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The mechanical properties and wear behaviour of B(SiC) fibre-reinforced metal matrix
composites (MMCs) and aluminium alloy (2014) produced by metal infiltration technique
were determined. Tensile tests were performed at different conditions on both the alloy
matrix and its composite, and the tensile fracture surfaces were also examined by Scanning
Electron Microscopy (SEM). Dry wear of the composite materials sliding on hardened steel
was studied using a pin-on-disc type machine. The effect of fibre orientation on wear rate
was studied to provide wear resistance engineering data on the MMC:s. Tests were carried
out with the wear surface sliding direction set normal, parallel and anti-parallel to the fibre
axis. Experiments were performed for sliding speeds of 0.6, 1.0 and 1.6 /s for a load range
from 12 N to 60 N. A number of sensitive techniques were used to examine worn surface
and debris, i.e: Scanning Electron Microscopy (SEM), Backscattered Electron Microscopy
(BSEM) and X-ray Photoelectron Spectroscopy (XPS). Finally, the effect of fibre
orientation on the wear rate of the Borsic-reinforced plastic matrix composites (PMCs)
produced by hot pressing technique was also investigated under identical test conditions.

It was found that the composite had a markedly increased tensile strength compared
with the matrix. The wear results also showed that the composite exhibited extremely low
wear rates compared to the matrix material and the wear rate increased with increasing
sliding speed and normal load. The effect of fibre orientation was marked, the lowest wear
rates were obtained by arranging the fibre perpendicular to the sliding surface, while the
highest wear was obtained for the parallel orientation. The coefficient of friction was found
to be lowest in the parallel orientation than the others. Wear of PMCs were influenced to the
greatest extent by these test parameters although similar findings were obtained for both
composites. Based on the results of analyses using SEM, BSED and XPS, possible wear
mechanisms are suggested to explain the wear of these materials.

Key Words: Boron-reinforced metal matrix composite (MMC), plastic matrix composite
(PMC), dry wear, fibre orientation, wear mechanism, mechanical properties, metallography.
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SE micrograph of a worn surface of a PMC pin tested in the AP
orientation for a speed of 1.0 m/s under 12 N load, showing fibre
breakage and rolling-out of fibre.

Higher magnification of Figure 4.124, showing fibre debonding
and smearing of matrix over the fibre.

SE micrograph of the worn surface of the PMC pins tested

in the AP orientation for a speed of 1.6 m/s under 22 N load.
Higher magnification of the same sample of Figure 4.126, showing
fracture of fibre and tribofilm over the surface.
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CHAPTER ONE

1.0 INTRODUCTION

Materials have always been an integral part of human culture and civilization, but
today's advanced technologies require even more sophisticated materials. Tomorrow' s
and even today's technology needs new materials with extraordinary properties like high
stiffness, strength, and also wear resistance. An effective solution to today's growing
materials problems lies in the synthesis of existing materials, that is, in composites.
Metal matrix composite materials are one of the most promising recent candidates for
use in high strength and stiffness, particularly at elevated temperatures, and for wear
resistance applications.

Metal matrix composite materials (MMCs) can be basically classified into five
groups, according to the type of reinforcement : (1) a particulate based material formed
by the addition of small particles into a binder that generally derives an increase in
stiffness, (2) whisker reinforcement that realizes a greater proportion of the whisker
strength due to its higher aspect ratio, and hence a greater ability to transfer load; (3) a
short fibre-discontinuous fibre that due to broken fibre in nature, yields lower strength
and modulus; but (4) if the short fibre may be randomly or planar-random orientated, it is
possible to obtain nearly equal mechanical and physical properties in all direction in the
plane of the lamina; (5) a continuous fibre that due to fibre continuity, derives the full
properties of the high performance fibre (strength and stiffness). The last case of the
composite allows the development to the full of the potential high performance because
of fibre continuity.

There are various metal matrix composites commercially available today that
conform to the five types of composites discussed above. The mechanical properties of
these different systems vary significantly and the greatest interest has been focused on

those that incorporate the reinforcement in the form of very thin fibres such as glass,
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carbon, boron, silicon carbide and alumina. These fibres have high specific strength and
cause a considerable increase in the strength of the composite. For the MMCs,
aluminium alloys are the most common metal matrix as structural materials in their own
right and hence suggest better mechanical properties. They also provide high electrical
and thermal conductivity. Thus, recent demands for materials of high specific strength
and stiffness for use in aerospace applications have prompted the development of
MMCs.

The first metal matrix composite materials using boron fibre and aluminium alloy
were developed in the mid-1970s, with the realisation that boron fibre reinforcement can
be competitive with the glass fibre reinforced material from the standpoints of higher
mechanical properties and used in the aerospace industry. However the rapid reaction of
boron fibre with molten alloy caused severe fibre degradation and precluded its use both
for high temperature applications and fabrication. These drawbacks led to the
development of silicon carbide coated boron fibres B(SiC) which inhibits reaction
between the fibres and matrix, prevents the loss of fibre strength and hence permits the
use of high temperature, low pressure bonding. Commercial varieties of this type of
fibre are Borsic and Sicarbo. It was the development of composites reinforced with
continuous Borsic fibres that show promise as MMCs for high strength and high
temperature capability and light weight applications. In particular, turbo engine fan
blades, aircraft wing skins, spars for aircraft struts and aircraft structure have been made
besides sport goods. The consideration of metal matrix composites using Borsic fibres
for use in engineering structure has motivated the determination of the mechanical and
tribological properties of these composites produced by a melt infiltration technique.

A survey of literature indicated that there were limited data available for some
mechanical properties such as tensile and compressive strength, and creep and fatigue
behaviour of B(SiC)-reinforced aluminium composite. However, no research work had
been conducted on the wear and friction properties of B(SiC)/reinforced aluminium

matrix composite. The mechanical properties of B(SiC)/MMCs are known to depend on
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the properties of the constituent materials, of the interface between fibre and matrix, and
on the fibre volume fraction as well as production technique. Obviously, the wear and
friction properties of the B(SiC)/MMCs are also expected to depend, at least to some
extent on the same variables. The wear and friction resistance are not intrinsic material
properties, but are complex functions of a large number of external parameters ( such as
sliding speed, normal load, temperature, sliding distance, environment, etc.) and of the
physical and mechanical properties of the wearing and counterface materials, and on the
relative orientation of the unidirectional fibres with respect to the sliding directions.
Therefore, experiments were conducted to characterise the composite materials and
determine the effect of most of the above parameters on the wear and friction values of
the unreinforced and B(SiC) fibre reinforced metal and plastic composites to provide the
wear resistive engineering data of these composites. For certain requirements, the
coefficient of friction is of importance, but largely it is the mechanical load bearing
capacity and the wear life of the components that determine their acceptability in
industrial applications. Usually, wear is undesirable not only because it makes necessary
frequent inspection and replacement of parts, but it will also leads to deterioration of
accuracy (e.g.of machine parts). It can induce vibrations, fatigue and consequently
failure by rupture.

Apart from that, a detailed understanding of the micromechanisms of wear is also
necessary to set design guidelines for the manufacturing of materials with optimum
tribological properties along with mechanical properties. Therefore metallographic
investigations of the worn surfaces and subsurfaces, and debris were carried out to
delineate the operative mechanisms of wear under different experimental conditions. It is
also desirable to correlate the basic knowledge with test results and investigate the
changes in structure and composition of solid surface layers due to friction, from both
microscopic and macroscopic point of view. For the microscopic observation, it is very

important to use a proper combination of tools such as scanning electron microscopy
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(SEM) and back-scattered electron microscopy (BSE) and X-ray photoelectron
spectroscopy (XPS).

In view of the above, the objective of this current research study, therefore, was to
provide an understanding of the sliding wear behaviour of Al alloy reinforced with
B(SiC) fibre and HDPE matrix reinforced with B(SiC) fibre composites against a rotating
steel disc. The base Al alloy and HDPE polymer matrix were also subjected to similar
tests in order to observe the effect of the presence of B(SiC) fibre in the matrices on their
tribological characteristics. Nevertheless, tensile properties of the B(SiC)/MMCs were

also studied to obtain additional data and examined the fracture surface.

Basically, this research programme consisted of the following stages:

(1). To examine the microstructure of Borsic-reinforced aluminium matrix composite
produced by metal infiltration technique, and determine the mechanical properties
of the composite and examine the fracture surface of the composite.

(2). To provide wear resistant engineering data on the MMCs at varying normal
pressures and sliding speeds and determine the effect of fibre orientation on wear
and friction, including normal, parallel and anti-parallel sliding directions.

(3). To examine the worn surfaces of the composites and clarify the operative wear
mechanisms.

(4). To determine the effect of the matrix on wear by comparing B(SiC)-reinforced
plastic (HDPE) matrix composites produced by hot pressing with the MMC

materials.

The mechanical, wear and friction properties of the composites are also discussed
based on fibre orientation, volume fraction, matrix properties, and microscopic
observations of the worn surfaces, and a detailed consideration of mechanisms of wear

and the effect of sliding conditions is made.
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CHAPTER TWO

2.0 LITERATURE SURVEY

The survey given in this chapter can be divided into four general areas. First of all, metal
matrix composites (MMCs), types of MMCs, and reinforcements and matrices for
MMCs and available methods for preparation of variety of MMC materials, and
mechanics of MMCs are briefly introduced. Secondly, mechanical behaviour of metal
matrix composites using a B(SiC) fibre are reviewed. Thirdly, tribological systems are
reviewed and a general description given of friction and wear mechanisms of composites.
Finally, the friction and wear behaviour of aluminium alloys containing continuous and

particulate additions are also reviewed with a brief concluding summary.

2.1 Metal Matrix Composites (MMCs)

In general, the term of composite usually signifies that two or more different phases of
materials are combined in a certain configuration on a macroscopic scale to form a new
material that produces synergistic mechanical and physical properties over that of base
elements. One of the phases is a reinforcement, which can be a variety of ceramic
materials and can take several morphologies including whiskers, particles, short and
continuous fibres. The main function of the reinforcement in a composite is to provide an
increase in stiffness and strength of the matrix and to reduce the density of the
composites. In addition, the presence of stiff fibres or particles improves elevated
temperature properties and therefore extends the range of temperatures over which the
light alloys can be used, but the primary function of the fibres is to carry the majority of
the load. The reinforcements can be divided broadly into five categories : Continuous,

discontinuous, particulate, planar-random and whiskers. For example, the composites
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which is produced by these fibres are called continuous, particulate reinforced

composites.

The other major constituent in the composite, the matrix, serves several critical
functions beyond simply holding the reinforcements in place. For example, since many
reinforcements tend to be brittle, the matrix protects their surface against abrasion or
environmental attack both which initiate fracture. More importantly, the matrix
distributes the load borne longitudinally by the reinforcements. In order to accomplish
this transfer of loads, and also reduce the chance of failure in the matrix, adhesion to
fibres or other reinforcements must be coupled with sufficient matrix shear strength to

sustain these loads. The matrix separates the fibres, and by virtue of its relative softness

and plasticity, prevents the propagation of brittle cracks from the fibre, which could
result in catastrophic failure. Also a matrix which plastically deforms serves to deflect
cracks parallel to fibres, preventing the failure of fibres all in one plane. Thus, for a crack
to extend through ductile matrix materials, it is necessary for the fibres to pull-out of the
matrix, as they break, which absorbs a significant amount of energy. In other words, the
matrix phase serves as a barrier to crack propagation. The matrix must perform these
functions across the anticipated application temperature range, as well as resist expected
chemical and environmental stresses. For this reason, several matrix materials are
considered for a composite in many high performance applications. The second phase is
a matrix material which can be chosen depending on the type of the composites.
Composite materials, thus, may also be grouped into three categories : Metal matrix
composites (MMCs), polymer matrix composites (PMCs) and ceramic matrix
composites (CMCs).

Recently metal matrix composite studies became an important branch in materials
research area due to having several advantages for their use as structural materials. These
advantages include a combination of the following properties. (1-2)

(1). High stiffness,

(2). High strength,
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(3). High temperature capability,
(4). High toughness and impact properties,

(5). High surface durability and high wear resistance.

