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ABSTRACT

In this study, the synthesis-structure-property relationship of graphene-reinforced Al matrix
nanocomposites was investigated. The Al-Li-GNPs nanocomposite was synthesized to attain
both high strength and good ductility. The incorporation of GNPs as a reinforcement in the
Al-based matrix provided a nanocomposite structure for an integrated strengthening effect.
To promote plasticity and maintain good ductility, the nanocrystalline Al matrix was alloyed
with Li to reduce its stacking fault energy and promote additional deformation mechanisms.
The compressive yield strength (CYS) increased from 88 MPa for the starting Al to 403 MPa
for the AI-Li-GNPs nanocomposites with 1.0wt% GNPs. Fracture analysis indicated that the
synthesized nanocomposite exhibited a ductile nature and significant plastic deformation.
Based on microscopic analysis, the enhanced strength of the Al-Li-GNPs nanocomposite was
attributed to grain refinement, load transfer, and strain hardening. The good ductility, on
the other hand, was attributed to dislocation slipping, the formation of stacking faults, and
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1. Introduction

Aluminum (Al) and its alloys remain the fastest-
growing automotive and structural materials [1],
and the design of novel Al-based materials to satisfy
the high specific-strength requirements for light-
weighting applications is gaining significant interest
in the materials science field [2]. Pure Al has a ten-
sile strength of ~90.0 MPa, which can be enhanced
up to 700 MPa by alloying [3]. However, the add-
ition of a large percentage of alloying elements can
affect Al's density, workability, electrical and ther-
mal conductivities, and corrosion resistance. The
most commonly used Al alloy in transportation is
A7075, which has an average tensile strength of
~540 MPa [4]. Harnessing the advantages of Al in
modern structures

technologies and advanced

Nanostructuring

Stacking Faults

Load Transfer

Twinning

requires a significant enhancement in its strength.
Throughout the past years, several techniques have
been investigated and successfully developed to
induce significant enhancements to the mechanical
strength and hardness of Al and its alloys.

In this regard, the nano-structuring of Al and its
alloys and the synthesis of Al-based nanocomposites
reinforced with graphene nanoplates (GNPs) are
two widely investigated research fields for their
promising capabilities to demonstrate a superior
mechanical performance of Al [5-7]. On the one
hand, nanocrystalline metals with reduced grain size
(<100nm) have proven experimentally to exhibit
significantly higher mechanical strength and hard-
ness compared to their microcrystalline counter-
parts, as described by the Hall-Petch relationship
[8-10]. On the other hand, it has been reported that
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the superior mechanical properties of graphene [11]
can be utilized in structural materials through the
incorporation of GNPs as a nano-reinforcement into
metal matrices such as Al to produce graphene-rein-
forced Al matrix composites (GRAMC) [12-18].
Khanna et al. [18] investigated the effect of different
GNPs wt% on the mechanical properties of Al and
reported ~70% and ~73% enhancement in com-
pressive strength and hardness for their Al-
0.5wt%GNPs composite. Combining a nanocrystal-
line Al matrix with reinforcement for a combined
strengthening mechanism has been investigated
widely for ceramic-based reinforcements [19-22]
but rarely for GNPs. Bhadauria et al. [21] reported
an 85% and a 44% increase in the yield and ultimate
tensile stresses, respectively, for a nanocrystalline Al/
GNPs nanocomposite over the same composite
when synthesized with a conventional micro-grained
Al matrix.

Despite the reported mechanical strength
enhancements, the majority of both nanocrystalline
Al systems and GRAMC studies have reported a
deterioration in plastic deformation and ductility
[12,21-24]. Nanocrystalline metals have been associ-
ated with their limited work hardening capacity as
restricted by their nanometric grain size, leading to
failure just after yielding [24-26]. Similarly, the
deterioration in ductility in GRAMC has been
attributed to dislocation pinning by the GNPs
reinforcement preventing further slipping and thus
restricting further plastic deformation of the compo-
sites [12] with even some studies reporting a com-
plete transfer from a ductile to a brittle fracture
mode after the addition of GNPs [21,27]. Liu et al.
reported a high yield strength of 260 MPa for their
80nm grain-sized Al consolidated by spark plasma
sintering (SPS) but with only 3.1% total elongation.
Li et al. [28] reported a 4% tensile elongation for a
GRAMC with 0.2 wt% GNPs from an original elong-
ation of 11% for pure Al Recent advancements in
the synthesis and characterization procedures
resulted in successful simultaneous enhancement in
both strength and ductility of limited cases of nano-
crystalline Al [29,30] and Al/GNPs nanocomposites
[13,31-34].

When it comes to promoting plasticity and main-
taining good ductility, tailoring the microstructure
to encourage plastic deformation in Al is necessary.
In general, dislocation slipping and twinning are the
two competitive mechanisms for plastic deformation
in metals [35,36]. In FCC Al, slipping is almost
always dominant because the stress required to initi-
ate dislocation slipping is far less than that required
for twinning [35,37]. Nonetheless, Zhang et al. [38]
observed through MDS a high density of deform-

ation twins present in every grain in a

nanocrystalline Al system developed at a certain
interatomic potential. The mechanism of formation
of deformation twins was attributed to the emission
of partial dislocations from the grain boundaries in
nanocrystalline Al. Furthermore, Muzyk et al. [39]
proved using density functional theory calculations
that alloying Al with Li reduces its stacking fault
energy and promotes the emission of partial disloca-
tions, which in turn facilitates the formation of
stacking faults and twinning planes. Experimentally,
twinning has been observed in ball-milled, in-situ
consolidated nanocrystalline Al-Li alloys [29].
Furthermore, because of its lower density, adding
1.0wt% Li is reported to reduce Al's density by
3.0% [3,40]. Therefore, alloying Al with Li can
induce both light-weighing of the Al-based matrix
and activate deformation by twinning for an
enhanced plastic deformation behavior.

