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Abstract: Considerable attention has been given to gra-

phene as a reinforcement material for metal matrix com-

posite (MMC) because of its great potential for use in the

automotive and aerospace industry. In general, the diffi-

culty in achieving optimally improved properties can be

attributed to poor wettability, agglomerations, and non-uni-

form distribution of reinforcement in the MMCs. Therefore,

in terms of structural integrity, interfacial bonding, and its

strengthening mechanism are important to achieve a high

performance composite, which makes it imperative to dis-

cuss the integration of graphene into the alloy. The rein-

forcement mechanism of graphene-reinforced aluminium

alloy has been evaluated in a limited number of studies,

and this article examines current publications in this area.

This article outlines three key topics related to the key

challenges of graphene as a reinforcement material, the

strengthening mechanism of graphene in a metal matrix,

and the factors limiting the properties enhancement. Lastly,

future works and recommendations addressed are summa-

rized. The review presented aims to benefit to a wide range

of industries and researchers and serve as a resource for

future scholars.

Keywords: graphene, aluminium, strengthening mechan-

isms, metal matrix composite, interfacial reaction

1 Introduction

Aluminium alloy has been used in various structural

applications mainly in the aerospace and automotive

industries because of its excellent properties, such as light-

weight, excellent corrosion resistance, and high thermal

resistance [1–5]; however, it has limited strength. The bene-

fits of being lightweight are that it can facilitate a major

increase in performance and fuel consumption. However,

its limited strength has gained the attention of researchers

who have sought to incorporate reinforcements such as

boron [6,7], alumina (Al2O3) [7–9], silicon carbide (SiC)

[10–14], graphene [15–19], and carbon nanotubes (CNTs)

[20–23] to develop an excellent metal matrix composite

(MMC). CNTs and graphene [10] are the most used carbon

materials as compared to other reinforcements. CNT was

discovered in 1991 by Iijima [24] and was followed by the

discovery of graphene, a new carbon class, by Geim et al.

in 2004 [9].

Graphene has been the subject of considerable atten-

tion since Novoselov et al. [9] discovered it and success-

fully isolated it from graphite through the tape stripping

route. Graphene is a two-network carbon nanomaterial

that forms a unique honeycomb lattice structure through

sp2 hybridisation. This material has excellent physical

and chemical properties because it is harder than dia-

monds and 100 times stronger than steel with a great

Young’s modulus (1 TPa), high thermal conductivity

(5.3 kW·m−1·K−1), and excellent ultimate tensile strength

(UTS) (130 GPa) [9].The density of graphene is also esti-

mated to be as low as 1.06 g·cm−3 [25] which makes it

extremely light. These characteristics have led to the

selection of graphene as an effective reinforcement for

MMC.

In comparison to CNTs, graphene has a better improve-

ment in terms of dispersion and bonding with the matrix.

The properties of graphene and CNT are listed in Table 1

[26–28]. The specific surface area of graphene and CNT are

2,630 and 1,315 m2·g−1, respectively. Graphene has higher

specific surface area and a lower tendency to twist allowing
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it to avoid dispersion, which results in effective load transfer

and an increase in strength and stiffness [29–32]. As

reported in ref. [33], even with the same amount of gra-

phene and CNT, CNT has an issue with agglomeration

because of its higher aspect ratio as compared to gra-

phene. Graphene also has a lower density than CNT, 1.06

and 1.3 g·cm−3, respectively. Research on graphene has

grown rapidly over the last decade due to these interesting

characteristics.

However, proper dispersion of graphene without dama-

ging the structure is the main challenge that needs to be

addressed to achieve enhanced performance [32]. The inso-

lubility of graphene in the matrix is due to the Van der

Waals attractive forces and the stacking of pi between the

graphene lamellae [32,34]. The weak bonding between the

matrix and graphene makes it difficult to bond. Hence,

enhancing the interface bonding between aluminium and

graphene is important to attain good performance of the

composite.

Other factors, such as fabrication technique, mate-

rials of matrix dispersion, and particle geometry also

play significant roles in the dispersion of the graphene

in a metal matrix [35]. The formation of carbide and inter-

facial interactions also contribute to the strengthening of

its efficiency or stress transfer [36]. Carbide formation can

be attributed to Gibb’s free energy thermodynamically.

The conversion of sp2 to sp3 bonded carbon acts as a

favourable site for carbide formation, which may posi-

tively or adversely affect the final composite properties.

Therefore, many researchers have attempted to combine

several processing techniques to obtain homogenous gra-

phene dispersion in the composite.

In general, many studies have highlighted the effect

of graphene reinforcement on the mechanical properties

of Al matrix, particularly its tensile strength, hardness,

and flexural strength [8,25,37]. However, limited studies

have discussed the effects of graphene reinforcement in

Al matrix on the strengthening mechanism to predict the

behaviour of graphene dispersion. The suggested strength-

ening mechanism for graphene-aluminium matrix compo-

site (AMC) include grain refinement, Orowan strength-

ening mechanism, stress load transfer, and thermal

expansion mismatch.

Based on a search on the Web of Science databases, a

significant trend can be observed among research papers

published with the related keywords of graphene in the

field of AMC within the last ten years as illustrated in

Figure 1. The increasing trend indicates the interest in

scientific research of graphene as a potential reinforce-

ment material in AMC.

This field of research requires systematic study to

provide a clear pathway for graphene in AMC fabrication.

