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Nowadays, the use of aluminium alloys is increasing in all domains of application, including industry, medical, electrical, and
household appliances. In general, aluminium alloy is a lightweight material with great strength when compared to other alloys.
According to the uses, the aluminium alloy must be strengthened by the inclusion of reinforced particles via the stir casting
process. The purpose of this study was to create nanocomposite samples of AA8111/B4C/ZrO2 using a stir casting procedure.
To prepare nanocomposite samples, the matrix of aluminium alloy AA8111 is supplemented with nanoparticles of boron
carbide (B4C) and zirconium dioxide (ZrO2) in varied proportions. Optimize the stir casting parameters using a statistical
approach such as the Taguchi technique to improve mechanical and wear attributes. The following process parameters were
chosen: nanoparticle reinforcement quantity (4% to 10% with the step of 2%), melting temperature (800°C to 950°C with the
step of 50°C), stir time (20min to 35 min with the step of 5 minutes), and stir speed (400 rpm to 550 rpm with the step of
50 rpm). Wear and tensile strength tests are performed; the melting temperature is heavily impacted in the wear test, and the
stir speed is heavily influenced in the tensile strength analysis. This experimental effort yielded a minimum wear of 0.085 mm?>/
m and a maximum ultimate strength of 167.6 N/mm?>.

1. Introduction

Compared to single material, the combination of different
elements presents in the single material possesses extreme
strength as well as excellent mechanical properties [1]. Dif-
ferent elements are blended into the base material named
as composites materials, more than two materials of mixing
called as hybrid composites [2-4]. Composite materials
increase its strength while manufacturing the parts. In recent

days, the aluminium alloy material is highly used in the
automobile field to satisfy various applications. Making of
engine components and the body building of vehicles con-
sidered the aluminium alloy vastly due to its light weight
and higher strength ratio. Aerodynamic consideration the
aluminium alloy is the most wanted material in the aero-
space applications; fabrications of wings and body structure
are required aluminium alloy [5-7]. Different aluminium
alloy series are available, based on the applications the
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TaBLE 1: AA8111 chemical constituents.

Chemical element Quantity (%)

Silicon 1.1
Magnesium, mg 0.05
Zinc 0.10
Manganese 0.10
Titanium 0.08
Chromium 0.03
Iron 0.8
Copper 0.10
Aluminijum Remaining.

chosen of aluminium alloy with the main role in the
manufacturing process. Household equipment and parts
are fabricated by using aluminium alloys at a high rate.
Home appliances such as pressure cooker, furniture items,
electrical conductors, and packing container in the food pro-
cessing units highly consumed aluminium alloy [8-10].

Strength of aluminium alloy materials is increased by
reinforcing hard particles namely boron carbide, titanium
carbide, silicon carbide, zirconium dioxide, aluminium oxide,
etc. [11-13]. Reinforced particles boron carbide and zirco-
nium dioxide are blended efficiently to the aluminium alloy
which is achieved by powder metallurgy or stir casting pro-
cess [14]. Using the powder metallurgy technique, the ball
milling process was employed in blending the matrix mate-
rial with reinforcing nanoparticles to obtain the homoge-
neous mixture. After conducting the ball milling process,
the powders are compacted further; the green compact is sin-
tered and extruded for conducting of different mechanical
tests [15-17]. Stir casting process is called the liquid metal-
lurgy process; it can be achieved by melting the base material
with reinforced particles in the crucible [18, 19]. Stir casting
process is improved through the selection of different process
parameters. Effective reinforcement is obtained by using the
stir casting process; it is a low-cost method for making com-
posite materials [20-22].

