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ABSTRACT

In recent years a number of aluminum-silicon alloys and some graphitic aluminum matrix
composites have been fabricated for potential tribological applications in the automotive
industry, in particular for lightweight high efficiency internal combustion engines to repléce
conventional uses of cast iron.

This study provides a systematic investigation for wear mechanisms in dry sliding of the
graphitic aluminum-matrix composites (A356 Al-10%SiC-4%Gr and A356 Al-5%AlL0;-
3%Gr) developed for cylinder liner applications. Two eutectic Al-Si alloys (modified with
rare earth elements) developed for wear resistant engine blocks were also studied. The
tribological behavior of grey cast iron (ASTM A30), which is a traditional material for engine

components, was also investigated as reference.

For graphitic aluminum matrix composites, a wear mapping approach has been adopted.
Three main regimes: ultra mild, mild and severe wear regions were determined in the maps;
additionally, a scuffing region was observed. In the ultra mild wear regime the wear resistance
was primarily due to the hard particles supporting the load. It was shown that the onset of
severe wear in graphitic composites occurred at considerably higher loads compared to A356
aluminum alloy and A356 Al-20% SiC composite. At the onset of severe wear, the surface
temperatures and coefficient of friction of the graphitic composites was lower than that of

A356 Al-20% SiC. At all testing conditions in the mild wear regime, a protective tribo-layer
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was formed, which by increasing the speed and load became more continuous, more compact,

smoother, and harder. The tribo-layers were removed at the onset of severe wear.

An experimental wear map of grey cast iron was constructed; it consisted of three wear
regimes: ultra mild, mild and severe wear. In the ultra mild regime a compacted fine iron
oxide powder formed on the contact. The onset of severe wear was started with local material
transfer to the steel counterface, and continued by increasing the roughness of the counterface.
In the mild wear regime the oxide layers on the contact surface controlled the wear. Because
of the microstructure of grey cast iron, large size debris formed in the mild regimes, which
could promote a transition from mild to severe wear at loading conditions close to the upper

limit of the mild regime.

The effects of size and morphology of hard phases in eutectic Al-Si alloys on their
scuffing and wear resistance was investigated using etching techniques. Scratch tests and
sliding wear tests were performed on the Al-Si samples etched to different times. At low
loads, the wear rates and scuffing resistance of Al-Si alloys were a strong function of the
etching time, surface roughness before etching, and the morphology of the hard phases. In the
etched condition, fracture of the hard phases from the roots of the protruded portions of

particles caused scuffing; while fracture of the trailing edges of the hard phases controlled the

wear rate of the Al-Si alloys.
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Fig. 5.3. (a)
The morphology formed as a result of a failed neck on the cross section

of the grey cast iron sample in the mild wear regime (arrow),

Fig. 5.3. (b)
The morphology formed as a result of a failed neck on the polished

surface marked by arrows (similar to the uitra mild regime).

Fig. 5.4.
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Fig. 5.8.
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grow up to 10 um heig, 40 um long and 20 um wide.
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Fig. 5.9.
Severe deformation at the worn surface of grey cast iron at 15.0 N 2.0

m/s (in the severe regime). A large fragment of cast iron on the edge

(marked by arrow) is about to separate.
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The variation of temperature versus load at the onset of severe wear.

Fig. 5.11.
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Fig. 5.12.
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Fig. 5.13.
The sharp edges of debris (marked by arrow) on grey cast iron in the
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Fig. 5.14
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shows that as soon as severe wear occurred, the bulk temperature
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dropped from 70 °C to 55 °C then increases with load with a different

slope.

Fig. 6.1.

The effect of surface roughness prior to etching on wear for Al-Si

alloys A and B.

Fig. 6.2.

Scuffing of Al-Si alloy B on the M2 tool steel counterface. The
roughness of alloy B before the test was 0.4 pm when etched by 10%
NaOH for 7 minutes. It shows the aluminum transferred to the

counterface.

Fig. 6.3.

SEM micrographs show the effect of caustic etching time on surface
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SEM micrograph of the surface morphology of the surface etched by

50%HCI for 0.5 minutes, for alloy B.

Fig. 6.5.
SEM micrograph of the surface of the alloy A after a single pass scratch

test. A fractured particle from the root (particle /matrix intersection) is
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marked as “a”, where Wp/Wc= 1/10. When Wp/Wc=1 particle can
support the load and resist scratching as in “b”.

Fig. 6.6. (a)

The wear rates of alloys A and B at 5N and 0.5 m/s, when the samples
were made as discs and initially etched by 10%NaOH solution for 7
minutes

Fig.6.6. (b, ¢)"

The unworn sample of alloy B (a) as a result of scuffing the wom
surface was scratched and ploughed (b).

Fig. 6.7. (a)

The wear rates of alloys A and B at 5N and 0.5 m/s, where they were

tested as the pin and initially etched by 10%NaOH solution fof 7

minutes.

Fig. 6.7. (b)

The wom surface of a pin made of alloy A after 5000m sliding distance.

Fig. 6.8.

The wear rates of alloys A and B at 5N and 0.5 m/s, where they were

initially etched by 50% HCI solution for 0.5 minutes.

Fig. 6.9.

The wear rates of alloys A and B at SN and 0.5 m/s, where they were

initially polished only.

Fig. 6.10. (a)
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Simplified model of scratch test of an etched surface, consisting of a
ductile matrix (m), a hard phase (ph), and a pyramid indenter; (i) with

the tip angle 2o, the indenter directly touches the hard phase at r,

Fig. 6.10. (b)
Schematic of the top view of model (a).

Fig. 6.10. (c)

Schematic of locations under tensile stress as a result of bending.

Fig. 6.11.

The median cracks along the diagonals of the indentation made by a
Vickers indenter at a normal load of 25g on the (Fe,Mn);Al;5Si, phase
in alloy A.

Fig. 6.12. (a)

At loads low enough to have only elastic interaction on the top of the

hard phase, the damage was limited to the edges (marked by arrows).

Fig. 6.12. (b)
The indenter caused plastic deformation on the top of the hard phase

and left several cracks normal to the grooving direction.

Fig. 6.13. (a)
As a result of the sliding contact of a hard asperity on the top of a hard

phase, cracks form easier at the trailing edges.

Fig. 6.13. (b)
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Very high tensile stresses develop at “trailing” edges due to the normal
load and the frictional force exerted by the sliding asperities of the

counterface when they leave the hard phase.

Fig. 6.14. (a)
SEM micrograph an Al;s(Fe,Mn);Si, particle in alloy A tested at 5N

and 0.5 m/s. Fracture of the hard particle at the edge of the particle

(marked by arrow) is shown.

Fig. 6.14. (b)

The size of debris resulting from in part (a) is a fraction of a micron.

Fig. 6.14. (¢)
EDS microanalysis of debris in part (b) shows that it is mainly silicon

and silicon rich phases.

Fig. 6.15. (a)

A lateral crack formed as a result of the indentation process (under 25 g
normal load) on Al;s(Fe,Mn);Si, phase.

Fig. 6.15 (b)

Lateral crack caused chipping of a part of a silicon phase at the trailing

edge (arrow), during the scratch test process under 5 g normal load.

Fig. 6.16.

The wear rate of the two AIl-Si alloys tested using different

configurations of sample and counterface.
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Fig. 6.17.

The distribution of pressure at the contact area of a flat pin with a flat

surface.

Fig. 7.1.

For all sliding speeds, transition to severe wear for A356 Al-10% SiC-

4% Gr occurs at loads about 20 times higher than that of cast iron.

Fig. 7.2.
The effect of additives such as hard particle (SiC) and graphite particle

to A356 aluminum alloy on the extend of the mild wear regime.

Fig. A.1

Free body diagram of an element of the tribo-layer constrained from

both ends.

Fig. A.2.

Free body diagram of an element of the tribo-layer loaded by a force P

equal to the force applied by an asperity in contact with the tribo-layer.
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CHAPTER 1

INTRODUCTION

In recent years a number of aluminum matrix composites have been developed for
potential tribological applications in automotive engines, in particular, for lightweight
cylinder liners. One of the most important aspects of the tribological performance of
cylinder liners, pistons and piston rings is their ability to resist seizure and scuffing during
adverse engine running conditions such as lubricant starvation [1]. Wear losses suffered
by the aluminum alloy liners during normal engine operation should be sufficiently low to
prevent the increase in the clearance between the liner and piston rings that would reduce
engine efficiency. Scuffing and seizure problems that may occur during oil starvation
periods can be addressed by incorporating solid lubricants, namely graphite, in the
composition of Al-Si alloys reinforced by SiC or Al,O; particles [2-4]. The high seizure
resistance of graphitic aluminum matrix composites has been attributed to the formation
of graphite layers on the contact surfaces. These act as solid lubricants, which reduce
metal-to-metal contact between the sliding pairs [3-7]. According to Ames and Alpas [8],
under severe loading and sliding speed conditions, graphite served as a temporary
safeguard by keeping the initial temperature rise low, therefore allowing the contact
surfaces enough time to generate a hard compacted tribo-layer with smooth surface and
sufficient thickness (more than 10 um) to protect the material underneath from excessive

subsurface damage. The tribo-layers in graphitic SiC reinforced aluminum matrix



composites consisted of graphite, fractured ceramic particles mixed with aluminum, and

iron oxides transferred from the steel counterface.

Aluminum-silicon alloys are another group of materials that have received attention
for applications such as engine blocks, engine cylinder heads, and other tribological
applications where weight savings are important. Many investigations that have been
conducted to identify the effects of silicon content and particle size on the wear and
scuffing resistgnces of these alloys [9-16]. However, most of the investigations were
under high loading conditions [17-20]. One of the tribological weaknesses of Al-Si alloys
is their low scuffing resistance. It is expected that the size and morphology of silicon
particles should affect the wear and scuffing resistance. Understanding the role of etching
c'onditions and surface roughness on the wear and scuffing resistance of Al-Si alloys at

low loads helps to identify the role of silicon morphologies in the wear of these alloys.

Grey cast iron is a cheap and readily available material. It is universally used for the
manufacturing of piston rings and cylinder liners because of its good friction and wear
characteristics. The combination of good mechanical properties and inexpensive
manufacturing routes of grey cast iron are unique. The excellent wear resistance of grey
cast iron in dry sliding at low loading conditions is attributed to the feeding of the contact
surface by graphite flakes and the formation of a graphite film on the contact surface [21-
23]. The occurrence of severe wear in cast iron at relatively low loading conditions,

related to the graphitic microstructure of grey cast iron needs more investigation.



1.1. OBJECTIVES OF THE THESIS

The main objectives of this work are:
1. To determine the wear mechanisms in dry sliding of graphitic aluminum
matrix composites against steel, using the wear map approach.
2. To identify the effects of morphology of hard phases on the tribological
behavior of eutectic aluminum-silicon alloys at low loading conditions.
3. To identify the wear mechanisms in dry sliding of ASTM A30 gray cast iron

and construct its experimental wear map for use as a reference material.

1.2. ORGANIZATION OF THE THESIS

This thesis is divided into 8 chapters. A literature review on the wear behaviour of
the three types of materials investigated is given in Chapter 2. The details of the
experimental methods are explained in Chapter 3. Chapter 4 describes the experimental
results and includes a discussion of the results of two graphitic aluminum matrix
composites, A356 Al- 10% SiC- 4% Gr and A356 Al- 5% Al,Os3- 3% Gr. The results and
the discussion of the experiments on grey cast iron are given in Chapter 5. The results and
discussion of the experiments on Al-Si alloys are presented in Chapter 6. Chapter 7 is an
overall discussion for all three types of materials investigated, and Chapter 8 is a

summary and the conclusions of the thesis.



CHAPTER 2

LITERATURE REVIEW

2.1.METAL MATRIX COMPOSITES

Metal matrix composites, as are known today, have evolved over the past 30
years. The primary support for these composites has come from the aerospace industry for
airframe and spacecraft structures. More recently, the automotive, electronic, and leisure
industries have started to look seriously at working with these composites. Metal matrix
composites can be classified into either continuous ﬁber'composites or discontinuously
reinforced composites. The reinforcements have been introducéd into matrices of
aluminum, magnesium, copper, titanium, titanium aluminides, nickel, nickel aluminides,
nickel-based super-alloys, or various alloys of iron. The aluminum matrix composites are
among those that have become widely available. Discontinuously reinforced composites

have become the most commonly used to date [24].

2.1.1. Applications

Typical applications for aluminum matrix composites, which have received attention
recently, have mainly been associated with the automotive industry where lightweight
alternatives to steel and cast iron components have been sought. Examples are
replacement of cast iron brake discs and internal combustion engine cylinder liners. In

the latter application, hybrid composites containing both SiC and graphite particles in Al-



Si alloy matrices have proved to be successful candidate replacement materials, with

advantageous low-load wear and overall seizure resistance [25].

2.1.2. Wear of Metal Matrix Composites

Cylinder liners, pistons, and piston rings have to be resistance to scuffing and seizure
during lubricant starvation conditions [1]. The wear rate of liners during normal engine
operation must be reasonably low to keep engine efficiency high. Scuffing and seizure
problems can be improved by adding graphite to composites of Al-Si alloys reinforced by
SiC or ALO; particles [2-4]. Addition of graphite flakes or particles to aluminum alloys
increases their resistance to seizure in lubricated [5,6] and dry condition [8,11]. It is
reported that the high seizure resistance of graphitic aluminum matrix composites is
related to the formation of graphite layers on the contact surfaces, which reduce metal-to-
metal contact between the sliding pairs [3-7]. Ames and Alpas [8], showed that under
severe loading conditions, graphite served as a temporary safeguard by keeping the initial
temperature rise low. This allowed the contact surfaces enough time to generate a hard
compacted tribo-layer with a smooth surface and sufficient thickness (>10um) to protect

the material underneath from excessive subsurface damage.

2.1.2.1. Formation of Tribo-layers

The formation of tribo-layers has also been commonly observed in aluminum
alloys without the graphite. Shivnath et. al. [27] observed a “mechanically-alloyed” tribo-
layer, which was harder than the rest of the material, in dry sliding of hypoeutectic,
eutectic, and hypereutectic Al-Si alloys against steel. Razavizadeh and Eyre [28, 29]

indicated that this layer contained compacted aluminum oxide particles and was rich in



iron oxide from the counterface steel. Antonionu and Borland [30] observed the presence
of a very fine mechanical mixture of Al, Si, and Fe particles in an Al-Si alloy. Tandon
and Li [31] reported that iron-aluminum intermetallic phases were formed within the
tribo-layers in an Al-Si alloy worn against M2 steel. Yen and Ishihara [32] investigated
the effect of humidity on the friction and wear of an Al-Si eutectic alloy and Al-Si based
graphitic composites. They reported that by increasing the relative humidity from 70% to
95% the wear rate of the Al-Si alloy decreased by two orders of magnitude due to the in-

situ formation of a Fe,O;-rich film on the alloy surface.

Jiang et. al. [33] studied the dry sliding wear mechanism of a nickel alloy sliding
against the same nickel alloy. They found that the transition from severe to mild wear
occurred after a defined sliding distance, and was accompanied by the formation of a
compacted layer (tribo-layer) on the contact surface. This layer was formed by transfer
and back transfer, and mechanical mixing and compaction of debris. They reported that

the transition from severe to mild regimes was more pronounced at elevated temperatures.

Heilmann et. al [34] reported that the material transfer and back transfer could
occur several times and eventually produce wear debris. They suggested that the

formation of debris could be a result of work-hardening.

Subramanian [35] studied dry sliding of an Al-12.3%Si alloy against a copper
counterface at 0.1 m/s with pressures of above 1.0 MPa. He reported that a tribo-layer
formed on the worn surfaces. This layer was formed from a mechanical mixture of the Al

alloy and copper. He concluded that the tribo-layer formation was a function of loading

condition.



Iwai et al. [36] studied an Al 2024 alloy reinforced with SiCy (w indicates
whiskers). He noticed that a tribo-layer was formed after a sliding distance of only 50 m

(at 40 N and 0.1 m/s).

Antoniou et al. [37] studied dry sliding of an Al-Si alloy against AISI 4340 steel.
They indicated that a finely dispersed amorphous iron oxide formed on the contact

surfaces due to the oxidation of the steel counterface.

The formation of tribo-layers in graphitic aluminum matrix composites (e.g. A356
Al-10%SiC-4%Gr and A356 Al-5%Al1,03-3%Gr) needs to be studied in detail because
they play an important role in controlling the wear transitions and the micro-mechanisms.
An effective way to study and predict the formation and removal of tribo-layers and the

wear behavior of materials is to develop wear mechanism maps.

2.1.3. Wear Maps

Wear maps help to classify wear information and show the relationship between the
different wear processes in dry sliding situations. Wear mechanism maps were first
developed by Welsh [38] in a simplified form for steel. Recent efforts at construction of
wear maps have included that by Lim and Ashby [39] for steel in dry contact against

itself, using the existing information from the literature.

Antoniou and Subramanian [40], developed a wear mechanism map for
aluminium-silicon alloys by following the method of Lim and Ashby [39]. They
identified the wear mechanisms by direct observation of the worn surfaces of the

aluminium alloy samples, the steel counterface, and the wear debris morphology.



Wang et. al. [41] constructed a wear mechanism map for dry sliding of an Al 6061
alloy reinforced with 20% SiC,,. They concluded that a transition from mild to severe
wear, and ultimately seizure, occurred by increasing the loading condition. In the mild
wear regime the worn surface was relatively smooth and the wear debris was small and
brittle; they suggested that oxidation of aluminium was important in this process. In the

severe wear regime a delamination wear process was reported.

Liu et. al. [42] constructed a qualitative wear mechanism map for Al alloys using
wear data collected from the literature. Reasonable agreement was obtained between
observed wear mechanisms and semi-empirical predictions based on Lim and Ashby’s
equations [39]. Rohatgi et. al. [43] were also involved in constructing wear maps of Al
alloys containing various solid lubricant particles such as graphite and hard particles such

as zircon.

Another wear map approach was adopted by Kato et al. [44] involving pin on disc
wear experiments over a wide variety of loads and speeds for untreated and gas nitrided
steel. The characterization of the wear debris produced during tests was used as the
primary means for distinguishing between mild and severe wear regimes on load versus
speed axes. It was found that gas nitriding not only reduced the steel wear rate, but also

expanded the mild wear region toward higher loads and sliding speeds.

