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Abstract: This paper aims to optimize the wear parameter of Al6061-10TiB2 composite,
Al6061-10TiB2-2Gr and Al6061-10TiB2-4Gr nano hybrid composite using powder
metallurgy method. The dry sliding wear test was performed using pin-on-disc equipment
under atmospheric conditions,  with the varying parameters of the applied load (5 -15N) and
Sliding distance (1000 -3000 m) and the sliding velocity is kept constant of 2.61 m/s. The
optimum parameters of wear and friction were identified using Response Surface
Methodology and some useful conclusions were made.
Keywords: Aluminium hybrid composites, wear, coefficient of friction, optimization.

Introduction

Aluminum-based particulate reinforced Metal Matrix Composites (MMCs) has been receiving
worldwide attention on account of high performance materials known for light weight, superior strength and
stiffness. They find application in aerospace, automobile, marine, chemical, transportation, and mineral
processing industries [1, 2]. Normally aluminium MMCs are manufactured by liquid state, semisolid and
Powder Metallurgy (P/M) methods [3-8]. Among the manufacturing techniques of MMC, P/M method is a low
cost method, suitable for high volume production of complicated shapes. It is widely used for the manufacturing
of aluminium based composite materials [9]. The advantages are simplicity, flexibility and applicability to a
large quantity production [10]. One of the main advantages of P/M when compared to casting is having better
control on the microstructure and better distribution of the reinforcement is possible in P/M compacts [11-12].
The reinforcement materials are embedded into the matrix in the hybrid composite [13], which is characterized
by light weight, high strength, high stiffness, good toughness and desired wear resistance than those of
conventional materials [14]. Aluminium-graphite particulate MMCs produced by P/M techniques represent a
class of inexpensive tailor-made materials for a variety of engineering applications such as automotive
components [15], bushes and bearings [16]. Because of this solid lubricate property, graphite in the form of
particles has a wide range of applications in composite materials. They are used to make components requiring
tensile, and great wear resistance such as engine bearing, pistons, piston rings and cylinder liners [17].

The wear resistance is an important factor for various engineering applications. Although the friction
and wear properties of several aluminium alloys in unlubricated conditions are widely investigated, the
additions of TiB2 and Gr with Al6061 composites have been limited in tensile, hardness and wear [18].
Literatures confirm that only limited work is done on the sliding wear behavior of composite with TiB2 as
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reinforcement material produced in situ [19]. The fundamental wear properties of ceramics like Al2O3, Si3N4,
ZrO2 and SiC in various contact situations showed that in mild wear [20]. The effect of sliding velocity on the
tribological characteristics of Al-B4C and Al-SiC MMCs against a commercial brake pad, it confirms that the
weight loss increases with increasing the sliding velocity [21]. It was observed that higher sliding velocity led to
lower wear rate and lower friction coefficient for both MMCs [22].

The wear results were optimized by Response Surface Methodology (RSM); in this, the relationship
between the input and output variables for an experiment can be determined by using some modelling
techniques. RSM is a blending of statistical and mathematical model tools for developing and optimizing the
process parameters [23]. RSM has become a common practice in engineering problems, and it has been used
extensively in characterization of the problems, in which the input variables influence some performance over
the output variables. RSM provides quantitative measurements of possible interactions between factors, which
are difficult to obtain using other optimization techniques. The authors have investigated the application of
RSM for the optimization of the process characteristics [24]. RSM is the right procedure to deal with the
responses influenced by multi-variables. This method significantly reduces the number of trials that are required
to respond to a model [25].

Even though many researchers attempted Al6061 with TiB2 and Gr, literatures confirm that no work is
done on optimization of wear paranters of Al6061 with TiB2 and nano Gr as reinforcement material produced in
solid and liquid phase method. In this investigation optimization of various tribological parameters of Al6061
based hybrid composites were investigated.

Materials and methods

Materials

The materials used for the present study were Al6061, TiB2 and  Gr.   The  Al  and  the  reinforcing
ingredient of the as received TiB2 powder has the particle size of 30-50 µm and 1-10 µm, the graphite particle
size varies from 25 µm to 50 µm.

Sample preparation

The  Gr  powder  was  pulverized  into  nano  scale  and  mixed  with  TiB2 and Al6061 powders using high
energy ball mill (planetary mono mill, Fritsch, Germany-Pulverisette-6) with tungsten carbide vials using 10
mm diameter tungsten carbide balls. The ball to charge weight ratio was 20:1. Milling was done at 300 rpm in a wet
medium, in the presence of toluene to prevent oxidation and agglomeration of the charges as explained in [11]. The
Al6061 and hybrid composites of Al6061 were prepared by P/M method by adding 10 wt. % of TiB2 and 2 & 4
wt. % of nano Gr after mechanical alloying. The mechanical alloying was performed for 2 hrs. During the
mixing Al, TiB2 and nano Gr were mixed in the same bowel. The cylindrical compacts were prepared from Al,
TiB2 and nano Gr powders using suitable punch and die set assembly on a Universal testing machine having 1
MN capacity. Compacting pressure was applied gradually and it was 1.2 GPa for all specimens [11]. Solid
lubricant Gr was used to lubricate the punch, die and the butt. After the compaction, the compacts were
immediately taken out from die set assembly and loaded into the furnace for sintering. To prevent oxidization,
the green compacts were initially covered with inert argon atmosphere in the furnace.

