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Figure A: Composites produced by reinforced Al7020 with FesO4 and nanographene /Sekil A:
Al7020 FesOa ve nanografen takviyesi ile iiretilen kompozitler

Anahtar Kelimeler

Mekanik Alasimlama

Hibrit Kompozit Highlights (Onemli noktalar)

Cekme Testi » The composites were produced by incorporating FesOs4 and nanographene as
Mikroyapr reinforcement materials into the AlI7020 matrix. / 417020 matris igerisine Fes3Oa ve
Karakterizasyonu nanografen takviye malzemesi olarak kompozitler iiretilmistir.

» The microstructure and mechanical properties of the composites were examined at
different MA durations. / Kompoztilerin farklt MA siireleri ile mikroyapi ve mekanik
ozellikleri incelenmistir.

»  The highest strength was determined in the metal matrix composite sample processed for
8 hours of MA. | En yiiksek dayanimin 8 saat MA islemi yapilan metal matrisli kompozit
numunede oldugu belirlenmistir.

Aim (Amag): The study aims to achieve a homogeneous distribution of reinforcements (FesO4and
nanographene) within the matrix through MA processing at different durations and to enhance the
mechanical properties of the Al7020 matrix alloy. / Calisma, farkli siirelerde MA islemine tabi
tutulan takviyelerin (FesOs ve nanografen) matris igerisindeki dagilimi homojen olarak
gergeklestirmek ve AI7020 matris alagiminin mekanik ozelliklerini gelistirmeyi amaglamaktadir.

Originality (Ozgiinliik): The originality of the study is the production of hybrid metal matrix
composites using different reinforcements and the improvement of their mechanical properties. /
Calismamin ozgiinliigiinii, farkly takviyeler kullamilarak, hibrit metal matrsili kompozitlerin
tiretiminin gergeklestirilmesi ve mekanik ozelliklerinin geligtirmesi olusturmaktadur.

Results (Bulgular): In the produced hybrid composites, the highest hardness (126 HV) and tensile
strength (335 MPa) were observed in the sample subjected to 8 hours of MA processing. / Uretilen
hibrit kompozitlerde en yiiksek sertlik (126 HV) ve ¢ekme dayanimi (335 MPa) 8 saat MA islemi
yapilan numunede oldugu tespit edilmigtir.

Conclusion (Sonug): To enhance the mechanical and microstructural properties of the Al7020
alloy, it was found that the FesO4 and nanographene reinforcements improved the mechanical
properties at various MA durations. / 417020 alagiminin mekanik ve mikroyapt ézelliklerinin
gelistirilmesi i¢in takviye edilen Fe3Os ve nanografen takviyelerin, farkli MA siireleri igerisinde
mekanik ozellikleri gelistirdigi tespit edilmistir.
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Article Info Abstract

