe2Os. The non-stoichiometry causes the
crystalline structure of the corrosion product to be highly defective, i.e.
that there are numerous vacancies in its structure. The flux of cations or
anions across the corrosion product is largely a result of 'hopping' of ions
between vacancies.  For corrosion product films up to 1 pm in thickness,
electrostatically driven ion movement is a significant component of the
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Figure 3.28. Corrosion product film formation on a metal surface. Initial direct
oxidation with the metal and subsequent corrosion product film formation.

ionic flux across a corrosion product film. Analysis of corrosion
problems involving film thickness less than 1 pm should allow for this
characteristic of film growth. Beyond approximately 1 pm, Fick's law
diffusion provides almost all of the ion flux. This feature of surface film
growth simplifies considerably the theoretical modeling to allow the
derivation of a very simple growth law known as the Wagner law or
parabolic film growth law. The Wagner law of film growth states that the
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rate of film growth is proportional to a uniform linear concentration
gradient of diffusing ions across the surface film. The concentration
gradient is equal to the difference in concentration of diffusing ions
(either cations or anions) between the surface of the un-corroded metal
and the exterior surface of the corrosion product film. The concentration
of diffusing ions at either the exterior surface of the corrosion product
film or at the surface of the un-corroded metal is assumed to be constant.
These assumptions inherent in the Wagner model of film growth are
shown schematically in Figure 3.29.
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Figure 3.29 Wagner model of growth of corrosion product film by diffusion.

All of these assumptions about film uniformity, invariance of ion
concentration are only an approximation to the actual more complex
situation inside corrosion product films. In many cases however, the
quality of approximation is good so that the Wagner model provides a
useful prediction of surface film growth. The controlling equation of film
growth according to the Wagner model is given by the following
expression.

o6D/&t = K/D
D' =K%t +C {3.9)
Where D is the corrosion product film thickness, ¢ is time; K is a film

growth coefficient, which is the product of the concentration difference in
diffusing ions across the film and the diffusivity of ions within the
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corrosion product film. C is a constant, which is usually assumed to be
zero since film thickness is nominally zero initially. A positive value of C
may be assigned empirically to fit film growth data where electrostatically
driven ionic flux has provided a significant initial boost to film growth.

The physical significance of the Wagner law of film growth is that it
represents a minimum growth rate of the corrosion product film to which
other growth mechanisms such as electron tunneling and electric field
effects add on additional amounts of film growth. Electron tunneling and
electric field effects are significant at low to moderate temperatures and
cause the initial rapid growth in oxide film thickness to some apparently
limiting value which is actually very slow oxide film growth. The Wagner
film growth coefficient, K, attains large values at high temperatures to
cause rapid film growth or corrosion. Parabolic or Wagner oxidation is
most significant at high temperatures and is the prime cause of high
temperature oxidative corrosion of metals. This rise in K is due to the
activation energy of ionic diffusivity, which shows an Arrhennius law
dependence on temperature. The difference in growth characteristics of
parabolic (Wagner) oxidation and other forms of oxidation such as Low
Temperature Oxidation is shown in Figure 3.30. Wagner or parabolic
oxidation can be rapid but not as rapid as linear uncontrolled oxidation or
uncontrolled burning of metals, which are also shown in Figure 3.30. The
tendency of iron and steels to oxidize according to the Wagner law and
not show a linear growth rate is a reason why iron and steel can be used
without protection at high temperatures in air.

Most but not all oxide films tend to have lower ionic diffusivities than the
corresponding sulfide films of the same metal. Higher ionic diffusivity in
sulfides as opposed to oxides of the same metal, e.g. iron sulfide and iron
oxide, is caused by the greater non-stoichiometry of sulfides. Non-
stoichiometry is characterized by a defective crystalline structure with
numerous vacancies for ionic diffusion. Sulfidation of metals such as iron
is more rapid and therefore a more serious form of corrosion than
oxidation by atmospheric oxygen at the same temperature. Direct
experimental measurements of ionic diffusion coefficients are generally
lower than the corresponding estimates of ionic diffusivity from film
growth coefficients. This discrepancy in ionic diffusivities implies
preferential paths for ion diffusion within the corrosion product film and
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Figure 3.30. Growth characteristics of oxide films on metal surfaces.

it is generally believed that grain boundaries inside the corrosion product
film facilitate rapid ion diffusion. Alloying of metals to produce corrosion
products with a less defective crystalline structure and therefore low ionic
diffusivity is currently being tested as a method of controlling corrosion.

3.3.1. Durability of corrosion product film and failure of Passivation

The principle constraint on metal oxidation is the passivating effect
of the layer of corrosion product that forms on a metal surface. The
durability of the corrosion product layer effectively controls the service
life of the metal. Durability of the corrosion product layer depends on its
mechanical and physical stability. The main causes of instability are
mechanical failure and melting or volatilization. Although most theories
of oxidation relate to attack of a metal by a single oxidizing agent e.g.
oxygen or sulfur, combined attack by several oxidizing agents is much
more common. In general, the combination of oxidizing agents intensifies
corrosion by preventing a durable corrosion product layer from forming.
Gases, which are not usually considered to be strong oxidizing agents, e.g.
carbon dioxide, are found to cause significant corrosion of metals at
elevated temperatures. Any combination of gas (except the noble gases
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such as argon) and metal should be tested experimentally for corrosion
before it is assumed that no corrosion will occur.  Corrosion does not
always occur at the surface but may proceed into the interior of the metal.
This internal oxidation causes brittle inclusions of corrosion product to
form inside the metal thus causing embrittlement and fracture.

Mechanical detachment of corrosion product
There is no physical necessity that a corrosion product remains

adhering to the underlying metal surface to passivate the metal even if it
remains solid at elevated temperatures of oxidative corrosion. When a
corrosion product film first forms on a corroding metal surface, the ions in
the crystalline lattice of oxide or other corrosion product attempt to fit to
the metal crystal lattice. The crystalline lattices of the metal and
corrosion product are entirely different so that the crystalline lattices of
both are strained. This phenomenon of mutual crystal lattice adaptation
between metal and film is known as epitaxy and the resulting mechanical
strains are known as epitaxial strains. Unless the crystal lattice of the
corrosion product film is able to progressively accommodate the epitaxial
strain as the film thickens, the interfacial stress between the corrosion
product and the metal increases with film thickness until fracture results.
This is because the fixed number of atom bonds at the metal-oxide
interface has to compress an increasing number of atoms in the oxide film.
A corrosion product film can remain attached to the underlying metal and
provide passivation until a critical thickness is reached. Beyond this
critical thickness, the corrosion product film will detach to initiate a new
cycle of formation of corrosion product. In the case of magnesium, the
oxide film does not detach completely, instead film material lying above a
certain thickness is cracked and fissured to accommodate epitaxial stress.
The cracks and fissures allow unrestricted access by atmospheric oxygen
to a constant depth of oxide film. The oxide film therefore grows at a
linear rate after an initial period of parabolic oxidation according to the
Wagner model. This causes indefinite rapid oxidation instead of quasi-
passivation according to the Wagner model. Epitaxy and its effects on
corrosion are illustrated schematically in Figure 3.31.
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Figure 3.31 Effect on corrosion of epitaxy between a metal surface and overlying
corrosion product film.

Even if there is a perfect fit between the crystal lattices of the metal and
corrosion product, the dissipation of momentum by cations or anions
diffusing through the corrosion product film causes a reaction stress
according to Newton's 2nd law. In most cases, corrosion products grow
by the outward diffusion of metal cations, which causes a tensile stress
while anion diffusion causes a compressive stress. Such stresses are
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proportional to film growth rates hence rapidly growing films are
inherently more highly stressed than self-passivating films. This growth
rate dependency of ion diffusion induced stress enhances a tendency for
corrosion products to differentiate between forming mechanically stable
films that are self-passivating or forming rapidly growing and
mechanically unstable films.

Most work on strains in corrosion product films has related to oxides as
opposed to sulfides, chlorides and other corrosion products. One of the
earliest theories about strains in oxide films and how the strain affects the
durability of the oxide films was developed by two researchers, Pilling
and Bedworth and published in 1923. This model was developed before
metal cation diffusion was recognized as the most common controlling
factor in oxide film growth. Pilling and Bedworth postulated that if the
oxide film grew by oxygen penetrating the oxide film to form new metal
oxide at the interface between metal and oxide, then the oxide was
volumetrically constrained to fit the underlying metal. In other words, if
the oxide volume were too small then the oxide film would be in tension
and probably crack, as oxides are usually brittle. If the oxide volume
were too large, the oxide would eventually buckle and detach from the
surface. Pilling and Bedworth devised a ratio of the molar volume of
oxide to the molar volume of metal as the criterion for tensile or
compressive stresses in the oxide film. An expression for this ratio, which
is known as the Pilling-Bedworth ratio, is given below.

PB = (Mox.*. pmet)/ (Mmet.*. pox) {3.10}

Where PB is the Pilling-Bedworth ratio, Mox. is the molar weight of oxide
(or other corrosion product), pmet. is the density of the corroding metal,
Mmet. is the molar weight of the corroding metal and pox. is the density of
the oxide (or other corrosion product).

As can be seen, the subtleties of epitaxy and crystalline lattice structure
are overlooked by this model, which gives an approximate guide to the
stability of oxide films. According to the model, Pilling-Bedworth ratios
close to unity indicate stable oxide films while values differing
significantly from unity are unstable. Experimental data shows that
while most oxides conform to this rule there are numerous exceptions.
For example cadmium, which has a non-protective oxide film, has a
Pilling-Bedworth ratio of 1.21 while the corresponding value for
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chromium, which has a protective oxide film, is 1.99. Experimental
measurements show that if the value of the Pilling-Bedworth ratio is
significantly below unity as it is for sodium, potassium and lithium or
greater than two as is the case for tungsten then the corresponding oxide
film is non-protective. When the value of the Pilling-Bedworth ratio for a
specific metal and oxide lies between 1 and 2 then there is no reliable
indication of oxide film durability. Estimates of the stability of sulfides
and other corrosion products as surface films can be obtained from the
Pilling-Bedworth ratio by substituting the density and molar weight of
the oxide with the density and molar weight of the corrosion product.

Melting and volatilization
When the melting point of the corrosion product is exceeded, the

corrosion product film will continuously flow away to offer no protection
to the underlying metal. A thin liquid film of corrosion product then
remains on the surface of the metal. Diffusion of ions through this liquid
is very rapid and presents no limitation to corrosion unlike diffusion
through a solid film. Very rapid oxidation known as catastrophic oxidation
will occur if the corrosion product liquefies. Catastrophic oxidation may
also involve self-accelerating oxidation driven by large amounts of energy
from the exothermal oxidation reaction (see also the beginning of 3.2).
Fortunately, most oxides have a melting point comparable to or higher
than the corresponding metal, the classic example being aluminum and
aluminum oxide. However the oxides of some metals have lower melting
points than the parent metal. If the melting point of the oxide is lower
than the metal, then rapid oxidation by liquefaction of the oxide is
possible. Figure 3.32 illustrates schematically the mechanism of
catastrophic oxidation of a metal when the oxide is molten or evaporating
as a volatile vapor.

The oxides of molybdenum (MoO, ) and of vanadium ( V,O; ) have
melting points of 795°C and 674°C respectively, these temperature are
lower than the melting point of molybdenum. Molybdenum trioxide
(MoQ, ) also forms a eutectic with molybdenum dioxide at 778°C. These
metals and their alloys cannot be used for high temperature service in air
but molybdenum does have good high temperature mechanical
properties, which renders it suitable for high temperature vacuum
service. Sulfides tend to have lower melting points than oxides of the
same metal, for instance iron and FeS form a eutectic at 985°C and nickel
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Figure 3.32 Catastrophic oxidation of a metal when its oxide film liquefies or evaporates.

forms a eutectic with Ni,S, at 635°C. For iron and nickel, exposure to

sulfur vapor beyond 985°C and 635°C respectively causes very rapid
corrosion.

Rapid corrosion by chlorine containing gases, e.g. hydrogen chloride is
also associated with volatilization of the metal chlorides formed. For
example, ferrous chloride (FeCl, ) melts at 600°C and volatilizes at low
temperatures. The chlorides of nickel and chromium ( NiCl,, CrCl, and
CrCl, ) are comparatively less volatile than those of other metals. The lack

of volatility enhances the resistance of these metals towards chlorine and
hydrogen chloride.

In many cases, oxidation is not caused by pure oxygen b1.1t mstgad
proceeds in a much more polluted environment. Fuel oils c.ontanr} varying
amounts of vanadium, which often becomes concentrated in residual oils
from petroleum refining. The accepted method of disposal of such waste
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oils is to burn them. During combustion of the waste oil, the vanadium is
oxidized to V,0,, which then forms a eutectic with sodium oxide, Na,O, at
535°C.  Sodium compounds, e.g. salt, are ubiquitous contaminants.
Combustion temperatures easily exceed this eutectic and the molten
liquid forms a flux to liquefy the oxides found on the metal components
(usually steel) of the combustion system. Rapid corrosion of the
combustion system then results.

Internal oxidation of metals

Internal oxidation is found in alloys of metals where a lesser
amount of a base (reactive) metal is present in a more unreactive or noble
metal. Preferential oxidation of the basic metal then proceeds from the
surface of the alloy until a depth limited by access of oxygen. An external
scale does not necessarily form and instead oxides are precipitated in the
subsurface of the alloy. Alloys often possess a duplex microstructure
where one of the phases is likely to have a greater solubility and
diffusivity for oxygen than the other phase. Internal oxidation then
proceeds rapidly along grains of one phase while the other phase remains
relatively untouched. The mechanism of internal oxidation is shown
schematically in Figure 3.33.

Nobler phase unaffected
by oxidation Phase containing more base metal

oxidizes rapidly, no surface scale

Original metal
phase converted
to oxide

Grain boundaries facllitate
transfer of oxygen to adjacent
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Figure 3.33 Mechanism of internal oxidation of metal alloys.
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Examples of internal oxidation are found in cuprous and sﬂver—base
alloys, which contain basic metals such as bery}hum, zinc .or c.:admmm.
Iron, nickel cobalt alloys are also affected by internal ox1dat19n when
small additions of chromium and aluminum are present. Chromium and
aluminum are more reactive than iron and nickel anc.i de?pend on a
durable oxide film for passivation. =~ Where the oxide; fllrr} is unable to
form because the concentration of aluminum or chromium in the alloy is
too low, internal oxidation occurs. Internal oxidation .can be prevepted in
this instance by increasing the concentration of ch.roml'um or aluminum to
a level where a stable chromium or aluminum ox1§le film can form on the
alloy surface. Nickel alloys containing aluminum are part}cularly
vulnerable to internal oxidation with deep rod shaped zones Qf internal
oxidation forming in linear shaped grains of the aluminum—rlch phase.
Internal oxidation occurs in iron, nickel and cobalt alloys s1multaneou§1y
with external scale formation. Oxide precipitation in metals can raise

hardness by the same mechanism as age hardening but also causes an
undesirable increase in brittleness of the alloy.

Effect of combined oxidizing agents
In most cases of corrosion, e.g. boiler chimneys and chemical

processing pipelines, oxygen is either combined with sulfur bearing gases
or chlorine bearing gases. Severe corrosion results in both cases thus
necessitating the use of special corrosion resistant materials.

Corrosion by sulfur dioxide containing gases causes a localized form of
high temperature corrosion that in common with internal oxidation
involves deep penetration of the metal. A very common corrosion
problem involves hot combustion gases, which contain sulfur dioxide and
oxygen. The combination of sulfur and oxygen is more corrosive than
either acting alone. Sulfides decompose to oxides in the presence of
oxygen so that corrosion proceeds with an external scale of metal oxides
lying above a layer of sulfidized metal. Under steady conditions, pits are
formed where metal sulfides fill the bottom of the pit and with a covering
of metal oxides. If the combustion system is subjected to alternating
cycles of hot sulfur dioxide and hot oxygen, internal Sulfidation of the
metal proceeds simultaneously with external oxidation. These
phenomena are usually found on Ni-Cr and Co-Cr alloys, which are
widely used in combustion systems.
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Chlorine and gaseous chlorine compounds, e.g. hydrogen chloride, cause
accelerated metal oxidation when present in combination with oxygen.

The phenomenon is termed activated oxidation and is very destructive of
iron or steel. Instead of an adherent stable oxide layer, a fragmented non-
protective oxide layer is formed on the metal surface. Combined attack of
iron by chlorine and oxygen causes the formation of both ferrous chloride
and iron oxides at the metal surface. The ferrous chlorides diffuses
through the oxide layer and decomposes to form iron oxide and chlorine
when it reaches the outer surface of the oxide layer. The interface
between the oxide layer and the underlying iron or steel becomes
disrupted by voids as a result of the escape of ferrous chloride. These
voids cause the oxide layer to detach from the surface and become non-
protective.

Exposure of metals to hydrocarbon gases hydrogen and carbon dioxide

When steel is exposed to hydrogen at a high temperature, carbon
within the steel can react with the hydrogen to form methane.  This
reaction causes a loss of carbon within the steel known as decarburization.
The solubility of hydrogen in steel allows hydrogen to penetrate deeply
into steel, methane formation then occurs below the surface of the steel
and produce voids filled with methane in the steel. The development of
voids and the decarburization cause weakening and embrittlement of the
steel. Conversely, when methane or another hydrocarbon gas is exposed
to steel at the same high temperature, the reverse reaction, i.e.
decomposition of hydrocarbon to hydrogen and carbon will occur. If
alloying elements with strong carbide forming tendencies are present in
the steel, e.g. chromium, the alloying element will react with the released
carbon to form a carbide layer. = This phenomenon is known as
carburization. The carbide layer is usually too brittle to improve
mechanical properties of the steel component. Severe carburization
where not all the carbon is combined as carbide but instead a fraction of
the carbon remains as graphite, is known as metal dusting. This is a
descriptive term used to describe the powdery degradation of metal in
hot hydrocarbon gas streams, which are commonly found in the
petrochemical industries. It is possible to suppress both carburization
and decarburization by adding a small quantity of hydrogen sulfide to the
hot hydrogen or methane.  The hydrogen sulfide releases a small
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quantity of adsorbed sulfur on the surface which blos:ks adsorption })y
hydrogen or methane on the steel surface prior to reaction. The quantity
of hydrogen sulfide required is insufficient to cause sulfidization but this
method of control is still relatively untried. Another method is to further
alloy the steel with silicon so that a silicon dioxide layer forms on the steel
surface at high temperatures. This silicon dioxide layer is believed to be
an effective barrier to penetration by hydrogen or carbon. Other barrier
layers such as alumina have also been found to offer some reduction in
carburization. The mechanisms of decarburization and carburization are
illustrated schematically in Figure 3.34.
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Figure 3.34. Mechanisms of decarburization and carburization.
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Carbon dioxide is used as a coolant for nuclear power systems where it
has the characteristic of promoting slow oxidation of steel according to
the Wagner model for an initial period, which lasts for hundreds or even
thousands of hours. After this initial period of slow oxidation, spalling on
the oxide film is observed and fast linear oxidation occurs. Microscopic
examinations of corroded specimens reveal that an outer layer of ferrous
oxide (Fe,0,) is separated from the steel surface by a porous carbon rich
layer where much of the carbon is present as carbides. Once this inner
carbon-rich layer reaches a sufficient thickness, the outer oxide layer is
unable to shield the underlying steel from oxygen and oxidation proceeds
at a rapid rate.

Effect of mechanical stresses and strain on oxidation

Mechanical stresses and strains do not only accelerate aqueous
corrosion but also accelerate the high temperature oxidation of metals.
There are two main effects occurring.  The first effect is of direct
mechanical activation where a high level of surface dislocations promotes
oxidation and lowers the temperature where limited oxidation (described
by the logarithmic film growth law) changes to the parabolic oxidation
growth law. For steels, work hardening reduces the minimum
temperature for parabolic oxidation growth law to approximately 200°C.
The second effect is that mechanical stress; particularly oscillating stress
causes repeated fracture of the protective oxide layer. The so formed
cracks facilitate access by oxygen to the metal and faster corrosion results.
Stresses need not be necessarily generated by deliberately applied load
but can also arise from restrictions to thermal expansion. Thus, thermal
fatigue is associated with accelerated high temperature oxidation.

