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Abstract

In this research work, an effort was made to predict the dry sliding wear response of AIMg1SiCu alloy hybrid composites
which were reinforced with 10% Silicon carbide particles (SiC) together with weight fractions of 3, 6 and 9% of self-lubricant
molybdenum disulphide particles (MoS,) through melt stir casting. The wear behaviour of the hybrid composite samples
was evaluated based on Box-Behnken design on pin-on-disc tribometer without lubrication. The output response weight loss
was employed to train the neural network model in ANFIS back-propagation algorithm. The weight loss of 9% MoS, hybrid
composite reduced at low sliding speeds, due to the development of shallow sliding grooves and MoS,-lubricated tribolayer.
Scanning electron micrographs and EDS of the AIMg1SiCu alloy hybrid composites revealed a uniform distribution of SiC
and MoS, particles. The tensile strength of the as-cast hybrid composites increases as the wt.% of MoS, particles increases,
according to the tests. However, the addition of MoS, improved the hardness of the hybrid composites until it reached 6
wt.%, after which it decreased slightly. Weight loss and coefficient of friction decreased by addition of self-lubricant MoS,
in the matrix material. Worn-out surface of the hybrid composite shows the controlling wear mechanisms of the compos-
ites, and well-trained ANFIS model could accurately predict the responses better when compared with the response surface
methodology model.
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1 Introduction high stiffness, good wear resistance and low coefficient of
thermal expansion. AIMg,SiCu alloy could be reinforced
AIMgl1SiCu alloy plays an important role in the fabrica-  with ceramics particles in order to improve its specific physi-

tion of hybrid aluminium metal matrix composites (MMCs)  cal properties. Rao and Das [1] observed that inclusion of
and it is widely utilized in all types of manufacturing and  SiC particles in the aluminium alloys decreases wear rate
research fields owing to their high strength-to-weight ratio,  and the wear rate of Aluminium 10 wt.% SiC composite was
minimal. Several materials have seen their wear-resistant
properties improved by using solid lubricants such as MoS,
and graphite. The wear performance of silicon carbide par-
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Table 1 Compositions of the hybrid composites

Sample No. Specimen composition
AIMg18SiCu+10% SiC+3% MoS,
AIMg18SiCu+10% SiC+6% MoS,

3 AIMg1SiCu+10% SiC+9% MoS,

of MoS, was fabricated through the stir casting route. The
presence of MoS, composites exhibits an enormous change
in wear rate. There are many techniques available for fab-
rication of aluminium hybrid metal matrix composites like
spray, chemical vapour deposition, powder-metallurgy, infil-
tration process and in situ reaction processing along with the

Fig. 1 a Stir casing set-up,

b as-cast AIMg1SiCu+10%
SiC+3% MoS, hybrid compos-
ite, ¢ as-cast AIMg1SiCu+10%
SiC+ 6% MoS, hybrid compos-
ite, d as-cast AIMg1SiCu+10%
SiC +9% MoS, hybrid com-

posite Control panel

I - ¥
~ Graphite stirrer

melt stir casting route. Compared to all types of production
routes, the melt stir casting method is the most economical
and follows a well-known simplest technique to attain uni-
form distribution of the reinforcement particles. Graphite
particles known for their self-lubrication properties, when
reinforced with aluminium alloys have been effectively wet-
ted using the melt stir casting route [5].

So as to enhance the wear properties of the monolithic
MMC:s, solid reinforcements such as molybdenum disul-
phide (MoS,), tungsten disulphide (WS,) and graphite (Gr)
are used. In dry conditions, it has been demonstrated that the
MoS, particles perform better than Gr particles as a solid
lubricant [6].

Melting furnace

Table 2 Experimental levels of

. Process parameters Levels
the input parameters
Un-coded Coded Units Low (—1) Medium (0) High (+)
Weight fraction of A X, wt.% 3 6 9
MoS, particles
Speed B X, rpm 200 300 400
Applied load C . kg 1 2 3
Sliding distance D X, m 300 600 900
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Fig.2 a Worn-out hybrid com-
posite samples; b pin-on-disc
tribometer

The tribological behaviour of Al-Al,0;-MoS, compos-
ites which slide against the EN 32 counter face were statis-
tically analysed by Dharmalingam et al. [7] and found that
the friction coefficient and specific wear rate are strongly
affected by the inclusion of MoS, particles. The composites

of Al-Al,0;-MoS, were produced through the technique
of stir casting.

