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The role played by an externally added solid lubricant like graphite towards controlling the sliding wear behaviour of a

zinc-based alloy has been examined in this study. The influence of dispersing hard silicon carbide particles in the alloy was also

investigated by testing the composite in identical test conditions. The wear performance of the zinc-based alloy and its compos-

ite was compared with that of a gray cast iron. Wear tests were performed in oil lubricated environment. Composition of the

lubricant was changed by adding various quantities of graphite (particles) to the oil. The study suggests that the wear response

(in terms of wear rate, frictional heating and friction coefficient) of the samples improved in the presence of suspended graphite

particles in the oil lubricant. However, this improvement was noticed up to a critical content of graphite particles only and the

trend reversed at still higher graphite contents. The zinc-based (matrix) alloy revealed highest wear rate. Dispersoid silicon car-

bide particles showed a significant improvement in the wear performance of the matrix alloy. The cast iron performed in

between the matrix alloy and composite. The frictional heating and friction coefficient were the highest for the composite while

the cast iron and the matrix alloy showed a mixed response. Examinations of wear surfaces, subsurface regions and debris par-

ticles helped to substantiate the observed wear response of the samples.

KEYWORDS: cast iron, zinc-based alloy and composite, lubricated sliding wear behaviour, solid lubricant, microstructure-wear

property correlations

1. Introduction

Zinc-based alloys have been found to have potential
to substitute for a variety of ferrous and non-ferrous
alloys in several engineering applications involving
sliding action in the presence of a liquid (oil) lubricant
[1–3]. Dispersion of hard ceramic particles like silicon
carbide has been observed to improve the mechanical
and sliding wear properties of the zinc-based alloys
[4–12]. Gray cast iron components are widely used in
sliding wear applications [13–16]. Presence of solid
lubricants like graphite has been observed to improve
the wear performance of materials such as cast irons
[13,17–19] while a mixed response has been observed
in the case of aluminium alloys [20–28]. The wear per-
formance is affected by the nature, type and the con-
tent of the solid lubricant [17–19,23–44]. The solid
lubricants can serve the purpose either by being pres-
ent within the material system [17–19,23–44] or by
being added externally in between the contacting sur-
faces independently [45,46] or along with a semi-solid/
liquid lubricant. It has been observed that the benefits
of adding a solid lubricant as a microconstituent in the
material system itself [17–19,23–44] very much depends
on factors concerning the test material and conditions
that favour effective smearing of the lubricant phase

on the contacting surfaces and those which lead to
premature removal of the phase through flaking and
cracking from the sliding surfaces [17–44]. The pre-
dominance of one set of factors over the other actually
dictates the role of the (lubricating) phase towards
controlling the overall wear response of materials in
specific test conditions [17–36,47]. Moreover, a solid
lubricant phase when present within the material sys-
tem adversely affects mechanical strength and that is
undesirable [23,45]. Accordingly, a more effective way
of making use of the solid lubricants in sliding applica-
tions (without any adverse effects on material proper-
ties) may be to add them directly in between the
contacting surfaces either independently [45,46] or
along with a semi-solid/liquid lubricant. As far as the
influence of the solid lubricant phase (when added
externally along with a semi-solid/liquid lubricant) on
wear behaviour is concerned, the content of the phase
in the lubricant mixture, viscosity of the lubricant mix-
ture, tendency of the phase to form agglomerates in
the mixture and adhering characteristics of the phase
onto the sliding surfaces [30,31,43,44] are expected to
govern the wear behaviour of materials. This opens a
wide area of research to be carried out towards devel-
oping a systematic understanding of the influence of
these factors on wear behaviour. However, practically
no information seems to be available as far as the effect
of suspended solid lubricant particles in oil lubricants*E-mail: braj_kprasad@yahoo.co.in
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on the sliding wear characteristics of zinc-based alloys,
composites and cast irons is concerned. Moreover, the
influence of the content of solid lubricant particles in
the oil lubricant on the wear response of the materials
also does not seem to have been studied.

In view of the above, an attempt has been made in
this investigation to examine the effects of adding
varying quantities of a widely used solid lubricant like
graphite particles to an oil lubricant on the wear per-
formance of a zinc-based alloy. The influence of the
dispersoid silicon carbide particles on the wear behav-
iour of the zinc-based alloy was studied by testing the
composite in identical conditions. The wear properties
of the matrix alloy and composite were compared with
those of a gray cast iron. Wear surfaces, subsurface
regions and debris particles were also examined for fur-
ther substantiating the wear behaviour of the samples.