In many engineering applications, the quality improve-
ment is attained through statistical approach such as the
Taguchi optimization method; it is one of the robust design
methods [23, 24]. The Taguchi method is developed by Gen-
ichi Taguchi for improving the engineering quality such as
the quality of manufacturing goods [25]. Most of the com-
posites are undergone to wear and mechanical properties
analysis; these analyses check the reinforcement accumula-
tion and the strength of the composites [26-28]. This exper-
imental work is aimed at fabricating nanocomposite samples
of AA8111/B,C/ZrO, through stir casting process and iden-
tifying the best performing sample from testing for mechan-
ical strength and wear. Base material and reinforced particles
are selected as aluminium alloy (AA8111) and boron car-
bide/zirconium dioxide, respectively. Taguchi L16 orthogo-
nal array is included to optimize the manufacturing
parameter of quantity of reinforcement and process param-
eters of stir casting process. Responses of this work is consid-
ered wear and ultimate tensile stress.
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FIGURE 1: Stir casting setup.

F1GURE 2: Wear test specimen.

FIGURE 3: Tensile test specimens.

TaBLE 2: AA8111/B,C/ZrO, nanocomposite synthesizing variables
and levels.

Input levels

Iio Composites and testing parameters 1 2 3 4

1. Stir time (min) (ST) 20 25 30 35

2. Melting temperature (°C) (MT) 800 850 900 950

3 Stir speed (rpm) (SS) 400 450 500 550
. . o

4 Nanoparticle reinforcement (%) 3 6 9 12

(NPR)

2. Materials and Methods

Aluminium alloy AA8111 is the wrought alloy category; it
possesses high strength, and hence, the base material was
AA8111. The nanoreinforcement particles are zirconium
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TaBLE 3: Experimental observations’ summary of ultimate tensile stress test and wear test.

Stir Melting

Exp. Reinforcement Stir time Wear rate  Predicted Wear  Ultimate tensile Predicted ultimate
runs (%) speed (min) temperature (mm’/m)  rate (mm®m)  stress (N/mm?®) tensile stress (N/mm?)
(rpm) (O

1 4 400 20 800 0.234 0.258 95.2 98.065

2 4 450 25 850 0.303 0.310 112.3 110.815

3 4 500 30 900 0.219 0.362 132.7 123.565

4 4 550 35 950 0.520 0.414 124.2 136.315

5 6 400 25 900 0.085 0.231 78.3 102.870

6 6 450 20 950 0.314 0.164 121.1 96.340

7 6 500 35 800 0.610 0.647 155.8 159.170

8 6 550 30 850 0.544 0.580 163.0 152.640

9 8 400 30 950 0.316 0.282 120.3 115.375

10 8 450 35 900 0.533 0.490 145.7 143.525

11 8 500 20 850 0.655 0.460 124.3 133.115

12 8 550 25 800 0.747 0.668 161.7 161.265

13 10 400 35 850 0.573 0.568 153.2 150.980

14 10 450 30 800 0.686 0.656 167.6 159.850

15 10 500 25 950 0.395 0.433 129.5 137.920

16 10 550 20 900 0.318 0.522 143.7 146.790

TABLE 4: Signal-to-noise ratios for the observations of wear test.

Level  Nanoparticle reinforcement (%)  Stir speed on the melt (rpm)  Time duration of stirring (min) ~ Melting temperature (°C)

1 10.459 12.231 9.081 5.674
2 10.271 7.289 10.596 6.037
3 5.418 7.301 7.940 12.514
4 6.533 5.861 5.065 8.456
Delta 5.040 6.369 5.531 6.840
Rank 4 2 3 1

dioxide and boron carbide based on their appreciable quali- Main effects plot for SN ratios

ties in improving mechanical and wear strengths [29]. Base : _ Data means i

material is procured from Sargam Metals Private Limited, b Remforcemem( A’) | Strspeed(rpm)
Chennai, and reinforced particles are purchased from 10 @ ‘ ; ; ; ; ; ;
Ashoka Marketing Agencies, Chennai, with required quan- 3 4

tity for conducting of experiments. Table 1 presents the 6 -

chemical constituents of the AA8111 aluminium alloy and 4

its density is 2.71 g/cc. 4 6 8 10 400 450 500 550
The method for synthesizing the samples of the pro-
posed nanocomposite is the stir casting process. The aim this
research is to improve the mechanical strengths and wear
resistance by hybrid reinforcement of nanoparticles of B,C
and ZrO,. The objectives of the research are synthesizing
nanocomposite samples by varying reenrolment percentage
and manufacturing parameters like stirring speed, stir time, 20 25 30 35 800 850 900 950
and melting time. Statistical approach such as Taguchi
methodology is concentrated for this experimental to opti-
mize reinforcement quantity as well as parameters of the stir FIGURE 4: Main effects plot for S/N ratio (wear test).
casting to fabricate best nanocomposite. The main motiva-
tion to implement L, is based on the four-level factors in
the selected parameters.

