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Using the Taguchi Grey response surface approach, this study investigates the effect of novel ultrasonic-aided stir casting
conditions on the production of AA6061/zirconia nanocomposites. A Taguchi L, orthogonal array was utilized to conduct the
researches, which included ultrasonic power (1.75-2.5kW), time (5-20 min), temperature (750-900°C), which can cause
premature solidification, stir pressure (100-250 MPa), and reinforcement weight percentage (wt% of reinforcement).
Ultrasonic-aided stir casting technique has five adjustable parameters (2-5). The ultimate tensile strength, elongation
percentage, hardness, and size of the grain material were some of the metrics used to evaluate the process performance. It was
decided to employ the response surface approach to model and optimize the numerous replies into one grey relational analysis.
AA6061/zirconia nanocomposites were studied using statistical methods such as 3D surface plots and variance analysis.
2.2537kW, 16.28 min ultrasonic duration, weight % of reinforcement of 1.9, stirring temperature of 700.73°C, and stirring
pressure of 142.63 MPa were found to be the best parameter values.
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1. Introduction

In a variety of industries, metal matrix composites play an
important role due to their light weight, greater durability,
and outstanding resistance to wear as well as corrosion
[1]. Lightweight aluminum matrix composites (AMCs)
are employed in several technical applications because they
have tensile strength, less coeflicient of thermal expansion
[2], increased mechanical and anticorrosion qualities, and
a less coefficient of thermal extension [3, 4]. In contrast,
the mechanical characteristics of aluminum matrix com-
posites are strongly reliant on the kind, quantity, and
nature of the strengthening properties contained in its
matrix [5]. AA6061 is a heating-resistant metal of alumi-
num and Cu that is a common alloying element [6].
Weight, strength, and corrosion resistance (and high
machinability) make them ideal for use in aerospace or
automobile engineering. A chemically inert ceramic with
outstanding thermomechanical characteristics, zirconia
(ZrO,) is a versatile material [7]. For example, zirconia’s
density is 3.95 grams per cubic centimeter, its melting
point is 2056°C, and its thermal expansion coefficient is
7.4um/°C. Zirconia reinforcements have been found to
greatly upgrade the mechanical characteristics of alumi-
num alloys in previous studies [8, 9]. Furthermore, nano-
sized zirconia elements have a significant impact on the
mechanics and thermomechanic characteristics of nano-
structured owing to their high surface-to-volume propor-
tion [10]. MMCs with near net forms can be produced
using the liquid metallurgical process known as stir casting
[11]. Since it eliminates porosity and improves surface tex-
ture and mechanical qualities while also utilizing a finer
microstructure than conventional casting, stir casting is a
preferable method [12]. While traditional stir casting
may be used to introduce nanoparticles [13] into the metal
matrix, it is quite difficult to do so. Excessive churning will
result in the matrix being oxidized and clumping together
[14]. In these circumstances, ultrasonic therapy (UST) can
be employed to efficiently distribute nanosized reinforce-
ments [15]. Grains are refined and degassed using UST
in the composite production sectors. When high-intensity
ultrasonic waves are used during ultrasonic therapy, the
melt is subjected to intense cavitation and acoustic stream-
ing. Because of this, ultrasonic therapy breaks apart nano-
particulate groups and evenly disperses the particles that
make up the material melt [16]. It is therefore ineffective
to just employ the use of ultrasonic therapy in the produc-
tion of nanocomposites. To improve nanocomposites’
microstructure and mechanical characteristics, the ultra-
sonic therapy stir casting process is a common production
technique [17]. Many recent studies have shown that
adjusting the casting process parameters utilizing various
optimization tools may improve the mechanical and
microstructural characteristics of composites [18]. It was
found that 106 MPa, 200°C, and 30s are the optimal values
for stir casting pressure, die heating temperature, and stir
duration for the stir casting method of LM,, alloy to
increase the UTS and stiffness. Wetting of dispersion
issues was resolved by treating AA6061/1 wt% ZrO, nano-

Journal of Nanomaterials

TaBLE 1: Characteristics of zirconia.