2. Experimental

2.1. Material preparation

The experimental alloys and composite were pre-
pared by the liquid metallurgy route in the form of
20 mm diameter, 150 mm long cylindrical castings.
The composite was synthesized by dispersing 50–
100 lm silicon carbide particles at the vortex of the
alloy melt. Table 1 shows the chemical compositions
of the sample materials.

2.2. Microstructural examination

Microstructural studies were carried out on 20 mm
diameter, 15 mm thick samples. The samples were pol-
ished metallographically and etched suitably. Diluted
aqua regia was used for etching the samples of the
zinc-based (matrix) alloy and composite while the cast
iron was etched with 2% nital solution. Microstruc-
tural characterization of the samples was carried out
using optical and scanning electron microscopy.

2.3. Measurement of hardness and density

Hardness measurements were carried out on metall-
ographically polished samples using a Vickers hardness

tester. The applied load in this case was 30 kg. The
water displacement technique was adopted for density
measurement. A Mettler microbalance was used for
weighing the samples in water and air.

2.4. Sliding wear tests

Lubricated sliding wear tests were carried out using
a DUCOM pin-on-disc machine. Varying quantities of
50–100 lm graphite particles in the range of 0–10%
were suspended in SAE 40 oil by thoroughly mixing
the two mechanically. The disc was made of an En31
steel (1.02% C, 1.05% Cr, 0.3% Ni, 0.35% Mn and
balance Fe) having hardness Rc 62. A schematic repre-
sentation of the wear test configuration is shown in fig-
ure 1. The pin samples used for the tests were 8 mm in
diameter and 30 mm in length. Prior to testing, the pin
samples and the disc were polished metallographically
to a roughness (Ra) level of 0.8 lm (where Ra is the
arithmetic mean of departure of the surface roughness
profile from the mean line). Roughness measurements
were carried out using a Rank Taylor Hobson (RTH 6)
profilometer. The polished disc was immersed in the
lubricant and allowed to rotate at a speed of 2.68 m/s
for 5 s prior to initiating the tests. The pin sample was
then pressed against the disc by applying load with the
help of dead weights through a cantilever mechanism.
The applied load, sliding distance and sliding speed in
this study were fixed at 14 kg, 2500 m and 2.68 m/s,

Figure 1. A schematic representation of the wear test configuration.

Table 1.

Chemical compositions of the sample materials.

Sample Weight %, Element

Fe Zn Al Si Cu Mg Mn C P S

Cast iron * – – 2.58 – – 0.49 3.25 0.09 0.07

Zinc-based

(matrix) alloy

– * 37.5 – 2.5 0.2 – – – –

Composite Matrix alloy dispersed with 10 wt% SiC particles

*remainder
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respectively. Temperature near the specimen surface
was monitored during the wear tests by inserting a
chromel–alumel thermocouple in a hole made at a dis-
tance of 1.5 mm from the contacting surface of the
pin. The samples were weighed prior to and after test-
ing using a Mettler microbalance. Friction coefficient
during the tests was measured with the help of a force
transducer. The samples were cleaned well with carbon
tetrachloride and acetone prior to and after the wear
tests.

2.5. Examination of wear surfaces, subsurface regions
and debris

Wear surfaces, subsurface regions and debris parti-
cles were studied using a JEOL 5600 scanning electron
microscope (SEM). The samples were mounted on
brass studs and sputtered with gold prior to their SEM

studies. Sections normal to the wear surfaces in the
sliding direction were mounted in polyester resin, pol-
ished metallographically and etched suitably prior to
mounting on the brass studs. The zinc-based alloy and
composite were etched with diluted aqua regia while
2% nital solution was used for etching the cast iron
samples. The debris particles were suspended in carbon
tetrachloride and then in acetone to remove the oily
substance from them. They were then spreaded on a
glass slide and fixed on a brass stud with the help of a
double-sided adhesive tape.