Mean of SN ratios

Melting temperature (°C)

Signal-to-noise: Smaller is better
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TaBLE 5: Analysis of variance (wear test).

Source DF Seq SS Contribution Adj SS Adj MS F value P value
Regression 4 0.38866 69.51% 0.38866 0.09717 6.27 0.007
Reinforcement of nanoparticles 1 0.09687 17.32% 0.09687 0.09687 6.25 0.030
Stirring speed 1 0.09894 17.69% 0.09894 0.09894 6.38 0.028
Stirring duration 1 0.07103 12.70% 0.07103 0.07103 4.58 0.056
Melting temperature 1 0.12182 21.79% 0.12182 0.12182 7.86 0.017
Error 11 0.17049 30.49% 0.17049 0.01550
Total 15 0.55915 100.00%

TABLE 6: Optimization process input (wear test).
Response Weight Lower Upper Target Goal Importance
Rate of wear (mm’/m) 1 0.7475 0.0847 Minimum 1

TABLE 7: Optimization process results (wear test).

Solution Reinforcement (%) Stirring speed Stirring time Melting temperature (‘C) Wear rate (mm>/m) fit Composite desirability
1 4 400 20 950 0.0245325 1

3. Experimental Procedure

The reinforcement nanoparticles are blended at a prede-
fined quantity with the AA8111 powder in a ball mill.
Then homogeneous mixture was preheated through fur-
nace separately; heating and melting are achieved by stir
casting process. Different elements are melted simply by
using the stir casting, and the bottom pouring furnace is
considered for this work [30, 31]. The schematic diagram
of the stir casting process with key components is furn-
ished as shown in Figure 1.

Initially, the different weight percentages (4% to 10%
with the step of increment 2%) of the ZrO, and B,C with
equal share were preheated in the furnace. The main advan-
tages of the preheating process are improving the mixture
rate and removing the unwanted impurities present in the
elements of the reinforced particles. The preheating process
is carried out 550°C for 4 hours in the crucible. The base
material of the AA8111 is heated at an elevated temperature
of 950°C continuously with the aid of bottom pouring fur-
nace. The preheated reinforced molten material is poured
into the molten base material; further, the different temper-
ature levels (800°C, 550°C, 900°C, and 950°C) are maintained
for melting the blended mixture. Also, the different stir time
(20 min to 35 min with the step of increment 5 min) and stir
speed (400 rpm, 450 rpm, 500 rpm, and 550 rpm) are consid-
ered for achieving homogeneous mixture. Finally, the melted
materials are poured into the selected die and received the
samples for conducting wear and mechanical tests.

3.1. Wear Test. The standard of ASTM G99 was followed to
conduct the wear test4. The samples were prepared he
dimensions of 12 mm diameter and 35 mm length as shown
in Figure 2.

The DUCOM dry sliding wear test apparatus is
employed in investigating the wear property. The weight loss
is measured by weighing the sample before and after the test.
Wear test parameters are as follows: sliding distance of
1500 m, applied load of 40N, and sliding velocity of 3m/s
were set for testing all specimens.

3.2. Tensile Test. The tensile test is conducted through uni-
versal testing machine (UTM) as per the ASTM E8 standard
100 x 20 x 5mm, and the tensile test specimens’ image is
illustrated in Figure 3. Specimen is fixed in between the jaws,
and load is applied uniformly; at the same time, the strain
was measured using an extensometer. Finally, the specimen
is broken, and its dimensions are measured. The stir casting
parameters and their levels are tabulated in Table 2.

