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ABSTRACT: Recent years witnessed a growing research interest in graphene-
reinforced aluminum matrix composites (GRAMCs). Compared with conventional
reinforcements of aluminum matrix composites (AMCs), graphene possesses many
attractive characteristics such as extremely high strength and modulus, unique self-
lubricating property, high thermal conductivity (TC) and electrical conductivity (EC), and
low coefficient of thermal expansion (CTE). A lot of studies have demonstrated that the
incorporation of graphene into Al or Al alloy can effectively enhance mechanical and
physical properties of the Al matrix. The purpose of this work is aimed to trace recent
development of GRAMCSs. Initially, this paper covers a brief overview of fabrication
methods of GRAMCs. Then, mechanical, tribological, thermal and electrical properties of
recently developed GRAMCs are presented and discussed. Finally, challenges and
corresponding solutions related to GRAMCs are reviewed.
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1 Introduction

Aluminum matrix composites (AMCs) are synthesized by
incorporating a certain content of reinforcement phases
into Al or Al alloy matrix. As a branch of metal matrix
composites (MMCs), AMCs have been widely investigated
in previous studies [1-2]. The merits of Al and Al alloy are
their low density, high specific strength, excellent wear
resistance, and good corrosion resistance [3—4]. To obtain
desired performance, a new generation of nano-sized
reinforcement phase, graphene, has been adopted for
strengthening AMCs.

Graphene, one of the most important carbonaceous
nanomaterials, is a single atom layer made by carbon atoms
hybridizing sp®. In graphene, carbon atoms are densely
packed in a honeycomb/hexagonal lattice structure. The
properties of single-layer graphene are listed in Table 1 [4—
10]. The ultimate tensile strength (UTS) and the elastic
modulus of graphene are 130 GPa and 1 TPa, respectively
[6]. In terms of physical properties, graphene possesses
conductivity (TC; 1000-5000
W-m'-K™'") and room temperature electron mobility
(~2.0x10° cm?-V™'-s™). Furthermore, the unique two-

excellent thermal

dimensional (2D) structure endows it an extremely high
specific surface area (2630 m?-g ") [11]. Due to these
interesting characteristics, the research related to graphene-
reinforced aluminum matrix composites (GRAMCs) grew
vigorously within past decade.

Graphene-related materials, such as graphene nanoplate-
lets (GNPs) and graphene nanosheets (GNSs), have been
investigated intensively as the reinforcement of AMCs
because of their ease of production and high cost-
effectiveness [12]. GNPs and GNSs are stacks of multi-
layer graphene sheets with an average thickness of 5-100
nm. Due to that the single-layer graphene is not stable in
the state of freedom, GNPs and GNSs are more frequently
used in AMCs. In some cases, GNPs and GNSs can be
peeled into few-layer graphene (FLG) or single-layer
graphene in the subsequent manufacturing process [13].

Moreover, some derivatives of graphene, such as
graphene oxide (GO) and reduced graphene oxide

Table 1 Properties of pure Al and single-layer graphene [4-10]

(RGO), can also be used as reinforcements for AMCs.
The chemical structures of GO and RGO are presented in
Fig. 1 [14]. GO possesses a honeycomb/hexagonal
structure, which resembles graphene but contains many
functional groups, e.g., hydroxyl (OH), alkoxy (COC),
carbonyl (CO), and carboxylic acid (COOH). These
functional groups result in a hydrophilic nature of GO.
However, the studies related to GO-reinforced AMCs are
few due to the alumina (Al,O;) formation during the
manufacturing process. RGO, prepared by the chemical
reduction of GO, is frequently used in AMCs. As shown in
Fig. 1(b), the structure of RGO is also similar to graphene,
but contains residual functional groups and structural
defects at the edge [15].

Fig. 1 Chemical formulae of (a) GO and (b) RGO. Reproduced
with permission from Ref. [14].

The merits of GRAMCs are their superior mechanical
properties and excellent wear resistance. Moreover, the
improvement in electrical conductivity (EC) and TC has
also been reported in comparison with unreinforced alloy
[10,16]. However, the development of GRAMC:s is still in

Material Properties

UTS/MPa #/GPa pl(g-cm ) EC/(S'm") AJm’>g"  TC/(W-m'-KT) CTEK !
Al 80 70 2.7 3.2x107 - 237 (21-24)x10°°
Single-layer graphene  1.3x10° 1.0x10° 1.06 9.6x107 2630 1000-5000 © -8.0x10°"

Notes: 7, elastic modulus; p, density; A4, specific surface area; CTE, coefficient of thermal expansion; EC, electrical conductivity; TC, thermal conductivity; 7,,,, melting

point; UTS, ultimate tensile strength.
a) In-plane; b) Room temperature.
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the laboratory stage. The existing challenges can be
divided into following aspects: (i) inhomogeneous disper-
sion of graphene; (ii) weak interfacial bonding and carbide
formation; and (iii) structure integrity. To overcome such
difficulties, many novel strategies have been executed in
the past few years. In this review, recent progress in the
fabrication of GRAMCs and their properties are presented
and discussed. The properties of GRAMCs discussed cover
mechanical, tribological, electrical and thermal properties.
In addition, this review comprehensively discusses the
challenges related to GRAMCs and the recently developed
strategies.

2 The fabrication of GRAMCs
2.1 Powder metallurgy

Benefiting from the near-net formability and uniformity of
the reinforcement distributions, powder metallurgy (PM)
processing techniques are preferred methods for the
synthesis of GRAMCs. Generally, PM processing techni-
ques involve two stages, mixing powder and consolidation.
Through appropriate processing parameters, uniform dis-
persion of reinforcements and superior mechanical proper-
ties of composites can be achieved. Nevertheless, the major
disadvantage of PM is the oxidation of the metal matrix and
the unclean interfaces between Al and graphene.

2.1.1 Mixing powder

Initially, the dispersion degree of graphene strongly
depends on the mixing stage. In general, the mixing
methods can be divided into ball milling and solution
mixing. Through one or both, graphene can be effectively
dispersed in the Al matrix.

