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Al 4043 alloy is extensively used as a filler material for welding aluminum alloys, especially when welding alloys from the Al 6000
series. It is utilized in aerospace and automotive structural components. For longer life in automotive applications, the wear
resistance of Al 4043 alloy must be improved. According to research, tungsten carbide has good wear resistance. In this
research, Al 4043 alloy is reinforced with varying percentages (1, 3, and 5%) of nano-sized tungsten carbide to increase wear
resistance. Taguchi L27 orthogonal array is employed for the wear analysis. The Taguchi signal-to-noise ratio is used to
determine the optimal parameters for minimizing wear and coefficient of friction. The regression model and artificial neural
network are developed to predict the experimental results. The outcomes of the regression model and artificial neural network
are compared to the experimental results to demonstrate both models’ efficacy. A confirmation test was carried out for the
optimal process parameter. The result shows that the minimized specific wear rate of 0.12mm3/Nm, coefficient of friction of
0.01, and frictional force of 1.02N are achieved at the optimal combination.

1. Introduction

Al 4043 alloy has strong corrosion resistance and is widely
utilized as a filler material in welding aluminum, aerospace,
and automobile structures [1, 2]. It is mainly used for weld-
ing aluminum alloys of the 6000 series [3]. Also, Al 4043
alloy is used in automobile parts like cylinder blocks, cylin-
der heads, and engine pistons [4]. It is necessary to increase

the wear resistance of Al 4043 alloy for a better life. Research
illustrates that tungsten carbide reduces the wear when
added as an alloying element [5]. Also, the tungsten carbide
machining tool shows less resistance to wear in turning
operations [6]. Another research shows that increasing the
percentage of tungsten carbide reduces the wear of Al 5052
metal matric composite [7]. The hardness is improved, and
the coefficient of friction (COF) and wear rate are minimized
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when the tungsten carbide is added to the titanium alloy
matrix [8, 9]. Adding nano-sized particles as an adjuvant
decreases agglomeration during material preparation [10].
Hence, in this research, nano-sized tungsten carbide is used
as an additive element for improving the wear resistance of
Al 4043 alloy.

Taguchi is a robust design of experiments proposed by
Genechi Taguchi, which helps us to conduct the experiments
methodically with the minimum number of iterations [11].
It gives different combinations of parameters at various fac-
tors with optimal runs, which helps the researcher to find
the response under various conditions [12, 13]. The Taguchi
signal-to-noise ratio is used to determine the optimal pro-
cess parameter among the experiments for minimizing or
maximizing the experimental outcome [14, 15].

The objective of this research is to reduce the wear rate
of Al 4043 alloy. The literature review illustrates that adding
WC as a reinforcement increases the wear resistance charac-
teristics [16]. Hence, to improve the wear resistance of Al
4043 alloy, different percentages of (1%, 3%, and 5%)
nano-sized WC are added to the Al 4043 alloy using a stir
casting process. The obtained combinations of metal matrix
composite (MMC) are tested in the pin-on-test wear testing

apparatus. The experiment uses the L27 Taguchi orthogonal
array, and the optimal process parameters are found using
signal-to-noise ratio analysis. MINITAB is used for regres-
sion analysis to obtain the equation for the response output.
Further artificial neural network (ANN) is used to predict
the responses for the L27 array. The residuals obtained from
the ANN model and the regression analysis are compared
with the actual experimental outcome to illustrate the effec-
tiveness of the predicted outcomes.

2. Methodology

2.1. Preparation of Alloy. The Al 4043 alloy is heated in the
graphite crucible to a temperature of 900°C. When the alloy
reaches the pouring temperature, the stirrer is placed in the
crucible, and the stirring begins [17]. Then, the nanoparticle
size of tungsten carbide is weighted by 1% added to the cru-
cible. The mixture is stirred for half an hour at 400 rpm at
950°C to get the proper alloy mixture [18]. Then, the alloy
is poured into the cylindrical die of 25mm in diameter and
250mm in length and solidifies in the atmospheric condi-
tion. Then, the same process is repeated to get the Al 4043
with 3% and 5% of tungsten carbide (WC) [19]. The

Table 1: Experimental values from wear analysis.

