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ABSTRACT

The unlubricated sliding wear of two reinforced A356 (Al-7%Si-0.3%Mg)
metal matrix composites was studied using a block -on ring wear machine with an
AlISi 52100 steel counterface (63 HRC). One composite was discontinuously
reinforced with 4 + 1 vol% non-graphitic carbon fibres corted with nickel. The
composites were tested such that the fibres were either normal or parallel to the
contact surface. The second composite was a hybrid composite with 20% SiC
particulate and 3 or 10 vol% graphite particles. In the wear tests, the applied
normal load varied from 5 to 441 N. Sliding speed ranged from 0.1 to 1 m/s with

the majority of tests performed at 0.5 m/s.

The wear resistance of the A356-Carbon Fibre (CF) reinforced composites
was superior to the unreinforced ailoy over the entire locd range tested. The
improved wear resistance was related to an improvement in load carrying capability
of the composites as a result of the carbon fibre addition and an interfacial reaction
which produced a nickel aluminide intermetallic. These composites demoiistrated
regions o-f mild and severe wear. Mild wear was characterized by surface grooves,
plastic deformation and loose debris in the form of particulates $nd flakes. The
wear rate increased slowly with increasing load (n=0.3). At a critical load a
transition from mild to severe wear was observed. Severe wear was characterized

by deep longitudinal grooves on the worn surface and subsurface damage resulting

iii



in a lavered microstructure. The surface layer contained broken particles which
hardened the surface of the composite and improved the wear resistance with respect
to the unreinforced alloy. Above the critical load seizure always followed severe

wear. The distance required for seizure to occur became shorter as the load

increased.

The A356-Gr-SiC composites did not experience severe wear resulting in good
wear resistance at high loads. This was due to a reduction in frictional heating and
the formation of a tribolayer on the surface which consisted of iron, iron oxides,
graphite, SiC and aluminum. Graphite addition resulted in a reduction in
counterface wear. Higher graphite concentrations led to higher wear resistance at
loads below 10 N. In the load range from 20 to 300 N the 1}% graphite composite
experienced wear rates 2 to 4 times that of the hybrid composite with only 3%
graphite possibly due to a decrease in the load carrying ability due to higher

graphite content,

iv
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Chapter 1 : Introduction

Today composites are made with practically every type of engineering
material known to humankind. Concrete has been reinforced with steel and wood
with fibre glass. Polymer matrix composites have become a fixture of everyday life.
Uses range from the auto body of your car to golf clubs and tennis racquets.
Ceramic matrix composites have been produced with the intention of improving the
poor damage tolerance traditionally associated with ceramics. Intermetallic matrices
have been investigated for their elevated temperature properties. Metals, such as
aluminum, fitanium, copper, steel and magnesium, have been employed as the
matrices with the intention of improving the stiffness, strength, fatigue resistance,

creep resistance and wear resistance of the matrix alloy.

A metal matrix composite (MMC) may be defined as a material consisting of
a metal phase into which a second phase, whose minimum dimension is 1 pm, is
intentionally formed or placed. The second phase material is often a ceramic such
as a metal carbide or oxide. The reinforcing phase may take the form of particles,

whiskers, short fibres or continuous fibres.

The reinforcement of alloys by high modulus ceramic fibres, whiskers or

particles results in composite materials which feature both high modulus and high



strength. The elevated temperature properties may be improved since the properties
of the ceramics do not degrade as quickly as the metal with increasing temperature.
Typically the ductility of the composite is lower than the ductility of the unreinforced
alloy. In fact, the aerospace industry is concerned that the limited damage tolerance
of MMCs may prevent wide usage of these new materials [1.2]. Today. some
composites are specifically designed to address the problem of low damage tolerance
[3]. Metal matrix composites have found applications in military aerospace
structures, drive shafts, pistons, brake rotors and sporting goods such as mountain

bikes. Applications which require sliding wear resistance include brake rotors and

pistons.

The automotive industry has been very interested in reducing the weight of
the automobile while improving efliciency. A significant weight savings may be
made by replacing the cast iron engine block with an aluminum block. However,
aluminum alloys have poor resistance to seizure and galling [4,5] necessitating the
use of cast iron cylinder liners or hypereutectic Al-Si alloy blocks [6]. The cast iron
liners provide good wear resistance due to their hardness and the presence of
graphite nodules [7,8]. Linerless aluminum blocks are less wear resistant and tend
to be more expensive to fabricate [6]. Metal rpatrix composites, with fibre, particle
or whisker reinforcement, have been investigated as piston [9] and cylinder liner [10]
materials. These materials have demonstrated a reduction in wear [9,10] and an

improvement in engine efficiency [9].



The largest direct loss of mechanical energy in the automobile engine is due
tc the friction of the piston ring-cylinder wall interface accounting for 107 J of
energy lost to friction each year [11,12]. Using 1975 energy consumption data it was
determined that 20% of the mechanical energy generated by the engine is lost to
friction while one half of this is lost due to piston-cylinder friction [13]. The rest of
the mechanical energy that is lost to friction is consumed by the other moving parts
of the engine and the drive train. Obviously a reduction in energy losses would

benefit engine efficiency.

Metal matrix composites may be fabricated which include solid lubricating
materials [4]. These lubricants smear on to the wear surface and reduce intimate
contact between the sliding partners resulting in a reduction in the coefficient of
friction. Potentially, this fact could be used to reduce the frictional losses in the

internal combustion cngine leading to more efficient automobiles.

The purpose of this investigation was to examine the wear properties of a cast
aluminum - 7% silicon - 0.3% magnesium alloy (A356 Al) with two different
reinforcement strategies. Isotropic, non-graphitic carbon fibres were used to
reinforce the matrix with the intention that the relatively inexpensive carbon fibres
may act as load bearing constituents and may yield lubricating characteristics similar
to graphite, In a second set of experiments, the matrix alloy was reinforced with

both SiC and graphite particles representing a merging of two philosophies - hard



particle reinforcement and soft particle lubrication.

This thesis is divided in to four main chapters. Firstly the pertinent literature
regarding sliding wear and materials for sliding wear applications is reviewed. This
is followed by the experimental procedures, which apply to both materials, in
Chapter 3. The experimental results and discussion are divided according to the
materials studied. The A356 carbon fibre composites are dealt with in Chapter 4
and the A356-SiC-Graphite composites in Chapter 5. At the end of Chapter 5 the

wear rates of the two composites are compared and discussed.



Chapter 2: Literature Survey

2.1; Sliding Wear

Tribology is the science and technology of friction, lubrication and wear.
Wear may be defined as "damage to a solid surface, generally involving progressive
loss of material, that is due to relative motion between that surface and a contacting
substance or substances' [14]. The investigation of wear properties is a large part
of the science of tribology. However, ail aspects of tribology are related and it is
difficult, or sometimes impossible, to isolate any one aspect of tribology. Tribologists
have attempted to classify the various types of wear processes in to four or five

categories.

Abrasive wear is the removal or displacement of material from one surface
by loose hard particles or by the asperities of another surface [11]. The
mechanism(s) may involve microcutting or plastic deformation accompanied by

frictional heating [15]).

Fatigue type processes can result in wear debris formation through the
accumulation of damage in the subsurface due to the repeated application of stress
on the surface of a component [11]. Other researchers have identified similar

processes and refer to them as delamination wear [16].



Corrosion processes. including oxidational wear. involve the synergistic effect
of mechanical wear and chemical reaction [11]. Quinn has published a review on
the theory of oxidational wear [17,18]. Corrosion processes are found in many

instances of wear under normal service conditions.

Adhesion involves the interaction of asperities on the sliding surface.
Traditional thought states that the asperities meet and briefly weld together forming
a junction which is subsequently fractured [11]. Debris formation occurs throurgh
repeated junction formation and fracture. Plastic deformation and surface heating

result [15]. A critical review of the adhesive wear process can be found in reference

[19].

There are other processes including fretting, erosion, polishing wear and
impact wear. In the vast majority of wear cases many of these processes will occur
simultaneously. In fact it would be very rare to observe only one of the forgoing

mechanisms operating alone [11].

Sliding wear occurs when one solid surface slides across another solid surface

[16]. This type of wear may involve aspects of abrasive wear, adhesive wear,

corrosive or oxidational wear and delamination wear.

During sliding wear many materials may experience two forms of wear; mild



and severe. Drastic differences in the wear rate and the debris type exist between
these two forms of wear [19]. In metals and alloys mild wear typically produces
lower wear rates and fine debris. The debris is frequently oxidized. In severe wear
the debris is metallic and larger. The difference in the mild wear and severe wear
rates may be a factor of 10 to 10 G0O [19]. In an attempt to understand mild and
severe wear, models have been proposed to describe the wear processes which may

be taking place.

One of the most commonly cited wear model is accredited to Archard [20-22].
Archard developed an expression that predicts that wear is proportional to the load
and independent of the nominal contact area [20-22]. Archard’s model takes the

form of:

W=k, P-s 2.1.1)

where W is the volume lost during wear, k, is a proportionality constant, P is the
applied load, and s is the sliding distance. However, since it was postulated [20] that
the true area of contact is proportional to the applied load, equation 2,1.1 may be

rewritten to include the true contact area (given by A =P/p,_) [22]):

W = k-Psip,, 2.1.2)



where p,, is the flow pressure of the softer material. The coefficient. k. is termed the
wear coefficient or Archard’s wear coefficient. Archard considered the coefficient.,
Kk, to be indicative of the probability of ferming a debris particle during an asperity
interaction [22]. This provided an easy model to implement in the early applications
of tribomaterials. For example, the value of k was used to differentiate between mild
and severe wear. When k falls between 10" and 10™ wear is considered to be mild
[23]. Values of k greater than 10" imply severe wear [23]. Examples of wear
coefficients for several materials sliding on tool steel at a load of 400 g, velocity (.18

m/s, are listed in Table 2.1.1 [18].

The applicability of Archard’s theory of wear is limited by the fact that wear
volume is proportional to the load. Archard [22] noted this in experimental evidence
where a direct proportionality between wear volume and applied load was rare [22].
Archard also observed both mild and severe wear but the equation does not indicate
transitional behaviour {23]. Frequently the flow stress of the softer material, p,,, is
assumed to be the indentation hardness [19). Archard developed a starting point

from which tribologists may base their studies.

Several attempts [24-37] have been made to explain the nucleation and
coalescence of cracks and voids at a critical depth below the worn surface. In
multiphase materials nucleation occurs at the boundary between the second phase

and the matrix [26). The applied stress is composed of the hydrostatic stress and the
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deviator stress. In order to achieve nucleation of a void the applied stress at the
particle-matrix interface must exceed the adhesive strength of the interface. The
magnitude and location of the maximum interfacial stress is a function of particle
shape. A tensile hydrostatic stress will promote void nucleation while a compressive

hydrostatic stress will retard void nucleation [26].

A necessary, but not sufficient, condition for void or crack nucleation is that
the energy of the new surface created must be less than the elastic energy released
by the formation of the crack. This energy criterion is particle size dependant. Very
small particles will not nucleate a crack even if the stress criterion is satisfied. In
metals the critical inclusion size is of the order of 25 nm [26]. Since most inclusions
in metals are greater than 25 nm in size a crack will nucleate if the stress criterion
is satisfied. Experimentally it has been shown that the crack will propagate until the

delamination sheet is separated from the surface [24-27].

Initiatly Suh [24] proposed that dislocations in a very thin layer at the surface
(of the order of 0.1 pm) were eliminated through migration to the surface. The
driving force for this was the image force which arises due to the proximity of the
stress free surface. It was also suggested that dislocation pile ups would form a
certain distance below the surface due to forces which drive the dislocations in to the

softer material. These forces are caused by the interaction of a hard slider against

10



a softer material and lead to strain hardening of the subsurface layer. Over a period
of time voids would nucleate as a result of the high dislocation density. Second
phase particles would provide a boundary wpon which dislocations could pile up
leading to enhanced void nucleation [24). Heilman et al [28] suggested that
subsurface cracks would develop parallel to the dislocation cell boundaries which

form under large plastic strain.

Flemming and Suh [29], Kimura [30] and Ritchie [31] have proposed fatigue
models which consider the cyclic nature of the asperity loading. Hearle and Johnson
[32], Hills and Ashelby [33] and Rosenfield [34] used linear elastic fracture
mechanics to investigate the phenomena of subsurface crack growth. Regretfully the
subsurface of a ductile metal experiences plastic deformation. Linear elastic fracture
mechanics assumes that plasticity occurs only at the crack tip. This contradiction
erodes the basis upon which these theories are developed making realistic application

questionable.

The dzformation below the surface may be localized in to shear bands [35].
Alpas and Embury [35] indicated that strain localization in the subsurface of ductile
metals led to crack nucleation and growth thr9ugh the shear bands. Rosenfield [36]
has proposed a shear instability model for sliding wear. In his theory a crack is
nucleated and grown under Mode II loading. The depth of the crack is determined

by two factors: 1) the local flow strength of the material and 2) the stress intensity

11



due to the crack. Since the flow strength decreases with increasing distance from
the worn surface and the stress intensity has a maximum below the surface, ihere
may be a point where the stress intensity may exceed the local flow stress leading to

shear instability and continued crack propagation.

Zhang and Alpas [37] have developed a model which indicates a damage
gradient below the worn surface. The damage gradient concept considers the
competition between the subsurface plastic strain, which leads to crack nucleation
at second phase particles, and the hydrostatic stress which opposes crack formation.
Using an equation developed by Rice and Tracy [38] for void growth during ductile
fracture the problem of subsurface plasticity, which limits linear elastic fracture
mechanics approaches, was overcome. It was determined that an increase in
hydrostatic stress results in an increase in crack depth but a reduction in the crack

growth rate.

