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ABSTRACT

The behavior of SiC particles and the wear mechanisms of SiC particulate
reinforced A356 aluminum composite in sliding against a steel counterface were studied
for both dry and lubricated reciprocal sliding wear conditions. In dry sliding wear
experiments, a load of 9.8N and a constant sliding frequency of 2x120 strokes per min
with a 25mm stroke length were used. In lubricated wear tests, the applied load was
changed in the range of 9.8N to 78.4N at the constant sliding frequency 2x120 strokes per
min. The curves of normalized wear rate versus contact stress were plotted from the
weight loss data for both the dry and the lubricated wear process. Optical and scanning
electron microscopic studies were performed for the examination of wear surface
morphology, cross sections and longitudinal sections of the wear track, and wear debris.

Two wear regimes were identified in the dry reciprocal sliding wear tests. At low
contact stresses (<3MPa), abrasive microgrooving was the dominant mechanism for the
wear of the composite and the slider. At high contact stresses (>5MPa), a surface mixed
layer (SML) was formed underneath the wear track. In this regime, the major mechanism
responsible for the material loss of the composite was the delamination of this SML. A
transition zone between these two regimes existed at the contact stress level of 3~5MPa.
In lubricated sliding wear experiments, two wear regimes were again noted, a mild wear
regime corresponding to low contact stresses (<30MPa) and a severe wear regime at high
contact stresses (>100MPa). It was found that the application of lubrication oil (10W30)
effectively reduced wear and that the contact stress was a main factor in affecting the SiC

particle behavior and the wear mechanisms of this composite.
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CHAPTER 1 INTRODUCTION

Aluminum-silicon based composites have been used increasingly in the
automobile industry because of their high strength-to-weight ratio, good castability, and
high temperature strength over unreinforced alloys. The potential applications of these
composites may be found in many components where tribological properties of the
material are important, such as brake rotors, cylinder heads and pistons. Several studies
related to this field have been conducted during the past decade. Unfortunately, almost all
of these investigations were performed by either pin-on-disk or block-on-ring testing
machines where the composite material experienced only unidirectional sliding wear, and
very few of these were completed on a reciprocal sliding wear machine where the same
material may behave differently from that in unidirectional wear process. In fact, an
understanding of the reciprocal wear behavior of these composites is important
considering that a number of industrial applications, such as engine cylinders, pistons etc.,
involve reciprocal sliding wear.

It has been noticed that the research work done by M. A. Martinez et al. on the
reciprocal dry sliding wear process was mainly about the macroscopic behavior of the
composites in terms of weight loss, specific wear rate and external damage to the surface.
The behavior of SiC particles and the wear mechanism in these composites have not been
studied systematically with respect to the change in microstructure during the wear
process. As for the lubricated sliding wear process, no detailed investigation has been
reported thus far.

The principal objective of this present work was to characterize microstructurally
an important commercial SiC particle reinforced aluminum composite material, to study
the behavior of reinforcing SiC particles during sliding wear, and to determine the wear
mechanisms in both dry and lubricated sliding against steel counterfaces. Consequently,

physical models which describe the wear mechanisms were proposed and a comparison



between dry and lubricated wear with respect to weight loss and SiC particle behavior was
made in order to understand more fully the influence of SiC particles on the wear
mechanism with a change in wear conditions.

In the present research program, all of the experiments were conducted on A356-
20% SiC particle composite sliding against 52100 steel balls under various sliding cycles
and loads. Both dry and Iubricated wear conditions were used for tests. The change in the
surface morphology of both the composite and the steel balls was fully examined by a
scanning electron microscope (SEM). Moreover, collected wear debris and cross and
longitudinal sections of the wear track were examined using an optical microscope and a
SEM. The near-surface features in the composite after wear were also analyzed. The SiC

size distribution was investigated using an image analyzer before and after sliding wear.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Wear behavior of SiC particulate reinforced aluminum composites, especially the
unidirectional sliding wear of this type of material has been extensively investigated with
respect to weight loss, specific wear rate, surface morphology, subsurface microstructure
and the effects of various testing parameters to understand the wear mechanism. However,
very few studies related to the reciprocal wear characteristics of these composites have
been conducted. In order to understand fully the wear performance of SiC particulate
reinforced metal matrix composites, a comprehensive review of the background
knowledge about both wear and the composites is necessary before this research work
was conducted.

This literature review will cover four aspects: firstly, a general review about wear
processes; secondly, a presentation of the fabrication methods for particulate reinforced
metal matrix composites and their tribological applications in industries; thirdly, a review
of the tribological behavior of these composites with the emphasis on their sliding wear
behavior against steel counterface; and finally, a presentation of the various mechanisms of
wear in particulate reinforced metal matrix composites, including abrasive wear and sliding

wear.

2.2 Overview of Various Wear Processes

2.2.1 Wear Definition
Wear is one of the most commonly-encountered industrial problems causing
major expense and leading to the replacement and maintenance of components and
assemblies. It is a good engineering practice to solve wear problems and prolong the life

of components.



Wear is generally defined as the progressive loss of substance from the operating
surface of a body occurring as a result of relative motion at the surface [1, 2]. In
consideration of the situation that surface material may be displaced but not removed,
wear is also regarded as "displacement or removal of material as a result of tribological

processes [3].

2.2.2 Wear Classification
There are different approaches to the classification of wear. It is outside the
scope of the present investigation to cover every classification in this review. However,
there are two main methods in the classification of wear which have been widely accepted.
They are listed in accordance with wear mechanism, and types of surface damage.
2.2.2.1 Classified by wear mechanism

1) Traditional Regimes of Wear

Wear
Abrasion Adhesion Erosion Corrosion wear Surface fatigue
low stress  fretting solid impingement pitting
high stress  adhesive fluid impingement spalling
gouging seizure cavitation impact
polishing  galling slurry erosion brinelling

Fig 2.1 Traditional regime in the classification of wear [4, 5]

The scheme presented in Fig 2.1 is the most conventional scheme. As shown in
Fig 2.1, there are five common mechanisms in describing wear processes: abrasion,
adhesion, erosion, corrosion wear, and surface fatigue. Moreover, each title can be further
divided into several categories. The most frequently encountered categories in industry

will be examined in more detail in the following sections:



Abrasive wear

Abrasive wear is due to hard particles or hard protuberances that are forced
against and moved along a solid surface [6]. In this case, when two surface asperities
interact, the harder asperity might plough or cut through the softer one instead of both of
them deforming or adhering. Thus, this type of surface is characterized by a scored,
grooved or machined appearance.

Abrasion can be further categorized according to types of contact such as two
body and three body wear. If an abrasive slides along a surface, it is two body wear; if an
abrasive is caught between one surface and another, it is termed three body wear.
Abrasion can also be categorized as low stress, high stress and gouging. Low stress
abrasion is referred to as the situation when the abrasive remains intact. High stress
abrasion occurs when abrasive particles are being crushed. Gouging abrasion exists when a
relatively large abrasive cuts the material being concerned.

Adhesive wear

From a microscopic point of view, metal surfaces are far from smooth and many
asperities exist on the surface. It may be assumed that any two surfaces loaded against
each other contact only in a number of asperities. If two surfaces slide against each other
and the total load is only born by some very small asperities between them, the contact
stress is high enough to cause plastic deformation. Adhesion will take place and adhesive
junctions will form. These junctions will break and new junctions will form when sliding
continues. The breakage of the junction will be accompanied by metal transfer. So,
adhesion is likely to occur when materials used for wear couple have structural and
chemical similarities and when the wear couple have clean surfaces with no oxidizing
conditions [4, 7].

Other definitions of adhesive wear also exist. In a wear process, if no abrasive
substances are found, and if the wear rate does not follow the principles of oxidation,

adhesive wear is said to occur [8].



Corrosive wear

Corrosive wear is defined as the removal of materials in which both corrosion
and wear mechanisms are involved. This combination effect can induce greater material
loss than the additive effects of each process alone.

In early wear classifications, oxidation wear is also included in the 'corrosive'
wear regime [4]. This process is generally observed in unlubricated conditions of sliding.
At a certain high temperature, a clean metal surface will react with its environment and
form contamination films. In most cases, these films only loosely adhere to the metal
surface and can be easily removed by the wear process, leaving exposed new surfaces.
This process will repeat as wear process continues. These oxides will further serve as
debris and enhance the abrasive wear since most metal oxides are harder than the metal
itself.

Surface fatigue

During a wear process, if wear surfaces experience a cyclic load, such as
repeated sliding, rolling or impacting, in general, the maximum stress is developed at a
small distance below the surface. Therefore, when the wear process continues under stress
cycles, fatigue cracks will normally initiate below the surface and parallel to the surface,
resulting in the removal of relatively large pieces of particles [2]. These particles will
rapidly deteriorate the wear surface and bring about three-body abrasion. Surface fatigue
can occur either in dry adhesive wear or in lubricated systems where there is no asperity
contact but the stress can be transferred to the near surface through a lubricant film.

Surface fatigue is similar to the fatigue process of bulk material but there are two
major differences. Firstly, the variation in fatigue life in surface fatigue is much greater as
compared with bulk fatigue. Secondly, for some materials, there exists a fatigue limit
stress for the bulk material below which the material will have an infinite life. For surface

fatigue, no such limit apparently exists.




Frettin

Fretting is not really a separate mechanism of wear in some classifications [2]. It
is treated differently because of its special circumstances. Fretting is the small amplitude
oscillatory movement between two contact surfaces [8]. Such movement will produce a
form of adhesive wear and create oxide debris. This debris will then cause a second stage
of abrasive wear; hence the term "fretting wear".

(2) Recent Regimes of Wear

A more recent classification of wear based on wear mechanism was illustrated on
tribomaps by giving the boundaries of different wear processes [9, 10]. As shown in Fig.
2.2, there exist four broad classes of wear mechanisms: (1) Seizure, (2) Melt wear, (3)

Oxidation - dominated wear, and (4) Plasticity-dominated wear.
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Fig 2.2 Empirical wear mechanism map for steel (pin-on-disk configurations) [9]
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The normalized values of wear rate, load, and sliding velocity are defined by

W=W/A, (2-1)
F=F/A -H, (2-2)
y =2 (2-3)

a

In the above equations, 4, is the nominal contact area of wearing surface, H is the room-
temperature hardness, a is the thermal diffusivity, r, is the radius of the circular contact
area, W is the volume lost per unit area of surface, per unit distance slid, F is the nominal
pressure divided by the surface hardness and V is the sliding velocity divided by the

velocity of heat flow.

Seizure

Seizure can be further classified into friction seizure and galling seizure [11].
Friction seizure occurs when the sliding motion causes the non-availability of sufficient
driving force to overcome the friction force. Galling seizure is marked by a sharp rise in
wear and extensive surface damage with respect to a small increase in external variables.
Seizure may be accompanied by gross surface welding.
Melt Wear

At high sliding velocities, such as 10-1000m/s, the coefficient of friction drops to
very low values because a film of liquid metal forms at the sliding interface. This is the
signature of melt wear. The normal load is borne by this liquid layer through a
hydrodynamic mechanism [12].
Oxidation - dominated wear

If steel surfaces slide at a speed above 1m/s, the wear debris will consist mainly
of iron oxides [13]. The formation of oxide - debris is associated with a drop in wear rate

when the sliding velocity increases to a certain value and local oxidation occurs. The oxide



is, for most of the time, cold and brittle, and is called mild - oxidational wear. At even
higher velocities, the oxide is thicker, more continuous, hotter and more plastic. This type
of wear is termed severe - oxidational wear.
Plasticity - dominated wear: adhesion and delamination

Surface oxidation is negligible as sliding velocities below 0.1m/s[14]. In this case
the result of the frictional force is to deform the metal surface, shearing it in the sliding
direction, thus it is the plasticity of a material that dominates its wear process. The
removal of slivers must come from the nucleation and propagation of cracks which allow
separation of the wear fragments from its parent surface. Three models have been
proposed to account for the nucleation and growth of these cracks: the Adhesion-model,
the Delamination-model, and the Fatigue crack propagation model. In the models based on
adhesion [15, 16, 17], some touching asperities stick together along the tribosurface. They
are sheared off tips of the softer asperities during the sliding process, and left adhering to
the harder surface, from which they later become detached, forming a wear fragment. For
delamination-models, cracks nucleate from the voids blow wear surface, which are
produced by unidirectional shearing of the metal during sliding. When a crack is large
enough it will break out resulting in the formation of a flake-like wear particle. If the load
applied as a cyclic character, fatigue crack will develop [18].

2.2.2.2 Classification by types of surface damage

During the last few years, some investigators have tried to classify wear
processes in a broader sense based on the types of surface damage rather than the
traditional by wear mechanism [8]. This classification is shown in Fig 2.3. As shown in Fig
2.3, all the types of damage will affect the behavior of the surface layer. Even though loss
of material is only one type of surface damage, it is the most frequently encountered and
the most important problem in tribology. Normally, the wear on a component or material

is a combination of two or more types of the damage in Fig 2.3. The combined effects may



interact mutually to increase the effects of one another or may lead to a net reduction of
the individual effects [19].
Microstructure changes

. Without exchange of material Plastic deormation
Surfae cracking

Shear fracture
Extrusion

Chip formation
Tearing

Surface Damage [— Involvement of loss of material —] Brittle fracture
Fatigue fracture

Ion or diffusion
Interaction between
corrosion and fracture

- . . Clad to the surface
Involvement of gain of material Embedded in the surface

Fig 2.3 Types of surface damage [9]

2.2.3 Principal Factors Influencing Wear
In order to control the wear process and to minimize weight loss, it is important
to know the basic factors which influence wear. The factors influencing the wear process

are summarized below, except for the effect of lubrication:

2.2.3.1 Hardness

Increasing hardness, especially hot hardness, generally reduces the wear of
materials. 'Hot hardness' means that the material can retain its hardness at high
temperature. 'Hot hardness' is a significant characteristic of a material in decreasing wear
since all wear processes result in a local temperature raise. But this principle is not correct
all the time. There are come exceptions, such as the effect of hardness on surface fatigue
and erosion processes. Fig 2.4 Shows the effect of materials hardness on the abrasive wear

resistance [20].
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2.2.3.2 Operational parameters

Savere Wear

Wear

Fig 2.5 Wear intensity of steels in dry sliding as a function
of load and sliding velocity (logarithmic scales) [8]
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Load, wear speed and temperature are three main process factors affecting
wear[2,4]. There is a general trend that wear rate increases with the increase of load. But
for adhesive wear, there exists a stepwise transition between mild wear and severe wear
which reverses the above trend (Fig 2.5)[8]. Wear speed can affect wear rate significantly.
However, there is no straight forward relationship between these two. With the increase in
temperature, the materials involved at the local contact region will become softer, which
will lead to a consequent acceleration in the wear process.