3.4 Softening and embrittlement of wood and polymers

Wood

Wood is highly resistant to most acids except concentrated strong
acids such as fuming sulfuric acid, which can oxidize wood to carbon.
Alkalis however rapidly degrade wood by chemical reaction with the
hemicelluloses and lignin components of wood (for discussion of wood
composition see below). Elevated temperature and high concentration of
both acid and alkali promote more rapid degradation of wood compared
to cool dilute solutions of acid or alkali. Softwoods are more resistant
than hardwoods to alkalis because of the lower hemicelluloses content in
softwoods. Pure water also causes strength loss by causing swelling of
the wood.
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Polymers
Most polymers are vulnerable to chemical attack by water and more

corrosive media. Polymers vary widely in resistance to liquids, some
polymers such as nylon will be degraded by water at room temperature
while Ultra-High Molecular Weight Polyethylene UHMWPE is only
corroded by hydrogen peroxide at temperatures close to 100°C. There are
two basic forms of degradation (i) solvation and partial solvation of the
polymer by a solvent which is usually organic (ii) chemical reaction
leading to fracture of the polymer or in extreme cases conversion to a
powder. Solvation and partial solvation is common with rubbers which
when exposed to gasoline or lubricating oils will swell in size.  This
swelling is the first stage of solvation where solvent molecules from e.g.
the gasoline, diffuse into the spaces between the elastomer molecular
chains. With increasing aggressivity of the solvent or elevated
temperature, the rubber is converted to a slimey product, which
represents the stage where the solvent molecules are able to separate the
elastomer molecular chains from each other. The mechanism of solvation
both to a limited extent and extensive solvation is illustrated
schematically in Figure 3.35.
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Figure 3.35 Solvation and partial solvation or swelling of polymers by a solvent.
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Chemical reaction of a polymer with an aggressive reagent usually
involves chain scission where the polymer chains are split to reduce the
average molecular weight. One mechanism of chain scission is oxidative
where the polymer chain is converted to a series of lower molecular
weight oxidation products. The primary effect of such chemical

degradation is an increase in brittleness of the polymer, which may lead
to unexpected fracture or 'crazing’.

Crazing is the formation of a network of cracks over the surface of the
polymer. In polymers, while the hydrogen-carbon bond is relatively
stable against chemical attack, other bonds such as the amide bond
between nitrogen and carbon are more vulnerable. This means that
although a purely hydrocarbon polymer such as UHMWPE is relatively

resistant against chemical attacks other more complex polymers such as
nylon are much less resistant.

The bond between carbon and fluorine is however stronger than the
carbon hydrogen bond which means that fluorocarbons such as
polytetrafluoroethylene (PTFE) are extremely resistant to chemical attack.
Other halides such as chlorine and bromine however do not form such
strong bonds with carbon and so cannot be used to manufacture corrosion
resistant polymers. In fact, organic chlorine compounds are used as
sacrificial lubricant additives. The ends of polymer chains are the
preferred reaction sites for many degradation reactions so that resistance
to degradation increases with molecular weight of the polymer (molecular
weight is inversely proportional to the number of chain-ends).
Mechanical stress and wear are observed to accelerate chemical
degradation where it is believed that the activation energies of
degradation reactions are reduced by stress or wear.

Oxidation of polymers is usually inevitable since most polymers are used
in open air. Oxidation proceeds by a chain reaction involving hydro
peroxides as the intermediate compounds that accelerates the chemical
reactions of oxidation. Oxidation tends to produce more peroxides so that
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oxidation of polymers tends to be self-accelerating or autocatalytic.
Polymers are rarely found in a pure state but instead contain traces of
polymerization additives and other compounds. The polymerization
additives are often metallic which reduce the induction period of
oxidation and accelerate the final rate. The induction period of oxidation
is the initial period where no apparent oxidation occurs. The crystalline
state of a polymer affects oxidation; amorphous polymers have more
inter-atomic space to allow oxygen diffusion than crystalline polymers.
Oxidation of amorphous polymers is therefore more rapid than oxidation
of the corresponding crystalline polymers. Size also has an effect on
oxidation where thin polymer films are more rapidly degraded by
oxidation than thick bulky objects. The degradation processes of de-
polymerization, side group elimination and random chain scission are
shown schematically in Figure 3.36.

Polymer degradation is not always destructive since a major problem is
the persistence of many plastic products beyond their useful lifetime. The
classic example of this problem is the plastic shopping bag. The shopper
uses these plastic bags for at the most a few hours after purchase of the
goods. After use, the bags are often carelessly disposed of to accumulate
as litter for many years. In this context, the biodegradable plastic bag is
being actively developed where a polymer that degrades after a few
weeks is sought. Polyethylene and polyamides (nylons) are extremely
resistant to biodegradation and other polymers such as polycaprolactone
have been proposed as a degradable material. A technique of introducing
biodegradability is to add subgroups to the polymer chain such as amino
acid groups, which increase the ease of digestion of the polymers by
bacteria. Bacteria in the soil and elsewhere are seen as the primary agents
for biological disposal of polymers, which are generally unsuitable as
food for animals or fertilizer for plants. In the field of medicine,
degradable polymers are extremely useful to provide temporary support
for regrowth of tissue. For example, cartilage in a damaged orthopedic
joint can be regrown inside a degradable polymer mesh. Polylactate is
often used as this purpose where it provides support for the implanted
cartilage while it grows and attaches itself to the surrounding tissue. The
Polylactate is slowly degraded by the enzymes within the human body
and eventually disappears.

Polymeric materials usually contain not only the polymer but also
numerous additives, such as anti-oxidants and plasticizers. = When these
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additives are lost by prolonged exposure to solvents, such as water or
organic compounds, the polymer will start to degrade rapidly. This
process is known as leaching and commonly affects Poly Vinyl Chloride
(PVC).

DE-POLYMERIZATION Individual unit 'mer' of a
polymer chain

— A ‘ A A A A A A Chain reaction decomposes bonds

between each unit 'mer'.

Solid polymer changes to
liquid or gas composed
of unit 'mer's.

SIDE GROUP ELIMINATION

Polymer chain with side groups

Side group, e.g. chlorine
of Poly vinyl chloride

Side group is activated
by chemical reaction while
main part of 'mer' remains stable

Polymer chain loses
side groups

Decomposed side groups form
usually gaseous product such
as hydrogen chloride from
Poly vinyl chloride

Low molecular
weight residue

* Polymer chain ﬂ(

———»,

RANDOM CHAIN SCISSION

Decomposition reactions at random positions
along polymer chain

Figure 3.36 Degradation processes in polymers: de-polymerization, side group
elimination and random chain scission.
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3.5 Damage to cement and concrete, glass and engineering ceramics

Cement, ceramics and glass are not entirely immune to chemical
attack despite their much better resistance to water than steel and other
commonly used metals. Corrosive damage to these materials can be
sufficiently severe to prevent the material from performing its required
function.

Cement

Cement and its derivative material concrete, suffer from several
degradation problems. There is direct chemical attack of cement
analogous to corrosion of a metal, chemically induced swelling of cement,
debonding of cement structure by lubricants and loss of corrosion
protection of metal reinforcement for concrete.

Cement is vulnerable to any acid since it is mostly formed of hydrated
calcium silicate and calcium aluminate which are decomposed by acids to
form a calcium salt of that acid. Such acid attack occurs because even
though calcium silicate is strictly a salt of silicic acid, silicic acid is a very
weak acid, which does not form a durable compound with most metals.
Cement also contains some residual calcium hydroxide from its
manufacture; this alkali is not present in sufficient quantities to neutralize
any invading acid. ~Strong inorganic acids such as sulfuric, hydrochloric
and nitric acid cause immediate severe corrosion. Milder organic acids,
e.g. acetic acid, cause a slower corrosion, which may allow a useful
service lifetime of the concrete. Fatty acids which are a form of organic
acids, will however tend to react with the calcium compounds to form
soaps (soap is the salt of a fatty acid). The soap compounds are able to
lubricate the grains of cement and cause the cement to soften and weaken.
Alkalis only attack concrete when present as concentrated hot aqueous
solutions. Lubricating oils (without fatty acid additives) and other
organic compounds do not degrade concrete with the exception of
creosote and phenol.

Cement contains water and raising the water content can cause swelling.
Substituting the hydrated calcium aluminate, which is found in cement
with another calcium compound that contains more water, can raise
water content. The common cause of such water content increase is
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dissolved sulfate salts, particularly calcium sulfate. Calcium sulfate reacts
with the hydrated calcium aluminate to form calcium-aluminum
trisulphate by the following reaction:

3Ca0.ALO, + 3(CaS0,2H,0) + 26 HO >
3Ca0.AL0O,3CaS0,32H,0

As can be seen there are 32 water molecules present in each complex of
alumina, calcium oxide and calcium sulfate. This accumulation of water
means that the compound formed has a greater volume than the original
calcium aluminate and swelling of the cement then results. Swelling
usually coincides with cracking, as cement is brittle. The mechanism of
swelling is illustrated schematically in Figure 3.37.
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Figure 3.37 Mechanism of swelling in concrete immersed in calcium sulfate solution.
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In fresh cement, the residual calcium hydroxide maintains a strong
alkalinity, which protects steel reinforcement from aqueous corrosion.
However, eventual impregnation of the cement by atmospheric carbon
dioxide causes the calcium hydroxide to calcium carbonate. Calcium
carbonate formation is accompanied by a decline in pH to 9 or less which
allows steel to corrode in water. Calcium carbonate formation occurs
when atmospheric carbon dioxide concentration exceeds 300 ppm. Once
the steel rusts, the problem of 'concrete cancer' as discussed above will
become evident. With increasing levels of atmospheric carbon dioxide,
this problem can be expected to become more severe. It has been found
however that the rate of steel reinforcement corrosion is controlled by the
capillary diffusion of oxygen and chloride to the steel surface [Buenfeld].
The addition of additives to the concrete with the purpose of blocking
capillary diffusion, can provide a useful postponement of ‘concrete
cancer’ [Buenfeld].

Glass

Glass is an amorphous mixture of silicic acid, sodium, calcium,
aluminum or boron silicates. It is made by heating silica with a mixture of
alkalis, such as sodium hydroxide, calcium hydroxide, aluminum
hydroxide or boric oxide. The proportions of the different alkalis, silica
and additional clay (which is mostly aluminum silicate) vary according to
manufacture and application. Corrosion resistance reduces with
increase in the proportion of alkalis used in glass manufacture. Glass has
an amorphous molecular structure, which appears to enhance corrosion
resistance.  Glass does however suffer from corrosion as evidenced by
ancient glass artefacts, which display loss of transparency, crazing
(network of surface cracks) and other signs of materials degradation.

Glass is resistant to most acids except hydrofluoric acid but not to strong
alkalis. A mixture of hydrofluoric acid and nitric acid is particularly
aggressive to glass because the nitric acid dissolves the reaction products
from hydrofluoric acid. Corrosion damage by alkalis is accelerated by
both elevation in concentration of the alkali (higher pH) and increase in
temperature. Most other substances do not cause severe corrosion of
glass, e.g. organic compounds, strong acids at ambient temperatures, this
is a major reason for the use of glass vessels to store chemicals in
laboratories (the other reason is the low cost of glass). Hot acids will
attack glass and even weak acids will eventually cause some slight surface
damage to glass (see below).
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With the exception of some storage applications and translucent security
windows, the functionality of glass depends on transparency. Even a
limited superficial degradation of glass may cause loss of transparency.
Prolonged exposure to moisture is the most common cause of
transparency; the duration of water exposure required is very prolonged
so that in most applications, misting of the glass does not occur. This
transparency loss is caused by water hydrating the alkali silicates in glass
to form hydrated alkali silicate and silica gel. An insoluble and opaque or
semi-opaque mixture of hydrated alkali silicate and silica gel accumulates
on the surface of the glass, which is where the greatest access to water can
be found. A common example of glass misting occurs where glass sheets
are stored together without an intervening layer of paper to absorb
residual water.

Glasses are being studied as a means of containing high-level nuclear
waste by incorporating radioactive atoms into the amorphous molecular
structure of glass. Leaching of the glass by groundwater is a basic
problem as this is the mechanism for the solubilization of radioactive
atoms into groundwater. In common with optical and window glasses, it
is found that high temperatures and extremes of pH, i.e. pH< 1 or pH > 9
promote leaching of the glass to release silicic acid and radioactive
material. Fortunately most groundwaters have a pH between 5 and 9 so
that leaching can be controlled.

Glasses are routinely used as enamel coatings on metal objects to prevent
corrosion where the most common example enameled steel kitchenware.
Ceramics are also coated with glass in the form of a glaze and both glazes
and enamel coatings are subject to similar problems of acid and alkali
attack. Many types of enamel contain lead and cadmium oxides as a
coloring additive and it is found that even weak organic acids such as
citric acid or steam can dissolve the lead and cadmium oxides. This can
cause toxicity problems for kitchenware, in one case, several people
suffered acute lead poisoning after drinking orange juice that had been
stored in a pot coated with a glaze containing lead oxide. Where an
enamel or glazed container must store foods for human consumption,
even a small loss of chemical elements from glass should be carefully
evaluated for health risks. Corrosion problems caused by leaching and
hydration of glass are illustrated schematically in Figure 3.38.
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Figure 3.38 Examples of corrosion problems caused by leaching or hydration of glasses.

Engineering Ceramics

Engineering ceramics can be conveniently classified as either oxide
ceramics, e.g. alumina or partially stabilized zirconia and non-oxide
ceramics such as silicon nitride and silicon carbide. Both oxide and non-
oxide ceramics are highly corrosion resistant when compared to base
metals such as iron. It is possible for some corrosion of ceramics to occur,
particularly at high temperatures, which is where ceramics are often used
in preference to metals.
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Alumina and other oxide ceramics are vulnerable to hot concentrated
solutions of strong acids such as sulfuric acid and hydrofluoric acid and
in particular nitric acid. Nitric acid causes the most rapid damage to
ceramics while phosphoric acid, which is not usually classified, as a
'strong acid' is also very destructive to oxide ceramics. Damage to oxide
ceramics by strong acids is the result of chemical reaction of the oxide
with the acid to form a salt. Non-oxide ceramics such as silicon carbide
are mostly resistant to acids except where the ceramic is impure and in
the case of silicon carbide contains significant amounts of silicon.
Reaction bonded silicon carbide usually contains free silicon and is
therefore vulnerable. Nitric acid rapidly degrades silicon carbide
containing silicon so silicon carbide cannot be recommended for exposure
to nitric acid, as it is technically difficult to manufacture silicon carbide
components that do not contain silicon. The silicon in silicon carbide is
usually found at the contact points between grains of silicon carbide
where a silicon carbide component is typically formed by sintering.
When the silicon is dissolved by acid, bonding between silicon carbide
grains is broken and the component disintegrates. Loss of bonding
between silicon grains after degradation by nitric acid is illustrated
schematically in Figure 3.39.

INTERGRANULAR
SILICON

Silicon
attacked
by nitric
acid

Bonding of
silicon carbide
grains destroyed

SILICON CARBIDE GRAINS

Figure 3.39 Acid attack of silicon impurities in silicon carbide.

Silicon nitride is also very resistant to most acids except hydrofluoric acid

provided that little free silicon is present. ~Processing of ceramics causes
significant variations in impurity levels so it is not possible to generalize
on the durability of a specific ceramic without considering whether it is
formed by e.g. reaction bonding or Hot Isostatic Pressing (HIPing).
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Exposure to water causes eventual hydration of the ceramic; the main
problem associated with hydration is corrosion fracture of the ceramic.
Hydration of material around a crack tip accelerates crack growth rate
since hydroxides are usually weaker than oxides of the same metal. All
engineering ceramics are porous which allows corrosive liquids and
water to penetrate the interior of a ceramic component. Corrosion
damage may not therefore be entirely superficial but involve considerable
subsurface damage of the ceramic. Partially stabilized zirconia (PSZ) and
Tetragonal Zirconia Polycrystals (TZP) are prone to a form of water
accelerated ageing at temperatures between 200 to 300°C in air which
severely reduces the toughness of these ceramics. The precise causes of
this ageing are unclear but its effect is to cause spontaneous
transformation of the tetragonal phase to the monoclinic phase by
zirconia. The tetragonal phase is denser than the monoclinic phase so the
phase transformation causes swelling and cracking of the ceramic. The
tetragonal phase is also tougher than the monoclinic phase in TZP while
the density change of the tetragonal to monoclinic phase transition is
exploited in PSZ to provide a crack closure force and so generate
toughness. The tetragonal to monoclinic transformation in zirconia
degrades both TZP and PSZ from valuable materials with high toughness
to essentially useless brittle materials. Damage by water is critical to the
successful application of super conducting ceramics. The multi metal
oxide of yttrium, barium and copper: YBa,Cu,O,, which has a very high
limiting temperature of superconductivity, sustains a reduction in this
limiting temperature from 93 °K to 70°K or less when exposed to humid
air. Much more severe degradation of this super conducting oxide occurs
when exposed to liquid water where non-conductive barium hydroxide is
formed. Water-induced loss of superconductivity is dependent on a
minimum temperature greater than 30°C so that low temperature storage
of the superconductor (.i.e. close to its operating temperature) does not
appear to present significant materials degradation problems. The
various modes of water damage to ceramics both structural, i.e. PSZ and
TZP or super conductive are illustrated schematically in Figure 3.40.
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Figure 3.40 Water damage to zirconia ceramics and super conductive ceramics.

Non-oxide ceramics may be oxidized in the presence of atmospheric
oxygen. Reaction Bonded Silicon Nitride (RBSN) is particularly
vulnerable to oxidation because of its porosity, which lies between 15 and
20 vol. %. Rapid oxidation of RBSN is observed between 1000 and 1200°C
where creep of RBSN is also found to occur. The creep is caused by the
replacement of creep-resistant silicon nitride by the weaker silicon
dioxide.

Silicon carbide is more resistant to oxidation than silicon nitride and is
often used for protection against oxidation at high temperatures. Silicon
carbide is however vulnerable to corrosive damage at temperatures
between 1200°C and 1400°C by reducing atmospheres of e.g. hydrogen. It
is believed that the passivating coating of silicon dioxide that forms on
silicon carbide is reduced to the more volatile silicon monoxide. The
silicon monoxide then evaporates to expose fresh silicon carbide without
the protection of a passivating layer. Both silicon carbide and silicon
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nitride can suffer from rapid oxidation in a process directly analogous to
the catastrophic oxidation of metals when heated in an oxidizing
atmosphere containing sodium salts and sulfur. Combustion of sulfur-
rich fuels in salt laden air is the most significant example of rapid
oxidation, which presents problems in the use of ceramic turbine blades.
The high temperatures of combustion cause common salt to react with
sulfur dioxide (formed by oxidation of sulfur impurities in the fuel ) and
water to form sodium sulfate and hydrochloric acid by the reaction:

2NaCl(g) + SO2(g) +1/202(g) + H20(g) ---> NazSO4(1) + 2 HCl(g)
Where '(g)' denotes gaseous phase and '(l)' denotes liquid phase. The
gaseous hydrochloric acid is harmlessly dispersed in the exhaust gas but
the liquid sodium sulfate remains on the surface of the silicon carbide.
When silicon carbide oxidizes to form a protective silica scale, sodium
sulfate decomposes to form sodium oxide, which then reacts to form a
low melting point sodium silicate with the silica by the following
reactions:

NazSO4(l) ——--> NaxO(s) + SOs(g)
NaxO(s) + 25i0a(s) --—> (Na20).2(5i02)(1)

The molten silicate then flows away to continuously expose unoxidized
silicon carbide for rapid corrosion. Fortunately, this problem is most
severe for low sulfur fuel of 0.05% wt. sulfur or less, with high sulfur fuel,
e.g. 0.5% wt. sulfur, the decomposition of sodium sulfate to form sodium
oxide is impeded by the higher concentration of sulfur trioxide. The
resulting mixture of sodium sulfate and sodium oxide does not effectively
dissolve the silica, which remains protective of the silicon carbide. In this
manner the 'hot corrosion' as this form of materials degradation is often
called differs between ceramics and metals where increasing amounts of
sulfur cause corresponding rises in corrosion. Free carbon in the silicon
carbide, probably from incomplete chemical reaction between silicon and
carbon during the manufacture of silicon carbide, promotes the hot
corrosion of silicon carbide by the combustion of high sulfur fuels. It is
believed that carbon facilitates the decomposition of sodium sulfate to
form sodium oxide by the following reaction path.

NaSO4 + 2C ---> NaS +2CO»
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Na,S + 3Na,SO, —> 4 Na,0 +4 SO,

The sodium oxide then reacts with silica on the surface of silicon carbide
to form the low melting point sodium silicate.

With the exception of hot corrosion that tends to cause loss of a large
evenly distributed portion of ceramic, damage to ceramics by acids and
other reagents causes porosity in ceramics. The structure of ceramics after
corrosion is distinctly different from metals, which tend to form a discrete
surface layer of reaction products. In most cases, corrosion occurs under
immersion in a chemically active liquid, e.g. an acid, which can dissolve
the reaction products of corrosion. Small holes, which are either pores
that are deep and narrow, or shallower and broader pits, form on the
surface of the ceramic. As corrosion progresses, the pits or pores become
numerous and the porosity of the ceramic increases until only a skeletal
structure of the ceramic remains. Cracking of the ceramic during
corrosion is more common than with metals as the brittleness of the
ceramic prevents it from accommodating the strains induced by damage
to the ceramic microstructure. The process of pore and pit formation in
ceramics by corrosion is often referred to as 'leaching’. Leaching is
illustrated schematically in Figure 3.41.
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Figure 3.41. Hole and pit formation in ceramics during corrosion by a liquid.

