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Dry sliding wear test was conducted on Al —Si alloy — Al O, - Graphite composites which are
fabricated through squeeze casting method, using pin —on —disc wear testing rig. The influence of
parameters such as applied load, sliding velocity and weight percentage of graphite, on the wear loss
of Al- 5 wt. % AlO, — Graphite hybrid composite was investigated through Taguchi and Analysis
of variance (ANOVA).It was found that the applied load was the most influential parameter on wear
followed by sliding velocity and weight percentage of graphite. The morphology of worn surfaces of the
wear pins was investigated by Scanning Electron Microscope (SEM) to analyze the wear mechanism.
EDS analysis was carried out to investigate the Mechanically Mixed Layer (MML), which forms on

the worn surface of the composites.
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1. Introduction

Metal Matrix Composites exhibit enhanced properties
compared to conventional alloys in various applications as
they have high specific strength, stiffness and better wear
resistance'. Aluminium matrix composites with multiple
reinforcements are finding applications in aerospace and
automotive industries due to enhanced mechanical and
tribological properties compared to single reinforced
composites. Several research works have been carried out to
explore the wear behaviour of composites. Wear is a material
removal from one surface of the component to another
during relative motion between them. Cerit et al.> have
emphasized that wear behaviour exhibited by composites
are greatly influenced by the type, size, volume percentage
of reinforcement and distribution of reinforcing particles
in the metal matrix. Al-Si alloy is the most versatile of
all common foundry cast alloys in the manufacture of
automotive engine pistons since they exhibit high strength
to weight ratio, high wear resistance, low density and
low coefficient of thermal expansion. Krishnan et al.?
reported that addition of 3% graphite particles reduces the
wear of Al-Si alloy and about 9% reduction was seen in
frictional horse power losses of the diesel engine due to
lubrication behaviour of graphite particles. Akhlaghi and
Zare-Bidaki* emphasized that addition of graphite up to
5 wt. % improved the wear resistance of aluminum alloy
under both the dry and oil impregnated sliding conditions.
Leng Jinfeng et al.’ investigated the wear resistance of
Al- SiC- Gr composites which are fabricated by squeeze
casting technology, with various sizes graphite addition. It
was reported that the wear resistance of composites increases
with the increase of the graphite particle size. Gibson et al.®
studied the influence of graphite particles on the wear rate
of cast Al-Si alloys produced by compo casting followed
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by squeeze casting. Pai et al.” reported that the high wear
resistance of Al alloy — graphite composites is attributed to
the presence of graphite particles in the matrix which act
as a solid lubricant. Many researchers have focused on the
possibilities of different reinforcements in enhancing the
tribological behaviour of MMCs. Suresha and Sridhara®
investigated the influence of reinforcement content, sliding
load, sliding speed and sliding distance on wear behaviour
of Al-Gr, Al-SiC composites and Al-SiC— Gr hybrid
composites. Results revealed that hybrid composites exhibit
better wear characteristics. Ted Guo and Tsao’ studied the
wear behaviour of self lubricating Al hybrid composites
reinforced with SiC and graphite particles. They reported
that the incorporation of graphite particles decreased
friction coefficient and wear rate considerably.Vencl et al.'
studied the tribological behaviour of heat treated Al 356
composites reinforced with Al1,0./SiC and graphite particles
fabricated by compo casting process. They reported that
the incorporation of graphite particles enhanced the wear
resistance. Altinkok et al.!' analyzed the dry sliding wear
behaviour of Al,O,/SiC particle reinforced aluminium based
metal matrix composites fabricated by stir casting method.
Mohan et al.'? investigated the dry sliding wear of Al - Gr
composites and showed that graphite particles smears at the
sliding interface and reduces wear, but inclusion of graphite
beyond 1.5 % reduces the mechanical properties of the
composite drastically. However, the mechanical properties
of the aluminium matrix composites containing graphite
could be enhanced with the addition of the hard reinforcing
particles such as SiC, Al,O, and B C. Though a number of
research papers on the tribological behaviour of MMCs
exist in the literature, most of them are confined to single
reinforced composites. Very limited reports are available
on the hybrid MMCs particularly Al- Al,O, — Graphite
composites. From the literature survey, it was observed
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that the wear behaviour of the Al- Gr composites depends
on the smeared graphite film formed on both the composite
pin and counter face during sliding and reduce the wear.
However, appropriate quantity of the graphite content
must be determined to enhance the tribological properties
of composites. Therefore in the present study, Taguchi L9
orthogonal array and ANOVA techniques were used to
investigate the influence of applied load, sliding velocity
and graphite content on the wear behaviour of Al- Swt. %
AlLO, - Graphite composites which are fabricated through
squeeze casting method. Scanning Electron Microscope
(SEM) was employed to study the morphology of worn
surfaces and identify the wear mechanism. Energy
Dispersive Spectroscopy (EDS) was used to characterize
the mechanically mixed layers that are formed on the worn
surfaces during sliding.

