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Abstract

Aluminum alloys are extensively finding applications in many industries, including auto-
motive and aerospace, because of their lightweight. This research produced a novel aluminum
alloy using a stir squeeze casting technique. Sustainability analysis of three competing pro-
cesses to produce the alloy was carried out using Analytical Hierarchy Process (AHP) method.
Scrap aluminum alloy wheels from cars were used as the matrix material. High entropy alloy
(HEA) was used as the alloying element, with a total weight percentage of 2.6 %. Hardness,
tensile and compressive strength tests were conducted for the developed alloy. An optical mi-
croscope, SEM, and XRD were used to analyze the microstructure. The produced alloy was
heat-treated, and then mechanical properties and microstructure were compared before and
after heat treatment. The results showed a significant improvement in hardness and compres-
sive strength after heat treatment. This improvement is mainly attributed to the Si particle
precipitation that occurred during the aging process.

K e y w o r d s: aluminum alloys, sustainability, squeeze casting, High Entropy Alloy (HEA),
Analytical Hierarchy Process (AHP) method, T6 heat treatment

1. Introduction

Composites and alloys are developed because they
are usually more robust and lighter than pure mate-
rials. For example, many of the components in the au-
tomobile industry are made from composites and al-
loys to reduce their weight [1]. Alloys are a mixture of
two or more elements, also called a metallic solid solu-
tion. Mixing more than one element to form a solid so-
lution changes the properties of the material, making
it different from the original components. There are
many examples of alloys, such as steel, brass, bronze,
and different aluminum alloys. Each type of alloy has
its unique properties, and each one of them is used
for different applications depending on the required
characteristics. The alloying process usually requires
melting the component elements and mixing them to
produce the new material.
There are different casting methods used to pro-

duce alloys. Squeeze stir casting is one of the cast-
ing methods used to develop aluminum alloys. Each
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casting method has its advantages and disadvantages,
and different properties might be obtained from each
method. For example, pores are more obvious in
the gravity casting method because of present gases
and insufficient feeding during casting [2]. In another
study, a comparison between sand casting and gravity
casting was conducted. It was shown that in sand cast-
ing, porosity and impurities were higher [3]. Another
study compared sand casting and die (gravity) casting
for scrap aluminum. The results showed that tensile
strength and hardness were higher for gravity casting
[4]. A study was conducted to compare squeeze casting
and gravity casting. The results showed that gravity
casting has more porosities than squeeze casting, af-
fecting the mechanical properties. The hardness and
the tensile strength of the squeeze casting were sig-
nificantly higher [5]. An efficient method of improving
the mechanical properties is to have pressure applied
to the cast directly after it is poured into the die. The
quality of the alloy highly depends on the squeeze pres-
sure because it is necessary to decrease the percentage
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of porosity by reducing the formation of gas bubbles
[6].
A sustainability analysis was done to compare

three different casting processes to produce aluminum
alloys. Suitability focuses on meeting the requirement
of current and future generations, considering three
main aspects: environment, economy, and social as-
pects. A concept scoring method was used to com-
pare the squeeze casting method with sand casting
and gravity casting. The three casting methods were
compared in terms of mechanical properties, poros-
ity, health and safety, energy consumption, and lead
time. Each of these parameters is assigned to one of
the three sustainability pillars: economy, environment,
and social factors. In order to assign weights to these
parameters, a survey was completed by three experts,
and then the AHP method was used to analyze the
survey results. The scores were given for these param-
eters for each casting method based on a review of the
literature and expert judgments.
Using scrap aluminum as the main element instead

of pure aluminum is advantageous for more sustain-
able production. The production of primary aluminum
is a costly process, including the mining process of
bauxite as well as the purification processes. Using
scrap aluminum, however, will help in saving energy.
It is cited that re-melting scrap aluminum will save
about 95 % of the required energy to produce alu-
minum from bauxite. Another issue is the amount of
solid waste produced when using primary aluminum.
It is suggested that the solid waste generated per ton
of secondary aluminum is 90 % lower than that of pri-
mary aluminum [7]. Moreover, it was estimated that
one ton of recycled aluminum could save up 8 metric
tons of bauxite, 6300 l of oil, and 7.6 m3 of landfill [7].
In addition, the amount of greenhouse gas emissions is
reduced by more than 95% when recycling aluminum
rather than extracting it from ore metal [8].
In this study, High Entropy Alloy (HEA) is used as