Obviously, all of these properties are not expected to improve simultaneously and there
is no requirement to do so in any one application, but these properties can be attained
with the proper choice of the matrix and reinforcement, production technique and
considering other factors. The choice of the reinforcement is also depend on the
following factors such as the compatibility and bonding strength between the
reinforcement and the matrix since the ultimate strength of the composite depends to a

large degree of the magnitude of this bond.

2.1.1 Matrix Metals and Reinforcements

2.1.1.1 Matrix Metals

For MMCs, metals such as aluminium, magnesium, titanium, copper and their alloys are
used as a matrix material. But the most common matrix is aluminium and its alloys
although considerable interest is also being shown in magnesium and titanium and their
alloys. The concentration of effort on aluminium stems from its unique combination of
good corrosion resistance, low density and excellent mechanical properties. Such a metal
with good ductility and strength is combined with fibres which have low ductility, high
stiffness and lower density. For the matrix, selection criteria such as density, strength
and ductility/toughness are important considerations beside that not only desired
properties but also which material is best suited for fabrication of the composites. Thus,
recently aluminium-lithium alloy has been attracting the attention of researchers due to
its good wettability characteristics.(3) However, for the reinforcement, characteristics
such as the chemistry, morphology, microstructure, mechanical and physical properties

and cost also have been considered.
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2.1.1.2 Reinforcements

The reinforcements are the principal constituent in a MMC because they share the major
portion of the load on a composite structure. Proper selection of the type, amount, and
orientation of reinforcement is very important since it influences the mechanical and
physical characteristics of a composite. As stated previously, the reinforcement for
MMCs can be continuous fibre, discontinuous fibre, whiskers, particulate and planar-
random forms. A wide range of ceramic fibres is available for incorporation in the metal
matrix composites. A summary of most important reinforcing filaments and their
properties of the some ceramic reinforcements are presented in Table 1.4 3. 116) The
table shows the multifilament family which includes carbon, silicon carbide and alumina
fibres while the monofilament family is based on boron only.

Boron fibres are produced by chemical vapour deposition of boron from boron-
trichloride gas on tungsten or carbon filament which had about 15 pm in diameter. The
resulting boron fibres are usually around 100-140 um in diameter and are particularly
useful where high compressive forces are encountered.(6) Such a thick fibres are too
stiff to weave into fabric. Therefore, these fibres are collimated and impregnated with
epoxy to form preimpregnated unidirectional tape or parallel filaments held together by
thin titanium wires. Boron fibres react with aluminium and titanium at a rapid rate, (7) at
the temperatures used for the manufacture of composites with these metals. Thus it is
important to have a diffusion barrier layer on the boron fibre, so as to permit the use of
high temperature in the manufacturing of aluminium matrix composites. Two versions of
the fibre coating are commercially available for use with boron, silicon carbide (Borsic)
and boron carbide (B,C) which prevents degradation of the boron by interaction with the
metal matrix during hot pressing. The first coating of silicon carbide which the thickness
of it was nearly 2.5 um.

The structure of the boron is either amorphous or microcrystalline. The high
strength amorphous structure can be obtained when the temperature of the tungsten wire

is kept below 1250 °C, while crystalline boron is produced at about 1400 °C.(2) This
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results in a considerably lower strength. Moreover, the fibres have a very high residual
compressive stress state on the surface, which makes the fibre insensitive to surface
damage and microscratches even more than glass fibres. In other words, these stress
forces reflects in a surface structure that has a nodular or corn-cob appearance.

Silicon carbide fibre is also produced in a CVD process similar to that used for
boron. The silicon carbide has a much larger crystal structure but has a smoother surface
than boron. These fibres are intended primarily for MMCs applications since the high
temperature properties of the SiC on carbon filaments are superior. Thus, SiC does not
react as readily with the carbon. The another advantage of the SiC fibre is its potentially
low cost. ®

Carbon or graphite fibre reinforcement is also more common. The carbon fibre
consist of two low allotropes turbostratic graphite and mesophase. Both of which have
strong covalent bonding between the carbon atoms. Graphite is made of hexagonal layer
planes of carbon atoms which are stacked on top of each other in a regular sequence and
strong covalent bonds are formed between atoms within the layers, but very weak bonds
are produced between the layer. This results in highly anistropic physical and mechanical
properties for the fibres. In turbostratic graphite fibre there is no regular stacking for the
layer planes. Carbon fibres have also the c-direction orientated normal to the fibre axis,
and the layer planes are badly stacked and folded with many defects and misalignments
so that modulus is much reduced. The actual properties of the carbon fibre depend on the
method of production and conditions.(%)

Carbon fibres are produced by carbonisation of organic precursors such as
polyacrylonitrile (PAN) or petroleum pitch and rayon, but the most common textile
precursor used is PAN which is wet spun and stretched to orientate the polymer chains,
then treated to produce the sheets of turbostratic graphite. The strength and modulus
depends on the final heat treatment temperature through its effect on the degree of
crystalline perfection and size. The PAN carbon fibres are also known as Type I, High

Modulus (HM) and Type II, High Strength (HS) in commercial grade.
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As for the case of mesophase form of allotrope, carbon fibre from pitch precursor is
produced by melt-spinning process.(10) As a result of this, the required degree of
alignment in the filament direction is achieved from the mesophase pitch molecules. But
both the PAN and Pitch-based products must be stabilized by thermosetting
(crosslinking) so that the polymers do not melt in subsequent processing steps.(® The
PAN-based carbon fibres have a thin highly orientated onion skin surface layer planes
and a core with random crystallisers.® In contrast, some mesophase pitch-based fibres
exhibits radially orientated layer structures, and this also show that radial structure
depends substantially on the precursor type and processing.

Ceramic fibres are also available for MMC materials. For example, continuous o.-
alumina fibres are being the most promising because of their greater inertness. Alumina
fibre may exists two types of allotropic forms. One of the form is a-alumina, FP grade,
which is produced by Du Pont Company, and which is composed of 99 % o alumina, in
a continuous slurry spinning process of alumina particles.(4- 11) The spun fibres is dried
at a low temperature and then fried to form dense, high temperature staple o.—alumina
with a purity in Al,O5 content.

The fibre is polycrystalline with a grain size of 0.5 um in size, and it is available as
continuous fibre with a 20 im average diameter. It has a high purity and has also rough
surface. The principal feature of these fibres is their excellent strength and modulus.
Therefore, the first application of the fibres was MMCs and CMCs. The filament is
comparable with those of boron and carbon. However, FP fibres still have the
disadvantage of being costly. Thus, ICI Mond Divison has introduced a new grade of a
other form of the alumina, known as " Saffil " RF grade which is only produced in the
form of short fibres. It consists of polycrystalline structure in which the predominant

phase is 8—alumina. (12, 13)
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TABLE 1

TYPICAL PROPERTIES OF FIBRES FOR METAL MATRIX
COMPOSITES. (4, 5, 108)

Types of Diameter Density Young's Tensile
fibres (um) (kg/m3) Modulus Strength
(GPa) (GPa)
Saffil & 3 3300 300 2.0
Alumina
FP o-Alumina 20 3900 380 1.7
Silicon 13 2500 390 2.0
Carbide
Boron 100-140 2600 390 3.4
SiC-Coated
Boron 100-200 2600 400 2.9
H.Modulus 8 1950 358 2.2
Carbon
H.Strength 6.8 1800 235 2.6
Carbon
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Saffil also contains about 3 to 4 wt % Si0Oy which serves to stablize to the 8—structure
and improves the bond with the aluminium alloy matrices besides that its main

constituents are 96-97 % AlpO3. These fibres are rather fine, with a mean diameter

around 3 pm and for the purpose of the MMCs fabrication, they are chopped, milled and
sized to give an average length of about 500 um. It has outstanding high temperature
properties due to being a ceramic material, and Saffil has also higher tensile strength

than the continuous filament of alumina.

2.1.1 Types of MMCs
MMCs encompasses a broad class of materials which may be classified into five groups
according to the type of the reinforcement. These include :
(1). Particle reinforced MMCs,
(2). Continuous reinforced MMCs,
(3). Short fibre reinforced MMCs,
(4). Planar-random orientated MMCs,
(5). Dispersion-strengthened MMCs,
They posses unique combinations of properties which are not achievable in metal alloys

and ceramic materials. Each type of the composites is described in the following section.

2.1.1.1 Particle Reinforced MMCs

In these composites, the reinforcement is incorporated in the form of particles which are
greater than about 1 um in diameter.(l) The most widely used particles are alumina and
silicon carbide which are produced for grinding media. The volume fraction of
reinforcement is limited by practical difficulties in manufacture due to an increase in
viscosity in cast composites or mixing difficulties in powder processing when the
particles are added. It is practically about 25 vol %. In general, strength increases linearly
with increasing volume fraction of particles as the distribution of particles is

homogeneous throughout the structure.
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The strength of the composites depends on the size of the particles and the
interparticle spacing, matrix properties and the strength properties also increase due to
effective interaction of particles with dislocation. In general, the strength and ductility of
a cast composite is lower than that of a composite produced by powder metallurgy.(14)
This is attributed to the difference in microstructure in which the distribution of particles
and grain size plays an important role. These composites also show isotropic properties,
although the particle reinforcements are not homogeneous in most cases. A number of
particulate reinforced composites have been in use industrially for many years, these
including cermets, used in electronics industry for the tracks of precision variable
resistors and tungsten carbide in cobalt for high speed tool tips. Apart from that, SiC
particulate-reinforced aluminium composite also showed that they had a good potential

for use as wear resistant materials.(15, 16)

2.1.1.2. Continuous Fibre Reinforced MMCs
In these composites, the continuous fibres are either in the form of mono-filaments or
multi-filament yarn or tows. They are produced by chemical or a physical vapour
deposition process which involves coating, and the reinforcements used are generally
either large diameter >100 um or smaller diameter <20 pm ) and the volume fractions
range from 10% to 70% in different orientation. Examples of the former are those based
on boron or silicon carbide whereas the multifilament family includes fibres based on
carbon, silicon carbide and alumina. Monofilaments tend to be used in unidirectional
arrays either as monotape ' prepregs ' for subsequent laying up into multiple arrays with
or without cross plies or as multilayer arrays completely or selectively reinforcing a
simple component shape. Multifilaments are available in the form of single yarns or two
or three dimensional weaves and some as wires and tapes of multifilament
preimpregnated with matrix metal.

The most common way of incorporating multifilament family reinforcement into

MMCs is by melt infiltration. Silicon carbide coated continuous boron B(SiC) was one
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of the first fibres to be produced for MMCs and was produced by Avco Corporation as
Borsic. Unidirectional composites provide the highest strength along the fibre direction

but the transverse properties are poor since the matrix and the weak matrix/fibre

interface are dominant. To overcome this problem, sheets of unidirectional composite,

called laminae, are stacked together with the fibres at pre-determined angles to each
other in successive sheets. When fully bonded, these laminated composites make the

most effective use of their intermediate strength and stiffness.

2.1.1.3.  Discontinuous ( Short Fibre) Reinforced Composites

The short or discontinuous fibres are available at 3 to 5 pim in diameter and in a range of

lengths which lies between 0.5 to 6 mm in length.) Short fibre composites can be
manufactured either by incorporation of the reinforcement material into the melt or the
production of a fibre preform which can then be infiltrated with molten aluminium, as in
squeeze casting and the liquid pressure forming process. In the melt mixing the level of
reinforcement is restricted in the liquid metal by the increase in viscosity. In the
infiltration of preforms, it is also limited as a result of the inability of randomly
orientated fibres to achieve a packing density higher than 35 vol %. Squeeze casting is

the most effective process for manufacturing discontinuous fibre composites. For

example, Saffil (17) alumina based short fibre reinforced aluminium composites were
produced by squeeze casting technique and, are being used for piston crowns. The use of
short fibres to reinforce these areas of the piston has been shown to enhance elevated and
thermal fatigue properties.

