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ABSTRACT

Internal combustion engines suffer from many problems in their
parts due to service, which leads to a decrease in efficiency. This may
be due to bade working conditions. One of the important parts is
piston. In many applications, it suffers from several problems,
including pitting in the piston surface, which leads to the loss of some
of its parts and thus leads to failure. It is usually made of aluminum-
silicon alloys in different proportions. This research proposed a way
to improve the performance of piston by modifying the chemical
composition of the alloy and manufacturing method. It was
suggested to add iron at a rate of 2% to form a ternary alloy and to
manufacture it using the method of graded functional materials
through successive casting. This method led to the integration of two
alloys into one part where the surface is made of Al-17Si-2Fe alloy
and the lower part is made of Al-6.7Si-2Fe alloy. Microscopic
examination and mechanical properties of the alloys used were
conducted.

© 2025 Journal of Materials and Engineering

1. INTRODUCTION

Functionally graded materials are advanced a
composite materials utilized in engineering

and porosity gradient FGMs [1]. Functionally
graded materials (FGMs) are characterized by

that exhibit a spatial variation in composition
and/or  structure to meet  specific
requirements. There is no text provided. FGMs
can be classified into three categories based on
their characteristics: chemical composition
gradient FGMs, microstructural gradient FGMs,
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gradual change in their chemical
composition  throughout the  material.
Microstructural gradient fiber-reinforced

composites (FGMs) display a distinct and
easily  observable variation in their
microstructure., as shown by studies [2-11].
These materials are used in a wide range of
sectors including aerospace, nuclear,
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electrical, medicinal, military, and automotive.
Aluminum alloys, in particular, are often used
in the automobile industry as a result of more
stringent environmental regulations [3,12-
17].Cast aluminum alloy components, such as
pistons, engine blocks, and rocker covers, are
often found in ordinary automobiles.
Aluminum alloys are regarded as sustainable
materials since they can be recycled, are cost-
effective, have a low weight, can be welded,
and possess strong mechanical properties [4].

Aluminum-transition = metal alloys have
exceptional stability at relatively high
temperatures, making them highly suitable for
many automotive and aerospace applications
that need lightweight alloys with high strength
and a wide operating temperature range [5]. Cr
is considered one of the most intriguing alloying
elements for developing dispersion-hardened Al
alloys that remain stable at high temperatures.
This is because Cr has poor solubility and low
diffusivity in solid Al.

Recent research has shown that gravity casting
is a viable technique for producing aluminum-
FGM pistons with two different compositions,
resulting in improved mechanical strength and
ductility [8]. Adding silicon to these alloys may
affect their ability to withstand wear and
prevent fatigue cracking [9,10]. Ensuring the
strength of the link between alloys in
Functionally Graded Materials (FGMs) is of
utmost importance in the automotive industry.
This necessitates comprehensive testing using
micro-hardness tests, impact testing, and
microstructural analysis. Researchers have
investigated the use of vibration in the casting
process to inject energy into the material,
resulting in advantages such as refining the
grain structure and reducing defects. Sequential
stir casting with solidification under mechanical
vibration is a technique used to produce
functionally graded materials (FGMs) employing
aluminum-silicon and aluminum-chromium
alloys [11,12].

FGMs can be produced using many methods,
such as gas-based, liquid-phase, and solid-
phase techniques [2]. Centrifugal -casting,
squeeze casting, gravity casting, investment
casting, and sintering are commonly used
methods for producing metallic functionally
graded materials (FGMs).

Multiple techniques for obtaining illegal access
[4,5]. Gravity casting is a simple method used in
the casting process to produce FGMs. This
process employs a resilient mold, often
constructed from steel. The mold is coated with
a protective paint and then heated to a steady
temperature, which enables the removal of the
cast. The cast production sequence consists of
many discrete steps: (i) cleansing the mold; (ii)
executing the casting procedure; (iii) removing
the cast; and (iv) severing the sprue.

As elucidated in reference [6], the casting
process inevitably generates a specific degree of
imperfections. These flaws, together with die
design and microstructures, have an impact on
the characteristics of castings.