Zhang and Alpas [45] studied the wear behavior of a wrought aluminum alloy
(6061) as a function of applied load and sliding velocity. They also developed an
empirical wear transition map based on load versus sliding speed axes for this aluminum
alloy, Al6061 sliding against SAE 52100 steel [45]. The role of the experimentally

determined contact surface temperature on the wear transition was studied using



thermocouple probes positioned on the sliding specimens. It was observed that the
transition from mild to severe wear arose when the bulk surface temperature T, exceeded
a critical temperature of 123°C, thus providing a practical means by which the onset of
severe wear for a given tribo-system can be predicted, using a single bulk temperature

measurement for Al alloys sliding against steel.

Wilson and Alpas [46] adopted a similar wear mapping approach whereby the
effects of applied load and velocity on the wear behavior of an A356 Al alloy and A356
Al- 20% SiC composite were examined. Contact temperature measurements were also
presented in map form and compared with observed wear transitions. The role of SiC
particle addition on the wear behavior of A356 Al was discussed. They also researched
using a temperature criterion to explain the transition to severe wear [46]. They used
experimentally determined load and sliding speed criteria to calculate the critical
transition temperature for severe wear in A356 Al by assuming a direct relationship

between asperity contact size and debris particle diameter.

Recently, Edrisy et al. [47] constructed the wear map of a plasma transferred wire
arc low carbon steel thermal spray coated onto an aluminum alloy in a controlled
atmosphere. They depicted four main regimes which were mainly controlled by oxidation
at high sliding speeds, and by plastic deformation and fragmentation of iron splats at low

loading conditions.

2.1.4. Scuffing

Scuffing is local damage on the contact surface and defined differently by
different researchers. Some researchers defined scuffed surfaces as those that were

involved in sudden failure and others described them as having grooves, marks of



transferred material, transferred particles and other physical features [45]. A more general
definition of scuffing given by Ludema [48] is as follows:
“A roughening of surfaces by plastic flow whether or not there is material loss or
transfer”
In this thesis scuffing is defined as local damage to the sliding surfaces either as a result
of material transfer or as a result of scratching.

Of the several known mechanisms of wear, scuffing is among the least understood.
Scuffing has been observed in gears, between cams and tappets, and between piston rings
and cylinders [49, 50]. It can occur on cold or hot surfaces (cold scuffing and hot scuffing
respectively). In the case of piston rings and cylinder liners, scuffing resistance is a

function of surface roughness of the cylinder and the materials involved [51, 52].

2.2. ALUMINUM-SILICON ALLOYS

Ever since Al-Si alloys were recognized as tribo-materials in the automotive
industry, numerous investigations have been conducted to find out the effects of silicon
content and particle size on the wear and scuffing resistance of these alloys [9-16].
However, almost all of these investigations were under loading conditions that were
governed by the transition from mild to severe wear [17-20]. Under these high loading
conditions the conclusions were that the wear resistance of Al-Si alloys was either not a
function of, or at best, a weak function of, the silicon content of the alloy [10, 11, 13 and
53]. Others found the opposite, that it is a function of the silicon content, and in some
cases a eutectic composition gave the best wear resistance [12, 16,14, 18 and 53], and in
other cases a hyper-eutectic composition gave the best performance [54 - 55]. One of the

tribological weaknesses of Al-Si alloys is that they suffer from scuffing during oil

10



starvation periods. Many authors have studied scuffing under starved lubrication
conditions [48, 56-58]; others have investigated scuffing under dry sliding conditions [59-
61]. It is expected that the size and morphology of silicon particles should affect the wear
and scuffing resistance. Understanding the role of etching conditions and surface
roughness on the wear and scuffing resistance of Al-Si alloys at low loads helps to
identify the role of silicon morphologies in the wear of these alloys. There is little work
about either the role of etching or surface roughness prior to wear tests, or the effect of

morphology of the hard phases, on the scuffing and wear resistance of these alloys [62].

2.3. CAST IRON

The relationship between the microstructure and wear behavior of grey cast iron is
well established [63]. The excellent wear resistance of grey cast iron in dry sliding at low
loading conditions is attributed to the feeding of the contact surface By graphite flakes and
formation of a graphite film on the contact surface [21-23]. It is a general belief that a
pearlitic structure matrix and an ASTM A type graphite flake provides the optimum wear
resistance for grey cast iron [1, 64 and 65].

There has been extensive work on preparing wear maps of steel [39, 44] and new
tribological materials such as MMCs and Al-Si alloys [42, 43 and 46], but there is no
published wear map for the oldest and cheapest traditional wear resistant material, cast
iron. This may be because the optimum tribological conditions for cast iron have been
found experimentally during a century of use. But for new applications, or for improving

performance, having a wear map is beneficial.

The dry sliding wear of cast iron has been investigated over a wide range of loading

conditions. A mild oxidation regime and a severe metallic wear regime were identified
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[21, 68-71]. In these studies the mild wear was attributed to graphite film formation [21-

23). Formation of a film that is a mixture of graphite and various forms of iron oxide was

also reported [22, 66].

Several researchers related the occurrence of severe wear to the closing of the
graphite flakes openings on the contact surface in grey cast iron [21, 23, 65, 67 and 68]. It
was reported that the material removal mechanism at low sliding velocity in the severe
wear regime is related to either localized fracture at heavily deformed surface layers, or to
linkage of cracks in the subsurface undeformed material [69]. The effect of sliding

distance at constant loading condition in the transition from mild to severe wear was

investigated recently by Lathabai [70].

The literature survey given above shows that extensive work has been done on
identification of the dry sliding wear mechanisms of aluminum matrix composites.
However, there are still some important topics that have not received close attention: the
formation of tribo-layers in the mild wear regime; their role in controlling the wear
process; the occurrence of scuffing on the steel counterface because of the presence of the
tribo-layers; and finally, removal of tribo-layers at high loads and sliding speeds leading
to severe wear. These are among the subjects that need to be studied. The work reported
in this thesis aims to shed light on these poorly understood aspects of the wear
mechanisms, and to characterize the tribological behavior of these materials more
accurately.

This present thesis focuses on the formation of tribo-layers in graphitic aluminum
matrix composites, A356 Al-10%SiC-4%Gr and A356 Al-5%Al,03-3%Gr. The wear

mechanisms at different loads and velocities were identified and these were plotted in a

12



wear map format. The formation of tribo-layers and their roles in controlling the wear
transitions in the graphitic composites were then discussed in detail.

The role of etching conditions, and surface roughness, on the wear and scuffing
resistance of Al-Si alloys at low loads have also been studied in detail and the role of

silicon morphologies on the wear of these alloys were investigated.
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CHAPTER 3

MATERIALS AND EXPERIMENTAL METHODS

3.1. GRAPHITIC ALUMINUM MATRIX COMPOSITES

Dry sliding wear tests were performed on samples made of an A356 Al-10%SiC-
4%Gr composite (commercial name GrANi® 10S:4G) and an A356 Al-5%A1,03-3%Gr
composite (commercial name GrANi® 5A:3G). The nbminal composition of the A356 Al,
which was the matrix alloy for both composites, (in wt pct) was 7 % Si, 0.2 % Mg, 0.11
%Fe, 0.2 %Ti, 0.05 % Mn, 0.05 % Zn, and the balance aluminum. The composites were
produced using a molten metal mixing technique (INCO Ltd., ON, Canada). To improve
surface wetting during casting the graphite particles were coated with nickel [71]. The
microstructures of the A356 Al-10%SiC-4%Gr and A356 Al-5%Al,05-3%Gr composites
shown in Figs. 3.1.a and 3.1.b are similar and contain coarse graphite nodules of about
150 um diameter. The size of the reinforcing ceramic particles, SiC or Al;O3,1s around 17
um. The composites also contain about 3 % volume of an intermetallic AI3Ni phase with
a script morphology. These are formed as a result of the reaction between the nickel
coating around the graphite particles and the molten aluminum. The details of the
microstructural features of the composites are given in Table 3.1(a), and their physical

and mechanical properties are listed in Table 3.1(b).

Wear tests were performed using a block-on-ring type wear machine within a load

range of 0.4 - 420.0 N and a sliding velocity range of 0.2 - 3.0 m/s. The samples were
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machined from the “as received” cast liners into rectangular blocks of 5 mm x 10 mm x
10 mm dimensions. The counterface ring was made of SAE (AISI) 52100 type bearing
steel and had an outer diameter of 38 mm. The sliding distance for each test was normally
6000 m for all sliding speeds and loads. The exception was for severe wear conditions
where the total sliding distance was limited by the onset of seizure. The mass of each
specimen was measured before and after each wear test (with an accuracy of 0.1 mg) and
the mass difference was divided by the sliding distance to calculate the wear rate. Mass

based wear rates were converted to volumetric wear rates using the density of each
material.
The bulk temperature (the temperature 5Smm below the contact surface) of each

specimen was measured using a commercial chromel-alumel (K type) thermocouple

probe with a stainless steel sheath of 0.5 mm outer diameter. The details of the
temperature measurement technique are given in reference [45].
The mechanical properties of the composites were determined by performing uniaxial

tensile and compression tests using an Instron universal testing machine according to

ASTM standards ASTM E 8M-99 [72] and ASTM E209-65 [73] respectively.

3.2. GREY CASTIRON

Dry sliding wear tests were performed on samples made of grey cast iron (ASTM
30). The microstructure of the grey cast iron is shown in Fig. 3.2. The gray cast iron has a
pearlitic matrix with average length of 45 pm for graphite flakes and an average distance
of 9 um between graphite flakes. The physical and mechanical properties of the grey cast

iron are listed in Table 3.2.
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Wear tests were performed using a block-on-ring type wear machine within a load
range of 0.4 - 100 N and a sliding velocity range of 0.2 - 3.0 m/s. The samples were
machined from the as received cast iron cylinder liners into rectangular blocks of 10 mm
x 10 mm x 5 mm dimension. The counterface ring was made of SAE (AISI) 52100 type
bearing steel and had an outer diameter of 38 mm. The sliding distance for each test was
4000 m for all sliding speeds and loads, except for the severe wear conditions where the
total sliding distance was limited by the onset of catastrophic wear. The mass of each
specimen was measured before and after each wear test (with an accuracy of 0.1 mg) and
the mass difference was divided by the sliding distance to calculate the wear rate. Mass
based wear rates were converted to volumetric wear rates using the density of the

material.

The bulk temperature (the temperature Smm below the contact surface) of the
specimen was measured using a commercial chromel-alumel (K type) thermocouple
probe with a stainless steel sheath of 0.5 mm outer diameter. The temperature

measurement was the same as those described in Section 3.1.

A scanning electron microscope (JEOL LV5800) equipped with energy dispersion
spectroscopy (EDS), and an x-ray diffraction system with a Cu tube were used to
characterize compositions and morphologies of the worn surfaces, and also the cross
sections below the worn surfaces, and the loose debris particles generated during sliding

wear of grey cast iron and the graphitic aluminum composites discussed in Section 3.1.
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3.3. ALUMINUM-SILICON ALLOYS

3.3.1. Materials

The two eutectic Al-Si alloys with different additives were cast by the GM
Research and Development Centre and subsequently cut to coupon size using a wire
EDM machine. The alloys were designated as A and B and their compositions are given
in Table 3.3. The microstructures of the alloys are shown in Figs. 3.3.a, 3.3.b. The
microstructure of Al-Si alloy A (Fig. 3.3.a) contains a silicon phase (dark grey), an
Aljs(Mn,Fe);Si; phase (rounded grey phase), an Al;FeSi phase elongated grey phase, and
rare earth metal rich phases (light phase). Alloy B has a microstructure (Fig. 3.3.b)
containing the same phases as alloy A but the phases have acicular morphology. It also
contains a small volume fraction of Mg,Si phase (small size black phase). The
approximate volume fraction of the major phases (Al;s(Fe,Mn);Si, and Si), and their
average thickness and aspect ratios are presented in Table 3.4. Figs. 3.4.a, and 3.4.b,
illustrate the distribution length of the major phases (Al;s(Fe,Mn)3Si; and Si) in alloys A
and B respectively. Comparing these figures show that alloy B has a higher volume
fraction of long major phases than alloy A. The micro-hardness of the different phases of
the alloys at a 25g load is summarized in Table 3.5. This table indicates that the matrix
hardnesses of the two alloys are very close to each other. The densities for the alloys,

measured according to ASTM Standard C127-88 [74], were also very close to each other

and equal to 2.75 £ 0.05.

Wear tests were performed using a pin-on-disc configuration at 5 N and 0.5 m/s. The

aluminum alloy samples tested were in the form of square coupons with dimensions 25

mm x 25 mm x 5 mm.
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The material for the counterface pin for the wear tests was AISI type M2 high-
speed steel with the following composition in weight percent: 0.8 C, 4.0 Cr, 5.0 Mo, 6.0

W, 2.0 V and the balance Fe. The diameter of the pin was 5.0 mm and the length 25 mm.

3.3.2. Sample Preparation

In order to investigate the effect of etching on wear behavior of the two Al-Si
alloys, two different etching solutions were applied to samples polished at various
conditions: (1) 10%NaOH to remove thin layers of matrix alloy (shallow etching) and
investigate the effect of microstructure morphology on scuffing resistance of the alloys
and (2) 50%HCI to remove thick layers of the matrix alloy (dip etching) and investigate

the effect of microstructure morphology on the wear rate of the alloys.

3.3.2.1. Etching with 10%NaOH Solution

The scuffing resistance of the Al-Si alloys was sensitive to the roughness of the
sliding surface before etching. The 25 mm x 25 mm faces of samples of alloy A and alloy
B were ground according to the schedule in Table 3.6. Six samples from each alloy were
ground each to a different surface finishes. These were etched by 10%NaOH solution for
7 minutes. An average roughness of R, = 1.2 pm was obtained as a result of grinding by
240-grit silicon carbide paper, R, = 1.7 um by 180-grit, R, = 1.2 um by 240-grit, R, = 0.7
pm by 320-grit, R, = 0.4 pm by 400-grit, R, = 0.25 um by 600-grit silicon carbide paper,
and R, = 0.14 um was obtained as a result of polishing by 1 pm AlOs suspension.
Scuffing tests were performed to determine the surface roughness that gave the maximum
scuffing resistance. Samples with an average roughness of R, = 0.4 um presented the

highest scuffing resistance and were selected for detailed studies on which further etching
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“work was performed. A stylus surface profilometer was used to measure the roughness of

samples.

Samples that were polished to an average roughness R, = 0.4 um, were then etched
by a 10% NaOH solution for 1, 4, 7 and 9 minutes at room temperature. After etching, the
samples were ultrasonically cleaned in distilled water and then ethanol respectively for 5
minutes each. Fig. 3.5 shows the variation of the roughness of the etched faces of the

samples as a function of the etching time.

3.3.2.2.Etching with 50% HCI Solution

In the experiments on etching with 50% HCI solution the 25 mmx25 mm faces of
the aluminum alloy samples were ground with 180, 240, 320, 400 and 600-grit silicon
carbide paper until the marks caused by the previous grinding were removed. The
samples were then polished on a polishing cloth impregnated with 1 p;m Al,O3 suspension.
Immediately after polishing, the samples were ultrasonically cleaned in ethanol. Finally,
the polished faces were etched by a 50% HCI solution for 30 seconds. If the etching
process was started a long time after polishing, a thin passive oxide layer was formed on
the polished surface. Consequently, a severe pitting corrosion occurred instead of

relatively uniform dissolving of the matrix alloy, which was the intended result.

The etched surface of the sample was lightly rubbed against a clean cotton cloth to
remove the majority of the loose particles. Finally, the samples were ultrasonically

cleaned in distilled water and ethanol respectively for 5 minutes each and dried.

The same polishing procedure was followed for SEM investigations of the effect

of etching time (by 10% NaOH solution) on the surface morphology of the Al-Si alloys.
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3.3.2.3. Micro-hardness Measurements

The overall hardness of the Al-Si alloys was calculated by averaging 10 Vickers
micro hardness indentations made on the polished (to 0.14 pum) surface of the samples
using a normal load of 500 g. The hardness determined in this way was 74.4 + 1 kg.mm
for A and 85 + 5 kg.mm™ for B. The micro-hardness of individual phases and matrix in
each alloy was measured using a load of 25 g. In cases where the constituents were
cracked, the lengths of the cracks were measured using a SEM in order to calculate their
fracture toughness, Kj.. The hardness and fracture toughness of a piece of pure silicon

was also measured as a reference.

The hardness of the counterface pin material, AISI M2 high-speed steel, was
measured using a load of 500 g, giving a value of 910 + 5 kg.mm™. Again, this hardness

value was the average of 10 measurements.

3.3.2.4. Scratch Tests

Scratch tests were performed on etched samples to observe the resistance of the hard
phases to deformation and fracture during single pass sliding indentation motion. These tests were
performed on the etched (by 10% NaOH solution) samples using a Vickers diamond indenter with
the edge in front. The etched scratch test sample surfaces were prepared by the procedure
described in Section 3.3.2.1. Tests were performed under normal loads of 5g, 10g and 25g.

During the scratch test the sample stage of the scratch tester was moved linearly at a

constant speed of 0.106 mm/s and a data logger recorded the friction force.

3.3.2.5. Wear Rate Measurements
Wear tests were performed on the Al-Si alloy specimens using a pin-on-disc

sliding wear machine (Fig. 3.6). The apparatus is comprised of a variable speed rotating
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shaft arrangement to which a steel sample holder is attached. A vertical loading system
attached to the pin counterface is lowered onto the rotating Al-Si samples to produce a

circular wear track of 16 mm average diameter and 5 mm in width.

