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Abstract

The effect of hardness of grey cast iron flat specimen on its wear and friction on the
contact were characterised with the presence of vegetable oil as biolubricant. Prior to the
tribological test, the as-received grey cast iron flat specimen hardness was characterised. Friction
and wear tests were then conducted using a ball-on-flat reciprocating sliding contact. The one-
way analysis of variance (ANOVA) was used to determine the significance of friction and wear
data with a 95% significance level. The wear scars after the test were then characterised by
surface roughness and wear mechanism. The microstructure and elemental analysis were also
reported. The average value of hardness was 210 HV with a large difference between minimum
(185 HV) and maximum (250 HV) values. The friction and wear performance of grey cast iron
specimens with soybean oil varied with its hardness. The specimens with higher hardness gave
lower friction coefficient and greater wear resistance than the lower hardness specimens. The
difference in coefficient of friction produced between high hardness specimens (COF = 0.122)

and low hardness specimens (COF = 0.140) was 17%. In terms of mass loss, the low hardness
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specimens (mass loss = 50.38 mg) and the high hardness specimens (mass loss = 12.90 mg)
produced a difference of 74%. It is shown that, with soybean oil lubricant, the grey cast iron
specimen can produce wide range of tribological data especially on mass loss due to its hardness
distribution. The influence of soybean oil lubrication in this work is less in improving the wear
resistance (about 7%), but greater for friction reduction (about 24%) compared to an unlubricated
grey cast iron surface. The hardness of grey cast iron specimen is an important parameter that
needs to be specifically measured and controlled on the contact due to wide hardness distribution

of grey cast iron may produce variation in tribological data.

Keywords: hardness, grey cast iron, biolubricants, wear

INTRODUCTION

Grey cast iron (GCI) has been known for its good tribological properties such as low
friction and high wear resistance, for example it is a common material for the piston ring and
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cylinder liner contact in internal combustion engines '. Typically comprising iron, silicon,

manganese, sulphur, phosphorus and 2.5 to 4.0% carbon 2

in the form of flake graphite, it
provides a solid lubrication film, that gives excellent wear and friction characteristics under a dry
sliding contact 3. The effects of metal hardness on tribological performance in dry, or lubricated,
contacts are well reported +%. It was shown that in a dry contact, pure materials with high
hardness gave lower friction than softer materials 7. The high hardness is attributed to the

presence of stronger atomic bonds increasing the resistance to adhesion ’. Furthermore, the low

hardness material allowed more indentation to the surface thus increasing the track width and



8 However, in a lubricated contact, the friction coefficient for heat treated

ploughing force
carbon steel was independent of specimen hardness, while in dry contact, friction was lower for

harder material °.

In conducting tribological tests related to GCI, specimen hardness is one of the vital
mechanical properties that needs to be evaluated prior to testing. The variation of reported
hardness, even in ‘standard’ GCI is high. The difference between maximum and minimum
hardness value of GCI grades designated within EN 1561 is 60 HB '°. Shturmakov !! also found
that GCI ASTM 35B (equivalent to EN 1561 EN-GJL 250) produced the same range (59.4 HB).
Others presented the hardness value for this material in various ranges, such as 220-240HV and
207-255 HB '> 13, However, there are a few reports ignoring this range and using bulk value of
GCI hardness as a single value (265 HV 3 and 195 HB '*) of hardness to further conducting their

tribological test.