Therefore, this review article will summarise the brief

description of graphene and its derivatives, and the chal-

lenges on graphene as reinforcement. Then, it will high-

light the strengthening mechanism and its effects on the

distribution and dispersion of graphene. Finally, this

article summarises the factors that limit the properties

enhancement of graphene in AMC.

2 Graphene as reinforcement

2.1 Derivatives of graphene

Graphene has several derivatives, which have been used

in published literature, including single-layer graphene,

graphite, graphene nanoplatelets (GNPs), graphene oxide

(GO), and reduced graphene oxide (rGO). These derivatives

Table 1: Physical and functional properties of graphene and carbon nanotubes [26–28]

Properties Young’s modulus Ultimate tensile strength Thermal conductivity Density Specific surface area

Unit TPa GPa W·m−1·K−1 g·cm−3 m2·g−1

Graphene 1 130 5,300 1.06 2,630

CNT 0.9 63 3,000 1.3–1.4 1,315

Figure 1: Number of publications of Graphene in AMC between years

2010–2020 based on Web of Science database.
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related directly to carbon lattice and functional groups,

have many layers and crystallographic structures, as shown

in Figure 2. For several decades, graphene has been known

as the basic structural unit of bulk graphite and is physically

unstable. In 2004, Geim et al. successfully performed the

fabrication of graphene using the micromechanical clea-

vage method. This method involves separating the single

layer of graphene from graphite by using scotch tape.

2.2 Challenges of graphene

The challenges of using graphene as reinforcement include

poor dispersion, low interfacial bonding, carbide forma-

tion, and low structural integrity [39]. Poor dispersion is

caused by the variations in the bonding properties of gra-

phene and Al. Al has metallic bonding, while graphene

has Van der Waals and covalent bondings [40–42]. The

agglomeration issue is also prone to occur due to the strong

interplanar Van der Waals forces interacting between gra-

phene sheets in a metallic matrix, which has a detrimental

effect on the mechanical properties. The agglomeration

affects the composite, causing significant porosities and

premature failure of the composite. They have a great ten-

dency to wrinkle or form clusters because of Van der Waals

forces. These clusters are source of pores, cracks, or pinholes

that may cause premature failure of the composite [31].

Several studies have used the MMC on graphene dispersion,

but these studies are still in the early stages and non-

homogeneous dispersion remains the main concern. The

most common processing method used to fabricate gra-

phene in AMC is powder metallurgy (PM) [21–23] because

of the simplicity of the process followed by a secondary

processing method. Other commonly used secondary pro-

cessing methods include hot rolling, stir casting, and

ultrasonication to obtain high-density composite with

minimal porosity [24–27]. To evaluate the graphene dis-

persion in the Al matrix, Bastwros et al. [43] used PM

accompanied by hot compaction in a semi-solid system.

At 1 wt% of graphene and 60min ball milling times, they

recorded an improvement in flexural strength by 47%.

Meanwhile, Niteesh Kumar et al. [44] used the same direc-

tion of PM route followed by hot extrusion technique

to obtain uniform dispersion and excellent interfacial

bonding between Al and graphene. Their result shows

an increment of 11.8% in hardness and 11.1% in UTS as

compared to pure Al alloy.

Fadavi Boostani et al. [45] manufactured Al-SiC,

which encapsulated graphene nanosheets through non-

contact ultrasonic to avoid cluster. This method effec-

tively avoided the agglomeration of nanoparticles and

increased the dispersion of the graphene sheets. Baig et al.

[36] produced GNP-reinforced Al composite through ball

milling and sonication method. The 0.3wt% of GNPs/Al

samples demonstrated amaximum improvement in hardness

Figure 2: Graphene derivatives where grey sphere refers to carbon atom and red spheres refer to functional groups such as hydroxyl (–OH),

alkoxy (C–O–C), and carboxylic acid (–COOH). Reproduced from ref. [38].
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(35.61%) and a decrease in wear rate (76.68%) as compared

to pure Al at 300 rpmmilling. Studies on mechanical proper-

ties have focused predominantly on the consistency of the

composite interface. The consistency of the interface quality

relies on wetting, structural integrity, and interface reaction

as well as carbide formation [46].

Structural integrity has a significant effect on strength-

ening efficiency. Generally, the fabrication technique

includes PM, casting, sonication, and additive manufac-

turing. A common route in graphene AMC fabrication is

PM because of its ability to disperse homogeneously and

potential for scale-up production. However, the drawback

for this method is the major detrimental effect on the struc-

tural integrity that will affect the mechanical properties

because of the strong relationship between structural

damage and strengthening efficiency [47]. The effect of

ball milling time on the graphene structure in AMC have

been reported in several published studies [43,48–50]. The

findings show the intensity ratio of D-band to G-band

(ID/IG) increased from 1.1 to 1.4 from prolonged ball milling

time, which indicates high defect in the graphene struc-

tures [51,52]. Meanwhile, Shao et al. [52,53] compared GO

and GNP with Al5083 and found that GNPs have a lower

defect in structure as compared to the GO based on (ID/IG)

which are 0.31 and 0.84, respectively. Therefore, they con-

cluded that GOwasmore prone to damage in the structure.

Composites reinforced with GO or RGO are notably more

prone to interfacial reactions between Al and carbon than

those reinforced with GNP.