Property Values
Density 6.15g/cm’
Colour White
Melting point 2973K
Shape Spherical

composites with ultrasonic treatment, which caused in a
rise in ultimate tensile strength yield of 37% and 81%, cor-
respondingly, as equated to the base alloy [19]. It was
found that ultrasonic processing with a 1400 W/cm™
power level and a 5% solute concentration resulted in
the best grain refinement in a study by [20]. With the help
of T-GRA and ANOVA, [21] investigated whether process
parameters (UTS, stiffness, and % of extension) affected
the microstructure and mechanical characteristics of
AA6061-ZrO, compounds (ANOVA). The optimal values
were discovered to be a stirring pressure of 128 MPa, a
molten temperature of 848°C, and a weight percentage of
SiC [22]. Improve multiple responses processes with the
use of the RSM and examination of the desirability
approach, two commonly used methodologies. It is possi-
ble to determine the best input conditions using these
methods. An ANOVA, RSM, and a desirability function-
based technique was utilized by [23] to identify the best
combinations of manufacturing parameter A413 alloy,
which is made by stir casting. It was found that the phys-
ical and microstructural characteristics of LM, ; alloy were
affected by molten metal and die temperatures, as well as
stir pressure. Higher stir pressure decreased grain size
and enhanced hardness and density, according to the data
[24]. However, hardness declined with increasing melt and
die temperatures. Microstructure and mechanical charac-
teristics of 6061 alloy AA were examined by [25]. Assum-
ing 700°C and 140 MPa, the average grain size was 80 nm.
Pouring temperature had no effect when the stir pressure
was more than 70 MPa. To improve the wear characteris-
tics of AA7150-hBN composites, [26] utilize Taguchi L,
orthogonal array-ANOVA. Taguchi’s L, orthogonal array,
stirring pressure, pressure holding duration, and die
preheating temperature all had a significant impact on
composite reactions including stiffness and high strength-
ening, according to [27, 28] employing an artificial neural
network prediction model to investigate how the settings
used in stir casting affected the solidification time. It was
shown that both the mold and pouring temperatures had
significant effects on casting quality and freeze time. For
AA2024-SiC nanocomposites, [29] established remarkably
low error % artificial neural network models to forecast
the density and hardness. Stir casting processing parame-
ters include pouring temperature, pressuring duration,
and die temperature which were examined in depth by
[30]. Nanocomposites using traditional stir-stir casting
have had difficulty achieving acceptable microstructural
and mechanical qualities, as has been widely documented
in previous investigations [31]. These obstacles can be
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TABLE 2: Processing factors and its levels.

Processing factors Level 1 Level 2 Level 3 Level 4
Ultrasonic therapy power (KW) (A) 1.75 2 2.25 2.5
UST time (min) (B) 5 10 15 20
Pouring temperature ("C) (C) 750 800 850 900
Squeezing pressure (MPa) (D) 100 150 200 250
Weight percentage of reinforcement (wt%) (E) 2 3 4 5

solved by employing a technology known as ultrasonication-
stir linked stir casting, which has proven effective in the last
several years. No one has employed an optimal combination
of ultrasonic therapy stir casting parameters, and the litera-
ture study clearly shows that there is a considerable need
for improving these parameters to fabricate aluminum
nanocomposites. According to [32], L, orthogonal array
16 distinct AA6061/zirconia nanocomposites were made
utilizing the UST-stir linked stir casting process. There were
five variables that could be tweaked in the ultrasonic-aided
stir casting process: power (1.75-2.5kW), duration (5-
20min), pour temperature (750-900°C), stir pressure (100-
250 MPa), and wt% ZrO, (2-5%). The results were analyzed
using these parameters. We selected hardness, elongation
percentage, and particle size as the replies. The TGRSM
approach was utilized to invent the finest mixture of
parameters [33-35]. The best condition was verified by
conducting a desire analysis and a confirmation experiment.

2. Methods and Materials

2.1. Matrix and Reinforcement. It was decided to use zirconia
alloy 6061 as the matrix composite in this study. The nano-
powder of zirconia (ZrO,) was used as reinforcement.
Table 1 lists the characteristics of ZrO,.