The wear tests were run up to a constant sliding distance of 5000 m, unless scuffing
happened (in the case of caustic etched samples), whereby the test was ended as soon as
scuffing started. In this thesis scuffing is defined as local damage to the sliding surfaces
either by material transfer or by scratch. Prior to wear testing both the pin and the Al-Si
samples were ultrasonically cleaned in acetone, dried, and weighed to +0.0001 g using an
electronic balance. After each test the specimens were cleaned of loose debris using
ethanol and after drying weighed to determine the amount of mass change during wear.
No lubricant was introduced prior to or during the wear test. The wear rates of the Al-Si
alloys were obtained by dividing the mass change due to wear by the.total sliding distance
of 5000 m. Then, using the density of the material the wear rates were normalized to
volumetric wear rates. Since the loading conditions were relatively low (0.5 m/s and 5 N),

the temperature rise due to friction was not considered.
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CHAPTER 4

A356 Al-10%SiC-4%Gr AND

A356 Al-5%A1,05-3%Gr COMPOSITES

4.1. EXPERIMENTAL RESULTS
4.1.1. Wear Regimes and Wear Maps

The wear rate versus load curves at various sliding speeds for the A356 Al-10%SiC-
4%Gr composite are shown in Fig. 4.1.a. The wear rates were low and increased slightly
with load in the mild wear regime. However a significant increase in the wear rates is
noted at high loads where a transition to severe wear occurred for all sliding velocities,
except for the lowest test speed of 0.5 m/s. The volume-loss based wear rates
underestimate the severity of wear at high loads because heavy plastic deformation of the

surfaces and extrusion of the deformed material accounted for most of the damage.

The A356 Al-5%Al1,03-3%Gr composite samples show similar wear behaviour. The
wear rate vs. load curves for this composite are given in Fig. 4.1.b. The mild wear regime
extended over a wide range of loads (5 N to 420 N) and sliding speeds (0.2 m/s to 3.0
m/s) for both composites. In both composites tribo-layers were formed on the contact
surfaces during sliding in the mild wear region, as will be discussed in Section 4.2. Tribo-
layers are hard layers comprised of broken hard particles and phases within the composite
mixed with iron oxide from the steel counterface, compacted on the contact surface. The

transition between mild and severe wear coincided with the removal of these tribo-layers.
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Figs. 4.1.a and 4.1.b also show that at very low loads and speeds the wear rates decreased
by an order of magnitude, revealing that another wear regime i.e., an ultra mild wear
regime, existed. The transition loads and velocities between these three wear regimes;
namely severe wear, mild wear, and ultra mild wear were determined by visual
observations of the changes in the worn surface morphologies. More specifically, by
observing formation and removal of tribo-layers during the wear tests. The
microstructural and compositional changes of the worn surfaces and the debris that took

place during wear transitions were later confirmed by the SEM, EDS, and XRD

examinations.

The measured wear rates and the dominant wear mechanisms operating in each wear
regime were summarized in a map form with log load versus log sliding speed axes. Figs.
4.2.a and 4.2.b show the wear maps constructed for the A356 Al-10%SiC-4%Gr and the
A356 Al-5%A1,03-3%Gr samples respectively. The three major wear regimes, namely,
ultra n'lild, mild and severe wear regimes are depicted on each map. The same wear
regimes were previously observed in the non-graphitic aluminum matrix composites [46].
The maps also showed a sub-regime of scuffing, which manifested itself as damage
inflicted to the counterface by the tribo-layers. Many features of the wear maps of these
two composites are similar: The location of transition boundaries and the wear rates in
each regime are comparable. However, the transition to severe wear occurs at higher
loads and speeds in the SiC reinforced composite by compared to the Al,O; containing
composite. The transition to the severe wear in the A356 Al-10%SiC-4%Gr occurs at 320

N for the tests at 0.8 m/s, 260 N at 1.2 m/s, 220 N at 2.0 m/s and 120 N at 3.0 m/s. For the
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A356 Al-5%Al1,05-3%Gr transition loads are 300 N at 0.8 m/s, 200 N, 1.2 m/s, 150 N at 2

m/s and 100 N at 3.0 m/s.

The wear maps indicated that the wear rates for A356 Al-10%SiC-4%Gr composite
in the ultra mild regime ranged between 1 x 107 and 9 x 10°® mm’*/m (see the plot in the
insert of Fig. 4.1.a). In the mild wear regime, the wear rates were an order of magnitude
higher, i.e., in the range of 1 x 10” to 27 x 10 mm’/m. In the severe wear regime the
wear rates could be as much as five times greater than those in the mild wear regime (130
x 107 mm’*/m to 158 x 10 mm’/m). In the severe wear regime, wear rates were not only
high but also show a drastic increase with the sliding distance; shortly after the removal
of the tribo-layers the composites seize against the steel counterface. The observations
made above were also valid for the A356 Al-5%Al,05-3%Gr except that the wear rates
were about one order of magnitude higher in the ultra mild regime, and at sliding speeds

above 1.2 m/s the severe wear occurred at loads 30% lower than those of the A356 Al-

10%Si1C-4%Gr.

4.1.2. Quantitative Analysis of the Properties of Tribo-layers

As shown in Figures. 4.3.a, the area of the wear track covered by the tribo-layer in
the A356 Al-10%8SiC-4%Gr composite increased with the load and the sliding speed. In
the A356 Al-10%SiC-4%Gr composite, at 10 N and 0.5 m/s, 40% of the worn surface
was covered with tribo-layers (in the case of A356 Al-5%A1,03-3%Gr it was 35%). The
worn surfaces of both composites were entirely covered by the tribo-layers at 10 N and

2.0 m/s. Quantitative analyses were performed at other loads and speeds. As a result of
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these analyses, a diagram which shows the percentage of the total worn area covered by

the tribo-layers as a function of these two variables has been constructed (Fig. 4.3.a).

The average thickness of the tribo-layers is a function of the load and speed also.

The increase in the average thickness of tribo-layers in the A356 Al-10%SiC-4%Gr with

the applied load at a speed of 0.8 m/s is shown in Fig. 4.3.b.

The hardness of the tribo-layers increased with load and sliding speed (Fig. 4.3.c);
even when the applied load and the sliding speed were low (just above the ultra-mild to
mild wear boundary) the average micro-hardness of tribo-layers was considerably higher
than that of the bulk material (e.g. HV g0g = 83 kg/mm2 for A356 Al-10%SiC-4%Gr). In
A356 Al-10%SiC-4%Gr the hardness of the tribo-layer was 380 kg/mm” at 10 N and 2.0
m/s and was 350 kg/mm® for A356 Al-5%Al,03-3%Gr. By increasing the applied load to
275 N at the same speed the hardness of the tribo-layer reached 780 kg/mm? and 750

kg/mm2 for A356 Al-10%SiC-4%Gr and A356 Al-5%Al,03-3%Gr respectively.

The concentration of iron oxide within the top 10% of the thickness of the tribo-
layer (measured using EDS) increased by increasing the load and the sliding speed (Fig.

4.3.d), but the rate of increase was higher at high loading conditions.

4.2.DISCUSSION
4.2.1. Formation and Removal of Tribo-layers

Fig. 4.4 shows the surface morphologies of the A356 Al-10%SiC-4%Gr composite in
the three wear regimes. In the ultra mild wear regime, the worn surfaces of the A356 Al-
10%S1C-4%Gr (as well as those of A356 Al-5%Al1,03-3%Gr composites) were covered
by continuous layers of reddish iron oxide, possibly Fe,03;.H,O (Fig. 4.4.a). The steel
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counterface ring in sliding contact with A356 Al-10%SiC-4%Gr exhibited long parallel
grooves (Fig. 4.5) indicative of the abrasive effect of the SiC particles in the composite.
Zhang and Alpas [75] have shown that ultra mild wear in metal matrix composites is due
to the load supporting effect of the ceramic reinforcing particles at very low loads.
Similar wear processes were observed in the ultra mild wear regimes of the A356 Al-
5%Al,03-3%Gr composite and non graphitic Al-Al,O3; and Al-SiC composites [46, 75],
implying that the graphite does not play a significant role in this regime. There is no
significant diff;erence between the wear rates (nor the transition loads to mild wear) of the

graphitic and non-graphitic versions of the A356-SiC composites [46].

The reason that graphite does not play a significant role in the ultra mild wear regime
can be explained as follows: As mentioned above, SiC particles (and Al;Os particles in
the case of A356 Al-5%Al,05-3%Gr) are the load supporting constituents. These hard
particles are in contact with the counterface, and scratch the steel counterface and produce
iron ox'ide rich debris particles (0.5 to 1.5 um in diameter). The ratio of surface area to
volume of the debris is very high (>5 m*m?>), so that it is immediately oxidized. The
oxidized debris fills the areas between the protruded ceramic particles and in some areas
it becomes compacted. Therefore, there is no chance for graphite to become exposed to

the counterface, and the behaviour is the same for graphitic and non-graphitic composites.

The mild wear rates in both A356 Al-10%SiC-4%Gr and A356 Al-5%Al1,03-3%Gr
were primarily controlled by formation of the tribo-layers, which are mechanically mixed
layers of oxide on the contact surfaces (Figs 4.4.b and 4.4.c). The tribo-layers contained
fractured SiC, NiAls, and Si particles mixed with aluminum oxide and iron oxide debris

from the counterface. The top surfaces of the tribo-layers were covered with the iron
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oxide films (Fig. 4.6.a and 4.6.b). Mechanically mixed and oxidized tribo-layers were
formed as soon as the transition to mild wear was realized. However, when the applied
loads and sliding velocities were modest, the tribo-layers were thin (about 5 um) and not
continuous throughout the wear tracks as shown in Fig. 4.4.b, (which is a A356 Al-
10%8SiC-4%Gr sample tested at 0.5 m/s and 10 N). Under these conditions,
approximately 40% of the contact area was covered with the tribo-layers. Increasing the
sliding speed and the load increased the proportion of the contact surface area covered by
the tribo-layers. For example, at a sliding speed of 2 m/s and a load of 150 N, for the
same material, the wear track was entirely covered by the tribo-layers with smooth
surfaces (Fig. 4.3.c). In the severe wear regime, the tribo-layers were removed from the
contact surfaces. Fig. 4.4.d shows the severe deformation at the worn surface of A356 Al-

10%S1C-4%Gr at 300 N and 2.0 m/s.

Although a layer of compacted oxide powder covered the contact surface in the
ultra mild wear regime, it isn’t an actual load supporting area like the tribo-layers in the
mild wear regime. Therefore the compacted oxide layer in the ultra mild wear regime is

not considered a tribo-layer.

4.2.2. Microstructures of Tribo-layers

Tribo-layers on the surfaces of the A356 Al-10%SiC-4%Gr composites included
fragments of fractured SiC particles (Al,O; in the case of A356 Al-5%Al,03-3%Gr) and
NiAl; intermetallic particles mixed with iron and aluminum oxides as shown in Fig. 4.7.
This micrograph is a cross sectional SEM back-scattered image of a typical tribo-layer.
The mechanically mixed tribo-layer was quite thick and had an average dimension of
about 50 p;h in this section. Two important microstructural features of the tribo-layers in
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graphitic composites, beside the comminuted (fractured and fragmented) ceramic and

intermetallic particles were:

i) iron oxide layers at the contact surfaces and

ii) graphite films within the tribo-layers.

Iron oxide layers at the contact surfaces were formed as a result of the transfer of iron
from the counterface. An iron oxide layer was always present on the top surface of the
tribo-layer, but its thickness was non-uniform, and the concentration of the oxide
usually decreased when moving away from the surface. At low loads and speeds oxide
layers as thin as 0.5 pm form, but could reach a uniform thickness of 4-5 pm at high

loads and speeds, Fig. 4.6.a. Fig. 4.6.b shows the EDS spectrum of the iron oxide layer.

The formation of lamellar graphite veins within the tribo-layers was another
distinct microstructural aspect of the tribo-layers in worn A356 Ai—lO%SiC-4%Gr and
A356 Al-5%Al1,03-3%Gr composites. The morphology of the graphite layers can be seen
in Fig. 4.8.a. As shown in this micrograph, the graphite layers appear to have been formed
as a result of shearing of graphite nodules located just below the contact surfaces. The
graphite layers were typically formed at depths of 20-100 um, where the magnitude of
subsurface strains was extremely high [76], and were of the order of 2-11 (Fig. 4.8.a). The
films “squeezed out” of the graphite nodules elongated in the direction of shear by
enormous distances, normally 0.5-1.0 mm, as shown in Fig. 4.8.a. A high magnification
micrograph of the tribo-layer is given in Fig. 4.8.b. This shows a lamellar structure
formed by several graphite layers running parallel to each other, at a depth of about 40-

60 pum below the contact surface. The typical thickness of a graphite film was 1-5 pm
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(Fig. 4.8.b). It can be suggested that these graphite layers reduce the shear stresses
transferred to the bulk material underneath the tribo-layer. They usually demarcate the
boundary between highly deformed tribo-layers and relatively damage free bulk material
beneath them. On the other hand, the graphite films are the “weak-links” in the tribo-
layers: occasionally they cause the delamination of the tribo-layers, but in this case the
exposed graphite films provide low friction surfaces. Most damage within the tribo-layers
is concentrated between the iron oxide layers on the top and the graphite layers; as shown
in Fig. 4.8.b, the size of the Al3Ni particles was reduced to about 2 um. Similarly,

ceramic particles (in this case SiC) were comminuted to a variety of sizes, the smallest
ones were around 5 pm.

A schematic description of the general features of the microstructure of the tribo-

layer in a graphitic metal matrix composite is given in Fig. 4.9.

4.2.3. Delamination of Tribo-layers

As mentioned before, tribo-layers form as a result of accumulation and compaction
of the by-products of the wear process. The parts of the tribo-layer that are on the top of

the graphite layers have two different morphologies as described below:

(a) Tribo-layers with one free end (Fig. 4.10). The tribo-layer may slide parallel to
the sliding direction over the graphite layers for distances longer than 1 mm in
length (Fig. 4.10). In this case, delamination of the tribo-layer may be due to the

high strains (up to 10) in the sliding direction.

(b) In the second type of tribo-layers, the two ends of the tribo-layer on the top of

the graphite layer are attached to rest of the tribo-layer (Fig. 4.11.a to 4.11c¢).
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The top part of the tribo-layer is rich in iron oxide so the internal compressive
stresses are higher in the topmost part of the tribo-layer than the lower part.
Therefore the tribo-layer on the top of the graphite is similar to a blister (Fig.
4.12). When an asperity comes in contact with this type of the tribo-layer it can
cause deflecting (buckling) of the tribo-layer as a result of the friction force
(which acts as a compressive force on the tribo-layer Fig. 4.12). Assuming that
normal and shear forces (friction force) applied by the asperity are constant,
when' the length of the tribo-layer on the top of the graphite film reaches a
critical length the tribo-layer fractures. It is worth mentioning that within the
range of graphite particle size in the graphitic composites (70-170 um), the

critical length of the tribo-layer is independent of graphite particle size.

The following simplified assumptions (using the Euler buckling concept [77]) help to
calculate the critical length for buckling and collapsing of the tribo-layer under the
friction force. The assumptions are two-dimensional stresses, uniform cross-sectional area
of the tribo-layer, and no spread of graphite film during graphite film formation (the
width of the tribo-layer is equal to the average size of the initial graphite inclusion) See

Appendix I for details.

At the applied load P, the critical length L, at which the tribo-layer buckles is:

Lo = nJ-E—I‘;'—I— 4.1)

In Equation 4.1 E, is the modulus of elasticity of tribo-layer and I is the second moment

of the cross section area of the tribo-layer. For a rectangular cross-section of the tribo-
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layer, I = wt>/12 where w is the width of the tribo-layer and t is the thickness of the tribo-
layer. The average diameter of the graphite particles is w = 10 m, the thickness of the

tribo-layer (at 50 N and 3 m/s) is t = 3 x 10" m. Therefore I=2.25x 10"

The maximum modulus of elasticity E, of the tribo-layer (ignbring the voids and
micro-cracks) can be estimated by considering the volume fraction of the constituents of

the tribo-layer. Using the inverse law of mixtures, the modulus of the tribo-layer, Ey, is

[78]:

1
Ev~ (ch Vsic Vs VAI)
e — o —
Eox Esic Esi Ea

(4.2)

Eox = 250 GPa[79], Esic =440 GPa [78], Esi = 107 GPa [82], Ea1 = 69 GPa [78], Vox =
0.71, Vgic = 0.11, Vs; = 0.06, Va; = 0.12, The volume fractions were determined by an

image analysis method. Substituting these values in Eq. (4.2), Ei = 185.5 GPa.

P can be estimated from the measured friction force and by estimating the real
contact area of each asperity and the number of asperities in contact per unit area. The

number of asperities in contact can be estimated from the following Equation [39, 80]:

N=|X| x F (1— F )+1
I'a AnHo AsH,

Where N is the number of asperities in contact, 1, is the equivalent radius of the contact

surface (m) (the radius of a circular area equal to the nominal contact area), r; is the radius
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of a unit asperity (m), F is the normal load (N) on the sliding interface, A, is the nominal

contact area (m?), and H, is room temperature hardness of the steel ring (N/m).

At an applied load of 50 N for the geometry of the block-on-ring configuration, the
equivalent radius of the contact surface r, is 3.60 x 107 m. Assuming the radius of an
asperity 1, is equal to 10 m [39, 80], and the hardness of the steel ring H, is 8 x 10°

N/m?, the number of asperities in contact across the contact area is N = 20.
Therefore, the force per unit asperity in contact is F; = 50/20 =2.5 N and
P=Fip=(2.5)(0.5=1.25N

Substituting the values of £, J, and P in eq. (4.8),

11 -19
Lcr=n\/6'85x101)225'25><10 ) =0.574x10"m =0.574 mm

This is in good agreement with experimental results. SEM observation of the debris
shows that the maximum length of the delaminated tribo-layer is less than 0.2 mm (Fig.
4.13.a). Assuming that the buckling divided the tribo-layer into at least 2 to 4 pieces (Fig.
4.13.b and 4.13.c); the original length must have been about 0.7 mm. So, the layers up to
0.7 mm were stable, and if the test was continued the length of the tribo-layers on the top
of graphite layers could grow to the critical length and then buckle and delamination of

those tribo-layers could occur.

In Equation (4.8), P increases by increasing the load (assuming an almost constant
coefficient of friction u) and E and I are strong functions of the loading conditions. E

depends on the composition of the tribo-layer (Eq. 4.9) and therefore varies with the
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loading condition. By increasing the load and sliding velocity, E,, increases because the
tribo-layer becomes richer with iron oxide and I increases as the thickness cubed
(Fig.4.14). Therefore, EI/P remains almost constant; then eq. (4.8) predicts that the
critical length L. of graphite film required for delamination of the tribo-layer is nearly
constant by increasing the load and sliding speed (Fig. 4.14). This is in good agreement
with experimental results. Figs. 4.11.a to 4.11.c show that for the loads of 20 N, 50 N and
150N, at a sliding speed of 2m/s, the lengths of the graphite layers remain constant and
equal to about' 0.7 mm. The maximum length of graphite film is important, because it
confirms that graphite layers longer than a maximum length, as detected by

metallographic techniques are unstable and collapse.

