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Abstract Aluminium alloy AA2219 reinforced with gra-
phene/MWCNT nanocomposites having near theoretical
densities has been successfully fabricated by high-energy
ball milling followed by vacuum hot pressing. Effect of
varying graphene and MWCNT content was studied on
different aspects of processing of the composites. The
particle size increases during milling due to cold welding;
but the presence of reinforcement restricts and the resultant
microstructures exhibited a layered morphology with gra-
phene/MWCNT between particle boundaries. The com-
posite with 0.5 wt.% reinforcement (graphene/MWCNT)
content exhibited peak hardness, and further additions led
to a decrease in hardness owing to the agglomeration of
reinforcement at particle interfaces. The present study
reveals that graphene is a better reinforcement compared to
MWCNTS in aluminium matrix. This is attributed to the
sheet-like morphology of graphene which covers the
matrix powder particles more effectively compared to tube-
like MWCNTs in providing more matrix—reinforcement
contact points leading to better sintering.
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Introduction

The quest for materials with higher strength and stiffness
led to the development of composite materials. In com-
posites, the strength and stiffness are tailored by incorpo-
rating suitable reinforcements in the matrix. The matrix
under load transfers and distributes it to the reinforcement.
The area of metal matrix composites (MMCs) is an
important field of advanced materials attracting many
researchers due to their superior properties, such as higher
stiffness, higher strength-to-weight ratio, low thermal
expansion coefficient and high wear resistance compared to
monolithic materials. Such characteristics make MMCs
suitable for engineering applications in automobile, avia-
tion, defence and marine industries [1-5]. Lighter materials
like magnesium, aluminium, copper, titanium and its alloys
are normally used as matrix materials for MMCs. Among
these matrices, aluminium and its alloys are most sought as
a matrix material in the development of metal matrix
composites due to their light weight, high specific strength,
good thermal and electrical conductivity [2, 4, 6, 7].
Researchers fabricated aluminium matrix composites with
various reinforcements such as SiC [8, 9], graphite [10],
TiC [11], Al,O5 and B4C [12].

Recently, aluminium reinforced with nanosize rein-
forcements attracted many researchers in view of their
unique mechanical, thermal, electronic and biological
properties, which are not possible with their conventional
micron-sized counterparts. Carbonaceous materials like
graphene and carbon nanotubes (CNTs) are the most
researched nanomaterials as reinforcements in aluminium
matrix composites [13, 14]. Graphene is the basic
building block for all the carbonaceous materials like
fullerenes (0-dimensional), CNTs (2-dimensional) and
graphite (3-dimensional) [15] and was experimentally
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demonstrated to be a good reinforcement [16]. Graphene
is a flat sheet of single-layered sp2-bonded carbon atoms
tightly packed into a benzene ring structure [17, 18].
Graphene possesses excellent modulus of elasticity (1
TPa) [19], thermal conductivity (5000 W/mK) [20],
charge carrier mobility (2 x 10° cm2/Vs) [21], surface
area (2600 mz/g) [22] and intrinsic strength (130 GPa)
[19]. Carbon nanotubes (CNTs) were graphene sheets
rolled up in the shape of nanometre-sized cylinders [23].
Single-walled and multi-walled CNTs are formed by roll-
up of single and multi-layers of graphene sheets,
respectively [14, 16]. CNTs show excellent properties,
Young’s modulus of 1 TPa [24], tensile strength in the
region of 150 GPa [25] and surface area in the range of
150—1500 m?*/g [26]. All these properties make graphene
and CNTs ideal as strengthening additives for aluminium
matrix composites. However, the dispersion of graphene/
CNTs into an aluminium matrix and good interfacial
bonding between the reinforcement and matrix are the
main challenges restricting the development of these
composites.