2.2.3.3 Surface roughness

Surface roughness has a significant influence on the wear process. For abrasive
wear, the initial roughness might bring about very severe surface damage and then be
gradually reduced. But this is not always true. A very smooth surface at the beginning may

become roughened afterwards [2].

2.2.3.4 Crystal structure

The crystal structure of most metals falls in the regimes of BCC, FCC or HCP.
HCP is generally the most wear resistant structure among these three, since it only
deforms along its basal plane. However, in the boundary lubricant condition, it is the oxide
film attaching to the surface of the bulk material that partly determines the wear resistance
by forming a protection layer which restricts the extent of metal to metal contact.

Different oxide films will provide different characteristics for resisting wear [4,8].

2.2.3.5 Mutual solubility

Here, mutual solubility refers as to both the physical and the chemical similarities
between two metals in contact. Wear is generally greater where the mutual solubility is
high and less where mutual solubility is low [4].

2.2.3.6 Lubricated conditions

In order to reduce direct physical interactions between relatively moving

surfaces, a film of material (the lubricant film) has been used to separate the surfaces
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moving relative to each other. The effect of the presence of this lubricant film on the wear
process can be expressed by the Stribeck curve (Fig 2.6) [21]. In this curve, the friction
coeflicient of lubricated moving surfaces is a function of the lubricant viscosity, the
velocity and the normal load.

I: Thick film lubrication. In this regime, the mating surfaces are completely
separated by a thick film. because of no direct contact between the rigid surfaces, wear
can not take place.

II: Mixed lubrication. In this regime, the applied load is carried partly by
the lubricant film and partly by the contacting asperities.

I: Boundary lubrication. In this regime, the applied load is carried almost
entirely by the asperity contacts and the bulk properties of the lubricant becomes less
important. Instead, it is the physical-chemical interaction of the solid interface with the

lubricant that determines the wear characteristics of the materials.

Friction coefficient —»

Fig 2.6 Stribeck curve and lubrication regimes



2.2.4 Testing Methods for Wear

The testing methods for wear fall into three categories: service trial, service
equipment testing in a laboratory, and wear testing on a laboratory rig. A service trial is
the ideal performance test, but factors, such as the duration of trial, lack of control and
inadequate monitoring, will limit the application of a service trial. Thus, a simulation in a
laboratory by fabricating the practical service equipment or components is used instead of
a service trial. Even though this method has the advantage of a very high level of control
and monitoring, it is often expensive. Therefore, in most cases, laboratory rigs are used to
simulate the service conditions. In the following sections, a description of the wear testing
methods in laboratory rig simulations will be described.

All laboratory wear tests can be classified into two sub-categories, standard tests
and wear tests for special purposes. Some standardized laboratory test methods have been
established for evaluation of material wear. These tests are: pin-on-block test, ASTM G99
[22], cross cylinders test, ASTM G83 [23]; pin or block-on-ring test ASTM G77 [24].
These tests are mostly used for comparing the wear resistance of different materials for
selection purposes. In order to evaluate or predict the wear properties of a material in a
specific application, a number of non-standardized tests have also been developed [25-28].

There are two factors that influence the selection of a wear test method, the wear
mode, and the objective of the test. In general, a wear test is performed to investigate one
of the following missions [5]: fundamental understanding, determination of the effect of
variables, characterization of materials and lubricants, and selection of materials for a
specific application. In the selection of a wear testing method, the first step is to perform a
wear monitoring and diagnosis to figure out the dominant wear mechanism. Practical wear
systems might be classified as different wear processes, such as sliding wear, erosion wear,
chemically enhance loss of material or the combination of more than two mechanisms.
Then the selection or the construction of the wear test apparatus should be done in the

way that the services conditions are simulated as closely as possible [2]. Once the wear
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monitoring or diagnosis is performed, a decision should be made to either design a new
test rig or use a standard rig. The advantage of a specially designed rig is that it usually
permits a closer simulation of the actual service conditions. Its disadvantage is its
relatively high cost and the restricted range of situations for the application of the test
results. The use of a standard test apparatus usually results in a lower degree of simulation
of the actual service conditions, but at a lower cost.

Another standard wear test that should be mentioned is the Round-Robin Test
[29, 30]. The intention is used to determine the precision, repeatability and the
reproducibility of a test method in ASTM E691 by an inter laboratory study. VAMAS
(Versailles Project on Advanced Materials and Standards) round-robin sliding wear tests
were performed at 31 institutions in seven countries. A ball-on-disk test configuration was
chosen as the test system. The test results illustrated that the reproductivity of friction and

wear measurements are comparable with that of other engineering quantities.

2.3 Metal Matrix Composites

Metal matrix composites (MMC) have received a great deal of attention in
tribological applications because of their superior mechanical properties. Non-metallic
materials added to the metal can be in the form of whiskers or particles. Since particulate-
reinforced MMC cost less and are isotropic in physical and mechanical properties, they
have found the most tribological applications [31]. Therefore, particulate-reinforced MMC

will be primarily reviewed.

2.3.1 Types of non-metallic particles
As shown in Table 2.1, various types of non metallic particles have been injected
to produce MMC each with different metal matrices [32]. According to their hardness,

these particles can be classified into two categories; hard particles with hardness 4-30
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GPa, and soft particles with hardness below 4GPa. The particles are arbitrarily classified in

this way because metal matrix composites containing hard particles will generally behave

differently from those containing soft particles with respect to tribological properties.

Table 2.1 Density and hardness of various non-metallic particles [32]

Particle type Hardness (GPa) Density (g/cm?)
TiC 20-30 4.93
SiC 24.5-29 3.22

ALO, 18-26 3.97
WC 24 15.63
TiN 20.61 5.22

Si;N, 16-20 3.44
VC 16-18 5.77
TiO, 12.7 4.26

Z1S8i0, 11 4.56

Z10, 6.5-10 5.89
SiO, 8 2.65

MgO 3.55-3.68

Glass 4 2.48-2.54

Mica 0.3 2.7-2.8
Talc 2.2.58-2.83

MoS, 4.62-4.8

Graphite 0.25 2.09-2.23
PTFE <0.2 2.13

16




2.3.2 Synthesis of MMC

There are several different processes used in the production of MMC with high
volume fractions of reinforcement for wear resistance. The optimum method depends
upon the economic factors and the nature of the matrix and the reinforcement particles
[32]. The fabrication techniques include casting methods, such as melt-stir casting [33,
34], squeeze casting [35, 36] centrifugal casting [37], direct infiltration [38], composting
[39], atomizing, gas injection [40-41], mechanical alloying and powder metallurgy [42,
43]. Some inexpensive liquid metallurgy techniques have been used widely in recent years,
including stir casting, squeeze casting and pressure infiltration. The fabrication techniques
in the fabrication of MMC can also be classified in accordance to the nature of the phase
reactions. They include solid-state transformations, liquid-liquid reactions, liquid-solid
reactions, gas-liquid reactions, gas-solid reactions and mechanical mixing. The casting
methods can also be classified into two groups; non reactive casting and reactive casting
[31]. In non reactive casting, the particles are added to the melt of the matrix (Duralcan
used this method), and this can produce quite economical aluminum-matrix composites.
During reactive casting, the reinforcing phase is formed by the reaction within the melt
[42].

A recent classification of casting methods for MMC is shown in Fig 2.7 [43]. The

composites which have been fabricated are listed in Table 2.2

Processes for synthesis of cast composited

In situ dispersions spray process dispersion process Pressure impregnation

I s R e R e e

XD process ~ Osprey Rapid Stir-casting Compocasting Screw Pressure  Squeeze  Lanxide
Process solidification extrusion infiltration casting  process
process

Fig 2.7 Different casting routes for synthesis of cast metal-matrix composites [43]
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Table 2.2 Synthesis of cast composites [43]
Period | Location Composite system Technique used
1965 | Inco., USA Algr Particle coating and gas
injection
1968 | IITK, India AVALO4 Magnesium inoculation and
stir-casting
1974 | IISc, India Al/SiC; Al/mica Magnesium inoculationand
stir-casting
1975 | MIT, USA AVALO, Magnesium inoculation and
compocasting
1978 | Hitachi, Janpan Al/gr pressure casting
1979 | RRL, India Al/TiO,; AVZrO,; Al | Magnesium inoculating and
flyash stir-casting
1979 | USSR Al/gr Stir-casting
1983 | Marin Matietta, USA AI/TiC XD process
1983 | Dupont-Toyota Al/AL O, Pressure infiltration
1984 | RRL, India Al/microballons Stir-casting
1984 | Norsk, Hydro, Norway Al/SiC Stir-casting
1985 | Iraq Al/MgO-coated Al,O, | Stir-casting
1986 | MIT, USA Al/SiC Pressure infiltration
1986 | DURAL USA Al/SiC; Al/ALO,4 Stir-casting under reduced
pressure
1987 | Martin Marietta TiAl, Ti3Al/TiB,, XD process
NiAl/TiB,
1987 | MIT, USA Fe/TiC In situ synthesis
1987 | Comalco, Australia Al/coated Al,O, Stir-casting
1988 | Lanxide Corporation, USA | A/AL,O,; AI/SiC Pressureless infiltration
1988 [ Grenoble, France AVSiC Stir-casting
1988 | Drexel Univ., USA Al/TiC In situ synthesis
1989 [ Univ. of Wisconsin, Cu/gr Stir-casting and compocasting
Milwaukee, WI
1989 | Honda, Japan Al/ALO,-C Pressure casting
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Even though all the processes in Fig 2.7 appear to have potential applications in
industry for the production of MMC, only the stir-casting method has been used on a
regular production scale at Duralcan, USA, and Comalco, Australia. The composite ingots
of this type are now commercially available. Metal matrix composites have yet to be used
on a regular basis for industrial application despite the great attention that has been paid
by researchers and the high priority of their development given by different governments
[43]. Two reasons are believed to be responsible for this delay. First, conventional alloy
producers are not active in this field because they have the perception that the
development of composites may threaten their own established market. The second is the
early over optimistic promises concerning properties and the later disappointment of the
results. There are three types of industries that are promoting the development of metal
matrix composites: manufactures of reinforcing materials, industries involved in producing
components and some small companies interested in specific inventions.

To the present time, the focus of research concerning MMC has been in
developing different casting methods and several routes are available for their fabrication.
However, it is far from clear as to which method should be preferred. It has also been
suggested that attention should be paid to heat treatment, bulk deformation and non-
destructive testing of the detects in composites [43].

For composite materials, there are several types of defects that have a significant
effect on their mechanical properties. These include porosity, interfacial reactions and
particle degradation. The existence of porosity has an adverse effect on the mechanical
properties of metal matrix composites. The porosity in cast composites can be classified
into two types, those at the boundary of matrix and dispersoids, and those away from
dispersoids. The first type porosity can promote the disbonding of particles from the
matrix, so these are more undesirable particles. Segregation may be produced either in the
slurry or during solidification and particle segregation could be over on either a

microscopic or a macroscopic scale. The solute rich regions are generally composed of
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brittle interdendritic structures. Thus, the segregation of dispersoids into these regions can
induce the disbonding of particles from the matrix at lower strains and subsequently
damage the mechanical properties. The presence of an interfacial reaction layer often
impairs the load-carrying capacity of a composite because of the disbonding of particles

from the matrix at lower loads.

2.4 Tribological Application of MMC

Even though the industrial application of these metal matrix composites has yet
to begin on a regular basis, some components or parts have been produced out of MMC
(as seen in Table 2.3 [43]) for anti-wear purposes, and MMC are increasingly being
introduced to tribological application, especially in the automotive industry. As shown in
Table 2.3, the matrix metal is often aluminum, copper or magnesium alloy. Most of the
applications of these composites are related to the improvement of wear resistance or for
reducing weight such as engine pistons, brake rotors and liners, electrical contact strips
and engine blocks. Recently, aluminum engine blocks have been produced out of fiber
reinforced MMC (12 Vol. % Al,O5 + 9 Vol. % graphite) in an integrally cast MMC liner.
Experimental results showed that the wear rates of the MMC-lined bore are similar to
those for cast iron liners, resulting in 20% weight reduction from that of aluminum block
with cast iron liners [44]. These applications in a wear-resistant field to reduce weight
generated considerable interest in some industries, including the automotive and aerospace
industries. Other applications in the field of satellites, antennae and sporting goods such as

bicycle frames, golf clubs and boats [45].

20



Table 2.3 List of some composite components with proven potential [43]
Composite 2 Components Benefits Manufacturers
AlL-SiC(p) Piston Reduced weight, high strength | Duralcan, Martin
Brake rotor, caliper, | and wear resistance Marietta, Lanxide
liner
Prop. shaft
Al-SiC(w) Connecting rod Reduction of weight and high | GKN, Duralcan
specific stiffness
Mg-SiC(p) Sprockets, pulleys and | Reduce weight high strength and | Dow Chemical
Covers stiffness
Al-ALO,(sf) Piston ring Wear resistance, high running | Toyota
temperature
Piston crown | Reduced reciprocating mass, high | T&N, JPL, Mahle
{combustion bowl) creep and fatigue resistance etc.
Al-Al,0,(Hf) Connecting rod Reduced  reciprocating  mass, | Dupont Chrysler
improved strength and stiffness
Cu-graphite Electrical contact strips, | Low friction and wear, low CTE Hitachi Ltd
electronics  packaging
bearings
Al-graphite Cylinder liner, piston, | Reduced friction, wear and weight | Associated Eng.,
bearings CSIR
Al-TiC(p) Piston, connecting rod | Reduced weight and wear Martin Marietta
Al-fibre flax Piston Reduced weight and wear Zollner
Al-ALO,()-C(f) | Engine block Reduced  weight, improved | Honda

strength and wear resistance

2 p, particle; w, whiskers; sf, short fibers; fl, long fibers.
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2.5 Tribological Properties of MMC
2.5.1 Wear in Dry Condition

2.5.1.1 Friction and abrasive wear

The abrasive wear and friction tests for particle metal matrix composites are
generally classified into two types, low stress tests and high stress tests. Low stress tests,
such as ASTM standards G-65 and B-611, are rubber wheel abrasion tests in which quartz
abrasive particles (generally rounded sand SiO,, SiC particles or crushed quartz) are fed
between a rotating rubber wheel and the specimen. The feeding particles do not break.
Some researchers have measured wear rates of hard particle composites by this method
[46-48]. In high stress tests, a pin-on-drum of pin-on-disk apparatus (Al,O5 abrasive
particles bonded to an aloxite cloth sheet) is used, where the abrading particles break.
Several investigators have used high stress type test machine in studying wear properties
of particle metal matrix composites [49, 50].

