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Abstract

There is a growing attention among researchers to the production of new composites with low-
density and low-cost processes. Aluminum based metal-matrix composites (AMMC) offer solutions for
new product development. In this paper, a newly developed Al-Mg-Si-Cu-SiC composite was
manufactured by powder-metallurgy, and the wear mechanism of aluminum composite materials was
carried out using the pin-on-disk method. The purpose of the experimental plan was to correlate the
factors that influenced the wear operations in order to execute them with a minimal rate of wear and co-
efficient of friction (COF). The experiment was based on the Taguchi design with OA (orthogonal arrays)
to correspond to the effects of load applied, sliding speed, and distance. The design features are
distinctive and integral attributes of the method, affecting and determining the wear characteristics of
composites.The predictive models developed for various machining performance characteristics
employing response surface methodology are effective in terms of adequate, statistically significant, and
probabilistically validate because of their higher R*-values, P-values less than 0.05 and larger AD-test p-
values. The data generated for the Al-Mg-Si-Cu-SiC AMMC will be useful for the industry.

Keywords: Aluminum metal matrix composites, Analysis of variance, Co-efficient of friction, Powder
metallurgy, Taguchi technique, Wear

Introduction

Due to the introduction of high-performance and lightweight aluminum metal matrix composites
(AMMC) for the automotive, aerospace, and consumer markets, it was possible to achieve a uniform
distribution of reinforcements within a matrix element while producing usable, superior quality composite
materials. The most commonly used composite system with the metal matrix aluminum reinforced with
silicon carbide, magnesium, copper, and silicon prepared an aluminum-metal matrix composite through
powder metallurgy (PM), which is a new variety of composite material having required properties like
less density, high stiffness and strength, good thermal coefficient of expansion, better fatigue resistivity
and excellent stable dimension at elevated temperatures [1-3]. An aluminum-alloy has excellent
mechanical properties such as low density, higher thermal conductivity, strength to weight ratio, good
ductility, and corrosion resistance, among others [4]. Aluminum-alloys have high strength and are used in
aeronautics as well as all automotive sectors. The addition of SiC to matrix aluminum improves strength
and mechanical-thermal properties. The hard reinforcement of SiC particles increased the high-hardness
and wear resistance of the composite used for load sustaining components [5]. In the stir-casting method,
the ceramic reinforcement, i.e., silicon carbide melted with aluminum metal-matrix, achieved improved
properties of the composites [6]. All mechanical components that slide or roll, like brakes and clutches,
bearings, piston rings, terrain, gears, guides, and seals, are exposed to wear.

A significant decrease in corrosive wear and wear rate (WR) was experienced in FGC Cu, Cu and
Cu-SiC. Cu, Cu-SiC FGC was more corrosion-resistant than Cu-FGC at high-load, 10N, while the second
one showed lower WR at lower loads, 20N [7]. The hybrid aluminum-matrix-composite reinforced with
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Y,W;0, (yttrium-tungsten) and (AIN) aluminum nitride was noted as a high hardness composite, a high
Young’s modulus and a low-CTE coefficient could be found by adding 15% by weight AIN and also
30% by weight Y,W30;; in matrix Al [8]. The reinforced aluminum composite with the reinforced
particles of Al,O3 and Al;Zr was made from metal powder and the results of dry sliding wear-tests clearly
indicated that increasing the portion size of zirconium particles in the composite materials improved the
wear resistance [9]. The WR of the nano-composites increases with increased load, while it decreases
with increasing sliding speed. The friction coefficient also improves with an increase in the sliding speed.
Moreover, with the variation of load, this appears as a minimum in inter-mediate load. The formed
composite showed the lowest WR and COF, with the exception of the highest tested load [10]. However,
the abrasive-wear behavior of hybrid composites based on Al-4.5% by weight Cu enhanced by zircon
sand and SiC particles was found to wear mainly due to surface ploughing when scraping silicon-carbide
particles [11]. The tribological properties of aluminum-copper/SiC matrix composites improve as their
mechanical properties improve; wear resistance improves dramatically, affecting the composite [12]. The
sliding-wear behavior of 10% by weight SiC-supported aluminum composites produced by the Vortex-
method, with the help of a pin-on-disc wear-test machine greatly improved the wear-resistance [13] and
the dry sliding wear behavior of Al-2219 alloys reinforced with SiC particles at 0 to15% wt. The WR is
less than the matrix alloy and decreases more with a higher SiC content [14]. With 7.5 % SiCp in the
composite, the sliding-time has the most significant contribution to controlling the COF and wear
behavior of aluminum, and proper control of process-parameters reveals that Taguchi analysis can result
in optimal mixing of process-parameters for minimal friction and wear [15]. The wear-resistance of the
composites was much higher and increased as the proportion of SiC particles increased and decreased as
the grain size of the abrasive-grit [16]. The influence of the volume-fraction, size of reinforcement,
sliding distance, sliding speed, load, working-surface hardness and reinforcement phase properties would
affect the wear characteristics when sliding in the dry state of this group of composites and the wear
parameters affect the sliding speed and wear characteristics [17, 18] and in the WR of a zinc-based SiC
composite would increase in load of dry and oil lubricated conditions. Silicon-carbide reinforcement
would reduce the composite WR [19]. Pin-on-disc wear-tests which were better for UNS-A92024-T;
(Aluminum-Copper) alloy and WC-Co (tungsten carbide) (WC-Co)[20]. The fiber-reinforcement
remarkably improved the wear resistance of the composites, which was equal to or lower than that of the
un-reinforced material [21]. The sliding distance is the most important variable for WR of an AA7050
aluminum-alloy with SiC-reinforced percentages (0, 4 and 6 %) which was analyzed through the DOE
(Taguchi design) to optimize the process-parameters of sliding-velocity (1, 2 and 3 m/s), sliding distance
of 1000, 1400 and 1800 m and percentage of compositions are of 0, 3 and 6% [22].