The buckling of the tribo-layer on the top of the graphite layer gives an idea for
modifying the classic theory of delamination. In the cases where a crack grows

undemneath the contact surface, the question is always the following:

“How does the crack grow toward the contact surface and delamination occur?”” Because
the high hydrostatic pressure does not let the crack grow through the layers that are very
close to the contact surface, the buckling of the cracked part of the contact surface is an
answer in many situations. But, in the calculation of the critical length of the crack for
delamination, two other points should be considered. First, the material on the top of the
crack is usually continuous in the sliding direction and second, the width of the material
on the top of the crack is not necessarily uniform. Therefore, in estimating the force P and

the value I, these factors should be considered.
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If the distance between two subsequent asperities is d, for delamination of the tribo-
layer in graphitic composites the following condition is necessary:

d> L (4.3)

This means that if an asperity is on top of the tribo-layer (the tribo-layer on top of the
graphite layer), the other asperity is not able to delaminate the tribo-layer. This is a
random situation that can happen for a given tribo-layer on the top of a graphite layer

after several revolutions of the counterface steel ring.

4.2.4. Role of Tribo-layers on Scuffing

Formation of the tribo-layer increased the surface hardness significantly, and played
an important role in delaying the mild to severe wear transition in metal matrix
composites. However, a negative aspect of the tribo-layers was the scuffing damage that
they inflicted on the counterface materials. Scu’fﬁng of the counterface occurred in the
mild wear regime of the composites (see wear maps in Fig. 4.2), when the tribo-layers

covered most of the contact surfaces.

Scuffing could readily be identified from the appearance of the wormn steel
counterface ring and manifested itself in the form of dark spots, elongated in the sliding
direction (up to 3 mm) and protruded (up to 100 um) from the ring surface. In aluminum
alloys, local material transfer to the counterface occurs as the result of localized heating
of the contact surfaces during sliding [81]. It was shown that, at high sliding speeds,
friction induced heating is high enough to increase the temperature of the asperities to that
necessary to initiate local welding of aluminum to steel [81]. In the case of these

composites, the abrasive wear action of the delaminated pieces of tribo-layer and



fractured hard intermetallic and ceramic particles in the tribo-layers initiated scuffing.
Hard particles of SiC (or AlO3), Al3Ni, or fragments of iron oxide detached from the
tribo-layers in the A356 Al-10%SiC-4%Gr and A356 Al-5%Al,03-3%Gr may act as
either two body or three body abrasives against the steel counterface. The hard particles
cut longitudinal grooves on the contact surface of the counterface and may occasionally
become entrapped at the front end of a groove (Figs. 4.15.a to 4.15.c). The entrapped hard
particles act in turn as abrasive elements to the tribo-layer and can remove some parts of
the tribo-]ayel'r and collect material on the steel counterface. The contact surface
temperatures easily reach 300 °C at sliding speeds above 1.2 m/s greatly reducing the
shear strength of aluminum [82] and thus facilitating the transfer of the softened material
to the counterface. Fig. 4.16.a is a backscattered SEM micrograph that shows the initial
stage of aluminum transfer (which is confirmed by the EDS analysis) from the A356 Al-
10%SiC-4%Gr to the contact surface of the steel ring. The transferred aluminum particles
first accumulated at the tip of the hard asperity or in a groove on the surface of steel, then
piled up as their width increased and formed a transferred material island, whose lengths

exceed 3mm in Fig. 4.16.b.

4.2.5 Variation of Temperature with Loading Conditions

Fig. 4.17 shows the variation of the measured bulk temperature and calculated tribo-
layer temperature at various loading conditions for A356 Al-10%SiC-4%Gr. The
temperature variation was similar for A356 Al-5%Al,03-3%Gr. The details of the
calculations are explained in Appendix II. Fig. 4.17 shows that at low sliding speeds (e.g.
0.5 m/s) the temperature increased by increasing the load. But it is important to note that

at this speed the maximum temperature attained was 120°C (at the maximum test load of
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400N). This is likely too low to have an effect on mechanical properties of the composite,
and the difference between the temperature of the bulk material and that of the tribo-layer
was small (e.g. 20°C). At medium loads (e.g., 50 N) the temperature of the composite
increased by increasing the sliding speed (maximum 180°C at 3 m/s). But it is important
to note that the difference between the temperature of the bulk material and that of the
tribo-layer increased by increasing the sliding speed (e.g. 45°). Knowing the individual
thermal conductivities of A356 aluminum alloy, SiC, Gr, and iron oxide and their volume
fraction in the bulk material and in the tribo-layer (e.g., at 50 N and 3m/s), the thermal
conductivity of the bulk material and the tribo-layer can be calculated. The calculated
thermal conductivity of the tribo-layer was significantly lower than that of the bulk
material; 25.9 W/K.m.s compared with 140 W/K.m.s for the bulk material (A356 Al-
10%SiC-4%Gr). (For more information refer to Appendix II). Therefore, at high sliding
speeds, when the rate of heat generation is high, the tribo-layers act as thermal barriers
and heat builds up within the tribo-layer increasing the temperature of the tribo-layer

relative to the bulk material.

The higher temperature of the tribo-layer has some consequences on the wear
behavior of the composite. As the temperature of the tribo-layer increases the counterface
becomes more oxidized. This produces more iron oxide debris and makes the tribo-layer
richer in iron oxide and decreases the thermal conductivity of the tribo-layer even more.
Consequently, the hardness of the tribo-layer increases and becomes more abrasive to the
steel counterface and again produces more iron oxide debris and makes the tribo-layer
richer in iron oxide. This self-propagation action toward increasing the temperature and

iron concentration of the tribo-layer accelerates with increasing the sliding speed. This

36



becomes even more pronounced by increasing the load at high sliding speeds. At the
critical load for the transition from mild to severe wear (e.g. 290 N at 2 m/s), the
temperature of the bulk material reaches ~ 310°C, which is not high enough to reduce the
strength of the material below the tribo-layer. Fig. 4.18 shows the yield strength of the
composites vs temperature. But when the tribo-layer temperature reaches ~450°C that
reduces the strength of the bulk composite material in contact with the tribo-layer enough
for the tribo-layer to slip. Fig. 4.18 indicates that at ~450°C the yield strength of the A356
Al-10%SiC-4%Gr composite reaches 15 MPa. The measured coefficient of friction at the
critical loading condition for the transition from mild to severe wear (2m/s and 275 N)
was 0.4; therefore the friction force is 110 N. The nominal contact area was equal to 3 x
10”° m? (assuming that the nominal contact area is equal to the interface area of the tribo-
layer and the bulk material). Then the shear stress developed by the friction force is 3.67
MPa and the compressive stress due to the applied load of 275 N is —9.2 MPa. Assuming
a plane stress condition at the interface of the bulk material and the tribo-layer, the state

of stress at the interface is:

0 3.67
3.67 -9.2

Therefore the principal stresses are ¢; ~ 1.26 MPa and o, = -10.46 MPa, using the Tresca
yield criteria [83]:

(G] -0'2)=2K=Y
where K is shear yield strength and Y is tensile yield strength. Substituting the values, Y

v 11.72 MPa. Taking into account thermal and frictional fluctuations during the wear test,
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this is in good agreement with the measured yield strength of the composite at = 450°C
and explains why the tribo-layer slipped (no longer supported by) over the softened

material.

4.2.6. Role of Tribo-layers on Transition to Severe Wear Regime

In the graphitic composites, the transition to severe wear was accompanied by a
significant decrease of the hardnesses of the worn surfaces, compared to those reached in
the mild wear, where the tribo-layers were present (Fig. 4.3.c). As discussed in Section
4.1.2, at high speed and high load conditions the hardness of the tribo-layer (850 kg/mmz)
was almost ten times higher than the original bulk hardness of the unworn surfaces (91
kg/mm?®). In severe wear, the hardness of the worn surface was still two times higher than
the original hardness (i.e. 200 kg/mm2 at 300 N and 2 m/s) but clearly, the surfaces have
lost the hardness and hence, the load supporting capacity provided By the tribo-layers. It
is well established that in aluminum alloys and aluminum matrix composites the
transition to severe wear is controlled by a critical temperature criterion [8, 46, 84, and
85]. The transition temperatures from mild to severe wear measured for the unreinforced
A356 alloy [46], A356 Al-20% SiC [46], A356 Al-10%SiC-4%Gr and A356 Al-
5%A1,03-3%Gr composites are given in Table 4.1. Fig. 4.19 shows the comparison of
simplified wear maps of A356 Al-10%SiC-4%Gr, A356 Al-20% SiC, and A356 alloy. It
shows that by adding silicon carbide to A356 alloy, its resistance to severe wear

increases. Adding graphite to the composite makes it superior to the others.
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4.2.7. Comparison of Mild to Severe Wear Transition Behavior of Graphitic and Non-

graphitic Composites

Mechanically mixed layers containing fractured hard particles were found on the
worn surfaces of other aluminum based materials, Al-Si alloys and non-graphitic metal
matrix composites, when they rubbed against the bearing steel [46]. However, in the
composites without graphite the layers were completely removed at loads lower than
those found on the A356 Al-10%SiC-4%Gr composites.

Although the critical transition temperatures for both graphitic and non-graphitic
types of composites are similar, (e.g., A356 Al-20%SiC is 601 K and A356 Al-10%SiC-
4%Gr is 583 K), higher loads and speeds needed to be applied to reach to the critical
transition temperature in A356 Al-10%SiC-4%Gr and A356 Al-5%AL05-3%Gr
compared to non-graphitic composites. In Fig. 4.19, the mild to severe wear transition
boundary of the A356 Al-10%SiC-4%Gr and A356 Al-5%Al,05-3%Gr composites are
compared with those of the A356 Al-20% SiC composite and the unreinforced A356
alloy. The graphitic composites are clearly superior to the others in delaying the transition
to severe wear and hence provide the best seizure resistance against the steel. Fig. 4.20
shows the change in bulk friction induced temperature rises and coefficients of friction of
A356 Al-20%SiC and A356 Al-10%SiC-4%Gr composites as a function of load at a
constant speed of 2.0 m/s. The figure shows that at the same load and sliding speed
conditions the bulk temperature and the coefficient of friction of the A356 Al-10%SiC-
4%Gr composite is always lower than that of the A356 AI-20%SiC composite. For
example at 150 N, the bulk temperature and the coefficient of friction of A356 Al-

10%SiC-4%Gr composite are 548 K and 0.43 respectively compared to 653 K and 0.72



respectively for A356 Al-20%SiC composite. The coefficient of friction of A356 Al-
10%SiC-4%Gr decreases with increasing load while the coefficient of friction increases
with increasing the load for A356 Al-20%SiC. Without graphite, the energy produced per
unit time due to the friction force, and consequently the bulk temperature, increases faster
for A356 Al-20%SiC as the load is increased. The coefficient of friction of the graphitic
composite is lower because of the solid lubrication action of graphite, which can be
attributed to delamination of the tribo-layer or exposure of graphite to the counterface.
The lower coéfﬁcient of friction in graphitic composites also reduces the shear stresses
transmitted to the bulk material underneath the tribo-layer, which is another possible

reason that the mild wear regime extends to higher loads and velocities without the

removal of the tribo-layer.

It can be concluded that the graphitic composites are well suited to applications
where seizure resistance is important, such as, cylinder liners in internal combustion
engines. It should be considered that at high sliding speeds (e.g. 1.2 m/s) they cause

scuffing on the counterface.
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CHAPTER 5

GREY CAST IRON

5.1. Introduction

Grey cast iron is an inexpensive and readily available material. It is universally
used for the manufacturing of piston rings and cylinder liners. The combination of good
mechanical properties, economical manufacturing route, and good friction and wear
characteristics of grey cast iron are unique.

The excellent wear resistance of grey cast iron in dry sliding at low loading
conditions is attributed to the feeding of the contact surface by graphite flakes and
formation of a graphite film on the contact surface [21-23]. It is generally accepted that a
pearlitic structure of the matrix and an ASTM A type graphite flake provides the best
wear resistance for grey cast iron in engine cylinder bore applications [1, 64 and 65].

There has been extensive work on constructing wear maps for steels [39, 44], Al-
Si alloys [27, 46], and new tribological materials such as metal matrix composites
(MMCs) and coatings [66]. Surprisingly, however there is no published wear map for
cast iron, which is one of the oldest and cheapest tribological materials. This may be
partly because the conditions under which cast iron is used in tribological applications
have been established by trial and error over a century. However, the advantages of
constructing a wear map for cast iron are numerous: A knowledge of wear regimes and
the conditions that lead transitions from one regime to another can be considered as
essential information that can be used in finding new wear applications for cast iron.

Another advantage of the wear map of cast iron is to provide a bench mark to assess the
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wear resistances of new tribological materials such as lightweight aluminum matrix
composites that are being developed for automotive applications. In this section
experimental work performed in order to construct a wear map for ASTM A 30 type grey
cast iron with a pearlitic matrix is described. Specific wear mechanisms which have not

been previously reported are discussed.

5.2. EXPERIMENTAL RESULTS
5.2.1. Wear Regimes and Wear Map

The wear rate versus load curves at various sliding speeds for grey cast iron
chosen are shown in Fig. 5.1. The mild wear regime extended over a wide range of loads
(1.0 N to 60 N) and sliding speeds (0.2 m/s to 3.0 m/s). More exactly, mild wear was
observed to occur under the following conditions: At 0.2 m/s between 1 N and 32 N; at
0.5 m/s between 1 N and 30 N; at 0.8 m/s between 1 N and 12 N; at'1.2 m/s between 1 N
and 8 N; at 2 m/s between 1 N and 5 N; and at 3 m/s between 2 N and 4.5 N. In the mild
wear regime wear rates increased with the load, approximately from 1 x 10" mm?®/m, to
10* mm*m. The wear rates of the grey cast iron in the mild wear regime increased

linearly by increasing the load from 1 N to 5 N (Fig. 5.1) and obeyed the Archard wear

Equation [86].

W =K(—li) (5.1)
H

where W is volumetric wear rate in mm®/m, P is the applied load in kg and H the
hardness of cast iron in kg/mm?®. K is the wear coefficient. By substituting the values of

W, and P from Fig. 5.1 the value of K can be calculated as 5.02 x 107 for the mild wear

regime.
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A sharp increase in the wear rates appeared at high loads where severe wear
occurred. The transition from mild to the severe wear occurred at 37.5 N for the tests at
0.5 m/s, 16.0 N at 1.2 m/s, 10.0 N at 2.0 m/s and 6.5 N at 3.0 m/s. The transition to severe
wear was accompanied with material transfer from the surface of cast the iron to the steel
ring.

Fig. 5.1 shows that at low loads below 1.0 N wear rates decreased by an order of
magnitude compared to the wear rates in the mild wear regime, revealing that another
wear regime; i.e., an ultra mild wear regime existed (at 0.2 and 0.5 m/s from 0.2 N to 1

N). In the ultra mild wear regime the value of K (in eq 5.1) was 5.02 x 1072

The transition loads and velocities between these three wear regimes, ultra mild
wear, mild wear and severe wear, were determined by visual observations of the changes
in the worn surface morphologies during the wear tests and changes in the slope of the
wear rate-load curves (Fig. 5.1). Details of the microstructural and compositional changes
of the worn surfaces and the debris that took place during wear transitions were studied

by SEM and EDS examipations.

The measured wear rates for the A30 type cast iron and the main wear
mechanisms operating in each wear regime were summarized on a diagram with log load
versus log sliding speed axes. Fig. 5.2 shows the wear map constructed for the cast iron.
The three major wear regimes; namely, ultra mild, mild and severe wear regimes are
depicted on this map. The wear map indicates that the transition to ultra mild wear was
not sensitive to test speeds and occurred at loads below 1 N, where wear rates dropped
about an order of magnitude relative to the mild regime. Wear rates in the ultra mild wear

regime were about 8 x 107 mm®/m to 9 x 10”7 mm>*/m. In the mild wear regime, the wear



rates were initially about an order of magnitude higher; i.e., in the range of 1 x 107
mm®/m, then increased to 10 mm*/m by increasing the load and the sliding speed. In the
severe wear regime the wear rates were up to three orders of magnitude greater than those

in the mild wear regime (e.g 10" mm®/m to 3.2 x 10" mm®m). There was no tribo-layer

in the mild wear regime.

Referring to the wear map of grey cast iron (Fig. 5.2), transition loads Py from
mild to severe and ultra mild to mild wear regimes were approximately linear functions
of the sliding speed (in logarithmic scale). Therefore, the Equation that can predict the

loads required for the transitions at a given sliding velocity is:

logP, = CilogV +C; 5-2)

Where P, 1s the transition load in N, V is the sliding velocity in m/s, and C; and C; are
constants that can be determined from the experimental data. C; =-0.954 and C, = 1.287
for the transition between mild and severe regimes and C, =-0.27 and C,=-0.39 for the

transition between ultra mild and mild regimes.

logP, = CilogV +logC; (5.3)

where log C; = C; then, for C;=-1,

Cs
P===pV=
v P Cs

multiplying both sides by coefficient of friction p,

uPV = C; = cons. (54)

where C3=19.36
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in Equation (5.4), uPV is the rate of shear energy input and for small variations of
friction this is almost constant. Therefore the transition from mild to severe wear occurs

at a constant power input.

Because of the type of microstructure of grey cast iron, large size debris was formed
in the mild and ultra mild wear regimes which could cause scuffing on the contact
surfaces or promote the occurrence of severe wear. Fig. 5.3.a shows the morphology
formed as a result of failed necks and removal of a large piece of debris on the cross
section of the sample in the mild wear regime. Fig. 5.3.b shows the morphology formed
as a result of failed necks during the polished process of the surface (similar to the ultra

mild regime) and removal of a large piece of debris.