The effect of cast iron specimen hardness on friction and wear has been reported '
mainly under dry sliding contact condition but the specimen hardness is presented as specific
bulk value and the nature of the hardness measurement is not mentioned. Sugishita !° performed
friction tests (pin-on-disc) on different heat treated spheroidal graphite cast irons (hardness range
300 ~ 1000 HV) and found the friction coefficient (0.11 ~ 0.21) was inversely proportional with
material hardness in the solid lubrication condition when the hardness was less than 400 HV.
However, when the hardness was more than 400 HV, the friction coefficient was proportional to
material hardness '°. In order to produce robust tribological data (friction and wear), the hardness
tests need to be carried out on the sliding surface as commercially available GCI presents a wide

1

range of hardness values !'. This wide range is typically attributed to the heterogeneous

microstructure 2 and the uneven size and distribution of flake graphite '® caused by the different



cooling rate of material during the solidification process in the mould tool !”. Hence, the bulk
value of specimen hardness may differ from the value in the wear scar area. This could lead to

misrepresentation of the GCI tribological data-hardness relation to be analysed.

The lubrication effects of vegetable derived oils on cast irons have been studied, but the
works are limited to palm oil and jatropha oil and the hardness of the specimens is not specified
18. 19 The tribological performance of soybean oil and its chemically modified oils also have

20-22 which is based on a rotating

been reported, but the tests mainly using a four ball tribometer
steel ball pressed against three fixed steel balls. The hardness effects of GCI on friction and wear
would be an interesting subject if it is further studied with vegetable oil (soybean oil) as a
biolubricant under reciprocating sliding contact with rigorous hardness characterisation of the
counterface. Interest in biolubricant research is increasing because of its potential as an
alternative lubricant to mineral oil. Biolubricants are renewable base stocks, biodegradable, less-

toxic and environmentally friendly 2. When compared to mineral oil, biolubricant have higher

viscosity index, higher flash point and better in lubricity 2,

In this work, the hardness test of GCI specimen was carried out specifically on the
intended wear scar region prior to test. The response of friction and wear over a range of
specimen hardnesses with a soybean oil lubricated contact were examined. To support the main

result, the surface morphology and elemental analysis are presented.



EXPERIMENTAL

Specimens and Lubricant

A ball on flat reciprocating sliding contact was used to evaluate the wear and friction
behaviour of GCI on soybean oil lubricated surface. The flat rectangular specimen (66 mm x 25
mm x 4 mm) was GCI (EN1561-GJL-250). The surface finishing of the flat specimen was
ground to an average surface roughness, Ra = 0.15 um. The ball specimen (6 mm diameter) is
made of chrome steel AISI 52100 with average surface roughness, Ra = 0.03 pum, and held

firmly by a brass tube. The geometry of both specimens is depicted in Fig. 1.

A commercial soybean oil (Clearspring) was used as the lubricant because soybean oil is
one of the most common vegetable oils globally. This oil is an organic type which made using a
cold pressed process without additional chemicals to maintain its purity. The main physical

properties of the soybean oil are listed in Table 1.

Hardness Test

A microhardness test was used in order to minimise the indentation size on the
specimens. A Vickers hardness tester with 20 kg applied load was used on the GCI flat
specimens to measure the hardness of the intended wear scar area (Scar 1, Scar 2 and Scar 3) as
shown in Fig. 2. The average hardness based on these three points then was calculated to
characterise the hardness of each wear scar area before testing. A number of 426 intended wear

scars were used to perform the hardness measurements which represent 426 specimens. In order



to facilitate the test and analysis, 9 specimens were then selected and divided into 3 groups (low,
medium and high hardness) based on their hardness value. The friction and wear test was then

conducted on these 9 specimens.