The interfacial reaction between graphene and Al

creates the aluminium carbide (Al4C3) formation because

of the low Gibbs free energy −196 kJ·mol−1 at 298 K [39].

The reaction between carbon and Al is thermodynamically

a spontaneous reaction thatmakes it difficult to control the

interface reaction within graphene-reinforced AMCs. Inter-

estingly, the Al4C3 phase effects of graphene in AMC

mechanical characteristics are still under discussion.

Several authors have suggested that the occurrence

of Al4C3 enhanced the interfacial bonding between gra-

phene and Al. Jiang et al. [39] reported the nucleation

and growth mechanism of Al4C3 in their present work.

They discovered that nucleation begins at the open edge

and defect site of graphene because of high chemical reac-

tivity. The growth of Al4C3 was controlled by its crystal

structure characteristics. The Al4C3 particles are located

along or at an angle to the Al grain boundary, and several

orientation relationships between Al4C3 and Al were

observed, as shown in Figure 3. This relationship demon-

strated that altering the preferred orientation of the Al

matrix can enhance interfacial bonding.

Meanwhile, Xiong et al. [54] reported that they found

a small amount of carbide formation that provides an

interface between the matrix and reinforcement for wet-

ting and bonding. This may be effective in providing

shear resistance and serving as anchors to avoid serious

damage to the graphene structure. In the analysis, the

effect of Al4C3 on the strengthening effect has been sum-

marised based on several factors. First, the size of the Al4C3
diameter with a mean diameter of 30 nm is larger than

the GNP thickness that contributes to the change in the

mechanical bonding to strong chemical bonding. Second,

the well-distributed Al4C3 in near contact with GNP pro-

vides an anchor influence between the Al matrix and GNP.

This anchoring effect tends to improve the interface load

transfer [55]. Thus, it can also be concluded that this sub-

product has a positive effect on strength enhancement.

Figure 3: The nucleation and the growth mechanisms of Al4C3 where (a) ∼25° angle between Al4C3(0003) and Al(-111); (b) Al4C3(0003)//Al(1-11);

(c) Al4C3 (0003)//Al(002), and (d) Al4C3(003)//Al (2-20). Reproduced from ref. [39].
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Other reports have also suggested that Al4C3 forma-

tion might decrease mechanical properties because of the

induction of microcracks, resulting in the premature

failure for Al/graphene composite [40,56–58]. Etter et al.

[58] reported that Al4C3 is related to surface defects of the

carbon fibres and their presence in the structure or edges

at graphitic plane will degrade the fibres, thereby reducing

the mechanical properties [57,59]. Carbide has hydrophilic

characteristics that are sensitive to moisture contact that

will induce the fatigue crack growth rate to accelerate and

as a consequence, reduce yield strength [58]. Hence, they

suggested two methods to overcome the carbide forma-

tions in which the reinforcement is coated with an inert

layer. The inert layer coat will turn into a diffusion barrier

between the carbon and Al. The second method is to intro-

duce another element to the Al alloy to reduce the solubi-

lity of carbon atoms in Al alloy, such as Silicon (Si)

because Si is a known element to reduce the carbide

formation.

Bartolucci et al. [57] reported that carbide formation

was not beneficial to graphene reinforcement. They men-

tioned that carbide reduces strength and causes a decline

in mechanical properties. They also suggested that gra-

phene was prone to carbide formation because of the

higher surface area and 2D geometry. The 2D geometry

can be attributed to the lower and upper surfaces avail-

able for severe defects during milling and prismatic

planes or edges of graphene also can be a favourable

site for defects and reaction with the matrix.

The fabrication method can reduce carbide formation

because of the processing condition as reported by other

researchers. Saboori et al. [40] compared two fabrication

techniques to evaluate the carbide formation on 0.5 and

1.0 wt% of GNP/Al via hot rolling technique and conven-

tional press sintering method. They found that no signifi-

cant carbide formation occurred because of the insufficient

level of defects in the GNP/Al composites, which may be

attributed to the low sintering temperature, size, crystal-

linity, and low percentages of the GNP.

In summary, the occurrence of Al4C3 enhancing the

interfacial bonding between Al and graphene is still

under debate. Some reports have mentioned that Al4C3
improved the load transfer capacity of graphene and

provided a strengthening effect that contributed to the

enhancement in strength. The formation of Al4C3 is also

related to the integrity of graphene in which the worse the

integrity of the graphene, the more likely the formation of

Al4C3. Meanwhile, other reports have found that Al4C3
causes premature failure because of the nucleation of

microcrack and acts as detrimental interfacial phases.

Nevertheless, the parameter affecting Al4C3 formation is

well worth of addressing and optimizing in future works

to attain enhanced properties because theymay have posi-

tive or negative consequences on the strength at certain

conditions.

3 Strengthening mechanism in

graphene-Al composite

This section will address the strengthening mechanisms

that describe the strengthening effect of graphene in

AMC. In general, two key features of the reinforcement

strengthening system can be identified, namely, indirect

strengthening from reinforcement and direct strength-

ening from metal matrix to reinforcement. Direct strength-

ening can be accomplished through hard reinforcement in

the soft matrix. The applied load is moved from the matrix

to the reinforcement because of the hard reinforcement in

the matrix, which increases the composite resistance to

plastic deformation during external loading [61]. Mean-

while, indirect strengthening is related to thermal expan-

sion mismatch between the higher thermal expansion

coefficient (CTE) of the matrix and lower CTE of reinforce-

ment. As the temperature increases, the thermal stresses

result in the formation of dislocation at the matrix/reinfor-

cement interface. The increase in dislocation density

contributes to an improvement in the strength of the com-

posite material. An increase in the reinforcement and

decrease in the particle size of the reinforcement material

have also been found to contribute to an increase in the

dislocation density and an increase in strength [1].