It becomes apparent that the synthesis of an Al-
based material with superior mechanical strength
and good ductility requires careful consideration of
the synthesis-structure-property relationship of that
material. For this aim, we used reported literature to
design and carefully tailor a novel nanocomposite
material consisting of a nanocrystalline Al-Li matrix
reinforced with GNPs using ball milling and hot
pressing. The incorporation of graphene with Al-Li
alloys has not been investigated or reported before
despite the significant specific strength enhance-
ments it provides. The ball-milling process in this
study was set to serve several purposes: to alloy Al
with Li, to achieve grain refinement of the Al-based
matrix, and to homogenously distribute the GNPs.
Microstructural investigations were performed to
determine the strengthening and deformation mech-
anisms in these Al-Li-GNPs nanocomposites. This
study proves experimentally that ball-milled Al can
achieve good deformation by forming stacking faults
and nano-twins despite Al’s relatively high stacking
fault energy.

2. Materials and methods

2.1. Materials and synthesis of the Al-Li-GNPs
nanocomposites

The starting material used in this study were gas-
atomized pure Al powders (99.97% purity) with an
average particle size of 15um purchased from Alfa
Aesar, pure Li granules (99% purity) and graphene
nanoplatelets (GNPs), both purchased from Sigma-
Aldrich. Four different compositions were synthe-
sized and investigated to study the effect of the
GNPs content on the mechanical performance of
the Al-0.5wt% Li-x wt% GNPs nanocomposites,
where x=0.5, 1.0, 1.5, and 2.0. Only 0.5wt% Li was
added to induce light-weighting and activate the



deformation twinning in Al, all while remaining
within the solid solubility of Li in Al [3,39].

All starting materials were kept and handled in
the (MBRAUN LABstar) glovebox under an ultra-
high pure (UHP) argon atmosphere (O,<0.5ppm).
First, powders were weighed according to associated
compositions, then loaded and sealed in a stainless-
steel milling vial along with stainless-steel milling
balls with a ball-to-powder ratio of 17:1 in the glove
box. No process control agents (PCAs) were used.
After loading the material, the milling vial was
loaded in the high-energy SPEX 8000 shaker mill
with a speed of 1725-1425rpm and milled for 8h.
Milling was stopped for 10 min after every hour of
milling to prevent overheating of the milling vial.

2.2. Mechanical testing of the Al-Li-GNPs
nanocomposites

Hardness and compression tests were performed to
investigate the mechanical performance of the Al-Li-
GNPs nanocomposites. First, the as-milled Al-Li-
GNPs powder was loaded in a tungsten carbide die
in the glovebox under a UHP Argon atmosphere.
The power was then hot-pressed under vacuum at
773K and 500 MPa for 20min into disks with a
length/diameter (L/D) ratio of 1.0. The compression
tests were conducted using (Lloyd Instruments uni-
versal tensile test machine LR 50KPlus) under a
pressing rate of 0.36 mm.min~'. The hardness meas-
urements were carried out using a (Future-Tech
Microhardness Tester FM-800). A total of 8 inden-
tations on each sample were performed using a 25¢g
load and a 10s dwell time. For comparison, both
hardness and compression tests were performed on
the starting Al powder pressed using the same con-
ditions as the Al-Li-GNPs nanocomposites.

2.3. Characterization of the Al-Li-GNPs
nanocomposites

X-ray diffraction (XRD) spectrum of the nanocom-
posites was collected using a (PANalytical Empyrean
Diffractometer) with a CuKa (1=0.1542nm) radi-
ation. The XRD operating conditions were 45kV,
40mA, and 25°C with a scanning range from 20°
to 100°, a step size of 0.013°, and a scan rate of
0.044° s~'. The XRD line broadening was used to
calculate the average grain size and lattice strain of
nanocrystalline Al using the integral breadth ana-
lysis and the Averbach formula [41] shown below.
B _ i( B

tan20, d \tan 0,sin 6,

>+25 e (1)

Where f is the measured integral breadth, the
full-width half maximum (FWHM) of the peak, 0,
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is the diffraction angle, 4 is the x-ray wavelength for
Cu Ko of 0.154nm, d is the average grain size, and
e is the lattice strain. Raman spectra of the samples
were obtained using a (Thermo fisher scientific
DXR) with a laser wavelength of 532 nm to examine
the structural integrity of the GNPs after milling.
An average of three readings was obtained for each
sample. Structural and morphological analyses were
carried out using scanning electron microscopy
(SEM) and transmission electron microscopy
(TEM). The SEM images were acquired using an
FEI Nova NanoSEM 450 operated at an accelerating
voltage of 5.0kV and a working distance of 5.0 mm.
The TEM analysis was performed using a (Thermo
Scientific TalosF200X TEM) operating at 200 keV to
obtain selected area electron diffraction (SAED),
bright-field (BF), dark-field (DF), and STEM-
HAADF TEM images. The TEM samples were
thinned down to a lamella using the (SEM/FIB
Versa 3D dual beam, FEI) into a thickness between
25nm and 75nm.