Monikandan et al. [8] have investigated the wear behav-
iour of AA6061-10 wt.%. virgin composites of B,C-MoS,
reinforced with 2.5, 5 and 7.5 wt.%. The microstruc-
tural analysis of the hybrid composites showed uniform

Table 3 Box-Behnken

; . Runs X, (%) X,(@pm) X;(kg) X, (m) Weight loss (g) Coefficient
experimental design of friction

Experi- Predicted value  Residual

mental

value
1 3(=1) 300 (0) 1(—=1) 600 (0) 0.23 0.21 0.02 0.408
2 3(=1) 300 (0) 2 (0) 300(—=1) 0.18 0.15 0.03 0.425
3 3(=1) 200(-=1) 2(0) 600 (0) 0.35 0.35 0.00 0.437
4 3(=1) 400(H++1) 2(0) 600 (0) 0.32 0.34 -0.02 0411
5 3(=1) 300 (0) 2 (0) 900 (+1) 0.58 0.56 0.02 0.429
6 3(=1) 300 (0) 3(+1) 600 (0) 0.41 0.43 -0.02 0.466
7 6 (0) 300 (0) 1(-1) 300(-1) 0.11 0.12 -0.01 0.314
8 6 (0) 200(=1) 1(=1) 600 (0) 0.33 0.32 0.01 0.328
9 6 (0) 300 (0) 1(-=1) 900H1) 0.52 0.53 -0.01 0.308
10 6 (0) 400 (+1) 1(-=1) 600 (0) 0.30 0.31 -0.01 0.254
11 6 (0) 300 (0) 2 (0) 600 (0) 0.46 0.49 -0.03 0.334
12 6 (0) 200(—=1) 2(0) 300(—=1) 0.18 0.20 -0.02 0.348
13 6 (0) 400 (+1) 2(0) 300(—=1) 0.30 0.28 0.02 0.327
14 6 (0) 200(—=1) 2(0) 900 (+1) 0.63 0.63 0.00 0.345
15 6 (0) 400 (+1) 2(0) 900 (+1) 0.67 0.64 0.03 0.331
16 6 (0) 300 (0) 3(+1) 900(+1) 0.73 0.73 0.00 0.367
17 6 (0) 300 (0) 3(+1) 300(-1) 0.38 0.36 0.02 0.359
18 6 (0) 200(=1) 3(+1) 600 (0) 0.49 0.49 0.00 0.371
19 6 (0) 400 (+1) 3(+1) 600 (0) 0.58 0.58 0.00 0.349
20 6 (0) 400 (+1) 3(+1) 300(-1) 0.38 0.39 —0.01 0.356
21 6 (0) 300 (0) 2 (0) 600 (0) 0.51 0.49 0.02 0.253
22 9(+1) 300 (0) 1(=1) 600 (0) 0.29 0.26 0.03 0.241
23 9(+1) 300 (0) 2 (0) 300(-1) 0.19 0.21 -0.02 0.259
24 9(+1) 200(=1) 2(0) 600 (0) 0.35 0.34 0.01 0.233
25 9(+1) 400++1) 2(0) 600 (0) 0.44 0.44 0.00 0.264
26 9(+1) 300 (0) 2 (0) 900 (+1) 0.56 0.59 —0.03 0.278
27 9(+1) 300 (0) 3(+1) 600 (0) 0.53 0.51 0.02 0.339
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reinforcement dispersion (MoS, and B,C). The hardness of
the composites steadily decreased as the amount of MoS,
particles added increased. The results also shown that
decrease in wear rate of the composite material could be
observed up to a sliding speed of 2 m/s, due to the forma-
tion of MoS, tribolayer, after which wear rate increases,
since the tribolayer disintegrates leading to abrasion and
delamination. High wear-resistant materials contain strong
tribolayer on the wear surface and form fine equi-axed wear
fragments under dry environment. Wear mechanisms are
system-dependent, and wear parameters basically rely on
composition of material, load applied, grain size, hardness,
sliding speed and environmental conditions [9].

Prasanta Sahoo and Shouvik Ghosh have carried out wear
tests on pin-on-disc tester and in their investigations they
selected various factors namely volume fraction, sliding dis-
tance, speed and applied load [10]. During the wear experi-
ments, the wear rate was measured as an output response

parameter and the wear of samples depends on the input
parameters which are reinforcement weight fraction, slid-
ing distance, applied load, speed, reinforcement particle size
and type. The relationship between input parameters and
wear rate has been determined through some statistical and
numerical techniques. The majority of the researchers’ pre-
ferred Taguchi method and applied factorial design method
to examine the wear characteristics of aluminium hybrid
composites [11-13]. The statistical approach such as RSM
allows determining the input parameter—output response
relationships more accurately. In RSM technique, most of
researchers utilize the central composite design for dry slid-
ing wear on MMCs [14]. However, nonlinear modelling of
wear prediction of aluminium hybrid composites using Box-
Behnken design has been reported rarely.

