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ABSTRACT

The purpose of this work was to study the dry sliding wear properties of aluminum
matrix composites A356Al1-SiC, 6061Al-ALO,, 2014A1-SiC, with 0-20 pet. volume
fraction reinforcement. Experiments were performed within a load raage ot 1 to 450 N
and a sliding velocity range of 0.1 to 5.0 m/s. Two types of counterface materials namely
SAE52100 bearing steel and mullite, were used. Three different wear mte regimes were
observed in the composites. These were: (i) regime 1 (ultra mild wear regime), which
occurred at low loads and low sliding velocities, where ceramic particles acted as load
bearing elements. In this region increasing the particle size and volume fraction of
particles improved the wear resistance of the composites. (if) In regime 1l (mild wear
regime) that covered mid-range loads, there was no significant difference between the
wear rates of the unreinforced and the reinforced alloys. In this regime, particles at the
contact surfaces fractured and shear forces were transmitted to the aluminum matrix. Wear
proceeded by a subsurface delamination process. In addition to promoting subsurface
cracking, particles also caused the abrasion of the aluminum matrix. (iii} The transition
from regime I (mild wear) to regime I (severe wear) occurred at higher loads andfor
higher sliding velocities when the contact surface temperature exceeded a critical value.
The transition loads and temperatures were higher in the composites compared to the
unreinforced Al alloys. Increasing particle size improves the wear resistance in regime |
and delays transition to regime II. However there is no obvious difference in the wear

resistances of the composites reinforced with different particle sizes in regime II and

e



regime III. Increasing the volume percent of particles delays the transitions between
regime I and regime 11 as well as between regime II between III. Subjecting the materials
to wear against a mullite counterface, which has a smaller thermal conductivity than a
counterface made of steel, led to the occurrence of severe wear at lower loads. Different
types of wear maps, including wear regime maps, wear rate maps, wear temperature maps
and wear mechanism maps, have been constructed by considering the applied mechanical
parameters such as the load and the sliding velocity. These maps provide a convenient

way to summarize wear rate controlling mechanisms in metal matrix composites.

To study the plastic deformation and damage accumulation below the contact
surfaces, new metallographic techniques have been developed and used to determine the
magnitude of the shear strains and the microhardness gradients in near surface regions.
Under dry sliding wear conditions, both the magnitude of plastic strains and the depth of
heavily deformed zones increased with sliding distance and applied load. The flow stress
and the plastic strains in the deformed zones are shown to obey a Voce type work
hardening law. A model based on the hypothesis that delamination cracks leading to the
generation of wear debris are formed by the coalescence of voids at a critical depth below
the worn surfaces has been proposed. It is shown that the critical depth for maximum rate
of damage accumulation is determined by a competition between the plastic strain which

enhances void growth and the hydrostatic pressure which suppresses it.
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CHAPTER I INTRODUCTION

Metal matrix composites (MMCs) combine a number of attractive mechanical and
physical properties and are rapidly becoming viable alternatives to conventional structural
materials. These materials have a metallic matrix, usvally an aluminium or magnesium
alloy. in which strengthening phases in the form of fibers, particles, or whiskers are
dispersed. The attractive physical and mechanical propertics that can be obtained with
metal matrix composites, such as high specific modulus, strength, and thermal stability
have been documented extensively '), MMCs combine high strength and high modulus,
with acceptable levels of ductility and toughness. It has been estimated that, in aerospace
applications, for cxample, weight savings of greater than 40% are possible through the use
of MMCs in lieu of high-strength aluminum or titanium alloys ®l. The weight savings are
due to not only a reduction in the density of the alloys but also an increase in their elastic
modulus. For example, a 50% increase in modulus, is achieved by substituting an
unreinforced wrought Al alloy with 20% silicon carbide particulate ©l, which resulted in
a 10% weight reduction. In the automotive industry, the unique properties of MMCs have
led automotive engineers to identify a number of applications for. these materials, such as
drive shafts and connecting rods where elastic modulus and tensile strength are important,
or brake rotors, cam shafts, valve trains, cylinder liners and piston rings where good
friction and wear performances are required - °.. Other potential applications are also
under consideration. These include brake calipers, pump housings, gears, valves, brackets,

pulleys, electronic packaging applications, turbocharger and supercharger compressors, and



suspension components -,

Another pereeived attractive feature of MMCs. as compared to the unreinforeed
monolithic alloys. is their better wear resistance and this has drawn widespread attention
recently. However. the study of triction and wear phenomena between two sliding solids
is verv complicated. This is because friction and wear characteristics are not intrinsic
material properties (unlike tensile strength or Young's modulus) but they are the result
of the interactions of complex surface cffects, environment and applicd mechanicat
factors. Coefficients of friction and wear resistance are also known to vary with the
geometric configuration of the tribological system. Any change in load. speed, or
environmental conditions may cause catastrophic changes in the wear rate of onc or both
of the surfaces in contact ¥, Furthermore, in a single wear test several wear
mechanisms can operate in concert and the stress-strain ficlds under the contact surface
may be very complex. All these factors have not only made rationalization of the process
of debris formation and modelling of wear performance of MMCs extremely challenging

but also the comparison of experimental results obtained by different investigators very

difficult.

The objective of the study is to develop new methods to investigate the dry sliding
wear behavior of aluminium alloys reinforced by SiC and ALO; particles and to
understand the sliding wear mechanisms in these materials. This is achieved by studying

the effects of applied mechanical factors such as the load, sliding velocity, temperature,



and counterface materials. The effect of microstructural factors ¢.g. particulate size and
volume fraction were also systematically studied. The stress and strain gradients generated
during sliding wear were measured using metallographic techniques specially developed
for this purpose. Material characterization techniques such as scanning electron
microscopy and x-ray diffractometery have been extensively used to delincate the wear
mechanisms operating under various conditions. Results were organized in the form of
wear mechanism maps and certain important types of wear, in particular delamination
wear, were modelled by considering the damage accumulation processes beneath the

contact surface.

Three types of particulate reinforced aluminum alloy muatrix composites were
studied in this work as model materials. These were: (I) a cast A356 (Al-7%S1) alloy
reinforced with 0, 10, 15 and 20 vol% SiC particles. The main reason for choosing A356
aluminum alloy based composites was because of their widespread use in internal
combustion cngine applications since these alloys have excellent castability; (ii) a wrought
6061 (Al-Mg-Si) alloy reinforced with 0, 10 and 20 vol% Al,O, particles; (iii) a wrought

2124 (Al-Cu-Mg) alloy reinforced with (0 and 20 vol%) SiC particles.

This thesis is divided into 6 chapters. In Chapter II, basic aspects of wear
phenomena in metallic systems are given and previous work done on the dry sliding wear
of metal matrix composites is reviewed. Chapter III describes the details of the

experimental methods used. The results are presented in Chapter IV. Chapter V contains



the discussions. In this chapter the classi fication of the wear behaviour of MMCs of three
wear regimes is introduced for the tirst time. The main tactors which influence the wear
transitions, such as sliding velocity, surtace temperature, reinforcement particulate size,
volume fraction, counterface materials and testing history are discussed. Wear mechanism
maps arc also presented as a usetul method to present wear resistance data, A new
approach to modelling of the delamination wear is developed by considering the plastic
deformation and damage accumulation processes below the worn surfaces. Finally,

Chapter VI gives the conclusions of the work.



CHAPTER II LITERATURE REVIEW

The objective of this chapter is to provide a critical review of the results obtained
from prior investigations of wear. The chapter starts with a general description of the wear
mechanisms and wear types, and then focusses on the wear behaviour of materials in dry
sliding condition. Current knowledge on the stress-strain states beneath the contact
surfaces are also reviewed. Finally, studies performed on the wear of Metal Matrix

Composites are summarized.

2.1. GENERAL CLASSIFICATION OF WEAR TYPES

Wear can be defined as the progressive loss of material from the surfaces in
contact as a result of relative motion at the surfaces ). Wear usually proceeds by
disintegration of the material in the immediate vicinity of the surface. In an attempt to
classify various forms of wear, a large number of terms related to describing the features
of worn surfaces and wear modes have been proposed !'*?'. The wear types observed in
industrial practice can be broadly classified as follows

1. Abrasive Wear

2

. Sliding Wear

3. Rolling Contact Wear

L

. Fretting Wear

s

. Erosive Wear

[=,%

. Corrosive Wear



2.1.1. Abrasive Wear

Abrasive wear occurs when a sharp particle or asperity penetrates i sotler surtace
and ploughs that surface or cuts a chip. The term abrasive wear covers two types of
situations, known respectively, 1) as two-body abrasion and i) three-body abrasion. In
two-body abrasion a rough hard surface slides against a refatively soft opposing surfuce,
whereas in three-body abrasion rough hard particles trapped between the two sliding
surfaces cause one or both of them to be abraded ) Literature on abrasive wear is
exhaustive. A detailed quantitative description of abrasive wear was lirst developed by

Rabinowicz ™! and materials aspects of abrasive wear are recently reviewed by Zum Gahr

21

2.1.2. Sliding Wear

Sliding wear is defined as a motion of two relatively moving bodics. in which
their surface velocities (magnitude and/or direction) in the common contact area are
different P, Accordingly, sliding wear refers to a type of wear gencrated by pure sliding
without rolling or spinning. It can be further divided into two types !'****: (a). Mild
Wear: which usually occurs at low loads and sliding velocities and (b). Scvere Wear:
which is promoted by high contact temperatures, loads and velocities. Sliding wear is
usually thought to involve debris formation mechanisms such as adhesion, dclamination,
fatigue and oxidation ' 272, According to the carlier theorics of adhesion ™!, when
asperities come into contact, they adhere strongly to cach other and form asperity

junctions. Subsequent separation of the surfaces occurs in the bulk of the softer asperities,



which adhere to the harder surface *¥, Whenever material is removed from the original
surface in this way, an adhesive wear fragment is created. Adhesion is favoured by ¢lean
surfaces, non-oxidising conditions, and by chemical and structural similarities between the
sliding couple P, However it is difficult to prove asperity fracture phenomena by
metallographic and other surface characterization techniques. It is increasingly becoming
clear that adhesion may not be a mechanism itself but a result of severe localized surface
deformation. The intensity of deformation and the nature of stress-strain distribution near
the contact surfaces may determine the debris formation mechanisms. These may include
(i) brittle fracture by inter- or intra-grain crack propagation in ceramics P %, (ii)
delamination in ductile materials for which a subsurface crack growth as a result of a void
nucleation and propagation (e.g. around second phase particles and precipitates) may lead
to the formation of plate-like flaky debris particles ], (iii) fatigue where local cyclic
plastic deformation at the crack tip (possibly mode II, shear type) may lead to crack

growth again resulting in flaky debris particles P,

2.1.3. Rolling Contact Wear

Rolling Contact Wear is also referred to as Surface Fatigue Wear . During the
contact, the surface is deformed elastically but a local plastic deformation zone surrounded
by clastic material could be formed near the surface. Microcracks may form, grow, and
coalesce forming wear particles by cyclic loading and unloading. This type of wear is
encountered commonly in railway tracks and is usually modelled by finite element

analyses 1*7,



2.1.4. Fretting Wear

Fretting wear occurs when contacting surtaces undergo oscillatory tangential
displacement of small amplitude. This type of wear occurs as a result of interaction of
several operating processes. These processes include the removal of metal particles from
the surface in a finely divided form by a mechanical grinding action, or as a result of

disruption of oxide films on the surface, and the abrasive action of oxide debris .

2.1.5. Erosive Wear

Erosive wear by solid particle impingement ariscs from the impact of hard abrasive
particles on a target surface. Erosion is a complex phenomenon that is atfected by many
variables including the size, shape, hardness, flow rate, velocity and impingement angle
of the erosive particles, and is believed to occur by a combination of cutting (or abrasion)

and deformation U7,

2.1.6. Corrosive Wear

During corrosive wear (oxidation wear " **l) films formed by reaction with the
environment or the lubricant are removed by sliding. When rubbing takes place in a
corrosive environment, then surface reactions can take place and reaction products can be
formed on one or both surfaces. These reaction products can be removed by rubbing, and
the cycle of reaction and removal can be repeated alternatingly. Theories of corrosive
wear can be quite complex. The most common corrosive medium is the oxygen content

of air. The effects of oxidation depend not only on the oxidation rate, but also on the



mechanical propertics of both the oxide and the substrate, and the adhesion of the oxide

to the substrate ¥,

2.2. SLIDING WEAR
2.2.1. ARCHARD WEAR EQUATION

In dry sliding wear, it is often found that the wear rate changes with sliding
distance during the carly stages of sliding due to the changes in the condition and
structure of the surface layers. However, after an initial period of running, three basic
types of wear have been observed. (figure 1 I'*243%41 Type A curve: In this type of
wear, the wear rate depends linearly on the sliding distance. This could be mild or severe
wear. Type B curve: Initially the wear rate is high so that the surfaces and debris appear
to be metallic. The curve shows a transitional behavior and the wear rate reduces to a
lower steady value for the remainder of the test. Type C curve also shows a transitional
behavior but in this case severe wear follows mild wear.

Archard ¥ first derived a theoretical expression (Linear Wear Law or Archard

Equation) which predicts the rate of sliding wear W (=V/S)

V_
3 =k (2.1)

il

Where V is the wear volume, S is the sliding distance, P is the applied normal load, H
is the bulk hardness of the material subjected to wear in sliding contact, and k is a
constant which is called the wear coefficient. The value of k strongly depends on the

sliding environment (for example, changes in the humidity of air can change the wear
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Figure 1. Different types of wear rate vs sliding
distance curves (after Eyre [12], Archard and
Hirst [24])
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coefficient of brass by a factor of 100 1),

Although it is widely known, the Archard equation should be used with caution,
because the Archard equation is valid only for low loads up to some point at which the
rate of wear changes catastrophically. When the applied loads are above that point, (in
Type C curve) the wear coefficient is no longer a constant, and it may rise rapidly for
small increases in load. This limitation basically arises from the fact that the law assumes
that the wear is controlled only by the bulk hardness of the material (measured at room
temperature) L In fact, the existence of abrupt transitions makes it risky to use the
s (44951

Archard wear cquation for design purposes over a wide range of load condition

However the Archard equation is considered a good description of equilibrium wear rates

(Type A).

2.2.2. TRANSITIONS IN SLIDING WEAR

An increase in sliding velocity, applied load or temperature during wear can lead
to a transition in the wear mode from mild to severe wear P8, For steels, the terms mild
wear and oxidative wear are often used interchangeably. This is because mild wear
involves reactions between the iron atom at the surface and any ambient oxygen. Mild
wear is also regarded as a variation of adhesive wear ). In steels, mild wear occurs when
the sliding contact of surfaces become covered by oxide layers (e.g. a-Fe,0;, Fe;0, or
FeO PNy or surface layers produced by certain tribochemical reactions. It is thought that
the surface oxide layers generated by the rubbing process separate the sliding surfaces and

give protection to them #™?% %1, The debris in mild wear is mainly very fine oxides, and

1l



the particles may range in diameter down to 100 A |, The influence of oxides on wear
has been reviewed in detail by Quinn ¥, and Scott and Wood 17,

Three possible mechanisms for the removal of matenals in mild wear have been
proposed. These are: (i) breaking and removal of the protective oxide films which are
formed at the real areas of contact when the oxide reaches a eritical thickness =¥, (i)
removal of metal which is in the form of finely divided particles as a result of subsurtace
fracture. Archard ' suggested that the progression of wear in the mild regime would
involve gradual transfer of debris removed from the test specimen to form a film on the
counter surface. This may be followed by oxidation of the film with subscquent loss of
the oxidized particles from the system as wear debris "L (iii} removal of oxidised
material may give rise to an abrasive powder that may contribute to the wear process.
This mechanism has often been cited as important when the metal oxides have a hard
abrasive structure (e.g. Al,O;) IPL

In aluminium-silicon alloys worn against steel, Shivanath et af **! observed mild
and severe types of wear (Figure 2). According to the authors, mild wear occurred when
the surface of Al-Si alloy is covered with an oxide or oxide/metal surface layer. They
suggcsted that the oxide layer (of unknown composition) separated the aluminium silicon
and the steel surfaces. Wear of the AI-Si alloy occurred by a process of spalling of the
layer which occurs fairly irregularly over the surface and at any one time only part of the
surface was in contact with the steel counterface. Wear rates were low (107 to 1072
mm®/m) because the amount of metal removed was confined to the thickness of the oxide

layer.
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Figure 2. Wear of aluminum-8% silicon alloy.
(after Shivanath etc. [48])
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Severe wear (which is also refereed as scuffing ™ or galling ) occurs when
direct metallic contact exists between the surfaces of the sliding pair (e.g. if unprotected
by oxides or lubricants) and when high loads and/or high sliding velocities are applied.
Severe wear is often recognized with the unaided eye by the large amount of material
transfer from the sample surface to the harder counterface: and, with microscopy. in the
form of rough, torn surfaces and massive plastic deformation at the contact surfaces. This
has led some observers to suggest that wear occurs by “adhesion™. However adhesion is
not a mechanism in itself but rather a consequence of severe plastic deformation and
damage, as will be discussed later in this thesis. The debris is usually in the form of large
metallic fragments I'", This form of wear involves the departure of discrete fragments
from a surface which need not be the one from which the metal originates. According to
Finkin [25], a multi-step process often occurs in which small fragments transfer from one
surface to the other and become detached from the second surface in the form of particles
very much larger than the original fragments. The difference in wear rates for the mild
and severe types may be a factor of 10* ¥

Shivanath et al ¥ observed that in an Al-Si alloy, wear occurred with the
separation of large fragments of metal, some of which adhered to the steel counterface.
Mild and severe wear regimes in this alloy can be recognized by their distinctive wear
rates. ie.

Mild wear rate: 10° to 107 mm’/m
Severe wear rate: 1 to 10 mm*/m

In a tribological system which consisted of a 0.52% carbon steel pin sliding against

14



a ring of the same material. Welsh P observed that transitions can change from a low
wear rate to a high wear rate and then again to a lower wear rate when the load and speed
were varied over 2 sufficiently wide range. The pattern of wear for the carbon steel is
given in Figure 3. The concept of wear transitions has been developed by Lim and Ashby
in a form which is potentially uscful for industrial design. This will be reviewed in section

2.3.3.