3. Results

3.1. Effect of GNPs content on the milling of the
AIl-Li-GNPs nanocomposites

It is common practice to use a PCA or a surfactant
during the milling of ductile metals such as Al to
eliminate excessive welding and encourage fractur-
ing and nano-structuring. However, such organic
materials can present unwanted impurities in the
milled powder and are not utilized in this study.
Instead, the welding of the highly ductile Al powder
is mitigated by the presence of GNPs. The self-
lubricating nature of GNPs that stems from the
weak van der Waals attraction forces between the
graphene layers allows them to slide easily with
respect to one another in between sliding surfaces
[42], thus acting as a PCA. Therefore, the addition
of GNPs to the Al-based matrix affects its perform-
ance and directly influences the success of its mill-
ing without powder welding.

Four different GNPs concentrations of 0.5, 1.0,
1.5, and 2.0 wt% were milled with the Al-Li in order
to study the influence of the GNPs on the morph-
ology of the ball-milled GRAMC. The SEM images
in Figure 1(a,b,c) show the Al-Li-GNPs powder after
milling for 8h with 1.0, 1.5, and 2.0wt% GNPs,
respectively. The effect of the GNPs content on the
particle size was evident in the SEM images, which
showed a reduction in the particle size at higher
GNPs content. The measured average particle size
for the AI-Li-GNPs samples with 1.0, 1.5, and
2.0wt% GNPs is 355+20pum, 244+20um, and
224+ 10 pm, respectively. Zhang et al. [43] observed
a similar behavior of particle refinement with
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1.0% 1.5% 2.0%
GNP Content (wt%)

Figure 1. SEM images showing the morphology of the as-milled Al-Li-GNPs powder after 8 h of milling with (a) 1.0 wt%, (b)
1.5 wt%, and (c) 2.0 wt% GNPs. (d) Particle size of as-milled samples vs. GNPs content.

increasing GNPs content in a milled Al5083/GNPs
nanocomposite and concluded that the addition of
the GNPs accelerated the milling process.

Under the same milling conditions, complete
welding of the AI-Li-GNPs sample occurred with
0.5wt% GNPs content. After only 4h of milling, the
powder exhibited severe welding, and the entire
sample formed a sheet stuck to the milling vial wall.
It is concluded that 0.5wt% GNPs was not enough
to initiate cold-working of the Al powder and pre-
vent its cold-welding and that the heat generated
during milling and the ductility of Al far out-
weighed the lubrication of the 0.5wt% of GNPs.
These observations directly confirm the role of
GNPs as a lubricant and the possibility of milling
ductile metals such as Al at room temperature with-
out using a PCA.

3.2. Effect of GNPs content on the
microstructure and microhardness of the
Al-Li-GNPs nanocomposites

The crystal structure, phase formation, and grain
size of the Al-Li-GNPs nanocomposites with differ-
ent GNPs content were investigated using the XRD
patterns shown in Figure 2(a). As indexed on the
XRD patterns, only FCC Al diffraction peaks were
observed for all Al-Li-GNPs samples. No peaks were
observed for Li second phases, affirming the effect-
ive alloying process during milling. No peaks for the
GNPs were observed which could be related to the
low content of GNPs beyond the XRD detection
limit [20,44]. Furthermore, no peaks appeared for
the AL,C; even in samples with higher GNPs
concentrations.
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Figure 2. (a) XRD patterns, (b) dark-field TEM image and its corresponding SAED pattern of the Al-Li-2.0 wt% GNPs nanocom-
posite, () Raman spectroscopy, and (d) Vickers microhardness of the Al-Li-GNPs nanocomposites with different GNPs content.

Table 1. Grain size, microhardness, and relative density of the Al-Li-GNPs nanocomposites.

Sample XRD grain size (nm) Microhardness (GPa) CYS (MPa) Relative density
Al-Li-1.0 wt% GNPs 59 1.37+0.03 403 +20 98.9%
Al-Li-1.5 wt% GNPs 53 1.47 £0.03 354+ 14 98.4%
Al-Li-2.0 wt% GNPs 37 1.50+0.06 293+ 11 98.6%

The average grain size for the Al-Li-GNPs nano-
composites with different GNPs content was calcu-
lated from the XRD patterns using the Averbach
formula, see Table 1. The average grain size
decreased from 59nm for the Al-Li-1.0wt% GNPs
nanocomposite to 53 nm and 37 nm when the GNPs
wt% was increased to 1.5 and 2.0 wt%, respectively.
The addition of a nano-reinforcement, such as gra-
phene sheets, has been reported to reduce the duc-
tility of Al by pinning dislocations inside the metal
lattice [12,43,45], causing the Al to fracture easier in
the presence of larger GNPs content and yielding
smaller grain sizes.

It is common practice to confirm the XRD aver-
age grain size calculations by TEM. The dark-field
TEM image and its corresponding SAED pattern of
the Al-Li-2.0 wt% GNPs sample are shown in Figure
2(b). The SAED rings are indexed to the Al FCC

phase. However, new lower-intensity rings appear in
addition to the Al FCC rings, insinuating the pres-
ence of a second phase. These rings were indexed to
the Al,C; phase. Therefore, the absence of any
Al,C; peaks in the XRD patterns, as opposed to its
detection in the SAED rings, can be related to its
lower content beyond the XRD detection limit [21].
Based on measuring the size of 150 grains from the
dark-filed TEM image, the average grain size of the
Al-Li-2.0 wt% GNPs nanocomposite was determined
to be 42nm, which is in agreement with the 37 nm
average grain size calculated by the Averbach for-
mula and the XRD pattern.