2.2. Selection of Process Parameters and Responses. For high-
quality castings, it is vital to pick the right casting process
parameters and operating levels. Selecting control parame-
ters with an inadequately big or narrow operating range,
you may end up with a flawed or incomplete solution.
Nanoparticle aggregation and matrix material oxidation
would occur if the ultrasonic therapy power and the ultra-
sonic therapy duration were increased [34]. Lower ultra-
sonic therapy power and duration, on the other hand,
are insufficient for dissolving nanoparticle clusters and
removing dendrites from microstructures. Due to a
delayed cooling rate, dendritic structures emerge when
the melt is poured at a higher temperature. Premature
solidification might occur if the pouring temperature is
too low and the processing parameters are shown in
Table 2.

2.3. AA6061/Zirconia Nanocomposite Fabrication. Initial
melting was done in mild steel employing an electric resis-
tance furnace with highest heating system of 1200°C. A K-
type thermocouple has been used to show the temperature
of the furnace and the melt. We used an inert gas shield to

safeguard the melting process. Zirconia nanoparticles were
also dried in a muffle furnace by heating them to 300°C for
an hour. The composites were manually stirred for two
minutes at 500 revolutions per minute utilizing a graphene
layered stainless steel stirrer when it reached the appropriate
melting temperature. Zirconia nanopowder was added to the
melt and agitated for another 5 minutes before being
removed [35]. A titanium alloy ultrasonic probe was used
to disseminate ultrasonic waves into the slurry after
adequate churning. The sonotrode was submerged in the
melting space to a deepness of 300 mm during the ultrasoni-
cation operation. Power was raised to 2.5 kilowatt and the
frequency was set at 20kHz. Warm steel mold dies
(300 mm high by 50 mm wide) were used to bottom-pour
the melt before it could harden. It was critical that all of
the experiments be conducted with a 1-minute stir period.
Accordingly, the process parameters for producing the 16
distinct AA6061/zirconia nanocomposites were adjusted
according to the Taguchi L, orthogonal array. A high-
precision weighing scale (accurate to 0.00001g) was used
to measure the porosity of the manufactured materials.

2.4. Heat Treatment of Nanocomposites. Precipitation hard-
ening under a T-6 tempering condition hardened the nano-
composites. In solution treatment, the nanocomposites were
maintained at 510°C for two hours before being immediately
quenched in water. In addition, the aging process was car-
ried out for 14 hours at 165°C. Heat treatment was done in
an argon endangered atmosphere employing a high-
temperature muffle boiler. In a double disc-polishing
machine, abrasive polishing sheets of 400, 600, 1200, and
2000 grit were used to make microstructural study speci-
mens. Particle size was determined using the ASTM E 112-
96 linear intercept method.

2.5. Hardness Test. Nanocomposites were tested for micro-
hardness (VHN) using a Vickers hardness tester (Bluestar
Vickers hardness tester). Indentation testing was performed
on the polished specimens using a 10kg load as well as a
dwell duration of 15 seconds.

2.6. Tensile Test. Tensile tests were conducted to determine
how casting factors affected the nanocomposites” ultimate
tensile strength and elongation %. Figure 1 indicates the
specimen schematic of tensile tests done on an Instron ten-
sile testing equipment with a strain rate of 1 mm/min. A
gauge span of 251 mm was used for the tensile test, which



Journal of Nanomaterials

30 mm

32 mm 30 mm

61;1m 10 mm

Intensity (Cps)

- 6mm =

R6 mm

FIGURE 1: Measurement of the tensile test sample.
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FiGure 2: XRD forms of materials: (a) AA6061 and (b) zirconia.
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TaBLE 5: GRC and grey relational grade values.
Exp. no. Hardness (VHN)  Elongation (%) Graile(i:ze (um)  Ultimate tensile strength (MPa) Grey relational grade  Rank
1 0.382 0.511 0.902 0.343 0.5337 12
2 0.409 0.453 0.797 0.408 0.5163 14
3 0.403 0.388 0.749 0.486 0.5058 15
4 0.334 0.334 1.000 0.334 0.5000 16
5 0.474 0.416 0.808 0.438 0.5337 13
6 0.564 0.535 0.665 0.618 0.5945 9
7 0.516 0.564 0.688 0.606 0.5933 10
8 0.415 0.733 0.762 0.512 0.6064 8
9 0.668 0.614 0.602 0.733 0.6539 4
10 0.461 0.775 0.668 0.609 0.6272 6
11 0.734 0.543 0.605 0.601 0.6197 7
12 0.585 0.568 0.616 0.751 0.6295 5
13 0.748 0.635 0.481 0.856 0.6792 3
14 0.631 0.583 0.558 0.533 0.5761 11
15 0.642 1.000 0.407 0.819 0.7172 2
16 1.000 0.926 0.334 1.000 0.8148 1

was completed successfully. Hardness and tensile testing
were performed on samples.