An optimal-value of control variables in COF and WR for (silicon-carbide and boron-carbide)
reinforced Al matrix-composites were examined by RSM (response surface methodology) with 1.5m/s of
sliding speed, 20N of load, 6wt% of reinforcement, and 1000m of sliding distance, which resulted in the
minimum WR [23]. The COF and WR of aluminum-composites with SiC reinforcement having 3
different parameters. Dry-medium, aqueous-medium, and alkaline-medium were tested with a tribo-tester
(pin-on-disk). The WR improves with an increase in load and sliding speed. The wear was found to be
minimum in the dry condition as compared to the other two and also, the COF decreased with an increase
in load [24]. The wear-behavior of Al-alloys using a pin-on-disc apparatus was investigated. The wear
resistance of hypo-eutectic and eutectic phases increased with the addition of grain modifier [25]. The
AA6061 matrix composites with ceramic reinforced (alumina, boron-carbide, and silicon-carbide) would
enhance the resistance to wear in the hot-pressing process. The WR and volume-loss increase with
increasing sliding distance and normal load [26], and the rate of wear decreases linearly as compared to
increasing wt% of SiC and COF decreases linearly with increasing normal-load and wt% of SiC [27]. The
wear and COF characteristics of the AI-SIC-MWCNT composite were greatly influenced by load and had
a negative impact on the wear when the load was critical, and the hardness of the matrix composite was
increased with increasing reinforcement percent [28]. The WR had the greatest impact on the load (62.11
%), then the sliding speed (32.88 %), and the least the sliding distance (2.57 %). They verified by the
design method of Taguchi that the specific WR of A356 aluminum alloy with 10% SiC by weight and 1
%, 5%Gr by weight decreases with minimum load, sliding speed, and Graphite reinforcement [29, 30].
MMC has excellent engineering-properties and wear [31]. The design of the experimental approach
(DOE) using the Taguchi method was used to anticipate the behavior of wear against variable-parameters
like load, sliding speed and sliding duration [32]. The simulated result of the ANOVA analysis discovered
that the applied- load has greater importance in the WR, followed by the temperature and the sliding
speed, and with increasing load and temperature, the WR of the hybrid-composite also increases.
Furthermore, increasing the speed reduces the WR [33] and an OA and ANOVA were used to find the
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effect of wear-parameters such as sliding distance, load and sliding speed on dry sliding wear of the
composites [34]. The Taguchi design method was used to find the smallest WR and COF values in an Al-
Si alloy (A356) matrix-composites reinforced with 10 wt% SiC and 0, 1, and 3 wt% Gr with optimizing
ANOVA, but the hybrid composites with 3 wt% Gr will have the smallest wear and COF values [35].