The objective of this work is to enhance the microstructural and mechanical characteristics of
Aluminium (Al) 7020 alloys, which are receiving growing application in the aerospace sector.
The mechanical properties of Al 7XXX series alloys are at high levels compared to other Al
alloys. However, the need for Metal Matrix Composites (MMC) is increasing day by day to
increase the mechanical properties to the desired levels. Powder metallurgy (PM) is one of the
advanced production techniques for MCCs. It is known that microstructural and mechanical
properties are improved by mechanically alloying (MA) and homogeneous mixing of powders in
the structure. Therefore, the effects of different mechanical alloying times (1, 2, 4 and 8 hours)
on the mechanical and microstructure properties of the composites produced by reinforcing 10%
Fe304 and 0.25% nanographene into Al7020 alloy were investigated. Density, XRD and SEM
analyses were performed on all composite samples for characterization purposes. After that, the
mechanical characteristics of the hybrid composite samples were determined by accurate
hardness and tensile testing methods. The sample who received mechanical alloying for 8 hours
achieved the highest tensile strength of 335 MPa.
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A17020 Alasim Icerisine FesOs/nanografen Takviyeleri ile Uretilen Hibrit
Kompozitlerde Mekanik Alasimlama Siiresinin Mikroyap: ve Mekanik
Ozelliklere Etkisinin Incelenmesi
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Diizeltme: 30/09/2024
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Bu ¢aligmada 6zellikle havacilik ve uzay endiistrisinde kullanimi artarak devam eden Aliiminyum
(Al) 7020 alasimlarinin mikroyapisal ve mekanik oOzellikleri &zelliklerinin gelistirilmesi
amaglanmstir. Al 7XXX serisi alagimlarin mekanik o6zellikleri, diger Al alasimlarina kiyasla
yiiksek seviyelerdedir. Ancak mekanik 6zelliklerin istenilen seviyelere ¢ikarilabilmesi icin Metal
Matrisli Kompozitlere (MMK) olan ihtiya¢ giin gectikge artmaktadir. MMK’ler igin toz
metalurjisi (TM) yontemi ileri diizey {iretim teknikleri arasindadir. Tozlarin mekanik olarak
alagimlandirilmasi (MA) ve homojen olarak yapi igerisinde karistirtlabilmesi ile mikroyapisal ve
mekanik 6zelliklerin arttigi bilinmektedir. Bu nedenle A17020 alasimi igerisine %10 Fe3Oa4 ve
9%0.25 nanografen takviye edilerek iiretilen kompozitlerin farkli mekanik alagimlama siirelerinin
(1, 2, 4 ve 8 saat), mekanik ve mikroyap1 6zelliklerine olan etkileri arastirilmistir. Uretilen tiim
kompozit numunelere karakterizasyon amagli yogunluk, XRD ve SEM analizleri yapilmustir.
Ardindan mekanik &zelliklerin belirlenmesi igin sertlik ve ¢ekme testleri hibrit kompozit
numunelere uygulanmistir. Elde edilen sonuglar neticesinde en yiiksek ¢ekme dayanimina 335
MPa’lik deger ile 8 saat mekanik alagimlama islemi gérmiis numunede elde edilmistir.

Anahtar Kelimeler

Mekanik Alasimlama
Hibrit Kompozit
Cekme Testi
Mikroyapi
Karakterizasyonu

1. INTRODUCTION (GIRiS)

Aluminum alloys have widely found application in
the engineering sphere owing to a range of superior
properties: lightness, high strength, corrosion
resistance, and machinability. The main advantage

it offers is in sectors such as aviation, automobiles,
and defense; it is critical because it has both low
density and very high strength [1]. Al-Zn-Mg or
7XXX aluminum alloys are strengthened primarily
by Zn and Mg elements to form high-strength
structures. Alloys belonging to the 7XXX class find

*Corresponding author, e-mail: tahaalperyilmaz@gazi.edu.tr

DOI: 10.29109/gujsc.1544853


https://orcid.org/0000-0002-4316-6890

Yilmaz / GU J Sci, Part C, 12(4): 854-863 (2024)

extensive application in several industrial sectors,
notably on aircraft, due to their exceptional
strength-to-weight characteristics. One of the most
outstanding members among these series, the
Al7020 alloy, is notable for its fine mechanical
characteristics, especially high strength, hardness
[3]. The high strength properties made this AI7020
light alloy applicable to the aircraft industry. The
material has also been increasingly used in
automobile and other industrial applications [4].
Development of metal matrix hybrid composites
(MMHC) in years has opened new opportunities for
improvement in the endurance and microstructural
characteristics of these alloys. These composites are
developed by incorporating various ceramic, metal
oxides, and carbon-based nanomaterials in the
aluminum matrix. Such hybrid composites result in
major improvements in properties like strength,
hardness, wear resistance, and thermal stability [5].
The application of MMHCs with aluminum alloys
provides great advantages in high-performance
areas such as aerospace, automotive, electronics,
and biomedical [6]. The aluminum matrix hybrid
composites increase their load-carrying capacity to
meet the critical engineering requirements, i.e.,
weight reduction and energy efficiency [7]. In the
production of such materials, the mechanical
alloying (MA) method, which is an important
production technique especially for powder
metallurgy, is important.

The MA is the process of combining one or more
basically solid materials in a high-energy grinding
medium to produce new, stronger materials. It is
widely used in composites, usually metals,
ceramics and a combination of both [8]. The MA
process, which is a critical production process in
powder metallurgy methods, enables the alloying
process to be realized together with the plastic
deformation applied to the powders repeatedly by
high-energy balls. Thus, it is possible to control the
internal structure of the material with determined
parameters [9].