In the case of AMC, the strengthening mechanism

can be attributed to the following: (1) Orowan looping

of nanoparticles, (2) load transfer fromAlmatrix to graphene,

(3) dislocation strengthening through the CTEmismatch, and

(4) grain refinement strengthening. Strengthening of the gra-

phene MMC depends on the processing method, interface

quality, dispersion at grain boundaries, and their intrinsic

characteristics such as grain size, aspect ratio, and geometry.

Hence, understanding the strengthening mechanism that

affects the composite properties is important.

3.1 Orowan looping of nanoparticles

Orowan looping predicts the effect of interference caused

by the smaller size uniform particles within the disloca-

tion path. It is not significant if the particle is microsize

because the interparticle spacing is large. However, if

Recent development in graphene-reinforced AMC: A review  805



nano-sized particles are used as reinforcement, such as

GNPs, the Orowan looping mechanism provides a domi-

nant strengthening effect. Generally, the nano-size of

the reinforcement responds to the dislocation results in

Orowan looping [54].

The graphene nanoparticles play a role as a barrier

that hinders the dislocation motion and avoids the dis-

location pile-up. Hence, the dislocation loops that have

been successfully generated pass through the particles

and create enough back stress that drives the dislocation

motion because they tend to bend, which results in the

formation of semicircular shapes in graphene addition.

This mechanism is known as Orowan looping in which

the back stress helps in improving the composite strength.

The strength gained through this mechanism can be for-

mulated as in equation (1)

σ
αGb

d f

d

b
Δ MPa

1

ln
2

,orowan

p
1

2 v

1
3

p( )
⎡
⎣⎢

⎤
⎦⎥

( )
=

− (1)

where α is the Taylor factor, G and b are shear modulus

and the burger factor of the matrix, respectively, dp is the

average distance between the reinforcements, and fv is

the volume fraction.

Apart from particle size, uniform dispersion plays a

significant role in the strengthening mechanism. The gra-

phene particles need to disperse homogeneously within

the microstructure to effectively hinder the movement of

dislocation. However, the graphene content will agglom-

erate at a certain threshold, leading to mechanical prop-

erties deterioration that needs to optimise the number of

additives [32,45,62].

A major analysis and discussion on the topic raised

by Xiong et al. [54] indicated that GNPs and Al4C3 play

important roles in the Orowan looping mechanism because

of its nano-size. They investigated the strengthening effect

from the interfacial reaction in different volume fractions

(0.3, 0.6, 0.9, and 1.2 vol%) of GNP-reinforced Al alloy via

spark plasma sintering. The interfacial reaction changed

from mechanical bonding to a strong chemical bonding

because the Al4C3 phases are tightly locked into the Al

matrix, which then acts as an anchor, as can be seen in

Figure 4. The figure shows TEM images of the interface in

GNP/Al composite that indicate the nano-sized Al4C3 phase

with a mean diameter of 30 nm. Based on the results, they

proposed that Al4C3 and GNP should be considered as a

whole in calculating Orowan strengthening because of three

main reasons: (1) the Al4C3 are tightly linked to GNP, (2)

their sizes are within nanoscale, and (3) Orowan strength-

ening is independent of mechanical property of the nano-

particle. Thus, it can be concluded that a well-distributed

Al4C3 has an anchor effect between GNP and Al matrix that

causes the interfacial bonding to change from mechanical

to strong chemical bonding. The measurements in Orowan

looping calculation must also be treated as a whole because

of their nanoscale size.

Orowan strengthening mechanism has also contrib-

uted the most in strengthening the composite as reported

by Bisht et al. [32]. They prepared 0.5, 1, 3, and 5 wt% of

GNP/Al by spark plasma sintering method at a pressure

of 50 MPa and at 550oC with a holding time of 40min. The

increment of yield strength and tensile strength by this

method has reached up to 84.5 and 54.8%, respectively,

with the addition of 1 wt% of GNP. The TEM micrograph

result shows that GNP was properly dispersed up to 1 wt

%, while increase in the GNP content causes agglomera-

tion, which eventually reduces the strength and ductility.

Because of the low temperature and short time for con-

solidation, they discovered that Al4C3 is not present. In

comparison to other mechanisms, the Orowan strength-

ening mechanism is the most dominant in the reinforcing

effect of GNP in the Al matrix. The yield strength calcu-

lated through the Orowan looping mechanism matches

that in the experimental data as shown in Figure 5. This

Figure 4: TEM images of interface in GNP/Al composites: (a) 0.3 vol% of GNP/Al and (b) 1.2 vol% of GNP/Al. Reproduced from ref. [54].
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result strongly indicates that a smaller size and uniformly

distributed GNP posed a hindrance to the dislocation

loops that significantly enhance the composite strength.

