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Abstract

'Keywords: Computer simulation, Abrasive wear, Microstructural effects, Composite
materials o

Composite materials are widely used in various industries to resist wear of
machinery, equipment and facilities. The high wear resistance of composite
materials benefits from a combination of hard reinforcing phase and ductile/toﬁgh
matrix, which may effectively resist wear under various wear conditions. However,
the performance of a composite could vary significantly in different wear
situations, and the material may not be fully used with its maximum resistance to
wear. For instance, a composite may possess extremely high resistance to sliding
wear but perform less impressively when subject to impact wear. Wear is a
complicated surface damage process, ‘affected by many factors, such as
microstructure, mechanical properties of the target material, and the wear
condition. Microstructure may play a predominant role in resisting wear. However,
‘the effect of microstructure on wear is difficult to investigate experimentally due to
possible synergism between the microstructure and other factors. It is a challenging
task to obtain the maximum wear resistance through microstructural optimization.

Computer simulation is an effective approach for such studies, since
controllable "computational experiments" can be performed to investigate
contributions from individual factors to wear and that from the synergetic
interaction between these factors. In this work, a dynamic model, so-called Micro-
Scale Dynamic Model (MSDM) based on the Newton’s law of motion, was
applied to simulate abrasive wear of hard particle reinforced metal-matrix

composite materials. The microstructural effects of a composite, e.g. the size,
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‘she‘lpc‘ and Q(;iu}11e frac’tion‘_o:f :-reinforceme_nlt,- and the intexffépiai Boﬁd ‘stren'g‘th on | |
we’ar,‘were _invesﬁgated. The synergism of ihé above param:et:ers‘ was also.stvudie’d ‘

L usiﬁg th’e MSDM. Finally, effects of abrasive particie ‘sh‘ape on the wearipg streés |
' | 'and materiai loss were inveét_igated. Mechanisms responsible for all the effects on

“abrasive wear of composite materials are analyzed and discussed.
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1 Introduction and Literature Review

1.1  General Introduction to Wear

Wear is recognized as one of the most important detrimental processes in
mechanical devices, yet detailed scientific studies of this phenomenon have a
‘relatively short history [1]. For a long time, it has even been difficult to give a
precise definition of wear due to the common coexistence of several different modes
during a spec1ﬁc process. In 1993, the American Society for Testing and Materials
(ASTM) deﬁned wear [2] as “the damage to a solid surface, generally involving the
progressive loss of material, due to relative motion between two moving surfaces”.
This definition is now generally cited by researchers in the field.

There are two conventional approaches to classify wear. One is description of
the results of wear, using the terms as pitting, fretting, scuffing and scoring, which
are highly descriptive of the appearance of worn surfaces. The other is based upon
the physical nature of wear processes, with focus on the mechanisms involved and is
therefore more useful to scientific research. Generally, five categories [1] are used in
the second approach: (1) adhesive wear, (2) abrasive wear (two-body and three-body
abrasive wear, or sometimes high-stress and low-stress wear), (3) corrosive wear, (4)
erosive wear by solid particles, fluid, cavitations and often exacerbated by
synergistic corrosion attack, (5) fatigue wear. Figure 1-1 illustrates schematic view
of the different wear modes. Figure 1-2 shows characteristic appearance of surface
worn by (a) adhesion (b) abrasion (c) surface fatigue and (d) corrosion. Table 1-1

lists some common situations in various industries in which different types of wear

occur,
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(a) Adhesive wear from the rubbing together of relatively smooth surfaces resulting in
localized micro-welding, followed by tearing of the joined areas in subsequent movement.

RAUEIEERINEINRRRARNNNN

R R R TR

~(b-1) wa-body abrasive wear from moving contact with hard protuberanée at top

surface.

.~ " (b-2) Three-body abrasive wear from hard particles trapped between moving surfaces.

A~

(c) Corrosive wear by fretting from small oscillatiory movements between relatively
smooth surfaces.

P Vg

. \‘\“iv"/'- .

’ SR K

.‘X‘ ~-\0A{¢‘ =
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AN e

(d-1) Erosive wear by cavitation from the collapse of vapor bubbles.
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| () Fatigue wear due to the release of particles from a surface.

Figure 1-1 Different wear modes |3, 9].

Figure 1-2 Characteristic appearance of surfaces worn by (a) adhesion, (b) abrasion, (c)
surface fatigue, and (d) corrosion [4).
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_ Table 1-1 Various situations in industries where different types of wear could occur [3].

Type of wear Examples of industrial applications
where this wear is likely to occur

1. Abrasive wear from Earth-moving machines Rotors of powder mixers
contact with hard Material-handling chutes Extrusion dies for bricks
granular material Rock crushers and tiles

Mining conveyors

_2. Abrasive wear from  Pivol pins in construction machinery
hard particles Scraper blades in plaster-mixing machines
trapped between
moving surfaces

' 3. Adhesive wear.from  Rubbing bearings Brakes
the rubbing together Clutches Piston rings
of smooth surfaces  Press tools and cylinder liners .
4, Frefting Connecting rod joints in internal combustion
engines

Bearing-to-housing contact, with dynamic loads
Spline and gear couplings with misafignment
Wire ropes and overhead electrical conductor
cables

5, Cavitation erosion = Marine propellers
Pump rotors
Hydraulic control valves

6. Particle erosion Valves controlling the flow of sandy crude oil
Pipelines carrying abrasive materials
Helicopter rotors in desert operation

7. Surface fatigue Rolling bearing races and elements
Heavily loaded high-speed plain bearings

Clutches subject to excessive slip
Surfaces in intermittent contact with molten metals

‘The iniportance of wear has been ignored for a long time before people
realized that wear is a ,very complicated surface damage process with time-
dependent deformation, failure and removal of materials at contact moving surfaces.
Wear is now recognized not only as a surface destructive process, but also as a major
factor limiting the service life and performance of a mechanical component and even
an entire system. According to Rabinowicz [5], surface deterioration is responsible
for 70% of the loss of useful materials in the automobile industry while wear
problem accounts for 55% of such material loss. As can be imagined, the total

economical loss caused by repairing or replacing worn parts of the machinery and

4
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facilities in all kinds of industries is huge. In North America, it has been
‘conservatbively estimated that wear and friction cost Canada in excess of $5 billion
per year and in U.S.A. the cost is more than $100 billion annually [5, 6]. Therefore,
scientific research on wear phenomenon and mechanism as well as material
development must be conducted in order to make good use of currently available

resources and reduce the significantly large capital loss due to wear.

1.2  Abrasive Wear

Figure 1-3 Tungsten carbide /Ni alloy binder composite hardfacing (arrowed) on new and used
‘ shovel teeth (photography courtesy of Syncrude Canada Ltd).
Among those five types of wear, abrasive wear is very common mode in
industries such as construction, -agriculture, mining, mineral processing industries,
which involve earth moving, and handling of dirt, rock, mineral and sand [5]. Figure

'1-3 illustrates the severity of abrasion wear in mining and mineral industries.
5
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Abrasion may occur in association with other forms of wear, ie. adhesion, corrosion
and erosion [1, 5]. Studies show that abrasion takes more than 30% of total wear loss
(some research shows as high as 60% of total wear loss) [5] and is about 1~ 4% of
the gross national product of an industrialized nation [7]. Therefore studying

abrasive wear phenomenon is of particular importance to industries.

1,2.1 Abrasive wear and mechanism

. Abrasive wear can be simply described as the damage to surface by harder
rﬁaterial. In ASTM G65-93 [2], it is defined as “wear due to hard particles or hard
protuberances forced against and moving along a solid surface”. Two-body abrasion
and three-body abrasion are frequently used to describe two main modes of abrasive
wear. As shown in Figure 1-1 (b-1) and (b-2), in the two-body abrasion case, a
surface is abraded by a harder counterface; in the three-body abrasion case, a surface
is abraded by a third body, generally small particles, caught between two moving
surfaces. The particles are sufficiently harder than either one or both of the surfaces
that are to be abraded [8]. The third body is free to roll and slide between two sliding
surfaces [9]. Spending 90% of the contacting time rotating, the third particles would
result in elastic deformation rather than removal of the materials. As a consequence,
the three-body abrasion mode usually results in lower wear loss than the two-body
abrasion [5]. In many other situations, high stress abrasion and low stress abrasion
are used to describe the stress condition and the severity of damage to materials
under abrasion attack [4, 9-11].

In order to understand how material properties affect abrasive wear, it is
critical to understand the main mechanisms in abrasion processes. There are two
extreme mechanisms for abrasion: plastic deformation and brittle fracture [9, 12].
Plastic flow can occur alone under some circumstances, but both often occur
together, even in brittle materials [9]. During the abrasion process, the plastic flow

occurs at the soft surface around the asperities of the harder counterface. Then

microploughing, microcutting [8, 13-15], microcracking [8] and delamination [16]

6
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[wiil occur, causing removal of material from the softer surface, resulting in wear
loss.

In plastic deformation mechanism, an abrasive particle is supposed to be a
cone of semiangle « under an indentation pressure P (Figure 1-4). The normal
load f carried by the particle results in plastic deformation beneath the abrasive
particle. As the abrasive particle moves, a groove will be formed and the wear loss
| may occur by the removal of material from the groove. Assuming P ~ H (H is the
indentation hardness of the material); the total volume loss per unit sliding distance
0 is given by equation (1-1) [9]:

Q—H ‘ | (1-1)

Figure 1-4 Geometry of contact between an idealized conical abrasive particle and a surface: (a)
in elevation; (b) in plan view [9]

where F is the total applied normal ioad on all of the abrasive particles. The
constant K is related to the average fraction of displaced material actually removed,
and  the geometry of the abrasive particles (i.e. on « ). The experimentally
determined values of K for two-body abrasion of metals are typically between
0.005 and 0.05. Equation (1-1) indicates that for a certain value of X, the wear loss

increases with an increase in the total load on the material while decreases with an
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‘i‘nér‘ease in indentation hardness. Equation (1-1) has exactly the same form as the
Archard equation for éliding wear and has been proved by confirmed experimental
results [9]. However, as a possible result of work-hardening, the initial hardness of
bulk material has little influence on wear loss while the hardness of the worn (i.e.

work hardened) surface has closer correlation with the wear loss of a material [9].

Abrasive

Contact Particles

Surface

]

Figuré 1-5 Slip line fields for the deformation caused by the sliding of a rigid two-dimensional
wedge from right to left, Three modes can be identified as (a) cutting, (b) wedge forming, (c)
ploughing [9].

By considering the particle angularity, the attack angle of abrasive particle and
‘the shear force on the contact surfaces, the material removal mode can be described
as cutting, wedge forming and plowing as shown in Figure 1-5 in which the slip-line
field method is used to describe three different deformation modes. In the cutting
mode, all the material displaced by the abrasive particle is removed in the form of
chips. The displaced material is deflected through a shear zone and flows up the
front surface of the abrasive particle. In this mode, the attack angle of the abrasive

~ particle is high. While in the ploughing mode, a ridge of deformed material is
o 8
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‘ pushéd along ahead of the abrasive particle. The material from the raised ridge flows
beneath the particle and no material is removed from the surface. Wedge-forming is
an intermediate mode in which some part of the deformed wedge material is
removed from the surface. The attack angles of ploughing and wedge-forming
modes are smaller than that of the cutting mode, which results in lower wear loss [9].
Both cutting mode and wedge forming mode lead to wear. However, experiments
showed that the proper combination of shear force and attack angle can facilitate the
transitions from ploughing to wedge formation and from wedge formation to cutting
‘during abrasion [9].

There are some theories used to investigate brittle fracture in abrasion
processes. Thez oﬁginal theory is the Hertzian fracture theory [17], in which a brittle
material is indented under a sufficiently high load by a spherical indenter and the
contact stress remains elastic as shown in Figure 1-6. When the tensile stress
- component associated with the normal load reaches a critical value, it gives rise to
ffacture just at the edge of the circle of contact. The crack rapidly propagates
-underneath the contact area and forms the Hertizian cone cracks. If a tangential force
is applied during the process, the critical load for crack nucleation and propagation

will be reduced greatly, which often occurs in a sliding condition [9].

oW

CoRa

e : ) ey,

Figure 1-6 The geometry of a Hertzian cone crack formed by a sphére, which is pressed on to
the surface of a brittle material [9].
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Figure 1-7 Diagram showing crack formation in a brittle material due to point indentation, The
“normal load increases from (a) to (c), and is then progressively reduced from (d) to (f) [9].

The situation of a brittle material under a point load différs from the spherical
loading condition. Some researchers have investigated the crack behavior under a
sharp indenter, shown in Figure 1-7 [9]. At the point of initial contact, very high
stresses occur. Median cracks are generated right under the plastic deformation zone.
Further increase in load is accompanied by progressive extension of the median

“cracks. The initiation and the propagation of the cracks release the large shear
stresses and hydrostatic compression. As the stress magnitude decreases, the median
cracks will be closed inside the material. However the residual stresses can initiate -

lateral cracks which could terminate at the free surface and result in volume loss of

10
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the matérial. The studies show that the lateral cracks form only when the normal
load on the indenter has exceeded a critica1 value, which depends on the fracture
toughness and hardness of the material. Detailed study [9] show that wear loss
resulted from brittle fracture is greater than that from plastic deformation. The
relationships between load, particle size and wear loss in brittle fracture condition
are different from those in plastic deformation. The transition on wear rate from
plastic deformation to brittle fracture can be observed experimentally when normal

load and particle size reach critical values [9].

1.2.2 Abrasive wear of composites

Although the concept of using two or more different materials to form the
constituent phases of a composite has been employed ever since materials were first
used thousands years ago [18], composite material has been a subject of intensive
interest for only half of a century. Composite material is defined in ASTM D 3878-
95¢ as “a substance consisting of two or more materials, insoluble in one another,
which are combined to form a useful engineering material possessing certain
properties not possessed by individual constituents” [19]. Nowadays, the composite
materials are widely used in many industries, such as aerospace, automotive,
electronic and biomedical engineering, as well as in some traditional ones like
agriculture, mining and manufacturing [19-22]. New fibers, new matrices, novel
composite architectures and innovative manufacturing processes continue to provide
exciting opportunities for improvement in performance and reduction in cost [20].

Reinforcement and matrix are two essential components for composites.
Composite materials are often classified based on materials used for the matrices,
such as metal-matrix, ceramic-matrix, fiber-matrix, cement-matrix and carbon-
matrix composites [19, 21]. Due to the combination of ductile metal matrix and hard
reinforcement, metal matrix composites (MMCs) possess excellent mechanical
properties for wide application as structure materials, substituting conventional steel

and aluminum alloys. In addition, MMCs also have other improved properties, such
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as wear resistance, high temperature stabflity, thermal and electronic conductivity
and controllable thermal expansion [23]. This has largely attracted intensive interest
from material researchers and motivated them to investigate such a group of
materials during last few decades. Figure 1-8 demonstrates some application and

potential uses of MMCs in the military field [24].

Nozzle
Turbine
Compressor : Ti MMC, IMC
‘ MCLP
TEMMOC, MG . actuator struts
, turbine bling ‘
HP compressor blings 7

Ti MMC LP compressor
blades anq\ vanes

s “\\‘ TI MMC shafts
TiMMC LP T MMC comprassor
compressor blings casings

Figure 1-8 Potential applications of titanium metal matrix composites and intermetailic matrix
composites for a military aero-engine {24).

The term metal matrix composite (MMC) actually covers various types of
systems, and also a wide range of scales and microstructures [25]. MMCs are

| ‘co‘mmonly subdivided into a few groups according to whether the reinforcement is
- in the form of (i) particles, which are approximately equiaxed, (ii) short fibers and/or
whiskers (with or without a degree of alignment), or (iii) long aligned fibers. The
former two classifications are often described as discontinuously reinforcement
while the latter one is frequently referred as continuously reinforcement [19, 26].
These three kinds of composite materials are shown in Figure 1-9. Currently these
MMCs are often focused on aluminum alloy matrices (beryllium, magnesium,
titanium, iron, nickel, cobalt, copper, zinc, and silver based systems are also of
interest). The particulate is most commonly SiC or Al;Os, but others (TiB,, B4C,
Si0,, TiC, WC, BN, ZrO», tungsten, graphite etc.) have also been investigated. The

12
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1najorify of current MMCs are discontinuously reinforced with particulate or whisker
forms of SiC or Al;O3 in aluminum, magnesium, and other matrix alloys [27].
Currently the MMCs are widely applied in aerospace, aircraft, automobile and
construction industries. In the near future, MMCs will find their applications as

superconductors, biomaterials and multi-functional materials.

Figure 1-9 Three different kinds of MMCs: (a) particulate-reinforced MMC, (b) whisker-
reinforced MMC, (c) cross section view of long and oriented fiber-reinforced MMC [23].

It is well known that the mechanical behavior of a material is determined by
‘the processing and microstructure of the material. With the increase in the needs of
advanced material, large-scale fabrication of commercial MMCs has been stimulated
by the development of manufacturing and processing techniques [27]. The current
techniques either involve solid [27-30] or liquid state [23, 25, 31, 32] fabrication of

reinforcement and/or composites. Usually solid-state manufacturing of MMCs, such

13
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‘as}powder metal_lurgy [23, 31], diffusion bonding [23, 32] and vapor deposition [23]
would result in compacted material with less porosity and improved  interfacial
bonding. However, liquid-state manufacturing, such as spray coating and dispersion
process [23], is an easier and more economically feasible method, which has become
the major approach for commercially viable application of MMCs.

The microstructure of a material plays the most important role in determining
their physical properties. Table 1-2 lists various properties of aluminum and its
alloys along with desirable microstructural features and their functions, which gives
us a clear insight of the microstructural influences on properties of aluminum and its
alloys [33]. For instance, hardness and toughness, which affect the wear
performance of a material, have been known to relate directly to materials’
microstructures [1]. Microstructures of MMCs are the functions of the processing
methods, conditions and the chemical composition. The MMCs have a large variety
of reinforcement and matrix combinations, which can be fabricated by different
techniques. Therefore very different mechanical properties and wear performances

can be expected for various MMCs.