4. Results and Discussion

Table 3 shows the experimental output for the tensile stress
test and wear test. The minimum wear was observed at
0.085 mm>/m obtained at the parameter’s levels of 900°C of
melting temperature, 25min of stir time, 400 rpm of stir
speed, and 4% of nanoparticle reinforcement. In ultimate
tensile stress analysis, the maximum ultimate tensile stress
occurred at 167.6 N/mm? by involving 10% of reinforce-
ment, 450rpm of stir speed, 800°C molten temperature,
30 min of stir time, and 450 rpm of stir speed,

It was observed in Table 4 that the signal-to-noise ratio for
wear test observations, the highly influencing factor, is melting
temperature, the next was stir speed, and stir time and per-
centage of nanoparticle reinforcement are in the ranking
order. The high signal was obtained for nanoparticle rein-
forcement contribution of 4%. In the case of stirring speed
level 1400 rpm, the factor of stir time is 25 minutes, and the
favourable melting temperature was 900 as shown in Figure 4.
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Reinforcement (%) Stir speed (rpm) Wear rate (mm?3/m)

(a)

Stir speed (rpm) Stir time (min)

()

Wear rate (mm3/m)

0.234
0.3035
0.219
0.5205

20 800

1 0.0847

0.3135
25 850 0.6105

0.5445

0.3155
0.5335
0.6555
0.7475

30 900

0.5725
0.6865
0.3955
0.3175

35 950

Melting
temperature (°C)

()

Stir time (min) Wear rate (mm3/m)

Melting
temperature (°C)

Reinforcement (%) Wear rate (mm3/m)

(d)

FIGURE 5: Parallel set plots: (a) stirring speed vs. reinforcement nanoparticles (%); (b) stirring time vs. stirring speed; (c) melting temperature
vs. stir time; and (d) reinforcement nanoparticles (%) vs. melting temperature.

The minimum reinforcement percentage offered a mini-
mum wear rate, improving the reinforcement percentage
that increases the rate of wear of nanocomposite. Similarly,
increasing the stir speed increases the wear rate. The mini-
mum wear rate could be achieved at 400 rpm of stir speed
offered at minimum. In consideration of the stir time, the
25min duration resulted in the less rate of wear. Further,
increasing the stir time, the wear rate also increases. Increas-
ing the melting temperature decreases the wear rate, and
900°C of melting temperature offered a minimum wear rate.

Table 5 presents the contribution of each parameters in
the wear test, and the melting temperature highly contributed
as 21.79% compared to the remaining parameters. Stir speed
contributed as 17.69%, reinforcement percentage contributed
as 17.32%, and stir time contributed as 12.70%. Fisher’s value
was estimated with the higher contribution levels.

4.1. Regression Equation.

Wear rate (mm’/m) = 0.567 — 0.001561MT +0.001407SS
+0.0348NPR +0.01192ST.

(1)

Tables 6 and 7 illustrate the input and results of the opti-
mization process; the optimized rate of wear is 0.0245 mm>/

Zo
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#- Predicted wear rate (mm3/m)

FIGURE 6: Experimental runs vs. wear rate (experimental and
predicted).

m at the condition of 950°C of melting temperature by
400 rpm of stir speed, 4% of reinforcement, and 20 min of
stir time as shown in Equation (1).

