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Abstract

Aluminium matrix composites are replacing aluminium alloys and the replacement is mainly attributed to their improved
mechanical and tribological properties. Hybrid composites (composites with multiple reinforcements) are of recent application
owing to betterment of the mechanical and tribological properties over single reinforced composites. Studies on these composites
are limited to a few investigations and all such investigations are on tribological behaviour of hybrid composites with higher
percentage of reinforcements. This investigation focuses on the tribological behaviour of aluminium matrix hybrid composites.
Wear tests have been carried out on pin-on-disc equipment to study the influence of load, sliding speed and sliding distance on
composite specimens with % reinforcement of 2.5%, 5%, 7.5% and 10% with equal weight percentage of silicon carbide and
graphite particulates. Parametric studies based on design of experiments (DOE) techniques indicate that as the % reinforcement
increases wear decreases up to 7.5% and a tendency to increase beyond 7.5%. Load and sliding distance show a positive
influence on wear whereas speed shows a negative influence. A mathematical model to predict the wear of the composite is also

presented.
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l. INTRODUCTION

The increasing demand for lightweight, inexpensive,
energy saving, stiff and strong materials in aircraft, space,
defense and automotive applications has stimulated a
steadily growing efforts to develop composite materials.
Aluminium Matrix Composites (AMCs) are emerging as
promising materials in this direction [1, 2]. AMCs
reinforced with SiC particulates are known for higher
modulus, strength and wear resistance compared to
conventional alloys. C. Garcia et al. have observed that the
specific wear rate of AA6061-SiC composites decreases
with increase in volume fraction and size of reinforcement
[2]. S. Das et al. have discussed on formation of
mechanically mixed layer (MML) consisting of debris and
smeared and fragmented SiC particles. SiC needles in
MML and in the subsurface region are fragmented in to
finer particles thus demonstrating the occurrence of
subsurface damage during abrasive wear of LM13-SiC
composites [3]. Y Sahin et al. have noticed significant
increase in wear resistance up to 10% addition of SiC and
a stable value between 10-55% for Al-SiC composites
produced by vacuum infiltration [4].

Alinear relation between the wear volume and load is
the observation of Y.B.Liu et al. for laser processed Al-Gr
composites [5]. C. B Lin et al. have investigated Al-Gr
composite with 0-6wt% Gr and the results indicate
reduced wear rate with increase in particulate content and
sliding speed. The dependency of wear rate on hardness
of matrix, rate of release of graphite particles and structure
of solid lubricating film as well as Al chip clusters are also
investigated [6].

Addition of SiC to matrix alloy though improves
mechanical strength and wear resistance of composites
but results in increased hardness which in turn makes the
machining difficult. On the other hand, inclusion of Gr
reduces wear by formation of tribo layer and aids
machining due its solid lubrication while the strength of the
composite reduces. Thus, advantageous influence of SiC
and Gr can be enhanced by addition of SiC as well as Grin
hybrid composites. The outcome of some investigations
on such hybrid composites are briefed in the next few lines.

P. KRohatgi et al. have reported that the reduction in
friction coefficient of Al-10SiC-6Gr is due to the
combination of increase in bulk mechanical properties as a
result of addition of SiC and formation of graphite film [7].
M. L. Ted Guo et al. have observed that wear of Al-10SiC-
2-8Gr increases up to 5%Gr because of reduced fracture
toughness and then decreases due to formation of thick
solid lubricant film which overrides the effect of fracture
toughness [8]. A. R Riahi et al. have focused upon the
influence of tribo layer of MML containing primarily Gr on
wear of Al-10SiC-4Gr hybrid composites [9]. The
investigations of S. Basavarajappa et al. on Al-15SiC-3Gr
composites have indicated that the degree of subsurface
deformation and thereby the wear rate in graphite
composites is less than that of graphite free composites
[10]. These investigations emphasize that the use of
multiple reinforcements in aluminium matrix hybrid
composites yield better tribological properties.

However, efforts are scarce on parametric studies on
the tribological behaviour of aluminium matrix hybrid
composites. In this context, an attempt is made here to
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study the influence of load, % reinforcement, sliding speed
and sliding distance on the tribological behaviour of Al-
SiC-Grhybrid composites.