Table 1-2 Microstructure and property relationship for aluminum and its all'oy [33].

Property Microstructural Feature Function af Feature(s)

Yicld Strength unitorm dispermon of fine, hard | Inhibit dislocaion mobon
particles, fine grain size

Toughncss no constitucnt panticles, clean encaurage plasticity, inhibit void
grain boundaries growth

Ductility no constitucnt parncles, clean encourage plasucity, inhubat void
grain boundarics, low dislocation | growth
density

Creep thermally stable particles on gruin | inhibat grawn boundary shding

: houndaries, large grain size

Fatigue Crack no shearable panicles, fine grain | it magmitude of slp steps at

Initiation size surface

Fattgue Crack shearable particles, ro anodic encaurage crack closure,

Growth phases or interconnected hydrogen | branching, deflection and slip
traps, large prain size reversibility

Pitting no anodic phases prevent preferental dissojution of

second phase particlcs
Stress Corrosion | no anodic phases, or prevent crack propagation due to
CrackingHE interconnected hydrogen traps anodic dissolution or hydrogen
embritdement

Conductivity no partcles with elastc strain limit scantering sites for electron

(electrical, fields, low solute concentration, | migration

thermal) low dislocation density
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For fiber-reinforced MMCs, it is widely accepted that the rule of mixtures
(ROM) can be used to predict the elastic properties of such composites [19, 34]. For
instance, when constant strain condition is considered, the longitudinal strength of

the composite can be expressed as o, =0V, +0,V,,, where o, is the longitudinal

strength of composite, o, and V, are the longitudinal strength and the volume

m

fraction of the fiber, respectively, o, and V,, are the strength and volume fraction of

the matrix, respectively [19, 20]. While for the discontinuously reinforced MMC:s,
there are no quantitative relationships between composite’s properties and its
microstructures such as ROM. However, experimental data have shown certain
microstructure-property correlations. For example, for SiC reinforced Al composites,
the reinforcement content is the dominant factor in increasing the modulus of
elasticity. The types of reinforcement and matrix microstructure have little influence
on the composite’s modulus [34]. Mechanical properties such as yield strength,
ultimate tensile strength, ductility, hardness and fracture toughness, which would
significantly affect the wear behavior of MMCs, are functions of reinforcement
content, size, and distributions [34-37]. Usually, yield strength, ultimate tensile
strength [34] and hardness [35] of composites increase as the volume fraction of
reinforcement increases, while the ductility [36] and fracture toughness [36, 37]
decrease. Small reinforcing particles (homogenously dispersed) could improve the
hardness [4] of the composites. Therefore, it is Very important to optimize the
microstructure of the composite for improved mechanical properties and wear
resistance. The relationships between abrasive wear and microstructural factors of
particulate reinforced metal matrix composite are reviewed in details in the
following paragraphs.

Wear involves two bodies in contact and it is a function of the microstructures
of both materials. As wear is an irreversible process, the initial microstructure is
altered substantially during wear to yield a completely different steady-state
microstructure. In turn, the steady-state microstructure is a function of not only the
initial microstructure but also the wear condition and the response of the material to

wear. Thus one must follow the microstructural change from the time when the
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material is brought into contact until a steady-state microstructure is reached.
Furthermore, as wear is a surface process, a large difference in microstructure from
the surface to the inner region of a material is possible. Such a gradient may affect
its performance material during wear [4].

In recent years, considerable effort [4, 22, 38-64] has been made to understand
the relationship between microstructural factors and the abrasive wear behavior of
discontinuous MMCs.

From the previous discussion on the wear modes, we may conclude that for a
ductile material, its hardness and the loading condition are important factors during
abrasion, while for a brittle material the toughness and the attack angle of the
abrasive seem to play a significant role. In fact, there are many influences on the
abrasive wear behavior of a material. The main tribological parameters that control
the abrasive wear performance of MMCs may be classified into two categories [22].
One includes mechanical properties of both the reinforcing phases and matrix [22,
38-44] as well as the microstructure of the composite, i.e. volume fraction [22, 38,
39, 45-47], size [22, 29, 45-51], size distribution, shape and shape distribution of the
reinforcement. The other category involves external factors, including the effect of
loading condition [22, 38, 52, 53], the size [22, 38, 45, 54-59] and shape [60-63] of
the abrasive grit, surface finish, temperature and other environmental factors.

Among all those factors, mechanical properties, size and volume fraction of
reinforcement, size of abrasive grit and the loading condition have been extensively
studied. Hardness and fracture toughness of a composite as well as the interfacial
strength are demonstrated to be the most important mechanical factors that
determine the wear resistance of a composite. R. L. Deuis et al [38] have
summarized studies conducted by Zum Gahr [41, 42], Hutching [43, 44] and some
other researchers [45], and demonstrated that the hardness of a composite
determined the indentation depth of abrasive particles and therefore an increase in
hardness of the composite could reduce abrasive wear. The fracture toughness
influenced the critical load for crack propagation, so that hard and tough materials

were desired to reduce abrasion damage. Interfacial bonding strength can also be a
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very important factor for composites. Higher interfacial bond strength could result in
bétter resistance to abrasion as shown in the studies by S. Das, et al [40] and O.
Yilmaz et al [45]. Most of the studies revealed that the wear resistance of MMC
increased with volume fractions of the reinforcement [38] regardless of the types of
the reinforcing phase and the matrix. However, this should not always be the case.
Under different abrasion condition [38] or for different abrasive sizes [58], the
volume fraction of the second phase influenced the wear behavior differently.
Different loading conditions may correspond to different wear mechanisms, e.g.,
micro-cutting, micro-ploughing, brittle fracture [9], and thus lead to different wear
rates of a composite [64]. Regarding the effect of the relative size of the
reinforcement to that of the abrasive particle on wear, it was often observed that
larger reinforcement enhanced the resistance to abrasion [38, 45-50], while the
larger the abrasive particle resulted in more wear [52-58]. However, the situation
may change, since wear of a composite is affected simultaneously by other factors,
e.g. interfacial bonding, volume fraction of reinforcement, etc. As studied further,
the abrasive shape effect on abrasive wear of composites attracts increasing interest
[60-63]. Recent work [61-63] showed that the shape of an abrasive particle,
especially its angularity, had a direct relation to microcutting behavior, which
influenced the wear rate. However, the effect of shape can be affected by other
factors such as abrasive size, loading conditions, etc.
In addition to the above mentioned factors, the size and shape distributions of
reinforcement particles may also largely influence wear. However, research on this
" issue appears to have been very limited. It is logically expected that for instance, a
distribution of reinforcing particles with various particle sizes could be more
effective to resist wear. Large reinforcing particles usually bear most of the wearing
force [40, 51] while uniformly dispersed small particles could strengthen the matrix
[52]; therefore, if a composite consists of both large and small reinforcing particles,

it could have higher resistance to wear than the one that is reinforced by either large

particles or small particles only.
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1.2.3 Experimental techniques for abrasive wear test

In order to study the wear mechanism under different service conditions and to
‘select and design effective composites to resist abrasive wear in industry, the
‘_pverfc‘)rmance of materials under controllable abrasion condition needs to be
evaluated. A tribological system usually consists of four elements: solid body,
counter-body, interfacial element aﬁd‘ environment as shown in Figure 1-10. The
action on the elements or the interaction between them may vary considerably,
depending on the wear condition [4]. There are a large variety of test techniques.
However, attempts to standardize or correlate between different techniques have
been unsatisfactory. Even when similar techniques are used, the test results obtained
by different investigators could be different [4]. Therefore, when comparing the
‘results obtained in different laboratories, one should pay attention to the
configuration of testing systems used and the testing conditions under which the test
~ results are valid. On the other hand, when selecting the most appropriate tester, one

should recognize that it depends on the wear mechanism for a specific application

[4].
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Figure 1-10 Schematic representation of the elements of a tribosystem [4].
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a. Pin on a rolating abrasive disc

~ b. Pin on a rotating abrasive disc
. with a spiral track

¢. Pinin a rotating drum full of
loose, abrasive material

d: Plate in a radial groove with a
-centrifugal flow of loose
abrasive under Coriolis loading

¢. Plate against a rotating tyred
wheel with a feed of loose
abrasive to the interface

N indicates rotation
F indicates externally applied force

Figure 1-11 Typical rigs for evaluation of abrasive wear [3].

For evaluation of abrasive wear, the test systems often used to investigate the

- ‘r.nvechanism and select materials are shown schematically in Figure 1-11. The pin-on-
disc apparatus are showh in (a) and (b) in which the target material is always made
in the form of pin and a steel disc is often used as the coun_tér-body. During testing
the pin will be pressed onto the rotating disc and abraded by the disc. This kind of

tester is widely used to simulate two-body abrasion. Testers for three-body abrasion
= - | 19
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| are shown in (c), (d) and (é) in which abrasive sand is fed into the system ét a certain-

flow rate by various methods, e.g. by a nozzle.

= Hopper -

e Oftawa sand -

Weights

N'\n,

Specimen

Rubber linad wheel

- Figure 1-12 The configuration of a rubber-wheel test system (ASTM G65) [3].

The very commonly used dry sand rubber wheel test system (ASTM G65) is.
‘shown in Figure 1-12. A specimen is presséd into a rubber wheel by a dead-weight
loaded lever. The abrasive sand is fed from a hopper by a nozzle between the sample
and the wheel at a certain flow rate. The abrasive passes through the gap between the
rubber wheel and the sample under a certain force. For a standard test, the rubber
wheel of 228mm in diameter runs at 200rpm, fed with sand abrasives about 200 pm
in size at a rate of 300-400 g/min. The test is run for a number of revolutions,
typically in the fange of 100-6000, under a load between 45 and 130 N. The wear
resistance of a material is measured by its volume loss which is usually calculated
from its weight loss and its known density. This low stress sliding abrasion test
method is widely used to simublate the wear of machine or plant components from
rﬁoving contact with hard granular abrasives which can result in fine scratching
attack over its surface [3].

- With these abrasive wear testers, researchers are able to select materials or to
| ~ develop new materials with better performance and higher reliability for industrial

applications.
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1.3 General Introduction to computer simulation in materials
science

The main task of materials science and engineering is to quantitatively relate
properties of a material to its microstructure. Due to a large spatial and temporal
spread of microstructural constituents and the complexity of possible interactions
among lattice defects, quantitative prediction of microstructural evolution and
microstructure-property relationship requires the employment of computer
simulation. The use of computational approaches with predictive power is able to
reduce the large number of experiments typically required to select materials, design
new materials and related manufacturing processes. An effective model not only
allows a material’s behavior to be predicted with respect to microstructure in a
specific environment but also provides an in-depth understanding of the mechanism
responsible for a physical phenomenon. The controllable “experimental condition”
can make it possible to explore mechanisms that may not be feasible by
experimental investigation. There is very little doubt that computer modeling greatly

facilitates and accelerates the development of high-performance materials [65].

4 bulk
» 10 - diffusion
3 2 interface
E § diffusion
g 10 ] phase field
a s dynamics
k| p % gisloca_tion
- 10» -5 ynamics
) 5 maolecular
5 g dynamics
310 = Debye
= © frequency
fs ps ns ps ms s
(a) length of cube (b) time scale

Figure 1-13 Some characteristic space and time scale, (a) number of atoms in a cube, (b)
characteristic times of typical simulation problems [65].
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Table 1-3 Some micro/nano level computer simulation models and their applications.[65].

Scile {m] Simulation method Typical applications
10719 < 10~¢  Metropolis Monte Carlo thermodynamics, diffusion, ordering
10719~ 107%  cluster variation method © thermodynamics
10710~ 107%  Ising model magnetism
1070100 Bragg-Williams-Gorsky model thermodynamics
L 10710 100 molecular field approximation thermodynamics

1071 <1078 molecalar dynamics (embedded  structure and dynamics of lattice
atom, shell, empirical pair, bond defects
order, effective medium, and
second moment, potentials)
1012 - 107%  ab-initio molecular dynamics materials constants, structure and
‘ (tight-binding potentials, local dynamics of simple lattice defects
dengity functional theory)

Table 1-4 Some macro level computer simulation models and their applications [65].

Scale {m] Simulation method Typical applications
1078 -~ 10° large-scale finite element, averaged solution of differential
c finite difference, linear equations at the macroscopic scale

iteration, and boundary (mechanics, electromagnetic fields,
element. methods hydrodynamics, temperature fields)

107" - 109 crystal plasticity finite element  microstructure mechanics of complex
muodels, finite elements with alloys, fracture mechanics, textures,
advanced constitutive laws crystal slip, solidification
considering microstructure

107% - 109 Taylor-Bishop-Hill, relaxed polyphase and polycrystal elasticity
constraints, Sachs, Voigt, and plasticity, microstructure
and Reuss models, Hashin- homogenization, crystallographic
Shtrikman model, Eshelby textures, Taylor factors, crystal slip

and Kréner-type self-
consistent models

(1078 ~10°  cluster models polycrystal elasticity
10710 -0 sercolation models . ©nucleation, fracture mechanics, phase
‘ 1 )

transformation, current transport,
plasticity, superconductivity

With the rapid development in computer techniques in recent years, a number
of computer models have been proposed to simulate many processes, especially
mechanical processes, for different materials [65-98]. For example, the Finite
Element Method (FEM) is used to determine stress and strain distributions in
polycrystalline materials [68], a topological network model describes grain growth
during heat treatment [72], the Monte Carlo method has been successfully used to
demonstrate the formation of texture during thin film deposition [80], and the

Molecular Dynamics (MD) can vividly illustrate the microcrack propagation in NiAl
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alloys [77, 79]. Those simulation methods fall into two groups respectively at macro
and micro/nano- scales [65] according to the spatial and the temporal scales. Figure
1-13 illustrates the characteristic scales associated with various lattice defects that
establish a certain hierarchy of microstructure. Tables 1-3 and 1-4 show the
corresponding methods developed to simulate the microstructural evolution and
resultant properties from atomistic level to macro-scale level [65]. The
representative method of macroscopic level is the FEM, while for atomistic
simulation, the MD method has been widely used in many fields. However, due to
the limitation of current computer facility, it is difficult to apply MD technique for
macro- and micro- level simulations. The attempt to use MD approach to simulate a
system containing 10'* atoms which might be enough to investigate processes with
thin films will fail because of unreasonably long simulation time. The FEM is also
not suitable for nano- and micro- scale simulation. If a small scale is involved in
FEM, the properties of bulk materials used as basic parameters in FEM are no longer
valid for simulation at atomistic or microscopic level. The gap between macroscopic
simulation and atomistic simulation therefore needs to be filled by developing
suitable simulation methods and models [65]. Considerable efforts are being made
currently to develop models which may have the capability for integrated modeling
at different scales.

In the following sections, the two most widely used methods, FEM and MD,
are briefly introduced. In addition a Micro Scale Dynamic Model (MSDM) is
described for the purpose of studying abrasive wear for discontinuous MMCs which

- isthe topic of this research.

1.3.1 The Finite Element Method (FEM)

The Finite Element Method is a well-developed technique which has been
applied in many fields of engineering. It is a versatile numerical means for obtaining
approximate solutions with known boundary and initial-value conditions by using

polynomial interpolation functions [65]. Steady, transient, linear, or nonlinear
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problems in stress analysis, heat transfer, fluid flow, and electromagnetism prdblems
may be analyzed by this method [85]. The method was first developed in 1956 to
analyze aircraft structural problems [68, 70]. Thereafter, within a decade, the power
of this method for solving different types of problems in applied science and
engineering was recognized. Table 1-5 shows some of the applications of finite
element method in many fields [70]. The popularity of this method is based on the
fact that once a general computer code is written, it can be used to solve many
related problems by simply changing the input data and boundary conditions [70].
With the development of high speed digital computers, the finite element method
has increasingly spread into many fields as such computers provide a rapid means
for performing many large-scale calculations and thus make the method particularly
functional and valuable.

In the finite element method, the material of interest is represented as an
assembly of subdivisions called finite elements. Those finite elements have
relatively simple shape and connected at specified joints which are called nodes or
nodal points. As a matter of fact, field variables (e.g. displacement, stress,
temperature, pressure or velocity) inside the continuum are unknown. One can
determine variations of the field variable at nodal points by using some
approximating functions (also called interpolation models). By solving the field
equations (i.e. equilibrium equations), which are generally assembled in the form of
matrix equations for the whole system, the nodal values of the field variable will be
determined. Once these nodal values are known, the entire system is then determined
[65].

The solution of a general continuum problem given by the finite element
method always follows an orderly step-by-step procedure, which may be simply
stated as follows [69]:

1. Formulate governing equations and boundary conditions
An engineering problem can usually be described by a set of governing differential
equations with boundary conditions. Once these are known, the appropriate finite

element solution algorithm can be obtained.
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Table 1-5 Applications of FEM in various fields [70]

Ares of study

Equilidriuvm problems

Bigenvalue problems

Propagation problems

1. Civil
engineering
structures

2, Aircraft

atructures

-

3. B“t
conduction

4. Geomechanice

5. Rydraulic
and vater
regources
engineering.,

Rydrodynamica,

6. Nuclear

eugineering

7. Biomedical
engineering

. 8, Mechanical
degign

Static analysis of
trugges, framea,
folded plates, shell
roofs, shear walla,
bridges and pre-
stressed concrete
structurss,

Static analysis of
aircraft wings,
fuselages, fins,
rockets, gpacecraft
and missile struc-
tures,

sﬁead state temper~
ature distribution
in asolids and fluids

Analysis of excav-
ations, retaining
walls, underground
openings, rack
joints and soil-
structure interaction
problems, Stress
analysis in soils,
dams, layered piles
and machine found—
ations.