The sintering was carried out in an inert gas circulated electric muffle furnace at 550°C for a holding
period of one hour. As soon as the sintering schedule was over, the sintered preforms were cooled inside the
furnace itself to the room temperature. After the completion of sintering the preforms were cleaned by using a
fine wire brush. While preparing the compacts, the initial density of compact was 92% after sintering. The
sintered preforms were extruded by the extrusion die set assembly as explained in [11-13]. The diameter of the
specimen was reduced in different steps to get the density of extruded specimen as 99%. Wear Test

Dry sliding wear test was carried out using computerized wear testing pin-on-disc setup (Model:
DUCOM, TR- 20LE- PHM- 400) in ASTM: G99 standards. All the experiments were conducted under
atmospheric room conditions. During sliding, the load was applied on the specimen and it was brought in
intimate contact with the rotating disc at track radius of 100 mm. Wear tests were carried out in the loads 5, 10
& 15 N at a constant sliding speed of 2.61 m/s and sliding distance of 1000, 2000 & 3000 m for each test.
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During the testing the pin specimen was kept stationary and perpendicular to the disc while the circular disc was
rotated. The initial weight of the specimen was calculated from a single pan electronic weighing machine with
the precision of 0.0001 g. After each test, the counter face disk was cleaned with organic solvents to remove the
traces. The coefficient of friction was computed from the recorded frictional force and applied load. The
tribological behavior of Al6061-10TiB2 composite, Al6061-10TiB2-2Gr and Al6061-10TiB2-4Gr nano hybrid
composite was studied using the experimentally derived friction and the wear data.

Surface Response Methodology

The field of RSM consists of the experimental strategy for exploring the space of the process or
independent variables and empirical statistical modelling, to develop an appropriate approximating relationship
between the response and the process variables to develop empirical relationships to predict and optimize the
wear rate  and COF of  the TiN coated surface.  Important  parameters  that  influence the specific  wear  rate  and
coefficient of friction were identified from literature. They are the % of nano Gr (A), Load (B), and sliding
distance (C). For the selected input parameters, the second order polynomial regression equation used to
represent the response surface ‘Y’ is given by ref. [29].

Wear rate =f (A, B, C)  (1)
COF = f (A, B, C)  (2)
Y =b0+∑bixi+∑biixi

2+∑bijxixj+ er  (3)
And for the three factors, the selected polynomial could be expressed as
SWR or COF= b0+b1(A)+b2(B)+b3(C)+b11(A2)+b22(B2)+b33(C2)+b44(D2)+
b12(AB)+b13(AC) + b23(BC)  (4)

where b0 is  the  average  of  the  responses,  and  b1,  b2.  .  .  b23 are the coefficients that depend on the
respective main and interaction effects of the parameters.

Results and discussion

Mathematical modelling and optimization

The results of the specific wear rate and COF are consolidated after the wear test, for the mathematical
modelling and optimization through MINITAB 14 software. The experiment is designed according to the
selected three factors with three levels, and it is given in Table 1 as explained in [25].

Table 1 Input levels of the wear parameters

S. No Parameters Low Medium High
A Nano Gr (%) 0 2 4
B Load  (m/s) 5 10 15
C Sliding distance (m) 1000 2000 3000

The RSM trials of the randomized design table are shown in Table 2. This table is plotted for “Three-
level Full factorial L20” using the Central Composite Design. It shows the response of the wear mass loss and
COF, with respect to the independent factors such as % of nano Gr, load and sliding distance. The optimization
is  based  on  the  “Smaller  the  best”  concept,  so  that  the  parameters  with  the  lowest  wear  rate  and  COF  are
considered as optimum. From this table, the counter graphs are plotted to identify the response; the plots are
based on various combinations of the independent variables.
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Table 2 Analytical table of responses for the independent variables