2.2.3. SUBSURFACE ZONES IN SLIDING WEAR

It is well established that sliding friction produces large amounts of near-surface
plastic deformation **%), Rice and his co-workers ) suggested that the material under
the worn surfaces consists of three distinct zones. According to Rice’s [} description Zune
1 (Fig.4) rcpresents the original undeformed material. Zone 2 contains plastically
deformed material, where plastic shear strains increase towards the contact surface.
Depending upon the material, environment and contact geometry, Zone 2 may become
harder or softer than the bulk material. In ductile materials, voids may develop within this
zone or cracks may nucleate in more brittle materials. Zone 3 is a tribolayer which forms
on the surface and consists of a mixture of original specimen material and chemical
species from the counterface and from the test environment. Frequently, Zone 3 appears
homogeneous and as having a fine microstructure ¥, However, not all three zones are

found under all test conditions.
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Figure 3. Transitional wear behavior for a carbon
steel. (after Welsh [38])
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Figure 4. Schematic description of subsurface
zones in sliding wear. (after Rice etc. [60])
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2.2.4. TRANSFER AND MECHANICAL MIXING

It is widely recognized that transfer of material from one sliding component to
another can occur in dry sliding systems. This phenomenon has led to the idea that sliding
wear involves adhesion, and that suitable surface layers or coatings may reduce wear by
reducing adhesion ). There is experimental evidence that in some systems the tribolayers
are composed of ultrafine grained crystalline material ™\ ranging from about 3
nanometers to several tens of nanometers 1,

Rigney and his co-workers ***!! observed that with Cu, Cu-Ni, Cu-Al, Ni and Mo
sliding against steel, wear debris generated from surface material contained components
from both mating materials. The wear debris and the surface layers had similar (ultrafine)
grain structure, and the same average composition. It has been shown that during sliding.
back transfer of the material to the counterface is very common 1. Cocks 1’ and Antler
%] have suggested that the preferential material transfer direction may depend not only
on the material combination in the tribosystem but also on the geometry of the system.
For similar metals, the rate of material transfer may be as high as 50-100 times that of

dissimilar metal systems ™,

2.3. STRESS, STRAIN STATES AND CONTACT TEMPERATURES
2.3.1 ELASTIC STRESSES IN SURFACE CONTACT

To understand how loose wear debris particles form, it is necessary to consider the
nature of the stress-strain fields which exist beneath the contact surface. If the contact

surface of a solid body is subjected to an increasing load it deforms first elastically and

18



then the stress below the contact surface reaches the yield stress g, from which point
onwards it continues to deform plastically. In certain contact situations some asperities are

deformed elastically, while others arc deformed plastically.

2.3.1.1. POINT FORCE LOADING

Considering the stress situation in an elastic half-spacc subjected to 2 normal point

load P (Figure 5), the stress components in a polar coordinate system can be given as

below (Boussinesq solution) *7):

o =

——{( 1- "V)sec 2% % cos ¢sin *¢]

P
" R 4
P 1oon2
onn =3[ (152) (cos ¢-gsec 22)]
e =l 3 Y (2-2)
o = w};z[ ——%—cos 2¢sin @]
0,4=05:=0
The principal normal stresses can be determined as follows:
0,,=05in%a+¢ cos’a-20_ sinacosa
(2.3)

O2270gg

= 2 i n2 i
043=0,,.C08°Q+0,.Sin‘a+20,,Sinacosx

where
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Figure 5. Coordinate system for axially symmetric point loading P.
(after Lawn and Swain [67])
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a==arctan —=— (2.4)
C.. -0

1) —
1

the magnitude of the component of hydrostatic compression is

On:'_;'(cu'*czz*cas) (2.5)

Equation (2.2) indicates that the stresses approach infinity at the origin. Obviously,
this singularity is a result of the assumption that the cross-sectional area of the point force
indenter is equal to zero. In real situations, no physical indenter has a nonzero area of
contact. Furthermore, the stress cannot increase indefinitely since the material will either
yicld or fracturc when the stresses exceed the inherent strength of the material, relieving

the stress concentration at the point of loading.

2.3.1.2 HERTZIAN CONTACTS
Consider the case of two spheres in contact (Figure 6). When the contact area is
free of friction, the interfacial stress consists of only the normal pressure acting between

the two spheres. The pressure distribution is hemispheric, which may be expressed as !

1
(a2_r2).§
a

{ozz):-0=-p=-p0 (2'6)

where a is the radius of the contact area and p, is the maximum pressure acting at r=0 and

z=0 (i.e., the center of the contact area). The radius a and the peak pressure p, are

21
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Figure 6. Two spherical bodies in contact. (after Suh [33])



a = ———
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PO 3
where
1- _2
k= E\’* i=1, 2
: (2.8)

pi=-1%=curvature of the sphere 1
1

The magnitude of p, indicates that the maximum pressure at the center of the
contact zone is 1.5 times the average pressure between the spherical contacts. The
magnitudes of the other principal stresses, ¢, and gy, are equal to (1/2 +v)o,. The

maximum shear stress 7, is equal to 0.31p, at a depth of 0.48a (»=0.3) .

2.3.1.3. STRESS DISTRIBUTION DUE TO NORMAL LOAD AND ITS
TANGENTIAL COMPONENTS

The original Hertzian theory of static elastic contact predicts that the maximum
unidirectional shear stress is some distance below the contact surface while the maximum
compressive stress occurs at the surface °). By considering the stress field under 2 model
asperity sliding on an homogeneous medium, Suh ¥ predicted the presence of tensile
stresses roughly parallel to the sliding direction behind the slider. A si;ﬁilu result was also

given by Rohatgi et al ™., They suggested that a tensile principal stress should exist
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parallel to the friction force at the surface at the trailing end of the contact area. This
tensile stress can contribute to initiating a surface crack and provide the driving force to
propagate it. When the stress distribution over the entire contact surface is calculated, the
magnitudes of the stresses change in a cyclical pattern with position corresponding to the
number of asperities on the surface ™. This cyclic variation of stress parallel to the

contact surface suggests that the surface maybe subjected to a fatigue damage.

2.3.2. PLASTIC DEFORMATION OF THE SURFACE LAYER

As indicated before, in most tribological systems the surface layer undergoes
plastic deformation. When these materials are subjected to continuous monotonous or
cyclic loading during sliding, plastic strains accumulate with sliding and may lecad to
subsurface crack nucleation. Microscopic observations of wear samples and debris show
that subsurface plastic deformation is a very important component of sliding wear ¥,

Jahanmir and Suh " used the Merwin-Johnson ™ method to determine the size
of the plastically deforming zone, and the stress-strain distributions during stcady-state
sliding in semi-infinite elastoplastic solids. They considered an applied normal stress,
p=4k, (where k is the yield strength in shear), and different tangential stresses ranging
from q,=0 to 4k as shown in Figure 7. Figure 7 indicates that the size of the plastic region
increases with increasing coefficient of friction. For a cocfficient of friction smaller than
a critical value (0.25 in this case), the plastic region is located below the surface, whereas
at larger coefficients of friction the plastic region extends to the surface. They noted that

o, is always compressive, whereas g, becomes tensile behind the contact (although it is
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Figure 7. Steady-state plastic deformation regions in an elastic-perfectly plastic
material under a sliding contact, for a maximum applied normal stress p,=4k and
different friction coefficients g which given on the contour (tangential stress
qGy=FyX p). (after Jahanmir and Suh [71]).
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very small, 0,/P;<0.02) and close to the surface. The only nen zero plastic strain found
in this modelling is the shear strain. which accumulates after cach passage of the slider,

A similar solution has also been found by Sin and Suh using a finite clement method ™,

2.3.3. SURFACE TEMPERATURES AND WEAR MECHANISM MAPS

When two surfaces are put in relative motion, most of the work done against
friction is turned into heat. The resulting rise in temperature may modify the mechanical
and metallurgical properties of the sliding surfaces, and may causc oxidation or cven
melting. The frictional heat is most rigorously gencrated at asperities which make up the
true area of contact at the sliding interface. The instantaneous temperature of these contact
points (named the flash temperature) is higher than the average (or bulk) temperature of
the surface, especially at low loads and sliding velocities.

Many attempts have been made to measure or predict contact surface temperatures
823,23, 53,794 Temperatures generated by sliding processes were first calculated by Jaeger
7l yusing 2 so called moving heat source analysis, in which the energy input is modelled
as a plane heat source moving along the surface. In only a few analyses was the encrgy
input due to the plastic deformation of subsurface regions taken into account 3 #- *I,

Recently Ashby presented temperature maps for frictional heating in dry sliding
processes & % % Ashby’s model relates to a pin-on-disk configuration, as shown in
Figure 8. The heat q, which is generated at the contact surface, per unit of nominal

contact area A, per second is:
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where p=friction coefficient, F=normal force and v=sliding velocity. The heat flows into
the two solids, partitioned between them in a way which depends on their geometry and
thermal properties.

Two temperaturcs are of interest as mentioned before. The fivst is the bulk (or

mean) temperature, T, which is given by:

_T:pFV 1

Tb ° A [

] (2.10)

n Kk
Ly 1o
where T, is the temperature of the remote sink to which the heat flows, k;, and k, are the
thermal conductivities of each of the two surfaces in contact. and |,, and 1., are two
diffusion distances from T to T, .

The second temperature of interest is the flash temperature, T,. The average flash
temperature, T,, is expressed in a form which closely parallels that for the bulk

temperature T,:

Fv 1

r-Th=EY

f A" _k_1+
11,

]

_jiz_ {2.11)
I,

where the sink temperature T,, is replaced by the effective sink temperature T,’, the
nominal contact area A, by real total asperity contact area, and 1, and I, by two further

effective heat-diffusion distances 1,, and l,,. These depend on the size of the asperities and
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on whether heat flow is transient or steady.

Lim and Ashby suggested that the various regimes of mechanical and corrosive
wear for any particular pair of rubbing materials could be shown on a single wear map
plotted on axes of normalised pressure p/H (p-pressure, H-hardness) and sliding velocity.
As an example of this technique, a wear map for soft carbon steels sliding in air at room
temperature is shown in Figure 9. In principle, the map can be divided into areas
corresponding to different wear regimes, with boundaries of sliding speed and contact

pressure,

2.4. WEAR OF METAL MATRIX COMPOSITES
2.4.1. INTRODUCTION

Metal matrix composites (MMCs), which are made of high-strength, high ductility
metallic alloys reinforced with ceramic particulates, whiskers or fibres, can be regarded
as advanced materials. These materials have emerged from the need for lighter-weight,
higher-performance componsnts in the aerospace and the automotive industries ©- %,
MMCs possess a combination of superior physical and mechanical properties, such as
high specific modulus, strength, thermal stability, and low density ! which are not
achievable with monolithic alloys. These distinctive properties have promoted an
increasing number of applications for these materials, especially in automotive industries
(for example drive shafts, brake rotors, engine blocks, cam shafts, valve trains, cylinder
liners, connecting rod, piston, brake calipers, pump housings, gears, valves, brackets,

pulleys, suspension components, etc.) ™ & %l Some of these applications involve
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components in sliding contact with each other; hence they require enhanced friction and
wear performance.

The mechanical properties of a material are important in determining its
tribological behaviour. In metal-matrix composites, the mechanical properties depend on
the amount, size, shape, and distribution of the dispersed phases as well as on the
mechanical properties of the matrix material and the nature of the interface 7. In the case
of continuous fiber composites, the strength increases with the volume fraction of the
fibers *. In the case of composites reinforced with hard particles, the strength increases
with volume percentage of particles and reduction in particle size ™ *%, However the
fracture toughness of particulate composites is lower than that of the matrix alloy, and
decreases with increasing volume fraction of a dispersed phase 1.

During the last two decades the wear perforrzance of metal matrix composites has
been widely studied in Al, Mg, Cu, Sn, Ag-Cu, Cu-Zr, Al-Mg and Al-Cu based systems
incorporating different reinforcing phases such as carbides (SiC, B,C), nitrides (Si;N,,
AIN), oxides (ALQ,, SiO,) and carbon ¥ *'%] The main results are reviewed in this

section.

2.4.2. ABRASIVE WEAR OF MMCs

Abrasive wear usually can be classified on the basis of the nature of interactions
between the abrasive particles and the contact surfaces, such as two body (the abrasive
particles were fixed firmly to the counterface) or three body (the particles were entrapped

between two surfaces but free to move at some extent). In three-body abrasive wear,
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abrasive particles such as silica sand tend to break down and bury themselves in alloys
with relatively soft matrices *’\. Hard particles in composites resist scratching because of
their high hardness under low loads and may crack into small pieces under heavy loads
B The broken particles remain embedded in the matrix during wear. In this case,
composite strength and fracture toughness both play important roles. Some investigators
reported that micro-machining is the dominant mechanism of material removal during
abrasion wear in composites as in the unrecinforced matrices. But removed chips in the
debris of composites are approximately the same size as the hard particles 171,

The abrasion resistance of a material is generally determined by two different types
of tests '™ (1) low-stress abrasion tests, such as rubber wheel abrasion tests, in which
silica sand particles are fed into the region of contact between the rim of a rotating
rubber-rimmed wheel and a stationary plane specimen pressed against the wheel under a
fixed normal load. (2) high-stress abrasion tests, such as pin-on-disk and pin-on-drum
types of tests. In low-stress tests, the abrading particles do not break; in high-stress tests,
the abrading particles do break. In the context of the wear of MMCs, the terms low-stress
and high-stress have also been used to denote the extent of fracture in individual regions
of the reinforcing phase. The abrasive particles are generally rounded sand (SiO,), crushed
quartz, or silicon carbide particles of different grit sizes and shapes. The size and shape
of abrading particles, as well as their relative hardness with respect to the composite being
tested, are important parameters in determining the extent of wear %,

Under conditions of "low stress" abrasion, MMCs are usually found to provide

appreciably better wear resistance than the unreinforced matrix alloy. According to Prasad

32



and Das ", this is due to the protrusion of the reinforcement offering protection to the
softer matrix. Bhansali and Mehrabian '), for example, have reported the relative wear
resistance (RWR) values (the wear rate of the unreinforced matrix divided by that of the
MMCs under the same conditions) as high as 11 for the 2024Al/Al 0, containing 20wt%
particles 142 pm in size, using a dry sand/rubber wheel abrasion tester under a normal
load of 134 N. In general, the abrasive wear resistance increases with reinforcing particle
size and volume fraction V' 1'% 'Y Rohatgi ®" and coworkers pointed out that for a given
volume fraction of particles, composites that contain harder particles should exhibit a
lower wear rate. But other results show that fracture of the reinforcement, or failure of
the interface between the reinforcement and the matrix, may result in lower values of
RWR than might otherwise be expected. For example, silicon carbide itself is appreciably
harder than alumina, but Al alloy/SiC, MMCs tested by Bhansali and Mehrabian !'® using
the rubber wheel method have shown similar wear resistance to MMCs reinforced with
the same proportion of alumina particles of the same size. Here the weakness of the
interface with the matrix is thought to have played a major role, and prevented the
reinforcement from achieving its full potential.

In high stress abrasion, the particle interaction can be very severe, leading to
widespread fracture of the hard but brittle particles. And the RWR of MMCs is found
generally to be lower than in the low stress case. Figure 10 illustrates typical results for
an Al-11.8Si-4.0Mg matrix MMC containing 100 um zircon particles, under conditions
of both high and low stress abrasion "', Under conditions of high stress abrasion, the

benefits of reinforcement with hard particles were much less.
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Figure 10. Relative wear resistance (RWR) for

Al-11.8%Si~4.0%Mn matrix MMCs containing various
volume fractions of 100 um zircon particles, tested
under low stress and high stress (pin on abrasive-
covered drum) conditions. (after Prasad et al [112])
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Figure 11. Relative wear resistance for an
Al6061/8iC_ MMC containing 20vol.Z%Z reinforcement,
in tests sliding against continuous belts of abrasive
paper carrying alumina particles of different sizes.
(after Wilson and Ball [113])
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The load carried on cach abrasive particle and the nature of the particles
themselves are the important factors determining the severity of contact: in addition the
size of the particles is also important. It is generally found that for small abrasive particles
the bencfits of reinforcement are greater than for the larger. This is illustrated in Figure
11 for a 6061AVSIC, MMC containing 20 vol% reinforcement. In tests on continuous
belts of abrasive paper carrying alumina particles of different sizes, the value of RWR
increased with decreasing abrasive particle size, to a peak value of 6.4 for the smallest
abrasive particles ') In a more detailed study of the effect of abrasive particle size on
the abrasion of 6061A1/ALQ, short fiber-reinforced MMCs, Wang and Hutchings '
showed that the RWR varied with both the fiber volume fraction and the SiC abrasive
particle size. For small abrasive particles, the highest volume fraction of reinforcement
gave the highest wear resistance, and the mechanism of wear involved plastic grooving
of the alumina fibres. With larger abrasive particles, fracturc of the fibres occurred and
the benefits of reinforcement were limited; for volume fractions greater than about 20%
further reinforcement actually led to a reduction in RWR. A similar incrcase in RWR with
decreasing abrasive particle size has also been noted for alumina and SiC reinforced

particulate Al matrix MMCs [,

2.4.3. EROSIVE WEAR OF MMCs
In most cases, the abrasive wear resistance of composites increases with increasing
particle volume fraction of hard particles, as discussed above. However, in the case of

erosive wear, opposite results have been reported. For example, the erosive wear rate in
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iron- and cobalt-base composites increases with carbide particle content when tested with
quartz erodent 7,

Goretta et al 1" tested 2014Al together with particulate MMCs based on this atloy
containing 20 vol% of either alumina or silicon carbide and found the wear rates of MMC
materials were greater than that of the matrix alloy under all conditions. They also found
that erosive wear rates reach a maximum when the impact angle of the erodent Al,O; was
15° to 30°. Similar results have also been reported by Wilson and Ball M for a
6061A1/SIiC particulate MMC eroded by silicon carbide particles.

Since the crosion rates of metallic alloys are not likely to be reduced by additions
of hard particles, and erosive particles in practical applications are rarely so hard as silicon
carbide or alumina, some attention is given to examine the erosion behaviour of MMCs
impacted by silica particles. For example, Wang and Hutchings ''") measured the erosion
by silica particles at 65 m/s of 6061Al1 MMCs containing various volume fractions of
short alumina fibres. They found that aithough under most conditions the MMCs showed
higher wear rates than the matrix alloy, Figure 12, at the lowest impact angle (20°) the
pattern was reversed, and 2 measurable decrease in erosion rate was associated with
increasing fibre reinforcement.

Another case showing that reinforcement may reduce the erosion wear rate is when
rather lower impact velocities or/and angle are involved. Figure 13 %, for example,
shows that for an aluminium-magnesium alloy MMC containing short alumina-silica
fibres, there is a marked increase in erosion resistance with fibre content when the impact

angle is low (15°), although very little benefit is seen from reinforcement at normal
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erosion of an AlI5083 MMC containing alumina-—silica
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impact. These data were obtained at an impact velocity of 17 my/s, with silica sand
particles. Turenne et al. "' have studied the slurry crosion of a particulate MMC with a
rather higher volume fraction of reinforcement (35 vol% alumina in S083Al1). In this
material, eroded by silica sand slurry at 15 m/s, they found that the benefits of
reinforcement depended on both the erodent particle size and the angle of impingement.
For small erodent particles (106 um) at all angles, the MMC showed much lower wear
rates (by a factor of up to 7) than the matrix alloy. However, for large particles (600 pm)
the wear rate of the composite was less than the matrix alloy only at impact angles below
about 60°; at normal incidence the MMCs wore at a higher rate than the unreinforced

matrix.