the alloying element as there are some challenges as-
sociated with producing new HEA. High entropy alloy
has multiple metallic materials combined together. It
consists of four or more elements in a high or equal
fraction [9]. There are 72 metallic elements that could
be used to develop HEA, and identifying which ele-
ments to use and what concentration to use for each
element is a challenge. It is a very complex optimiza-
tion process, and many tests and experiments are re-
quired to find optimal HEA alloys with the required
properties. In addition, melting is the primary method
of mixing alloys, and melting different elements simul-
taneously to combine them is a challenge because they
have different properties in terms of melting points,
boiling points, densities, and volatility. Besides, the
complexity of different elements with different prop-
erties leads to different solidification paths and phase
transformation. Solidification pathways need to be

carefully controlled to get a successful casting of HEA
[10].
Aluminum cast alloys do not usually have the re-

quired properties that could be used for real appli-
cations. Therefore, the heat treatment process is per-
formed to improve the properties of cast alloys, es-
pecially strength and ductility. One of the main heat
treatment methods for aluminum and magnesium al-
loys is the T6 heat treatment which includes solution
heat treatment and quenching in water followed by
aging [11]. The solution and aging temperatures and
time greatly influence the microstructure and proper-
ties of aluminum alloys. For example, the hardness of
Al-Si-Cu alloy that was T6 heat-treated for 5 h had a
hardness lower than that of the one heat-treated for
8 h [12]. Solution treatment aims to dissolve all of the
alloying elements into the solution. The aging process
aims to allow some alloying elements to start precipi-
tating, which act as barriers for dislocation movement
that results in the improvement of hardness strength
[13].
The aluminum scrap and high entropy alloy were

cast by the squeeze casting process. After the cast-
ing was completed, the mechanical properties and mi-
crostructure of the produced alloy were examined.
Tensile, hardness, compression, and wear tests were
conducted for the produced alloy. SEMwas used to an-
alyze the microstructure of the produced alloy, while
XRD was used to analyze the elements and the phases
present in the produced alloy. Moreover, T6 heat
treatment was done for the produced alloy, including
two main steps: solution treatment and aging. After
that, the mechanical properties test and microstruc-
ture analysis were completed in order to compare the
results before and after heat treatment.

2. Materials and methods

2.1. Sustainability

Sand casting, die gravity casting, and stir squeeze
casting were compared to determine the most sustain-
able method in terms of eight parameters. These pa-
rameters are compressive strength, tensile strength,
hardness, wear, porosity, health and safety, energy
consumption, and lead time. The level of importance
is not the same for all parameters, and to determine
the level of importance of each parameter, the Analyt-
ical Hierarchy Method (AHP) was used. First, three
experts were asked to complete a survey as in the 8
× 8 matrix (Eq.( 1)):

Bl =

⎛
⎜⎝

P11l P12l ... P1nl
P21l P22l ... P2nl
... ... ... ...
Pn1l Pn2l ... Pnnl

⎞
⎟⎠ , (1)
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Ta b l e 1. Importance scale of criteria for pairwise comparison

Value Definition

1 i and j are equally important
3 i is slightly more important than j 1/3 i is slightly less important than j
5 i is more important than j 1/5 i is less important than j
7 i is much more important than j 1/7 i is much less important than j
9 i is absolutely more important than j 1/9 i is absolutely less important than j

2, 4, 6, 8 Intermediate values 1/2, 1/4, 1/6, 1/8 Intermediate values

where B is the matrix of the completed 8 × 8 matrix
survey for each expert, and P is the comparison score
given by the experts as described in Table 1. After
that, the survey responses from the experts were uni-
fied into one matrix using the geometric mean tech-
nique as in Eq. (2); this step is done to convert the
three matrices from the three experts into one general
matrix:

Xij =
l

√√√√ l∏
l=1

Pij l, (2)

where X is the completed 8 × 8 matrix survey after
all the three matrices were unified into one matrix.
The unified matrix then was normalized using Eq.