Friction and Wear Test

Selected specimens, as discussed in Section 2.1, were then tested. A Phoenix
Tribology/Plint TE77 test rig (Fig. 3) was used for measuring the coefficient of friction (COF) by
means of a calibrated load cell. The linear reciprocating motion on the test rig could resemble the
motion of a piston ring in an internal combustion engine. The tests were run at a temperature of
100 + 2 °C, to replicate the oil temperature in the sump of an internal combustion engine . A
mean sliding speed of 0.13 + 0.01 m/s and a stroke length of 15 + 0.1 mm was selected and the
test duration was 1 hr. A point contact (ball on flat) was chosen in order to eliminate the
misalignment problem on counterface of contact bodies. All parameters were selected based on
preliminary experiments conducted to ensure the production of measureable wear scars. Thus, a
normal load 40 N applied to the ball was selected based on trial and error. Specimen masses were
measured before and after the test and the difference recorded as the mass loss of the specimen.
Single variable ANOVA statistical analysis (level of confidence 95%) was performed to
recognise the significant of friction and wear data. In this analysis, the null hypothesis is defined
as: “all means of experimental data are equal”. The probability of obtaining this null hypothesis
is defined as P in which lower P value is an indication of strong evidence to reject the null
hypothesis. In this study, data points are statistically significant if the significance level, P value

< 0.05.



The minimum lubricant film thickness, hmin was calculated using the formula given by

Hamrock et al. ?. The lubrication regime is determined based on the lambda value (A = hmin/ 6*)

7

given by Hutchings 27 where c* is the root mean square roughness of the two contacting

surfaces.

Surface Topography, Morphology and Elemental Analysis

The GCI flat specimens were removed from the test rig after 60 min and were cleaned in
acetone and rinsed in isopropanol for 5 min each using an ultrasonic cleaner. The surface
roughness measurements were conducted across the wear scar at several points and waviness at
the centre line and along the wear scar. A reflected light optical microscope was used to obtain
images of the worn surfaces in order to identify the wear in a broader view. Scanning electron
microscopy (SEM) was used to inspect the worn specimens at a much higher magnification than
the optical microscope in order to investigate the wear mechanisms. The electron dispersive
analysis of X-rays (EDX) was coupled with the SEM in order to analyse the elements that exist

on the worn surfaces.

RESULTS AND DISCUSSION
Hardness Properties

The distributions of wear scar hardness before test on the GCI specimens are presented in
Fig. 4 based on total number of measurement (frequency), 426. The GCI has very wide range of

hardness ranging from the lowest value 185 HV to highest value 250 HV, a range of 65 HV.



Most of the hardness values are congregated in hardness range 205 HV~214 HV (79
measurements) and 210 HV ~ 214 HV (78 measurements). Based on the hardness test results,

nine specimens were selected for friction and wear tests and grouped into three classes to

represent low, medium and high hardness (Table 2) across the typical hardness range of GCI.

The distribution of GCI hardness value was as expected in which the high hardness range
was found on previous literature ' and as published in the standard (BS EN1561:2011). The
wider hardness range from this work is similar to the GCI / ASTM 35B which is about 60 HB
(60 HV) . Hardness is one of the GCI properties that is influenced by many factors. It depends
on aspects such as elements composition, size of flake graphite and distribution on the metal
matrix and processing variable such as the casting cooling rate ' 28, Material that experiences a
slow cooling rate produces lower hardness than rapidly cooled material. For example, different
position in the same specimen in a casting bar (centre and corner position) produced different
hardness (about 30 HB (30 HV)) due to the different cooling rate 16 Tn addition, the cooling rate
affects the microstructure of GCI by influencing the flake graphite size. A low cooling rate

promoted bigger graphite size and produced lower hardness !”.

Friction Analysis

The COF for soybean oil lubricated GCI specimens with three different group of
hardness (low, medium and high) are plotted in Fig. 5a. The unlubricated GCI specimens (low
hardness) were also tested for comparison. This specimen started with high COF (0.292) which
slowly reduced in magnitude. In contrast, for lubricated specimens, there was a low COF (about

0.09) at the beginning (running-in period), then it increased gradually and finally reached a



steady state condition after about 45 minutes. Significant COF differences are observed for
unlubricated and lubricated specimens for low hardness compared to others. However, the
differences of COF for lubricated specimens at medium and high hardness are not clearly
observed so to show this difference in detail, Fig. 5(b) was plotted using the COF at 60 min. The
COF for lubricated specimens is lowest at high hardness (0.122) compared to low hardness (COF
= 0.140) about 13% difference. Soybean oil lubricant was found to improve the friction about
24% between lubricated (COF = 0.140) and unlubricated (COF = 0.185) specimens at low
hardness. The ANOVA analysis of COF for all four above conditions (low, medium, high
hardness and unlubricated specimens) were found to be significantly different (P<0.05, Table 3).
However, for medium and high hardness specimens, the COFs were not significantly different

(P>0.05, Table 4).