S. no Composition Load (N) Speed (RPM) Sliding distance (m) COF Sp. wear rate mm3/Nm Friction force (N)

1 1 14.715 100 25 0.21 2.45 1.2

2 1 14.715 100 25 0.21 2.45 1.2

3 1 14.715 100 25 0.21 2.45 1.2

4 1 29.43 200 55 0.26 0.61 2.6

5 1 29.43 200 55 0.26 0.61 2.6

6 1 29.43 200 55 0.26 0.61 2.6

7 1 44.145 300 90 0.28 0.29 5.3

8 1 44.145 300 90 0.28 0.29 5.3

9 1 44.145 300 90 0.28 0.29 5.3

10 3 14.715 200 90 0.22 0.53 1.98

11 3 14.715 200 90 0.21 0.51 1.5

12 3 14.715 200 90 0.21 0.52 1.5

13 3 29.43 300 25 0.06 0.98 1.5

14 3 29.43 300 25 0.26 0.98 2.6

15 3 29.43 300 25 0.26 0.97 2.6

16 3 44.145 100 55 0.01 1.72 1.98

17 3 44.145 100 55 0.63 1.74 7.43

18 3 44.145 100 55 0.15 1.73 3.2

19 5 14.715 300 55 0.01 0.31 0.5

20 5 14.715 300 55 0.03 0.35 0.8

21 5 14.715 300 55 0.01 0.33 0.8

22 5 29.43 100 90 0.06 0.16 1.1

23 5 29.43 100 90 0.06 0.17 1.1

24 5 29.43 100 90 0.05 0.19 1.3

25 5 44.145 200 25 0.07 0.52 2.1

26 5 44.145 200 25 0.11 0.53 2.3

27 5 44.145 200 25 0.13 0.55 3.32
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different compositions of the metal matrix composite
(MMC) made for the wear analysis are shown below: (i) Al
4043 of 850 gm and 1% of WC of 8.5 gm; (ii) Al 4043 of
850 gm and 3% of WC of 25.5 gm; and (iii) Al 4043 of 850
gm and 5% of WC of 42.5 gm.

Then, each cylindrical specimen is machined to 6mm
diameter and 15mm height for the wear analysis [20]. The
wear analysis is conducted with EN 24 alloy in the pin on
the disc wear testing apparatus. The disc En 24 alloys are
polished to make the surface smooth and even throughout.
Three different loads are taken for the experiment to analyze
the wear of Al 4043 MMC with tungsten carbide; they are
14.715N, 29.43N, and 44.145N.

2.2. Experimental Design. The wear analysis is conducted at
room temperature with a relative humidity of 65% at 30
֯C. Three different loads are taken for the experiment to
analyze the wear of Al 4043 alloy with tungsten carbide; they
are 14.715N, 29.43N, and 44.145N. The disc is rotated at
three different speeds, 100N, 200N, and 300N, to evaluate

the wear of the Al 4043 MMC [21]. The experiment is con-
ducted based on the Taguchi L27 orthogonal array. The
result is then optimized using Taguchi signal-to-noise ratio
analysis to identify the optimal WC-Al 4043 MMC to mini-
mize wear rate. Regression analysis is used to create a math-
ematical equation based on the collected results for the
chosen input parameter to forecast the outcome for different
input parameters. Also, as discussed in the Introduction sec-
tion, ANN model is used to predict and validate the result
obtained from regression equations.

3. Results and Discussion

The experiment is conducted based on L27 Taguchi orthog-
onal array design, as shown in Table 1. The mass loss (Δm)
due to the wear test is calculated by measuring the weight of
each pin before and after the experiment. The coefficient of
friction (COF) and specific wear rate are calculated using
the following equations.
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Figure 1: Output response characteristics of processed MMCs by 3D plots.
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Co − efficient of friction : μ = Ff
Fn ,

ð1Þ

Specific wear rate : Ks = Δm/ρLFnð Þmm3� �

N −m
, ð2Þ

where Δm is the mass loss (g), ρ is the density of the pin
material (g/cm3), L is the sliding distance, Fn denotes load
(N), and Ff is the measured frictional force (N) from the
experiment.

For each experiment, the En 24disc is completely
grinded and polished to remove the wear track, and the flat-
ness is ensured by spirit level measured at different locations.
The COF and specific wear rate from the experimental result
are calculated based on Equations (1) and (2), and the result
is shown in Table 1.