Other delamination wear models have been developed and are reviewed
[39,40]. Oxidational wear theories are also relevant to dry sliding wear and will be
discussed in section 2.5, Research in to the modelling of wear processes has not
yielded design equations. Progress continues. but is hampered by the fact that the
laboratory test methods frequently do not represent reality adequately. Also there
is a lack of fundamental micromechanistic and microstructural understanding.

There also appears to be a lack of research effort in to the development of wear

12



models based on real physical processes.

The most significant practical development was based on the construction of
wear mechanism maps, in analogy to deformation mechanism maps. This was
suggested by Tabor [41] and since then developed by Lim and Ashby [40]. Basically,
the normalised velocity and load are considered to be independent variables and
form the abscissa and ordinate axis. The force is normalised by dividing the applied
load (F) by the nominal area of contact at the start of the test (A} and the room
temperature hardness of the pin (H). The velocity is normalised by dividing by the
velocity by the radius of the pin (r) and the thermal diffusivity (a). Lines of constant
wear rate are scribed on the map as well as boundaries between the dominant wear
mechanisms. Consideration of specific testing or operating conditions would, ideally,
indicate the operating wear mechanism and the effective wear rate. However, the
data used to construct the maps presently available were compiled from the
literature. Considerable variation in the testing methods used to achieve the data
for the maps existed thus bring the validity of the maps in to question. A schematic
example is shown in Figure 2.1 [40]. Wear mechanism maps are not presently used

in design.

2.2: Environmental and Material Effects on Wear

Wear processes are complicated by many factors. Testing in air is very

different than testing in vacuum {42]. In vacuum, the coefficient of friction is

13
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usually much higher than in air [26). In air, the surface is contaminated with a
layer of absorbed gases, hydrocarbons and moisture (Figure 2.2). Below this, in
metals, is a reaction zone, typically oxides or sulfides, whose thickness is only of the
order of 10 nm thick [16]. Below the reaction layer is a layer of deformed material
due to the fabrication process. The thickness of this layer depends on the
manufacturing process. Underlying this is the bulk material. When two surface are
brought into contact, the surface contaminant layers can act as lubricants,
preventing metal to metal contact at very low loads [11]. One of the factors affecting
the properties of this film is the humidity. A critical review of the influence of
environmental humidity on the friction, lubrication and wear of materials has been

published by Lancaster [43].

Material variables must also be considered. Microstructural properties such
as composition, grain size, number of phases, phase distribution, anisotropy as well
as mechanical properties such as strength, hardness and ductility of both mating
pairs affects the wear behaviour {11,23]. For instance, the presence of a second
phase particle may lead to a reduction in the real area of contact, an increase in the
load carrying ability or change the operating mechanism all together [39]. The
distribution of the phases and any anisotropy in the material will affect the response
of the material to the applied load. Studies on the effect of grain size has yielded
contradictory results {39]. Many of the factors sited above are interrelated. A

change in any one factor may result in a change in a related factor. For example,
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decreasing the grain size increases the strength and hardness of a metal which
suggests an increase in the wear [44-48] and seizure [49-50] resistance. An increase
in ductility, possibly through increasing the grain size, should also increase the wear
resistance [39]. Hence appropriate reporting of the microstructural and mechanical
properties is important. All of this is further complicated by the large number of

variables introduced through different testing methods.

2.3: Testing Methods for Dry Sliding Wear

There are three main testing methods used for evaluating dry sliding wear of
metals. These are the pin-on-disk test (ASTM G-99), the crossed cylinder test

(ASTM G-83) and the block-on-ring test (ASTM G-77).

A typical pin-on-disk system is shown in Figure 2.3. It uses a spherical-end
pin which is slid against a rotating disk counterface. The wear volume is determined
from examination of the wear scar {51]. Alternatively, the displacement of the pin
may be measured to yield the wear rate continuously during the test. The pin-on-
disk system is the most widely used for non-lubricated, non-abrasive wear testing
[S1). Variations of this apparatus have been designed for special applications such

as in-situ wear observation [52).

Crossed cylinder machines (Figure 2.4) are frequently used when the sample
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may be easily manufactured as a tube or cylinder. The sample cylinder is positioned
perpendicular to a counterface cylinder. One cylinder rotates while the other is

forced against it producing an elliptical wear scar.

Block-on-ring testing (Figure 2.5) uses a block sample which is forced against
a rotating ring. The counterface produces a wear scar on the block sample allowing
wear rate determination through calculation of the volume loss from wear scar
dimensions. Alternatively the weight of the sample may be determined before and

after the test yield the weight loss per unit sliding time or distance.

In each testing method the various factors that influence wear are normal
load, sliding speed, sliding distance, ambient temperature, environment, counterface
material, surface roughness, surface geometry and oscillating versus unidirectional
motion [23]. Less obvious factors are machine stiffness and damping capacity.
Increasing the machine stiffness yields results similar to increasing the load {23].
Increasing the damping capacity tends to decrease wear [23]. Interchanging the
counterface and pin materials will often yield drastically different results [23].
Different results should be expected with different interface geunielries such as fat-
end pins and spherical-end pins [51]. The ability of debris to exit the contact surface
has also been identified as a critical factor {51). Considering these testing factors,
alonig with the material and environmental factors, it may be coacluded that close

comparisons between published data may lead to inaccurate conclusions unless the
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testing procedures and conditions are similar.

2.4: Sliding Wear of Metals and Alloys

The dry sliding of metals and alloys upon a counterface results in groove,
ridge and lapp formation on the worn surface due to ploughing by the counterface
asperities or third bodies such as debris fragments. Material may be extruded from
the contact surface and may fracture forming a debris fragment. Microscopically,
debris may be forrmed by a lateral flow of surface material which is subsequently
removed throogh a tearing mechanism [23]. The wear process is not limited to the

surface. Damage is also accumulated in the subsurface, beneath the wear scar.

In ductile materials, large strains may be accommodated since the
compressive hydrostatic stress opposes microvoid formation, coalescence and ductile
fracture [53]. The strain decreases exponentially with depth [53,54] resulting in a
severe strain gradient at the worn surface [23,55]. Research indicates that shear
strains in the range of 10 to 160 may be possible [56]. The deformed layer may only
be a few micrometers thick, at low loads, while greater loads result in highly
deformed regions tens or hundreds of micrometers thick [23]. It has been proposed

that the wear rate is indirectly related to the depth of deformation [54].

Initially equiaxed grains become elongated in the sliding direction due to the
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plastic deformation which results in an increase in structural defects. such as
dislocations and grain boundaries, enhancing diffusion which increases the rate of
chemical reactions such as oxidation [57]. In fact steels oxidize much more rapidly

when subject to sliding {57].

Dislocation substructures form within the deformed subsurface regions.
Dislocation cells have been observed in high resolution electron microscopic studies
of OFHC copper [58]. The cell walls are thick and have a high concentration of
dislocations [58]. With further straining, the cells become smaller and the cell walls
become more defined. The grain size of the surface material was only 4 to S nm
[58]. In aluminum alloys, tested under vacuum, deformation structures such as
dislocation cells, subgrains and other small dimension features were observed [56].

The dislocation substructure was mainly equiaxed subgrains with sharp walls.

One would expect that the highly deformed material would experience
recrystallization due to the heat generated by friction. Subsurface grain
recrystallization has been reported [59,60]. However, it is difficult to ascertain
whether recrystallization occurred during sliding or after [56]. In fact, the surface
layer of alurninum was not recrystallized and demonstrated a very small grain size

(3 to 50 nm) [23].

The nanocrystalline layer has been shown to be a nanocomposite composed
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of an intimate mixture of fragments from both sliding surfaces [23.56,61]. 1f second
phase particles are present. they are broken up and tenc¢ to promote refinement of
the nanocrystalline structure [23]. Rigney has proposed a description of transfer
layer formation [23]. Fragments. normally tens of micrometers in size, are
transferred to the opposing surface after short sliding distances. The composition
of these fragments is the same as the sample of origin. Smearing of the transfer
material occurs with continued sliding leading to initial mixing with the new
substrate material. With further sliding, mixing continues resulting in an "intimate
mixture' of the two materials. The resulting structure of the surface layer is a

mixture of fine grains from both wear surfaces [23].

The inclusion of material from the opposite sliding surface may improve the
properties of the sample. For instances, oxides may be incorporated in to the
tribolayer increasing the flow strength of the deformed meital layer [54). Transfer
of iron oxides may lead to lubrication and a reduction in the wear rate. However,
this typically occurs in materials with hard particles such as hypercutectic aluminum
silicon alloys [62]. This transfer process may differ substantially from the precess

outlined by Rigney [23].

2.5: Sliding Wear of Al-Si Alloys

The tribological properties of aluminum silicon alloys have been studied due
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to the promising wear behaviour they have demonstrated. The Al-Si system has a
eutectic at 12% Si. Hypoeutectic, eutectic and hypereutectic compositions have been
investigated yielding different results. Many researchers [62-65] have demonstrated
that the eutectic composition displays the least wear (Figure 2.6) while other
investigations [66] showed that the eutectic silicon content actually had a higher wear
rate (Figure 2.7). Yet another investigation [67] concluded that the silicon content
in the range of 4 to 24 wt% did not influence the wear rate in any detectable trend
(Figure 2.8). Even though these contradictory results exist, the eutectic composition
can in fact yield the best wear properties. From a consideration of Figure 2.8 it may
be seen that the addition of silicon to the alloy does lower the wear rate compared
to an alloy, of similar composition, without silicon [67]. However, high silicon

content may lead to an increase counterface wear [63].

Al-Si alloys typically demonstrate two wear regimes; mild and severe [64-66].
In each regime the steady state wear rate increases with load (Figure 2.9) [64,66].
Oxidation [66] and delamination [36,64,68,69] theories have been used to describe
mild wear. In the oxidative wear approach [66], the wear surface is covered with
a layer of aluminum oxide or mixed oxide/metal. Wear occurs through the spalling
of the oxide layer. This limits wear.to the oxide layer, only, thus mild wear rates

result.

In the delamination wear approach [36,64,68,69] subsurface cracks nucleate
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at the Al-Si interface and propagate parallel to the wearing surface at a depth of 10
to 20 um [36]). Zhang and Alpas [36] have developed a model which considers the
~ompetition between the plastic strain which leads to void or crack nucleation and
the hydrostatic pressure which opposes nucleation. With increasing load. and
therefore hydrostatic pressure, the rate of void growth decreases but the depth of
crack initiation increases yielding thicker debris. It has been shown that the

thickness of the debris does increase with load (Figure 2.10)[68].

The deformation generated during mild wear results in the formation of three
distinct subsurface zones (Figure 2.11)[68,70]. At the worn surface a zone of
fractured particles exists in which crack nucleation and growth occurs. Adjacent to
this is a region of plastically deformed material with some silicon particle fracture.
Below this is the unaffected bulk material. It has been determined that the depth

of plastic deformation increases with load at a greater rate than the debris thickness

[68].

The debris formed during sliding against steel at low loads consists of
aluminum, silicon, iron and a small amount of Al,0, [71]. Macroscopically the
debris is a finely divide powder with some metallic particles. Hypoeutectic alioys
typically form laminar debris with one smooth surface due to interaction with the
counterface and finer particulate debris (3 pm) [71,72]. The amount of flake type

debris generated increases with load [69,71,72]. When a flake of surface material
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Figure 2.10: Debris thickness generated from an Al-8% Si alloy slid against steel at
a velocity of (.6 m/s and loads of 10 N (o), 20 N (¢} and 80 N (v) [68]
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is removed, a scar remains on the worn surface [71].

The surface material is a finely mixed layer of small particles (10 to 70 nm)
of aluminum, silicon and iron particles {71]. The iron is introduced through the
transfer and back transfer of material between the worn surfaces of the sample and
the counterface [71]. At very high loads the surface may be protected from further
damage by the layer of mechanically mixed material resulting in a lower wear rate

[731.

Seizure occurs at high loads and is accompanied by gross plastic deformation
and substantial material transfer. The transition load to severe wear increases with
increasing silicon content (Figure 2.12)[66,74]. At this stage, transier from the
aluminum sample has resulted in a system where aluminum slide upon aluminum

leading to very severe wear rates.

Mild wear rates have been shown to decrease with an increase in sliding speed
|65,75). It was determined that the steady state wear rate decreased with increasing
sliding speed up to 2.5 m/s for aluminum alloys containing 7 to 22 wt% silicon [65].
This effect was greatest at low sliding speeds (Figure 2.13). This was believed to be
due to the influence of sliding speed on the coefficient of friction which reduced the

depth subsurface damage resulting in a decrease in wear [65].
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Investigation of the effects of sliding speed on the wear of an Al-12,3 wt<e Si
alloy showed that the wear rate decreased with sliding speed to a critical value after
which the wear rate increased [76] (Figure 2.14). The author proposed that there
are two competing processes occurring. As speed increases the strain rate increases
resulting in an increase in the flow strength of the subsurface and a corresponding
decrease in wear [76]. Opposing this process is the degradation of the flow strength
as temperature increases due to the enhanced frictional heating as speed increases.
It was concluded that the strain rate effect is dominant resulting in a reduction in
the wear rate up to a critical speed. After this speed is achieved the temperature
effect increases the wear rate of the alloy [76]. If this is true then the ability of the

system to dispose of excess heat is critically important.

Heat may be transferred in to the counterface material. It has been sugpested
that a counterface which is a good heat conductor, is hard and less soluble in the
sample material will result in less wear and an increase the transition load and speed
for severe wear [77]. Figure 2.15 shows the normalized wear rates for an Al-
12,3wt%Si alloy slid against steel and partially stabilized zirconia (PSZ). The
ceramic counterface is not able to transfer heat as easily as the steel counterface
resulting in increased wear [77]. Therefore frictional heating is an important factor

in the friction and wear of these materials.
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Figure 2.14: The variation of wear rate with sliding speed for an Al-12.3wt% Si alloy
slid against Cu (o), Cu-4.6%Al (¢), Cu-7.5%Al (v) at a load of 0.1 MPa [76]
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2.6: Sliding Wear of Metal Matrix Composites

The tribological properties of alloys reinforced with particles, whiskers, short
fibres and continuous fibres have been investigated. Due to their greater cost
effectiveness discontinuously reinforced composites are more frequently studied. Our

discussion shall begin with composites with ceramic particulate reinforcement.