To reduce the agglomeration/clustering of CNTs/gra-
phene, many researchers used ball milling (mechanical
alloying) to disperse graphene/CNTs in aluminium matrix
[5, 27-30]. Liu et al. [31] investigated the effect of ball
milling time on aluminium-CNT composites and observed
a uniform dispersion of CNTs in aluminium matrix after
6 h ball milling. In another study, Esawi and Morsi [32]
investigated the effect of ball milling time on Al-CNT
composite powders, and it was reported that the individual
CNTs are embedded in aluminium matrix after 48 h of ball
milling. Hot pressing of milled powders is a very effective
means of obtaining compacts with near theoretical density.
However, there are only few reports on fabrication of
aluminium-graphene/CNT composites using mechanical
alloying followed by hot pressing. Tables 1 and 2 show the
processing techniques and resultant properties of alu-
minium-graphene and aluminium-CNT composites,
respectively. Even though several researchers have studied
these composites, their effectiveness as reinforcement has
not been addressed.

Therefore, the objective of the present study is to
develop an aluminium alloy AA2219-graphene/MWCNT
composites using high-energy ball milling followed by
vacuum hot pressing under identical conditions. The ball-
milled powders are characterized by x-ray diffraction
(XRD), scanning electron microscopy (SEM) and differ-
ential scanning calorimetry (DSC) and the hot-pressed
samples characterized by using optical microscopy, SEM,
Raman spectroscopy and hardness testing to study the
effectiveness of each of the reinforcements in aluminium
alloy matrix.
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Materials and Experimental Details
Materials Characteristics

Aluminium alloy AA2219 powder (average particle size:
38 um) was employed as the matrix material. Chemical
composition of as-received aluminium alloy AA2219
powder is given in Table 3. Multi-walled carbon nanotubes
(MWCNT) (diameter: ~@ 20 nm, length: 50 pum, purity
>97%) and graphene (diameter: ~@ 0.5-1 pm, thickness:
0.8-1.6 nm, purity >95%) were used as reinforcements.
The SEM images presented in Fig. 1 show the morpholo-
gies of the graphene and MWCNT used in this study.

Methods

Graphene/MWCNTs were dispersed in AA2219 matrix by
mechanical alloying of AA2219 with 0, 0.5, 1 and 2 wt.%
of MWCNT/graphene using high-energy ball milling. The
milled composite powders were sintered by vacuum hot
pressing.

High-Energy Ball Milling

AA2219-graphene and AA2219-MWCNT composite
powders were prepared by high-energy ball milling using
planetary ball mill. Compositions were prepared by varying
the graphene and MWCNT percentage (0, 0.5, 1 and
2 wt.%). Measured amounts of MWCNTs and graphene
were mixed separately with aluminium alloy AA2219
powder in a stainless steel jar containing balls of 10 mm
diameter giving the ball-to-powder ratio (BPR) of 4:1. Ball
milling was carried out at a rotating speed of 200 rpm for
6 h. To study the effect of ball milling alone, as-received
aluminium alloy AA2219 powder was also ball-milled for
6 h without any reinforcement. Toluene was used as the
process controlling agent (PCA) during the ball milling to
minimize cold welding and to prevent powder sticking on
the milling media and walls of the stainless steel container.

Vacuum Hot Pressing (VHP)

Vacuum hot pressing was carried out in a graphite die with
using 100 MPa uniaxial load in a 250 T capacity/2000 °C
rated industrial vacuum hot press. Figure 2 shows the
temperature cycle used during the processing of compos-
ites by vacuum hot pressing. A sintering temperature of
500 °C, holding time of 30 min and a heating rate of
10 °C/min were used during hot pressing. Constant load of
100 MPa was applied for the entire hot pressing cycle until
the initiation of the cooling cycle. Table 4 shows the
composition of samples and their nomenclature.
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Table 1 Summary of the various powder metallurgy-based techniques and resultant properties of Al + graphene composites

Composite Processing techniques

Properties References

Al + 0.1 wt.% graphene Ball milling
HIP: 375 °C, 20 min
Sonication followed by stirring

Cold compaction: 560 MPa

Al + 0.15 wt.% GNSs

Vickers hardness: 99 HV
Yield strength: 198 MPa
Vickers hardness: 37.6 HV

Bartolucci et al. [33]

Liu et al. [34]