The volume fraction, hardness, shape and size of reinforced particles are very
important factors in determining abrasive wear behavior of a MMC. It was found that the
coefficient of friction is a function of the volume fraction of the particles. The coeflicient
of friction decreases with the increase in volume fraction of hard particles [49]. The
friction coefficient of ceramic-ceramic contact, which is usually much higher than that of
metal-metal, is generally 0.25 or less [50]. Since the increase in the volume fraction of
ceramic particles will contribute more ceramic-ceramic contact, the friction coefficient of
the composite can be thus effectively lowered.

Fig 2.8 shows the relationship between specific wear rate and particle volume
fraction for aluminum alloy matrix reinforced by various types of particles [51]. It is
indicated that the harder particles result in lower specific wear rate for a given particle
volume fraction. The specific wear rate generally decreases with the increase of particle

volume fraction. It seems that there is a common acknowledgment for the improvement of
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wear resistance by adding particles to metal matrix. The low-stress abrasive wear rate of
two aluminum alloys the alloys decreased by a factor of five by adding 35 Vol. % zircon
and 20 vol. % Al,O5 particles [48, 51, 52], and the low-stress abrasive wear rates of these
composites are comparable to 1045 steel. Another low stress test[53] also indicated that
the wear resistance of the composite - 2014 Al-20wt%SiC is about two times higher than
that of the peak-aged 2024 alloy. The experimental results show that the abrasive wear of
metal-matrix composites, as in monolithic materials, involves ploughing, scouring and
plastic deformation of matrix induced by moving abrading particles. At the same time, the
plastically deformed matrix might cause the smearing over of the SiC particles of the
composite. The interaction of the dispersed particles in the composite with abrading
particles can cause their mutual fragmentation [54]. By studying the effects of different
abrasive particles on the abrasive wear of engineering materials, it is concluded that

alumna is more aggressive than silica sand [55].
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Fig 2.8 Specific abrasive wear rate as a function of particle volume fraction in aluminum
alloy composites [51]



2.5.1.2 Friction and sliding wear

1 Sliding friction coefficient

The presence of reinforced particles has a remarkable effect on the wear
coefficient of metal matrix composites. In wearing against steel counterfaces, non-metallic
particles generally reduced friction coefficients [31]. The influence of the addition of
second phase particles on the coefficients of friction were systematically discussed in [51].
Fig. 2.9 shows the value of wear coefficients of various particles with different volume
fraction. It was arbitrarily divided into three regions [52, 56-60]: Region 1 - for
composites containing hard particles (1=0.3-0.35); Region 2 - for composites containing
particles of intermediate hardness (u=0.25-0.4); Region 3 - for composites containing soft
particles (u=0.1-0.30). Most of the matrices shown in Fig. 2.9 are aluminum alloys. In
sliding against a hard steel counterface, the friction coefficients of Al/Si alloys containing
different silicon content are in the range of u=0.45-0.6 [61]. The friction coefficients of
the matrix alloys are obviously reduced by dispersing non-metallic particles. But beyond
this, no clear relation between the coefficient of sliding friction and the particles content
can be found [33]. From Fig 2.9 it seems that the higher hardness of the particles, the
greater the friction coefficients. Silicon carbide and alumina belong to the group of hard
particles. Even though these hard particles cause low adhesion to a metallic counterface,
they will induce more severe plastic deformation due to asperity-asperity interaction, and
consequently result in a greater increase in friction coefficients than for other types of
particles. Graphite and MoS, are in range 3 with low friction coefficients. The
comparatively low friction coefficients in region 3 are induced by the formation of a solid
lubricating film on the mating surface which comes from the soft solid lubricating

particles.
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Fig 2.9 Coefficient of sliding friction as a function of particle volume fraction
in metal-matrix composites sliding against a steel counterface
(except those with a silver matrix) [52, 56-60]

The sliding wear behavior of the aluminum alloy matrix and other matrices
containing graphite particles has been systematically studied by several investigators [62,
65]. The coefficients of friction are summarized in Fig 2.10 which shows that the
coefficient friction is reduced significantly in MMC as compared to that in plain matrix
alloys. When the amount of graphite exceeds 20vol.% in the metal matrix composites, the
coefficient of friction becomes almost constant and beyond that (20% graphite) it virtually
becomes independent of the matrix alloy and the graphite content. This constant

coeflicient of friction is about 0.2. The elemental graphite has a friction coefficient of 0.18.



Thus, it seems that the mating surfaces are smeared with graphite, and a coefficient of

friction close to that of pure graphite is observed.
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Fig 2.10 Variation of coefficient of friction with graphite content for composites
with different base alloys [62, 65]

The coefficient of friction of the composites containing soft particles is also
affected by particles size. For Cu-20WS, composites, the value of friction coefficient in
sliding decreased from 0.4 to 0.2 when the size of WS, increased from 0.1 to 0.2 um.
However, the effect of particle size on sliding coefficient for composites containing hard

particles is not clear.[23].



2) Weight loss and wear rate

For the effect of addition of non-metallic particles on the weight (volume) loss or
wear rate, experimental results vary with different investigators [33, 53, 56, 66, 67], and,
sometimes, they are even contradicted. Both 2024 aluminum alloy and the composite 2014
aluminum alloy reinforced by 20wt%SiC particle blocks were tested. Similar wear rates
were obtained through the sliding wear tests for the materials. No significant improvement
in wear resistance was noted for the composite. However, most investigations indicated
that the incorporation of SiC particles could effectively enhance the wear resistance [8, 33,
68]. Also, with pin-on-disk sliding wear machines, and at the same sliding velocity as in
[53], very different test results were obtained by F. M. Hosking et al. [33]. For a given
sliding distance the weight loss was reduced by introduction of hard non-metallic particles,
and furthermore, the weight loss decreased with increasing weight percent and size of
Al)O3 particles. Experimental results also indicated that the SiC particles (Vickers
hardness of 2600) were more effective than the Al,O; particles (Vickers hardness of
1800) in resisting wear. The wear volume and specific wear rate for Al-7Si/20vol.% SiC
composite, Al-20Si and Al-12Si alloys were also examined in reciprocal sliding wear test
at ambient temperature [68]. Improved wear resistance of the composite over the plain
alloys was clearly demonstrated.

The addition of graphite in an aluminum matrix not only reduces the friction
coefficient for the composites but also significantly improves their wear resistance
[62,67,69]. The presence of graphite particles in aluminum alloys was found to reduce the
sliding wear and friction coefficient even under dry conditions, because the graphite in the
composite gets transferred onto the tribosurfaces, and the hexagonal layered structure of
graphite which can easily shear along the basal plane serves as a solid lubricant..

Particle size also has an effect on specific wear rate of a composite. The increase
in particle size generally improves the wear resistance of composites containing hard or

soft particles [50,67]. The same trend was also reported for the composites of aluminum
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alloys containing graphite [51]. But, if the particle size was smaller than 20pm, no

significant effect was noted by the change in particle size.

3) Effect of testing parameters

Load

Load is the most active factor in influencing the sliding wear behavior of a
composite. Several studies have been reported to substantiate this [33,56,62]. In general,
wear rate increases when the normal load increases for hard particle reinforced
composites. But the extent of the effect changes with the change of normal load [70].
Wear loss for a composite of A356-20%SiC against 52100 bearing steel was studied by a
block-on-ring wear jig. At low loads below 10N (region I in Fig 2.11), the wear rate of the
composite was an order of magnitude lower than that of the unreinforced alloy. But, at an
“intermediate" load between 10-95N (region II), there was almost no difference in wear
rates between SiC reinforced and the unreinforced alloys. As the normal load increased
above 98N, the wear rate of the unreinforced A356 accelerated by about two orders of
magnitude. However, the wear rate of SiC reinforced composites only increased slightly.
These results indicated the significant influence of applied normal load on wear rate and
possibly on the wear mechanism of the composite.

For the composite containing soft particles, the trend in the change of wear rate
as a function of normal load becomes more complicated than that of the composite
containing hard particles. For the composite with high volume fraction of soft particles,
such as Cu-30Ta base soft particle, the wear rate first decreases, up to a limiting value of
contact pressure, and then increases [51]. Fig 2.12 shows the change of wear volume, in a
copper- graphite composite, with contact pressure [71]. The wear volume of this
composite increases with the increase in pressure, and a critical pressure exists when wear
changes from "mild" to "severe" wear. Similar results have been obtained for other

composites containing less amount of soft particles [72].
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The effect of normal load on friction was also investigated for the composite Al-

1.5 Pct Mg/SiC [73,74]. It was found that friction coefficient decreases as the normal load

increases.
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Fig 2.12 Variation of wear volume with pressure (normal) for copper-graphite particle

composites containing 0-20 vol. % graphite [71]

Sliding velocitv

The effect of sliding velocity on volume-loss and specific wear rate of
unreinforced and reinforced 7079 aluminum alloy with 20 vol. % SiC particles have been
investigated by [75]. At sliding velocities below 1.2ms-!, the incorporation of SiC particles
did not affect the wear resistance, and the unreinforced and reinforced alloys exhibited
similar wear rates. At sliding velocities greater than 1.2ms!, the wear rate of the
composite was about an order of magnitude lower than that of unreinforced matrix. For
the unreinforced matrix, the specific wear rate increased with an increase in the sliding
speed, but for the reinforced material the specific wear rate decreased with an increase in

sliding velocity. The steady state coefficient of friction was also related to sliding velocity.



Similar to the relationship of wear rate-sliding velocity, the reinforced composite showed a
continuous decrease in friction coefficient with an increase in sliding velocity, while the
unreinforced alloy exhibited a minimum at 0.72ms! followed by a dramatic increase at
1.2ms™. Similar experimental results were also obtained in aluminum alloy composites
containing 10% glass when the sliding velocity was increased from 0.1 to 3ms™ and by the
wear test of an Al-128i-50A1,05 composite as sliding velocity increased from 3 to 8ms'!
[76]. However, for soft particles, the effect of sliding velocity on wear rate is more
complex [76,77]. At low content of graphite-5%, the wear rate decreased with the sliding
speed. When graphite fraction was increased to above 15%, there was no significant effect

of sliding speed on the wear rate.

Temperature

High temperature wear can be often found in many industrial applications. It is
surprising that not many publications about the effect of temperature on the wear behavior
of metal matrix composites are available. The wear properties of an Al-Si/SiC composite
were studied by a reciprocal sliding process in a temperature range of 25-200°C [68]. It
was reported that the coefficients of friction and specific wear rate for Al-7Si/SiC
composite and Al-20Si alloy increased with an increase in temperature. A transition
temperature was evident for the materials from mild wear to severe wear. The transition
temperature was found to be 110°C for Al-20Si alloy and 150°C for the composite. This
difference was attributed to the thermal stability provided by SiC reinforcement. However,
no detailed microstructural studies were carried out to study the behavior of particles

during the wear processes.
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2.5.2 Wear in Lubricated Condition

Little investigation has been performed on the sliding wear behavior of MMC
containing hard particles under lubricated conditions. By using a lubricant, such as SAE
10W30 motor oil, metal-metal contact area and wear rates were significantly reduced, but
no detailed and systematic description about the wear behavior of these composites has
been given [53]. The effect of lubricant on the wear properties of composites containing
graphite particles has been studies by some researchers. Variation of wear volume with
sliding distance was compared for Al-Si alloy composite containing various graphite
contents in dry sliding and under lubrication with turbine oil [67]. Experimental results
have shown that the load for lubricated sliding had to be increased considerably before
getting a significant amount of wear. It was also observed that the graphite film formed
can help to spread the lubricant oil much more rapidly than that in the alloys without

graphite [78,79].

2.6 Wear Mechanisms of MMC

2.6.1 Dry Sliding Wear of MMC Containing Hard Particles
There are mainly three mechanisms that have been proposed for the sliding wear
of metal matrix composites containing hard particles: (a) subsurface delamination; (b)

grinding of the sliding surface by the formation of a transfer layer; and, (c) adhesion.

§0) Subsurface delamination

Almost all of the wear tests from which delamination theory was proposed were
performed on unidirectional block-on-ring or pin-on-disk sliding wear machines
[53,54,70,80]. In this regime, plastic deformation flow on the contact surfaces plays a vital

role in determining the wear of the composite. During the wear of Al-Si alloys,
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delamination occurs via cracks which originate from silicon particles in the deformed zone
and which propagate to the surface. The critical depth for the location of subsurface
cracks is determined by the competition between the hydrostatic pressure and the plastic
strain. Subsurface delamination was also observed in a reciprocal sliding wear process at a

high temperature (200°C) for Al-7Si/SiC composite against a 52100 ball-bearing [68].

(2) Grinding of the sliding surface by formation of a transfer layer

Contrary to the subsurface delamination model in which the separation of hard
particles from the matrix plays an important role, some researchers have shown that the
disbonding of particles is not a dominant mechanism of sliding wear. Instead, formation of
a transfer layer induces the grinding of the sliding surface. The transfer layer on the sliding
surface has been found by many investigators [56,76,81]. During the sliding wear of a
2024-20%SiC aluminum base composite against a steel counterface on a pin-on-disk test,
three different stages of wear have been reported [81]: firstly, formation of steel filings on
the pin from microcutting of the steel counterface by SiC particles; secondly, packing of
the filing on the sliding pin surface between particles; and finally, gross pin surface
deformation with loss of SiC particles. Therefore, under a steady-state wear, a transfer
layer- (mixture of iron debris, SiC fragments and aluminum matrix debris) forms on the

sliding surface.

3) Adhesive wear model

In this model, the wear coefficient of composites can be expressed by the

following equation:

Ke = Kt Kof, (2-4)

Where K, and K, are the wear coefficient of the matrix and the particle respectively, and f

is their volume fraction. This equation is obtained from the assumption that each phase in
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the composite wears out independently [82,83,84]. Since K, is usually much smaller than

K, therefore,

Ke RKpfm = Km(J'fp) (2-5)

A modification of this equation includes the effect of particle hardness is taken into
consideration. The above equation then becomes:

K¢ =-of+K,, (2-6)
Where o is a coefficient factor and can be obtained from the slope of wear curves.

There are a number of other models developed for the wear mechanism of sliding
wear. Such as abrasive wear assisted by oxidation [33], surface-fatigue-related surface
cracking and subsurface-cracking-assisted adhesive transfer [75]. Moreover, experimental
results show that testing parameters have significant effect on wear mechanism, such as
sliding velocity, applied normal load and temperature as discussed previously in section

2.5.1.

2.6.2 Sliding Wear in MMC Containing Soft Particles
A representative composite in this category is a metal-matrix-graphite particle
composite. Before sliding, the area fraction of tribosurface occupied by graphite
approximately equals to the original volume fraction in the composite. However, as sliding
proceeds, the graphite will be squeezed out of the composite and spread out along the
tribosurface in the form of a of solid lubricant film. Thus the friction coefficient of the

composite depends on the extent of film formation on the interface [84].