Light metal-matrix composites are synthesized from mixtures of elemental aluminum powder.
Aluminum composites are in great demand in the industry because of their light weight, wear resistance,
rigidity, and high strength. The novel contribution of this paper is to provide systematic approaches and
Taguchi methodology that improve the dry sliding wear characteristics of the AI-Mg-Si-Cu-SiC
composite at various loads and sliding speeds. Using the Taguchi-optimization method, it is more
expedient to obtain the minimum WR of the composites. This has been proved in the current research by
Taguchi analysis, which shows that the SiC particulate reinforcement along with Cu, Mg and Si is one of
the methods for increasing the wear-resistance of composites over the existing ones.

Materials and methods

Raw materials

Metal powders were selected and purchased from commercial sources for conducting the
experiment to produce the Al-Mg-Si-Cu-SiC composite. The powder particles that were used to make the
composite had the following chemical analysis, shown in Table 1.

Table 1 Chemical analysis report of metal powders.

Powder  Atomic Density Atomic Melting Purity Used Paslgzlecle
element number (gm/cm3) mass (u) point (°C) (%) form (mesh)
Al 13 2.70 26.981539 660.3 99.55 powder 325
Mg 12 1.738 24.305 650 99.87 powder 100
Si 14 2.329 28.0885 1414 99.87 powder 325
Cu 29 8.96 63.546 1085 99.77 powder 325
SiC - 3.21 - 2730 99.92 powder 325

AMMC production

In the present study, the PM product preparation method was adopted to produce AMMC, and the
metal powder reinforcement was added to the matrix. The aluminum powders used as the main raw
material are called, the matrix materials, and have been reinforced with Cu, Mg, Si, SiC powders. The Al-
0.5Si-0.5Mg-2.5Cu-10SiC composite material was prepared on a weight basis, stating;

a) the choice of metal powders

b) weighing

¢) blending/mixing

d) compressive pressing

e) and sintering

The AMMCs were reinforced by 10wt% of SiC and the mixture powders were compacted inside a metal
(C-45 steel) die with a digital compression test machine. The compacted green samples were recovered
from the die and sintered in a muffle type furnace. The sintering furnace temperature was maintained at
about 620 °C and the green samples were annealed for 24 h. The various process steps in AMMC
production are shown in Figures 1(a) - 1(d).
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(b) C-45 steel dies manufacture.

(c Powder mixture Compaction. (d) Final Sintered products.

Figurel Stepwise AMMC production process.

Sample preparations

The sample specimens of the Al-0.5Si-0.5Mg-2.5Cu-10SiC composite were cut for wear testing.
The test was conducted in accordance with ASTM G99 standards. Samples of 30x10 mm® were machined
and polished and processed further for the dry sliding wear test. The pin-on-disk testing apparatus was
utilized to observe the wear-characteristics of the matrix-composite aluminum material.

Sample for the wear test Pin-on-Disc Wear test Apparatus
Figure2 Sample and pin-on-disc wear-test apparatus for the wear-test.

Wear test experimental procedures (by pin-on-disc method)

The dry sliding wear test was performed using a pin-on-disc tribometer (Make: DUCOM) and a
prepared sample as shown in Figure 2 for the composite material. Before starting the test, the surfaces of
the pin and disc were polished with a fine emery sheet. The sample was clamped and held on to a steel
disc during the test. All the tests were performed under dry sliding conditions at a normal ambient
temperature. The load was applied to the samples through a cantilever mechanism with a tracking radius.
Before and after the specimens were noted-down for each test, they were measured with an electronic-
weighing device of accuracy of 0.0001gm. The weight loss in the sample occurred after measures were



Trends Sci. 2021; 18(19): 12 5of14

taken to ensure continuous cleaning of the test samples to escape contamination during experiments.The
pin-on-disk testing apparatus was used to calculate the dry sliding wear characteristics of each of the Al-
composite test samples.

The contacting surfaces of each of the composite samples were made flat because they should be in
proper contact with the rotating disk. In addition, the samples before and after the experiment were
thoroughly cleaned with an acetone solution. The computer base testing machine directly shows the
coefficient friction (COF). The experiment was done with the parameters of different sliding speeds like
2, 4 and 6 m/s, applied loads of 20, 30, and 40 Nm and sliding distances of 1000, 2000 and 3000 m. The
WR is calculated as:

_ Aw
pXL

r

where W, = wear rate (mm’/m), Aw = weight loss (gm), p = density (gm/mm°), L = sliding distance (m).