IIl. EXPERIMENTS

Al-SiC-Gr composites required for the investigation are
fabricated by stir casting [11]. LM25 is used as the matrix
alloy and details of its composition is given in Table 1. Table 2
provides the details of SiC and Gr particulates which are
used as reinforcements. Table 3 gives the details of hybrid
composites. Al-SiC-Gr hybrid composites with combined
weight % reinforcement of 2.5%, 5%, 7.5% and 10% are
used. In each of these composite as seen in Table 3, %
reinforcement of each of SiC and Gris equal. The hardness
values of these composites are also indicated in the table.
There is reduction in hardness with increase in %
reinforcement and this is due to the addition of Gr. The as
cast composites are of 10mm diameter, 50mm length from
which wear test specimens of length 35 mm and 8mm
diameter are machined. The end of the specimens are
polished with abrasive paper of grade 600 and followed by
grade 1000. Dry sliding tests are carried out as per ASTM
(99-95a test standards on pin-on-disc equipment the disc of
which is of EN31 steel with surface roughness, R, 0.1. The
pins are cleaned with acetone and weighed before and after
testing to an accuracy of 0.0001g to determine the amount of

based on Central Composites Design (CCD) scheme of
Design Of Experiments (DOE) [12].

CCD is very effective experimental technique in
studies involving large number of factors. A set of
experimental design that can look at K factors in 'n'
observations with each factor at two levels is called two
level factorial design, which can prove good and efficient
when a linear relationship prevails between the factors and
the response. Three or higher level experiments are
mandatory when nonlinear relationship exists, which ends
up with increased cost and time of testing. CCD is the most
efficient method, alternative to 3 or more factorial
experimental designs. CCD can be used to study factors at
five levelsinreduced number of tests [12-15].

Load, % reinforcement, sliding speed and sliding
distance are the factors which influence the tribological
behaviour of a composite. Table 4 shows the factors and
their levels employed in the experiments. Wear in terms of
weightloss is the measured response used to evaluate the
tribological behaviour of AI-SiC-Gr hybrid composites.
Table 5 provides the experimental plan and the
experimental results obtained.

Table 4. Factors and their levels in CCD
Experimental Plan

wear. The sliding end of the pin and the disc surfaces are P';"‘t"“* 2|10 ' 2
. . actors
cleaned with acetone before tesfing. Reinforcement, | A | 0 2.5 3 TS 10
Table 1. Chemical composition of __%
the matrix a"oy LM25 Slllill'lg S}‘JL‘L‘d. B| 04 0.8 1.2 1.6 2.0
/s
Element Si .‘1}.{ Fe Cu Load. C 15 30 45 60 7
' N
Content % Tl 0.3 0.3 | <0.012 Sliding distance, | D | 400 | 800 | 1200 | 1600 | 2000
m
Element Cr Zn Ni Mn

Content % | 0.004 | 0.002 | 0.01 0.28

Table 2. Details of reinforcements

Reinforcement Hardness Grain size Density
(:Pa pm glem’
SiC 24.5-29 10-20 3.22

Gr 0.25 T0-80 2.09-2.23

Table 3. Details of Al-SiC-Gr hybrid composites

Al-SiC-Gr hybrid composites
Total % 0.00 | 2.50 | 5.00 | 7.50 10.0
reinforcement
SiC % 0.00 | 1.25 | 2,50 | 3.75 | 05.0
Gr % 0.00 | 1.25 | 2.50 | 3.75 | 05.0
Hardness, BHN 67 72 70 68 606

Since the objective of this investigation is to carry out
the parametric studies, the experiments are designed

Table 5. Details of test combinations (tc) in coded values
of factors and corresponding experimental results

tc A B C 1] Wear
(W),
1 -1 =1 -1 1 00051
a 1 1 -1 1 0.0063
b -1 1 =1 1 0.004]
ub 1 | -1 -1 0.0026
C -1 | | -1 00,0090
ac 1 1 1 1 0.0070
(315 -1 1 | 1 00060
1y 1 1 1 1 00045
ol -1 =1 -1 1 0.0 165
ad 1 -1 -1 1 0.0149
bl -1 1 =1 1 00098
bl 1 1 1 I 00085
wd | -1 1 I 0.0188
s | -1 | I 0.0176
bed -1 1 1 1 0.0156
abed 1 1 1 1 0.0134
-a 2 1] [ 0 00119
\ 2 1] [ 0 00081
0 21 0 0 0.0127
0 2 i &} 00078
(4] (4] 2 0 00055
1] 0 2 0 (1.0 100
i [} 1 -2 000200

—= T e T 1T 6o
Zero ] 1] [i] 0 0.0087
Zero 0 L] 0 1] 0L 0084
Lero 1] 1] i) 1] 0. 00RY
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lll. ANALYSIS OF RESULTS

The experimental results are analyzed with the help
of MINITAB14, a statistical analysis software, which is
widely used in many fields of engineering research.
Results are analyzed by ANOVA with a confidence limit of
95% or P-value of 0.05. This implies any factor with P-
value equal to or less than 0.05 is significant. The
significance of a factor can be confirmed by the main
effects plot and normal probability plot. The influence of %
reinforcement on wear relative to load, sliding speed and
sliding distance are discussed with the help of respective
contour plots [13,15].