Manjunath et al. [15] studied that input—output relation-
ships in Box-Behnken design (BBD) and central composite
design (CCD) models on wear performance of squeeze cast

Fig.3 a ANFIS general
structural design, b complete
structure of ANFIS design for
trained weight loss model
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Table 4 Error functions and its equations

Error function Equation
Root mean square error VI Y=Y, 2
RMSE= n
Mean absolute error (%) P <
ﬁ 2 Yt,e - Yi,p|
MAE=" i=i

Standard error of prediction (%) SPE (%) =R11‘;’J % 10

Model predictive failure (%) 100 & | v,
MEP (%)= " =1l Yo
Coefficient of determination (R?) T (Vp=Yio)

R2=XL,(¥,,-Y.)?
Chi-square statistic (y 2) i (Y, =Y
2

X =i=1 Yivl)

aluminium hybrid composites. The result revealed that Box-
Behnken design was superior to the CCD model in predict-
ing the density of casting. Most of the literature focused
on the CCD models for predicting wear performance of

SEM HV: 12.0 kV
SEM MAG: 662 x Det: BSE 50 pm

Date(m/dly): 03/01/21 MIT ANNA UNIVERSITY

'R O
SEM HV: 12.0 kV

SEM MAG: 1.17 kx
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aluminium hybrid composites. ANFIS is a fuzzy system of
inference that can be used in models of neural networks to
predict the wear loss of Al-SiC composite [16]. RSM was
used to develop the mathematical model. The model’s input
factors are wt.% of reinforcement, particle size, load, slid-
ing speed and sliding distance, whereas wear loss of Al-SiC
MMCs was considered as the output response. The experi-
mental data were compared with the ANFIS model. The
performance of wear rate prediction of AI-SiC MMCs by
ANFIS model was found to be effective. Velmurugan et al.
[17] predicted the volume loss of heat treated aluminium
alloy 6061 metal matrix composites, fabricated by stir cas-
ing process, using the ANN method. The results indicated
that the constructed mathematical model is consistent and
precise in predicting the volume loss.

In a recent study, an L, orthogonal array was built using
Taguchi design and a hybrid grey relational analysis com-
bined with RSM was employed to design the experiments.
The coefficient of friction, wear rate of pin and frictional

SEM HV: 12.0 kV
SEM MAG: 724 x

15.09 mm
Det: BSE 50 ym
Date(m/dly): 03/01/21

MIT ANNA UNIVERSITY
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Fig.5 a—c SEM micrograph and EDS plot of a 3 wt.% MoS, hybrid composite, b 6 wt.% MoS, hybrid composite, ¢ 9 wt.% MoS, hybrid com-
posite, highlighting the presence of intermetallic phases that were formed after the stir casting process

force were considered for analysis and the optimal setting
of the experiments was predicted, through the analysis [18].

The objective of the current study is to compare the mod-
els of RSM and ANFIS to predict the weight loss of stir cast
AA6061/10% SiC/3%, 6% and 9% MoS, hybrid composites
and to compare the effectiveness of the RSM and ANFIS
models. Based on the literature, SiC weight fraction was
held constant at 10%, in order to improve mechanical prop-
erties and different weight fractions of MoS, (3, 6 and 9%)
were selected for the present study in order to find the effect
of wt.% of MoS, particles on the weight loss of the hybrid

composites [8, 12]. It is decided to conduct the experimental
runs using Box-Behnken experimental design to record the
weight loss corresponding to the input parameters such as
percentage of reinforcement (3, 6 and 9% MoS,), sliding
distance (300, 600 and 900 m), applied load (1, 2 and 3 kg)
and speed (200, 300 and 400 rpm). Apart from optimization
techniques, a thorough investigation about the under lying
mechanisms behind the wear behaviour, mechanical proper-
ties, worn-out surface morphology and distribution of rein-
forcements in the matrix of the hybrid composites are also
proposed. Very limited papers are available in modelling
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Fig. 6 Hardness and maximum
strain of as-cast AIMg1SiCu
alloy and hybrid composites

Maximum Strain

As cast
AlMg1SiCu

the dry sliding wear response of the aforementioned hybrid
composites (which includes molybdenum disulphide) com-
pared to other solid lubricants.

2 Experimental Work
2.1 Materials and Stir Casting

The continuous phase used for the hybrid MMCs in the pre-
sent work is aluminium alloy AIMg1SiCu. These cast alloys
are mostly used in aerospace and structural applications due
to their corrosion resistance and cast-ability. Silicon carbide
(SiC) and molybdenum disulphide (MoS,) particles were
added into the matrix material to increase the hardness, wear
resistance and lubricity. The stir casting method was chosen
for the fabrication of the aluminium hybrid composites in
which preheated reinforcing materials such as silicon car-
bide and molybdenum disulphide were included into the
molten matrix pool with the use of a mechanical stirrer. In
order to control accumulation of SiC and MoS, particles,
impeller position of the stirrer was kept at about one third
of the height of the melt from the bottom of the crucible.
The molten matrix alloy was stirred for time duration of
about 10 min by the action of the stirrer. The speed of the
mechanical stirrer was kept at 600 rpm. The molten melt was
transferred to the cast iron moulds at 600 °C. This method is
similar to the composite fabrication route preferred by previ-
ous researchers [19, 20]. The compositions of the fabricated
aluminium hybrid composites are shown in Table 1. The

I Maximum Strain [l Hardness (BHN)

- 100

785 80.3

Hardness (BHN)

AIMg1SiCu + AIMg1SiCu + AIMg1SiCu + AIMg1SiCu +
10%SiC

10%SiC +
3%MosS,

10%SiC +
6%MoS,

10%SiC +
9%MosS,

Material Composition

photographs of the stir casting set-up and cast samples for
different composition are shown in Fig. la—d.