Fiber-reinforced composite materials,
commonly known as FGMs, are advanced
materials used in engineering. These materials
possess a complex structure with varying
composition and/or form, which allows them to
meet certain requirements and criteria. There
are three main forms of FGMs: chemical
composition gradient FGMs, microstructural
gradient FGMs, and porosity gradient FGMs[1].
Functionally graded materials (FGMs) are
characterized by a gradual variation in chemical
composition across the material. Microstructural
gradient fiber-reinforced composites, also
referred to as FGMs, display a distinct and
evident variation in their microstructure, as
evidenced by references [2-11]. These materials
are used in a wide range of sectors including
aerospace, nuclear,electrical, medicinal, military,
and automotive. Aluminum alloys are often used
in the automobile industry, mostly because of
more stringent environmental regulations
[3,17].

Cast aluminum alloy components such as
pistons, engine blocks, and rocker covers are
often seen in daily automobiles. Aluminum
alloys are regarded as sustainable materials
since they can be recycled, are cost-effective,
have a low weight, can be welded, and possess
high mechanical strength [4].

Aluminum-transition metal alloys have
exceptional stability at relatively high
temperatures, making them very promising
materials for many automotive and aerospace
applications that need lightweight alloys with
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high strength and a wide operating
temperature range [5]. Si is considered one of
the most intriguing alloying elements for
developing dispersion-hardened Al alloys that
remain stable at high temperatures. These
alloying elements have poor solubility and low
diffusivity in solid Al

Recent research has shown that gravity casting
is a viable technique for producing aluminum-
FGM pistons with two different compositions,
resulting in improved mechanical strength and
ductility [8]. The presence of silicon in these
alloys might influence their resistance to wear
and fatigue cracking [9,10]. Ensuring the
strength of the link between alloys in
Functionally Graded Materials (FGMs) is of
utmost importance in the automotive industry.
This necessitates comprehensive examination
via micro-hardness tests, impact testing, and
investigation of the material's microstructure
using Scanning Electron Microscopy (SEM).
Researchers have investigated the wuse of
vibration in the casting process to inject energy
into the material, resulting in advantages such as
grain refinement and defect reduction.
Sequential stir casting with solidification under
mechanical vibration is a technique used to
produce functionally graded materials (FGMs)
employing aluminum-silicon and aluminum-
chromium alloys [11,12]. When looking at the
use of FGM in automotive applications,
particularly with regards to aluminum alloys
which are often used in this sector [8], it is
indeed feasible to integrate the notion of FGM
with aluminum alloys [9-12].

Because of their lightweight nature, especially in
comparison to ferrous alloys, they play a crucial
role in significantly reducing fuel consumption
and the release of pollutants. In addition, they
have exceptional resistance to certain forces and
the ability to deform without breaking [13,14].
Functionally Graded Materials (FGMs) have
several applications in the automobile industry,
including engine pistons [9], leaf springs [15],
and other uses. Casting and forging are the main
techniques employed in the production of
pistons [16-21].

In the work done by Park et al. (reference [22]),
the forging method was modified to produce
aluminum pistons by utilizing aluminum
powder. A further study (reference [23])

252

concentrated on the production of high-
performance pistons by additive manufacturing.
Furthermore, as stated in reference [24], the EN
AW 4032 alloy was utilized for the forging
procedure of the pistons. A centrifugal casting
process was used to make an aluminum piston
with a microstructure-gradient functionally
graded material (FGM). The superalloy was
liquified and cast into a revolving mold. The
mold design led to a substantial accumulation of
primary silicon particles on the piston's head
region.

This focused attention resulted in a
simultaneous enhancement of both wear
resistance and hardness. Similarly, Huang et al.
[25] also utilize the same production technique.
Engine pistons are commonly made from
aluminum-silicon alloys because of their
exceptional mechanical strength at elevated
temperatures and desirable fatigue properties
[16,25,26]. The EN AC 48000 is the most
commonly utilized piston alloy. However, this
alloy lacks sufficient malleability.