Tube furnace: 600 °C, 5 °C/min, 240 min

Al + 0.3 wt.% graphene Ball milling: 325 rpm
Sintering: 580 °C, 120 min
Hot extrusion: 440 °C, 20:1
Al + 0.3 wt.% graphene Ultra-sonication: 60 min

Ball milling: 60 min

Cold compaction: 170 MPa
Sintering: 600 °C, 360 min

Hot extrusion: 470 °C, 1 m/min

Al + 0.3 wt.% graphene Ultra-sonication followed by stirring

Tensile strength: 249 MPa Wang et al. [17]

Vickers hardness: 85 HV
Yield strength: 195 MPa
UTS: 280 MPa

Rashad et al. [18]

UTS: 110 MPa Gao et al. [35]

Powder metallurgy: 600 °C, 25 MPa, 60 min

Al 4+ 1 wt.% graphene Ball milling: 5:1, 120 min

Cold compaction: 950 MPa,

Sintering: 500 °C, 120 min, 5 °C/min

Al + 1 wt.% GNP Blending

Cold compaction: 565 MPa

Vickers microhardness: 93 HV Bustamante et al. [36]

Vickers microhardness: 46 HV Alam and Kumar [37]

Sintering: tubular furnace, 550 °C, 120 min

Al + 1 wt.% GNFs Cryo milling: 40:1, 180, 120 min
Hot extrusion: 300 °C, 17.6:1

Heat treatment: 300 °C, 120 min
Ball milling: 20:1, 350 rpm, 24 h

Hot pressing: 500 °C, 300 MPa, 1 h

Al5083 + 1 wt.%, GNP

Hot extrusion: 500 °C, 1 mm/min, 10:1

AIMg5 + 1 vol.% GO Ball milling: 10:1, 20 h

Hot pressing: 550 °C, 570 MPa, 4 s
Al6061 + 1 wt.% graphene Stirring: 1440 min
Ball milling: 60 min

HP: 100 MPa, 10 min, 630 °C

Yield strength: 194 MPa
UTS: 248 MPa

Li et al. [38]

Yield strength: 332 MPa
UTS: 470 MPa

Zhang et al. [39]

Vickers hardness: 66 HV Kwon et al. [40]

Flexural strength: 800 MPa Bastwros et al. [5]

UTS ultimate tensile strength; HIP hot isostatic pressing; HP hot pressing; GNP graphite nanoplatelets; GNF graphene nanoflakes; GO graphene

oxide

Characterization
Powders

The morphology of the ball-milled aluminium alloy
AA2219-graphene/MWCNT powders was investigated by
using scanning electron microscopy. The average particle
size of powder samples was analysed by laser particle size
analyser. DSC experiments were carried out for the as-
received and milled powders at a constant heating rate of
20 K/min, and subsequently, x-ray diffraction was per-
formed to confirm formation of any reaction phases.

Sintered Compacts

The sinter density of samples was measured by using water
displacement method by employing Archimedes principle.
Theoretical density (p.) of samples was determined using
rule of mixture. The theoretical density of aluminium alloy
AA2219, graphene and MWCNT is 2.8, 2 and 2.6 g/cm?,
respectively. The relative density of samples was further
calculated by dividing experimental density (p.) with the-
oretical density (p,). The sintered samples were charac-
terized by wusing optical microscope and Raman
spectroscopy. The hot-pressed samples were cut, and
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Table 2 Summary of the various powder metallurgy-based techniques and resultant properties of Al + MWCNT composites

Composite

Processing techniques

Properties

References

Al + 0.5 wt.% CNT

Al 4+ 0.75 wt.%
MWCNT

Al + 1 wt.% CNT

Al + 2.5 wt.%

MWCNT

Al + 5 wt.% MWCNT

Al + 6 wt.% MWCNT

AI2009 + 1 wt.% CNT

Al2024 + 1 wt.% CNT

AA2124 + 2 wt.%
CNT

AA6061 + 2 wt.%
CNT

Ultra-sonication, can rolling

SPS: 500 °C, 20 min

Hot extrusion: 500 °C, 9:1, 5 mm/s
Sonication: 5 min

Ball milling: 5:1, 120 min
Compaction: 950 MPa

Sintering: 550 °C, 180 min

Ultra-sonication hot pressing: 50 MPa, 600 °C, 10 °C/min,
30 min

SPS: 50 MPa, 600 °C, 50 °C/min, 10 min
Ball milling: 90 min, 5:1
SPE: 350 °C (10 min) — 433 °C (16:1, 6.3 mm/s)