Particle Reinforcement

Composites containing SiC particulate [78-87] or Al,O, particles [87-92] in an
aluminum, magnesium or copper matrix have been studied. Most frequently the
investigator determines that the reinforcement leads to a reduction in wear. In one
study, commercially pure aluminum reinforced with 5 wt% AlLQO,; particles
demonstrated wear rates similar to eutectic and hypereutectic Al-Si alloys [87]. The
addition of 20 wt% Al O, particles to a 2024 Al alloy resulted in a two order of
magnitude reduction in weight loss [88]. When 20 vol% SiC particles were added
to a 6061 Al matrix the reciprocating wear rate decreased up to 300 times [78).
When slid against steel, an Al-7% Si alloy reinforced with 20% SiC demonstrated
wear rates similar to ductile iron [79]). Therefore, it would appear that the
reinforcement of various alloys by hard ceramic particles reduces the dry sliding

wear rate. However, this trend is not always factual.

Zhang and Alpas [80,81,89] observed wear rates similar to the unreinforced
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material over a certain load range. This was attributed to a greater propensity for
subsurface crack nucleation and growth in the composites as a result of the severe
localized deformation. In the composites decohesion of the reinforcement-matrix
interface nucleated a crack which propagated parallel to the worn surface along the
particle-matrix interfaces. This process led to the delamination of a flake of surface
material. The unreinforced material experienced a similar delamination process with
nucleation of the cracks eccurring at second phase particles [80,81,89]. The inclusion
of the hard ceramic particles increased the number of sites for crack nucleation and
decreased the fracture toughness leading to enhanced delamination wear in the
composites. This offsets any beneficial effect of the reinforcement preventing any
enhancement of the wear properties in this load range [80,81,8Y]. Similar results
were achieved in the study of an Al,O, reinforced copper alloy [92]. Poor interface
bonding and an increase in delamination wear caused the wear rate of the composite

to be as much as five times higher than the wear rat. of the unreinforced alioy [92].

Ceramic particle reinforcement has been shown to increase the load required
to achieve severe wear and seizure with respect to the unreinforced alloy [80-82,89].
It has been proposed that the transition to severe wear depends on the achievement
of a critical transition surface temperature generated by frictional heating [80,81,89].
Typically the critical surface temperatures are between 390 to 420 K (approximately
0.4 T/T,,) for aluminum alloys {80,89]. For a 6061 Al composite with 20 vol% Al,O,

the critical transition temperature was 44010 K. Work softening may occur in the
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surface material leading to an increase in adhesion and wear. The ceramic
reinforced composites are able to maintain mild wear to higher temperatures, and
therefore higher loads, since the degradation of the mechanical properties is less in
the composites with respect to the matrix alloy as temperature rises [80,81,83,89].
In fact, elevated temperature tests have shown that SiC reinforcement of an Al-7%Si
alloy resulted in excellent wear rates up to 150 C (Figure 2.16) due to the “"thermal

stability" offered by the reinforcement [83].

At low loads the heat generated does not result in a significant rise in
temperature. It has been shown that the hard particles in the subsurface are intact
and able to support the load reducing the metal to metal contact [80,81,89]. The
particles machine the counterface [79-81,89] resulting in the transfer of iron
containing fragments to the wearing surface [80,81,89,90). These fragments form a
layer with some lubricating characteristics leading to an order of magnitude

reduction in wear rates [80,81,89].

At higher loads the worn surface is composed of aluminum (80,81,89,90]. In
the severe wear regime a layer is frequently formed adjacent to the worn surface of
finely broken material. This layer may be established due to the high plastic strain
in the immediate subsurface fracturing the particles (coD* where D is the particle
diameter) [93), the re-imbedding of fractured ceramic particles in to the ductile

matrix [90] or possibly transfer and back transfer of the composite components
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which refines the morphology and results in the subsurface layer.

The transition from mild to severe wear also depends on the velocity. In the
study of 7091 Al - SiC reinforced composites [84] the wear rate was found to be
similar to the unreinforced alloy when tested at sliding speeds below 1.2 m/s.
However, at higher velocities (up to 3.6 m/s) the composites demonstrated wear rates
up to 25 times lower than the unreinforced material. Mild wear was observed at low
velocities while a transition to severe wear occurred between 0.72 m/s and 3.6 m/s.
The transition was attributed to a change in mechanism from surface- fatigue-related

surface cracking to subsurface-cracking-assisted adhesive transfer [84).

In summary, the particulate composites appear to demonstrate three wear
behaviours as load increases [81,89]. At low loads the particles are able to support
the load and machine the connterface resulting in a decrease in wear with respect
to the unreinforced alloy [80,81,89]. As load increases the particles fracture and lose
their load supporting ability. Subsurface crack nucleation and growth occurs
through a damage accumulation process leading to wear rates similar to the
unreinforced alloy. The transition to severe wear occurs at higher loads in the case
of composites [80-82,89]. Subsurface damage is evident and an interfacial layer
forms consisting of fractured particles. Transitions in wear rate or wear mechanism
may be caused by changes in velocity [84). Severe wear is terminated by seizure.

Similar trends are observed in fibre reinforced composites.
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Fibre Reinforcement

Fibre reinforcement frequently results in a reduction in total wear but an
increase in delamination wear [94]. In one investigation 20 vol% Al,O, and 20 vol%e
SiC fibres were added to a 6061 Al alloy resulting in a decrease in the wear rate of
6% and 15% respectively {95]. Another study concluded with similar results [96).
It was reported that the wear resistance of a hypoeutectic Al-Si alloy could be
improved over 50% by the addition of 8% to 17% Kaowool (Al,O, SiO,)} or 10%
Saffil (Al,O,) fibres [97]. A new concept is the introduction of two or more types of
fibres into a single matrix resulting in a hybrid composite with superior properties.
A 6061 Al hybrid composite of Al,O, and SiC displayed better wear rates compared
to composites with only one type of fibre when slid against 304 stainless steel at (.94

m/s at a load of 31 N (Figure 2.17) [95].

The inclusion of ceramic fibres also increases the bearing capacity of the
alloy. The addition of SiC whiskers to an aluminum alloy increased the bearing
capacity 60%, compared to the unreinforced aluminum, which resulted in an
increase in the load or velocity required to achieve severe wear [98). This was due
to the high hardness of the whiskers and the resistance they supplied to matrix

deformation [98].

The effectiveness of the fibres to reduce wear has been shown to depend on
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the fibre orientation in SiC [93.96]. AL,O, [95.96,99] and graphite [100-102] fibre
reinforced alloys. Composites which have fibres orientated normally to the wear
surface display lower wear rates due to a reduction in fibre pull or roll out [100,102]
or ease of subsurface deformation {98,99.101]. It has been observed that the fibres
in the subsurface are forced to bend in the direction of sliding. Eventually the fibres
fracture and rotate from the normal orientation to the parallel orientation due to the
plastic deformation below the worn surface [98,101]. It has been suggested that the
extra energy required to bend and break the normally orientated fibres is
responsible for the improved wear resistance with respect to composites with the
fibres orientated parallel to the contact surface [101]. Anisotropy of the fibre itself

may also lead to orientation effects.

The type of fibre is very important. Superior wear rates have been observed
in composites with SiC fibres compared to composites with AlLO; fibres [95].
Graphite fibres have a layer lattice structure which is very anisotropic. In one
direction, graphite fibres resist shear. Perpendicular to this direction the layers of
the lattice structure readily slide past each other when subject to shear., The result
is solid lubrication due to the fibres which has been shown to reduce both friction
and wear [101,103,104]. However, the degree of graphitization in carbon fibres
depends on the starting materials and the manufacturing process. Before a
discussion of the wear properties of graphite reinforced alloys may be undertaken

a consideration of the various types of carbon fibres and particles must be
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performed.

2.7: Carbon Fibres

Carbon fibres may be roughly divided in to two categories: graphitic carbon
fibres and non-graphitic carbon fibres. Both fibre types consist of carbon atoms,
however, the graphitic fibres have undergone a heat treatment procedure to produce
a crystalline state with a high degree of long range order. In general the treatment
process [105] starts with a setting treatment under oxidative control. The
temperature is increased resulting in a carbonization reaction. Finally the treatment
temperature is raised to temperatures of the order of 2400 K at which point
graphitization occurs [105]. The details of this process depend on the starting

material.

Three common precursor materials are rayon, polyacrylonitrile (PAN) and
pitch. Rayon and PAN are polymer molecules. Pitch is a complex mixture of
aromatic compounds [105). Pitch is the least expensive of the common precursor

materials for carbon or graphite fibre production [106].

PAN precursors are frequently used to produce high modulus or high
strength graphite fibres for use in high strength composites [106]. The properties

of the fibres, and hence the composite, depend on the processing technique and, in
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particular, the final graphitization temperature [106].

Pitch may be vsed to produce low strength, low medulus carbon fibres simply
by extrusion followed by a dehydregenation condensation reaction at about 600 K
[105]. The fibres produced in this manner are non-graphitizing. isotropic carbon
fibres. Graphite fibres may be produced from pitch although this requires the
intermediate step of producing a highly anisotropic mesophase pitch [105]. Upon
heating at high temperatures, graphitization occurs resulting in graphite fibres.
Table 2.2 compares the properties of a pitch based fibre after carbonization and
graphitization and a non-graphitizing pitch based fibre. From Table 2.7.1 it may be
concluded that the addition of a non-graphitic pitch based carbon fibre to an
aluminum matrix must be considered fundamentally different than the addition of

a graphite fibre which posses a much high degree of long range order.

2.8: Manufacture of Aluminum-Carbon Composites

Several problems arise during the fabrication of these materials [106). Firstly
there is an interfacial reaction. Secondly, carbon fibres are not wetted by molten
aluminum leading to a poor interface. Lastiy, the carbon fibre will oxidize at

elevated temperatures in air.

it has been shown that at temperatures above 800 K, carbon will react with



Table 2.7.1: Properties of pitch based carbon fibres.” Carboflex is the trade name of
non-graphitic carbon fibres produced by Ashland Petroleum Co. of Ashland
Kentucky, USA.

Carbonized[105] Graphitized[{105] Carboflex[107]

Interlayer Spacing 3.40-3.43 A 3.36-3.37A

Density (g/cm®) 2.1-2.2 2,122 1.57

Tensile Strength 835-950 MPa 1490-2080 MPa 400-600 MPa
Elastic Modulus 150-210 GPa 450-720 GPa 30-40 GPa
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aluminum to produce the brittle compound Al,C, [106). This results in the
degradation of the fibre and a resultant degradation of the mechanical properties of
the composite (Figure 2.18)[108]. Increasing the time of infiltration. melt

temperature or infiltration pressure promotes aluminum carbide formation [106].

Another problem encountered is poor wetting. This is overcome by the
modification of the chemical composition of the melt or the fibre surface, increasing
the working temperature or modification of the atmosphere [106]. Metallic coatings,
of copper [109] or nickel [108,110], are often applied to the fibres resulting in an

improvement in the reinforcement-matrix interface coherency of the composite.

Oxidation of the carbon fibres is reduced by lowering the fabrication

temperature or with a metallic coating {106].

2.9: Wear of Graphite Reinforced Aluminum Alloys

In the study of graphite particle reinforced aluminum composites it has been
observed that the wear rate tends to decrease. In a 2014 Al-50% graphite particle
composite, slid against steel at a speed of 0.1 m/s and a load of 10 N, the wear rate
of the composite was 20% of the wear rate of the unreinforced alloy [111]. A
hypoeutectic Al-Si alloy (LLM6) displayed a 50% reduction in wear when 3%

graphite particles were added [112]. The seizure pressure increased from 2.0 MPa
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Figure 2.18: Degradation of the carbon fibres as a result of interfacial carbide
reaction (used with permission [108])
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in the unreinforced alloy to 3.2 MPa in the graphitic composite [112]. 1t has also
been shown that the weight loss decreases with increasing amouunts of graphite

(Figure 2.19) in a 2014 Al matrix composite [113]. Friction displays a similar trend.

The coefficient of friction decreases to a stable value of 0.2 when the graphite
content exceeds 20% [114]). When less graphite is available the coefficient of friction
depends on the inatrix composition [114]. Studies have determined that the
reduction in coefficient of friction and wear is due to the formation of a graphite
film on the wear surface [111-114]. The correlation between the area covered by
graphite and the reduction in coefficient of friction as sliding distance increases

supports this statement [114].

The graphite film formed on the wear surface was shown, usiiig AES and
XPS, to consist of carbon oxide, air deposited carbon, graphitic carbon and
aluminum particles {111}, The primary constituent was graphite suggesting that the
film must behave as a solid lubricant resulting in the lower friction force and wear

rates [111].

Film formation has been proposed to occur through a series of steps [113].
Due to the layer lattice structure of the graphite particles, layers will be
preferentially removed. As sliding continues the plastic deformation of the

subsurface causes the subsurface graphite particles to be squeezed out on to the
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wearing surface. The extruded graphite is sheared off and smeared on the wear

surface covering a larger area than the volume fraction of graphite would predict

[113].