5.3. DISCUSSION
5.3.1. Micromechanisms of Wear

"As indicated in Chapter 3, the wear regimes depicted in the wear map (Fig. 5.2)
were based on the wear rate information as well as on the metallographic and
compositional studies of the worn surfaces that were used to shed light on the
microscopic aspects of the wear mechanisms in each of the wear regimes. These are

discussed in the following sections.

5.3.2. Ultra Mild Wear Regime

In the ultra mild wear regime, the worn surfaces of cast iron exhibited no
significant evidence for plastic deformation and were covered by compacted continuous
layers of reddish iron oxide powder. Fig. 5.4.a shows the worn surface of cast iron (at 0.2

N and 0.2 m/s) covered by a compacted fine powder of iron oxide.
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Similar iron oxide layers were formed on the surface of the 52100 steel
counterface ring in contact with the cast iron samples. The steel counterface exhibited a
continuous reddish strip of iron oxide, indicating that the cast iron was separated from the
steel ring by an oxide layer. Metal to metal contact between the cast iron samples and the

steel ring was largely prevented except the initial stages of wear.

5.3.3. Mild Wear Regime

The mild wear rates in cast iron were primarily controlled by surface oxidation.
However, when the applied loads and sliding velocities were modest, the oxide films
were thin (a fraction of micrometer) and not continuous throughout the wear tracks, as is
shown in Fig. 5.4.b. Under these conditions (2 N, 0.3 m/s) approximately 40% of the
contact area was covered with a dark oxide film. The regions between the oxide films
consisted of compacted fine reddish iron oxide powder. Increasing the sliding speed and
the load increased the proportion of the contact surface area covered by the oxide film.
For example, at a sliding speed of 2.0 m/s and a load of 5.0 N, 80 % of the wear track

was covered by the dark oxide film (Fig. 5.4.c).

Because of the type of microstructure of grey cast iron, there are some special
mechanisms of formation of large size debris, up to 50 um in length and up to 15 um in
thickness, in mild wear regime. The importance of these large debris becomes more
pronounced at loading conditions close to the upper limit of the mild wear regime. As
Fig. 3.2 shows, the microstructure of grey cast iron contains some rosette grouped
graphite flakes. When these groups are randomly arranged on the contact surface, they
form weak points and collapse easily (Fig. 5.5). The result is the formation of large
metallic pieces, up to 50 pm in length, which cannot oxidize quickly. They either leave
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the system as loose debris or are entrapped in the interface and act as third body objects.
Another mechanism that produces large metallic debris in the mild wear regime is the
fracture of tiny metallic necks. Tiny necks are formed either during surface preparation
before the test or during the wear test. They form because of the presence of the graphite
flakes. Fig. 5.6.a schematically shows how graphite flakes cause formation of tiny necks
on the surface. It shows that the tiny neck is connected to the bulk material through a tiny
metallic neck. The direction of the splat can be either in the sliding direction (Fig. 5.6.a)
or in the revc;rse direction. If they are in the sliding direction, the necks may fail by
tensile stress developed within the neck resulting from the friction force (Fig. 5.6.a to
5.6.c). When they are in the reverse direction the necks may fail due to the bending of the
splat over the neck as a result of impact of an asperity on the counterface (Fig. 5.7). Fig.
5.3.a. shows the morphology formed as a result of failed necks on a cross section of the
sample from the mild wear regime. Fig. 5.3.b shows the morphology formed as a result of

failed necks on a polished surface (similar to the ultra mild regime).

In all cases mentioned above, large size debris can be entrapped in the interface of
the rubbing surfaces. At high ldading conditions, the temperature and pressure of the
particle are high enough to cause welding of the particles to the counterface (Fig. 5.8) and
provide the necessary condition for transition to severe wear. At loading conditions not
high enough for transition to severe wear, the collapsed pieces cause scuffing of the

surfaces by scratching the contact surfaces and local material transfer to the counterface

The large size debris forms mostly in the initial stages of the rubbing process.
Thus for practical purposes, it is very important to eliminate the sources of these types of

debris. These include elimination of the rosette-grouped structure and decreasing the
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graphite flake lengths, which should be achieved by conducting the appropriate heat

freatment.

In the severe wear regime, oxide films were removed from the contact surfaces as
well as iron debris. For this condition the contact surface was continuously removed and

there was no opportunity for growing a stable oxide film.

5.3.4. Transition from Mild to Severe Wear Regime

In grey cast iron, the transition to severe wear was accompanied by a significant
increase in the roughness of both worn surfaces of the cast iron and of the steel ring. Fig.
5.9 shows the severe deformation at the worn surface of the grey cast iron at 15.0 N and
2.0 m/s. Unlike the aluminum based materials, the transition from mild to severe wear of
grey cast iron doesn’t happen at a critical bulk temperature (Fig. 5.10). Fig 5.10 shows
the variation of the temperature versus the load at the onset of severe wear at different
sliding speeds. It shows that at low sliding speeds the rate of heat generation due to
friction is low, so the temperature is low (60 °C at 0.2 m/s). The temperature increases by
increasing the sliding speed up to 0.8 m/s (rate of heat generation increases). Above 0.8
m/s the temperature decrease as the sliding speed increases, because the contribution of a
high deformation rate mode of wear (discussed in the following paragraphs) increases by
increasing the sliding speed. In grey cast iron, the transition to severe wear occurred
when the flash temperature of the asperities was high enough for local material transfer to
the steel counterface. The flash temperature calculations are explained in Appendix IIL
The material transfer occurred by local welding of asperities or of the large size éast iron
debris within the interfaces, when their temperature is high enough. In any case, the
cooling rate of the transferred material was high and the hardness of the transferred
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material increased up to 5 times that of the bulk material (measured by a micro-hardness
method, VHN > 900 kg/mm?). The material transfer was the starting point of an auto-
activated catastrophic wear process. The roughness of the counterface increased from
0.12 um to about 4 pm. The hard asperities on the counterface were formed by
transferred cast 1ron and in turn welded easily to other cast iron asperities on the contact
surface of the cast iron block at high flash temperatures. As soon as welding took place,
the temperature of the junction which was greater than 800°C (refer to Appendix III)
dropped to the bulk temperature which was measured in all cases to be less than 100°C
(Fig. 5.10). The hardness of the junction and the material around it increased to several
times that of the bulk material. By continuing the test, failure occurred either at the
junction or at the root of the cast iron asperity that is usually adjacent to a graphite flake

(stress concentration site). The transferred material grew up to a maximum height of 10

pm on the counterface.

In the early stages of the sliding process, normally for sliding distances less then
5.0 m, the local material transfer process would repeat itself and material transferred to
the counterface covered the entire surface of the counterface (Fig. 5.11). The locally
transferred material grew up to 10 um height, 40 um length and 20 pm width (Fig.5.8).
By continuing the test, material transfer, growth and fracture processes progressed in
steady state form, where the wear rate was very high but constant. The process could be
considered as a high rate forming process where the wear rate was very high (typically

0.2 mm>/m), but the bulk temperature not very high (e.g. maximum 80 °C at 50 N and 1.2

m/s).
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The roughened contact surface of the counterface induced severe plastic
deformation on the contact surface of the cast iron. Assuming that an asperity on the
contact surface of grey cast iron ideally has a square shape as shown in Fig. 5.12, which
is not far from true referring to Fig. 5.4.d. When such an asperity on the steel ring makes
contact with a cast iron asperity at a speed of V, the lower strength cast iron asperity
(non-hardened material) deforms in the sliding direction. The shear strain rate y at which

the cast iron asperity deforms at each contact is:

Y (5.5)
Y

where h is the height of the cast iron asperity. At a sliding speed 2.0 m/s (2 x 10° umy/s),
for a cast iron asperity with h = 2.0 pum, the shear strain rate is, y ~ 10° s™". Therefore, this
type of wear process can be classified as a high strain rate deformat'ion processes [87]. It
is worth mentioning that the strain rate during a standard Charpy impact test is 10° s
[87]. When local material transfer to the counterface occurred, the very high rate of
deformation imposed on the asperities could cause brittle fracture behavior for the cast
iron asperities. The presence of graphite flakes, which are locations of stress
concentration, increases the possibility of brittle fracture. The sharp edges of the large
debris in the severe regime in the micrograph in Fig. 5.13 indicate the brittle fracture in
this regime. At these high strain rates, the heat generated during plastic deformation of
asperity does not have enough time to dissipate heat to the bulk cast iron. Fig. 5.14 shows
the trend of temperature increase by increasing the load at 1.2 m/s. It shows that as soon
as severe wear occurred at 1.2 m/s, the bulk temperature dropped from 70 °C to 55 °C.
The coefficient of friction in severe wear can be considered to have two components; one
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related to the shear force required to fracture the asperities (high deformation rate

process), Lngr, and the other, is due to the force for non-fracture type interactions of the
aSperitieS “non-fr.
K= Hndr * Hnon-fr (5.6)

Hardness measurements of the debris in the severe wear regime showed that the
hardness of about 25 %vol. of the debris was more than 800 kg/mm? and that of the rest
was ~500 kg/mm?®. This indicates that both of mechanisms of debris formation, junction
formation, growth and fracture or fracture from the root of the cast iron asperities,
described above are active. The hard particles have passed a high temperature and
subsequent quench cycle (e.g. a micro-welding process). The particles with lower

hardness have failed by the high deformation rate process.
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CHAPTER 6

ALUMINUM-SILICON ALLOYS

6.1. Introduction

The scuffing resistances of two eutectic Al-Si alloys with different second phase particle
morphologies were investigated after treating their surfaces by chemical etching and
mechanical polishing to create different surface topographies. The compositions of the
alloys were modified during casting using rare earth elements. Alloy A had the following
composition (atomic %): 12.0% Si, 1.0% Fe, 1.0% Cu, 0.1-0.2% Mg, 0.2-0.3%Mn, 0.2-
0.3% Zn, 0.2-0.3% La, 0.3-0.4% Ce, < 0.05% Pr, 0.05% Ni, and the‘balance Al Alloy B
had the same composition but a higher Ni (0.8-0.9 at.% Ni) content. Both alloys were
prepared in sand moulds and cooled at different rates after casting (see Chapter 3 for
experimental details).

In this chapter the effects of surface modification by chemical etching and
mechanical polishing on the scuffing resistances of eutectic Al-Si alloys under light
loading conditions are reported. It was shown that at constant load and speed, the sliding
distance to scuffing increased with etching time and initial surface roughness up to a
certain point, then the onset of scuffing became less sensitive to surface conditions.
Second phase particles with small aspect ratios contributed to the delay of the start of

scuffing.
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6.2 EXPERIMENTAL RESULTS
6.2.1. Etching Results
6.2.1.1. Caustic Etching

6.2.1.1.1. The Effect of The Roughness of The Sliding Surface Before Etching

When a 10% NaOH solution was used as the etchant, the scuffing resistance of
the AI-Si alloys was sensitive to their initial surface roughness. In order to study the
effect of surface roughness, samples were polished to different roughnesses between 0.14
and 1.2 pm and then etched for a constant time of 7 minutes. Fig. 6.1 shows that when
the surface roughness (R,) of the alloys is low, they exhibit scuffing at short sliding
distances, e.g., 200 m for R, = 0.14 um for alloy A. The sliding distance to the scuffing
onset increased with R, up to about 0.4 pm. For R, values above 0.4 pm the scuffing

resistance became relatively independent of the surface roughness.

The onset of scuffing was detected by measuring the electrical resistance between
the pin and the disc. The electrical resistance between the steel pin and Al-Si samples
during sliding, prior to scuffing, varied between 20-40 Q; but when scuffing initiated the
electrical resistance dropped to values in the range 0.2-0.7 Q. Fig. 6.2 illustrates the

effect of scuffing on the M2 tool steel counterface worn against sample B.

6.2.1.1.2. The Effect of Etching Time on the Surface Morphology

The surface morphologies of the Al-Si alloys changed with the etching time when
etched by a 10% NaOH solution. Figs. 6.3.a to 6.3.d show the change of the morphology
of alloy A when etched at room temperature for 1, 4, 7, and 9 min. The dissolution rates

of the matrices of the alloys A and B were different. Using the same etchant (10% NaOH
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solution), the two alloys had different responses to etching at equal time. Figs. 6.3.¢ to

6.3.h show the effect of etching time on the surface morphology of alloy B.

The etching solution attacked all the hard phases (except silicon) in addition
to the matrix alloy, but with a lower dissolution rate than the matrix. Therefore, when
the alloys were etched long etching times (e.g. 7 and 9 minutes), the hard phases
(except silicon) were dissolved severeiy. This effect is evident in Fig. 6.3.h, in which
alloy B was etched for 9 minutes. It shows that some of the phases were almost

totally dissolved leaving cavities on the surface.

6.2.1.2. The Effect of Acidic Etching on Surface Morphology

The typical surface morphology of sample B etched using 50% HCI for 0.5
minutes is shown in the SEM micrograph taken at a 60° tilt angle (Fig. 6.4). The EDS
microanalyses of the etched surfaces of each alloy showed that .the area fraction of
the silicon phase relative to that of the polished surface increased several times (x4
times). The average surface roughness R, before etching was the same for the three

alloys and equal to 0.14+0.03 pum, while after etching it was 6.90 £ 0.3 um for alloy

A and 7.15 £ 0.2 um for alloy B.

6.2.2. Scratch Test Results

As described in Section 2.4, scratch tests were performed on etched surfaces of
the Al-Si samples under low normal loads. Fig. 6.5 shows the SEM micrograph of the
caustic etched alloy A scratched by a single pass of the Vickers pyramid diamond
indenter under a normal load of 10 g. The figure shows that the resistance of phases with

different geometry to deformation and fracture during single pass scratch tests are
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different. When the ratio of particle width (W,) to the width of the contact area of the
indenter (W) is (Wp/Wc) = 1/10, particles on the surface fractured at their root where
they were held by the matrix material. For (Wp/Wc) = 1, the particles were more resistant

to fracture ("b" in Fig. 6.5) and carried the applied load with less damage.

6.2.3. Wear Test Results
6.2.3.1. Caustic Etched Samples

6.2.3.1.1. Al-Si Alloys As Disc Samples

The wear rates of alloys A and B at a sliding velocity of 0.5 m/s and a load of 5N
are shown in Fig. 6.6.a. The sliding surfaces were initially etched by 10% NaOH solution
for 7 minutes at room temperature. Fig. 6.6.a shows that alloy A has a lower wear rate (2
x 10™ mm3/m) than alloy B (§ x 10 mm3/m). Alloy A could withstand the scheduled
sliding distance of 5000 m without scuffing and ploughing while .alloy B experienced
scuffing at 100m. As a result of scuffing, the etched surface was scratched and ploughed.
Figs. 6.6.b and 6.6.c show the scratched surface of alloy B due to scuffing after 500 m

sliding distance and non-scratched respectively.

6.2.3.1.2. Al-Si Alloys As Pin Samples

In another series of tests, at the same etching and loading conditions as above, the
pin material was made from the Al-Si alloys etched by a 10% NaOH solution for 7
minutes and the disc material from M2 tool steel; Fig. 6.7.a shows the results. The wear
rate of alloy B was lower and equal to 4 x 10™ mm®/m while that of alloy A was equal to
4.5 x 10" mm®/m. During the test, the etched layer of the pin material was removed. Fig.

6.7.b shows the worn surface of the pin made of alloy A after 5000 m sliding distance. In
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Fig. 6.7.b the protruded hard particles are all removed and the wear is in the mild wear

regime.

6.2.3.2. Acidic Etched Samples (Al-Si Alloys As Disc Samples)

Fig. 6.8 illustrates the wear rates of Al-Si alloys at the same loading conditions as
above but etched by 50% HCI for 0.5 minutes against M2 tool steel. It shows that alloy A
had a lower wear rate than alloy B. The etched surfaces of both alloys could withstand
the 5000 m sliding distance. The electrical resistance between the pin and the disc

remained high (=15 Q) with little fluctuations. There wasn’t any sign of scuffing on the

worn surface of the pins for any of the alloys.

6.2.3.3. As Polished Samples

Fig. 6.9 shows that for the “as polished condition” alloy A has better wear
resistance than alloy B. Scuffing and scratching started as soon as the tests were started

for both alloys. The electrical resistance between the pin and the disc remained very low

(<0.2 Q) and almost constant in all cases.

6.3. DISCUSSION

Table 3.5 shows that the average hardness of the matrix of both alloys is
approximately the same (42 kg/mm®). Since the weight percent of the main alloying
element, silicon, is almost the same in both alloys, the morphology, size, distribution, and

fracture toughness of the phases makes their wear and scratch resistance different.
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Using a fracture mechanics approach, the wear resistance of the alloys at low
loading conditions can be mathematically related to the fracture toughness and the

morphology of the hard phases.

6.3.1.  Loading and Fracture of The Hard Phases

The resistance of the hard phases to fracture as a result of sliding contact with a
hard asperity, or in a specific case a pyramid diamond indenter, can be mathematically
related to the morphology of the hard phases. So a simplified model was considered that a
Vickers diamond indenter under the normal load P (Fig. 6.10.a) scratched the Al-Si alloy.
The Vickers indenter moves under the normal load P along the direction of the diagonal
in contact with the matrix alloy, as shown in Fig. 6.10.a. Then it scratches the matrix and
pushes a wedge or prow of deforming material ahead. In case of the etched alloy, the hard
phases are protruded, so the hard and sharp edge of the indenter direétly contacts the hard

phase's edge and induces tremendously high stresses at the contact point (Fig. 6.10.a).

6.3.2.  Etched Surface

Fig. 6.10.a shows the side view of the scratch system model consisting of a
ductile aluminum matrix (m), a hard silicon phase (ph) protruded from the matrix, and a
pyramid indenter (i) with the aspect angle 2o. The hard phases geometry is ideally
assumed to be in a slab shape with thickness t, height h;, and width 1;, where h; >> hy,
The top view of the model in Fig. 6.10.a with the applied forces is presented in Fig.

6.10.b, while it is detached from the matrix.

When the indenter touches the edge of the hard phase, it imposes two types of

destructive stresses to the hard phase:
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(a) Tensile stress is developed as a result of a bending moment acting normal to
the plane m-n in Fig. 6.10.b (point load-continuous support on edge of a
cantilever), which should be a maximum at point k. In the real condition the
hard phase is supported by the ends and tensile stresses also develop at points
T; and T, but are not as high as that at point k (Fig. 6.10.c). Tensile stresses
also develop along the height h; (similar to a cantilever, because of the
bending moment acting normal to the axis Q-Q; in Fig. 6.10.a) and is a

maximum at k;.