Ball milling: 240 min

Compaction: 220 MPa

Hot extrusion: 500 °C, 60 min

Ball milling: 10:1, 300 rpm, 1200 min
Heating: 350 °C, 60 min

Compaction: 570 MPa, 10 s
Extrusion: 14:1, 1 mm/s

Cryogenic milling: 39:1, 180 rpm, 120 min; HIP: 465 °C,
18:1, 2 mm/s

Solution treatment: 498 °C, 240 min

, Quenching followed by natural ageing for 96 h
Mechanical stirring

Ball milling: 60 min

CIP: 300 MPa, 5 min

Extrusion: 500 °C, 25:1

Sonication

Wet ball milling: 200 rpm, 1 h, 10:1

Spark plasma sintering: 500 °C, 20 min, 35 MPa
Sonication

Wet ball milling: 200 rpm, 1 h, 10:1

Spark plasma sintering: 500 °C, 20 min, 35 MPa

Yield strength: 96 MPa
UTS: 174 MPa

Vickers hardness: 50 HV
Yield strength: 23 kg/mm?
Vickers hardness: 77 HV

Vickers hardness: 49 HV

Vickers hardness: 54 HV
Vickers hardness: 99 HV

Compressive strength:
415 MPa

Brinell hardness: 140 BH

Vickers macrohardness: 151

UTS: 560 MPa
Yield strength: 443 MPa
Elongation: 10.2%

Vickers hardness: 136 HV
Tensile strength: 474 MPa
Yield strength: 336 MPa

Young’s modulus: 88 MPa
Vickers hardness: 121 HV

Vickers hardness: 68 HV

Liao et al. [41]

Bustamante et al.
[42]

Kim et al. [43]

Morsi et al. [44]

Majid et al. [45]

Bradbury et al. [46]

He et al. [47]

Deng et al. [48]

Saheb [49]

Saheb [49]

SPS spark plasma sintering; SPE spark plasma extrusion; UTS ultimate tensile strength; CIP cold isostatic pressing, HIP hot isostatic pressing

Table 3 Chemical composition
of AA2219 alloy powder

microstructures of the cross-sectional surface of all sam-

Element Cu Si Mn

Fe Zn Ti Zr

A% Al

Amount (wt.%) 5.56 0.07 0.28

0.08

0.01 0.07

0.18

0.1 Balance

ples were observed by an optical microscope. Keller’s

reagent (2.5 ml HNOg3, 1.5 ml HCI, 1.0 ml HF and 95 ml
H,0O) was used as an etching agent. Brinell hardness of the

composites was measured using ~@ 2.54-mm-diameter

steel ball as indenter with 30 kgf load. Fracture surfaces of
the samples were examined by using SEM.

@ Springer

Results and Discussion

Size and Morphological Changes During Ball
Milling of AA2219-graphene/MWCNT Powders

Scanning electron microscopy was used to see the mor-
phological changes during the ball milling of AA2219-
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Fig. 1 SEM images showing the morphology of starting materials employed in the present study: (a) the graphene and (b) the MWCNTSs

600

holding for 30 min
(load: 100 MPa)
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400 + Cooling in
furnace to RT|

300

200

Temperature (°C)
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Fig. 2 Temperature cycle used during the processing of composites
by vacuum hot pressing

Table 4 Composition of powders used for VHP experiments and
their sample identification number

Sl. no. Composition Sample ID

Powder VHP
1 AA2219 (as-received) AR ARH
2 AA2219 (milled) AM AMH
3 AA2219 + 0.5 wt.% graphene A0.5G A0.5GH
4 AA2219 + 1 wt.% graphene Al1G A1GH
5 AA2219 + 2 wt.% graphene A2G A2GH
6 AA2219 + 0.5 wt.% MWCNT A0.5C A0.5CH
7 AA2219 + 1 wt.% MWCNT AlC A1CH
8 AA2219 + 2 wt.% MWCNT A2C A2CH

MWCNT/graphene powders, and the figures are shown in
Fig. 3a-h. The quantitative information about particle size
during ball milling can be obtained from the particle size
analysis performed by using laser particle size analyser.