The thickness of the graphite film has been measured using Auger Electron
Spectroscopy (AES) and X-ray Photoelectron Spectroscopy (XPS) profiling
techniques. In an Al 319-10% Gr composite the film was § to 10 nm thick after
sliding for 7.5 m at 10 N [115]. In an Al 2014-50% Gr composite the thickness was
10 to 20 nm [111] with some variations in thickness. A significant lubricating film
was formed after only 2 m of sliding. In an Al-10% Gr composite the thickness was
10 to 20 nm [116]. More significant is that 30% of the surface was covered with

graphite which shows that the 10% graphite has smeared out over the wear surface

[116].

The graphite smears on to the wear surface but there is a competing process
in which the aluminum smears overs the graphite preventing lubrication [114,115].
Larger graphite particles are more difficult to cover and lead to more effective

lubrication [114].

The lubricating film is also transferred to the counterface. Transfer of iron
from the counterface to the wear surface of the composite has been reduced through

the addition of graphite to the sample [115].



Other factors, related to the introduction of graphite, may overshadow the
beneficial effects of lubricating film formation. A reduction in strength and ductility
has been observed and was cited for an increase in the wear rate in one investigation
[117). In composites manufactured via powder metallurgy, the porosity has been
observed to increase with graphite addition which also lead to an increase in wear

{118].

The lubricating effects of graphitic carbon depend on the long range order
of the graphite layer lattice structure. Other factors such as humidity [43] and
environment do influence the lubricating ability of graphite. However, amorphous
and non-graphitic carbons do not have the graphite structure and cannot be

considered to have solid lubricating characteristics.

2.10: Wear of Non-Graphitic Composites

In a study of an aluminum alloy reinforced with 10% naturally occurring
non-graphitic microcrystalline carbon particles it was observed that the wear rate
was higher in the case of the composite when slid at 7.5 N load, 0.2 m/s [119], The
coefficient of friction of the unreinforced and composite materials were similar. The
non-graphitic carbon did not form a lubricating film and it was concluded that the
carbon was ineffective in improving the tribological characteristics [119). This points

out the importance of a graphitic structure for solid lubrication by carbon to occur.
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In summary, there are two general types of carbon fibres. These are
graphitic and non-graphitic regardless whether the starting material was PAN, pitch
or rayon. These fibres may be incorporated in to an aluminum matrix. The
problems of AlL,C, formation, fibre oxidation and poor wetting may be overcome by
applying a metal coating on to the fibre or particle {106]. The friction and wear
properties of composites made with graphite fibres are improved due to the
formation of a solid lubricating film [111-116]. Carbon fibres or particles which do
not have a layer lattice structure, viz. non-graphitic carbon, can not act as solid

lubricants [119].

56



Chapter 3: Experimental Methods

3.1: A356-Carbon Fibre (CF) Composite Fabrication

These composites were manufactured by INCO of Mississauga Ontario,
Canada, using a low pressure infiltration apparatus (Figure 3.1). Carbon fibre
paper, purchased from Ashland Petroleum Company, was cut such that the carbon
fibres could be stacked in a quartz tube producing a fibre preform. The density of
the preform and the resultant volume fraction of carbon fibres was determined by
the density of the carbon fibre paper used. Prior to infiltration the preform was

heated to approximately 623 K.

The charge was a molten A356, Al-7%8i-0.35%Mg-0.11%Fe-0.20%Ti-
0.05%Mn-0.5%Zn alloy. The alloy was at a temperature of approximately 923 K
in the crucible. The apparatus was under vacuum to prevent oxidation of the
aluminum. The heated crucible was raised to form a seal with the quartz tube. An
inert gas (Ar) was then added to the system which applied pressure (0.7 to 1.9 MPa)
to the surface of the molten alloy causing the fluid to flow up the tube and infiltrate
the carbon fibre preform. The preform was then cooled and machined to produce

wear samples.
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A nickel coating was applied to the fibres in order to improve the wetting
characteristic of the carbon-aluminum system resulting in a more coherent interface
upon solidification. The application of the nickel coating was performed through the

decomposition of a nickel containing gas [94].

Nickel carbonyl decomposes at relatively low temperatures (below 575 K) [94].
This decomposition reaction yields solid nickel and carbon monoxide:
Ni(CO), (g) = Ni (s) + 4(CO) (g)
The solid nickel was deposited on the carbon fibres resulting in a coating thickness
of the order of one micron and a nickel loading of approximately 62 wt% [94].
Figure 3.2 is a secondary electron image of the nickel coated carbon fibres. The

structure of the infiltrated preform may be observed in Figure 3.3.

3.2: A356-Gr-SiC Composite Fabrication

Composites containing 3 or 10 vol% graphite and 20% SiC particulates were
manufactured via a molten metal mixing process. An A356-20 vol% SiC composite
was produced by Alcan Int., Kingston, Ontario, using the Duralcan process. This
composite was remelted so that graphite particles could be added. Prior to graphite
addition to the melt the graphite particles were coated with nickel, to improve
wettability, using the same nickel carbonyl decomposition technique described in

section 3.1.
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3.3: Wear Testing

Wear tests were performed using a block on ring wear machine designed and
manufactured at the University of Windsor (Figure 3.4). The machi 1w consists of a
rotating bearing steel ring upor which a stationary composite sample is forced. A
one horsepower DC motor (1750 RPM max) was used to drive the rotating ring.
The applied normal loads varied from 5 N to 441 N. Typical testing conditions were
a sliding speed of 0.5 m/s and a sliding distance of 1000 m in the ambient
atmosphere. Some tests deviated from these standard conditions. For instance,
sliding speeds of 0.1 m/s and 1.0 m/s were used. The sliding distance varied up to
9000 m in some cases. The sliding speed was determined using a contact tachometer
to measure the rotational velocity of the steel ring in revolutions per minute (RPM).
The sliding distance was calculated from the sliding velocity and the duration of the

test.

The bearing steel ring was a SAE 52100 steel of nominal composition 1% C,
0.35% Mn. 1.45% Cr, 0.25% Si, 0.04% max S, 0.035% max P and the balance iron.
The outside diameter of the ring was 30 mm and the width was 12 mm. The ring
was treated to a hardness of 63 HRC. Prior to each test the counterface was
polished with 240, 320, 400 and 600 grit SiC abrasive papers resulting in a
arithmetic average surface roughness (R,) of 0.9 pm. The surface roughness was

determined using a Mitutoyo Surftest 401; a stylus type apparatus. The ring was
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Figure 3.4: The block on ring wear machine
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then ultrasonically washed in acetone.

The composites were machined in to wear samples 10x10x5 mm’ in size. A
narrow face of each sample was then polished with 400 and 600 grit SiC paper and
1 pm alumina slurry. The resulting surface roughness values (R,) were 0.7 pm and
1.2 pm for the A356-CF and A356-Gr-SiC composites respectively. The samples

were also ultrasonically washed in acetone and their weight determined.

The weight difference before and after the tesi was measured to determine the
average weight loss per unit sliding distance. This was converted to the volumetric
wear rate (mm*/m) using the appropriate densities. The density of each composite
was measured using an immersion technique (ASTM D792-86). Basically this
involved determining the weight of the sample in air and in water at 293 K. The
difference can be related to the buoyancy force and hence the volume of the sample.
The density of each composite is displayed in Table 3.1.

Most of the wear rate data was obtained for composites tested in the as
received condition. However, some of the hybrid A356-Gr-SiC composites were
solutionized and artificially aged to the peak aged condition. The solutionizing
treatment was four hours at 813 K followed by artificial aging for nine hours at 428

K. These samples were tested at a load of 10 N only.
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Table 3.1: Densities of the composite materials

Density
A356-CF 2.62 g/cm’
A356-3%Gr-20%SiC 2.78 g/em’
A356-10% Gr-20%SiC 2.75 g/em’




3.4: Contact Surface Temperature Measurement

The temperature of ihe contact surface during wear was measured using a
grounded chromel-alumel wire thermocouple probe with a stainless steel sheath of
diameter 0.25 mm. The probe was inserted through a hole drilled through the
sample from a narrow face adjacent to the wearing surface. The hole was drilled
with a solid carbide bit (0.7 mm diameter) in a high speed drill press. The
thermocouple was placed such that it was either in contact with the steel counterface
or trapped in the tribolayers of the sample. TlLe data was recorded, manually, at
thirty second intervals. Measurement became difficult at high loads since tire
velocity fluctuated to a greater degree during severe wear. The thermocouple tended

tv fail due to damage caused by the wear process at high loads.

3.5: Microscopic and Spectroscopic Analysis

X-ray diffraction studies were performed on the as received samples and the
wear debris. A Rigaku X-ray diffractometer with Cu-o radiation was most often
used. Secondary electron images were obtained employing a Semco Nanolab 7
Scanning Electron Microscope (SEM) fitted with a tungsten filament. SEM samples
were coated in a acetone soluble lacquer and then mounted in a cold epoxy mount
in order to improve edge retention and reduce damage to the wear surface during

polishing. Accompanying the SEM was a Kevex-ray 5100C X-Ray Energy
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Spectrometer which was capable of detecting elements with atomic numbers greater
than 12. In order to detect carbon. Auger Electron Spectroscopy was performed on

the worn surface.

Auger Electron Spectroscopy (AES) was performed at McMaster University
utilizing a Perkin-Elmer PHI 600 Scanning Auger Multiprobe. The samples were
sputter cleaned, with argon, to remove any air deposited carbon, Surveys of small
areas were able to identify the local atomic composition. Some of this data was
treated to yield the atomic ratios of C:Fe:O without consideration of any other

element.

Particle size was determined using a microscope with a graduated eyepiece.
The maximum and minimum dimensions of approximately 2({} particles were
measured and used to determine the average maximum and average minimum
dimension. A Buehler Micromet I1 Hardness Tester was employed to measure
Vickers and Knoop hardness values. The loads varied from 25 g to 2(0 g depending
on the application. The volume fraction of various constituents were determined

using a metallographic point counting technique described in ASTM standard E562-
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Chapter 4: A356-CF Composites

Part A: Experimental Rasults of the A356-CF Composites

4.1: Material Characteristics

The carbon fibre - aluminum matrix composites were produced using low
pressure infiltration. The matrix was an A356, Al-Si casting alloy of nominal
composition 7.0% Si, 0.35% Mg, 0.11% Fe, 0.20% Ti, 0.05% Mn, 0.05% Zn and
the balance aluminum. The carbon fibres were produced from petroleum pitch
through a melt blowing technique (section 3.1). These fibres are non-graphitizing,
isotropic carbon fibres. The distribution of the fibre diameter is shown in Figure
4.1. The average maximum and minimum dimensions were 16.2 ym and 10.5 ym
respectively. The fibre length was not evident from standard metallography.
Etching away the matrix revealed that the fibres were at least 600 um long. Prior
to infiltration the carbon fibres were coated with nickel to improve the wetting

characteristics of the system.

In Figure 4.2 one observes the distribution of carbon fibres in the matrix.
The carbon fibres were randomly orientated in planes which were either parallel
(Figure 4.2 a) or normal (Figure 4.2 b) to the contact surface. Higher magnification

allowed other phases to be discernable in the matrix (Figure 4.3).
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Figure 4.2: Microstructure of the composites with fibres orientated a) parallel and
b) normal to the contact surface
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Figure 4.3: Microstructural constituents
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In the matrix the coated carbon fibres are readily distinguished. Irregularly shaped.
finger-iike, particulates in the matrix were identified as silicon (dark grey) and an

intermetallic phase (light grey).

Phase identification was performed using X-Ray Diffraction (XRD). The
results of the XRD experiments indicated the presence of Al, Si and an intermetallic
phase, AI,Ni (Figure 4.4). A peak for elemental nickel was not observed suggesting
that the majority of the nickel had reacted with the aluminum matrix. The carbon
fibres did not produce a peak due to the low volume fraction of fibres and their non-

graphitic structure.

The microhardness values and volume fraction of each constituent is shown
in Table 4.1, The hardness of the intermetallic is very high compared to the
hardness of either the carbon fibres or the matrix. The volume fraction of the
intermetallic is approximately two times the volume fraction of the carbon fibres.
The silicon particles in the matrix are comparable to the intermetallic in regards to

hardness and volume fraction.

In summary the composite consisted of several components. These were a
relative soft aluminum alloy (0.3% Mg) matrix with hard silicon particles dispersed

throughout, carbon fibres of somewhat higher hardness and a nickel aluminide
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Table 4.1.1; Hardness and volume fraction of the carbon fibre composite’s

constituents

Hardness

Volume Fraction

Al-0.3wt% Mg
Carbon Fibres
ALNi
Si

74.1 = 8.1 VHN, 25g
180 VHN [91]
610-770 VHN [104]
715-1450 VHN [104]

Balance
0.04 + 0.01
0.1 = 0.03
0.07
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intermetallic phase. The wear behaviour was observed to be depeudant on the

presence of each component.

4.2: Wear Rates

The dry sliding wear rates of the A356-34%CF composites as a function of
load are depicted in Figure 4.5. The composites demonstrated two wear regimes,
mild and severe. At low loads typical wear rates of 7x10" mm*/m at 10 N and 1x10"*
mm“/m at 130 N were observed. The wear rates, W, {(mm*/m), increased lincarly on

a log-log plot suggesting the curve fit equation:

W,=CL (4.2.1)

where C and n are the intercept and the slope of the line respectively and L is the
applied load. The constants, C and n, and the correlation coefficient, r, for this

equation are shown in Table 4.2 for both orientations.

Mild wear occurred untl a transition load was reached. The transition load
was identified by a change in the debris morphology. This was also accompanied by
an increase in the slope of the wear rate-load curve indicating a change in the wear
mechanism. Examination of the wear rate data suggests that the transition from

mild to severe wear occurred at loads from 150 to 200 N. Extrapolation of the wear
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data and observation of the debris suggested that fibre orientation may affeci the
transition load. The possible dependence of the transition load on fibre orientation

will be discussed later.