Jo=(=A4)f, +4,f, (2-7)

Where fm and f¢ are the friction coefficients of the matrix and the contact area covered by

graphite film, A is the area fraction of the interface covered by graphite film. and
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fm =J am +fdm (2-8)

s
fg=—pg—+a (2-9)

Where fam and fam are contributions to the coefficients of friction of the matrix S,
due to the process of adhesion and deformation respectively. Sg is the shear strength of
graphite, p is the applied normal pressure. o is a constant of graphite film. After the
formation of a graphite lubricant film, wear process continues with the wear of both the
film and the matrix. A balance can be reached between the formation of the graphite film
and the rate of its wear, and this leads to a dynamic steady state characterized by a steady
value of friction. So, there is a transient period from original metal-metal asperity
interaction to the film formation which can prevent such metal to metal contact. If the
composite contains high amounts of graphite, large area of the counterface will be covered
by a thick graphite film, and delamination wear may take place within the film if the
thickness of this film exceeds a critical value. The softer asperities on graphite can be
easily fractured by asperity interaction and a smooth surface would be generated.
Consequently, asperity-asperity type of contact changes to asperity-plane contact. The
accumulation of dislocation under the surface will cause subsurface cracking followed by
delamination[64]. Similar results have been obtained in composites containing MoS, [49,

85].

2.6.3 Abrasive Wear in MMC Containing Hard Particles
For two-body abrasive wear, delamination mode was believed to be the dominant
mechanism. A copper-base hard-particle composite was studied, and a delamination model
was proposed [86] (as seen in Fig 2.16). In this model, cracks initiate due to the

disbonding of hard particles from the matrix and propagate by the coalescence of the voids
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resulting from the disbonding process. According to this model, wear resistance also
depends on fracture toughness of the matrix, in addition to the composite strength.

For a three-body abrasive wear, it was reported that the abrasive particles will
break down and embed in the matrix of the composite[55]. Moreover, the reinforced hard
particles in a co_mposite bear the load and resist scratching under low loads, but fracture
into small pieces at high loads. The wear process is characterized by plastic deformation of
the matrix, the smearing of this deformation layer over SiC particles of the composite and
fracture of SiC particles in the composite [87, 88]. Micromachining is thought to be the

dominant mechanism of wear during the abrasion wear of these composites.

Fig2.13  Schematic diagram showing the delamination process in abrasive wear of
metal-matrix composites containing hard particles[86]
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CHAPTER 3 EXPERIMENTAL PROCEDURE

3.1 Material

Since the wear tests in this research are of a ball-on-block type, there are two
kinds of materials involved. 52100 steel ball was used as the slider. It has a microstructure
of tempered martensite with a hardness of HRC 60. The diameter of the steel ball is
10mm.

Aluminum silicon alloy composite-A356 + 20%vol. SiC particles in the as cast
condition supplied by Canmet was used as the block material. This composite was
produced by a remelting method followed by permanent mold casting. It was received in

the form of a 15cmx30cmx3cm cast plate.

3.2 Specimen Preparation

3.2.1 Wear Test Samples

A cutter with a slow-speed diamond blade saw was used in cutting the reciprocal
sliding wear test samples from the cast plate. A coolant was applied during the whole
cutting process to prevent overheating. Samples in the form of 50mmx20mmx6mm blocks
were obtained. Before polishing, the wheels used were carefully cleaned. A new cloth was
used at the beginning of the polishing operation. Rough polishing was done on SiC paper,
starting with 120 grit and finishing with 600 grit. Water was used as the coolant. Fine
polishing was done on a wheel pasted with diamond short-nap synthetic rayon cloth
(Microcloth), beginning with 3um and finishing at 0.25um. In each step of the fine
polishing, the wheel was properly lubricated with kerosene. At initial stages, slow to
medium wheel speed and heavy pressure were used. This stage lasted about 5 minutes.
After initial polishing, the diamond paste was renewed, the wheel speed increased and the

specimen pressure decreased. The polishing continued with high wheel speed and light
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pressure for about 10min or until microscopic examination showed that all grinding
scratched had been removed. In between each step, the specimen was cleaned to remove
the residual dirt from its surface. After final polishing, the thickness of the specimen was
about Smm. Reciprocal wear tracks were made on the 50mmx20mm sides of the

specimen.

3.2.2  Optical Metallography and Hardness Test Specimens

To characterize the bulk cast composite, hardness tests and examination of
microstructure were performed on three sections (as shown in Fig 3.1)-S,, S, and S;, in
order to get a microstructure in all three dimensions of this composite material. To make
an optical metallorgraphy specimen, the bulk cast composite was sectioned in a similar
way to the wear test specimen. The section was then mounted in bakelite and mechanically
polished using silicon carbide paper to 6um, diamond paste and aluminum oxide powder
to a final surface finish of 0.05um. Etching was performed with Keller's Reagent (2ml HF
(48%) + 3ml HCI (Conc) + 5ml HNO, (Conc) + 195 ml H,0).

Lateral direction Metallurgraphic
of cast plate specimen

Longitudinal direction
of cast plate

Fig3.1 Locations of wear specimens and optical metallurgraphy specimen
in bulk composite material
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Hardness tests were performed on the optical metallurgraphy specimens. The
optical microscopy and the scanning electron microscopy were performed on same

specimen.

3.2.3 Scanning Electron Microscopy Specimens
Scanning electron microscopy specimens were required for studying the surface
morphology of wear tracks, cross-sections, longitudinal sections of wear tracks, and wear
debris. These samples were cut from selected wear samples of the composite block

specimens (as shown in Fig 3.2).

Composite
Cross section Specimen
l A e
Sliding direction Longtudial

< > section

B

wear track

2,
Fig 3.2 Scanning electron microscopy specimens

For cross sections, slices perpendicular to the wear direction were taken from the
wear tracks. For longitudinal sections, slices parallel to the wear direction and running
through the centers of the track were produced. Sectioning was done by a slow-speed
diamond blade saw. To prevent the surface layer on the wear track from falling apart from
the base, an electroless coating of nickel was applied to the specimens by Edgemet before

mounting specimens in bakelite. The operating procedure for Edgemet is shown in Table
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3.1. Specimens were then mounted in bakelite and polished to 0.05 um finish following

the same procedure as used for optical metallography specimens.

Table 3.1 Operation parameters for Edgement
Step Purpose Bath composition Comments | Approx. time
1 Cleaning Acetone Use gentle | 2 min.
agitation
2 Cleaning One-half pound of sodium | Save and re- | 2 min.
hydroxide (NaOH) in 1 qt. [use. Hold
water specimen
with clamp
3 Cleaning Pre-clean, full strength Save and re- | 20 sec.
use
4 Application of | Equal parts of Solution A and | Use at | 2 hours
EDGEMET Solution B - Minimum amount | approx. 185
75 ml of each °F - Use
only once

After the wear tests, bulk specimens were cleaned in a ultrasonic vibrator to

remove loose debris and residual lubricant on the track surfaces for SEM examination. In

addition to the cleaning in acetone, the lubricated composite specimen and sliders were

also cleaned in trichloroethane.
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Wear debris was collected and then glued to a flat and clean copper plate by

conductive carbon paint for SEM observation.

33 Wear Testing

3.3.1 Reciprocal Wear Test Rig

The operating parameters of this wear test rig are shown in Table 3.2.

Table 3.2 Wear test rig operating parameters
Parameters Value
Cycles per minute 0~415
Stroke length (mm) 30
Sliding distance per cycle (mm) 2x30
Angle to ground 10°
Atmosphere Laboratory air
Humidity (%) 38~40

All of the wear tests were performed on a custom-fabricated wear test rig [89]
which was originally built to simulate the reciprocal sliding condition in a internal
combustion engine. Both unlubricated and lubricated reciprocal sliding wear can be done

with various applied loads. The wear test rig is illustrated in Fig 3.3.
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Fig 3.3 Wear test rig

(1) Specimen, (2) Specimen holder, (3) Bearing steel ball, (4) Ball holder
(5) Slider, (6) Two shafts, (7) Driving motor, (8) Connecting rod

(9) Applied load, (10) Parallel arm - linkage mechanism

(11) Needle value controlling lubricant drop rate

(12) Rope connected to lubricant reservoir, (13) Heater

(14) Support bars, (15) Frame, (16) Reservoir collecting used oil.



3.3.2 Dry Wear Test Parameters
The operating parameters for the unlubricated wear test in this research are
shown in Table 3.3. For each wear test, a new slider (ball) was used. Two or three tracks
were made on each side of a specimen. The distance between each two tracks was about
3mm so that they did not interact with each other. Before each new wear track was
produced, the whole block specimen was cleaned in the procedure as described earlier in
this chapter. No debris was left from the former tracks on the specimen surface to interfere

with the following wear tests on the same surface.

Table 3.3 Dry sliding wear testing parameters
Parameter Value
Normal load 9.8N

Number of sliding cycles | 10, 50, 100, 500, 1000, 2000, 3000, 5000, 10,000,
20,000, 50,000

Frequency 2x120 strokes/min.

Length of stroke 25mm

Surrounding atmosphere | laboratory air

Temperature room temperature in the Lab

Humidity 38 - 40%

3.3.3 Lubricated Sliding Wear Test Parameters
The testing parameters for lubricated wear tests are listed in Table 3.4. Higher
loads compared to dry tests were applied. The lubrication rate was adjusted by the oil
valve as shown in Fig 3.3. Before sliding, the whole surface of the block specimens were

covered with the lubricant.
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Table 3.4 Lubricated wear testing parameters

Parameter Value

Normal load 9.8N, 19.6N, 39.2N, 784N
Number of sliding cycles 100, 1000, 5000, 10,000, 100,000, 500,000

Frequency 2x120 strokes/min.
Length of stroke 25mm
lubricant drop rate 0.005ml/min

Surrounding atmosphere laboratory air

Temperature room temperature in the Lab
Humidity 38 - 40%
3.4 Weight Loss Measurement and Microstructural Examination

3.4.1 Weight Loss Measurement
Weight loss of a worn specimen corresponding to a wear track is defined as the
weight difference of the specimen before and after the wear track is produced. All weight
losses were obtained by weighing on a electronic scale (Fisher Meter H18) to an accuracy
of 0.1mg. The scale was calibrated with a standard sample before each measurement was

made.

3.4.2 Optical Microscopy and Microhardness Test
Optical microscopy was performed to characterize the microstructure of the bulk
casting composite. Factors such as the appearance of aluminum silicon matrix in the
composite, aluminum silicon eutectic structures and silicon carbide particles were
considered. The cross sections and longitudinal sections of wear tracks were also

examined especially for the redistribution of silicon carbide particles and the deformation
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in the matrix. The width and depth of wear tracks were measured by optical microscopy
with an affiliated lens. The optical microscopy was done on a Nicon-Epiphot-TME optical
microscope at magnifications from 50x to 1000x. A 35mm photographic system was used

in recording images.

3.4.3 Scanning Electron Microscopy

Scanning electron microscopy with its enhanced magnification, resolution and
greater depth of focus was used extensively in studying wear scars, debris, and near-
surface microstructure on both cross and longitudinal sections. It was the most important
tool in studying the SiC particles behavior and wear mechanism in this research. Specimen
preparation for SEM was described in 3.2.4. In this research, all scanning electron
microscopy was performed using a Jeol JxA-840 scanning microscope normally with an
acceleration voltage of 15.0KV. Lower acceleration voltages, such as 8.0KV, were used
when studying silicon carbide particles at high magnifications because silicon carbide
particles are not electrically conductive and discharging often occurs. SEM images were

recorded on a polarized film 55 (with negative) or polarized film 52 (without negative).

3.4.4 Energy Dispersive X-ray Analysis

Energy dispersive X-ray analysis was used to investigate material transfer either
from the composite to the slider or from the slider to the composite. It was also applied in
the examination of silicon carbide particle redistribution on both wear track surfaces and
the near-surface region on cross sections. Micro-area chemical compositions were
obtained by the spot mode operation of energy dispersive system. Element distributions
were determined using X-ray mapping (IPP operation mode). EDS results were recorded
by taking pictures directly from the screen for X-ray mapping or by printing out the
chemical composition and diffraction spectrum on a printer. The data or images were also

stored on a floppy disk.
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3.5 Quantitative Metallography

Quantitative metallography was used to statistically analyze the SiC particle size
and distribution in the A356-20%vol. SiC particle composite before and after wear tests.

Image analysis was performed using a LEITZ/TASIC automatic image analyzer.
The image analysis was not performed directly on the metallographic sample but on the X-
ray mapping image of the element Si to improve the contrast between SiC particle and the
matrix. The images were first recorded on 667-Polaroid photographs from the EDS
monitor which were then used for image analysis. TIP (TAS Instruction by Pen) operation
was used to perform the global diameter-distribution. The analysis results were outputted
in the form of a histogram and display of values by an Epson printer. Five to six bulk areas

were chosen to get an average value for each wear condition.

3.6 Wear Surface Profile Examination

A wear surface profile is referred to as the configuration of the cross-section of a
wear track. A surface profile measuring device, Surtronic 3P, was used to produce this.
By studying the wear surface profile of a wear track, the pattern of plastic deformation
and wear mechanism of the SiC particle composites might be related to the sliding cycles

and applied load.

3.7 Calculation of the contact Stress

The contact stress between the composite specimen and the slider is the applied
normal load divided by the contact area. During a wear test, the normal load was
unchanged, but the contact area which was measured by the optical microscope kept
changing. So the contact stress changed with different sliding cycles. The changing contact

area would in turn lead to the change in contact stress.

46




CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Characterization of A356-20% SiC Particle Composite

4.1.1 Microstructure of the Composite before Wear

In a received state, the cast A356-20% SiC particle composite was examined
using both optical microscopy and scanning electron microscopy. Since silicon carbide
particles are much harder than the aluminum-silicon alloy matrix, SEM which has a greater
depth of focus can give a better image of the composite surface. As shown in Fig 3.1,
three perpendicular planes in the cast MMC plate were examined. It was found that there
was no difference in the microstructures on these planes. The cast composite is essentially
isotropic in microstructure. The SEM image of the cast bulk composite is shown in Fig
4.1, which is an unetched polished surface (polished to 0.25um). Clusters of SiC particles
are revealed. It can be seen that SiC particles do not distribute uniformly on the whole
polished surface. It seems that silicon carbide particles tend to locate in some preferable
sites. Another observation made was that the locations with silicon carbide particles were
less polished, but the locations without silicon carbide particles were polished deeper. Fig
4.2 is the composite sample after a deep etching with Keller's regent. Apart from the
silicon carbide particles, a net-work structure - Al/Si eutectoid has shown up. It can be
seen that silicon carbide particles concentrate in the intercellular regions of eutectic
structure. During the solidification process of casting, aluminum silicon solid solution (o
phase) solidified first, and the residual liquid at about 577°C transformed to AUSi
eutectoid. The SiC particles were rejected by the solidification meniscus and pushed to the
intercellular regions. The distribution of SiC particles thus got clustered along the
converging dendrites [90]. Solidification rate is important in determination of the cell size.