Trail A B C Wear Mass Loss (g) COF
1 -1 1 1 0.00305 0.242
2 0 0 1 0.00278 0.484
3 1 -1 1 0.00227 0.513
4 1 1 1 0.00596 0.542
5 0 0 0 0.00204 0.515
6 0 0 0 0.00204 0.525
7 0 0 0 0.00208 0.514
8 1 -1 -1 0.00278 0.274
9 0 0 0 0.00268 0.455
10 0 -1 0 0.00212 0.553
11 0 0 -1 0.00284 0.456
12 0 1 0 0.00336 0.322
13 0 0 0 0.00204 0.515
14 -1 1 -1 0.00255 0.184
15 -1 -1 1 0.0029 0.138
16 1 1 -1 0.00395 0.438
17 0 0 0 0.00204 0.517
18 -1 -1 -1 0.00217 0.231
19 1 0 0 0.00212 0.417
20 -1 0 0 0.0031 0.475

Checking of data and adequacy of model

The normality of the data was assessed by means of the normal probability plot. The normal probability
plot  of  the  residuals  for  the  wear  mass  loss  and  COF is  shown  in  Fig.  1  (a)  &  (b)  respectively.  The  normal
probability plot for the wear mass loss and COF reveals that the residuals fall in a straight line. This means the
errors are distributed normally. The Independence of the data was tested, by plotting a graph between the
residuals, and the run order for a specific wear rate confirms that there was no predictable pattern observed,
because all the run residues lay on or between the levels.
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Fig. 1(a) Input data analysis plot for the specific wear rate
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Fig. 1(b) Input data analysis plot for the COF

Estimated regression coefficients for the specific wear rate and COF

Table 3 shows the estimated regression coefficients for the wear mass loss. This table shows the wear
mass  loss  of  the  possible  influencing  terms  parameters  discussed,  and  its  effects  are  estimated.  From  the
regression equation of wear mass loss (Equation 5), it was confirmed that the most influencing parameter for
the wear mass loss is the % of nano Gr and load compared to distance. The significance of the developed model
was tested, using the Analysis of Variance (ANOVA) technique. The determination coefficient (R2) indicates
the goodness of fit of the model [26]. In this case, the value of the determination coefficient (R2 = 89.2%)
indicates that only less than 5% of the total variance is not explained by the model. The value of the adjusted
determination coefficient (adjusted R2 = 80.5%) is also high, which indicates the high significance of the model.

Wear mass loss est = 0.00565591 - 6.29955E-04*A - 3.70514E-04*B - 2.02107E-06*C + 5.51136E-05*A*A +
1.40182E-05*B*B + 4.20455E-10*C*C + 5.41250E-05*A*B + 1.68750E-08*A*C +
5.72500E-08*B*C (5)

Table 3 Estimated regression coefficients for the wear mass loss

Term Coef SE Coef T P
Constant 0.002248 0.0002 11.257 0
Nano Gr 0.000331 0.000184 1.802 0.102
Load 0.000663 0.000184 3.61 0.005
Sliding distance 0.000267 0.000184 1.454 0.177
Nano Gr*Nano Gr 0.00022 0.00035 0.629 0.543
Load*Load 0.00035 0.00035 1.001 0.341
Sliding distance*Sliding distance 0.00042 0.00035 1.2 0.258
Nano Gr*Load 0.000541 0.000205 2.636 0.025
Nano Gr*Sliding distance 0.000034 0.000205 0.164 0.873
Load*Sliding distance 0.000286 0.000205 1.394 0.194

Table  4  shows  the  estimated  regression  coefficients  for  the  COF.  This  table  shows  the  COF  of  the
possible influencing parameters discussed and its effects were estimated. From the regression equation of COF
(Equation 6), it was inferred that the most influencing parameter in the COF is sliding distance, rather than the
load and % of nano Gr. In this case, the value of the determination coefficient (R2 =84.3%) indicates that only
less  than  5 % of the total variance is not explained by the model. The value of the adjusted determination
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coefficient (adjusted R2 =81.1%) is also high, which indicates that the predicted R2 is also in good agreement
with the adjusted R2.

COFest = -0.0658091 + 0.0494045*A + 0.0573436*B + 0.000158168*C - 0.0169886*A*A - 0.00305818*B*B -
4.39545E-08*C*C + 0.00170000*A*B + 2.36250E-05*A*C + 4.00000E-07*B*C

            (6)

Table 4 Estimated Regression Coefficients for COF

Term Coef SE Coef T P
Constant 0.509682 0.03176 16.048 0
Nano Gr 0.0914 0.02922 3.128 0.011
Load 0.0019 0.02922 0.065 0.949
Sliding distance 0.0336 0.02922 1.15 0.277
Nano Gr*Nano Gr -0.06796 0.05571 -1.22 0.251
Load*Load -0.07646 0.05571 -1.372 0.2
Sliding distance*Sliding distance -0.04396 0.05571 -0.789 0.448
Nano Gr*Load 0.017 0.03266 0.52 0.614
Nano Gr*Sliding distance 0.04725 0.03266 1.447 0.179
Load*Sliding distance 0.002 0.03266 0.061 0.952