Once the transiticn to severe wear occurred, higher wear rates of 3x10*
mm*/m at 200 N and 9x10° mm’/m at 300 N were typical. Once again the wear rate
increased with load indicating that severe wear may also be described by equation

4.2.1. The parameters C and n, as well as the correlation coefficients are shown in

Table 4.3.

Composite samples, with the fibres orientated parallel to the contact surface,
were tested for sliding distances up to 1800 m (Figure 4.6). At aload of 78 N the
volume loss increased linearly at a wear rate of 1.1x10"* mm*m indicating mild wear.
However, at a load of 196 N, which is above the transition load, a rapid increase in
wear was observed at a sliding distu..ce of 1100 m. This increase in volume loss was
accompanied by massive deformation and rapid material transfer indicating seizure.

The slope of the curve suggests a wear rate of 4.1x10! mm®*/m.

Therefore, Figure 4.5 demonstrates the two wear regimes, mild and severe.
The transition load, identified by a change in debris morphology, denoted an
increase in the slope of the wear rate-load plot. Figure 4.6 showed that there are

two different behaviours. At low loads the volume loss increased linearly with
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sliding distance at a relatively low wear rate. At high loads there was an increase

in volume loss at high sliding distances indicating seizure.

Seizure and wear of the composite samples affected the wear of the SAE
52100 steel counterface (Figure 4.7). In the mild wear regime, wear of the
counterface resulted in a weight loss which increased in the relatively small range
of 2.5x10” g to 1.5x10" g over 1000 m of sliding. However, once the transition load
(150 to 200 N) was surpassed the counterface gained weight. This weight gain was
due to the transfer of surface material from the compaosites to the steel counterface.
At a post transition load of 196 N (Figure 4.5), the majority of the metal transfer
occurred during seizure (Figure 4.8). When seizure developed the wear track on the
steel ring was almost completely covered with an adherent layer of aluminum (EDS)
(Figure 4.9). However, the counterface wear data indicates that transfer also
occurred prior to seizure. This is supported by metallographic evidence. The fact
that transfer to the steel counterface occurred in the severe wear regime, prior to
seizure, is significant in the interpretation of the operating wear mechanisms and will

b= discussed in section 4.8.

4.3:; Temperature Rise During Sliding

The mechanism of debris generation is affected by the interface temperature

generated during sliding. Figure 4.10 documents the surface temperature as a
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function of sliding distance for a pretransition load (mild wear) and two post-

transition loads (severe wear).

In the mild wear regime (78 N) the interface temperature initially increased.
rapidly, followed by a gradual increase thereafter. After 1800 m of sliding the
temperature had increased approximately 50 K to 350 K. However, in the severe
wear regime, the temperature rise was significantly greater. When tested at 196 N,
the interface surface temperature of the sample increased 120 K after 1200 m of
sliding. This sample did not demonstrate the high wear rates, gross plastic
deformation or material transfer characteristic of seizure because the test was
stopped prior to seizure. When the load was increased to 226 N, a greater surface
temperature (425 K) was observed after 1000 m of sliding. Most significant was the
further temperature rise generated during seizure. When seizure started to occur
at 1100 m, the rate of temperature rise increased. The test was stopped since seizure
resulted in large vibrations in the testing machine. At this point the surface

temperature exceeded 475 K.

The temperatures generated during severe wear were sufficiently high to
céuse degradation of the load carrying ability (ie. strength) of the aluminum matrix
[121). This fact is very important in understanding the severe wear mechanism and
the presence of the transition load between mild and severe wear regimes and will

be discussed in detail.



4.4: Characteristics of the Wear Debris

The morphology and composition of the debris generated by wear can often
yield significant clues as to the mechanism by which the debris was formed. Since
two different wear regimes were observed, indicating at least two different wear
mechanisms, it was expected that the morphology and composition of the debris

would be significantly different in the two wear regimes.

In the mild wear regime the debris from the composite was observed to be a

black powder to the unaided eye. SEM secondary electron images indicated that the
debris consisted of many flake-like particles (Figure 4.11). A few larger flakes
(approximately 500 um) were also observed suggesting that the smaller particles may
have initially been larger flakes. Alternatively, the larger flakes may have been
composed of the small debris flakes. When these flakes were released from the
surface, deformation and fracture of the flakes occurred as the debris exited the
tribo-system. This processing of the debris likely broke the majority of the large

flakes into smaller flake-like particles.

The composition of the debris particles was determined through X-Ray
Diffraction (XRD) studies. In the mild wear regime the debris was observed to
consist mainly of elemental iron and aluminum (Figure 4.12). The broad X-Ray

peaks suggest the possibility that non-stoichiometric and/or amerphous iron and/or
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Figure 4.11: Morphology of the debris from a low load test
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aluminum oxides may have been formed due to the low contact surface temperature

(less than 350 K) generated during sliding at low loads.

Once the transition to severe wear had been achieved, the debris from the
composites was flake-like with some chunk material of the order of 1 mm in
diameter, 0.1 mm thickness (Figure 4.13). The debris material appeared to be
metallic to the unaided eye. Energy Dispersive Spectrometry (EDS) determined that
the severe wear debris was mainly aluminum with smaller amounts of iron. This
agrees with the observation that aluminum transfer to the steel ring results in a
system where aluminum slides against aluminum preventing any significant transfer
of iron on to the sample wear surface during severe wear. The flakes appeared to
be formed through extrusion of the surface layers which built up outside the contact

surface and were then fractured off.

Severe wear was terminated by seizure. When s.eizure occurred a large
proportion of the debris was transferred to the steel counterface (Figure 4.9). The
debris that was not captured by the counterface was irregular in shape and larger.
The largest dimension of the debris fragments was 1 to 8 mm. The large size of the
debris was indicative of the severe plastic deformation that the seized worn surface

experienced.



Figure 4.13: Debris from a high load test (196 N)
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4.5: Characterization of the Worn Surfaces

In the mild wear regime, scoring or grooving of the surface occurred (figure

4.14). Plastic deformation of the surface material resulted in the build up of
aluminum at the exit edge of the wear scar in a process analogous to extrusion. Pits
of granular appearance were dispersed in the grooved surface (Figure 4.15). The
carbon fibres were observed to have fractured at the wear surface of composites with
parall2l fibres (Figure 4.16) and normally orientated carbon fibres (Figure 4.17).

Although these fibres fractured, decohesion or fibre pull out was not observed.
Debris particles (1 to 3 um) of aluminum, iron and oxides were found on the surface
at higher magnifications (Figure 4.18). Energy Dispersive Spectrometry (EDS) was
used to identify the composition of these particles. The EDS system used was not
capable of detecting elements with atomic numbers less than 12. Hence Auger

Electron Spectroscopy (AES) was performed to detect carbon on the worn surface.

The purpose of performing the AES analysis was to determine whether the
non-graphitic carbon fibres had formed a solid lubricant film on the surface
analogous to the behaviour of graphite [95-98]. Figure 4.19 is the AES survey of a
sample tested at a load of 10 N (mild wear). Sputtering was performed to remove
all adventitious (air deposited) carbon (section 3.5). The results indicate that the
worn surface consisted of aluminum and silicon from the matrix, oxygen from the

atmosphere and carbon from the fibres. The argon and nitrogen peaks were



- N

Figure 4.14: Worn surface of a composite slid at 10 N. Broken carbon fibres on the
surface are denoted by a’. (sliding direction is left to right)

Figure 4.15: Worn surface slid at 78 N (sliding left to right)
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Figure 4.17: Fractured fibre orientated normal to the worn surface (10 N)
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Figure 4.18: Debris particles on the worn surface of a composite slid at 78 N (sliding
direction left to right)
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believed to be artifacts. Since the carbon peak persisted with further sputtering it
was initially assumed that the fibres had indeed formed a lubricating film at low

Joads. The validity of this statement will be discussed later.

In the severe wear regime the worn surfaces of the composite samples
displayed a metallic appearance. Deep longitudinal grooves were readily observable
to the naked eye (Figure 4.20). Microscopically these grooves were coupled with
rather severe plastic deformation (Figure 4.21). The surface layers were extruded
at the exit, the entrance and the sides of the wear scar (Figure 4.22). Qualitative
EDS of the worn surface demonstrated the presence of aluminum and silicon without
significant amounts of iron. Once again AES was performed to detect carbon species

on the worn surface.

The AES survey of a severely worn sample is shown in Figure 4.23, After a
period of sputtering, to eliminate the adventitious carbon, the carbon peak was
nearly indiscernible from the background of the survey. The absence of carbon
suggested that film formation did not occur or that the plastic deformation of the
ductile aluminum matrix had covered the fibres preventing their detection. Plastic

deformation became even more severe when seizure occurred.

Seized surfaces are dominated by macroscopic features, reminiscent of ridges,

running perpendicular to the sliding direction indicating the gross deformation
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Figure 4.21: Severely worn surface showing grooving and plastic deformation caused
by sliding at 196 N (sliding direction left to right)
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Figure 4.22: Section showing the extruded material at the exit of the wear scar,
235 N
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damage that is characteristic of seizure (Figure 4.24). The surface of the sample had
been torn away leaving deep scars. The damage caused by seizure is more evident

when one examines the subsurface.
4.6: Subsurface Characterization

The depth of subsurface damage is very limited during mild wear. The
carbon fibres extend to the wear surface without significant subsurface fracture
(Figure 4.25). Strain developed in the subsurface tends to bend the fibres in the
sliding direction (Figure 4.26). This effect became more dramatic at higher loads in
the mild wear regime. Subsurface cracks 10 to 20 pm below the worn surface
appeared to propagate parallel to the worn surface until crack lengths of 200 to 4(H)
pm were achieved. The flake of material above the crack was delaminated when the
crack intersected the surface. Figure 4.27 is a secondary electron image of a flake
of surface material prior to delamination. Removal of similar flakes left pits on the

worn surface.

In the severe wear regime the subsurface demonstrated three distinct regions
(Figure 4.28). Furthest from the wear surface was the unstrained bulk material.
This region did not show any damage due to the wear process. The intermediate
region (80 to 350 pm deep) was a region of plastic deformation resulting in the

fracture of the carbon fibres. Immediately adjacent to the worn surface, a layer of
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Worn Surface i

Figure 4.26: Section of a sample slid at 147 N (sliding direction left to right)
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Figure 4.27: Delamination flake being generated during sliding at low loads (20 N)
(sliding direction left to right)
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Figure 4.29: View of the interface between the highly fractured layer and the
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severe deformation was observed up to 80 pm thick.

The severely deformed surface layer consisted of a mixture of finely broken
particles (Figure 4.29). This communitated material most likely formed due to the
very high plastic strains (20 to 50 strain [38]) immediately below the worn surface.
The hardness gradient below the worn surface (Figure 4.30) indicated that the
hardness increased near the contact surface. The near surface meusurements
revealed a hardness of 120 VHN(150 Knoop) at a depth of 40 pm, however, this
measurement included the influence of the broken particles. It was not possible to
differentiate the effects of work hardening of the matrix, particle hardening or
softening due to the elevated temperature. Therefore the matrix may have been

harder or softer when severe wear occurred.

When seizure occurred the plastically deformed regions adjacent to the wear
surface were violently torn away (Figure 4.31). Seizure damage extended more than
250 um below the worn surface. Plastic strain bent the fibres in the sliding direction
(Figure 4.32). The ridge-like features observed on the seized surface (Figure 4.24)
were formed through crack propagation in to the sample as the surface is lifted away
(Figure 4.33). This characterizes the severe rapid damage which occurred during

seizure.
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Figure 4.31: Section of a seized sample after sliding at 196 N (sliding direction left
to right)
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Figure 4.32;: Section of a seized sample after sliding at 196 N showing the heavy
subsurface deformation (sliding direction left to right) ek
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Figure 4.33: Section of a seized sample showing cracks extending into the deformed
region of the sample.
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4.7: Summary of Observations

A356-4% CF composites demonstrated two wear regimes as load increased;
mild and severe wear. Severe wear was terminated by seizure. A transition load
between mild and severe wear was determined, by s chiange in debris morphology.
and was found to depend on the fibre orientation. The contact surface temperature
increased as the load increased. When seizure occurred the temperature jumped to

temperatures exceeding 475 K.

In mild wear grooved worn surfaces with granular pits were observed. AES
determined the presence of carbon of the worn surface. The debris was shown to
consists of aluminum, iron and oxides (EDS & XRD). The subsurface did not show
evidence of subsurface fibre fracture even though plastic deformation was observed.

Cracks propagated parallel to the worn surface delaminating a flake of surface

material.

In the severe wear regime the worn surface had a metallic appearance with
deep grooves and evidence of plastic deformation. Carbon was not identified on the
worn surface, The subsurface showed three distinct regions: a communitated layer
adjacent to the worn surface, a plastically deformed layer in wl.lich fibre fracture

occurred and lastly, che unaffected bulk material.
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When seizure occurred the surface of the sample was torn away and
transferred to the counterface resulting in a net increase in weight of the
counterface. The subsurface displayed cracks running in to the sample and severe
straining. At the onset of seizure the test had to be stopped to prevent damage to

the equipment.

Part B: Discussion of the Results

4.8: Wear Mechanisms

Examination of the worn surfaces and the debris indicated that at least two
different debris formation processes occurred in the mild wear regime. Figure 4.18
documents the presence of fine particles 1 to 3 um on the worn surface. EDS and
XRD analysis showed that these particles consisted of aluminum, iron and oxides.

Abrasive wear likely generated these particles.

“The abrasives, in this case, were the hard asperities of the steel counterface
and the composites. When these asperities slid upon the mating surface, gouging and
ploughing occurred resulting in the formation of fine particulate debris from the
contact surfaces of both the samples and the counterface. The debris, formed from
this mechanism and others, may have also behaved abrasively leading to further

particulate formation.
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A second debris formation mechanism, delamination, was observed in the
mild wear regime. The plastic strain developed in the subsurface likely nucleated
cracks at second phase particles. Cracks were not observed to nucleate at the
carbon fibre - matrix interface. Once nucleated these cracks propagated parallel to
the wearing surface, at a depth of 10 pm to 20 pm, until the cracks intersected the
surface (Figure 4.27). Crack lengths of 200 pm to 400 pm were achieved before the
material delaminated. The flake of material was removed leaving pits of granular

appearance on the worn surface (Figure 4.15).