Results and discussion

Microstructure

The microstructure of the composite material was shown in Figure3 before and after the wear test.
The dry-sliding wear for the manufactured AMMC was made for a fixed sliding distance of 1000 m at
various sliding speeds of 2, 4 and 6 m/s at 3 different loads of 20, 30 and 40 N. The different WR is
shown in Table 2. The dry sliding wear test of the manufactured AMMC had sliding distances with
different sliding speeds of 2, 4and 6m/s with 3 different loads of 20 and 30 and 40 N. The WR are
expressed in Table 2. The worn surface of the composite-material test samples clearly shows the presence
of deep fixed grooves and shows subtle grooves of soft deformation at the edges of the grooves shown in
Figure 3(b). The surface also looks smooth due to the reinforcement content. The worn surfaces of the
AMMCs have been found with fine scratches. The wear mechanisms were characterized by the
appearance of the grooves, which were formed by the cracking process of the hard sharpness on the
opposite disc with worn, hardened debris. So, the increase in silicon carbide will lead to a decrease in
wear.

¢ wear surfaces "y

-

‘ SU 3500 1510KV. 7.7 mm™ x 300SE

b) After Wear ing speed 6m/s, load40N,
sliding distance 1000 m)

Figure3 SEM images of the Al-0.5Si-0.5Mg-2.5Cu-10% SiC composite before and after wear.

BEC 15kV WD10mmSS45 x250 I -
ITK 8 Jan 31, 2019

(a) Before wear

Hardness

The sample (PIN) hardness was measured with a Vickers hardness-testing instrument with a load of
5 N and retention time of 10s. The hardness (Vickers) of AMMC Al-0.5Si-0.5Mg-2.5Cu-10SiC was
conducted across the cross section and tabulated in Table 2. Then after polishing, the surface roughness
of sample (PIN) cross section was measured and found outto be R,= 5.68 um.
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Table 2 Hardness test of AMMC sample (PIN) along the cross section before wear test.

Distance from one end along the diameter

of sample cross section Hardness(HV)
At a distance Test-1 Test-2 Test-3 Average
2mm 214.1 211.3 212.5 212.6
4mm 213.3 212.5 211.1 212.3
6mm 213.2 213.6 212.8 213.3
8mm 2124 212.9 210.1 211.8
Average hardness ofsample (PIN) 212.5

Wear test

A dry sliding wear test of an aluminum composite was conducted to find the WR with different
loads (20, 30 and 40N) and with different sliding speeds (2, 4 and 6 m/s). Three experiments were
conducted for loads of 20, 30 and 40N with sliding velocities of 2, 4 and 6 m/s for a fixed sliding distance
of 1000 m and the results are mentioned in Table 3.

Table 3 WR with different sliding speed.

Load Sliding speed Wear rate Sliding speed  Wear rate  Sliding speed  Wear rate

(N) (m/s) (mm®/m) (m/s) (mm*/m) (m/s) (mm*/m)
20 2 1.3837 4 1.4326 6 1.4916
30 2 1.5219 4 1.5722 6 1.6938
40 2 1.8123 4 1.9256 6 2.3416
2.5 ~
2 u
= -
g 151 — . - —+20N
g 1 —=—30N
]
= 40N
R
S 0.5 -
=
0 T T T T T 1
2 4 6

sliding speed, m/s

Figure4 The change in the WRvs. Sliding speed for 10 % SiCp composites.

The WR of the Al-composite is increased if the sliding speed will increase from 2 to 6 m/s because
of the temperature rise due to rubbing the surfaces of the composite, which is plastically constrained as
shown in Figure 4. At a sliding speed of 6m/s, the Al-composite WR curve varies to its maximum WR.
Hence, the SiC will protect the matrix composite from more contact with the counter surface, which
indicates the lowest COF.
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Table 4 COF with different load conditions.

