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A new approach to metal casting has been developed that uses microwave radiation at 2.45 GHz to melt
and heat the metal. At microwave powers of 600, 800, and 1000 W, AA2024 is employed as a charge
material. Three susceptor materials WC and Silicon Carbide—are used in the process, and the solidifica-
tion takes place in two stages, one in a closed cavity and the other in an open one. It was discovered that
tightly cast samples 15 and 9 had smaller equiaxed grains and micro indentation hardness testing.
Intermetallic phases of Al2Mg3 and MgZn2 were detected in these cast samples, however, cast specimen
18 includes intermetallic stages of Al2Mg3, Magnesium Zinc, and Al2Mg3. This study discovered that the
solidification atmosphere, microwave power, and susceptors affect grains and intermetallic precipitates.
In this study, the micro indentation hardness (HV)of cast sample 18 is about 166 HV, larger than the other
casts. The hardness, porosity, and XRD characterization of the generated casts is examined. Rapid solid-
ification and increasing microwave power affect the composition, distribution and size of eutectic stages,
leading to a rise in micro indentation hardness.
Copyright � 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 2 nd International Con-
ference on Advanced Materials and Nanotechnology.
1. Introduction

Casting aluminum alloy components for industrial and com-
mercial usage is the most common and vital method of production
[1,2]. This process allows for greater flexibility in terms of size,
shape, and complexity of parts; nevertheless, regulating stages
micro-segregation, casting defects, and grain size are certain diffi-
culties that need to be addressed for improved cast characteristics
[3–6]. Environmental degradation is caused by using conventional
metal melting technologies, which emit many fumes, toxic gases,
and smoke [7]. Conventional casting technologies have additional
drawbacks, including high production costs, porosity, material loss,
and safety concerns [8,9]. Non-conventional technologies such as
microwave energy processing and innovative techniques for melt-
ing metal were developed to address these problems [10]. Process-
ing metals in the microwave uses less energy and is more
economical [11].

It’s impossible to compare the heat generation in microwave
processing to that of a traditional casting technique. To put it
another way, in microwave-processed castings, core-to-surface
heat generation and transfer occur, whereas in conventional cast-
ings, the opposite occurs [12,13]. 2005 microwave energy was first
used for metal smelting applications at 2.45 GHz. For example, in
microwave welding and microwave sintering, it has been reported
that microwave radiation is utilized to melt metallic base and pow-
der materials on-site [14,15]. The molecular heating possible with
microwave energy decreases the typical temperature gradient
when using conventional heating methods. Authors [16] found
that the room-temperature mechanical qualities of AA 2024 are
superior to those of other aluminum alloys, such as hardness,
toughness, and strength. As a result, armor plates, military vehi-
cles, railroad transport systems, road transporters, and other appli-
micro-
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Table 1
Absorption of microwaves by various materials at room temperature.

Fundamentals Materials Penetration
(mm)

Dielectric Loss Factor
(Fm�1)

Base Al2O3 12,568 0.008
Mold Gr 0.22 11.4
Charge Al 0.0018 Negligible
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cations are required. Micro-segregation of Magnesium/Zinc phases
has also been postulated as a reason for the poor castability of Al-
2024. It was explained [17 18] that during solidification, the
growth of molten metal/alloy is dendritic in nature. The skeleton
of the solid phase is formed during solidification when grains con-
tact with each other.

According to authors [19,20], microwave-metallic material
interaction produced treated components with a fine, nearly
equiaxed grain structure. To put it another way, mechanical char-
acteristics were improved compared to a traditional method. The
mechanical properties of AA2024 alloy were studied by authors
[21,22] by varying the process conditions. Using a vertical contin-
uous casting method, the billets were cast at varied metal temper-
atures and at varying speeds. The greater the casting speed, the
greater the billet’s hardness and tensile strength and the lower
its elongation value. According to researchers [23,24], the mechan-
ical characteristics of AA2024 may be influenced by the casting
mould. AA2024 cast casts had an important effect on hardness,
tensile and impact strength of mould material. The naturally
bonded sand mould is to responsible for the alloy’s greater hard-
ness (33.7HB) comparing to metallic and cement moulds. Mold
materials, as well as their thermal and chemical qualities, influence
surface finish. At high temperatures, it investigated the feasibility
of melted and casting metallic powders using hybrid microwave
heating.