3. Results and discussion

3.1. Microstructure

Figure 2 shows microstructural features of the sam-
ples. The zinc-based (matrix) alloy revealed primary a

Figure 2. Microstructure of (a) zinc-based (matrix) alloy, (b and c) composite and (d–f) cast iron [A: primary a, B: eutectoid a + g, single arrow:
e, double arrow: graphite flake, triple arrow: interdendritic segregation of graphite, C: rosettes of graphite, D: pearlite, E: ferrite,F: decohesion of

graphite at graphite/ferrite interface].
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dendrites, surrounded by the eutectoid a + g and
metastable e phase (figure 2(a), regions marked by A,
B and a single arrow respectively). The composite
showed reasonably uniform distribution of the disper-
soid silicon carbide particles in the matrix (figure 2(b)).
Dispersoid/matrix interfacial bonding was noted to be
fairly sound (figure 2(c)). The matrix part of the com-
posite (figure 2(b)) showed features practically identical
to those of the zinc-based (matrix) alloy (figure 2(a)).
The cast iron revealed different modes of distribution
of graphite such as a random distribution of coarse
distorted flakes and rosettes of fine flakes (figure 2(d),
regions marked by a double arrow and C respectively).
Interdendritic segregation of fine flakes of graphite was
also noticed (figure 2(e), region marked by a triple
arrow). The size of the graphite phase also varied
widely (region marked by a double arrow versus C in
figure 2(d)). The matrix part of the cast iron comprised
pearlite along with a limited quantity of ferrite (fig-
ure 2(d), regions marked by D and E respectively). A
magnified view clearly reveals the ferrite and pearlite
phases (figure 2(f), regions marked by D and E,
respectively). Occasional decohesion of graphite phase
was observed at the ferrite/graphite interface (fig-
ure 2(f), region marked by F). Aspects concerning the
mode of formation of various microconstituents, their
characteristic features controlling the wear response of
the samples and the solidification behaviour of the
alloys have been discussed elsewhere [4,8,13,14,17–
47,46–71].

3.2. Hardness and density

Table 2 shows the hardness and density of the sam-
ples. The cast iron attained highest density followed by
that of the (zinc-based) matrix alloy and composite.
Hardness of the matrix alloy was the least while that
of the cast iron the maximum, the composite attaining
a hardness value intermediate between the two.

3.3. Wear behaviour

Wear rate of the samples has been plotted as a
function of graphite particle content suspended in the
oil lubricant (figure 3). Increasing content of graphite
particles led to a reduction of the wear rate initially.
This was followed by the attainment of the wear rate

minimum and then a reversal in the trend at still
higher contents of graphite in the lubricant mixture.
The zinc-based (matrix) alloy suffered from maximum
wear rate while that of the composite was the least,
the response of the cast iron being intermediate
between the two. The critical content of suspended
graphite particles leading to minimum wear rate was
noted to be 4% for the matrix alloy and 6% for the
cast iron and composite samples.

Temperature near the specimen surface has been
plotted in figure 4 as a function of test duration. The
influence of suspended graphite particles in the oil
lubricant is also evident from the figure. Frictional
heating increased with test duration. The rate of fric-
tional heating was high in the beginning of the tests.
This was followed by a reduced rate of temperature
increase at still longer test durations. Frictional heat-
ing got reduced as a result of graphite addition to the
oil lubricant. The matrix alloy showed a dramatic
reduction in its frictional heating in this case. More-
over, in the oil-only lubricated tests, the matrix alloy
experienced maximum frictional heating while the cast
iron revealed the least, the composite attaining an
intermediate response. In the oil-plus-graphite environ-
ment, the highest frictional heating was observed for
the composite followed by that of the cast iron and
the matrix alloy.

Maximum temperature near the specimen surface is
shown in figure 5 as a function of graphite content of
the oil lubricant. The frictional heating got reduced

Figure 3. Wear rate of the samples plotted as a function of graphite

content in the oil lubricant.

Table 2.

Density and hardness of the samples.

Sample Density, g/cc Hardness, HV

Cast iron 6.99 220

Zinc-based (matrix) alloy 4.41 135

Composite 4.37 162
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with increasing content of graphite, attained the mini-
mum at specific graphite content and then showed a
reversal in the trend at still higher concentrations of

graphite in the oil lubricant. The composite demonstrated
maximum frictional heating while the cast iron attained
frictional heating comparable to that of the matrix alloy.