Elevated efficiency of FesOs in improving the
microstructural  integrity and  mechanical
performance of aluminum matrix composites has
been demonstrated. [10]. FesOa is characterized by
high hardness and possesses magnetic properties;
the properties of this compound make a composite
material much harder and more resistant to tensile
strength [11]. By increasing the microhardness, the
addition of FesOs4 into Al7020 alloy enhances the

mechanical strength of the alloy and guarantees the
long-term durability of the composite construction.
[12]. The reinforcement by FesO, increases the
thermal stability of the alloy. There is an
improvement in the performance of alloys with
increasing temperatures [13].

In  carbon-based  nanomaterials, including
nanographene, the material is highly strong,
flexible, and electrically conductive [14]. The use of
nanographene as reinforcement in aluminum alloys
improves the microstructural integrity and
mechanical properties by preventing dislocation
motion and consolidating the grain boundaries,
respectively [15]. Indeed, nanographene has the
ability to enhance the tensile strength and hardness
of composite materials, as well as promote the
thermal and electrical conductivity characteristics
of the alloy. [16]. For instance, the development of
hybrid composites reinforced with nanographene
and Fes3O4 in Al 7020 alloy provides innovative
solutions, especially for areas that require high
performance such as aerospace [17].

The present work aimed to examine the effects of
varying times of FesOs and nanographene
reinforcement on the mechanical alloying time of
Al7020 alloy. Although AI7020 alloy can show
high strength properties, the production of hybrid
composites is needed to develop the required
mechanical characteristics. For this reason, it was
aimed to determine the optimum parameters in
composite materials after the characterization and
mechanical testing processes performed on all
produced samples.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

The effect of mechanical alloying times of 1, 2, 4
and 8 hours on hybrid composites with 10% Fes04
and 0.25% nanographene reinforcement to Al7020
alloy was investigated. The Al7020 alloy used has a
comprising the chemical components listed in Table
1.

For the hybrid composite samples, the blended
powders were subjected to mechanical alloying
with 10 wt% Fes0. and 0.25 wt% nanographene
reinforcement in a 3D high energy milling machine
for 1, 2, 4 and 8 hours. The MA process was
determined as 200 Rpm in X direction and 500 Rpm
in Y direction after preliminary studies. Figure 1
shows SEM images of the initial powder images. It
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is seen that the dimensions of Al7020 gas atomized
powders are approximately 45um in size and
spherical shape, the size of Fe;O4 ceramic particles
used as 10% reinforcement is approximately 30um

in size and in a flat form, and finally the size of the
nanographene reinforcement used is 100 nm and in
a flaky structure.

Table 1. Chemical composition of Al7020 aIon (A17020 alasimin kimyasal kompozisyonu)

Elements Al Zn

Mg Ti

Cr Mn Fe Si

%owt. Balanced 4,67

0,09 0,02 0,01

EHT=1000W/ SgmlAsSEr |
WO= 85mm  Mage 200X

100 ym EHT= 1000k Sigl A= SE3
— WO= 05mm  Magr 260X

o s  Kaedens Techncal Unnwity
108 24
Cartral Raveach Laborstory

\Prose= 1ooga  Karedeniz Technical Uniersty
Cactral Rasaarch Laborstory

100 ym EHT = 10000 Signal A = SE1
WO 05mm  Mage 200X

Figure 1. Initial powder images a) Al7020, b) Fes0a, ¢) nanographene (Baslangig toz goriintiileri a) A17020, b)
Fes04, €) nanografen)

The produced hybrid powder composites were
pressed with a mold prepared from H13 tool steel at
550 °C temperature for 1 hour in a hot pressing
device to prepare them as bulk samples. Then,
metallographic  processes for microstructural
characterization of the composites were carried out
in ATM Saphire 330 device. In the microstructural
characterization processes, after sanding at 400,
600, 800 and 1200 grit, the processes were
completed with 9, 6 and 3 micron felts prepared
with  diamond  suspension  for  polishing,
respectively. For etching, Keller solution (ImL HF
+ 200mL H20) was used. Density measurements
were performed using the Archimed principle
(Equation 1) with a Sartoius CP224S device.

(ma)

PS = ooy X W) 1)
Here ps symbolize the density of the material in
grammes per cubic centimeter, pw denotes the
volume of water at room temperature, ma represent
the mass of the material, and mw denote the weight

of the material included in the water.