(b) Very high compressive stress is developed because of the singularity about the
sharp indenter edge. A tensile stress also develops consequently under the

deformed area at the contact point during unloading.

6.3.2.1. Effect of Tensile Stress Due to Bending Moment

Depending on the height hy, of the protruded part of the hard phase, if the
thickness (t) of the hard phase is less than a critical value (t.), before considerable
deformation and damage occurs at the contact edge, the hard phase will break at point k

(Fig. 6.10.b) or k; (Fig. 6.10.a). The following calculations show that the maximum

tensile stress occurs at point k;.

Assuming the length of the hard phase L > 2B where 2B is the width of the
groove in the matrix material. Using the flexure formula [77] and assuming that the hard
phase material is detached from the surface and supported from one end, the estimated

maximum tensile stress at point k in Fig. 6.10.b, (Gmax)xk is:

(Gmax )k = 5‘%% 6.1)
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Simplifying the calculations by ignoring the elastic deflection of the matrix, the

shear stress, and the elastic deflection of the hard phase in the direction normal to the

scratch path, the maximum tensile stress at point k; in Fig. 6.10.a, (Gmax)ki 1s:

(cmax)kl = ‘6—%11@‘ (6.2)

dividing Eq. (6.1) by Eq. (6.2):

(o) (1

(G““")kl i 2hpn

2

(6.3)

since the Vickers hardness H, = 18P (6.4)

(28)

where P is normal load (N) and 2B is the width of the groove on matrix (m).

then L>2B= L8P 6.5)

v

substituting Eq. (6.5) in to Eq. (6.3):

(csmx)k 1.8P (6.6)

(o) 4(0) ()

in the present experiments (e.g. for alloy A etched for 7 min, by using 10 % NaOH), hyy,

~7.5 x 10 m, H, = 4.5 x 10* MPa, and P = 0.05 N. Substituting in Eq. (6.6):
(Gmax )k = (.88 (O'max )kl (67)
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Since in Fig. 6.10.b, the hard phase is detached from the matrix for simplification in
calculations, the calculated value of (Gumax)x is far above the maximum stress that can be

developed at point k in Fig. 6.10.b in real condition. Therefore,

(Gnmx)kl > (Gmnx)k (68)

So fracture starts as a result of the tensile stress developed at point k; in Fig. 6.10.a. Then
using eqs. (6.2) and (6.5), for P = 0.1 N (the applied load in scratch test), hy, = 7.5 x 10
m, Fx = 0.012 N (for u = 0.12 in scratch test), t = 4 x 10° m, and H, = 4.5 x 10> MPa
(measured by microhardness), (Gmax)x1 = 1.7 GPa. However at the given stress (Gmax)kis
the failure of a hard phase depends on the fracture toughness of phase, Ky [87, 88]. For a
semi-circular crack,

Kic=0.71cv/m.c (6.9)

The K. of the hard phases was measured by the micro-hardness method, as described in
Section 3.3.2.3, the micro-hardness was performed at 25 g load. Then the diameters, 2c,
of the semi-circular cracks (median cracks), that reached the surface of the hard phases
after indentation were measured using a SEM. The relation between the critical stress

intensity factor K., the applied normal load P, the crack size ¢ (for a semi-circular crack),

and indenter tip angle 20. for a crack formed by indentation [89-91] is:

Koo P
Ic [( m)g(tam)} (6.10)

Fig. 6.11 shows the median cracks along the diagonals of the indentation made by

Vickers indenter at a normal load of 25g on the (Fe,Mn);Al;sSi; phase in alloy A. The

calculated K. values for the major hard phases using the measured crack lengths and Eq.
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6.10, are given in Table 6.1. It shows that the fracture toughness of the intermetallic
phase containing Al, Fe and Mn was the highest and that of silicon was the lowest.

Using the average measured K. = 0.35 MPa.Nm (Table 6.1), and setting ¢ =
(omax)k1 in Eq. (6.9), the critical crack size required for crack growth in a hard phase due
to bending is ¢ = 1.5x10°® m. This is much smaller than the statistically existing surface
flaws on the hard phases. So the tensile stress omax is high enough to initiate crack growth

from very small cracks.

Combining egs. (6.2), (6.4), and (6.9) and setting t as t., the critical thickness of

the phase is:

te = 4'2F"hph T.C{Hv m (611)
¢ K V 1.8P

Eq. (6.11) shows that for a given matrix hardness (H,)m, applied load P, and crack

size c, the critical thickness t. of the hard phase is directly proportional to the square root

of the tangential force Fy, the height hg;, and the critical stress intensity K;. of the hard
phase. Therefore, assuming that Ky, h,n and (Hy)n, of the silicon and Al-Si-Fe-Mn phases
(the majority of the phases) and the applied normal load are the same, for the two alloys

the fracture of the phases is a function of their critical thickness (t.).

Using experimental data for the Al;s(Fe-Mn)sSi, phase, P = 0.25 N, Fx = 0.03 N,

how = 5 x 10° ¢ = 0.015 x 10° m, K;c = 0.35 MPa(m'?) [Table 6.1], H, = 4.5 x 10

MPa/m? (Table 3.5), the critical thickness is t. = 3.5 x 10 m.
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6.3.2.2. The Effect of High Stress Due to Contact by the Sharp Indenter Edge

The indenter on the top of a hard phase leads to the formation of lateral cracks. In
this case, grooving of the matrix by the tip of indenter ceases and the frictional force on
the hard phase is Fr. When the indenter is on the top of the hard phase, it may causes
elastic deformation of the hard phase at low applied loads (Fig. 6.12.a), or it may indent
the hard phase with some degree of plastic deformation at higher applied loads and it
leaves behind a groove (Fig. 6.5). Usually scratching is accompanied by the formation of

several cracks normal to the grooving direction (Fig. 6.12.b)

At loads low enough to have only elastic interaction on the top of the hard phase,
the plastic deformation was concentrated at the particle edges. This is because of the
large stresses caused during the initial contact of the indenter that causes localised plastic
deformation. As the indenter moves forward on the particle the contact area increases

consequent]y the stresses decrease to values below the particle yield strength.

If the load is high enough for grooving of the top of the hard phase, the extent of
the damage is a function of the thickness of the hard phase and the critical stress intensity
factor (K| of the hard phase material.

When the indenter scratches the hard phase a series of half penny cracks form

normal to the direction of the indenter movement. The size of these cracks is a function

of K| of the hard phase material and the applied load, assuming frictionless indentation

[92,93]:

C .
~ | sino
(E ) (6.12)



Where 2B, is the width of the groove, 2¢ the length of the halfpenny crack, and o the
indenter tip angle, in this case 68°. In one pass, scratch test cracks do not separate the

phase into pieces, but in several passes or in a reverse pass they may.

6.3.3. Loading During Sliding Contact

During the wear test in the etched condition, the contact of the alloy with the
counterface asperities was provided only through the hard phases. It is reasonable to
assume that under low loads during wear tests the asperity-to-asperity contact is similar
to the scratch test at a low loading condition. Therefore, the fracture mechanism of the

hard phases can be similar to that of the scratch test.

If each hard phase were assumed to be an asperity, during the wear test the
possibility of fracture of the hard phases can be estimated by considering the counterface

diameter, the number of hard phases per unit area, the applied load, and the coefficient of

friction.

After a short run-in period, the real contact area of pin was roughly about one tenth
of the apparent contact area [92]. The hard phases covered an average of 17% of the total
surface area of the specimen; so, since the cross sectional area of the pin was equal to
19.6 mm?, the apparent area of contact was ~ 3.33 mm®. From Table 3.4 the number of
hard phases per mm? is 704 for alloy A, and 933 for alloy B. Therefore, the number of

hard phases N in contact with the pin counterface is:
Na =260 x 3.33x0.1 ~ 87
Np =329 x 3.33x0.1 ~ 109
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The measured friction force during the wear tet of the alloys A and B at 0.5 m/s,
and 5N was 2.5N and 3N respectively. Therefore, the average friction force per hard

phase, during the wear test was:

Fxa=2.5/87~0.028 N (6.13)

Fxg =3/109 = 0.027 N (6.14)

These forces are comparable with the force applied during the scratch test. So, SN is
roughly the upper limit of load in order to keep the hard phases as the main load
supporting areas (staying in the ultra mild wear regime). Above this load, the hard phases
fracture and the effects of hard phase morphology on wear and scuffing resistance
vanishes. Although egs. (6.13) and (6.14) indicate that the friction force per individual
hard phase is lower for alloy B (because of the higher number of hard phases in alloy B),

the force per unit area of the phases is almost the same for all alloys.

As a result of the sliding contact of a hard asperity on the top of a hard phase,
cracks form easier close to the “trailing” edges where asperity leaves the phase, Fig.
6.13.a. Very high tensile stresses develop at trailing edges due to the normal load and the
frictional force exerted by the sliding asperities of the counterface when they leave the
hard phase, Fig. 6.13.b. Although the friction force per hard phase is almost similar for
the two alloys and the rate of failure at the edges of the same phases is almost the same
for different alloys, the higher number of hard phases in alloy B increases the total rate of
hard phase removal due to failure of the trailing edges. This is especially pronounced
when the alloy is etched and the matrix doesn’t support the highly stressed trailing edges
of the hard phases. Fig. 6.14.a is a SEM micrograph of the worn surface of alloy B tested
at SN and 0.5 m/s. The size of the debris is a fraction of a micron (Fig. 6.14.b). EDS
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microanalysis (Fig. 6.14.c) shows that the debris consist mainly from silicon rich phases.
Fig. 6.14.a shows that a crack is formed at the middle part of the hard phase. At long
sliding distances, crack formation and growth in the hard phases by a fatigue-controlled

mechanism is very probable.

Another type of failure of hard phases that contributes to the wear rate is lateral
crack formation as a result of the sliding of an asperity on a hard phase. Lateral cracks
form during the unloading period of an indentation process on a brittle material (or any
contact process that causes plastic deformation in brittle materials). In the case of Al-Si
alloys the Al s(Fe,Mn)3;Si> was more sensitive to lateral cracks than the other phases. Fig.
6.15.a shows a lateral crack formed on an Al;s(Fe,Mn);Si; phase as a result of an
indentation process (under 25 g normal load). When a hard asperity or an indenter slides
on a hard phase, lateral cracks are formed in the sliding track. So the lateral cracks
produce small size pieces of hard phases. This process is pronounced at the trailing edges.
Fig. 6.15.b shows that the lateral crack caused chipping of a part of a silicon phase at the
trailing edge during a scratch test under 5 g normal load. For the same reason as that

explained above, lateral cracks are more effective in increasing the wear rate in alloy B

than alloy A.

Fracture of the hard phases with small aspect ratios due to bending stresses, leaves
large broken pieces behind, which is the main cause of scuffing (local material transfer)

on the pin counterface.
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6.3.4. Scuffing

As a result of scuffing, local material transfer occurred to the counterface and the
worn surface was scratched. The effect of the surface condition on scuffing of the Al-Si

alloys and the signs of the occurrence of scuffing were mentioned in Sections 6.1.1.1.1

and 6.1.3.2.

The fracture of a large piece of the hard phase can be the cause of scuffing. If the
surface is rough enough, the fractured piece can be entrapped in the micro-valleys on the
disc contact surface, without causing major damage. When the surface isn’t rough, the
hard sharp particle can be pushed ahead of the pin. By impacting with other hard phases

the particle breaks more large pieces of hard phases.

6.3.5. Differences in Wear Rates by Different Test Configurations

Fig. 6.16 shows the wear rate of the two Al-Si alloys tested by using different
conﬁgilrations of sample and counterface. It indicates that the differences in the resulting
wear rates and surface damages of samples tested under different testing methods is
considerable. The difference between the results of the tests for which the pin was made
of Al-Si alloys and those for which the disc was made of Al-Si, can be explained as

follows.

(a) The distribution of pressure at the contact area of a flat pin with a flat surface is
shown in Fig. 6.17 [92]. When the pin is made of M2 steel, the concentrated load
on the contact edge of the pin makes the loading condition more severe for the Al-
Si alloy compared to average contact pressure on the basis of the apparent cross-

sectional area be considered. Then the hard phases are. éverloaded when they
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(b)

come in contact with the edge of the steel pin especially at the beginning of the
test when a few hard phases are in contact with the pin.

When the pin is made of Al-Si alloys, the stress distribution at the edge of the pin
isn’t as sharp as for the steel pin. In addition, the surface of the alloy experiences
more rubbing contact than when it is in the form of a disc. The contact area of the
pin is = 0.11 times of the area of the wear track on the disc. Therefore, the actual
distance that each point at the middle of the wear track of the samples tested in the
disc configuration experiences after the wear test is (5000) x (0.11) = 550 m. On
the other hand, The actual sliding distance is 5000m when the pin is made from
the Al-Si alloy. This comparison explains the reason why when the pin type test
samples were made of Al-Si alloy the etched layer was removed after about §00m
sliding distance. Scuffing did not happen for this type of specimen configuration,

because overloading at the edge of the pin was unlikely and if a piece of a hard

phase was broken, there was no sharp and hard edge like the edge of the steel pin

to push the particle ahead against the alloy. The broken particle either scratched

the steel disc or left a relatively smooth steel disc wear track by centrifugal force.
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CHAPTER 7

OVERALL DISCUSSION

7.1. METAL MATRIX COMPOSITES

When the structure of a metal matrix composite consists of a ductile matrix and
hard brittle phases, tribo-layers of the types described in Section 4.2.1 form on the
contact surface during dry sliding of the composite against a hard counterface. If the
counterface is softer than the hard particles in the composite, then the material transferred
from the counterfaée becomes a part of the tribo-layer (Fig. 4.6.a). In the case of a steel
counterface, iron oxide was introduced to the top of the tribo-layer and increased the
hardness of the tribo-layer (Fig. 4.4.c). Formation of tribo-layers on the contact surface is
usually beneficial for delaying the occurrence of severe wear. Fig. 7.2 shows the effect of
tribo-layer formation in the mild wear regime as a result of additives such as hard particle
(SiC) and graphite particle to A356 aluminum alloy. By adding 20% SiC particle to the
A356 Al alloy formation of tribo-layers in the mild wear regime extends this area to a
load 5 times higher than that of the matrix alloy. Adding graphite reduces the coefficient
of friction and bulk temperature, therefore teribo-layers are stable at higher loads and
sliding speeds. Then by adding graphitic to the aluminum matrix composite reinforced
with 10% SiC extends the mild wear regime to the loads up to three times that of the non-

graphitic composite. On the other hand tribo layers are usually abrasive to the
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counterface. Tribo-layers are not stable for a long sliding distance. They continuously
destroy and renew so that in the steady state condition for a constant loading condition
the thickness of the tribo-layer remains constant. The delamination of tribo-layers under
certain conditions including long sliding distances and high sliding speeds causes
scuffing of the counterface (Section 4.2.4). Low thermal conductivity of the tribo-layers
is beneficial for the tribological performance of the aluminum-based composites in
service (e.g. in cylinder liner). It not only plays a role in ’initiating a self-hardening
mechanism fo'r the tribo-layers (Section 4.2.5), but also makes the tribo-layers act as a
thermal barrier which reduces the heat loss through the cylinder wall. Consequently the

efficiency of the engine can be improved.

A parameter that can be effective in the ultra mild wear regime in dry sliding
conditions is the morphology of the hard particles. Angular particles scratch the
counterface during the sliding contact. Rounded or spherical particles should induce the
minim‘um damage to the counterface. But conventional surface preparation methods
provide broken hard particles on the surface, which are not beneficial. So a special final
finish process (e.g., brushing in presence of running water or using a water jet to remove
the broken loose particles from the surface) is required to remove the broken hard

particles from the contact surface before the sliding process.

Since the hard particles are the load supporting constituents in the ultra mild wear
regime, it is reasonable to suggest that by simply increasing the volume percent of hard
particles in aluminum matrix composites, and the silicon content in Al-Si alloys, the
possibility of contact can be increased. Consequently the transition boundary of ultra

mild to mild wear is extended to higher loads. Taking into account the elastic deflection

69



of the stiff hard particles compared to the deflection of the less stiff matrix material under
the applied load, it is the modulus of elasticity of matrix material that determines the
number of hard particles in contact in the ultra mild wear regime. As the load increases
the matrix material beneath the particles in contact elastically deflects more and increases

the chance that other hard particles will come in contact with the counterface.

One of the simplest classical equations that is widely being used in wear
investigations is the Archard equation (Section 5.2). This equation is based on the
hardness of the material and the applied load. If the hardness is high, the real area of
contact is low, and so is the wear rate. But this can only be true if the material is
homogenous and single phase. In the case of MMCs and materials containing hard
second phases, the overall hardness doesn’t have a direct contribution in wear. It is the
hardness and modulus of elasticity of the matrix material that determines the real area of
contact (in the ultra mild wear regime). In the mild wear regime the contact surfaces of
MMCs are usually covered by tribo-layers. The nature and properties of the tribo-layers
are functions of the loading condition. Then considering the hardness of the tribo-layers,
the Archard equation can be approximated by introducing a variable hardness in the
equation, so that the hardness is a function of applied load and sliding speed. For example
in the case of A356 Al-10%SiC-4%Gr at 0.8 m/s and in the load range 5 to 100 N, Fig.

4.4.c, the hardness of the tribo-layer, H, (kg/mm?) changes with load P (kg) as:

Hy=CP+( (7.1)

Where C = 57.8 and C; = 132.2. The Archard equation in the mild regime (in the load

range 5 to 100 N in Fig. 4.1.a) is:
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w=kl £ |= k(—P——— (7.2)
H. 57.8P+148.2

where W is the wear rate in mm’/m and k = 0.168 at a sliding speed of 0.8 m/s. At
different sliding speeds the constants C and C, in Eq. 7.1 and k in Eq.7.2 are different.

eg at2m/sC=49,C;=311andk=0.3 and at 3 m/s C=18 and C; = 622 and k = 0.54.