Among all milling methods, shaker ball milling and
planetary ball milling are commonly used. In addition to
room temperature milling methods, the cryomilling method
is also an effective approach that could promote the
dispersion of reinforcements and result in a higher
strengthening effect [17]. The advantages and disadvan-

Table 2 Advantages and disadvantages of several ball milling methods

tages of several ball milling methods are listed in Table 2.
For the ball milling methods, the quality of mixing stage
depends on milling time, ball-to-powder weight ratio and
rotation speed/frequency. Besides, milling balls, jars,
process control agents (PCAs) and milling atmosphere
also influences the dispersion of reinforcements. Generally,
longer milling time, larger ball-to-powder weight ratio and
higher rotation speed result in a higher energy input, which
is beneficial to the dispersion of reinforcements. However,
excessive energy input could lead to the severe cold
welding of powders, the formation of Al4C; and the
destruction of structural integrity of graphene, which
deteriorates the properties of composites [18—19]. As a
result, proper milling parameters are essential for achieving
a balance between dispersion and structural integrity of
graphene. Yu et al. [18] investigated the effect of ball
milling time (14 h) on the dispersibility of AI6063/GNSs
powders, and the results indicated that various dispersion
characteristics were obtained with different ball milling
time. As depicted in Figs. 2(a) and 2(b), the morphology of
mixed powders was of equal-axis and most of the GNSs
were distributed between Al powders when the milling
time is 1 h. When the milling time is 2 h, the morphology of
powders transformed to flake-shape and most of the GNSs
were dispersed on the surface of Al6063 powders, as
depicted in Figs. 2(c) and 2(d). Increasing the milling time
to 3 h, some of the flake-shape powders were cold-welded
and the GNSs were distributed inside the A16063 powders.
Further increasing the milling time to 4 h result in more
severe cold welding, and flake-shape powders and Al,Cs
carbides were formed in the mixed powders.

Solution mixing is a method of stirring or sonicating
mixture containing metal powders and graphene particles
[20]. For solution mixing, the dispersion effect strongly
depends on mixing method (ultrasonic and/or mechanical
mixing), mixing speed/frequency, mixing time and solu-
tion. Compared with ball milling, the merit of solution
mixing is that it can get uniform dispersion without
destroying the structural integrity of graphene. Moreover,
contamination issue of mixing powders and formation of
Al4C; carbides can be avoided. In our previous work, a

Method Advantages

Disadvantages

Shaker ball milling

Planetary ball milling
Cryomilling

high energy input and time-saving

high productivity and cost-effectiveness

achievement of grain refinement; suppression of recovery and

low production rate; risk of contamination and
formation of Al4Cs

risk of contamination and formation of Al,C;

high cost

recrystallization; reduced usage of PCA, resulting in less

contamination and a clean interface
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homogeneously dispersed graphene/Al composite were
obtained through a solution mixing and powder metallurgy
method [20]. During the manufacturing process, aqueous
GO suspension was prepared through a modified
Hummer’s method at the initial stage. Then, Al powders
were mixed with the GO suspension, followed by
ultrasonic mixing and mechanical stirring to obtain
homogeneous slurry. After the slurry was dried, the
uniform mixture of AI/GO powders was obtained, as
shown by the scanning electron microscopy (SEM) image
in Fig. 3(b). Next, the powder mixture was heated at 550 °C
for 2 h to reduce GO to RGO. Finally, through a

Fig. 2 SEM images of mixed Al/GNSs powders with different
milling time: (a)(b) 1 h; (c)(d) 2 h; (e)(f) 3 h; (g)(h) 4 h.
Reproduced with permission from Ref. [18].

Table 3 Advantages and disadvantages of several consolidation methods

Fig. 3 SEM images of (a) Al powders and (b) mixed AI/GO
powders. Reproduced with permission from Ref. [20].

pre-sintering and hot extrusion process, the AI/RGO
composites with a uniform dispersion of RGO were
achieved. This mixing method not only utilizes the
hydrophilicity of GO to obtain a uniform dispersion of
reinforcements but also avoided the formation of Al,O;
and Al4C;. With the incorporation of 0.3 wt.% RGO, an
25.6% enhancement in UTS is obtained relative to pure Al

2.1.2 Consolidation

After the power mixture was obtained, a consolidation step
was executed to fabricate a bulk composite. Although the
dispersion of graphene cannot be affected by the
consolidation process, the comprehensive properties of
the GRAMCs strongly depend on the consolidation
process [12]. The consolidation methods used in GRAMCs
generally involve conventional sintering, hot press sinter-
ing (HPS), hot isostatic pressing (HIP), microwave
sintering (MWS), and spark plasma sintering (SPS). The
advantages and disadvantages of these consolidation
methods are summarized in Table 3. In some cases,
secondary processing methods, e.g., hot rolling, hot
extrusion, and friction stir processing (FSP), are adopted
for further reducing the porosity and promoting the
dispersion of graphene [21].

2.2 Casting

In casting methods, the GRAMCs were fabricated through
mixing graphene with Al melt. The stir casting is the most

Method Advantages

Disadvantages

Conventional sintering

low cost and high production rates; formation of complex shapes

poor densification and long dwell time

HPS better densification than conventional sintering long dwell time

HIP uniform densification and isotropic properties long dwell time

MWS higher heating rates, shorter sintering time relative to conventional sintering poor densification relative to SPS
SPS high heating rates, short dwell times, low porosity and excellent mechanical properties high cost

Notes: HIP, hot isostatic pressing; HPS, hot pressing sintering; MWS, microwave sintering; SPS, spark plasma sintering.
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frequently method used for fabricating MMCs among
casting methods. In comparison with solid-phase proces-
sing, the merits of liquid-phase processing are more
economical and scalable for mass-production [22-24].

However, there are relatively few studies related to the
casting of GRAMCs compared with PM methods. It is
known that the wettability between Al and graphene is poor
and the density of Al and graphene exhibits a large
difference, resulting in the agglomeration of graphene in
most cases. Das et al. [25] reported an innovative pressure
infiltration method by incorporating Ni spheres into the
preform. In their study, Ni spheres were incorporated into
graphene to form the preform, and the A356 alloy melt was
infiltrated into the preform to fabricate the composites. The
results indicate that the wettability between Al and
graphene is enhanced effectively due to the formation of
Ni—Al intermetallic phase on the surface of Ni spheres.
Another challenge related to casting of GRAMC:s is that
the interfacial reaction between Al and graphene is
inevitable due to the high processing temperature, which
generally deteriorates the mechanical properties [26]. For
this reason, the research related to the casting of GRAMCs
is relatively few. In the authors’ view, the research related
to the interfacial reaction mechanism between Al and
graphene during the casting process is still needed to be
further investigated.

2.3 Severe plastic deformation

In addition to conventional deformation processes (e.g.,
extrusion and rolling), severe plastic deformation (SPD)
was an attractive technique for improving the density of the
consolidated materials due to the extensive plastic
deformation [27]. The merits of SPD methods generally
involve significant grain refinement of alloy matrix and
homogeneous dispersion of reinforcements [13,28-29]. In
previous studies, FSP and high-pressure torsion (HPT)
have been used for fabricating GRAMCs [13,28-29].