The removed debris flakes did not exit the tribosystem immediately. Debris
examination indicated that the flakes were broken in to smaller flakes by the
interaction of the steel counterface and the sample surface. The debris fragments
may have acted as third body abrasives and may have increased the rate of abrasive

wear, although a definitive conclusion cannot be made.

The onset of severe wear corresponds to a degradation of the load carrying
capability of the composite as temperature increased. Severe wear is believed to
occur due through the achievement of a critical interface temperature [74,80,81,89].
The transition load of the composites was increased through the retention of load
carrying ability at elevated temperatures due to the reinforcing phases (see section
4,11). Transfer and adhesion of communitated composite material to the steel ring

took place. The surface layer was also extruded at the edges of the contact surface
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and then fractured from the sample. The significance of this wear mechanism

increased with increasing load conditions.

Post transition loading and long sliding distances resulted in seizure. The

steel counterface, once largely covered with a layer of aluminum, likely displayed
greater solid state welding between the sample and the counterface resulting in
fracture and easy transfer of the surface layer from the composite. The surface
layers were torn from the sample resulting in rapid volume loss. Localized build up
of transferred material on the counterface resulted in topography that varied 2 to
3 mm from spot to spot resulting in large scale ploughing. This caused severe

vibrations and the conclusion of the test.

4.9: Lubrication Effects

Upon fabrication of these carbon fibre composites, the carbon fibres were
thought to posses solid lubrica‘ing characteristics similar to graphite. However, the
non-graphitic structure of the carbon fibres suggested that the lubricating ability of

these particular fibres was very limited.

Graphite is soft (61 VHN) and easily shearable leading to efficient lubrication.
Contrary to this, the carbon fibres were substantially harder (180 VHN) and lacked

the layered lattice structure required for lubrication. Microscopic evidence
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suggested that the carbon fibres did not smear on to the wear surface when
deformed but fractured instead (Figures 4.16 and 4.17). Intact fibre segments were
found in the debris at high loads (Figure 4.34). More evidence was obtained through

very limited pin on disk friction experiments.

The graph of friction coefficient against sliding distance is displayed in Figure
4.35. The curve starts at a value of (.18 followed by a steep rise. It has been
suggested that a steep rise will occur in a friction plot when debris particles begin
to form [26]. The debris particles may become entrapped resulting in ploughing and
an increase in the coefficient of friction. Adhesion forces may also increase due to
the new material exposed [26]. After reaching a maximum coefficient of friction of
0.24, the friction force decreases. This may be due to a general smoothing of the
harder surface [26]. If a lubricating film formed on the surface, the coefficient of
friction should decrease as the film covers a greater area on the surface. Sliding did
not result in a significant reduction in friction force. In fact the steady state friction
coefficient was comparable to the initial friction coefficient. This suggests that a
triboinduced lubricating film was not formed. Therefore, the carbon fibres and

intermetallic acted as reinforcements leading to improved wear behaviour,

4.10: Orientation Effects

The Al-Si-CF composites were manufactured such that two different fibre
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Figure 4.34: Fibre segments in the high load wear debris
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Figure 4.35: Coefficient of friction as a function of sliding distance at a load of 2 N
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orientation were possible. The fibre orientations were described as normal and
parallel in relationship to the wear surface. However, this description does not fully
explain the fibre orientation. In the composites the fibres were orientated in parallel
planes but the fibres were randomly distributed in those planes (Figure 4.36).

Therefore the designations, as either normal or parallel, are not exactly correct.

Anisotropy was observed in the bulk hardness values of the composites.
Sample surfaces which had paralle! fibres demonstrated a lower hardness (83 VHN;
3823 30-T) compared to the surface with normally orientated fibres (90 VHN; 44+2
30-T). Therefore the composites with normally orientated fibres at the wear surface
may have possessed superior load carrying capabilities which may have increased the

load required to initiate severe wear.

The onset of severe wear occurred at a transition load of 150 to 200 N.
Considerable scatter in the wear rate data existed, however, extrapolation suggested
that the composite with fibres orientated normal to the surface may have
demonstrated a higher transition load. This was supported by the observations of
the debris morphology. The higher load capacity of the composite with normal fibre
orientation likely delayed the onset of severe wear to higher loads than in the case
of the composite with parallel fibres. A second, and supporting, reason for this
difference in transition load was observed microscopically. Figure 4.29 showed the

cross section of a sample with normally orientated fibres tested in the severe wear
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Figure 4.36: In the planar random structure the fibres are orientated in a plane
parallel to the worn surface but randomly distributed in that plane.
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regime. Furthest from the worn surface was the bulk material. Above this was a
region in which the fibres had fractured due to the subsurface strain. Closer
examination of this region reveals tha: the circular ends of the fibres are now facing
out of the page indicating that a rotation had occurred. Fignre 4.37 illustrates that
the carbon fibres segments have in fact rotated from the normal orieritation to the
parallel orientation. The process of fibre fracture (due to the strain gradient) and
subsequent rotation occurs only in the composites with normal fibres. This process
requires additional energy and thus creates a barrier to subsurface strain
development and severe wear. Therefore two factors appear to influence a possible
orientation dependence on the transition load. Firstly there is the anisotropy of
indentation hardness and secondly, the extra energy requirement for subsurface

deformation in the normally orientated composites.

4.11: Comparison With the Unreinforced Material

Zhang and Alpas [37] investigated the wear behaviour of A356, Al-7%§8i alloy
in a similar block on ring testing apparatus under similar conditions. Their results
of wear rate as a function of load are compared with the results of the A356-CF
composites in Figure 4.38. It may be seen that the unreinforced alloy also
demonstrates two wear regimes separated by a distinct transition load. In mild
wear, the Al-Si alloy demonstrated wear rates of 9 x 10 mm¥m at 10 N and 3 x 10*

mm*/m at 70 N resulting in the formation of black powder debris. Subsurface
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Figure 4.37: Section taken parallel to the worn surface demonstrating that the fibre
fragments in the plastically deformed subsurface layer have rotated so that the long
axis of the fibres are parallel, rather than normal, to the worn surface.
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delamination and abrasion of the surface by hard silicon particles were shown to be

the two major wear mechanisms.

The onset of severe wear occurred at 80 N and resulted in the formation of
metallic aluminum debris. A typical wear rate was 3 x 10" mmYm (100 N).
Transfer occurred rapidly from the sample to the steel counterface analogous to the

severe wear of the carbon fibre reinforced composites.

The A356-CF composites displayed wear rates one to three times lower than
the unreinforced alloy in the mild wear regime. This was due to the superior load
carry capability of the composites as a result of the intermetallic and fibre additions.

The maximum theoretical hardness of the composites, 14360 VHN, was calculated
using a linear rule of mixtures; H, = V_‘H_ + VoH; + V‘H; where V is the volume
fraction of each phase, H is the hardness of each phase (see Table 4.1) and the
subscripts ¢,m,f,i refer to the composite, matrix, carbon fibres and nickel aluminide
intermetallic respectively. The minimum theoretical hardness, 83+35 VHN, was
calcutated using the inverse rule of mixtures; H.' = V_ H," + V/H' + V;H. In
fact the experimental hardness was very similar to the theoretical minimum. It may
be concluded that the reinforced alloy should have a higher load carrying capacity
but the more significant observation is that the greatest influence on the hardness
was due to the nickel aluminide intermetallic. Therefore the addition of the hard

intermetallic particles and the carbon fibres led to a decrease in the wear rate in the
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mild wear regime.

It has been proposed [98) that the introduction of hard particles or fibres
could result in an increase in the rate of crack nucleation resulting in increased
wear. Since the wear rates of the composites were in fact two to three times lower
than the unreinforced material, the beneficial effect of carbon fibre reinforcement

must outweigh any increase in crack nucleation.

The increased load capacity of the composites allowed mild wear to prevail
to higher loads. The transition load increased from 80 N in the Al-Si alloy to 150
to 200 N in the carbon fibre composites. Hence, at a load of 100 N the composites
experienced mild wear while the unreinforced material encountered severe wear
resulting in nearly three orders of magnitude difference in their wear rates. This
denotes the significance of increasing tiie transition load to severe wear through

reinforcement,

1t has been suggested [80,81] that the transition to severe wear is dependant
on the achievement of a critical surface temperature in the sample material. The
temperatures generated during severe wear were in excess of 400 K (0.5 T,).
Therefore the load carrying ability of the composite should be considered under the
elevated temperature conditions. This was not practical in this investigation
although an indication of the composites elevated temperature behaviour may be

deduced from the behaviour of the constituents.
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Figure 4.39 shows that the ultimate tensile strength of the Al-Si matrix
decreases rapidly with elevated temperature [121]. Contrary to this behaviour. the
strength of the carbon fibres increases up to 470 MPa at 430 K and only then begins
to decrease [107]. The hardness of the Al,Ni intermetallic {(Figure 4.40) does not
decrease until a temperature of 563 K is obtained [120]. Therefore it is likely that
the degradation of the load carrying ability of the composites, due to thermal
softening of the matrix, is reduced due to the introduction of carbon fibres and
ALNi. Consequently, the composites have higher strength at room temperature and
at elevated temperatures, with respect to the unreinforced Al-Si alloy, resulting in
a higher load required for the transition to severe wear.

The only severe wear mechanism observed in the unreinforced alloy was
seizure. The carbon fibre composites demonstrated a period of sliding in the severe
wear regime prior to seizure. Considering the subsurface of the severely worn
composites, a layer was observed which was made up of broken fibres, intermetallic
particles and silicon particles adjacent to the worn surface. This layer was
effectively particle hardened to values exceeding 700 VHN. The particle hardened
surface was likely more resistant to the massive flow and material transfer to the
counterface characteristic of seizure. Thus the onset of seizure was delayed to higher

sliding distances in the composite materials.
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4,12: Comparison With Other Al Matrix Composites

Figure 4.41 contrasts the wear rate of several metal matrix composites,
adapted from the literature, and the A356-CF composites. The wear rates of a 6061
(Al-1%Mg-0.6 %8Si-0.3%Cu-0.2%Cr) alloy composite reinforced with SiC whiskers
was investigated by L.Cao et al [98] using a pin on disk machine at a velocity of 1.5
m/s and a sliding distance of 300 m. In comparison, the A356-CF composites
demonstrated substantially lower mild wear rates (approximately six times lower).
In relation to an A356-15%8iC, composite investigated by Pramila Bai et al [85];
velocity 0.5 m/s,sliding distance 450 m, the A356-CF composites displayed wear rates
three to seven times lower in the mild wear regime. The different testing conditions
make direct comparison difficult, however, it appears that the wear resistance of the
A356-CF composites is comparable or somewhat superior to aluminum matrix

composites with hard ceramic reinforcement.

An alternative to ceramic reinforcement is lubrication through the addition
of solid lubricants. Figure 4.42 compares the tribological behaviour of the A356-CF
composites with graphite containing aluminurn based composites. At high loads the
wear rates appear to be similar. However, at lower loads, below approximately 100
N, the graphite containing materials tend to display lower wear. This is likely due
~ to lubricating film formation due to the graphite. The reader must be cautioned that

direct comparisons must be treated with discretion,
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It appears that the use of pitch based, non-graphitic. isotropic carbon fibres
in an aluminum matrix leads to an improvement in the wear properties with respect
to the unreinforced alloy. The magnitude of this improvement is comparable, or

even superior to other metal matrix composites based on aluminum alloys.
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Chapter 5: A356-Gr-SiC Composites

Part A: Experimental Results of the Hybrid MMCs

5.1: Material Characterization

The SiC and graphite particulate reinforced aluminum matrix composites
were produced through a molten metal mixing process. The matrix was an A356, Al-
Si casting alloy of nominal composition 7.0% Si, 0.35% Mg, 0.11% Fe, 0.22% Ti,
0.05% Mn, 0.05% Zn and the balance aluminum. The graphite particles were
coated with nickel by INCO Ltd. The particles were subsequently mixed in to a

remelted A356-20%SiC composite by Alcan Int.

Figure 5.1 is a secondary electron image of the microstructure of the
composite. The size distribution of the SiC particles was measured and it was
determined that the average maximum and minimum dimensions were 12.8 ym and
9.1 pm respectively (Figure 5.2). The size distribution of the graphite particles was
also investigated. The average maximum and minimum dimensions were 110 pm

and 44 um respectively (Figure 5.3).

X-ray diffraction analysis was used to identify the phases present in the

composites. The analysis determined the existence of aluminum, silicon and SiC.
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Figure 5.1; Microstructure of the A356-10%Gr-20%SiC composite. Large black
particles are graphite particles. Smaller, lighter particles are SiC.
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In the case of the 10% Gr composite a small graphite peak was detected (Figure 5.4).
Nickel containing species were not identified by X-Ray diffraction. Therefore the
major constituents are aluminum, silicon, SiC and graphite. The hardness values of

these constituents are listed in Table 5.1.

In summary, the hybrid composites consist of 20 vol% SiC particulate and
either 3 vol% or 10 vol% nickel coated graphite particles. XRD did not detect the
presence of interface reaction products such as Al,C, or Al;Ni. The presence of both
the SiC and the graphite will be shown to have a positive effect on the wear of these

composites.