The porous corroded layer has very little mechanical strength even
though a significant amount of ceramic is left uncorroded and the porous
corroded layer becomes an extremely favorable crack initiation site for
fracture. Corroded ceramics are therefore more brittle than the
corresponding uncorroded ceramic.
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3.6 Dissolution of metals and ceramics in liquid metals, alkalis and salts

Many industrial processes necessitate contact between a solid
metal or ceramic and molten metals, salts or alkalis. Molten salt heat
treatment baths represent a very common example of such contact. The
corrosion problems entailed are sufficiently severe to restrict the use of
many processes and systems.

Dissolution in liquid metals

A solid metal, which is typically steel, is often used to contain a
molten metal for the purpose of casting or preparing a metal-matrix
composite. There is usually at least some limited degree of solubility
between most combinations of solid and liquid metals so that the liquid
metal will progressively dissolve any solid metal it contacts. This is the
basic cause of liquid metal corrosion or dissolution of metals in liquid
metals. In the context of dies for liquid metals, this form of corrosion is
often referred to as washout. The solid metal can directly dissolve into the
liquid metal in a manner analogous to dissolving of sugar in water or an
inter-metallic compound can be formed on the surface of the solid metal.
The intermetallic compound progressively grows in thickness and forms
protuberances or 'buds' at the interface with the liquid metal. = These
protuberances are released into the liquid metal once they reach a critical
size to cause a continuous loss of intermetallic compound. Solid metal
does not directly contact the liquid metal but is instead converted to
intermetallic compound before being lost in the liquid metal. The

mechanism of liquid metal corrosion is illustrated schematically in Figure
3.42.

Liquid metal corrosion is intensified by flow of the liquid metal and the
mechanisms of liquid corrosion vary with temperature. For example,
titanium directly dissolves in liquid aluminum at 800°C but forms an
intermediate layer, which may be an intermetallic compound in semi-
liquid aluminum at 700°C. Most liquid- solid metal combinations
fortunately do not appear to result in rapid corrosion. Liquid metals
which cause rapid corrosion of most rapid metals, i.e. are 'aggressive',
include liquid aluminum and zinc. Gallium is generally considered to be
most aggressive of the liquid metals. It is known to rapidly corrode zinc
and aluminum at 30 degrees Celsius and has been found to react with
other metals at higher temperatures. For instance, thick layers of the
inter-metallic compounds, FeGas, Ni,Gas and CrGa, were formed by
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Figure 3.42 Mechanisms of corrosion of a solid metal immersed in a liquid metal.

reaction between gallium and iron, nickel and chromium respectively
at 400 degrees Celsius [Barbier and Blanc]. The depth of the gallium
inter-metallic compound layer grows at a constant rate without any
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apparent limiting thickness. ~Molten lead, bismuth and tin cause stress
corrosion cracking of steels alloyed with chromium and nickel. Pure
nickel, cupronickel alloys or Monel are found to have much better
resistance to cracking under similar conditions. Molten lithium but not
sodium or potassium is also considered aggressive. As a general rule,
liquid corrosion of steels and other metals by liquid metals correlates well
with solubility of the primary alloying component (for steels this is iron )
in the liquid metal.

Oxidative corrosion by liquid salts and alkalis

Corrosion by liquid salts and alkalis is a form of oxidative
corrosion where the salt facilitates reaction between the metal and
atmospheric oxygen. If atmospheric oxygen is absent, then corrosion is
much less for the majority of molten salts.

Atmospheric oxygen is dissolved in the molten salt where it either
diffuses through the molten salt to reach the underlying metal or the
oxygen reacts with the molten salt to form peroxide and superoxide ions
which then aggressively corrode the metal. Molten sulphates typically
show limited interaction with oxygen while molten carbonates actively
interact with oxygen. A eutectic mixture of potassium and lithium
carbonate is being developed as the electrochemical medium for a fuel cell
but the corrosive nature of molten carbonate presents much difficulty in
the selection of fuel cell materials. The metal reacts with the oxygen,
peroxide, superoxide ions to form a metal oxide layer. With prolonged
corrosion, mixed metal oxide forms where the corroded metal, e.g. iron
forms e.g. lithium iron oxides in molten lithium carbonate

A critical feature of molten salt corrosion is that in some cases, the metal
oxide is dissolved by the molten salt to cause catastrophic oxidation. An
important example is the dissolution of chromium oxide as potassium
chromate in molten potassium carbonate. In almost all cases of molten
salt corrosion, the corrosion product layer formed on the metal is porous
and does not create an effective barrier to further contact between metal
and oxygen or oxygen radicals (peroxide, superoxide). The mechanism of
liquid salt corrosion is illustrated schematically in Figure 3.43.
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Figure 3.43 Mechanism of corrosion of metals by molten salts.

Liquid sodium hydroxide corrodes steels but nickel and nickel-base alloys
are resistant to liquid sodium hydroxide because the nickel oxide surface
film effectively controls oxidation.

Silicon carbide, which is resistant to most chemical reagents (e.g., acids), is
rapidly etched by molten salts such as e.g, molten sodium carbonate and
sodium sulfate. It is found that basic salts where a strongly alkali metal
such as sodium is linked with a weak acid such as carbonic acid cause the
most rapid etching of silicon carbide.

3.7 Biochemical and biological modes of materials degradation

There are several modes of biochemical and biological materials
degradation each of which are different in mechanism and site of
degradation. Aqueous solutions of proteins, the enzymes of bacteria,
fungi and invertebrates are the most important agents of materials
degradation. Viruses and vertebrates are not usually directly involved in
materials degradation problems with the exception of mice or rats eating
plastic and impact by animals and birds on structures. Consumption of
plastic by rats and mice was found to cause electrical cable failure in
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aircraft. A solution to this problem was to carefully control eating of
food inside the aircraft as mice and rats were attracted to the aircraft by
waste food left in the aircraft. Once the waste food was exhausted, the
mice and rats, which were unable to escape from the aircraft, became
hungry and ate the plastic sheaths of electrical cables. ~Another aircraft
problem caused by vertebrates is the impact of birds against aircraft
engines during flight. Large birds e.g. vultures, which weigh several kg
can reach heights of several thousand meters to occasionally collide with
aircraft. Fracture of turbine blades often results if the bird hits the gas
turbines that power the aircraft. In other cases, birds cluster around
airports in search of waste food or animals living in the grass fields
surrounding the airport runways. It is often necessary to deliberately
scare the birds away with e.g. recordings of predator birds. Road
vehicles which usually have a radiator made of soft copper located at the
front of the vehicle are vulnerable to radiator damage when traveling at
full speed from impact against kangaroos, deer and other large animals

Acceleration and initiation of aqueous corrosion by proteins

Proteins are commonly found as aqueous solutions, e.g. blood contains
hemoglobin and many other proteins. Protein solutions are usually more
corrosive than water but the underlying mechanism is still not well
understood. It is believed that proteins absorb on a metal surface to form
a film, which alters the pH immediately above the metal surface. The
metal then suffers accelerated corrosion as a result of this change in pH.
Examples of protein-induced corrosion are pitting of stainless steels after
contact with aqueous solutions of globulins, which are found in the
human body. Surgical implants e.g. the 'artificial knee' have to be made
of special corrosion resistant alloys to prevent any risk of protein-induced
corrosion inside the human body. Uncontrolled corrosion of surgical
implants would result in unacceptably high metal ion concentrations
inside the human body.

Acceleration of aqueous corrosion by microbes, biofilms and other unicellular organisms
Bacteria and other unicellular organisms depend on a wide range

of substances for their nourishment. Bacteria have two modes of
metabolism, aerobic and anaerobic where metabolism is the chemical
reactions that generate life. Aerobic refers to a metabolism that is
dependent on atmospheric oxygen and anaerobic describes a metabolism
that occurs in the absence of oxygen. A familiar example of bacterial
metabolism is the process of rotting or organic decomposition, which
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produces a range of volatile products that generate odors and liquid
products that create slime. The liquid products are often organic acids
which are the formed by anaerobic metabolization of sugars. Such acids
can be produced in sufficient concentration to reach a pH 4 or less. This
strength of acid can cause corrosion of galvanized coatings as well as
steels.  Corrosion induced by organic acid is a common problem in the
food and agricultural processing industries.

In locations where common sources of food in the form of dead animal
and plant tissue are not available, certain species of bacteria have evolved
an ability to metabolize as food from some inorganic substances. Sulfur
and sulfates are the inorganic materials mostly commonly involved in
corrosion problems. Two species of bacteria cause anaerobic and aerobic
metabolization of sulfur and sulfur compounds, these are the sulfate-
reducing bacteria, which is called Desulfovibrio desulfuricans and the
sulfur oxidizing bacteria of which thiobaccillus thiooxidants is a
prominent variety. These bacteria are commonly found in the soil and
cause corrosion of buried metal structures such as pipelines. Sulfate
reducing bacteria exist by the reduction of sulfate ions in the presence of
hydrogen to produce sulfide ions and water, the reaction is shown below:

SOs4-- +4H, = G- + 4HO

The hydrogen is formed from the adjacent decomposition of cellulose and
sugars or from cathodic corrosion reactions. The sulfide ion accelerates
corrosion by suppressing cathodic reactions and accelerating the anodic
dissolution of metal. If ferrous ions are present, an insoluble ferrous
sulfide is produced as a deposit. Sulfur oxidizing bacteria convert sulfur
in the presence of oxygen and water to sulfuric acid by the following
reaction:

2S5 + 302 + 2HO = 2H2504

The sulfur is obtained either in elemental form from sources of mineral
sulfur or as sulfur compounds from oil fields or from sewage. The
synthesis of sulfuric acid is a modified form of the above reaction where
sulfur compounds are the source of sulfur. The sulfur oxidizing bacteria
prefer acidic conditions for growth and produce as much as 5 wt % of
sulfuric acid in water. This concentration of sulfuric acid is equivalent to
a pH of approximately 2, which is sufficient to rapidly corrode steels and
concrete.
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Sulfate reducing and sulfur oxidizing bacteria often coexist in the same
location where metabolizing conditions vary from anaerobic to aerobic in
a cyclic manner. For example when soil is soaked by heavy rain, oxygen
is excluded from the subsurface of the soil so that sulfate-reducing
bacteria grow. When the soil dries out after a prolonged period without
rain, oxygen is able to reach the lower levels of soil and sulfur oxidizing
bacteria then grow. Continuous corrosion of buried steel structures then
results.  Where nitrogen is available in large quantities in the soil as is
the case below fields supplied with ammonia fertilizers, different species
of bacteria synthesize nitric acid by a process similar to the production of
sulfuric acid. Nitric acid corrosion of buried metal structures can then
result.

Accumulation of marine organisms on metal surfaces exposed to
seawater, moulds and slime adhering to metal surfaces intensify aqueous
corrosion by providing crevices in the space between the adhering
organism and the metal surface. Once a mould or other stationary
organism is established on the metal surface, anodic dissolution proceeds
to cause rapid corrosion. Biofilms of bacteria can also block the release of
electric charge from the substrate to the liquid medium. This causes
galvanic voltage differences to develop which lead to localized corrosion
or pitting. Metal matrix composites (MMC's), e.g. aluminum reinforced
by alumina particles are severely affected by biofilm-induced corrosion.
In salt-water corrosion problems, the marine bacteria Pseudomonas forms
biofilms on aluminum MMC's which cause intense localized corrosion,
pitting and severe loss of tensile strength. The corrosion is more severe
for the MMC than the corresponding aluminum alloy because the process
of mixing molten aluminum and alumina particles introduces many new
corrosion sites into the MMC.

Fungi can also affect glass by colonizing its surface and secreting organic
acids, which etch the surface of the glass. This form of damage is
relatively mild and mainly significant to the care of optical equipment in
tropical climates. In tropical climates, long periods of relative humidity in
excess of 90% are common and this encourages fungi to grow on glass.
The surfaces of lenses and mirrors can be become roughened by fungus
induced acid etching, which corrupts the optical quality of the lenses or
mirrors. Damage to artificial structures by bacteria and moulds are
illustrated schematically in Figure 3.44.
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Figure 3.44. Biological causes of corrosion damage to artificial structures.

Even where a biofilm does not cause significant damage to its substrate,
the biofilm may grow large enough to impair the mechanical function of a
system. A common example such impairment is found in water pipes
where large colonies of P.Aeruginosa block the flow of water. Biofilms
can also form in medical implants such as catheters, where the biofilms
become a source of persistent infection in the body.
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Rotting and other forms of damage to wood
Wood is a natural material and a wide variety of living organisms

consume wood as a food. The process of wood being formed in trees and
then later destroyed by other life forms is part of a self-sustaining
ecological life cycle that involves continuous recycling of organic
materials. It is fortunate that the principle organic component of wood,
cellulose, can only be digested by a small number of living organisms
such as Fungi and invertebrates, e.g. termites, which are the principle
agents of wood destruction. Birds and rodents may also cut into wood to
form a shelter but this destruction is minor compared to that of fungi and
invertebrates. Preservation of wood in a manufactured article such as a
roof or a bridge represents an effort to remove the wood from the natural
process of recycling.

Fungi cause wood to rot and are the prime cause of damage to wood in
temperature climates. Fungi act by metabolizing the cellulose and other
components of wood in order to obtain energy and organic materials from
it. Fungal attack on wood leaves dry powdery debris that is useless for
structural purposes. A key factor controlling fungi is moisture; very dry
conditions with a relative humidity of less than 20% prevent the growth
of fungi. Low humidity is the prime reason for the survival of wooden
furniture and other articles in the tombs of Egyptian pharaohs, which are

located in dry desert conditions. Fungal attack on wood causes both
brown and white rot, which differ in the fungal species and the
component of wood that is being degraded. In brown rot, the fungi
consumes only cellulose and related compounds while with white rot,
both cellulose and lignin is consumed. Cellulose is a polymer of glucose
while lignin is a complex aromatic substance.

Protective measures for wood against fungal attack include paint
coverings, which function by excluding moisture and fungi spores.
Impregnation of wood by poisonous substances such as creosote and
arsenic compounds to kill fungal spores is useful for outdoor applications
where paints are unreliable. Impregnation of wood by arsenic
compounds for preservation has been known to cause toxicity hazards
when the wood was later burnt. Immersion in water prevents fungi



170 MATERIALS DEGRADATION AND ITS CONTROL BY SURFACE...

growth as the supply of oxygen to the fungi is restricted. = Numerous
other organisms in water and especially salt-water consume wood, such
as, borer worms (e.g. Teredo worms), so that protective measures are still
required. Teredo and types of 'borers' are either a type of crustacean or
mollusk. They damage wood by boring deep holes into the wood while
consuming it as food. Most water-borne worms are found in salt-water
and immersion of wood in fresh water slowly kills salt-water worms.

Termites, which are also known as white ants, can cause rapid destruction
of artificial wood structures. There are about 1,000 species of termites,
which are naturally found in tropical and sub-tropical climates where
they feed on wood, leaves and plant litter. The destructive termites feed
of wood and are divided into species, which build semi-permanent nests
on the ground, and species which nest in the wood itself. The latter type
of termite is more mobile and has been spread by human transport of
wood far from the country of origin. Termites attack wood by chewing it
into a mushy paste to be consumed either as food or used as a building
material in their nests. The nests provide an enclosed humid
environment essential for reproduction. Most termites have difficulty in
digesting cellulose and rely either on bacteria in their digestive tracts or
external colonies of fungi, which are fed with, chewed wood and later
harvested. Termites are hardy and it is necessary to suppress them by
chemical sprays of usually chlorinated hydrocarbons, which are toxic to
humans. When fumigating a house for termites, it is necessary to
evacuate the house during spraying and immediately afterwards. A new
non-chemical approach is to try and exclude the termites from the house
by laying a covering of fine nickel mesh beneath the foundations of the
house. The graticules of the mesh are small enough to prevent passage of
the termites from the ground to the roof, window frames and doors of the
house. The selection of nickel for the mesh is to prevent corrosion of the
mesh during the lifetime of the house. With the use of this mesh, it is still
necessary to ensure that termites nesting in wood are not allowed to enter
the property by attachment to a portable wooden article.

Other insects that attack wood are more common in temperature climates.
These insects are known as the furniture beetle, the deathwatch beetle, the
powder post beetle and the house longhorn beetle. These insects form
nests inside the wood while slowly consuming the wood. A characteristic
shared with marine borers and termites is that damage to the interior of
the wood is usually accompanies by little surface damage apart from
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small entrance and exit holes. Wood can be almost totally consumed to
leave just an external shell before damage becomes very noticeable. It is
necessary therefore to carefully inspect wooden items to ensure that insect
attack is absent.  This discrete mode of attack is very different from
fungal attack, which starts from the surface and spreads inwards. The
interior nature of damage to wood by termites and other insects is
illustrated schematically in Figure 3.45

HIDDEN DAMAGE TO WOOD BY INSECTS AND OTHER ORGANISMS

Small entry hole
conceals extent of damage

Large sub-surface
cavity produced by
digestion of wood

Waste products of
wood digestion by
insects or other
organisms

Figure 3.45 Interior damage of wooden structures by insects.

Wood is not always a passive victim of materials degradation and live
wood from trees can cause damage to man-made structures. A classic
example is the cutting of subterranean telephone cables by the West
Australian Christmas tree (Nuytsia floribunda, family Loranthaceae). The
West Australian Christmas tree, which is so called because of its brilliant
yellow floral display in December and January, is the largest known
variety of parasitic plant and is related to the mistletoe. In common with
mistletoe, the West Australian Christmas tree does not form its own
complete root structure so its sends out underground suckers, which
attach themselves to the roots of other trees to extract water and nutrients.
Telephone cables in the vicinity of West Australian Christmas trees
become the target of the roots, which form collars of woody tissue around
the cables. In an effort to try and extract water from the telephone cable,
the collar exerts sufficient pressure on the cable to cut it, which results in
cessation of telephone communication (Australian Telecommunications
Authority).
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3.8 Corrosion resistant materials

Aqueous corrosion

In general, organic polymers offer superior resistance than metals
with the exception of certain polymers such as nylon. Ultra-High
Molecular Weight Polyethylene is highly resistant to water but is
expensive and difficult to mould. Where metals have to be used because
of strength considerations or conduction of electrical current, stainless
steels are suitable. Stainless steels are however vulnerable to pitting by
aqueous chloride ions which are commonly found in salt water and
ground water. Aluminum alloys vary widely in corrosion resistance and
some alloys are durable against exposure to both fresh and salt water.
Ceramics are resistant to water at moderate temperatures but some loss in
strength should be expected from fracture induced by water.

High temperature oxidative corrosion

Nickel based alloys enhanced with chromium are widely used for
resistance to high temperature oxidative corrosion. An example of an
oxidation resistant alloy for turbine blades is Ni, 0.11% C, 16% Cr, 8.5%
Co, 1.75% Mo, 2.6% W, 1.75% Ta, 0.9% Nb, 3.4% Al, 3.4% Ti and 0.05% Zr.
This alloy is known as IN738LC and is used in applications where the
economic gain obtained by high temperature service can justify the cost of
the alloy.

A newer mode of conferring resistance to oxidative corrosion is to deposit
intermetallic compounds on the surface of the metal component. For
nickel-based alloys used as turbine blades, the blades are covered with
nickel aluminide diffusion coatings. A disadvantage of intermetallic
compounds is their greater brittleness than the original metal. Surface
originated fatigue cracks are readily initiated in the intermetallic
compound coating to cause early fracture of the component. Titanium
aluminides are currently being developed for high temperature based on
their resistance to high temperature oxidative corrosion combined with
low density and strength at high temperatures.

Corrosion by liquid metals and salts
Less is known about resistant materials for corrosion by liquid
metals and salts than for other forms of corrosion. Most metals are
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susceptible to some degree of liquid metal corrosion because both the
corroded material and corroding liquid are metals. There is however a
wide variation in resistance between metals. For instance, titanium is
found to be considerably more resistant than stainless steel to solvation by
molten aluminum at high temperatures. Inter-metallic compounds and
ceramics are currently being studied for resistance to liquid metal
corrosion because of their lower solubility in liquid metals.

For liquid salts, the high temperatures involved restrict usable metals to
the known high temperature alloys, which usually are nickel based.
These alloys are found to suffer from severe corrosion problems so inter-
metallic compounds and ceramics are currently being considered as
protective coatings. For instance, titanium nitride and titanium carbide
coatings appear to offer useful protection some molten sodium and
lithium carbonates. Borides and silicides of metals may also be useful as
protective coatings.

3.9 Summary

Chemical degradation of materials covers a wide range of different
mechanisms because of the large number of combinations of materials
and corrosive agents. Water and aqueous solutions are perhaps the most
important corrosive media for metals and probably for ceramics at low
temperatures.  Organic polymers are mostly resistant to water but are
also susceptible to solvation damage by organic liquids such as
lubricating oil and solvents. Ceramics are also susceptible to strong acids
such as nitric acid which react with the ceramic to form salts of the acid,
e.g. nitrates and sulfates.