2.3.1 Friction stir processing

In the FSP method, Al matrix and graphene were stirred to
form a composite through a non-consumable rotating tool,
and the heat and SPD generated by the frictional process
facilitate the fabrication of GRAMCs. Compared with
typical processing techniques (e.g., PM and casting), the
FSP generally involves a more uniform dispersion of
reinforcements [26]. Moreover, graphite particles can be
exfoliated into single-layer graphene and multi-layer

graphene during the FSP due to the very high shear strains
of FSP [13]. However, the limitation of the FSP method is
that it is not suitable for the production of large-scale bulk
composite materials and the control of composition is
difficult. A typical schematic representation of the FSP
setup is presented in Fig. 4 [26]. Sharma et al. [26]
proposed a multiple micro channel reinforcement filling
(MMCREF) strategy for fabricating A16061/GNPs compo-
site through FSP. The results indicate that the MMCRF
strategy can make GNPs more evenly dispersed within the
composite with relative to the conventional single channel
reinforcement filling.

Tool traverse
/ Micro channels

Clamps

Stir zone

thermocoupl:

Fig. 4 Schematic representation of the FSP setup. Reproduced
with permission from Ref. [26].

2.3.2 High-pressure torsion

Compared with conventional processing techniques (e.g.,
PM and casting), the HPT processing is characterized by its
low processing temperature, which could avoid the
formation of alumina and carbide. In the HPT method,
the processing temperature used for fabricating MMC:s is
between 298 and 473 K, obviously lower than typical
sintering temperatures for Al alloys [29]. Huang et al. [29]
investigated the fabrication of the Al/5 wt.% GNPs
composite by HPT at the temperature range of 298-
473 K. It was found that the GNPs agglomerations were
fragmented gradually and uniform dispersion of GNPs
within Al matrix was achieved with the increasing HPT
turns. Moreover, significant grain refinement of the
composite was achieved through HPT. After processing
at 298 and 473 K for 20 turns, the grain sizes of the Al
matrix reached 70 and 155 nm, respectively.

2.4 Additive manufacturing

Additive manufacturing, namely three dimensional (3D)
printing, has received many researchers’ attention in recent
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years due to its unique capability to fabricate complex parts
quickly [30-35]. It should be noted that the plasticity of
GRAMC:s generally tends to deteriorate with the addition
of graphene, which makes it difficult for GRAMCs to be
processed into complex parts. At this point, additive
manufacturing is an attractive approach for obtaining
complex parts of GRAMCs directly. Hu et al. [31]
fabricated Al/x graphene (x = 0.5, 1.0 and 2.5 wt.%)
through ball milling combined with selective laser melting
(SLM). In their study, agglomeration of graphene occurred
when the graphene content reached 2.5 wt.%. To promote
the dispersion of graphene, Zhao et al. [36] proposed a
novel activating treatment of coating a nano-Al layer on the
graphene surface, namely organic aluminum reduction.
After the activating treatment, a homogeneously dispersed
1 wt.% graphene/AlSil0Mg composite was successfully
fabricated through SLM. Tiwari et al. [33] investigated the
effect of graphene content and laser power on the
AlSi10Mg/graphene composites through powder bed
fusion. The schematic diagram of the processing route of
AlSi10Mg/graphene composites is presented in Fig. 5 [33].
It was found that the laser power required for the
appropriate melting of AlSil0Mg/graphene composite
powders was higher than that of the AlSil0Mg alloy. In
above studies, the hardness and the yield tensile strength
(YTS) of GRAMC:s are increased with the incorporation of
graphene. However, the ductility generally tends to
decrease, which is caused by the Al4C; phase formation
due to the high processing temperature of SLM [37].

=]

&

Graphene

Ball milling

BuiTﬁicn

3 Comprehensive comments on currently
investigated GRAMCs

3.1 Mechanical behavior
3.1.1 Strengthening mechanism

The mechanical properties of GRAMCs are influenced by
many factors, such as the composition of alloy matrix,
processing parameters, distribution, size and structural
integrity of graphene, and carbide formation. Generally, the
strengthening mechanisms of GRAMC:s include following
aspects: (i) load transfer from matrix to reinforcements; (ii)
grain refinement due to the pinning effect by reinforce-
ments; (iil) mismatch in coefficient of thermal expansion
(CTE) between the alloy matrix and reinforcements; and
(iv) Orowan strengthening.

Due to the large volume fraction of the Al/graphene
interface area within GRAMC:s, the load transfer mechan-
ism is commonly found in GRAMCs. The load transfer

efficiency strongly depends on the interfacial bonding
between Al and graphene. The Keely—Tyson formula has
been widely adopted to evaluate the UTS of GRAMCs
[38]:

[
Oc = O'fo‘_"i'Um(l_Vf)

i (<t)

O, = O'fo(l—%> +Um(1—Vf) (l;lc) (2)

Alutminum

r =
Gr/AISi10Mg

powder

v

AN

Scanning system

Powder recoater

Graphene/AlSi10Mg powder

hS'lJlbstrate , \

=

Building direction

Prepare samples

Scanning strategy

1

Powder bed fusion setup

Fig. 5 Schematic diagram of the processing route of the AlISil0Mg/graphene composite. Reproduced with permission from Ref. [33].
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where o, or and o, are UTS values of the composite, the
reinforcement and the metal matrix, respectively; V;and /
are the volume fraction and the average length of the
reinforcements, respectively; and I, = o¢D/(2t,,) is the
critical length of the fiber, in which D is the fiber diameter
and 7, (= 0.50,,) is the shear strength of the metal matrix.
When / is larger than or equal to /., the fiber is loaded up to
its UTS.

The grain refinement strengthening can be explained by
the Hall-Petch relationship:

Aoyp = ky(D; '*~D, /%) 3)

y

where Aoyp is the increment in YTS due to grain
refinement; k, is the Hall-Petch coefficient of the alloy
matrix; and D, and D, are mean grain sizes of the
composite and the alloy matrix (without graphene),
respectively.

The large mismatch of CTE between Al and graphene
leads to the prismatic punching of dislocations at the Al/
graphene interface, thereby strengthening the composites.
The CTE mismatch strengthening effect can be evaluated
through the following formula:

VeAT - ACTE

bd,

Accrg = 4.33Gob 4)

where Aoctg is the increment in YTS of the composite due
to the CTE mismatch; G,, and b are the shear modulus and
the burger vector of the alloy matrix, respectively; AT is the
temperature difference; ACTE is the difference in CTE; and
d,, is the mean size of reinforcements.