Analysis of potential
flowe, free surface
flows, boundary layer
flows, viscous flows,
trangonic aerodynamic
problems. Analysis
of hydraulic strue~
tures and dams,

Analysis of nuclear
pressure vessels and
containment struc-
tures. Steady state
temperature digtrib-
ution in reactor
components.

Stress analysis of
eyeballs, bones and
_teeth, Load bearing
capacity of implant
and prosthetic eye-
tems, Mechanics of
haart valves.

Stress concentration
problems, Stress
analysis of pressure
vessels, pistong,
compoaite materials,
linkages, and gears.

Natural frequencies
and modes of struc=
tures. Stability
of structureasa.

Natural frequencies,
flutter, and stabile
ity of aircrafe,
rocket, spacecraft
and wissile struc—
tures.

Natural frequencies
and modes of dam-
reservoir systems
and soil-sexucture
interaction problems.

Natural periods and
modes of ghallow
basing, lakes and
harbours. Sloshing
of liquids in rigid
and flexible con-
tainers.

Natural frequencieg
and stabilicy of
containment struc-—
tured. Neutron flux
digeribucion.

Natural frequencies
and stability of
linkages, gears,
and machine tools,

Propagation of

stress waves. Res-
ponse of structures
to aperiodic loads.

Response of aivcraft
structures to random
loads, dynamic rea-
ponse of aircrafc
and spacecraft to
aperiodic loads.

Transienc heat flow
in xocket nozzles,
internal combustion
engines, turbine
blades, fins and
building structures.

Time—dependent soil=
structure inter-
action problems.
Transient seepage in
soils and rocks.
Stress wave propa-
gation in soils and
rocks.

Analysis of unsteady
fluid flow and wave
propagation prob-
lems., Transient
seepage in aquifers
and porous wedia.
Rarefied gas dynam~
ics. Magnerohydro-
dynamic flows.

Response of reactor
containment struc~
tures to dynamic
loads. Unsteady
temperature distrib-
ution in reactor
components, Thermal
and viscoelagtice
analysis of reactor
structures.

Impact analysis of
skull.

Dynamics of anato-
mical structures.

Crack and fracture
problems under
dynamic loads,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

25



2. Divide analysis region into elements
Dividing a system into appropriately shaped elements is the second step. For a
| typical one-dimensional problem, a rod with the axial displacement may be divided
up into sections of desired length. For two-dimensional areas, triangles and
rectangles are the usual element shapes. Three-dimensional regions can be divided
up to tetrahedrons, rectangular prisms or some more complicated shapes.
3. Select interpolation functions
Within an element, a physical variable such as displacement, temperature,
pressure, or stress is approximated by a simple function called interpolation function.
Linear polynomial is often used as interpolation function because it is easy to be
differentiated and integrated. Specific points within the elements are designated as
nodal points. The value of those physical variables at the nodal point can be known
‘from boundary conditions. The degree of the polynomial is related to the number of
nodes in element. The physical variables for the whole system can be determined by
knowing the values at the nodal points and the interpolation function on each
element in the system.
4.  Determine element propertieé
Each element makes a contribution to the overall region that is a function of
element geometry, material properties (e.g. thermal conductivity or Young’s
modulus), number of nodal points, and the degree of the interpolation function. It is
generally easy to determine the element properties due to the relatively simple
| assumed state of stress, displacement, temperature or other variables in the element.
5.  Assemble global equations
All of the element properties must be assembled to form a set of algebraic
equations for the nodal values of the physical variables. In a typical case of a linear
system described by linear differential equations, the resulting algebraic equations
will be linear in form and can be assembled using matrix techniques. Generally, the
global equations for the entire system have forms similar to those for individual
‘el‘em‘ents but contain more terms.

6.  Solution of global equations
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Many standard techniques are available to solve linear global equations. For
nonlinear algebraic equations, the techniques are more complicated. The solution of
the global equation will provide the information of the physical variables of each
element.

7.  Verification of solution

The accuracy of the numerical solution of differential equations must be
verified. Generally, if the value of the physical variable at the nodal points is not
significantly changed with the change of the sizes of elements, the solution is

“considered to be accurate. Sometimes resubstitution into the original differential

equation can be used.

(a) (b)

Figure 1-14 FEM strain distribution for a Ni particle in an AHC (Anodic Hard Coating)
+Ni composite layer (a) the initial state at the beginning of sliding, (b) the final state after
sliding [93].

This approach has been applied to investigate adhesive [71], abrasive [78],
erosive wear [91] for various materials such as metal alloys [90], diamond coatings
[74], composite materials [81 and 93] and biomedical polymers [98] etc. For a wear
process, the contact mechanics can be studied under some assumptions. The final
morphology and stress and/or strain distributions can be obtained from a FEM
simulation. For instance, Andrzej Posmyk [93] simulated a wear process of a
composite surface layer with the Huber’s hypothesis for the maximal shear
fracturing stress. The strain distributions for the initial and final states are shown in

Figure 1-14. It illustrates the plastic deformation of a Ni particle during the sliding
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process. This approach can give us in-depth understanding of how the deformation
takes place during the whole process. This information is useful for mechanical
design and investigation. However, the microstructural influences of the composite
layer on wear, such as volume fraction and size distribution of the reinforcement,
were not taken into account. The target material was treated homogeneously, which

simplified the wear process and some important detail factors might be missing.

1.3.2 Molecular Dynamics (MD) simulation

Since Alder and Wainwright [66] proposed the Molecular Dynamics (MD)
method in 1959, this approach has become one of the main simulation techniques for
the investigation of many-body interaction phenomena at the atomistic level [65].
With the development of nanotechnology, more and more researchers make efforts
to improve the MD method to investigate a wide variety of systems and processes,
such as chemical reactions, medical delivery processes, gene chips, and phase
transformations. MD simulation enables us to explore the fundamental rules behind
phenomenological behavior of materials at the nano scale which is difficult to be
inVestigated using present experimental techniques. MD simulation also allows us to
examine our current understanding of micro/nano scale phenomena. Depending on
the number of particles and potentials employed, optimized computer codes for
molecular dynamics simulation could be used on personal computers and
workstations dealing with as many as 10 to 10° particles [65]. The rapid
development of computer techniques will significantly benefit the MD simulation
for larger systems of interest in the future.

The molecular dynamics method is a deterministic technique, which can track
the motion of individual particles. An exact treatment of a many-body problem
requires the formulation and solution of a Schrédinger wave equation for all atoms
under study. This requires one to consider the interactions among charged nuclei and
electrons as well as their kinetic energies. However, the quasi-classical MD method

substitutes the atomic interactions and dynamics by potentials and classical
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‘equations of motion. This treatment makes the solution given by MD- simulation
~ consistent with the solution given by Schrddinger wave eqhation [65]. This justiﬁes
the molecular dynamics method to some extent.

There are four major factors that need to be considered in the MD simulation.
The first one is the typical potential functions which are related to the properties of
the materials. The second is the motion equations which govern the movement of
‘atoms. The third is the finite difference method which solves the equations in the
manner of approximation. The last is the boundary conditions which offer the
parameters in the initial state and defines the spatial and temporal ranges of the
simulation.

The potentials used in the MD simulation reflect the interaction among the
atoms. They may include a number of parameters such as the electronic charges, the
polarizabilities of the ions, and the local atomic density etc. In simple pair potentials
(e.g. Morse [67, 83], Lennard-Jones [89]) only the direct interaction between two
particles is considered. However, in modern many-body potentials, the influence of
neighboring particles is also taken into account [65]. Currently, a large variety of
interatomic potentials are used to simulate different materials with different
emphases on predominant factors.

The most fundamental form to describe atomic motion in a conservative
system is given by the Lagrangian formulation in conjunction with Hamilton’s
principle of least action. In order to compare the atomic scale simulation with
experimental observation, the environmental constraints, such as constant pressure,
constant temperature or constant bond length, are realized by using Lagrangian
transformation [65]. |

To integrate all the equations of motion with a given potential, the finite
difference algorithm should be employed. The time-reversible Verlet algorithms [99]
are relatively easy to be applied in MD simulations, which allow one to calculate the
actual position and velocity of an atom at any time after the initial state. The
aéceleration is calculated from the conservative force, mass and a thermodynamic

friction coefficient. The force is obtained as a derivative of the respective potential,
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and the velocity and the position of each atom or molecule can be determined by
applying conventional kinematics.

The reason for considering boundary conditions is twofold. On one hand, in
order to reduce the effort for computation (e.g. computation time, coding
convenience, required random access memory), the system should be as small as
possible. On the other hand, the system should be large enough to provide reliable -
statistics. A physically realistic coupling should be considered, which accounts for
volume expansion, strain compatibility, and stress equilibrium between the
environment and the simulation system. The simplest boundary condition applied in
many simulations is periodic boundary condition. In this case, a small volume of
bulk material is considered as a primary cell and the bulk material is treated to be
composed of the primary cell surrounded by exact replicas of itself. All these cells
are connected by translation vectors, which allow one to describe the positions and
velocities of all atoms inside and outside the primary cell.

The last important factor is the scale of time. The MD method involves the
calculation of the present position and velocity of each atom, and its position and
velocity after a small time interval. The typical time step used in MD simulation is in

~ the range of 107 to 10"5_5. Typical scalling parameters of MD simulations are
nanometers for the atomic spacing. Usually the number of involved particles is from
10° to 10°. It is worth noting that most MD simulations only cover a real time period
less than 1 nanosecond [65].

MD simulation plays an important role in understanding tribological processes.
Unlike laboratory experiments, the MD simulation enables the full dynamics of all
atoms to be followed and analyzed. Moreover, the MD simulation helps to obtain
detailed information about many complex systems [92]. Although it is not yet
possible to apply the MD method to large systems involved in wear processes of
engineering materials, MD simulations have revealed a great deal of information
about the microscopic origins of static and kinetic friction, the behavior of boundary

lubricants, and the interplay between molecular geometry and tribological properties
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[86]. These results provide valuable iﬁput for many traditional macroscopic
* calculations. '
MD simulations have been applied to investigate different material systems
-and various processes [75, 76, 82, 83, 86, 87, 89, 92, 94]. Figure 1-15 illustrates the
mixing at the sliding interface of metallic glass which may indicate large strain rate
‘during sliding [87]. The most common case of the application of MD simulation is
to investigate single or multi- asperity interaction. Figure 1-16 illustrates a single
asperity sliding on a surface, which mimics the motion of an Atomic Force
Microscope (AFM) tip. The adhesion of the material is demonstrated to have a great -
influence on wear performance of small-scale instruments. Such study has offered a
deep insight into the surface/interface contact. The multi-asperity contact (as shown
in Figure 1-17) simulated by W. C. D. Cheong and L. C. Zhang [94] illustrates the
‘mechanism of nano-wear, the phase transformation of silicon and resultant plastic
deformation beneath the surface. The MD simulations also have been extended to in
many other aspécts of tribology, such as grinding and abrading [82, 83], lubricant
and material interactions [75]. MD simulation is becoming more popular for
investigation of nanoscale tribological phenomena and the mechanisms involved. In
the future, with the improvement of computing capability, this promising technique
could eventually become a very effective industrial tool for material design and

prediction of a material’s behavior.

<=
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Figure 1-15 Typical mixing of metallic glass at sliding interface [87].
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'Figure 1-16 Sliding of a Cu (100) tip on a Cu (100) surface from the right-hand side [76].
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Flgure 1-17 Cross section view of three asperities sliding on a silicon surface involving
phase transformation [94].

1.3.3 A new model for modeling wear processes---Micro-
Scale Dynamic Model (MSDM)

Although the FEM and MD methods are effective for modeling and increasing
“our, understanding of wear processes, they have some disadvantages which retard
their application in industry. Currently most FEM applications are focused on two-

dimensional and three-dimensional elastic/plastic contact problems and fracture
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phenomena in the contact region. However, the FEM is limited when used to
analyze dynamic wear processes. Firstly, a realistic engineering surface has many
asperities which change with time during wear. Therefore, treating a large number of
mesh elements to map continuously changing asperities would take an unacceptably
long computing time [78]. Secondly, wear of composite materials always involves
dynamic failure of phases and interfaces which make the FEM treatment
complicated. Thirdly, it is also difficult to investigate the effects of composite
microstructure on wear, since it is not practically suitable to use FEM to deal with an
inhomogeneous system that contains a large number of irregular domains. All these
make the FEM approach less feasible to solve actual wear problems. While for MD
simulations, although it is developed based on fundamental physical laws and can be
used to investigate crystal defects i.e. vacancies, dislocations, grain boundaries, and
second phases etc. This method is obviously limited to very small systems both in

temporal and spatial scales due to the current limits of computing capability. It can
be used to simulate a process involving 10* ~10* atoms and in the simulation time

of 1072 ~10™"s. To simulate a bulk material as small as 1 zm’, the system will

contain 10° ~10'° atoms. If micro/macroscopic elements are considered, the model
should involve more atoms. Another drawback of MD simulation is the availability
of suitable interatomic potentials. For most of the engineering material pairs, the
potentials are not available or are only approximate semi-empirical/empirical such as
Lennard-Jones potential and Morse potential.
Besides the FEM and MD approaches, there are some other approaches to
- model the wear problems, but these were proposed with assumptions, or
macroscopic tribological rules or empirical equations, so that they may be suitable
only for predicting wear loss in specific situations but not for investigating general
cases and the mechanisms involved [100-103]. Lacking of generality, flexibility and
feasibility limits the application of these models. It is necessary to bring new models
based on simple physical rules to fulfill such tasks with satisfactory accuracy,
efficiency and generality. Recently, a simple micro-scale dynamic model (MSDM)

combined the advantages of both FEM and MD methods was proposed for wear

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



simulation, which has been successfully applied to investigaﬁons of abrasion [84, 88,
104], erosion [95, 96], and erosion-corrosion [97] of single-phase and composite
‘ materials with meaningful predictions consistent with experimental observations. In
this model, a material is meshed with small elements. Mechanical properties of each
component are the inputs. The motion of such a system is not determined by the
assembled stiffness matrix but Newton’s law of motion. Thus MSDM simulation is
based on the basic physical law with the input of basic mechanical properties to
simulate relatively large scale of materials. This could be its most beneficial feature.
In the following chapters, MSDM is described and the results of its application to
studies of microstructure - abrasive wear relationships for composite materials are

presented.

1.4 Objective of the work

As stated before, there are so many factors which can influence a material’s
wear behavior. Experimental investigation of all the influences systematically is
“expensive and time consuming. However, the application of computer simulation
has demonstrated that it is a promising approach to study wear processes. Since
many existing simulations have difficulty for modeling damage processes, the
present work applies MSDM to simulate the abrasion process of composites with
émphasis on microstructural effects on wear attack. These microstructural factors
includes the size, size distribution and volume fraction of reinforcement, interfacial
bonding strength between matrix and reinforcing particles. Effects of abrasive
particle size and shape on wear are also investigated. This research has established
some general guidelines for microstructural optimization against wear of composite

materials.
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2 Micro-Scale Dynamic Model Development for Abrasive

Wear of Composite Materials

2.1 Introduction

, To model wear of materials, a micro-scale dynamical model for abrasive wear
has been developed in this study. It is based on the molecular dynamics technique by
applying the fundamental physical principle, i.e. Newton’s Law of motion:

F =mng~ 2-1)
Instead of using atomic potentials as in traditional MD methods to determine the
interaction between two adjacent sites, the new model introduces the same
mechanical properties of a material as those used in Finite Element method in order
to decrease the simulation time and increase the system dimensions. With such a
model, simulating the microstructural effects on abrasion of composites using a PC

becomes possible.

2.2 Model description

2.2.1 The properties of materials

In the present work, the simulation is performed in a two-dimensional space.

The given target material and abrasive particle are both discretized into lattice sites

(as shown in Figure 2-1). Each lattice site represents a small volume of the material

and is connected to its neighbor sites by spring-like bonds. The force coefficient of
such a bond, k&, is expressed as,

k=E-l, (2-2)

where E is the modulus of the material which can be elastic modulus or plastic

modulus, depending on the magnitude of deformation; /, is the initial stress-free
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length of the bond between two adjacent lattice sites. Such a relation between the

force coefficient and the modulus is derived in the following way:

vwo=E-¢,
oS
. 0'=73-,
and & =22,
‘ ly
E-g=iz,
Iy
f=E-gl =E-?£-l§ =E-l,-Al;
0 )
wf =k Al
k=E-l.

where f is the force on a bond and o is the corresponding stress; & is the
o . . /
engineering strain of the bond. Although the true strain &, =1nl— should be used
0
when large strain is involved, it is easier to apply the directly measured mechanical
properties of materials based on the engineering strain. This dose not affect the
simulation result, since the input mechanical properties of relevant materials such as
fracture strain and yield strain are engineering ones. In figure 2-2 (a), F is the total
force exerted on a bulk material in a plane strain condition. When a slice of bulk

material with thickness of /; is studied, the unit force over a distance of /; is equal
to f=F/(L/l)). The lattice sites represent certain volumes of material with mass

center connected by bonds as demonstrated in Figure 2-2 (b). The normal stress

S

resulted from the force on a bond is o =<5, Since in 2D the xz and yz surfaces
0

e ;
shrink to be lines, the stress may also be expressed as o = —ll— , where T is the
0 0

force per unit length. In such a way, the deformation on xy surface is influenced by
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the stresses in x or y direction of a bond. Al is ‘th‘e‘ change in bond length as the

 force is exerted, which is considered as the deformation of the bond.

;]
Tty

i rpyre
114 13 # (vass

L S e G B

13

Figure 2-1 Schematic of a two-dimensional model for target composite material and an abrasive
sand, different colors represent different phase components.