Raman spectroscopy is a non-destructive tool
usually used to confirm the presence of GNPs and
assess their structural integrity after milling. Raman
spectra of the Al-Li-GNPs nanocomposites milled
with different GNPs content are shown in Figure 2(c).
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For comparison, the Raman spectra of the starting
GNPs are included in Figure 2(c) as well. The
Raman spectra of all samples present the character-
istic graphene peak at around 1350 and 1580 corre-
sponding to the D and G peaks, respectively
[46,47]. The G-band is associated with sp2 carbon
structure and corresponds to the in-plane vibration
of C-C bonds in a graphite lattice, while the D-
band is associated with sp’ lattice disorders and
requires the presence of defects for its activation
[46]. The intensity of the D-band increased signifi-
cantly in the Al-Li-1.0wt% GNPs nanocomposite
after milling as compared to the intensity of the D
band of pure GNPs, see Figure 2(c). The intensity
ratio of the D-band to the G-band (Ip/Ig) is usu-
ally used to assess the degree of structural defects
or disorders in sp>-based carbon structures and was
found to increase from 0.14 for the starting GNPs,
to 1.11, 1.02, and 1.07 for the Al-Li-GNPs with
1.0%, 1.5%, and 2% GNPs, respectively. The similar
values of the Ip/Ig ratios of the three samples sug-
gest that the GNPs content played little to no role
in the extent of structural damage induced upon
the graphene sheets during milling. It is important
to note that the presence of a sharp G peak after
8h of high-energy milling implies the presence of
GNPs with high crystallinity and a preserved
graphitic aromatic structure [46]. The Ip/Ig of
~1.00 in the ball-milled Al-Li-GNPs after milling is
in good agreement with reported values for other
GRAMCs synthesized by ball-milling [5]. In fact,
Yu et al. [48] reported a higher Ip/Ig ratio of 1.42
for Al/GNPs composite milled for 7h.
Microhardness measurements of the starting Al
and the synthesized Al-Li-GNPs samples with differ-
ent GNPs content are shown in Figure 2(d) and
Table 1. The microhardness of the AIl-Li-GNPs
nanocomposites with 1.0, 1.5, and 2.0wt% GNPs

‘v‘ 38

1.0% 1.5% 2.0%
GNPs GNPs GNPs

b

€ 1000
Starting Al
== Al-Li-1.0 Wt% GNPs
= Al-Li-1.5 wt% GNPs
800 4 ——Al-Li-2.0 wt% GNPs

True Stress (MPa)

was measured to be 1.37 +0.03 GPa, 1.47 +0.03 GPa,
and 1.50 +0.07 GPa, respectively, significantly higher
than that of the 0.38+0.02 GPa measured for the
starting Al. These results show that the microhard-
ness values are higher in samples with higher GNPs
content, which corresponds to the larger amount of
reinforcement present in these samples. In addition,
increasing the hardness values with increasing GNPs
content is consistent with the XRD grain size calcu-
lations, which concluded that the grain size
decreased with increasing GNPs content. Thus, these
values confirm the integrated strengthening effect of
both the GNPs as a reinforcement and grain refine-
ment on the mechanical hardness of the Al-
Li-GNPs nanocomposites. Thus far, both micro-
structural and microhardness analysis of the ball-
milled and hot-pressed nanocomposites suggested
the successful synthesis of a nanocrystalline Al-Li
alloy reinforced with GNPs.

3.3. Compression tests of the Al-Li-GNPs
nanocomposites

After hot-pressing, a relative density of 98.9%,
98.4%, and 98.6% was achieved for the AIl-Li-GNPs
nanocomposites with 1.0, 1.5, and 2.0wt% GNPs,
respectively. The Al-Li-GNPs hot-pressed disks are
shown in Figure 3 before and after compression. As
seen in Figure 3(b), definite flattening and bulging
are observed in all samples after compression, along
with cracks distributed along the circumference, see
white arrows in Figure 3(b). These features are char-
acteristic of ductile deformation under compression,
suggesting that the synthesized Al-Li-GNPs nano-
composites underwent cold working and plastic
deformation, and thus exhibited a ductile behavior.
The compressive true stress-strain curves for the
starting Al and the AIl-Li-GNPs nanocomposites

600

400

G, (Al-Li-1%GNPs) = 403 MPa
G, (Al-Li-1.5%GNPs) = 354 MPa
0, (Al-Li-2%GNPs) = 293 MPa

o, Al = 88 MPa
0 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

True Strain

200

0.7

Figure 3. Al-Li-GNPs hot-pressed disks (a) before and (b) after compression tests. (c) Compressive true stress-strain curves of
the starting Al, and the Al-Li-GNPs nanocomposites with 1.0 wt%, 1.5 wt%, and 2.0 wt% GNPs content.
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Figure 4. (a) and (b) SEM images taken from different areas of the compression fracture surface of the Al-Li-1.0wt% GNPs

nanocomposite.

with different GNPs
Figure 3(c).

