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Abstract Aluminum matrix composites (AMCs) rein-
forced with graphene nanoplatelets (GNPs) were fabricated
by using an accumulative roll-compositing (ARC) process.
Microstructure, mechanical and electrical properties of the
nanostructured AMCs were characterized. The results
showed that small addition (0.2 vol% and 0.5 vol%) of
GNPs can lead to a simultaneous increase in the tensile
strength and ductility of the GNPs/Al nanocomposites, as
compared with the same processed pure Al. With
increasing GNPs content, the tensile strength of the GNPs/
Al nanocomposites can be enhanced to 387 MPa with
retained elongation of 15%. Meanwhile, the GNPs/Al
nanocomposites exhibited a good electrical conductivity of
77.8%—86.1% that of annealed pure Al. The excellent
properties (high strength, high ductility and high conduc-
tivity) of the GNPs/Al are associated with the particular
ARC process, which facilitates the uniform dispersion of
GNPs in the matrix and formation of ultrafine-grained Al
matrix. The strengthening and toughening of the GNPs/Al
nanocomposites were discussed considering different
mechanisms and the unique effect of GNPs.
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1 Introduction

Conventional aluminum matrix composites (AMCs) rein-
forced with ceramic particles exhibit high specific strength
and elastic modulus over their monolithic alloys [1, 2].
Those AMCs have been widely used as structural materials
in aerospace and automotive industries [3]. There are some
issues connected with these ceramic particles such as large
size, large volume fraction addition, formation of weak
interface with metals, brittle nature and undesired
agglomeration during their processing [4, 5]. These issues
are barriers to the implementations of AMCs in the
industry [6]. Compared with ceramic reinforcements,
nanocarbons such as carbon nanotubes (CNTs) and gra-
phene are attractive reinforcing materials to fabricate high-
performance nanocomposites because of their superior
mechanical and physical properties [7]. Nanocomposites
reinforced with CNTs or graphene have emerged as an
important class of new materials for structural engineering
and functional device applications because of their
extraordinary high elastic modulus and mechanical
strength as well as excellent electrical and thermal con-
ductivities [7]. In combination with their high aspect ratio
characteristics, CNTs and graphene are the most effective
reinforcements for metal matrices such as Al [8-10], Cu
[11] and Mg [12, 13].

It has been reported that AMCs reinforced with CNTs
offer high strength and high conductivity [9, 14-16]. In
recent years, graphene has attracted much attention as a
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better substitute for CNTs in AMCs. Graphene nanoplate-
lets (GNPs) reinforced AMCs were prepared by ball mil-
ling, hot isostatic pressing and extrusion; however, the
graphene/Al composites exhibited lower strength than pure
Al and CNTs/Al composites because of the formation of
Al4C; [17]. Graphene nanosheets reinforced AMCs were
fabricated through powder metallurgy, compacting and
extrusion [18]. The tensile strength of the AMC reinforced
with 0.3 wt% graphene nanosheets was 249 MPa, of 62%
enhancement over pure Al matrix, indicating that graphene
nanosheets can actually act as effective reinforcements in
Al [18]. Li et al. [19] fabricated AMCs reinforced with
graphene nanoflakes (GNFs: 0 wt%-2 wt%) by cryo-mil-
ling and hot extrusion. They reported that the tensile
strength of the composites with 0.5 wt% GNFs signifi-
cantly improved from 150 (unreinforced Al) to 175 MPa,
whereas the elongation increased from 17.3% to 19.9%
simultaneously. They explained that the improved ductility
was because that the wrinkled GNFs were straightened and
flattened during plastic deformation. On the contrary, the
mechanical properties significantly deteriorated due to the
agglomeration of graphene when GNFs content exceeded 1
wt%. Gao et al. [20] reported that the graphene-reinforced
AMCs fabricated with graphene oxide through powder
metallurgy exhibited a tensile elongation as high as 30%—
40%, but the tensile strength was not encouraging
(~ 100 MPa). Among the graphene-based AMCs as have
been reported so far, the highest tensile strength of
440 MPa was obtained in AMCs reinforced with 0.7 vol%
few-layer graphene; however, its elongation was as low as
3% [21]. In contrast with the mechanical properties, few
information of the electrical properties of the graphene-
reinforced AMCs is available in the literature. Recently, Li
et al. [22] prepared GNPs reinforced AMCs by continuous
casting and subsequent rolling. The electrical conductivity
of the composites (0.2 wt% GNPs) was up to 37.2 MS-m~!,
which was slightly higher than that of annealed pure Al;
however, the tensile strength and elongation were 156 MPa
and 4%, respectively. In view of their microstructures,
obtaining a uniform dispersion of GNPs in Al is still a great
challenge due to the agglomeration of graphene, especially
for a large amount of addition.