2.4.4. SLIDING WEAR OF MMCs

In many tribological applications, there arc two ways to improve the wear
resistance of materials: soft matrix reinforced by hard phase (such as ceramic particles)
and relatively hard matrix reinforced with soft phase (such as graphite). For example,
incorporation of both hard ceramic particles (e.g. alumina "'}, silicon carbide """, silica
(1200 pauxite 1), or zircon I21) and a soft solid lubricant (e.g. graphite !'**'®!, or mica !'**
1251) into an aluminum alloy have been reported to increase the wear resistance under some

test conditions.

2.4.4.1. HARD PARTICLE/FIBER REINFORCEMENT

Under dry sliding situations, the sliding wear resistance of composites with hard
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particle/fiber reinforcement is very complex. and contradictory results have been often
reported by different researchers. For example, Saka and Karalckas!'* observed a decrease
in the sliding wear resistance with increasing particle concentration in a Cu-AlO,
composite against a WC-Co-coated steel in a block-on-ring configuration. Different from
them, Surappa et al " found that the addition of 5% Al,O, particles to hypereutectic Al-
Si alloys docs not significantly contribute to the wear resistance. A similar observation
has been reported by Prasad and Mecklenburg !'**l, They found no significant differences
in the friction behaviour of the MMCs and the unreinforced alloy, using kaowool (Al,O5-
Si0,) and saffil (Al,0,) fiber-reinforced aluminum metal-matrix composites on 440 steel
with ball-on-disc configuration, when metallographically polished samples were used as
test specimens. But when the surface of the MMCs was etched, the friction coefficient of
MMCs dropped to a low value of 0.18. The results of this study indicate that smearing
of aluminum on wear surfaces plays a crucial role in governing the frictional performance
of an aluminum alloy matrix composite.

Hosking et al. """ studied the wear behaviour of an Al-(Al,0,), composite and an
Al-SiC,, composite in a wide range of reinforced particle sizes (from 1 to 142) 2nd weight
percentages (from 2% to 30%) tested against an AISI 52100 ball-bearing on a pin-on-disc
machine. They found aluminium matrices containing hard non-metals exhibit excellent
friction and wear properties especially with high weight percent of reinforcement, Figure
14. For example, composites of alloy 2024 plus 20 wt% of 142 um sized Al,O; particles
showed a weight loss of about 2 orders of magnitude less than that of the matrix alloy

under 50 g applied normal load. And they also found an increase in the dry sliding wear
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resistance with increasing weight percent and size of non-metallic particles for both
composiles.

Wang and Rack !"™, utilizing a pin-on-disc configuration, studied the wear
resistance of SiC-particulate- and SiC-whisker- reinforced 7091 Al metal matrix
composites on a stainless steel as a function of sliding distance and sliding velocity under
a constant pressure. They observed that at sliding velocities below 1.2 m/s, SiC
reinforcement does not affect wear resistance, but at sliding velocities greater than 1.2
m/s, the wear rates of the reinforced materials were lower than for the unreinforced
matrix, Figurce 15. A temperature increase with sliding velocity for both the reinforced and
the unreinforced alloys has been reported. The rate of temperature increase is higher for
the unreinforced alloy than for the reinforced composite. Wang and Rack also studied the
effect of applicd load and reported that under limited loading conditions the steady state
wear resistance of SiC-whisker-reinforced aluminum composites was more than an order
of magnitude greater than that of the unreinforced matrix alioys.

As it is shown above, wear behaviour ¢an be markedly changed by embedding
a second phase in a single-phase matrix. Second phases can affect sliding wear by the
following mechanisms 1 '™ ¥ (1) carrying the applied load imposed by the
counterbody and protecting the ductile matrix from damage. (2) reducing the real area of
contact between a solid body and a counterbody, for example, composites reinforced by
ceramic particles with a low tendency to adhere to the counterbody can increase adhesive
wear resistance by lowering the real area of contact. (3) increasing high-temperature

deformation resistance. {(4) hardening the matrix and reducing the ductility. (5) the hard
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particles are fractured and the wear behaviour is dependent on this mixed surface layer
of fractured hard particlcs and matrix material. (6) the reinforcement phase is pulled out
of the matrix, as a consequence of debonding. causing contact and sliding of the matrix
material. (7) delamination occurs whereby fatigue causes fracture along particle-matrix
interfaces. (8) particle abrasion.

So the size, shape, volume fraciion, interfacial bonding condition and distribution
of rcinforcement arc very important to the wear resistance of composite materials. And
the poor wear resistance of composite materials in some test conditions has usually been
attributed to the poor particle-matrix interfacial bonding and as well to the associated
reduction of the ductility. It has also been pointed out that the wear properties of MMCs

depend very much on the tribosystem and the type of MMCs.

2.4.4.2. SOFT PARTICLE/FIBER REINFORCEMENT

When lamellar solids such as graphite are applied to sliding surfaces, friction and
wear arc observed to decrease. The crystal structure of a lamellar solid has sheets or
layers weakly bonded with each other but the bonding within the sheet is quite strong.
These solids are thus strong in compression but weak in shear, and act as solid lubricants.
In metal matrix-graphite composites, graphite particles are embedded in the matrix, and
the formation of a graphite film which prevents direct contact between the mating surfaces
will take place by transfer of the graphite from the particles embedded in the matrix on
to the tribosurfaces. One of the main difficulties in using graphite as a solid lubricant lies

in maintaining a continuous supply of graphite which acts as a solid lubricant between
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two sliding surfaces. Similar systems include composites containing dispersoids such as
MoS, and PTFE.

The particulate composites of graphite and a matrix alloy are characterised by (a)
the composition and microstructure of the matrix alloy, (b) the size, volume fraction, and
distribution of particles. and (c) the nature of the intertace between the matrix and the
dispersed graphite.

Most metal matrix-graphite particle composites exhibit low triction, fow wear
rates, and excellent anti-seizing properties "> ¥ ¥l For example. the {riction coellicients
for different matrix composites decrease with graphite content before a eritical volume
level of about 20 vol% and reach a lowest value around 0.2, which is close to the friction
coefficient of pure graphite, when above 20 vol% of graphite. This is because when the
graphite content is below the critical level, the extent of coverage of the tribosurface by
a solid lubricating film increases with the graphite content of the matrix. For composites
containing graphite in excess of the critical amount, above which the friction coefTicient
approaches a constant value regardless of the matrix, the sliding surface is completely
covered with a graphite solid lubricating film !'=.

Similar to the friction coefficient, the wear rates of graphite reinforced composites
decrease with increasing graphite content and do not significantly change with graphite
content once the film of graphite completely covers the sliding surface. It is likely that
the wear rate may increase when the graphite content in the matrix reaches very high
values, because of the decrease in strength of the matrix at very high graphite levels and

the formation of a thick graphite film of thickness exceeding the critical value, which can
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itself wear by dclamination within the film in a manner similar to that of bulk graphite.
Rohatgi ef al point out that the larger graphite particle size results in lower wear ¥,

However, there have been some conflicting reports on the dry sliding wear
behaviour of aluminium alloy-graphite composites. Jha er al % reported that the dry
sliding wear rates of 6061 aluminium alloy composites containing up to 14 vol% graphite
particles were found to increase as the graphite volume fraction increases. Except at the
lowest pressurc (0.04 MPa). the wear rate of the composites was found to be higher than
that of the matrix alloy. Similar findings were reported by Biswas et al "% in Al-Si alloy
composites containing 2.7 and 5.7 wi% graphite particles and Gibson et al % for
composites with a higher (greater than 8 wt%) graphite content. The lower wear resistance
in these cases is attributed to the porosity levels in the composites. In another paper
Jha et al etched the composite prior to the wear test. They found a substantial
improvement in wear rate over that of the base alloy. The worn surfaces in this case
showed patches of graphite layers sticking to them and the debris were small and
equiaxed. That is because graphite particles, in the case of etched composites, come
directly in contact with the steel disc at the start of the experiment. The sliding action
would then smear the graphite layers, giving rise to a graphite layer on the surface of the
matrix alloy.

The seizure resistance can also be improved significantly by dispersing graphite
particles in the metal matrix ("**!, Rohatgi er al "*! suggest that the improvement in galling

resistance is primarily due to the formation of a graphite film and that there is an

observed minimum graphite content of about 2 wt% required to prevent galling in Al-Si-
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Ni alloy. Das and Prasad " found that 3 wt% of graphite in an Al-8i-Cu allovs (LM30)
increases the seizure pressure by 2 MPa over that for the base alloy.

As is shown above in the literature survey, although a qualitative picture of the
friction and wear behaviour of metal matrix composites is emwerging, a quantitative
understanding of their tribological behaviour is far from satisfactory. A theoretical basis
to predict the tribological behaviour of metal matrix composites does not exist. Even the
experimental literature suffers from lack of standardization; test conditions uscd by
different investigators are not clearly indicated and are quite difterent. Conscquently
conflicting results are often reported, and only a corrclation of results in terms of broad
trends is possible, Therefore the wear behaviour of metal matrix composites (such as

microstructure, counterface, temperature efc.) should be investigated in more detail.
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CHAPTER Il EXPERIMENTAL DETAILS

3.1. MATERIALS
3.1.1. AlSi-Mg ALUMINUM ALLOY (A356) REINFORCED WITH SiC
PARTICLES

Both the unreinforced A356Al alloy and the A356Al-SiC composites containing
10, 13. 16 and 20 vol% SiC particles (Duralcan F3A) were produced by Alcan
International, Kingston, ON, Canada, and supplied in the form of extruded rods of 25 mm
diameter. The chemical composition of the A356 alloy is given in Table I. The wear
samples (Smm x 10mm x 10mm rectangular blocks) were cut from these rods and
solution trcated at 540 °C for 4 hours, quenched into warm water (40 °C), and artificially
aged at 155 °C for 9 hours i e. T6 condition.

The optical micrographs in Figure 16 illustrate typical microstructures of the
A356A1-20%SiC. This micrograph is taken from the surface perpendicular to the
extrusion direction and represents the microstructure of the surfaces which was prepared
for subscquent sliding wear tests. The size distribution of the SiC particles were
determined by quantitative metallography using a digital image analyzer. Both the largest
(L) and smallest (L) diagonals of SiC particles were measured. As an example, the
particle size distribution histograms of A356A1-20%SiC are shown in Figure 17. The
figure also shows the size distribution of silicon in the matrix. In the peak-aged condition

the average silicon particle size in the composites was similar to that in the matrix
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Table I. Composition (Weight Percent) of Matrix Materials

Mg Si Cu Zn Cr Fe Mn Ti al
A356 0.4 7. 0.1 0. -- 0.11 0.05 0. balance
6061 1. 0. 0.3 0. 0. 0.7 0.1 0. balance
2014 0. 0. 4.4 0. 0. 0.7 0.8 0. balance
2124 1. 0. 4.4 0. 0. 0.3 0.6 0. balance

51




o
[@)]
I
w
—
]

PERCENTAGE
o
I
1

PERCENTAGE

(b)
25 T T T

20

15

10

PERCENTAGE

5

0
0.0 0.2 0.4 0.6 0.8 1.0

(e) Lyn/ nax
Figure 17. Histograms of the size distribution of SiC
particles in A356A1-20%SiC; (a) maximum size, L
(largest diameter) distribution; (b) minimum size, L _, .
(smallest diameter) distribution; (c) distribution of the

aspect ratio (L_, /L .. ).



material (1.8 um = 0.9 um). The average maximum and minimum sizes of the SiC
particles determined according to this method are summarized in Table 11.

Table Il also shows the Vickers hardnesses of the materials in the T6 condition.
‘The measuremnents were made by applying a load of 1 kg, and the values shown are the
averages of at lcast 10 measurements. The density measurements were performed

according to the ASTM Standard C127-88.

3.1.2. Al-Mg-Si ALUMINIUM ALLOY (6061Al) REINFORCED WITH Al,O,
PARTICLES

Wrought unreinforced 6061 Al alloy and 6061Al-Al, O, composites containing (10
and 20 vol% AlQ, particles, Duralcan W6A) were produced by Alcan International,
Kingston. ON. Canada by a Duralcan process. The wear samples (S5mm * 10mm x 10mm
rectangular blocks) were prepared from the billets fabricated by casting and hot exirusion.
The chemical composition of the matrix alloy is given in Table I. The wear samples (both
unreinforced and composites) were solution treated at 530 °C for 1 hour, water quenched,
naturally aged at 25 °C for 2 days, and then subjected to an artificial aging at 175 °C for
16 hours in order to achieve the T6 condition.

Figure 18 illustrates the typical microstructure of the 6061A1-20%Al1,0, specimen
surface perpendicular to the extrusion direction (test surface). The size distributions of the
Al O, particles are shown in Figure 19. The distribution of the largest (L,,,), smallest

(L...) and average sizes of Al,O, particles are summarized in Table IL.
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Table II. Average Particle Size, Bulk Hardness,
and Density of the Materials Tested

Material Loin Liax Lawa Hardness Density
{um {um) (M;S (VHN) (1 kg) {(Mg/m‘)

A356 --- --- --- 60.3+0.7 2.669
A356-10%SiC 6.5£1.5 12.1x2.9 9.3+2.8 Bl.7x3.7 2.731
A356-10%SiC 12.9+4.7 22.6%5.7 17.81x5.2 B0.1+8.9 2.728
A356-13%SiC 6.9+2.6 11.8%3.8 9.4+3.3 105.4+3.9 2.759
A356-16%5iC 10.3+3.1 18.1x5.4 14.2+4.1 118.2+8.3 2.778
A356-20%8iC 6.8+2.0 12.7+3.8 9.6x3.2 115.8+2.8 2.778
6061 - --- -—- 120.2+1.9 2.712
6061-10%Al1,0, 8.1+3.3 20.1:4.9 14.1:4.6 133.521.7 2.804
6061-20%A1.0, 12.8x4.8 25.4:5.3 19.1x5.2 170.147.0 2.957
2014 -=- --- --- 157.9+3.2 2.566
2014-20%8iC 10.3+4.4 21.336.1 15.8+5.0 189.8x7.8 2.736
2124-20%8iC 2.1x1.1 2.7x1.9 2.431.7 178.1x3.5 2.795
ﬁ—_
* average smallest particle size

* % average largest particle size
**%* gverage particle size
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Figure 18. Microstructure of 6061A1-20%Al,0,.
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3.1.3. Al-Cu-Mg ALUMINIUM ALLOYS (2014Al, 2124A1) REINFORCED WITH
SiC PARTICLES

These composites were selected to study the effect of particle size on the wear
rates. 2014A1-SiC (20Vol%SiC) was produced by a molten metal mixing technique
followed by casting and co-extrusion operations (Alcan International). The average
particle size of this material was 15.8+5.0 pm. The 2124Al-SiC (20V0l%S8iC) had a finer
average particle size of 2.4%1.7 um (Table II). This material was manufactured by British
Petroleum Composites Ltd., U, K., by using a powder metallurgy route and supplied in
the form of hot-rolled sheets (2 mm in thickness). The matrix compositions of the two
composites were comparable (Table I). The wear samples of 2014A1-20%SiC were in the
form of 5mm x 10mm » 10mm rectangular prisins like the previously described
composites but the wear specimen made from 2124A1-20%SiC were thinner 2mm * Smm
x 10mm and were held in the wear machine using a specially made clamp. Both
composites and the control alloy 2014Al were solution treated at 505 °C for 1 hour,

water quenched, and immediately subjected to aging at 190 °C for 8 hours.

3.2. WEAR TESTS: MEASUREMENT OF WEAR RATES

Dry sliding wear tests were performed using a block-on-ring type wear apparatus
designed and built at the University of Windsor. A schematic of the wear apparatus is
given in Figure 20. The set-up consisted of a wear testing machine and a temperature
measurement setup. The ring counterface was rotated by a 1 HP D.C. electric motor. The

specimens in the form of blocks were kept stationary. During the wear test, the
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temperature of the contact surfaces was continuously measured by a thermocouple and
recorded by a data acquisition system that consisted of a multifunction analog-to-digital
conversion board connected to a micro-computer.

Two types of counterface materials were used as slider rings: These were (AISI)
SAE 52100 bearing steel (0.98 to 1.1 wt%C, 0.25 to 0.45 wt%Mn, 0.15 to 0.30 wt%Si,
1.30 to 1.60 wt%Cer, balance Fe) and mullite (3A1,0,:2810,, supplied by Coors Ceramics,
CO). The widths of both slider rings were 12 mm. The outer diameter of the slider ring
made of SAE 52100 steel and mullite were 38 mm and 46 mm respectively. The narrow
rectangular faces of the specimens (Smm * 10mm) were put in contact with the slider
rings. The properties of the counterface materials relevant to the wear fests were their
hardnesses and thermal conductivities. The Vickers hardness of the mullite was 1700
kg/mm® and its thermal conductivity (at 25°C) was specified as 4.1 W/mk by the
manufacturer. The surface hardness of the SAE 52100 steel was measured to be 950
kg/mm® and its thermal conductivity (at 25 °C) was 45 W/mk U™

Conventional aluminum alloy polishing techniques were used to prepare the
contact surfaces of the monolithic and composite aluminum specimens for the wear tests.
The procedure consisted of grinding surfaces manually by 240, 320, 400, and 600-grit
SiC papers respectively and then polishing them with 5, 1, and 0.05-ym alumina powder
slurry using a low-speed polishing machine. The polished surfaces were cleaned
ultrasonically in acetone and methanol solutions. The counterface materials were also
polished and cleaned before each wear test. Steel sliders were polished using the same

procedure described above. For mullite sliders, the final polishing was performed using
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a 5-um and then a l-pm diamond paste. Counterface materials were also cleaned
ultrasonically in acetone and methanol before use.

The tests were carried out with a sliding velocity range of 0.1 to 4.0 m/s and a
load range of 1 to 450 N. At cach load level weight losses from the surtaces of
specimens were determined as a function of sliding distance. The weight losses were
calculated from the differences in weight of specimens measured before and after the
sliding tests to the nearest 0.1 mg using an analytical balance. The weight of the worn
specimens was measured after removing the loose debris from the worn surface using
acetone, and methanol in an ultrasonic cleaner. A scparate specimen was used to measure
the weight loss for each sliding distance. Results from the specimens with wear track
geometries that were not compatible with the specifications of ASTM standard G77-83
were discarded.