The Orowan strengthening mechanism is caused by
restricted movements of dislocations in the alloy matrix
due to uniformly distributed reinforcements. When the
reinforcements cannot hinder the motion of dislocations
and allow them to pass through, dislocation loops are
formed, namely “Orowan loops”. The presence of Orowan
loops can further hinder the motion of dislocations, thus,
the strength of the composite was enhanced. The increment
in YTS can be evaluated by the Orowan—Ashby model

[39]:
0.13G,b . (dy
1111(%) (5)

L\ 1/3
d — -1
P <2Vf>

3.1.2 Mechanical properties

AO'Orowan =

As discussed above, the mechanical properties of

GRAMCs show a larger difference even in the same
composition, and we will summarize mechanical properties
of recently developed GRAMCs prepared by various
processing methods in this part. Due to the extremely high
UTS (130 GPa) and elastic modulus (1 TPa) of graphene,
the theoretical mechanical properties of GRAMCs pre-
dicted by the rule of mixture are superior. For instance, the
theoretical UTS of Al/0.3 wt.% GNSs composite is as high
as 500 MPa with the premise of GNSs aligned along the
tensile direction [40]. However, the mechanical properties
obtained by tensile tests are significantly lower than the
theoretical value. The difference between theoretical and
experimental values can be attributed to the inhomoge-
neous dispersion, the imperfect orientation of graphene and
the weak interfacial bonding between Al and graphene.

Obviously, the performance of GRAMC:s is influenced by
the content of graphene. In general, the incorporation of
minor content of graphene will strengthen the composites,
while further addition of graphene will deteriorate it. The
maximum strengthening efficiency depends on the disper-
sion degree of graphene, i.e., the mechanical properties of
GRAMCs will be significantly decreased if graphene is
agglomerated. The agglomeration of graphene not only
overshadows its strengthening effect but also generates
defects at the Al/graphene interface, resulting in the
premature failure of the composites. As a result, the
graphene used in GRAMC:s is generally less than 2 wt.%.
It is worth noting that the incorporation of low content
graphene may also obtain the equivalent strengthening effect
corresponding to the high reinforcement content of conven-
tional AMCs (e.g., Al/SiC). For instance, Islam et al. [41]
reported that only 0.5 wt.% GNP addition into the Al matrix
enhanced the hardness of the composites by 36.5%, which is
equivalent to the 5 wt.% SiC nanoparticles addition.

The ductility of GRAMCs generally tends to decrease
with the incorporation of graphene, as listed in Table 4
[13,17-18,20,22,31,35,42—63]. The strength—ductility
trade-off issue in GRAMCs is mainly influenced by the
dispersion degree of graphene and the interfacial bonding
between Al and graphene. Secondary processing (e.g., hot
extrusion, rolling, and FSP) can be used to alleviate the
trade-off issue. In some studies, the ductility of the
composites has even improved relative to the correspond-
ing alloy matrix due to the homogeneous dispersion of
graphene and robust interfacial bonding between Al and
graphene [18,44,59]. Moreover, Jiang et al. [64] proposed
that the trade-off issue could be tailored by introducing
higher volume fraction of AI/GNSs interface through
varying the size, the thickness and the content of GNSs.
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Table 4 Mechanical properties of GRAMCs prepared by various processing methods [13,17-18,20,22,31,35,42—63]
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Consolidation method Composite * WHV YTS/MPa UTS/MPa /% n/GPa Ref.
Vacuum hot pressing Al - 30 104 12.5 21.2 [61]
Al/0.5 vol.% GNSs - 70 223 9.6 17.5
Al/1.5 vol.% GNSs - 205 315 7.3 15.6
Al/2.5 vol.% GNSs - 225 318 4.5 8.3
Vacuum hot pressing + Al — 131 161 23.5 - [62]
hot rolling A1/0.5 vol.% Ni-GNSs - 203 230 17.5 -
AV/1.0 vol.% Ni-GNSs - 237 266 19.1 -
AV/1.5 vol.% Ni-GNSs - 255 279 13.2 -
AlCu 70.0 226 244 8.5 - [63]
AlICu/1.0 vol.% GNSs 73.8 242 254 7.2 -
AlCu/2.0 vol.% GNSs 79.8 260 280 6.3 -
Vacuum hot pressing + A12009/1.0GNPs (1-pass FSP) - 314 398 4 - [42]
hot forging + FSP A12009/1.0GNPs (2-pass FSP) - 398 514 10 -
A12009/1.0GNPs (3-pass FSP) - 378 468 7 -
A12009/1.0GNPs (4-pass FSP) - 363 462 8 -
Cold compaction + Al - 67 103 48.2 68.2 [43]
sintering + hot extrusion Al/0.4GNPs - 64 106 31 63.7
Al/2.0GNPs - 64 117 30 65.6
Al - 193 233 17.4 71.0 [44]
Al/0.25 vol.% GNSs - 207 257 17.6 72.5
Al/0.5 vol.% GNSs - 215 287 17.3 74.9
Al 59.1 - 203 30.5 - [20]
Al/0.3RGO 74.3 — 255 19.2 -
Al/0.6RGO 71.3 - 241 13.2 -
Al 54.3 88.1 - 20.3 70.41 [45]
Al/0.5Ni-GNSs 59.9 162.5 - 13.3 77.34
Al/1.0Ni-GNSs 63.7 182.1 - 11.1 89.80
Al/1.5Ni-GNSs 65.3 204.5 - 10.0 96.82
Al1/2.0Ni-GNSs 63.6 185.4 - 8.7 93.13
Al 85.1 80.5 1334 25.2 - [46]
AV/0.5Cu-graphene 102.1 121.3 189.9 20.3 -
Al1/0.75Cu-graphene 123.4 140.2 223.5 17.5 -
AV/1.0Cu-graphene 109.3 125.5 201.3 12.8 -
Al 54.0 138 175 23.5 - [17]
Al/1.0Cu-GNPs 87.8 225 278 17.5 -
Al/2.5Cu-GNPs 116.5 360 402 10.6 -
Al/3.0Cu-GNPs 117.0 316 363 12.8 -
Al6061 60 - - - - [47]
Al6061/0.25GNSs 68 - - - -
Al6061/0.5GNSs 63 - - - -
Al 39.3 83.6 130 25.6 - [48]
Al/0.7GNPs 61.4 141 197 14.0 -
Al - - 135 26.0 - [49]
Al/0.24Ni-GNPs - - 163 31.3 -
Al/0.34Cu-GNPs - - 180 22.5 -
Cold compaction + Al - 139 144 0.89 71.8 [43]
sintering + hot extrusion + Al/0.4GNPs - 208 219 0.84 76.7
cold drawing Al/2.0GNPs - - 137 030 85.5
Al - 141.8 190.4 4.6 - [50]
Al/2.0GNPs — 150.0 187.6 43 -
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(Continued)
Consolidation method Composite ¥ wWHV YTS/MPa UTS/MPa /% n/GPa Ref.
SPS Al - 51 105 41.9 - [51]
Al/0.25GNPs - 81 148 33.1 -
Al/0.5GNPs - 101 171 29.9 -
AV/1.0GNPs - 48 71 44 -
Alicro - 51 105 419 85 [52]
Alpnicro/0.5GNPs - 101 171 29.9 89
Alnano - 80 148 6.6 83
Alpano/0.5GNPs - 148 233 5.1 88
Al-4Cu 87 78 215 28 - [53]
Al-4Cu/0.3RGO 99 115 275 15 -
Al-4Cu/0.5RGO 101 129 290 12 -
Al-4Cu/0.7RGO 113 133 310 11 -
Al-4Cu/1.0RGO 125 139 320 10 -
Flake PTF Al2024 - 203 301 15.2 - [54]
Al12024/0.4RGO - 294 439 8.5 -
Stir casting Al17075/0.5GNPs - - 147.7 14.7 - [22]
Al7075/1.0GNPs - - 150 14.9 -
Al7075/1.5GNPs - - 155.1 15.6 -
Al17075/2.0GNPs - - 139.1 16.0 -
Continuous casting + Al 37.42 - 114 11 - [55]
hot rolling Al/0.2GNPs 43.6 - 156 4 -
Pressure infiltration Al5083 - 156.9 289.9 21.3 72 [56]
Al15083/GO - 184.5 282.7 9.0 72.6
Al15083/GNPs - 186.9 331.0 6.3 72.6
Pressure infiltration 4 Al6063 - - 2259 14 - [18]
hot extrusion AI6063/GNSs - - 276.7 14.7 -
Al6061 - 334 357 12.1 - [57]
Al6061/0.6GNPs - 389 500 2.1 -
FSP Al 31.6 50 84 33 - [13]
Al/graphene 48.7 94 147 26 -
Al6061/GNPs - 88.27 111.38 3.73 25.64 [58]
FSP + hot extrusion Al - - 127.2 21.7 - [59]
Al/graphene - - 149.2 29.3 -
Deformation-driven Al - - 119 20.8 69.1 [60]
processing A/GNPs - - 497 15.2 76.9
SLM Al 38 - - - - B1
Al/0.5graphene 47.1 - - - -
Al/1.0graphene 49.6 - - - —
Al/2.5graphene 66.6 - - - —
AlSilOMg 120 - 357 5.5 - [35]
AlSi10Mg/1.0graphene 169 - 396 6.2 -