O

(b)

Figure 2-2 Schematic illustration of the definition of stress for a lattice site. (a) 3D view of an
element with cross-sectional area of lj and a very large length of L (plain strain condition) (b) A

corresponding 2D lattice having a unit thickness of /.

The deformation of the bond A/ is actually a vector and can be calculated as:
Al =] -1, where [ and I, represent the deformed and the initial bond length

| Vectors, respectively. When the value is negative, the bond is compressed; when the

value is positive, the bond is stretched.
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The modulus E of the material can be obtained from the stress-strain curve of

the material. As shown in Figure 2-3, within the elastic region, the relationship

‘ . ., O . .
between stress and strain is linear. The slope is —~, corresponding to the elastic
: £
y

modulus E, . In plastic region, the modulus varies with strain. An average plastic
modulus E, is applied to simplify the model by taking the slope of the curve

between the yield point and the ultimate tensile stress point. E, is defined as

o . _(o,-0))
E = % and E, is defined as £, = y/ﬁr—&‘,,)’ where ¢, and o, are

e

yield strength and ultimate tensile strength of the material, respectively; ¢, and &,

are yield strain and ultimate tensile strain, respectively. If the deformation of the
bond, A/, is in the elastic limit, the modulus £, which is used in the simulation

corresponds to the elastic modulus of E,; if the deformation Al exceeds the elastic

region, E is equal to the plastic modulus £, .

Figure 2-3 Schematic of stress-strain curve

The above description for determining E is valid when the bond is under a
tensile condition i.e. the deformation of the bond, A/, is larger than zero. However,

if it is under compression which means A/ is negative, it is assumed that E is equal
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to the elastic modulué and no damage occurs to the bond. The site-site bond will not
be broken when the sites approach each other under the chpréssive stress. This also

indicates that the bond will only break when it is elongated and the accumulated
plastic strain is larger than the fracture strain. There will be no further interaction
between two lattice sites with broken bond under tensile stress.

For a metal, the work-hardening is often very important, which strengthens the
material after plastic deformation occurs. In this model, the work-hardening effect
has been taken into account. For example, as shown in Figure 2-4, in the elastic
strain region OM, the deformation will be recovered upon unloading, i.e. the bond
length returns to the initial length after load is withdrawn. However, when the strain

exceeds the yield strength, o, plastic deformation occurs. In this situation, the
strain of the bond & consists of two parts. One is the recoverable elastic strain ¢,' or
a new yield strain, which is larger than the original yield strain ¢, because of work-
hardening. The other is the permanent plastic strain &, . It means that after unloading,
the bond length can not return to the initial length. The residual strain is ON as
shown in Figure 2-4. In the simulation, the new elastic strain &', can be calculated

according to the stress strain curve of the material using the following relationship:

E

gl___ P

2-3
"= ECE, (2-3)

£,+¢,

It is obvious that in this model the interaction between two adjacent lattice sites
is a function of the mechanical properties of the bulk material which includes the
Young’s modulus, yield strength, tensile strength, ductility and work-hardening

behavior of the material.
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v

Figure 2-4 Schematic representation of the work-hardening effect.

2.2,2 External force influence

" An external force can be exerted on a target material either by point contact or = |

surface contact. In most situations the latter one will apply. The external force is
transferred from another surface through contact with the target surface. This
~ interaction will result in the motion of each lattice site in the target surface layer and
ﬁnally cause fracture and failure if the external force is large enough. In order to
determine how much external force is transferred to each lattice site on the target
material, the surface contacting the target surface must also be descritized. In other
words, the contact is analyzed by using basic element, i.e. lattice sites, on both
surfaces. One thing should be noted is that there is no real bond connecting the
lattice sites of two bodies in contact. An imaginary bond is used to transfer the
external compressive wearing force when the distance between a target material
lattice site and a abrasive surface lattice size is smaller than half of the initial length

of a real bond /,. However, when the distance is larger than half of the initial bond
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" length, there will be no interaction between the target material and the abrasive
particles. As mentioned earlier, when compressed, the deformation on a site-site
bond is assumed to be elastic. Assuming that the force coefficient of the target

material is &, and that of the moving surface (e.g. a abrasive particle) is &, the

compressive force between a contacting pair of the target material surface and sand
sites may be expressed as:

f = kmAlm = —ksAls (2-4)
where A/, and Al, are the target-portion compressive deformation and sand-portion

compressive deformation of an imaginary bond, respectively. The minus sign
indicates the force on a sand lattice site is opposite in direction to that on a target

material lattice site. The total deformation on the imaginary bond between these two
sites is: ‘
Al=Al, +Al - (29)
Suppose the average force coefficient of such a “bond” under compression is k , the
force on this bond is calculated as: |
f=kal=k(Al, +AL) (2-6)

From equation (2-4) and (2-5), the average force coefficient k can be determined as:

f=k(AL +/I:—’Als) =k, Al

m

%:._Lku_ | - (2-7)

To calculate the total external force on the surface, all the bonds in contact should be

counted and expressed as:
f=S, (2-8)

where i is the number of bonds ‘“connecting” target material surface and sand

-surface.
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2.2.3 Calculation of the total force on each lattice site

The total force on a lattice site consists of two components, the external force

‘and the interaction between this lattice site and all its nearest neighbors. The total

_ force can be represented as:
F,=f,+2 kAl (p,q) - (29
q . .
where F , is the total force on lattice site p, ]‘p is the external force on lattice site p,

_fesulted from abrasive particles, and the second term on the right hand side is the
interaction between lattice site p and all its adjacent lattice sites. # is the number of
nearest neighbors of site p, k is the force coefficient for the bond between two
lattice sites as derived in the previous section, and Al(p,q) is the deformation of the

bond connecting lattice sites p and g . If the lattice site is not at the surface of the
target material which interacts with the sand particle, the term of external force f’p is

equal to zero. In this case the interaction between sites p and its neighbors is

responsible for the motion of site p.

2.2.4 The movement of lattice sites and defdrmation of the
system ‘ |

As long as the force on each lattice site is known, the motion of each lattice
site can be determined; the trajectory of each lattice site is calculated using

Newton’s Law of Motion:

L aF
F=mx—- . ' 2-10
dar’ 1)

where F is the total force on a lattice site, m is the mass of the lattice site, 7 is the

position of the site, ¢ is the time. |
One thing should be noticed in the simulation is that since the experimental

mechanical properties are used as input, which involves plastic deformation, a non-
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‘reversible process is simulated. In other words, during a wear process, an internal
friction component is introduced in the equation (2-10), which can be modified as

F = fiter friction =M . This results in non-conservative force. However, the total

energy in the entire system, including rubber wheel, abrasive particles and target
materials, should be conservative.

In simulation, the deformation of bonds is determined by the position change
of each lattice site. As shown in Figure 2-5, the deformation of the bond connecting

lattice site p and g, after shearing, can be expressed in the following equation:

Al (p.g) =1 (P ) -l (P ) =F@)=-F(PI-[H@ R ()] (@-11)

Figure 2-5 Illustration of the vectors used in equation (2-11) to calculate deformation.

where |T (p,q) | is the length of bond after deformation; #(p) and 7(g) are the

positions of lattices p and g after shearing, respectively; IZ;,(p,q)l is the original
length of the bond before shearing, and 7#(p),7%(q) are the original positions of

lattices p and g before shearing, respectively.

The force can be calculated for each lattice site at any time if its position is
known. Once the force is calculated, the movement of each lattice site can be
predicted using Newton’s Law of Motion. At the initial condition, there is no
external force exerted on the system, all the bonds are in the stress-free state and all

the lattice sites are at rest. After loading, the external force would result in changes
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. +in velocity and position of the lattice sites after a time interval A¢. The new velocity

~ and position of each lattice site after At are:

7o) =7, F () e @12)

i (P) =70+ 3 7 (0) + 7 ) @13

- where, V,(p) and ¥, (p) are velocities of site p at time ¢ and ¢+ At, respectively;

7(p) and 7., (p) are positions of site p at time ¢ and ¢+At, respectively. m is

the mass of the lattice site. F‘,( p) is the total force on lattice site p at time ¢. Here,

it is assumed that the acceleration of each lattice site is constant during the small
time interval A¢. By repeating the above procedure, the trajectory of any lattice site
at time ¢ can be predicted. In other words, the movement of the whole system during

a'mechanical process can be predicted according to the above basic rules.

2.2.5 The strain distribution of the lattice system

In order to study effects of different shapes of reinforcement and abrasive
particle on abrasive wear resistance of a material, the strain distribution of the entire
lattice system was studied. In the simulation, the strain of the system is referred to

the volumetric strain, ie. e=AV/V=¢ +¢, in a 2D simulation

AV . . . :
and e=—I—/—=ax +&,+¢&, in a 3D simulation, where ¢,¢,,&, are the strain

components in X, y and z directions, respectively. It should be indicated that the
above equations are only suitable for small deformation. Since the focus of the study
is put on how the strain distribution varies with shapes of reinforcements and
abrasive particles rather than its absolute values, the above equations are used for
~qualitative information. In the simulation, the local volume strain on each lattice site
is calculated as follows. An arbitrary state of a lattice site is considered as shown in
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‘ Figure 2-6. The lattice site 0 is connected to lattice site 1, 2, 3, 4 with the strains on

each bond as ¢, ¢,, &,, &,, respectively. The angles between the bonds and the

horizontal direction are ¢,, ,, a;, @,, respectively. When the forces on site 0 are

in equilibrium and the deformations are small, the total strains in x and y directions

at lattice site 0 in the descritized system may be approximately expressed as:

1
&, =—(& cosq, +§&,Cosa, + &, COSa, + &, COSA ;)

‘ 1, . o . .
£, = 5(5‘, sina, +¢,sinq, +¢&,sina, +&,sina )

Figure 2-6 The volumetric strain at site 0 may be calculated by considering the force equilibrium
at the site.

2.2.6 The wear procedure

As described earlier, if the strain of a bond, ¢, is larger than the yielding strain

- &,, plastic deformation occurs. This results in irreversible strain when the force on
the bond is removed. The residual strain is £, = ¢ —¢,". Consequently, the length of

the bond is stretched to /=1/,(1+¢,). If the bond experience a series of plastic

deformation events, the irreversible deformation can be accumulated and when it

exceeds the fracture strain of the material, £,, the bond is broken. There is no

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



further interaction between ‘tv‘vo lattice sites under tensile condition if the bond
connecting these two sites is broken. If all the bonds connecting a site or a cluster of
sites and its neighbors are broken, the site or the cluster of sites will be worn away
from the bulk material. Totaling such worn lattice sites could establish how much

material is removed. The wear resistance of a material can thus be predicted.

2.3 Model application in abrasion for multiphase materials

2.3.1 Simulation of abrasion

The loading condition for abrasive wear in this study was similar to the rubber-
wheel abrasion sliding test condition (ASTM G65) [84] as shown in Figure 1-12.
According to Hertzian theory [105], the vertical pressure on the abrasive sand in the
contact area between the rubber wheel and the specimen may have an elliptical

distribution as illustrated in Figure 2-7 and as expressed by equation (2-14):

x>
P(x)=Pmax l___z k
a (2-14)
where P

max

the rubber wheel and the specimen. The radius of the contact region a is given by

is the maximum pressure and a is the radius of the contact area between

equation (2-23):

g=yf3 L=V PR

3
4 E (2-15)
where v, Rand E are the Poisson’s ratio, radius and elastic modulus of the rubber

wheel, respectively; F is the applied load on the rubber wheel, so that P, can be

calculated as:

P = 23;2 (2-16)
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x

Figure 2-7 The pressure distribution in the contact area between the rubber wheel and
the specimen.

During ‘each test, abrasive sand particles are fed into the gap between the

- rubber wheel and test samples and are gripped and transported across the sample
surface by the rubber wheel, scratching the surface and resulting in wear. In order to
simplify modeling, the abrasive particles are assumed to have an initial velocity of

v, = @R that is parallel to the sample surface. @ is the angular speed of the wheel

inital

and R is its radius. The velocity of a sand particle changes when its movement is

obstructed. It may be expressed as V =¥, + V... » Where v, is the variation in

“velocity of an abrasive lattice site when it is in contact with the specimen surface. In
the present simulation, abrasive particles are transported into the gap between the
wheel and specimen one by one in order to simplify the calculation. This should not

change the trend of wear behavior but only the quantitative wear value.

2.3.2 Simulation of multi-phase materials

For a homogeneous material such as a pure metal or single phase alloy, its
mechanical properties are uniform i.e. the interaction between lattice sites can be
described by only one type of bond with identical force coefficient. However, a

multi-phase material, such as a metal matrix composite, consists of at least two
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components, matrix and reinforcement, which have quite different mechanical
properties. The interaction between matrix lattice sites, and that between reinforcing
lattice sites are obviously different. These interactions can be related to two bond

force coefficients k,,k,, as shown in Figure 2-8. The challenge is to determine the

m?2

interfacial bonding coefficient k,,, for a bond connecting a metal site to a ceramic
site.

It is highly provable that the reinforcing ceramic has little ability to deform

plastically; the force coefficient k, mainly describes the force during elastic

- deformation. However, for the matrix metal, the bond between the matrix lattice

sites can experience elastic and plastic deformation. This can be expressed using two

force coefficients k,, and k,, . When interfacial bonding is considered, the

difference in mechanical behavior makes the deformation of a bond between
reinforcing and matrix lattice sites complicated. The metal-ceramic bond may be

treated in the pure mechanical way as follows.

(e
A .
Ceramic
Ec Metal Matrix
! Emp
:Eme
)
. t j -
Metal Matrix o »
& y Fa

Figure 2-8 Schematic illustration of two types of bonds in a composite containing
components with different mechanical properties.

Situation 1: elastic deformation occurs

Al=Al, +Al
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Al-(1 ——Eﬂ)Aly

I I,

o ﬁc.m) = Ec -:,ZQ'Alc = —EE - = ﬁ:}t.c) (2'19)

¢ E
1+
(1+25)

mp

the parameters used in the above derivation are listed below:

ly
Al
Al

m

Al

y

Al

Al

me

mp

me

‘ﬁm.c)
f;c.m)

the unit length of a bond in stress-free state

the total deformation on a bond

the deformation of the matrix portion on a bond

the maximum elastic deformation in the matrix portion of
deformation A/, onabond

the plastic deformation in the matrix portion of deformation |
Al,, on abond

the deformation of the ceramic reinforcement portion on a bond
the Young’s modulus (in elastic region) of the matrix

the average modulus for plastic deformation of the matrix

the Young’s modulus (in elastic region) of the ceramic

reinforcement

the force coefficient of the ceramic-ceramic bond
the force coefficient of the matrix-ceramic bond (interfacial

bond)

the force on a reinforcement site from a matrix site

the force on a matrix site from a reinforcement site

o Although this approach can simply describe the interfacial bond deformation

using equation (2-18) when only elastic deformation takes place, situation 2 is a little

more complicated and no simple equation is available for the force coefficient of a

metal-ceramic bond. As a matter of fact, the bond between a metal site and a

ceramic one is largely dependent on the chemical interaction between the two
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different materials. Therefore in this model, an interfacial bond is introduced to
describe the interfacial strength between a metal site and a ceramic one.

As shown in Figure 2-9, two interfacial bonds are used in the modeling: a weak
bond and a strong bond. The weak bond has strength lower than the yield strength of |
the matrix, while the strong bond has strength higher than the yield strength when
compared under the same strain condition. This means the strong bond provides a
higher force binding two lattice sites together. In other words, if the strength of the
bond is higher, the resistance to deformation will be correspondently higher. In
realistic situations, the ability to withstand strains in interfacial areas is limited and
these areas are often the locations where cracks initiate [106]. That is why interfaces
usually do not allow much plastic deformation to occur. The fracture strain of
interfacial bond, in this simulation, is assumed to be larger than the yield strain of a
metallic material in order to prevent interfacial fracture. In this way, the interfacial
bond is simplified to possess elastic properties only. The interfacial bond strength
can be modified in order to investigate the influence of the interface between the

matrix and the reinforcement on wear of composite materials.

‘r ---------- E, 9—2—<—Strong bond

o ~ & curve of
o the metal matrix

E, =2
in= ;” <+—Weak bond

¥

.
»

6‘y &

Figure 2-9 Two presumptive interfacial strengths and a 0 ~ £ curve of the matrix.

Wear results from breaking of bonds, During a simulated wear process, the

force and trajectory of each lattice site are calculated in the manner described in
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previous sections. When the length of a bond between two adjacent sites is larger
than a critical value corresponding to the fracture strain of each material or the
interfacial bond strength between two sites of different types is exceeded, the bond
fails. Abrasion loss results when all bonds connecting a site or a cluster of sites to its
adjacent sites are broken. The number of total loss of sites was treated as the
- abrasion loss of a target material. With this method, a dynamic process of abrasion

could be simulated.

2.4 Time interval At

The accuracy of the simulation is significantly influenced by an important

factor, the time step Az. If At is very large, the lattice site could move to a position

far away from the original position according to the relation of Al= VxAt .
Consequently, the deformation on the bond could exceed the critical value
corresponding to fracture strain, resulting in a very high wear rate which does not
correspond to the real situation. One could verify whether a proper Atf is selected by
plotting the wear loss of the material as a function of the simulation time step Af,
while keeping all other parameters in the simulation constant. As shown in Figure 2-
10, abrasive wear loss increases rapidly when At is larger than 7.0x107"s. This
means that when the time interval is smaller than this value, the wear loss of the
material is relatively stable and the selected At is appropriate. If At is too large, a
large A/ will be generated and subsequently result in a large false force on the bond
causing it to break suddenly and generate high but incorrect wear loss. On the other

hand, the desired time interval should be close to the critical value in order to save

- computing time. In the present simulation, Az is set to be 5.0x107"s,
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Figure 2-10 The influence of time interval A? on abrasive wear loss

The time interval of the simulation is related to the unit initial length of the

_bond [;, the external force F exerted on the target material and some other
- parameters. Usually, when /, decreases and F increases, the time interval should be

shortened in order to provide sufficient accuracy. For different systems, the
parameters should be examined first using the above procedure to make sure that the

time interval for the simulation is reasonable. At present, in our simulation, /; is set

to 1.0x10™*m, F =100N. The target material is descritized and mapped onto a

lattice containing 120 x 50 sites.