ANOVA results are given in Table 6. Second and
higher order interactions are not considered for ANOVA.
The quadratic terms of the factors are included in the
analysis in order to incorporate the results of the
composite part of CCD which may have curvilinear effect
on the response [13]. It can be observed that the %
reinforcement (A), sliding speed (B), load (C) and sliding
distance (D) are significant along with the interactions BC,
BD and CD and the quadratic terms of A, B and D as the P-
value for these is less than 0.05. The % contribution of the
factors is calculated by dividing their respective sum of
squares value by the total sum of squares and these
values are indicated in Table 7. Fig. 1 shows the main
effect plot of the effects of factors on wear.

Fig. 2 shows the normal probability plot of
standardized effects of factors and their interactions on
wear of composites. Apart from the factors A, B, C and D,
other terms like BC, BD, CD, A*A, B*B and D*D are also
significant. The observation indicates that %
reinforcement and sliding speed have negative effect on
wear as they are on the left of the normal probability line

Table 6. ANOVA results of wear of
Al-SiC-Gr hybrid composites
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Table 7. Percentage contribution of significant factors
affecting wear of Al-SiC-Gr hybrid composites

Factor A B & D Error
&
others
Yo 284 1 12.76 | 640 | 71.92 | 6.08

Main Effects Plot for Wear
% Renfocement Skiing speed, mys
0.020+
0.0157
Mw'*!t::*‘*1F=='—-. ——o
2 0.0057
=
S
2 0.000 v T T g v T v T
- 0.0 25 S0 FA 10.0 0.4 08 12 LS 2.0
e Load B Sidng distance _m
2 0.0207
¥
0.0157
- _
0.010'7- v
- '/‘/'
0.000 - v - - - - v - +
15 0 a5 0 s 400 800 1200 1500 2000

Fig. 1. Main effect plot of effects of
factors on wear of composites

indicating any increase of their value from low level to high
level results in reduction of wear. Other investigations,
based on one factor- at-a-time experiments, have
revealed no effect of sliding speed on wear in the range
considered in the present work [10].  The effect of other
two factors, load and sliding distance is positive on wear as
they lie on the right to the line. The effect of sliding distance
is more predominant as evident from Fig. 1 and Fig. 2. The
effect of load is less than sliding distance as it is close to
the line. These are also evident from the values of %
contribution of factors as in Table 7. It can be observed that
the value of % contribution is the highest for sliding
distance followed by sliding speed, load and %
reinforcement.

A 1 | 0.0000172 . 10172 29.1 0.000

B 1 1. 0000774 0.0000774 131.51 0.000
c 0.000
BC 1 | 0.0000043 | 0.0000043 .32 | 0.019
D 1 0.0004361 0004381 40.91 0.000
BD 0.027
cp 0.007
A*A 0.028
B*B 0.014
D*D 0.003

Normal Probability Plot of the Standardized Effects
(resporse is W, Alpha = .05)
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@ ot Sgrificant
| |
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The increase of sliding speed results in formation of a
mechanically mixed tribo layer at a faster rate and thus
reducing wear by covering more area of contact. Increase
in % reinforcement facilitates availability of more quantity
of SiC and Gr for the formation of tribo layer. This is
evidenced by smear of very fine particles of
reinforcements over the disc surface during testing. Any
increase of load tries to weaken the tribo layer due to
increase of pressure over the tribo layer and consequent
reduction of area covered by the layer resulting in increase
of wear. Wear increases with sliding distance because of
exposure of sliding end of the pin for more duration of time
forany values of % reinforcement, sliding speed and load.

A mathematical model to predict wear is formulated
by response surface regression analysis. Response
surface and corresponding contour plots give wider insight
to understand any problem in general, and to optimize the
factors influencing the response in particular[13,15]. Table
8 shows the results of response surface regression
analysis. The regression modelin terms of coded values is
represented by equation-1. The adequacy of the model
can be checked by normal probability plot of residuals and
the plot of residuals v/s fit [13,15]. Fig. 3 shows the normal
probability plot of residuals. As the points are quite close to
the normal probability line, the indication is that residuals
are normally distributed and the model is adequate to
predict wear. Fig. 4 shows the plot of residual v/s fitted
values of the response. It can be seen in the plot that the
points are randomly scattered without forming any
particular pattern and there by evidencing the model
adequacy.