The piston skirt exhibits a minimal extension at
the point of rupture, potentially leading to
fatigue failure. In order to avoid this issue, it is
advisable to utilize a more pliable alloy for the
skirt and a resilient alloy for the piston crown in
the FGM. This study outlines the process of
creating a chemical-composition-gradient FGM
(Functionally Graded Material) specifically
designed for a car piston. The FGM was
produced using successive gravity casting, with
the piston in contact with a distinct alloy
composition. This Finite Element Analysis (FEA)
model was specifically designed to focus on the
process parameters and their influence on the
resulting mechanical properties.

2. MATERIALS AND METHODS
2.1 Al-Si-Fe alloys sample preparation

Pieces of pistons were was melted in the ceramic
crucible and maintained at 800° C. iron powders
in progressive quantities were added gradually
to the melt . The powders were deviled into
parts, each at which was enveloped by
aluminum foil hated to 300° C before adding to
the melt. Table 1. showed Chemical composition
of Al-Si-Fe alloys [3].
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Table 1. Chemical composition of Al-Si-Fe alloys.

Sample Si Fe Cu Cr Al
p wt% | wt% | wt% | wt% | wt%

Al 17 2 0.87 0.86 Bal.
A2 6.7 2 0.8 0.244 Bal.

2.2. Fabrication of the FGM alloy samples

The FG alloy samples were fabricated based on the
prepared alloy samples. Tow casting procedure
were employed to fabricate tow gropes of cast. The
first was cast under the effect of mechanical
vibration the second was cast without such effect.

The FG alloys were produced using a process of
sequential gravity casting, where the first
composition was casted first, followed by the
second composition. The time interval between
the two casting processes and the pouring
temperature were set to 20 seconds and 900
degrees Celsius, respectively.

Theirs varieties of FG castings were
manufactured. The types are Al-6.7at.%Si-
2at.%Fe and Al-17at.%Si-2at.%Fe.

During the casting process, the temperature of
the alloy was elevated beyond its liquid state.
The molten substance was introduced into a
steel mold that had been preheated and had a
cylindrical chamber of 24 mm in diameter and
150 mm in height. The temperature of the mold
was raised to 400 degrees Celsius. In order to
achieve casting under the influence of vibrations,
mechanical vibrations are initiated prior to
pouring and are maintained until the
solidification process is fully completed.

3. EXPERIMENTAL WORK
3.1. X-ray Diffraction (XRD)

Specimens with (20 x 10 mm) at interface zone
were prepared for X-ray diffraction analysis. The
measure conditions are Target: Cu, wave length
of 1.54060 , voltage and current are 30 KV and
15 mA respectively, Scanning step of 0.05 with a
step time of 2 s, and a scanning range of (5°-80°)
were used [17].

3.2. Microstructure analyses

The test conducted on the produced FGM
sample Specimens measuring 130 mm in

length were used. The specimen was flattened
by employing SiC grinding sheets with varying
roughness levels (400, 800, 1000, 1200, 2000,
grit size). The grinding and polishing
procedures were carried out utilizing the MP-
2B grinder polisher machine.

The Al-Si-Fe alloy specimens were subjected to
etching using a solution (2ml HF, 3ml HNO3,
5ml HCI* Distilled 190ml water) for a duration
of 15 seconds. Similarly, the Al-Si-Fe alloy
specimens underwent etching using the same
solution and duration at room temperature
[19]. Subsequently, the specimens were rinsed
with distilled water and dried using an electric
drier. A specimen's microstructure was
examined using an optical microscope at a
magnification of 400X. Experiments were
performed at ambient temperature with a
compression rate of 0.5 millimeters per
minute.

3.4. Vickers Hardness Test

The Vickers hardness test was carried out
according to ASTM(E10-15a), with a load of 10
Kg. Appropriate grinding and polishing were
carried out before subjecting the specimens to
the test. The test was performed at every 5
mm along the specimens length of 130 mm, At
the interface region the test were carried out
at every 0.25 mm. The test was carried out via
a hardness tester type (HVS-1000).