2.2 Wear Tests

Box-Behnken design (BBD) was used to design the wear
experiments. The input parameters are weight fraction of
MoS, particles (X,), speed (X,), applied load (X;) and slid-
ing distance (X,). Their corresponding levels used in this
investigation are given in Table 2.

Each input parameter was varied at three different levels
(=1, 0,+ 1). After fabrication of cast hybrid composites,
test samples with 10 mm diameter and 30 mm length were
machined for wear studies as shown in Fig. 2a. Dry sliding
wear tests were performed as per ASTM G99-95 standard
using a pin-on-disc tribometer as shown in Fig. 2b. The test
runs were performed by rubbing the test specimen against
a rotating disc of EN-32 steel with surface roughness, R,
0.1 and having hardness of 63 HRC under dry conditions
[18, 21].

Before testing, the samples and the disc surface were
cleaned with acetone. The weights of the specimens were
measured to calculate the wear loss. Due to wide range of
parameters, it was planned to take the common input param-
eters like speed, applied load, sliding distance and weight
fraction of the reinforcements. The tests were conducted
[13] at a relative humidity of 30% and ambient temperature
of 30 °C, with three trials and the average test result was
taken for weight loss from the pin-on-disc tester. The input
levels of wear parameter design matrix and corresponding
responses are given in Table 3.

%
&7 @ Springer
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Fig.7 a—c a Tensile strength and elasticity modulus of as-cast AIMg1SiCu alloy and hybrid composites, b stress strain curves of as-cast AIMg-
1SiCu alloy and hybrid composites, ¢ SEM image of 9 wt.% MoS, hybrid composite

2.3 Hardness Test

The hybrid metal matrix composite specimens were polished
using abrasive sheets of standard grit sizes (400-1000).
Hardness was measured using a Brinell hardness tester for
both mono and hybrid metal matrix composite specimens.
A test force of 500 kg was applied using the carbide ball

&) Springer

indenter for a period of 15 s at five different positions on the
surface of the specimens as per ASTM E10-18 [22].

2.4 Tensile Test
According to ASTM ES8 standard, tensile test was carried

out at ambient conditions on the test samples of diameter
of 10 mm and a gauge length of 60 mm using an automated
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(a) (b)

Fig. 8 a-f Worn-out surface morphology of: a 3% MoS, hybrid com-
posite applied with load 1 kg, b 3% MoS, hybrid composite applied
with load 3 kg, ¢ 6% MoS, hybrid composite applied with load 1 kg,
d 6% MoS, hybrid composite applied with load 3 kg, e 9% MoS,
hybrid composite applied with load 1 kg, f 9 wt.% of MoS, hybrid
composite applied with load 3 kg
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3%MoS, 6%MoS, 9%MoS,
Material Composition
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Fig.9 Schematic diagrams showing the mechanism of delamination
and wear debris formation. a Contact of pin (wear sample) and disc
surface, b formation of MoS, lubricated tribolayer consisting of 1.
AlMgl1SiCu alloy, 2. SiC, 3. MoS,, ¢ 4. Platelet-shaped delaminated
debris and 5. Micro-cracks on SiC particles

servo system. To reduce the machining marks and their
effects on the specimen, the test specimens were prepared
by rubbing on SiC emery sheet of 1200 grit size.

2.5 Micro Structural Evaluation

Scanning electron microscopy was used to examine the
distribution of particulates within the matrix. The Keller’s
reagent was applied as the etchant on the samples to expose
the grain boundaries of the composite at micron level. JOEL
scanning electron microscope (Model: JSM 6390) was used
to observe the microstructure.

2.6 Mathematical Modelling Using Response
Surface Methodology

In this work, RSM was used to evaluate the direct and com-
bined influence of weight fraction of MoS, (X)), speed (X,),
applied load (Xj3), and sliding distance (X,) as independent
variables on the weight loss of the aluminium hybrid com-
posites. The weight loss is the dependent variable of the
hybrid composites, which is to be optimized. The values of
the input variables were translated to a coded value of x; for
the statistical technique using Eq. 1.

x = X% (1)
i~ TAX,

where

The actual values of an input variable, the output response
variable at the centre point and the phase shift value are rep-
resented by x;, x,, and Ax,, respectively. Table 2 shows the
levels of the parameters. Small, moderate, and high coded
values for each parameter were labelled as—1, 0 and+ 1,
respectively.