Notes: 7, elastic modulus; x, micro-hardness; FSP, friction stir processing; PTF, powder thixoforming; SLM, selective laser melting; SPS, spark plasma sintering; UTS,
ultimate tensile strength; YTS, yield tensile strength.
a) Except for a few cases, the material chemical compositions are in mass fraction (wt.%).

3.2 Tribological behavior

3.2.1 Tribological mechanism

As discussed above, the hardness of GRAMC:s is enhanced
by four strengthening mechanisms, i.e., load transfer, grain

refinement, mismatch in CTE, and Orowan strengthening.
According to the Archard theory, the wear loss of samples

caused by adhesive wear is inversely proportional to the
hardness as described [65—66]. Therefore, the wear
resistance of GRAMCs can also be enhanced through

these strengthening mechanisms [67].
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More importantly, the coefficient of friction (COF) of
GRAMC:s can be effectively reduced through the incor-
poration of GNPs/GNSs/FLG, namely the self-lubricating
effect [32,68—69]. During the wear tests, high shear stresses
are acted on the worn surface of GRAMCs. At this point,
interlayer sliding of GNPs/GNSs/FLG generally took place
due to the weak van der Waals interaction between GNSs,
thus effectively reducing the frictional force and the COF
of GRAMCs. The self-lubricating phenomenon of
GRAMCs has been demonstrated by Zhang et al., and
the schematic diagrams are presented in Fig. 6 [68]. As
shown in Fig. 6(b), GNSs-rich tribofilms were smeared on
the worn surface of the AI/GNSs composite during the
sliding wear tests, and two effects of GNSs-rich tribofilms
on the wear behavior were found. On one hand, the
wrapping effect around wear debris and the bridging effect
between subsurface cracks of GNSs can enhance the wear
resistance of the composite (Figs. 6(c) and 6(d)). On the
other hand, GNSs can act as a solid lubricant through
interlayer sliding and formation of rollers (Figs. 6(e) and
6(f)), thereby leading to a lower COF value. Moreover, it
should be noted that the self-lubricating effect cannot be
obtained by incorporating single-layer graphene into Al
due to the lack of interlayer sliding. Through a series of
molecular dynamics simulations, Mohammadi et al. [70]
found that the incorporation of single-layer graphene in Al
matrix will even lead to a higher COF. The simulation
results show that the plastic deformation in the front of the
indenter is more severe for the Al/graphene composite due
to the promoted dislocation movement in the Al/graphene
coherent-like interfacial region. The intensive plastic

(@) Wear track Counter ball

Debris
(b) particles

Counter ball

Wear scar

Strengthening effect

(¢) Wrapping effect:

(d) Bridging effect:

deformation in the Al/graphene composite will result in a
higher tangential force during the wear process. Thus, the
COF value was eclevated. Due to these reasons, the
incorporation of GNPs/GNSs/FLG is more favorable for
obtaining an attractive self-lubricating property.
According to previous studies, a stable mechanically
mixed layer (MML) could be formed on the worn surface
of GRAMCs during the wear tests [32,71-72]. The
formation of MML can reduce the contact between the
friction pair, thereby providing a protective effect to the
worn surface. In our previous work, the effects of RGO on
the tribological behavior of Al-Si/(SiC + RGO) compo-
sites were studied [71]. It was found that the COF of the
composites was stabilized and the wear resistance was
enhanced through the incorporation of RGO. The improve-
ment in wear resistance of the AI-Si/(SiC+ RGO)
composites can be ascribed to three aspects: (i) strengthen-
ing effects of RGO; (i) MML formation; and (iii) self-
lubricating mechanism. The corresponding illustration of
the wear mechanism of the Al-Si/(SiC + RGO) compo-
sites are presented in Fig. 7 [71]. As shown in Fig. 7(a), the
major wear mechanism of Al-Si/SiC composites under all
loads is delamination wear due to the lack of lubrication.
For the AL-Si/(SiC+ 0.5 wt.% RGO) composite, the
presence of MML can effectively protect the worn surface
from damage and provide a lubricating effect (Fig. 7(b)).
Under lower loads, the wear mechanism of the Al-Si/(SiC
+ 0.5 wt.% RGO) composite was abrasive wear and local
adhesion wear. For the Al-Si/(SiC+ 0.7 wt.% RGO)
composite, agglomeration of RGO within the composite
occurred and thus deteriorated the plasticity of the
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Fig. 6 Schematic diagrams of the effects of GNSs on the wear behavior: (a)(b) general view of the wear test; (¢) wrapping effect of
GNSs around wear debris; (d) bridging effect of GNSs between subsurface cracks; (e)(f) the self-lubricating mechanism of GNSs.