2.5 Advantages of MSDM and ﬁlrther development

The MSDN has many advantages as listed below:
1. The model is built on Newton’s Law of Motion which can be generally'
applied to any system. Some models mentioned in the section of Introduction are

based on assumptions or empirical rules [100-103] which, therefore, only suit

o particular situations.

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permiséibn.




2. The model allows predicting the influence of the microstructure on the wear
of material with simple input of mechanical properties of different material
components. The effect of interfacial bonding strength on wear of composites can

also be investigated [107].

3. The model bridges microscale and macroscale studies of the wear process

for both homogeneous and heterogeneous materials without surface geometry

limitation [108].
(B) 008 oy
': /)vK 1
0,04 E i / SRtgN .
S /
E 0,03 i D}’{ VA -
g L
ﬂ [ R . ,,/..WQN.. H/J B
- 3 g
/i
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Figure 2-11 Wear rate as a function of surface temperature during sliding for Ti-6Al-4V
alloy [110].

As mentioned before, MSDN has been successfully applied to study the effects
- of size and volume fraction of reinforcing particles on erosive wear [107]. Some
external influences such as loading conditions of erosion or abrasion, impact particle
size, shape and velocity were also studied. Reasonable predictions were made by the
method, which were consistent with experimental observations [84, 88, 95-97]. This
model can also be used to investigate frictional heating during sliding wear [109],
which could significantly influence the mechanical properties of a material at the
contact surface by increasing its temperature [110]. Figure 2-11 illustrates the effect
of surface temperature on wear rate of Ti-6Al-4V alloy, which implies that frictional
heating could have increased the wear loss. This model makes it possible to

- investigate the wear process and frictional heat issue at the same time.
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Figure 2-12 Modification of plastic modulus used in the simulation.

The model is also flexible and easily modified. For instance, the plastic

‘ :mbdulus used in this simulation, is estimated from the slope of the line between the
yield Stre;ngth o, and the tensile strength o . The real modulus is in fact a curve. The
difference between the real modulus and simulation modulus can be reduced by
simulating the.curve with a number of lines having different slopes as shown in

| F fgure 2-12. Currently, the approximate value of plastic modulus is considér_éd to b‘e :

acceptable to save computing time.
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3 Simulation of Microstructural Effects on Abrasive
Wear of Composites Part I: Basic Parameters

3.1 Simulation procedures

From the introduction, it is known that metal matrix composites are widely
used to resist abrasive wear in heavy industries [22] as shown in Figure 1-3. In order
to improve a material’s performance, the mechanism responsible for abrasive wear
should be well understood. The complex relationship between a composite
material’s microstructural features (e.g. hard particle size, distribution, volume

- fraction and sometimes interfacial bonding strength) and wear resistance requires
systematic investigation, which can be carried out by well-designed computer
simulation. In this chapter, the Micro-Scale Dynamic Model (MSDM) is employed
to investigate the abrasive wear mechanism associated with different microstructural
features of composites. |

As described in Chapter 2, MSDM offers two-dimension simulation by
mapping a target composite material onto a discrete lattice with basic mechanical
properties. In this study, nickel alloy and tungsten carbide were selected as the
matrix material and the reinforcing phase, respectively. This composite system is
widely used as a hardfacing overlay to resist abrasive and erosive wear in oilsands,
mining, and mineral processing industries. Silicon carbide particles were chosen as
the abrasive. The mechanical properties of the three materials are given in Table 3-1.
All the materials, i.e. matrix, reinforcing particles and abrasive sand are mapped
using small lattice sites as illustrated in Figure 2-1. Each lattice site represents a unit

volume with fixed mass. The site-site bond length under stress-free condition is
1.0x 10™ m . The whole composite system contains 120 x50 lattice sites. The

simulation time step At is set to be 5.0x1077s. In order to simplify the simulation,
the reinforcement used in the simulation has a rectangular shape. Other shapes of
reinforcement will be investigated in Chapter 5. The reinforcing particles are

randomly distributed in the matrix. Interfacial bonds between reinforcement and
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matrix are assumed to have elastic behavior only. Detailed calculations of the

interaction between the lattice sites have been described in a previous chapter. In

order to simplify the calculation, the abrasive sand particles are assumed to scratch

the target surface one by one. This would not change the trend of materials’ wear

behavior but only the quantitative wear value.

Table 3-1 Mechanical properties of materials involved in the simulation study

. Tensile Fracture
Yield Strength .
Matcrial Modulus £, o (Mpa) Strength g Strain
( Gpa) y (Mpa) &; (%)
Nickel ‘
(Ni) 207 59 317 30
Tungsten
Carbide 690 6800 6800 I
(WC)
Silicon
Carbide 430 862 862 0.2
(SiC)

In the following sections, simulation is focused on the effects of basic

parameters i.e. volume fractions, reinforcement sizes, interfacial bonding strengths

of a composite. Each simulation is conducted by altering only one of the above

parameters each time and keeping the others unchanged. In addition to the

microstructural features of the wear material, abrasive particle size, which is one of

the most important external effects, is studied to investigate changes in wear loss

with respect to the ratio of the abrasive particle size to the reinforcement size.

3.2 Results and discussion

3.2.1 Effects of reinforcement volume fraction on abrasive

wear

Reinforcement volume fraction is one of the important parameters which

determine the overall mechanical properties e.g. hardness, strength and toughness of

composites. The resistance of a composite material to abrasive wear is largely
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influenced by the volume fraction of the reinforcément [22, 38, 39, 45-47]. In this
simulation, each reinforcing particle consists of 7x5 lattice sites and an abrasive
particle is a square containing 14x14 lattice sites. The volume fraction of
reinforcement is the only variable while the other microstructural factors and
abrasion condition (i.e. abrasive sand flow rate, size, shape and angularity of the
abrasive) are kept the same. Figure 3-1 illustrates the wear loss against the volume
fraction of reinforcement. Figure 3-2 shows cross-sectional morphologies of three
composites with different volume fractions of the reinforcement. As shown, the
volume loss of the WC-Ni composite decreases initially with increasing volume
fraction of reinforcement. However, after reaching a critical volume fraction, a
continuous increase in the volume fraction of reinforcement results in higher wear
losses. The existence of a critical volume fraction of reinforcement has been
observed in many experimental studies [22, 38, 41and 111]. For different composite
‘materials, the critical volume fraction may vary [22, 41]. It should be pointed out
that the critical volume fraction is influenced by other factors such as the interfacial
bond strength. Previous studies under erosion conditions [96] have demonstrated
that the critical volume fraction became higher with an increase in the interfacial

bond strength.
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Figure 3-1 Wear loss vs. the volume fraction of reinforcement.
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Figure 3-2 Cross-sectional morphologies of four composites with different volume fractions of
reinforcement after abrasion by six abrasive particles.
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The observed variation in the wear loss with respect to the volume fraction of
reinforcement is understandable. It is known that the hard reinforcement mainly
withstands the wearing force, while the matrix binds the reinforcement,
accommodates deformation and absorbs impact energy, thus reducing the probability
of reinforcement fracture. A proper combination of hardness and ductility/toughness
should result in higher resistance to wear. Thus, there must be an optimal volume
fraction of reinforcement, which provides the most suitable balance between
hardness and ductility. When the volume fraction of reinforcement exceeds the
critical value, the material becomes brittle and easier to be fractured, leading to a
decrease in the wear resistance [22, 96]. However, if the volume fraction of
reinforcement is smaller than the critical value, there are not enough hard particles in
the matrix to withstand the wearing force. As a result, wear resistance would be low.
It should be noted the other factors such as interfacial bonding conditions and size
ratio of the sand particle to reinforcement particle may influence the critical volume

fraction. These factors will be discussed in following sections.

3.2.2 Effects of interfacial bond strength on abrasive wear

| | Since composite materials always consist of at least two different components,
adhesion between them is important because good interfacial bonding could result in
relatively high wear resistance [40, 112-113]. Das et al [40] found that strong
interfacial bonding in hard particle reinforced aluminum composites decreased the
chance of debonding at their interfaces. Even in a high load condition, the
dislodgement and loss of the ceramics, which could result in high wear loss, was rare
[40] if the bond was strong. While in the study of Hwang et al [112], it was
demonstrated that weak bonding facilitated crack initiation at interfacial areas due to
a large hardness difference between various constituents. The propagation of cracks
under further loading could lead to delamination of the matrix and result in high

volume loss of  composites. In addition, a study on binderless carbide [113]
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demonstrated ‘sign‘iﬁcant improvement of wear resistance by enhancing the bond
‘strength even for ceramic/ceramic composites. |

Computational studies are conducted to investigate the influences of bonding
condition on abrasive wear. In these simulations, the composites are set to have the
same matrix and reinforcement phase but different bond strengths. The abrasion
conditions are set the same. As shown in section 2.3.2, the bond strengths are
determined by the interfacial bond moduli, i.e. the ratio of the ultimate tensile
strength to the fracture strain. For comparison, the fracture strain of the interfacial
bond is assumed to be 1%, and the ultimate tensile strengths of two interfacial bonds

are o, =40MPa and o, =400Mpa, respectively, in order to model weak bonding and

strong bonding conditions. The yielding strength and ultimate tensile strength of

matrix are o, =59Mpa and o, =317Mpa, respectively, which are between the

values of the strong bond and weak bond as illustrated in Figure 3-3(a). Two typical
b_ross-sectional morphologies of composites with different interfacial bonding
strengths after wear are illustrated in Figure 3-3 (b). It is obvious that the strong
bond example leads to better wear performance with fewer lattice sites worn away.
For this composite, the major fracture regions are within the matrix phase since it is
relatively weak. However, for the composite with the lower bonding strength, the
whole system, including ceramic and matrix lattice sites, is worn away. This is
because the matrix around the interface region can be easily torn away if the
interfacial bonding is not strong enough and consequently this leads to cracking of
the ceramic which has lost its protectant, ductile matrix. Such a damage process can
be viewed in the simulation, which shows consistency with the experimental
observation referred to at the beginning of this section.

As shown in some previous studies [22, 41], a critical volume fraction of
reinforcement can be found in most composite systems, above which the wear
resistance will be decreased due to the increase in interfacial area. Considering the
effect of the interfacial bonding strength on wear behavior, series of simulation were

conducted to study how the critical volume fraction is affected by the interfacial

- bonding condition.
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Strong interfacial bonding condition

(b)

_ Figure 3-3 (a)Two presumptive interfacial moduli and elastic modulus of the matrix. (b)Cross-
sectional morphologies of composites with the two different interfacial bond strength after
abraded by five sand particles.
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Figure 3-4 The critical volume fraction of reinforcement changes as the interfacial bond strength
changes.

As illustrated in Figure 3-4, with a decrease in interfacial bond strength, the
éritical volume fraction of reinforcement shifts to a lower value (to the left). In the
above case, the optimal content of reinforcement with the weak bond is about
24vol% while that for the strong bond is around 33vol%.

In addition, one may find that even with the optimal volume fraction of
reinforcement, the degree of improvement can vary. When the interfacial bond is
weak, the wear loss of composites with optimal content of reinforcement only
decreases slightly (e.g. the number of lost sites decreases from 725 to 675). However
with a better bonding condition, adding more reinforcement particles into the matrix
can dramatically improve composites’ wear resistance (e.g. the number of lost sites
decreases from 700 to 440). In the context of industrial application, the above
finding may be expressed as follows: when adhesion between ceramic and matrix
material is not strong, the optimal volume fraction corresponding to the highest
abrasive wear resistance is low and the improvement of the wear resistance is not
pronounced. However, by improving the cohesion between ceramic and matrix, the
composite system could accommodate more reinforcement phase with higher critical

volume fraction and result in higher wear resistance. The resulting improvement of
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wear resistance is significant. After exceeding the critical volume fraction, adding
more reinforcement will decrease the wear resistance due to the decreased toughness
of the composite.

The interfacial bond is assumed to be strong in other simulation studies

detailed in this thesis unless it is stated that the bond is weak.

3.2.3 Effects of reinforcement size on abrasive wear

The size of reinforcement particles influences the wear behavior of a
composite [22, 39, 45-50]. In present simulation, composite materials reinforced by
WC particles (35vol %) with different sizes are investigated under the same abrasion
condition. The simulation demonstrates that abrasion is reduced when the
reinforcement has a larger reinforcement particle size (Figure 3-5(a)). Cross-
sectional morphologies of four typical worn surfaces are shown in Figure 3-5(c).
The simulation result is consistent with experimental observations [38, 45, 47, and
49]. As an example, Figure 3-2(b) presents experimentally determined abrasion loss
of WC-Co coatings, in which one may see that larger carbide particles resulted in
higher wear resistance.

The effect of reinforcement size on wear has been extensively discussed. As
suggested [45, 47], larger reinforcing particles could be more effective in supporting
and protecting the matrix. The corresponding total interfacial area is smaller, which
may help to reduce the probability of interfacial failure between the matrix and the
reinforcement. A composite reinforced by larger particles may also require higher
load to develop cracks and delaminate a substrate layer [46]. For a composite
reinforced by homogeneously dispersed small reinforcement grains, the fine
particles could be ploughed out more easily. These might then act as extra abrasive
particles to enhance abrasive attack [45]. In addition, small reinforcement particles
have relatively larger total interfacial area, which could lead to higher probability of

interfacial failure. The present simulation results are consistent with the above

arguments.
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' Figure 3-5 (a) The effect of the reinforcement size on wear loss; (b) Experimental observation
reported by S. Usmani et al, [49]; (c) Cross-sectional morphologies of four worn composites
reinforced by hard particles with different sizes.
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It must bé:pointed out that the conclusion drawn here could be true only when
the abrasive particles are bi'ggver than the reinforcement pérticles. If the abrasive
particles are smaller than or close to the size of reinforcement particles, it will be
relatively easier for them to aécess and wear the soft matrix, thus leading to different
wear losses. Such a situation has also been investigated in this study, and will be

.detailed in the next section.

3.2.4 Effects of the ratio of abrasive particle size to
reinforcement size on abrasive wear ‘

The wear loss of a composite material is largely influenced not only by
microstructure and the mechanical properties of its constituents, but also by the
prevailing wear conditions [22, 38, 52-57]. The abrasive particle size plays an
ifnportant role in the extent of wear damage incurred. In particular, the ratio of the
abrasive particle size to the reinforcement size could have a more important
influence on the wear mechanism than the absolute size of either the abrasive or
reinforcement. The simulation results presented in Section 3.2.3 were obtained under
the condition that the abrasive particles are larger than the reinforcement particles. In
this section, the effect of different abrasive particle sizes on the wear of a composite
is analyzed, based on the computer simulation study. Figure 3-6(a) illustrates
simulated wear loss of the material as a function of the ratio of the abrasive particle
size to that of the reinforcement. The wear loss becomes higher with increasing size
ratio initially and then becomes stable when it reached a certain level. Such a trend is
consistent with experimental observations [59] (Figure 3-7(a)). Cross-sectional
morphologies of surfaces abraded by abrasives with two different size ratios are
shown in Figure 3-6(b). In addition, it is found that when the size ratio decreases,
‘attacks on the matrix become more obvious while damage to the reinforcement

particle becomes less pronounced.
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The observed phenomenon may be explained as follows. During abrasion, the
local wearing contact stress could be very high, e.g., in the vicinity of angular edges
and corners of an abrasive particle. When a large abrasive particle is under pressure
from the rubber wheel, the total force exerted on the particle is larger than that on a
small particle. Consequently, the local wearing contact stress for the large abrasive
particle could be higher than that for a smaller abrasive particle, thus causing more
abrasion damage. Axen and Zum Gahr [57] suggested that when an abrasive sand
particle size was smaller than a critical value, the wear loss mainly resulted from the
loss of matrix; while when it exceeded the critical value, the wear loss could be more
related to microcracking and spallation of the reinforcement that is influenced by the
interfacial bonding strength more than the abrasive size. In addition, as the abrasive
particle size increased, direct contact between the abrasive and the reinforcement
was enhanced, and the abrasive particles could become blunt or fractured if they
were softer and/or more brittle than reinforcing phase. These factors could be
responsible for the existence of the critical size ratio, above which the wear loss

became stable.
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' Figure 3-6 (a)The effect of the ratio of the abrasive particle size to the reinforcement particle size
on abrasive wear of a composite; (b) Cross-sectional morphologies of the material abraded by
: abrasive particles of different sizes.
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Figure 3-7 (a) Experimentally determined relative wear resistance vs. the abrasive penetration
depth {59]. (b) The relative wear resistance vs. size ratio from the present simulation.

In general, abrasion damage is inversely proportional to a target material’s
hardness which affects the penetration of the abrasive particles into the target surface.
A small penetration depth may result in less subsurface deformation and thus less
abrasive wear [41]. For composites, the penetration depth obviously depends not
only on the material’s macro-hardness but also on other factors such as the abrasive

particle size, the reinforcement size and the mean spacing between reinforcement
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particles. Wang ahd Rack [59] have suggested an equation to estimate the

penetration depth:
2 .o % D
h,=(—)2 ()" (=), 3-1
h (”K,) (H) (d) @3-1)

where D is the average diameter of the abrasive particles; d is the diameter of the
reinforcement; o, H and K' are the applied stress on the nominal contact area,
hardness of the material and a geometric constant, respectively. When the material
and loading condition are the same i.e. o and A are constant, the relative
penetration depth is proportional to the ratio of the abrasive particle size (D) to that
of the reinforcement (d ). Thus, the wear resistance should decrease with increasing

size ratio. This is supported by experimental observations (e.g., see Figure 3-7 (a)
[59]). When the penetration depth (coc %) is larger than a critical value, the wear

resistance becomes relatively stable. This is consistent with the computational
simulation (see Figure 3-6 (a)). The existence of such a critical value cannot be
“explained only using equation (8). It is certainly influenced by more factors such as
the spacing between reinforcement particles. However, such a trend of wear loss
with respect to the size ratio can be clearly investigated using the computer

modeling technique that takes account of all the above mentioned factors

automatically.