At a given load level (except the loads near the transitions) the weight loss from
the worn surfaces were found to increase linearly with the sliding distance following a
transient period at the beginning of the test. The wear rates were calculated from the
slopes of the weight loss vs sliding distance curves determined at several applied load
levels within the 1 to 450 N load range. The wear rates measured in weight units were
then converted to volumetric wear rates using the densities of the materials listed in Table
II, and these were plotted against the applied load on a double logarithmic scale. When
the applied load during the test was found to be ncar the transition load, an increase in
the wear rate with sliding distance (time) was observed. In this case the wear rate was

calculated by the gradient of
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the wear curve at a sliding distance of 10° m. All tests were performed at room
temperature (20-24 °C) and relative humidity around 55%.

In “regular” wear tests the initial contact geometry (formed by a cylindrical ring
in contact with a flat surface) was linear. This was modified to a concave surface as the
material was removed from the surface, However, in order to maintain a uniform contact
geometry during the tests which required an “equilibrium surface geometry” such as those
for the displacement gradient, microhardness gradient measurements and surface
temperature measurements, the test surfaces of the samples were machined to a radius of
19 mm to conform them with the curvature of the convex surfaces of the steel slider ring.
The specimen geometry used in these tests is shown in Figure 21. In this way, the initial
linear contact and the high nominal stresses generated at the beginning of block-on-ring

tests were minimized.

3.3 SUBSURFACE DISPLACEMENT AND MICROHARDNESS
MEASUREMENTS

These tests were performed to study the changes in the mechanical properties of
the material adjacent to the contact surfaces. In order to measure the sliding
displacements below the worn surfaces a reference marker was introduced in a slit (400
pum wide) cut perpendicular to the contact surface (Figure 21). A rectangular platelet
which was machined from the same material used to fabricate the test pieces, was used
as a marker. Both surfaces of the platelet were polished to gradually reduce its thickness

until it snugly fitted in the slit. An example of wear tests performed with and without the
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Figure 21. Wear sample geometry manufactured to conform with the steel
counterbody. The radius of curvature on the contact surface conforms with
the radius of the slider (all dimensions in mm). For measuring the sliding
displacements below the worn surfaces, a platelet reference marker made

of the same Al alloy was inserted in the slit cut normal to the contact
surface.
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Figure 22. A typical volume (weight) loss vs. sliding distance
plot ( © ) with, ( ® ) without the marker platelet. Load: 17 N;
Sample: A356Al.
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marker platelet is given in Figure 22, No obvious difference in the wear behavior
between these two kinds of specimens has been found. After the wear test, the torward
displacements at the interfaces between the plate and the rest of the specimen were
measured by sectioning the specimen through the centre in a plane normal to the worn
surface but parallel to the sliding direction (transverse section). The displacement
gradients were analyzed to estimate the shear strain gradicents (section 4.4) established
during the test. It was important to use the same material as the bulk for the platelet
because hardness differences between the layers in the laminated materials are known to
influe .ce the wear resistance 1*% 71,

The hardness distributions in the material near the worn surfaces were measured
using a Vickers microhardness tester (Micromet I1 Microhardness Tester), under a load
of 25 gf. Microtndentations were made on taper sections which were cut at an angle
about 5° to the worn surfaces by a low speed diamond saw (Figure 23(a)) and polished
first by 240, 320, 400, and 600-grit SiC papers, then with 5, 1, and 0.05 pm aluminum

oxide powder. The value of the angle between the actual surface and tapered section, 6,

(Figure 23) was calculated using the following cquation:

n z‘
lZarctan (27) (3.1)

n

8

where the number of measurements n>3. The values z and d; were measured on carefully
polished cross-sections as shown in Figure 23(b) by a graduated cyepiece of an optical

microscope (within an accuracy of 0.1 um). Then, the depth corresponding to the



Taper Section worn surface

N -

Figure 23. (a) Schematic representation of a taper section taken from the
worn specimen; (b) An enlarged taper section to illustrate the calculation
of the depth corresponding to microindentation impressions. (The actual
depth of indentations was smaller then shown here).
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microindentation impression was calculated by

Z=Dsin 6 (3.2)

where D is the distance between microindentation impression and the boundary of tapered
surface and worn surface (Figure 23(b)). Using this metallographic procedure the depth
of the subsurface region affected by the wear process could be enlarged by about 10
times. The microhardness values (see scction 4.4) were averages of three readings at a

given distance below the worn surfaces.

3.4. CONTACT SURFACE TEMPERATURE MEASUREMENTS

Two different types of temperatures were simultancously measured during the
sliding test. One was the average contact surface tcmperature of the sampl. and the other
was the reference temperature (about a distance of 7.5 mm away from the contact
surfaces). As shown in Figure 24, a thin (diameter: 0.3 mm) chromel-alumel typc
thermocouple was inserted in the specimen through a hole drilled slightly larger than the
diameter of the thermocouple. For the measurements of surface temperature, prior to the
tests the end of the thermocouple was put in contact with the slider ring. During the
actual test, after a certain sliding distance usually the tip of the thermocouple became in
contact with the debris that covered the entrance of the hole. The temperature rises were
measured as a function of sliding distances at various loads and recorded via a digital

data acquisition system installed in a personal computer.
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Figure 24. Schematic illustration of the temperature measurement set-up
with the block-on-ring apparatus.
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3.5. METALLOGRAPHY OF CROSS-SECTIONS BELOW THE WORN SURFACES

A comprehensive understanding of wear processes requires a thorough knowledge
of the nature and changes expericnced by the contacting bodies. This includes the
microstructure of the test materials. the examination of worn surfaces (topography.
microstructure, composition, reaction films, transfer layers) and wear debris (size, shape,
composition, microstructure).

The metallographic cross-sections (transverse, longitudinal) from the worn samples
of unreinforced Al alloy were prepared using standard metallographic procedures. For the
MMC samples, after wet grinding on 200, 320. 400 and 600-grit SiC papers, the
polishing procedure was followed with 6 pm and then 1 pm diamond paste on fine
polishing cloth. In this way, the reinforced ceramic particles appear flat on the polished
surfaces.

Materials were etched with Keller’s reagent (2 ml HF, 3 ml HCL, 5 ml HNO, and
190 m! H,0 ). To examine cross-sections perpendicular to the worn surface, the worn
surfaces were covered with acetone soluble lacquer to protect them from the chemical
attack. After etching, the lacquer coating was removed by dissolving it in acetone in an
ultrasonic cleaner.

Microstructural investigations and semi-quantitative chemical analyses on the worn
surfaces, the crosi-sections (both longitudinal and transverse section) as well as on the
loose debris generated dwing wear were performed by an optical (Leitz Laborlux 12 ME)
metallographic microscope and 2 scanning eclectron microscope, SEM, (SEMCO

Nanolab7). The latter was equipped with an energy dispersive spectroscopy (EDS)
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system. The debris particles formed during mild wear tests were coated by a thin layer
of gold prior to the SEM examination since these particles were often oxidized or mixed
with oxides during the tests. A Rigaku X ray diffraction XRD system with Cu-K,

radiation was used for the X-ray diffraction analyses of the debris.
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CHAPTER IV EXPERIMENTAL RESULTS

4.1. EXPERIMENTAL RESULTS ON Al-Si-Mg (A356) ALUMINUM ALLOY
REINFORCED WITH SiC PARTICLES
4.1.1. VOLUMETRIC WEAR-SLIDING DISTANCE DIAGRAMS

To determine the wear rates (W) of the composites and the unreinforced alloy,
the weight losses from the surfaces of the specimens were measured as a function of
sliding distance at several load levels within the 1-350 N load range. The sliding
velocity was kept constant at V=0.8 m/s. A linear relation was observed between the
weight loss and the sliding distance. The measured weight losses were then converted
to volumes using the densities of the materials. Typical volumetric wear vs. sliding
distance curves for the unreinforced A356Al and the A356A1-SiC composites are shown
in Figures 25(a)-(c¢). Each point on these volumetric wear-sliding distance plots
represents data from a different sample worn for a given sliding distance. The wear rates
at each applied load can be calculated from the slope of volume loss vs. sliding distance
curves using a linear regression method. The results reveal that the effect of SiC
reinforcement on the wear rate varies with the applied load. The main features of the
results presented in Figure 25 are as follows.

At the lowest load (1 N, Figure 25(a)), SiC reinforcement has a beneficial cffect
on the wear resistance. At this load the wear rates of composites are more than cse
order of magnitude lower than those of the unreinforced A356Al. Similarly, towards the

other end of the applied load spectrum (98 N, Figure 25(c)) there exists about two
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Figure 25. Volume loss vs. sliding distance curves at (a) 1 N;
(b) 17 N and (c) 98 N for ( O ) A356Al; ( ® ) A356A1-10%SiC
(8.3 um); ( v ) A356A1-10%SiC (17.8 pum); ( v ) A356A1-13%SiC
(8.4 um); ( O ) A356A1-16%SiC (14.2 pm) and ( ® ) A3564A1-
20%SiC (9.6 um). Note thd wear rates for A356A1-20%5iC at

17 N are represented by two different curves.
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orders of magnitude difference between the wear rates of the unreinforced A3S6AIL and
those of the composites. From Figure 25(c), the wear rates of the composites with 10
and 20% SiC can be calculated as 3.26x10" and 2.66x10" mm'm’ respectively,
compared with 2.21x10" mm’m™ for that of the unreinforced alloy. At intermediate load
levels, such as 17 N, both the unreinforced alloy and the alloys incorporating SiC
particles exhibit similar wear behaviour (Figure 25(b)). The wear rates for all the
specimens tested (0%-20% SiC) fall within a narrow range of 1.2x10% to 2.1x10”
mm®m’. It is seen that at this load there is no significant difference between the wear
rates of the alloys regardless of the volume fraction and the size of SiC particles. It
should be noted that at 17 N, the wear rates of the composite containing 20%SiC are
represented by two different curves. About 50% of A356Al1-20%SiC samples show a
wear rate around 10 mm®m™ which is comparable to that of the unreinforced alloy.
However, the rest show a wear rate around 10 mm°m™ as in the tests at 1 N, This dual
wear behaviour for A356A1-20%SiC indicates that 17 N is within the wear transition
range for 20%SiC reinforced composite. The wear transitions will be discussed in detail
in section 3.1.

In summary the volumetric wear-distance curves reveal that the load dependence
of the wear resistances of the unreinforced A356Al and its SiC-reinforced composites
show a complex behaviour. To obtain a more complete picture of the dependence of the
wear resistance to the test load, wear rate vs applied load diagrams have been

constructed as described in section 4.1.2.
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4.1.2, WEAR RATE REGIMES AND TRANSITIONS

The wear rates determined from the volumetric wear-distance plots such as the
ones in Figure 25 can be plotted against the applied load, both on a logarithmic scale.
Figure 26 shows the log wear rate vs. log load data for the A356A1-20%SiC and for the
unreinforced A356Al alloy. The figure indicates that the effect of SiC particles on the
wear rates varies with the applied load. With respect to the differences in the wear rates
of the composite and the unreinforced alloy three different wear rate regimes can be
identified. These regions marked as I, II and III on the diagram are the low, mild and
severe wear regimes respectively.

(1) At low loads below 10 N (regime I), the wear rates of the SiC reinforced
composite are an order of magnitude lower than those of the unreinforced alloys. EDS
analysis (Figure 27) indicated that the contact surfaces of the composite specimens that
exhibited low rates (<7x10™ mm®m™) were characterized by the formation of iron-rich
layers ([Fe/(Al+Si)]>3). The morphology of the layers deposited on the surface of
composites is shown in Figure 28. The X-ray diffraction plot shown in Figure 29 reveals
that the iron detached from the surface of the SAE 52100 steel slider was oxidized
mainly to «-Fe,0; during the transfer process.

(2) At the ‘intermediate’ load levels ie. 20 to 90 N (regime II) both the
unreinforced and SiC reinfo- . alloys exhibit similar wear rates. In this regime the
worn surfaces of the materials were characterized by plastic deformation (Figure 30) and

damage in the form of void formation (Figure 31). The amount of iron deposited
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Figure 26. Wear rate vs. applied load diagram for ( O ) A356Al
( ® ) A356A1-20%SiC. Counterface: SAE52100, Speed: 0.8 m/s.
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Figure 27. EDS data showing the variation of the ratio of
iron to aluminium and silicon with the applied load. Each
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Figure 28. Scanning electron micrograph showing (a) the overall view
of the wear scar and (b) details of an iron-rich transfer layer deposited
onto the surface of A356Al-20%SiC in regime I.
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RELATIVE INTENSITY
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Figure 29. X-ray diffraction analysis of the loose debris of A356A1-20%SiC wom
against SAE 52100 bearing steel in regime 1. (Using Cu-Ke).



Figure 30. Deformation microstructure of unreinforced A356Al1 below
the worm surface; load=20 N; sliding distance 1000 m. Note the grains
elongated in the sliding direction and the particles are Si particles with
average size of 1.8 pm. {etched with Keller’s reagent).
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Figure 31. Void and crack nucleation around the silicon particles
under the contact surface of A356Al.
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on the su+face was very small (Figure 27). It was observed that SiC particles on the
surfaces were fractured during the wear., Observations made on the longitudinal cross-
sections perpendicular to worn surfaces indicated the existence of subsurface cracks that
appeared to have propagated along the SiC/aluminum matrix interfaces. On the other
hand, in the unreinforced alloys subsurface crack nucleation was found to be associated
with silicon particles. A subsurface crack propagating parallel to the contact surface in
an A356Al alloy is shown in Figure 32. The surface morphologies of A356Al and
A356A1-20%SiC were similar (Figure 33) indicating that possibly a commorn wear
mechanism i.e. subsurface delamination prevailed in both unreinforced and reinforced
alloys in this wear regime.

A dual wear behaviour has been observed in the load range of 10-30 N, which
is between regime I and I, for A356Al-20%SiC (also for other A356Al1-SiC
composites). When the applied load falls within this region, some composite samples
showed wear rates around 10° mm’m™? and others around 10 mm’m™ (and some
ranging between theses two extremes). In contrast to this behaviour in the composites,
none of the unreinforced A356A1 specimens exhibited wear rates lower than 10 mm’m™
although they were tested under identical conditions. Thus the dual wear behaviour in
the transition region is associated with the presence of SiC particles, and could be due
to the non-uniform distribution of the particles on the contact surfaces (i.e. 2 sample
with higher local SiC concentration on the surface would be more abrasive to the steel
counterface and once the iron oxide layers were established on the contact surfaces it

would continue to show very low wear rates). However if the local area fraction of SiC
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Figure 33. Worn surface morphology of A356A1-20%SiC tested at 27
N. This is a typical morphology for the composites and the
unrein-forced alloys in regime 1.



is low, the particles on the contact surface would be more likely to fracture. Strains
transmitted to the matrix would activate subsurface damage accumulation events leading
to higher wear rates. Because of this statistical nature of the wear process the transition
does not occur at a single load. But there exists a range of loads, where composite
materials show characteristics of either regime I or regime il

(3) The transition to severe wear takes place at 95 N where the wear rates
increase abruptly from 3.2x10® mm’m™ to 2x10" mm*m™. This transition marks the
onset of the severe wear regime for the matrix alloy (regime III in Figure 26). Typical
features of the worn surfaces of unreinforced A356Al are shown in Figure 34, The
transition to severe wear is delayed to a higher load of 250 N in the A356Al1-20% SiC.

In order to give a more quantitative description of the wear resistance, regression
analyses were performed. In each of the regimes identified in Figure 26 it is found that

the wear rates W obey a power law expression of the form:

W=K(ﬂn (4.1)

where P is the applied load, K is the wear constant and n is defined as the wear
exponent. The application of this equation in regime LI requires some caution because
in this regime wear rates are affected by the friction-induced temperature increase. The
numerical values of the constants K and n in the above equation are given in Table [IL
Note that this empirical expression ’s in accord with the basic form of Archard’s Law

24.42] axcept that in the original Archard's equation, the exponent n is given as unity.
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Figure 34. Wom surface morphology of unreinforced A356Al tested
at 147 N. (regime [I).
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Table III. Coefficients for Wear Equations W=k-P"

Material Regime I Regime II Regime IIIX

Counterface 52100 steel

6061Al --- 6.7x107*P""  2.8x107'°P**
6061A1-10%A1,0, 5.4x10°°P%%  3.7x107°P">  3.8x10'P""
6061A1-20%A1.0, 6.2x10°°P%¢  1.1x107'P"®  2.3x10"P'!
2014 -—- 2.3x107*P%Y  1.3x10°'°P"*
2124A1-20%SiC(2.4 um) 7.9%x1075p%% 1.2x10°%P%*  7.9x10°¥p’
2024A1-20%S1C(15.8 um) 6.5%x10°°P%?  2.1x107'P°*  2.0x1Q07%p'"d
A356A1 --- 7.1x107P>®  4.3x107MP""
A356A1-20%SiC 3.6x107°P%%  4.4x107°P%*  8.eéxlo'"p""
Counterface Mullite (3Al,0,-25i0;)
6061A1 --- 1.3x107°P%*  Z.4x107°P*°
6061A1-20%A1,0, 4.8x10°°pP*?  1.4x107'P"*  1.3x10°'?p**

*Units of W and P are mm’m? and N, respectively.
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4.1.3. WEAR DEBRIS

(1) In regime [, the debris particles had a distinct reddish brown colour and were
in the form of very fine powder to the naked eye. The results of X-ray diffraction
analyses (Figure 29) revealed that this debris mainly consisted of a mixture of elemental
iron and iron oxides {mainly «-Fe.0;).

(2) X-ray diffraction results of the debris generated in regime 1 are given in
Figure 35 and 36 respectively for A356Al and A356A1-20%SiC. Both figures indicate
the presence of Al and Si in the debris. There is no evidence for material transfer from
the counterface. Scanning electron microscopy (SEM) of the wear debris collected from
regime 11 revealed that in fact two type of debris were formed from the surface of the
unreinforced A356Al1 and the A356A1-20%5iC. These were: (i) the "black debris” which
had a dark colour to the naked eye, and readily charged by the electrons under the
electron beam in the SEM. This type of debris had an irregular shape and a size of
about 1 pm. (ii) The other debris type observed was the “white debris”. The particles
making up this type of debris were shiny, bright metallic, and did not charge when
examined by the SEM. The debris comprised of large platelike flakes and chips-about
10 to 200 pm in thickness. The percentage of plate-like particles in the loose debris
increased with the applied load.

(3) Debris particles produced in the severe wear regime (regime IIT) were in the
form of thick plates (200-500 pm) and usually flakes of metallic appearance. These
particles appeared to have been generated by the breaking off of the extruded material

at the exit side of the wear surface and consisted of specimen materials (Al, Si, and
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Figure 35. X-ray diffraction analysis of the loose debris of A356Al worn against
SAE 52100 bearing steel ip regime II. (using Cu-Kc).
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Figure 36. X-ray diffraction analysis of the loose debris of A356A1-20%SiC wormn
against SAE 52100 bearing steel in regime IL (using Cu-Ke).
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SiC).