It is usually difficult to obtain a uniform dispersion of
nanocarbon reinforcements (CNTs or GNPs) into Al matrix
because they can easily agglomerate into clusters. Another
issue arises from the poor wetting of GNPs or CNTs due to
a large difference in the surface tension between them and
Al. In addition, formation of aluminum carbide (Al4C3) is
commonly observed, which is an undesired phase in terms
of mechanical performance [9, 14, 23, 24]. Therefore, it is
a great challenge to fabricate high-performance GNPs/Al
composites by using conventional melting-based methods
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such as stirring casting, squeeze casting or using powder
metallurgy.

The homogeneous distribution of graphene reinforce-
ments in the matrix is a prerequisite to obtaining desired
enhancement of mechanical and electrical properties. Con-
trolling the undesired phase (Al4C3) is important because the
Al4C; formation along the graphene/Al interfaces adversely
affects the composite strength. Moreover, it is advantageous
to retain nanosized Al matrix grains, which can lead to sig-
nificant improvement in hardness, strength and wear resis-
tance of composites. In consideration of such problems,
advanced process and microstructural control are still chal-
lenging for fabrication of graphene/Al nanocomposites. Our
previous studies [25, 26] have demonstrated that using
proper accumulative roll-bonding process enabled to fabri-
cate Al matrix nanocomposites with a homogenous distri-
bution of ceramic nanoparticles in the Al matrix. In this
study, a similar accumulative roll-compositing (ARC) pro-
cess performed at room temperature and at high temperature
was applied to fabricate GNPs/Al nanocomposites. The
microstructures, mechanical properties and electrical con-
ductivity of the GNPs/Al nanocomposites were investigated.
The strengthening mechanisms and the characteristic of high
strength and high conductivity were discussed.

2 Experimental
2.1 Fabrication of GNPs/Al nanocomposites

The raw materials used in this study were pure Al sheets
(purity of 99.99 wt%) and GNPs (purity > 99.5 wt%). The
Al sheets were purchased from China New Metal (Beijing,
China) and the GNPs from Times Nano (Chengdu, China).
The as-received Al sheets were first annealed at 400 °C for
2 h and the microstructure consisted of equiaxed grains
with an average size of 87 pum. The GNPs exhibited a size
of 5-10 pm and a thickness of 4-20 nm (Fig. 1).

The ARC process was used to fabricate GNPs/Al com-
posites. The Al sheets (125 mm" x 25 mm¥ x 0.25 mmT)
were brushed with a stainless steel brush to remove the
oxidation of the surfaces and then were ultra-sonicated in
anhydrous ethanol to remove the impurities. The GNPs
were first ultra-sonicated in anhydrous ethanol for 10 min.
The dispersed GNPs ethanol solution was uniformly spread
on the surfaces of the Al sheets. Eight pieces of the Al
sheets with the dried GNPs were stacked and clamped by
using a stainless-steel envelope to avoid sliding during
rolling. The GNPs/Al samples having different volume
fraction (V) of GNPs from 0% to 2% were prepared. They
are referred to as Samples S1-S5 hereinafter as shown in
Table 1. The ARC process was carried out by using a
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Fig. 1 TEM image of initial GNPs