Load  Sliding speed i(;_fe;fzgz::t Sliding speed Co?ifict;f)?lt Sliding Co(f);f_?cctli?:lt
N) (m/s) (COF) (m/s) (COF) speed (m/s) (COF)
20 2 0.448 4 0.446 6 0.443
30 2 0.445 4 0.444 6 0.442
40 2 0.439 4 0.436 6 0.434

AMMC drysliding wear test was performed to detect COF of different loads (20, 30 and 40N) and
with different sliding speeds (2, 4 and 6 m/s). The results are shown in Table 4. From Figure 5 it shows
significant decreases in the value of COFof the composite under dry conditions. The decreased value of
COF in the load range (20 to 40N) was observed because of the enforcing of silicon-carbide particles in
aluminum-matrix alloys, which leads to excellent bond formation between the matrix-alloy and the
silicon-carbide particles. These reinforced particles act as the fillers, and they increase fillings to reduce
the contact area between the sample and the surfaces of the turntable, resulting in a lower COF.

0.45 -

~

=

@) 0.445 -

S

=

£ 0.44 - ——20
2 —=—-30
&= 40
= 0.435 -

N

=

2

S 0.43 -

=

5]

=]

o 0.425

2 4 6
sliding speed, m/s

Figure5 The change in slidingspeed vs.COF for 10% SiCp composites.

A comparative study of WR between past research, Mittal and Dixit [36] and the present study is
given in Table S atafixed sliding distance of 1200m anda load of 20Nfor differentsliding speeds of 2, 4
and 6m/s. The following table shows the percentage decrease in WR at different sliding speeds is up to
20%.Therefore, the novel AMMC has better wear resistance than other aluminum compositesdeveloped
by the previous researchers.

Table 5 Comparison of WR between past and present study.

Sliding Present study Past study % decrease in wear
speed (P) (referenced by Mittal and Dixit[36]) rate [.=2 x 100]
R) P
2m/s 1.4123 1.6431 16.34
4m/s 1.5213 1.7216 13.17

6m/s 1.6442 1.8945 15.22
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Experimental design and optimization

Taguchi method

The experimental method suggested by G. Taguchi is associated with the use of OA, influencing the
processes, as well as the levels that require systematically changing the factors that conclude the
experiments with minimal testing, and it will save time, capital, and resources. This method is used to
develop an experiment for testing abrasive wear to obtain optimal results with a smaller number of
experimental tests.

Design of experiment

The design of the experiment was to find outthe factors affecting the experimental process and to
examine the minimum WR. The design was developed on the basis of OA to correlate the effects of
sliding speed and load for a minimum WR and COF. The design parameter is a predictable and integral
process feature, affecting and determining theworking performance of the composites.

The experimental study was carried out with a standard orthogonal array. The orthogonal array was
demonstrated by examining the control parameters, levels, and their responses. The test of dry sliding
wear was carried out with different parameters (load, sliding speed and sliding distance) and changed into
3 levels. As per the DOE principle, the OA must be more or equal to the sum of these wear parameters,
OA (orthogonal array) L9 with 9 rows and 3 columns was selected (Table 6). The choice of an
orthogonal array is based on the criteria where the DoF for the OA must be equal or greater to the sum of
the verified parameters. Control factors of the wear and frictional parameters (load, sliding speed and
sliding distance) were selected for this experiment. In this test, the “smaller, the better” function was
selected (Table 7) for analysis of the dry sliding wear characteristics.

Table6 L9 orthogonal array of Taguchi method.

No. of experiments 1 Column 2" Column 3" Column
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Table 7 Smaller is better L9 OA.

Load (L) Sliding Sliding distance Wear l;ate Co-ef‘ﬁc‘ient
Sl.no in N sReed 6%) -(D) in m111_3/m of friction

in m/s in m (x10™) (COF)

l. 20 2 1000 1.3837 0.448

2. 20 4 2000 1.4935 0.425

3. 20 6 3000 1.7042 0418

4. 30 2 2000 1.6435 0.427

5. 30 4 3000 2.1243 0.433

6. 30 6 1000 1.6938 0.442

7. 40 2 3000 2.9634 0.421

8. 40 4 1000 1.9256 0.436

9. 40 6 2000 3.1435 0.419
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Regression analysis solutions for the various parameter combinations were achieved by performing
the orthogonal array experiments. Measurement solutions were analyzed by using commercially available
MINITAB-17 software specially used in this DOE application. The impact of control parameters, i.e.,
normal load and sliding speed, on the WR and COF were analyzed. The experimental results were
summarized using ANOVA, which is used to study the effect of considered WR and COF variables on
the performance variables. By analyzing variance, it could be decided which independent factor is
dominating another with a percentage of the independent variables.