Figure 5 exhibits the correlation between two parameters
based on the analysis. The relationship between nanoparticle
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TaBLE 8: Signal-to-noise ratios results of Taguchi for the observations of ultimate tensile stress.
Level Reinforcement (%) Stz;ﬁf)ed St(lgl:ﬁ;le templ\e/[r(jttlllrrlg )
1 41.23 40.69 41.57 43.02
2 4191 42.61 41.33 42.71
3 42.73 42.61 43.20 41.69
4 43.40 43.36 43.18 41.85
Delta 2.17 2.67 1.87 1.33
Rank 2 1 3 4
Main effects plot for SN ratios
Data means
Reinforcement (%) Stir speed (rpm)
é ,‘,',',',',,,‘,‘,‘,‘,',',',',Tf,‘
S 4l g - T o
% :1 (I’) é 1I0 400 450 500 5;0
§ Melting temperature (°C)
= 5] I
42 7
41 4
2I0 2I5 3I0 3I5 8(I)0 8.%0 9(I)0 9.%0
Signal-to-noise: Lar ger is better
FIGURE 7: Main effects plot for S/N ratio (ultimate tensile stress test).
TaBLE 9: Analysis of variance for ultimate tensile stress analysis.
Source DF SeqSS  Contribution  Adjusted sum of squares  Adjusted mean square ~ F value P value
Regression 4 7614 80.64% 7614 1903.5 11.45 0.001
Reinforcement (%) 1 2232 23.64% 2232 2232.4 13.43 0.004
Stir speed (rpm) 1 2337 24.75% 2337 2337.1 14.06 0.003
Stir time (min) 1 1859 19.68% 1859 1858.6 11.18 0.007
Melting temperature ("C) 1 1186 12.56% 1186 1185.8 7.13 0.022
Error 11 1828 19.36% 1828 166.2
Total 15 9442 100.00%

reinforcement (%) and stir speed is shown in Figure 5(a).
The minimum wear is observed at the condition of
400 rpm of stir speed and 6% of nanoparticle reinforcement.
Figure 5(b) represents that associations among stir time and
stir speed, from that 25min of stirring time duration and
400rpm of stir speed, offered a minimum wear rate.
Figure 5(c) illustrates the connection between stir time and
melting temperature, in that the 900°C of melting tempera-
ture and 25 min of stirring time duration recorded less rate
of wear. Figure 5(d) correlates the melting temperature and
reinforcement percentage, 6% of nanoparticle reinforce-
ment, and 900°C of melting temperature registered as the
minimum wear rate.

The association among predicted and experimental wear
rate is depicted in Figure 6. Many of the observations from

experiment were occupied in between the range of predicted
values spread; hence, the preferred model and data points
were sufficient for conducting wear test.

From the ultimate tensile stress analysis, the stir speed
was extremely involved due to the rank order as presented
in Table 8. Further, the reinforcement percentage, stir time,
and melting temperature are ranked accordingly based on
the influence on the UTS. The higher UTS recorded at the
levels of factors are as follows: 550 rpm of stir speed, 800°C
of melting temperature, 30 min of stirring time, and 10% of
nanoparticle reinforcement.

The highest reinforcement percentage (10%) and stir
speed (550rpm) recorded the maximum ultimate tensile
stress as shown in Figure 7. Increasing the stir time from
20 min to 30 min, the ultimate tensile stress was increased.
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TaBLE 10: Optimization process input (ultimate tensile stress).

Response Goal Lower Target Upper Weight Importance

Ultimate tensile stress (N/mm?) Maximum 78.3 167.6 1 1

TaBLE 11: Optimization process results (ultimate tensile stress).

Solution Reinforcement (%) Stir speed (rpm) Stir time (min) Melting temperature ("C)

Ultimate tensile

stress (N/mm?) fit Composite desirability

1 10 550 35

800 191.11 1

Ultimate tensile stress (N/mm?2)
167.6

156.4
145.3
134.1
122.9

111.7

Stir speed (rpm)

450
100.6

89.38

400 78.20

Reinforcement (%)
()

Ultimate tensile stress (N/mm?)

950 167.6

156.4
145.3
900
134.1
122.9
111.7

850
100.6

Melting temperature (°C)

89.38

800 78.20

Stir time (min)

()

3 Ultimate tensile stress (N/mm?)
5

U \ 167.6
156.4
145.3
30 134.1
1229
111.7
25
100.6
89.38
20 78.20
400 450 500 550

Stir speed (rpm)
(b)

Ultimate tensile stress (N/mm?)
10

167.6
156.4
1453

8
134.1
1229
| 1117

6
- 100.6
89.38
4 78.20

800 850 900 950

Melting temperature (°C)
(d)

Stir time (min)

Reinforcement (%)

FiGure 8: Contour plots: (a) stirring speed vs. percentage of nanoparticle reinforcement; (b) stirring duration (time) vs. stirring speed; (c)
melting temperature vs. stirring duration (time); (d) percentage of nanoparticle reinforcement vs. melting temperature.