Table 1 Processing parameters of samples

Sample GNPs ARC ARC at high temperature
addition/ cycles -
vol% (n) Temperature/ Tlme/ Cycles
°C min (n)
S1 0 150 600 30 3
S2 0.2 150 600 30 3
S3 0.5 150 600 30 3
S4 0.5 150 500 10 3
S5 2.0 5 600 10 1
22 600 10 1
135 600 30 3

laboratory roller with two rolls (#205 mm) and at a speed
of 10 r-min~"'. The initial GNPs/Al sandwiches were rolled
at room temperature to obtain a total thickness reduction of
50% for each cycle through multiple passes. The roll-
bonded samples after each cycle were folded in half and
rolled again. A total number of rolling cycles of 150 were
applied at room temperature. After that, the samples were
heat-treated at 500 °C for 10 min or 600 °C for 30 min
before each cycle of rolling; a total cycle of 3 was applied
with a thickness reduction of 40% for each cycle. Sample
S5 was fabricated by using a different procedure owing to
the high V; of GNPs. The detailed processing parameters
are listed in Table 1.

2.2 Characterizations

Microstructures of the raw GNPs were characterized by
using transmission electron microscopy (TEM, JEM-
2100HT). Microstructures of the Al sheets and the GNPs/
Al samples were observed by using optical microscopy
(OM) and scanning electron microscopy (SEM, TESCAN
MIRA 3 LMH). Electron channeling contrast imaging
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(ECCI) technique was used to take images of the nano-
grain structure of the GNPs/Al samples. The rolling
direction (RD)-normal direction (ND) planes of the com-
posite samples were mechanically ground and polished for
the OM and SEM observations. The samples for OM
observation were etched in a 5% hydrofluoric acid aqueous
solution for 30 s. X-ray diffraction (XRD) was used to
analyze the crystal structure of the composite samples.
XRD measurements were carried out by using a Cu-based
X-ray diffraction instrument (XRD, XPert Pro X) with
scanning in the range of 30°-80° at 40 kV and 40 mA.

Microhardness measurements were carried out on the
RD-ND planes of the samples by using an HVS-1000A
microhardness tester under a load of 0.98 N for a duration
time of 10 s; 12 points of each sample were measured, and
their average values were reported. Tensile tests were
performed at room temperature by using an MTS E45
universal testing machine, at a strain rate of 1.4 x 1073
s~!. Dog-bone-shaped specimens were cut along the RD
and had a gauge length of 6 mm, a gauge width of 2 mm
and a gauge thickness of 1 mm. Three specimens of each
sample were tested, and their average values were reported.
Electrical conductivities of the composite samples were
measured on the ND plane by using a FOR7051A eddy
current conductometer. Each sample was measured 10
times, and the average values were reported.

3 Results
3.1 Microstructures

XRD patterns of the ARCed samples are shown in Fig. 2.
As shown in Fig. 2, only Al peaks were detected and no
formation of carbides (Al4C;) was observed in all the
samples. It has been reported that the Al,Cs is a brittle
phase and has a negative influence on the mechanical
properties of the composites [17]. Our results show that the
present ARC process operated at a temperature as high as
600 °C did not introduce the undesirable Al4,C; phase,
which is beneficial for the mechanical properties of the
GNPs/Al composites.

Figure 3 shows the OM images of the ARCed GNPs/Al
samples. It is observed that all the samples were well
bonded without any obvious holes and microcracks. In the
GNPs/Al samples, the GNPs were uniformly distributed in
the Al matrix though the content of GNPs reached 2%. The
electron channeling contrast (ECC) images in Fig. 4 show
the grain structure of the Al matrix in all samples. The
ARC process resulted in the formation of equiaxed ultra-
fine grains (UFG) of the matrix. As shown in Fig. 4f,
enhanced grain refinement was observed in the GNPs/Al
samples owing to the addition of the GNPs. For instance,
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Fig. 2 XRD patterns of GNPs/Al samples as indicated

Sample S1 (pure Al) exhibited a grain size of 615 nm,
whereas Samples S2—-S4 exhibited grain sizes ranging from
461 to 333 nm. In particular, Sample S5 exhibited the
finest grain size of 238 nm due to the lower temperature
and the shorter time during the heat treatment.