Another application of microwave energy was the creation of
Ni-based powder castings strengthened with silicon carbide (SiC).
The resulting microstructure had a virtually equiaxed grain devel-
opment because of the homogeneous distribution of reinforce-
ment. In microwave-processed castings, a greater microhardness
was achieved due to the production of hard phases and homoge-
neous dispersion of SiC particles. Microwave irradiation was used
by researchers [25] to characterize the metallurgical and mechan-
ical properties of AA 1050 in its raw and processed forms. 89.9 MPa
with a 12.93% elongation was the average for cast aluminum,
which has a dense and tiny grain structure. Microwave stir casting
was used by authors [26] to produce Al-5% Silicon carbide MMC.
XRD measurements showed that the cast metal matrix composite
contained various phases of aluminum and SiC. Microstructural
investigation revealed the presence of Silicon carbide near the
grain limitations and a consistent grain structure. Authors [27,28]
studied the charge heating, melting mechanisms, and the alloy’s
main heating stages during irradiation using time–temperature
characteristics. Microwave heating creates an oxide layer that
works as a microwave antenna. During the irradiation process,
the graphite mold was preheated, which reduced the temperature
difference between the liquid metal and the mold wall during
solidification. An ambient microwave energy of 2.45 GHz and
1000 W cast the sample in-situ inside the microwave. The in-situ
cast samples had a UTS of 148.46 MPa and a maximum micro
indentation hardness of 132HV, with the grain boundaries having
the highest mean micro indentation hardness. The yield strength
was described to be at 80 MPa, while the grain size ranged from
29 to 80 lm, according to the author. The susceptor and mold
influence exposure, melting time, mould heating, and cast quali-
ties. Additional research was done by analyzing the physics of
the procedure in terms of contact time and mold sand and charac-
terizing the effect of preheating and mold material. The cast
formed in an alumina mold with a SiC susceptor has a micro inden-
tation hardness of 146HV and a tensile strength of 138 MPa.

Additionally, the microstructure and tensile characteristics of
the AA2024 were studied in both in-situ and ex-situ microwave
casts. This study found that an in-situ technique may achieve finer
grains and denser casts. Because of the higher nucleation sites and
faster cooling rates, the in-situ casts had smaller grain sizes on
average than the ex-situ casts. It has been proposed by researchers
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[29] that sand mold compound casting be used to combine A356
alloy with magnesium. Microhardness in Al356/Mg is largely due
to the presence of three phases:Mg2Al3, Mg17Al12 and
Mg17Al12 þ d:Mg2Al3. At 650.30⁰C and 399.96 mm of Hg vacuum
pressure, the greatest microhardness value (326.86 HV) was
reached. Scientists [30,31] investigated the resistance to corrosion
of AA2024 alloy castings by increasing the alloy’s Ag and Fe con-
tent, respectively. At a lower Fe %age, increased Ag and Zn content
increased hardness and strength. According to EDX, a variety of
intermetallic phases rich in Silicon, Fe, Magnesium, and Ag that
increase the resistance to wear and corrosion are formed. To solve
the fundamental issue of conventional casting, microwave casting
is the best option. This study also includes a section on porosity
analysis. As compared to conventional casting procedures, in-situ
microwave casting has a porosity of < 2%. Cast characteristics have
therefore been enhanced, and exceptional micro-indentation hard-
ness has been attained.
2. Experimentation