Models for the particle entrapment have been developed by some investigators [90, 91].
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Fig4.2 Etched surface of A356-20% vol. SiC particle
composite (Etchant-Keller's Regent)
(A - SiC particle B - eutectoid C - a-Al)
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4.1.2 Hardness Tests

Micro-hardness (DPH) tests and Vickers's hardness tests were performed for the
measurement of hardness values of different phases in the composite and the bulk hardness
of the composite respectively. The results are listed in Table 4.1. It is evident that the SiC
particles have the highest hardness, aluminum-rich phase (o-solid solution) the lowest
hardness, and the Al-Si eutectic net work has an the "intermediate" value. The hardness of
the bulk composite is in between that of the o solid solution and the Al-Si eutectic. Since
the diagonal of the indentation in the Vickers's hardness test is about 300-400 pm, which
is much greater than the dimension of the SiC particles, the hardness value obtained
should represent the average hardness of the bulk material. Each reading in Table 4.1 is

the average of ten measurements.

Table 4.1 Hardness of SiC particulate reinforced A356 Al-Si alloy
Phase name o solid solution | Al-Si eutectic | SiCp Al/Si+SiC
Micro (DPH) load=25g 71.9 143 - >460 -—--
Hardness
Vickers's load=10kg - - -—-- 93.6
Hardness

4.1.3 SiC Particle Size and Distribution
The measurement of SiC particle size and the investigation of their distribution
were performed using an image analyzer. It is difficult to analyze silicon carbide particles
either from the metallographic sample or optical microscopy image and SEM image due to
their poor contrast. In order to solve this problem, the EDS technique was used. A SEM
image of the bulk composite was first obtained (Fig 4.2 (a)), then the X-ray mapping of

the element aluminum and silicon was done by EDS from the same area. A low
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Fig 4.3 Microstructure of A356-20%vol. SiC particle composite

(b) X-ray mapping of Al (left) and Si (right)

(a) SEM image



magnification. SEM image and the corresponding EDS images of X-ray maps of Al and Si
are shown in Fig 4.3. In the X-ray mapping image of element aluminum, the brightest
areas are o, solid solution. All the SiC particles shown in Fig 4.3 (a) appear as totally dark
in Fig 4.3 (b). The areas of aluminum silicon eutectic net-work are darker than the o solid
solution but brighter than SiC particles. In the X-ray mapping image of the element silicon,
only the image of SiC particles is shown. Very good contrast between SiC particles and
the matrix was thus obtained. Therefore, X-ray mapping image of silicon can be used to
analyze SiC particle size and distribution.

The results of image analysis are shown in Fig 4.4. The average size of the SiC

particles in the composite is 9.7um.

20

1§ —

10

Percentage (%)

T e e
I 4 6 8 10 14 18 22 26 30 34 38 42

Equivalent diameter of SiC particles (um )

Fig 4.4 SiC particle size distribution



4.2 Reciprocal Dry Sliding Wear Tests

4.2.1 Change in Weight Loss with Sliding Cycles
To obtain the weight losses on a worn composite specimen and a ball, both of
them were weighted before and after the wear test by a electronic scale. An average of

three readings was obtained at each sliding cycle.
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Fig4.5 Effect of sliding cycles on weight loss (load~9.8N)
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Fig 4.5 shows the change in weight loss with the increase in wear cycles for both
of the composite specimens and the bearing steel balls. Under a constant load (9.8N), in
general, the weight loss increases when the number of wear cycles becomes larger. At a
given cycle, the weight loss of the composite specimen is one or two times greater than
that of bearing steel ball. Moreover, the slope of the weight loss curve for the composite
specimens is also greater than that of the sliders.

When a wear test started, the process went on smoothly at initial stage (number
of cycles < 100). Then, more noise together with vibration was produced. This process
was found to occur at wear cycles of 500-5,000. As wear cycles exceeded 20,000, the

sliding wear process became smooth again and the noise level became lower as well.

4.2.2 Change of Wear Track Profile with Wear Cycles

At a constant applied load of 9.8N, wear cycle ranged from 100 to 50,000. The
surface profiles of these wear tracks are shown in Fig 4.6. After sliding 100 cycles, only a
little rough scar was seen, the wear track was very shallow and not much composite
material had been worn away. From 100 to 3000 cycles, the track depth increased rapidly.
At the same time, plastic deformation and material loss was involved. The surface profile,
including both depth and width of the track, did not change very much when wear cycles
increased from 3000 to 5000. From 5000 and 10,000 cycles, plastic deformation and
accumulation of material at the sides still existed. Moreover, both the width and depth of
the wear track increased. The bottoms of the wear tracks were not flat when sliding cycles
were below 10,000. However, starting approximately from 10,000, the track bottom
became more flat and there was less plastic flow of material to the sides. As wear cycles
increased to 50,000, the track bottom became totally flat and very little plastic
deformation could be observed. At this time, the wear track almost doubled its size, and

its width and depth remained the same in the value about 4.5pm.
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Fig 4.6 Profile of dry wear tracks after different sliding cycles (load-9.8N)

4.2.3 Microscopic Study of Wear Track Morphology

4.2.3.1 Surface morphology of normal wear track

Under a constant applied normal load at 9.8 N, track appearance in its normal
part (not including the ends) was investigated with the change in wear cycles. It was found
that track appearance varied significantly when sliding cycles increased from 10 to 50,000.

The whole process can be divided into the different regions as discussed below.
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0-100 sliding cycles

Fig 4.7 shows the typical track appearance during the initial period of sliding
wear. The track was examined after 10 strokes of sliding. The matrix was formed to be
plastically deformed. Nearly the whole track was covered by the deformed matrix, and no
exposed SiC particles were observed on the surface of the wear track. Some of the SiC
particles covered by the plastically deformed matrix continued to stay at the original
location and worked against the further deformation of bulk material (Marked U). Some
SiC particles, (marked V), wrapped by deformed matrix, moved in the direction b and
stopped at this point because of the build-up of deformed matrix in front of it; leaving
behind a groove in the matrix (Fig 4.7 b).

As sliding cycles increased to 50, almost the whole track was covered by the
evenly deformed matrix (Fig 4.8). Local scoring or grooving was effectively reduced and
SiC particles were smeared over by the deformed matrix. Neither the bare SiC particles in
original size nor the fragmented SiC particles were observed on the surface. X-ray
mapping (Fig 4.8 b) of aluminum and silicon showed that most of the smeared SiC
particles still kept their original dimensions underneath a very thin layer of deformed
matrix (Marked P). This suggested that the SiC particles were not crushed and
fragmented.

Both Fig 4.7 and Fig 4.8 showed no significant plastic flow at the edges of wear
tracks. The wear track on ball is illustrated in Fig 4.9 (a) and (b), corresponding to 10
sliding wear cycles. Most part of the track was covered by a thick layer of the deformed
matrix, Al-Si, transferred from the block composite specimen, especially on the front side
and back side in the direction of wear. Pure abrasive wear also took place on the wear

track.
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Fig 4.7 Wear surface of the composite after 10 strokes dry sliding wear
(a) x250 (Marked U-smeared SiC particle)
(b) x1000 (Marked V-wrapped and moved SiC particle)
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(a)

(b)

Fig 4.8 Wear surface of the composite after 50 strokes dry sliding wear
(a) SEM image x1500 (Marked P-smeared SiC particles in integrity)

(b) X-ray mapping of Al and Si
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(a)

(b)

Fig 4.9 Surface of the steel ball after 10 strokes dry sliding wear

(a) SEM image (b) X-ray mapping of Al (left) and Si (right)



100-5000 sliding cycles

When sliding cycles increased above 100, severe plastic flow of the matrix could
be observed at the edges (marked Q) of wear tracks and inside the tracks (Fig 4.10 (a)).
The deformed matrix was squeezed by the slider (ball) and flakes were thus produced
(marked P). The greater the number of sliding cycles, the more plastic flow was produced.
The wear surface was also characterized by a large number of abrasive wear grooves
along the wear direction (Fig 10(b)). Almost no surface cracks were observed after a
sliding of 1000 cycles. However, as shown in Fig 4.11 (b, c), many fatigue cracks
occurred on the wear surface at the sliding cycle of 3000, which were perpendicular to the
wear direction.

Fig 4.11 (d) shows the result of X-ray mapping of the area corresponding to Fig.
4.11 (c). Comparing with the X-ray mapping results for the wear cycle of 50, some SiC
particles are noted to be fractured and re-distributed. The wear surface is covered with a
mixed layer of AI-Si/SiC particles which have fragmented. There appears to be a
relationship between the location of these cracks and the sites of SiC particles. Fig. 4.11
(b) indicates that these fatigue cracks have propagated and subsequently induced
delamination of the surface layer.

The wear track on the ball surface about 1000 strokes is illustrated by Fig 4.12
(a). Most part of the wear scar is covered by the transferred composite material from the
block specimen. Plastic flow lines of the matrix along the sliding direction have occurred
on this wear surface (Fig 4.12 (b)). As the number of strokes increased, the wear scar
grew larger and the area covered by the transferred matrix became relatively smaller.
Abrasion by SiC particles on the surface of steel balls and abrasive wear were noted (Fig
4.12 (b)). Ploughing and scouring by the abrading SiC particles on steel ball surface could
also be observed (Fig 4.12 (c)).

Local delamination or spalling started to appear at about 4000-5000 strokes, and

tended to increase with the increasing number of strokes (Fig 4.13). During these stroke
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cycles, the surface of the composite was featured by the mixture of abrasive wear and

delamination which appeared to have occurred at the sides of Al-Si eutectic/SiC colonies.

BEOE  15KU X780 1@@rm WD10

(b)

8012 15KV %1,800 1@¢m WDiO |

Fig 4.10 Wear surface of the composite after 1000 strokes dry sliding wear
(a) x70 (b) x1000
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(See next page for figure caption)
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(d)

Fig4.11 Wear surface of the composite after 3000 strokes dry sliding wear
(a) General view  (b) Fatigue cracks and delamination (Area A in (a))
(c) Abrasive microgrooving

(d) X-ray mapping of Al (left) and Si (right) for the area shown in (c)
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Fig4.12 ~ Wear surface of the steel ball after 1000 strokes dry sliding wear
(a) General view (b) Abrading and ploughing on ball

(c) Microgrooving on the transferred material
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Fig4.13  Wear surface of the composite after 5000 cycles dry sliding wear

20.000-50.,000 sliding cycles

Above 20,000 sliding strokes, as shown in Fig 4.14, the morphology of these
wear tracks shows two characteristics: cavities (marked A in Fig 4.14 (a) ) and abrasive
wear (marked B). Fragmented and rounded SiC particles were found in these cavities
where delamination has occurred. Nearly half of the wear surface of the composite
specimen is covered by cavities. Fragmented and rounded SiC particles were observed in
these cavities (Fig 4.14 (b)). Abrasive wear only took place in th§ area with Al-Si solid
solutions. (Fig 4.14 (c)). The wear track surface appeared smoother compared to that
during small number of strokes.

The balls after the sliding of 20,000 to 50,000 strokes, experienced purely
abrasive wear. Fig 4.15 shows an abrasive polished wear surface on the steel slider after
wear 50,000 strokes. The whole surface is dominated by abrasive, marked A in Fig 4.15

(b), and the scouring, (marked B), made by the cross movement of SiC particles. No

64



exposed SiC particles could be observed on this surface, but small SiC particles wrapped

by Al/Si matrix are present (Fig 4.15 (¢)).

(b)
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(See next page for figure caption)
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Fig 4.14 Surface of the composite after 50,000 strokes dry sliding wear
(a) SEM image x 150 (Marked B-abrasive wear, Marked A-cavity)
(b) Abrasive wear surface (c) Rounded SiC particles in cavities
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(See next page for figure caption)
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Surface appearance of the wear scar on steel ball after 50,000 strokes

of unlubricated wear

Fig 4.15

(b) Ploughing (marked A) and cross-abrading (marked B)

(a) SEM image x25

(c) X-ray mapping of (b)
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4.2.3.2 Cross section of the wear tracks on the composite specimens

Cross sections of the wear tracks on the composite specimen were cut by using a
precise diamond saw as described in Chapter 3. Before wear, there was no fragmentation
of SiC particles and deformation layer present along the cutting surface (Fig 4.16(a)).
After a wear of 500 strokes, the track surface became rougher than that in non-worn
surface, and a layer of deformed matrix and fragmented SiC particles was produced (Fig
4.16 (b) ). The thickness of this layer was about 5-15um. Further increase in the number
of sliding cycles resulted in an increase in the depth of this layer, defined as SML (surface
mixed layer) here after in this thesis. At a constant load of 9.8N, the depth of SML
reached its maximum value at about 3000 stokes (Fig 4.16 (¢) ). SML totally disappeared
when sliding cycles increased to 20,000 (Fig 4.16 (g) ). The microscopic features of SML
will be described in details in section 4.2.4.

The microscopy of the longitudinal section of the composite specimen after
50,000 strokes wear was performed using a SEM (Fig 4.17). In the region of o-solid
solution no fractured small particles were collected (marked m). As shown in Fig 4.14 (c),
the bulk material in this area experienced abrasive wear. These abrasives mainly came from
the crushed SiC and matrix particles. The region marked n, is a cross section of the cavity
which is similar to the cavity shown in 4.14 (b) where delamination may have occurred.
The depth of these cavities is approximately 3-5um. The SiC particle has been fractured
and fragmented into small particles and many of them have been retained in this cavity.
Moreover, it can be seen that the SiC particles are well grounded and rounded. EDS
analysis indicated that some of the particles in these cavities are SiC particles (gray
particles) and some of them are silicon particles from the eutectic dendrite (white

particles).
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(See next page for figure caption)
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Fig4.16  Cross section of the polished surface before and after wear

in different sliding cycles on composite specimen (x400)
(a) Polished surface before wear  (b) 500 strokes (c) 1000 strokes
(d) 2000 strokes (e) 3000 strokes (f) 5000 strokes (g) 20,000 strokes
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Fig 4.17 SEM image of the longitudinal section of the dry

wear track after sliding 50,000 cycles

A relationship seems to exist between the location of these cavities and the
position of Al-Si eutectic networks. The cavities only developed from these eutectic
networks and no cavities were found to form on top of the bulk material where o solid
solution exists. Possibly, the Si particles in the eutectic phase assisted the fragmentation of

the matrix and/or SiC particles during the reciprocal wear.