Table 8. Response Surface Regression of Wear,
Wversus A,B,C,D

Term Coet

Constant 0.008667

A -0.000846

B -0.001796

Cc 0.001271

D 0.004263

A*p 0.000416

B*B 0.000478

C*C -0.000147

D*D 0.000616 0

A*B 0.000031 0.163 ]| 0.87
A*C -0.000018 -0.098 (

A*D 0.0000086 0.033]10.975
B*C 0.000519 2.70510.019
B*D -0.000481 | -2.509 | 0.027
C*D 0.000619 3.226 | 0.007

0.0007672 R-Su=98.8% R-Sal{adi)=97.5¢%

The analysis was done using coded units. Estimated
Regression Coefficients for Wear, W

W=0.008667-0.000846A
-0.001796B+0.001271C+0.004263D+0.000416A*A
+0.000478B*B+0.000616D*D+0.000519B*C
-0.000481B*D+0.000619C*D (1)

Here,

A= (a-5)/2.5, B= (b-1.2)/0.4,

C=(c-45)/15, D= (d-1200)/400

A, B, Cand D are coded values and a, b, cand d
are actual values of factors.
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Fig. 3. Normal probability plot of residuals of wear of Al-

SiC-Gr hybrid composite
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Fig. 4. Plot of residuals v/s fitted values of wear of Al-
SiC-Gr hybrid composite

IV. DISCUSSIONS

The experimental results are plotted as contour plots of
constant wear. The plot employs a combination of any two
factors. % reinforcement is considered as the common
factor and the contour plots are drawn in combination with
sliding distance, load and sliding speed. Fig. 5 is the contour
plot of wear in terms of % reinforcement and sliding distance.
It is evident from the plot that as the % reinforcement
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increases, the wear decreases for a particular value of
sliding distance. For instance, wear decreases from 0.0122
gt00.0098 g when the % reinforcement increases to 3.01%
for a sliding distance of 1001 m. The wear further decreases
t0 0.0085 g at % reinforcement of 7.47% for the same value
of sliding distance but increases to 0.0089 g at %
reinforcement of 9.96%. A similar trend is observed for a
sliding distance of 1998 m.

Contouwr Plot of Wear, g vs Sliding distance, m, % Reinforcement

Sliding distanca, m

% Reinforcement

i g5. Contarpl dof ef fetof % 6 i aene ntands
lidrgd i $ ance

The contour plot of % reinforcement in combination
with sliding speed for wear of the hybrid composite is
shown in Fig. 6. It can be observed that wear decreases
continuously from 0.0284 g at % reinforcement of 0.01% to
0.0245 g at % reinforcement of 7.63%. It can also be
noticed that wearincreases to 0.0249 g at % reinforcement
of 9.97% for sliding speed of 1.0 m/s. Similar observation
can be made at sliding speed of 1.99 m/s.

Fig. 7 depicts the contour plot of % reinforcement in
combination with load for wear of composite. It is clear
from the plot that wear decreases continuously with
increase in % reinforcement and its value is 0.0145 g at %
reinforcement of 7.29%. Wear increases to a value of
0.0150 g at % reinforcement of 9.98% for a load of 40 N.
Same sort of trend can be noticed ataload of 75 N.

Contour Plot of Wear, g vs Sliding speed, m/s, % Reinforcement

Wear, g
< 0oz
0.024 - 0.026
0.026 - 0.028
Mo.o2s - cox0

.n 230 - 8032
> 0.032
Hold Vakies

load. N 75
slkling dizarce, m 2000

Sliding speed, m/s

o 2 4 6 8
% Reinforeement

s

Fig. 6. Contour plot of effect of % reinforcement and
sliding speed on wear of Al-SiC-Gr hybrid composites

Contour Plot of Wear, g vs Load, N, % Reinforcement

% Reinforcement

Fig. 7. Contour plot of effect of % reinforcement and load
on wear of Al-SiC-Gr hybrid composites

The contour plots of Fig. 5, Fig. 6 and Fig. 7 show the
effect of % reinforcement on wear for all the values of
sliding distance, sliding speed and load within the range
considered in the present investigation. It is evident from
these plots that, the amount of wear is the least at around
% reinforcement of 7.5% beyond which it has a tendency
to increase up to % reinforcement of 10%. Thus, it can be
concluded that the optimal % reinforcement is around
7.5% considering all the factors affecting wear of AI-SiC-Gr
hybrid composites.

V. CONCLUSION

Experiments are conducted on Al-SiC-Gr hybrid
composites with combined reinforcement up to 10% as
using pin-on-disc equipment. Following are the
conclusions of the investigation.

e % reinforcement, sliding speed, load and sliding
distance affect the wear. Interactions exist among
sliding speed, load and sliding distance.

e Increase of speed reduces wear by supporting
mechanically mixed tribo layer and increase of load
increases wear by reducing the role of tribo layer.
Wear increases with sliding distance and it is the
predominant factor affecting wear.

e A mathematical model using response surface
regression analysis is formulated and contour plots
representing the model have been drawn with %
reinforcement being the common factor in
combination with sliding distance, sliding speed and
load.

e Analysis of contour plots envisages that, increase in
% reinforcement reduces wear up to around 7.5% of
% reinforcement and beyond this the wear has a
tendency to increase. Thus, the optimal %
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reinforcement can be around 7.5% for any value of
sliding distance, sliding speed and load within the
range considered in the investigation.
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