3.3 | Conclusion

The MSDM technique has been employed successfully to simulate the abrasive

wear of composites.

Empbhasis has been placed on the effects of several important microstructural
parameters, i.e. volume fraction of reinforcement phase, interfacial bond strength,

reinforcing particle size, and size of abrasive sand particles (by way of size ratio).
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~ The simulation results are consistent with experimental ‘observations, and
demonstrate the efficiency and capability of cbmputational modeling for the study of

'abraswe were of composites.

‘ In addition to valldatmg of the application of MSDM technique for abrasion:
modeling, the following information on abrasive wear of composite was obtained:

1 ‘There is an optimal volume fraction of reinforcing phase that corresponds to

the maximum abrasive wear resistance.
2 The interfacial bond strength can significantly mﬂuence the optlmal volume
fraction of reinforcement. Enhancing cohesion between ceramic and metal

constituents in a composite could accommodate more reinforcing particles

“b‘efore the optimal value is reached and allow considerable improvement in

wear resistance.

3 Wear resistance is enhanced when the size of the reinforcing phase is

increased - in ‘condition when the abrasive particle is coarser than the
reinforcement. B

4 The simulation on the size ratio of abrasive sand particle to reinforcing
particle indicates the existence of a critical ratio, above which the wear rate
of the composite becomes stable. Below this critical value, increasing the

size ratio results in accelerated wear damage.
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4 Simulation of Microstructural Effects on Abrasive
Wear of Composites Part II: Combined Effects of Basic

Parameters

4.1  Introduction

Reinforcement size and volume fraction, the cohesion between matrix and
reinforcing phase, and the size ratio of sand particle to reinforcement, are major
factors determining the mechanical properties and wear behavior of composite
materials. Strength, hardness and toughness are also important to the resistance of a
composite to abrasive wear. As shown in Chapter 3, the MSDM technique was
successfully employed to investigate the effects of microstructural factors and
properties of both the matrix and reinforcement on wear of composite materials.
Simulation results that are consistent with reported experimental observations prove
that the MSDM technique is capable of simulating abrasive wear under different
conditions, investigating the microstructural influence on wear and the mechanisms
involved.

However, wear is a complicated surface damage process, involving a number
of factors that simultaneously affect the behavior of a material. The interaction
between various microstructural parameters could result in several wear mechanisms
operating at the same time, making it difficult to carry out experimental
investigation on abrasive wear. In addition, the wear behavior of materials under
combined influences of various microstructural parameters differs from that under
the individual influence of each parameter. In this chapter, the MSDM model is used
to simulate the combined influences of reinforcement size, volume fraction, size
ratio and interfacial bond strength on wear of composites. The simulation will help
to understand the wear behavior of composites under various conditions,

The following sections will cover:

» Studies on the effects of reinforcement size distribution on abrasive

wear of composites.
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% An investigation of the combined effects of size ratio and volume
fraction.
= Simultaneous effects of size ratio and size distribution on wear.
= Relationship between the size ratio and interfacial bond.
»  Combined effects of size ratio, volume fractions and interfacial bond

strength on abrasive wear of composites.

4.2  Results and discussion

4.2.1 Effects of reinforcement size distribution on abrasive
wear ‘

As indicated in Chapter 3, the volume fraction and size of reinforcing particles
“have strong influences on the wear resistance of composites. When the size of the
feinforcement is kept the same, an increase in its volume fraction can result in higher
wear resistance. In addition to an enhanced resistance to external load, this benefit
accrues because the spacing between the reinforcement phases is also decreased.
Therefore, the constraint effect [114] of the particles on plastic deformation becomes
more pronounced. Such strengthening effect of the reinforcement results in a lower
wear loss of composites. On the other hand, an increase in reinforcement size can
also result in higher resistance to external load as demonstrated in previous studies
[45, 47]. However, the spacing between large reinforcements widens, leading to
higher wear loss when the abrasive particles are smaller than the mean free path
between the reinforcing phases. In many industrial situations, size and volume
fraction of reinforcement always influence the wear resistance of a composite
simultaneously. In this section, the effect of size distribution of reinforcement on
wear of a composite is studied.
Starting with a relatively simple situation, a composite with two different sizes
of reinforcement are studied. In this case, one size of reinforcing particle contains

7% 5 unit sites. This type of reinforcement mainly supports the external loads and its
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k_v'olume fraction is constant (15 vol.%). The other size of reinforcement is the fine

reinforcement containing 1 unit site only and its volume fraction will be changed
(O~20‘ vol.%) to give a different spacing between reinforcements. Keeping the
simulation condition the same except for the volume fraction of fine reinforcement,
we can investigate the effect of the spacing on abrasive wear of composite.

For a more complicated case, three different sizes of reinforcement have been
used. Seven distributions of three different sizes of particulates are studied so that
the optimal size distribution corresponding to the highest wear resistance for a
spéciﬁc combination of size and volume fraction of the reinforcement can be
determined.

Figure 4-1 illustrates the trend of the wear loss of composites as a function of
the volume fraction of fine particulate under the condition of size ratio=5. It shows
that as the volume fraction of fine reinforcement increases, the wear loss of the
composite decreases initially. When the volume fraction of fine reinforcement is
increased further, the wear loss becomes larger. This observation of critical volume
fraction is consistent with the results from 3.2.1 in which only large reinforcement

particles (with 7 x 5 lattice sites) are used.
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' Figure 4-1 The wear loss of composite as a function of volume fraction of fine reinforcement
when size ratio is 5:1.
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o Experimental studies of the effect of the reinforcement size distribution on
abrasive wear are rather limited and there have been almost very little theoretical
investigation on the issue. In literature, reported studies only show that if small
reinforcing particles are more homogeneously dispersed, the wear resistance of a
composite is improved [38, 115-117]. The exception is the study of Rack et al [118],
in which a statistical model is proposed to investigate the wear rate of composites
reinforced by single-sized particulates and multi-sized particulates, respectively.
However, experimental studies of combinations of different sizes of particulates are
very limited due to experimental difficulties. Varying the size and volume fraction
of the reinforcement change the spacing between reinforcing particles differently i.e.
increasing the volume fraction decreases the spacing while increasing the size will
increase the spacing. An identified correct spacing associated with a certain volume
fraction and size of reinforcement could effectively increase wear resistance. It is
logically expected that the correct combination of large and small reinforcement
particles should result in higher wear resistance than a composite containing single-

- sized reinforcement.

Table 4-1 Size distributions of WC reinforcement used in the simulation

Size Large size | Middle size Small size
Vol.% (7x5) (4x2) (1x1)
0+0+35 0 0 35
0+35+0 0 35 0
35+0+0 35 0 0
8+8+19 8 8 19
8+19+8 8 19 8
19+8+8 19 8 8
12+11+12 12 11 12

In order to establish the optimal combination of different reinforcement
particle sizes, the effect of size distribution on wear is simulated. In the simulation, a
size distribution describes a set of volume fractions of reinforcements having various

sizes (i.e. large, medium and small). In this work, the wear performance of seven
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composites having different size distributions of reinforcement listed in Table 4-1
with a total volume fraction of 35% are investigated. The abrasion condition is kept
the same so that the wear performance of the composites is only affected by the size
distribution of the reinforcement. Figure 4-2(a) illustrates wear losses of the seven
composites, and Figure 4-2(b) shows four representative cross-sectional
morphologies of worn composites having different size distributions of
reinforcement. It is demonstrated that the wear loss decreases when the volume
fraction of large reinforcement particles increases. It is also observed that the
combination of 19% large, 8% medium and 8% small particles displays the lowest
wear loss. Although the performance of this composite is closely comparable to the
one which is reinforced only by large particles, the benefit of using a combination of
differently-sized particles can be seen there. In this simulation, only seven composite
systems have been investigated. It is possible that a highest wear resistance
combination could be identified if a larger numbers of size distributions are tested.
From the simulation, one may conclude that a composite may benefit more
from a combination of small and large reinforcement than from single-sized
reinforcements. An explanation is that the larger particles mainly withstand the
Wéaring force, while the small dispersed particles strengthen the matrix by hindering
the plastic deformation of the matrix so that it is more difficult for the abrasive
particles to abrade the relatively softer matrix. In addition, the fine dispersed
reinforcement reduces the access to a softer binder by reducing the mean free path
between reinforcement particles. Since the mechanical properties of the matrix can
be adjusted by adding small dispersed particles, when the total volume fraction of
reinforcement is fixed, an optimal balance between the overall hardness and ductility

could be achieved, thus resulting in superior tribological properties.
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Figure 4-2 The effect of the reinforcement size distribution on wear. (a) Wear loss vs. the size
distribution of reinforcement; (b) Cross-sectional view of four worn surfaces with different size
distributions of reinforcement.

4.2.2 Combined effects of reinforcement size ratio and size
distribution on abrasive wear

The relation between wear and microstructure is complicated. The size
distribution of the reinforcement changes the microstructure of a composite by
changing the spacing between the reinforcements. When the total volume fraction of
the reinforcing particle is fixed, the spacing between reinforcing particles is
determined by the number of reinforcing particulates [4], which varies with the size

of reinforcement. The number of small particulates is greater than that of large
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particulates at given mass. Therefore the spacing between the small particles is
decreased which could reduce the access to softer matrix and then lower the wear
loss. On the other hand, small reinforcements are not as effective as large particles in
resisting the external load. Small reinforcement also results in larger total interfacial
area. One may take advantage of the benefit of small reinforcement and minimize its
negative effect through an optimal combination of small and large reinforcement
particles, leading to the highest wear resistance. Obviously the size ratio of the
abrasive particle to that of the reinforcement is another factor influencing the
penetration depth of abrasive as shown in 3.2.4. Different size ratios could result in
dissimilar interactions between abrasives and the reinforcement, thus leading to
varying wear losses.
| Simulations have been conducted to investigate the wear performances of
composites having three size distributions of reinforcement. They are abraded by
abrasive particles with three different sizes, respectively. It is convenient to set the
size ratio as the abrasive particle size to the size of the largest reinforcement particle
in the distribution since three sizes of reinforcements were used in the simulation.
Results of the simulation are given in Table 4-2. Figure 4-3 (a) illustrates wear
losses for the three composites abraded by abrasive particles of three sizes with their
size ratios equal to 1:4, 1:1, and 5:1, respectively. Figure 4-3 (b) shows typical
morphologies of the composite after abrasion. The following information is obtained
from the simulation:

(1) When the size ratio is small (1:4) (i.e. the abrasive particles are smaller than
the largest reinforcement particles but larger than the smallest reinforcement),
increasing the amount of dispersed small reinforcement particles in the matrix
results in a higher resistance to abrasion.

(2) When the size ratio is large (5:1) (i.e. the abrasive particles are coarser than the
largest reinforcement particles), the greater the volume fraction of large
reinforcement particles in the matrix, the higher is the abrasion resistance of

the composite.
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Table 4-2 The simulation wear loss results of different size distributions and size ratios

Distribution

Large(7x5)%+Middle(

Large(7%5)%+Middle(

Large(7x5)%+Middle(

Ratio 4%2)%+Small(1x1)% 4%2)%+Small(1x1)% 4%2)%+Small(1x1)%
8+8+19 12+11+12 35+0+0
1:4 404 526 548
1:1 787 861 84i
5:1 938 898 718
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 Figure 4-3 (a) Effects of the reinforcement size distribution and the ratio of abrasive size to the
reinforcement size on wear loss, (b) typical morphologies of composite materials with various size
distributions after abrasion by sand of different sizes.
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"The above observations are understandable. For case (1), ‘when the abrasive
particles are small, the abrasives have more chance to penetrate into the soft matrix
and abrade the matrix. If fine reinforcement particles, in addition to the large
reinforcement, are dispersed in the matrix, the penetration of the abrasive particles
would be effectively blocked by the fine reinforcements and the ploughing or cutting
could be reduced, thus diminishing the wear loss. For case (2), when the abrasive
particles are larger than the reinforcement particles, the blocking effect of fine
reinforcements is lower, since the stress concentration caused by larger abrasives is
higher. Larger reinforcement particles are superior in withstanding the wearing
stress and blunting the abrasives. An increased amount of larger reinforcement
particles would therefore lead to a higher resistance to abrasion. However it should
be indicated that if the total amount of the reinforcement changes, the spacing

between reinforcing particles would be altered consequently, which may lead to

different results.
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Figure 4-4 Schematic illustration of the wear intensity as a function of abrasive size and the
spacing between reinforcement particles. D -groove size, d-reinforcement size, A - mean free
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path of the composite reinforced by TiC with size of 30um [57].
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From the simulation study, one may see that wear resistance is affected not

‘o‘r;ly by the size ratio but also by the spacing between reinforcement particles. This

| has been demonstrated previously [57] (see Figure 4-5). However, when the
reinforcement particles have a certain size distribution, the situation becomes much
more complicated because the blocking effect of small and larger reinforcement
particles is different and the spacing between reinforcement particles is also changed.
It is difficult to describe such relationships using previous theory [57] or analytical
equations. However, such a wear prediction could be made easily by computer

modeling that takes all the factors into account.

4.2.3 Combined effects of size ratio and volume fraction on
abrasive wear

As demonstrated in 3.2.1 and 4.2.1, in most cases, there exists a critical volume
fraction of the reinforcement at which the composite displays the highest resistance
~ to.abrasive wear. By studying the size effect of abrasive particles (i.e. size ratio) on
wear, we have seen that a material may display different resistances. It is reasonable
to suppose that the size ratio can also influence the value of the critical volume
fraction of reinforcement. In this section, two composite systems are studied. One
has two different sizes of reinforcement (large and small). The large particle has
7x 5 lattice sites and the latter contains only one site. The second composite contains
only one size of reinforcement (i.e. 7x5 lattice sites). Under the three different size
ratio conditions, one can examine how the critical volume fraction of the reinforcing
particles varies with the size ratio. We may also find some relationship between the
spacing of the reinforcements and the size ratio.

Figure 4-5 shows the wear loss as a function of the volume fraction of fine
reinforcement in the first composite system. Figure 4-6 shows typical morphologies
of the composites after being abraded by particles having different sizes. As shown,
a critical volume fraction is observed for all three conditions involving different

sizes of abrasive grits, However, the value of critical volume fraction varies.
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Figure 4-6 Typical morphologies for composites containing by different volume fractions of fine
reinforcements under small and large abrasive particles.

As the size of abrasive particle decreases, the critical volume fraction of the
fine reinforcement shifts to a higher level. The predicted phenomena can be
explained as follows.

When the abrasives are coarse, the external force transferred by them is large.
Under such a condition, if the reinforcements are small and homogeneously
dispersed, their contribution is mainly to increase the hardness of the matrix.
However, such increases in hardness are limited and not effective in blocking the
penetration of the large abrasive. The spacing between fine reinforcements is very
small and it does not play an important role in blocking the penetration of the
abrading sand. In consequence, the critical volume fraction of fine particulates is
maintained at a lower level.

On the other hand, if the abrasives are small, the load carried by each abrasive
particle is small and the penetration depth of the abrasive is small. This results in
lower wear losses in general, as compared with that caused by large abrasive
particles. However when the spacing is larger than the abrasive size, the wear loss
increases due to the enhanced damage of matrix. When the spacing and abrasive
particle size is comparable, the wear loss becomes stable because the abrasive
particles can be trapped in the gaps between reinforcements or be blunted by the

reinforcements. Adding more fine reinforcements decreases the spacing between
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them. These fine particulates could block the penetration of the small abrasives and
decrease the wear loss. As can be imagined, if the abrasive size is small, only a
matrix containing larger amount of reinforcements could reduce the penetration of
the abrasives and lead to higher wear resistance. This explains the shifting of the
critical volume fraction to a higher level when the abrasives are small. However,
excessive fine particles make the composite brittle and would increase the wear loss.
These results are consistent with experimental investigations of N. Axen et al [57].
The above discussion is focused on the critical volume fraction of fine
reinforcement in the composites. In order to generalize the study, composites with
only a large size of reinforcing particles have also been examined. Figure 4-7 shows
- simulation results for a composite enhanced only by large reinforcing particulates
(containing 7x 5 lattice sites) and abraded by three sizes of abrasive sands. The

volume fraction of reinforcement particulates is the only variable in the simulation.
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Figure 4-7 Wear loss as a function of volume fraction of reinforcement for three size ratio
conditions. The critical volume fraction is shifted to a higher level when the size ratio decreases.

As shown in Figure 4-7, when abraded by fine sand particles (i.e. size
ratio=1:4), it seems that the critical volume fraction exceeds the simulation range.
When the abrasive sand particles are larger (i.e. size ratio=5:1), there exists an

obvious critical volume fraction. Similar to the trend observed earlier, the critical
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‘volume fraction corresponding to the small size ratio is higher than that in a large
.éize ratio condition. Although the values of the critical volume fraction are different
when the reinforcement sizes are dissimilar, the trend of increasing the critical
‘yolume fraction as the size ratio decreases is observed in all cases. So a general

_conclusion can be drawn that as the size ratio decreases, the critical volume fraction

shifts to a higher level.