The average particle size of ball-milled AA2219-graphene
and AA2219-MWCNT composite powders is presented in
Table 5.

Figure 3a shows that the gas-atomized original AA2219
powder has an irregular shape. The powder particles milled
for 6 h also exhibit an irregular shape with flattened mor-
phology as shown in Fig. 3b. This may be due to the
impact of ball milling media during the milling process
[31]. Further, Table 5 shows that the average particle size
of AA2219 increased from 38 to 101 um with 6 h of ball
milling. This is due to the cold welding of ductile AA2219
particles. Initially, the AA2219 powder particles deform
under the impact of ball milling media forming flake-like
shape particles that were eventually cold-welded to form
large particles [50, 51]. However, the particle size of
samples decreased with addition of reinforcement (gra-
phene/MWCNTs). The particle sizes of 0.5 wt.% gra-
phene/MWCNT sample were 71 and 66 pm, respectively.
The particle size further reduced to 68 pm with increase in
graphene content to 1 and 2 wt.%. The ductility of the
composites decreases with addition of graphene and led to
the fracturing of powders. During mechanical alloying (ball
milling), cold welding and fracturing mechanisms compete
and control the particle size [5, 32, 52]. Contrary to the
case of the AA2219-graphene composite powder, different
milling behaviour was observed in the case of AA2219-
MWCNT composite powders. Here, the particle size
increased to 72 and 74 pm with the addition of 1 and
2 wt.% MWCNT, respectively. This may be due to the
morphological difference between graphene and MWCNT.
Similar observations were reported by Wang et al. [50] and
Wu et al. [52]. Compared to sheet morphology of graphene,
the tube-like shape of MWCNTs leads to the formation of
clusters/agglomerates easily and led to increase in particle
size with addition of MWCNT. It was also observed that
the size of the AA2219-graphene/MWCNT powder was
much smaller than that of the unreinforced AA2219 pow-
ders milled under the same condition. It indicates that the
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Fig. 3 SEM micrographs showing the morphology of (a) AR, (b) AM, (¢) A0.5G, (d) A1G, (e) A2G, (f) A0.5C, (g) A1C and (h) A2C powders
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graphene/MWCNTs acted as milling aid, which restricted
the growth of particle size during the ball milling [50, 52].

DSC Analysis of Powders

DSC experiments were conducted on the AA2219-gra-
phene (Fig. 4a) and AA2219-MWCNT (Fig. 4b) composite
powders to detect possible reactions between matrix and
reinforcement. The DSC curves did not show any signifi-
cant difference between the as-received AA2219 and
AA2219-graphene/MWCNT composites. Further, they also
did not reveal any phase transformations such as the for-
mation of Al,Cs. It indicates that there is no reaction
between AA2219 matrix and reinforcement (graphene/
MWCNT). However, the DSC curves of both AA2219-
graphene and AA2219-MWCNT system show two
endothermic peaks at 543 and 660 °C. The endothermic
peak at 543 °C can be ascribed to the dissolution of Al,Cu
precipitates in matrix, and the peak at 660 °C can be

Table 5 Average particle size of as-received and ball-milled
AA22219-graphene and AA2219-MWCNT composite powders

S. no. Sample Average particle size (pm)
1 AA2219 (as-received) 38
2 AA2219 (6 h milled) 101
3 AA2219 + 0.5 wt.% graphene 71
4 AA2219 + 1 wt.% graphene 68
5 AA2219 + 2 wt.% graphene 68
6 AA2219 4+ 0.5 wt.% MWCNT 66
7 AA2219 + 1 wt.% MWCNT 72
8 AA2219 4 2 wt.% MWCNT 74

0.4

20 K/min

[(a)

DSC (mW/mg)

-1.6

¥ T ¥ T T T ¥ T T T Y T v
0 100 200 300 400 500 600 700
Temperature (°C)

F

o

ascribed to the melting of aluminium alloy AA2219
[5, 28, 53]. Subsequently x-ray diffraction was performed
on the heated samples (residue in the crucible after DSC
analysis) to confirm the phases in the DSC-analysed
sample.