Figure 1 illustrates the 3D surface plot between the input
and the responses. From Figure 1, it is seen that COF
reduces by increasing the composition of WC. The mini-
mum COF is achieved at the 5% WC with Al 4043. COF is
decreased even though the rotational speed of the EN 24 disc
is increased. And this proves that the frictional force is
reduced with the increase of WC [22]. Also, at a maximum
load of 44.145N, the COF is reduced to the rise in the per-
centage of WC.

Similarly, the specific wear rate is reduced with the
increase in the percentage of WC with Al 4043. The wear
rate is minimum at 5% WC with all different loading condi-
tions (14.715N, 29.43N, 44.145N). Hence, it is concluded
from Figure 1 that with the increase in the percentage of
nano-sized WC with Al 4043 alloy, the COF, frictional force,
and specific wear rate are reduced [23].

Taguchi signal-to-noise ratio is used to determine the
optimal parameter for minimizing the specific wear rate
and coefficient of friction. The analysis is carried out using
MINITAB software [24]. From the software, smaller the bet-
ter characteristics are used to find the optimal process
parameter, and the equation for smaller the better character-
istics is shown in [25]

S/N ratio smaller the better characteristics = −10 ∗ log 10 £y2
n

� �
〠:

ð3Þ

Figure 2 depicts the signal-to-noise ratio result for the
optimal parameter for minimizing the COF and specific
wear rate. According to the main effect plot for means in
Figure 2, the best outcome was reached in 5% WC with Al
4043 alloy, 29.34N of load, rotating speed of 300 rpm, and
sliding distance of 90m [26]. The experiment is again
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Figure 2: Main effect plot of means for COF and specific wear rate.

Table 2: Experimental and predicted response for optimal condition.

Optimal conditions Responses Experimental value Predicted outcome Error percentage

Load =29.34N rotating speed =300 RPM
Sliding distance =90m

COF 0.01 0.014 0.4

Specific wear rate (mm3/Nm) 0.12 0.15 0.25

Frictional force (N) 1.02 0.97 0.04902
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conducted for this optimal condition to check the effect of
COF and specific wear rate. The obtained result for the opti-
mal parameter is shown in Table 2 [27].

The regression analysis is conducted using the MINI-
TAB software to determine the equations for the COF (4),
specific wear rate (5), and frictional force (6) as shown in

COF = 0:2528 ∗ α + 0:00234 ∗ β − 0:000067 ∗ γ + 0:000219 ∗ λ,
ð4Þ

SpecificWear Rate = 3:458 − 0:1928 ∗ α − 0:00846 ∗ β

− 0:004594 ∗ γ − 0:01529 ∗ λ,
ð5Þ

Frictional Force = −0:422 − 0:388 ∗ α + 0:0965 ∗ β

+ 0:00277 ∗ γ + 0:01074 ∗ λ,
ð6Þ

where α denotes composition, β denotes load, and γ
and λ represent speed and sliding distance. The experiment
is carried out for the optimal condition, and the output

Table 3: Experimental values compared with predicted values from regression equations.

Taguchi L27
Array

Experimental values Values predicted from regression equations

COF
Sp. wear rate mm3/

Nm
Friction force

(N)
COF

Sp. wear rate mm3/
Nm

Friction force
(N)