(3):

yij =
xij√(
n∑

i=1
x2ij

) , (3)

where y is unified matrix after it was normalized. The
normalization is important in order to change the dif-
ferent values for the different parameters to a standard
scale because the parameters have different units.
After that, the weight percentages of these parame-

ters were used to determine the most sustainable cast-
ing method. Scores were given for all eight parame-
ters for the three casting methods. Based on a liter-
ature review, the scores were given within a range of
1–3. Mechanical properties such as tensile strength,
wear, and hardness were found to be better for stir-
squeeze casting. Therefore, they were given a higher
score while porosity was higher for sand casting. Com-
pressive strength scores were given based on poros-
ity, where it was assumed that the lower the porosity,
the higher the compressive strength. Energy consump-
tion scores were given considering that stir-squeeze
casting has three sources that consume energy. They
are the melting furnace, stirrer motor, and hydraulic
press. However, the only energy consumption source
in gravity and sand casting is melting; therefore, they
were given better scores than stir-squeeze casting. The
health and safety parameter in stir-squeeze casting
was given a higher score than the other two casting
methods because the equipment used for this process
has a runway that directly transfers the molten metal

from the furnace to the die, while in sand and gravity
casting, the molten metal is manually transferred to
the die:

Wi =

n∑
i=1

yij

n∑
i=1

n∑
j=1

yij

, (4)

whereW is the weight percentage for each of the 8 pa-
rameters, which determines the level of importance of
each parameter when compared with the other param-
eters.
To confirm that the AHP method used is con-

sistent, a consistency check was required for which
Eq. (5) is used. CR needs to be less than 0.1 for the
method to be consistent. The RI value is 1.41 because
there are parameters [14]:

CR =
CI

RI
, (5)

where CR is consistency ratio, CI is consistency index,
and RI is the random consistency index. CI and λmax
are calculated using Eqs. (6) and (7):

CI =
λmax − n

n− 1 , (6)

where λmax is calculated using the following equation:

λmax =

n∑
j=1

XijWj

Wi
. (7)

2.2. Alloy composition and material
processing

The alloying material is a HEA produced through
the powder metallurgy route. The composition of this
alloy is Al35Li20Mg15Si10Zn15Ca5 40 g (2.6 %). This
HEA was converted into a powder using a ball mill.
The primary material is LM25 (A356), comprising
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Ta b l e 2. Elemental composition of LM25 + HEA alloy

Al Si Fe Cu Mn Mg Ni Pb Zn Ti Li Ca

wt (g) 1384.25 109 7.5 1.5 4.5 12 1.5 1.5 7.5 0.75 8 2
(wt.%) 89.88636 7.077922 0.487013 0.097403 0.292208 0.779221 0.097403 0.097403 0.487013 0.048701 0.519481 0.1287

Fig. 1. Stir squeeze casting process used to produce the
LM25 + HEA alloy.

1.5 kg of its weight. The composition of the produced
alloy is shown in Table 2.
Stir squeeze casting equipment from SWAME-

QUIP, as shown in Fig. 1, was employed to produce
the aluminum alloy. The scrap aluminum was loaded
into the crucible that was turned to 900◦C. After that,
the HEA was added to the molten metal by wrap-
ping it in an aluminum foil and then inserted into the
crucible. Then, the stirrer was started at a speed of
525 rpm for 5 minutes. Next, the molten metal was
transferred to the die through a preheated runway to
750◦C. After the molten metal filled the die, a pressure
of 100MPa was applied for 45 s.

2.3. Density and porosity calculations

To calculate the porosity using Eq. (8), experimen-
tal (pexperimental) and theoretical (ptheoretical) densities
needed to be measured and calculated [15]:

Porosity = 1−
(
pexperimental
ptheoretical

)
× 100. (8)

Equation (9) was used to calculate the theoretical den-
sity of the developed alloy:

(ρLM2+HEA)theoretical =
= VOLLM25ρLM25 +VOLHEAρHEA, (9)

where VOLLM25 is the volume percentage of LM25,
ρLM25 is the density of LM25, VOLHEA is the volume
percentage of the HEA, and ρHEA is the density of the
HEA.
Experimental density was determined by measur-

ing the volume of the four cylinders that were cut
from the produced alloy. The height and the diameter
of each cylinder were measured using a digital Vernier
caliper at four different positions. The average volume
was then determined, after which the average experi-
mental density was determined.