High temperatures bring their own range of degradation mechanisms.
Strongly adhering oxide layers that form on the surface of the metal
effectively protect some metals. Other metals lack such oxide films and
rapidly oxidize at high temperatures. Oxide films can also melt to expose
unprotected metal while gaseous sulfur and chlorine compounds react to
form low melting point sulfides and chlorides. Ceramics are not totally
resistant to damage at high temperatures despite their higher melting
points and intrinsically low chemical reactivity. Oxide ceramics tend to
be more resistant than nitrides and carbides, which oxidize at high
temperatures.
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Biological organisms can cause chemical degradation by releasing
aggressive biochemicals. Bacteria are the prime agents of this bio-
corrosion, which may occur anywhere that water is present. Proteins
accelerate the aqueous corrosion of metals and some enzymes rapidly
attack polyurethane. Biochemical organisms also directly attack materials
as a source of food or material to construct a nest.
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CHAPTER 4

M ATERIALS DEGRADATION INDUCED BY HEAT
AND OTHER FORMS OF ENERGY

41 Introduction

Heating and radiation affect materials in a variety of ways,
ranging from simple heating to localized attack by radiation.
Extreme heat will melt or decompose any material but lower levels
of heat can also degrade materials in the solid state. Materials are
not invulnerable to radiation; light and ultra-violet radiation affect
the surfaces of materials while nuclear radiation can embrittle a
metal or other material. The main categories of degradation by
heat and radiation are classified schematically in Figure 4.1.

BULK HEATING ELECTRO- BOMBARDMENT
MAGNETIC BY NUCLEAR
RADIATION PARTICLES
Decomposition
of organic
polymers Swelling and
Microstructural embrittlement
changes in metals of metals under
neutron flux

Ultra-violet radiative
damage to polymers

Figure 4.1 Classification of damage to materials by the heat and radiation.
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The forms of materials degradation by radiation and heat that are
shown schematically in Figure 4.1 are discussed below in this
chapter.

4.2 Thermal degradation of materials

All materials are vulnerable to thermal degradation even
where other factors such as corrosion or wear are absent. Increases
in temperature generally lead to a decline in hardness of materials,
which is usually counterbalanced by an increase in ductility.
There are exceptions to the trend of declining hardness with
temperature where a material may show a limited rise in hardness
over a narrow temperature range but the effect is usually minor.
Electrical conductivity declines for metals but is increased for non-
metals, e.g. ceramics at elevated temperatures. Most of the changes
to physical properties are reversible, e.g. hardness except where
microstructural change has occurred. Thermally induced
microstructural changes of metals, viz. grain growth,
recrystallization, ageing, phase transformation, thermosetting in
polymers and loss of toughening mechanisms in ceramics such as
Partially Stabilised Zirconia are discussed in detail in Materials
Science texts. These topics are not discussed further here, instead
the more extreme effects of heat such as decomposition of polymers
are described.

Among engineering materials, polymers are prone to thermal
decomposition unlike metals and most ceramics. Important
engineering polymers include wood, which is a natural polymer
composite as well as synthetic polymers.

Wood

Wood is resistant to heat even though it is made of
combustible organic compounds. When the wood is heated
uniformly with sufficient allowance given for the low thermal
conductivity of wood, then rapid decomposition occurs at
temperatures of 200°C or higher. Slow decomposition is observed
for temperatures above 100°C. Decomposition products are mostly
low molecular weight organic compounds such as carbon
monoxide, methane, formic and acetic acids. Some higher



MATERIALS DEGRADATION CAUSED BY HEAT AND OTHER... 179

molecular weight tars are also released. 100 or 200 °C is a
relatively low temperature compared to many engineering
applications but it is found in practice that wood is extremely
resistant to heat. When wood is exposed to fire, the low thermal
conductivities of wood and the charcoal layer that forms on
burning limit damage to the surface of the wood. The interior of a
wooden object remains at a temperature much less than
combustion temperatures until almost all of the wood is consumed
by fire. A wooden beam or other structural member can maintain
mechanical strength in a fire for much longer periods than an
equivalent steel beam. The higher thermal conductivity of steel
ensures that the steel beam is uniformly heated to a high
temperature, where it fails by creep or fracture. The role of thermal
insulation in protecting wood from damage by fire is illustrated
schematically in Figure 4.2.
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of carbon layer
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Figure 4.2 Role of thermal insulation in protecting wood from damage by fire.



180 MATERIALS DEGRADATION AND ITS CONTROL BY SURFACE...

Synthetic polymers

Polymers are sensitive to high temperatures and will progressively
decompose to leave a mechanically inferior solid residue and
possibly emit some vapor. One of the most sensitive or
'thermolabile’ polymers is Polyvinyl chloride ( PVC) which releases
hydrogen chloride at temperatures of 150°C or greater. The basic
categories of degradation process are depolymerization where the
polymer reverts to its original monomers, random chain scission
and decomposition of each 'mer' or unit of the polymer to a simpler
form. The conversion of a 'mer’ to a simpler form is usually caused
by the loss of molecular side groups. Most polymer molecules
consist of a carbon chain with various branches or 'side groups'
composed of hydrogen, carbon and other elements, e.g. chlorine.
An example of this is the loss of methanol from polymethacrylate at
temperatures exceeding 320°C. The dominant mode of degradation
of a specific polymer at any given temperature is determined by the
speed of chemical reactions involved in any particular degradation
mode. Most polymers therefore show different several modes of
degradation when the temperature is progressively increased to a
high level. Depolymerization is particularly destructive because
the solid polymer reverts to a state approximating to its original
liquid resin. These three modes of polymer degradation,
depolymerization, loss of side groups and chain scission are similar
to the molecular oxidation mechanisms illustrated and described in
Chapter 3.

Polymers differ widely in susceptibility to a particular mode of
degradation, PVC is prone to decomposition of the basic molecular
unit as discussed above while polystyrene, polymethylmethacrylate
and polyaldehydes are prone to depolymerization. A lower heat of
polymerization favors depolymerization as the activation energy of
depolymerization is the total of the activation energy of
polymerisation propagation and polymerisation heat. = The
polymerisation heat is much larger than the activation energy of
propagation and therefore controls the likelihood of
depolymerization. Polyethylene (PE) provides a good example of a
polymer that suffers from random chain scission at high
temperatures with negligible depolymerization. Random chain
scission causes an increase in brittleness and lowering in
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mechanical strength of the polymer. Polymers with side groups
that contain elements other than carbon and hydrogen are
vulnerable to loss of these additional elements. Examples of
polymers showing this mode of degradation other than PVC are
polyacrylonitrile, which decomposes to release hydrogen cyanide
at temperatures higher than 400°C. High temperature
decomposition of polymers can therefore release highly toxic
vapors such as hydrogen cyanide. High temperature degradation
of polymers can be accelerated by the presence of air in a process
known as thermo-oxidative degradation, e.g. the evolution of HCl
from PVC is accelerated by atmospheric oxygen.

4.2.1 Materials degradation at very low temperatures

A reduction in temperature inhibits the chemical reactions
that cause many materials degradation problems. Furthermore,
when the temperature falls below 0°C, freezing of water removes
sources of liquid water for electrochemical corrosion. Severe forms
of materials degradation are less likely at low temperatures than at
high temperatures.

However, very low ambient and process temperatures still pose
some problems of materials degradation. Steel and many other
metals become brittle at low temperatures thus necessitating the
use of special alloys that are usually based on nickel. Nickel has the
advantage of maintaining toughness at low temperatures. Non-
metals are also prone to low temperature brittleness. The bitumen
in tarmac is observed to crack when there is a rapid reduction in
climatic temperature. If the temperature falls rapidly then tensile
strain develops in the bitumen due to thermal shrinkage and there
is insufficient time for visco-elastic relaxation.

The formation of ice with an associated volumetric expansion
(swelling) can cause a road surface to buckle because of lifting by
subsurface ice. The widespread use of salt to melt snow greatly
accelerates electrochemical corrosion of steel and other metals since
the snow and salt create an aqueous sodium chloride solution.
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Indirect causes of materials degradation can also occur when the
temperature is sufficiently cold to cause solidification or wax
crystal formation in lubricating oils. Automobiles and trucks that
are exposed to severe winter weather can suffer severe wear inside
their engines if the lubricating oil is unable to flow from the engine
sump to the moving parts of the engine. Wax crystals can
accumulate in oil supply pipes and block the flow of vitally needed
lubricating oil.

4.3 Photochemical degradation of polymers

When light is shone on a polymer, some of the atoms within
the polymer absorb the energy of the photons and become excited.
The absorbed photon energy can be sufficient for atoms to
spontaneously dissociate from bonds with neighboring atoms.
Such dissociation causes localized decomposition of the polymer
resulting in degradation phenomena such as chain scission.
Excitement by light and dissociation of atoms is shown
schematically in Figure 4.3.
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Figure 4.3 Mechanism of atom dissociation by photon energy.
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Ultra-violet light (UV) has sufficient photon energy to initiate chain
scission, which is why polymers exposed to sunlight eventually
suffer from increased brittleness.  Specific combinations of atoms
from different chemical elements are particularly prone to
photochemical reaction such as the carbonyl bond or carbon-
oxygen bond and the carbon-chlorine bond. Where a carbonyl
bond is located in the middle of a carbon chain, the carbon chain is
split to release carbon monoxide. For the carbon-chlorine bond,
direct decomposition of the carbon chlorine bond occurs to release
free chlorine, which can then become either hydrogen chloride or
chlorine gas. Photochemical degradation is accelerated in the
presence of air resulting in photo-oxidation. Photo-oxidation is
considered to be similar to high temperature oxidation of polymers
except that it can occur at ambient temperatures. A similar process
of the generation of radicals is involved (transient molecules with
incomplete bonds and extra electrons) that propagate the oxidation
reaction from one polymer molecule to another. A fundamental
difference however between photo-oxidation and thermal
oxidation is that the photo-oxidation products absorb UV far more
effectively than the original polymer so that photo-oxidation is auto
catalytic and self-accelerating. Polymers also contain numerous
minor ingredients such as organic compounds with carbonyl and
hydroperoxy groups, which are used in the manufacture of the
polymer. These compounds can absorb the UV light to start the
release of radicals that cause oxidation. Polymers vary widely in
composition and amount of these minor ingredients with a
corresponding variation in sensitivity to light.

4.4 High energy radiation damage of materials

Much of the materials used to construct nuclear power
systems are exposed to high-energy radiation. The most damaging
mode of radiation is neutron flux where the neutrons penetrate a
material to alter its microstructure. Fluxes of high-energy ions from
fission reactions or helium ions from fusion reactions also cause
damage by mechanisms similar to those caused by neutron flux but
are less common. Metals are mostly used for nuclear power
systems so that knowledge of irradiation damage of ceramics and
polymers is more limited. The level of radiation commonly
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experienced by engineering materials varies widely. It is found
that low levels of neutron radiation generate a mild strengthening
effect on metals and some polymers. At higher radiation levels
however, the effect on materials is destructive with the scale of
damage directly proportional to the amount of radiation received.

When neutrons penetrate a material they contain energy that is
either completely dissipated as damage to the crystalline structure
of the material or else the neutrons pass through the material with
only a partial loss of energy. If a material structure of sufficient
thickness is considered then all of the neutron energy is dissipated
within the material. The basic mechanism of neutron energy
dissipation in metals is dislodgement of atoms to form vacancies
and dislocations. The metal, e.g. steel, then becomes harder with a
higher tensile strength after neutron irradiation but also becomes
more brittle. These changes in mechanical properties, which are
known as radiation embrittlement, are the result of abnormally
high levels of vacancies and dislocations in the material, which
impede plastic flow. Swelling of metals also occurs as a defective
crystalline structure necessarily has a lower density than a perfect
crystal. Radiation therefore causes metal components to exceed
dimensional tolerances with drastic consequences for shafts and
other moving components. Precipitate formation is often observed
in a microstructure after irradiation and this phenomenon can be
likened to over aging. After prolonged irradiation, vacancies
formed by neutron collision coalesce to form voids. These voids
function as sites of stress concentration for premature fracture of
the material. The microstructural composition of a metal can also
be altered by neutron flux. Many alloys are supersaturated
solutions that are thermodynamically wunstable. Neutron
irradiation provides energy and vacancy sites for atoms to diffuse
from regions of high chemical potential energy to low potential
energy. Two or more different solute elements in an alloy may
combine to form precipitates to cause the over aging mentioned
above. Creep of metals is also initiated by radiation to cause a
phenomenon known as radiation creep. Damage to the crystalline
lattice by neutron irradiation is shown schematically in Figure 4.4.
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Figure 44. Damage mechanisms in metals when subjected to high energy
neutron irradiation.

The effect of neutron radiation on metals is not entirely destructive
as the loss of ductility is accompanied by an increase in tensile
strength. Radiation damage declines at high temperatures where
continuous annealing suppresses any accumulation of dislocations
and voids. Annealing of metals can be used to correct prior
radiation damage.

Ceramics are also vulnerable to radiation damage, especially when
the ceramic has covalent bonding, e.g. silicon nitride and silicon
carbide. = The covalent bonds can be altered by neutron
bombardment with a resultant effect on the ceramic microstructure.
lonically bonded ceramics, e.g. oxide ceramics suffer less damage
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from neutron bombardment and respond in the same way as
metals, i.e. accumulate dislocations and vacancies to later form
cracks. Annealing is also effective for ionic ceramics to curb
damage by neutrons.

The direct effect of radiation on polymers is to generate reactive
radicals at the ends of the hydrocarbon chains that form the
polymer. High-energy radiation modes such as gamma radiation
and neutron radiation can cause chain-end radical formation.
Bonding between the radicals then occurs to cause cross-linking
between chains. Cross-linking inhibits motion between chains to
raise the tensile strength but reduce toughness. Rubbers lose their
elasticity or rubbery properties before softening at much higher
radiation levels. High-energy radiation can also cause scission of
chains to reduce the overall molecular weight. The formation of a
surface layer of reduced molecular weight on Ultra High Molecular
Weight Polyethylene (UHMWEPE ) is the result of irradiation by
gamma rays that are used to sterilize the UHMWPE. Sterilized
UHMWEPE is used for orthopedic implants (artificial hips and
knees) where there is a compromise between adequate sterilization
and loss of mechanical properties.

4.5 Summary

Thermal energy and other forms of energy are found to exert
a variety of destructive effects on all materials. Even visible light
and ultra-violet radiation can damage materials such as polymers.
Damage can occur at temperatures much less than the melting or
sublimation point of the material. Destructive effects include
changes in dimension, loss of material, and loss of strength.
Nuclear radiation is especially destructive towards materials and
this should be considered when selecting materials for handling
radioactivity.
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CHAPTER D

DUPLEX CAUSES OF MATERIALS DEGRADATION

5.1 Introduction

The interaction between two or more independent causes of
materials degradation results in a duplex mode of materials
degradation. The materials degradation rate whether expressed in
loss of material or loss of mechanical strength is often faster than
the sum of each form of materials degradation acting separately.
For this reason, duplex modes of materials degradation are of great
practical importance. Synergism between unrelated forms of
materials degradation are not immediately obvious and have in
some instances been only recently recognized. For example, in
minerals processing, the shiny or polished surfaces of tools
processing mineral slurries delayed recognition of the fact that
corrosion and wear acted synergistically to rapidly destroy the
tools.

There are many forms of synergism between independent modes of
materials degradation, the most significant of these are illustrated
schematically in Figure 5.1.
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Figure 5.1 The different forms of destructive synergism between independent
modes of materials degradation.

The primary source of destructive synergism is the interaction
between chemically and mechanically driven materials
degradation. Aqueous corrosion, high temperature corrosion and
liquid metal solvation combine (separately) with wear and fracture
to cause corrosive wear, corrosive-abrasive wear, oxidative wear,
corrosion fatigue and embrittlement. There are numerous
examples of these duplex modes of materials degradation to be
found in minerals processing plant, petrochemical refineries,
outdoor steel structures and other industrial plant. All the
phenomena shown schematically in Figure 5.2 are discussed in this
chapter.

5.2 Wear in a corrosive or chemically active environment

In a terrestrial environment which is often artificially
manipulated, e.g. irrigation by a chemical reagent, wear is nearly
always subject to some chemical influence. Atmospheric oxygen
is very difficult to exclude from a wearing contact and so is
present unless substituted by some other gas or liquid. In the
presence of frictional heat or exposure of un-oxidized metal by
adhesive wear, atmospheric oxygen reacts with the metal to modify
wear. Where oxygen is excluded, another reactive substance is
often substituted. For example, oil refining requires supplies of
concentrated sulfuric acid, which has to be pumped.
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Manufacture of polyvinyl chloride involves compression of
chlorine gas. Both the pump and compressor depend on seals,
which are necessarily wetted by sulfuric acid and chlorine gas
respectively. Concentrated sulfuric acid and chlorine gas are both
strong oxidants, which can be expected to have a strong effect on
the wear of metals, polymers and other substances. Interpretation
of many practical wear problems necessarily involve knowledge of
tribochemistry that relates to the interaction between chemical and
mechanical factors in wear.

5.2.1 Corrosive and corrosive-abrasive wear

Corrosion in the context of engineering materials involves
the transformation of a metal into an oxide, hydroxide, sulfide,
chloride or other oxidants. In most cases, the mechanical properties
of the corrosion product are grossly inferior compared to the
original metal, a classic example being common rust and steel. In
the presence of wear, corrosion has the effect of transforming a
usually wear resistant metal into a weak and brittle corrosion
product that is rapidly removed by wear. A rapid wear known as
corrosive wear then results, which, for reasons to be described, has
the deceptive characteristics of combining rapid wear with reduced
friction. There are two significant forms of wear as influenced by
corrosion: true corrosive wear between two materials in sliding
contact when immersed in a corrosive agent, corrosive-abrasive
wear where abrasion occurs in a corrosive media. Similarities
and differences between these two forms of materials degradation
are discussed below.

Corrosive wear

Corrosive wear is usually modeled in terms of a sliding contact
between steels and cast irons where sulfuric acid or another strong
acid is present in varying concentrations. Depending on the
concentration of the acid, one of four possibilities listed below may
occur:

1. A durable and thin corrosion product film forms, which
effectively suppresses adhesive wear to maintain moderate
wear and friction.
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2. A mechanically weak corrosion product film forms, which is
rapidly removed by wear. The film of corrosion product
‘functions as a sacrificial solid lubricant to provide reduced
friction at the expense of rapid wear.

3. Localized wear of the corrosion product film may occur to
expose small areas of the worn surface. Galvanic coupling will
intensify corrosion in the exposed areas with the surface
covered by film to cause pitting in the exposed areas. The
weakening of the worn surface that is caused by pitting will
accelerate wear.

4. Corrosion and wear act independently to produce a rate of
materials degradation that is the sum of separate corrosion and
wear on different specimens of the same material at the same
test conditions.

These four modes of corrosion-wear interaction are illustrated
schematically in Figure 5.2

The first three modes of the four modes of corrosive wear
illustrated in Fig. 5.2 can be observed during the wear of steel in
sulfuric acid. The fourth mode is relatively uncommon because of
the catalytic effect that exposure of un-oxidized metal and plastic
deformation of surface layers exerts on corrosion. When the
concentration of sulfuric acid is varied from very dilute to highly
concentrate, the mechanism of wear of the steel changes from one
of the three modes to another. Very high concentrations of sulfuric
acid are less corrosive to metals than low concentrations because
there is insufficient water to enable dissociation of the sulfuric acid
molecule into an anionic radical and two hydronium ions. As
discussed in chapter 3, the hydronium ions generate acidity in
water. At approximately 90% weight concentration of sulfuric acid,
a durable film of iron oxides is developed on the worn steel surface
so that friction and wear are less than in plain water. As the
concentration is reduced from 90%, pitting and film corrosion at
low concentrations occur with lowered friction but elevated wear
compared to plain water.
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It is observed that the most common form of corrosive wear for all
but extremely corrosive reagents such as sulfuric acid is the second
mode involving a short-lifetime film of corrosion product. A model
of corrosive wear involving a mechanically weak film that is
regularly removed involving cycling initiation and cessation of

parabolic film growth is illustrated in Figure 5.3.
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Figure 5.2 Modes of interaction between corrosion and wear.
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Figure 5.3. Corrosive wear by cyclic removal and formation of passivating films:
mechanism and effect on corrosion kinetics.

