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Abstract

Microstructure and mechanical properties of aluminum
alloy Al–10Zn–3.5Mg–2.5Cu/graphene nanoplates com-
posites produced by ball milling and stir casting have been
investigated. The presence of dispersed Graphene nano
plates with high specific surface area significantly increa-
ses the strength of the composites. The microstructural
studies of the alloy revealed that graphene nano plates
addition reduces the grain size, but adding higher gra-
phene nano plates content (1 wt% graphene nano plates)
does not change the grain size considerably. Further
investigations on tensile tests revealed that the addition of
graphene nano plates increases ultimate tensile strength.
Samples under T6 heat treatment (heating up to 460 �C for

8 h, quenching in water (25 �C) and aging at 120 �C for 24
h) show better strength than other samples. At higher
graphene nano plates contents, the presence of graphene
agglomerate on grain boundaries was found to be the
favored path for crack growth. The composite containing
0.7 wt% graphene nano plates exhibits tensile strength of
582 Mpa.

Keywords: metal matrix composites (MMCs), mechanical
properties, microstructures, powder processing, ultrasonic
treatment

Introduction

Application of metal matrix composites (MMCs) in

industries as aviation, military and automobile has been the

subject of many studies in the past two decades.1–4 The

results have shown that when compared with monolithic

alloys, MMCs have many advantages including better

resistance to creep and wear as well as higher specific

strength.4–7 Nanocrystalline (NC) alloys and metal-matrix

nanocomposites (MMNCs) based on lightweight metals

such as Al and Mg are currently being heavily investigated

in the hopes of producing strengths comparable to those of

much denser metals.8–11 The low ductility of MMCs is

generally due to the presence of a high percentage of coarse

and brittle reinforcement phase in the matrix. It has been

shown that properties of nanocomposites can be greatly

improved with incorporation of even small amounts of
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nanoparticles. Presence of ceramic nano reinforcements

such as SiC nanoparticles (SiC np) in the matrix also

improves the high temperature mechanical properties of the

composites.12–16 Among various reinforcements, recent

emerging material, carbonous materials, is found to have

many favorable attributes such as high thermal conduc-

tivity, low coefficient of thermal expansion, high damping

capacity and good self-lubricant property.17

Most of the works reported on the metal matrices using

graphene nano plates were either on aluminum or copper

based. Out of various processing routes used for develop-

ment of graphene nano plates composites most of the

studies adopted powder metallurgy as primary processing

and hot extrusion or hot rolling as secondary processing

route.18,19 Kumar et al.18 reported mechanical properties of

aluminum-Graphene nano plates composite synthesized by

powder metallurgy route and hot extrusion. In order to

obtain uniform dispersion of graphene nano plates, both

aluminum and graphene nano plates were dispersed in

ethanol and then subjected to magnetic stirring. The cold

compaction was carried out under a pressure of 350 MPa

and sintered at 560 �C for 4 h. By addition of graphene

nano plates a significant amount of grain refinement in the

aluminum matrix was observed. The yield and tensile

strength was increased from *150 and *180 MPa for

pure aluminum to 260 and 270 MPa for composite,

respectively. The increase in mechanical properties of

composites was attributed to the strengthening mechanisms

like, dislocation strengthening and grain refinement.

Rashed et al.20 reported the synthesis of pure aluminum

and graphene nano plates (0.3 wt%) composite by semi

powder technique in which the powders were mixed using

mechanical agitator, then cold compacted, sintered and

finally hot extruded at 470 �C. Mechanical properties such

as yield and ultimate tensile strength of composite com-

pared to that of monolithic aluminum were increased by

14.7 and 11.1 wt%. Both the above mentioned studies

opted for suspension of graphene nano plates in organic

media and then addition of metallic powder to it so that

there is uniform dispersion of graphene nano plates in

metallic powder. The dispersion of graphene nano plates is

very important step to obtain good mechanical and tribo-

logical properties. But however with the increase in per-

centage of graphene nano plates in the metallic matrix,

irrespective of processing technique used it is very hard to

obtain good dispersion. These graphene nano plates will

form some agglomerates and act as a porosity leading to

poor mechanical and thermal properties.21,22 So it is very

necessary to obtain a saturation point of graphene nano

plates inclusion in the metallic matrix so as to obtain good

properties.

In this paper, we report the development of graphene nano

plates reinforced Al–10Zn–3.5Mg–2.5Cu matrix

nanocomposites. Here the Al–10Zn–3.5Mg–2.5Cu alloy is

chosen as a matrix material because of its high hardness

and ultimate tensile strength. In addition this, it is a heat

treatable alloy and light weight compared to that of brass,

copper and steel. The Al–10Zn–3.5Mg–2.5Cu-Graphene

nano plates nanocomposites were synthesized by a com-

bination of powder metallurgy and stir casting with ultra-

sonic waves. The Al–10Zn–3.5Mg–2.5Cu with and without

graphene nano plates were subjected to mechanical testing

to evaluate the strength.