5.2: Wear Rates

The dry sliding wear rates as a function of load are depicted in Figure 5.5.
Unlike the carbon fibre composites of chapter 4, these composites do not
demonstrate regions of mild and severe wear rates. There appears to be a single
relationship between wear rate and load on the log-log plot. An eguation of the

form:

W,=CL" (5.1.1)

where W, is the wear rate (mm%m), L is the applied load (N) and n and C are
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Table 5.1: Hardness values of the hybrid composites and their constituents,

A356-3%Gr-20%SiC A356-10%Gr-20%SiC
Bulk Hardness 88.5 VHN (1 kg) 87.0 VHN (1 kg,)
(47.1x3.4, 30-T) (45.3x5.6, 30-T)
A356 66.8+7.2 VHN 66.8+7.2 VHN
SiC + Matrix 97:+8 VHN (100 g) 103:13 VHN (100 g))
Graphite 6114 VHN (25 g) 61:14 VHN (25 g,
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constants, describes this relationship. The constants n and C. and the correlation
coefficient, are listed in Table 5.2. The single relationship between force and wear
rate suggests that there is only one dominant wear mechanism that operates
throughout the load range tested. However, it will be shown that the wear behaviour

changes as load varies.

At a load of 8 N the composites demonstrated typical wear rates of 2 x 10"
mm’/m. At higher loads the A356-3%Gr-20%SiC composites displayed wear rates
(1.5 x 10°* mm*m at 70 N) two to three times lower than the composite with 10%
graphite (6.0 x 10 mm*m at 70 N). At extreme loads, both composites exhibited
similar wear rates of the order of 5§ x 10° mm’/m. The 3% graphite composite may
have been somewhat superior at these high applied loads. Most significant, however,
is the absence of a substantial increase in the wear rate which would have signified
the onset of severe wear. The absence of severe wear separates these materials from

other aluminum matrix composites.

Composite systems which involve the addition of hard ceramic reinforcements
often show an increase in counterface wear. At loads below 125 N the A356-Gr-SiC
composites wore the counterface at similar rates regardless of graphite content
(Figure 5.6). At higher loads, wear of the A356-10%Gr-20%SiC composite resulted
in less counterface wear compared to the composite with only 3% graphite.
Therefore, it appears that the addition of graphite has a beneficial effect on

counterface wear especially at higher applied loads.
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Table 5.2: Curve fit parameters n and C, and the correlation coefficient r for the
A356-Gr-SiC composites.

A356-3%Gr-20%SiC A356-10%Gr-20%SiC
n 0.91x0.1 1.25x0.1
C 5.3x10* £ 3x10° 2.1x10° £ 6x10°
r 0.93 0.98
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Under high loading conditions the A356-3% Gr-20%SiC composite exhibited
unusual wear and counterface wear behaviour as a function of sliding distance
(Figure 5.7). Initially the sample lost weight at a much higher rate compared to the
steel counterface. However, after sliding 700 m the A356-3%Gr-20%SiC sample
gained weight. This gain in weight corresponded to a rapid loss of counterface
weight. It was observed that the counterface took on a purple-blue-orange
appearance indicating oxidation and suggesting that the frictional temperature must

be considered.

5.3: Temperature Rise During Sliding

Figure 5.8 shows the contact surface temperature of the sample during sliding
at loads of 343 N. The surface temperature of the A356-3%Gr-20%SiC composite
increased rapidly during the first ten minutes of sliding. The temperature then
increased at a much slower rate, levelling off at approximately 490 K. The
composite containing 10% graphite behaved similarly but, the surface temperature
was substantially lower (only 445 K after 2000 m of sliding. Therefore sliding of the
composite with a higher graphite content resulted in a lower interface temperature

at a given load.
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5.4: Effect of Velocity

The effect of velocity at a constant load of 9.81 N was investigated. Figure
5.9 compares the volume loss of the A356-Gr-SiC composites at sliding speeds of 0.1
m/s and 1 m/s. In both cases the volume loss increased linearly with sliding distance.
The amount of volume loss at any given sliding distance was greater at the higher
velocity of 1 m/s. An increase in the velocity from 0.1 m/s to 1 m/s resulted in an
increase in the wear rate from 2.1 x 107 mm*/m to 1.5 x 10" mm*/m, in the case of
the composite with 3% graphite, and 3.6 x 10* mm"m to 4.7 x 107 mm*/m in the
composite with 10% graphite. From these values it should be apparent that the
A356-10%Gr-20%SiC composite demonstrated superior wear rates at a load of 9.81

N when tested at either velocity.

5.5: Effect of Solutionizing and Artificial Aging

The consequence of a solutienizing (four hours at 813 K) and aging treatment
(nine hours at 428 K) on the wear rate may be observed in Figure 5.10. At the load
of 9.81 N, the heat treatment had no effect on the wear rate of the A356-10%Gr-
20%SiC composite at either velocity. At a velocity of 1 m/s the wear of the 3%
graphite containing composite also remained unaffected by the heat treatment.
However, at the lower sliding speed of 0.1 m/s the heat treated A356-3%Gr-20%SiC

composite often demonstrated an increase in weight even though a wear scar was
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readily observable. This increase in weight was due to the transfer of steel from the
counterface. Therefore, a solutionizing and peak aging treatment appears to increase
the abrasive ability of the composites particularly when the graphite concentration

is small.
5.6; Characterization of the YWorn Surface

As load increased the appearance of the worn surface progressed izrough a
series of steps. At low loads the worn surfaces of the composites appeared to be
black or, in the case of the heat treated A356-3%Gr-20%SiC composite, reddish
brown. The surface contained many fine particles 1 to 5 pm in size (Figure 5.11).
As load increased, the proportion of the area covered with particles decreased and
grooved areas with lapps were formed by the hard asperities of the counterface and
debris particles (Figure 5.12). These plateaus were surrounded by particulate
material (Figure 5.13). The counterface displayed signs of abrasive wear including
the formation of an abundance of particles in the wear scar (Figure 5.14), At
extreme loads the worn surface became relatively smooth and glossy in appearance
with few particulate containing areas (Figure 5.15). Figure 5.16 contrasts the
particles formed on the wear surface at high and low loads, The particles formed
at low loads and the pafﬁcles formed at high loads appear to have the same
morphology. However, at extreme loads the worn surface was almost completely

devoid of these particles.
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Figure 5.11: Worn surface of an A356-3%Gr-20%SiC composite nites sliding 1000
m at a load of 4.9 N (sliding direction left to right)

Figure 5.12: Worn surface of an A356-10%Gr-20%SiC composite after sliding at a
load of 69 N (sliding direction left to right)
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Figure 5.13: Worn surface of an A356-10%Gr-20%SiC composite after sliding at a
load of 10 N (sliding direction right to left)

Figure 5.14: Surface of the steel counterface after sliding against an A356-3%Gr-
20%SiC composite at a load of 343 N.
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(d)
Figure 5.15: High load worn surfaces a) A356-3%Gr-20%SiC, 294 N; b) A356-
3%Gr-20%SiC, 441 N; c) A356-3%Gr-20%SiC, 226 N; d) A356-10% Gr-20%SiC,

343 N (sliding left to right)
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(b)

Figure 5.16: Particles on the worn surface of hybrid composites a) 10 N, 10% Gr,
b) 441 N, 3%Gr
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Samples tested under extreme loading conditions exhibited other features on
the worn surface such as cracks (Figure 5.17 and Figure 5.18). Depressions (Figure
5.19) and blisters (Figure 5.20) suggested the formation of a surface layer. Evidence

that a surface layer had formed was found at lower loads also (Figure 5.21 and 5.22).

The composition of the surface layer was investigated to help interpret the
influence of the surface on the wear rate. Figure 523 documents the relative
amounts of iron (from the counterface), aluminum and silicon (from the sample)
found on the worn surface at different loads determined using EDS. Two very
different behaviours may be observed. The composite with 10% graphite had a
large concentration of iron (42 at%) on the worn surface at a load of 4.9 N. As load
increased the concentration of iron decreased and remained at approximately 2 at%
to 10 at%. The A356-3%Gr-20%SiC composite had a somewhat higher
concentration of iron (53 at%) at 4.9 N. The iron level decreased at intermediate
loads (98 N to 343 N) but remained greater in the 3% graphite composites compared
to the 10% graphite composites. At extreme loads the iron content increased to 75
at% to 85 at% indicating that transfer from the ring to the sample was occurring
at a much greater rate. This was not observed in the composite with a 10%
graphite. Therefore the graphite content of the composite influenced the composition

of the surface layer formed.

Carbon, or graphite, could not be detected using the EDS system at our
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Figure 5.17: Cracks on the worn surface of an A356-3% Gr-20%SiC composite tested
at 441 N (sliding left to right)

Figure 5.18: Cracks in the worn surface of an A356-3%Gr-20%SiC composite tested
at 441 N (sliding direction left to right)
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Figure 5.19: Cavity in the worn surface of an A356-3%Gr-20%SiC composite tested
at 441 N (sliding left to right)

ey L TR
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<t

Figure 5.20: Blister on the worn surface of an A356-3%Gr-20%SiC composite tested
at 441 N (sliding left to right)
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Figure 5.21: Worn surface of an A356-10%Gr-20%SiC composite at a load of 69 N

(sliding left to right)

B Y. o

Figure 5.22: Worn surface of an A356-10% Gr-20%SiC composite tested at a load
of 69 N (sliding left to right)
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disposal. Auger electron spectroscopy was used to identify the presence of graphite
on the worn surface. A typical AES survey is displayed in Figure 5.24. Carbon
atoms were found on all samples examined. The ratios of iron:oxygen:carbon are
displayed in Table 5.3. Since carbon, most likely graphite, was found on the worn

surface, the possibility of solid lubrication existed at all loads.

5.7: Characterization of the Subsurface Microstructure

Examination of polished cross sections revealed the extem of damage as depth
below the worn surface increased. This damage may be as simple as strain
deformed grains or be as severe as subsurface cracks and particle fracture. The

subsurface damage is an indication of the wear mechanism operating at that load.

At low loads (4.9 N) the worn surface was covered with iron containing
species. Inspection of the subsurface (Figure 5.25) reveals that the SiC particles have
remained intact. Fracture of the particles has not occurred indicating that the
particles maintain their reinforcing capability. In fact, subsurface strain appears to

be limited to the very near surface.

With increasing load the composition of the worn surface decreased in iron
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Table 5.3: AES results indicating the presence of carbon on the worn surface.

Load C Fe O

98 N 7.8 334 58.7
137 N 11.0 30.5 58.5
441 N 12.1 29.5 58.2
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Figure 5.25: Section of a sample, with 10% grapliite, tested at 4.9 N (sliding direction
top to bottom)
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content. Examination of the subsurface indicated that a tribolayer had formed on
the worn surface (Figure 5.26). This tribolayer was approximately 10 pm thick at
a load of 49 N and appeared to consist of intimately mixed materials (Figure 5.27).
The SiC particles below this layer were not fractured. In actuality, the grains below
the tribolayer appear to remain equiaxed indicating that the damage in the

subsurface is limited to the tribolayer.

Tribolayers continued to form as the load increased (Figure 5.28). The
thickness of the tribolayers was observed to increase with increasing load; sometimes
exceeding 30 pm. The tribolayer was determined to consist of broken silicon and
SiC particles mixed with aluminum and iron containing compounds (Figure 5.29).
Strain in the subsurface was not sufficient to cause fracture of the SiC particles
below the tribolayer, however, sublayer damage was realized. Cracks appeared to
form at discontinuities such as SiC particle clusters (Figure 5.30) and porosity
(Figure 5.31). This crack propagation may have increased the wear rate to a degree

dependant on the ease of crack formation and propagation.

5.8: Examination of the Debris

The morphology and composition of the debris provided evidence for wear
mechanism determination, At low loads the debris was particulate. At higher loads

both the morphology and the composition of the debris changed depending on the
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Worn Surface

Figure 5.26: Section of a sample with 3% graphite tested at 49 N (sliding left to
right)

Figure 5.27: Section of a sample with 3% graphite tested at 49 N (sliding left to
right)
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Figure 5.28: Surface layers on an A356-3%Gr-20%SiC sample tested at 343 N
(sliding left to right)

Figure 5.29: Fractured SiC particles in the surface layer
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Figure 5.31: Porosity perpetuating a subsurface crack
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applied load and the graphite content.

Particulate debris was observed on the worn surface at low loads. X-ray
Diffraction {(XRD) studies indicated that the debris consisted of native iron and
aluminum with silicon, SiC and the possibility of amorphous or non-stoichiometric
oxide compounds (Figure 5.32). When heat treated A356-3%Gr-20%SiC samples
were tested at low loads the debris appeared reddish brown and likely contained

Fe,0, similar to a SiC composite without granhite [73,74).

At intermediate loads (50 N to 110 N) the XRD pattern (Figure 5.33) denoted
aluminum and iron, silicon and SiC similar to the pattern at lower loads.
Macroscopically the debris was a black powder. This observation indicated that the

debris did not change greatly between low and intermediate loads.

At extreme loads the composition of the debris, generated from composites
with 10% graphite, continued to be made up of aluminum, iron, silicon and SiC
(Figure 5.34). However, the A356-3%Gr-20%SiC composite generated debris with
a large concentration of iron oxides (Figure 5.35). This agrees with the observation
that the counterface experienced severe oxidation at high loads. The oxide product
was worn from the surface of the steel ring, deposited on the sample surface and

released into the debris.
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The morphology of the debris also changed at high loads. Plates of
compacted material were observed amongst smaller particulate debris (Figure 5.36).
This suggested that regions of the tribolayer spalled off leaving a depression on the

worn surface.

5.9: Summary of Observations

The A356-Gr-SiC composites did not show the characteristics of severe wear.
A tribolayer was formed on the worn surface of the samples whose composition
changed as load increased and was shown to consist of an intimate mixture of
materials from the sample and the counterface. At extreme loads the concentration
of graphite in the sample dramatically affected the composition of the surface with
lower graphite content leading to more abrasive wear of the counterface and greater

iron content on the sample’s worn surface.