The COF profiles from this work are similar to those categorised by Blau *. The running-
in behaviour for COF profile of unlubricated specimen could be best explained by the
reorientation process of random crystal texture on the contact surface %°. During the initial sliding
process, the rearrangement of random atoms in the crystalline solids (lattice structure) occurred
at near-surface area. The preferred textureis gradually achieved whichis a steady state of
microstructure resistance to sliding. The sliding resistance at this condition is less than the initial
unworn surface of random orientation. A detailed discussion about this process has been
previously elaborated on by Rigney and Hirth *°.

The COF profile for unlubricated GCI in this study is similar with unlubricated GCI
specimens tested at high speed (0.8 m/s) by Sugishita in which partial detachment of graphite

was found at the start * . In the case of flake graphite cast iron, it takes some time for the graphite



to be near-uniformly distributed across the surface in order to reach a steady state value of
friction coefficient which is lower than the initial value 3!,

It is possible that the running-in behaviour of lubricated specimens is be due to the
removal of lubricious contaminants from the contact surface 3> and disruption of surface oxide
layer by increasing the metallic contact **. The removal of the graphite film due to supplement of
lubricant was also reported by Sugishita *. Therefore, the response of COF for different material
hardness is subject to the breakdown of oxide films near contact surface **. The high hardness
specimens deform less therefore it is possible in preventing the breakdown of the oxide film.
Thus, the lower friction is produced as showed by COF of high hardness specimens. In addition
to this, the friction force is defined here as the summation of adhesive force and ploughing force
as expressed by Bowden and Tabor 8. The low hardness specimen is prone to deeper indentation
by the steel ball thus, producing a wider track width and more deformation. The wider track
width promotes a higher ploughing force to displace material, which accumulates in front of the
slider (pin), and this increases the ploughing component of friction 8. Furthermore, based on the
Bowden and Tabor’s formula, it can be shown that the plastic flow (close to the indentation
hardness) may influence the adhesive component of friction in which low substrate hardness

will produce a high friction coefficient.

Wear Analysis

Fig. 6 shows the mass loss of GCI specimens after testing both with the contact lubricated
with soybean oil and also dry (i.e. unlubricated), for the three different hardness groups. At low
hardness, soybean oil slightly reduced the wear by 7% (50.38 mg of mass loss) compared to

unlubricated specimens (54.38 mg). The wear was inversely proportional to the hardness. For

10



lubricated specimens, the mass loss is higher at low hardness (50.38 mg) compared to high
hardness (12.90 mg), a difference of 74%. This shows that the difference in wear of lubricated
specimens (between low and high hardness) is very significant and greatly influenced by the

wide range of surface hardness of the GCI specimens.

From the calculation, the minimum film thickness, hmin was 1.08 x 10® m and the lambda
ratio, A was 0.011. Based on this lambda value (A = hmin/ 6*) which is less than 1, it is clearly
shown that the minimum film thickness was much lower than the surface roughness. This means
that the lubrication film was too thin to provide total surface separation. Thus, it is suggested that

the lubrication regime is boundary ?’.

The main wear mechanisms for all of specimens are found to be abrasive in nature (Fig.

10). In abrasion, microcutting is the most efficient way to remove material >

and penetrates into
the specimen surface. This is depends on the hardness of surface where a softer surface has lower

penetration resistant. This depends on the hardness of surface where a softer surface has lower

penetration resistance.