7.2.  CAST IRON

As Fig. 5.2 shows that the wear map of grey cast iron in dry sliding consists of
three main wear regimes, ultra mild, mild, and severe wear regimes. In the mild wear of
grey cast iron, the wear rate is low and characterized by the formation of fine oxidized
debris. During mild wear the special type of microstructure of grey cast iron leads to the
formation of some large size debris (Section 5.2.3). These large size pieces of cast iron
remain metallic for a long time during sliding contact and can be harmful at loading
conditions close to severe wear regime. If they do not leave the system, they cause

scuffing and facilitate the transition to severe wear.

Unlike aluminum based materials in which the transition from mild to severe
occurs at a critical bulk temperature, there is no bulk temperature criteria for transition
from mild to severe wear in grey cast iron (Section 5.2.4). Instead the transition to severe
wear in grey cast iron occurred when the flash temperature of the asperities was high

enough for local material transfer to the steel counterface.

When severe wear occurred in grey cast iron, it was catastrophic for all loading

conditions. It began with increasing the roughness of the counterface and continued with
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a very high wear rate of the cast iron (Section 5.2.4). It was interesting to observe that the

severe wear was an high rate deformation process and the temperature rise reached a

maximum of 80°C.

In the ultra mild and mild wear regimes grey cast iron had a very good wear
resistance and its wear behavior was almost linear and predictable. The transition to
severe wear occurred at lower loading conditions compared to the MMCs. Fig. 7.1 shows
that at all sliding speeds, the transition to severe wear for A356 Al-10% SiC-4% Gr
occurs at loads about 20 times higher than that of cast iron. Therefore, dry sliding tests in

this work clearly show that MMCs are less sensitive to oil starvation (in combustion

engines) than cast iron.

7.3.  ALUMINUM-SILICON ALLOYS

The morphology, size, and distribution of hard phases (Si, Al-Si-Fe, and Al-Si-Fe-
Mn phases) in Al-Si alloys have great effects on their wear and scuffing resistance. The
effects become more significant when the properly etched samples are tested at low
loading conditions (Section 6.1.1). Under these conditions, the fracture of hard phases
controls the wear and scuffing resistance of the alloys. As a result of the contact of hard

particles with counterface asperities, there are several modes of fracture.

If the fractured parts of the hard phases are large, they can cause local damage as
they are pushed in the wear track by the pressure of the counterface. This type of fracture
occurs as the result of bending the protruded parts of the particles, which fracture from
their root (Section 6.2.3.1). This type of fracture has a determinental effect on the

scuffing resistance of the alloy. The higher the number of thin and long phases (low
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aspect ratio phases), such as in alloy B, the higher the probability of fracture as a result of

bending. This leads to a decrease in the scuffing resistance of the alloy (Fig 6.5).

If the fracfured pieces are very small, they don’t cause local damage. This type of
fracture is the result of the fracture of the trailing edges or chipping of the hard phases.
This is attributed to the formation of lateral cracks during sliding contact of an asperity
with the hard phase (Section 6.3). This type of fracture does not seem to affect the
scuffing resiste}nce of the alloys but has a negative role on the wear rate. The higher the
number of the hard particles, as in alloy B, the higher the number of contacts per unit

time. This generates a larger number of small broken particles, consequently the wear

rate increases.

The effect of an etching condition on the wear and scuffing resistance of the
alloys was discussed in Section 6.3. It was shown that a surface finish that was given to
the alloys by manual polishing (r, = 0.4 mm) prior to the caustic etching and an optimum

etching time of 7 min provided the best tribological behaviour for the Al-Si alloys.

Using an acidic etchant, a deep etching process provided a superior tribological
resistance. This observation contradicts with theoretical analysis of the fracture of the
hard phases as a result of bending treated in Section 6.2.3.1. The very low wear rate of
the alloys in the case of acidic etching was because of the formation of porous surfaces.
The fractured particles were not exposed as hard constituents because they could be
entrapped in the depressions and micro valleys of rough and porous surfaces. Therefore

they were not active as third body elements. Consequently the weight loss remained very

low.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

Sliding wear of the graphitic aluminum matrix composites A356 Al-10%SiC-4%Gr
and A356 Al-5%Al1,03-3%Gr and grey cast iron worn against the SAE 52100 type bearing
steel, were investigated under a broad range of loading and sliding speed conditions. The
wear rates were measured and the micro-mechanisms responsible for them were identified.

The results were summarized in the form of wear mechanism maps.

The effect of hard phase morphology, size, etching time, and surface roughness before
etching on wear and scuffing resistance of eutectic Al-Si alloys was investigated using

scratch test, pin-on-disc configuration wear tests, and failure analysis of the hard phases.

The main results can be summarized as follows:

1) Mild wear in the graphitic composites was primarily controlled by the formation of
the tribo-layers or mechanically mixed and oxidized surface layers on the contact
surfaces. The mechanically mixed layers contained fractured SiC (or A120.3), Al3Ni
and Si particles mixed with aluminum. Increasing the sliding speed and the load
increased the proportion of the contact surface area covered by the tribo-layers. The
hardnesses of the tribo-layers reached about 800 kg/mmz, more than eight times

higher compared to that of the unworn composite.

2) Two important aspects of the tribo-layers in graphitic composites were:
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3)

4)

5)

6)

7)

1) The presence of iron oxide layers at the contact surfaces that were significantly

thicker and more compact than those formed in non graphitic composites tested under

the same conditions;

i) The formation of lamellar graphite films within the tribo-layers. Graphite films
formed as a result of shearing of graphite nodules located just below the contact
surfaces, typically at depths of 20-100 pm. The graphite films usually demarcated the
boundary between the highly deformed tribo-layers and the relatively damage free

bulk material beneath them.

At sliding speeds above 1.2 m/s, the steel counterface was subjected to scuffing or
local material transfer from the composite. This was mainly attributed to the
roughening of the surface of the counterface by the abrasive action of the hard

constituents of the tribo-layers and frictional heating induced softening of aluminum.

In.the severe wear regime the tribo-layers were removed and the hardness of the
worn surfaces was greatly reduced.
Graphitic composites displayed a transition from mild to severe wear at load and

sliding speed combinations, which are higher than those of the unreinforced A356

aluminum alloy and the non-graphitic A356 Al-20% SiC composites.

The graphite films within the tribo-layers could grow up to an almost constant critical
length and then delaminate because of buckling of the tribo-layer on the top of the

graphite layer.

The boundary of transition from mild to severe and ultra mild to mild regime of grey

cast iron could be predicted from a linear equation in the form of
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Log (P)=CiLog (V) + C;
where P is the applied load in kg, V is the sliding speed in m/s, and C; and C; are
constants.

8) Transition from mild to severe in grey cast iron occurs at constant shear energy input.

9) The severe wear of grey cast iron started with increasing the roughness of the
counterface due to Jocal welding and material transfer and continued with a very high
wear rate of the grey cast iron.

10) Because of the type of microstructure of grey cast iron, there are some special
mechanisms of formation of large size debris in mild wear regime which cause either

scuffing at low loading conditions or transition to severe wear at loading conditions

close to the upper limit of the mild wear regime.

11) The wear rate of Al-Si alloys in the ultra mild wear regime is a strong function of the
etching time of the alloy.

12) The wear rate of Al-Si alloys in the ultra mild wear regime is a strong function of the

surface roughness before etching.

13) Scuffing resistance of Al-Si alloys was a strong function of the surface roughness

before etching and the etching time.

14) Wear and scuffing resistance of Al-Si alloys in the ultra mild wear regime was a
strong function of the morphology of the hard phases. In the etched samples, fracture

of the hard phases from the roots of the protruded phases caused scuffing of the Al-Si

alloys.
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15)In the etched samples, fracture of the hard phases from the trailing edges of the hard

phases was controlling the wear rate of the Al-Si alloys.
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ORIGINAL CONTRIBUTIONS OF THE THESIS IN TRIBOLOGY

For Graphitic Aluminum Matrix Composites

Characterizing the tribo-layers and identifying their role on tribological behavior of

graphitic composites.

e Identifying the scuffing effect on the counterface in dry sliding of aluminum matrix

composites in the mild wear regime.

e Suggesting the mechanism of buckling in delamination of tribo-layers in graphitic

composites.

Constructing the experimental wear maps of graphitic composites.

For Gray Cast Iron
e Constructing the experimental wear map of grey cast iron.

e Identifying the mechanism of transition from mild to severe wear in dry sliding of grey

cast iron.

o Identifying the mechanism of formation of large size debris and their role in tribological

behavior of grey cast iron.

For Aluminum-Silicon Alloys

e Advancing a new method of investigation which is a combination of scratch and wear
tests.
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Identifying the effects of roughness and etching time on the wear rate and scuffing

resistance of Al-Si alloys.

Identifying the effect of silicon and hard particles morphology on scuffing resistance and

wear rate of Al-Si alloys.
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APPENDIX 1

The Euler buckling formula can be derived [77] from free body diagram of an element
of the tribo-layer constrained from both ends as shown in Fig. A.1. An element of the tribo-
layer loaded by the point force P equal to the force applied by an asperity in contact with the

tribo-layer is presented in Fig. A.2.

From the equilibrium condition, ZFy = 0, then

V(X)= V(X + AX) or % (A1)

V is the force in the y direction as a function of X. From the equilibrium condition, ZM = 0

(M is the moment as a function of X),

M(X +AX)-M(X)= V(X)AX —PAv

dividing both sides by x and taking the limit as Ax — 0 then

M_y_pov (A2)

ox ox
2
M
Differentiating eq. (A.1), using eq. (A.2) and the flexure formula [77] %X—Z- = ]

where E is modulus of elasticity of the tribo-layer and I is the moment of inertia on the

cross section of the tribo-layer:
(a*v (P
| —+| — [V(X) [=0 3
axz( - (EJ ( )) (A3)
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Assuming EI is constant, Eq. (A.3) is the differential equation for the analysis of the elastic

buckling of a slender column.

Integrating Eq. (A.3) twice gives:

v (P
-5;(7+(EJV(X)= ki+k2 (A.4)

where k; and k; are integration constants. The general solution to the equation (A.4) is:

V(X)= Asinws +Bcoswc +C,X +C; (A.5)

P
. . 2 _
where A, B, C; and C; are constants of integration and ® = Bl >

Differentiating Eq. (A.5) twice gives:

&v_MX)_
ox*  El

assuming a pin-connection at the end of the tribo-layer is not too far from true by considering

~ @’ (Asinws +Bcosoc)

the tribo-layer as a very brittle material with plenty of defects such as cracks. Applying the

boundary conditions:

M(0)= 0 and M(L)=20

v(0)=0 and v(L)=0 (A.6)
from the first condition

M(@0)=0=Asin0+Bcos0 ..B=0
the second condition requires that

M(L)=0= Asin ®L
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Therefore either A=0 or
2

oy _MX)_ —w?(Asinos +Bcosac ) (A7)

ox> EI
wheren=1,23,......
from the third condition

Cv(0)=0=C,

and applying the forth condition

w(L)=0=A sin oL + C;L

since A sin®L =0,thenC; =0

Therefore, the critical load P, which causes buckling of the tribo-layer with the length L

into a half sine wave is:

,EL (A.8)
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APPENDIX II

In this appendix the method used to calculate the temperature of the tribo-layer of
A356 Al-10%S1C-4%Gr worn against SAE 52100 steel is described. The iron oxide content
of the top 20 um of the tribo-layer (Fig. 4.4.d) and a 3 pum iron oxide layer on the topmost part
of the tribo-layer are taken into account to calculate thermal conductivity of the tribo-layer in
various load and sliding speeds. The measured bulk temperature 5 mm below the contact
surface is considered as T, in Equation B1.

The average surface temperature Ty, (bulk temperature) is denoted as “tr” (tribo-layer)

and “c” (counterface) in sliding contact is given [39] as:

-1

ke ke

To=To+
n lsb ]cb

Where Ty, is the average surface temperature (K) reached if the frictional heat is injected
uniformly across the nominal contact area A, (m?). To is the temperature (K) of a point away
from the contact surface to which heat flows; keq is the equivalent thermal conductivity of the
sample and k. is thermal conductivity of the counterface (W/(m.K); 1y, and 1o, are the

equivalent linear heat diffusion distances (m) defined as:

An kcq

i i

by =1L+ (B.2)



And

27!:ac 2
lew = —r‘/'o——tan—1 (B.3)
n Tov

Where A; is the contact area (mz) of the heat sink; h; is the heat transfer coefficient between
the sample and the h.older (W/(mZ.K)), a, is the thermal diffusivity of the counterface, and r, is
the length of contact (m)(considered equal to V(Ay/n).
For the block on ring testing geometry used for temperature calculations:
An=5x 10" m?
p=kL=5%10"m
In eq. (1), keq is equivalent thermal conductivity of sample. It is calculated on the basis
of thermal C('mductivity of constituents of the composite and their volume fraction,
considering a tribo-layer on the contact surface and using the rule of mixtures.
ksic = 12.9 w/m.K' [78]
Kasse = 163 wm. K™ [64]
Ker =23.8 wim.K™ [78]

kox =32 wm.K™" [39]

Example:
At 50 N and 3 m/s, for £=0.5, 4,=5 x 10° m?, keg =136 W/(m.X), k. =45 W/(m.K), 1y, =5

x 10° m, 1, =0.01 m, and T, = 453 K, T}, is 498 K = 225 °C.
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APPENDIX III

In this appendix the method used to calculate the flash temperature of cast iron worn
against SAE 52100 steel and the assumptions are described. The measured bulk temperature 5
mm below the contact surface is considered as T, in eq. (C.1). The number of asperities in
contact is assumed to be 10 [76]

The flash temperature of a cast iron asperity Teasr Is denoted in sliding contact is given as [39]:

-1

Fv Keas ks
Tr=To+ —£ +—
T least Is

(C.1)

F = the applied load (10 N)

v = sliding velocity (2 m/s)

u = coefficient of friction

A, = real contact area (7.8 x 10710 m?)

Least and I = equivalent linear heat diffusion distances for cast iron and SAE 52100 steel (m)
keas = thermal conductivity of cast iron (55 W/m.K™) [94]

k, = thermal conductivity of steel (45 W/m.K™) [39]

A _F (C2)
A, F,
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Fs = seizure load (N) :
Tj N27acas
. -1
least = 1 tan

n iV

where:
1; = radius of contact junction (m)

acss = thermal diffusivity of cast iron (1.59 x 10” m%/s) [94]

2
Ii n2mas
_Ij -1
lsf - tan

n IjVv

as = thermal diffusivity of SAE 52100 steel (1.2 x 107 m%s) [39]

2 2
F To
Ij=To — — {+1
Fs Ia

1, = the length of contact (considered equal to V(Ay/r).

r, = radius of a single asperity junction (5 x 10 m)

F. = AnHol

- (1+12u2)5

Tw=Ts— i—;(Tb - To)
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Example:
At 10N and 2 m/s for p=0.5, A, =7.8 x 1071 Ior=5x 10° m, Iy=9 x 10° m, ks = 55

W/(m.K), Ks =45 W/(m.K) and T, =353 K, the flash temperature Tr= 1154 K = 881 °C
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Table 3.1.a

Material
Properties

A356 Al-10%SiC-4%Gr

A356 Al-5%A10;3-3%Gr

Graphite nodule length .

“And width ()

S 138425 |0
o sms |

Lo 170430
. 70£12

SiC average diameter (um)

N/A

AL,O; average diameter (um) |+~ N/A.

Ko A2

ALNi morphology

Script

ALNi Volume%

Al;Ni length and
width

| 812
2+0.5

912
1.740.5
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Table 3.1.b

Material

Properties

A356 Al-10%SiC-4%Gr

A356 Al-5%AL05-3%Gr

‘Vickers Hardness (kgiomg/mm’)

91154

996427

Density (Mg/m’)

2.74

2.77

‘Tensile srength (MPa) at 298K |

107.8.

Percent elongation

3

25

Compressive flow stress (MPa) at | -
c=00amd28K |

e ,_'_'.1_9,0.‘3_5 -
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Table 3.2

. Material

Hardness at 25g
(kg/mm’)

Tensile Strength
(MPa)

Type'

Gray C:ist Ir’bn '

251+10

248

(ASTM, AFS) -

A30
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Table 3.3

Alloy A
tomic%

0.1t00.2

02t00.3

03t004

<0.01

0.8t00.9

"-Zr,Cd, Si,

Sb,Pb,Bi .| .
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Table 3.4

Sample A

Sample B

Average aspect ratro of srlrcon phase

Sl l2se L

hase

Average aspect ratro of AI15(Fe Mn)3S|2 |

293

321

Max length of srhcon phase pm

S 1}8{38 o

13699

Average thickness of silicon phase um

5.41

4.27

fax: length of Alis(Fe, MA),Si; phase pm | * 12213 © | *

Y

Average thickness of Alys(Fe, Mn)3Si,
phase pm

4.88

3.22

Average area% of srlrcon phase Srey

1238

Average %area of Aljs(Fe, Mn)38|2 phase

5.13

6.34

Average % area of total phases e

47.02

B t» 1-8,'7,2‘

Average # of silicon phase/mm?

170

282

Average # of Alis(Fe, Mn)Si, phase/mm?|

.90

a7

Average # of total particles/mm?

260

329
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Table. 3.5

Phase

Hardness at 25g Load (kg/mm?)

Alloy-A Alloy-B Ref. Pure Silicon

Matrix -

| 4051 | 40041 | -

Overall at 500g Lead

74.4%3 74.3+2.9 -

Silicon - .-

(Fe,Mn);Si;Aljs round

662120 647+28 --

(Fe,Mn);Si;Al;s long

49840 | s02#44 | -
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Table. 3.6

Sample 1 2 3 4 5 6
Silicon Carbide 180 | 180 and | 180, 240 | 180,240, | 180, 240,320, | 180, 240, 320,
Grinding Paper 240 " | and 320 | 320,and | 400, and 600 400, 600, and

: - 400 polished with
: Imm Al,O3
Suspension
The obtained o v
roughnessRa | 1.7 | 1.2 0.7 0.4 0.25 0.14
(pm)
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Table 4.1

| A356 Al alloy

A356 AL20%SiC

A356 Al-
10%8iC-4%Gr

A356 Al-
5%A105-3%Gr

| Cltiﬁ(""aliT‘TyaI_lSiﬁon". -
~ Temperature (K) -

398+5

583+10

55349
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Table. 6.1

Critical Stress Intensity Factor Kj. (Mpa.Vm)
Phase

Alloy-A Alloy-B Pure Silicon
Silicon | 0.310.42 ' 0.57+0.045 0.41+0.052
(Fe,Mn);Si,Al;s round 0.440.04 0.32+0.092 -
(Fe,Mn);Si Al long 02:005 0.24:0.08 I
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Fig. 3.1. (a) Microstructure of A356 Al-10%SiC-4%Gr (back scattered
SEM), the microstructure shows the graphite particles (dark constituents), the

SiC particulates and the AL:Ni phase (light constituents) in the A356 Al
matrix.