Reproduced with permission from Ref. [68].
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Sliding direction Delamination Sliding direction
———

(a)

(b)

Propagation of cracks

Mechanically mixed layer © Sliding direction RGO agglomeration

SiC

Al/SiC

Al/SiC/0.5 wt.% RGO

Al/SiC/0.7 wt.% RGO

Fig. 7 Illustration of the wear mechanism: (a) Al-Si/SiC under all loads; (b) Al-Si/SiC/0.5 wt.% RGO under lower loads; (¢) Al-Si/SiC/
0.7 wt.% RGO under higher loads. Reproduced with permission from Ref. [71].

composite (Fig. 7(c)). At this point, the cracks perpendi-
cular to composites was formed and severe delamination
wear occurred during the wear tests, thereby leading to a
weakened wear resistance.

3.2.2 Tribological properties

As discussed above, the tribological performance of the
GRAMC:s is generally more favorable than the unrein-
forced Al matrix. The tribological properties of various
GRAMCs are summarized in Table 5 [32,41,68—69,71,73—
74]. In general, the COF of GRAMCs decreased to some
extent with relative to unreinforced alloy, which is
attractive for industrial applications. Due to that the
tribological performance is influenced by many factors,
e.g., the test method, the counterface composition, the
sliding velocity/frequency, the load and the temperature, it
is unreasonable to compare tribological properties obtained
from different studies. To present the results more

concisely, we list the increment in tribological properties
of GRAMC:s with relative to the unreinforced alloy matrix.

3.3 Electrical properties

Due to the excellent EC of graphene (9.6x107 S-m™), the
EC of GRAMC:s is expected to be enhanced through the
incorporation of graphene [10,75]. However, there are only
a few studies reported an enhanced EC of GRAMCs
relative to the corresponding alloy matrix [10,18,29,59,76].
The main restrictions to EC of GRAMCs come from two
aspects: (i) the superior intrinsic EC of graphene relies on
many factors, e.g., fabricating method, structural integrity
and intrinsic defects; and (ii) the increment in EC is
strongly dependent on the homogeneous dispersion of
graphene and robust interfacial bonding between Al and
graphene.

The influence of interface structure on the EC of
GRAMC:s is investigated by Cao et al. [10]. The current

Table 5 Tribological properties of recently developed GRAMCs [32,41,68—69,71,73-74]

Matrix Reinforcement Process Tribological properties ¥ Dominant wear mechanism © Ref.
AlSilOMg ~1 wt.% GNPs SLM ~42% increase in wear rate ® abrasive wear for the composite [32]
Al 0.5 wt.% GNPs PM 70% decrease in COF, 67% decrease in adhesive wear for both samples [41]
wear rate ©
A355 1 vol.% GNSs PM 39% decrease in COF, 85% decrease in abrasive and adhesive wear for both samples [68]
wear rate for the composite, with relatively weak
abrasive wear due to a lower COF
Al6061 SiC 4+ GNPs FSP > 20% decrease in COF, 56% decrease adhesive wear (matrix) and abrasive [69]
in wear rate wear (composite)
Al-7Si/10SiC 0.5 wt.% RGO PM 65% decrease in wear rate 9 delamination wear for Al-Si/SiC and [71]
abrasive wear for Al-Si/(SiC + RGO)
AA2124 3 wt.% graphene PM 25% decrease in COF, 34% decrease in abrasive wear for both samples [73]
wear rate
Al 0.1 wt.% GNPs PM no obvious change in COF, ~8% decrease in abrasive wear for the composite [74]
wear rate ©
1 wt.% GNPs PM ~3% decrease in COF, ~24% increase in abrasive wear for the composite

wear rate ©

Notes: COF, coefficient of friction; FSP, friction stir processing; GNP, graphene nanoplatelet; GNS, graphene nanosheet; GRAMC, graphene-reinforced aluminum
matrix composite; PM, powder metallurgy; RGO, reduced graphene oxide; SLM, selective laser melting.
a) Relative to the corresponding alloy matrix; b) 20 N, 0.6 m-s '; ¢) At a load of 10 N; d) At a load of 1 N; ¢) For matrix and composite.
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mapping results in this study revealed that the peak current
intensity of the Al/graphene interface in the Al/graphene/
Al sandwiched structure increased abruptly, and the
maximum current (29.3 pA) was 73 times higher than
that of the surrounding Al matrix. The significant
increment in EC indicates that the GRAMCs possess
excellent EC theoretically. However, the maximum current
(29.3 pA) obtained in the study still far below its expected
value, which could be attributed to the presence of
amorphous alumina in the Al/graphene/Al interface, as
shown in Fig. 8(a). The amorphous alumina formed during
the fabricating process will inhibit the transfer of doped
electrons from the Al matrix to graphene and enhances the
scattering of charge carriers on phonons, thereby resulting
in a weakened EC value. To further investigate the effect of
alumina on the EC, a passivated Al/graphene/passivated Al
interface was synthesized, as shown in Fig. 8(b). In the Al-
O/graphene/O—Al interface, amorphous alumina layers (~4
nm) were formed between graphene and Al matrix, and the
current mapping tests indicated that maximum current of
Al-O/graphene/O—Al interface is less than 1.0 pA. The
results demonstrated that the alumina impurities formed at
the Al/graphene interface have an inhibitory effect on the
EC of embedded graphene.

10 nm

10 nm

Fig. 8 TEM images of (a) Al/graphene/Al and (b) passivated
Al/graphene/passivated Al. Reproduced with permission from
Ref. [10].

Recently, Yu et al. [18] reported an elevated EC of the
Al6063/GNSs composite relative to A16063 alloy prepared
by a ball milling combined with squeeze casting method. It
should be noted that the EC of the composite is improved
only when the milling time is 3 h, and longer or shorter
milling time has no obvious effect on the EC. Due to the
gas atomization Al powders usually accompanied by the
introduction of oxidation film, the amorphous alumina film
was observed at the interface between Al and GNSs at a
short milling time (1 h), as shown by the high-resolution
transmission electron microscopy (HRTEM) image in
Fig. 9(a). By performing a longer milling time (3 h), the

oxidation film was broken and direct contact between Al/
GNSs was observed (Fig. 9(b)), thus, an elevated EC of the
composite was obtained. Further extending the milling
time to 4 h result in the formation of large quantities of
insulating Al4C; and damaged the structural integrity of
graphene, thereby reducing the EC. According to EC
measurements, the EC of the A16063/GNSs composite was
52.9% IACS (international annealed copper standard)
when the ball milling is 3 h, 17.4% higher than that of
the corresponding Al6063 alloy matrix.

Fig. 9 HRTEM images of the interfacial area of A16063/GNSs
composites with (a) 1 h and (b) 3 h ball milling. Reproduced with
permission from Ref. [18].