Other manufacturing process that are used for discontinuous reinforcement include
powder metallurgy and plasma cospray deposition. Both have some drawbacks. The
mechanical forces involved during powder processing result in considerable fibre

damage and the plasma co-spray deposition has a low productivity and is severely

limited by shape and size consideration.
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The basic advantage of short fibre over continuous reinforcements is being rapid, low
cost beside that the ability to mould intricate component configurations that can not be
fabricated using continuous fibre. In addition to the use of automobile engine
components, short fibre reinforced composites are used mainly for refactory insulation

purpose due to their low strength compared with others.

2.1.14 Planar-Random Reinforced MMCs

The planar-random composites are also consisted of short fibres, but the fibres are in a
random or two dimensional randomly orientated in the matrix. Such fibres are converted
to solid preforms by suspension in an aqueous medium, which includes a binder such as
sodium silicate, compacted by infiltration and pressing or centrifuging followed by
drying and firing.(18) The fibres in the preforms are usually 2D and random in
orientation, although more sophisticated aligned preforms are possible. These preforms
can be precisely located within a die cavity prior to infiltration to allow for selective
reinforcement in specific areas and so minimise the cost of the reinforcement.

A net shape fabrication route such as liquid metal infiltration is attractive,
compared with other techniques but the degree of orientation depends on the flow field,
process conditions besides that fibre length, V¢ and shapes of the mould.®) The more
random distribution of fibres gives lower values of VT in these materials and large matrix
rich areas may occur. This might be due to less efficient packing of the fibres and
limitations in the moulding process. With random orientation of fibres in these
composites, it is possible to provide more or less equal mechanical properties in all

directions.

2.1.1.5 Dispersion-Strengthened MMC's

These composites are characterized either in the form of precipitates in the matrix or

ceramics which have a 0.01-0.1 pm diameter and with a length of 50-200 um. The

volume fraction of ceramics range from 1 to 15 %. In general, whiskers are evenly
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dispersed into the matrix in a random manner by mechanical alloying or powder
processing. However, partial orientation of reinforcement can be obtained during the
secondary processing, in particular, extrusion of production technique. The whiskers
usually have very low intrinsic defects due to their small diameters. Therefore, higher
strength is achieved than with other types of discontinuous reinforcements. The
beneficial interactions of the dispersed phases with dislocations leads to an increase in
yield strength and creep resistance of the matrix.

The properties of these composites are also isotropic. Recently SiC whisker-
reinforced aluminium composite has been used widely in aerospace vehicles beside that

engine components and pistons are made of SiCw/Al composites.: 1)

2.1.2 Fabrication Techniques
Fibre-reinforced metal matrix composites can be produced in a variety of ways. These
can be broadly divided into two categories :

1. Liquid state fabrication technique,

2. Solid state fabrication technique,
The fabrication method employed to make MMCs depend on the choice of fibre, matrix
and the application of component. The main purpose of fabricating MMCs is to enhance
the properties of a conventional metal alloy matrix, obtaining enough bonding between
the reinforcement and matrix so as to transfer load from the matrix to the reinforcement.
Thus, great attention is given to achieve minimum fibre degradation by filament/matrix
reaction, reduce fibre breakage, and thus achieve maximum filament loading. Several
fabrication techniques were developed for producing MMCs. Recently, more attention

has been given to the liquid state processes, although some production difficulties exits.
2.1.2.1 Liquid State Fabrication Technique

Liquid state fabrication methods have been used effectively to produce MMCs due to the

ease and rapidity of the process. The most common methods of liquid state processing
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include liquid metal infiltration, squeeze casting, melt stirring, compo-casting and
plasma spraying. These techniques are described briefly here in the way in which they

are used currently.

Liquid Metal Infiltration

The liquid metal infiltration is one of the common liquid state fabrication route applied to
produce MMCs. The procedure for fabricating by this technique is as follows : As the
first step, a preform is made to the desired shape, orientation and fibre volume loading,
usually using a binder, which is then inserted into a casting mould of steel, then the
mould is infiltrated with molten metal and allowed to solidify. The infiltration process
can be done under atmosphere pressure, in inert gas pressure and/or in vacuum. Among
them vacuum infiltration is the best way of producing the composite because of the high
surface activity of fibres.20) However, the application of this process is limited due to
the wettability problem of reinforcement with some matrix materials. Most reinforcement
materials do not wet properly in molten metals and sometimes it is difficult to produce
composites by infiltration. Therefore, fibre surface coating may be necessary.

In the case of squeeze casting technique, the molten metal will be force-infiltrated
into the fibre bundles (preform), expelling all absorbed and trapped gases. Since the
solidification times become very short when using a pressure of about (70-100 MPa) for
squeezing the liquid metal, the composites produced are of good quality, and high and
reliable strength is attainable by carefully controlling the process parameters.(21) Hence
giving a void-free and high strength composite. It is generally applicable to produce
MMCs using all types of reinforcements. For example, Al,03/Al, C/Mg, SiCw/Al
composites were fabricated successfully by this method.(2Z-23) However, the major
limitation of the method is the size of parts that may be cast due to the high pressure

requirements.
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Melt Stirring

The simplest and cheapest fabrication route for MMCs. The required amount of
reinforcements in the form of particles, whiskers or platelets are added to the liquid
matrix alloy and then stirring applied to maintain a homogeneous dispersion of
reinforcement. The melt is then cast into the die. Due to difficulties in injection of
particles into the melt, more sophisticated techniques have been developed recently.(24)
These involved mechanical introduction of particles in the melt just before casting.
However, the castings generally suffer from high porosity due to air entrapment and gas

absorption in the process.

Compocasting Process

The compocasting or rheocasting process, is similar to the melt stirring route, but instead
of stirring the particulate into a fully liquid melt it is stirred into one in which the melt is
cooled to a semi-solid or slurry state, when whiskers, particles or chopped fibres are
added. Stirring makes the solid particles round so that the semi-solid alloy is not rigid, but
thixotropic and prevents ceramic based reinforcements from settling, floating or
agglomerating (25) and the solid particles make the slurry viscous and stirring disperses
the fibres or particles in the alloy. The particles may interact with liquid metal to form
interface bonding with increasing stirring time. However, too long a mixing time can
cause some problems such as intermetallic compound formation, a thick interface layer,

or degradation of the reinforcement.

Co-Spray Deposition

This process consists of atomising molten metal and particles and collecting the semi-
solid droplets with reinforcement on a substrate. Depending on the form of the substrate
collector system, a variety of shapes including sheet, tube can be produced by this
process. For example, plasma spraying has been used with aluminium/boron fibre

composites 26) and aluminium/SiC particulate composite.(’® The advantage of this
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technique is the short contact time between the reinforcement and molten metal droplets.

However, a secondary processing step is required to achieve full density.

2.1.2.2 Solid State Fabrication Techniques
There are several fabrication techniques available to produce MMCs by using solid state
materials, but among them powder metallurgy, diffusion bonding and hot pressing

methods are used widely.

Powder Metallurgy

The technique of powder metallurgy involves the compacting of solid materials in the
form of powders. The powder process has been used for ceramic as well as metallic
materials. In this process, powders of ceramic and matrix materials are blended, then fed
into a mould of desired shape. Pressure is then applied to further compact the powder
(Cold Pressing), but in order to facilitate the bonding between the powder particles, the
compact is then heated to a temperature that is below the melting point (Sintering) and
the consolidated product is then used as a MMCs.

This process may be more economical than many other methods since no melting,
casting is involved at lower temperature.(?8) This resulted in less interaction between the
matrix and fibre, hence, leading to improved mechanical properties. However, it has also
some drawbacks, the blending step is a time consuming, expensive. The use of powders
also requires a high level of cleanness, otherwise inclusions will be caused of a

deleterious effect on fracture toughness and fatigue life.(?9)

Diffusion Bonding

The diffusion bonding process is also one of the practical solid state fabrication
technique, normally used to produce MMCs in the form of sheets or foils. The technique
is simply to place foil and mono-filament fibres together layer by layer in predetermined
orientation and desired content of reinforcements. The lay-up is encased in a metal can

which is sealed and evacuated. The whole assembly is then heated well below the
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vmelting temperature and pressed. For this process, oxide-free and clean surfaces are very
important for foil and fibre, so as to allow diffusion, since the strength of the composite
depends on the effectiveness of interdiffusion between fibre and matrix. In order to
achieve this, fibre surfaces can be coated by plasma spraying, ion plating etc.

With this process, fibre degradation is not such a problem as in liquid casting
because of lower temperatures used. Diffusion bonding under vacuum was found to be
more effective than under gas or air.(30) Boron, silicon carbide and stainless steel have
been used with matrices such as aluminium, titanium and their alloys. However, the
limitation of the process is the size of the component and the net shape, and it is also the
most expensive of the fabrication route.

Hot pressing and hot isostatic pressing are also commonly utilised to produce fully
dense MMCs in a similar route. In current research work, B(SiC) fibre-reinforced plastic
matrix composite has also been produced by a hot pressing technique and the resulting
composites show good filament to matrix bonding, density and good distribution of
fibres in the matrix. The detail description of the method is given in a later section 3. 2.

As discussed above, different fabrication techniques have been used for producing
MMC materials by incorporation of various ceramic reinforcements into metal or alloy
matrices. For instance, by reinforcing aluminium with B(SiC) fibres, it has been possible
to develop composites whose mechanical properties compare favourably with those of
the unreinforced matrix, yet exhibits exceptional wear behaviour. (See Table 4 and

Appendix 1, 2).

2.1.3 Mechanics of Fibre-Reinforced MMCs

In fibre-reinforced MMCs, the high modulus fibres carry almost all of the load while the
matrix serves to transfer the load to fibres and is useful in protecting the fibres from
damage. It would thus be preferable to have good bonding between the fibre and matrix
which is usually the case with the MMCs. In order to describe the principles of fibre

reinforced composites, it is simpler to consider a composite containing unidirectional
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orientated fibres lying parallel to the stress axis. Under uniaxial tensile loading, the
stress/strain curve consists of four stages as shown in Figure 2.1. In the initial stage, both
matrix and fibres undergo the same elastic deformation if there is no slipping at the
interface. The elastic modulus of the composite material can be determined by the rule of

mixtures.GD

Ec =Ef Vi+Em Vm 2.1)

where Vg, Vi, are the volume fractions of the fibre and matrix while Ef, gy, are the

Young's modulus of the fibre and matrix respectively. If the composite is loaded so that
the yield stress of the matrix is exceeded, then E,, is no longer the relevant term in the
above expression. This is stage 2, where the matrix deforms plastically and the fibre is
still elastic. In this case, the elastic modulus is given by :

do
Ec=EfV ——m A\
c f Vf +(d8m )Ef m (2.2)

d om
Where ( P

) & is the slope of the matrix stress/strain curve under these conditions at
m

a given value of the fibre strain. In this stage, the fibres return to the original length when
the composite is unloaded, but the matrix is elastically deformed in compression. On
further straining of a composite with ductile fibres, the fibres themselves deform
plastically in stage 3. However, since most high modulus, high strength fibres are brittle,
they fracture on commencing stage 3, effectively by-passing it. In this final stage of
deformation, the fibres fracture and the composite as a whole then fractures rapidly.

The ultimate tensile strength (G,) of the composite loaded in the uniaxial direction
1s given by :

Cc=0CfVi+ OmVm (23)

Where G, Oy are the tensile strength of the composite and fibre respectively and Gy, is

the tensile stress in the matrix when the fibres are strained to their tensile strength. Since
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Figure 2.1. Stress/strain behaviour of fibre-reinforced metal matrix composites.
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very strong fibres will have little ductility, the strain at which Gy, is evaluated is low and
O’ << Of.