Friction coefficient of the samples has been plotted
as a function of test duration in figure 6. The test
duration marginally affected the friction coefficient of
the zinc-based (matrix) alloy except in the case of oil
plus graphite mixture towards the end of the test. The
friction coefficient increased with test duration in the
case of the cast iron, attained a maximum and then
decreased once again at longer test durations. The
composite also followed a trend similar to that of the
cast iron when tested in oil plus graphite environment
while the trend reversed in the oil lubricant alone at
least initially. The matrix alloy showed the minimum
friction coefficient followed by that of the cast iron
and composite. The suspended graphite particles in the
oil lubricant caused the friction coefficient to decrease.

Steady state friction coefficient has been plotted in
figure 7 as a function of graphite particle concentra-
tion in the oil lubricant. The friction coefficient got
reduced with increasing graphite content and attained
a minimum at a specific content of graphite. The trend
reversed at still higher concentrations of graphite parti-
cles. The composite attained the highest friction coeffi-
cient irrespective of the graphite content. A mixed
response was observed by the cast iron and zinc-based
(matrix) alloy. For example, the friction coefficient of

Figure 5. Maximum temperature near the sliding surface of the sam-

ples as a function of graphite content in the oil lubricant.

Figure 4. Temperature near the contacting surface of the samples as

a function of test duration (solid lines: oil plus 0% graphite particles,

dashed lines: oil plus 8% graphite particles).

Figure 6. Friction coefficient of the samples plotted as a function of

test duration (solid lines: oil plus 0% graphite particles, dashed lines:

oil plus 8% graphite particles).
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the zinc-based (matrix) alloy was less than that of the
cast iron up to a critical content of graphite in the oil
while a reverse trend was noticed at still higher graph-
ite concentrations.

3.4. Wear surfaces

Wear surfaces of the samples are shown in fig-
ure 8. The zinc-based (matrix) alloy showed its wear
surface to contain fine grooves when tested in oil
alone (figure 8(a)). The presence of graphite in the oil
lubricant caused the wear surface to be relatively
smoother (figure 8(b)) than that in the case of oil
(only) lubricant (figure 8(a)). A few deeper grooves
were also observed on the wear surfaces (figure 8(a),
region marked by A). Sticking of fine debris and for-
mation of pits on the wear surfaces were additional
features noted (figure 8(b), regions marked by single
and double arrows, respectively). The wear grooves
were not well defined in the case of the cast iron

Figure 7. Steady state friction coefficient of the samples versus

graphite content in the oil lubricant.

Figure 8. Wear surfaces of (a and b) the zinc-based (matrix) alloy and (c–f) cast iron tested in (a, c–e) oil and (b and f) oil plus graphite mix-

ture [A: deeper groove, single arrow: sticking of debris, double arrow: pit, B: chip, triple arrow: microcracks, C: graphite particle exposed

onto the sliding surface].
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in general (figure 8(c–f)). Dark patches of smooth
regions were also observed in this case (figure 8(c)
and (f)). Further, the fraction of the wear surface
covered by the dark regions increased substantially
when tested in oil plus graphite environment (fig-
ure 8(f)) as compared to that in the case of the oil
lubricant (figure 8(c)). Sticking of debris particles,
entrapment of chips and microcracking on the wear
surfaces of the cast iron were also noted (figure 8(d),
regions marked by a single arrow, B and a triple
arrow, respectively). Graphite particles present within
the cast iron also got an opportunity to be exposed
on the wear surface (figure 8(e), region marked by C)
suggesting the smearing of the graphite particles and
form a lubricating tribochemical layer [20–22] on the
wear surfaces (dark patches/regions in figure 8(c)
and (f)). The formation of smoother wear surfaces
and more of dark patches thereon indicates better
wear response of the samples (figures 3–7) and vice
versa.