Experimental Procedures

The materials used in this investigation were 99% pure

aluminum powder with an average particle size of 45 lm

and graphene nanoplatelets with an average thickness of

approximately 5 layer and an average diameter of 25 lm.

Figure 1 shows the micrographs of as-received pure Al

powder and graphene nanoplatelets, respectively. To pro-

duce nanocrystalline MMNCs, the reinforcements (gra-

phene nanoplatelets) were dispersed in 99.5% anhydrous

ethanol by ultrasonication. The aluminum powder and the

reinforcement slurry were added to ball milling for 2 h at

250 rpm using a Ball to Powder Ratio of 10:1

The Al–10Zn–3.5Mg–2.5Cu aluminum alloy ingots cut

into small pieces and then placed into a graphite crucible.

The chemical composition of the Al–10Zn–3.5Mg–2.5Cu

aluminum alloy studied in this work is given in Table 1.

The graphite crucible was placed in an electrical resistance.

Melting of aluminum alloy was done by heating it to a

temperature of * 750 �C. Then, pre-heated aluminum

powder and graphene nanoplatelets composite with dif-

ferent percentages (0, 0.1, 0.3, 0.7 and 1 wt%) were added

to the melt. After adding the graphene nanoplatelets, the

melt was stirred with a mechanical stirrer for 10 min. Then,

the melt was operated with an ultrasonic device (2000 W)

for 5 min (Figure 2). The material of the mechanical stirrer

blade and the probe material of the ultrasonic device are

made of titanium. Nanocomposites specimens have been

prepared with wt% of 0.1, 0.3, 0.7 and 1 graphene nano-

platelets reinforcements (Table 2).

After successful addition of nano reinforcement particles

and uniform mixing throughout, the composite melt was

poured into a permanent mold prepared according to

ASTM B108 standard,23 (Figure 3). Before the pouring the

mold was preheated to 300 �C. The main advantage of this

mold is the application of an appropriate uphill filling

system and feeding design, providing a low turbulence

manner of fluid flow, which results in reduced gas

entrapment and porosity in the specimens. T6 heat treat-

ment including heating up to 460 �C for 8 h, quenching in
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water (25 �C) and aging at 120 �C for 24 h was applied to

the all samples without or with the graphene nanoplatelets.

For structural studies, an optical microscope equipped with

an image analysis system (Clemex Vision Pro.

Ver.3.5.025), HRTEM (High-resolution transmission

electron microscopy, make: Philips CM200 at an acceler-

ating voltage of 200 kV) and scanning electron microscopy

performed in a Cam Scan MV2300, equipped with an

energy dispersive X-ray analysis (EDS) accessory have

been used. The cut sections were polished and then etched

by Keller’s reagent (2 ml H, 3 ml HCl, 5 ml HNO3 and 190

ml H2O) to reveal the structure.

Tensile testing on all the nanocomposite samples was

performed at room temperature using KOOPA universal

testing machine at the strain rate of 1 mm/min. Four test

bars were tested for each nanocomposite sample and the

average value is reported here.

Results and Discussion

Structural Characterization

It is important to note that the initial particle sizes of alu-

minum powder was found to be 45 micron. However, after

2 h of milling, the particle size of powders decreases by

milling process, which can accommodate better dispersion

and lower agglomeration during subsequent stir casting. In

addition, the morphology of the aluminum powders after

milling change to flaky shape where the graphene nano-

platelets were uniformly distributed. The morphology and

size of the powders after 2 h of milling was investigated by

Scanning Electron Microscopy. Figure 1c shows the

micrographs of flaky shapes Al-graphene nano plates

powders after 2 h of milling.

Basically, the dispersion of small powders in the melt is

easier than that of larger agglomerated ones. Two impor-

tant events are responsible for formation of

Figure 1. SEM micrographs of (a) as-received pure aluminum powder (45 microm-
eter), (b) graphene nanoplatelets and (c) morphology of Al-25wt% graphene
nanoplatelets after 2 h of milling.

Table 1. Chemical Composition of the Aluminum Alloy
(wt%)

Al Zn Mg Cu Ti Mn Fe Si

Rem 10 3.52 2.46 0.1 0.1 0.16 0.03
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nanodispersions before solidification. First, the dispersion

of aluminum powders during injection of powders into the

melt. In fact, aluminum powders operate as a carrier for

graphene particles to the melt and protect them from any

contact with the surface of the melt and alumina layer, and

after their dispersion, the nanoparticles will be released in

the matrix. Ultrasonic treatment helps in preventing

agglomeration and breaking up the formed agglomerates, at

the hen better homogeneity of graphene in MMC. In fact, it

is envisaged that aluminum powders which are in the inner

part of an agglomerated nanoparticles act as a binder at

700 �C to avoid particles separation and release, which

Figure 2. (a) Ultrasonic probe and (b) mechanical stirrer and ultrasonic device.
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only ultrasonic vibration could separate these nanoparticles

during stirring.