ANOVA results

The results obtained for the COF, and WR from experimental trials were analysed by employing
statistical ANOVA to illustrate the validation of the obtained results. It is also included to determine the
significant influence of machining parameters and their interaction effects on corresponding output
responses. The ANOVA table consists of degrees of freedom (DoF), sum of squares (SS), mean of
squares (MS), percentage of contribution in total variation (Contribution %), probability (p), and F-value.
The p-value and F-value are employed to determine the statistical significance and adequacy of the
developed regression model. If the p-value for any parameter is found to be under 0.05 (i.c., at a 95 %
confidence level), then that input parameter may be considered as having a statistically significant
influence on the corresponding output response. If the calculated F-value is lower than the standardized
Fisher’s value or the p-value is greater than 0.05 for any factor, then that parameter is considered to have
no effect on the response. From Tables 8 and 9, it is observed that the proposed model for WR and COF
is significant as its p-value and F-value are acceptable to the criterion of statistical significance.

Table 8 ANOVA analysis for WR.

Source DoF Seq SS Contribution Adj SS Adj MS F-value  P-value
Model 3 2.56890 80.26% 2.56890 0.85630 6.78 0.033
Linear 3 2.56890 80.26% 2.56890 0.85630 6.78 0.033
L 1 1.98502 62.02% 1.9502 1.98502 15.71 0.011
A" 1 0.05058 1.58% 0.05058 0.05058 0.40 0.555
D 1 0.53330 16.66% 0.53330 0.53330 4.22 0.095
Error 5 0.63190 19.74% 0.63190 0.12638
Total 8 3.20080 100.00%
Model summary:
S R-sq R-sq (adj) PRESS R-sq (pred)
0.355500 80.26% 68.41% 244008  23.77%

DoF = degrees of freedom, Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares, Adj
MS = adjusted mean squares.

The load had a great impact on the WR, followed by the sliding speed. It is better to optimize the
WR parameters in accordance with the given factors and level with respect to the criterion, i.e., smaller is
better. Table 8 shows the percentage effect of all parameters separately, with their interactions on results.
The 4™ column implies the contribution percentage of each factor and their interaction. It is concluded
that the greatest influence on the WR depends on load, the coefficient of which is 62.02 %. The impact of
sliding speed on WR is 1.58 %, that is, the influence of the interaction is lower than 2% with the influence
of the sliding distance of 16.66 %. The R-square value is analyzed by 80.26 %.
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Figure 6 Regression model of WR.

The main-effects graph for the mean of the WR for which the increase in sliding speed is the main
influencing factor is shown in Figure 6(a), and the WR will increase very rapidly with the wear values,
and when the sliding speed increases, the WR will increase rapidly and change moderately because the
sliding distance is not the main influencing factor. The probability of a linear regression line (Figure
6(b)) was calculated using the experiment's test results, and the plot compares the actual experimental
results to the predicted experimental values. The probability graph shows that all points lie near the mean
value because the chosen variables of the experiment are satisfactory. Since load and sliding distance had
the greatest impact on the WR, a 3-D relationship dependency is shown in Figure 6(c). The lowest rate of
wear was achieved at aload of 20 N and asliding speed of 2m/s, while the highest value is achieved with a
load of 40 N and a sliding speed of 6m/s. This diagram shows the 3-D curve of the dependencies of the
wear on the surface for the different sliding distance, loads, and sliding speed.

To avoid a misleading conclusion, several diagnostic tests like adequacy, effectiveness, and
goodness-of-fit were performed for proposed regression models (COF and WR). When the regression
coefficient (R*-value) approaches unity, the predicted model efficiently fits the actual data. For WR, and
COF models, the R*-values (0.8026, 0.936 and 0.936, respectively) are near to 1, which depicts statistical
significance as well as goodness-of fit for the proposed model. Additionally, there is a good agreement
between the experimental and predicted values, as illustrated in Figures 6(d) and 7(d). Hence, it is
concluded that the developed model has an excellent mark of significance with good predictive ability.
Figures 6(b) and 7(b) show the normal probability plot associated with the Anderson-Darling test, where
the residuals are approaching a straight line, which concludesthat associated errors are normally
distributed, and assumptions are not violated. Moreover, no unusual structure is apparent. The null
hypothesis is that the data distribution law is normal, and the alternative hypothesis is that it is non-
normal (i.e., when the p-value is less than or equal to 0.05). A lower AD-statistic and larger p-values
obtained from the Anderson-Darling test are greater than the alpha level of 0.05 (level of significance). It
confirmed that the null hypothesis cannot be rejected, i.e., the data follow a normal distribution. This
implies that quadratic models are adequate. Finally, it is concluded that, the developed predictive models
for WR, and COF employing RSM are efficient, statistically significant, adequate, and probabilistically
validated as they have a low probability value (less than 0.05), higher R*-value, and larger AD-test p-
value.