Corrosive wear occurs in a variety of situations, the most obvious
being the case cited above of metals exposed to strongly corrosive
fluids. Less corrosive fluids than strong acids can also cause
corrosive wear if conditions are favorable. A very common case is
the corrosive wear by air of steels where sliding speeds are
sufficiently high to raise frictional temperatures to the point where
rapid oxidation occurs but not so high as to reach the melting point
of the metal. This form of corrosive wear is known as oxidative
wear. When most of the temperature rise is caused by frictional
heat, thick layers about 1 pm thick of almost pure iron oxide form
on the worn surface. Wear is controlled by the rate of detachment
of these thick oxide layers. If sliding speeds are reduced to
suppress the frictional temperature rise and external heating is
used to raise the temperature, a different form of oxidative wear
results. Since asperity contacts under low sliding speeds are not
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provided with sufficient energy to cause significant oxidation
within the duration of each asperity contact, adhesive wear and
debris production precedes the formation of oxides. Layers of
partially oxidized debris then accumulate on the worn surface to
eventually control friction and wear. The debris is oxidized in
stages while it is plastically deformed between the wearing surfaces
to produce a debris layer with complex structure. These
mechanisms of oxidative wear are illustrated in Figure 5.4.

A third benign form of oxidative wear occurs under rolling
between steels in atmospheric conditions where the lack of sliding
precludes direct wear of the contacting steel surfaces. Oxide films
are cyclically formed by atmospheric corrosion to be subsequently
removed by rolling contact. The oxide films prevent direct contact
between the steel rolling elements and suppress any adhesive wear
that might otherwise occur. Rolling bearings and railway wheels
are the most common sites for oxidative wear in rolling contact.
Wear depths of the order of a few millimeters are acceptable on
railway wheels so that corrosive wear permits a long lifetime for
the railway wheels. For rolling bearings, which lack lubrication, by
oil, only a much smaller wear depth of 100 pm or less can be
tolerated. Steel rolling bearings, which are forced to operate
without oil, as may occur in emergency operation will rapidly fail
even though the amount of wear is much smaller than for railway
wheels.

Another form of corrosive wear that is of practical importance is
corrosive wear by sulfur or chlorine based thermo-labile (easily
decomposed) lubricant additives. These lubricant additives, which
are known as Extreme Pressure additives or ‘EP’ additives, ideally
function by mild corrosion of mode 1 as listed above. Chemical
activity of the additive results from their thermo-lability, which
releases reactive sulfur and chlorine or other oxidizing elements. If
the additives are too active for a given situation then corrosive
wear of mode 2 results. Very often however, corrosive wear by
these additives is accepted as the inevitable lack of precision in
control of lubrication would render a wearing contact liable to
severe adhesive wear should the chemical activity of the EP
additives be insufficient.
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CONDITIONS FOR OXIDATIVE WEAR
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Figure 54 Mechanisms of corrosive wear by air, i.e., Oxidative wear.

Corrosive-abrasive wear
Corrosive-abrasive wear is in most instances the cyclic removal of

corrosion production films by the abrasion of grits that contact the
worn surface. As mentioned above, this form of wear was slow to
be recognized and mineral processing engineers persisted for many
- years with very hard but corrodible materials before cheaper, softer
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but non-corrodible polymers were substituted to give lower wear
rates and longer service lifetimes. A common example is the
replacement of steel piping by Ultra-High Molecular Weight
Polyethylene or High Molecular weight Polyethylene piping for
coal slurry processing. This form of wear usually occurs under
what is called 'low-stress abrasive wear' where the grits are allowed
to slide and roll past the wearing surface without being crushed.
The mechanism of corrosive-abrasive wear is illustrated
schematically in Figure 5.5.

CYCLE OF ABRASIVE-CORROSIVE WEAR
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Figure 5.5 Mechanism of corrosive-abrasive wear.

Corrosive-abrasive wear exhibits synergism i.e. a greater materials
degradation rate than corrosion and abrasive wear acting
separately, when the rate of materials degradation by corrosion is
comparable to or greater than the rate of wear when both occur
separately. In other words, slow wear when combined with rapid
corrosion produces an even more rapid corrosive-abrasive wear
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whereas moderate corrosion does not significantly accelerate a
rapid wear process. This result can be interpreted in terms of the
model of cyclic removal of corrosion product films illustrated
above. Even a very slow removal of corrosion product films by
very moderate wear will have a significant effect on the materials
degradation rate whereas corrosion product films never become
established on a rapidly wearing surface. The magnitude of the
synergism between corrosion and abrasion can be high since, mild
abrasive wear that is very slow on a strong metal may be far more
rapid on weaker corrosion product films.

5.2.2 Oxidative and corrosive effects on fretting

Most sites of fretting are exposed to atmospheric oxygen,
which significantly modifies the process of fretting wear.
Fretting between steel components in air is accompanied by the
release of fine red-colored iron oxide powder from the worn
contact once approximately 100 cycles of fretting have elapsed.
Microscopic studies of the fretting wear scars reveal that the debris
layers on the wear scar surface are heavily oxidized and it is
observed that the fretting wear rate in air at ambient temperatures
is higher than in vacuum. Reasons for this acceleration of wear are
not fully understood and one explanation is that since iron oxide is
harder than iron, it acts as an abrasive against the fretted surfaces.
The iron oxide powder is probably too fine to act as an abrasive as
there is a minimum size of particle abrasivity, which is typically 10
pm. An alternative model of the action of oxygen is that oxidized
debris is more friable and brittle than metal debris so that it is more
easily expelled from the fretting contact. Fretting wear, which is
controlled by the loss of debris from the debris layer, is accelerated
by the faster loss of oxidized debris. In the absence of oxygen,
metal debris would tend to adhere to the fretting surfaces thus
prolonging its retention time in the fretting interface. This model of
fretting, which involves formation of wear particles by adhesive
and fatigue wear, followed by their prompt removal after oxidation
is illustrated schematically in Figure 5.6.
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Figure 5.6. Model of acceleration of fretting wear by atmospheric oxygen.

Immersion of the fretting site in a lubricant can suppress fretting
wear by two mechanisms; reduces the supply of atmospheric
oxygen and suppresses adhesive wear that forms the wear debris.

5.2.3 Abrasive wear in liquid metals

The addition of hard abrasive particles such as alumina grits to a
molten metal to create a metal matrix composite is observed to
accelerate the wear of stirring rods that are used to homogenize the
mixture of grits and liquid metal. Abrasive grits are believed to
accelerate the wear of stirring rods by one of two mechanisms.
Where a metal stirring rod forms an intermediate layer composed
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of metal from both the stirring rod and liquid metal, abrasive grits
accelerate the detachment of protuberances that extend from this
intermediate layer. In most cases of stirring, the grits impact
against the rod too slowly to cause direct erosive wear of the
stirring rod or the intermediate layer. If a metal does not form a
distinct transition layer, abrasive grits may accelerate wear or
dissolution of metal by disrupting the boundary layer that
surrounds the surface of the stirring rod. This boundary layer
constitutes a diffusion barrier to the transport of metal atoms from
the stirring rod to the bulk of the liquid metal and disruption of the
boundary layer by abrasive grits will accelerate diffusion based
transfer of metal atoms. Abrasive detachment of protuberances
and disruption of the boundary layer as mechanisms of accelerated
wear by grits in liquid metal are illustrated schematically in Figure
5.7.

Wear of stirring rods is undesirable because of loss of the stirring
rods and because of contamination of the liquid metal which affects
the material properties of the cast metal. Control of such wear
appears to involve either use of wear resistant metals such as
titanium as opposed to stainless steel, which wears rapidly in
liquid aluminum. The use of protective coatings does not appear to
have been investigated yet.

5.3 Corrosion fatigue and corrosion embrittlement (SCC)

Corrosion fatigue and the related phenomenon, corrosion
embrittlement are fatigue and fracture that are accelerated by
corrosion or exposure to corrosive media where there is no
apparent corrosion. An important example of corrosion fatigue is
the failure of steel welds on offshore structures after prolonged
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Figure 5.7. Mechanisms of wear by abrasive grits in liquid metal, (i) accelerated
detachments of protuberances from the intermediate layer, (ii) disruption of the

boundary layer by abrasive grits.
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impact by sea waves. It is found that corrosion fatigue denies steel
any fatigue limit and that the average lifetime for a given stress is
significantly reduced by immersion in seawater. Corrosion fracture
is often found in chemical refineries where a strong metal structure
that is only moderately loaded fails suddenly upon exposure to a
corrosive chemical such as an acid or sulfur compound.

Corrosion fatigue and corrosion fracture are caused by the same
underlying physical phenomena but have slightly different
characteristics. = Corrosion fracture is also known as Stress
Corrosion Cracking (SCC) a name, which recognizes the fact that
fracture only occurs after a period of exposure to a specific
substance, by a component that is loaded to above a critical
minimum stress. Examples of corrosion fatigue and fracture are
illustrated schematically in Figure 5.8.

Corrosion fatigue
ack in a weld

Figure 5.8. Examples of corrosion fatigue and corrosion fracture.
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In most cases of corrosion fatigue and fracture, failure of the
material occurs before corrosion has significantly reduced the
cross-sectional area of critically loaded parts of a component. Bulk
degradation of materials by corrosion is therefore not often a
significant factor in this mode of fracture. It is still the case
however the structures have and will fail due to loss by corrosion
of load carrying material. The critical role of corrosion in fatigue
and SCC is at the crack tip where crack propagation occurs.
According to a model developed by Uhlig who made many
important contributions to corrosion science, SCC and Corrosion
fatigue are controlled by microscopic interactions between the
corrosive fluid and the closed end of the crack. The crack tip is in
most cases extremely sharp, which means that the tip is enclosed by
only a few atoms or molecules in the material. The bonding
strength between atoms in a material is controlled by the electron
density between adjacent atoms; when an extraneous molecular
species comes into close proximity, the electron density is altered.
In almost all instances, the electron density between atoms
enclosing the crack tip is reduced by a corrosive fluid or gas. The
electrons align with the closely contacting atom or molecule of
corrosive substance as part of the preliminary stages of chemical
reaction. Even if the reaction does not proceed to completion, the
decline in electron density between atoms of the material causes a
localised weakening around the crack tip. Crack propagation is
therefore accelerated or proceeds at stresses that would be too low
to cause crack propagation if the corrosion substance was absent.
The role of electron density changes in acceleration of crack growth
by corrosion is illustrated schematically in Figure 5.9.

It is also believed that the passivating film will be absent around
the crack tip, giving rise to three consequences. The first is as
described by Uhlig, direct interaction between the chemical
substance and the material to be fractured. The second
consequence is enhanced corrosion at crack tip by anodic corrosion.
Such corrosion will however tend to blunt the crack tip so reducing
stress intensity and crack growth. It is still not precisely known
how anodic corrosion would accelerate crack growth. The third
consequence is that corrosion products usually have a lower
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Figure 5.9 Mechanism of weakening of material around a crack tip by

molecules or atoms of a corrosive substance.

density than the original material (typically a metal) and these
products fill up the crack space. Tensile stresses are generated
around the crack due to compression of solid corrosion products
trapped between the opposing crack surfaces. Crack enlargement

by compressed corrosion products is shown schematically in Figure
5.10.

Another mechanism of corrosion fatigue is the role of corrosion pits
as crack initiators. Stainless steels are particularly vulnerable to
pitting corrosion; stress concentrations are generated around the
pits causing the local stress intensity to exceed the critical value for
crack initiation. Acceleration of fatigue crack growth by corrosion
is most significant at the initial stages crack growth where
corrosion provides a source of small cracks. Even when a pit is not
formed directly by corrosion, accelerated initiation of fatigue can
occur by corrosion of the microscopic extruded lips of metal that
form in the early stages of fatigue, these are known as slip bands.
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Figure 5.10. Crack enlargement by trapped corrosion products.

Extrusion of the slip band exposes 'nascent’ metal, which is
unprotected by any passivating film and therefore promptly
attacked by any corrosive agent present. It is believed that a
fatigue crack is initiated from the microscopic pit formed by such
corrosion.

When the crack is large, corrosion does not significantly accelerate
crack growth compared to dry conditions. Stress corrosion
cracking is not accelerated by pit formation and instead requires an
'incubation period' of exposure to an aggressive chemical before
fracture occurs.

Crack growth is clearly related to the possibility of chemical
reaction between the material and corrosive substance. It follows
therefore that inert materials are more resistant to corrosion fatigue
and fracture provided that mechanical strength is not less than the
equivalent non-inert material. Many metals, which are passive
under static corrosion such as stainless steel and zirconium, are
vulnerable to corrosion fatigue or stress corrosion cracking. This is
because mechanical stress exposed small fissures in the passivating
film, which become highly anodic to the rest of the surface and
intense localized corrosion results. The role of surface engineering
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in coating vulnerable materials with resistant metals or ceramics or

tough, low elastic modulus polymers is potentially a very valuable
means of controlling this problem.

Stress corrosion cracking and corrosion fatigue are also believed to
be related to hydrogen embrittlement as many of the chemical
substances involved can release hydrogen upon reaction with the
attacked metal. = Water, ammonia and acids all conform to this
pattern of chemical interaction. Other aggressive elements are
sulfur, chlorine and phosphorous, which appear to cause cracking

by direct attack at the crack tip rather than by diffusion into the
metal as does hydrogen.

5.4 Summary

Interactions between independent degradation mechanisms
usually produce a more destructive effect than either acting alone.
Instances where one degradation mechanism suppresses another
are unfortunately very rare. The most important combined
mechanisms of materials degradation involve corrosion with wear
and corrosion with stress. Wear also interacts with oscillating
stress to produce a very rapid form of mechanical fatigue. The
combined causes of materials degradation hinder identification of
the specific mechanisms involved in any given problem. If one
factor is not recognized, e.g. wear, then it is difficult to find the
optimum means of control.
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PART 2: SURFACE ENGINEERING

Qverview

In Part 2 of this book, the diverse technologies of surface
engineering are described and compared. There are two basic
types of surface engineering, providing the substrate with a
protective coating and modifying the surface to improve a critical
characteristic, e.g. corrosion resistance. Almost every known
method of joining two materials together has been considered for
adaptation as a method of surface coating. Surface modification is
rapidly developing beyond traditional simple processes such as
flame hardening to far more advanced solutions to wear, corrosion
and fatigue problems.  The processes involved in surface coating
and modification together with their scope of application are
discussed below.
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CHAPTER 6

DiscRrRETE cOATINGS

6.1 Introduction

Discrete coatings range from the familiar paint, varnish and
enamel to advanced coatings, which can only be produced under
vacuum with a sophisticated electrical control system. The main
types of coating are list schematically in Figure 6.1.

OPEN AIR VACUUM
COATING BASED
TECHNOLOGIES COATING

TECHOLOGIES

DRY OR GASEOUS

LIQUID STATE STATE
Physical
Plasma v
) apour
spraying, Deposition
D-gun
Painting & Chemical
varnishes Vapour
Friction surfacing Deposition
and explosive
Electro-plating, bonding Plasma enhanced
anodization and . Chemical Vapour
electroless coatings Arc Spraying Deposition

Figure 6.1 Classification of the different types of discrete coating technologies.
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Despite the seemingly complex and disparate range of coating
technologies, all of these coatings serve the same objective, which is
to physically separate the vulnerable substrate material of a
component from external damage processes. An engineer should
know at least in general terms, answers to such questions as: Which
coating offers a particular form of protection, e.g. wear or
corrosion? How is the coating to be generated? What resources of
material and equipment are required for the coating process? The
chapter below is intended as a guide to answering these questions.

6.2 Coatings of organic compounds

Paints, varnishes, layers of epoxy resins comprise coatings of
organic compounds. Paints and other organic coatings are
deposited on a surface in a liquid state to form a liquid film that is
distributed over a  surface-by-surface tension  forces.
Polymerization reactions in this liquid film that are initiated by
contact with e.g. atmospheric oxygen, ultra-violet light then
converts the liquid film to a more durable solid film. The
mechanism of paint film formation is shown schematically in
Figure 6.2.

An organic coating consists of several components some of which
function during the formation of a solid coating and others, which
provide special properties to the coating during service. The
ingredients of a paint or liquid precursor of the organic coating
contains can be summarized in the equation given below:

Paint = Solvent + Binder resin + Pigments + Extender + Dryers +
Special purpose additives.

Solvent

The purpose of the solvent is to provide liquid medium during
storage and deposition. The solvent can be an organic fluid such as
white spirit, water or a mixture of both. Other organic solvents
used are xylene, toluene, ketones, alcohols and halogenated
compounds. The health hazards and fire risks associated with
organic solvents have lead paint technologists to extend the use of
water as a solvent from traditional simple water-based paints to
more advanced paints. During coating, the solvent evaporates after
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a short period of exposure to air and serves no further purpose to
the organic coating.

@ @ Stream of liquid droplets

@ directed at the surface
P\ @

Droplets merge on impact
to form a liquid film

Substrate

LIQUID STATE DEPOSITION OF COATING

Environmental
factors initiate Ultra-violet light
polymerization
Polymerization of
Atmospheric oxygen liquid organic components
of coating to a solid

Organic
coating

POLYMERIZATION TO FORM SOLID COATING
Figure 6.2 Mechanism of paint film formation.

Binder resin

The binder resin polymerizes or 'cures’ to form a solid matrix
for the organic coating. Phenolic resins, cellulose derivatives,
melamine derivatives, epoxy resins and elastomeric resins are all
used as binder resins. The type of resin used has a strong influence
on the mechanical strength and durability of the organic coating
and paints are usually classified according to the resin used. The
different types of commonly used resins are listed below in Table
6.1 together with their manufacturing process and key
characteristics.
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Resin Type Manufacture and characteristics
Formed by reaction between polyfunctional
organic acids and polyhydric alcohols.

Polyester and | Stable in storage, cheap and versatile, hence

alkyds high usage.

Amino Formed by reaction between formaldehyde
and an amino compound, e.g. urea. A second
reaction with an alcohol produces the final
resin.

Used in combination with other resins, e.g.
alkyd to produce hard coatings with good
resistance to chemicals.

Acrylic Formed by polymerization of methyl and ethyl
methacrylate.

Combines moderate cost with excellent
durability in outdoors applications.

Polyurethane Polymer of urethane, which is the product of
isocyanate and alcohol.

Tough, abrasion and chemical resistant, cures
at low temperatures. Degraded by water.

Vinyl Vinyl acetate, vinyl toluene and vinyl chloride.
Used for water-based emulsion paints.  Vinyl
coatings are resistant to ultra-violet light and
water, suitable for outdoor applications

Phenolic Formed by reaction between phenol and
formaldehyde or other aldehydes.

Good resistance to chemicals, water and
organic solvents.

Cellulose Cellulose ethers, e.g. sodium carboxymethyl

derivatives cellulose.

Can be used as a basic resin but more
commonly used to modify rheology, stability
of water based paints, e.g. acrylic paints.
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Oleoresinous Formed by heating a mixture of unsaturated
oils (plant origin) and natural or synthetic
resins to form a solid that is soluble in organic
solvents

An obsolescent formulation but still useful.

Epoxy Formed by reaction between diphenyol
propane and epichlorhydrin in alkaline
conditions.

Hard, resistant to most chemicals and solvents.
Cracks if substrate is deformed. Suitable for
elevated temperatures. Strong bonding to most
substrates.

Elastomer Chlorinated rubber coatings. Tough and
corrosion resistant. Fast curing time and good
durability in storage. Poor surface finish and
difficult to apply by brush. Softened by animal
fats and oils.

Latex (source of elastomer) often combined
with other resins, e. g. acrylic.

Table 6.1 Categories of paints and their function.

Pigments
Pigments serve to provide color to the paint but may also

provide an anti-corrosion effect. Inorganic metal salts, e.g. zinc
phosphate and zinc chromate is widely used as pigments.
Titanium dioxide is used for white color in paints because of its
brilliant whiteness and graphite is used for black. Organic
compounds are however used to produce brilliant primary colors,
as inorganic compounds do not provide a high quality of color.
Extenders are used to give bulk to paint while reducing its unit
cost, which can be high, if expensive pigments such as titanium
dioxide are used.

Extenders, dryers and special purpose ingredients

Commonly used extenders are kaolin (white clay), mica, talc,
calcium carbonate (chalk). Dryers are added in small quantities to
the paint to control the drying and polymerization process. Dryers
are usually fatty acid esters of cobalt, manganese, lead, vanadium
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and other metals. Special purpose ingredients can be fungicides to
prevent moulds from growing on the paint surface.

6.2.1 Utility of available organic coatings for different conditions

The surface area of material protected by paints and other
organic coatings far exceed the surface area of any other coating
method. The range of size painted components is also much larger
than most other coating technologies as paints are used to protect
large structures such as bridges as well as tiny electronic
components. Paints and varnishes can be effectively deposited by
manual brushing or spraying which lowers costs and enlarges the
range of components that can be so coated. There is no
requirement for specialized and restrictive technology as is the case
with vacuum deposition for example. Paints are widely used even
where a different type of coating would provide a better technical
quality of materials protection because paints are cheaper and more
convenient to use. Paints and varnishes do not normally react with
a substrate, which is typically metal, so that thin sheets of metal can
be coated without change of mechanical properties. Painting is
normally performed at ambient temperature so that thermally
induced microstructure changes of the substrate cannot occur.
Other coating methods, such as 'hot-dipping' in liquid metal can
degrade thin sheets of metal by thermal stress and liquid metal
corrosion.