2.4. Characterization techniques

Cubes of 10 × 10 were cut for the optical micro-
scope, and then an automated mounting press (Sim-
pleMet1000, Buehler, USA) was used to create a cir-
cular mount for both samples. Before using the mi-
croscope, the samples needed to be ground, polished
and etched. For grinding and polishing, an automated
grinder-polisher was used (EcoMet 250 Pro, Buehler,
USA). The samples were mechanically ground for
1.5 min using 400, 600, and 1200 grit abrasive paper.
Then, polishing was completed in three stages using
diamond suspension 9, 3, and 1 µm (Buehler, USA),
with each stage lasting 5 min. After that, the spec-
imens were placed in an optical microscope, and the
focus was adjusted to get clear images. In addition, the
microstructure and elemental analysis were studied
using Field Emission Scanning Electron Microscope
(FESEM) with an attached Energy Dispersive Spec-
troscopy (EDS) model JSM-7600F (JEOL, Japan).
Moreover, X-ray diffraction analysis (XRD) was con-
ducted Using X’pert PRO XRD (Malvern Panalytical
Ltd, UK) with Cu Kα radiation (λ = 1.5418 Å). The
specimen used for XRD is a circular disc with a diam-
eter of 30mm and a thickness of 3 mm.
After that, mechanical properties tests (hardness,

tensile test, compression test, and wear test) were con-
ducted. Rockwell hardness was measured using the
indentation technique by a universal hardness tester
UH250 (INDENTEC, USA). A force of 100 kgf was
applied gradually to determine the Rockwell hard-
ness number (HRB) using a 1/16” ball indenter with
a dwell time of 15 s. The compression test was con-
ducted using a 100 kN Universal testing machine
(MTS 20/MH, France). Cylindrical samples were pre-
pared to perform the test with a height of 25 mm and
13mm diameter as per the ASTM E9. The compres-
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sion load was applied gradually with a crosshead speed
of 1 mmmin−1 or 8.33 × 10−3 s−1 until the specimen
was reduced to half of its original length or shears. The
specimens were cut according to ASTM E8 standards
for the tensile test. The sub-size specimen was used
with the dimensions shown in Fig. 2. A 50 KN H50KT-
-0175 (Tinius Olsen, England) tensile testing machine
was used for the tests. The specimen was gripped from
the two ends, and the tensile load was applied gradu-
ally with a strain rate of 8.33 × 10−4 s−1.
Besides, the wear test was conducted on a rotary

tribometer pin on a disc wear testing machine (Ducom
Instruments, India) as per the ASTM standard G99-
-17. The specimens were cut from the developed al-
loy using Wire EDM. The wear test specimen is a
cylindrical pin with a diameter of 10 mm and 30mm
in height. The weight of the cylinder was measured
before the test. The test specimen was inserted into
the holding device perpendicular to the rotating steel
disc with a 50mm diameter. After that, a load of 10 N
was applied to the holder, and then the rotation was
started. The rotational speed was 382 RPM (2 m s−1)
for 1000 s. After that, the weight of the specimen was
measured to detriment the weight loss.
T6 heat treatment was done for part of the pro-

duced casting. T6 heat treatment is usually used
for aluminum to improve its mechanical properties
[13]. An N7/H NABERTHERM heating furnace (Ger-
many) was used to complete the T6 heat-treatment
process. This process includes two main steps: solu-
tion treatment and aging. The metal was heated to
525◦C for 9 h and then directly quenched into the wa-
ter during the first step. The alloy was heated to 175◦C
for 6 h and cooled in the air in the second step.

3. Results and discussion

3.1. Sustainability

The AHP method was used to determine the level
of importance of the selected eight parameters of suit-

Fig. 2. (a) Tensile test specimen dimensions and (b) 4 ten-
sile test specimens cut using wire EDM cutting machine.

ability for the different casting methods. The AHP
results showed that porosity (20.82%) is the most
important, followed by hardness (18.59%) and wear
(16.69%). Table 3 shows the level of importance for all
eight parameters. To check the consistency of the AHP
method, the CR value was calculated. The CR value
was determined to be 0.0457, which is lower than 0.1.