A critical fibre volume fraction (Vcri) has to be exceeded for fibre strengthening to

occur :

Ou-0C
Vcritz‘&“}f‘l‘mm (2.4)

Where O, is the strength of the strain hardened matrix. It is assumed that this critical
fibre volume fraction has been exceeded for the metal matrix composites under
investigation. So far all of the equations quoted in this section apply to continuous fibres.
The condition becomes more complex in the case of discontinuous fibres, since the fibres
in a composite are loaded through interfacial shear stress, the end portions of
discontinuous fibres are under lower tensile stress than the central portion. But the higher
shear stresses at the ends of the fibre mean that a metal matrix will flow plastically
above some critical value. To utilise fully the high strength of the fibres, it is thus
necessary that the plastic zone in the matrix does not extend from the fibre ends to its
midlength before the strain in the fibre reaches its failure strain.

A critical fibre length (L) can be derived for a given fibre diameter (d) below

which the fibre is not fully loaded by the interfacial shear stresses and reinforcement is
inefficient

L Or. d

T2 % 2:5)

Where 7T ; is the shear yield stress of the matrix. The longer the fibre (L), the more the
stress/strain behaviour approximates to that of continuous fibre composites. For

discontinuous composite materials of length, the tensile strength is given by :

cc=ofvf(1&(1-[3)%)+ Om Vm (2.6)
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Where [ is a constant which is equal to 0.5. It can be seen that the reinforcement
provided with discontinuous fibres is less than that obtained with continuous fibres. The
difference is neglible if L.c/L is small.

A unidirectional fibre orientation in a matrix gives highly anistropic behaviour. If
the parallel fibres are orientated at an angle to the load axis then a rapid reduction in
strength results as the angle increases. The failure mode changes with increased loading
angle, from flow parallel to the fibres to failure (O.) by shear in the matrix or at the fibre
matrix interface (T ), to failure of the composite in normal direction to the fibres (Gy).
The effect of these three failure modes can be seen in Figure 2.2. The transverse strength
(G of a fibre reinforced composite is dependent upon the properties of interface matrix
and the fibre volume fraction. The reduction in strength is usually compensated for in
practice by using a laminated sheets in which the fibres have a different orientation in
each layer under these conditions. The minimum strength of a laminated composite in
any direction should exceed one third of the unidirectional strength.

As far as the random fibre orientated composites are concerned, the same principles
are relevant as those applied to unidirectional composites. A modified form of the rule of
mixtures law has been used to express the strength properties of planar-random fibre

orientated composites. (32)

Oc=0 OfVf + OmVm 2.7

Where o, is a coefficient which takes into account of changes in fibre orientation, fibre
matrix bonding etc.

The ultimate tensile strength in B(SiC) fibre-reinforced aluminium composites show
improvements or a decrease from fibre reinforcement, depending on the matrix alloy,
orientation of fibre used. Fibre matrix interface strength and matrix ductility also seem to

be major factors in dictating ultimate tensile strength. (33)
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2.2 Mechanical Behaviour of Metal Matrix Composite
Using B(SiC) fibre

Some research and development has been carried out on metal matrix composite using

Borsic fibre, especially with respect to their mechanical behaviour.

The following is merely a brief overview of the work reported in the literature.

Herokovich et al 39 investigated the mechanical behaviour of Borsic/Al matrix
composites including tensile and compressive testing. The composite laminates ( up to
% 49) were made from 160 pum diameter silicon carbide coated boron fibres with 6061
aluminium matrix. Monolayer tapes were made using a plasma spraying process and
consolidated into laminates by diffusion bonding technique.The composites were tested
in tension and compression for monotonically increasing load and also for variable
loading cycles. The result showed that significant strain hardening and corresponding
increases in yield strength were obtained. For matrix dominated laminates, the yield
stress was identical to previous maximum stress, unloading was found linear with large
permanent strains after unloading. However, for the fibre reinforced laminates, the yield
stress increased with increase in previous maximum stress. But the increase in yield
stress could not keep pace with the previous max. stress and the fibre dominated
laminates indicated that smaller nonlinear strains was reversed nonlinear behaviour
during unloading. It was also found that the sandwich beam specimens exhibited higher
values for modulus, yield stress and strength than the flat coupons used for the
compressive test.

Lynch et al 37) studied the tensile properties of unidirectional B/Al and B/Ti
composites, tested parallel and perpendicular to the direction of reinforcement. For 50
vol % B/Al composites, ultimate tensile strength was about 1138 MPa while ultimate
strength for 90° was around 103 MPa. In the case of B/Ti composites, ultimate tensile
strength of about 1069 MPa and 307 MPa for 0° and 90° respectively was measured.
Similar work was carried out by the others (3. 39) but fibre contents were about from 10

to 70% in their work. They reported that the values of the tensile strength and modulus
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were in a good agreement with rule of mixture predictions. The explanation for low
transverse strength of the boron was reported due to the transverse strength of the boron
filament. If filaments split in transverse tensile tests of the composites at these same low
stress levels, the load carrying cross section was sharply reduced and severe stress
concentrations were introduced.

Examination of transverse tensile fracture surface showed the degrading influence
of filament splitting. For well bonded composites with strong matrices, examination of
fracture surface showed that nearly all of the filaments were longitudinally split. For a
weak matrix interface transverse failure was controlled by the matrix strength and failure
took place predominantly through the matrix. Improvement of the transverse properties
of the B/Al composite could be accomplished by development of improved filaments by
third phase addition or by heat treatment of the matrix. For example, the transverse
strength of the annealed specimen was found to be independent of boron content and had
strengths of approximately 80% of that of annealed 6061 Al matrix. The transverse
strength was also found to be a fairly sensitive function of boron content if the filament
splitting controlled the composite failure. Similarly Kreider et al 49 also employed heat
treating of Borsic/2024 Al composites to increase matrix strength while producing a
residual compressive strengths on the fibre to inhibit splitting. They substantially
increased the observed strengths. Hot pressing conditions were varied and their effect on
Borsic composites with 6061, 5052 Al determined. The transverse modulus increased at
pressures of 14 MPa to 69 MPa and at temperature from 420°C to 565°C for both
composites. The maximum increases from one to three times the low values and the
curves tended to flatten under the more rigourous conditions. The transverse strengths
were found to be less sensitive to hot pressing conditions and for 2024 Al a temperature
of 490 °C was found to degrade the strength with increasing pressure.

Jones et al 41) also carried out longitudinal tension tests on a of Boron/Al matrix

composite produced by diffusion bonding process, and examined the fracture surface of
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the composite. The same matrix alloy (6061) was reinforced with 25 and 50 vol%
unidirectional and cross-ply fibre respectively. It was observed that severe debonding of

diffusion bond planes was observed at the fracture surface in both unidirectionally and
cross-ply reinforced materials. However, in cross-ply composite, incomplete bonding
was observed on a large scale between fibres and matrix and there were also voids,
cracks and gaps between fibres and matrix. They showed that composite failure strain
was found to be in the range of 0.3 to 0.6 percent. A striking difference between 0° and
the 900 test properties of these composite was also reported. The ultimate compressive
strength of composites was also found to equal their ultimate tensile strength.

Unidirectionally reinforced 50 vol% Borsic/Al composites parallel and
perpendicular to the filament were tested in compression (42) and resulted in a
compressive strength of 2048 MPa with failure occuring as a result of the brooming of
one end of the specimen. In comparison, a similar sized specimen tested at 90° to the
filaments, resulted in an ultimate compressive strength of 255 MPa. Failure of this
specimen was caused by a matrix shear failure at roughly 459 to the load axis. A similar
specimen was tested at 3159C, resulted in a 66 MPa ultimate compressive strength with
the same type of the matrix shear failure. They also showed that the compressive
strength of B/AIl composites increased with increasing boron content. Moreover, the
variation of compressive strength with filament-load angle was conducted for 25% and
50% B/Al composites. They reported that the 0° compressive strength was very much
more sensitive to boron content than the 900 strength, the transverse compressive
strength, being determined primarily by the shear strength of the matrix.

Shaefer et al 39 also investigated the variation of transverse strength and elastic
modulus with test temperature of 25, 37 and 50% B/Al composites. The results showed
that the temperature dependence of the transverse strength of these composites was
independent of the reinforcement content. The transverse strength decreased with
increases in filament content at all temperatures. In addition, the variation of elastic

modulus with test temperature and boron content exhibited that the longitudinal modulus
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increased with increasing boron content. The maximum at 300°C was most likely
associated with relaxation of residual stresses both in the matrix and filament. This
maximum value was not consistent with the other investigators. 31 In contrast, they
found a continuous drop in longitudinal modulus with increasing test temperature. At
315 ©C, the room temperature modulus had been reduced 20 to 30% while the transverse
modulus was found to be less sensitive to boron content, decreasing with increasing test
temperature.

The effect of the test temperature on the tensile strength of unidirectional B/Al
composites was also studied 8. 39 43) and compared with 6061 Al alloy matrix. The
composite tensile strength was found to be exceptionally good up to about 315°C and
decreased sharply thereafter, and at 315°C the composite tensile strengths were still 10 to
30 times higher than that of the Al matrix. Furthermore, the variation of ultimate tensile
strength of cross-ply and angle-ply B/Al composite was also conducted and compared
with the unidirectional composite. They reported that 0° to 90° cross-ply composites had
the same temperature dependence as the unidirectional composites, while the 30° angle-
ply composites reflected to decreasing matrix strengths above 1490C because composites
were tested parallel to one half of their filaments. In comparison, extensive load transfer
through the matrix was required for 30° angle-ply composites which was reflected in
their stronger temperature dependence. Apart from that, the temperature dependence of
boron fibre strength was reported by other researchers, 42) but the strength reductions of
20 to 40% were found from room temperature to 400°C for filament, with a room
temperature tensile strength of approximately 3448 MPa. The observed composite
strengths at 400°C were less than rule of mixtures predictions even if a 40% filament
strength reduction was assumed. The synergistic influences of residual stress and matrix
constraint were less pronounced at the higher temperature than at the room temperature.

Meyn et al ¢4 studied the effect of temperature and strain rate on the tensile
properties of B/Al matrix composites produced by a hot pressing method (45 Wt %).

Three approximate strain rates were chosen : 8x10-3 s -1, 0.065s-1 and 0.4s -1
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corresponding to test durations 60, 0.1 s, and 0.02 s respectively. The B/Al composite
was tested at temperatures up to 260°C. The study showed that the longitudinal
properties of the aluminium-based composite were not very sensitive to strain rate. The
longitudinal strength of B/Al composite remained high from room temperature to 260°C
at low strain and up to 372°C at the high strain. Transverse strength reduced rapidly with
temperature and was not affected by high strain rates at low temperatures in particular
and was not increased considerably at high temperature in aluminium composites. They
also reported that the elastic modulus of B/Al composite at high strain rate was 30 %
higher than at low strain rate at all temperatures. In their work, they also used 46 %
silicon carbide-coated boron with aluminium alloy (6061).

The effect of test temperature on a B/Al matrix composite (20 Wt %) produced by
powder technique was also studied by Akechi et al. “3) They found that a sound fibre
interface without a heavy reaction was formed. Consequently, high mechanical strength
was obtained for these composites. However this process was found to be inferior to that
made by plasma spraying or diffusion bonding.

Toth et al (49 investigated the tensile and fatigue strengths of Borsic-reinforced
Aluminium and Titanium matrix composites fabricated by a vacuum diffusion bonding
technique. They reported that Al matrix composites tested parallel to the fibre directions
were slightly stronger than Ti matrix composites up to a temperature of about 314°C. A
Ti matrix composite reinforced with Borsic showed significantly better off-axis strength
even at room temperature and a five-fold advantage in transverse strength was obtained
over a Boron/Al matrix composite at a test temperature of 260°C. The results clearly
showed that 0 degree strengths of Boron/Al and Borsic/Al was slightly affected by the
temperature, but transverse strengths were much more affected by the temperature. It
was reported that the transverse strength of a Borsic/Ti composite at 4270C was ten
times better than that of Borsic/Al at 3020C. In addition, the high-cycle fatigue strength

in the 0 degree orientation for the Al composite was significantly higher than that of a
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comparable Ti matrix composite. On the other hand, the low cycle fatigue strength of the

Ti composite was superior to that of a comparable Al matrix composite.