At 2.45 GHz, Samsung’s MC35J8085PT multimode household
microwave applicator was utilized to manufacture situ microwave
casts of AA2024. Categorization of possible reasons is made possi-
ble, allowing the search for root causes to proceed. The tempera-
ture of charge is observed using an IR pyrometer with an
integrated laser guide (limits 300–1850 �C, minimum count: 1C)
during in-situ casting. Using a susceptor such as silicon carbide,
wood, or stone charcoal in the microwave casting setup helps
maintain the temperature in the cavern and reduce heat loss. The
Susceptor allows for the precise heating of a specific area where
bulk charge processing is to be carried out. Three microwave pow-
ers of 1000 W, 800 W, 600 W are utilized to cast the moulds. To
remove the entire bulk of metal before casting, acetone is utilized.
Mold and base are two components of the in-situ microwave cast-
ing apparatus, each of which is constructed from a different mate-
rial. Table 1 shows the material’s microwave absorption properties
(e and penetration/skin depth) when utilised for in-situ microwave
casting. The depth to which a substance or skin can be penetrated
by a microwave (1/eth) serves as a guide to the microwave’s loss of
surface energy. Electrical energy can be converted into heat by cal-
culating its dielectric loss factor (e). Microwave absorbers with
higher dielectric loss factors and reflectors with small surface
depths are preferable in terms of performance. Materials with
microwave absorption characteristics can be used to fast heat the
load and improve the performance of the mold components during
in-situ component development. During microwave absorption,
the temperature of the mold material can be adjusted by varying
the input power in the application cavity. Mold-to-molten-metal
temperature gradients during automatic casting can be decreased
by this technique, which also reduces the thermal gradient’s
impact on the material’s particle size. The mould assembly was
put in the applicator cavity to produce the required aluminum
alloy castings. Molds with good microwave absorption characteris-
tics were made from graphite.

The thermal conduction of the provided susceptors utilized in
this research is lower than stone charcoal (SC) and Wood (WC),
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indicating that the conduction heating of Silicon Carbide(SiC) will
be stronger throughout the radiation process. Temperature mea-
surements are important to understand the microwave heating
features of susceptor resources by irradiating them in an applica-
tor’s cavity. Fig. 1 depicts the temperature–time properties of Sili-
con Carbide, SC and wood charcoal.

In comparison to SC and WC, SiC heats up to 350 �C, 88% faster
and 92% faster, respectively. When compared to SC, SiC’s tempera-
ture is 83% higher in 200 s and 91% greater in 220 s. Since SiC has a
substantially higher heating rate than CC, it is obvious that this is
the case here. Therefore, it is logical to suppose that SiC transfers
more heat to the charge material and heats it up faster than SC
or WC during the in-situ microwave casting method. Microwave
absorption begins as a result of conduction when the temperature
of the base exceeds the critical temperature (Tc).

The commercially available aluminum alloy AA2024 was used
as charging material throughout the experimentation and in-situ
castings were made utilizing three different microwave powers:
600 W, 800 W, and 1000 W, respectively.

There was no external shielding gas during the experiments,
which were conducted in a standard laboratory setting. 150 g of
charge were used in the experiment. They are inserted in the gra-
phite poured basin with dimensions of 10 mm by 4 mm, which has
been preheated to AA 6063 alloy. Over high-refractive alumina
bricks, the rotational glass table was placed in order to keep the
complete heat generated in the hollow from being lost. A graphite
sheet was then used to cover the mould setup, ensuring that no
contaminants from the surrounding environment could enter the
mould cavity. Heat transfer rates on charging in microwave radia-
tion can be increased by using SiC, wood, and stone charcoal as
susceptors for hybrid heating. The pouring basin and hollow heat
up quickly because of their excellent microwave absorption prop-
erties. Because of this, it is initially heated to the critical tempera-
ture by conduction from the pouring basin to the mould cavity. The
term ‘‘conventional heating” refers to this method of heating the
charge material (CH). The critical temperature of charge material
can be raised using susceptors. Sprues allow the self-pouring of
charge materials into mould cavities, referred to as microwave
hybrid heating (MHH). At this point, all irradiation has been halted.
The mould cavity must be solidified at both the closed and open
cavities. An equivalent amount of HNO3+HCL+CH3COOH solution
is utilised for etching purposes, and the microstructure is entirely
exposed. A graphite mould is used to piece together and fill with
the metal that has been supplied. In order to protect the mold
and provide a chamber for it, an insulating layer of hysil is used.
Afterward, the entire contraption is placed in the microwave and
Fig. 1. Characteristic curves of SiC, SC and WC with respect to time and
temperature.
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let to melt down to nothing. SiC has a lot greater melting point
than SC or WC when it comes to metals that have been received.
SiC is a better melting material than SC and WC due to its longer
melting time (approximately 800 s) and highest heat transmission
rate to charge (810 s). Table 2 displays the chemical components of
the AA2024 alloy as received.