Twenty-seven experimental runs were designed and
are presented in Table 3. A second-order polynomial was
employed to fit the output response and to derive the math-
ematical correlation of the input parameters and the output
response as per Eq. 2 [30].

k

k k k-1
V=hy o+ Dbt LA T Y e @
i=1 i=1

i=1 j=2

where

Y is the predicted output response (weight loss), f, is
the model constant and pB;, f; and f3; are linear coefficient,
quadratic coefficient and interaction coefficient, respectively.
x; and x; are input parameters, where i and j are the index
numbers and i <j condition should be considered for (x;x;)
interaction term. The k is the number of factors and e repre-
sents the statistical error.
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Table 5 ANOVA results

ANOVA for response surface quadratic model—analysis of variance table

Source Sum of squares Dof Mean squares F Value  p-value Prob>F

Model 0.674289 14 0.048163 62.61907 <0.0001 Significant
A-composition  0.005586 1 0.005586 7.262574 0.0195

B-speed 0.003201 1 0.003201 4.161934 0.0640

C-load 0.017636 1 0.017636 22.92952 0.0004

D-distance 0.010795 1 0.010795 14.03531 0.0028

AB 0.0036 1 0.0036 4.680489 0.0514

AC 0.0009 1 0.0009 1.170122 0.3006

AD 0.000225 1 0.000225 0.292531 0.5985

BC 0.003104 1 0.003104 4.035118 0.0676

BD 0.001193 1 0.001193 1.550414 0.2368

CD 0.000573 1 0.000573 0.74538 0.4049

AN2 0.037012 1 0.037012 48.12009 <0.0001

B”2 0.004165 1 0.004165 5.415538 0.0383

cn2 0.005677 1 0.005677 7.38148 0.0187

D2 0.001618 1 0.001618 2.103014 0.1726

Residual 0.00923 12 0.000769

Lack of fit 0.00798 11 0.000725 0.580349 0.7840 Not significant
Pure error 0.00125 1 0.00125

Corr. total 0.683519 26

The ANOVA was performed to identify significant factors
in a developed model. The main purpose of ANOVA was to
categorize the key factors and to identify the most signifi-
cant factor and also if the experiment results are adequate.
If p-value of a factor is less than 0.05, the factor is consid-
ered to be significant [7, 12, 15]. Design-Expert software
(8.0.7.1) was used for mathematical modelling.

2.7 Adaptive Neuro-Fuzzy Inference System (ANFIS)

ANFIS is a fuzzy interrelated inference method which is
applied to the framework of an adaptive neural network.
From ANFIS general structural design (Fig. 3a), it is exam-
ined that the given values of the principle parameters, on the
whole output function, can be addressed as a linear group-
ing of the resulting parameters. Based on this information a
hybrid learning rule is taken here, which will come together
as a gradient descent and the least squares method is used
to find out the precursor parameters. The complete structure
of ANFIS design for trained model is shown in Fig. 3b [24].

2.8 Comparison of RSM and ANFIS models

The prediction accuracy and fitting of the developed mod-
els were evaluated by analyses of model predictive error
(MPE), standard error of prediction (SEP), root mean square
error (RMSE), mean absolute error (MAE), coefficient of
determination (R?) and Chi-square statistic (;(2) between

@ Springer

experimental and predicted data. The error functions and
their equations are listed in Table 4.

3 Results and Discussion
3.1 Microstructural Analysis

Figure 4a—c shows the dispersion of reinforcement parti-
cles in the AIMg1SiCu hybrid composites [7, 10, 23]. The
melting point of SiC particles is very high compared with
base material, and hence, they are partially solidified in the
base material and appear as small plate-like structure. In
addition to that, secondary ceramic strengthening particu-
lates such as MoS, (soft materials) are used as lubricants to
enhance the wear properties. The matrix phase is a-phase
which comprises of the Al/SiC composition, and the SiC
particles were found to resemble small plate-like structure.
The secondary phase is f-phase (MoS, particles), which are
found to be globular in nature. Due to that reduction in grain
refinement has been observed and hence the mechanical
properties increases significantly. No agglomeration of SiC
and MoS, particles in the mixture could be observed from
the micrographs. Also, the MoS, and SiC particles were
identified based on the backscattered electron micrograph.
The image reveals uniform mixture of aluminium, silicon
carbide and molybdenum disulphide over the AIMg1SiCu
matrix [31, 32].
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A:Weight fraction of MoS2 particles = 8.99972

200 400

B:Speed = 221.091

T

1 3

C:Applied load = 1

300 900

D:Sliding distance = 300.577

e

0.1 073

weight loss = 0.146441

Desirability = 0.920
Solution 94 out of 100

Fig. 10 Desirability ramp function plot for weight loss of hybrid composites

The surface EDS of the AIMglSiCu/silicon carbide/
molybdenum disulphide composite samples is shown in
Fig. 5a—c. High intensity peaks are observed for aluminium
and its functional elements such as molybdenum, silicon,
manganese, magnesium and iron. The additional impurities
such as oxygen, nitrogen and carbon are recorded with low
peaks. EDS elemental plot endorses the presence of alumin-
ium, silicon, molybdenum and sulphur. The different phases
formed during stir casting were identified from the EDS spot
analysis. Intermetallic phases such as Al,C; and MoC, were
observed within the AIMg1SiCu matrix.

3.2 Hardness

Figure 6 indicates the influence of wt.% of reinforcements
on the hardness of the different composite samples. It is
observed that hardness of the reinforced composites is
greater than the hardness of the base alloy and it steadily
increases with increasing addition of reinforcement parti-
cles up to 9 wt.% of MoS, and further decreases upon addi-
tion of MoS, particles, but the strain value of the composite

specimens steadily increases with the increase in addition
of MoS,. The lubrication property is due to the addition of
particles. Particles of MoS, stimulate fast grain movement
along the slip planes, thereby causing the sample to deform
freely beneath the indenter [20].