The creep resistance of unidirectionally reinforced composites loaded parallel to the
filament was found to be outstanding primarily because of the creep resistance of the
filament. For example, the creep of B/Al composites was studied by Antony et al ¥3) and
found to be relatively insensitive to test temperature unlike homogeneous alloy. For 22
vol% B/Al composites tested from 93°C to 315°C under constant stress of 345 MPa.
There was about a tenfold increase in the unidirectional creep rate and a tenfold increase
in creep strain. Creep behaviour of 25 vol% B/Al composites also tested at 204°C under
varying initial stresses (3% 47) and initial stress level on the unidirectional composites
tested parallel to the filaments was found to be much larger than that the initial stress for
the orientations. However, at filament-load angles, the creep resistance of the composites
became dependent upon the creep properties of the matrix as evidenced by increasing
creep strains and minimum creep rate was as the filament-load angle increased. They
also observed that minimum creep rate for the 45° cross-ply composites was lower than
the minimum creep rate for the 45° unidirectional composites in the case of 45%cross-ply.
The examination of the fracture surface for the 459 unidirectional specimen also showed
that failure occurred by a matrix shear controlled process parallel to the filaments. In
comparison, for the 459 cross-ply composites, extensive shear in the matrix parallel to
one set of filaments was impeded by the second set resulting in a lower minimum creep
rate. The effect of stress on the min creep rate of 25 vol% B/Al composites, at 204 °C
and 315°C for several orientations and showed the stronger dependence for the +45°
cross-ply and -45° unidirectional composites compared with the 00 unidirectional
composites. This reflected the requirement for extensive load transferred through the
matrix and consequently, a greater sensitivity to matrix properties in the +45° and -45°
composites.

The stress rupture properties of fibre reinforced composites had been found to be

excellent, especially when loaded parallel to the filaments. Breinan et al 48) studied the
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stress rupture behaviour of 50 vol% Borsic/Al composites at 300°C and 500°C and
compared with the stress rupture behaviour of titanium 6Al-4V at 500°C. The result
indicated that the improved performance of the composites became particularly
significant for temperature greater than 400°C while the strength of the Ti matrix
dropped sharply. Moreover, a comparison of the stress rupture behaviour of 50 vol%
Borsic and boron reinforced Al composites at 400°C showed that a substantially lower
stress dependence of the rupture time was found for the Borsic filament due to the
chemical stability. It was also reported that the rupture stress decreased as the filament
load increased.

Hoover et al 9 studied the effect of crack length and bond strength on the
delamination process in Borsic/Al composites. The unidirectional composites were
produced by diffusion bonding monolayer tapes of plasma-sprayed 1100 aluminium
alloy and 140 um diameter Borsic fibres. The normal volume fraction of Borsic was
0.36. Different diffusion conditions were used to vary the fibre matrix bond strength and
transverse tensile strength of the composites. The composite plates were machined into
single edge notch (SEN) test pieces. The crack length-to-width ratio was kept constant
for specimens used in bond strength studies. To determine the effect of crack length, the
ratios of crack length-to-width ranged from 0.20 to 0.50. The study showed that the net
section stress at delamination was observed to decrease with increasing crack length in
composites with weak fibre-matrix bonds. Variations in crack length, however, did not
considerable alter the basic fracture mechanism in which the delamination process led to
notch insensitivity. They found that the increase in fibre-matrix bond strength also
resulted in a marked increase in the net sections at the delamination, but did not change
the general delamination process while for cross-plied composites the transverse strength
was raised and delamination was suppressed. This caused a notch-sensitive fracture
behaviour and a substantial decrease was obtained in the fracture toughness. Poisson's
ratio as a function of tensile strain was examined by the same authors 9 for four volume

fraction ( up to 54 %) of unidirectional Borsic/Al composites. The result showed that a
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linear relationship was found between poisson's ratio and fibre volume fraction for
elastic fibre-elastic-matrix stage and elastic fibre plastic matrix stage deformation. These
results also confirmed that a rule of mixture calculation can be used to predict elastic and
plastic composite poisson's ratios. They also reported that a considerable increase in the
poison's ratios of the matrix upon yielding caused a sudden rise in the slope of the
composite poisson's ratios versus longitudinal strain curve. This abrupt increase could be
used as an accurate method of determining matrix yield in fibre-reinforced composites.

Prewo et al O1) investigated the interface strength of Borsic/Al composites
produced by plasma spraying technique (50%) and fracture surfaces were examined by
SEM, while the internal composite structure was determined by TEM. It was shown that
for fully consolidated composites, well bonded specimens did not exhibit fibre-matrix
interface failure as a primary fracture mode, but this mode of failure was predominant
only when the composite bonding conditions were lowered from their optimum values.
As a result of this, no loss of strength occurred for the composite. In contrast, uncoated
boron fibres would have undergone considerable loss of strength under the same
fabrication conditions. Examination of the interface by TEM revealed that the boron
fibre was amorphous at the magnification used, while the silicon carbide which was
deposited as a barrier layer was not .

The impact behaviour of Borsic/Al composites containing of 50 Wt % fibre was
also investigated to determine the effect of three types of orientation. “® The study
showed that the LT type of notch configuration gave the highest impact energy and
demonstrated an increase in energy absorption capacity with increasing boron content.
This was explained to be due to deflection of cracks parallel to the filaments along the
filament matrix interface, hence, increasing the composite energy absorption capacity.
But the other two configurations indicated a much lower energy absorption, and

appeared to be insensitive to boron content.

Fatigue behaviour of unidirectional and angle-ply 25 vol% B/6061 Al composites

was investigated by Toth and et al. 47) The ratio of minimum to maximum stress in these
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~ tests was 0.2 in their work. The fatigue strength at 10 7 cycles was approximately 80% of

the tensile strength in all cases. The fatigue strength of T-O 6061 Al tested under similar
condition was about 110 MPa at 10 7 cycles. The ratio of fatigue strength to tensile
strength for the 6061 Al matrix was about 0.73. This suggested that composite fatigue
failure may be controlled by the matrix.

Combined stress (tension-bending) fatigue tests were also performed on 22 vol%
boron composites contained in a matrix which was 55% 1100 and 45% 2024 Al. 2 The
ratio of the alternating stress to mean axial tensile stress was maintained at 0.95. The
fatigue strength at 10 7 cycles both at room temperatures and at 260°C was found to be
approximately 317 MPa. The ratio of the fatigue strength at 10 7 cycles to ultimate
tensile strength was found to be about 0.50 at both temperatures. In comparison, for 00
reverse bending flexure fatigue of 42 vol% B/2024 Al composites the fatigue strength
was found to be temperature insensitive up to 1210C (738 MPa), while at 260°C the
fatigue strength was found to be reduced 42%. ©3) Reversed bending failure fatigue at
260°C seemed to be matrix controlled.

Axial-tension-tension fatigue tests were carried out on B/6061 Al composites with
similar boron contents, but different 0° ultimate tensile strengths using a ratio of
alternating stress to mean stress of 0.8. 04 The fatigue strengths for these composites
were found to be 621 MPa and 586 MPa respectively. Despite a substantial difference in
tensile strength, the fatigue strengths were very similar. This suggested that the
difference most likely were the different failure mechanisms in tension and fatigue. The
fatigue strength for 450 angle-plied composites tested at 459 to the composite axis of
symmetry was about 57% of the 0° unidirectional fatigue strength.(1. 41) However, in the
case of the 450 angle-plied composites tested parallel to the axis of symmetry, a
relatively poor fatigue was obtained to equal to the matrix fatigue strength. The 90°
fatigue strength for 25 and 50 vol% B/Al composites with a ratio of 0.1 were found to be
poor and showed 56 MPa and 28 MPa respectively. The reason of these low 90° fatigue

strengths was explained to relate to pre-existing or stress-induced defects.
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Baker et al ) also studied the reversed bending fatigue strength of B/Al composites
which was produced by a hot pressing technique. The superior fatigue resistance of the
boron composite appeared partly from the use of the 6061 alloy matrix, but mainly from
the manufacture of the composite. They reported that some evidence was found for
induced fibre failure in the composites under high stress/low cycle conditions, but matrix
fatigue was the primary type of fatigue damage sustained by the composites.
Mechanisms of fatigue damage on the same composites has been also investigated by

Johnson and Gounda et al 6. 57) recently.

From the literature review conducted above, the presence of continuous boron or
Borsic fibre has been shown to give good the mechanical properties in these composites.
However this is also concerned with characterizing and understanding the friction and
wear properties of composites in order to develop a good bearing material. For certain
applications the friction coefficient is of highest importance, but largely it is the
mechanical loading carrying capacity and the wear rates of the materials that determine
their acceptability in an industrial application. The kind of wear loading can be very
different in different applications, and thus the structure of the composite materials used
for various applications must also be different in order to fulfil the particular
requirements. This may be because wear is not a simple material property, but depends
strongly on the system in which surface functions. Because of this a tribological

approach towards to friction and wear has been introduced in the following section.

2.3 Tribological Systems

A tribological system is defined as an entity whose functional behaviour is connected
with interacting surfaces in relative motion.®® The behaviour of the interacting materials
can be characterised by its friction and wear performance. Friction and wear are
interrelated in an intricate manner. By no means can friction and wear be considered as
intrinsic material properties nor can they be solely a function of other material properties

or parameters, but they must also take into consideration parameters of the system in
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~ which they function. Thus a systems approach towards the friction and wear behaviour

of tribological system is needed to create a logical framework in which present

tribological knowledge can be organized.

The tribological system can be simply presented as in Figure 2. 3. Four basic

aspects are considered, namely ;

(1). Technical function,
(2). Operating variables,
(3). Structure of the tribological system,

(4). Tribological characteristics.

The technical function of a tribological system is to convert given inputs, such as motion
or materials, into output for technical usage. These can be generalized such as
transmission of motion and work, generation of information, transformation and forming

of materials.

The basic operating variables are the following quantities :

(1) Load, (2) Sliding speed, (3) Temperature, (4) Operating duration, (5) Sliding

distance, (6) Type of the motion, and (7) Atmosphere etc.

The structure of the tribological system can be discussed in terms of the system's
elements and their properties. The system can be simplified into four main elements as
illustrated above, namely, two tribo-elements (tribo-element and counterpart) the
interfacial medium and the surrounding element or environment. Many properties of the
system elements influence the behaviour a material operating in a tribological system.

The pertinent properties of the tribo-element are basically inclusive of microstructural
factors, geometrical factors and material properties. Microstructurally, the fibre volume
fraction, the fibre/matrix bond and the geometry of the fibre are important. Geometrically,
the size and shape of the tribo-element are considered, while hardness, elastic modulus,

strength and fracture energy are very important material properties. The properties of the
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environment which may have direct effect on the performance of the tribological system
are the chemical composition, temperature, pressure and relative humidity. The interfacial
layer is concerned when lubricant properties come into play.®? It is the important to note
that the element properties are all interrelated to each other.

Finally, as shown in Figure 2.3, the material components and substances directly
participate into the friction and wear processes. These components are part of the structure
of the tribological system. In addition to the structural elements, the operating variables
have to be identified. ( See in the upper part of Fig. 2.3). Through the action of operating
variables on the structural elements of the system, tribological interactions occur which
may lead to tribo-induced changes of properties of the system components as well as to
friction induced energy loses and wear induced material losses. On the other hand, friction
and wear behaviour is a function of the operating variables and the structure of the system.
A fairly general misconception exists that friction and wear, which must be related in
some way since they both arise from the interaction of surfaces, are simply related such
that high friction means high wear. That this is not the case is clearly shown in Table 4,5
and 6 for MMCs. In almost all industrial situations the wear effects are more important
than the frictional losses because they tend to have the greater economic consequences.

Both of these mechanisms will also be discussed in the following section.
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Figure 2. 3. Representation of a of tribological system.