4.2.3.3 The morphology of track ends in dry sliding wear test

(D Shding speed and contact stress for dry wear test

Fig 4.18 is a diagram for the sliding wear process. The slider (ball) moving speed

can be expressed by the following equation,
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Vs =wxrxsinat

Where Vs is the sliding speed, @ is the angle speed, 7 is the radius of the motor wheel to

which the connecting rod is attached ,and ¢ is the time. The stroke length is 25mm,

therefore the radius 7 becomes 12.5mm.

Sliding speed (mm/s)
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]—' Soecimen J 12s (a)
t 25mm |
- ] u8s
300
200 |-
/8 s

100 L.

0 F 9 s 1/4 s /2 s (%)
~-100 ~—

318 s

-200
_300 !.1".15.!,1,!.|

-25 -20 -15 -10 -5 0 5 10 15 20 235

Sliding distance in omne stroke (mm)

Fig 4.18 Sliding speed distribution in the reciprocal sliding wear test
(a) Diagram for the sliding wear (b) Sliding speed distribution
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As indicated by Fig 4.18, the maximum speed occurs in the middle of a stroke, which is
157mm/s; The minimum speed occurs at the ends of the track, which is zero. Initially, the
contact stress is high due to very small contact area. However, a higher number of wear
cycles will give rise to a larger contact area between the mating surfaces, which will in

turn lead to a decrease in contact stress, even though the applied load is kept constant.

(2) Wear surface morphology of track ends

For clarity of description, this section will be discussed in three parts according

to different level of wear cycles.

Low number of wear cvcles (< 100).

During wear at low number of cycles, contact area was low and stress was high.
The sliding process went smoothly and almost no wear debris was produced. Weighing
specimens after wear showed no weight loss. Fig 4.19 shows the end morphology at 50
wear cycles. It is featured by localized plastic flow of the matrix and micro-ploughing or
scouring by loose SiC particles. At this stage the contact area between the slider and the
composite specimen is very small, contact stress is high enough to fragment some SiC
particles and force them to move and make a groove.

Around each SiC particle mating the ball surface, the matrix appeared to be
fragmented or fatigued. This was expected since the reciprocating action of the slider not
only loosens the SiC particle but fatigues the matrix around the particle. While the middle
part of the track exhibited some plastic flow and more contact between the ball and MMC
surface, the end sections of the track did not undergo such a plastic deformation. Only
micro ploughing by some SiC particles and scratching was visible. It should be noted that
the slider (ball) velocity near the middle of track is much higher than the end, causing the

SiC particles and the matrix around it to be subjected to a much higher strain rate
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compared to the ends of the track. This high strain rate causes SiC protrusions/particles to
fracture easily, the matrix to disbond and separate easily, creates more debris and its
compaction to the track surface. Furthermore, the difference in the rise in temperature
between the 'mormal part' and the end during sliding wear should be taken into
consideration. It was suggested that the effect of frictional temperature on wear should
not neglected when the sliding velocity is above 0.1m/s [9]. In this study, the sliding speed
near the center is about 0.16m/s, and this might bring about the influence of frictional
temperature on the wear process, reduce the yield strength of surface layer material and

result in more plastic flow of the matrix material as compared with that at the end.

Fig 4.19 The wear track end surface after sliding 50 cycles

During this early stage, SiC particles are either crushed and wrapped by
deformed matrix or pushed in to matrix, and very little lose debris exists on the track

surface. This has resulted in no collection of debris at the end of the track.
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Intermediate number of wear cvcles (500-10,000)

When the number of wear cycles increases further, as illustrated by Fig 4.20
corresponding to the wear cycles of 3000, the wear track becomes wider and more plastic
flow (overlapping) of the matrix appears both inside the track and at the edge of the track
end (Fig 4.20 (a)). The configuration of the out-edge at the end of this track is nearly a
semicircle, which suggests that the original asperities (SiC particles sticking out of the
surface) have worn out and the slider has come'in full contact with the matrix through the

deformation of the matrix.

Fig4.20 The wear track end surface after sliding 3000 cycles

Wear debris starts to accumulate at this stage at the end and pieces of broken SiC
particles are wrapped in the plastically deformed matrix, but its amount is very limited.
Most of the debris at this duration are flake-type-chips. Ploughing is still an important

wearing mechanism at the end. Some weight loss of the composite specimen is noted.
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High number of wear cycles (>10.000)

Above 10,000 wear cycles, sliding wear process appears to be smooth and in a
steady state manner. A typical feature of the worn surface at the end of the wear track is
shown in Fig 4.21. The edge of the track ends turns out to be a more even semicircle. No
significant plastic flow seems to have occurred on the out-side edge as compared with that
which has occurred during intermediate cycles. This can attributed to a comparatively low
contact stress during high cycles.

With respect to Fig 4.21, the track-ends appear to include four zones, which are
shown in Fig 4.22.

Zone I is characterized by ploughing or grooving induced by particles produced
at lower cycles. Some debris of large particles with deformed matrix surface is located in
this zone. The morphology of this zone, together with the deformed particles is very
similar to that of the track at intermediate cycles (Fig. 4.20).

Zone II is a white band zone in the Fig 4.21 (b). It is noted that the width of this
band is not even. It reaches its maximum at the tip ( marked A ) of the end, and becomes
smaller towards the side of the track, and finally disappears at B and C.

Fig 4.23 (a) shows the track-end surface appearance in Zone II in more detail. It
consists of clusters of very small particles (powder) with some large particles dispersed in
them. The result of an energy dispersive (EDS) X-ray spot analysis at B for the small
particles is shown in Fig 4.23 (b). Aluminum, silicon, iron and oxygen are present. The
debris produced between 20,000 and 50,000 cycles was collected., and the morphology of
the debris is shown in Fig 4.24 (a).This debris appear to be granular in shape and 1-3 Hm
in diameter. The large particles in Fig 4.24 are actually the clusters of many very small
granular particles. This gives rather different results from the experimental results obtained
by [54].The chemical composition was obtained by EDS and shown in Fig 4.24 (b). From
Fig 4.23 and Fig 4.24, it can be seen that the cluster of the small particles and the wear

debris produced during 20,000 and 50,000 cycles are approximately of the same
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Fig 4.21 The wear track end at the wear cycles of 50,000 in a dry sliding wear (load-1kg)
(a) x35 (b) x100
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Fig 4.22 Four zones at the end of a dry wear track corresponding

to 50,000 wear cycles (load-1kg)
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The zone II in Fig 4.22 and the result of EDS

(a) The wear debris accumulated at the track end
(A-SiC particles, B-impacted wear debris)

(b) EDS of the impacted wear debris at B
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Fig4.24 The wear debris collected in between the sliding cycles
0f 20,000 and 50,000 in a dry sliding test

(a) Clusters of wear debris x200  (b) EDS of the wear debris
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constituents. In other words, the white band is mainly the accumulation of wear debris at
the end of the wear track. The amount of oxygen in the debris is more than that noted on
the composite surface. This indicates that oxidation of the debris has occurred during the
wear process. The temperature increase due to local friction heating may also contribute
to the oxidation process [59]. It might be the increase in surface area of the composite and
iron in debris that created more contacting surfaces with atmosphere and produced more
oxidation. The large particles (Marked A) hiding in the debris are verified as SiC by EDS

analysis.
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Fig4.25 Representative surface morphology in the zone III
(a) x1000 (A - Abrasive wear of matrix, B - Fractured SiC particles)  (b) x4000

Representative surface morphology of a typical area zone III is shown in Fig
4.25. The features indicate an abrasive nature of wear. Both matrix and SiC particles have
been fragmented and crushed into a finer size material which is acting as an abrasive.
Because of low stress levels, plastic deformation is not predominant. Again, in this area of
the track end slider velocity is low, and some debris is collected. A SiC particle was

crushed in to several small pieces, and the plastic flow of matrix can not cover and wrap
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the fragmented SiC particles. The fractured SiC particles acted as abrasives and caused
further abrasive wear between the mating surfaces. At the same time, these abrasives were
ground in between the mating surfaces.

In zone IV (same as Fig 4.14 (a) ), the SiC particles are well crushed and
rounded in the voids. There are many areas (white patches) which show features similar to
Figure 4.25 (a). These areas are predominantly rich with many small and large SiC
particles, and it appears that due to high strain rate fatigue (reciprocating action of slider)
delamination or debris creation has occurred. Black areas are much smaller and polished.
Unlike low number of wear cycles, it is abrasive wear rather than plastic deformation that
is the predominant wear mechanism for the matrix. Another dominant wear mechanism is
delamination wear due to accumulation of fatigue strain reaching the damage limit of
surface layer material.

During the wear at high number of wear cycles, since contact stress is low (Fig
2), it is not possible for the matrix to plastically flow or wrap the fragmented SiC particles.
Thus, the front of slider comes in direct contact with some SiC particles. Consequently,
these particles are fragmented and ground into a powder in between the mating surfaces as
the wear process proceeds. The debris produced by previous sliding strokes is pushed to
the ends by later strokes. The more strokes we have, the more the debris is collected at the
end. However, in each stroke, because the ball moves to a definite position at its end,
there should be no room at the end of a stroke for the debris to stay freely in between the
track surface and the ball, and the only way for the debris to reside there is to be
compacted into the matrix, in spite of zero sliding speed of the ball at the very end of a
stroke. As shown by A in Fig 4.22, This will result in impacting the matrix and causing
some SiC particles collected in the end surface to be squeezed out of the matrix in the
original size and even to be fractured. Thus, a non-uniform mechanically mixed layer of
compacted debris and SiC particles, which attaches firmly to the end surface, is formed at

the ends of a wear track.
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The longitudinal section of this wear track along the line P-Q in Fig 4.22 was also
examined by SEM (Fig 4.26). In the longitudinal section, energy dispersive analysis
confirmed the presence of the accumulated debris. This debris did not distribute itself
uniformly on the surface, in fact, it is compacted to the matrix as flakes. The thickness in
some locations reached 10-20um. Afier polishing, some of the debrs tended to be

detached from the base material.
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Fig4.26 The longitudinal section P-Q in the wear track end of 50,000 wear cycles
(a) The accumulated wear debris in the longitudinal section
(b) EDS of the accumulated wear debris in (a)
(Note - The white band along the boundary or the composite and the
mounting material is the resuit or electricaily discharging)
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4.2.4 Surface Mixed Layer and SiC particle Behavior

4.2.4.1 Appearance of surface mixed layer

DA DR 36 PR
L B "’ﬁ..’.. | ‘¢ "

‘”;o "\

Fig4.27 The boundary between SML and matrix
(a) SEM image (b) X-ray mapping of Al and Si
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In order to determine the behavior of SiC particles during the wear process, the
cross sections of wear tracks were carefully investigated using an optical microscope and a
SEM. It was found that the SiC particles, size and distribution changed with the increase
of wear cycles under a constant load (9.8N). A special layer, called surface-mixed-layer
(SML) (Fig 4.27, and Fig 4.16) was observed after a certain number of wear cycles. The
SML included heavily deformed Al-Si alloy matrix interspersed with smashed SiC
particles. The depth of the SML was not uniform along the width of the cross section. It
reached its maximum at the center of the track. SEM image and X-ray mapping of Si in
the SML are shown in Fig 4.27 (b). A clear boundary exists between the original matrix
and the SML. The distribution of SiC particles in the original matrix and the SML are
plotted (as shown in Fig 4.28). A Leitz-TASIC image analyzer was used to produce these
data. It is noticed that the average size of the SiC particles in the matrix (approx. 10um)
has been reduced to an average size of approx. 2um. Moreover, the distribution range of
small particles of SiC has also narrowed down significantly. This shows that the SiC

particles in SML have been well crushed.
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Fig 428 Distribution of SiC particles in SML and matrix
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Fig 4.29 Change of SML depth and contact stress with wear cycles (load-9.8N)

Fig 4.29 shows the influence of wear cycles on the depth of the SML (at the
center of the track) under a load of 9.8N. In the first 100 sliding cycles, no SML is found.
Howevér, SML starts to appear at about 500 cycles, ifs depth reaches a maximum of 50-
55um at a sliding cycle of about 2000-3000. As the wear cycles increase above 20,000, no
SML is visible. Fig 4.29 also illustrates that the contact stress decreases with the increase
in wear cycles. The contact stress is the applied normal load divided by the contact area
between a slider and the composite specimen. At initial stages (cycles<500), the contact
area between the steel ball and the specimen, which is the area of the wear scar on the
steel ball, is very small and the contact stress generated is very high. Thus, low wear
cycles are not able to create significant plastic deformation of the matrix and
fragmentation of SiC particles. At high number of sliding cycles (>10,000), the steel ball
contacts with the specimen in a much larger area, causing the contact stress become much
smaller. SML dose not appear at this stage due to the absence of both plastic flow of both

the matrix Al-Si alloy and the fragmentation of SiC particles. Beyond this stage, pure
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abrasion occurs where both the ball and MMC are worn away. These observations suggest
that the existence of a SML is due to a unique combination of contact stress and number
of cycles. In the present test conditions, the SML exists from 100 cycles to 20,000 cycles
with maximum depth occurring at 2000~3000 cycles and at a contact stress level of
approximately 10MPa. During these cycles, plastic deformation of the matrix occurs
together with the fragmentation of SiC particles, and therefore SML is developed. As the
wear track widens, the contact stress drops, and the SML is not sustained and gets

abraded away.

4.2.5 Effect of Contact Stress on Wear Mechanism

From the above experimental results, it is evident that contact stress acting on the
counterfaces plays a the vital role in deciding the wear mechanism in the reciprocal sliding
wear of the MMC against bearing steel balls. Fig 4.30 shows that the normalized wear rate
(weight loss per unit sliding distance per unit contact area) of the composite specimen
increases almost linearly through the entire contact stress range. However, from the
change of surface topography with a variation in contact stress, different "wear regimes"
could be identified. From the curve of the normalized wear rate vs contact stress of the
steel ball bearing, two different "wear rate regimes" can be identified. Between 1 and 3
MPa, the wear rate of ball decreases with an increase in the contact stress, and the wear
rate is noted to be below than 6x107mg-mm2-mm!. Above 5MPa, defined as regime II,
the wear rate increases almost linearly with the contact stress. Between regime I and
regime II, there exists a transition region (3 to 4 MPa) where specimen exhibits

characteristics of a mixture of both types of wear.

4.2.5.1 Wear mechanism in regime I (low contact stress)
The wear mechanism in regime I (low contact stress) is shown schematically in

Fig 4.31. The wear mechanism for bearing steel ball is dominated by abrasive grooving or
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scouring. Abrading particles mainly came from the fragmentation of SiC particles in the
composite material during sliding. When these abrading particles cause abrasive wear on
the surface of the Al/Si matrix in the composite, deformed matrix gets attached to the SiC
surface, resulting in wrapping of the abrading particles with aluminum (Fig 4.15). Because
contact stress is low in this regime, no material transfer is observed from composite
material to the steel counterface. However, a few abrading SiC particles have moved
across the sliding direction and have made on the steel surface.