Interaction effect of the wear mass loss and COF

Fig. 2(a) shows the contour plots of the the wear mass loss corresponding to the input parameters, using
Minitab. The various regions are used to identify the interaction effect with the help of changes in the contour
plot. The interaction plot has been made for the % of nano Gr, load and sliding distance for the corresponding
response value of the specific wear rate. It was inferred that the wear mass loss increases with the increase in
Nano Gr (wt. %) and load. The maximum wear mass loss was identified at the maximum loading condition with
4 wt. % of nano Gr.
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Fig. 2(a) Contour plots of the wear mass loss
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The 2D contour map of the COF is shown in Fig. 2(b). The various regions in the plot are easily
identified with the help of changes in the colour of the contour plot. The plot was made between % of nano Gr,
load and sliding distance for the corresponding response value of COF. The nano Gr influences much on COF
compared to other parameters. The increase in nano Gr increases the COF with constant loading condition
which was due to increase in reinforcement leads to three body mechanism.

ANOVA for the specific wear rate and COF

The ANOVA for the specific wear rate was done and tabulated in Table 5. From that, it was inferred
that the p value is smaller than 0.5. It confirms that the developed model has 95 % confidence level, and we can
use the developed model for future application [27]. Also, the P value is less (0.05) compared to the F value. It
confirms that the developed models are adequate, and the predicted values are in good agreement with the
measured data.

Table 5 Analysis of variance for the wear mass loss

Source DF Seq SS Adj SS Adj MS F P
Regression 9 0.000013 0.000013 0.000001 4.23 0.017
Linear 3 0.000006 0.000006 0.000002 6.13 0.012
Square 3 0.000004 0.000004 0.000001 3.6 0.054
Interaction 3 0.000003 0.000003 0.000001 2.97 0.083
Residual
Error

10 0.000003 0.000003 0

Lack-of-Fit 5 0.000003 0.000003 0.000001 9.1 0.015
Pure Error 5 0 0 0
Total 19 0.000016

The ANOVA result for the coefficient of friction is shown in Table 6, which indicates that the
predictability of the model for COF is at 95% confidence level. The predicted response fits well with the
experimentally obtained responses. A coefficient of determination shows that equation (7) is highly reliable.
Further, the computed F value is greater than the p value, suggesting that the treatment is significant. Hence, the
proposed model is a correct one. The ‘p’-value is less than 0.05, which indicates that the model is statistically
significant.
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Table 6 Analysis of variance for the COF

Source DF Seq SS Adj SS Adj MS F P
Regression 9 0.246303 0.246303 0.027367 3.21 0.042
Linear 3 0.094865 0.094865 0.031622 3.7 0.05
Square 3 0.131233 0.131233 0.043744 5.13 0.021
Interaction 3 0.020205 0.020205 0.006735 0.79 0.0527
Residual Error 10 0.085354 0.085354 0.008535
Lack-of-Fit 5 0.08205 0.08205 0.01641 24.83 0.002
Pure Error 5 0.003305 0.003305 0.000661
Total 19 0.331657

Optimization

The optimal parameter of the wear mass loss and COF is to be confirmed from the results of the RSM
fit  plot  (Fig.  3).  The  most  influencing  factors  on  wear  mass  loss  and  COF  are  load  and  nano  Gr  (wt.  %)
respectively. From Fig. 3, the optimal wear mass loss and COF are inferred from the plot 0.71978 which reveals
that the optimal parameters are low load (5N) and high sliding distance (3000m) for the unreinforced
composite. For the hybrid composite with 2 wt. % nano Gr obtained the minimum wear mass loss and COF at
the  same  loading  condition.  The  desirability  for  wear  mass  loss  was  96.5%  and  97.6%  for  COF  with  the
composite desirability of 97.1%.
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Fig. 3 Fit plot of the wear mass loss and COF

Conclusions

In this present research work, Al6061-10TiB2 based composites and hybrid composites were prepared
using P/M. The tribological behaviors such as wear and COF of the  hybrid composite were carried out. Based
on the present experimental and simulation work, the following conclusions are drawn:

· The hardness of the Al6061-TiB2-Gr composite was increased mainly due to the weight percentage of the
TiB2 and Gr. The hardness increased with addition of reinforcements of TiB2 & nano Gr with Al6061
matrix.

· For all the loads and the sliding distances, the developed hybrid composites have good wear resistance
and coefficient of friction when compared with Al6061-10TiB2 matrix. The addition of Gr reinforcement
in Al6061-TiB2 composites increased the wear resistance of the composites.

· From the regression analysis, it was inferred that the most influencing factors on wear mass loss and COF
were load and nano Gr (wt. %) respectively.
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· The optimal parameters were low load (5N) and high sliding distance (3000m) for the unreinforced
composite and hybrid composite with 2 wt. % nano Gr for desirability level of 96.5% and 97.6% for wear
mass loss and COF respectively with the composite desirability of 97.1%.
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