Paints and other organic coatings serve a wide variety of purposes
additional to protection of materials. An important use is
decorative or graphic. Bold lettering; brightly colored vehicles and
buildings are examples of the graphic and decorative nature of
paint. The primary purpose of organic coatings is corrosion
protection where decorative considerations are of little or no
importance. A common example of this type of coating is the
underbody paint of a car. A more recent development is wear-
resistant coatings of strong polymers. While polymer coatings
cannot be expected to have the wear resistance of hard metal
coatings, advances in polymer technology have achieved significant
advances in resistance to abrasive wear or corrosive-abrasive wear
in a slurry. There are also special purpose organic coatings, e.g.
paints blended with anti-septic or biocide for use on hospital walls
and ceilings or low friction 'slippery ' paints for security needs. In
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this last case, the low friction paint can prevent a thief from
climbing up the outside drainpipe. The range of applications of
organic coatings can be divided into 6 basic categories, decoration,
protection of wood, vehicles and aircraft, industrial use, marine use
and anti-corrosion where each category denotes the primary
purpose or context in which the coating is used.

Industrial use coatings
Industrial use coatings are typically used to prevent a metal

component from corrosion in a severe environment. An example of
the use of such coatings is the protection of sewage processing or
oil refinery equipment. In this case, resistance of the organic coating
to solvation by organic compounds, extremes of acidity or
alkalinity and temperature are critical.

Wood

Wood is prone to damage by moulds and the use of coatings
(paints) suitable for metal causes mould induced blistering of the
paint. It is important to use coatings that inhibit moulds.

Marine use

In marine conditions, resistance to salt water corrosion is
paramount. The organic coating should also be resistant to the
mechanical stresses of impact by water in the 'splash zone' at the
surface of the sea. A biocidal effect on adherent marine organisms
such as barnacles is also extremely desirable.

Vehicles and aircraft

Vehicles and aircraft require resistance to chipping or
blistering from impact by solid and liquid particles. When a
vehicle is traveling at full speed, road stones may hit the organic
coating of the vehicle with a velocity of approximately 30 m/s. The
comparable coating of an aeroplane traveling through cloud is
subjected to impact by water droplets at speeds of 200 m/s or more.
Good resistance to ageing by ultra-violet light and a high quality of
surface finish are also important. Supersonic planes sustain
considerable kinetic heating from the air so that temperature
resistance to approximately 100°C is needed.
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Anti-corrosion coatings

Anti-corrosion coatings refer to organic coatings, which do
not merely act as passive separators of metal substrate and
corrosive reagents but also actively suppress corrosion. These
coatings usually contain inorganic compounds such as zinc
chromate, which suppress the electrochemical corrosion of iron.

Paints are commonly classified according to their resin as this
forms the bulk of the paint. The most common type of paint resin
is the polyester resin as it is cheap and versatile; the other resins
cover specialist purposes. Epoxy resins are particularly tough and
intended to severe specialized applications such as the protection of
underground or underwater pipelines. Automobile applications
require resins that confer a very high surface finish; polyester resins
do not produce a sufficiently high surface finish to satisfy consumer
demand.

Resin Usage [Indust |Marine | Anti- [Wood |Vehicles
system Decora |rial COrros and

tive ion aircraft
Polyester |Good |[Good |[Good |Good |[Good [--—-
Polyur S Good |- Good |Good |Good
ethanes
Acrylic Good |Good |--——- Good |Good |Good
Vinyl Good |[Good [----- -— | Good |Good
Phenolic |- Excell |--—-- -—- - —

ent

Cellulose |---- - - - Good | Good
derivatives
Oleo- - Good |- -—-- Good |[-—-
resinous
Epoxy — Good |Good |Good |---- Good
Elasto- - - - Good |---- -
mer
Amino - Good |[---—- S Good |--—-

Table 6.2. Usage of organic coatings as a function of resin type




DISCRETE COATINGS 217

6.2.2 Methods of depositing organic coatings

The traditional methods of deposition of organic coatings
(painting) are brush painting, rolling of an adsorbent roller soaked
with paint and the spraying of an aerosol of paint. The technology
of wet painting is not particularly complicated, the main problems
being to avoid wastage of paint when spraying and prevent health
problems in workers due to prolonged exposure to the organic
solvents in the paint. Repetition of painting is needed to obtain a
thick coating because if a thick coating is deposited in one stage,
flow of the paint or organic coating can occur. Flow problems are
particularly acute on vertical surfaces where it is known as vertical
sag. The optimum surface condition for paints is a cleaned surface,
free of grease and residual corrosion products with a moderate
degree of surface roughness, which provides the paint layer with a
mechanical interlock to the substrate. When water-based coatings
are used, it is essential to electrically isolate the painted surface
from any power source and a higher level of substrate cleanliness is
required. = For large volume painting in mass production,
electrostatic spraying is used.  The largest application of
electrostatic spraying is the painting of car bodies. Car bodies are
passed through a tunnel shaped painting booth where jets of
negatively ionized paint are directed at the car bodies, which are
electrically grounded. The strong electrostatic attraction between
the paint particles and the car body is intended to ensure that the
paint covers the entire car body without a shadowing effect. The
complex shape of the car body contains numerous hidden surfaces,
which would remain unpainted or 'shadowed’ without electrostatic

spraying.

The environmental problems associated with solvents have
prompted innovations in minimizing the use of solvents. Two
types of organic coatings with low solvent contents have been
developed; these are high-solid paints and powder coatings. High
solid paints contain a reduced fraction of liquid phase that is less
than 30% by weight of the paint. High solid paints can be
deposited by the methods described above but powder coatings



218 MATERIALS DEGRADATION AND ITS CONTROL BY SURFACE...

require a multistage process where an energy source is used to
convert the powder to a uniform coating. The powder coatings are
deposited on the substrate by electrostatic spraying to ensure
uniform coverage. Conversion of the power coating to a
continuous layer of paint is achieved by exposing the substrate to a
source of electromagnetic radiation such as ultra-violet light or

even X-ray. This process is known as radiation curing. The objective
of using such radiation is to melt or reconfigure the powder coating
without excessive heating of the substrate. The lack of a solvent
means that the organic coating compounds need not be soluble in
solvent, this allows high molecular weight compounds to be
included in the coating formulation. Coatings that are much
tougher, harder and more wear resistant than traditional organic
coatings can now be made from high molecular weight organic
compounds. Most applications of powder coatings relate to the
large-scale manufacture of metal items such as cars. Sophisticated
coating technologies in the controlled environment of a factory
become economically feasible and result in a higher product

quality.
6.2.3 Corrosion problems of organic coatings

A major disadvantage of paints is that they are not
completely impermeable to water and oxygen. Diffusion of water
and oxygen through a thin paint film to the underlying metal
surface causes eventual corrosion of the metal. It is found from
measurements of the corrosion current on painted metal specimens
exposed to salt spray that painting never completely prevents flow
of corrosion current from anodes to cathodes present on the test
specimen or connected externally. Damage to paint, known as
cathodic blistering occurs on painted surfaces that are also protected
with an imposed cathodic voltage. It appears that oxygen diffuses
across the paint film to become reduced by the metal to produce
alkali hydroxyl ions. A concentrated solution of hydroxyl ions
accumulates at the interface between the paint and metal
Blistering of the paint, i.e. the formation of voids between paint and
metal, then occurs.
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Despite the severe degradation of iron and other metals by
electrochemical corrosion, electrochemical reactions are not
necessarily destructive to metals. Many valuable metal coating
processes are based on cathodic and anodic electrochemical
reactions.

6.3.1 Electroplating of metals

If a metal object is placed in an aqueous solution of a salt of
the same metal or a different metal and supplied with a strong
cathodic electric potential, electroplating of the metal object may
occur. Electroplating is caused by cathodic reactions leading to the
reduction of metal from solution and evolution of hydrogen or
oxygen. Typical examples of electroplating mostly involve iron or
steel as the substrate and metals such as nickel, chromium and
cadmium as the plating metal. Electroplating is performed in large
tanks of metal salt solution with an attached power supply and
immersed lead sheet that functions as the anode. The range of
metals that can be electroplated is limited and electroplating of
metal alloys presents considerable difficulty. The formation of a
metal film on a substrate from metal ions in aqueous solution is a
complex process that is still not fully understood. In most
instances, this film formation process functions well without
external intervention and is therefore usually overlooked. It is
generally believed that electroplated coatings begin as small
nodules of deposited metal, which then grow laterally to form a
coating. The coating contains flaws at the boundary where the
growth of one nodule joins the growth of another nodule. The
principle of electroplating and structure of electroplated coatings
are illustrated schematically in Figure 6.3.
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Figure 6.3. Mechanism of electroplating and structure of electroplated coatings.

Electroplated coatings tend to be rich in hydrogen from the
cathodic reactions and the hydrogen can often cause microstructure
problems in the electroplated coating such as brittleness. Another
problem of electroplated coatings is non-uniformity of coatings.
Electroplating is dependent on the local strength of electric field
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between anode and cathode and varies with location in an
electroplating cell. Corners, edges and projections generate the
most intense electric field and so are coated more rapidly than
plane surfaces. Practical considerations dictate a uniform coating
time for all parts of an electroplated substrate with the result that
thick coatings are formed at edges, corners and projecting parts of
the component. A recent development in electroplating tries to
combine the advantages of oldest method of electroplating and the
conventional method described above. The older method uses
spontaneous redox reactions to deposit a film on both insulating
surfaces and metallic surfaces and the control of deposition
conditions are difficult. The recently developed electroplating
technique permits coating of insulating substrates with metals
having controlled grain size, thickness and growth speed. The
method uses progressive outward growth of the metal from an
electrode in contact with the substrate, with the cell geometry
chosen so that the electron current providing the reduction passes
through the growing deposit [Vincent et al.].

Chromium plating

A very common application of electroplating is chromium plating
for decorative and industrial purposes. Chromium plating is
performed with a chromium salt solution and a passive anode
made of lead. Trivalent chromium solutions are limited to low
deposition rates and are mainly used for the deposition of thin
decorative coatings. Hexavalent chromium solutions provide
higher deposition rates than trivalent chromium solutions and are
used for the production of thick wear-resistant hard chromium
coatings. Chromium solutions are used in high concentrations and
at an elevated temperature of 50 to 80 °C in order to achieve rapid
coating concentrations, e.g. 250 g of chromium oxide per liter of
sulfuric acid solution. Current densities are of the order of 100
Amperes per square meter for fast plating of chromium.
Chromium plating is prone to cracking where the plating thickness
is greater than 0.5 um and it is believed that cracking is caused by
the formation of chromium hydride, which later decomposes to
pure chromium. The density of pure chromium is higher than
chromium hydride so that shrinkage cracks result. The physical
structure of chromium plating consists of metal grains separated by
small pores and fissures. This structure results from the
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mechanism of formation of chromium plating where granules of
chromium independently grow to cover the substrate. The
hardness of chromium plating can reach 1000 Hv hence its used as
a wear resistant coating.

A major problem with chromium electroplating which is predicted
to severely restrict its future usage is toxicity. Inorganic compounds
of either trivalent chromium or hexavalent chromium are used as
the source of chromium. Trivalent and hexavalent chromium ions
are toxic and hexavalent chromium is carcinogenic while the lead
anode is also toxic. There are health risks to electroplating
personnel and problems with disposal of liquid and solid waste
from electroplating. Hard chromium coatings are effective as anti-
wear coatings but no more so than the more recently developed
coatings produced by vacuum and plasma technology.

6.3.2 Anodising, electroless coatings , chromating and phospating

Anodizing

Anodizing as its name suggests, is the application of anodic
electrochemical reactions to form a coating on a metal substrate. As
discussed in Chapter 3, a metal may passivate when subjected to a
large anodic potential. This passivation is usually caused by the
formation of a film of anodic reaction productions that block
further access by the electrolyte to the metal electrode. This
passivation persists even when the metal object is no longer the
anode but installed elsewhere as a component or structure.
Anodizing is most widely used to protect aluminum alloys where a
thick layer of aluminum oxide is deposited on the aluminum
surface. Aluminum is immersed in an aqueous acid solution e.g. 1
molar sulfuric acid and connected to an anodic potential of
approximately 5 Volts. Aluminum oxide is barely soluble in acid
solutions so that anodic dissolution of the aluminum does not occur
and instead a dense aluminum oxide film forms on the aluminum
surface. It is not necessary to always use a strong acid, immersion
in a weak organic acid, e.g., oxalic acid, allows the formation of a
corrosion and wear resistant layer of amorphous aluminum oxide.
Coating formation rates are approximately 1 pm per minute at a
current density of 250 Amperes/square meter and coating
thickness of 20 pm are typical.



DISCRETE COATINGS 223

As discussed in Chapter 3, aluminum oxide films confer a natural
resistance to corrosion by aluminum and anodizing is essentially an
enhancement of this corrosion protection mechanism. During
anodizing, coloring agents are often added to the electrochemical
solution in order to produce a colored decorative aluminum oxide
film. Anodizing is effective at preventing slow outdoor corrosion
or weathering of aluminum alloys and so is widely used in the
manufacture of aluminum window frames and other building
components.

Electro-less coatings

Electro-less coatings are very similar to electroplated
coatings with the exceptions that a power-supply is not necessary
and that the substrate need not be metal. A wide variety of
applications for metal coatings on plastic and ceramic substrates
are found in the electronics industry and elsewhere. The most
common example of electro-less coatings contains nickel but gold,
tin and copper coatings are also produced commercially. The
nickel is deposited in pure or alloyed form with boron,
phosphorous and tantalum for enhanced wear and corrosion
resistance.

The basic principle of electro-less coatings is the spontaneous
deposition of metal from a solution of hypophosphite. The
mechanism of electro-less coating is illustrated schematically in

Figure 6.4.
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Figure 6.4 The electroless coating process.
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There are two modes of deposition, the slow mode at
approximately 30°C in an alkaline hypophosphite solution and the
fast mode at approximately 90°C in an acid solution of
hypophosphite. The slow mode is used for deposition on polymers
while the fast mode is used on metal and ceramics. This simple
coating process of dipping a component into a bath of
hypophosphite produces coatings with a surprisingly high wear
and corrosion resistance. Coating thickness is controlled by the
time of immersion; the slow mode having a coating rate of
approximately 1 micrometer per hour while the fast mode has a
coating rate of approximately 10 to 30 micrometers per hour. A
basic problem of electro less coatings is 'edge pull-back' where the
coating detaches from any underlying edge. Edge pullback is
caused by stresses developed in the electro-less coating during its
formation and cannot be completely prevented. Designs of
components for electro-less coatings should avoid sharp edges as
much as possible.

Chromating
Chromating, which is the deposition of a metal chromate

protective layer, is widely used on zinc components for protection
against salt water. The zinc component to be chromated is
immersed in a bath of e.g. lithium chromate, which is maintained at
a low pH of approximately 2. A zinc chromate layer then forms by
anodic dissolution of zinc and the subsequent reaction of the zinc
ions with chromate ions to form zinc chromate. Corrosion
protection is obtained by the inhibition of electrochemical reactions
where oxygen is reduced to the oxide anion. The release of
electrons from the zinc during anodic dissolution is suppressed by
the lack of conversion of oxygen to oxide anions. The conversion
of oxygen to oxide anions would otherwise consume the electrons
released by the ionization of zinc.

Phosphating
Phosphating is an application of passivation reactions that

are found in aqueous corrosion. The substrate is placed in an
aqueous bath of phosphoric acid at ambient temperature or else is
irrigated with a phosphate solution. The latter method is useful for
large structures. Passivation is enhanced by control of acidity to
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ensure extensive deposition of the passivating corrosion products.
The phosphoric acid initially dissolves some of the metal to
generate metal phosphates, this corrosive attack is acceptable
because phosphoric acid is a much weaker acid than hydrochloric
acid. The acidity of the bath is then reduced by adding alkali, this
causes metal phosphate to be precipitated onto the substrate as a
passivating layer. In more advanced treatments, metals other than
that of the substrate are added in a 3 stage process which is listed
below:

Stage 1 Initial acidic attack by phosphoric acid to generate
intermediate phosphates.

Stage 2 Conversion of intermediate phosphates to protective
phosphates by addition of metal salts.

Stage 3 Lowering of acidity to deposit passivating phosphate
layer.

When the substrate is made of steel, the intermediate phosphates
will be iron phosphate (usually ferrous phosphate) because the
substrate is mostly iron. Iron does not generate a useful
passivating layer because instead of iron phosphate, a mixture of
mostly iron oxides, hydroxides and some iron phosphate is formed.
To ensure a better quality of passivation, zinc, manganese and
calcium phosphate coatings are produced. Manganese phosphate
coatings have a further advantage of also being able to function as
solid lubricants. The use of different metals does however add to
the cost of phosphating.

The main benefit of phosphating is as an undercoating to paints
where a synergistic enhancement of corrosion resistance is
obtained. Moisture and oxygen always penetrate paint layers by
diffusion to initiate rust beneath the paint layer, which then
eventually detaches. A phosphate undercoating prevents
formation of rust and ensures continuing adhesion of the paint
layer to the substrate.
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6.4 Plasma and thermal spraying, plasma-transferred arc, the D
gun

Electroplating, chromizing, phosphating etc. are all
specialized techniques that impose severe limitations on the range
of coating materials and on the physical shape and size of the
coated component. Plasma spraying and related techniques are
much more versatile and have allowed the scope of coatings to be
greatly expanded to serve a much wider range of critical
applications.

6.4.1 Plasma and thermal spraying

Plasma spraying and related coating techniques represent a
means of conferring the advantages of liquid state deposition to
high melting point solids. Paints, which are the most common
example of liquid state deposition, enable the transfer of material as
discrete droplets from coating source to substrate. Once the coating
material has reached the substrate, the droplets of coating remain
liquid for a sufficient period of time to merge and form a
continuous surface layer. With plasma spraying, the temperature
of the spray is raised to several thousand degrees Celsius so that
any solid, even the refractory aluminum oxide, is melted and
deposited in a liquid state. The temperature of the electric arc is
sufficient to at least partially convert the carrier gas and the coating
material to a plasma, hence the name plasma spraying. The
required high temperatures are achieved by arranging for a carrier
gas and coating material to pass through an intense electric arc or
an Oxy-acetylene flame. The stream of heated gas or flame of burnt
gas in the case of thermal spraying is directed at a surface to
produce a coating. The molten droplets contained in the spray
impinge against a metal or ceramic substrate before cooling to form
a solid coating on the surface of the substrate. The substrate
absorbs heat from the molten coating material and must be
sufficiently massive to prevent it from becoming very hot. The heat
of the droplets will result in a heat-affected-zone (HAZ) at the
surface of the substrate.
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Plasma spraying can be used to deposit most metals and ceramics
on a substrate, which is often, but not always steel. Thermal
spraying, which requires cheaper equipment than plasma spraying
is effective with most metals but not all ceramics, e.g. aluminum
oxide. This is because the flame temperature is lower than the
plasma temperature. Both these coating methods offer a fast and
convenient means of depositing thick coatings of metals and
ceramics on almost any shape of substrate. Deposition rates in
plasma spraying typically range from 1 to 10 kilograms of coating
per hour, this is approximately 1 mm coating thickness over 1
square metre of coating area. Deposition rates of metals are slightly
faster than deposition rates for ceramics. Plasma spraying offers a
faster coating rate than most other coating techniques.

The principal limitations are that the substrate must have a
moderately high melting point. This excludes polymers and low
melting point metals such as lead from becoming substrates. This
restriction on substrate materials is not of much practical
significance as steels or titanium alloy are the most common
substrates. The range of applications of plasma and thermal
sprayed coatings is very wide, wear-resistant coatings; corrosion-
resistant coatings, thermal barrier coatings and reclamation of worn
or corroded components are the major applications. Reclamation of
damage components involves the spraying of material to restore
the original dimensions of the component. Plasma spraying is
often used to produce aerospace and nuclear power components.
A new application is the spraying of hydroxyapatite onto the stems
of orthopedic endoprostheses (artificial joints’). The
hydroxyapatite is a mineral constituent of bone and the coating
provides a favorable site for bonding between bone and implant. If
there is no coating, bonding is weak because true contact between
bone and metal does not occur; instead a thin necrotic layer
separates the two. The process of plasma spraying is illustrated
schematically in Figure 6.5.

Plasma spraying operates at high energy levels, the power
consumption of a typical coating unit is approximately 50 kW with
an electric current of several hundred amperes flowing in the
plasma arc. The impingement speed or speed at which molten
particles are ejected from the plasma is typically 300 m/s with a
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maximum value of 600 m/s for advanced plasma spraying systems.
These high impingement speeds are intended to ensure that the
molten droplets disintegrate on contact instead of remaining as
discrete droplets, this process is known as splat formation. The
structure of a plasma -sprayed coating can be envisaged as a series
of interlocking splats.