The residuals suggest that the model is systematic, Figure 6(d) and there is no need to improve the
model. The regression model presented here is correct on average for all the fitted values and the random
errors, i.e., 19.74% of them are toproduce the residuals that are normally distributed. Therefore, the
residual falls have a uniform pattern and have a regular distribution over the entire range. Figure 6(e)
denotes residuals vs. observation order plot helps to see the correlation between the error terms that are
close to each other in the sequence. Residues randomly bounce around rest of the line in the 0 line. In
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general, residuals showing normal random noise around an equal 0 line residues suggest that there is no
consistent correlation. The plot suggests that the assumption of independent error terms has been violated.
The severity of the consequences is related to the severity of the violation. Thus, residual graphs verify
the correctness of the model, taking into account the adjusted value and the order of observation.

Figure 6(f) shows the optimal parameters of WR in L, V and D, at which the WR improves due to
the impact of minimum sliding distance and speed. The WR was minimized at a sliding distance of
1000m, a sliding speed of 2 m/s and a load of 27.8788N, as proved from the figure by showing the
vertical red lines. A growing trend was observed towards the SiC reinforcement with a greater sliding
speed, which proved that the WR will decrease when higher SiC gain addition is present.

Table 9 ANOVA analysis for COF.

Source  DoF SeqSS Contributions AdjSS AdjMS F-value P-value
Model 3 0.000572 64.02% 0.000572 0.000191 297 0.136
Linear 3 0.000572 64.02% 0.000572 0.000191 297 0.136
L 1 0.000038 4.20% 0.000037 0.000037 0.58 0.479
A% 1 0.000048 5.39% 0.000048 0.000048 0.75 0.426
D 1 0.000486 54.43% 0.000486 0.000486 7.56 0.040
Error 5 0.000321 35.98% 0.000321 0.000064
Total 8 0.000893 100.00%
Model summary:
S R-sq R-sq(adj) PRESS R-sq(pred)
0.0080153 64.02 % 42.44% 0.0008015  10.23%

DoF = degrees of freedom, Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares, Adj
MS = adjusted mean squares.

Table 9 shows that sliding distance has the greatest impact on COF, 54.43 %. In addition to the
sliding distance, the normal load of 4.20 % and the sliding speed of 5.39 % also affect the COF, and the
value of R-squared is obtained at 64.02 %.
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Figure 7(a) depicts the graph of the main effect plot for the mean value of the COF, which indicates
that as the sliding speed increases, the COF increases rapidly, and the COF decreases moderately as the
sliding distance decreases. COF's probability of the linear regression line (Figure 7(b)) is a distinction
between actual and predicted experimental results.The probability graph shows that all points are linear
with a mean value.

The analysis of the friction coefficient parameters (Table 6) shows that the greatest influence on the
friction coefficient takes place at a sliding distance of 54.43 %. The sliding speed effect is lower than 5.39
%, while the smallest individual effect on the friction coefficient decreases under normal load of 4.20 %.
A 3-D relationship diagram is shown in Figure 7(c). The lowest COF is achieved at 40 N loads and at
6m/s sliding speed and the highest value is achieved at 20 N loads and at 2m/s sliding speed. The 3-D
surface plot curve of COF for load, sliding distance and sliding speed is reflected in this graph. The plots,
i.e., residual vs. fitted value in Figure 7(d) and residuals vs. observation order in Figure 7(e) indicate that
the models are systematic and are correct on average for all similar values. 35.98 % of random errors are
expected to result in residuals which are uniformly distributed. Therefore, residual falls have a
symmetrical pattern and have a constant distribution over the entire range.