Based on ANOVA analysis, no significant difference in wear was found between low
hardness specimens of lubricated and unlubricated, and also between medium and high hardness
specimens with lubrication (P>0.05, Table 5). However, the mass loss for all three specimens

(low, medium and high hardness) are significantly different (P<0.05, Table 6).

Wear Scar Appearance

Fig. 7a shows the wear scar appearance after 60 minutes and they all have very similar
formation, wavy-shaped scar indicating plastic deformation during sliding. The high hardness

specimens produced the smallest wear scars.
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The wavy-shaped wear scars in this study are similar to those seen in the work carried out
by Plint involving a hard ball on soft plate . The phenomenon of the wave-shaped scars could
be explained by plastic ratchetting and shakedown limit. Ponter *’ reported the relation between
Hertzian pressure- shear strength ratio and the COF (Fig. 8). At COF = 0.1 and Hertzian
pressure- shear strength ratio more than 6 (values taken from this study), Ponter 3’ suggests that
the material deformation will enter the plastic ratcheting region. Plastic ratchetting occurs when
the applied load exceeds the plastic shakedown limit %, in which the progressive plastic
deformation of surfaces occurs during repeated sliding. In the ratchetting process, the large
plastic strains are slowly accumulated and superposed during each sliding cycle. This

accumulated plastic strain could translate into accumulated deformed material.

The images for specimens sectioned along the wear scar with low and high hardness are
shown in Fig. 9. It is clearly seen that the graphite in GCI specimen is distributed
heterogeneously with significant differences in form and distribution type. The graphite form for
the high hardness specimen is similar to Form I with distribution C in BS EN ISO 945 *° with a
lamellar shape. However, for low hardness specimens the graphite form is found to be closed to
spheroidal shape (Form III, distribution D) which suggests undercooling of graphite occurred *°.
The constituents of graphite with a pearlite and ferrite matrix microstructure from this work are
found to be similar with the GCI microstructure reported by Prasad in pin on disc sliding test .
Further investigation near to contact surface (etched surface) revealed that a very high amount of
ferrite matrix is found in the low hardness specimen while in the high hardness specimen, a
pearlite matrix is found everywhere. This ferrite matrix has a lower hardness than the pearlite

which contributed to a lower strength. Furthermore, cracks and higher distortion of the pearlite

12



matrix seen near to the worn surface for the low hardness specimen suggests that higher plastic

flow occurred during the sliding process.

Surface Waviness Analysis

To further investigate the influence of hardness on the formation of wave-shaped scars,
measurements resulting in the primary profile and the waviness profile of the specimens were
taken along the sliding direction in the middle of the scars. A typical primary profile result
shown in Fig. 7b depicts that the medium and high hardness specimens have shallow depth
compared to the low hardness specimen. The specimen with high hardness produced the lowest
surface waviness (W.=15.00 um) while the low hardness specimen generated the highest surface

waviness (Wa.=37.82 um). However the unlubricated specimen (low hardness) is found to have

lower surface waviness (Wa= 24.26 um) than the lubricated counterpart.

As material with high hardness has higher yield strength and more resistance to plastic
strain, the measurements of waviness profile after test match this relationship. In the context of
the wavy-shaped scar, the harder the specimen the lesser the surface waviness formed in the wear
scar. This is due to lower plastic strain accumulated for harder specimens during plastic
ratchetting process. Although the wear of the unlubricated specimen (low hardness) is higher
than the lubricated counterpart (low hardness), in terms of waviness it shows a lower value
compared to the lubricated specimen. The lower waviness value suggests that less plastic

deformation occurred.
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The removal of the graphite film of GCI due to addition of lubricant was reported by
Sugishita 3. The result from elemental analysis (Fig. 12) shows that more oxide layer (weight%
of oxygen) is retained on the unlubricated specimen suggesting that the soybean oil could disrupt
the graphite film as solid lubricant in soybean oil lubricated specimens. The role of an oxide
layer in reducing friction and wear rates was reported *. This oxide layer could act as a
protective layer in decreasing the level of penetration from ball to flat specimens. Therefore,

lesser plastic deformation may occur and the accumulation of plastic strain could be reduced.