3.2 Load transfer from Al to graphene

Load transfer can be explained by the shear lag model

[54]. The shear lag model defines the load transfer from

the matrix to the reinforcement and described a strength-

ening mechanism with a high aspect ratio. Interfacial

shear stress and strength are two major effects that

come from the load transfer and depend highly on inter-

facial bonding between matrix and composites [63]. The

shear lag model, which calculates the UTS σΔ load as

in equations (2) and (3), was introduced by Kelly and

Tyson [64,65].

σ σ V
l

σ V l lΔ
1

2
for ,load re re

c
m re c⎜ ⎟⎛

⎝
⎞
⎠

= − ≤ (2)

σ σ V
l

σ V l lΔ 1
1

2
for ,load re re

c
m re c⎜ ⎟⎛

⎝
⎞
⎠

= − − > (3)

where σ σ,re m are tensile strengths for reinforcement

and matrix, respectively, Vre is the volume fraction for

reinforcement, and lc is the critical length.

The critical length (lc) was also introduced in this

model as according to equation (4). During tensile tests,

loads may be transferred from the metal matrix to GNPs

via interfacial shear stress (τm ) along the tensile direc-

tion. Given that the length of GNP exceeds the critical

length (l ≥ lc) determined by equation (3), the graphene

will fail through the fracture. Meanwhile, when the length

of GNP is shorter than the critical length (l < lc), the GNP

will be pulled out through interfacial de-bonding.

l
dσ

τ2
,c

re

m

= (4)

where σre is the tensile strength for reinforcement, τm  is

the matrix shear strength, and d is the diameter of

reinforcement.

The criteria for the composite must be either short

fibres or whiskers that have an intimate contact between

reinforcement and matrix and the alignment must be in a

single direction. Therefore, graphene is assumed to align

along the tensile direction for this model.

Li et al. [66] applied the PM route and heat treatment

on 2.0 wt% of GNP on matrix 1060 Al. The effects of heat

treatment on the interface reaction, interface relation,

and enhancement of GNP/Al composite performance were

evaluated. From their previous work, they found that load

transfer could be attributed to the enhanced mechanical

properties and relied heavily on the strong interface

bonding. With the increasing annealing temperature

between 630 and 650°C, the composite fracture mode

has progressed from GNP pull out to GNP fracture, which

implies improved interfacial bonding strength. Thus, the

strength significantly increased. The shear-lag model-pro-

jected UTS agreed well with the experimental results, indi-

cating that load transfer played a significant role in the

composite strength. Thus, because of the increased interfa-

cial bonding between GNP and Al matrix, the strengthening

performance of graphene was significantly improved with

increasing annealing temperature.

3.3 Dislocation strengthening via CTE

mismatch

The mismatch of CTE has a significant effect on the

strengthening mechanism due to density dislocation.

This mechanism is commonly known as thermally acti-

vated dislocation. Proper graphene distribution in the

Al matrix inhibits dislocation motion in the Al matrix,

resulting in high dislocation density at the Al-graphene

interface. Because the dislocation density depends on the

surface area of the particle reinforcement, the smaller the

particle size, the higher the surface area. Dislocation den-

sity will be higher because of the small particle size of

graphene reinforcement. Meanwhile, the smaller particle

size will cause a high surface area that results in the

increment in strength because of the effectiveness in

increasing the number of dislocations created [66].

Figure 5: Comparison of yield strength (MPa) calculated from var-

ious strengthening mechanism models and the experimental data.

Reproduced from ref. [32].
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Graphene has a lower CTE than Al, which are 1 × 10−6

K−1 and 23.6 × 10−6K−1, respectively. The large CTEmismatch

between graphene and Al induces prismatic punching of

dislocation in the composite, which strengthened the com-

posite. This mechanism can be formulated as in equation (5)

σ αGb
T Cf

bd
Δ

12Δ Δ
,CTE

v

p

= (5)

where α is a constant value (1.25), G and b are the shear

modulus and burger vectors of the Al matrix, respec-

tively, TΔ is the temperature difference between Al

matrix and graphene, CΔ is the CTE difference between

Al matrix and graphene, fv is the volume fraction of gra-

phene, and dp is mean particle size of graphene.

Prior studies have compared and selected the major

strengthening mechanism based on the match between

the theoretical and experimental values. A recent study

by Fadavi Boostani et al. [63] evaluated the effect of SiC

nanoparticles encapsulating graphene sheets and A357

alloy through the thixoforming method. Two different

shapes for graphene sheets were characterized to prevent

agglomeration such as onion-like graphene sheets (OLGS)

encapsulating SiC particles and disk-shaped graphene

sheets (DSGS). Orowan looping, shear lag, and dislocation

density mechanismwere used to evaluate themost strength-

ening contribution factor. The result in Figure 6 shows that

the thermally activated dislocation contributed the most for

strengthening the composite due to negative thermal expan-

sion coefficient of graphene sheets. The yield strength and

tensile strengthwere enhanced by up to 45 and 84%, respec-

tively. They explained that the reason for this is the pinning

capacity of nano-sized rod-like Al4C3 was triggered, which

led to a strong interface bonding for SiC nanoparticles with

the matrix.

Rashad et al. [30] reported a minimum increment in

UTS from 252 to 280MPa as a result of the dislocation

density after the addition of 0.3 wt% of GNP to the Al

matrix. The composites did not perform up to the expec-

tation at higher GNP content because of the agglomera-

tion of GNP. The scanning electron microscopy (SEM)

images of pure Al and 0.3 wt% of GNP presence are illu-

strated in Figure 7. Cavities and black holes were discov-

ered, resulting in a modest increase in tensile strength

and the introduction of fracture. The presence of GNP

particles caused obstacles to the movement of Al. The

movement was hindered by GNP particles that cause

piling up in the dislocation during their motion, which

strengthened the Al-GNP composite.