2.1. Process parameters

The experimental procedure’s initial inputs are the process
parameters that may have an impact on the ultimate result. The
experimentation is dependent on a number of process factors,
and these parameters themselves are subject to change. The plot
in Fig. 2 shows how the process conditions impact the in-situ
microwave casting procedure.

A one-factor-at-a-time experimentation method is used to
determine the range of several process parameters. Taguchi’s L18
OA have been chosen to explore the impact of three elements on
the micro indentation hardness of AA2024 castings created
through microwave casting technique, namely the solidifying envi-
ronment, microwave power outcome and susceptor material.
Microwaves can easily be absorbed by a susceptor in a heat trans-
fer process at room temperature, which transfers energy to the tar-
get material. Authors used SiC, stone, and wood charcoal as
susceptors because of their high loss and ease of microwave
absorption at room temperature. Listed in Table 3 are the process
parameters and their values that have been selected for the
experiment.

3. Methodology

3.1. Taguchi approach

The Taguchi methodology, which is applied in this work,
improved the process constraints for in-situ microwave molding
of the AA 2024.Quality engineers use the Taguchi method as a ref-
erence and a guide while creating new products and developing
new processes. Engineers and managers who have studied Tagu-
chi’s concept better know the value of a product’s design
excellence.

Experiment with an Orthogonal Array A number of orthogonal
arrays (OAs) of conventional dimensions have been proposed by
Taguchi for use in industry. Taguchi offered two-, three-, and
four-level OAs, depending on the amount of parameters of interest
also their corresponding stages. Mixture arrays like L-18 have also
been proposed for the experimentation of factors with varying
levels. For each trial, a signal-to-noise ratio is calculated using
Equation (1).

S=N ¼ �10� log
1
n

X 1
y2

� �� �
ð1Þ
4. Results and discussion

Taguchi’s L-18 OA was used for a randomized series of 18 tests.
The micro-indentation hardness of three casts was assessed for
each trial, as shown in Table 4. Minitab 18 calculates the SNR
and raw data mean responses for each variable at all levels, shown
in Tables 5 and 6, respectively. S/N graphs and the raw data indi-
cate that the in-situ microwave casting process’s best levels are
the third microwave power, the third susceptor level, and the sec-
ond solidification environment level (open cavity). These levels all
result in the highest hardness values.

The solidification environment changes from a closed to an
open cavity as microwave power increases, increasing the micro-



Table 2
Chemical arrangement of AA2024.

Elements Silicon Iron Copper Manganese Magnesium Zinc Chromium Aluminium

Wt% 0.5 0.5 4.4 0.6 1.5 0.25 0.1 Bal

Fig. 2. Cause and effect diagram by Ishikawa.

Table 3
Processing factors and its Levels.

Factors Levels Assortment

Microwave power 1 600 W, 800 W, 1000 W
Solidification environment 2 Opencavity(OC) and closed cavity(CC)
Susceptor 3 SC, WC, SiC
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indentation hardness in the process. Microwave power increases
produce a rise in temperature because of an increase in heat gen-
eration within the cavity. The cast’s grains recrystallize due to
increased temperature and open solidifying. Increasing grain-to-
grain bonding pressures lead to an increase in hardness. An
increase in micro-indentation hardness up to 1000 W microwave
Table 4
Experimental trials on hardness.