2. Experimentation

2.1. Specimen preparation

Eutectic Al-Si alloy was used as the matrix material,
Al O, particles (120 microns) were used as reinforcement
and graphite particles (50 microns) were used as the solid
lubricant. In this study, composites were fabricated by
keeping 5 wt. % Al O, constant and varying graphite content
(2.5, 7.5 and 12.5 wt. %) .Composition of Al-Si alloy is
presented in Table 1.

Squeeze casting method was employed to fabricate the
Al- ALO, — Gr composites'". A blue star Universal Testing
Machine (UTE-40) was slightly customized to apply
pressure on the molten composite in the mould cavity.
Al-Al,O, — Gr composite melt was prepared using stir
casting method and poured into the preheated (350°C) mould
cavity. 50 MPa squeeze pressure was applied on the melt for
50 seconds through the preheated punch till solidification
was completed. Punch was withdrawn and specimen was
removed from the mould assembly.

2.2. Micro structural analysis

Microstructures were examined on the Al-5 wt. %
ALO,- Gr composite samples to reveal the particles
distribution in the Al matrix.

2.3. Hardness

Hardness test was performed on Al alloy and composite
specimens using Brinell hardness testing rig with 10 mm
steel diameter at a load of 4.9 kN (500 Kgf). The loading
duration was 30 seconds. Three readings were taken on each
specimen to eliminate possibility of segregation, and mean
value was considered.

2.4. Dry sliding wear test

Dry sliding wear tests were conducted using pin-on-disc
wear testing rig. The linear dislodgement of the pin during
sliding is considered as wear loss since mass loss is often
too small to measure accurately. Wear loss was recorded
by the LVDT (Linear Variable Differential Transformer)
provided in the wear testing rig with an accuracy 1.0 mm.
A cylindrical pin of size 10 mm diameter and 15mm
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length, specimens were prepared and loaded in a computer
interfaced pin- on - disc wear testing rig. Prior to testing, the
surface of the specimens was polished by using 1000 grit
paper. The rotating disc was made up of EN 32 steel having
hardness of 65 HRC. Wear tests were carried out at 25°C
room temperature and 65% relative humidity for 18 minutes.

2.5. Taguchi method

Taguchi’s parameter design provides a systematic and
efficient methodology to find the optimum parameters which
have an effect on the process and performance. Taguchi
method utilizes orthogonal arrays to study a large number
of variables with a minimum number of configurations. In
this study, “smaller is better” S/N ratio is used to predict
the optimum parameters because a smaller wear loss was
desirable. Mathematical equation of the S/N ratio for
“smaller is better” is represented in the Equation 1.

( )
S _ 1.1
i

Where, y, is the observed data and n is the number of
observations.

In the present investigation, wear tests were conducted
in the composite material as per the L9 orthogonal array.
Accordingly,9 wear tests were carried out and each test was
repeated thrice in order to reduce the experimental errors.
The parameters and the corresponding levels are presented in
Table 2. In addition, the experimental results were analyzed
using analysis of variance (ANOVA) to study the influence
of the parameters on wear loss.