X-ray Diffraction Analysis

XRD patterns of AA2219-graphene and AA2219-
MWCNT are shown in Fig. 5a and b, respectively. All
compositions show major aluminium peaks at 38.6°,
44.8°, 65.2°, 78.4°, and 82.6°. The diffraction peaks of
AlL,Cu observed in the pattern of original sample before
performing DSC analysis (not shown here) are still pre-
sent. These Al,Cu precipitates may be formed during the
synthesis of aluminium alloy AA2219. This may be
attributed to the fact that AA2219 powder synthesized by
gas atomization technique is metastable due to supersat-
urated solution of the alloying elements. Hence, the Al,Cu
precipitates have formed during the cooling. The XRD
scans of DSC-analysed samples also show Al,Cu peaks.
During the DSC analysis, the dissolution of Al,Cu pre-
cipitates occurs at 543 °C as shown in Fig. 4 and forms a
supersaturated solution of aluminium and copper. Further,
the precipitation of Al,Cu occurs when the powders are
cooled slowly after DSC experiment [27, 54]. None of the
XRD scans of AA2219-graphene/MWCNT indicated the
presence of Al4Cs, but this does not rule out the possi-
bility of carbide phase in the material either due to the
small volume of carbide, which may be out of the
detection limits of XRD or the wt.% of graphene/
MWCNT is not sufficient for the reaction to occur [5, 55].
Chunfeng et al. [27] fabricated AA2014 reinforced with
5 wt.% MWCNT composites processed by ball milling

0.4 (b) 20 K/min

0.0

-0.4 4

DSC (mW/mg)

-0.8 4

-1.2 +

1 1 1 T T 1
0 100 200 300 400 500 600 700
Temperature (°C)

ig. 4 DSC plots of (a) AA2219 and AA2219—graphene powders, and (b) AA2219 and AA2219—MWCNT powders
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Fig. 5 X-ray diffraction patterns of (a) AA2219 and AA2219-graphene and (b) AA2219 and AA2219-MWCNT composite powders performed

after performing DSC analysis at 20 K/min

followed by hot pressing at a temperature of 600 °C and
observed the formation of Al4Cs. None of the XRD scans
of the samples revealed the presence of graphene/
MWCNT in AA2219 matrix. A similar observation was
reported by other researchers [56]. This may be attributed
due to the limitation in XRD detection.

Raman Analysis

As x-ray diffraction did not reveal the presence of gra-
phene/MWCNT in the milled composite powders,
Raman analysis was performed to confirm their presence
in the aluminium alloy AA2219 matrix. The Raman
spectra of AA2219-graphene and AA2219-MWCNT
composites are shown in Fig. 6. The spectra show two
characteristic peaks of graphene/MWCNT, namely D and
G band, appearing at around 1340 and 1590 cm™',
respectively. The D band represents the vibration of
carbon atoms with disordered structure (amorphous car-
bon, dopants, vacancies or defects) in graphene/
MWCNTs. The presence of D band in the materials is
attributed to the structural defects. The G band is
attributed to the vibration of carbon atoms of the gra-
phite [57-60]. Raman analysis confirms the presence of
graphene/MWCNT in AA2219 matrix.
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Fig. 6 Raman spectra of the ball-milled AA2219-graphene and
AA2219-MWCNT composites

Relative Density

The effect of graphene/MWCNT content on the relative
density of samples is shown in Fig. 7a and b, respectively.
All the vacuum hot-pressed samples show a relative
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Fig. 7 Relative density of (a) AA2219-graphene and (b) AA2219-MWCNT composites with different reinforcement contents fabricated by

vacuum hot pressing

density of more than 98%. However, the relative density
decreases with the addition of reinforcement (graphene/
MWCNT). At higher reinforcement contents, the densifi-
cation becomes more difficult because the formation of
graphene/MWCNT clusters at interface restricts the parti-
cle boundary diffusion [61]. The presence of graphene/
MWCNT at particle boundaries is revealed as dark regions
in optical microscopy as shown in Fig. 8. Esawi and El
Borady [62] also observed a decrease in density with
2 wt.% MWCNT addition.