SEM analysis (ZEISS EVO LS 10) for
microstructure images and XRD analysis (Bruker
D8 Advance) for crystal structure and phase
determination were applied to all composite
samples. Determination of mechanical properties
microhardness Vickers tests (HV10) were carried
out on Emcotest Duravision 200 Universal hardness
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tester in accordance with ASTM E92 standards by
taking the average values of five measurements
horizontally in the center of each sample.
Continuous tensile testing was conducted using the
Instron 3369 test machine until the specimens
fractured.

3. RESULTS AND DISCUSSION (BULGULAR VE
TARTISMA)

3.1. Effect of Mechanical Alloying Time on

Hybrid Composite Powders (Hibrit Kompozit
Tozlarma Mekanik Alagsimlama Siiresinin Etkisi)

The powder morphologies of 10% FezOsand 0.25%
nanographene powders reinforced in Al7020 alloy
after 1, 2, 4 and 8 hours MA process are shown in
Figure 2.

When the figure is examined, it is seen that the
spherical shaped AI7020 matrix alloy gradually
takes a flaky form with the MA alloying time.

Especially in the hybrid composite with 1 hour MA
treatment, while the spherical form is generally
preserved, the transition to the flaky form started
with 2 hours of MA treatment. It is seen that the
deformation, which continues with MA alloying,
passes into full flaky form at the 4th hour. In the 8-
hour MA process, it can be said that the deformation
has reached saturation, the powders are no longer
flattened and the powders broken by cold welding
are recombined. In the nature of MA, the effect of
mechanical impact forces applied to the powder
particles by the balls in the chamber increases the
surface area of the particles and provides a
homogeneous distribution [18,19]. At 8 hours of
MA process, the cold weld formed by the formation
of a sufficient amount of plastic deformation
between the flattened powder particles enabled
them to coalesce at the atomic level. Thus, a strong
bond formation can be observed between the hybrid
composite powders and the homogeneous internal
structure can contribute to microstructurally more
equiaxed grain formation [20,21].

Figure 2. Powder images of hybrid composites with 10% Fe;O.and 0.25% nanographene reinforcement

to Al7020 alloy (1, 2, 4 and 8 hours) (%10 FesOs ve %0,25 nanografen takviyesi ile A17020 alagimina sahip hibrit
kompozitlerin toz goriintiileri (1, 2, 4 ve 8 saat))
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3.2. Microstructure Analysis (Mikroyap1 Analizi)

Figure 3 shows the XRD patterns of hybrid
composites  with  10% FesOs and 0.25%
nanographene reinforced in Al7020 alloy. In XRD
analysis, the matrix phase Al, the reinforced

ceramic particle Fe3Os, the reinforced carbon-based
nanographene and finally the intermetallic phase
AlIMgaZna: in the structure was observed.

QA
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Intensity (a.u)

10000

@ Al
A Fe;0,
Y C

E AlMg,Zny,

20

1h 2h

80 80

29 (deg.)
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Figure 3. XRD patterns of hybrid composites (Hibrit kompozitlerin XRD paternleri)

When the figure is examined, it is seen that XRD
peaks generally appear at the same intensity and
degree. Slight shifts in the peaks were observed with
the increase in the MA time. These phenomena arise
as a result of plastic deformation. As the
deformation time increases, the internal stresses
occurring in the crystal lattice structure change the
distances between the planes, causing the peaks to
shift [22,23]. Figure 4 displays the scanning
electron microscope (SEM) pictures of hybrid
composites following 1, 2, 4, and 8 hours of MA
alloying.

SEM images of hybrid composites with 10% Fe3;O.
and 0.25% nanographene reinforcement to Al7020
alloy with 1, 2, 4 and 8 hours MA treatment are

shown. No major changes in grain size and spherical
grain boundaries were observed in the sample with
1 hour MA time. In addition, it was determined that
the white FesOs4 ceramic reinforcement was
homogeneously distributed in the structure. Upon
examination of the sample with an MA time of 2
hours, it was seen that the grains began to elongate
at a rather modest rate compared to the initial stage.
This can be explained by the fact that the MA
process flattens the powder particles during mixing.
Similar to the previous image, the light colored
regions located at the grain boundaries show FeszOs
ceramic particles and the dark black regions show
nanographene reinforcement. With the MA time of
4 hours, it was determined that the deformation
effects were further intensified on the powder
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particles and the grains were flattened. When the
last hybrid composite sample, the sample with 8
hours MA treatment, was examined, it was found
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that the grains became much flatter and the grain
boundaries and grain boundary angles decreased.