Ta b l e 3. Calculated weight percentage using the AHP method

Parameter Weight percentage Stir-squeeze casting Gravity die casting Sand casting

Porosity 20.82 % 1 3 3
Hardness 18.59 % 1 2 3
Wear 16.69 % 3 1 1
Compressive strength 15.30 % 3 2 1
Health and safety 12.44 % 3 2 1
Tensile strength 10.80 % 3 2 1
Energy consumption 2.91 % 1 2 3
Lead time 2.42 % 3 2 1

2.587295666 1.90464218 1.412704334
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Fig. 3. Morphologies of the cast alloy scrap aluminum +
HEA at 300× magnification: (a) before heat treatment and

(b) after T6 heat treatment.

Therefore, the pairwise comparison matrix obtained
from experts is consistent. The weight percentage was
multiplied by the given scores for each casting method.
After that, the final score for each casting method was
calculated by adding all the rows together in each col-
umn, as shown in Table 3. The results showed that
stir-squeeze casting has the highest score (2.58), fol-
lowed by gravity casting (1.9) and then sand casting
(1.4). Therefore, it was concluded that the stir squeeze
casting method was the most sustainable among the
three methods.

3.2. Microstructure and elemental analysis

The microscopic morphologies for the produced al-
loy are demonstrated in Fig. 3 at 300× magnification.
Figure 3a shows the optical microscopic morphology
for the cast alloy before heat treatment, while Fig. 3b
shows the microscopic morphology for the produced
alloy after T6 heat treatment. The white regions be-
tween grain boundaries are the scrap aluminum phase
(LM25), and the eutectic phase of silicon appears on

Fig. 4. XRD results for the LM25+ HEA show the presence
of phases in the alloy.

the grain boundaries [16]. From the morphologies of
the alloy, it seems that the alloy has low porosity (dark
regions). Moreover, the aging process allowed fine Si
particles to reappear in the aluminum matrix, which
is also confirmed by the SEM elemental mapping [17].
Besides, the grain size decreased after heat treat-

ment; the average grain size was 40.3µm before heat
treatment and 27.765µm after the process. The grain
size reduction can be attributed to the quenching pro-
cess during solution treatment. The alloy was rapidly
cooled during quenching, which did not give enough
time for the grains or crystals to grow. In addition,
a slight increase in porosity was reported after heat
treatment. The porosity before heat treatment was
found to be 1.064%, and this is relatively small if
compared to the original LM25 alloy. The porosity of
A356 (LM25) varies between 0.5 and 1.5%, depending
on the location from the free end of the casting [18].
After heat treatment, the porosity was calculated to
be 2.0466%. One study compared the porosity of a
die-cast aluminum alloy before and after heat treat-
ment and reported that porosity increased after T6
heat treatment, affecting other mechanical properties
[11]. There are entrapped gasses inside the alloy with
high pressure that form the porosities, and they re-
grow when exposed to high temperatures [19].
The presence of the Si eutectic phase is also shown

in the elemental mapping. The Si particles were all ac-
cumulated in the grain boundaries. Al and Si are the
most common elements, both before and after heat
treatment, but other elements, such as O and Zn, were
also present in smaller percentages, and they were uni-
formly distributed in the mixture. Before heat treat-
ment, the Si eutectic phase is accumulated in the grain
boundaries, but after heat treatment, the Si eutectic
phase appears to be redistributed and more uniform
where it can be seen mixed with the aluminum ma-
trix. Besides, the XRD (see Fig. 4) results showed alu-
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minum has the highest peaks since it is the primary
material. However, other elements such as O, Zn, and
Si are also present. Along with these elements, peaks
of intermetallic phases of Al3.21Si0.47 and AlMg2Zn
were also present. The appearance of such phases in
the grain boundaries of the alloy affects the fracture
type and properties of the alloy.
The SEM morphology image in Fig. 5 demon-

strates the appearance of the Si eutectic phase more
clearly in the grain boundaries. Pores are rarely found
from the SEM morphology, which indicates low poros-
ity existence, confirmed by the porosity calculations.
After heat treatment, the Si eutectic phase accumu-
lated along the grain boundaries, but the distribution
appeared to be more uniform than before heat treat-
ment. As shown in Fig. 5b, the Si eutectic phase after
T6 was transferred to a polyhedral form that appears
to be discontinuous [20].