4.2.4 Combined effects of size ratio, volume fraction and
interfacial bond strength on abrasive wear

» As indicated in Chapter 1, many studies have shown that volume fraction and
size ratio of abrasive particle to reinforcement significantly influence the wear
behavior of composites. From literature on materials manufacture and processing
[40, 50, 112, 113], it is noticeable that manufacturing or processing methods for
composites can result in different bond strengths at the interface between the
reinforcement and matrix, which affects their overall wear resistance. Under
working conditions, the volume fraction, size ratio and interfacial bond strength
largely simultaneously determine the tribological behavior of the composite. The
synergism of all the factors makes the experimental investigation difficult and
complicated; however, such synergism could be easily investigated by computer
simulation. In this section, three size ratios are used by changing the size of the
abrasives. Two different interfacial bond strengths are taken into account (i.e. a
weak bond with its modulus lower than the Young’s modulus of the matrix bond and
a strong bond having its modulus higher than that of the matrix bond). Figure 4-8
illustrates changes in the wear loss of the composites under study, with the
interfacial bond strength at a total volume fraction of reinforcement of 35%. Figure
4-9 shows typical morphologies of composites with weak and strong interfacial
bonds, respectively.

From these figures, it can be seen that wear losses of composites with a strong
interfacial bond are lower than those with a weaker interfacial bond for all three size

ratios. It can be generalized that strong cohesion is desired to lower the abrasive
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wear loss of composites. The phenomenon of a high interfacial bond strength
improving wear resistance has been observed both experimentally [49, 112-113] and
by simulation [96]. The effect of interfacial bonding is more pronounced when the
size ratio is relatively large (i.e. large abrasive particle size and small reinforcement
size). To consider this phenomenon, the interaction between the reinforcement and
the abrasive should be reviewed.

When the size ratio is large (i.e. large abrasive particle size and small
reinforcement size), the abrasives transfer higher wearing force [53, 57] on to the
target surface. This can dramatically increase the wear loss. The small reinforcement
particles results proportionally in more total interfacial areas [50]. If the interfacial
bond is weak, more interfacial cracks are easier to initiate and propagate at the
interface [49, 112]. The reinforcement can be easily detached as wear debris by
cracking at the interface and delamination of the matrix, thereby significantly
increasing wear loss. However, if the interfacial bond is strong, the removal of
reinforcement by cracking is reduced. Also small reinforcement decreases the
spacing between them, increasing the composite hardness [41]. Both lead to a lower
wear loss. This explains the large difference that occurs in wear loss in weak
bonding and strong bonding conditions.

When the size ratio is small (i.e. small abrasive particles and large
reinforcements), the large reinforcements usually behave as hard protuberances on
the composite surface resisting the external wearing force [57]. In addition, large
reinforcements usually require higher stress to fracture [46] and remain in the
composite system longer before cracking and being removed as wear debris [45, 47].
Although small abrasives have more chances to attack the interface between the
matrix and the reinforcement, they can only affect very local areas with limited
ability to fracture or extract relatively large reinforcement particles. Moreover large
reinforcements result in less interfacial area, thus reducing the influence of
interfacial bonding. These are reasons why under small size ratio condition, the
difference in the wear loss for weak bond and strong bond is not as pronounced as

that under a large size ratio condition.
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However, when size ratio equals one, the strong and weak interfacial bond
strengths result in the smallest difference in wear loss. Previous experiment [59] has

demonstrated that at size ratio of one, the wear resistance of a composite was at the

lowest level due to relative easy removal of reinforcements by penetration of the

abrasive particles while still under external force (unlike finer abrasive particles). In

such situation, the interfacial bond may play less critical role in resisting abrasive

wear.
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- Changes in wear loss as a function of volume fraction with the combined effect
of interfacial bond strength and size ratio are investigated. As demonstrated in
Figure 4-10, the volume faction curves show different trends for the two interfacial
bonding conditions.

When the bond strength is strong, the wear loss curves as a function of three
different size ratios initially decrease. After reaching a critical value (corresponding
to the lowest wear loss), the wear losses increase for size ratio= 1:1 and 5:1. For
ratio=1:4, the critical volume exceeds simulation range so that a continuous decrease
in wear loss is observed. The shifting of the critical volume fraction of the
reinforcement to a higher level as the size ratio decreases has been explained in
section 4.2.3.

When the bond strength low, the curves exhibit greater wear losses for size
ratio 1:4 and 5:1 as the volume fraction increases. This phenomenon has been
observed experimental and by simulation for erosion of composites [107]. This is
reasonable since the interfacial areas are the weakest areas of the composites, and
could be damaged first followed by the removal of the ductile matrix. After losing
protection from the matrix, the reinforcements will be easily attacked by the abrasive,
which can cause fracture of the large ceramic or pulling-out of the small
reinforcement. This could explain the continuous increase in the wear loss of the
composite in the case of the weak bond. It was suggested [59] that when the size
ratio was close to 1:1, the damage to composites was at maximum level. This

~ explains why a size ratio of 1:1 results in highest wear loss among the three size
ratios. The initial slight decrease in wear loss for size ratio 1:1 could be related to the
spacing between the reinforcements. With volume fraction of reinforcement at 25%,
the spacing between reinforcement may be the most comparable with the size of the
abrasive particles. These particles are easy to indent into the spacing, decreasing
their motion [59]. As a result, the wear loss is reduced to some extent, as shown in
Figure 4-4 of section 4.2.2. While for other size ratio conditions, the spacing resulted
from different volume fractions may be either too large or too small than the size of

abrasive particles, Therefore the abrasive particle can move freely to damage the
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| composite. ThlS explains why only size ratio 1:1 displays slightly decrease in wear

" loss initially.
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Figure 4-10 Wear losses as a function of volume fraction of reinforcement for three size ratio.
Two bond strengths are considered. (a) strong bond. (b) weak bond. The critical volume
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o4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3 Conclusion

The combined effects of size ratio, volume fraction and interfacial bonding
strength on the wear of composite materials have been investigated. Due to the
synergism of these factors, relevant experimental studies are rather limited. However,
the simulation has been proven to be an effective approach for such studies. The
following conclusions are drawn from MSDM simulations presented in this chapter.

1.  An optimum combination of large and small reinforcement particles can be
more effective in improving the wear resistance of composites than single-
size reinforcement.

2. . For abrasion by particles of different sizes, the value of this optimal
combination of large and small reinforcement varies. If the abrasives are
coarser than the largest reinforcement (i.e. the size ratio is large), the wear
resistance increases with increasing the amount of the large size
‘reinforcement. However, if the abrasive is smaller than the largest
reinforcement (but coarser than the smallest reinforcement), the wear
resistance can be substantially improved by adding more dispersed fine
reinforcement particles.

3. For different size ratios, the optimal volume fraction, which corresponds to
the lowest wear loss, varies. When the size ratio decreases, the optimal
volume fraction of reinforcement shifts to a higher level. This means that a
large amount of reinforcement can be added to improve the wear resistance
of the composite when the abrasive particles are small.

4. Strong interfacial cohesion is necessary for high wear resistance. With high
interfacial bond strength, the wear resistance of the composite increases first
and then decreases with respect to the volume fraction of the reinforcement.
There is an optimal volume fraction of reinforcement. However, when the
interfacial bond strength is low, the wear resistance decreases when the
volume fraction of reinforcement increases. No optimal volume fraction is

observed under a low interfacial bond condition for size ratios 1:4 and 5:1.
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S Shape Effects of the Reinforcement and the Wear
Particle on the Abrasive Wear of Composite Materials

5.1 Introduction

Wear is a complicated surface damage process involving deformation and
fracture of the surface layer of the target material. For a composite, wear could be
caused by damage of the matrix, by interfacial failure or by fracture of the
reinforcement. A few years ago, effects of phase geometry on the overall
deformation of the metal matrix composites were investigated [114]. It was noticed
that the shape of the reinforcement strongly affected their wear performance [22].
Many studies addressing the relationship between the shape of reinforcement and the
strain distribution in composites have been carried out [114, 119-125]. Most of the

- work has been done with the help of Finite Element Methods [114, 119-122, 124]
incorporating some assumptions. However, FE simulations are mainly focused on
the stress/strain distribution but not on the direct relation between the reinforcement
shape and the wear loss. One task of the current work is to investigate how the
reinforcement particle shape directly affects the wear behavior of a composite.

On the other hand, the shape of abrasive particles determines their ability to
abrade, thus significantly influencing the wear behavior of a composite. It has been
shown that an increase in particle angularity can dramatically increase the rate of
abrasion [62] because angular abrasives increase microcutting [63]. However, a
precise description of the effect of abrasive angularity on wear is not easy. In the
1980s, Swanson and Christman [62, 121] proposed quantitative methods to describe
the size and shape effect of abrasive particles on wear. In the late 1990s, Hamblin et
al [63] studied the angularity of the abrasives by means of a quantitative description
of the boundary of the abrasives. These approaches were developed to simulate
realistic situations of abrasion. However, they are very complicated and difficult to

be applied in industry.
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In this chapter, a few simple fundamental shapes, including diamond, square
and sphere (in two-dimensions), are investigated. These shapes have different
angularities and result in different degrees of damage to composites. In order to
exclude size effect in this study, the reinforcement and the abrasive size were kept
the same and only their shapes were changed. The effect of reinforcement shape on
abrasive wear is studied first using three different shapes. Then, the angularity of
-abrasive particles and its effect on abrasive wear loss are investigated. Finally, strain
distributions are determined and correlated to the shapes of both the reinforcement
and the abrasive. When the effect of abrasive shapes on strain distribution is
investigated, a homogeneous material is used as the target material. In order to
obtain the strain distribution for different shapes of reinforcement, only one

reinforcement particle is embedded into the matrix.

5.2 Results and discussion

5.2.1 Effects of reinforcement shape on abrasive wear of
composite

In this section, the wear losses of composites with different shapes of
 reinforcement are studied using the MSDM technique. Three shapes of
| reinforcement are used in the two-dimensional simulation, i.e. sphere, square and
* diamond (square shape with rotation of 45°). Each composite contains only one

shape of reinforcement particle. The different shapes of reinforcement are all of the
same size (containing approximately the same number of lattice sites). The other
parameters, including properties of the matrix materials, the interfacial bonding
strength and the abrasion condition (sand flow rate, abrasive particle shape and size)

are maintained the same for all three simulations.

97

Reproduced with permission of the copyright owner. Further reproduction prohibi{ed without permission.



Number of lost sites

spherical reinforcement
Different shapes of reinforcement (abraded by diamond abrasive particles)

4814

square reinforcement

{804

=

4 B
J$ x‘-;i x ryL ¥
i it
it
i
| i
i

¢! 4144
g
T 3
B
JELeTHY
i1 tHio
riy fifscieet
iv‘i—h"
3!
i
4
] 34
53
ki %1

erd
4.
GHEi

3
*

diamond reinforcement

Figure 5-1 Effects of different reinforcement shapes on abrasive wear of composites
under identical abrasion conditions.

ok
v d

e

Pl

o

:"!'x“;
FECiTa ey

ear]

1382

iel

puwes
At

1310100

il

it

(b) Composite reinforced by square particles

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98



g A
; i :
L THEHGERL ; hudinind |
i 13331 stk o 3 3 it
3 3 piss 3 §? (LF it
: ) R o 51t |
1] 3 1 il 3¢ i3 g? T, i3
ot S LS R R
izt } 2, Igfti Heii i
Y t i3 ] it 1
18741 i; it "gh
s ! 4 Hi 3
i 1 1 3 L} 1844
it ; it S S :
il 3 { 1
’ g3t W L
i i i il

(c) Composite reinforced by diamond particles

Figure 5-2 The morphologies of three composites with different shapes of reinforcements abraded
by diamond abrasive particles.

Figure 5-1 illustrates the effect of different reinforcement shapes on abrasive
wear of composites under identical abrasion conditions. Figure 5-2 presents
morphologies of the composites after being abraded by abrasive particles. From
Figure 5-1 one can see that the composite with spherical reinforcing particles shows
the lowest wear loss while the material with the diamond reinforcing particles has
the highest wear loss. Although the square reinforcement has the same angularity as
the diamond reinforcement, the simulation results indicate that the orientation of the
reinforcement results in different degrees of wear damage to the composites. In the
paper of C. R. Chen et al. [120], it was stated that the composite reinforced by
angular particles tended to fail more through particle fracture, while the spherical
particles tended to fail through void nucleation, growth and coalescence in the
matrix region near the particles [126]. Figure 5-2 (b) and (c) illustrate the fracture of
the reinforcement particle while in Figure 5-2 (a) the cracks around the round
particles can be seen. Many researchers agreed that spherical reinforcement could
result in lower strain in the matrix [114, 119-121] and this helped to develop better
resistance to external load. With regard to the orientation of the reinforcement in the
present study, it is believed that the diamond shape of reinforcement leads to larger
strain concentration in the surrounding matrix and thus facilitates the abrasive

particles to dig into the matrix. As shown [114], during tensile testing, intense plastic
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deformation occurred along a direction of about 45° to the loading axis. The
orientation of the diamond reinforcement particle makes it easier for abrasives to
interact with the softer matrix in the direction of 45°, resulting in high strain in the
matrix. After reaching the fracture strain of the matrix, it is fractured and torn away
as shown in Figure 5-2(c). This matrix debris, however, could also remove the

reinforcement leading to severe damage and high wear loss to the composite.

5.2.2 Effects of abrasive particle shape on abrasive wear of
composites

In this section, wear losses of composites abraded by abrasive particles of
“different shapes are studied using the MSDM technique. Three shapes are used in
* the 2D simulation, i.e. sphere, square and diamond (square shape with rotation of
45°), In order to exclude the size effect, the abrasives of different shapes have the
same size (containing approximately the same number of lattice sites). Again, other
parameters, including the properties of the matrix materials, the properties of the
reinforcement (only one shape of the reinforcement particle is used in all three
simulations), the interfacial bonding strength and the sand flow rate are kept the
same.

Figure 5-3 illustrates that when abrasive particles of three different shapes
abrade the composites reinforced by the same amount of identical square
reinforcement, the diamond particle, which is the most angular, results in the highest
wear loss; the spherical and square particles abrade the material at similar levels.
Figure 5-4 illustrates morphologies of composite abraded by abrasive particles of
different shapes. One can see that the diamond abrasives (Figure 5-4 (c)) can easily

| ~access and damage the metal material, generate cracks in the matrix and fracture the
reinforcing phase. Compared with the diamond abrasive particles, the spherical
particles show lower abrasivity. No large cracks are observed in the matrix; however,
direct interaction between the abrasive and the reinforcement results in fracture of

the reinforcement. This is understandable since in the simulation the abrasive
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() Abraded by a diamond particle
Figure 5-4 Morphologies of three composites abraded by particles of different shapes.

After analyzing the morphologies of the composites after abrasion, it can be.
seen that the sharp abrasive particles can result in more damage to the matrix than
the round abrasives. The degree of damage to the material also depends on the

“orientation of the angular abrasive. Although it seems that the square and diamond
abrasive particle have the same size and sharpness, their abrasion abilities are
different due to different orientations with respect to the target surface. After
rotating 45°, the contact between the square abrasive sand and the target material
changes from an area contact (see Figure 5-5 (a)) to a point one (see Figure 5-5 (b))
resulting in much higher stress on the target surface. This situation was discussed in
previous work [127] where it was indicated that a very sharp and angular abrasive
particle could initiate fracture of reinforcement in a composite and facilitate further
crack extension. In conclusion, a sharp and angular abrasive particle could result in
high stresses in both matrix and reinforcement and consequently cause high wear

losses.
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Figure 5-5 The contact between a abrasive particle and the target surface changes from an area
contact to a point contact (a) an area contact (b) a point contact after the square abrasive is

rotated by 45° .

5.2.3 The combined shape effects on abrasive wear loss

In the previous two sections, we have examined the shape effect of both the
reinforcement and the abrasive particles separately. It has been demonstrated that
when abraded by diamond abrasive particles, the spherical reinforcement offers the
highest wear resistance among the three shapes. For a composite reinforced by a
square reinforcement, the shape of the most aggressive abrasive particle is diamond.
In this section, wear processes involving all the three shapes of reinforcement and
three abrasive shapes are examined, in order to evaluate the combined shape effect
of reinforcement and abrasive particles on wear.

In this simulation, three reinforcement shapes are considered. Each composite
sample contains reinforcement of only one shape and abraded by particles having the

| ‘t‘hree shapes, respectively.

Figure 5-6 shows simulated wear loss as a function of reinforcement and
abrasive particle shapes. It may be concluded that the diamond reinforcement leads
to the lowest resistance to abrasion regardless of the shape of the abrasives. It is

- followed by the square and the most resistant spherical reinforcements. The abrasive
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particles with a diamond shape always causes the greatest damage, followed by the

square and then the spherical abrasives.
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‘Figure 5-6 Effects of reinforcement shape and abrasive shape on wear.

The shape of reinforcement also has strong effect on wear loss. Theoretical
studies on metal-ceramic composites have been conducted extensively in past years.
Some have demonstrated the relationship between the reinforcement shape and the
constraint imposed by the reinforcement to the ductile matrix [114, 121]. It was
shown that the reinforcement prevented the propagation of plastic deformation in the
matrix and thus increased resistance to the external load. However, the angular
reinforcement increased the stress concentration and raised the strain level in the
matrix around the reinforcement as shown Figure 5-7 [120]. This explained why the
composite reinforced by angular particles have high wear loss. In addition, the
reason for the high damage propensity of angular particles could also be related to

the high stress concentration from a point contact, as stated in section 5.2.2.
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the stress and strain distribution around the angular particles; (b) the stress and strain
distribution around spherical particles [120].