Atintermediate loads the A356-3% Gr-20%SiC composite demonstrated wear
rates 1 to 3 times lower than the composite with 10% graphite. At higher loads the
wear rates of either composite were similar. The A356-10%Gr-20%SiC composite

demonstrated slightly lower wear rates at a low load of 9.81 N.

An increase in sliding speed from 0.1 m/s to 1 m/s, at 10 N load, increased the

wear rate. A solutionizing and peak aging treatment (Sectior: 3.3) did not influence
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Figure 5.36: Debris from an A356-3%G--20%SiC composite sample slid at a load
of 343 N
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the wear rate, at low loads, with the exception of the 3% graphite composite. The
A356-3%Gr-20%SiC heat treated composite often increased in weight when tested

at a load of 9.81 N and a speed of 0.1 /s,

Part B: Discussion
5.10: Wear Mechanisms

Examination of the worn surface and the debris indicated that material
transfer is important at low loads. Iron and iron oxides were transferred due to the
abrasive action of the SiC particles. The hard ceramic particles machined the
counterface releasing iron from the steel surface. Some of the transferred iron was
oxidized resulting in a layer of lubricating iron oxides on the worn surface which
reduced the damage to the underlying material. The 10% graphite composite
demonstrated marginally lower wear rates at low loads due to the higher
concentration of graphite in the surface which also reduced the surface and

subsurface damage.

The subsurface SiC particles did not fracture indicating that they were able
to act as load bearing elements and support the load reducing or preventing intimate

contact between the aluminum matrix and the steel counterface.
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As the load increased the tribolayer incorporated more aluminum from the
composites. The sublayver SiC particics were intact which supgests that -the
subsurface damage was reduced with respect to the unreinforced alloy. This was
likely due to the lubricating properties of the graphiic which reduced the subsurface

stress resulting in a decrease in strain induced damage.

The capability of the material to cope with the applied stress is important.
Since graphite is a soft material, addition of graphite to a metal matrix frequently
reduces the mechanical properties. Inclusion of 10% graphite resulted in a greater
deterioration of the strength and ductility than the addition of only 3% graphite.
Since the A356-10%Gr-20%SiC composites demcnstrated iigher wear rates at
intermediate loads it is reasonable to conclude that the poor mechanical properties
of the bulk material decreased the efficiency of the lubricating layer. This effect was
likely amplified since iron oxides were not prevalent on the ~orn surface at
intermediate loads. Therefore the variation of the wear rate with graphite content
was due to the degradation of the mechanical properties induced by the addition of

the soft graphite.

Wear occurred through the spalling of the surface layer. Flake type debris
was observed as well as delaminating layers on the worn surface. The tribolayer was
then regenerated with material from the sample resulting in a progressive loss of

material from the sample surface. Subsurface damage processes, such as cracking,
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may have increased the wear rate.

5.11: Prevention of Severe Wear

At extreme loads, high wear rates and the characteristics of severe wear were
not observed. The addition of graphite reduced subsurface damage allowing mild
type wear to occur at high leads. However, two very different behaviours were

observed depending on the graphite content.

In the case of the 10% graphite composite the graphiie concentration in the
tribolayer was sufficient to prevent the severe damage and adhesion characteristic
of severe wear. In the composites with only 3% graphite, lubrication by graphite
allowed the composite to display mild wear at high loads. However, the lower
concentration of graphite was not as effective at decreasing the coefficient of friciion.
This resulted in greater surface temperatures. Rapid counterface oxidation took
place at this elevated temperature. The oxidation of iron follows an exponential
relationship with temperature [17]:

Am? = A_1 exp(-Q/RT) (5.10.1)
where Am is the oxygen uptake of the metal surface per unit area, A, is the
parabolic rate constant, t is time, Q is the activation energy, T is the absolute

temperature and R is the universal gas constant. Due to the exponential relation, a

small increase in temperature results in a significant increase in the oxidation rate.
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The iron oxides were transferred to the sample surface and incorporated into the
tribolayer. Since iron oxides have been shown to possess lubricating tendencies [123]
the oxidation of the steel ring supplied additional lubricant for the composite. The
incorporation of the iron oxides increased the hardness of the tribolayer from 175
+ 65 VHN (A356-10%Gr-20%SiC composite with no oxidation) to 800 + 200 VHN
when counterface oxidation occurred. The combined effects of improved lubrication

and higher hardness allowed mild wear to continue to higher loads.

In the unreinforced alloy and a composite consisting of SiC alone, the onset
of severe wear occurs at a specific transition temperature. This temperature is 418
K and 435 K respectively [80,81]. Since the heat generated is proportional to the
velocity (v), load (P) and coefficient of friction (ie. q=p+v'P) a decrease in any of
these factors will reduce the surface temperature. An expression for the surface

temperature of the composite is:

T,=paPvAx + T, (5.10.2)
K-A

where %, is the interface temperature, T, is the sink temperature a distance Ax away,
a is the heat distribution coefficient and is equal to 0.5 during steady state [124], v
is the velocity, P is the load, K is the thermal conductivity and A is the area of
contact. Therefore, due to the lower coefficient of friction, a higher load or velocity

is required in order to achieve any arbitrary surface temperature in the graphite
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containing composites. Since the transition to severe wear is believed to occur at a
specific transition temperature the reduction in the coefficient of friction would
necessitated more severe loading conditions to reach the transition temperature.

Hence, the onset of severe wear is pushed to higher loads.

The lubricating ability of the tribolayers not only increased the load required
to reach the transition temperature but increased the transition temperature also.
The A356-3%Gr-20%SiC composite reached a surface temperature of 494 K at a
load of 345 N without experiencing severe wear even though the transition
temperature for the composite with 0% graphite was exceeded by 59 K. Therefore
the addition of graphite particles to a composite with 20% SiC particles increased
the transition temperature and the transition load effectively preventing severe wear

from occurring in this investigation.

5.12: Comparison With the Unreinforced Alloy and a Composite With SiC
Reinforcement Only.

Figure 5.37 contrasts the wear rates of the A356-Gr-SiC composites, the
unreinforced alloy and an A356-20%SiC composite without graphite. The
unreinforced material demonstrated two wear regimes, mild and severe, while the

SiC composite displayed a third region at low loads.
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At loads less than 10 N the composites demonstrated wear rates up to ten
times lower (2 x 10"* mm¥m at 8 N) than the unreinforced alloy (1.2 x 107 mm’/m
at 8 N). This was due to the load supporting effect granted by the hard SiC
particles. These particles reduced contact between the steel counterface and the
matrix. A lubricating film formed on these composites consisting of iron oxides
(A356-20%SiC) and, graphite and iron oxides (A356-Gr-SiC composites) which

further improved the wear properties.

In the load range 10 to 80 N, the A356-3%Gr-20%SiC composite had a
marginally lower wear rate (1.5 x 10° mm’m at 70 N) with respect to the
unreinforced alloy (2.9 x 10° mm*m at 70 N). The SiC composite, without graphite,
demonstrated wear rates comparable to the 3% graphite composite. However, 10%
graphite addition increased the wear rate two to three times (6 x 10° mm*/m at 70

N).

Severe wear materialized at loads of 80 N and 245 N, for the A356 alloy and
the SiC reinforced composite respectively, and was followed by seizure. Severe wear
was not observed in the graphite containing materials. This represented a

substantial improvement in the tribological properties at high loads.

181



5.13: Comparison of the A356-Gr-SiC Composites With the A356-CF Composites

The wear rate data for the A356-Gr-SiC composites is compared with that of
the A356-CF composites in Figure 5.38. All of the composites demonstrated mild
wear at low loads. The hybrid composite with 10% graphite demonstrated wear rates
2 to 3 times lower than any of the other composites. At intermediate loads the 10%
graphite composite wore at rates nearly five times greater than the A356-CF
composites. At high loads, greater than 250 N, the A356-Gr-SiC composites
demonstrated superior wear rates compared to the A356-CF composites, The hybrid
composites were able to sustain the higher loads with little damage compared to the

A356-CF composites which displayed severe wear.

In summary it would appear that the loading conditions are paramount. At
extremely low loads the graphite and SiC combine to give effective lubrication and
reinforcement resulting in low wear. As the load increases the delamination wear
mechanism is believed to become dominant. The A356-Gr-SiC composites must have
poor resistance to this mechanism; possibly due to the increased number of sights
for crack nucleation and easier crack propagaﬁon. The A356-CF composites were
less susceptible to this type of damage which led to lower wear rates. At extremely
high. loads, the A356-Gr-SiC composites were superior due to the absence of severe
wear. Severe wear was observed in the A356-CF composites giving very high wear

rates.
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5.14: Comparison with Other Al Based MMCs

Figure 5.40 compares the wear rates of the A356-Gr-SiC composites with
other metal matrix composites with hard ceramic reinforcement. All of the data,
taken from the literature, was obtained using pin on disk type testing machines.
Each investigation used a different composite with differing matrices. The sliding
velocities varied from 0.5 m/s to 2.68 m/s and the sliding distances from 300 m to
500 m. Therefore, due to the differences in testing conditions and the material an

absolute comparison is not valid, however, insight may be obtained from the figure.

At intermediate loads the A356-Gr-SiC composites demonstrated wear rates
similar to the other composites. However, each of these composites demonstrated
a transition to severe wear and/or seizure. The hybrid composites were able to
sustain much higher loads with relatively low wear rates. This indicates that the

useful range at which these materials may be used has been extended.

Alternative strategies for tribological component materials include the
addition of graphite alone. Figure 5.41 compares the wear rates of the A356-Gr-SiC
composites with composites containing 2 or 3 wt% graphite in an aluminum based
matrix. Again the reader must be cautioned to regard this comparison with
discretion. The composites with graphite alone appear to have somewhat superior

wear properties at low to intermediate loads. However these materials have been
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observed to seize [Y8] indicating that the A356-Gr-SiC composites possess superior

wear properties at extreme loads.

From this discussion it may be concluded that the concept of hybrid
reinforcement of aluminum alloys is technologically important and deserves more
investigation. The tribological behaviour is just beginning to be investigated. Even
though it would appear that composites containing graphite alone may have superior
wear resistance, the beneficial effect of hard particle reinforcement on the
mechanical properties of the hybrid composite may prove substantial. Therefore,
further research in to hybrid composites may yield a material with the appropriate

tribological and mechanical properties.
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Chapter 6: Conclusions and Future Work

6.1: Conclusions

The main conclusions which may be drawn from this work are:

1) The A356-CF composites demonstrated superior wear resistance with respect
to the unreinforced material over the entire load range tested. Both of the carbon
fibre composites demonstrated two wear regimes identified by a change in debris
morphology. Mild wear was observed at low loads while, at higher loads, severe
wear followed by seizure was witnessed. The load at which the transition occurred
varied from 150 to 200 N. The unreinforced alloy displayed a iransition to severe

wear at 80 N.

2) Mild wear was characterized by low wear rates, surface grooves, plastic
deformation and particulate and flake type debris. The subsurface carbon fibres
remained largely intact reinforcing the matrix, The nickel aluminide intermetallic

was, likely, responsible for significantly increasing the load carrying capability.

K)] Evidence of abrasive wear of the sample and counterface was observed during
mild wear. Subsurface crack nucleation and growth likely occurred resulting in the

removal of a flake of surface material. The reinforcing effects of the carbon fibres
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and intermetallic additions were more substantial than the propos:d increase in

subsurface crack nucleation.

4) Evidence of solid lubrication was not found. The carbon fibres were found
to be fracture on the wear surface with fibre fragments in the debris. This showed

that the fibres were not smeared on to the worn surface forming a lubricating film.

5) Severe wear rates were improved due to particle hardening of the surface by
broken silicon particles. The transition to severe wear occurred in the load range
of 150 to 200 N in the case of the A356-CF composites. The composite with
normally orientated fibres may have been more effective at delaying the transition

to severe wear to a higher load.

6) The A356-Gr-SiC composites exhibited a linear increase in the wear rate with
increasing load. No evidence of seizure was observed over the entire load range

tested.

7) The hybrid composites display superior wear resistance compared to the
unreinforced alloy at loads below 10 N. At intermediate loads graphite addition
resulted in a decrease , up to three times, in wear resistance compared to the
unreinforced alloy and an A356-20%SiC composite without graphite. The wear rate

of the composite with 10% graphite was one to two times higher than the composite
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with only 3% graphite. However, graphite addition decreased the counterface wear.

8) An increase in velocity from 0.1 m/s to 1 m/s increased the wear of the hybrid
composites four times at a load of 9.81 N. A solutionizing and peak aging treatment
increased to the abrasiveness of the composites but, in general, did not significantly

affect the wear rates at speeds greater than 0.1 m/s.

9) At high loads graphite addition decreased the frictional heating at the contact
surfaces. Tribolayers that consisted of carbon, iron oxides, aluminum and other
matrix materials were formed on the surfaces of the A356-Gr-SiC composites. The
lower contact temperatures and the formation of protective layers increased the

critical temperature required for the transition to severe wear.

10)  In comparing the A356-CF composites and the A356-Gr-SiC composites it
may be concluded that at intermediate loads, where subsurface crack nucleation and
growth may dominate, reinforcement with carbon fibres resulted in superior wear
resistance, At either low or high loads the hybrid composites displayed greater wear

resistance.
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6.2: Suggestions for Future Work

The author would suggest that there are two main areas where further study
should take place. Firstly, the wear behaviour of the hybrid composites at very low
loads should be examined in more detail. The lubricating effect of the graphite and
the reinforcing effect of the SiC may be best in this range. Secondly. an
investigation in to the subsurface crack nucleation and growth process in the nickel
coated carbon fibre composites would be of interests. This type ¢f composite

appears to offer a greater resistance to this form of wear than any of the other

materials tested.
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