3. Results and Discussion

3.1. Micro structural and hardness of composites

Figure 1 is a high magnification micrograph of
Al-5 wt. % Al,0,-7.5 wt. % Gr composite. White particles
are the Al O, particles and dark phase infers the graphite
particles. Al,O, and graphite particles are being distributed
more uniformly in the Al alloy matrix and the clustering of
particles was not seen in the composite.

Figure 2 shows that the hardness of Al- Swt. % Al O,

composites was higher than that of Al-Si alloy. It can be

Table 1. Composition of Al- Si alloy.

Element Fe Si Al
Wt.% 0.02 12.6 87.4

Table 2. Parameters and levels.

Level Applied Sliding Graphite
load (N) velocity (m/s) (wt. %)
(A) B) ©)
I 5 0.5 2.5
I 15 1.25 7.5
1T 25 2.0 12.5
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explained by the fact that the Al,O, particles have higher
hardness than the Al-Si alloy. This can also be attributed to
a good interface between the Al-Si alloy and Al O, particles.
The hardness of the Al-Swt. % Al,O, was about 18 % higher
than that of the hardness of the Al —Si alloy. It can also be
observed that by increasing the weight percent of graphite
particles, the hardness of the Al-5wt. % Al,O, composites
decreases monotonically due to soft and slippery nature of
graphite. Moreover, the increase of the graphite particles
increases the amount of porosities and consequently
the composite hardness decreases. These results are in
accordance with those obtained by Hassan et al.'.

ALO;

Particle
o m—

—

Figure 1. SEM micrograph of the Al -5 wt. % Al,0,-7.5 wt. %
Gr composite.
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Figure 2. Hardness of specimens.

Table 3. Measured values and S/N ratios for wear loss of composites.
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3.2. Results of S/N ratio

Measured values and S/N ratios for wear loss of
composites are presented in Table 3.The S/N ratio for each
parameter level is determined by averaging the S/N ratios at
the corresponding level. Process parameters with the highest
S/N ratio would give the optimum quality with minimum
variance. The influence of parameters such as applied
load, sliding velocity and weight percentage of graphite
content, on wear loss has been analyzed and ranking of
parameters based on the S/N ratios obtained for different
parameter levels is presented in Table 4. It can be observed
that the applied load is a dominant parameter on the wear
loss followed by sliding velocity and weight percentage of
graphite content.

From the response diagram of S/N ratio (Figure 3), it
was found that the optimum parameters were load (SN),
sliding velocity (2m/s) and wt. % of graphite (7.5 wt. %)
for the composites.

3.3. Results of ANOVA

ANOVA establishes the optimum combination of
process parameters more accurately by investigating the
relative importance among the parameters. ANOVA was
performed with the help of the software MINITAB16 for
a level of significance of 5 % to study the contribution of
the parameters. In the ANOVA analysis (Table 5), there is
a P-value for each independent parameter in the model.
When the P-value is less than 0.05, then the parameter
can be considered as statistically highly significant. It
was observed that applied load, sliding velocity and wt.
% graphite have less than 0.05, which means that they are
highly significant at 95% confidence level. The last column
of the Table 5 shows the percentage contribution (Pc%) of
each variable in the total variation indicating their degree of
influence on the wear loss of the composites. It was observed
that the applied load (84.57%) was the major contributing
parameter followed by sliding velocity (8.038%) and finally
wt.% of graphite (7.036%) influencing the wear loss of the
Al-5 wt.% Al,0,-Gr composite.

It can be inferred from the ANOVA analysis that the
addition of 7.5 wt. % Gr was found to be optimum value
in enhancing the wear resistance of Al- Swt. %Al,0,
composite. The improvement of wear resistance is mainly
due to the formation of tribolayer which is composed of
oxides, graphite and fractured Al,O, particles. Graphite

Exp. No Applied load(N)  Sliding velocity (m/s)  Graphite (wt. %) Wear loss S/N Ratio
(A) (B) © (m)
1 5 0.50 2.5 95 —39.5545
2 5 1.25 7.5 65 -36.2583
3 5 2.00 12.5 78 -37.8419
4 15 0.50 7.5 135 —42.6067
5 15 1.25 12.5 165 —44.3497
6 15 2.00 2.5 110 -40.8279
7 25 0.50 12.5 231 —47.2722
8 25 1.25 25 215 —46.6488
9 25 2.00 7.5 166 —44.4022
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Table 4. Response table for Signal to Noise Ratio - Smaller is better (wear loss).