In summary, the direct contact and the strong interfacial
bonding between Al and graphene are essential for
achieving an elevated EC of GRAMCs. To obtaining an
elevated EC, following factors should be taken into
consideration: (i) ensuring the direct contact between Al
and graphene; (ii) avoiding the formation of Al,O;
impurities and Al4C; intermetallics; (iii) maintaining the
structural integrity of graphene; and (iv) promoting the
dispersion of graphene.

3.4 Thermal properties

To meet the requirements of elevated temperature applica-
tions, good thermal properties are essential for GRAMCs to
prevent the heat accumulation that could damage the
structural integrity. Generally, Al is considered a thermally
conductive material (with a TC 0f 237 W-m™-K™), but the
high CTE ((21-24)x107¢ K™) restricts its utilization in
industrial applications. In previous studies, conventional
ceramic reinforcements (e.g., SiC and TiB,) were used to
reduce the CTE of AMCs, while the TC generally
decreased simultaneously. To overcome this contradiction,
graphene is considered as a promising reinforcement phase
for AMCs due to its superior high TC and negative CTE
(TC: 1000-5300 W-m™-K™" (in-plane), CTE: —6x107¢
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K ™) [9,17,77]. However, the excellent TC of graphene is
directional dependent [77-78]. The in-plane TC of
graphene is significantly higher than the through-plane
TC (5-20 W-m™'-K™"). Thus, the TC of GRAMCs can
only be enhanced in the alignment direction of graphene
reinforcements [78—79].

Zhang et al. [80] fabricated the AI/RGO composite
through PM and investigated its thermal properties. By
adding 0.3 wt.% graphene into the Al matrix, the TC and
the specific heat capacity of the composite were increased
by 15.4% and 9.1%, respectively. The improvement in TC
was ascribed to the extremely high TC of graphene and the
robust interfacial bonding between Al/graphene.

Tiwari et al. [81] synthesized Al/bilayer graphene
composite by a hot accumulative roll bonding method.
Through accumulative roll bonding processing, the TC of
annealed Al was reduced by ~17% due to the grain
refinement. However, the decrease in TC can be recovered
with the incorporation of 0.1 wt.% graphene, which can be
attributed to the existence of thermal boundary conduc-
tance of the Al/graphene interface that increases the TC of
the Al/bilayer graphene composites.

4 Challenges and corresponding strategy
related to GRAMCs

4.1 Inhomogeneous dispersion

As discussed above, graphene possesses a huge specific
surface area, resulting in a tendency to agglomerate within
the Al matrix. In previous studies, inhomogeneous
dispersion of graphene occurred in many cases, especially
when the content of graphene is high (>2 wt.%) [82].
Main reasons for the inhomogeneous dispersion include
the existence of the van der Waals interaction among GNSs
and the poor wettability between Al and graphene. The
agglomeration of graphene not only weakens its strength-
ening effects, but also generates defects at the Al/graphene
interface, harmful to the comprehensive performance of
GRAMC:s. Specifically, the graphene agglomerations will
act as crack-initiation sites during plastic deformation, thus
leading to the premature failure of the composites.
Conventional mixing methods, such as solution mixing
and ball milling, are discussed in Section 2.1. These
methods are aimed at breaking the van der Waals
interaction between GNSs by ball milling/ultrasonic/
stirring to achieve uniform dispersion. Through appropriate
mixing parameters, a balance between the uniform

dispersion and the structural integrity of graphene can be
achieved. Benefiting from high production rate and cost-
effectiveness, these methods are promising for industrial
applications [18]. However, these methods cannot improve
the wettability between Al and graphene, so the dispersi-
bility of graphene is still limited.

To improve the wettability between Al and graphene,
coating a metallic layer (e.g., Ni and Cu) on graphene,
decorating graphene with metal nanoparticles (MNPs), and
forming intermetallics (e.g., AI3Ni, Al5Ni,, and Al,Cu) are
all proven to be feasible methods [46,53]. Moreover, these
methods can prevent the carbide formation by inhibiting
the interfacial reactions between Al and graphene [49]. In
addition, the addition of alloying elements into Al can
bring solid solution strengthening and precipitation
strengthening, thus achieving higher mechanical proper-
ties. The chemical reduction, electroless plating, molecular
lever mixing (MLM), and in-situ chemical vapor deposi-
tion (CVD) are commonly used methods for modifying
graphene with MNPs or metallic layers [49,53,61]. Guan
et al. [45] incorporated Ni into Al/Ni-coated GNSs
composites through a PM method, and the results indicated
that not only the dispersion of GNSs was promoted, but
also the carbide formation was suppressed. Bhadauria et al.
[51] fabricated homogeneously dispersed GNPs/Al com-
posites through a combined chemical functionalization,
physical functionalization, liquid mixing and SPS method.
By incorporating 0.5 wt.% physio-chemically functiona-
lized GNPs into the Al matrix, the UTS of the composite
was enhanced by 63% relative to monolithic Al. Han et al.
[49] reported a bottom-up strategy based on the spray-
drying and high-temperature CVD techniques, and synthe-
sized Ni MNPs-modified GNPs (Ni-GNPs) and Cu MNPs-
modified GNPs (Cu-GNPs) through this strategy. Through
the incorporation of Ni-GNPs or Cu-GNPs into GRAMCs,
the homogeneous dispersion of GNPs in GRAMCs was
obtained. Khoshghadam-Pireyyousefan et al. [53] synthe-
sized Al-4Cu/RGO composites through a novel MLM
followed by the SPS method. Benefiting from the uniform
dispersion of RGO and robust interfacial bonding between
Al and RGO, a significant improvement in mechanical
properties of the composites was obtained. YTS and UTS
values of the Al4Cu/l wt.% RGO composite were
increased by 79% and 49% with relative to those of the
Al-4Cu alloy, respectively.

In addition to these chemical methods, the secondary
processing approaches such as hot rolling, hot extrusion
and FSP are also effective for promoting the dispersion of
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graphene [83]. For instance, Zhang et al. [42] fabricated the
Al12009/1 wt.% GNPs composite through PM followed by
multi-pass FSP route. Microstructural observation revealed
that the dispersion of GNPs was significantly improved
with the increasing FSP passes. After two FSP passes, the
GNPs were dispersed within the Al matrix uniformly and
the mechanical properties were enhanced effectively. YTS
and UTS values of the 2-pass FSP composite were 398 and
514 MPa, which were 30.5% and 23.3% higher than those
of the Al12009 alloy, respectively.