3.3. Mechanical properties

3.3.1. Tensile test

The average tensile strength was 159.9MPa. This
is relatively sufficient compared to precipitation-
treated LM25 with a tensile strength of 160–200 MPa
produced by gravity casting [21]. However, this is
heat-treated, and the tensile strength of the cast alloy
would be lower. A composite of LM25 + Al2O3 tensile
strength was found to be 125MPa, which is relatively
lower than the tensile strength of the produced alloy.
The alloy appears to be brittle, where little ductility
was observed in the stress vs. strain curve as in Fig. 6,
as the average elongation was only 0.426%. One spec-
imen was tested after T6 heat treatment, as shown in
the black curve in Fig. 6. It is important to notice the
tensile equipment did not start the stresses from zero
because of pre-tension, but the tensile behavior of the
alloy is not affected by this issue. The tensile strength
was obtained to be 159.2MPa, which is almost the
same as the average obtained before heat treatment.
Testing more samples might give a clearer picture of
the tensile strength. The alloy still behaved as a brit-
tle material after the T6 heat treatment and even had
lower elongation than the average obtained before the
heat treatment process.

3.3.2. Compression test

The average compressive strength was reported to
be 383.87MPa at a force of 51 kN. LM25 + Al2O3 ul-
timate compression strength was found to be 312MPa
in one study, indicating that the produced alloy has
higher compressive strength than this aluminum com-
posite [16]. The average deflection was calculated to
be 7.1mm before fracture. The relatively good com-
pressive strength is attributed to the small grain size

Fig. 5. SEM image of the cast alloy scarp aluminum +
HEA at 300× magnification and 1000× magnification, (a)
before heat treatment and (b) after heat treatment.

Fig. 6. Stress-strain graph for the tensile test for the
LM25 + HEA for all specimens before teat treatment and

after heat treatment.

and appearance of the second phases, especially in
the grain boundaries. Moreover, it is noticeable that
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Fig. 7. Stress-strain graph for compression test for the
LM25+HEA alloy before and after T6 heat treatment.

compressive strength is significantly higher than the
tensile strength, making this alloy more suitable for
applications that require better compressive strength,
such as car wheels. LM25 usually has good compres-
sive strength because it is much higher than its tensile
strength [22]. The compression test was also done for
the alloy after heat treatment. There was a significant
improvement in the compressive strength, averaging
447.79MPa, which is significantly higher than before
heat treatment. This significant improvement results
from the redistribution of the Si eutectic phase along
with the precipitation of Si particles in the aluminum
matrix after the aging process. The average deflection
was 6.51 mm, which is slightly lower than before heat
treatment, and that might be attributed to the reduc-
tion in grain size. Figure 7 shows the stress vs. strain
graph for the compression test for all 4 specimens be-
fore heat treatment and 3 specimens after T6 heat
treatment, where it clearly shows the improvement in
yield and compressive stress after T6.

3.3.3. Hardness

Rockwell hardness test was conducted for the same
sample of the optical microscope. The average value
obtained was 55.8 HRB. This value is consistent with
the Rockwell hardness of LM25, which ranges between
30–80HRB [21]. If compared with aluminum compos-
ites, the obtained hardness values are lower. For in-
stance, a composite of A365(LM25) + Al2O3 has a
hardness value of 70 HRB [23]. The low porosity of
the produced alloy was significant in increasing the
hardness value [16]. The Rockwell hardness was also
tested after the T6 heat treatment, and the average
Rockwell hardness was obtained to be 75.75 HRB. The
hardness of the alloy increased significantly after heat
treatment. The perception of Si particles after the ag-

Fig. 8. SEM morphologies of the worn-out surface: (a) × 60
and (b) × 300.

ing process played a significant role in increasing the
hardness value.