Microstructural Observations

Figure 8a—h shows the optical micrographs of the polished
cross sections of the AA2219-graphene/MWCNT com-
posites. Figure 8a—h shows that all the sintered compacts
are almost dense. The as-received AA2219 compact has an
equiaxed microstructure which is different compared to all
other samples (Fig. 8a). However, with 6 h ball milling,
the structure changes from an equiaxed to a layered mor-
phology, as shown in Fig. 8b. During the ball milling of
AA2219 powder, each particle deforms plastically and
forms an individual flake, and with further ball milling the
cold welding of individual flakes occurs. During hot
pressing, the cold-welded AA2219 flakes bond to each
other and form layered morphology. The microstructure of
AA2219 reinforced with graphene/MWCNT composites
has layered morphology with graphene/MWCNT (dark
layer) between the grains. The severity of layered mor-
phology increases with increasing content of graphene/
MWCNT, and this is supported by fact that the grains
deformed more and more with increasing reinforcement
content. This may be attributed to the presence of gra-
phene/MWCNTs along the grain boundaries which makes
the grains to deform perpendicular to the pressing direction
during vacuum hot pressing [63]. Increase in reinforcement

(graphene/MWCNTs) content leads to increase in surface
agglomeration during milling rather than dispersion of
reinforcement in the matrix [64]. The other possibility is
the presence of reinforcement at grain boundary hinders the
sintering, and as a result the porosity increases. The sche-
matic of the process leading to formation of layered
structure of AA2219-graphene and AA2219-MWCNT
composite is shown in Fig. 9.

Hardness

The Brinell hardness of AA2219-graphene and AA2219-
MWCNT composites is presented in Fig. 10a and b,
respectively. The 6-h ball-milled sample shows a signifi-
cant improvement in hardness compared to unreinforced
AA2219. This may be mainly due to the grain refinement
and strain hardening of powder particles during ball mil-
ling. Eldesouky et al. [65] observed an improvement in
hardness with ball milling compared to unmilled sample.
No further improvement in hardness was observed with
addition of graphene/MWCNT to AA2219 matrix. In both
systems (graphene/MWCNT), AA2219 reinforcement with
0.5 wt.% exhibited highest hardness value. Further addi-
tion of reinforcement reduced the hardness of composites.
This is attributed to the clustering/agglomeration of
nanoparticles and presence of porosities. The dark layer
with network structure at grain boundaries increases with
reinforcement (graphene/MWCNT) content and hinders the
sintering process and results porosity. It is known that the
presence of reinforcement clusters at grain boundaries
inhibits the neck growth between matrix powder particles
during sintering and results in insufficient densification and
affects the properties of composite [49]. The other possi-
bility is that the weak dark layer (reinforcement/porosity)
at grain boundaries slides during Brinell hardness testing
resulting in lower hardness values [63]. Bradbury et al. [46]
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Fig. 8 Optical micrographs of
the polished cross section of
compacts fabricated by vacuum
hot pressing (a) ARH,

(b) AMH, (c) A0.5GH,

(d) A1GH, (e) A2GH,

(f) A0.5CH, (g) A1CH and

(h) A2CH

obtained a maximum hardness for AI-MWCNT composites
reinforced with 6 wt.%, and further addition did not result
in any improvement in hardness. Bustamante et al. [28]
observed an increase in hardness of AI-MWCNT com-
posite with increasing reinforcement up to 1.75 wt.%

@ Springer

which subsequently decreased for 2 wt.% sample. In
another study, Esawi et al. [66] observed a lower hardness
value for Al-5 wt.% sample compared to Al-2 wt.%
MWCNT sample. Tian et al. [67] fabricated AA7075-
graphene composites at 50 MPa by using SPS and
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C))
{