3. Results and Discussion

3.1. Intermetallic Phase Analysis of Nanocomposites. The
XRD patterns of AA6061 and AA6061/2 weight % Zr nano-
composite are shown in Figures 2(a) and 2(b), correspond-
ingly. It can be shown in Figure 2(a) that the natural
intermetallic phase generated by Cu and Al atoms reacting
in the 6061-aluminum alloy corresponds to the peaks associ-
ated with both the phase and the intermetallic CuA,, phase.
It may be seen in Figure 2(b).

3.2. Process Optimization Using TGRSM. Taguchi L,
orthogonal array was employed to done the testing, with
two replications for each trial. Results for each stage of the
experiment are summarized in Tables 3 and 4. First, the
response values were functional to Grey relational analysis
and its GRA output was employed as an input for response
surface methodology displaying and optimizing. Every set
of normalized sound to noise ratio values of replies is used
to determine the GRC values. Grey relational grade was cre-
ated by averaging the GRC values of different GRCs into a
single quality index. All responses and their accompanying
grey relational grade are shown in Table 5. When grey rela-
tional grade reaches its maximum value on the sixteenth
trial, it is close to the optimal parameter level. Variations
in grey relational grade values, as seen in Figure 3, illustrate
that parameter levels selected have a significant influence on
the grey relational grade. RSM was used to analyze the grey
relational grade values obtained by RSM. Minitab software
was used to determine the model coefficients for the

second-order polynomial equation that expresses the impact
of factors on grey relational grade.

3.3. ANOVA on Grey Relational Grade. The ANOVA was
chosen to investigate the most critical factors that contribute
to the generation of grey relational grade values. Table 6
indicates the ANOVA outcomes for grey relational grade.
While the “p value” showed the importance of the model
terms, the “F value” showed the model’s significance. We
identified all of the factors and interactions that were exam-
ined in the model (A/B/C/D/E) as the most important vari-
ables. Table 7 shows that the polynomial model’s R-squared
value was quite near to unity. Using this data, the model is
able to forecast future results based on the results of actual
experiments.

Figure 4(a) demonstrates the model’s suitability. Polyno-
mial model predictions of grey relational grade agree with
those obtained under experimental circumstances; it is dis-
covered. The adjusted R-squared value was quite close to
the projected R-squared value. To put this into perspective,
the model has an adequate precision of 30.016, as indicated
in the tables. Figure 4(b) displays that the studentized resid-
uals follow the normal distribution, as may be demonstrated.
This suggests that polynomial models can be used to predict
GRG values in the experimental area with reasonable accu-
racy and precision.

3.4. Grey Relational Grade Surface Plots in 3D. 3D surface
plots, as illustrated in Figures 5(a)-5(c), were produced to
study the effects of processing factors on grey relational
grade. The grey relational grade value is strongly influenced
by the ultrasonic therapy power and pouring temperature, as
illustrated in Figure 5(a). It has been found that grey rela-
tional grade values increase when ultrasonic therapy power
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FIGURE 3: Variations in GRG levels among different trials.
TaBLE 6: ANOVA on grey relational grade.
Source SS DoF Mean square F value p value
Model 0.1047 8 0.0133 75.23 <0.0002
A 0.01938 1 0.01947 12.32 0.002
B 0.04415 1 0.04415 26.71 0.002
C 0.00222 1 0.00213 13.35 0.011
D 0.00520 1 0.00511 30.76 0.002
E 0.01179 1 0.01179 69.61 0.000
AC 0.00123 1 0.00123 8.14 0.033
BC 0.00446 1 0.00446 26.92 0.002
DE 0.00665 1 0.00665 39.68 0.000
Residual 0.00121 7 0.000182 — —
Cor. total 0.105 15 — — —
TaBLE 7: Adequate precision values and model adequacy R-squared.