3.5. Tensile Test

Standard specimens were prepared with
dimensions according to ASTM E8 standard
[1]. Computer control universal testing
machine model (WDW) was used with tensile
speed rate of (0.2 mm/min) at room
temperature. Experiments were performed at
standard room temperature

3.6. Compression test

Compression test specimens were fabricated
from the cast alloy samples. The specimens
possessed a configuration and dimensions of
23 mm in diameter and 46 mm in height, with
the interface positioned in the center as per
the ASTM  (E8M-04) standard. The
compression tests were performed at ambient
temperature at a speed of 0.5 mm/min.
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4. RUSULTS AND DISCUSSION
4.1. (XRD) analyses

The charts of the XRD for sample in zone of
that functionally graded material was
fabricated by casting two deferent alloy, Peaks
match with the standard chart of the X-ray
diffraction for each phase Figure 1. represents
XRD for FG sample with vibration, there is no
deferent between alloy with and without
vibration in components, the result including
a-Al phase, Si, Al2Cu, Al5FeSi.
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Fig. 1. Maximum hardness value

4.2. Microstructure

Figure 2. shows the microstructures of the
samples. During hardening, in the intervise zone,
there are differences that can be identified by
the microstructure on both sides of the zone.
This is due to the difference in alloy chemical
composition. Also, the absence of pores that
appear in samples In each sample, there is no
lost contact or dissolution between the two
surfaces of the alloy.

e

Fig. 2. Microstructures of FG at inteface zone
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4.3. Vickers Hardness Test

Figure 3 displays the results of the Vickers
hardness test conducted on the alloy samples.
The A2 alloy has a higher level of hardness.
When comparing with sample Al in the Al-Si-
Fe alloy. The increase in these values can be
attributable to the comparatively high
hardness of the silicon particles.

300
250
200
150
100
50
0

HV

M Hardnass 248

Fig. 3. Maximum hardness value.

The figure 4. shows the Vickers hardness along
samples length. There is a change in the
hardness value for both bars at the joint area
at interface area due to the difference in the
chemical composition of the alloy.

250

200 A
150 \
100 . d

171 A1 A2
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0 10 20 30 40 50 60 70 80 90 100 110 120 130
distance mm

Fig. 4. Vickers hardness along the length of the samples.

The hardness values on both sides of the
interface, at a spacing of 5 microns, are
depicted in Figure 5. It has been noted that the
hardness value rises as the distance changes,
which is attributed to the interaction of the
chemical composition of the alloy.
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Fig. 5. Hardness values at interface.
4.4. Tensile Test

Tensile test results for the samples under the
with an elongation percentage of 0.0.8%, The
reason is due to the strengthening of the
matrix a-Al by means of compounds that are
uniformly distributed within the alloy.

4.5. Compression test rustles

The results of compression of samples are
shown showed values of 431 MPs. This is due to
the This is due to the presence of compounds
and the presence of free silicon, which acts as
an obstacle to the movement of dislocations,
which leads to strengthening the matrix.

5. CONCLUSION

This study involved the production of
innovative forms of FGM through the
manipulation  of  successional casting
techniques. The alloy consisting of 6.7%
percent Si and 2% percent iron, together with
the alloy consisting of 17% percent Si and 2%
percent iron, was used to produce castings
that exhibited high quality and minimal
retained flaws. The presence of Fe was
considered in order to enhance the mechanical
characteristics of the as-cast FGM, particularly
by the nucleation including a-Al phase, Si,
Al2Cu, Al5FeSi. Functionally graded materials
were castings that were made and then
subjected to mechanical testing. The
sequential casting method is an effective
method for producing materials with graded
properties with similar bases.

e The difference in microscopic structure is due
to the difference in the concentration of
silicon, which forms compounds with the
presence of slicon and iron.

e The XRD test showed the presence of
compounds that would enhance the matrix.

e There is no defect in the interface area that
could have caused the part to fail.

e Sequential casting is an efficient method for
manufacturing FG with different chemical
compositions.
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