Parameters Level 1 Level 2 Level 3 Delta Rank
Applied load (N) (A) —37.88 —42.59 —46.11 8.22 1
Sliding velocity (m/s) (B) —43.14 —42.42 —41.02 2.12 2
Graphite (wt. %) (C) —42.34 —41.09 —43.15 2.07 3
A- Applied load (N) B-Sliding velocity (m/s)
C-Graphite(wt.%)
Figure 3. Response diagram of S/N ratio for wear loss of Al -5 wt. % Al,O,- Gr composites.
Table 5. ANOVA analysis for Wear loss.
Parameters DoF Seq.SS Adj.MS F value P Value Pc
Applied load (N) (A) 2 23362.7 11681.3 236.78 0.004 84.57
Sliding velocity (m/s) (B) 2 2220.7 1110.3 225 0.043 8.038
Graphite (wt. %) (C) 2 1944.0 972.0 19.70 0.048 7.036
Error 2 98.7 49.3 0.357
Total 8 27626.0 100

DoF- Degrees of Freedom; Seq.SS- Sequential sums of squares; Adj.MS- Adjusted sums of squares Pc-Percentage of contribution.

particles form as a lubricating layer and prevent the direct
contact between the sliding surfaces. It was also found that
the wear loss of the composite increased with increasing
graphite content beyond 7.5wt.%. This can be possibly due
to the higher graphite content leading to the higher porosity
of Al -5 wt. % Al,O, composite as well as reducing the
hardness of composite. Moreover, addition of 2.5 wt. % the
graphite particles could not reduce the wear of Al -5 wt. %
Al O, composite effectively as less graphite particles may
readily be exposed on the surface during sliding.

Results show that the low load (SN) and higher sliding
velocity (2 m/s) were the optimum values in minimizing the
wear. A reasonable explanation for these results could be the
formation of oxide-like transferred layer on the surface of the
composite, graphite particles which act as solid lubricant and
hardness of the Al,O, reinforcement. Whenever applied load

increases, the friction at the interface between the composite
pin and rotating disc apparently increases which increases
the wear. On the other hand, very high sliding velocity would
increase the wear due to the thermal softening of the matrix
material followed by rupturing of the tribolayer.

4. Multiple linear regression model

A multiple linear regression equation was developed to
establish the correlation among the significant parameters
on the response. The value of regression coefficient,
R?(99.64%) is in good agreement with the adjusted R?
(98.57%) for Al -5 wt. % Al,O, — Gr composite. Since both
the values are reasonably close to unity, model provides
reasonably good explanation of the relationship between
the independent parameters and the response (wear loss).
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The regression equation developed for wear loss of the
composite is

W =62.7+6.23(Load) — 23.8(Sliding velocity)

2
+1.80 (Graphite content) @

It can be observed from (Equation 2) that the coefficients
associated with applied load and graphite content is negative.
It indicates that the wear of the composite increases with
increasing applied load and graphite content. Conversely,
the wear of the composite decreases with increasing the
sliding velocity since the coefficient associated with the
velocity is negative.

Additional wear tests were conducted at the optimum
parameters (applied load 5 N and sliding velocity 2m/s) for
Al alloy, Al- Swt. % ALO, and Al- 5wt. % ALO,- 7.5wt.%

Shanmughasundaram
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Gr composites. The typical curves of wear loss for the
composites are presented in Figures 4 and 5. The wear
loss of Al — Si alloy was found to be higher than the tested
composites. Since the Al-Si alloy is softer than the carbon
steel disc, the asperities of counter face pierces to larger
depth which increases wear. Al-5wt. % Al,O, composite
shows higher wear resistance compared to Al-Si alloy. This
can be attributed to the fact that the Al,O, is much harder
than that of the matrix material and hence can carry load and
resist wear. In addition, Al- Al,O,- Gr composites exhibited
a lower wear loss compared to Al- AL,O, composite. The
graphite phase appeared to be responsible for improving the
wear resistance by acting as a solid lubricant.