Standard variance 0.0132 R-squared 0.9887
Mean 0.6064 Adjustable R-squared 0.9757
Coeflicient of difference 2.1618 Forecast R-squared 0.9049
Forecast residual error SS 0.0064 Adequacy precision 30.0166

increases. Respondent values increased as ultrasonic therapy
power increased owing to particle dispersal, grain enhance-
ment, and varied nucleation. Pouring temperatures increase
the grey relational grade value. Because the freezing period
was prolonged and the number of secondary dendrites
increased, there were more secondary dendrite forms. At
lower ultrasonic therapy power levels, pouring temperature
had little effect. UST time, melt pouring temperature, and
other variables, including ultrasonic therapy power (2250

watts), stir pressure (200 MPa), and weight % of reinforce-
ment, are depicted in Figure 5(b) as a function of grey rela-
tional grade. The grey relational grade value rises to 0.678 at
minimum pouring temperatures and lengthier ultrasonic
therapy intervals. Figure 5(b) displays a strong link among
the ultrasonic therapy time as well as the pouring tempera-
ture. The grey relational grade value fell as the pouring tem-
perature was increased to 900°C. It was found that the grey
relational grade was highest when the ultrasonic therapy



Journal of Nanomaterials

0.85

0.80

0.75

0.70

0.65

Predicted GRG values

0.60

0.55

0.50

T T T T T
0.50 0.55 0.60

0.65

T T T T T
0.70 0.75 0.80

Actual GRG values

100

()

Predicted GRG values

LI L B
-1.5 -1.0 -0.5 0.0

LI E Y L B |
0.5 1.0 1.5 2.0 2.5

Actual GRG values

(b)

FIGURE 4: (a) Actual vs. predicted grey relation grade. (b) Studentized residuals vs. normal % probability.

was longer and the pouring temperature was lower. The
best strategy to ensure that the product is safe to consume
is to increase the ultrasonic therapy duration and lower
the pouring temperature as much as feasible. A longer
ultrasonic therapy time will reduce the chance of nanopar-
ticle agglomeration. Pouring at a lower temperature speeds
up the cooling process, which improves the qualities of the
finished product.

Figure 5(c) shows the interaction between stirring pres-
sure and weight percentage. When the ultrasonic therapy
power, the ultrasonic therapy duration, and the temperature
are all persistent, the grey relational grade values are pro-

jected over the assortment of stir pressure and particles
weight. According to this diagram, a high grey relational grade
is produced when the wt% of particles is 6% and the stirring
pressure is 250 MPa. Grain refining, elimination of porosity
melt, and dendritic fragmentation all contribute to a rise in
the grey relational grade value as the stir pressure increases.
At first, an increase in nanoparticle weight % increased the
multiperformance of AA6061/zirconia nanocomposites cast
by ultrasonic-aided stir casting. Reinforcement with a
higher wt% results in an increased grey relational grade;
this indicates, therefore, an ideal 3wt% ZrO, concentration
for enhanced mechanical properties.
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FIGURE 5: (a—c) 3D response surface plots of grey relational grade.
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Main effects plot for grain size (ym)
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FIGURE 6: Main effects plots: (a) hardness, (b) ultimate tensile strength, (c) elongational %, and (d) size of the grain.

TaABLE 8: Results of confirmation trials.

Factor setting Initial factor

Optimum factors from Taguchi Grey response surface
methodology

Trial values Enhancement in response value

Level A;B,C,D,E,
Grey relational grade 0.6199
Hardness (VHN) 144.75
Ultimate tensile strength (MPa) 298.73

% of elongation (%) 6.98
Grain size (ym) 128.56

Ultrasonic therapy power = 2.25367 kW Ultrasonic therapy
time = 16.28 min Pouring temperature =700.73°C Squeezing
pressure = 142.63 MPa Weight % of reinforcement = 1.9

0.8208 0.203

152 7.250
339.58 40.850
10.6 3.620
43 85.560

3.5. Influence of Factors on the Response. By means of main
effect plots, it is possible to demonstrate the influence of
numerous factors on the results. Plots of the principal effects
for a range of responses are shown in Figures 6(a)-6(d). On
the graphs, it appears that ultrasonic therapy power (A) is
the most important factor in determining the correct
responses. In addition to improving hardness, ultimate ten-
sile strength, and % of elongation, increasing the UST power
also reduced grain size. Intense ultrasonication at a greater
ultrasonic therapy power helped disperse the nanoparticles
evenly throughout the matrix. At this moment, the nanopar-
ticles were strapped into the intergranular regions of the pre-
viously produced grains. Due to the grain’s inability to
spread any more as a result of this technique, an even finer
grain structure was created.