Another reported study from Tang et al. compared

the strengthening mechanism between the graphene sheet

and encapsulating graphene in SiC particulate on the

Al matrix [68]. They found that thermal mismatch is the

most contributed mechanism to attain high strength up to

140MPa, followed by Orowan strengthening (40MPa),

and fine grain was the last (15MPa) as shown in Figure 8.

They employed finite element analysis (FEA) to investigate

the strengthening effect in enhancing the tensile strength of

encapsulating graphene in the Al-SiC composite. By chan-

ging the theoretical strengthening model, FEM simulation

is well matched with the experimental data and contri-

butes to understanding the most dominant strengthening

mechanism for strength.

Figure 6: Comparison of strengthening mechanism factor on

enhancing the tensile yield strength of shear lag, thermally acti-

vated dislocations, Orowan looping disc-shaped graphene sheets

(DSGS), and Onion-like graphene sheets (OLGS). Reproduced from

ref. [63].

Figure 7: SEM images of fracture surface: (a) pure Al, (b) 0.3 wt% of

GNP/Al, and (c) 0.3 wt% of GNP/Al which is perpendicular to the

extrusion direction. Reproduced from ref. [30].
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The thermal mismatch mechanism may not be ideal

for studying the strengthening effects of graphene due to

its two-dimensional flexible structure. Recently, Li et al.

[66] reported that the thermal mismatch mechanism is

the most dominant strengthening mechanism in fabri-

cating GNP/Al composite via PM, which is further heat-

treated at various temperatures (570–650°C). Meanwhile,

the load transfer has a moderate effect and grain refine-

ment did not have an effect as illustrated in Figure 9(a).

However, the ultimate tensile values from the shear lag (load

transfer) show consistency in theoretical value as compared

to the experimental one observed in Figure 9(b). Tensile

strength increased by 23% because they varied the annealed

temperature from 570 to 650°C. The consistency occurs

because they consider the strengthening effect of graphene

itself from the shear lagmechanism, while the grain size and

dislocation density as a result of the addition of graphene

were not taken into consideration. They neglected the

Orowan looping mechanism because of the low contribu-

tion strengthening effect on metal composites reinforced

with carbonaceous nano-materials of large aspect ratios.

The improvement in strength is well corroborated with the

values predicted by the load transfer mechanism.

3.4 Grain refinement

The grain refinement mechanism is commonly repre-

sented by Hall–Petch mechanism. This mechanism is

also one of the major factor in strength enhancement in

AMC [68]. The grain size of Al is refined in graphene-Al

composite because the GNP particles act as an obstacle

to the growth of Al grain during fabrication processes

[63,69]. Therefore, a high density of grain boundary can

affect dislocation movement and propagation to adjacent

grain, which results in strength enhancement. The grain

refinement σΔ GRwas famously represented by Hall–Petch

relationship that can be described as equation (6).

σ
k

D
Δ ,GR

y= (6)

where ky represents the material constant for Al (k =

0.068MPa·M−0.5) and D is the average grain size of the

matrix.

Another model reported by Tang et al. [68] shows

that the contribution of grain refinement can be further

Figure 8: Strengthening mechanism in enhancing the tensile

strength with the addition of SiC, encapsulating graphene, and

sheet graphene. Reproduced from ref. [66].

Figure 9: Evaluation of calculated strengthening mechanism of UTS in fabricating 2 wt% of GNP/Al composite. (a) Comparison of each

strengthening mechanism and (b) calculated UTS predicted by shear lag mechanism (load transfer) against experimental data. Reproduced

from ref. [66].
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evaluated by the following relationship referred as equa-

tion (7).

σ k d dΔ ,GR y c

1
2

m

1
2

⎜ ⎟
⎛
⎝

⎞
⎠

= −− −
(7)

where ky is a material constant and dc and dm are the

average grain size in composites and matrix, respectively.

Based on result finding from published literatures

[20,70–72], it clearly shows that the Al grain was refined

by the GNP particles. Xiong et al. [54] reported that the

grain size of Al matrix is refined in the composite due to

the presence of GNP particles that hinders the Al grain

growth. Table 2 shows the comparison of volume fraction

of GNP and the average grain size of Al matrix in pure Al

and GNP/Al composite. The results show that the grain size

of composite with the addition of 1.2 vol% of graphene has

reduced by 49% as compared to the grain size of pure Al.

Some studies found a great match with the increment

in strength in terms of theoretical and experimental

data which indicates a good mechanism, while others

found a large difference. As reported by Leng et al. [55],

GNP presence caused limitations to the growth of Al

grain during the hot extrusion process, which reduced

the average grain size. Thus, the grain refinement mecha-

nism contributed to enhancing the strength when the

grain size is micron. The grain size was reduced from

11.2 to 5.3 µm because of the addition of GNP-reinforced

Al7075 alloy. The results matched with the increment in

yield strength and tensile strength of GNP/Al7075 com-

posite by 15 and 10% (about 578 and 673 MPa) by 0.2 wt%

of GNP addition [55]. Thus, it can be summarised that

the finer the grain, the more the grain boundaries, and

the stronger the resistance to dislocation motion, which

therefore increased the yield strength and tensile strength.