58 Chapter Two



2.3.1 Mechanisms of Friction and Wear

2.3.1.1 Mechanisms of Friction

The relationship between friction and wear of composite materials is very complicated
and not fully understood. There is no absolute correlation between the two. The wear rate
of a composite can be changed by orders of magnitude simply by varying certain factors
of the system. The frictional force is associated with the expenditure of energy in the
contact region, and it is the process of energy dissipation which may lead to the
destruction of the surface layers of the composites and its eventual wearing. An intimate
relationship exists between frictional and wear because without one the other can not
exist.

Friction is defined as the resistance force tangential to the common boundary
between two bodies when under the action of an external force, one body moves or tends
to move relative to the surface of the other.®? In engineering applications, friction is
used to both of its extremes, for instance, low friction in bearing applications and high
friction in braking operations. Amonts-Coulomb laws of dry friction are often referred to
as a framework within which friction is generally considered by engineers.(él) They are

as follows :

(1). When tangential motion between two contacting bodies occurs the frictional
force always acts in a direction opposite to that of the relative velocity of the surfaces,
(2). The frictional force is proportional to the normal force,

(3). The frictional force is independent of the apparent area of contact.

When surfaces are loaded against each othér they make contact only at the tips of
asperities. The pressure over the contacting asperities is assumed high enough to cause
them to deform plastically. This plastic flow of the contacts causes an increase in the
area of contact until the real area of contact is just sufficient to support the load. Under

these conditions the real area of contact A is given by the expression :
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_ W
A= (2.8)

where Pm is the penetration hardness (yield pressure) of the softer material. The adhesion
theory of friction assumes that friction is mainly determined by the shear strength of the
cold-welded junctions formed between bodies in contact. Despite the considerable
amount of work that has been devoted to the study of friction, there is still no simple
model to predict or calculate the friction behaviour of a given pair of materials. The
complexity of the overall friction stems from the simultaneous operation of several
energy dissipative mechanisms between the materials which are strongly dependent on
the system in which they function.

The coefficient of friction between metal and fibre-reinforced composites is due to
the various combined effects of ploughing and adhesion. The relative contribution of
these components depends on the condition of the sliding interface, which is affected by
the history of sliding, the specific materials used, surface topography and the
environment. The frictional force can be divided into two components: the adhesive
component of friction which occurs in an interfacial region of very small thickness, and
the ploughing component of friction which occurs within a relatively much larger
volume of material adjacent to the region of contact.

The adhesion component consists of pure adhesion where the surface energies plays
a dominant role. The dependency of surface energies suggests that the use of the same
material for both sliding surface will result in a higher contribution to the frictional force,
whereas, the use of different materials with respect to types of atoms, atomic distances
and bond characters will result in a lower contribution factors. The adhesion component
of friction may also consist of plastic deformation and material separation due to the
asperities ploughing through the material resembling a fracture-like process. The
ploughing component, which usually dominates when a very hard surface slides over a
relatively softer one, consists of simple plastic flow or cutting and sometimes cracking

and elastic grooving. It is thought that the ploughing component involves two
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mechanisms for fibre-reinforced materials sliding against steel. One mechanism involves
the ploughing of the steel by the fibres while the other involves the ploughing of the
composite by the steel asperities causing elastic fibre bending and viscoelastic matrix
deformation. Thus, the composite's compliance becomes of importance which in turn is
affected by the matrix modulus and the fibre volume fraction. Consequently, the
resulting frictional force between two mating solids in relative motion was obtained from
the following basic mechanisms due to interactions of the opposing asperities in these
two sliding surfaces. ¢? These are : (1) Adhesion between asperities, wear particles and
flat rubbing surfaces, (2) Interlocking of asperities, plastic deformation perpendicular
and parallel to the direction of motion, ( 3) Ploughing of hard surface asperities.

Adhesion of asperities takes place by chemical or structural affinity between the two
surfaces when they loaded together. Strong welds are formed at some asperity junctions
and for the sliding to continue these welds must be broken. The break will occur at the
weakest part of the junction, which may be the original interface or in the weaker of the
two materials.

The other asperity interactions that results in a resistance to motion is the
deformation and displacement of material during relative motion. A microscopic
interaction is the deformation and displacement of interlocking surface asperities, and a
more macroscopic interaction is the ploughing of grooves in the surface of the softer
material by the harder. Another source of ploughing of one or both surfaces is the wear
particles trapped between them therefore in most cases friction is the result of the

contributions of adhesion, ploughing and interaction of asperities.

2.3.2 Mechanisms and Types of Wear

Wear is defined as the progressive loss of substance from the operating surface of a body
occuring as a result of relative motion at the surface due to mechanical, chemical and
thermal effects. (63) Loss of material can be the result of a variety of mechanisms such as

adhesion, abrasion, corrosion and surface fatigue. In any particular instance of wear, one
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~may have any of these mechanisms operating either singly or combined. They may
' operate completely independently of each other or they may interact, and the situation can
be extremely complicated. For example, the initial wear debris formed in sliding may
become oxidised by frictional heating and the hard oxide may then act a fine abrasive to
the surfaces. In general, it is also accepted that wear can be classified as either mild or
severe as proposed by Archard and Hirst.(64) In a mild wear situation, the contact
resistance is high and small fragments of debris are formed due to sliding gently. In a
severe wear, it is characterised by low contact resistance and large metallic particles,
rough and deeply torn surface are produced because of heavy loading. Let us now

consider the types of wear in detail.

2.3.2.1 Adhesive Wear

Adhesive wear occurs when the pressure applied between two contacting asperities leads
to localised plastic deformation.(6%) This adhesion was thought to be due to atomic
attraction and a reduction in the total surface energy of the sliding system and hence is
favoured by clean surfaces. Adhesion wear is also referred to as "cold welding". The
number of asperity junctions and contact areas will tend to increase as sliding and
deformation continues. Therefore, strong cold welds are formed at some asperity
junctions. These welds must be sheared for sliding to continue and eventually rupture at a
point of weakness which may be along the original contact or in the subsurface of one of
the sliding partners. The later case being normally associated with fatigue. This process
implies the transfer of material from one surface to another, which may subsequently lead
to the production of debris by the removal of transferred material if shear takes place
away from the surface or may also cause a reversal of the process by transfer of material
back to the original surface. In the absence of adhesion, the other asperity is the
deformation and displacement of interlocking surface asperities by ploughing of grooves

1n the softer materials.
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 Abrasive Wear

\:\\\\Abrasive wear arise because of the ploughing out of a soft surface by a harder surface.
This type of wear can be divided into two categories. These being two body abrasion
where rough surface asperities plough a softer, moving surface and three body abrasion
where wear is due to loose hard particles trapped between two moving surfaces. The
mechanism of material removal from the softer surface includes microploughing
combined with high plastic deformation, microcutting and eventually microcracking,
Characteristics of these mechanisms are the appearance of longitudinal grooves in the
sliding direction, this type of feature being knowing as gouging, scoring or scratching
depending on severity. The severity of the process is related to the sharpness of the

abrasive asperities or particles.

Delamination Wear

Delamination wear takes place as a result of relative sliding motion between two surfaces

under a normal contact load. The delamination process occurs by the following set of

mechanisms (66) ;

(I) When two sliding surfaces come into contact, normal and tangential loads are
transmitted through the contact regions by adhesive and ploughing actions. The
asperities of the softer surface are easily deformed and some are fractured by the
repeated loading. A relatively smooth surface is generated, either when these
asperities are deformed or when they are removed.

(2)  Once the surface becomes smooth, the contact is not just an asperity-to-asperity
contact, but rather an asperity-plane contact; each point along the softer surface
experiences cyclic loading. The surface traction exerted by the harder asperities on
the softer surface induces plastic deformation which accumulates with repeated
loading.

(3)  As the subsurface deformation continues, voids are nucleated below the surface.

Void nucleation very near the surface is not favored due to the triaxial state of large
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compressive stress which exists just below the contact regions. In materials which
contain hard particles void nucleation is preferentially initiated at the particle
matrix interface.

(4) Once the cracks are present because of either the crack nucleation or pre-existing
voids, further deformation and repeated loading causes cracks to extend and to
propagate, joining the neighbouring ones. The cracks tend to propagate parallel to
the surface since the state of loading is repeated along the surface.

(5) When these subsurface cracks reach a critical length they become unstable and
propagate to the surface, generating thin wear sheets. The thickness of the wear
sheets is controlled by the location of subsurface cracks growth which is controlled
by the both loads at the surface.

Since the delamination process is controlled by deformation, void nucleation and crack

propagation, the microstructure of the material and the state of stress are two important

parameters of the wear behaviour. Such microstructural parameters as hardness, number
of second phase particles or inclusions and morphology of the particles affect the wear

process since they control the mechanical behaviour of materials.

Surface Fatigue

As is known from the mechanical behaviour of bulk materials under repeated mechanical
stressing, microstructural changes in the material may occur which result in £ross
mechanical failure. Similarly under repeated tribological loading, surface fatigue
phenomena can be occurred on two scales (67) and microscopic fatigue. Macroscopic
fatigue wear occurs at non-conforming loading surfaces, whereas microscopic fatigue
takes place at the contacts betweeen sliding asperities. In loaded sliding contacts due to
the asperity height distribution these are strained to different extents, so that the contact
stress will vary from a very low level of elastic stress up to a level of fracture stress of
the weaker of the materials in general. Truly elastic stresses will cause no damage, while

the fracture stress will results in the formation of a wear particles during a single
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~ interaction. However, at intermediate stresses i.e., at any stress above the fatigue limit
~ below the fracture stress, the asperity will be subjected to a single fatigue cycle and the

accumulation of such cycles with continued sliding will eventually cause of the

formation of a wear particle by local surface fatigue fracture.

Impact Wear

Impact wear arises from repetitive impact of two surfaces. The most common mechanism
of impact wear is by formation and propagation of subsurface cracks in ductile materials
and propagation of surface cracks in the brittle materials. This is similar to the erosion

wear in the sense which occurs by impact of small solid particles on the surface.

2.3.2  Friction and Wear of Metal Matrix Composites

In the past much of the research on MMCs has been carried out with a view to structural
applications. As a result such mechanical properties as the elastic modulus, yield
strength, fatigue and creep behaviour of MMCs have been extensively investigated. In
contrast, tribological properties have received only modest attention until recently. In the
investigations that have been carried out on the tribology of fibre-reinforced MMCs,
fibre orientation has been identified as the key microstructural parameter which affects

composite wear. However, there is some disagreement as to its effect. Therefore,

research work related to fibre orientation, fibre volume fraction and sliding velocity of

the MMCs will be reviewed here.

Giltrow et al (68) studied the friction and wear properties of carbon fibre-reinforced
metals, in their pioneering study of composites containing up to 25% vol chopped fibres
in a variety of metal matrices prepared by a powder metallurgical method. They found
that the wear rates decreased with increasing fibre content. The fibres, however, were
ineffective in reducing the friction coefficient. Microscopic studies also showed that

extensive tearing produced rough surface on pure metals, while the worn surfaces of the

composites were found to be much smoother .
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Eliezer et al ) investigated the high speed tribological properties of continuous
J \\fgraphite fibre-reinforced metal matrix composites. The fibres were incorporated into
copper and tin alloys by a liquid metal infiltration technique. They reported that the
coefficient of friction and the wear rate of the composites depended on the proportion of
Sn, orientation of fibres, sliding velocity, graphite grain size and degree of liquid metal
infiltration within fibres. They found that the friction coefficients and wear rates
decreased with increasing tin content in the matrix. The normal direction was found to
give better sliding behaviour, and wear and friction were observed to decrease with
increasing sliding velocity. Eliezer and Khanna (70 presented a qualitative model to
explain the wear behaviour of two types of graphite composites. They utilized the fact
that films are formed on the surface, and that tensile stress exists behind the asperity
contact which will cause debonding of the fibres and matrix interface. But a defect of this
model is that it fails to explain the wear behaviour for Type II graphite fibres where a
film can not be formed. But with increasing velocity, the amount of oxide on the
counterface shall decrease and this will also decrease the wear rates. The decrease,
however, will be limited to low speeds. AES analysis also showed that formation of film
between the fibres and matrix was present covering copper, iron, oxygen but iron and
copper oxides was predominant over the sliding surface.