By superimposing the Figures 4 and 5, it can be observed
that wear loss of composites increases as the sliding duration
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Figure 4. Typical curve of wear of Al-Swt. % Al,O, composite against steel as a function of sliding duration at 5 N and 2 m/s.
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increases. This is because the instability of the tribolayer
which is formed on the worn surface, at longer sliding
distances.

The SEM morphology of the worn surface of the
Al =5 wt. % AlLO, - 7.5% Gr composite at 5 N and 2 m/s
is shown in Figure 6a. It has scratches and sliding marks.
But, there are no clear large grooves on the worn surface of
the composites. This phenomenon may be caused due to the
increase of sliding velocity at low load reduces the wear by
supporting Mechanically Mixed Layer (MML). The EDS
analysis (Figure 6b) was carried out in the many areas of
worn surface, at least seven per specimen. The occurrence
of Al, O, Si, and C-peaks in the EDS shows the existence
of alumina and the graphite within the analyzed area. EDS
investigation also confirmed that oxygen concentration
was rich on the worn surface. At low load and high sliding
velocity, the worn surface of composite gets oxidized due
to the higher heat generation. Little amount of iron content
was also found on the worn surface as it is transferred from
the steel counter face during sliding. Since the iron mixed
oxide film has low coefficient of friction, it contributes to
the high wear resistance of the composite at low loads.
During sliding, Al,O, and graphite particles tend to detach

Scratches
Scratches SR
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@
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from the composite surface and mixed with oxides, forms
a thin layer acts as a solid lubricant between the sliding
elements thereby reducing the wear resistance. The presence
of MML is believed to be responsible for the observed
increased wear resistance. This behaviour was also noted
by Rosenberger et al.".

The SEM morphology of the worn surface of the Al-5
wt. % AlO, -7.5 wt. % Gr composite at 25 N and 2 m/s
is shown in Figure 7a. The composite showed a mild to
severe wear transition for the tests performed at 25 N. With
increasing the load the worn surface deteriorates and groove
size becomes large and continuous along the sliding direction
(marked arrow). The micrograph also shows the mixed
regions of both adhesive and abrasive wear. Delamination
wear mechanism is dominant as the load is high enough
to peel off the oxide film. In addition, the aluminum alloy
starts deforming which causes delamination of the matrix.
Figure 7b showed evidence for the considerable pick-up
of iron from the counter face. Hence, under higher load
and velocity, the wear mechanism was considered to be
delamination and adhesion which involves fracture and
fragmentation of surface layer. The exposed Al,O, particles
pierce the steel counter face which leads to detached steel
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Figure 6. (2) Worn surface of the Al- 5 wt. % Al,O,- 7.5wt.% Gr composite. (b) EDS spectrum of MML of the Al-5 wt. % Al,0,- 7.5wt.%

Gr composite when tested at SN, 2 m/s.
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Figure 7. (a) Worn surface of the Al- 5 wt. % Al,0,- 7.5wt. % Gr composite. (b) EDS spectrum of MML of the Al-5 wt. % A1,0,7.5wt. %

Gr composite when tested at 25N, 2 m/s.
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Figure 8. Worn surface of the Al- 5 wt. % ALO,- 7.5wt. % Gr
composite. (Normal Load of 25N with 2m/s sliding velocity).

fragments and transferred on to the worn surface of the
composite, leading to three body abrasion.

A higher magnification SEM micrograph of the worn
surface at 25 N and 2 m/s is shown in Figure 8. Removal
of AL,O, or graphite particles leading to cavities is clearly
seen and the particles get fragmented. The worn surface
is characterized by deep grooves. Hence, a higher applied
load and sliding velocity decreases the wear resistance of
the composite. Another reason for decreasing the wear
resistance could be due to the existence of pores at the
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