' o
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Figure 4. Microstructures of hybrid composites with 10% Fe;O. and 0.25% nanographene reinforced
Al7020 alloy (1, 2, 4 and 8 hours) (%10 FesOas ve %0,25 nanografen takviyeli A17020 alagimli hibrit kompozitlerin mikro

yapilari (1, 2, 4 ve 8 saat)

3.3. Physical and Mechanical Properties
(Fiziksel ve Mekanik Ozellikler)

Physical and mechanical properties of samples
reinforced with 10% FesOs and 0.25%
nanographene in Al7020 alloy were determined by
hardness and tensile testing after to 1, 2, 4, and 8
hours of MA treatment. The hardness findings of
hybrid composites generated by MA treatment with
varying durations are shown in Figure 5.

When the figure is examined, it is determined that
the average hardness value of the unreinforced
Al7020 alloy is 88 HV. With the increase in MA
time, it was measured as 95 HV for 1 hour, 101 HV
for 2 hours, 115 HV for 4 hours and finally 126 HV

for 8 hours. The highest hardness value was reached
by the sample with 8 hours MA treatment. This is a
natural result of deformation flattening the grain
structure and the FesOs and nanographene
reinforcements used in the production of hybrid
composite samples. On the other hand, Karabulut et
al. similarly produced composite samples by cold
pressing method by adding 10% Al.Os; to pure
aluminum by mechanical alloying and stated that
the hardness value increased with the increase of
mechanical alloying time [24]. These results
support the results of increasing hardness with
increasing mechanical alloying time.
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Figure 5. Hardness results of hybrid composites with 10% Fe;Osand 0.25% nanographene reinforcement

to Al7020 alloy (1, 2, 4 and 8 hours) (%10 FesO4 ve %0,25 nanografen takviyesi ile AI7020 alagimina uygulanan hibrit
kompozitlerin sertlik sonuglari (1, 2, 4 ve 8 saat))

Fig. 6 displays the tensile test outcomes of the
Al7020 alloy, which was strengthened with 10%
Fe;04 and 0.25% nanographene, following 1, 2, 4,
and 8 hours of MA heat treatment. Upon analysis of
the results, it is evident that the unreinforced Al7020
alloy has the lowest tensile stress, while the sample
subjected to 8 hours of MA treatment exhibits the
highest tensile stress. The 8 hours MA treated
specimen has 9% higher tensile stress than the 4
hours MA alloy, 21% higher than the 2 hours MA
treated specimen, 39% higher than the 1 hour MA
treated specimen and finally about 50% higher than

350
300
250
200

150

Tensile Stress (MPa)

100

50

0
Al7020 1h

the unreinforced AI7020 alloy. Similar to the
hardness results, this situation was similar in the
tensile test. The growing trend in the test results can
be ascribed to the amplified dislocation density
resulting from the deformation effect as the MA
time increases, together with the homogeneous
dispersion of the reinforced ceramic particles in the
matrix phase. [25]. Increasing the MA alloying time
further will increase the dislocation density too
much and will lead to interlocking. For this reason,
8 hours of MA time was deemed sufficient and the
next step was not started.

2h 4h 8h

Figure 6. Tensile test results of hybrid composites reinforced with 10% Fe;0. and 0.25% nanographene

on AlI7020 alloy (1, 2, 4 and 8 hours) (A17020 alasimina %10 FesOa ve %0.25 nanografen takviyeli hibrit kompozitlerin
¢ekme test sonuglari (1, 2, 4 ve 8 saat))
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Figure 7. Fracture surfaces of hybrid composites with 10% Fe;Osand 0.25% nanographene reinforced

AI7020 alloy after tensile test (1, 2, 4 and 8 hours) (%10 Fe304 ve %0,25 nanografen takviyeli A17020 alasimli hibrit
kompozitlerin ¢ekme deneyinden sonraki kirilma yiizeyleri (1, 2, 4 ve 8 saat))

Figure 7 depicts the fracture surfaces of hybrid
composites consisting of 10% FesO. and 0.25%
nanographene reinforcement after performing
tensile testing on Al7020 alloy.