Surface Morphology

The images of the wear scar of GCI specimen after testing (Fig. 10) were taken using the
optical microscope at the different points (front, back and middle) shown in Fig. 11a. The surface
roughness also were measured similarly (Fig. 11b). Generally, for the lubricated specimens (for

all hardness), the wear mechanisms involved are similar.

The main wear mechanism is abrasive wear with some evidence of plastic flow of
material on the surface leading to cracks and spalling. However, as the specimen hardness
increased, the abrasive wear is seen to be reduced. This is shown by smoother surfaces on the
front and back surfaces of high hardness specimens. A combination of abrasive and adhesive
wear was found on the unlubricated specimens. The dark region on the unlubricated surfaces
indicated that adhesive wear was taking place. Severe abrasive wear was also observed to occur

in the middle point of wear scar.

It has been reported that the material hardness and abrasive wear resistance are

proportional ®. Therefore, a GCI specimen with lower hardness is less resistive to abrasive wear
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and more likely to create abrasion marks on the surface. Measurements of surface roughness
after test (Fig. 11b) have confirmed the relation between hardness and surface roughness as

reported that surfaces roughness decreases when hardness increases .

Elemental Analysis

The surface morphology of specimens was inspected under SEM to further investigate
the wear mechanism in smaller area with higher magnification (1000x). EDX analysis also was
used in order to analyse the elements on the surface. Generally, from the SEM images (Fig. 12)
the wear mechanisms found in all specimens are abrasive and surface fatigue, confirming the
earlier observations. For lower specimen hardness (lubricated and unlubricated), some

delamination, cracks and pitting were also observed.

In EDX analysis, the oxygen was compared on each specimen surface in investigating the
oxide layer on the surface. For lubricated specimens, a high amount of oxygen was detected on
high hardness specimens compared to low hardness specimens. However, the amount of oxygen
is found highest on unlubricated specimens compared to others. It was reported that the metal
oxide provides a protective layer during sliding . In this study, the higher oxygen value that
exists on high hardness specimens (lubricated) suggests that more oxide is retained on the
surface compared to the low hardness specimens. This is due to less deformation occurring on
the harder material thus preventing the oxide layer from breaking down. However, the lower
amount of oxygen present on the lubricated specimen compared to unlubricated specimen
suggests that the oxidation process of the lubricant (soybean oil) was take place during the

sliding process. This seems particularly likely in this work as soybean oil is an unsaturated fatty
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acid with doubled bonded carbon atoms in the molecular structure and is therefore more

susceptible to oxidation at elevated temperatures *>. It was also noticed that higher carbon

content produced in the unlubricated specimen compared to the lubricated suggests that the

graphite is retained on the surface of GCI during the sliding process.

Conclusions

From the outcome of the experiments above, the following conclusion can be highlighted:

The use of bulk hardness to represent GCI specimen hardness should be avoided. This
bulk hardness would misrepresent the friction and wear data as hardness differs very
much in GCI specimens.

The difference in specimen hardness of GCI revealed a great influence on the wear and
friction test data. The inconsistent wear and friction results may be produced for repeated
tests if the hardness characterisation of GCI specimen has not been performed properly.

A hardness characterisation of GCI specimens closed to the wear scar region prior to a
test is very important in producing robust results of wear and friction. A high hardness of
material should be selected in producing lower friction and high wear resistance.

The wide hardness range that GCI has could contribute to the non-uniform wear and
friction at contact interface for machine parts made from this material.