Amateau et al 71 studied the tribological behaviour of unidirectional graphite-fibre
composites made by liquid infiltration. They found that the initial wear rates were high
but decreased in time to lower steady state values. The drop in wear rate with time was
due to a decrease in abrasion caused by the formation of a transferred film, and by the
smoothing of the sliding surface by abrasion. In their study two types of fibres were used
for the purpose of a comparison. They found that composites with Type I (HM) fibres
gave higher wear but lower friction coefficients. Also the dependence on the matrix
material was greater for the Type I fibres. This was not in accord with previous

observations.
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Wear behaviour of continuous and discontinuous graphite fibre-reinforced glass
composites was studied against gray cast iron counterface by McKittrick et al.(72 They
reported that the coefficients of friction and wear rates were found to be lower in the
unidirectional fibre composites than chopped-random fibre composites. It was also found
that Type I fibre composites had lower wear and friction coefficients than Type II fibre
composites. The effects of sliding time and speed on the wear rate and friction of
unidirectionally orientated graphite/aluminium matrix composites were studied by
Pearsall et al.(73) It was found that the friction and wear rate of the composites decreased
with increasing the sliding time until steady state value was reached. The steady state
wear rate was also proportional to the reciprocal of the sliding speed and friction was
observed to be dependent on velocity. Nayeb-Hashemi et al (™) reported that wear rate
and friction coefficient of continuous graphite-fibre composites were found to decrease
exponentially with sliding time. It was also found that the wear rate increased with
increasing matrix hardness in the case of N and AP fibre orientations. However, wear
rate increased with increasing thickness of reaction zone when the fibres were orientated
in the P direction. A wear model was proposed for the case where the fibres were parallel
to the sliding direction. Experimental data were also in close agreement with the model's
prediction. Scanning and Auger electron microscopy observations indicated that the high
initial values of friction coefficient and wear rates were found to be due to a high degree
of matrix adhesion to the counterface. However, the low steady state values of friction
and wear were found because of the formation of a film that impedes adhesion and
confers some degree of self-lubrication. This film was observed to consist of a mixture of
matrix and counterface materials and carbon from the fibres.

As for the case of particulate reinforcement graphite, there have been numbers of
reports describing the wear behaviour of aluminium alloy graphite particle composites
under dry sliding conditions. (5. 77. 78.83) Studies have shown that lubrication of
tribofilm was evident in most cases. For example, Rohatgi et al (76) studied the friction

and wear of metal matrix graphite particle composites with using different materials.
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~ They reported that the friction coefficient of low graphite (5%) composites depended on
| the matrix characteristics, while friction becomes independent of the matrix material at
high volume fractions of graphite (15 %), due to the covering of the sliding surface by a
graphite film. Their study showed that the wear rate decreased with increased sliding
velocity in low graphite composites. The wear rate, however, was very low and
independent of sliding velocity in composites containing large amounts of graphite.
However the film could not form in the absence of air, so that a quite high friction
coefficient was obtained in the composites tested in vacuum. Jha et al U7 observed a
completely contrary trend where wear rate increased with graphite content (14 Wt %).
Also Biswas et al 81 reported that the dry sliding wear of Al-Si alloy particle composites
containing 2.7 and 5.7 Wt % graphite particles was found to be higher than that of the
matrix alloy. Similar findings were reported by Gibson and co-workers (82) for
composites containing higher (>8 Wt %) graphite content.

Saka et al ®4) investigated the friction and wear behaviour of several fibre-reinforced
metal matrix composites, comprising graphite/Al, stainless steel/Al and AlpO3/Al-Li
alloy matrix. They reported that graphite/Al composite showed the lowest coefficient of
friction and wear. In contrast, stainless steel/Al exhibited a high friction and high wear.
SEM observations of the worn surfaces revealed that fibre pull-out was the predominant
mechanism of wear, especially, in the graphite/Al and SS/Al composites, whereas fibre
pull-out plus abrasion was dominant for the AlpO3/Al composites in transverse sliding.

Tao et al (85 studied the tribological properties of carbon fibre-reinforced zinc alloy
composites produced by the vacuum liquid infiltration method. The study showed that
the tribological properties of the composites were better than those of the zinc-alloy
when the specimens were tested without lubricant, but were not better than that of the
alloy when an oil lubricant was used. The friction and wear behaviour of the composite
were obviously affected by the orientation of carbon fibres. The best wear characteristics

were found to be the specimens with AP orientation under oil lubrication. The wear and
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_friction behaviour of unidirectional carbon-fibre glass matrix composites was also

_ investigated by Lu et al.(86)

Dry sliding and abrasive wear testing was conducted on composites rubbed against
different metals and SiC papers. They found that the highest wear resistance and the
lowest friction coefficients were observed in AP direction when sliding took place
against smooth hard metals. In contrast, the abrasive wear rate in the AP direction of the
composite was higher than those of the other two directions. In addition two types of
coloured wear debris were observed and these played an important role in the wear
mechanisms during sliding. Sliding wear behaviour of laminated composites of copper
and amorphous Ni 78Si 10B12 , fabricated by diffusion bonding was studied by Alpas and
Embury.®7) They reported that wear in the copper layer occurred because of extensive
plastic deformation and subsurface cracks. Metallic glass layers were effective in
increasing the wear resistance of the composite by supporting the load with less
deformation. Alpas and Zhang (%) also studied the sliding and abrasive wear behaviour
of silicon carbide particle-reinforced aluminium composites. A commercial (2014) alloy
was reinforced with 20 vol % of SiC. They indicated that the volume loss of the material
increased linearly with sliding distance after a short incubation period. The highest wear
was found in the case of abrasive wear. Subsurface cracks and delaminated surface layers
were observed during this period.

The wear behaviour of A356 Al alloy/SiC particle composites was studied by
Pramila Bai et al.89) The composites contained fibres up to 25 vol % produced by a
casting method. They found that the incorporation of SiC particles into the aluminium
alloy improved the wear resistance of the matrix considerably. They also observed that
iron rich layers were evident on the surface of the composites. A model for wear rates of
polymer-based composites was applied by Ramesh et al ©9) to predict the wear rates of
nickel/silicon nitride composite coatings under sliding conditions. The results showed

that the measured wear rates seem to agree with the semiquantative model.
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Hosking et al ®1) investigated the wear properties of the aluminium alloy
\\ composites containing particulate non-metals. Two types of wrought alloy (2014-2024)
were reinforced with 2 to 30 Wt % of AlpO3 and SiC particles (up to 142 pm in size)
using a stirring technique. They found that silicon carbide particle reinforced composites
exhibited slightly superior wear resistance to alumina-reinforced composite (20 Wt %).
They also reported that the wear mechanism of the matrix alloys was adhesive in nature,
while composites with a high weight percent of non-metals showed an abrasive wear
mechanism on both disc and pin surfaces. Alahelistan et al (°2) studied short fibre
alumina-reinforced composite materials containing up to 30 vol % reinforcement. The
fibres were incorporated into the Al, Mg and 9AI-Mg-Zn matrices by a squeeze-casting
technique, and were tested with the plane of fibres parallel to the sliding direction. The
study showed that the wear properties of MMC materials depend very much on the
tribo-system and the type of MMC. An optimum wear resistance was found at a fibre
content of about 10 vol% in dry sliding wear. Magnesium and alloy tests also indicated
an increasing two-body abrasion resistance with increasing fibre content. The abrasion
rate of aluminium, however, was not affected by the fibre content.

Arikan and Murphy (®3) studied the friction and wear behaviour of 8—alumina fibre
reinforced zinc based alloy (30 wt % Zn, 2 wt % Cu). They found that the coefficients of
friction of the composites were higher than that of the unreinforced matrix alloy and
were independent of fibre content and load. The wear rate decreased with the increase in
volume fraction of fibre and load (26% vol max used), and the reduction in wear rate was
very significant when the fibres were orientated with their axis perpendicular to the
sliding plane. In order to identify the large effects of differences in orientation, further
tests were carried out under high load conditions by Murphy and Arikan 4 and the
worn surfaces of the pin were examined by SEM. It was concluded that the presence of
fibres reduced the amount of sub-surface plastic deformation in comparison to the

unreinforced matrix alloy.
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For the case of unidirectional and chopped alumina fibre-reinforced aluminium
Héﬁomposites, Fukunage and Sakai 3 studied the effect of volume fraction of fibre on
composites produced by an infiltration process in vacuum. The volume fractions of fibre
were 30 and 50 vol % for unidirectional and chopped fibre composites respectively.
They found that the volume fraction of fibre had a considerable effect on the wear rate,
The wear rate was also obtained small to depend on the critical sliding speed and normal
load. The normal direction gave the most excellent wear resistance of the various fibre
alignments. Abrasive and sliding wear and friction behaviour of continuous
alumina/Al-Li matrix composite was investigated by Greenfield et al.%®) They reported
that the highest coefficient of friction for unreinforced materials and the highest wear rate
were observed in the anti-parallel direction. On the other hand, the lowest wear rate and
the greatest reduction of friction were obtained in the normal sliding direction.

Saka and Karalekas ©7) studied the effect of fibre volume fraction on the wear
behaviour of particle-reinforced metal matrix composites. The composite containing up
to 40% spherical AlpO3 particles dispersed in a copper matrix was prepared by hot
pressing blends of copper and Al;03 powder. They reported that wear volume exhibited
considerable increase for oxide concentrations up to 30 percent, and then decreased. The
friction coefficients of the composite showed a linear increase with increasing oxide
concentration due to spreading of copper over the AlpO3 particle surface. The result of
SEM micrographs indicated that delamination was a possible mechanism of wear in
particle-reinforced composites. Abrasion and erosion wear behaviour of Al/8—alumina
fibre composites (30 %) were investigated by Hutchings et al.(%8) They reported that the
extent of fracture of the reinforcing phase plays a critical role in determining the wear
behaviour, and fibre breakage was also increased with abrasive particle size, angularity
and hardness in the case of two-body abrasion. Also it was increased with impact angle
and velocity for erosive wear. A study of wear behaviour of TiC fabric-aluminium

composite materials was performed by Sherman and McHugh.®? The composites were
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~ produced by a casting method using both Al-Si alloy and Al-Cu alloys. They found that

_the composite offered better wear resistance than that of the base alloys.

From the above literature review, it is seen that no study on the friction and wear

behaviour of Borsic-reinforced aluminium matrix composites has been reported.

2.4 Concluding Summary

Metal matrix composites are currently promising for high temperature and wear resisting
materials as well as for high specific stiffness and strength materials. One of them has
been brought to the practical use as a light weight constructional material for a space
vehicle, aircraft and automobile components.

Continuous fibres or particles of such materials as carbon, alumina, silicon carbide
and boron have been made commercially, then MMCs have been produced using
different techniques on a fairly large scale. The friction and wear properties necessary for
practical machine design, however, have not been made clear yet. Since graphite behaves
as a lubricant, carbon fibre-reinforced/Pb, Cu, Ag, Ni matrices, (68) copper-tin alloy, (69
70 copper-silver based alloy, (7)) glass, 72 aluminium matrix alloy, (73).(74) ; Particle
graphite-reinforced/Al matrix alloy, (75-84) zinc alloy, 5) glass matrix, 86); Alumina-
reinforced/Al alloy, (1. 92.95,96,98) zinc based alloy, 93 94 copper, ©)) have been
already tested on their wear properties. As for the other fibres only a limited numbers of
reports are met with on the wear properties of silicon carbide-reinforced/Al alloys (88-92)
and TiC fabric reinforced/Al alloy composite. (99)

In the case of the B(SiC) fibre-reinforced aluminium composites, however, this
review of the literature has clearly shown that wear behaviour of these composites has
not been established. It is, therefore, the primary objective of the present study to
investigate the sliding wear characteristics of the continuous B(SiC)/Al composite at
room temperature without lubricant under a variety of experimental conditions. In
particular, the effect of fibre arrangement relative to the sliding surface on the wear

resistance must be fundamentally studied for preparing engineering data on wear
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resistance of this type of composites, and for discussing the wear mechanisms by
observing the worn surface of the pin and analyzing the worn surface.