Meanwhile, Zheng et al. [73] produced GNP/Al5083

composite by ball milling and hot extrusion process and

found a decrease in grain size from 500 nm (Al5083) to

100 nm (1.0 wt% of GNP/Al5083 composite). Unlike other

studies, their result showed a large difference in value

between the experimental and calculated strengthening

effect that is, 113 and 224MPa, respectively, using grain

refinement Hall–Petch formula. They explained the reason

for this situation as follows: first, the input values for the

calculationweremeasured using TEMobservations. Because

of the site of the TEM observation, the results may not be

correct, especially when it comes to grain sizes. Second, the

modified shear lag model and the Orowan-Ashby model

may not be ideal for GNP and Al4C3 phase. In terms of the

modified shear lag model, the grain sizes fabricated by these

methods were not efficiently aligned to the GNP in the same

direction as per assumption according to the shear lag

model. Meanwhile, for the Orowan mechanism, the pre-

dicted rod diameter ratio was barely adequate to match

the assumption for the Orowan mechanism with the rod-

shaped second phase.

4 Factors limiting the mechanical

properties of graphene–Al

composite

Several difficulties in the manufacture of graphene-rein-

forced Al composite matrix have limited their develop-

ment in their production area. Three main factors contri-

buting to the challenges and limiting the performance of

graphene-reinforced Al composites are the fabrication

processes, the variations in graphene structure, and the

amount of graphene content.

The enhancement of mechanical properties is char-

acterised by tensile strength, hardness, and fracture strength.

They exhibit good mechanical properties because of the

good dispersion of graphene within the Al matrix, high

interfacial bonding, and their strengthening mechanism.

However, the issue of cluster, poor wettability, porosity,

and structural damage lead to degradation of the mecha-

nical properties [40,47,73,74]. Therefore, it has been sug-

gested that the fabrication processes, the difference in

graphene structure, and the amount of graphene reinfor-

cement play a significant role in determining the mecha-

nical properties.

4.1 Fabrication processes

In previous studies, non-homogenous distribution of gra-

phene was observed in many cases, particularly with

high graphene content (>2 wt%) [2,35]. Several methods

have been developed to fabricate the graphene-Al com-

posite to achieve uniform distribution and avoid agglom-

eration. PM [25,60,75–77], casting technique [61,75,77],

ultrasonication [37,78–80], and spark plasma sintering

Table 2: Grain size of Al matrix in pure Al and GNP/Al composite.

Reproduced from ref. [54]

Volume fraction of GNP (vol%) 0 0.3 0.6 0.9 1.2

Average grain size (µm) 2.26 1.87 1.56 1.36 1.14
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[32,49,54,73,81] have been commonly used as their pro-

duction path. Most of these methods combine with post-

processing technique to remove the void from the inter-

face and aim to break the Van der Waals interaction

between graphene sheets.

The most common fabrication method, PM, has

emerged as the most successful technique in having a

uniform dispersion and ease of fabrication. However, it

has caused structural damage to the composite, which

negatively affected the mechanical properties. Of three

basic steps in PM, such as mixing, compacting, and sin-

tering, the mixing part causes direct damage to the gra-

phene structure due to the ball milling time or high

rotation speed.

Another alternative method has been investigated by

Rashad et al. [30,67] who used the semi-powder method

in which they replaced ball milling with ultrasonication.

The 0.3 wt% of GNP was ultrasonicated in acetone for 1 h

before being mixed with aluminium powder slurry in

acetone. Then, the mixtures were mechanically agitated,

filtered, and vacuum dried for 12 h at 70°C to form a com-

posite powder. Finally, to obtain the composite billet, the

powder was sintered in a furnace at 600°C followed by

hot extrusion. The experiment results show that the com-

posite exhibited higher hardness and tensile strength by

14 and 11% as compared to pure Al.

Meanwhile, for the casting technique, several advan-

tages and disadvantages can be observed in attempting

this route as compared to the PM technique. The advan-

tages are low cost, high rate of production, and simple

instrumentation used which makes this technique an

ideal route. However, the drawbacks are difficulty in con-

trolling the components, poor distribution of nanoparti-

cles, and weak interfacial bonding between the phases

[30]. These disadvantages arise because the melt tem-

perature, pouring rate, shape, and speed of the agitator

affect the particle distribution. Wettability and porosity

are also the main challenges considered in affecting the

mechanical properties. A study conducted by Li et al. [48]

used stir casting and rolling technique as their fabrica-

tion route. First, they ball-milled 0.2 wt% of GNP/Al at a

speed of 300 rpm before being cold-pressed. Then, with a

ratio of 1:9, the powder was added to Al melt, and finally

the composite underwent continuous casting and subse-

quent rolling. Their results show the homogenous distri-

bution of GNP with a lamellar structure of GNP fibres.

However, some microcracks were observed between the

interfaces. This lamellar structure contributes to the incre-

ment in UTS by 38% as compared to pure Al, while the

microcracks cause a decrease in ductility [64].

4.2 Graphene content

The amount of graphene will determine the optimum

mechanical properties of the Al-graphene composite rather

than the type of graphene structure. The incorporation of

graphene in a small amount will strengthen the composite,

whereas the addition of more graphene weakens them. The

maximum strengthening efficiency is determined by gra-

phene dispersion.When graphene is ineffectively dispersed,

Figure 10: Schematic diagram of (a) graphene, (b) graphene oxide, (c) reduced grapheme oxide, and (d) graphene nanoplatelets.