On the surface of the composite specimen, SiC particles generally protrude out of
the polished surface and the particle protrusions can be as high as Sum after final polishing
[83]. During the initial sliding wear process, an impact of a slider onto SiC particles will
take place, and abrasives particles will therefore be created. The broken hard abrasive
particles entrapped between the counterfaces act as third body abraders. These abraders
are responsible for the development of longitudinal grooves on the worn surface area of
Al-Si matrix on the composite [65, 83].

As the abrasives hit the surface area of Al-Si eutectic in which SiC particles
reside, these abrasives would further interact with the bulk SiC particles and cause them to
fracture. The average diameter of these cavities is in the order of 50-100um, which
correlates well with the cell size in the eutectic structure in the composite. The production
of the cavities on the worn surface of the composite could be attributed to this type of
chain reaction between the hard abrading SiC particles and the near-surface untouched
SiC particles and the eutectic network in the composite. These cavities then provide
abrasives. during the wear process. In fact, the wear process in regime I is a grinding
process. When sliding proceeds further, fractured SiC particles get smashed into even
smaller pieces and their reaction with SiC particles in the composite further accelerates
this process. Therefore, the equiaxed debris which has a granular form and a dimension of
1~3um, is produced (Fig 4.32). EDS analysis shows that aluminum, silicon, iron and

oxygen are present in the debris which is dark in color.
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Fig 432 Debris collected at the wear strokes of 20,000-50,000

(a) SEM image of the debris x3000

(b) X-ray mapping of debris for elements Fe and Si
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Observation of a decrease in the wear rate of the steel ball, when contact stress
increased from 1MPa to 3MPa can be the result of a competition between the plastic
deformation of Al-Si matrix in the composite and abrasive wear of this plastically flowed
matrix. The higher the contact stress is, the more plastic deformation occurs, which causes
more eutectic network containing SiC particles to be covered or smeared by the deformed
Al-Si matrix. Consequently, less SiC particles in the composite would be exposed to the
counterface and less amount of abrasives are produced. Although this change did not alter
wear rate of the composite significantly, the wear rate of steel balls was reduced. It is
believed that the composite surface at this stage is covered with a "transferred layer" - a
mixture of iron and its oxides[93], which have a low coefficient of friction and create an in
situ lubrication effect. Therefore, a reverse trend of wear rate for the steel sliders is
developed.

In summary, abrasive microgrooving is the dominant mechanism for the wear of
both of the composite and the steel balls at low stresses. The plastic deformation which
increases with the contact stress does not affect the wear rate of the composite as much as

that of steel balls.

4.2.5.2 Transition region from regime I to regime II (intermediate contact
stress)

As contact stress increases above 3MPa, Fig 4.30, the wear rate increases
linearly. Because of the higher contact stress, more severe micro-grooving occurs both on
the surface of the composite and on the counterface, and comparatively larger area on the
surface of the composite is covered by the deformed Al-Si matrix and less wear cavities
are produced (as seen in Fig 4.13). On the other hand, some deformed Al-Si matrix
together with fractured SiC particles is transferred to the counterface. This type of wear
has been often referred to as galling or scuffing [94]. Although more plastic flow of Al-Si

matrix took place and some MMC material got transferred to the ball surface, the wear
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rates for both composite specimen and the bearing steel balls have increased due to the
increasing contact stress.

As shown in Fig 4.33, the wear debris in this regime is a mixture of small
diameter equiaxed granular particles (1~3um) (marked A) and plate-like particles (marked
B). As described earlier in Regime I, abrasive wear mechanism is responsible for the
creation of these granular debris. The plate-like debris might have come from subsurface
delamination procéss of the SML at high contact stress[54, 70] (to be described in
4.2.5.3). So, the wear of the composite in this regime is dominated by the mixture of
presence of a subsurface delamination and abrasive microgrooving. It should, however, be

noted that their relative contributions to the wear process is not yet clear.

Fig 4.33 Debris produced in the transition region from regime I to regime II

(intermediate stress level of 3-5MPa)
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4.2.5.3 Wear mechanism in regime III (high contact stress)

In regime III, the wear proceeds by severe surface damage and involves greater
MMC material transfer to the steel counterface (Fig 4.12). The surface of the composite is
severely damaged (shown in Fig 4.11). The wear mechanism for regime III (contact stress
P>5MPa) is schematically shown in Fig 4.34, which is basically a combination of
deformation and delamination processes. The deformation here is much more severe than
that present in regime II. Moreover, part of the aluminum matrix and fragmented SiC
particles on the wear surface get transferred to the counterface (Fig 4.9). SEM
examination of the wear surface on the counterface reveal that a pattern of "shear wedges"
is formed. These "shear wedges" are found to move roughly 10-15um along the sliding
direction of the last stroke. Fractured SiC particles get dispersed in these transferred
layers. At this stage, no SML with a significant depth is formed because of the low number
of sliding cycles. As sliding cycles (or sliding distance) increase, more and more SiC
particles become fractured, and the depth of SML increase. Finally, an equilibrium is
achieved and SiC particles got fragmented and fractured to a mean size of approx. 2um,
which is about one-fifth of the original SiC size in the composite. The fractured SiC
particles and severely deformed Al-Si matrix together form the SML, surface mixed layer
(Fig 4.16). SEM examination of the worn surfaces of the composite reveal that part of
these surface mixed layers are transferred to the surface of the steel ball. The transfer of
SML layers could be attributed to the development of adhesive forces between the SML
and the steel counterface. As the reciprocal sliding wear proceeds, some parts of the
transferred SML on the counterface peel off to form debris or go back to composite
surface and get mixed with the SML again. In other words, wear in this period is
accompanied by transfer and re-transfer processes of these SML layers. This is a
mechanical blending process which results in further fragmentation of SiC particles in the

SML.
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For the bearing steel sliders, abrasive action of the fractured SiC carbide and Si
particles, which lead to microgrooving, is the major mechanism responsible for the
material loss. As shown in Fig 4.12, some broken SiC particles act as third-body abrading
particles embedded on the counterface, they serve as an "anchor”, and aluminum matrix
will then build up on top of them. After the formation of the SML, it will then be work
hardened by further deformation. Above certain number of sliding cycles (>3000), surface
fatigue cracks which are perpendicular to the sliding direction are created (Fig 4.11 (b)).
The occurrence of these cracks can be attributed to the cyclical stress and strain, from the
reciprocating action of the sliding. During wear process, the propagation and linking of
these fatigue cracks will lead to the formation of delamination, and a plate-like wear debris
is thus formed (as shown in Fig 4.33). The proportion of these plate-like particles in the
debris increase with the contact stress. Almost all the debris is composed of the plate-like
particles when contact stress is higher than 15MPa. Therefore, it is reasonable to assume
that the shear deformation and material transfer are the dominant rate-controlling
mechanisms at the initial stages. However, with increasing contact stress, the SML

delamination became predominant.

4.3 Reciprocal Lubricated Wear Tests

4.3.1 Weight loss in the composite specimens and steel ball

In lubricated wear tests, applied load used was 9.8N, 19.6N, 39.2N and 78.4N.
Other testing parameters have already been described in section 3.3.3.

Even after sliding 500,000 wear cycles under a load of 78.4N, weight loss of the
composite block specimen was so small that it could hardly been measured by the
electronic scale used in this research. In other words, the weight loss for the lubricated
sliding wear test was insignificant. Volume loss method did not work for the evaluation of

the composite specimen either because the wear track was very shallow, and it was
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difficult to get a surface profile by the instrument. For some wear tracks, such as those
from 9.8N x20, 50, 100, 1000 cycles, one could not see if there was any wear track.
Therefore, instead of weighting the specimens for weight loss quantitatively, the degree of
wear tracks were evaluated qualitatively by SEM, as described later.

The weight loss for steel balls was very small as well. Afier sliding wear at the
load of 78.4N for half of a million cycles, it was less than 1.0mg. An optical microscope
was used to examine the wear scars on the balls. Nearly all the wear scars were circular in

configuration and their surface was quite flat.

As shown in Fig 4.35, the volume loss on a ball can be calculated through the

following formulas:

V=%nh2(3R-—h) (4-1)

Where V'is the volume loss on a ball. R is the ball radius, /4 is the segment height, which is
h=R-JR*-R* (4-2)

R’ is the radius of a wear scar on a ball (or the width of a wear track on the composite).

Then we have the weight loss,

W=%7zh2(3R—h)-p (4-3)

Where p is the steel ball density.
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Fig 435 Worn segment on a ball slider

The weight loss from the worn surfaces of steel balls was thus determined as a
function of sliding cycles. Representative weight loss versus sliding cycles curves for the
sliders are plotted in fig 4.36.

Fig 4.36 shows that in general the weight loss increases with the sliding cycles.
However, in the initial period (cycles<100,000), ball weight loss increase rapidly. After
that, the wear process slows down, and the rate of weight loss gradually decrease with the
wear cycles increased. For a given number of wear cycles, the lighter the load, the more
the weight loss for balls occurred. The contact stress between the composite specimens
and sliders is illustrated in Fig 4.37. The contact stress shows the opposite trend as
compared with that of weight loss. At higher number of wear cycles, larger contact area is
produced. This will in turn result in a less contact stress because of the constant load
applied. At a given number of sliding cycles, a higher applied load causes higher contact
stress. However, the differences in contact stresses at different applied loads become less

as the number of wear cycles is increased.
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4.3.2 The Effect of Contact Stress on Normalized Wear Rate
The data in Fig 4.36 and the data of worn surface areas on steel balls were used
to construct normalized wear rate versus contact stress curves, which are defined as the
weight loss per unit area per unit sliding distance (mg/mm2-mm). Fig 4.38 shows the effect
of contact stress on the normalized wear rate. It is clear that the contact stress plays a vital
role in determining of the specific wear rate. The wear rate of the sliders does not increase
monotonically through out the whole contact stress range. Three different regimes can be

identified from Fig 4.38, and they are named P, Q and R respectively.

4.3.2.1 Wear regime P (low contact stress/high cycles of wear)

P zone is corresponding to the regime of a contact stress below 30MPa. In this
regime, the normalized wear rate of the ball, the lowest among the three zones, is about
10°~10® (mg/mm?mm). The representative morphology of the worn surface on
composite specimen is shown in Fig 4.39. At lower cycles, some of the SiC particles were
pushed into the matrix and covered by a very thin layer of deformed matrix alloy (Fig 4.39
(a)). At a higher number of wear cycles, the relative area of deformed matrix became
larger, and more SiC particles were covered by flowed matrix (EDS analysis in Fig 4.39
(¢) ). Very few iron particles were found on the worn surface of the composite for both
low and high number of wear cycles. SiC particles were bonded well to the Al/Si alloy
matrix and they were neither separated from the matrix nor pulled out from the base to
serve as abrasive particles. The surface of a slider in this regime is shown in Fig 4.40. It
has a quite flat surface. The wear process is mild in this regime for both the composite

material and for the ball.
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Fig 439 Surface of the composite after wear at low contact stress (Regime P)
(a) low sliding cycles  (b) high sliding cycles

(c) EDS X-ray mapping of the surface area in (b)
(d) EDS spot analysis of marked A in (b)
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Fig 4.40 Surface morphology of a steel ball in regime P

4.3.2.2 Wear regime R (high stress level/low cycles)

When the contact stress increases above 100MPa, the normalized wear rate for
the steel balls becomes stable again. Its value is about 10-~10+ (mg/mm2-mm). As
compared with low contact stress zone P, the normalized wear rate in regime R is
observed to accelerate by 3-4 orders of magnitude. For the composite specimen, the
typical wear surface appearance for this regimes is shown in Fig 4.41. At low number of
sliding cycles (Fig 4.41 (a)), even though plastic flow of the matrix took place as that in
regime I of low contact stress, it failed to cover most of the SiC particles, and severe
abrasive wear existed at the same time. Some SiC particles were fractured and pulled out
from the matrix (marked A in Fig 4.41 (a)). Others were disbonded from the matrix and
acted as abrasives to cause micro-cutting of the slider. A number of iron chips were

present on the worn surface. At high number of sliding cycles, more abrasive wear or
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Fig 4.41 Surface of the composite after lubricated sliding wear
at high contact stresses (Regime R)
(a) Initial wear (b) Steady-state wear
(c) Iron chips at steady state wear
(d) X-ray mapping of Si and Fe for (c)
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scouring occurred, and more accumulation of cut iron chips was formed occurred. Fig
4.41 (c) and (d) clearly show the fracture of SiC particles and their separation form the
matrix. Residual iron chips can also be seen at the tips of "micro-cutters". The surface of a
worn ball is shown in Fig 4.42. It is characterized by severe microgrooving. So in this

regime, material loss is severe for both the composite and the sliders.

Fig4.42 Surface morphology of a steel ball in regime R

4.3.2.3 Wear regime Q

In the intermediate zone Q, the contact stress is in between 30MPa to 100MPa.
The data of the specific wear rate for the sliders is quite scattered and in between 10-9~10+
(mg/mm?-mm). The trend appears to be a steady increase in the wear rate with an increase
in the contact stress. It is a transition zone from mild abrasive wear to sever wear.
Observations made on surface morphologies of these worn tracks on both steel balls and

the composite specimens indicated that the wear mechanism for this regime was featured

by a mixture of regime P and R.
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4.3.3 The Influence of Contact Stress on Wear Mechanism

4.3.3.1 Wear Mechanism in Regime P (high stress level/low cycle)

The lower wear rate in regime P can be attributed to the formation of a special
layer as a result of tribochemical reaction between the surface material of the composite
and the lubricant (Fig 4.43). The development of this special layer involved a slight plastic
deformation of aluminum alloy in the composite and its reaction with the lubricant. At the
beginning of the wear process in this regime because of low local contact stresses which
are lower than the fracture strength of SiC particles and the interfacial bonding strength
between SiC particles and aluminum matrix, SiC particles can maintain their structural
integrity and act as effective stress-bearing elements. Thus, the slider would ride on SiC
particles rather than break them or pull them out. With the increasing number of sliding
cycles, the parts of SiC protrusions get worn out, and a direct contact between the
aluminum matrix and the slider occurs at a few locations. Plastic deformation of the
aluminum matrix starts occurring. However, this plastic deformation is limited to a very
low level, since most of the load is transferred onto SiC particles. Although the existence
of this thin layer was confirmed by EDS analysis (Fig 4.39), its structure, chemical
composition and the mechanism for its formation are yet to be understood.