The influence of soybean oil over wide range of GCI specimen hardness is significant. In
terms of lubrication, the soybean oil showed less contribution to wear resistance (about
7%) but rather serves to decrease friction (about 24%) compared to an unlubricated

surface.
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Tables

Table 1. Physical properties of soybean oil

Dynamic viscosity at 40°C 30.72 cP
Dynamic viscosity at 100°C 7.10 cP
Density at 40°C 0.9082 g/ml
Density at 100°C 0.8674 g/ml
Total Acid Number 0.98 mgKOH/g

Table 2. Hardness of selected nine flat specimens grouped into low, medium and high

hardness

Wear

Specimen Scar Average Hardness
Hardness
number  Hardness (HV) group
HV)
1 207.7
2 206.7 206.5 low
3 205.0
4 224.3
5 2243 223.4 medium
6 221.7
7 240.0
8 248.7 245.5 high
9 247.7
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Table 3. ANOVA analysis of COF for low, medium and high hardness specimens with

unlubricated specimens

Groups Count Sum Average Variance
Low 3 0.421 0.140 3.81E-05
Medium 3 0.370 0.123 6.35E-05
High 3 0.365 0.122 2.19E-05
Unlubricated 3 0.557 0.185 2.62E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.007983 3 0.002661 71.1270 414E-06  4.0661
Within Groups 0.000299 8 3.74E-05
Total 0.008283 11
Table 4. ANOVA analysis of COF for medium and high hardness specimens
Groups Count Sum Average Variance
Medium 3 0.370179 0.123 6.35E-05
High 3 0.364988 0.122 2.19E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 4.49E-06 1 4.49E-06 0.1052 0.7618  7.7086
Within Groups 0.000171 4 4.27E-05

Total 0.000175 5
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Table 5. ANOVA analysis of mass loss for low and unlubricated specimens

Groups Count Sum Average  Variance

Low 3 151.14 50.38 9.51
Unlubricated 3 163.13 54.38 33.91
ANOVA

Source of

Variation SS af MS F P-value F crit
Between Groups 23.96 1 23.96 1.1037  0.3527 7.7086
Within Groups 86.83 4 21.71
Total 110.79 5

Table 6. ANOVA analysis of mass loss for low, medium and high hardness specimens

Groups Count Sum Average Variance

Low 3 151.14 50.38 9.5101
Med 3 58.41 19.47 39.2896
High 3 38.71 1290333 2.172933
ANOVA

Source of

Variation SS df MS F P-value F crit
Between Groups 2403.05 2 1201.525 70.7158  6.74E-05 5.1432
Within Groups 101.9453 6 16.99088
Total 2504.995
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List of Figures

Figure 1. Geometry of (a) flat and (b) ball specimens

(a

Figure 2. Hardness measurement at three points on each targeted wear scar (dotted line:

Scar 1, Scar 2 and Scar 3) of specimen before test
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Figure 3. Schematic of ball on flat reciprocating sliding contact with lubricant oil
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Figure 4. Distribution of GCI specimen hardness measured on intended wear scar areas
before testing. The frequency denotes the number of hardness measurements performed

(total measurement = 426).
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Figure 5. (a) Coefficient of Friction versus time and (b) Coefficient of Friction value at 60

minutes of specimens with low, medium and high hardness
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Figure 6. Mass Loss of specimens with low, medium and high hardness
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Figure 7. (a) Wear scar appearance and (b) Primary profile of specimens with low,

medium and high hardness
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Figure 8. The elastic, elastic shakedown, plastic shakedown and ratchetting region

associated with Hertzian pressure, Po -shear strength ratio, K on coefficient of friction, f for

sliding point contact ¥’
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Figure 9. Sectioning images of wear scar for low and high hardness specimens
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Figure 10. Wear scar images under optimal microscope taken at different point (Figure

11a)
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Figure 11. (a) Points on Wear Scar where the images and roughness are measured and (b)

Surface roughness across wear scar taken at different points based on Figure 11a
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Figure 12. Surface morphology under SEM (1000X) and elemental analysis
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