At present, there is also limited data available with respect to microstructure and
tensile properties of B(SiC)-reinforced composite materials. Thus, another objective of
the current investigation is to test the tensile strength of the composite under different
conditions. Finally, B(SiC) fibre-reinforced plastic matrix composite is to be produced by
a hot-pressing technique and used to study the effect of fibre orientation on the wear
behaviour of the composite under the similar conditions to metal matrix composite, and
examine the worn surface in determining the wear mechanisms.

It is hoped to compare the friction and wear behaviour of the both metal and plastic
matrix composites in order to deduce the nature of friction, wear and surface for the

sliding system as defined.
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CHAPTER THREE
3.0 EXPERIMENTAL PROCEDURE

3.1 Introduction

This work was carried out principally on continuous B(SiC)-reinforced/2014 alloy matrix
composites, ready produced in a previous research programme by liquid metal infiltration
route.

The experiment mainly consists of four parts. The first step of the experiment was
conducted to determine the tensile data of composite and matrix alloy, examined the
fracture surfaces by scanning electron microscopy. The second step of the investigation
was carried out to measure friction and wear rate of the composite materials to determine
the effect of fibre orientation under dry sliding conditions. This covered normal, parallel
and anti-parallel orientation of fibres to the sliding direction. Third step of the
investigation was conducted to examine the worn surfaces, wear debris and the effect of
additive on wear of the composite. The technique used for the sample analyses consists
of scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) on
worn surfaces of pin.

Finally, a subsidiary experiment was carried out to produce B(SiC)-reinforced
plastic matrix composites by a hot pressing technique and assess the friction and wear
behaviour of the composite material and matrix, supplemented by observations of the
worn surfaces. A comparison was carried out between the behaviour of metal matrix and

plastic matrix composites.

3.2 Materials and Detail of Experiments
Fundamentally MMC materials studied in this work contained continuous B(SiC) boron
fibres in a 2014 aluminium alloy with composition : 92 % aluminium, 4.8 % copper, 1.7

% iron, 0.79 % silicon and 0.68 % manganese. The B(SiC) fibres contained a tungsten
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core about 15 um in diameter and were made by thermal deposition of boron on a
tungsten fibre. The resulting fibres about 140 um in diameter, were coated with silicon
carbide to a thickness of 2.5 um. The fibres had a tensile strength of 2.9 GPa and Young's
modules of 400 GPa.(®

The composites were made by a liquid metal infiltration technique for a previous
programme. For this process, the B(SiC) fibre reinforcement was in the form of wide
woven tape made up of continuous fibres interlaced with titanium tapes. The
reinforcement was thus approximately parallel. Layers of tape were cut and stacked
together to give the required volume of reinforcement ranging from 16% to 32 % in the
resulting composites. The plates formed were rectangular in shape and measured
110x140x10 mm. These were put into a hot die, evacuated and pressure infiltrated with
aluminium alloy to produce the composite. Details of the fabrication procedure of the
composite are described elsewhere.(190, 101) Mechanical tests were carried out to obtain
axial strength data of B(SiC)/Al composites and examine the fracture surfaces of the
samples by SEM.

In addition, B(SiC) fibre-reinforced plastic matrix composites were produced in this
research programme by hot pressing technique, using the same fibre in a Daniel Press. In
the hot pressing technique, the press was heated to 180 °C. For producing of composite
specimens by hot pressing, a plate was designed and made from mild steel in the form of
rectangle which was about 250x200x8 mm. The plate also had a 120x100x8 mm internal
size for die cavity. Another two plates about the similar size was used to prepare a
preform of the composite. The internal sized plate was placed on the one of the plate. The
woven type of the B(SiC) fibres were cut about 120x100 mm and plastic foil also
prepared in a same way. They were built up layer by layer in the desired orientation and
volume fraction onto the foil layer of the matrix in the die cavity. The process was
continued until reaching a certain thickness and closed with the second plate. Then the
assembly was inserted into the press and platen was closed for 4.0 min for premelting

without pressure and then 80 kg/cm2 pressure was applied and released after keeping it
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_about above time. The assembly was cooled down below 100° C. Finally, the upper
platen was removed and samples were taken out. The matrix used in this composite was a
high density polyethylene which had a density of 887 kg/m3. For the wear tests, some of
the required components such as the composite plates of various of volume fractions, a
woven type of unidirectional B(SiC) fibre, disc and wear pin samples, and die are shown
in Figure 3.1. Samples were cut for wear tests which had fibres normal, parallel and anti-
parallel to the proposed sliding surface.

Dry sliding wear tests were carried out to determine the effect of fibre orientation on
the wear resistance of both metal and plastic based composite materials. For this process,
three basic fibre orientations are identified in terms of the sliding direction because of the
nature of unidirectional composite materials. Figure 3.2 illustrates a fibre reinforced
composite block indicating three sliding directions. i.e., normal, parallel and anti-parallel
orientations. Normal orientation (N) is defined as the fibres being perpendicular to sliding
direction; in the parallel orientation (P), the fibres are parallel to the sliding plane and
parallel to the rubbing direction, while in the anti-parallel orientation (AP), the fibres are
parallel to the sliding plane but perpendicular to the rubbing direction. Worn surfaces,
sections of worn surfaces, and wear debris were observed using both back scattered

electron microscopy (BSEM) and secondary electron microscopy (SEM).

3.3 Microstructures of the Matrix and Composites

The specimens were prepared for microstructure examination as follows Samples were
cut from each plate which covers different fibre content by using a electrical discharge
machining (EDM), and prepared by mounting small pieces into bakelite powders. They
were ground on silicon carbide water proof abrasive papers of grades 200-400-800 and
1200. They then were polished carefully up to 1 um by diamond compound on napeless
paper using an automatic polishing machine to minimise relief effects. The specimens
were cleaned with alcohol, then they were dried prior to examination in the optical or

scanning electron microscope (SEM).
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‘; Figure 3.1. Some components used for wear tests including B(SiC) fibre, wear pin,

composite plate and disc, and die.

Fibre

Matrix

Figure 3.2. Fibre-reinforced composite block showing sliding directions.
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TABLE 2

CALCULATION OF THE SPEED TO THE SELECTIVE TRACK RADIUS.

Speed (m/s)
track radius 0.6 1.0 1.6 2.0 3.0
(mm)

28 206 340 548 686 1028
32 180 300 480 600 900
36 159 273 425 531 796
40 143 238 382 478 717
44 130 217 348 435 652
47 122 203 325 407 610
52 110 184 294 368 552

For a track radius of r, and a revolution rate of n revolutions per minute, the rubbing

speed is given by

This equation can be used for a given any track radius. For example, for a 32 mm track

V=27EI'I1

radius and 1.0 my/s, the required r.p.m. setting is 300 r.p.m.
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3.4 Wear Test Machine

A pin-on-disc type friction and wear testing machine was used in this experiment as
shown in Figure 3.3. This machine consists principally of a flat-ended cylindrical pin (A)
which was able to be loaded endwise against the flat surface of a rotating disc mounted
on a turntable (B) which had a vertical axis of rotation. The turntable could accommodate
discs varying in diameter from 20 to 100 mm. It was driven by a servo-controlled D.C
motor with speeds in the range of 100 to 600 rpm. The speed was indicated on the motor
control, panel and a vernier gauge on the machine measured the radius of the running
track. When this radius was changed to give a new disc wear track, the motor speed was
varied to maintain the same relative velocity at the pin/disc contact point. Two
transducers (C, D) were fixed to the machine to measure the torque between the pin and

disc, and change in the length of the pin with the vertical linear transducer.

Figure 3.3. Pin-on-disc wear machine. A) Wear pin, B) Rotating disc table, C) Force
transducer, D) Vertical linear transducer, E) Upper carriage lever arm, F) Vertical

displacement carriage arm, G) Counterbalance, H) Load carrier arm,
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3.5 Specimen Design and Preparation

The first preparatory stage was to cut the samples for both tensile and wear tests, by
using a electrical discharge machining (EDM) since the composites were too hard to cut
with ordinary cutting tools, see in Figure 3.4. The electrode required for EDM to cut the
samples was In a cylindrical shape. Tensile samples for mechanical testing and the

electrode made for wear pin samples are shown in Figures 3.5 and 3.6.

To produce the both composite samples and alloy matrix for tests using EDM, the

following procedures were carried out :

(1). The electrode was designed from the brass due to small diameter electrode and finer
surface finish on the workpiece, and produced in the workshop, and the composite
workpiece and electrode was set. The machine was switched on position, but not
dielectric tank during this process and dial indicator and the micrometer was also
moved to the top of their slides.

(2). The electrode was mounted in its holder on the magnetic chuck and secured the
electrode holder mechanically by engaging the two retaining latches on the sides of
the magnetic chuck, and the workpiece was placed in the required co-ordinate
position relative to the electrode by moving the worktable with X and Y
handwheels. To assist in aligning the electrode and workpiece, the machine touch
indicator lamp would lighted when the two come into contact.

(3).  The depth of the machining was set to about 9.5 mm using a feed control and touch
indicator. The feed control was rotated anti-clockwise to advance the electrode
towards the workpiece and when it touched, it would remain in servo contact. The
dial indicator was slid to bring it into contact with its anvil, then the feed control

was adjusted to a position where the electrode remains in contact with the
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.

4.

(6).

workpiece and no movement is shown on the dial indicator. The micrometer was
set to zero point to read the required depth of machining.

The head height was set at the required height, and there was a sufficient clearance
to change the workpiece. Using an Allen key, the clamp on the lower limit switch
cam and the cam was slackened and set to a position. When machining is
completed, the head would rise only this position.

To start the cutting process, the tank door was closed, the adjustable weir was
rotated to a position where the weir height is 30 mm above the surface to be
machined on the workpiece. The dielectric pump was started and the setting
adjusted to the selected value.

The feed control was rotated to its fully anti-clockwise position then switched on
the generator. The 10 ampere output was selected from the generator. A number of
transistors from starting of 0.2 A, in accordance with generator setting were
selected to set the pulse on control in order to obtain the appropriate spark gap for
these samples of about 0.15 mm. The feed control was rotated clockwise to
advance the electrode towards the workpiece and when it was close enough

machining will be commenced. At this point, the flushing dielectric was turned on.

(7). The dial indicator was slide to a position where it follows the movements of the

electrode then the feed control and the pulse OFF control was adjusted. The
stability of machining could be affected by the feed control, the quality of the spark
gap flushing and the pulse OFF setting. Therefore, these three controls were
adjusted and maintained together to produce stable condition during the cutting of
whole test pieces, evidenced by a continuous green light. These cutting process
continued until the certain length was reached and machining stopped. The
composite block was released from the work table and cut very gently using a saw
with fine teeth perpendicular to the cross section of the samples to make cylinders

and it is about 6 mm in length.
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The wear pin specimens were made from the MMC materials and the unreinforced
matrices by following the above procedures, and were approximately 6 mm in length and
6.33 mm in diameter and were bonded to a cylindrical steel extension pin 50 mm long
with a brass sleeve using an epoxy adhesive. For all wear tests the pins were kept
dimensionally constant. The pin was then held in a brass holder by the use of a cup nut in
the wear machine.

As for the case of preparation of PMCs, the PMCs used in these tests were initially
cut from the block into the approximate size needed. In all cases the test specimens were
turned in a lathe to he size and shape required, like MMCs, and it was cut gently with
saw. They then were bonded to the cylindrical steel and held in the brass holder.

The second stage was to grind all of the relevant wear surfaces to the best possible
surface finish. For wear pins, further polishing was undertaken in situ on the respective
wear testers using 800 grade silicon carbide paper bonded to a wear disc reversed
specially for this purpose. Polishing in this manner gave a pin surface finish of better
than 0.5 um CLA, with very little edge rounding such that the whole pin surface areas
rapidly able to conform at the onset of a wear test.
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