The CYS (oy) of the starting Al and the Al-Li-
GNPs nanocomposites are presented in Table 1. The
CYS increased from 88 MPa for the starting Al to
293, 354, and 403 MPa for the Al-Li-GNPs nano-
composites with 2.0, 1.5, and 1.0wt% GNPs,
respectively. The CYSs of the Al-Li-GNPs nanocom-
posites are 3.3, 4.0, and 4.5 times higher than the
CYS of the starting Al for the samples with 2.0, 1.5,
and 1.0wt% GNPs, respectively. It is apparent that
the CYS increased significantly for the Al-Li-GNPs
nanocomposites as compared to the starting Al In
addition, the yield strength of the Al-Li-GNPs nano-
composites started to drop with increasing the
GNPs content.

The fracture surface of mechanically tested sam-
ples can yield information regarding their plastic
deformation. The fracture surface of the Al-Li-
1.0 wt% GNPs nanocomposite after compression can
be seen in Figure 4. Ductile fracture surfaces are
characterized by the appearance of a rough dimple-
like structure. During plastic deformation, voids
nucleate at grain boundaries, slip planes, or interfa-
ces, to accommodate the deformation
patibility at these regions. These voids grow and
coalescence with continued deformation, until, even-
tually, the interconnecting ligaments of the material
separate, resulting in dimples [49,50]. Samples with
little or no ductility exhibit smoother fracture
morphology as little or no deformation occurs, and
failure rather occurs by crack initiation and propa-
gation. Therefore, the dimple-decorated ductile frac-
ture surface observed in the SEM images in Figure 4
suggests that the AIl-Li-1.0wt% GNPs sample

content can be seen in

incom-

exhibited a considerable amount of plastic deform-
ation before the final separation of the sample by
localized shear [51].

4, Discussion

4.1. Mechanical behavior of the Al-Li-GNPs
nanocomposites

As reported in Figure 3 and Table 1, the CYS of the
ball-milled and hot-pressed Al-Li-GNPs nanocom-
posites increased significantly as compared to the
starting Al, while at the same time, the yield
strength of the Al-Li-GNPs nanocomposites started
to drop with increasing the GNPs content. The det-
rimental effect on the mechanical properties of
GRAMC at higher GNPs content has been reported
widely [52,53], and is attributed to the agglomer-
ation of the graphene sheets at higher GNPs content
[53]. Therefore, the effect of GNPs agglomeration
was higher than the strength induced by grain
refinement at higher GNPs content [54]. Khan et al.
[53] explored the effect of different GNPs loadings
on the mechanical performance of an Al6061/GNPs
composite. They reported an increase in the CYS
from 236 MPa for the reference unreinforced sample
to 257, 277, and 290 MPa after the addition of 0.1,
0.5, and 1.0wt% GNPs, respectively. However,
increasing the GNPs content to 3.0wt% led to a
sharp drop in the CYS to 220 MPa. The agglomer-
ation of the thin sheets resulted in the formation of
gaps and voids in between the agglomerated plates,
which weakened the interface and deteriorated the
mechanical performance of the nanocomposites.
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Figure 5. (a), (c), and (e) TEM images showing the stacking and agglomeration of the GNPs in the AI-Li-GNPs samples after
milling with GNPs content of 1%, 1.5%, and 2%, respectively. (b) magnification of red box in (a), (d) SAED pattern of red box

in (c), and (f) SAED pattern of (e).

TEM investigations can shed light on the struc-
ture and morphology of the GNPs in the samples
after milling and help assess the degree of agglomer-
ation. The TEM images in Figure 5 were taken for
the as-milled AI-Li-GNPs samples with different
GNPs content. The presence of a stacked and folded
bundle of GNPs in the Al-Li-1.0 wt% GNPs sample
can be seen in Figure 5(a). A magnification of
Figure 5(a) is given in Figure 5(b), which confirms
the crystallinity of the GNPs showing the planar
(0002) graphene sheets with an interplanar spacing
of 0.334 nm. Similarly, the stacking and agglomeration

of the GNPs are also seen in Figure 5(c,e) in the
nanocomposites with 1.5 and 2.0 wt% GNPs, respect-
ively. However, the TEM images indicate that the
thickness of these bundles is larger at higher GNPs
content. Graphene sheets are susceptible to agglom-
eration owing to their strong Van der Waals attrac-
tion forces. Thus, although mechanical milling has
been proven efficient in exfoliating and dispersing
the graphene sheets into metal matrices, the strong
attraction forces, as well as the high energy circular
vessel motion, allow the graphene sheets to easily
wrinkle, fold, and agglomerate due to its remarkable



flexibility [28]. This behavior is shown in all samples
containing GNPs, however the agglomeration and
stacking appear to be larger in the samples with
higher GNPs content.

The corresponding SAED patterns in Figure
5(d,f) confirm both the crystallinity and the stacking
of the GNPs. The SAED pattern of graphene is
characterized by its six-fold symmetry given its hex-
agonal crystal structure with a 120° angle between
the reflected planes or spots [55]. Only six spots
must appear if all the sheets are stacked with the
same orientation. However, a rotation of the sheets
would change the position at which the reflected
spots appear due to the change in the orientation of
the planes. Thus, the change in the orientation of a
plane leads to a shift in the position of the corre-
sponding spot but from the same distance from the
center. The red, yellow, and blue hexagons in Figure
5(f) show some of the different diffraction patterns
associated with different GNPs orientations, con-
firming the stacking and agglomeration of the GNPs
in the samples.