Experimental
Run

A –
Solidification
Environment

B-
Microwave Power
(W)

C –
Susceptor

1 CC 600 Stone
charcoal

2 CC 600 Wood
3 CC 600 SiC
4 CC 800 Stone

charcoal
5 CC 800 Wood
6 CC 800 SiC
7 CC 1000 Stone

charcoal
8 CC 1000 Wood
9 CC 1000 SiC
10 OC 600 Stone

charcoal
11 OC 600 Wood
12 OC 600 SiC
13 OC 800 Stone

charcoal
14 OC 800 Wood
15 OC 800 SiC
16 OC 1000 Stone

charcoal
17 OC 1000 Wood
18 OC 1000 SiC
Average Mean
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power is accomplished by increasing cooling rates, which results
in more refined grains and dispersion of intermetallic precipitates
in grains and on grain borders. Controlling the casts’ micro-
indentation hardness is a function of the cooling process. Accord-
ing to our findings, quick cooling in an open cavity significantly
improves the generated casts’ micro-indentation hardness. The
micro-indentation hardness increases when the susceptor material
is changed from stone charcoal to SiC because of the change in the
solidification environment. The susceptor material’s thermal con-
ductivity significantly influences microwave casting’s hardness.
Due to the greater conduction heating that occurs when SiC is irra-
diated, it has a higher thermal conductivity than stone and wood
charcoal. The hardness of SiC is also increased by its ability to
absorb microwave radiation.
Trial
1

Trial
2

Trial
3

Micro indentation Hardness Mean
value

S/N ratio
(db)

120 119 119 119 41.5109

122 127 128 125 42.8684
131 129 127 12 43.1442
116 123 121 120 41.5836

128 127 126 127 43.0074
125 137 128 130 43.2789
131 127 126 128 43.1442

124 132 134 130 43.2789
156 152 148 152 43.6369
117 122 121 120 43.5836

139 134 141 138 44.7976
143 149 146 146 44.2871
139 144 143 142 44.0458

152 145 147 148 43.6371
152 157 156 155 44.8066
139 145 136 140 43.9226

147 142 143 144 44.1672
170 165 163 166 45.4022

43.6595



Table 5
S/N Ratio response.

Levels A B C

1 43.21 43.30 43.23
2 44.35 43.68 43.61
3 – 44.09 44.31
Delta 1.23 0.91 1.15
Rank 1 3 2

Table 6
Means response.

Levels A B C

1 131.7 131.3 129.3
2 145.6 137.9 136.1
3 – 144.6 147.3
Delta 19.9 15.3 17.9
Rank 1 3 2

Table 7
Micro-Hardness ANOVA Results (S/N ratios).

Source DoF Adj SS Adj MS F-Value P-Value % Contribution

A 1 1132.3 1132.3 33.96 0.000 36.99%
B 2 614.5 302.8 8.88 0.005 18.21%
C 2 981.8 494.6 15.56 0.002 32.64
Error 12 409.0 35.0 12.156%
Total 17 3136.6
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To determine how process variables affect micro-indentation
hardness, an ANOVA was used. Table 7 shows the ANOVA results
for micro-indentation hardness in terms of SNR. The ANOVA is
often completed at a 95% confidence level or a 5% significance level
in most engineering contexts. A 5% significance threshold was also
used for the current study’s analysis. The micro-indentation hard-
ness of AA2024 casts produced by in-situ microwave casting is sig-
nificantly impacted by all three of the selected process parameters
since the p-values for each of the three microwave casting process
parameters were less than 0.05.