4.1.4. BULK TEMPERATURE-SLIDING DISTANCE DIAGRAMS

When two surfaces slide together, most of the work done against {riction is
transformed into heat. The frictional hear generated at the mating interface may modity
the mechantical and metallurgical propertics of the sliding surfaces, and may cause
events such as oxidization, plastic deformation or even melting of the surfaces. Thennal
effects relating to the sliding surfaces are either due to changes in the bulk temperature
(or average contact surface temperature), or the flash temperature at contacting
asperities. The bulk temperature can be measured directly during the wear test by
inserting a thermocouple to a subsurface region near to the contact surface.

The average contact (bulk) surface temperature distribution curves in the
material close to the contact surfaces, i.e., within 0-100 um depth, for the unreinforced
A356Al alloy and the A356A1-20%SiC at different loads are given in Figures 37(a) and
37(b) respectively. The results reveal that at a constant applied load and sliding velocity,
the surface bulk temperature initially increases with the sliding distance (i.e. sliding
time) and then stabilizes at a constant value unless a transition to another wear regime
takes place at this particular load. For the unreinforced A356Al alloy, it is observed that
the transition from regime II to III occurred whenever the surface temperature reached
418 X (145 °C). The transition temperature was reproducible within =10 K and
corresponded to T/T,=0.45 (where T,=888 K is the melting temperature of the A356

Al 1) The transition temperature in the A356A1-20%SiC was higher than that of
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unreinforced alloy (no transition has been found below 480 K for this material).

42. EXPERIMENTAL RESULTS ON Al-Mg-Si (6061) ALUMINUM ALLOY
REINFORCED WITH Al,O, PARTICLES
42.1. VOLUMETRIC WEAR-SLIDING DISTANCE DIAGRAMS

At several different loads between 1-450 N, the weight losses from the surfaces
of the unreinforced 6061Al alloy and the Al,O, particle reinforced composites were
determined as a function of sliding distance. The measured weight losses were then
converted te volume losses by dividing them by their densities. Figures 38(a)-(d) show
the relationship between the volumetric wear and sliding distance for the unreinforced
6061Al and the 6061A1-20%A1,0, composites tested under a load of 1, 17, 52 and 98
N respectively (sliding speed: 0.8 m/s). As shown in these figures, similar to A356Al
based composites, a linear relationship was observed between the volume loss and the
sliding distance. Several aspects of the volumetric wear-sliding distance curves deserve
attention: As shown in Figure 38(a), at the lowest load (1 N), the wear rate of the
6061A1-20%A1,0; (9.7x10° mm®m™) is two orders of magnitude lower than that of the
unreinforced 6061A1 (9.8x10* mm*m™). At 98 N (Figure 38(d)), there exists more than
one order of magnitude difference between the wear rates of the unreinforced 6061Al
(9.5%x10"2 mm’m™) and that of the 6061A1-20%A1,0, (5.9x10° mm’m"). However, at the
intermediate load levels, such as 52 N (Figure 38(c)) no significant difference between
the wear resistance of the unreinforced 6061Al1 (4.8x10? mm’m™) and the ALQ;-

reinforced alloy (3.6x10” mm’m™) could be observed. Between the different wear

91



o

a)

— — V]
W o o o

n ' I 3
VOLUMETRIC WEAR (mm®) _ yq1 G\ETRIC WEAR (mm®)
o

(c)

0 1000 2000 3000 4000
b) SLIDING DISTANCE (m)

0 1000 2000 3000 4000
SLIDING DISTANCE (m)

<D
o

3]

=
|
©
(ve]
Z

30 | ¢ -
20 |- -

10 -

A T NS RS S
0 1000 2000 3000 4000 5000

0 1 t ] I 1 | L
0 1000 2000 3000 4000

SLIDING DISTANCE (m) (d) SLIDING DISTANCE (m) -

. 3
VOLUMETRIC WEAR (mm®) v yMETRIC WEAR (mm®)
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behaviours exemplified in Figure 38 there is also a load range whete the composite
shows a “dual” wear resistance behaviour. For example, at 17 N (Figure 38(b)) about
50% of the 6061A1-20%Al,0, specimens exhibited wear rates comparable to that of the
unreinforced alloy (1.6x10° mm’m™). However, the other half of the composite
specimens indicated low wear rates (9.7x10° mm’m™) as depicted by the lower curve
in Figure 38(b). When compared to the results in section 4.1, it becomes clear that wear
rates of Al,O, reinforced 6061Al and SiC reinforced A356Al show a very similar load

dependence.

4.2.2. WEAR RATE REGIMES AND TRANSITIONS

The wear rates of the 6061A1-20%Al,0, composites and the unreinforced 6061Al1
are plotted against the applied load on a double logarithmic scale in Figure 39. The
figure again reveals the presence of three distinct wear rate regimes for the particulate
reinforced materials.

In regime I, which covers the lower end of the applied load range, the wear rates
of the composite are lower than 2x10°° mm’m™, which is about two orders of magnitude
lower than those of the unreinforced alloys (e.g. 3.6x10° mm’m” at 1 N, 1.7x10°
mm’m at 10 N). In regime I which extends from approximately 10 N to 230 N the
wear rates increase steadily (from about 10°* mm’m™ at 20 N, 6.8x10”® mm’m™ at 185
N). This regime ends with an abrupt increase in the wear rates at loads above 230 N
which marks the onset of regime IIL. In this severe wear regime the wear rates can reach

to values as high as 10" mm’m®. The wear in this regime can be described as
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catastrophic since the whole test piece can be consumed within the first few minutes of
wear (at 322 N which is the highest test load used, W=9.6x10° mm’m™),

Regression analyses performed using equation 4.1 in cach of the regimes
identified in figure 39 again showed that the wear rates W obey a power law expression.
The numerical values of the constants K and n are given in Table 1.

The transition from regime II to severe wear appears to have happened at a well-
defined load. It is however important to emphasize that towards the high load end of
regime II, some specimens showed a sliding distance dependent wear transition. An
example of the transition to severe wear in the 6061Al1-20%Al,0, is shown in Figure 40.
In this case (150 N) the wear transition to regime L1 occurred at 1300 m. These sliding
distance~dependent transitions took place whenever the temperature at the contact

surfaces reached a critical value. This will be considered in detail in section 5.2.1.

42.3. COMPARISON OF THE WEAR RATE OF 6061A1-20% Al,O, WITH THE
UNREINFORCED 6061A1

Figure 39 shows the wear rate against load plot for the unreinforced 6061Al.
This curve is different from the wear rate-load curve for the Al,O,-reinforced 6061A1
in two main respects: (i) the wear rate-load curve of the unreinforced 6061Al is marked
by the absence of the low wear rate regime I, so that regime II extends down to the
smallest test load used (w=4.2x10* mm’m™ at 1 N}; (ii) the transition from mild wear
regime II to severe wear (regime II) occurs at 60 N, ie. at a load level considerably

lower than that observed for the 6061A1-20%A1,0; (230 N).
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Therefore, it can be concluded that the ALO; reinforcement serves to delay the
transition to severe wear rate regime and also improves the wear resistance of the
aluminum alloy at low loads by almost two orders of magnitude. However, at the
intermediate load levels (where the regime 1l of the 6061Al and that of the composite
coincide) it is not beneficial to incorporate AL,O, particles in the base alloy since there
is not any significant difference between the wear rates of the unreinforced and Al,O,-

reinforced 6061Al alloy (Figure 39).

42.4. WEAR OF STEEL COUNTERFACE AGAINST 6061A1-20 % Al.O,

The wear of the SAE 52100 bearing steel counterface is shown in Figure 41, The
wear rate of the bearing steel increases first with the applied load. At a given load, the
wear rate of the counterface is higher when it is rubbed against Al,O, reinforced alloy
than when rubbed against the unreinforced 6061Al. In the case of rubbing against the
composite, the steady increase in the wear rates of the counterface arrests at about 230
N and this is eventually followed by a net weight gain at the loads corresponding to the
regime I for the composite. This is the result of aluminum transfer from the surface
of specimens to the steel slider in the severe wear rate regime. Similarly, in the case of
rubbing against the unreinforced 6061Al, the counterface starts to gain weight at loads

above 60 N which is the transition load to regime II for the unreinforced alloy.

4.2.5. METALLOGRAPHY OF WORN SURFACES AND WEAR DEBRIS

Typical, low magnification micrographs of the wom 6061Al-20%Al,0,
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Figure 42. Surface morphologies of 6061AI-20%Al,0; specimens
womn at different rates representing: (a) Regime [: load=1 N, sliding
distance=1000 m: (b) Regime II: load=20 N, sliding distance=1000 m;
(c) Regime III: load=210 N, sliding distance=110 m.
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specimens representing each of the three wear rate regimes (Figure 39) are shown in
Figure 42. The scale of wear damage was the least severe in regime I as expected
(Figure 42(a)). A two-order of magnitude increase in wear rates was accompanied by
a higher degree of damage in regime II (Figure 42(b)). The specimen representative of
regime Il (Figure 42(c)) exhibited extensive plastic deformation and damage that
covered the whole test surface within a very short sliding distance. These figures also
reveal some other features of wear in each of these regimes. For instance, in the regime
I the worn surfaces were mostly dull in appearance which is an indication of the
formation of transfer layers on the contact surfaces. The severe wear in regime III
produced shiny and metallic looking wear surfaces.

The wear debris produced during the wear tests was examined visually, and also
by the SEM and the X-ray diffraction analyses, and found to be different in colour, size
and composition depending on the wear mechanism which is responsible for its
formation. In the 6061A1-AlLQ, (as in the A356A1-SiC composites), three types of wear
debris are observed. These are described below:

(1) In the regime I, a mixture of reddish-brown, fine-powdery debris was
collected. EDS analysis (Figure 43) indicated that the contact surfaces of the composite
specimens in this regime were characterized by the formation of iron-rich layers. The
typical morphology of the layers deposited on the contact surfaces of composites is
shown in Figure 44. X-ray diffractometry (Figure 45) revealed that the iron-detached
from the surface of the SAE 52100 steel slider was oxidized mainly to &-Fe,O, during

the transfer process. The debris also contained elemental Fe particles but no obvious
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Figure 43. EDS analysis of the 6061A1-20%A1,0, worn surface

revealing that the transfer layers on the contact surface are iron-rich.
(Counterbody: SAE52100 steel).
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Figure 45. X-ray diffraction analysis of the loose debris of 6061A1-20%A1,0,

worn against SAE 52100 bearing steel in regime I. (using Cu-Ka).
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aluminium peak could be identified.

(2) A mixture of black, fine-powdery particles (usually less than 2 pm) and
relatively-large, plate-like, shiny and bright metallic particles (Figure 46(a) & (b)), were
generated during wear in regime II. It was observed that the percentage of plate-like
particles in the loose debris increased with the applied load. About 1G6% of the debris in
6061A1-20% Al,O, consisted of platelike particles at 20 N. However this ratio increased
to 90% for the composites tested at 100 N. X-ray diffraction results given in Figure 47
indicate that the debris consisted of a2 mixture of materials detached from both the
composites and the steel counterbody, i.e. Al, Fe and «-Al,O,. However in this regime
no clear evidence for iron oxide could be found contrary to regime 1. It is also difficult
to distinguish between the aluminum and iron peaks.

(3) In the severe wear regime III, very large (200-500 wm), flakes of shiny
metallic appearance were generated.

For the unreinforced 6061Al alloy, since the regime I does not exist, the wear
debris have only characteristics of the last two types. X-ray diffraction results of the

debris are given in Figures 48 and 49 for regimes Il and III respectively.

42.6. EFFECT OF SLIDING VELOCITY ON THE WEAR RATES

In a similar way to the load dependence of the wear rates, the variation of wear
rates with the sliding velocity can be grouped into three wear regimes as shown in Figure
50. Two reference lines have been drawn to delineate wear rate transition between

regimes I, Il and III. These lines correspend to wear rates where slope changes from one

105



RELATIVE INTENSITY

a-ALO, (104)
Al (111)
—_—

a-Fe (110)

a-ALO, (116)
Al (20)
a-Fe (209)
Al (12)
a-Fe Q11)
Al (400)
Al (420)

Ny

Y A P

20 40

nl]l'rll‘Ili|Illil'l‘lliIlllillllilll'lllillllllliilllllllIIllll]llll

60 80 100 120 140
20 (DEGREES)

Figure 47. X-ray diffraction analysis of the loose debris of 6061A1-20%A1,0,
worn against SAE 52100 bearing steel in regime II. (using Cu-Ko).
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Figure 48. X-ray diffraction analysis of the loose debris of 6061Al worn against
SAE 52100 bearing steel in regime II. (using Cu-Ka).
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Figure 49. X-ray diffraction analysis of the loose debris of 6061Al worn against
SAE 52100 bearing steel in regime IiI. (using Cu-Ka).
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regime to another occurred in figure 39. This is however a simplification because the
transition wear rates of a given material varies with the applied load and the sliding
velocity as will be discussed in section 5.5. The regime [ has only been observed for the
6061A1-20%Al,0, at the low applied load levels (i.e. at 4.9 N) and between the sliding
velocities 0.1 to 2.2 m/s. In regime 11, the wear rates generally show a decrease with
increasing sliding velocity but then increase again above a certain velocity. The transition
from regime II to 11l takes place at a higher sliding velocity in the composite compared
to the unreinforced 6061 Al. For example at 49 N, the transition velocity is about 0.8 m/s
for the unreinforced 6061Al but this is shifted to about 3.2 m/s in the composite.

To study the effect of velocity on the transition from regime II to regime Il in
detail, wear rate versus load diagrams have been constructed. As shown in Figure 51, the
transition load for 6061 Al decreases by an order of magnitude (from 230 N to 9 N) when
the sliding velocity is increased from 0.4 m/s to 5 m/s. A similar behaviour is observed
for the 6061A1-20%AL0, (Figure 52). The transition loads as a function of sliding

velocity are summarized in Tables IV and V.

4.2.7. BULK TEMPERATURE DIAGRAMS

The temperature distribution curves for the composite and the unreinforced
6061A1 alloy are given in Figure 53 for a constant velocity (V=0.8 m/s). The changes
of surface temperature with sliding distance show similar trends in the unreinforced
6061Al and the composite, i.e.: the surface temperature increases rapidly initially with

the sliding distance and then reaches a steady state. The magnitude of the steady state
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Table 1V, Variation of Transition Load P, of 6061Al1-20%Al1,0,
between Regime I and 1l as a function of velocity V

111

V (m/s) P, (N)
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Figure 51. Wear rate vs applied load diagram for 6061Al
with sliding velocity ( © ) 0.2 m/s; ( ® ) 0.4 m/s; ( v )
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Table V. Variation of Transition load P, between Regime II and III
as a function of velocity V

6061Al — 6061AI20%ALO, |

V (m/s} P, (N} V (m/s) P, (N)

02 >420 02 ~420

0.4 230 0.4 350

08 50 08 230

1.2 35 20 100

20 20 32 49

50 9 40 40
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contact temperature increases with the applied load. For the unreinforced alloy, it was
observed that the transition from regime II to III occurred whenever the surface
temperature reached 395:10 K (or 122:10 °C). The transition temperature was
reproducible within +10 K and corresponded to T/T,=0.4 (where T,=925 K 1" is the
melting temperature of the 6061Al). In the 6061A1-20%Al,0; composite the transition
temperature was higher (44010 K or 16710 °C). Experiments showed that when the
block-on-ring tester was cooled by circulating cold water around the specimen holder
assembly, the transition was reversed (i.e., no alurninum accumulation on the slider was
observed and the regime 11 wear rates prevailed). The bulk contact temperature of the
composite was lower than that of the unreinforced aluminium at any given load and
sliding distance (Figure 53). The variation of surface temperature with sliding velocity
in the 6061Al is shown in figures 54 and 55. In figure 55, the contact temperature
increases with sliding time and at the transition from regime II to III the temperature is

395+10 K (49 N, 1.2 m/s).

4.2.8. EFFECT OF COUNTERFACE MATERIAL

The variation of the wear rates of the 6061A1-20%A1,0; and the 6061Al wom
against 2 mullite slider is shown in Figure 56. The overall shape of the wear rate curves
in Figure 56 is similar to that obtained when the materials are rubbed against a steel
slider (Figure 39). The effect of using a mullite slider is to increase the wear rates in
each regime to higher levels. It is seen that at any given load level, the wear rates of the

composite accelerated by a factor of about 10. Also, as shown in Table III, both the wear
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constant (k) and the exponent (n) in all the regimes are higher in the case of sliding on
a mullite slider. In addition, the transition loads between the wear regimes are shifted to
lower load levels. For example, the transition from regime I to II occurs within a 2 to
5 N load range when 6061A1-20%Al,0; is worn against mullite compared to the 5 to 20
N range observed when a steel slider is used. However, the magnitude of increase of the
wear rates during the transition remains unchanged (10° mm’m™) regardless of the type
of slider material. The second transition, between regimes II and I, in 6061Al-
20%Al1,0, occurs at 110 N. For the unreinforced 6061Al, the transition load to severe
wear is only 25 N. Thus, in summary, subjecting these materials to wear against a
mullite slider shortens the range of regime II and facilitates the transition to the severe

wear regime (III).