Reproduced from ref. [88].
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it agglomerates. The agglomeration of graphene not only

reduces its strength, but also creates defects in Al/graphene

composite, causing the composites to fail prematurely.

Rashad et al. [30] and Wang et al. [61] mentioned that the

optimised amount of graphene is 0.3wt%, while other stu-

dies [61,66,81] reported that the optimum values of gra-

phene are between 0.7–1.0wt%.

Most of the published literature also mentioned that

only a small percentage of graphene as low as 0.3 wt%

was required in the matrix to improve the tensile strength

and the hardness. Venkatesan and Xavior [78] evaluated

three-graphene percentage content between 0.33, 0.55,

and 0.77 wt% via liquid processing route and found

that tensile and hardness properties increased relative

to the amount of graphene. However, the properties

started to decrease beyond 0.33wt% due to agglomeration

[30,83]. Meanwhile, Wang et al. [61] compared 0.3wt% of

graphene-Al composite and pure Al and observed that the

tensile strength increased by 62% as compared to pure Al.

Hu et al. [84] compared 0.5, 1.0, and 2.5 wt% of graphene

content via ball milling combined with selective laser

melting fabricationmethod and found that when graphene

reached 2.5wt%, the agglomeration of graphenewas observed

and the mechanical properties were reduced.

Hence, initially, the strength of Al increased with an

increase in graphene content. However, the material

properties started to deteriorate once they reached a cri-

tical level of graphene content because of the agglomera-

tion issue [85,86].

4.3 Variation in graphene structure

The mechanical properties enhancement is also deter-

mined by the graphene structure. Various structures of

graphene, such as rGO, GNP, and GO increase the mechan-

ical properties up to a certain percentage, as shown in

Figure 10 [82,87]. Other studies found their tensile strength

to be in-between 240 and 280MPa, while others found their

tensile strength to be up to 110MPa. Thus, changes in

mechanical properties can be deduced from a variety of

graphene structures.

A single layer of graphene is called graphene, while a

multi-layer of graphene is called GNPs. Another structure

used as much as graphene is called GO. The similarity

between GO and graphene is the presence of a hexagonal

C structure, while their difference is the presence of

hydroxyl (OH), alkoxy (COC), carbonyl (CO), carboxylic

acid (COOH), and other oxygen-based functional groups.

In addition to the unique properties of graphene, GO is T
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easier to synthesize [82]. Nevertheless, there are only a

few studies related to GO-reinforced AMC due to alumina

formation during fabrication process. Meanwhile, rGO is

prepared by the chemical reduction of GO.

Recently, rGO and GO have been studied in various

fields due to their ability to achieve balance in strength

and ductility of the composite. Zhao et al. [16] evaluated

three kinds of lateral size effects (0.23, 1.1, and 15.4 µm)

reinforced in the form of rGO to Al matrix on the compo-

site. They assumed that the increment in lateral size of

rGO caused a significant increase in the strength. How-

ever, their results show that larger lateral size caused

a slight decrease in the strength (from 314 to 299 MPa)

and a significant increase in the ductility of the compo-

site. They explained that while the small lateral size

of rGO is uniformly distributed in the Al matrix, large

lateral sizes of rGO concentrate on Al flakes, which is

more effective in strengthening the Al. Thus, the large

lateral size of reinforcement achieved an excellent bal-

ance between strength and ductility. Overall, several

authors have investigated the changes in mechanical

properties of graphene nanosheet, GO, and rGO rein-

forced to Al matrix as summarised in Table 3.

5 Conclusion and future scopes

The insights gained from this review highlight the signif-

icant role of understanding the strengthening mechanism

in graphene AMC and the contributing factors to maxi-

mise its enhanced mechanical properties. It is revealed

that in the fabrication process, the addition of graphene

content to the Al matrix enhances the properties up to

a certain limit, otherwise, their properties are affected

negatively.

The enhancement of mechanical properties is con-

tributed mainly by the effective load transfer expressed

in strengthening mechanism attributed as the Orowan

looping of nanoparticles, load transfer from Al matrix

to graphene, dislocation strengthening by the CTE mis-

match, and grain refinement.

A better final property will depend on the homoge-

nous distribution and strong interfacial bonding between

graphene and Al matrix. Various fabrication methods

have been discussed, and PM has been selected as the

main technology in producing graphene-reinforced Al

composite because of its higher capability of good disper-

sion of graphene in the matrix. The amount of graphene

will also determine the final composite performance and

the variation in graphene structure.

The chemical bonding between the graphene and

Al need to be explored further along with the optimum

amount of Al4C3 formation, which are critical elements

in attaining effective strengthening of the reinforced

composite. Although positive results have been achieved

from the Al4C3, some ambiguities in influencing factors

still need to be addressed in graphene-reinforced

MMC.

Another point to note is the existence of a certain

threshold in which the amount of graphene content deter-

mines the optimum mechanical properties. Above the

threshold, the properties will degrade rapidly because of

the agglomeration formation of graphene in the Al matrix.

Therefore, a potential point of interest for future research

is in determining the threshold and seeking the perfect

balance between strength gain and ductility of the compo-

site before the manufacturing process.
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