5.2.4 Strain analysis for reinforcement and abrasive particles
having different shapes

In order to better understand the reinforcement and abrasive shape effect on
abrasive wear, strain distributions corresponding to different shapes of reinforcement ‘
and abrasive particles during sliding and indentation are investigated using MSDM.
The target materials are constrained at the bottom, left and right side. The top
surface is subject to the wearing force and can be worn away. The abrasive particles
wear the target material in a direction parallel to its top surface at an initial velocity

(¥,), which is determined by the rubber wheel speed. When the abrasives travel to

the central area of the target material, an elliptical load from the rubber wheel is
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exerted on the abrasive sand. This external force results in a vertical movement of

the abrasive particle which indents the target surface. The resultant velocity of the

abrasive particle is (/) as shown in Figure 5-8. Since the velocity of the abrasive is

influenced by the resistance from the target surface, its magnitude and the direction

is thus a function of time and interaction between the abrasive particle and the target
surface. In such a way, the wear force is transferred to the target material, and the
interaction between the abrasive and the composite can be simulated. However,
when investigating shape effects on wear, it is recognized that the loading condition
is very complicated (compression and shearing can be exerted on the surface at the
same time). In order to simplify the simulation process, only vertical force is taken
into account, and the initial horizontal velocity of the abrasive particle is kept
constant for each simulation. The strain of the system referred to is the volumetric

strain e=¢g, +¢&, =AV/V in the 2D modeling. For 3D modeling, the volumetric
strain should be expressed as e=g¢, +¢&,+&, =AV/V . Here &,¢,,&, are the

principle strain components. Detailed calculation can be found in 2.2.5.

Rubber Wheel

pressure distribution
\ A

A
—a —] Vn Vl

specimen

l

Figure 5-8 During the ASTM G 65rubber wheel test, the velocity of the sand particle has two
. components, the vertical velocity V, and the horizontal velocity V, .The total velocity V,is a
function of time and the interaction between the abrasive particle and the target surface.
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5.2.4.1 Abrasive shape and strain

In order to examine the abrasive shape effect on strain, a homogeneous target
material is used in the simulation thereby the influence from all other factors are
éxcluded. Abrasive particles with different shapes slide on the target surface from
left to right. The initial sliding velocity is determined by the rotation speed of the
rubber wheel. As mentioned earlier, the interaction between the abrasive particle and
the target surface changes the velocity of the abrasive during abrasion, but this is
corrected automatically by the computer model. Table 5-1 lists the maximum tensile
and compressive strains occurred in the homogeneous material when abraded by
different shapes of abrasive particles. Figure 5-9 illustrates strain distributions
caused by abrasive particles having three shapes after sliding.

As shown, the areas of the volumetric strain are quite different. The diamond
abrasive results in relatively narrow but deep strained area. The strain resulted from
square abrasive is more extended but the vertical zone is shallower than that of the
diamond shape. The spherical particle produces the shallowest vertical zone but
extends over the widest area. The above results can be explained by considering the
load transferred by the particles. The diamond shape can result in the highest stress
concentration. As marked on Figure 5-9, the diamond shape results in highest values
of both tensile and compressive strains on the surface. The high tensile strain
indicates that the diamond abrasive can tear the material away more easily. While
the high value of compression strain corresponds its capability to penetrate the
material. This makes the abrasive particle move in the vertical direction penetrating

deeply beneath the surface.

Table 5-1 The maximum tensile and compressive strains in a homogeneous material caused by
different shapes of abrasive particles

Shape of abrasive particles Eax > O (tensile strain) E,ax < 0 (compressive strain)
Diamond shape 1.59x10° -1.96x10"
Square shape 1.34x10" -1,76x10°!
Spherical shape 1,10x10° -1.73x10°7
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As indicated by the dark red color in Figure 5-9, high tensile strain (with value
of 1.59x107") appears intensively in wide areas when material is abraded by the
diamond abrasive, while for materials abraded by abrasives with other shapes, the
tensile strained areas are limited both in horizontal and vertical directions. The

highest tensile strain values resulted from square and spherical abrasives are
1.34 x107™" and 1.10x10™", respectively. Since most materials fail easily under
tensile stress, the value of tensile strain reasonably reflects the degree of wear
damage resulted from different abrasive shapes. As demonstrated in Section 5.2.2,
the diamond shape of abrasive resulted in highest wear loss while the square and
spherical abrasives damaged the materials at similar levels. The highest compressive

strain values resulted from diamond, square and spherical abrasive are 1.96x107",

1.76 x10™" and 1.73 x107", respectively. These values are consistent with the
discussion in 5.2.2, which indicated that for the square and spherical shape of
abrasive particulate, the pressure exerted on the surface was lower than that resulted
from diamond shape due to larger contact areas. The abrasive can travel longer in
the horizontal direction and results in a wider but shallower strained region. In
conclusion, the simulations on wear loss and strain distribution resulted from
different shapes of abrasive particles are consistent with each other.
The simulation clearly demonstrates that an angular abrasive particle will
damage the material more intensively than a less angular abrasive particle due to
~ high values both in compression and tensile strain. Compared with the results from
FEM analysis (Figure 5-10) given in [128], one may find that the compressive strain
is directly beneath the contact region while the tensile strain exists at the left side of
the figure. The result from MSDM is consistent with FEM analysis. Shown in the
color of orange, the tensile strained areas in MSDM also appear in the left side of the
material and the large compressive strain region can been observed under the surface
 of the material. However the resolution of MSDM is lower than the FEM result and

could be improved if a finer lattice grid is used.

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



= e S

Tensile strain ~—

" ~a8m ‘ e ‘ -

.. DOV

1 L 1 1 : 1 ) ! L L 1 \ ] L ]

Figure 5-10 Contours of maximum principal stress caused by a combination of elliptical
‘ distribution of tangential and normal force [128].

5.2.4.2 Reinforcement shape and strain

The MSDM approach can also correctly describe the strain state in a contact
region during an indentation process, as justified by the comparison between the

MSDM result and the FEM analysis [129].

A
LA ANTREEE \
- . :

corne IR g
NEXRIRCEXXREXRNALRS -

(@ (b)

Figure 5-11 Strain distributions from different approaches (a) from a commercial FEM package
(ANSYS); (b) from the MSDM technique in previous study[129].

Figure 5-11 (a) illustrates the strain distribution of a homogeneous material

during an indentation process obtained by the FEM approach. Figure 5-11 (b)
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demonstrates the corresponding volumetric strain distribution using MSDM. One
may see that although the resolution of MSDM is not as high as FEM simulation,

~ they have similar distributions of compressive and tensile strains. The arrows show
that the tensile strain bands exist on left and right hand sides in 45° direction while
the block arrow shows the compressive strain distribution occurs right beneath the
contact region. The strain distribution resulted from MSDM is consistent with that
from FEM.

In the simulation, the effect of the reinforcement shape on the strain
distribution in the matrix during an indentation process was investigated. Each
composite contained only one reinforcement particle. Three shapes i.e. diamond,
square and sphere were studied. A spherical abrasive was pressed onto the surface of
the composite and resulted in a strain distribution in the contact region. Table 5-2
demonstrates the maximum tensile and compressive strains in the matrix around the
reinforcements at different time steps. Figure 5-12 demonstrates the variation in
strain distribution for the composites containing three shapes of reinforcements at
different time steps during indentation processes. In order to determine the
volumetric strain using the equation of e=AV/V =¢_ +¢,, which is only suitable
for small deformation, the indentation depth was limited to a small scale. For all

" strain distributions, the compressive strain region is just under the contact region
while the tensile strain mainly exists in direction of 45° with respect to the

horizontal surface.

Table 5-2 The maximum tensile and compressive strains caused by. dissimilar shapes of
reinforcements at different time steps

Epnax > O (tensile strain) Emx <0 (compressive strain)

t=8000 | t=15000 | t=20000 | t=8000 t=15000 | t=20000
Diamond reinforcement | 1.12x107 | 2.39x107 | 3.44x107 | -1.57x10° | -1.79x10™* | -1.72x10"
Square reinforcement 8.62x107 | 2.03x107 | 2.23x10” | -1.70x107 | -1.54x10 | -1.40x10™*
Spherical reinforcement | 9.20x107 | 1.03x10™ | 1.20x10° | -1.73x107 | -1.47x10" | -1.34x10"
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(c)

Figure 5-12 Strain distributions of composites with different reinforcement particle shapes under
compression by a half-sphere abrasive particle at different simulation time steps (a) diamond
reinforcement, (b) square reinforcement, (c) sphere reinforcement.

Due to the difference in reinforcement shape, the strain values for three
reinforcement shapes are dissimilar. At time step t=8000, the tensile strain in the
matrix resulted from diamond reinforcement has the highest value, followed by the
spherical and square reinforcement. However, the compressive strain resulted from
spherical shapé shows the highest value, followed by square and diamond shape. It
demonstrates that at the beginning of the indentation prbcess, the diamond shape of
reinforcement results in the highest tensile but lowest compressive strain, while the
spherical reinforcement caused higher tensile and compressive strains than that
caused by square reinforcement.

As the simulation goes on, the reinforcement shapes influence. the strain

evolution differently. At t=15000, the tensile strain resulted from diamond
reinforcement increases significantly (from 1.12x107 to 2.39x 107). The degree of
the increase in tensile strain resulted from square shap'e (from 8.62 x10™ to
2.23x107) is almost as high as that from diamond shape; the corresponding

increase in spherical shape is the lowest (from 9.20x10™ to 1.20x107). As the
tensile strain increases, the compressive strain resulted from diamond reinforcement
increases as well, which corresponds to its strain concentration caused by angular
corners. For square and spherical shapes of reinforcements, the compressive strains

decrease. The béneﬁcial effect of spherical shape can be seen since the strain
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concentration level (both for tensile and compressive strain) is lower than that of the
square reinforcement.
At t=20000, one can see that the diamond shape results in the highest value of

tensile strain in the matrix. The square reinforcement also results in increased tensile
strain; however, the highest value of the tensile strain (2.23x107) caused by square

shape is lower than that of the diamond shape (3.44x107). One may also find that
the tensile strain occurs more likely around the corner of a sharp shape as marked b'y
oval marker. This may facilitate the strain concentration around the sharp corners

and result in crack initiation and propagation. When the spherical reinforcement is

studied, its tensile strained area has lower value (1.20x10™® compared with the
results for other two shapes). There is no sharp corner region where tensile strain can
intensely develop. The compressive strain decreases for all three reinforcement
shapes. However, it is also found that the decrease in compressive strains resulted
. from three shapes is not pronounced during investigated period. This is because the
external force is exerted on the system constantly during indentation. The strain
concentration for diamond reinforcement is the most pronounced, followed by the
square reinforcement and the spherical one results in the lowest strain concentration.
From the simulation, one may conclude that during an indentation process, the
tensile strain value in matrix increases dramatically in the case of diamond shape.
For both diamond and square shapes, high tensile strain is likely to occur around the
sharp corners, which can be responsible for cracking initiated in the vicinity of
interface. As the tensile strain develops, the compressive strain in the matrix slightly
decreases to similar levels for square and spherical shapes, while the compressive
strain of the diamond shape increases slightly. The considerable increase in tensile
and compressive strains of diamond shape probably causes high stress concentration
and results in great wear loss as it has been seen in 5.2.1.
The strain distributions resulted from different reinforcement shapes have been
investigated by many researchers [119-123] in various deformation processes. For

instance, it is demonstrated that when tensile loading is applied to the system, the
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| | Spheriéal particles will cause less stress/strain concentration in the matrix than other
shapes [120]. MSDM simulation study is consistent with the research report.

It should be noticed that the resolution of the strain distribution from MSDM is

not high when comparing with FEM simulation. If a finer lattice grid is used, higher

resolution could be obtained but longer simulation time is required.

| ‘5.3 Conclusion

In this chapter, the shape effects of the ‘reinfo‘rcement and the abrasive pérticles‘
have been studied using MSDM approach.

Simulation results show that the angular abrasive particle will result in higher
wear loss. The orientation of angular abrasive particle also leads to significant
change in stress at contact surface. Diamond reinforcement does not benefit the wear
resistance since it causes the stress concentration around the sharp corners. Sphere
reinforcement demonstrates the highest resistance to abrasive wear.

Strain distribution analysis further supports above findings. An angular
abrasive particle can abrade the material more deeply than other shapes. The sharp
abrasive introduces high compressive strain which reflects its capability to penetrate
the material. Since a sharp reinforcement results in strain concentration, especially
increasing the tensile strain in the matrix around the sharp corners, it would facilitate
the crack initiation and propagation around the sharp corners. The cracks will cause
debonding at the interface and delamination of the materials, which is responsible
for higher wear loss of the composite reinforced by diamond particles. This is

consistent with other simulation results from other methods such as FEM.
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6 Overall Conclusions and Future Work

6.1  Summary of the results in different chapters

In this research, the Micro-Scale Dynamic Model, which is based on Newton’s
Law of Motion, has been applied to study the microstructural effects on abrasive
wear of composites. Detailed background and description of the model are given in
Chapters 1 and 2.

Chapter 3 focuses on the microstructural effect on wear, including the volume
fraction of reinforcement, interfacial bond strength, reinforcing particle size, and
size of abrasive particles. It has been demonstrated that the simulation results are
consistent with experimental observation and theoretical prediction. This confirms
the efficiency and capability of computational study using MSDM technique to
predict abrasive wear. The following information on the abrasive wear of composites
is obtained from Chapter 3:

I There is an optimal volume fraction of reinforcing phase that provides the
highest abrasive wear resistance. Below the critical value, increasing the
content of reinforcement to the optimal level could increase the wear
resistance. This effect is reversed when the content of the reinforcing phase
exceeds the critical value.

2 Interfacial bond strength could significantly influence the optimal volume
fraction of reinforcement. Enhancing the cohesion between the
reinforcement and the matrix in a composite could accommodate more
reinforcing particles before reaching an optimal value thus allowing a
considerable improvement in wear resistance.

3 When the abrasive is larger than the reinforcement, the coarser the
reinforcing particles, the better the wear resistance.

4 The simulation on the size ratio of abrasive particle to the reinforcing
particle indicates the existence of a critical ratio, above which the wear rate
of the composite becomes stable. Below this critical value, increases the

size ratio accelerates the wear rate.
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In Chapter 4, the application of MSDM is extended to more complicated
situations. The combined effécts of size ratio, volume fraction and interfacial
bonding strength are investigated. The following information is obtained:

1 An optimum combination of large and small reinforcements could be more
effective in improving the wear resistance of composites than using single
size reinforcement particles.

2 When abraded by abrasive particles of different sizes, the value of this
most effective combination of large and small reinforcement varies. If the

o abrasives are larger than the coarsest reinforcement, the wear resistance

S a | improves with increases in the amount of the large size reinforcement.
However, if the abrasive is finer than the largest reinforcement (but coarser
than smallest reinforcement), the wear resistance can be substantially
improved by adding more dispersed fine reinforcement particles.

3 At different size ratios, the optimal volume fraction of reinforcement which
corresponds to the lowest wear loss changes. When the size ratio decreases,
the optimal volume fraction of reinforcement shifts to a higher level. This
means a large amount of reinforcement is required to improve the wear
resistance of composite when the abrasive sand particle is small.

4 - Strong interfacial cohesion is always desired to obtain higher wear
resistance. With high interfacial bond strength, the optimal volume fraction
of reinforcement increases. However, when the interfacial bond strength is
sufficiently low, the wear resistance of composites simply decreases when
the volume fraction of reinforcement increases and no optimal volume
fraction is observed.

In Chapter 5, the effects on abrasive wear of composite of both the shapes of
reinforcement and abrasive particle are studied. The simulation results show that the
diamond abrasive particles will result in higher wear loss than abrasive particle of
square and spherical shapes due to large stresses at contact surface. Sharp
reinforcements do not benefit the wear resistance significantly, since their sharp

corners will result in a higher strain concentration. The strain distribution analysis
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further proves the above findings. The sharp abrasive can abrade the material more
deeply than other shapes due to high compressive stress. The sharp reinforcement
results in tensile strain concentration around the sharp corners, which facilitates

crack initiation and propagation at interface and finally results in higher wear loss.

6.2  Future work

1. Effect of abrasion heat

In this model, the frictional heating generated during wear process is not taken

into account, since the temperature rise during rubber-wheel abrasion test is not

- large. However, in industrial abrasion processes, temperature rise could be large,
which may influence the mechanical properties of the material, and thus result in
higher wear loss under real abrasion condition than that under the simulation
condition. The work on frictional heating could be done, which may lead to more
accurate prediction. The frictional heating can be inéorporate in MSDM as

demonstrated in other paper [109].

- 2. Effect of multiple abrasive particle abrasion

In reality, abrasives of different shapes and sizes can interact with a target
material simultaneously. In the present simulations, abrasive particles have the same
size and shape and are sent to abrade a target material one by one. This may not
influence the Wear trend of different materials, but affect the accuracy of the
simulation, By including abrasive having different shapes and sizes, could simulate
real industrial abrasion processes with quantitative output. Simulating abrasive wear
under attack by an abrasive flow containing multi-size and multi-shape abrasives

should be taken into account in future modeling,

3. Effect of the time interval and initial length of bonds
In the present work, the time interval Az was selected in a reasoriable range

which is determined by running trial simulations at different time intervals. It is not
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' convenient to always conduct such a computer test to determine the time interval in

different situations. The time interval should be related to many factors, such as the
original length of bonds, the external loading condition, etc. In future, when such
investigations are conducted and the possible analytical relations between A¢ and

 these factors can be established, the model could be more convenient to apply.

4, Improvement of the stress/strain calculation of MSDM
As shown in Chapter 5, the strain calculation of MSDM has low resolution.

However, it does provide some useful information on the strain distribution. In

~ future, the resolution of stress/strain distribution will be improved and it would offer - -

competitive results as FEMs. As a matter of fact, the resolution can be improved by
using a smaller lattice grid. However, using smaller grids would increase the

computing time. Using super computer would be a solution to this limitation.
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