Figure 5 shows the morphologies of the GNPs in the
GNPs/Al samples. To better identify the GNPs, the samples
were etched for SEM observation. The corresponding
energy-dispersive spectroscopy (EDS) maps in Fig. 5 can
verify the existence of the carbon-rich regions, which are
related to the GNPs. In particular, some GNPs were

50 um

thinned and some GNPs still retained the original fold
shape. It is also seen that while most of the GNPs tend to
distribute along the RD, GNPs aligned to the normal
direction can be observed, as shown in Fig. 5c.

3.2 Mechanical properties

Figure 6 shows the microhardness of the annealed pure Al
and the ARCed samples. Sample S1 (ARCed pure Al)
exhibited a hardness of HV 52.7, ~ 1.8 times that of the
pure Al sample. With increasing GNPs content, the
microhardness of the composite samples increased from
HV 52.7 to HV 103.1, indicating the synergistic strength-
ening effect of grain refinement and GNPs reinforcement.
It is seen that Sample S4 has a higher hardness than Sample
S3 though they have the same content of GNPs (0.5 vol%).
This can be attributed to the difference in the heat treat-
ment during the ARC process; namely, the lower temper-
ature (500 °C) applied for Sample S4 resulted in refined
grain size, as shown in Fig. 4c, d.

Figure 7a shows the typical engineering stress—strain
curves of the annealed pure Al and ARCed samples. The
annealed pure Al sample exhibited a low ultimate tensile
strength (UTS) of 81 MPa and high ductility (elongation
(ED) of 50%). Compared with the annealed Al sample, the
ARCed samples exhibited improved strength and decreased
ductility. Sample S1 (ARCed pure Al) exhibited improved

Fig. 3 OM images of ARCed GNPs/Al Samples a S2, b S3, ¢ S4 and d S5
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Fig. 4 ECC images of ARCed Samples a S1, b S2, ¢ S3, d S4, e S5 and f grain size of ARCed samples

strength (UTS: 181 MPa) and decreased ductility (El:
13.5%). With increasing GNPs addition, the strength of the
composite samples increased. This is consistent with the
microhardness measurements as shown in Fig. 6. Interest-
ingly, it is seen that the small amount of GNPs addition can
result in both improved strength and ductility. As shown in
Fig. 7a, Samples S2 (0.2 vol% GNPs) and S3 (0.5 vol%
GNPs) exhibited both enhanced strength and ductility as
compared with Sample S1. This indicates the unique effect
of GNPs on the deformation of the composites. Figure 7b
illustrates the combination of strength and ductility of the
present GNPs/Al composites, as compared with other
graphene reinforced AMCs [18-22, 27-29]. As shown in
Fig. 7b, the present GNPs/Al composites exhibited an

Rare Met. (2021) 40(9):2593-2601

excellent combination of strength and ductility, with
strengths ranging from 250 to 380 MPa and Els of 14%-
20%. The strength—ductility combination of the present
GNPs/Al samples is better than those reported in Refs.
[18-22, 27-29].

3.3 Electrical conductivity

Figure 8a shows the electrical conductivity of the pure Al
sample and ARCed samples. Compared with annealed pure
Al and ARCed Al samples, a slight decrease in the elec-
trical conductivity is observed in the GNPs/Al samples due
to the interface electrical resistance between GNPs and Al.
The electrical conductivities of the Samples S2-S5 are 31,
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Fig. 5 Morphologies of GNPs and corresponding EDS mappings in composite Samples a S2, b S3, ¢ S4 and d S5
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Fig. 6 Microhardness of pure Al sample and ARCed samples

30, 28 and 30 MS-m ™', respectively. Figure 8b represents
the tensile strength and electrical conductivity of the pre-
sent samples, as compared with other AMCs (GNPs/Al
[22] and CNTs/Al [16]) and Al alloys [30, 31]. It is
observed that conventional Al alloys exhibited moderate or
high strength (200-600 MPa) but much reduced
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conductivity (15-25 MS-mfl) [30-33]. The CNTs/Al
composites exhibited high conductivity (37 MS-m™") but
low strength [16]. The GNPs/Al composite (0.2 wt%) had
an electrical conductivity of 37.2 MS-m ™' but a low tensile
strength of 156 MPa [22]. The present GNPs/Al compos-
ites exhibited a well-balanced strength (250-387 MPa) and
electrical conductivity (28-31 MS-m™!), as shown in
Fig. 8b.