The distance between the plasma spraying unit and the substrate
can be allowed to vary by up to 10 millimeters without significant
effect on the coating quality. Components with a complex shape
can be coated by plasma spraying without the need for precise
tracking of the plasma sprayer around the component. A
significant problem with plasma spraying is the dependence on
powdered coating material. Metal powder is usually more
expensive than monolithic metal and is more difficult to exclude
from contamination. Optimum powder size is approximately 10 to
50 pm and there are major health and combustion risks associated
with metal powders of this size. To control these hazards, plasma
spraying is often performed inside a closed chamber filled with
inert gas. The use of a chamber prevents the escape of any
polluting or toxic debris from the plasma spraying and can be used
to suppress oxidation of the metal powder during plasma spraying.
The hot molten droplets are extremely susceptible to oxidation (if
they are metal droplets) even if conveyed in an inert carrier gas.
Oxide contamination can greatly weaken the sprayed coating as
oxides act as brittle inclusions within the microstructure. The splat
structure of a plasma sprayed coating and the destructive role of
oxide inclusions are illustrated schematically in Figure 6.6.
Adhesion mechanisms between the coating and interface are also
illustrated in Figure 6.6.
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Figure 6.6. Structure of a plasma sprayed film.

The strength of adhesion or bonding between coating and substrate
is critical to the performance of the coating. With plasma spraying,
it is believed that the bonding is obtained from mechanical
interlock and solid-state adhesion between atoms in the coating
and substrate. Mechanical interlock is a physical keying between
an often deliberately roughened substrate and a coating that is in
very close contact with the substrate. Solid-state adhesion involves
either electron transfer between the outermost atoms of the coating
and the substrate or the formation of a much thicker layer of a
compound material. It is modeled that the molten droplets
dissolve or sweep away any oxides and contaminants that cover a
metal surface. The cleaned metal substrate then reacts with the
molten droplets before they solidify.

There are many coating processes related to plasma spraying.
Thermal spraying as previously mentioned, is a very popular
alternative to plasma spraying, as the required equipment is
essentially an upgraded welding torch with an attached powder
feed system. This equipment is many times cheaper than a plasma
spraying system and allows coating to be performed in an
unspecialized workshop. Oxygen and fuel gases such as hydrogen
or propane are used to produce a flame and the flame velocity can
reach approximately 800 m/s in what is termed the High Velocity
Oxy-fuel systems (HVOF). Other variants are a wire-feed plasma
spraying system where metal wire not powder is used as the
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coating material. This avoids the costs and risks of powder but is
not suitable for ceramics as these cannot be formed into a wire.

Plasma and thermal spraying of corrosion resistant metals is found
to be an effective, practical method of protecting steel surfaces from
high temperature gaseous corrosion. A major problem with plasma
and thermal spraying is the porosity of the coatings, which arises
from the 'splat’ mechanism of deposition. After sustained exposure
to e.g. sulfurous boiler gases, it is found that gas has penetrated the
coating to initiate corrosion at the surface of the underlying steel.
Sustained corrosion of the steel then detaches the coating in a
manner analogous to paint blistering caused by aqueous crevice
corrosion

Thermal Barrier Coatings

A very important application of plasma spraying is the
manufacture of Thermal Barrier coatings, which are used to protect
metals from the extreme heat of flames. These coatings are widely
used to protect gas turbine blades and rocket motor nozzles from
burning up during use. A developing application is for a protective
coating on piston heads of internal combustion engines.
Demands for higher power per unit of compression volume
necessitate operation of the piston heads at higher temperatures
where the aluminum alloy used for pistons will fail if unprotected.
A thermal barrier coating deposited on the head of the piston
protects the aluminum substrate against the heat of combustion
during operation of the engine.

Thermal barrier coatings are thick layers of heat resistant inorganic
materials that protect the underlying metal from high temperature
oxidization, sulfidization or chloridization as well as extreme
temperature transients. The thickness of the coating can be as large
as 1 mm. A thermal barrier coating is typically made of a refractory
inorganic oxide since oxides cannot usually be corroded by oxygen.
Other important properties of thermal barrier coatings are
resistance to other chemical reagents, e.g. sulfur and durability
against thermal shock (rapid temperature rises). The most
commonly used oxides for thermal barrier coatings are blends of
zirconia and yttria, which have a low thermal conductivity and a
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coefficient of expansivity that is similar to most metals. The yttria
is present as a minor constituent of concentration 6 to 8%. Thermal
barrier coatings are usually deposited on metal surfaces by plasma
spraying or else by PVD (Physical Vapor Deposition). Other
techniques, e.g. plasma assisted PVD have also been tested for this
application. The thermal barrier coating of zirconia and yttria does
not make direct contact with the underlying metal, instead an
'Oxidation Resistance Bond Coat' (ORBC) is interposed. The ORBC
is required because the zirconia coating would otherwise readily
conduct oxygen to permit oxidization of the substrate metal. A
non-ferrous alloy of nickel, chromium, aluminum and yttrium or
an aluminide are used as the ORBC and in some advanced forms of
coating, a graded composition between the substrate and thermal
barrier coating is developed. The thickness of the ORBC is 100 pm
or more.

A basic problem of plasma sprayed coatings is porosity, which
allows passage of oxygen and causes brittleness. Thermal barrier
coatings usually fail by cracking and spallation after a large number
of thermal cycles (heating and cooling). Cracking can occur within
the coating or between the coating and ORBC due to differences in
thermal expansion or oxidation of the ORBC. Post-treatment of
plasma sprayed coatings with concentrated sources of heat such
electron beams is currently being studied to try and eliminate the
porosity inherent in plasma spraying.

6.4.2 Plasma transferred arc and the D-gun

Thermal and plasma spraying are designed not to melt the
substrate: Where melting of the substrate is desired in order to
achieve a higher adhesion between the substrate and coating, the
Transferred Plasma-Arc process is used. Transferred Plasma-Arc
(PTA) more closely resembles welding than plasma spraying since
the PTA maintains closely proximity to the coating surface unlike
plasma-spraying where a separation of approximately 100
millimeters is typical. The plasma-arc of PTA does not remain
within the coating unit, as is the case for plasma spraying but
instead extends from the coating unit to the substrate. The plasma-
arc between anode and cathode inside the coating remains
important for melting the coating material. Electric charge is
transferred from the coating unit to the substrate by the plasma-arc
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and thus provides the origin of the name of the process. The metal
coating powder is heated until it vaporizes and forms a plasma,
which is then conveyed by the flow of gas to the substrate. A very
rapid condensation of metal plasma to liquid occurs once the metal
plasma reaches the substrate. A melt-pool of coating metal forms
on the surface of the substrate and this melt-pool later solidifies to
form a solid coating. PTA is illustrated schematically in Figure 6.7.

A pool of molten metal is formed at the region where the plasma-
arc reaches the substrate; coating material is fed as molten droplets
into this molten pool. PTA resembles welding more closely than
plasma spraying and while bonding between coating and substrate
is usually excellent with PTA some dilution of the coating by
substrate is inevitable. In applications, where such dilution is
intended, e.g. when producing an alloyed surface layer, the powder
feed rate can be adjusted to obtain the desired alloy composition.

Advantages of PTA compared to plasma spraying include less
stringent restrictions on the average and range of powder size
usable and less electrical power consumption for a given volume of
coating. Coatings up to 6 mm thickness can be deposited in one
pass of the coating unit, the width of material covered in each pass
is only limited by the diameter of the coating unit but in practice is
limited to 30 mm width. Coating deposition rates are typically 10
kg/hour, which is very high, compared to any coating process. A
prime disadvantage of PTA is that only an electrically conductive
substrate can be coated which excludes ceramic coatings. Thermal
distortion and extent of the HAZ (heat affected zone) are also
greater for PTA than plasma spraying.

The D-gun or Detonation-gun is based on a cyclic detonation of
combustible gas in a chamber with an exit directed at the substrate.
During detonation, the substrate is blasted with a hot gas
containing molten droplets of coating. The D-gun process is
illustrated schematically in Figure 6.8.

The D-gun employs the same principle as plasma spraying where
coating material is delivered to the substrate as molten droplets
moving at high speed. The characteristics of combustion, ie. a
maximum adiabatic flame temperature and short duration of the
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maximum flame temperature impose more stringent limitations on
the range of materials that can be deposited than is the case with
plasma spraying. Hard refractory materials are unsuitable for
coating with a D-gun as opposed to a plasma spray because the
lower temperatures of the D-gun and higher impingement velocity
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Figure 6.8. Operating mechanism of the detonation-gun coating system.

(of the coating powder against the substrate ) ensure that hard
particles can erode the substrate. The particles of coating must
deform to a lamellar shape in order to form a coherent strong
coating and this requirement effectively precludes many ceramics
as coating materials. Substrate erosion when using the D-gun is
illustrated schematically in Figure 6.9.

The main advantage of the D-gun is a much lower equipment cost
since an expensive electrical power system is not required as is for
plasma spraying.

6.5 Vacuum-based coating methods

The terrestrial atmosphere, which is so essential for human life,
greatly restricts coating processes. The atmosphere contains
approximately 20% oxygen and 80% nitrogen, both these gases can
react with metals especially when the metals are in particulate form
and at a high temperature. Most coating processes depend on the
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erosion when depositing a hard material using a D-gun.

transfer of coating metal from a source to the substrate where the
coating metal is transferred either as a vapor or plasma or as a
spray of liquid metal particles. If these coating processes are
performed in the open atmosphere, oxygen and nitrogen will react
with the coating metal to form oxides and nitrides unless a
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perfectly inert coating metal is used. It is found that if oxygen and
nitrogen are excluded from a coating site by using vacuum
technology, then a wide range of high quality coatings can be
produced.  Developments in vacuum pumps and vacuum
chambers have converted vacuum-based coating methods from
laboratory curiosities to valuable industrial processes. Vacuum
chambers with a volume of many cubic metres can be rapidly
pumped to pressures of less than 0.1 Pa or less, which is adequate
for most coating processes. A large number of components can be
simultaneously coated in these large vacuum chambers thus
allowing cheap mass-production of coated components.

Vacuum-based coating methods are commonly classified into two
basic categories, which are Physical Vapour Deposition (PVD) and
Chemical Vapour Deposition (CVD). PVD which comprises of
most coating methods apart from CVD, involves the direct transfer
of coating material as a vapour or plasma from the coating source
to the substrate. For CVD, chemical reactions at the surface of the
substrate are a necessary part of the coating process. PVD and
CVD coating technologies are described below.

6.5.1 Vacuum deposition

Vacuum deposition is one of the simplest and oldest
methods of coating in a vacuum. The coating metal is electrically
heated in a crucible until it either melts or otherwise begins to
release large quantities of vapor, i.e. sublime. This vapor then
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spreads to fill the entire vacuum chamber and subsequently be
deposited on the component to be coated and the chamber walls.
Metal coatings are deposited in this manner with no significant
thermal damage to the substrate. The principle of vacuum
deposition is illustrated schematically in Figure 6.10.

The quality of coating produced by vacuum deposition is inferior to
other more modern coating methods. The primary limitation is
that vacuum deposition does not expel contaminants before
deposition, so that coating adhesion is usually poor. The energy
level of the metal vapor is also too low to permit the formation of a
strong microstructure in the coating.

6.5.2 Sputtering

Sputtering and related coating methods discussed below
involve the direct application of electrical energy to enhance the
coating quality. It was discovered in the 19th century that if a low
pressure of gas is maintained in a vacuum chamber, electricity can
be conducted by charged ions of gas between a cathode and anode.
The ionization of gas involves the release of energy as light and
other electromagnetic radiation, which means that the gas glows.
Neon lights depend on this phenomenon for their function. The
optimum gas pressure for electrical conduction is much smaller
than atmospheric pressure to ensure that charged ions are not
impeded by a larger number of uncharged gas molecules. There is
an optimum gas pressure where the minimum voltage for electrical
conduction is less than that required for electrical discharge both in
a perfect vacuum and in open air. Conduction of electricity in the
open air only occurs at much higher voltages than at lower gas
pressures where a high-energy arc of ionized gas forces a path
through the surrounding uncharged gas molecules. This high-
energy arc is difficult to control and is not useful for vacuum-based
coating methods. Mattox and other investigators later found that if
an inert gas such as argon is selected, the plasma of charged argon
ions can be used as a high-energy transfer medium for the coating
material.
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Sputtering is a term used to describe the removal of atoms from a
solid by impingement of high-energy ions found in a gaseous
The gaseous plasma is generated between a cathode and

plasma.
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anode as described above and can dislodge atoms from both the
substrate and a source of coating material. Dislodgement of atoms
from the substrate is used to clean the substrate of contaminants
such as greases and oxides. In most coating operations, sputtering
of the substrate is performed before a coating is deposited to ensure
cleanliness of the substrate. Once coating is initiated, atoms of
coating material dislodged from the substrate diffuse across the
space between substrate and coating source to form a coating on
the surface of the substrate. A fundamental advantage of
sputtering is that no heating of the coating source is required so
that any material can be coated. The energy levels of sputtering are
comparatively low which prevents excessive heating of the
substrate. It is possible to coat thermolabile (heat-sensitive)
polymers on to paper by sputtering.

Sputter coating or sputtering as it is known, is illustrated
schematically in Figure 6.11. In Figure 6.11, an anode, a cathodic
coating source and substrate are shown enclosed in vacuum
chamber filled with low-pressure inert gas, which is usually argon.

Sputtering is in precise terms a form of Physical Vapor Deposition
(PVD) but is usually called sputtering by practitioners. Sputtering
is used to produce reflective gold coatings on polymer structures to
form lightweight optical mirrors. Other applications are the
deposition of corrosion and wear resistant coatings or layers of
metal and insulant in an electronic 'chip'. Sputtering has become an
important industrial coating process that often has no substitute.

The rate of deposition of sputtered coatings is approximately 1 pm
of coating thickness per hour, which precludes coatings thicker
than 10 pm for practical purposes. Most sputtered coatings range
from 0.1 pm to 3um thickness though there are exceptions to this
rule. The microstructure of sputtered coatings is critical to their
function and there is considerable variation in microstructure with
impingement energy of coating material. If there is no extra
voltage imposed between the anode and cathodic substrate, then
the impingement energy of coating material is small because there
is no additional electric potential available to accelerate charged
coating material. When a voltage is imposed between the anode
and the substrate, the impingement energy will increase. This
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voltage is usually referred to as 'bias'. If bias is not used, then most
coatings do not form a continuous layer but are instead composed
of pyramids or cones that cover the surface of the substrate. It is
only when bias is used that the coating is more likely to form a
layer of closely packed crystals. This distinction in coating
structure is shown schematically in Figure 6.12. Heating of the
substrate also prevents pyramids and cones from forming but
defeats the purpose of sputtering, which is to coat at low
temperatures.
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or more
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Figure 6.11 The principle of sputter coating or sputtering.

The pyramid or cone structure is formed because of the lack of
atomic mobility of coating material at low impingement energies.
As can be readily appreciated, the pyramid/cone structure is
mechanically very weak and is rapidly removed by wear. The
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Figure 6.12 Strong and weak microstructures of sputtered coatings.

boundaries between pyramids/cones contain almost no coating;
this facilitates access to the substrate by corrosive agents. Most
commercial coating processes are adjusted to avoid producing
coatings with a pyramid/cone structure. The disadvantage of bias
or high impingement energy is greater process heating of the
substrate which can be heated by 100°C or more, this temperature
rise is however much less than the temperature rise during direct
heating of the substrate to prevent the pyramid/cone structure.
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Under carefully controlled conditions of Direct Current Sputtering
using a Magnetron, amorphous metal coatings can be formed. A
magnetron is a circular ring-shaped magnet that is located between
coating source and coating substrate. It has the function of
trapping electrons which otherwise heat the substrate.
Amorphous chromium-zirconium coatings 1 pm thick can be
deposited on a metal surface to provide protection against very
strong acids such as, 6M hydrochloric acid. Amorphous forms of a
metal are typically much more resistant to corrosion than the
corresponding crystalline form of the metal.

6.5.3 Ion plating and ion-beam assisted deposition

Coating quality is largely controlled by the level of electrical energy
applied to the coating process. In simple terms, the more energy
the coating atoms possess while in transit between the coating
source and substrate, the stronger the adhesion of the coating to the
substrate and the more robust its microstructure. High electrical
energy also has disadvantages such as process heating of the
substrate but these can be controlled to produce a higher quality of
coating than otherwise attainable. In vacuum-based coating,
electrical energy can either be given directly to the plasma between
coating and substrate or a second source of energy can be added to
the system. The direct conferral of high energy to the ions forms
the basis of ion plating while ion-beam assisted deposition involves
a second source of electrical energy.

Ion plating is closely related to sputtering and is often performed
using a common vacuum apparatus. The fundamental differences
between sputtering and ion plating are the use of electrical heating
to melt the source of coating material and a much higher electric
potential between the coating and substrate. Ion plating is also
restricted to metals since most inorganic compounds decompose
during vaporization or are too refractory. Ion plating is formally
known as Plasma-enhanced Physical Vapor Deposition (PEPVD) as
the operating principle is the application of energized plasma to
improve the coating characteristics of vapor deposition. The
operating principle of ion plating is illustrated schematically in
Figure 6.13 where a vacuum system, electrically heated source of
coating metal and substrate are shown.
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Figure 6.13 Principle of ion plating.

A major disadvantage of ion plating is the limited range of
materials that can be selected as either substrate or coating since it
is only possible to coat metal-on-metal by this technique.
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Ion-beam assisted deposition (IBAD) represents an attempt to
combine the flexibility of a low energy coating process such as
sputtering with the improved coating microstructure of higher
energy coating processes. IBAD involves the sputtering or vapor
deposition of a coating while simultaneously bombarding the
coating with high-energy ions. IBAD is illustrated schematically in
Figure 6.14. The purpose of bombardment with high-energy ions of
usually nitrogen at typically 100 kilo-electron-volts is the force the
coating to mix with the substrate and develop a strong
microstructure. The nitrogen ions may react with coating material
or the substrate to form nitrides. Metal nitrides are mostly very
hard substances that can increase the wear resistance of surface and
so are considered desirable additions to a coating. If the coating

material mixes with the substrate during the beginning of coating
then a sharp interface between coating and substrate cannot form;
instead a graded interface will be formed. A sharp interface
between the substrate and the coating sustains a high level of stress
due to epitaxial strains between the differing crystalline structures
of the substrate and coating (epitaxy is discussed in Chapter 3).
The sharp interface usually contains numerous defects such as
voids or trapped contaminants, which form sites for crack
initiation. When a coating is subjected to an external shear stress by
sliding friction, fracture usually occurs at the coating-substrate
interface because of its mechanical weakness. Ion plating also
produces graded interface coatings though by a different means as
discussed above. The distinction between a sharp interface and
graded interface is illustrated schematically in Figure 6.15 for
coatings produced by ion plating.
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Figure 6.14 Mechanism of Ion beam assisted deposition (IBAD) .

The intermediate layer can be thought of as having a concentration
ranging from 100% coating at its outer boundary and 100%
substrate at its inner boundary with intermediate values inside the
layer. For sputtered coatings and vapor deposited coatings the
concentration of coating material declines precipitately from 100%
to 0% across an interface that has a nominal thickness equal to the
size of one atom. A graded interface is thought to confer substantial
mechanical strength to the IBAD coating or ion-plated coating for
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the following reasons. Contaminants are usually removed by the
high-energy bombardment of ions and if traces of contaminants
remain, these do not cause a major loss of mechanical strength.
Epitaxial strains are accommodated over a finite depth of material
instead of being localized at an interface. The inter-metallic
compound formed between coating and substrate is often very
strong and can therefore withstand the interfacial stresses between
coating and substrate.

SPUTTERED COATING

Discrete coating,
1o mixing with
substrate

ION-PLATED COATING

Guter layer of coating
metal

Mixed layer of coating
metal and substrate

Diffuse interface between coating
and substrate ensures strong
mutual bonding

Figure 6.15 Formation of intermediate layer between substrate and coating by
ion plating.

It was found during wear tests on steel wires, that ion-plated layers
of chromium and other metals survived long periods of wear
whereas sputtered layers of the same metals were quickly removed
by interfacial fracture of the coating.

The level of process heating in ion plating can be high enough to
completely alter the microstructure of the coated component. For
example, during attempts to ion-plate steel wires with chromium
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and zirconium for wear resistance, the wires were observed to glow
red-hot. The hardness of the wires declined from an initial value of
490 Vickers to 230 Vickers after ion plating. The original work
hardened microstructure of the wire had been destroyed by process
heating. Similar problems may occur with IBAD.

In most applications of ion plating an inert gas such as argon is
used to generate a plasma, but it is also possible to use a reactive
gas such as nitrogen and so deposit nitrides instead of a metal
coating. This process is known as reactive ion plating and provides
a useful extension to the scope of ion plating.