-
>
1

<)
w
1

= =
h =)
1 L
—a—
-
-

Brinell Hardness (BHN)

60 T T T T T T T T T
ARH AMH A05SGH AIGH A2GH

Sample

.l ) ;

(=23
)
1
—l—

Brinell Hardness (BHN)
{
—a—

[=2)
=
1

{

T T T
AO0SCH AICH A2CH

T T
ARH AMH
Sample

Fig. 10 Brinell hardness of the (a) AA2219-graphene and (b) AA2219-MWCNT composites fabricated by vacuum hot pressing

observed decrease in Vickers hardness above 1 wt.% gra-
phene loading. It was also observed that the graphene-re-
inforced AA2219 composites exhibited higher hardness
values compared to MWCNT-reinforced composites with
same reinforcement content. This may be due to the mor-
phological difference between graphene and MWCNT. The
sheet morphology of graphene can cover AA2219 powder
particles more effectively compared to tube-like MWCNTSs
and provide more matrix—reinforcement contact points
which lead to better sintering [29].

Fracture Surface Analysis

Figure 11 compares the fracture surfaces of as-received
AA2219 and 6-h ball-milled AA2219-graphene/MWCNT
composites processed by vacuum hot pressing. Compared
to the as-received AA2219 (Fig. 11a), the 6-h ball-milled
AA2219 (Fig. 11b) showed a change in the morphology
of fracture surface. The fully ductile morphology
observed in the as-received AA2219 sample is absent in
the fracture surface of 6-h milled AA2219 sample which
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Fig. 11 SEM images of
fracture surfaces: (a) ARH,
(b) AMH, (c) A0.5GH,

(d) AIGH, (e) A2GH,

(f) A0.5CH, (g) A1CH and
(h) A2CH

showed some flat regions, microcavities and voids. This
indicates that the ductility of sample decreased with ball
milling which may be attributed to the strain hardening
due to ball milling. It can be seen that the ductile dimples
diminished with addition of reinforcement (graphene/
MWCNT) (Fig. 11c-h). The severity of layered mor-
phology increases and the size of the dimples decreases
significantly when graphene/MWCNT is added to the
AA2219 matrix. The MWCNTs are embedded in the
flaky-shaped AA2219 particles as observed in Fig. 11g.
The size and number of microvoids/microcavities

@ Springer

increased with increasing reinforcement percentage. As
discussed earlier, increase in reinforcement (graphene/
MWCNTs) content leads to increase in surface agglom-
eration during milling rather than their dispersion into the
matrix. The agglomerated/clustered regions of graphene/
MWCNT at particle boundaries will be weaker regions,
and the nucleation of crack occurs easily, and therefore,
the subsequent propagation of crack occurs through par-
ticle boundaries as shown in Fig. 11h. The schematic
representation of crack propagation through particle
boundaries is presented in Fig. 12.
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Fig. 12 Schematic of crack propagation along particle interfaces in
AA2219-graphene/MWCNT composites

Conclusions

1. High-density AA2219-graphene/MWCNT nanocom-
posites have been successfully fabricated by high-en-
ergy ball milling followed by vacuum hot pressing.

2. The high-energy ball milling of composite powders up
to 6 h resulted in a lamellar structure with graphene/
MWCNT between particle boundaries.

3. DSC analysis shows that the detrimental aluminium
carbide (Al4C;) is not formed while heating composite
powders from room temperature to 650 °C as con-
firmed by XRD analysis.

4. The composite with 0.5 wt.% reinforcement (gra-
phene/MWCNT) content exhibits the highest Brinell
hardness. Further addition of graphene/MWCNT (1
and 2 wt.%) leads to decrease in hardness of the
composites owing to the agglomeration of reinforce-
ment at particle interfaces.

5. The ductility of composites decreased with addition of
reinforcement (graphene/MWCNT), and it was con-
firmed by fracture analysis.

6. The present study reveals that graphene is a better
reinforcement compared to MWCNTSs in aluminium
matrix.
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