4.3 EFFECT OF MICROSTRUCTURAL FACTORS ON THE WEAR RATES OF
MMCs
4.3.1. EFFECT OF VOLUME FRACTION OF PARTICLES ON THE WEAR
RATES

Figure 57 illustrates the eftect of varying the volume fraction of the reinforcing
particles on the wear rates. The wear rates of three 6061Al alloys containing 0, 10, 20
pet Al,O, particles with comparable particle size (e.g. 14pum for 6061A1-10%A1,0, and
19um for 6061A1-20%A1,0;) are compared in this figure. Increasing the volume fraction
of the particles leads to a delay in the transition load ranges between the wear regimes

to higher levels. The transition between regime I and II occurs within a load range of 3
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Figure 57. Wear rate vs applied load diagrams for ( O ) 6061AlL
( v ) 6061A1-10%A1,0,, ( ® ) 6061A1-20%Al1,0,, and ( o)
Al,0,—SiC. Counterface: SAE52100 steel.
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to 7 N in the 6061A1-10%Al1,0,. This range is delayed to 5 to 20 N for the 6061Al-
20%Al,0,. Similarly, the transition to severe wear is moved to higher loads as the
percentage of particles increased so that the transition loads correspond to 50, 90, and
230 N for the unreinforced alloy and alloys with 10% and 20% reinforcement,
respectively. In view of the scatter in the data, the wear rates within regimes I and II can
be considered to remain relatively unaffected by the changes in the particle volume
fraction. But overzall, increasing the particle volume fraction has a positive effect on the
wear resistance of the aluminum alloys by delaying transitions to higher loads. The
values of the transition loads as a function of particle volume fraction have been shown

in Table VL

4.3.2. EFFECT OF PARTICLE SIZE ON THE WEAR RATES

Experiments to determine the effect of the particle size were performed on SiC-
reinforced Al-Cu-Mg matrix alloys. The wear rates of the alloys reinforced with an
average SiC particle sizes of 2.4:1.7 and 15.8:5.0 pm (both with 20% SiC) are
compared in Figure 58. These experiments were performed using a steel slider. At low
loads, where regime I prevails, the composite with coarse SiC particles clearly has a
better wear resistance than that of the composite reinforced with fine SiC particles. For
example, at 1 N, the composite with 2.4 pm particle size has a wear rate of 9x10”
mm’m, which is an order of magnitude higher than that of the composite with coarse
particles (8x10 mm°m™). (The wear rate of the unreinforced 2014Al at 1 N is 2x10*

mm>m™.) It appears that the size of reinforcing particles does not have a prominent effect
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Table VI, Effect of Al,O, Particle Volume Fraction V,
in 6061A1-Al,O, composites on Transition Load P,

Ve (%) PO (N P (N)
0 0 S0
10 3-7 90
20 5-20 230
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Figure 58.. Wear rate vs applied load diagrams for ( O ) 2014Al;
( m ) 2124A1-20%SiC (2.4 um), and ( A ) 2014A1-20%SiC (15.8),
um). Counterface SAE52100; Sliding Velocity: 0.8 m/s.
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on the wear rates in regimes II and IIl, since the wear rate curves of the composites with
fine and coarse particles coincide at above 20 N. But the transition to severe wear in the
SiC-reinforced composites occurs at higher loads (140 N) than that for the unreinforced

2014A1 (90 N).

4.4. SUBSURFACE STRAINS AND STRESSES
4.4.1. STRAIN ACCUMULATION BELOW THE WORN SURFACES

Sliding contact between the surfaces of ductile materials (even a small nominal
contact stresses) is often accompanied by severe plastic deformation localized within a
small volume of material adjacent to contact surfaces. The process of debris formation,
especially in the unlubricated systems, is closely related to the magnitude and distribution
of local strains and strain gradients as well as to the variation of stress state within the
deformed subsurface zones. Therefore, characterization of subsurface strain and stress
distributions in dry sliding wear is important in order to rationalize the events involved
in the production of wear debris of the aluminum alloys and the composites.

The material selected for the investigation subsurface stress-strain states was the
unreinforced A356Al. Details for specimen preparation and test methods are given in
section 3.3. The plastic strain distribution beneath the contact surface was obtained from
the measurements of the displacement of a reference marker perpendicular to the contact
surface. The morphology of the interface between the marker and the rest of the
specimen before and after a wear test is shown in Figure 59. It is seen that the boundary

between the marker and the rest of the sample which was initially straight becomes
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Figure 59. (2) Polished cross-section of an unworn specimen showing
the interface between the marker and the specimen. (b) Displacement

of the interface in a specimen womn at load=45 N, sliding
distance=100 m.
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curved towards the sliding direction after a certain sliding distance. Figure 60 shows the
measured values of the sliding displacements in specimens tested at 10 N. To construct
this figure a different specimen was tested for each sliding distance and each curve
represents the average of the two measurements made at front and rear (with respect to
the sliding direction) interfaces of the marker plate. The accuracy of the measurements
were rather poor very near the contact surfaces (depth less than 5 pm) particularly when
material loss in the form of debris occurred in this region. At greater depths the
displacement values were reproducible with a standard error of less than 0.15 of the
reported mean values.

Considering that the displacement field arises as a result of shear deformation, the
equivalent plastic strain, €, at any given depth can be calculated from the shear angle of

the interface ¢ =7,

e=L0ng (4.2)

The subsurface strain distribution curves at 10 N are shown in Figure 61. The figure
indicates that a severe strain gradient was developed even after a short sliding distance
of 30 m. Both the magnitude of subsurface strains and the depth of plastic zone increased
with the sliding distance and with the applied load (Figure 62). For instance, as shown
in Figure 60, the nominal depth of the plastic zone (defined as the thickness of material
subjected to strains larger than 0.1) was 40 um at 30 m and this became 8C pm after 10°
m indicating continuous and progressive nature of the strain accumulation process.

Using a non-linear regression analysis the experimentally determined strain
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Figure 60. Subsurface displacement gradient as a function
of sliding distance, Load: 10 N; Sliding Distance: ( 0 )30 m,
( ® )100 m and { v ) 1000 m. '
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Figure 61. Equivalent plastic strain gradient as a
function of sliding distance: ( © )30 m; ( ® ) 100 m
and { v ) 1000 m. Load: 10 N.
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profiles can be described as:

£=Aexp(-B2) (4.3)

where Z is the subsurface depth (in microns). A is the extrapolated strain at the surface.
The values of parameters A and B are given in Table VII for 10 and 45 N. The results
demonstrate again that the surface strains can be very high and increase with sliding

distance and load.

4.4.2. FLOW STRESS OF THE SUBSURFACES

In order to estimate the flow strength of the deformed layers, Vickers
microhardness measurements were performed at different sliding distances and loads.
Figure 63 shows hardness gradients in specimens wom at 10 and 45 N for 10° m. Each
point represents an average of at least three measurements made at the same depth with
standard deviation less than 20% of the mean. The near surface zones were considerably
hardened with respect to the bulk. For example, for the tests performed at 10 N, the
hardness at 5 pm below the surface (1050 MPa) was 50% higher than the bulk hardness
(700 MPa). The hardness of each point in the deformed zone as well as the depth of this
zone is increased with the applied load.

As a first approximation, it can be assumed that the flow strength, o, of the

deformed layers is related to the hardness by [3#%%;

a=g (4.9)
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Table VII. Coefficients A and B in egn. (4.2):e=A-exp(—BZ)

Load Sliding B (l/micron)
(N) Distance (m)

10 30 1.67 6.2x1072
100 4.10 7.7x1072
1000 8.80 9.4x1072
45 10 31 2.5x%107!
30 34 2.7x107
1000 41 2.8x107

* Sliding Velocity = 0.8 m/s

132



where H is the Vickers hardness so that the flow strength of the subsurface region can
be estimated from data in Figure 63. As shown in Figure 63, the flow strength increased

towards the contact surface.
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Figure 63. Vickers hardness (and flow strength) vs. depth below
the worn surfaces at two different loads; Applied load: ( O )
10 N and ( ® ) 45 N; Sliding Distance: 1000 m.
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CHAPTER V DISCUSSION

5.1 WEAR MECHANISMS IN PARTICLE REINFORCED Al ALLOYS

The wear resistances of aluminum alloys reinforced by SiC or Al,O, particles
show a similar load dependence. All three composites, namely 6061Al-Al,O,, 2014A1-SiC
and A356Al-SiC exhibit three wear regimes. Metallographic observations and X-ray
analyses revealed that the basic mechanisms that control the wear rates are different in
each of these regimes. At the transition regions between the regimes, rate-controlling
mechanisms change from one to another. In this section, the effects of the microstructural
factors, the surface temperatures, as well as the type of counterface material on the wear

rates and transition loads will be discussed in relation to the wear mechanisms.

5.1.1. WEAR MECHANISMS IN REGIME I (ULTRA MILD WEAR)

The high wear resistance of composite matetials in the wear regime I can be
attributed to the presence of SiC and Al,O, particles that act as load-supporting elements.
In order to be as effective as load-bearing elements, the particles should maintain their
structural integrity during wear. Therefore, regime [ is limited to the low applied loads
where the local stresses generated beneath the slider are lower than the fracture strength
of the particles. The initial surface topographies of the composites prior to the wear tests
are suitable to facilitate the transfer of the applied load directly onto the particles. This
is because the SiC and ALQ, particles stand proud of the polished contact surfaces and

particle protrusions as high as 5 um could be formed on the surfaces of the composites
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incorporating large particles (Figure 64). This topography is considered to be useful to
prevent the softer aluminum matrix becoming directly involved in the wear process. It
should, however, be noted that this type of initial surface finish is not essential for the
occurrence of the regime I since wear rates of the order of 10° mm’m™ were also
measured in some of 6061A1-20%AlL,0,, A356A1-20%SiC and 2014Al1-20%SiC samples
tested at 1 N (on steel) after giving them a rough polish with a 320-grit SiC paper.
Another process associated with wear in regime 1 is the formation of the “transfer
layers” on the contact surfaces of the composites (Figures 28 and 44). These layers, which
were mainly composed of a mixture of iron and iron oxides, were present on the contact
surfaces of all the composites reinforced either by SiC or Al,O, when these composites
were worn against a steel slider at low loads, but not on the surfaces of unreinforced
aluminum samples. Therefore, the origin of the transfer layers can be attributed to the
abrasive action of the hard SiC or ALQ; particles on the steel counterface. The debris
fragments detached from the steel slider as a result of abrasion by hard particles were
oxidized and deposited on the contact surfaces of the composites. The layers were
generally thin (3 to 10 pm) and, as revealed by the EDS spectrum shown in Figure 27
and Figure 43, mainly consisted of ferrous elements. X-ray diffraction experiments
performed on the loose wear debris generated during the wear of 6061A1-20%A1,0;
composites against the steel slider indicated the presence of ¢-Fe and Fe,O, (Figure 45).
A similar result has also been found for the A356A1-20%SiC composite (Figure 29).
These observations imply that once the transfer layers were established on the composite

samples, the steel counterface can be considered to be mainly in contact with a mixture
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Figure 64. Morphology of SiC particles (15.8 um) on the polished
surface of 2014A1-20%SiC before the wear test.



of iron and iron oxides. The iron oxides are known to have a low coefficient of friction
f140. 1411 and thus, the layers can be expected to provide an in situ lubrication effect. The
mechanism by which the transfer layers are formed is schematically illustrated in Figure
65.

In summary, the improved wear resistance of the particle reinforced composites
under small contact stresses is due to the load supporting effect of reinforced ceramic

particles and the formation of iron oxide layers on the contact surfaces.

5.1.2. WEAR MECHANISMS IN REGIME II (MILD WEAR)

The SiC and Al,Q, particles fracture above a certain load, and the fragmented
particles lose their ability to support the applied load. Consequently, the aluminum matrix
comes into direct contact with the counterface. Once this happens, the wear rates of the
composites increase by a factor of 10 to 100 and become almost equal to the wear rates
of the unreinforced aluminum alloys. Examples of broken particles at the contact surfaces
of the 6061A1-20%A1,0, are shown in Figures 66(a) and 66(b). It is occasionally
observed that the particles are also removed from the surface by a pull-out process as
illustrated in Figure 66(c) and 52(d). Only a small amount of iron has been detected on
the wom surfaces of the composites (Figure 27 and 67) revealing the absence of iron-rich
layers in wear regime I,

Metallographic observations made on the longitudinal sections (on a plane normal
to the wear surface and parallel to the sliding direction) often showed evidence for

extensive plastic deformation of the material adjacent to the contact surfaces. A typical
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Figr..xre 65. Schematic description of sliding wear mechanisms in
particulate composites at low loads.
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micrograph of the subsurface region of A356Al (Figure 30) indicates that this region is
characterized by a deformation pattern in which the grain boundaries are increasingly bent
towards an orientation nearly parallel to the contact surface. Very near the contact surface
the microstructure exhibits a series of overlapping grain boundaries with grain thickness
of less than one micron which is indicative of the large strains accumulated in this region.

The SEM investigation for A356Al reveals two other important aspects of near
surface microstructure: (i) void and microcrack nucleation; (ii) subsurface crack growth.
Voids are found to nucleate around the silicon particles located inside the deformation
zone. As shown in Figure 31 the particle/aluminum interfaces appear to be the preferential
void nucleation sites. A typical subsurface crack propagating parallel to the main plane
of the contact surface is illustrated in Figure 32. A portion of the material at the tail of
the crack is previously detached to form loose wear debris. Notice the presence of the
secondary cracks parallel to the surface but have not yet reached the surface. Part of the
loose debris particles in regime II (Figure 68) are in the form of thin plates (5-20 pm
thick) revealing that they were produced by subsurface fracture. Similar results have also
been found in other unreinforced Al alloy and composites. examples of subsurface cracks
in 6061A1-10%Al,0, is shown in Figure 69.

Thus incorporation of ceramic particles into aluminum alloys can increase the rate
of the subsurface crack initiation and propagation hence promote subsurface delamination
by creating additional void nucleation sites and preferential crack growth paths at the
particle-matrix interfaces. Consequently, once the particles are fractured, the advantage

of the increased material hardness is lost and the relatively low fracture toughness of the
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Figure 67. EDS analysis of the worn surface of A356Al1-20%SiC in
region II.
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composite adversely affects their wear resistance.

In addition to the plate-like debris particles which appear to be generated by
delamination of subsurface layers as described above, another type of debris, namely fine-
powdery particles (which are black in colour) have also been formed during the wear of
monolithic alloys and the composites in the regime II. This type debris has also been
observed by Antoniou ez al. " as an agglomerate of very fine particles (5-50 nm) of Al,
Si and «-Fe in the case of Al-Si alloys wearing on steel. X-ray diffraction analysis of the
debris particles collected directly from the wear tests did not reveal any clear evidence
for aluminum oxide formation (Figure 35 and Figure 48). But when the black and
powdery debris was separated from the rest (by filtering out larger platelike debris
particles) and an X-ray analysis was performed on the black debris alone the presence of
an amorphous phase was detected (Figure 70). Since the natural and thermally formed
oxide films on aluminum alloy contain an amorphous layer [P 1314 the existence of
amorphous phase on the contact surfaces may indicate formation of an aluminum oxide
layer in regime II.

The importance of the formation of this black debris on the wear resistance is
illustrated in Figure 71 by referring to the test performed on the 6061Al1 worn against the
SAE 52100 steel counterface. Figure 71 shows that when a stepwise increase in sliding
velocity with an initial low sliding velocity (0.2 m/s) was applied to the rubbing pair, the
transition to severe wear is delayed to 473 K (230 * ), which is about 80 degree higher
than the samples directly tested at a sliding velocity of 0.8 m/s under the same applied

load (Figure 53(a)).
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Figure 69. Subsurface crack in 6061Al-10%Al,0;.
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Figure 70. X-ray diffraction analysis of the black debris of 6061A1 worn against
6061Al in regime II. (after filtering and using Cu-Ka).
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Figure 71. The temperature distribution at the contact surface
of 6061Al as functions of sliding time and sliding velocity.
Applied Load: 98 N; Counterface: ASE52100 bearing steel.

Note: A mixture of black and white debris was formed between
the contact surfaces when sliding velocity is 0.2 m/s.
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Another important wear mechanism that operates in regime II is microgrooving
due to the abrasive action of harder counterface asperities (two-body abrasion) and
fractured (and pulled-out) SiC or Al,O; particles (three-body abrasion). Both the fractured
particles and the pulled-out particles are likely to act as the third-body abrasive
constituents and could be responsible for the higher wear rate of the counterface (Figure
41). The additional abrasive wear (microploughing) component of the sliding wear caused
by the presence of the Al,O, or SiC particles can be regarded as another reason for not
observing an improvement in the wear resistance of the composites in regime II.

In the light of the above discussion, it becomes clear that three possible wear
mechanisms, namely abrasive wear (microploughing), oxidative wear and delamination
wear, may operate in regime II. A schematic representation of the wear mechanisms in
regime I is given in Figure 72. Since the proportion of platelike particles in the debris
increases with the applied load, and in the meanwhile the proportion of small equiaxed
particles (oxidized particles) decreases, it can be propose¢ that initially at low loads the
abrasive and oxidative wear could be the dominant rate-controlling mechanisms, but with

increasing load, the subsurface delamination becomes predominant.

5.1.3. WEAR MECHANISMS IN REGIME I (SEVERE WEAR)

The transition from mild to severe wear at a critical load is a well-documented
phenomenon in cast aluminum alloys ¥ '** 'S Present results indicate that, above 2
certain: characteristic load at the end of the regime II, the slopes of wear rate vs load

curves increase drastically. The transition to severe wear occurs at higher loads in the
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Figure 72. Schematic representation of the wear mechanisms in regime
II; (2) in the incubation period both abrasive and cumuiative damage
processes . are in progress. Plastic strains accumulate with each
succeeding contact cycle; (b) the plastic strain has reached a critical
level such that nucleation of voids has taken place in some critical depth
away from the surface; (c) platelike debris formation occurs when the
subsurface damage has reached the contact surface. Equiaxed particles
are formed by partial disintegration at the contact surface.
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composites compared to the unreinforced Al alloys (Table VIII). For example, in the
6061Al, the transition occurs at S0 N and the 20%Al,0, reinforcement impedes the
transition until 230 N,

The wear in regime IiI proceeds by severe surface damage and involves large scale
material transfer to the counterface (Figure 73(a)). This is the type of wear also referred
to as galling, scuffing or seizure. However, the wear process in regime III is essentially
a large scale deformation and damage accumulation process. But the surface damage and
the rate of material loss in regime III is so extensive that from a practical point of view
the transition to severe wear can be considered as the upper iimit of the useful wear life
of aluminum alioys in actual service conditions. Understanding wear mechanisms in
regime III is however important for controlling the extent of regime II and is also relevant
to MMC processing technology because this type of wear is likely to occur between the
material and the die in hot extrusion and between two composites being joined by solid
state diffusion bonding. The loose debris particles generated during severe wear are often
in the form of thick plates (50-200 pm) as shown in Figure 74. Imegular and larger
particles are also found especially at higher loads in this region. The plate-like debris
produced during severe wear is different from the delamination debris of region II (Figure
68) because the former possess a lamellar structure, i.e. as seen in Figure 74(b) the debris
is typically a composite aggregate formed by several severely deformed layers (in this
case, three) stuck together. The depths of the deformed aluminurm layers below the wom
surfaces are of the order of 300400 pm, ie., about 10 times deeper than the typical

thickness of the deformed zones in regime II. Also, because of the extremely high surface
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Table VIII

. The Transition Load P, and Transition Temperature T,
for the Materials Tested (V=0.8 mv/s)

Materials Regime 1 10 11 Regime 11 to 11

P (N) P, (N) T, (K)
A356Al -—- 93 318
A356A1-20%SiC 15 250 >500
6061Al - 50 395
6061A1-10%AL,0, 5 90 -
6061A1-20%Al,0, 10 230 440
2014Al - 90 —
2014Al1-20%SiC 9 150 -—
2124Al-20%SiC 8 140 -—-
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Figure 73. Cross-section of 6061A1-20%Al,0; showing (a) the layers
consisting of broken Al,Q, particles on the test piece and (b) same
layers transferred on to the SAE52100 counterface (regime III).
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strains, particles became fragmented and comminuted to a mean particle size which is
roughly one-fifth of the original. The morphology of the surface layers consisting  of
fractured ceramic particles is shown in Figure 73(b). These layers have a thickness of
approximately 100 pm and were found to spread continuously on the contact surfaces.
During the wear tests the layer with broken particles transferred and adhered on to the
counterface material leading 1o a weight gain of the counterface (figure 73(a)).
Examination of the wom surfaces of the composites revealed that as a result of severe
surface deformation these layers formed a pattern of “shear wedges”. During the wear
process some parts of the wedges broke away by a tensile fracture mechanism as revealed
by the dimple morphology left behind (Figure 75). The average dimple diameter is of the
order of 1 to 5 pm which correlates well with the size of comminuted particles. The
origin of the tensile failure can be attributed to the development of adhesive forces
between the surface layers and the material transferred to the counterface. During the
wear tests in regime III, the worn material was often welded to the counterface. Shear
wedges (and tensile dimples) were also apparent on the material adhered to the
counterface. This implies that transfer and back transfer events occurred during wear.
Debris particles in the form of multilayered (about 3-5 layers) fragments consisting of
severely deformed materials layers are believed to have formed during the transfer and
back transfer processes between both contact surfaces. Another type of material removal
mechanism observed in regime Il was associated with the formation of a “prow” ahead
of wom surfaces (Figure 76). Detachment of the fragments of material by tearing away

from the prow appears to be an important debris formation mechanism, especially at high
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Figure 74. Debris particles produced from the surface of 6061Al-
20%AL0, at 300 N: (a) overall view of debris particles; (b) high
magnification cross-sectional view of a debris particle showing its
lamellar structure (regime III).
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Figure 75. Worn surface morphology in regime ITI (6061 Al-20%Al,0,,
230 N); tensile dimples formed during fracturing of the "shear
wedges".
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loads where most of the debris particles were coarse and irregular in shape.