3.3 Worn-out Surface Morphology

Scanning electron microscopic analysis was used to study
the worn-out surfaces and to reveal the wear mechanisms
involved in the AIMg1SiCu/silicon carbide/molybdenum
disulphide hybrid composites. Figure 7a and b illustrates
the worn-out surface of 3% MoS, composites while apply-
ing with 1 kg and 3 kg loads, respectively. During sliding,
the removal of material occurs on the contact surface of
the pin, in the form of plate-shaped particles, resulting in
the development of shallow craters with grooves across its
surface. When the worn-out surface of 6% MoS, composites
was applied with a load of 3 kg (Fig. 7c) along with rise
in sliding speed, small debris was produced. The detached
particles (shown as dotted circle) are observed on the contact
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Solution 1 out of 100

Fig. 11 Desirability ramp function plot for coefficient of friction of hybrid composites

surface of the sample. Because of this wear mechanism, the
propagation of the crack could be observed as shallow slid-
ing grooves (shown with dotted arrow) (Fig. 7d). With the
increase in sliding speed, abrasion marks on the worn pin
surface may also be seen. The abrasion caused cross-hatch-
ing and heavy damage (shown with an arrow) on the surface
of the worn pin during maximum load condition at 3 kg.
With the development of these cross-hatchings, platelet-
shaped delaminated debris was formed.

While sliding, the plastic deformation at the subsurface
makes the MoS, particles to stick to the worn-out surface of
the pin and develops micro-cracks on SiC particles which
ultimately causes them to break into fine particles. Sannino
and Rack [25] observed similar type of cracking in ceramic
particulates in their work, for a standard tribo-couple dur-
ing sliding. In Fig. 7e—f, a tribolayer could be perceived on
the worn-out surface of 9% MoS, composites. MoS, parti-
cles crushed, smudged and mixed with debris on the surface
of contact are then moved backward and forward between
the tribo-couple with debris results in the formation of
MoS,-lubricated tribolayer [7] which results in the absence
of delamination or adhesion, but shallow grooves along
the direction of sliding on the worn-out surface. Smoother
worn-pin surface was attained for 9% MoS, hybrid com-
posite, because of the shallow sliding grooves as shown in
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Fig. 7f. The weight loss of the hybrid composite at low slid-
ing speeds is significantly lesser due to the MoS,-lubricated
tribolayer formation, but at high sliding speeds, delamina-
tion and abrasion wear mechanisms are being induced [8,
23-28].

Also, the AIMg1SiCu/silicon carbide/molybdenum disul-
phide hybrid composites with the increase in sliding speed
exhibited a decrease in the coefficient of friction due to the
presence of MoS,-lubricated tribolayer (solid lubricant). An
increase in friction coefficient was observed on the worn
pin surface due to the severe destruction caused by platelet-
shaped delaminated wear debris (Fig. 8a—c).

3.4 Tensile strength

Tensile strength and elastic modulus of the AIMg;SiCu/sili-
con carbide/molybdenum disulphide hybrid composite are
presented in Fig. 9. It is clear from the plot that the tensile
strength of hybrid composites increases with the increase
in wt.% of MoS, particles, but the elastic modulus shows
a decreasing trend. One of the reasons for the decrease in
the elastic modulus of the hybrid composites is due to the
elastic deformation on the grain boundaries. SEM images of
the worn-out surfaces (Fig. 7f) show that bonding between
coarse particles with longer shallow craters is stronger when
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compared to finer particles. Increase in the presence of shal-
low craters and shallow sliding grooves reduce the elastic
modulus of the hybrid composites gradually, which leads to
increase in tensile strength of the hybrid composites com-
pared to as-cast AIMg1SiCu alloy (Fig. 9) [4]. Maximum
tensile strength and minimum elastic modulus were obtained
for 10 wt.% SiC and 9 wt.% MoS, hybrid composite.

3.5 Mathematical Modelling and ANOVA

The RSM was proposed (Table 3) as the second-order quad-
ratic mathematical model to describe the effect of the input
parameters on the weight loss. The mathematical model con-
sists of a constant term, four linear terms and four quadratic
terms, and six interaction factors. The effects of these terms
of the developed model on the weight loss are stated with
positive or negative sign. It was observed that the mathe-
matical equation had a coefficient of determination R square
value of 0.98. The R square value can be used to determine
if the predicted values were in line with the experimental
values.