4.2 Weak interfacial bonding and carbide formation

Compared with conventional AMCs, GRAMCs is char-
acterized by the large volume fraction of the matrix/
reinforcement interface area. Thus, enhancing the interface
bonding between graphene and Al is the core issue to
achieve a more favorable performance of GRAMCs.
However, the interfacial bonding between Al and graphene
is naturally weak due to that the bonding is applied by the
weak van der Waals force [84]. The weak van der Waals
force is insufficient to realize high load transfer efficiency,
thereby leading to a very limited strengthening effect [85].
One of the feasible methods for achieving strong interfacial
bonding is introducing appropriate interfacial reactions
between Al and C, leading to the interfacial bonding
transformed from weak mechanical bonding to strong
chemical bonding [75]. As shown in Fig. 10, compared
with the weak mechanical bonding, the strong chemical
bonding between the reinforcement and the alloy matrix is
more favorable for the load transfer effect [50].

Due to the low Gibbs free energy of the Al4Cs formation
(—196 kJ-mol™ at 298 K), the Al,C; phase is generally

Mechanical bonding

formed within GRAMCs through the chemical reaction
between Al and C [86]. Interestingly, the effects of Al4C;
on mechanical properties of GRAMCs are controversial in
different studies. Zhou et al. [75] proposed that the
appropriate interfacial reaction between Al/C is favorable
to the mechanical properties, while overreaction is harmful.
In their study, the Al4,C; nanorods generated at the AI/FLG
interface ensured an efficient load transfer and thereby
leading to higher mechanical properties. Jiang et al. [64]
reported that a tight AI/GNS interface without the
formation of Al4C; is most favorable to the mechanical
properties of GRAMCs. Guo et al. [87] proposed that the
role of Al4C; on the mechanical properties of AI/CNTs
composites is size-dependent, i.e., nano-sized Al4C;
enhances the strength of composites, while micro-sized
Al4C;5 deteriorates the strength.

The graphene edges are more reactive and defective than
its basal-plane due to the presence of rich carbon dangling
bonds [88]. Thus, the Al,C; phase is preferred nucleate at
the graphene edges. Moreover, the graphene defects are
also preferential sites for the Al,C; formation [89-90]. This
indicates that the formation of Al4Cs can be effectively
controlled by changing the structural integrity, size and
shape of graphene. Jiang et al. [90] investigated the
nucleation and growth mechanisms of Al,C; intermetallics
in the A/GNSs composites. As presented in Fig. 11, for the
Al4Cs/Al interface, the Al4C; phase was commonly formed
either along or at an angle to the Al grain boundary, and
four orientation relationships between Al and Al4Cs;
intermetallics were found: (i) ~25° between Al4C5(0 0 3)
and Al(1 1 1); (ii) AlL,C3(0 0 3)/Al(1 1 1); (iii) Al4Cs
(0 0 3)/AI0 0 2); (iv) Al4C3(0 0 3)/Al(2 2 0). The
proportions of such four orientation relationships are

Chemical bonding

—— GNP dense zone
=) Dispersed GNP
= Partly reacted GNP dense zone

—  Partly reacted dispersed GNP

—  Aluminum carbide

==

Fig. 10 [Illustrations of the tensile behavior of AI/GNP composites with weak mechanical bonding and strong chemical bonding.

Reproduced with permission from Ref. [50].
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calculated to be 10.98%, 8.09%, 2.37% and 13.52%,
respectively. Owing to the semi-coherency of these
interfaces, Al,C5 can nucleate on the Al matrix under the
above orientation relationships. This demonstrates that the
interfacial bonding of GRAMCs could be enhanced by
varying the preferred orientation of the Al matrix.

Modification of interfacial microstructure has been
carried out to enhance the interfacial bonding in GRAMCs
by Ju et al. [84]. In their study, polydimethylsiloxane was
adopted as the PCA to tailor the interfacial microstructure
during the ball milling process, and the AI/GNPs
composites with the interface structure of graphene—
Al,03—Al and graphene—(Al4Cs, ALLOC)-Al were fabri-
cated by pressure infiltration. Owing to the existence of
PCA, the direct contact of Al/graphene is avoided, and the
interfacial reaction products of GRAMCs were trans-
formed from Al;C; and Al,OC to Al,O3. According to the
first principle calculation, the shear strength of the Al,O3/
graphene interface was 378 MPa, which was much stronger
than those of Al4Cs/graphene (83 MPa), Al,OC/graphene
(66 MPa) and Al/graphene (37 MPa). The mechanical tests
demonstrated that the UTS of the composite with
graphene—Al,O5—Al interfacial bonding was 30% higher
than those with Al,C; and Al,OC interface. These findings
provide a theoretical basis for enhancing the interfacial
bonding by interfacial modification.

4.3 Structural integrity

The strengthening efficiency of graphene is strongly
influenced by its structural integrity. Preservation of the
graphene structural integrity is favorable to obtain high
load transfer efficiency during the loading process [15,91].
However, the structure of graphene is inevitably damaged
to some extent during the fabricating process, and the
destruction of the graphene structure is usually accom-
panied by the formation of Al;C;. For maintaining the

»
GNS

¢ ~25° between AL,C4(003) |
< and AI(111)

structural integrity of graphene, the feasible and economi-
cal way is to adopt mild sonication parameters and ball
milling parameters during the mixing stage. Besides, a
lower processing temperature also contributes to keeping
the structural integrity of graphene and inhibiting the
carbide formation. Moreover, in-situ CVD is also con-
sidered as an effective approach to maintain the integrity of
graphene.

5 Concluding remarks and outlook

Graphene possesses various superior properties, such as
extremely high elastic modulus and strength, and excellent
EC and TC. Due to these attractive characteristics of
graphene, the research related to GRAMCs grew vigor-
ously in recent years. In this paper, we reviewed recent
progress in the fabrication of GRAMCs and their proper-
ties. Generally, the fabrication methods of GRAMCs
include PM, casting, SPD, and additive manufacturing.
Among them, PM is most frequently used due to the
uniform dispersion of reinforcements and mass production.
Owing to the excellent mechanical properties and high
wear resistance, GRAMCs are promising for structural
applications. In terms of physical properties, the enhanced
TC and EC and the decreased CTE of GRAMC:s have also
been reported relative to the unreinforced alloy matrix. In
addition, the challenges and corresponding strategies
related to GRAMCs are discussed, including inhomoge-
neous dispersion of graphene, weak interfacial bonding,
carbide formation, and structural integrity. To overcome
those challenges, researchers have developed many novel
strategies for achieving higher performance of GRAMCs.
Nevertheless, the mechanical and physical properties
achieved are still far below theoretically predicted ones,
indicating that there is still much room for the improvement
of the GRAMC performance. With the development of
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Fig. 11 Schematic diagrams of the nucleation and the growth mechanisms of Al;Cs. Reproduced with permission from Ref. [90].
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fabrication methods and the further deepening of research,
GRAMCs are expected to have broad prospects in

industrial applications.
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