Figure 1c demonstrates the high magnification image of the

particles. As can be seen in Figure 1c, a uniform distri-

bution of graphene sheets on the aluminum powder was

achieved after the milling process, due to the formation of

graphene sheets around aluminum powder in the first step

of milling. In fact, it is believed that the formation of

graphene sheets can be a good strategy to diminish the high

propensity of nano particles for agglomeration during the

milling process.

The microstructures of the Al–10Zn–3.5Mg–2.5Cu alloy

cut from castings after adding graphene with different

percentage are shown in Figure 4. Figure 4 shows the

change in dendrite morphology of the Al–10Zn–3.5Mg–

2.5Cu alloy after adding graphene. The optical

microstructures of alloy revealed a rosette-like

microstructure of primary a-Al grains solid solution sur-

rounded by interdendritic secondary phases. In comparison

with graphene added specimens, unrefined specimen

(without graphene nano plates) showed coarser morphol-

ogy, as seen in Figure 4. From Figure 4, it is noticeable that

graphene and stir casting enhances the number of grain

boundaries and therefore promotes a more homogeneous

distribution of intermetallic precipitates. The most com-

mon phase observed in as-cast microstructure in the Al–

10Zn–3.5Mg–2.5Cu alloys is Al2Cu (h phase). The highest

strength properties among all samples are related to

nanocomposite reinforced with 0.7 wt% graphene nano

plates.

Figure 5 shows the results from local analysis from gra-

phene nano plates and matrix of nanocomposite. As shown

in Figure 5, there are graphene nano sheets in the alu-

minum matrix. Dispersed graphene in aluminum matrix

will increase the strength of nanocomposite samples.

Figures 6 and 7 shows the distribution of graphene nano-

platelets in the Al–10Zn–3.5Mg–2.5Cu aluminum alloy

matrix in as-cast and 0.7 wt% after T6 heat treatment, the

reinforcement particles are almost uniformly distributed in

Al matrix, with graphene nanoplatelets content less than 1

wt%. The clustering of graphene nanoplatelets increases

markedly with 1 weight percentage of graphene nanopla-

telets. When weight % of graphene nanoplatelets is more

than 0.7, the grain boundaries have reached saturation and

Table 2. Specimens Numbers of the Master Alloys

Specimens
no.

Nano particles Particles reinforced matrix

S0 – –

S1 0.1 Graphene
nano plates

Graphene nano plates
graphene nano plates

S2 0.3 Graphene
nano plates

Graphene nano plates

S4 0.7 Graphene
nano plates

Graphene nano plates

S5 1 Graphene
nano plates

Figure 3. Tensile specimen geometry and dimensions (a) cast iron mold and
(b) tensile sample dimensions.
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effect of grain refinement diminished. Agglomeration of

graphene nanoplatelets on the grain boundaries causes

grain boundary embrittlement, porosity, resulting in

weaker strength. It is clear from Figure 4. that with the 1

weight % of graphene nanoplatelets, the nanoplatelets are

forming clusters, grain boundary embrittlement, which

create porosity, reduces the wettability of graphene nano-

platelets in the matrix materials and weakening of strength

and other mechanical properties. It is important to note that

the distribution of particles and intermetallic phases in

aluminum matrix after T6 heat treatment causes high

strength in specimens after T6 heat treatment.

Solidification Mechanisms

The models addressing the incorporation of particles into a

solidifying matrix can be categorized into three classes: (1)

the kinetic models that predict the velocity of the solid/

liquid interface which is critical for the transition from

Figure 4. Microstructures of refined specimens, with (a) 0.0% Graphene nano plates, (b) 0.1%
Graphene nano plates, (c) 0. 3% Graphene nano plates, (d) 0.7 % Graphene nano plates and (e) 1%
Graphene nano plates.
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particle pushing to engulfment,24 (2) the thermodynamic

models25 which are closely related to classical heteroge-

neous nucleation theory and (3) the models based on the

ratio of the thermophysical properties of the particles and

the melt.26,27 The latter model predicts the incorporation

ability in general, that is, a dependence of the incorporation

behavior on the processing conditions. Any dependence on

the morphology of the interface is not included.

Figure 5. (a) SEM micrograph of the fractured Al–10Zn–3.5Mg–2.5Cu–0.7% GRAPHENE NANO
PLATES specimen and the corresponding EDS maps of (b) C and (c) Al elements.