Wear loss = (=0.86571) + (0.095398 = A1)
+ (L.21224E — 3 % B1) + (0.16354 = C1)
+(1.19337E — 3 % D1) + (1.00000E — 4 * A1 * B1)
+ (5.00000E — 3 = Al  C1) — (8.33333E — 6 * Al * DI)
+ (2.63063E — 4 « Bl % C1) — (5.43544E — 7 = B1 % D1)
— (3.76877E — 5 % C1 % D1) — 0.010195 * A1 A1)
— (2.98536E — 6 * Bl * B1)
—(0.034854 % C1 % C1)
— (2.06707E — 7 % D1 * D1)

3)

ANOVA test was performed to validate statistical signifi-
cance of the developed model equation. The adequacy of the
developed mathematical model as well as the significance of
each term in the model was found from the ANOVA results
(Table 5). Fischer’s test values (F-values) and p-values
derived from Fischer’s test were used to verify the signifi-
cance of the models. The associated F-values of the devel-
oped model were at 95% significance level, according to
the ANOVA study. The F-values revealed the sufficiency of
the model. Furthermore, p-value of developed model was
lower than 0.05. The findings showed that the above model
is capable of predicting weight loss in the range of the vari-
ables tested [29].

According to the ANOVA study presented in Table 5, it
was observed that the p-values of weight fraction of MoS,,
speed, applied load and sliding distance terms obtained from
weight loss are lesser than 0.050. These terms indicate that
they are important model terms for weight loss in hybrid
composites. However, the some of the terms have p-values
greater than 0.050, indicating that they have a negligible
effect on the developed model. Desirability ramp func-
tion plot (main effects plots for optimization) for achiev-
ing optimum weight loss is shown in Fig. 10, which can be
employed to get the optimum weight loss in terms of weight
fraction, sliding distance, sliding speed and applied load.

From this plot, an optimum weight loss of 0.146 g could
be achieved for weight fraction of 8.999 wt.% of MoS,,
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Tab!e 6 ANFIS Training and Experimen-  wt.% of Speed (rpm) Load (kg) Sliding dis- ~ Weight loss (g)

testing data tal run MoS, (%) tance (m) -

Experimental ANFIS

2 3 300 2 300 0.18 0.182
3 3 200 2 600 0.35 0.354
5 3 300 2 900 0.58 0.582
6 3 300 3 600 0.41 0414
7 6 300 1 300 0.11 0.113
8 6 200 1 600 0.33 0.335
9 6 300 1 900 0.52 0.522
11 6 300 2 600 0.46 0.464
13 6 400 2 300 0.3 0.32
14 6 200 2 900 0.63 0.633
15 6 400 2 900 0.67 0.674
16 6 300 3 900 0.73 0.732
17 6 300 3 300 0.38 0.384
18 6 200 3 600 0.49 0.493
19 6 400 3 600 0.58 0.587
20 6 400 3 300 0.38 0.382
22 9 300 1 600 0.29 0.295
23 9 300 2 300 0.19 0.194
24 9 200 2 600 0.35 0.358
25 9 400 2 600 0.44 0.444
26 9 300 2 900 0.56 0.566
1 3 300 1 600 0.23 0.235
4 3 400 2 600 0.32 0.322
10 6 400 1 600 0.3 0.31
12 6 200 2 300 0.18 0.182
21 6 300 2 600 0.51 0.485
27 9 300 3 600 0.53 0.531

applied load of 1 kg, sliding speed of 221.091 rpm and
applied sliding distance of 300.577 m, with a total desir-
ability of 0.920 could be achieved.

Along with wear loss, coefficient of friction (CoF) was
also analysed with an aim of minimizing it as it is a measure
of reducing the friction between the sliding surfaces. Desir-
ability ramp function plot (main effects plots for optimi-
zation) for achieving minimum weight loss and minimum
CoF is shown in Fig. 11, which can be employed to get the
optimum sliding distance, sliding speed and applied load
apart from the predicted values of output. From this plot,
an optimum coefficient of friction of 0.233 and optimum
weight loss of 0.144 g could be achieved for weight fraction
of 8.999 wt.% of MoS,, applied load of 1 kg, sliding speed of
216.023 rpm and applied sliding distance of 300.108 m, with
a total desirability of 0.960 could be achieved. With increase
in applied load, the coefficient of friction and weight loss
of the composite increases. Coefficient of friction showed a
decreasing trend with increasing sliding speed and weight
fraction of the MoS, reinforcement. The presence of MoS,

particles significantly reduced the coefficient of friction and
weight loss of the AIMg1SiCu alloy hybrid composites.

The comparison between the experimental results and the
predicted outputs are shown in Fig. 12. Also, it presents the
normality plot on the weight loss of the composites which
reveals that the developed model is adequate.

The surface plots (RSM) (Fig. 13a—f) indicate that applied
load and sliding distance are the most dominant factors on
the magnitude of weight loss of the fabricated hybrid com-
posites. The remaining factors, namely speed and weight
fraction of MoS,, was the least significant when compared
to other factors. Figure 13d clearly demonstrates that the
applied load has more effect on the weight loss of the hybrid
composites. The presence of reinforcement on the fabricated
composite Fig. 13a—c confirms that reinforcement wt.% of
9% MoS, possess less weight loss when compared with 3%
and 6% wt.% MoS,.
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3.6 ANFIS Data Analysis: Prediction-Modelling
for Weight Loss

The ANFIS-based prediction model has been developed
for weight loss of stir cast AIMg1SiCu/SiC/MoS, hybrid
metal matrix composite. The input variables with different
levels are given in Table 2. A 4-factor-3-level BBD design
(Table 3) was employed in these tests. The entire experimen-
tal data set was divided into training, testing and checking
data sets.