52. FACTORS INFLUENCING THE WEAR TRANSITIONS
5.2.1. EFFECT OF SLIDING VELOCITY

In addition to the applied load, the dry sliding wear behaviour is also affected by
the sliding velocity. When the steady state wear rates obtained from the sliding distance
vs volume loss curves are plotted against the sliding velocity (under a constant applied
load), such as the ones shown in Figure 50, they exhibit the following features: the wear
rate first decreases with increasing sliding velocity and then starts to increase again. The
decrease in the wear rates with velocity could be attributed to the competition between
strain hardening and thermal softening that occurs concomitantly in the material. The
hardness of a material increases with the strain rate and decreases with the temperature.
According to Archard’s equation of wear *%; W=kPS/H (Eqn. 2.1), the volume of material
lost would decrease with increasing hardness. During the dry sliding tests, with increasing
sliding velocity, the strain rate at the surface increases but at the same time the contact
surface temperatures increase simultaneously. In the lower sliding velocity region, the
temperature increase is not significant and the strain hardening of the material appears to
play a more important role than the thermal softening. But in the higher sliding velocity
region, the softening of the material because of frictional heating may become the
controlling factor. Therefore, as a result of the competition between these two opposing
effects, the wear rate decreases to a2 minimum with sliding velocity and then increases

again.

156



(111 dudx
‘N 0LT CONIV%0T-1V1909) “asord oy wog) seme SupEal JO NSl B SE pautiv} v sapaiued
s1qap adie-| “(moid) 2epIns wWos Y1 Jo d8pd oy A Jo o pazoonbs eLAN 9L amit|




Figure SO indicates that under lower applied load ( 4.9 N, for example), the wear
resistance of 6061A1-20%Al,0, is more than ten times higher compared to that of the
unreinforced 6061A1 throughout the sliding velocity range studied (0.01-4 my/s). This
improvement, as discussed before, can be attributed to the load bearing effect of ceramic
particles and to the formation of oxides on the contact surfaces. At higher applied loads,
such as 49 N, the wear resistance of the composite is similar to the unreinforced 6061Al
in the low sliding velocity region. But the transition to severe wear in the composite
material is delayed to 3.2 m/s as compared to 0.8 m/s for the unreinforced 6061Al. Also
as shown in Figures 51 and 52 which illustrate the effect of sliding velocity on the
transition load in both 6061Al and 6061A1-20%Al,0,, the transition load is delayed to
higher load with decreasing sliding velocity. Since attainment of a critical temperature is
needed for this transition (see section 5.2.3. for detailed discussion), it follows that when
the sliding velocity decreases, a higher applied load is required to produce the same
contact temperature. However, when the sliding velocity is low (e.g. 0.2 m/s), no severe
wear has been observed for the unreinforced 6061A1 alloy throughout the load range
studied (1 <420 N). In this situation even the maximum load applied was not enough to

increase the surface temperature to the critical temperature for the transition (figure 51).

5.2.2. EFFECT OF TEMPERATURE
A better understanding of the severe wear behaviour can be obtained by studying
the thermal conditions under which the surfaces are rubbed together. Kragelskii "), Hirst

and Lancaster [, and Welsh ** proposed that a transition from mild to severe wear in
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ferrous materials would occur when the temperature at the contact surfaces exceeded a
critical temperature, It has been observed that for various metals, adhesion increased
rapidly as temperature reaches about 0.4 T,, "\, The contact temperatures reached after
a sliding distance of 10° m are plotted against the applied load (Figure 77 and 78) and the
sliding velocity (Figure 79). The measured temperature represents an average temperature
of subsurface material S to 50 pm below the contact surfaces. In the unreinforced 6061Al,
the severe wear (which is easily detected by the unaided eye during the tests) initiates
whenever the temperature reaches 395:10 K. This corresponds to about 0.4 of the
absolute melting temperature of aluminum. At this temperature range, thermally activated
deformaticn processes are expected to become active and lead to the softening of the
layers adjacent to the contact surfaces. Recently Singh and Alpas '** gave metallographic
evidence for dynamic recrystallization during severe wear in 6061 Al alloy. The transition
temperature can thus be regarded as a characteristic temperature where thermaily activated
processes become a rate controlling parameter. However, as indicated in Figure 53, the
transition temperature in the 6061A1-20%AL0, is 44010 K which is 45 K higher than
that in the unreinforced 6061Al.

The temperature tisc due to the frictional heating depends upon the combined
effects of the load and speed. Thus one way of avoiding the transition to seizure is to
properly select applied load and sliding velocity in order to keep the temperature below
the critical transition temperature under the operating conditions. It can be proposed that
in general the rate of heat dissipation from the wear system will determine the magnitude

of the transition temperature. This depends, in addition to the effect of load and velocity
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Figure 77. Temperature of the worn surfaces after sliding to 1000 m vs. applied
load on: (O) 6061Al, and (®) 6061A1-20%Al,0,. Transition occurred when the
temperature reached 395410 K in 6061A1 and 435 + 10 K in 6061A1-20%A1,0;.
Data in the shadow area indicate temperatures at which transition to severe wear
is first observed during sliding at a given applied load. Sliding velocity=0.8 m/s.
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1000 m vs. applied load: { O ) A356Al, and ( ® ) A356A1-20%SiC.
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Figun_: 73. Temperature of the worn surfaces after sliding to 1000 m vs. sliding
velocity on 6061Al: (0) 4.9 N and (®) 49 N. Transition occurred when the
temperature reached 395+10 K. Data in the shadow area indicate temperatures

at \:.rhich transition to severe wear is first observed during sliding at a given
sliding velocity.
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which have been already discussed, on the geometry of the system and on the thermal
properties of the materials involved in the tribological system. By increasing the heat
dissipation rate from the tribological system, the mild wear regime can be extended to
higher loads and sliding velocities. This view is experimentally proven as shown in Figure
80, in which two groups of unreinforced 6061Al alloy specimens were tested under 98
N and a constant sliding speed 0.8 m/s. One set of specimens was cooled by circulating
cold water around the specimen hoider during the tests. The results indicate that surface
bulk temperatures of the water cooled specimens remained lower than the transition
temperature, 395 K, obtained during the “regular tests”, and therefore no transition from
regime II to regime III was observed. But when the test was repeated under the same
applied load and sliding velocity conditions without cooling the system, a transition to
severe wear occurred as soon as the surface temperature reached the critical transition
temperature (395 K). The effect of the thermal properties on the transition will be
discussed in conjunction with the role of counterface material in Section 5.4.

It should be noted that transition temperaturc may also vary with the contact
surface conditions. Formation of oxide layers and surface lubrication will delay the
transition to higher temperature. One example to illustrate the effect of surface conditions
is given in Figure 71. When the speed is increased step-wise under a constant applied
load, the transition of 6061A1 has been found to occur at about 473 K which is about 80
K higher than the one obtained under constant velocity. This is possibly due to solid

lubrication effect of the oxides formed at low speeds.
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Figure 80. Effect of heat dissipation rate of the test system
(a) Temperature distribution at the contact surface;

{b) Volume loss vs. sliding distance under same test condition.
( © ) Without cooling; ( ® ) With cooling. Applied Load: 98 N.
(60614l sliding on SAE52100 steel)
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5.3. EFFECT OF MICROSTRUCTURE ON WEAR RATES
5.3.1. EFFECT OF PARTICULATE SIZE

The wear resistance of the aluminium-matrix composites in the ultra mild wear
regime (regime I) is sensitive to the size of the reinforcing particles (Figure 58). The
relationship between the particulate size and the wear damage is schematically illustrated
in Figure 81. When the particulate size is of the order of surface roughness (e.g., 1 to 2
um), particles can only provide a limited protection to the matrix (Figure 81(a)). When
the mean particulate size is increased by a factor of 6 as in Figure 81(b), particles can
carry the applied load and protect the aluminum matrix efficiently. In the case of wear
against a steel counterface, it was observed that the transfer layers were thicker and
entirely covered the contact surfaces of the composites reinforced with 15.8 pm SiC. This
implies that coarser particles are more effective either in leading to the abrasion of the
steel or holding the transfer layers on the contact surfaces than the composites with 2.4
pm SiC. In fact, SEM investigations revealed that the matrices of the composites
reinforced with fine particles received more extensive damage. Wear in regime I involves
processes such as particle fracture, decohesion, and pull-out processes that occurred at
higher loads (in regime II) in the alloys with coarse particles. In this respect, it can be
suggested that composites with fine SiC particles show a mixed wear behaviour at low
loads and their wear resistances are only slightly higher than those of the unreinforced
alloys.

The wear resistances of the unreinforced and the reinforced materials in regime

11 are similar under a sliding velocity of 0.8 m/s (figure 58). The reasons for this
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Figure 81. Schematic illustration of the effect of the particle size on the
wear of the matrix in regime I: (2) when the mean particle size is of the
order of the surface roughness, particles are not effective restricting the
damage of the matrix; (b) coarse particles (mean particle size is six
times larger than that of (a)) provide better protection to the matrix and
may induce damage to the counterface.
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behaviour have already been discussed and can be summarnized as follows: (i) The
reinforced particles are fractured and lose their ability to support the applied load, and
thus the aluminium matrices become in direct contact with the counterfaces. (it) The
fractured particles provide preferential propagation paths for subsurface cracks which
increase the propensity for material loss by subsurface delamination. (iii) The fractured
and pulled-out particles are entrapped between the counterface and the composites and
may cause abrasive wear. Consequently the benefits of the reinforcement are balanced by
these disadvantages.

In regime III, there is also no significant difference between the wear resistances
of the composites with different particle sizes. This could be because when the applied
load is higher than the transition load almost all of the ceramic particles in the deformed
zones adjacent to the worn surfaces would be fractured and eventually become fragmented

into small particles (figure 73).

5.3.2. EFFECT OF VOLUME FRACTION

Increasing the volume percent of particles has a positive effect of delaying the
transitions (both from regime I to regime Il and regime II to regime III) as shown in
Figure 57. In regime I, since there is no significant difference in the wear rates of
6061A1-10% AL,0, and 6061A1-20%A1,0;, it follows that 10 percent reinforcement is as
effective as 20 percent reinforcement in supporting the applied load at the low loads of
regime L

It is interesting to note that the wear resistances of the 6061Al-Al,0, composites
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which contain relatively coarse particles (=14 pm) are comparable to those of the 2014
alloy reinforced with coarse SiC particles (=16 pm) (Figure 58) despite the differences
in the compositions of the matrices and the particles. The probability of particle fracture
increases with the applied load until the fraction of the unfragmented particles on the
contact surfaces is no longer adequate to carry the load. The total area fraction of the
unbroken particles in the material with 10 percent reinforcement decreases faster than that
with 20 percent reinforcement. Consequently, the transition to regime II occurs earlier in
the composites with lesser amount of reinforcement. An extreme example is given in
Figure 57 in which results of a AL,0,-SiC ceramic specimen rubbing against a SAE 52100
bearing steel are shown by a dashed line. This material can be considered to be equivalent
to a 100% reinforcement and no transition has been found in this material (sliding
velocity: 0.8 m/s) up to an applied load of 200 N.

The transition load to severe wear is moved to higher loads as the percentage of
particles increased so that the transition loads correspond to 60, 90 and 230 N for the
unreinforced alloy and alloys with 10% and 20% reinforcement, respectively. The wear
resistance of the alloy with 20%Al,0, is the highest in the severe wear regime. As
discussed in the previous section, the transition to severe wear takes place when the
temperature at the contact surface exceds a critical temperature and the transition

temperature increases with ceramic particle additions.

5.4. EFFECT OF COUNTERFACE MATERIAL

The overall shape of wear rate curves for the 6061Al and the 6061A1-20%A1,0;
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sliding against the mullite is similar to those for sliding against the SAE 52100 steel
(Figure 56). The effect of using a mullite slider is to increase the wear rates in each
regime to higher levels (by a factor of about 10), and the transition loads between the
wear regimes are shifted to lower load levels.

In order to rationalize the effect of the counterface material on the wear resistances
of the aluminum and the composites, attention should be given to the following
properties: (i) hardness difference between the counterface and the specimens; (i) thermal
conductivity and surface temperature. Since the mullite is much harder (VHN=1700
kg/mm?) than SAE 52100 steel (VHN=950 kg/mm®), the increase in the wear rate of
composites sliding against the mullite ring could be at least partly attributed to the
enhanced abrasive wear.

As the thermal conductivity of the mullite is nearly an order of magnitude less
than that of steel (4.1 and 45 W/mK, respectively), the heat input into the sample is larger
when compared to tests involving steel rings because the frictional heat has to be removed
mainly through the 6061Al alloy (or its composites). The role of the counterface material
on the transition to severe wear can be rationalized on the basis of the critical transition
temperature concept. The results show that the transition load is reduced (e.g., from 200
to 90 N for 6061A1-20% Al,O, (Figure 56) when the materials are wom against the mullite
instead of the steel. Consequently, the transition temperature is reached at lower loads.
This is demonstrated in Figure 82 for an unreinforced 6061Al1. At a load of 49 N when
the alloy is wom on mullite, the transition temperature (395 °K) is reached shortly after

the test has started. The wear rate of the material is high at (W=3x10" mm’/m (Figure
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56)). When the same material is worn on an SAE 52100 counterface at the same load, the
surface temperature remains below the transition temperature (T,=395 K) and the wear
rate is 1.5x10° mm®*m. Consequently, rubbing the reinferced or monolithic alloys on a
counterface with low heat conductivity reduces the transition load and promotes severe

Wear.

5.5. WEAR MAPS

It has been shown that the aluminum matrix composites exhibit a transitional wear
behaviour and show three wear rate regimes namely Regime I (ultra mild wear). Regime
I (mild wear) and Regime III (severe wear). Figures 83 and 84 show wear regime maps,
i.e. boundaries between the wear regimes on log load-log velocity axes, for the 6061Al
alloy and the 6061A1-20%Al,0, composite respectively. As discussed previously, only
two wear regimes are identified for the unreinforced 6061Al alloy. The solid line in
Figure 83 shows the boundary separating the mild and severe wear regimes. If the
combination of the applied load and the sliding velocity falls above the solid line, severe
wear will occur. For any combination below it, mild wear will occur. Thus Figure 83
provides a convenient way of predicting the wear behaviour of this material in terms of
applied mechanical factors. On the other hand, three wear regimes are identified for
6061A1-20% AL, 0, (Figure 84). T ~ solid lines have been drawn to separate the three
wear regimes. The lower line, which gives the average value of the transition load zone,
delineates the transition from ultramild (regime I) wear to mild wear (regime II). Any

combination of load and sliding velocity lying below this line would give ultra mild wear.
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Figure 83. Wear regime map of 6061Al alloy against SAE52100
steel. The open circle indicates that no transition was
observed at that combination of load and sliding velocity.
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When the combination of load and the sliding velocity falls within the two solid lines, the
mild wear regime prevails. The higher line marks the transition between mild wear
(regime 11) and severe wear (regime 111). This line represents the upper limit of the useful
service life of the composite.

The wear regime maps can be made more informative by plotting the measured
wear rates with load-velocity axes. This is done in Figure 85 for the 6061 Al and Figurs
86 for 6061A1-20%Al,0, where contours of constant wear rates are plotted. It should be
pointed out that at a given isorate contour, both mild and severe wear mechanisms may
exist together. This is because the transition load or velocity was identificd as the critical
load or velocity where the slopes of wear rate vs load or wear rate vs sliding velocity
curves change. As seen in Figure 85, a wear rate of 6x10° mm’m cormresponds to the
severe wear rate regime when the sliding velocity is 0.8 m/s or higher, The same wear
rate corresponds to the mild wear rate regime if the tests were performed at 0.2 m/s.

Another piece of information that can be included into the wear maps is achieved
by plotting isotemperature lines on the load-velocity axes. An example of a Load-
Velocity-Temperature diagram is shown in Figures 87 for 6061!\1. The temperature
increase shown here is a result of frictional heating of the contact surfaces. A load-
velocity-temperature map can be a useful material design tool because in actual service
conditions tribological materials (such as in pistons and brakes) are often subjected to
frictional heating and thus required to operate at elevated temperatures. Under the steady
state wear conditions, once any two of these three variables are fixed the third is

automatically determined.
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Table [X summarizes the main characteristics of wear for 6061Al and 6061Al-
20%A1,0, . Since this system is well characterized the data shown in this table is used
for constructing an experimental wear mechanism map shown in Figure 88 which
indicates wear processes and mechanisms operating in each of the wear regimes. The
wear regime map Figure 89 shows the effect of the volume fraction of reinforcement on
the transition boundary. With in¢reasing volume fraction, the transition boundaries move
to lower loads and velocities. The figure illustrates how the volume fraction of
reinforcement can increase the critical transition limit. The use of mechanism maps

together with wear rate maps (Figure 85 & 86) and a temperature map (Figure 87) gives

the most complete description of the wear behavior of these materials.