4 Discussion

The experimental results suggest that the present ARC
process enabled the fabrication of GNPs/Al nanocompos-
ites with an excellent balance of mechanical properties
(strength and ductility) and electrical conductivity. Based
on our findings, the combined effect of the ARC process
and GNPs addition is considered.

First, enhanced strength can be achieved by a finer grain
structure according to the Hall-Petch relation [25]. The

Rare Met. (2021) 40(9):2593-2601
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Fig. 8 a Electrical conductivity of pure Al and Samples S1-S5; b tensile strength-electrical conductivity of present GNPs/Al samples in
comparison with GNPs/Al [22] and CNTs/Al [16] composites and Al and Al alloys [30, 31]

present ARC process resulted in significant grain refine-
ment of pure Al, resulting in a UFG structure with grain
size of ~ 615 nm in Sample S1. This gave rise to
improved strength of 170 MPa in Sample S1, about twice
that of the annealed coarse-grained pure Al sample
(80 MPa). Apart from the ARC-induced grain refinement,
the presence of GNPs also had a significant influence on
the grain refinement, as GNPs can enhance the strain-in-
duced grain refinement and hinder the grain growth of the
Al matrix during ARC process. The grain size decreased to
238 nm with increasing GNPs addition in the GNPs/Al
samples (Fig. 4). The further grain refinement from GNPs
contributed an extra strengthening of approximately
45-77 MPa based on the Hall-Petch relation.

Second, the ARC process resulted in a homogeneous
distribution of GNPs with minimal agglomeration in the Al
matrix. The high strengthening efficiency of GNPs origi-
nates mainly from the high surface area and high aspect
ratio of GNPs. Therefore, the uniform distribution of GNPs
in the present composites is the key for sufficient utilizing

Rare Met. (2021) 40(9):2593-2601

the unique strengthening of GNPs, which can give rise to a
significant contribution due to interfacial strengthening and
load transfer effect [21, 34].

Third, the high ductility in the samples can be attributed
to GNPs bridging, pulling out and flattening on crack
propagation. As shown in Fig. 9, GNPs bridging between
the Al layers can delay crack propagation, which could
have a contribution to the ductility improvement [35]. In
the case of tensile deformation, GNPs were pulled out from
the matrix, the energy is largely dissipated by interface
debonding and subsequent friction [36, 37]. The GNPs with
a multiply and highly wrinkled structure are straightened
and flattened during plastic deformation. The flattening of
GNPs can also delay the fracture of composites, which can
lead to increased elongation [19, 38]. As shown in Fig. 7,
both the strength and ductility were improved with
increasing the GNPs content from 0 vol% to 0.5 vol%
(Samples S1-S3). The improvement in elongation is
attributed to the hindering effect of GNPs bridging, pulling
out and flattening on crack propagation.
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Fig. 9 SEM images showing GNPs bridging in composite Samples a S2, b S3, ¢ S4 and d S5

5 Conclusion

GNPs/Al nanocomposites were fabricated from GNPs and
pure Al sheets by using an accumulative roll-compositing
process that is featured by ultrahigh rolling cycles.
Microstructures, mechanical properties and electrical con-
ductivity of the samples were investigated.

We showed that the ARC process enabled the fabrica-
tion of bulk GNPs/Al nanocomposites with a uniform
dispersion of GNPs in the ultrafine-grained Al matrix. A
small amount of GNPs addition (0.2 vol% and 0.5 vol%)
can lead to both higher strength and higher ductility than
the ARCed pure Al. The nanocomposite with 2.0 vol%
GNPs exhibited a strength of 387 MPa, about 4.5 and 3.0
times those of annealed Al and ARCed Al. The present
GNPs/Al nanocomposites exhibited an excellent balance
between mechanical properties and electrical property. The
strength ranged from 250 to 387 MPa, elongation from
15% to 20% and electrical conductivity from 28 to 31
MS-m~'. The excellent performance of the present
nanocomposites is associated with the unique ARC process
that enabled the uniform dispersion of GNPs in the ultra-
fine-grained Al matrix.
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