Residuals

COF
Sp. wear
rate

Friction
force

1 0.21 2.45 1.2 0.23 2.29 1.14 -0.02 0.15 0.05

2 0.21 2.45 1.2 0.23 2.2 1.14 -0.02 0.150 0.05

3 0.21 2.45 1.2 0.23 2.29 1.14 -0.028 0.150 0.05

4 0.26 0.61 2.6 0.27 1.25 3.16 -0.012 -0.64 -0.56

5 0.26 0.61 2.6 0.27 1.25 3.16 -0.012 -0.64 -0.56

6 0.26 0.61 2.6 0.27 1.25 3.16 -0.012 -0.64 -0.56

7 0.28 0.29 5.3 0.30 0.13 5.23 -0.028 0.151 0.06

8 0.28 0.29 5.3 0.30 0.13 5.23 -0.028 0.151 0.06

9 0.28 0.29 5.3 0.30 0.13 5.2 -0.028 0.15 0.06

10 0.22 0.53 1.98 0.15 0.46 1.34 0.069 0.06 0.63

11 0.21 0.51 1.5 0.15 0.46080 1.34 0.059 0.049 0.15

12 0.21 0.52 1.5 0.15 0.46 1.34 0.059 0.05 0.15

13 0.06 0.98 1.5 0.16 0.87 2.34 -0.10 0.10 -0.84

14 0.26 0.98 2.6 0.16 0.87 2.34 0.096 0.10 0.25

15 0.26 0.97 2.6 0.16 0.87 2.34 0.096 0.099 0.25

16 0.01 1.72 1.98 0.21 1.2 3.5 -0.20 0.51 -1.54

17 0.63 1.74 7.43 0.21 1.20 3.52 0.411 0.53 3.9

18 0.15 1.73 3.2 0.21 1.20 3.52 -0.06 0.523 -0.32

19 0.01 0.31 0.5 0.04 0.15 0.46 -0.030 0.159 0.03

20 0.03 0.35 0.8 0.04 0.15 0.46 -0.010 0.199 0.33

21 0.01 0.33 0.8 0.04 0.15 0.46 -0.030 0.17 0.33

22 0.06 0.16 1.1 0.09 0.41 1.70 -0.035 -0.250 -0.60

23 0.06 0.17 1.1 0.09 0.41 1.70 -0.035 -0.240 -0.60

24 0.05 0.19 1.3 0.09 0.41 1.70 -0.045 -0.220 -0.40

25 0.07 0.52 2.1 0.10 0.82 2.70 -0.039 -0.30 -0.60

26 0.11 0.53 2.3 0.10 0.82 2.70 0.00063 -0.290 -0.40

27 0.13 0.55 3.32 0.10 0.82 2.70 0.020 -0.27 0.61
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Figure 3: ANN model for the experimental outcome.
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responses are illustrated in Table 2. The values of COF, spe-
cific wear rate, and frictional force are reduced for the opti-
mal condition [28]. The predicted outcomes using the
regression equation for the optimal condition are shown in
Table 2. The error percentage shows that the predicted out-
comes align with the experimental outcomes [29].

Table 3 shows the residuals computed from the input
parameters using Equations (4), (5), and (6). The residual
represents the discrepancy between the experimental and
predicted values [30]. The residuals are minimal, indicating
that the regression equation is accurate. These equations
can predict the response outcome for the different input
values [31].

As discussed in the introduction, the ANN model is used
to predict the specific wear rate, COF, and sliding distance
for the L27 array. Figure 3 depicts an ANN model with sev-
eral layers linked. The working of ANN is identical to the
human brain, which receives the input nodes (L27 array)
and predicts the response based on weighing the experimen-
tal output [18, 20]. These predicted network values
(response) are compared to the actual experimental values,

and the error is feedback as an input. Then, the bias and
feedback are modified, and the networks are redesigned to
nullify the error difference to the acceptable value. This iter-
ation process continues until we get the predicted values
with acceptable error. Table 4 signifies the predicted values
from the neural network and their residuals, and Figure 4
represents the regression plots of training, testing, and vali-
dation of the ANN model. Table 4 also compares the exper-
imental results to the ANN predicted values, revealing that
the ANNN model predicts the responses with high accuracy.

The present work illustrates the wear behavior of Al
4043 with various percentages of nano-sized WC (1%, 3%,
and 5%). From the experiment, the wear rate is reduced with
the increase in the percentage of WC. Also, the frictional
force is reduced at 5% of WC. Although there is an increase
in load and sliding distance, the load and rotational speed
are the most significant parameters for increasing the wear
rate and COF. The wear due to load and rotational speed
is reduced at 5% of WC with Al 4043. The regression equa-
tions and ANN model are used to predict the values of the
experimental response. The residuals of the regression

Table 4: Experimental values compared with the ANN predicted values.