In addition, the drop in the CYS can be attrib-
uted to the lower relative densities reported for the
hot-pressed samples with higher GNPs content. The
drop in density with increasing reinforcement con-
tent in aluminum matrix composites has been
reported previously [12,56]. Gurbus et al. [56]
reported a drop in the density of the Al composite
with GNPs content above 0.1 wt%. This was attrib-
uted to the agglomeration tendency of GNPs at
higher GNPs content, which reduced the contact
area between the Al particles and prevented their
rearrangement during pressing. Bisht et al. [12]
reported a poor sinterability of the GNPs/Al com-
posite at higher volume fraction addition of GNPs
regardless of the sintering temperature

This behavior differs from that of the microhard-
ness reported in section 3.2 where the average
microhardness increased with increasing
GNPs content. Microhardness measurements are
less sensitive to porosities and relative densities than
mechanical strength tests due to its localized testing
areas. Thus, the lower relative densities with increas-
ing GNPs content do not significantly affect the
overall hardness of the nanocomposite. Nevertheless,
the agglomeration of the GNPs at higher GNPs con-
tents can still be deduced from hardness measure-
ments. It can be seen in Figure 2(d) that the error
bar is the highest for the hardness of the Al-Li-
2.0wt% GNPs content. This indicates the inhomo-
geneity of the microstructure and the agglomeration
of the GNPs sheets across the sample at higher
GNPs content. Similar behavior was observed by Hu
et al. [57] in their GRAMC synthesized by ball-
milling and 3D-printing.

values
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4.2. Strengthening and deformation mechanisms

The enhancement in the mechanical strength of
GRAMC is often attributed to several strengthening
mechanisms, including grain refinement [58], load
transfer [28,59], strain hardening and dislocation
pinning [20,60], and the generation of dislocations
due to the mismatch in the coefficient of thermal
expansion (CTE) [21,61]. The contribution to the
strengthening from each mechanism depends on the
microstructures of the synthesized composites [62].
In this study, we rely on microscopic analysis to
investigate the possible contributing strengthening
mechanisms responsible for the significant en-
hancement in the strength and hardness of the ball-
milled Al-Li-GNPs nanocomposites and their good
ductility.

First, grain refinement is established as a main
strengthening mechanism of metals, as indicated by
the Hall-Petch relationship [63]. It is attributed
to the introduction of a high density of grain
boundaries, which act as obstacles preventing the
dislocation motion, hindering deformation, and sig-
nificantly enhancing the strength of nano-grained
matrices [64,65]. The nanometric grain sizes
obtained from the XRD calculations proved the suc-
cessful nano-structuring of the ball-milled Al-Li-
GNPs nanocomposites, see Table 1.

Second, the strengthening by the load transfer
mechanism in GRAMCs, which is explained by the
modified shear-lag model [66], is the main reason
behind the incorporation of graphene in MMCs.
During a mechanical test, the load is transferred
from the plastically deformed matrix to the GNPs
by shear stresses generated along their interface
[67]. This strengthening mechanism has been con-
firmed experimentally in GNPs/Al composites where
the GNPs were often found to exist in the dimples
of the fracture surfaces of the GNPs/Al composites
[28,58,68,69], indicating the load-bearing capability
of the GNPs up until final fracture of the composite.
Zhou et al. [69] performed an in-situ TEM bending
test to observe the crack propagation and the role of
the GNPs in a GNPs/Al composite. A graphene
sheet was found to exist across the crack, acting as a
bridge retaining the crack growth until the graphene
sheet finally failed from the middle, which is a sign
of enhanced interfacial bonding.

The load transfer efficiency is directly correlated
to the integrity of the interfacial strength and bond-
ing between the Al matrix and the GNPs [20]. The
presence of a coherent, strong, and clean interface
that is free of any voids or cracks between the Al
lattice and a graphene sheet is shown in the
HRTEM image taken for the Al-Li-2.0wt% GNPs
sample, see Figure 6. The high magnification
HRTEM image in Figure 6(d) shows the preserved
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Graphene

Figure 6. (a) A HRTEM image of the Al-Li-2.0 wt% GNPs nanocomposite showing the interface between the Al matrix and the
GNPs. (b), (c), and (d) magnification of white, yellow, and red boxes in (a), respectively.

honeycomb structure of the GNPs embedded in the
Al matrix. The well-bonded interface is evidence for
the efficient mixing of the GNPs in the Al matrix
during ball-milling and the contribution of the load
transfer mechanism in the ball-milled Al-Li-GNPs
nanocomposites.

Furthermore, it has been reported that the
strength of the interfacial bonding, and thus, the
load transfer efficiency between the metal matrix
and graphene can be enhanced by the Al,C; partial
interfacial reaction in Al matrices [62,70] and the
use of defective low-quality graphene as a reinforce-
ment [71]. Li et al. [62] investigated the tensile frac-
ture surface of a 2.0wt% GNPs/Al composite
synthesized by ball-milling, cold drawing, and
annealing. They observed that the GNPs in the as-
drawn and 600° C annealed nanocomposites were
pulled out, while the GNPs appeared fractured in
the samples annealed above 600° C. They attributed
the pull-out de-bonding phenomenon to the weaker
interfacial bonding at lower temperatures and the
fracture of the GNPs to the stronger interfacial
bonding caused by the presence of the Al,C; inter-
facial phases between the Al matrix and the GNPs
at higher temperatures. The partial AI/GNPs reac-
tion and the in-situ formation of the Al,C; in the