The minimum melting temperature of 800°C recorded the
maximum ultimate tensile stress.

Stir speed (24.75%) was highly contributed in the ultimate
tensile stress, followed by reinforcement (%) (23.64%), stir
time (19.68%), and melting temperature (12.56%). All the
contribution was decided by the F value, and a higher F value
denoted the higher contribution in the ultimate tensile stress.
The contribution of factors on UTS could be obtained from
Table 9 based on the F value.

4.2. Regression Equation.

Ultimate tensile strength (N/ mm?*
=75.1+1.928ST — 0.1540MT + 5.28NPR + 0.2162SS)

(2)

Tables 10 and 11 illustrate the input and results of the
optimization process, the optimized ultimate tensile stress
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was registered as 191.110.0245N/mm” by 800°C of melting
temperature, 35min of stir time, 550 rpm of stir speed, and
10% of nanoparticle reinforcement as shown in Equation (2).

The correlation between two parameters for the response
of ultimate tensile stress is shown in Figure 8. Figure 8(a)
shows the associations between reinforcement (%) and stir
speed. The maximum ultimate tensile stress was noticed at
the point with the nanoparticle reinforcement of 10% and
stirring speed of 450 rpm. Figure 8(b) signifies the correlation
between the speed of stirring while synthesizing the nano-
composite and the stirring time duration. Hence, the optimal
condition is 30 min of stirring time, and the stirring speed of
550 rpm was recorded the maximum ultimate tensile stress.
Figure 8(c) explains the correlation among stirring durations
(time) and melting temperature, in that 800°C of melting
temperature and stirring time was 30 min of the registered
maximum ultimate tensile stress. Figure 8(d) illustrates the
melting temperature and reinforcement percentage; hence,
10% of nanoparticle reinforcement with 800°C of melting
temperature is the maximum ultimate tensile stress.

Figure 9 shows the relationship between experimental
and predicted ultimate tensile stress. From this analysis,
many experimental observations were fall within the range
of predicted values; hence, the chosen model and data points
were adequate for conducting ultimate tensile stress.

5. Conclusion

Using the stir casting process, the aluminium metal matrix
(AMMCs) composites (AA8111 + B,C/ZrO,) were pro-
duced successfully, and the stir casting process parameters
were optimized. Finally, the minimum wear and maximum
ultimate tensile stress was obtained through statistical analy-
sis; the results were concluded as the follows:

(i) Based on the wear test analysis, the minimum wear
was found to be 0.085mm’/m when 4 percent of
nanoparticle reinforcement, 400rpm stir speed,
25min stir time, and 900°C melting temperature
were all used. In the ultimate tensile stress study,

Journal of Nanomaterials

the maximum ultimate tensile stress was recorded
as 167.6 N/mm?” when 10% reinforcement, 450 rpm
stir speed, 30 min stir duration, and 800°C molten
temperature were used

(ii) In the wear test, the best results were obtained with
a 4 percent reinforcement, 400 rpm stir speed, 25
minute stir time, and a molten temperature of
900°C. In the same way, the best parameters for ulti-
mate tensile stress analysis were 10% reinforcement,
550 rpm stir speed, 30min stir time, and 800°C
melting temperature

(iii) From the wear test, the higher contribution was
achieved as 21.79% by melting temperature contrast
to remaining parameters. Stir speed contributed as
17.69%, reinforcement percentage contributed as
17.32%, and stir time contributed as 12.70%. In
the ultimate tensile stress analysis, maximum con-
tribution (24.75%) was reached by stir speed
followed by reinforcement (%) (23.64%), stir time
(19.68%), and melting temperature (12.56%)

(iv) In the optimization process analysis, the minimum
wear rate was registered as 0.0245 mm?®/m at 950°C
of melting temperature 400 rpm of stir speed, 4%
of reinforcement percentage, and 20min of stir
time. Similarly, the optimized ultimate tensile stress
was recorded as 191.11 N/mm? by 800°C of melting
temperature, 550 rpm of stir speed, 10% of rein-
forcement percentage, and 35 min of stir time
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