Taguchi L27
Array

Experimental values Values predicted from regression equations

COF
Sp. wear rate
mm3/Nm

Friction force
(N)

COF
Sp. wear rate
mm3/Nm

Friction force
(N)

Residuals

COF
Sp. wear
rate

Friction
force

1 0.21 2.45 1.2 0.20 2.4477 1.1985 0.00064 0.0023 0.0015

2 0.21 2.45 1.2 0.20936 2.4477 1.1985 0.00064 0.0023 0.0015

3 0.21 2.45 1.2 0.20936 2.4477 1.1985 0.00064 0.0023 0.0015

4 0.26 0.61 2.6 0.24738 0.59965 2.6066 0.01262 0.01035 -0.0066

5 0.26 0.61 2.6 0.24738 0.59965 2.6066 0.01262 0.01035 -0.0066

6 0.26 0.61 2.6 0.24738 0.59965 2.6066 0.01262 0.01035 -0.0066

7 0.28 0.29 5.3 0.31241 0.32606 5.2961 -0.03241 -0.03606 0.0039

8 0.28 0.29 5.3 0.31241 0.32606 5.2961 -0.03241 -0.03606 0.0039

9 0.28 0.29 5.3 0.31241 0.32606 5.2961 -0.03241 -0.03606 0.0039

10 0.22 0.53 1.98 0.20074 0.93881 1.6674 0.01926 -0.40881 0.3126

11 0.21 0.51 1.5 0.20074 0.93881 1.6674 0.00926 -0.42881 -0.1674

12 0.21 0.52 1.5 0.20074 0.93881 1.6674 0.00926 -0.41881 -0.1674

13 0.06 0.98 1.5 0.18243 0.99874 2.093 -0.12243 -0.01874 -0.593

14 0.26 0.98 2.6 0.18243 0.99874 2.093 0.07757 -0.01874 0.507

15 0.26 0.97 2.6 0.18243 0.99874 2.093 0.07757 -0.02874 0.507

16 0.01 1.72 1.98 0.3399 1.5002 5.2805 -0.3299 0.2198 -3.3005

17 0.63 1.74 7.43 0.3399 1.5002 5.2805 0.2901 0.2398 2.1495

18 0.15 1.73 3.2 0.3399 1.5002 5.2805 -0.1899 0.2298 -2.0805

19 0.01 0.31 0.5 0.024652 0.32558 0.66947 -0.01465 -0.01558 -0.16947

20 0.03 0.35 0.8 0.024652 0.32558 0.66947 0.005348 0.02442 0.13053

21 0.01 0.33 0.8 0.024652 0.32558 0.66947 -0.01465 0.00442 0.13053

22 0.06 0.16 1.1 0.07686 0.23104 1.1952 -0.01686 -0.07104 -0.0952

23 0.06 0.17 1.1 0.07686 0.23104 1.1952 -0.01686 -0.06104 -0.0952

24 0.05 0.19 1.3 0.07686 0.23104 1.1952 -0.02686 -0.04104 0.1048

25 0.07 0.52 2.1 0.1194 0.54476 2.2662 -0.0494 -0.02476 -0.1662

26 0.11 0.53 2.3 0.1194 0.54476 2.2662 -0.0094 -0.01476 0.0338

27 0.13 0.55 3.32 0.1194 0.54476 2.2662 0.0106 0.00524 1.0538
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equation and ANN model show the accuracy of the pre-
dicted values.

4. Conclusion

The present work studies the wear behavior of Al 4043 alloy
with the varying percentage of nano-sized WC (1%, 3%, and
5%) which has the following conclusion:

(i) The increase in the percentage of nano-sized WC
(5%) reduces the frictional force and specific wear
rate of Al 4043

(ii) The optimal parameter for the minimum specific
wear rate, COF, is achieved at the following combi-
nations: composition=5% WC with Al 4043,
load=29.34N, rotating speed=300 RPM, and slid-
ing distance =90m. The experiment was conducted
for the optimal combination, and the obtained

responses achieved better results than the experi-
mental outcome

(iii) The regression equation developed for the experi-
mental outcome predicts the responses with mini-
mum residuals

(iv) ANN model also well predicted the experimental
outcome with minimum residuals

(v) From the experiment, it is concluded that among all
the combinations of WC, 5% nano-sized WC
reduces the wear rate and COF of Al 4043 alloy

Data Availability

The data used to support the findings of this study are
included within the article. Should further data or informa-
tion be required, these are available from the corresponding
author upon request.
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