Al-Li-GNPs nanocomposites are revealed in the
TEM image in Figure 7(a). The HR-TEM image
shows the interfacial relationship between the Al lat-
tice and the Al,C; rod-like nanoparticle, indicating
a coherent chemical bonding which contributes to
the enhancement of the load bearing capacity.
Strain-hardening or grain boundary dislocation
pinning is another major strengthening mechanism
in materials [72,73]. In graphene-reinforced nano-
crystalline Al nanocomposites, the high density of
grain boundaries in the nano-grained matrix act as
obstacles to dislocation motion, preventing the con-
tinuous slip and propagation across the boundaries
from one grain to the other, thus enhancing the
strength of composites [2]. At the same time, the
GNPs reinforcement and the Al,C; second phase
can effectively prevent the diffusion of atoms and
prevent the dislocation motion, thus strengthening
the Al matrix [14,52,67,68,70,74]. Furthermore, the
mismatch in the coefficient of thermal expansion
(CTE) between the GNPs (1.0 x 107® K™') and the
Al matrix (23.6x107® K™') at the interface is
reported to induce additional strain and cause the
generation of a large number of dislocations, ren-
dering the mismatch in the CTE a non-direct mech-
anism to enhance the strength and hardness of
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Figure 7. (a) A HRTEM image showing an Al,Cs nanoparticle forming a coherent interface with the Al matrix in the Al-Li-
2.0wt% GNPs nanocomposite, and (b) TEM image showing a high density of dislocations and dislocation cells distributed in

the Al-Li-2.0 wt% GNPs nanocomposite.

GRAMCs [20,62,68,70,75]. Regardless of the origin
of dislocations, the synthesized Al-Li-GNPs nano-
composites attained a high density of dislocations;
see the BFTEM images in Figure 7(b,c). This is
deemed of significant interest as it is generally
accepted that nanocrystalline metals have limited
work hardening capacity as restricted by their nano-
metric grain size [24-26]. Thus, the contribution
from strain hardening and dislocation pinning to
the strengthening of the ball-milled Al-Li-GNPs
nanocomposites cannot be ignored. Based on the
above analysis, the significant enhancement in the
strength and hardness of the ball-milled Al-Li-GNPs
nanocomposites can be attributed to the contribu-
tion of several strengthening mechanisms such as
grain refinement, load transfer between the Al-based
matrix and the GNPs, and dislocation strengthen-
ing/pinning or strain hardening.

In this study, the enhancement in the strength
and hardness of the synthesized ball-milled Al-Li-
GNPs nanocomposites was accompanied by good
ductility and plastic deformation, as indicated by the
SEM fracture surface images in Figure 4. This is
deemed especially significant considering both the
previously reported effects of the GNPs on the duc-
tility of Al composites and the nanocrystalline
nature of the ball-milled GNPs reinforced Al-Li
nanocomposites. The majority of GRAMCs studies
have reported a deterioration in the plastic deform-
ation and the ductility of composites [12,21,28,33,
43,61]. This behavior has been attributed to disloca-
tion pinning by the reinforcement, preventing fur-
ther slipping and thus restricting further plastic
deformation of the composites [12]. Similarly, nano-
crystalline metals have been associated with their

limited work hardening capacity, which is restricted
by their nanometric grain size, leading to failure just
after yielding [25]. Recent advancements in the syn-
thesis and characterization procedures resulted in
successful simultaneous enhancement in both
strength and ductility of limited cases of nanocrys-
talline Al [29,30] and AIl/GNPs nanocomposites
[13,31-34].

In general, dislocation slipping and formation of
twinning planes are the two competitive mecha-
nisms for plastic deformation in metals. The domin-
ation of each mechanism is dependent upon the
crystal system, the grain size, and the deformation
conditions [35,36]. In FCC Al, slipping is almost
always dominant because the stress required to initi-
ate dislocation slipping is far less than the stress
required for twinning [35]. Despite the small grain
sizes, the abundance of dislocation pile-ups and dis-
location cells have already been observed in the
TEM images of the annealed Al-Li-GNPs nanocom-
posites, as seen in Figure 7(b,c). This could render
dislocation generation and slipping the primary
plastic deformation mechanism in the AI-Li-GNPs
nanocomposites.

It is known that conventional coarse-grained Al
has a high stacking fault energy which renders its
deformation by twinning challenging [76,77]. In this
regard, Muzyk et al. [39] proved using density func-
tional theory calculations that alloying Al with Li
reduces its stacking fault energy and promotes the
emission of partial dislocations, which in turn facili-
tates the formation of stacking faults and twinning.
A high concentration of stacking faults in the Al
matrix is shown in the TEM images in Figure 8. In
this study, Li was added to the Al to reduce its
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Figure 8. TEM images showing the presence of a large number of stacking faults in the ball-milled (a) Al-Li- 1.0 wt% GNPs
and (b) Al-Li-2.0 wt% GNPs nanocomposites, and (c) a HRTEM image showing the presence of stacking faults around an Al,C3

nanoparticle.

stacking fault energy. Such Li solute atoms segregate
to the stacking fault plane and increase the separ-
ation of partial dislocations around the stacking
faults. This extended separation hinders the motion
of the full dislocation and contributes to the overall
strengthening observed in Figure 3(c) [78]. The
observed high concentration of stacking faults in the
Al matrix can also contribute to the good ductility
of the Al-Li-GNPs through promoting deformation
by twining.