With regard to ultrasonic therapy time (B), it is clear that
an increase in this value enhances the replies up to a certain
point in time. The ultimate tensile strength, % elongation,
and particle size all improved pointedly after a 15-minute
UST time. The nanoparticles were evenly disseminated
throughout the matrix because of the ultrasonication proce-
dure. As the ultrasonic therapy time increased to 20 min, the
hardness, ultimate tensile strength, and elongational per-
centage all dropped, but the grain size improved. Due to
nanoparticle aggregation, the maximum UST duration had

less of an impact on the reactions of the subjects. Because
of this, it is possible that an optimal ultrasonic therapy dura-
tion at midvalues is all that is needed to distribute nanopar-
ticles effectively.

Plots of the main impacts show how answers vary
depending on the weighted percentage of reinforcement
used (E). Up to 3% of nanoparticles in the solution increased
the reactivity. This was possible because of the uniform dis-
persion of nanoparticles throughout the system. Amounts of
nanoparticles in excess of 3 wt% reduced the responses. It is
common for nanoparticles to agglomerate in the matrix at
higher percentages of the total weight. In addition to acting
as stress concentration locations, the agglomerated particles
also reduced mechanical responses. As a result, increasing
the weight % of reinforcement reduced ultimate tensile
strength and % of elongation. Table 8 shows the confirma-
tion trials results.

Stress and strain graphs of materials manufactured under
different processing conditions are shown in Figure 7.
Increased ultrasonic therapy power was clearly associated with
an increase in strain rate. Using high-powered sonication, a
uniform dispersion of nanoparticles and fine grain refinement
is achieved. Increases in nanoparticle weight % diminish elon-
gation at various ultrasonic therapy powers, according to
stress-strain curves. For example, at increased ultrasonic
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FIGURE 7: Tensile stress-strain curve.

therapy power, the grain fineness was greater and the disper-
sion of nanoparticles was more homogenous at 1.5 and
6 wt%. Consequently, the ductility improved greatly. In con-
trast, low-power sonication was unable to achieve uniform
dispersion at high levels of reinforcement. To compensate
for the loss of ductility, the material was coated with
nanoparticles.

4. Conclusion

TGRSM was utilized to optimize ultrasonic therapy power,
duration, pouring temperature, and the stir pressure. The
investigation’s findings are as follows.

(i) This study demonstrated that grain refinement,
homogeneous dispersion, and nanoparticle cluster-
ing were all impacted by distinct processing factors.
Zirconia particles were shown to be nonreactive
with AA6061 according to XRD measurements

(ii) Multiobjective problems were transformed into
similar single-objective problems using GRA. Using
a model with a coeflicient of determination of
0.9886, we were able to accurately predict the exper-
imental response values. In the sixteenth trial,
A,B,C,D,E, produced the greatest GRG value

(iii) As a result of these and other factors, the final
results were significantly affected by the UST power
and time as well as the temperature, stir pressure,
and the weight percentage of reinforcement. It was

found that AC, BC, and DE had significant ANOVA
interactions

(iv) Response surface plots were used to describe the
impacts of factors on grey relational grade, and the
role of specific parameters was explored. Grain size
dropped as UST power rose, yet hardness, ultimate
tensile strength, and elongation % increased. Higher
pouring temperatures resulted in a decreased solid-
ification cooling rate, which resulted in better com-
posite manufacturing outputs. At a stir pressure of
142 MPa, better responses were obtained and addi-
tional increases in pressure had very minimal effects
on responses

(v) Using the TGRSM method, the following was found
to be the best set of parameters: pouring tempera-
ture was 700.73°C, stir pressure was 142.63, and
reinforcement was 1.9wt%. Hardness of 151.62
VHN, ultimate tensile strength of 346.89 MPa, elon-
gational % of 10.82, and particle size of 48.73
micrometer were found to be the optimal response
parameters. Grey relational grade improved by a
factor of 0.203 in the confirmation test

Data Availability
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