Figure 7 shows the fracture surface images of hybrid
reinforced composite materials subjected to MA
treatment for 1, 2, 4 and 8 hours. When the fracture
surface images were examined, differences in
fracture behavior were detected with increasing MA
treatment time. In the fracture surface image of the
sample subjected to 1 hour MA treatment, ruptures
occurred in different layers. Especially the rupture
behavior occurred in weak grains. With increasing
MA time, secondary cracks were observed in the
sample treated for 2 hours. It was determined that
the increase in hardness value also reduced the
layered rupture behavior. In the 4 and 8 hour MA
treated specimens, breaks occurred from cleavage
planes due to the increase in the hardness of the
materials in the rupture behaviors, and it was
determined that the grain boundary rupture
behaviors were in large areas in the strength regions
of the 8 hour treated specimen.

4. CONCLUSION (SONUCLAR)

In this study, the effect of MA time on hybrid
composite samples was investigated by performing

MA process for 1, 2, 4 and 8 hours with 10% Fe3O,
and 0.25% nanographene reinforcement to Al7020
alloy. The results are listed below.

- With the increase of MA time, the hybrid
composite powders changed from spherical to
flattening due to the effect of deformation. The most
prominent formation was observed in samples with
4 and 8 hours of MA.

- When XRD patterns were examined, it was
determined that the peaks shifted due to the effect
of deformation. In addition to Al, particle
reinforcements FesOs and carbon forming the
matrix phase, AIMg4zn11 intermetallic phase was
detected in the structure.

- In SEM analysis, it was determined that the low
MA time did not change the grain size and form, and
with increasing time, the grains and grain
boundaries formed in the bulk material changed to
flat form. In addition, reinforced FesOs and
nanographene were detected in the surface images.

- When the hardness results of the mechanical
properties of the hybrid composites were examined,
it was determined that the sample with the highest
value was the sample with 8 hours MA with 126
HV.
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- When the tensile test results were examined, 335
MPa was obtained in the sample treated with MA
for 8 hours.

- When the post-tensile fracture surface images
were examined, while ruptures occurred in different
layers in the 1 hour MA process, with the increase
in the MA time, fractures occurred in the cleavage
planes and rupture behavior was observed at the
grain boundaries.

DECLARATION OF ETHICAL STANDARDS
(ETIK STANDARTLARIN BEYANI)

The author of this article declares that the materials
and methods they use in their work do not require
ethical committee approval and/or legal-specific
permission.

Bu makalenin yazar ¢aligsmalarinda kullandiklar1 materyal ve
yontemlerin etik kurul izni ve/veya yasal-6zel bir izin
gerektirmedigini beyan ederler.

AUTHORS’ CONTRIBUTIONS (YAZARLARIN
KATKILARI)

Taha Alper YILMAZ: The author conducted the
experiments, analyzed the results and performed the
writing process.

Yazar, deneyleri yapmis, sonuglarini analiz etmis ve makalenin
yazim iglemini gergeklestirmistir.

CONFLICT OF INTEREST (CIKAR CATISMASI)

There is no conflict of interest in this study.
Bu calismada herhangi bir ¢ikar catigmasi yoktur.

ACKNOWLEDGMENTS (TESEKKUR)

The Gazi University Scientific Research Projects
Coordination Unit has provided financial assistance
for this study under Project Number FKB-2023-
8648.

Gazi Universitesi Bilimsel Arastirma Projeleri Koordinasyon
Birimi bu ¢alismaya FKB-2023-8648 Proje Numarasi altinda
maddi destek saglamstir.

REFERENCES (KAYNAKLAR)

[1] Trzepiecinski T, Najm SM, Oleksik V, Vasilca
D, Paniti I, Szpunar M. Recent Developments and
Future Challenges in Incremental Sheet Forming of
Aluminium and Aluminium Alloy Sheets. Metals
(Basel) 2022;12.

[2] Lezaack MB, Simar A. Avoiding abnormal grain
growth in thick 7XXX aluminium alloy friction stir
welds during T6 post heat treatments. Materials
Science and Engineering: A 2021;807:140901.

[3] Kumar M, Sotirov N, Chimani CM.
Investigations on warm forming of AW-7020-T6
alloy sheet. J Mater Process Technol
2014;214:1769-76.

[4] Wu C, Ma K, Zhang D, Wu J, Xiong S, Luo
G, et al. Precipitation phenomena in Al-Zn-Mg
alloy matrix composites reinforced with B4C
particles. Sci Rep 2017;7:95809.

[5] Zhou MY, Ren LB, Fan LL, Zhang YWX,
Lu TH, Quan GF, et al. Progress in research on
hybrid metal matrix composites. J Alloys Compd
2020;838:155274.