Almost no material loss was observed for the composite specimen. For the ball
sliders, most of the abrasive grooves on the counterface and the corresponding weight loss
might have been produced during the initial wear against the protruded SiC particles.
Microcutting is the dominant mechanism responsible for the weight loss in the sliders.
When the special surface layer is established, most of SiC particles are smeared by this

layer and wear rate is effectively reduced.
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As shown in Fig 4.39, an examination of the slider surfaces reveal no transfer of
composite material to the counterface. That can be due to the effect of lubricant which
reduces the friction coefficient and consequently presents adhesion. Further more, the
existence of a lubricant between the tribosurfaces can reduce the local contact stress on

asperities by distributing the normal force more uniformly along the contact surface.

4.3.3.2 Wear Mechanism in Regime R

Above a certain contact stress, which is roughly 100MPa, the wear rate increases
to 10->~10-*mg-mm2-m-!, which is about 4 orders more than that in the mild wear regime
I. The wear mechanism is schematically shown in Fig 4.44. In this regime, the local
stresses generated beneath the ball are greater than the decohesion stress of the interface
between SiC particles and aluminum matrix. Most SiC particles are disbonded, and some
of them are fractured and pull out to act as abrasives (Fig 4.41). These abrasives cause
galling on the matrix, and further decohesion and fracture of SiC particle occurs. On the
other hand, plastic deformation of aluminum matrix also takes place. This process tends to
cover and smear SiC particles and form a low friction coefficient tribochemical layer. The
final surface topography depends upon the competition between these two processes. In
this regime, because of the high contact stress, ploughing and scouring is prevalent, it is
difficult for the tribochemical layer to form on most parts of the wear surface, resulting in
severe wear of the composite. Thus, ploughing is the dominate mechanism for the material
loss of the composite.

Since most of the wear surface is not covered by the tribochemical layer, the
counterface on the slider is exposed directly to the loose and fractured SiC particles in the
composite during sliding wear process. These SiC particles serve as micro-cutters and lead
to a wear of the steel balls. Consequently, a lot of steel chips are left on the wear surface
of the composite. Unlike low contact stress regime P, SiC decohesion, fracture and pulling

out occur through out this wear process. Therefore, micro cutting is the major mechanism
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causing material removal from the steel balls. In addition to microcutting, three-body

abrasive wear is another wear mechanism present. It is induced by the movement of the

fractured SiC particles which are pulled out of the composite.
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Fig4.44 Schematic diagram in regime R for lubricated wear tests
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4.4 Comparison of Dry Wear And Lubricated Wear

4.4.1 Weight loss

The weight losses for lubricated and unlubricated sliding wear in both the
composite specimens and the balls are shown in Table 4.2. It is evident that the application
of a lubricant has greatly reduced the weight loss for this wear couple. For instance, under
a load of 9.8N at 10,000 cycles, the weight loss of the slider in lubricated wear is only
0.011mg. Compared to 0.9 mg in unlubricated wear. The former is about two orders of
magnitude smaller than the latter. Unfortunately, the weight loss of the composite material
in lubricated test could hardly be measured or even calculated. After sliding half a million
cycles under a load of 9.8N, most of the original polished surface did not contact with the
slider. This means that the wear track depth did not exceed the protruded height of the
SiC particles on the polished surface. Actually, almost no wear track could be observed
either by the naked eye or by optical microscope at this wear condition. Only by using the
SEM the small plastic deformation of the matrix could be seen. Therefore, it is reasonable
to suggest that the weight loss of the composite is less than the weight of the SiC particle
that has been worn away. Based on this assumption, the weight loss of the composite
should be no more than 0.13mg after the wear of half million cycles under the load of
9.8N, which is even smaller than the weight loss of the composite occurring at 3000 cycles
in dry condition. After sliding half million cycles under a load of 78.4N in lubricated
condition, the slider weight loss is comparable to that created at 3000 sliding cycles under
a load of 9.8N in an unlubricated wear test. Therefore, the life expectancy for both of the
composite and the slider can be prolonged by more than thousands times with the

introduction of a lubricant.
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Table 4.2 Comparison of dry and lubricated sliding wear in weight loss (mg)

sliding cycles (x1000) 1 3 |5 10 20 |50 100 | 500
Dry load | MMC 0.5[09 |27 6.1 | 19.3 - -
9.8N | ball 03105109 1.7 175 - -
load | MMC <<0.13

Lubricated | 9.8N

ball 0.005 |- - 0.011 | - - 0.019 | 0.044

load | ball 0.0112 | - - 0.207 | - - 0.236 | 0.375

78.4N

4.4.2 Normalized Wear Rate

For the brevity of description, both of the wear rates of lubricated wear and
unlubricated wear are plotted against contact stress in Fig 4.45. Considering the low
contact stress range, which is the low wear rate regime P for sliders in lubricated wear, the
wear rate in lubricated wear is 2 to 3 orders magnitude smaller than that during the dry
wear test. This means that the lubricant can effectively enhance wear resistance of the
composite material and the steel bearing sliders. In the high contact stress range (30-100
MPa), severe wear - seizure took place for dry wear test. Although dry wear behavior of
the composite in seizure regime was not studied systematically in the present research
because of the limitation of the wear rig, its wear rate would be definitely much greater
than that of lubricated wear. No seizure has been observed in lubricated wear even when
contact stress was increased to 130 MPa. Therefore, the presence of lubricant can
significantly improve wear resistance through two different effects (Fig 4.45):

(a) A reduction of the normalized wear rate by a magnitude of Ap=102-103
(mg/mm?2-mm),

(b) An increase in the stress-carrying capacity by an amount of Ac>20 MPa.
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4.4.3 SiC Particle Behavior and Wear Mechanism

The wear behavior of the composite and counterface is summarized in Table 4.3.
In unlubricated wear tests, SiC particles were fractured even at a very low contact stress
(<IMPa) due to the impact of the sliders on to the protruding SiC particles and the
grinding reaction between abrasive SiC particles and near-surface SiC particles in the
composite. At high contact stress (>5MPa), SiC particles, in the form of surface mixed
layer, are further fragmented. However, in lubricated sliding wear, because of the presence
of lubricant, SiC particles are kept intact as contact stress is increased to 30-100 MPa, and
this is the reason that make it possible for the SiC particles to bear more load and to result
in lower wear rates. Consequently, the different behavior of SiC particles in dry and
lubricated wear tests causes the composite having different wear mechanisms. During
lubricated wear under a low stress, since SiC particles are not crushed or pulled out from
the matrix, abrasive wear or microgrooving on a very small scale has occurred for the
wear couple. On the contrary, during dry sliding wear, the fractured SiC particles serve as
abrasives along the wear surface and cause abrasive grooving for both composite and steel
sliders. Moreover, the formation for SML by the mechanical mixture of severely deformed
matrix and fractured SiC particles bring about the delamination mechanism and relatively
high wear rates. The influence of lubricant on SiC particle behavior and the wear
mechanism of the composite can be generally rationalized by the Stribeck curve in Fig 2.6
[21].

For wear of the composite against steel sliders apart from two metal surfaces,
there are SiC particles distributed in one of the metal surface (aluminum matrix). In this
case, if the generalized Sommerfeld Number nv/Fu is great enough [21] ( At high sliding
speed, high fluid viscosity or very low load), a thick lubricant film (h>>R) can be
established (Fig 4.46). The existence of SiC particles will have no effect on wear process,
since no direct physical contact between the SiC particles and the counterface occurs.

morphology in low contact stress (regime P in Fig 4.38) indicates that this type of wear is
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Table 4.3 Comprehensive summary of SiC behavior and wear mechanism in both
lubricated and unlubricated wear
contact stress (MPa) <1 1-5 5-13 13-30 30-100 >100
fractured and | fractured and | form SML — — —
SiC serve as | serve as
abrasives abrasives
dry abrasive abrasive + | delamination | seizure | seizure seizure
composite | microgrooving | plastic of SML +
wear deformation | plastic
mechanism deformation
ball abrasive grooving
kept integrity and covered by a thin tribochemical transition | decohesion
reaction layer with matrix
SiC fractured and
pulled out to
lubricated act as
abrasives
composite | very small amount of adhesive wear abrasive
wear scoring  +
boundary
lubrication
mechanism small scale microcutting at beginning and adhesive wear transition | server
ball for normal part microcutting
+ abrading +
boundary
lubrication
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obviously not possible in this regime, and it should belong to the mixed or boundary
lubrication regime. As contact stress increases, the Sommerfeld Number becomes smaller,
and lubricant film get "thinner" (Fig 4.46(b)). Then, the contact interaction between SiC
particles and the counterface takes place. This is the turning point for the following wear
mechanisms. The load can be written as the sum of that at asperity peaks (SiC particles)

and that at the voids,:

W = A awp* + A(]' - aw)phydro
=Ala,p +(1-a,)p,,.] 4-4)

Where o is the area fraction of SiC particles in the composite, A is the total area of the

contact surface, p* is the pressure (contact stress) on SiC particles and P, . is the
wdro

hydrodynamic pressure generated between SiC particles. The friction force should be the

sum of the solid friction at SiC particle and the liquid friction in the voids:

F = A awp * solid + A(l - aw)j;iquidphydro (4-5)

Where £, and f},,,,4 are the friction coefficient for SiC and the lubricant respectively.

Therefore, the friction stress on particle should be:

O-f = p solid (4-6)

It is noted that Phyaro is only slightly less than P*, so it is reasonable to define the average

pressure P such that P*>P>Phydro, then eqn.(4-6) can be written as,

O, = P s 4-7)
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If P is great enough such that o/>cuiss (decohesion stress between the SiC
particles and the matrix), SiC particles would be pulled out of the matrix and would be
fractured. These would act as abrasives causing more wear than that in the boundary
lubrication. This wear process (R regime in Fig 4.38) involves a mixture of abrasive
grooving and boundary lubrication for the composite, and abrading, microcutting and
boundary lubrication for the slider. As contact stress P increases, the fraction A(1-ctw) will
be reduced, the wear process will then be accelerated.

If or<caiss, the protruding part of SiC particles will be worn away gradually.
After "wear in " period, the entire wear surface will be covered by a thin tribochemical
reaction film, and a boundary lubrication state can be achieved (P regime in Fig 4.38).
Therefore, it might be reasonable to add region IV to Stribeck curve (Fig 4.47) for the
description of the composite wear behavior in lubricant , which is corresponding to the
server wear regime R in Fig 4.38. It is the result of the decohesion and fragmentation of
SiC particles in the composite and might be considered as the upper limit of the wear Iifg

for the composite against steel sliders.

h—0 I

h—0 h>>R

Op>Cdish | Of<Cish

|

|
1

Friction coefficient

viscosity x vefocity
load

Fig 4.47 Modified Stribeck curve for friction of composite material
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It should be pointed out that the effect of boundary lubrication on wear of the
composite against the composite steel balls is beyond the scope of this research. In order
to better understand the wear mechanism of this wearing couple, and the effects of sliding
speed, lubricant temperature and the microstructure of the tribochemical reaction film,

more research work needs to be done.
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CHAPTER 5 CONCLUSIONS

Through the systematic study of the wear behavior of SiC particulate reinforced A356
aluminum composite in both dry and lubricated reciprocal sliding conditions, the following
conclusions can be drawn:

1. In both dry and lubricated reciprocal sliding wear, the contact stress
between the composite and the slider played a vital role in deciding the behavior of SiC
particles and the wear mechanism of the composite and its counterface.

2. Two wear regimes were revealed for this composite in dry reciprocal
sliding wear according to the change of normalized wear rate and wear surface
morphology. At low contact stresses (<3MPa), abrasive microgrooving was the dominant
mechanism for the material loss of both the composite and its counterface. Near surface
SiC particles in the composite were fractured and acted as abrasives causing three body
abrasive wear. The small granular debris (1-3um) came from the intergrinding action of
these SiC particles. With an increase in the contact stress, the normalized wear rate of the
composite increased linearly. However, the normalized wear rate decreased at the
beginning (1-3MPa) and then increased linearly for the slider. The reason for this decrease
was the occurrence of a layer of deformed aluminum matrix which could prevent the
further fragmentation of the SiC particles in the matrix. At high contact stresses (>5MPa),
a surface mixed layer (SML), which was composed of fragmented SiC particles and
severely deformed aluminum matrix, was formed. Consequently, in this regime, material
removal for the composite was dominated by the delamination of this SML, and the
normalized wear rate of the composite and the steel balls continuously increased with the
contact stress.

3. In lubricated reciprocal sliding wear of the SiC particle A356 aluminum
alloy, three regimes were present depending on the contact stress. Mild wear regime

corresponded to low contact stresses (<30MPa). In this regime, SiC particles were kept
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thus integrity and were covered by a thin tribochemical reaction layer. The weight loss in
the composite resulted from the wearing of the portion of SiC particles that protruded out
of the matrix after polishing. The weight loss for the ball counterface came from initial
microcutting of its surface by the protruding SiC particles. Boundary lubrication
dominated the normal wear process and the normalized wear rates for the balls were in the
range of 10°-10*mg-mm2mm-1. As contact stress increased above 100MPa, a second
regime, the server wear regime, occurred. The normalized wear rate for the counterface
increased dramatically to 10-5-10“*mg-mm2mm-!. SiC particles were either fractured or
pulled out from the matrix to act as abrasives. Decohesion took place between SiC
particles and the matrix. Abrasive scouring and micro-cutting were the main mechanisms
for the wear of the composite and the sliders respectively.

4. As compared with dry sliding wear, the wear resistance of this wear
couple was dramatically improved through the application of lubricant; 1) reducing the
normalized wear rate of the slider by the magnitude of 10-2-10-3 (mg-mm-2.mm-!), and 2)
increasing the contact stress bearing capacity of the ball by 20MPa.

5. In dry sliding wear, the surface morphology at the track ends was found
to change dramatically with the increase in wear cycles. The accumulation of significant
amounts of wear debris was a major feature for the dry sliding wear at high number of

wear cycles (10,000-50,000).
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CHAPTER 6 RECOMMENDATIONS FOR FURTHER STUDY

Based on the present work in this thesis, some suggestions for further study can
be made.

The surface mixed layer (SML), which occurred during the wear of SiC
particulate reinforced A356 aluminum composite, is very important for the reciprocal wear
behavior of this composite at high contact stress. Even though it is clear that the SML is a
mixture of severely deformed aluminum alloy and fractured SiC particles, the
microstructure of it is far more understood. It would be interesting to identify the crystal
structural changes if the SiC particles and the matrix in SML and to study the changes in
dislocation distribution and dislocation densities. This may lead to a more fully
understanding the wear mechanism of the SML - subsurface delamination.

In lubricated wear condition, the upper limit of contact stress for the application
of this composite should be 30MPa below which SiC particle can keep integrity and
boundary lubrication can exist. What is not really known is the nature of the tribological
reaction film. Moreover, many factors can affect the formation of the tribochemical
reaction film apart from contact stress, such as temperature, sliding speed, lubrication rate
and type of the lubricant. In order to study the influences of these factors on the
tribochemical film quantitatively, a wear testing setup with constant contact area is

preferred.
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