103



Fig. 3.1. (b) Microstructure of A356 Al-5%A1,05-3%Gr (back scattered

SEM), it shows the same constituents as (a) but Al,O; particulates replace
SiC particulates.
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Fig. 3.2. Microstructure of grey cast iron with type A of graphite distribution.
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ALSi-(REM)

A15Mggcll2 Sls

Fig. 3.3. (a) Microstructure of Al-Si alloy A which contains silicon phases (dark grey),
Al;s(Mn, Fe)sSi; phase ( round grey phase ), AlsFeSi phase (elongated light grey phase),
rare metal rich phases (light phase).
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Si

Al 5FeSi

Al;s(Mn,Fe);Si,

Fig. 3.3. (b) Microstructure of alloy B which contains the same phases as alloy
A but with acicular shape, it also contains a small volume fraction of Mg,Si
(small black phase).
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Fig. 3.4. (a) Distribution of length of hard phases in alloy A

108



FRACTION {%)
o 3 a 8 B 8 8

5§ 10 20 4 60 80 100 200 400

RANGE OF LENGTHDISTRIBUTION (um)

Fig. 3.4. (b) Distribution of length of hard phases in alloy B
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Fig. 3.5. The variation of the roughness of the etched faces of alloys A and B as
a function of the etching time.
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Fig. 3.6. The pin-on-disc sliding wear machine.
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Fig. 4.1. (a) Wear rate versus applied load diagram at different sliding speeds for
A356 Al-10%Si1C-4%Gr. The insert shows the wear rates obtained in the ultra
mild regime for loads between 0.33 to 1.5 N at sliding speeds of 0.2 m/s to 0.8

m/s.
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Fig. 4.1. (b) Wear rate versus applied load diagram at different sliding speeds
for A356 Al-5%A1,03-3%Gr.

113



10°

65 ./ 1)
it | Sevg;e Veay

102 470
— 489
£ Mild Wear
o scuffing
g 101 0.7® ©0.3 €05
' (tribolayer formation)

0.065@ 005e

100 Qze  o0ieoccs

0.002¢ 0.0004@ ® ]
00090 goome 0003 [A356-10%SiC- 4%GH

p unlubricated wear vs.
10" U{tra Mild Wgar‘ | ring (SAE 52100)

10 100 101
SLIDING SPEED (m/s)

Fig. 4.2. (a) Wear map for the A356 Al-10%SiC-4%Gr composite worn against
an SAE 52100 steel counterface. Three major wear regimes, namely, ultra mild,
mild, and severe wear regimes are shown on the map. A scuffing sub-regime
and a transient wear region between the mild and severe wear is also shown.
Multiply the wear rates shown on the maps by 1072 to find the measured wear
rates in mm®/m.
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Fig. 4.2. (b) Wear map for the A356 Al- 5%Al1,05;-3%Gr composite worn
against an SAE 52100 steel counterface. Multiply the wear rates shown on the
maps by 107 to find the measured wear rates in mm®/m.
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Fig. 4.3. (a) The increase of the percentage of the wear track covered by the tribo-layers
with load and sliding speed for A356 Al-10%SiC-4%Gr.
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Fig. 4.3. (b) Variation of tribo-layer thickness with load at sliding
speed of 0.8 m/s for A356 Al-10%SiC-4%Gr.
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Fig. 4.3. (c) The increase of the hardness of the tribo-layers on A356 Al-10%SiC-
4%Gr with load and sliding speed.
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Fig. 4.3. (d) Variation of the concentration of iron oxide within the top 10% of the tribo-
layer by increasing the load and sliding speed.
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Fig. 4.4. Surface morphologies of A356 Al-10%SiC-4%Gr in three wear regimes marked on
the wear map of the composite. (a) Secondary electron SEM micrograph of the worn surface
at low sliding speed and load in the mild wear regime (10N, 0.5 m/s). The darker areas with
flat surfaces are the tribo-layers. (b) the same as (a) but at high load and sliding speed (150N,
2 m/s). The wear track is entirely covered by the tribo-layers. (c) Back-scattered SEM
micrograph in the ultra mild wear regime (0.5N, 0.5m/s). The upper top part shows the
unworn surface. The worn surface is covered by a continuous layer of iron oxide (light
coloured area). (d) Secondary electron SEM micrograph of the heavily worn surface in the
severe wear regime where no tribo-layer is present (300 N, 2m/s).
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S.D.

Fig. 4.5. The steel counterface exhibits long parallel scratches partially
covered with iron oxide (at 0.5 N and 0.2 m/s).
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Shiding Lirection
R A —

Fig. 4.6. (a) Back scattered SEM cross-sectional micrograph of the A356 Al-
10%SiC-4%Gr sample worn at 159 N and 2.0 m/s, which shows a tribo-layer of
about 30-50 pm thick, incorporating fragments of fractured SiC and NiAl;
intermetallic particles mixed with iron oxide. Notice the thin layer of iron oxide
(2-3 um arrow) adjacent to the contact surface (light film) and graphite films
(dark) within the tribo-layer.
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Fig. 4.6. (b) The EDS analysis of the oxide layer on the top surface
of Fig. (a) confirms that it is comprised of Fe and O.
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Sliding Direction

Fig. 4.7. Back scattered SEM micrograph of the cross-section of the A356
Al-10%SiC-4%Gr worn at 159 N and 2.0 m/s. The micrograph shows the
iron oxide layer on the top surface (light coloured) of the tribo-layer. The
sample was hot mounted by polymer.
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Stiding Direction
-

Fig. 4.8. (a) Back scattered SEM micrograph of the cross-section of the
A356 Al-10%SiC-4%Gr sample worn at 159 N and 2.0 m/s. The cross-
section shows how the graphite films were formed from the graphite
particles beneath the contact surface.
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Sliding Dircction
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Fig. 4.8. (b) A high magnification image of the tribo-layer shows the lamellar
structure formed by several graphite films running parallel to each other.
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Sliding Direction
it

Tribolayer Iron Oxide Rich Layer Fractured Ceramic e}nd Al;Ni Particles
Y

Fig. 4.9. A schematic representation of the main constituents of the tribo-
layers in graphitic metal matrix composites. The topmost part is a layer rich
in iron oxide. Fractured ceramic particulates and Al;Ni intermetallics are
mixed with an Al matrix. The graphite particles just beneath the contact
surface are elongated in the sliding direction and embedded in the tribo-layer.
The material under the tribo-layer remains relatively damage-free.
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free end of tribolayer

Fig. 4.10. The tribo-layer with no support at the end for the A356 Al-
10%8S1C-4%Gr composite worn at 200 N and 2.0 m/s.
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L P
the part of the tribo-layer tribo-layer SD.
with high internal stress \ Gr film ‘

<
o

a— asperity

critical length for graphite film

Fig. 4.12. Schematic presentation of buckling of the tribo-layer by the
friction force of an asperity.
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Fig. 4.13. (a) SEM micrograph of the debris shows that the maximum
length of the delaminated tribo-layer is less than 0.2 mm.
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buckled tribo-layer broken
(b) in two segments

buckled tribo-layer broken
(© into four segments

Fig. 4.13. (continue) The buckling process may divide the tribo-layer into (b)
2 or (c) 4 segments.

133



260 4e-19
-
(3]
a
2 4e-19
@ 240
w
>
3 1 3e-19
]
12}
& 220}
= ! 38-19
T
'—
W
O 20w 2619
3]
'(7) L 2e-19
< 180}
i Le=p(Eg.P) "2
o - [ 5 : 1e-19
8
5 160 }
3 ! 56-20
=

140 0

0 20 40 60 80 100 120

APPLIED LOAD (N)

Etr (MPa)

= 2e-9

Fig. 4.14. Variation of Ety, ltr, and Lcr with the aplied load at 3 m/s

for A356 Al-10%SiC-4%Gr
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indentation

S.D. of counterface

hard asperity

ceramic particle

27777

composite bulk

(a)
hard asperity
S.D. < }mefface
/,, D
groove
®
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/A
groove . .
entrapped ceramic particle
(©)

Fig. 4.15. (a) The hard particle may act as three body abrasives against the
steel counterface and leave hard asperities on the steel counterface behind.
(b) it cuts a longitudinal groove on the contact surface of the counterface and
(c) may occasionally become entrapped at the end of a groove.
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._0:3._5 g Em.:mu

Fig. 4.16. (a) Back scattered SEM micrograph of the 52100 steel counterface
worn at 50 N and 3.0 m/s showing the initial stage of aluminum transfer from

the A356 Al-10%SiC-4%Gr to the contact surface of the steel..
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counterface at a load of 10 N and a sliding speed of 3.0 m/s. The transferred
aluminum particles first accumulate in the leading front of a hard asperity,

Fig. 4.16. (b) Secondary electron SEM micrograph of the worn 52100 steel
then spread backward as their width and lengths increase.
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Fig. 4.17. The variation of temperature at various loading conditions for
A356 Al-10%SiC-4%Gr. Constructed based on the measured bulk
temperature and calculated tribo-layer temperature (see appendix II).
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Fig. 4.18. The yield strength of the A356 Al-10%SiC-4%Gr composite vs.
temperature.
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Fig. 4.19. Comparison of the mild to severe wear transition boundaries of the
graphitic A356 Al-10%SiC-4%Gr and A356 Al-5%Al,05;-3%Gr with those of
the non-graphitic composite A356 Al-20%SiC and the unreinforced matrix
A356 Al alloy.
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Fig. 4.20. The bulk temperatures and the coefficients of friction (dotted lines) of
the graphitic A356 Al-10%SiC-4%Gr and non-graphitic A356 Al-20%SiC as a
function of load at a sliding speed of 2.0 m/s. The coefficient of friction of A356
Al-20%SiC is higher for all the loading conditions. The difference in the
coefficients of friction of the A356 Al-10%SiC-4%Gr and A356 Al-20%SiC
increases by increasing the load. The bulk temperature of A356 Al-20%SiC is
also higher and reaches the critical transition temperature T, of 328° C at 130 N
while A356 Al-10%SiC-4%Gr is still in the mild wear regime.
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Fig. 5.1. Wear rate versus load curves at various sliding speeds, for grey cast
iron. The variation of wear rate vs. load remains linear from 1N to 5 N for all

sliding speeds.
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Fig. 5.2. The wear map constructed for the grey cast iron. Three major wear
regimes: namely, ultra mlld mild and severe, are depicted on the map Multiply
the wear rates shown by 10 to find the measured wear rates in mm>/m.
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Fig. 5.3. (a) The morphology formed as a result of a failed neck on the cross
section of the grey cast iron sample in the mild wear regime (arrow).
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Fig. 5.3. (continue) (b) the morphology formed as a result of a failed neck on the
polished surface marked by arrows (similar to the ultra mild regime).
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Fig. 5.4. The surface morphologies of grey cast iron in (a) ultra mild regime, (b)
mild regime at low loads and sliding speeds, (c) mild regime at high loads and
sliding speeds and (d) severe wear regime.
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Fig. 5.5. Rosette grouped graphite flakes cause the cast iron to collapse
readily at those points.
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Fig. 5.6. (continue) Schematic presentation of failure of the necks (a to c)
caused by tensile deformation resulting from friction forces.
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Flg S.7. Schematic presentation of failure of the necks (a and b) by bending of
an iron splat over the neck.
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The local transferred materials (grey cast iron) to the steel

counterface grow up to 10 pm height, 40 um long and 20 um wide.

Fig. 5.8.
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Fig. 5.9. Severe deformation at the worn surface of grey cast iron at 15.0
N 2.0 m/s (in the severe regime). A large fragment of cast iron on the edge
(marked by arrow) is about to separate.
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Fig. 5.10. The variation of temperature versus load at the onset of severe wear.
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Fig. 5.11. The local material transfer process (in the severe wear regime) in

dry sliding of grey cast iron against a steel counterface repeats itself, and
covers all the counterface at a short sliding distance (5 m).

155



sliding direction

-
cast iron asperity
Impact force applied by the v
transferred material \ g
Y
h
, 1
l':i;“’;a:-;f #:.f’ —,f:; L 73 J j ’r..r g jf f"i;
L ,ﬂf::, f SR
A o
o
':.“'.‘4'_:“,‘:6'";"{;: ";—/‘/ ; f w7 /”x{"/’a ‘ ‘r‘;
S L

Fig. §.12. A simple model of an asperity for estimating the strain rate in the
severe wear regime for gray cast iron. where L is the width of asperity, V the
sliding speed, y the shear angle, and h the height of the asperity.
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Fig. 5.13. The sharp edges of debris (marked by arrow) on grey cast iron
in the severe regime indicate the brittle fracture of large asperities in this
regime.
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70 °C to 55 °C then increases with load with a different slope.

158

60



10000 .

1000 .

100 .

1

SLIDING DISTANCE
BEFORE SCUFFING (m)

—e— Alloy A
—aA— Alloy B

10 :
0 1 2

SURFACE ROUGHNESS
BEFORE ETCHING (um)

Fig. 6.1. The effect of surface roughness prior to etching on wear for Al-Si
alloys A and B.
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Transferred
aluminum

Fig. 6.2. Scuffing of Al-Si alloy B on the M2 tool steel counterface. The roughness

of alloy B before the test was 0.4 um when etched by 10% NaOH for 7 minutes. It
shows the aluminum transferred to the counterface.
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Al;5(Mn,Fe);Si,

Fig. 6.3. SEM micrographs show the effect of caustic etching time on surface
morphology of the two Al-Si alloys: Alloy A, (a) 1 minute (b) 4 minutes (c) 7 minutes
(d) 9 minutes
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Fig. 6.3. (continued) SEM micrographs show the effect of caustic etching time on

surface morphology of the two Al-Si alloys: Alloy B (e) 1 minute (f) 4 minutes (g) 7
minutes (h) 9 minutes.
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Fig, 6.4. SEM micrograph of the surface morphology of the surface etched by
50%HCI for 0.5 minutes, for alloy B.
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Fig. 6.5. SEM micrograph of the surface of the alloy A after a single pass
scratch test. A fractured particle from the root (particle /matrix intersection) is
marked as “a”, where Wp/Wc= 1/10. When Wp/Wc=1 particle can support the
load and resist scratching as in “b”.
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Fig. 6.6. (a) The wear rates of alloys A and B at 5N and 0.5 m/s, when the
samples were made as discs and initially etched by 10%NaOH solution for 7

minutes.
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wear track

(b) ©

Fig. 6.6. (b) The unwomn sample of alloy B (¢) as a result of scuffing the worn
surface was scratched and ploughed.
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Fig. 6.7. (a) The wear rates of alloys A and B at 5N and 0.5 m/s, where they
were tested as the pin and initially etched by 10%NaOH solution for 7 minutes.
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Fig. 6.7. (b) The worn surface of a pin made of alloy A after 5000m sliding distance.
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Fig. 6.8. The wear rates of alloys A and B at 5N and 0.5 m/s, where they were
initially etched by 50% HCI solution for 0.5 minutes.
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Fig. 6.9. The wear rates of alloys A and B at 5N and 0.5 m/s, where they were
initially polished only.
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Al-matrix (m)

hard phase (ph)

Fig. 6.10. (a) Simplified model of scratch test of an etched surface, consisting of a
ductile matrix (m), a hard phase (ph), and a pyramid indenter; (i) with the tip
angle 2a, the indenter directly touches the hard phase at r.
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Fig. 6.10. (b) Schematic of the top view of model (6.10.a).
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Fig. 6.10. (c) Schematic of locations under tensile stress as a result of bending of
a hard phase.
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Fig. 6.11. The median cracks along the diagonals of the indentation made by a
Vickers indenter at a normal load of 25g on the (Fe,Mn);Al;5Si, phase in alloy A.
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Fig. 6.12. (a) At loads low enough to have only elastic interaction on the top of
the hard phase, the damage was limited to the edges (marked by arrows).
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Fig. 6.12. (b) The indenter caused plastic deformation on the top of the hard phase
and left several cracks normal to the grooving direction.
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hard particle (ph)

aluminum matrix (m

Fig. 6.13. (a) As a result of the sliding contact of a hard asperity on the top of a
hard phase, cracks form easier at the trailing edges.
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Al-matrix

Fig. 6.13. (b) Very high tensile stresses develop at “trailing” edges due to the
normal load and the frictional force exerted by the sliding asperities of the
counterface when they leave the hard phase.
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Fig. 6.14. (a) SEM micrograph an Al5(Fe,Mn);Si, particle in alloy A tested at 5N
and 0.5 m/s. Fracture of the hard particle at the edge of the particle (marked by
arrow) is shown.
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Fig. 6.14. (b) The size of debris resulting from in Fig. 6.14.(a) is a fraction of a micron.
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Fig. 6.14. (c) EDS microanalysis of debris in part (b) shows that it is mainly
silicon and silicon rich phases.
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Fig. 6.15. (a) A lateral crack formed as a result of the indentation process (under
25 gnormal load) on Al;5(Fe,Mn);Si, phase.
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Fig. 6.15. (b) Lateral crack caused chipping of a part of a silicon phase at the
trailing edge (arrow), during the scratch test process under 5 g normal load.
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Fig. 6.16. The wear rate of the two Al-Si alloys tested using different
configurations of sample and counterface.
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Fig. 6.17. The distribution of pressure at the contact area of a flat pin with a flat
surface.
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Fig. 7.1. For all sliding speeds, transition to severe wear for A356 Al-10% SiC-
4%Gr occurs at loads about 20 times higher than that of cast iron.
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Fig. 7.2. The effect of additives such as hard particle (SiC) and graphite particle
to A356 aluminum alloy on the extend of the mild wear regime.
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Fig. A.1 Free body diagram of an element of the tribo-layer constrained from
both ends.
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Fig. A.2. Free body diagram of an element of the tribo-layer loaded by a force P

equal to the force applied by an asperity in contact with the tribo-layer.
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