3.3.4. Abrasion wear

The average weight loss was found to be 0.003395 g.
In the same testing conditions, wear loss for pure
LM25 alloy was reported to be 0.016 g. Similarly, with
the same testing conditions for an LM25 + B4C com-
posite, wear loss was slightly lower than that of pure
LM25 [24]. Figure 8 shows the SEM morphologies of
the worn surface. The appearance of grooves demon-
strates material loss. In addition, there appears to
be some debris where fragments of materials such as
iron were also confirmed by the EDS analysis. Table 4
shows a summary of the EDS in three different areas.
It is clear that carbon is present in all spectra. Iron
can be seen more clearly in spectrum 3, which is 2.6 %
of the total elements. The appearance of iron in some
areas in the wear track is attributed to the mechani-
cal mixing during the contact between the pin and the
steel disc [25]. The presence of carbon in high percent-
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Ta b l e 4. Summary of EDS element analysis at 3 different spectra

Al O C Si Fe Mg Zn

Spectrum 1 69.8 % 6.4 % 16.3% 4.4 % 0.6 % 1.4 % 1.0 %
Spectrum 2 75.2 % 3.8 % 13 % 5.1 % 0.6 % 1.3 % 1.0 %
Spectrum 3 49.8 % 28.9 % 14 % 3.1 % 2.6 % 1.1 % 0.6 %

Fig. 9. SEM morphologies for tensile (a) and compression
(b) fractures.

ages is because of forming a carbonaceous layer on the
worn surface [25].

3.3.5. Fractured surface analysis

The failure appears to be brittle from the SEM
morphologies for both tensile and compression frac-
tures and starts at the grain boundaries. Decohesion
of the dendrites caused the failure of the material dur-
ing the compression and tensile tests. The arrows in
Fig. 9a show the grain boundaries where the cleavage
fracture is estimated to start. The reason that the frac-
ture accrued at the grain boundaries is the presence of
second phases such as Al3.21Si0.47 and AlMg2Zn. Such

phases have weak bonding with the matrix, which
causes the decohesion in the grain boundaries [26].
The fracture surface of the sheared specimen after
compression is shown in Fig. 9b, where the arrow
indicates the shear band. The shear cracking region
appears to be composed of different cracking facets
with different layers, which form steps that are the
translamellar shear cracking facets [27].

4. Conclusions

– Applying the AHP method revealed that poros-
ity, hardness, and wear resistance were the most im-
portant parameters when comparing sand casting,
gravity, and stir-squeeze casting.
– Applying the concept scoring method indicated

that the stir-squeeze casting is the best method among
the three methods.
– The SEM and optical microscope showed the ap-

pearance of the Si eutectic phase in the grain bound-
aries both before and after heat treatment, which was
also confirmed by the elemental mapping.
– The Si eutectic phase after heat treatment was

more uniformly distributed where the Si particle ap-
peared inside the grains with the aluminum matrix.
– From XRD results, the secondary phases such as

Al3.21Si0.47 appeared, confirming the existence of the
Si eutectic phase in the grain boundaries.
– The average tensile strength was reported to be

159.9MPa before heat treatment, and there was no
noticeable change after the heat treatment.
– The hardness increased significantly after T6

heat treatment, where it was 55.8 HRB before heat
treatment and 75.75 HRB after heat treatment.
– There was a significant increment in compres-

sive strength where the average was 383.87MPa before
heat treatment and 447.49MPa after heat treatment.
– The significant improvement in hardness and

compressive strength is attributed mainly to the pre-
cipitation hardening where Si particles formed in the
aluminum matrix after the aging process and the re-
duction in grain size.
– The alloy was found to be brittle before and after

heat treatment, which was noticed by the SEM images
of the fractured surface where cleavage fracture was
noticed.
– The main reason for the brittle fracture is the



160 A. M. Jaber, P. K. Krishnan / Kovove Mater. 60 2022 151–161

appearance of secondary phases in the grain bound-
aries.
– It is recommended to implement a process that

will improve the ductility, such as hot rolling.
The wear test results showed that the average wear

loss is 0.003395 g, which is relatively better when com-
pared to LM25.
– After the appropriate heat treatment process, it

can be recommended that the produced alloy can be
used to manufacture car wheels.
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