[6] Bodunrin MO, Alaneme KK, Chown LH.
Aluminium matrix hybrid composites: a review of
reinforcement philosophies; mechanical, corrosion
and tribological characteristics. Journal of Materials
Research and Technology 2015;4:434-45.

[7] Prasad DS, Shoba C, Ramanaiah N.
Investigations on mechanical properties of
aluminum hybrid composites. Journal of Materials
Research and Technology 2014;3:79-85.

[8] Suryanarayana, C. Mechanical Alloying
and Milling. Progress in Materials Science
2001:46:1-184.

[9] Lloyd, D.J. Particle Reinforced Aluminium
and Magnesium Matrix Composites. International
Materials Reviews. 1994:39:1-23.

[10]  Ashrafi N, Ariff AHM, Sarraf M, Sulaiman
S, Hong TS. Microstructural, thermal, electrical,
and magnetic properties of optimized Fe304-SiC
hybrid nano filler reinforced aluminium matrix
composite. Mater Chem Phys 2021;258:123895.
[11]  Ferreira L-M-P, Bayraktar E, Robert M-H.
Magnetic and electrical properties of aluminium
matrix composite reinforced with magnetic nano
iron oxide (Fe304). Advances in Materials and
Processing Technologies 2016;2:165-73.

[12] Karami S, Borhani E, Yousefieh M, Karami
S. The effect of ratcheting strain on post-ratcheting
tensile test of metal matrix composites (MMCs)
reinforced by Fe304 nanoparticles manufactured by
the accumulative roll bonding (ARB) process.
Materials ~ Science and  Engineering: A
2024;903:146691.

[13]  Ashrafi N, Azmah Hanim MA, Sarraf M,
Sulaiman S, Hong TS. Microstructural, Tribology
and Corrosion Properties of Optimized Fe304-SiC
Reinforced Aluminum Matrix Hybrid Nano Filler

862



Yilmaz / GU J Sci, Part C, 12(4): 854-863 (2024)

Composite Fabricated through Powder Metallurgy
Method. Materials 2020;13.

[14] Boppana SB, Dayanand S, Anil Kumar MR,
Kumar V, Aravinda T. Synthesis and
characterization of nano graphene and ZrO2
reinforced Al 6061 metal matrix composites.
Journal of Materials Research and Technology
2020;9:7354-62.

[15] Kumar HGP, Xavior MA. Graphene
Reinforced Metal Matrix Composite (GRMMC): A
Review. Procedia Eng 2014;97:1033-40.

[16] Giiler O, Bagct N. A short review on
mechanical properties of graphene reinforced metal
matrix composites. Journal of Materials Research
and Technology 2020;9:6808-33.

[17] Dadkhah M, Saboori A, Fino P. An
Overview of the Recent Developments in Metal
Matrix Nanocomposites Reinforced by Graphene.
Materials 2019;12.

[18]  Suryanarayana C. Mechanical alloying and
milling. Prog Mater Sci 2001;46:1-184.

[19] Koch CC. The synthesis and structure of
nanocrystalline materials produced by mechanical
attrition: A review. Nanostructured Materials
1993;2:109-29.

[20] Prabhu B, Suryanarayana C, An L,
Vaidyanathan R. Synthesis and characterization of
high volume fraction Al-Al203 nanocomposite
powders by high-energy milling. Materials Science
and Engineering: A 2006;425:192-200.

[21]  Suryanarayana C. Mechanical Alloying: A
Novel Technique to Synthesize Advanced
Materials. Research 2024;2019.

[22] Ortiz AL, Shaw L. X-ray diffraction
analysis of a severely plastically deformed
aluminum alloy. Acta Mater 2004;52:2185-97.
[23]  Panigrahi SK, Jayaganthan R, Pancholi V.
Effect of plastic deformation conditions on
microstructural characteristics and mechanical
properties of Al 6063 alloy. Mater Des
2009;30:1894-901.

[24] Karabulut H, Citak R, Cinici H. Effect of
Mechanical Alloying Duration on Transverse
Rupture Stregth of Al+10% Al,O; Composites.
Journal of the Faculty of Engineering and
Architecture of Gazi University 2013; 28:635-643.
[25] Surappa MK.  Aluminium  matrix
composites: Challenges and opportunities. Sadhana
2003;28:319-34.
https://doi.org/10.1007/BF02717141

863