Impact of test parameters on COF and WR

The impact of different test parameters on the WR and COF is shown in Figure 7(f). When the line of
each parameter approaches the horizontal line; the parameter does not have any significant effect. On the
contrary, the line thathas the greatest slope between the horizontal lines has the most significant effect on
the parameters. An analysis of the impact of individual factors of the COF shows a largest slope of the
load. Therefore, this slope mainly affects the COF. Also, the COF decreases with increases in load and
sliding speed but increases with an increase in normal load. On the other hand, the load has more impact
on the WR than others. The WR improves with increasing normal load and decreases with an increase in
load and sliding speed. The minimum rate of wear occurs in the minimum normal load and sliding speed.
The impacts of all the analyzed factor parameters were previously explained.

Analysis of multi-linear regression models

A linear regression-model was obtained from the MINITAB17 statistical-software and a model was
developed to determine the regression equations in association between the notable parameters (applied
load, sliding distance and sliding speed) through the analysis. The coefficients of regression equations are
given in Tables 8 and 9. Egs. (1) and (2) are formulated by keeping in view of the friction coefficient and
wear loss based on the wt% of SiC reinforcement, the applied load, sliding speed and sliding distance.
The regression-equations for the WR and COF are as follows:

WR=-0.497(% reinforcement) + 0.0575L (load)
+0.0459V (sliding speed)
+0.000298D (sliding distance) (1)

COF =0.4611 (% reinforcement) - 0.000250 L (load)
—0.00142 V (sliding speed)
—0.000009 D (sliding distance) 2)

It can be seen from Eq. (1) that the coefficients associated with reinforcement content (SiC %) is
negative. It indicates that the WR of the composite decreases with increasing the reinforcement.
Conversely, the WR of the composite increases with decreasing SiC reinforcement since the coefficient
associated with the applied load, sliding speed, and sliding distance are all positive.

Similarly, in Eq. (2) indicates that the coefficients associated with reinforcement content (SiC %) is
positive. It indicates that the COF of the composite increases with decreasing applied load, sliding speed
and sliding distance. Conversely, the decreasing of the SiC reinforcement since the coefficient associated
with the applied load, sliding speed, and sliding distance are all positive.

These reinforced silicon carbide particles act as load bearing members as the loads increase and
reduce the touch area between the specimen and the rotating disk’s surfaces, which leads to lower COF
[37, 38]. Similar observations have been made by other investors [39,40]. For an AMMC, the sliding
distance had the greatest impact on the WR. Consequently, the sliding distance was a primary controlled
parameter that should be considered during a wear experiment, and then, with proper load application and
sliding speed, it was seen that the load had the largest participation, followed by the sliding distance and
sliding speed of the composite [37-40]. From the above Eqgs. (1) and (2), it is summarized that the impact
of each parameter corresponds to WR and COF for the tested samples were different. The increased rate
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of COF and wear were dependent on increased load and were decreased with increases in sliding speed
and load. The model was established to predict the WR and COF for the tested composites presented in
the equations since the points in Figure 6(d) and 7(d) were very close to the linear line.

Conclusions

The Taguchi orthogonal design model is best suited to examine dry sliding wear characteristics of
an Al-0.5Si-0.5Mg-2.5Cu-10SiC composite, and this design provides an easy, systematic, and efficient
design to analyze the COF and the wear parameters.

The normal load had more effect on the WR (62.02 %), while the sliding distance (16.66 %) and
sliding speed (1.58 %) had a smaller effect. The relationships within each parameter had lesser effects on
the WR. The COF of the tested composites also mainly depends on the sliding distance (54.43 %) and
significantly less influence on the sliding speed (5.39 %) and load (4.20 %). The relationships within each
parameter had a fewer effects on the COF. The optimal test parameters for both WR and COF were
calculated, and there are good contracts between the predictive and actual WR as well as in the COF. The
predictive models developed for various dry sliding wear performance characteristics employing response
surface methodology are effective in terms of adequate, statistically significant, and probabilistically
validate because of their higher R’-values, P-values less than 0.05 and larger AD-test P-values. The
microstructure results show that the additional percentage of SiC increases the wear resistance. The COF
of the composite is lesser than that of the aluminum. With the increase in sliding speed and applied load,
the WR of composite increases. The WR decreases with the rise in wt% of reinforced particles. It clearly
shows that the SiC and silicon present in the AMMC are resistant to high wear.

Finally, it is stated that the proposed predictive model for the wear indicator using RSM is effective,
statistically significant, relevant, and also probabilistically verified.
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