6.5.4 Chemical Vapour Deposition (CVD) and Plasma Enhanced
CVD

Chemical Vapor Deposition (CVD) and its derivative
process, Plasma Enhanced Chemical Vapor Deposition (PECVD)
utilize the catalytic effect of a material during chemical reactions in
a gas. The surface of a solid provides a fixed site for several
molecules to be adsorbed and then react whereas in the gas, only
momentary collisions between two molecules are statistically
probable. If the reaction product is a solid then a coating can be
formed or. the surface of the material. CVD and PECVD involve
the preparation of a chemically unstable mixture of gases, which
are heated to high temperature and then passed over the
component to be coated. A coating is then formed by reaction
between the various components of the gas mixture; the substrate is
usually never consumed or converted during these chemical
reactions. A disadvantage of the CVD process is that it functions at
temperatures ranging from 800°C to 2000°C which causes many
materials to either melt or sustain microstructural damage, e.g.
grain growth or phase decomposition. The critical advantage of
PECVD is the ability to coat at much lower temperatures of less
than 500°C. PECVD coatings, but not CVD coatings can be
deposited on steel components with an acceptable level of
microstructure damage by process heating.

The CVD process is illustrated schematically in Figure 6.16, which
shows a vacuum chamber containing the coating gas mixture,
which is passed over the heated substrate. Coating formation



DISCRETE COATINGS 249

occurs inside a boundary layer of reacting gases, which covers the

substrate.
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Figure 6.16. Operating principle of Chemical Vapor Deposition (CVD).
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PECVD can be performed in a modified CVD apparatus, which
includes a power supply, cathode and anode to generate plasma.
Plasma is generated between two parallel cathodes and anodes,
coating occurs inside this plasma where the substrate is located.
Heaters are necessary for the PECVD process but the required
temperature is much lower so the technical sophistication of the
heating system and chamber insulation is lesser than for CVD.
The PECVD process is illustrated schematically in Figure 6.17.
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CVD relies on hig
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Figure 6.17 The operating principle of Plasma Enhanced Chemical Vapor
Deposition (PECVD).
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A significant advantage of CVD and PECVD over PVD is a much
higher deposition rate, which allows thick coatings to be developed
in a reasonable time. As discussed above, PVD coatings are
effectively limited to a few micrometers which is unacceptably thin
for many applications, e.g. abrasive wear and high temperature
corrosion. It is also possible to generate components by CVD
where a material is not amenable to conventional techniques such
as casting or rolling. For example, tungsten tubes can be formed by
deposition from tungsten hexafluoride on to a cylindrical former,
which is later removed. The tube thickness is approximately 1 mm,
which is 100 times larger than the maximum thickness that can be
reasonably deposited by PVD, i.e. 10 pm. PVD film thickness
greater than 10 pm require impracticably long coating times of
more than 1 working day

PVD and CVD can be used on the same substrate to produce a
multi-layered coating where CVD is often used to produce the
thicker coating or coatings. Multi-layered coatings are becoming
more widely adopted with improvements in the handling
technology to transfer substrates from different coating units, from
e.g. a CVD unit to a PVD unit inside the same vacuum system.
Multi-layered coatings based entirely on PVD coatings are also
possible.

6.5.5 Arc Evaporation

Arc Evaporation shares a common principle with Vacuum
Evaporation that coating metal is transferred from source to
substrate as a vapor cloud. The difference between Arc
Evaporation and Vacuum Evaporation is that electrical discharge,
i.e. an arc, is used to evaporate the metal instead of using heat. A
major advantage of Arc Evaporation is that the electrical discharge
not only heats the coating metal but also ionizes the metal vapor
produced. When the coating metal is vapor is ionized and
therefore converted to plasma, it is found that the quality of coating
is greatly improved. A dense uniform coating is produced without
the undesirable columnar structure that is a problem with
sputtering (discussed above). It is believed that the higher energy
of metal ions as opposed to vaporized atoms momentarily confers
sufficient mobility to coating atoms so that the crystal structure of
the coating can grow laterally to cover the whole substrate. A lack
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of lateral crystal growth predisposes a coating material to produce
a columnar structure. An arc evaporation system is shown
schematically in Figure 6.18.

ARC SPRAYING

Vacuum chamber

Component
to be coated

lwaste fases
Cathode I Vacuum pump |

MECHANISM OF ARC GENERATION

Impingement of cations
on cathode release energy Anode
(passive

lectrode)

Release o
of electrons, ions
...... = and molten metal

Path of ions and molten
metal to coating site

Hot spot on metal surface
formed by cation impact

Figure 6.18 Principle of operation of an arc evaporation system.

An electrical discharge is obtained by imposing a cathodic polarity
on the coating material, which is in the form of a disc while an
anode is built into the surrounding apparatus. Careful cooling by
water jackets of both the anode and cathode (coating material) is
necessary to prevent bulk melting of either. The substrate is
presented in front of the cathode to receive the ionized flux of metal
ions. A major problem with arc evaporation that has still not been
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effectively controlled is the release of droplets of liquid coating
metal. These droplets may only be a few micrometers in diameter
but they are sufficiently large to form large protuberances on the
substrate surface when they cool and solidify. A coating should
ideally be smooth and of uniform thickness so that these
protuberances degrade the coating. This problem is illustrated
schematically in Figure 6.19.

Lumps of coating metal caused by release of particles of
liquid metal from cathode

Desired
coating formed
from ions of
coating metal

Structural weakness and
non-uniformity in coating

Figure 6.19 Degradation of arc evaporation coatings by uncontrolled formation
of lumps inside the coating.

It is believed that non-uniform electric discharge causes what are
termed 'active spots' to form on the coating source. These 'active
spots' are areas of abnormally hot molten metal. It is believed that
recoil or bouncing of electrical arc from one part of the coating
source to another can create regions of abnormally intense electron
bombardment on the surface of the coating source. When the
intensity of electron bombardment exceeds a critical level, particles
of molten metal are ejected from the coating source as well as
individual atoms and ions.

The critical advantage of Arc Evaporation over Physical Vapor
Deposition (PVD, i.e. sputtering or ion-plating) is a much higher
coating rate combined with a tendency to produce dense coatings.
Many engineering applications of coatings, such as wear or
corrosion resistance require a coating thickness of several
micrometers. Many hours are required by PVD to reach such a
thickness and so PVD is not normally used to produce coatings
thicker than approximately 1 pm. Arc Evaporation has the
economic advantage of faster component processing since coatings
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of more than 1 pm thickness can be obtained in less than 10
minutes of processing. Coating quality is lower than PVD coatings
for the reasons described above and process equipment requires
careful shielding to prevent leakage of electromagnetic radiation to
the external environment. Emission of intense light and ultra-violet
rays (which are a form of electromagnetic radiation) and disruption
to radio transmission by electrical noise from the arc are two major
problems that have to be addressed in the design or installation of
Arc Evaporation systems.

6.6 Friction surfacing, weld overlays and explosive bonding

Friction surfacing, weld overlays and explosive bonding
share the characteristic of being suitable for the rapid deposition of
thick metallic layers on metals. In theory it may also be possible to
apply these techniques to other hard refractory substances, e.g.
ceramics but this does not appear to have been investigated yet.
The processes involved in these three coating methods are however
distinct and are suitable for different applications.

Friction surfacing

Friction surfacing is an adaptation of friction welding where
the consumable does not stop rotating nor remain in the same
location on the substrate. Instead after the initial heating period,
the consumable continues to rotate while being simultaneously
drawn across the substrate to deposit a thick layer of metal on the
substrate. Friction surfacing can be considered as deliberately
engineered severe wear in which relative deposition between the
two contacting bodies is only possible by the continuous deposition
of a massive transfer layer. The process of friction surfacing is
illustrated schematically in Figure 6.20.

During coating, the bulk of the consumable is separated from the
substrate by an intermediate layer of hot and continuously
deforming consumable. This intermediate layer appears to
undergo a cyclic process of formation and sudden release to the
substrate to create a coating, which resembles a stack of cards that
is tipped over on side. Adhesion between these lamella or 'cards’ is
however high thus allowing the formation of a coherent strong
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Figure 6.20 Mechanism of friction surfacing.

coating. The microstructure of the coating is characteristic of hot
forging above the recrystallization temperature of the material and
is therefore considered superior to weld overlays with their as-cast
microstructure and solidification cracks. Friction surfacing occurs
at a lower temperature than fusion welding; because of this lower
temperature, there is virtually no Heat Affected Zone beneath the
coating. Friction surfacing produces coatings that are typically 1 or
2 mm thick and thicker coatings can be produced by multi-layer
surfacing, i.e. repeated friction surfacing over the same area.

Since friction surfacing is effectively a solid-state welding process,
metals, which are non-wetting or insoluble in the liquid state, can
be joined together. Aluminum coatings on steel or vice versa, steel
coatings on aluminum are a basic example of this aspect of the
process. Not all metal combinations are however possible as high
thermal conductivity and resistance to adhesive wear suppress
friction surfacing. For this reason, brass is difficult to deposit by
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friction surfacing and aluminum can only be deposited by applying
a very high stress on the consumable. This results in a rapid
downwards-vertical movement on the consumable, thus
preventing the upward movement of heat in spite of the high
thermal conductivity of aluminum. The thermal conductivity of
brass is also high and it has good resistance to adhesive wear so
that it is unsuitable for friction surfacing. For reasons not perfectly
understood, some metals do not form a substantial intermediate
layer between the consumable and substrate. The contacting end of
the consumable therefore becomes plastically deformed to form a
sleeve surrounding the unused consumable. A further problem
that is common to all material combinations is the porosity in the
boundaries between strips of coating formed by successive passes
of the consumable. Porosity can be suppressed but not eliminated
by ensuring overlap between adjacent passes of the consumable on
the substrate. These problems with friction surfacing are illustrated
schematically in Figure 6.21.

HIGH THERMAL

CONDUCTIVITY OF
CONSUMABLE REVERSE FLOW OF CONSUMABLE

Efficient axial
low of frictional
heat prevents localised
high temperatures
at substrate surface

Consumable

Frictional heat
source

Figure 6.21 Problems associated with friction surfacing: thermal conductivity,
wear resistance and consumable return.

Friction surfacing is also limited to planar surfaces or surfaces with
uniform curvature, e.g. cylinders as more complex surface
geometry hinders physical contact between consumable and
substrate. It is however possible to perform friction surfacing on
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an inclined surface, provided that the consumable moves across the
slope (not up and down).

It is probable that many of these problems with friction surfacing
will remain for the foreseeable future as most research appears to
be directed to optimizing and commercializing proven material
combinations such as the deposition of hard metals on steel.

Weld Overlays
Weld overlays represent a simple extension from joining by

welds as the same technology can be used. A coating is formed by
depositing weld material onto a surface in a series of adjacent
contacting strips. Thick coatings can be formed by successive
overlays of welds. The coating process can be performed manually
or by automatically by a robotic welding system for mass
production. Very thick coatings can be produced but with the
limitations of a possibly brittle cast microstructure and a deep Heat
Affected Zone. Operator discomfort for manually produced weld
overlays is also considerable as long periods of exposure to welding
vapors and molten metal splatter are entailed.

Explosive Cladding
Explosive cladding is possibly the most direct form of deposition in

that the barriers to adhesion between coating and substrate are
overwhelmed by the application of a large amount of mechanical
energy. A flat sheet of cladding material is placed on top of the slab
of material to be clad. A wedge is placed between the slabs and
cladding material at one end of the slab while a quantity of
explosive is located at the other end of the slab. Cladding is
performed by igniting the explosive to abruptly force the sheet into
adhesive contact with the slab. High-speed camera recordings
reveal that during the blast of the explosive, a localized linear zone
of flexion moves from the site of the explosive towards the wedge.
Adhesive contact between cladding sheet and substrate is
developed by movement of a front situated at the line where the
cladding sheet is forced to flex. For the brief moment of the
explosion, there is sufficient energy for metal and oxides to be
molten at the front where cladding and substrate first make contact.
It is believed that a gaseous plasma forms at this front to exclude
atmospheric oxygen and allow adhesive bonding between the
cladding and substrate. Extensive plastic deformation often causes
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the interface between bonded cladding and substrate to be rippled
or assume a saw-tooth profile. A Abnormal phases of materials have
been observed at the coating-substrate interface due to the severe
plastic deformation and sudden heating that occurs during
cladding.

The method of explosive cladding and the mechanism of adhesion
between cladding and sheet are illustrated below in Figure 6.22.
METHOD OF EXPLOSIVE CLADDING .

Initial set-up
Coating (cladding ) material

EX’Q:G /present in sheet-form

Temporary
support

/

DEFORMATION OF CLADDING
DURING EXPLOSION
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gases Zone of localised plastic deformation

- moves with expansion of exploding
oo~ gases
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ultra-rapid piastic
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STRUCTURE OF COATING

Waved interface formed by
intense plastic deformation
and transient heating

Sharp boundary with aimost
no mixing nor heat affected
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urface of substrate

/

Expulsion of surface oxides and other
contaminants during explosion ensures
strong interfacial bonding

Figure 6.22. The method of explosive cladding and mechanism of bonding
between coating and substrate.

Similar metals, e.g. aluminum and aluminum alloy or dissimilar
metals can be coated by this method which is most suitable for the
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rapid deposition of large areas, e.g., 1 square metre, with several
mm thickness of coating. It is possible to deposit metallic coatings
where plasma or thermal spraying only form porous weak layers
and where weld overlays entail the formation of brittle inter-
metallic compounds between coating material and substrate. A
recent example is the deposition of 1 mm thick sheets of NiTi on
structural steel for the manufacture of turbine impellers with
resistance to cavitational wear. In this application, the lack of
fusion during coating ensured that the required stoichiometry of
NiTi was maintained and the lack of porosity in the coating
conferred  enhanced resistance to  cavitational = wear.
Disadvantages include, hazards to factory personnel and
neighborhood if the quantity of explosive used is underestimated,
difficulty in coating substrates with complex form, limitation of
cladding materials to ductile metals, minimum thickness or
strength for the substrate.

6.7 Advanced coating techniques
6.7.1 Diamond like carbon

Diamond Like Carbon is a term used to describe hard carbon films,
which are mostly metastable amorphous materials but can include
a microcrystalline phase. DLC films can be obtained by using a
variety of methods such as RF/DC plasma-assisted chemical
vapour deposition (CVD), Arc evaporation, and ion beam
deposition from a variety of solid or gaseous source materials. DLC
films possess very high hardness generally in the range of 2000-
5000kg/ mm? and a low friction coefficient. The applications of DLC
coatings extend from simple mechanical part to optical, or
electronic components. The use of DLC is especially attractive in
applications where it is required that the thickness of the protective
film be less than 50nm, as in the case of magnetic recording media.
One such application is in computer fixed disks, where the trend
towards higher storage density and miniaturization of size has led
to the requirement of very low flying heights between a disk and a
recording head. The stringent requirements of ultra thin films with
wear-resistant properties can be met by the deposition of hard
amorphous carbon at low substrate temperature and by increasing
high adhesion to head materials. The properties of the films

primarily depend on the source gas and processing conditions.
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6.7.2 Electron beam assisted physical vapor deposition

Electron beam assisted physical vapor deposition is a materials
coatings technology whereby a coating (metal, alloy, or ceramic) is
melted, vaporized in a vacuum, and then deposited on a
component or part requiring the surface properties inherent in the
coating. The principle is similar to physical vapor deposition except
that an electron gun is used to cause localized melting and
vaporization of the target material. The substrate to be coated is
held horizontally on a fixture and the coating is obtained by
vaporizing the metal/ ceramic to be coated while the fixture is
rotated at a constant speed. A strong mechanical bond, uniform
microstructure, and relatively high deposition rates make it an
attractive and versatile coating process. Since it is performed in a
vacuum, it is an environmentally friendly technology, suitable as a
replacement for other coating processes in many applications. This
process can easily obtain coating thickness in the order of few
microns and materials, which are difficult to coat using PVD and
that, require CVD techniques can be coated with this technique.

6.7.3 Electrostatically assisted combustion chemical vapor
deposition

Another new method recently developed is Electrostatic assisted
Combustion Chemical Vapor Deposition (CCVD). The process
involves spraying atomized precursor droplets across an electric
field where the droplets undergo combustion and chemical reaction
in the vapor phase near the vicinity of the heated substrate. This
produces a stable solid film with excellent adhesion onto a
substrate in a single production run. This process is capable of
producing thin or thick strongly adherent coating with controllable
stoichiometry, crystallinity and texture. This technique has already
been applied to the deposition of simple {e.g Al203, SiO2 , SnO2 },
multi-component oxides {e.g La(Sr)MnO3 , BaTiO3 , PbTiO3, PZT}
and doped oxides {e.g Y203 - ZrO2 (YSZ), SnO2 - In203}, as well as
polymer films (e.g polyvinylidene fluoride).
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6.8 Summary

Discrete coatings can be made of almost any material and
can be deposited in a variety of ways. By quantity, the most
important method is painting which generates corrosion resistant
coatings. Advanced coating methods, which permit coatings for
special applications, e.g. extreme wear resistance or very high
temperatures, are usually but not always performed in a vacuum.
The use of a vacuum enables metal deposition to proceed without
oxidation, which would otherwise disrupt the coating process.
Coating under a vacuum or inert gas atmosphere can be slow or
rapid, depending on the coating process and coating material.
High-energy deposition using a plasma is also a very important
means of deposition. Oxidation during coating deposition is
prevented by excluding the air from the substrate with a flow of
non-oxidizing plasma and vapor. Coating methods based on
direct physical contact are also gaining popularity. An important
method is friction surfacing where frictional heating and extreme
wear generate clean metal surfaces for coating. Explosive bonding
functions by a similar principle of direct metal-to-metal contact.
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CHAPTER 7

INTEGRAL COATINGS AND MODIFIED SURFACE
LAYERS

7.1 Introduction

Integral coatings are coatings, which have no distinguishable
boundary with the substrate. Instead there is a continuous gradient
in concentration from purely substrate material to pure coating
material. This continuous variation as opposed to a sharp
boundary is associated with strong bonding of the coating to the
substrate and the coating is considered to be completely integrated
with the substrate. Modified surface layers contain substrate
material which has either had its composition, microstructure or
residual stress profile altered to improve the properties of the
surface, e.g. hardness and corrosion resistance. There are several
methods of manufacturing integral coatings and modified surface
layers. These are listed schematically in Figure 7.1.

263
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Figure 7.1 The basic categories of integral coatings and modified surface layers.

Disparate techniques involving localized and concentrated sources
of heat, mechanical bombardment, controlled inter-metallic
corrosion (galvanization), and solid state diffusion are used to form
a wide variety of integral coatings and modified surface layers.

The boundary between a coating and its substrate is often the
greatest source of weakness for a coating. Coating failure
mechanisms such as mechanical de-bonding and flaking are
usually located at this boundary. One means of preventing such
failure of the interface between coating and substrate is to create a
diffuse interface where a distinct boundary is absent. This is the
common characteristic of integral coatings and modified surface
layers. The diffuse boundary not only implies a graded variation
in composition from coating to substrate but also a smooth
transition between the hardness of the coating and the hardness of
the substrate. The hardnesses of coatings and substrates are
usually different and high mechanical stresses can be generated if
the hardness transition is abrupt. Integral coatings are often
stronger than the corresponding discrete coating of identical
chemical composition because of the lack of acute stress gradient at
the substrate-coating boundary. The strength of an integral coating
is also less sensitive to voids and inclusions than the equivalent
discrete coating because voids or inclusions cannot initiate the
peeling of an integral coating. The differences in hardness profile
and failure mechanisms between integral and discrete coatings are
illustrated schematically in Figure 7.2.



INTEGRAL COATINGS AND MODIFIED SURFACE LAYERS 265

DISCRETE COATING INTEGRAL COATING
Transition layer

Coagting

]
Residugl changes
in microstucture

Hardness

Stress concentration
site

Alternative
hardness
profile

i
0
I
I
I
1

Hard Coatings

Soft Coatings

Depth

STRENGTH MECHANISM OF INTEGRAL COATINGS

" Discrete coating

oid at weak interface

etween coating and

Figure 7.2. Comparison of hardness profiles and failure mechanisms for integral
and discrete coatings.

It is not always necessary to deposit a completely different material
on a substrate in order to improve the properties of the substrate.
For example, wear resistance can be improved simply by altering
the microstructure of a surface layer. It is now possible, using high-
energy ionic bombardment, to create a surface alloyed layer on the
substrate by what is termed implantation of ions into the crystal
lattice of the substrate. Modified surface layers can be engineered
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to retain the advantageous material properties of the substrate
while suppressing its undesirable properties. Questions, such as:
What are integral coatings and modified surface layers? What is
their range of applications? When are they superior to discrete
coatings? These are all relevant to surface engineering.

7.2 Thermally or mechanically modified surface layers

One of the simplest means of producing a modified surface
layer is to heat the substrate for a short period of time. Thermal
changes to the microstructure will almost certainly result and some
of these may be beneficial. Other changes such as shrinkage
cracking and quench cracking are of course undesirable and ideally
must be excluded from the coating/sur