Along with these 27 data sets, 21 sets have been used
for training data and remaining 6 sets as testing data. Three

Gaussian type-subclustering membership functions has been
selected for input as shown in Fig. 3a and linear type mem-
bership function has been used for output during the genera-
tion of fuzzy inference system. Then, the accuracy of the
proposed model using six set of testing data is presented as
shown in Table 6. The developed model structure of ANFIS
is shown in Fig. 3b.

ANFIS surface plot analysis on weight loss of the hybrid
composites is shown in Fig. 14a—f. From Fig. 14a—c it was
found that the applied load and sliding distance were the
most dominant factors which influence the weight loss.
The weight fraction of MoS, and speed were found to have
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Table 7 Comparison between RSM and ANFIS results

Statistical parameters

Weight loss (g)

RSM ANFIS
Error prediction 5
RMSE 0.000169 1.15741E—-05 = [ ANFIS Predicted
MAE 0.001852 0.000926 DS: T RsM ?redicted
SEP (%), 0.041364 0.002840909 I Experiemental Value
MPE (%) 0.696831 0.190913
R? 0.98 0.99
X’ 8.45594E - 06 2.10917E-06
Model summary
Computational time Short Long 00 o1 02 o4 05 06
Experimental domain Regular Irregular or regular
Understanding Easy Moderate
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Fig. 15 ANFIS set of rules of testing data for weight loss
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less influence on wear of these hybrid composites. From
Fig. 14d—e, it was observed that wt.% of 3% MoS, and 9%
MoS, are prone to less wear when compared to 6% MoS,
weight fraction. This result indicates that up to 9% MoS,
weight fraction, the hybrid composite exhibits less wear and
if increasing gradually up to 6% MoS, wt.%, results in high
wear. At wt.% of 6% MoS,, there is a slight drop in weight
loss when compared to 9% MoS,.

The predicted values by ANFIS and RSM models are
presented in Table 7. By employing the general statistical
analysis, different parameters such as RMSE, MAE, SEP,
MPE, coefficient of determination (R?) and Chi-square sta-
tistic (y2) has been evaluated by equations in Table 4 to
match the results.

A sample set of rules for prediction of wear of the hybrid
composites is shown in Fig. 15. The trained ANFIS model
was found to be more accurate than the developed RSM
model, and hence, it was found from the results that the
ANFIS model has superior modelling capability than the
RSM model for wear of aluminium reinforced with SiC/
MoS, composites (Fig. 15). The ANFIS model predictions
are found to be much closer to the prediction by RSM model
as shown in Fig. 16. Thus, the ANFIS models show a sig-
nificantly superior generalization capacity than the RSM
models. Higher accuracy of prediction by ANFIS was due
to its general capability to approximate the nonlinearity
of the method, but the RSM is limited to a second-order
polynomial.

4 Conclusions

In this study, the effectiveness of RSM and ANFIS mod-
els are compared with regard to modelling, prediction and
generalization capabilities based on the BBD in the wear
prediction of stir casted AIMg1SiCu/SiC/MoS, hybrid metal
matrix composite. The results acquired are listed as follows:

¢ As MoS, content was increased, the hardness of the
hybrid composites improved until 6 wt.% and further
addition marginally reduced the hardness.

e [tis evident that tensile strength increases with the pres-
ence of MoS, particles. A maximum tensile strength of
129.76 MPa could be accomplished for 10 wt.% of SiC
and 9 wt.% of MoS, hybrid composites. Also, maximum
strain increased with the addition of MoS, solid lubri-
cant.

¢ Since MoS, particles are precipitated along the grain
boundaries and they act as nucleus that hinders the
growth of a-Al phase, thereby significantly improving
the mechanical properties.

e Weight losses of 9% MoS, hybrid composite at low slid-
ing speeds were found to be less, with smoother worn-out
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pin surface, due to the development of shallow sliding
grooves and MoS,-lubricated tribolayer. However, with
the increase in sliding speeds, delamination and abrasion
wear could be observed on the worn-out pin surface.

e Coefficient of friction decreased with increasing sliding
speed and weight fraction of the MoS, reinforcement.
The presence of MoS, particles significantly reduced the
coefficient of friction of the hybrid composites.

e ANOVA results shows that the most significant vari-
ables influencing the sliding wear of composites are
the applied load, sliding distance and weight fraction of
MoS,, whereas speed proved to possess the least influ-
ence on the weight loss of the aluminium hybrid com-
posites.

e The results of the ANFIS model proved that it is more
robust in prediction when compared with the RSM mod-
els. AIMg1SiCu alloy reinforced with MoS, and SiC is
found to have superior tribological properties during dry
sliding, setting a new guiding principles for the design
of materials for relevance to self-lubricating sliding wear
conditions.
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