3.5. Subsurface regions

Figure 9 shows subsurface regions of the samples.
The severity and degree of plastic deformation, strain-
ing and temperature cycling [52,53,65,66] experienced
by the samples during sliding decreased with increasing
depth below the wear surface. Accordingly, the top-
most region (nearest to the wear surface) was subjected
to the most severe plastic deformation causing its
appearance to be white [71], as shown in figure 9(b)
(region marked by a single arrow). Extremely fine
microconstituents were generated in the region next to
the topmost one (figure 9(a) and (e), regions marked
by A). Extremely fine size of the microconstituents is
clearly evident in a magnified view (figure 9(f)) of fig-
ure 9(e). Flow of microconstituents in the region under-
going less severity of deformation (than the regions
marked by A in figure 9(a) and (e)) was noticed (fig-
ure 9(b),(d) and (e), regions marked by B). Deformation
and stringer formation of graphite particles in the case

Figure 9. Subsurface regions of (a and b) the zinc-based (matrix) alloy and (c–f) cast iron tested in (a,c and d) oil and (b,e and f) oil plus

graphite lubricant mixture [single arrow: white region, A: extremely fine microconstituents, B: flow of microconstituents in sliding direction,

double arrow: orientation and deformation of graphite particles in sliding direction, triple arrow: microcracks, C: bulk structure].
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of the cast iron (figure 9(e), regions marked by a double
arrow) indicates their tendency to smear on the wear sur-
faces and lubricating film formation [20–22] leading to
improved wear response (figure 3–7). The presence of
microcracks may be seen in figure 9(d) (region marked
by a triple arrow). The region below ‘B’ showed normal
bulk structure (figure 9(a) and (c), regions marked by C),
thereby suggesting it to remain unaffected during wear.

3.6. Wear debris

Wear debris particles of the samples comprised
deformed flakes along with a few chips (figure 10(a)).
A magnified view clearly shows the flakes and chips
(figure 10(b), regions marked by A and an arrow,
respectively). Flaky debris particles result from the
plastic deformation occurring during wear (figure 9,
regions marked by arrows, A and B) while chips result
from the cutting action of hard microconstituents [53].

4. Conclusions

1. The zinc-based (matrix) alloy comprised primary a
dendrites and eutectoid a + g and e in the inter-
dendritic regions. Reinforcement of silicon carbide
particles formed a mechanical mixture with the
matrix without practically affecting the (matrix)
microstructural features. The reinforcement phase

was distributed fairly uniformly in the matrix and
the dispersoid/matrix interface was reasonably
sound. The cast iron revealed various sizes and
modes of distribution (such as randomly dispersed,
coarse and distorted flakes and interdendritic seg-
regation and rosettes of fine flakes) of graphite in
the matrix of pearlite and (a limited quantity of)
ferrite.

2. The hardness and density of the cast iron were
highest amongst the three varieties of the samples.
The density of the composite was the least while the
zinc-based (matrix) alloy exhibited minimum hard-
ness.

3. The zinc-based (matrix) alloy exhibited highest wear
rate followed by that of the cast iron and composite.
In other words, incorporation of silicon carbide
particles significantly improved the wear resistance of
the matrix alloy, making it even superior to that of
the cast iron. Inferior wear resistance (inverse of wear
rate) of the cast iron, having highest overall hardness,
than that of the (softer) composite, indicates that the
wear performance of the samples could more effec-
tively be explained in terms of factors like load
carrying, lubricating and microcracking characteris-
tics of various microconstituents in the specimen
material rather than the overall hardness of the
samples.

4. The frictional heating increased at high rates in the
beginning of the tests followed by a lower rate of
heating at longer test durations. The composite
exhibited the highest frictional heating. Moreover,
the cast iron and zinc-based (matrix) alloy attained
comparable frictional heating.

5. Test duration had a mixed influence on friction
coefficient. The zinc-based (matrix) alloy exhibited a
lower friction coefficient than that of the cast iron at
lower graphite contents in the oil. On the other hand,
the trend reversed at higher graphite contents. The
composite attained the highest friction coefficient
over the entire range of concentrations of graphite
particles in the oil lubricant.

6. The presence of graphite particles suspended in the
oil lubricant significantly improved the wear response
of the samples in terms of decreased wear rate, less
frictional heating and reduced friction coefficient up
to a critical concentration (4–6%) of graphite. The
trend reversed at still higher graphite contents in
the lubricant mixture. Accordingly, it emerges from
the present study that the addition of graphite particles
to oil lubricants becomes beneficial. However, the
quantity of the suspended graphite particles in the
lubricant mixture plays an important role. There exists
an optimum quantity of graphite that offers the best
wear performance; concentrations higher than the
optimum could prove detrimental as far as the wear
performance of the samples is concerned.

Figure 10. Wear debris showing deformed flakes and machining

chips [A: flake, arrow: chip].
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