Figure 6. SEM back-scattered images, showing the T6 heat treated microstructures of the Al–10Zn–
3.5Mg–2.5Cu alloy with: (a) 0.0 and (b) 0.7 wt% Graphene nano plates.
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These two models show that by enhancing the thermal

conductivity of particles incorporated into the liquid

matrix, the possibility of particle engulfment through the

grains of the solidifying matrix increases owing to change

of the interface shape from convex to concave,25,26,28,29

facilitating the engulfment of particle through the matrix

during solidification.28 In essence, the lower thermal con-

ductivity of the particles affects the temperature gradient

ahead of solidification front and therefore acts as a barrier

to the removal of the heat necessary for further solidifica-

tion and consequently inhibits particle engulfment.

In this study, it is expected that the thermal conductivity of

graphene nanoflaks is much large.24,30,31 This is because

the thermal conductivity of graphene nanoflaks is better

conserved in bilayer and trilayer graphene nano plates than

in single layer graphene nano plates. This high thermal

conductivity of the graphene nanoflaks in the preform

samples results in the incorporation of most graphene

nanoflaks in grain interiors rather than at grain boundaries,

as shown in Figure 8 and corresponding schematic

illustration.

Figure 8 represents a high magnification Field-Emission

Scanning Electron Microscopy image of the preform

sample containing engulfed graphene nanoflaks.

Figure 7. Distribution of graphene nanoplatelets in the Al–10Zn–3.5Mg–2.5Cu aluminum alloy matrix in nanocom-
posite with 0.7 wt% Graphene nano plates after T6 heat treatment.
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Tensile Strength

Figure 9 shows the variation in tensile strengths with

mechanical and ultrasonic stir casting methods. The tensile

strength increases with increasing wt% of nano graphene

reinforcements. Tabandeh Khorshid et al.32 characterized

aluminum matrix-composites reinforced by two sizes of

alumina particles (35 nm and 0.3 lm) are prepared by wet

attrition milling and hot forward extrusion processes. It is

found that by increasing the nano particles content, the

hardness and strength of the composites first increase and

then decrease when the amount of the nano particle

exceeds 4.0 wt%. Mazahery et al.33 worked on develop-

ment of high-performance A356/nano-Al2O3 composites. It

was revealed that the presence of nano-Al2O3 reinforce-

ment led to significant improvement in hardness, yield

strength (YS), ultimate tensile strength (UTS) and ductility.

Mula et al.34 investigated on the structure of an ultrasoni-

cally cast nanocomposite of Al with 2 wt% nano-sized

Al2O3 (average size 10 nm) dispersoids showed that the

nanocomposite was consisting of nearly continuous nano-

alumina dispersed zones (NDZs) in the vicinity of the grain

boundaries encapsulating Al2O3 depleted zones (ADZs).

The nano-sized dispersoids caused a marginal increase in

the elastic modulus and a significant increase in the hard-

ness (92%), and tensile strength (48%). Kee Do Woo

et al.35 used HEMM on aluminum matrix sub sized alu-

mina particles reinforced composite and found that

increase in flexural strength of sintered specimen.

Strengthening of these materials is due to the obstruction of

dislocation movement by the graphene nanoplatelets. With

increasing content of graphene nanoplatelets, these nano-

platelets pin the grain boundaries and give rise to grain

refinement, also nanoplatelets deflect cracks and cause

increase in strength in nanocomposite. Further investiga-

tions on tensile tests revealed that the addition of graphene

nano plates increases ultimate tensile strength (UTS). T6

heat treatment improved UTS values of the casting. At

higher graphene nano plates contents, the presence of

graphene agglomerate on grain boundaries was found to be

the favored path for crack growth. The composite con-

taining 0.7 vol% graphene nano plates exhibits highest

tensile strength of 582 Mpa.

Conclusions

The present work reports that stir casting method is very

effective for improvement in mechanical properties of Al–

10Zn–3.5Mg–2.5Cu aluminum alloy matrix/graphene

nanoplatelets reinforced composites. Ultrasonic casting

achieves uniform distribution of graphene nanoplatelets in

the aluminum matrix. Ultrasonic waves (2000 W) when

propagated in the Al matrix, breaks up the clusters of nano

particles resulting in the uniform dispersion of nano par-

ticles that is why improving mechanical properties. How-

ever, when the wt% of graphene nano sheets reaches more

than 0.7 wt%; agglomeration of graphene nano sheets at

the grain boundaries causes embrittlement, porosities, less

interfacial bonding and so decrease in mechanical

properties.

Figure 8. SEM images of (a) Exfoliated Graphene nano plates, (b) Al–10Zn–3.5Mg–2.5Cu–
0.7%GRAPHENE NANO PLATES nanocomposite.
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Figure 9. (a) UTS, (b) YS and (c) EL% values of the nanocomposite as a function
of Graphene nano plates amount.
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