Acetone was used to clean and dry all specimens; some exam-
ples were engraved, and others were cleaned and hot-dried. A solu-
tion of the Keller’s etchant was used to etch the specimens, which
were left in the solution for 30 s. Kroll’s reagent was employed for
electropolishing, resulting in a high polishing level. To investigate
the cast specimens’ microstructures, an optical microscope was
used.. At room temperature, XRD is utilised to research the stages
in the cast formed. XRD used a scanning rate of 1 min�1 and a scan-
ning range of 5–90 to accomplish the scanning. The Vickers micro
indentation hardness testing machine was used to measure the in-
situ casts’ hardness at room temperature.
4.1. Elemental analysis

Listed in Table 8 is a list of all of the elements and phases that
can be found in the in-situ castings generated at various rules and
susceptors in the solidification environment.
4.2. XRD analysis

As can be seen in Fig. 3(a), the X-ray diffraction pattern for sam-
ple no. 18 from the microwave cast of AA2024 made with 1000 W
microwave power, Silicon Carbide as a susceptor, and solidification
in an open chamber can be shown. At 39.02C, 46.78C, 63.98C and
79.44C there are four notable intensity peaks 2h. The 39.02C peak
is the most prominent. Al-2Mg is the chemical with the corre-
5

sponding 2-theta value. This was due to the fact that the experi-
ment was conducted in a non-vacuum environment with open
cavities.

As shown in Fig. 3(b) (sample number 15), this second micro-
wave cast was formed using 800W power, Silicon Carbide as a sus-
ceptor, and solidification finished in an open cavity with the
required parametric values of AA2024. A two-h analysis shows four
notable peaks in the data: 30, 60, 61, 95, and 120. The 2-h value
that corresponds to a-Al is 45.72. As a result of small A and B tak-
ing place in an OC, there are no aluminum oxides or aluminum-
magnesium compounds at this peak.

Shown illustrates solid Aluminum results, and MgZn2 provokes
in-situ castings. The MgZn2 phase is one of the XRD peaks identify-
ing the matching a-Al crystal plane. All three samples saw a shift in
the peak’s location toward the lower angular locations when stress
was released from the grains. The in-situ casts’ increased hardness
is due to AA2024 Mg and Si compound content. Except two addi-
tional cast samples, It shows the biggest peak in peak intensity.
The micro-indentation hardness of sample 18 was significantly
higher than that of samples 15 and 9.
5. Conclusions

In-situ, microwave casting was utilized to measure the micro
indentation hardness of AA2024 castings, and several process
parameters were examined. Taguchi’s approach is used to optimize
the parameters of the microwave hybrid heating process. Experi-
ment results include: The ideal process parameters for in-situ
microwave casting of AA2024 produced a hardness of 166 HV
using Silicon Carbide as a susceptor, microwave power (1000 W),
and an open cavity solidifying environment. The following are
the appropriate process parameters for achieving the best micro-
hardness in AA2024 castings by adopting in-situ microwave cast-
ing: An open cavity, 1000 W microwave power, and solidifying in
SiC as a susceptor material were discovered. Mold preheating min-
imizes the temperature difference betweenmolten metal andmold
wall, resulting in low porosity (2%). Regarding microstructural
characteristics and micro indentation hardness, Silicon Carbide as
a susceptor material solidifying in an open cavity surpasses SC or
WC as susceptors solidifying in closed cavities when manufactured
with 800 or 600 W microwave power.
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Table 8
In-situ microwave casts revealed the elemental compositions of distinct stages.

In - situ casts Fundamentals (wt%) Possible phase

A B C Aluminium Magnesium Manganese Zinc Silicon Copper

OC 1000 W SiC 91.34 6.73 2.23 1.77 – 1.45 Al2Mg3,,Al2Mg, MgZn2

OC 800 W SiC 84.78 6.08 2.32 2.87 1.95 1.54 Al2Mg3, MgZn2, Mg2Si
CC 1000 W SiC 76.85 4.12 2.13 2.36 1.67 1.38 Mg2Si, MgZn2, Al2Mg

Fig. 3. XRD pattern of (a) sample 18, (b) sample 15.
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