5.6. MODELLING OF WEAR MECHANISMS: A MODEL FOR DELAMINATION
WEAR (REGIME II)

Sliding contact between the surfaces of ductile materials is often accompanied by
severe plastic deformation localized within a small volume of material adjacent to the
contact surfaces > ¥l The process of debris formation, especially in unlubricated
systems, is closely related to the magnitude and distribution of local strains and strain
gradients as well as to the variation of stress state within the deformed subsurface zones
[137. 150, 1511 Rismey and coworkers ** ' emphasized the importance of the energy
expended during the near-surface deformation associated with fricion and wear.
Metallographic observations of the subsurface layers have shown that the deformation

results in the formation of a well-defined cell structure elongated in the sliding direction
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Figure 87 Wear temperature map of 6061Al alloy against SAE 52100 bearing
steel, (©) mild wear (regime IT); (®) severe wear (regime III). The temperatures
(degree K) given in this Figure are (1) the temperature at steady state (in regime
II); (2) the reading when the wear machine was stopped (in regime III).
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Figure 88. Wear mechanism map of 6061A1-20%A1,0,.
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(1541551 On the other hand, the delamination theory developed by Suh and co-workers V¢
1% describes the debris formation process us a result of damage initiation at the second
phase particles and considers that the damage initiation is governed by a stress criterion
[IST].

There exist various models that describe subsurface crack growth. Models based
on fracture mechanics ™ 8190 consider the effect of stress intensity factors either in
mode 1 (opening) or 1l {(shear) at the tip of the crack as a driving force for its propagation.
These models also have been extended to take into account the cyclic nature of asperity
loading P '8!l Fatigue models of wear seek a correlation between wear rates with either
low cycle fatigue strength "*! or threshold cyclic stress intensity factor, AK,, "1 of the
materials. However, these are not readily applicable to the wear of ductile materials. A
second group of ideas uses the concept of damage accumulation, i.e. void nucleation and
coalescence %! to model the wear debris formation in ductile materials. Some of these
ideas were reviewed by Lim and Ashby ™. These models consider that subsurface
cracking is controlled by plastic strain rather than stress intensity at the crack tip. A
critical shear strain criteria for subsurface crack propagation was proposed by Kuhlmann-
Wilsdorf U**! and possible locations of subsurface cracks were computed by Rosenficld
1651 and Johnson 1'*! from a mechanistic viewpoint. But so far, there is little definitive
metallographic evidence on the microstructural changes that occur during sliding wear.

In this section, dry sliding wear behaviour of an aluminum alloy containing a
dispersion of silicon particles has been investigated. The stress and strain distributions in

the subsurface regions were determined as a function of sliding distance and applied
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nomal load. The role of second phase particles in delamination wear has been assessed.
Observations indicated the importance of damage accumulation events in delamination
wear. It will be shown that delamination wear can be modeled by applying void growth

theories of ductile fracture.

5.6.1. SUBSURFACE STRESS-STRAIN BEHAVIOUR

As describad in Chapter IV, the plastic strain distribution beneath the contact
surface was obtained from the measurements of the displacement of the marker plate. The
equivalent plastic strains €, shown in Figure 62, have been evaluated from the shear

angle of the interface, ¢, by the relationship
e=Lun ¢ (5.1)

As a first approximation, the flow strength, o, (Figure 63), of the near surface layers has

been estimated from the Vickers hardness, H, using a simple expression
1
== 5.2
oe=5H (5.2)

Having determined plastic strain and flow strength of the material layers below
the contact surfaces, a relationship between these can then be established. The stress o,
corresponding to plastic strain € at a given depth has been computed from data in Figures
62 and 63. A cumulative stress-strain curve determined in this way is presented in Figure
90, The figure shows that the layers strain harden very steeply towards the contact surface

but at strains larger than five the curve flattens out indicating exhaustion of the strain
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hardening capacity of the material at high strains. A regression analysis showed that the

stress-strain relation can be represented according to the basic form of the Voce equation

{167]

0q=0,-(0,~0,) exp ( ——GE-) (5.3)

&

where o, is the flow stress at strain €, g, (=240 MPa) is the bulk flow strength, o, (=400
MPa) is the saturation stress, i.c. the stress at which the work hardening rate becomes
zero. €, (=4.79}) is a constant. The Voce-type logarithmic work hardetiing relation is a
common description of the stress-strain characteristics of heavily deformed aluminum
alloys by torsion, wire drawing, etc. "*l. An alternative way of expressing the Voce

equation is to use the differential form of Eqn.5.3 as follows:

&:&(1-3) {(5.4)

de €, a,

where (dafd€) is the work hardening rate which is plotted against o, in Figure 91. The
figure shows that the Voce equation is an appropriate represeatation of the flow stress-

strain state below the worn surfaces.

5.6.2. DELAMINATION WEAR IN DUCTILE MATERIALS CONTAINING
SECOND PHASE PARTICLES

The metallographic observations underline the importance of strains and strain
gradients localized within a region of 30-80 pm depth below the worn surfaces. Both the

depth of the plastically deformed zone and the magnitude of surface strains increase with
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sliding distance and applied load. The stress within this zone is complex but a simplified
analysis indicated that a cumulative stress/strain curve of Voce type can be constructed.
The experiments also revealed the importance of second phase particles in debris
formation. It appears that the initial stage of subsurface crack formation involves void
initiation at the silicon-aluminum interfaces within the deformed zone and wear proceeds
by the linking of these voids at a certain critical depth (10-20 pm). The following
discussion is focused on the conditions that determine the critical depth at which the
damage accumulation rate is maximum.

It is well established that a hydrostatic pressure gradient exists below the contact
areas under normal loading !'**'*%, Bridgeman "™ demonstrated that a large superimposed
hydrostatic pressure, 0y, should improve ductility by retarding the growth rate of the
damage. Plastic strains in the deformed subsurface layers have the opposing effect of
promoting failure. In the immediate vicinity of the contact surface, damage initiation is
made difficult by the large hydrostatic pressure; therefore a large local tensile stress is
required for void nucleation to occur ') The growth rate of the damage is also
suppressed by the large hydrostatic pressure. At large depths the strain (and the strain
rate) is small; consequently, the damage rate is drastically reduced. Thus, the competition
between the hydrostatic pressure and large plastic strain can result in a damage gradient
in the highly deformed layer giving rise to a critical depth for the maximum rate of
damage accurnulation. Accordingly, a simple model can be developed to estimate the
critical depth for maximum rate of damage accumulation.

Consider a void of radius (R) which has nucleated at a particle-matrix interface.
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Then, the rate of the void growth (R) can be estimated by applying Rice and Tracy void
growth analysis '™\, The void will be growing to an ellipsoidal shape and the rate of

increase in the radius of void is given by:

3
R=[ y+0. 558 sinh (—%”)]:sk (5.5)
)

3

where o, is the flow stress of the wom layers, ¢ is the strmin rate and y is an
amplification factor (of 1-2) which relates the growth rate of the void to the strain in the
matrix. Here it is assumed that y=1.5. It is also assumed that ¢ is linearly proportional

to the strain €, i.e. from Eqn.(4.2):

&=Ge=GAexp(-B2) (5.6)

It is also assumed that in the highly work hardened material, the variation of the
hydrostatic pressure beneath the contact area can be considered equivalent to the
Boussinesq solution for point loading (see Appendix). The analysis indicates that the
hydrostatic stress under the loading point is always compressive with its maximum
located at the surface and falls with increasing depth as a function of 1/Z*. However, the
magnitudes of the stresses predicted by the Boussinesq equation are too high because of
the unrealistic assumption that the load is concentrated over a single asperity of infinitely

small size. Thus, Eqn.(A5) (see Page 202) was modified to a more general form:

a,=-< (5.7)

where the coefficient C is a factor that takes into account the effect of distributed load
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on the contact area. Since the geometry of the contact area is not accurately known, we
do not have a theoretical value for C. Different values for this coefficient can be
substituted in Eqn.(5.7) in order to estimate the magnitude of hydrostatic pressure a,;. The
change of o, with depth Z (at 10 N applied load) is shown in figure 92. This figure also
shows the measured flow stress gradient ¢, for comparison.

Based upon the above assumptions, the Rice and Tracey equation (Eqn.(5.5)) can
be numerically evaluated to find the variation of the damage rate, R, with respect to

depth. By inserting Eqns.(5.3), (5.6) and (5.7) in Eqn.(5.5) this equation becomes:

-é,;[wo- 558 sinh (-3 ¢ —)]
2 o,-(0,-a4) exp ( - (5.8)

x[ Aexp( -8B ]

For a given load and sliding distance, Eqn.(5.8) can be solved using data in Table
(VII). As an example, the variation of the normalized damage rate (R/GR) with respect
to depth, Z, at a load of 10 N and a sliding distance of 10° m is shown in Figure 93. The
rate of damage is at its maximum when:

d(3)
dz

-0 (5.9)

Thus Eqn.(5.8) can be differentiated with respect to Z to give

i89



700

600 |

506

400 |

300 |

STRESS (MPa)

200 |

100 | 1 1 | | 1
0 10 20 30 40 50 60 70

DEPTH (um)

Figure 92. Hydrostatic pressure, o, gradients at different
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O',- af"
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dé__ Cmy o
i BGAexp(-BZ)=-BGe
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CIAvE (5.11)
daf__as—oo _ €
az e Seexp(-)

< <

The solution of Eqn.(5.9) gives the critical depth Z. where the damage rate is
maximum. Results obtained for an applied load of 10 N are shown in Figure 94.

The salient points that arise from this analysis are:

(i) The critical depth Z, at which the damage rate is maximum increases with the
hydrostatic pressure, Oy.

(ii) A large hydrostatic stress 0y suppresses the rate of damage R.

According to Figure 94 there is a slight decrease in Z, with increasing sliding
distance (under constant hydrostatic stress). This effect can be attributed to the increase
of the strain hardening rate of the subsurface layers with the sliding distance (as

evidenced by higher B values in Eqn.(4.2) at longer sliding distances (see Table VII).
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Figure 95 shows the effect of normal load on Z.. To compare the magnitude of
Z_ at a constant hydrostatic pressure level the load factor C was normalized with respect
to the applied load (i.e. C’'=C/P where P is the applied load). Figure 95 reveals that an
increase in the value of Z. should be expected at higher applied loads. This is in
agreement with the current experimental observations that the thickness of the debris
particles increased with the applied load.

In summary, although its accuracy is limited by the assumptions made on the Rice
and Tracey analysis, the model can be used to predict the location of the maximum
damage rate. Hence it sets a guideline to quantify the thickness of the debris particles
generated during dry sliding wear. The model is not readily applicable to service
conditions but it does present a way to quantify sliding wear of materials for which the
crack growth is the rate controlling process by recognizing that this type of wear can be
described as a cumulative damage process sensitive to microstructural eclements like

second phase particles.
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CHAPTER VI CONCLUSIONS AND RECOMMENDATIONS

6.1. NEW INFORMATION REVEALED BY THIS WORK

Some of the previously unknown aspects of the wear of MMC's which are

revealed for the first time can be summarized as follows:

[

. Delineation of three wear rate regimes common to the sliding wear of all MMC's,

Characterization of the load induced, velocity induced and sliding distance induced
transitions;

Metallographic and spectroscopic evidence for the wear mechanisms that operate
in each wear regime;

Experimental proof that the transition between mild and severe wear occurs upon
contact surface temperature exceeding a critical value and demonstration that
severe wear is controlled by thermally activated softening processes;
Experimental evidence that in the mild wear regime, the wear resistances of
MMC's are not superior to those of unreinforced materials;

Experimental proof for load supporting effect of particulates in the ultramild
regime;

Representation of wear data in the form of wear transition and wear mechanism
maps;

Determination of the effect of microstructure factors such as particulate size and

reinforcement volume fraction on wear resist of MMC's
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9. Assessment of the role of the counterface materials and forced cooling process on
wear transitions;
10. Observation of the effect of surface films on the transitions;

11. Rationalization of subsurface delamination process on the basis of a damage

accurnulation model.
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62. GENERAL SUMMARY AND CONCLUSIONS
62.1. WEAR REGIMES AND MECHANISMS

The wear resistance of metal matrix composites (A356AI1-SiC, 6061A1-AlLO, and
2014A1-SiC) can be summarized into three wear regimes:

(1). Regime 1 (Ultra-mild Wear): At low loads and low sliding velocity, the
reinforced ceramic particles (SiC and Al,O,) serve as load-carrying particles to support
the applied load; exposed portions of these particles machine the counterface such that
the debris removed from the counterface is transferred onto the surface of the composites.
Iron-rich oxide layers formed as a result of the machining of the steel counterface by the
particles increase the wear resistance of composites. In this regime, the wear resistances
of the ceramic particulate (SiC and Al,O,) reinforced alloys are at least an order of
magnitude better than that of monolithic aluminum alloys.

(2). Regime II (Mild Wear): At higher loads and/for higher sliding velocities, the
reinforced ceramic particles are fractured and contact strains are transmitted to soft
aluminum matrices. A subsurface damage accumulation process leading to the formation
of subsurface cracks is responsible for material loss in the form of platelike debris.
Reinforement particles promote the subsurface damage and also act as third-body
abrasives; thus, the particulate-reinforced composites wear at rates comparable to those
of monolithic alloys.

(3). Regime III (Severe Wear): At high loads andfor high sliding velocities, the
transition from mild wear (regime II} to severe wear (regime IIT) takes place when the

surface temperatures exceed a critical value. The severe wear involves massive surface
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damage and material transfer to the counterface. The reinforced ceramic particles improve
the thermal stability of the alloy and delay this transition to higher temperatures and

loads.

6.2.2. FACTORS INFLUENCING WEAR RATES AND WEAR TRANSITIONS

The dry-sliding wear resistances of the aluminum alloys reinforced by ceramic
particles are strongly influenced by the applied mechanical factors such as the applied
load and the sliding velocity which lead to an increase in the surface temperature.
Microstructural factors such as reinforced particle size and reinforced particle volume
fraction also have an important effects on the wear resistance. The role of mechanical and
microstructural factors on the wear resistance can be summarized as follows:

(1). Applied Load: Contact stresses and surface temperatures vary with the applied
load. When the applied stress o is lower than the fracture strength of the reinforced
ceramic particles ¢, and the bulk surface temperature T, is smaller than the transition
tempetature T,, the wear rates are low, e.g. ultra-mild wear (regime I). When conditions
are such that 0 2 o, and T, < T,, mild wear dominates the wear behavior (regime II).
When o > o,and T, 2 T, a severe wear regime prevails.

(2). Sliding Velocity: The wear rates of both MMCs and monolithic alloys first
decrease with the sliding velocity and then increase possibly due to the competition
between strain hardening and the thermal softening of the subsurface layers.

(3). Surface Temperature: Critical transition temperatures from regime II to regime

I, T, correspond to about 0.4~0.45 of the absolute melting temperature of aluminum
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alloys. Particulate reinforcement increases the transition temperature.

(4). Particulate Size: Increasing particle size improves the wear resistance in
regime [ and delays the transition to regime II. However no significant difference in the
wear resistances of the composites reinforced with different particle sizes in regime 11 and
regime LI could be detected in this work.

(5). Particle Volume Fraction: Increasing the volume percent of particles causes
a delay in the transitions between the regimes ! and 11 as well as between regimes 11 and
1.

(6). Counterface Material: Sliding the alloys against a mullite slider instead of steel
ring increases the wear rates of the unreinforced Al alloys and composites by an order of
magnitude. This is possibly due to the enhanced abrasive effect of harder counterface
and/or the low-heat conductivity of mullite which causes localized heating of the surfaces

of the materials during friction and hence promotes severe wear.

6.2.3. WEAR MECHANISM MAPS

A group of wear maps, i.e. wear regime maps, wear rate maps, wear temperature
maps and wear mechanism maps, have been constructed in terms of the applied
mechanical parameters such as the load and the sliding velocity. These maps provide a
convenient way of summarizing wear rate controlling mechanisms and give the most
complete description of the experimental data pertaining to the sliding wear behavior of

the composites.
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6.2.4. MODELING OF DELAMINATION WEAR

(1). It was observed that the strains and stresses accumulate with sliding distance
at regions under the contact surfaces. The flow stress-strain behavior of the subsurface
regions obey a Voce type exponential work hardening equation.

(2). Subsurface crack propagation contributes to the material removal in the form
of platelike debris. Below the contact surfaces, there exists a damage gradient determined
by opposing effects of plastic strain which enhance damage accumulation rate and
hydrostatic pressure which suppresses it.

(3). A model based on the Rice and Tracey analysis of ductile fracture is proposed
to predict the location where the damage rate is the highest. It is shown that the critical
depth corresponding to the maximum damage rate increases with the hydrostatic pressure

but a high hydrostatic pressure on the contact surface also reduces the rate of damage.
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63. RECOMMENDATIONS FOR FUTURE WORK

The new results presented in this dissertation suggest a number of ways in which
the research could be extended. The following are those which the author believes to be
promising.

(1). A mixture of black, fine-powdery particles has been found in the mild wear
regime for the Al alloys and the composite materials especially under low applied load
and sliding velocity conditions. The importance of this type of debris to the wear
transition has been discussed in the section 5.1.2. Conflicting reports exist in the literature
regarding the composition of this debris. Shivanath, Sengupta and Eyre "I pointed out
that this black debris was oxidised but did not give further evidence. Antoniou, Brown
and Cashion " reported that no Al oxide existed in this type of debris. But using the X-
ray diffraction analysis in the present study, evidence for a very strong amorphous peak
has been found. This could be evidence for Al oxide. Detailed analysis is still needed to
clarify this amorphous phase.

(2). The effect of the particulate size and the volume fraction of the ceramic
particles on the damage accumulating under the contact surfaces is important, Further
studies of the modeling of delamination wear should include these microstructural

parameters.
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APPENDIX

For an isotropic Hookean material under a point load P, Boussinesq’s and Cerruti’s

solution for stress components are 7);

A sec? - —g-coscpsmch]

Grr TfR 2 [ ( 2
1
Cog 2[( )(cosqb-—seczf)]
Tl‘R
P 3 3 {al)
0,.= -=cos
e — (-3 ¢1
_p . _3 2
C,.= -= sin
Oprg=Upz=0
v=Poisson’s ratio.
The principal normal stresses are as follows:
0,,=0,8in’a+0,cos’a~20,,sinacosa
G22=Cpe (a2)

= 2 s 2 :
0,30 cos?a+0_ sin‘a+20, sinacosa

where

o
a= % arctan Iz

zz a:r
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On the area directly below the point load P, i.c. along the Z-axis where ¢=0, R=Z,

the stress components are:

P . 1-2
Oy “’af;‘fi[ 4\:]
___3P (a3)
= 2nZ°

Cr9=0g: =0y =0

Based on the analysis as above, the principal normal stresses should be:

3P
Oy ==
U opz?
(A4)
1-2v P
C22%033" =7 Z?
Thus, the hydrostatic stress oy (=(0;,70+03,)/3) is:
__(+v)P
0,= - —— (AS)
# 3nz?
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