Experimentally, twinning has been observed in
ball-milled in-situ consolidated nanocrystalline Al-Li
alloys [29]. Furthermore, recent experimental and
computational studies have reported the formation
of stacking faults and twinning planes in GNPs/Al
composites [28,79-82]. Li et al. observed the pres-
ence of nano twins and stacking faults in a GNPs/Al
composite with 0.7wt% GNPs synthesized by ball-
milling, SPS, and hot extrusion [79], and in a
GNPs/Al composite with 2.0 wt% GNPs synthesized
by ball-milling, casting, and rolling [28]. They
reported that the stacking faults were mostly distrib-
uted inside the Al grains near a GNPs/Al interface.
Li et al. [80] used first-principle calculations to
investigate the effect of GNPs on the stacking faults
energy of the Al matrix. They found a significant
decrease of 25.3% and 40.6% in the unstable and
stable stacking fault energy, respectively, near the
GNPs/Al interface. These conclusions are consistent
with the TEM observations in Figure 8. In addition,
the TEM image showing the coherent Al/GNPs
interface in Figure 6(a) shows the presence of a
stacking fault adjacent to the Al/GNPs interface, see
white arrow.

Moreover, stacking faults adjacent to the Al,Cs
nanoparticles can be occasionally observed in the
Al-Li-GNPs nanocomposites, see Figure 8(c).
Recently, Yang et al. [83] demonstrated that an
interface between a rigid nanoparticle such as SiC
and the Al matrix instead of grain boundaries, can

promote the formation of stacking faults in large-
grained Al composites. They suggested that the
atoms surrounding the Al/SiC interface can move
even more easily than the atoms in the grain boun-
daries, generating partial dislocation, considering
that the SiC nanoparticles are more rigid than Al
Therefore, it is apparent that the stacking fault
energy of Al in the Al-Li-GNPs nanocomposites was
reduced by a combined effect of all the elements
present in the nanocomposite, the Li alloying elem-
ent, the GNPs reinforcement, and the Al,C; nano-
particles, which facilitated the plastic deformation
by twinning.

In addition to stacking faults, another interesting
twinning-related feature is observed in the TEM
image in Figure 9; see the dashed white box. The
image shows two Al grains exhibiting high sym-
metry, with one grain being the mirror image of the
other, giving rise to a butterfly-like morphology.
This type of symmetry is often referred to as twin-
ning, and the surface along which the lattice points
are shared in twinned grains is referred to as a twin
plane or a twin boundary. The corresponding fast
Fourier transformed (FFT) diffraction pattern from
the twin boundary is shown as an inset in Figure 9.
Due to their high symmetry, these interfaces attain
much lower energy than the grain boundaries that
form when grains grow with highly different orien-
tations leading to a large atomic disorder at the
boundaries. The driving force to reduce the stored
strain, along with the reduced lower stacking fault
energy of the system, enabled the formation of
twinned boundaries instead of the conventional
highly disordered grain boundaries. Similar twinned
grain structures are rarely reported but have been
observed by Li et al. [84] and Zhou et al. [85] for
high entropy alloys and nanocrystalline Al-Mg
alloys, respectively. In these cases, the formation of
the twinned grains has been attributed to the
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Figure 9. A TEM image showing the formation of twinned crystals in the Al-Li-1.5wt % GNPs nanocomposite. Insert: the cor-
responding fast Fourier transformed (FFT) diffraction pattern from the twinned region.

recrystallization of the grain and the rearrangement
of atoms after annealing.

These findings confirm that twinning, although a
non-favorable deformation mechanism in conven-
tional FCC Al because of its high stacking fault
energy, is actually a preferred deformation mechan-
ism in the synthesized ball-milled Al-Li-GNPs nano-
composites [38]. Finally, it is important to mention
that although stacking faults and twinning planes
help activate plastic deformation and thus enhance
the ductility, it is also an important strengthening
mechanism that could be added to those previously
discussed. Stacking faults and twinning planes are
reported to act as effective barriers to dislocation
slip, thus contributing to the strain-hardening ability
of materials and enhancing the strengthening of the
nanocomposite [65,78,81,86].

Although it was mostly demonstrated in hardness
and compression strength modes so far, it is clear
that the enhancement in the mechanical perform-
ance of the synthesized Al-Li-GNPs nanocomposites
with respect to the monolithic Al in the current
study, in addition to its good plastic deformation
behavior, is superior to other reported GRAMCs
[20,52,87-90]. At this point, it becomes clear that
the specific design and tailoring of the constituents

of this Al system allowed it to attain specific struc-
tural features, which significantly enhanced its
performance.

5. Conclusion

In this study, the synthesis-structure-property rela-
tionship of graphene-reinforced Al-Li matrix nano-
composites was investigated. Ball milling was used
to synthesize a GNPs reinforced Al-0.5wt% Li
matrix nanocomposite. The incorporation of GNPs
as a reinforcement in the nanocrystalline Al-based
matrix provided an integrated strengthening effect,
while alloying the Al with 0.5wt% Li promoted plas-
ticity and good ductility. The yield strength
increased from 88MPa for the starting Al to
403 MPa for the Al-Li-GNPs nanocomposites with
1.0wt% GNPs. Fracture analysis indicated that the
synthesized nanocomposite exhibited a ductile
nature and significant plastic deformation. Based on
microscopic analysis, the enhanced strength of the
Al-Li-GNPs nanocomposite was attributed to grain
refinement, load transfer, and strain hardening. The
good ductility, on the other hand, was attributed to
dislocation slipping, the formation of stacking faults,
and twinning.
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