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ABSTRACT

One of the main objectives of this work is to manufacture the reinforcing graphite nanoplatelets
(CNPLs)] materials in the laboratory from the natural graphite. Also, aluminum matrix composite
reinforced with 1, 2, 3, 4 and 5 wt.% graphite nanoplatelets has been fabricated by cold pressing,
followed by hot extrusion techniques. Scanning electron microscopy (SEM) has been used to
examine the dispersion of CNPLs and aluminum, and to analyze the composites structure. The
microstructure characteristics and the distribution of CNPLs in the aluminum matrix were
investigated. The mechanical properties of the composites were recorded at room temperature.
Experimental results showed that CNPLs were distributed homogeneously in the (CNPLSs/AI)
composites. The CNPLs content affects significantly on the mechanical properties of (CNPLSs/AI)
composites. Meanwhile, the 2.0 wt.% CNPLs /Al composite is found to exhibit the highest
hardness, yield and ultimate tensile strengths. Also, it is noticed that the elongation percentages
remain nearly constant. The extraordinary mechanical properties (yield and ultimate tensile
strengths) of CNPLs may be the reason for this increments, in additional to the bridging and
pulling-out role of CNPLs in the aluminum matrix composites. The tightly bonded interface
between the matrix and CNPLs can also effectively transfer the load to the graphite nanoplatelets.
Further enhanced strength has been achieved by reinforcing the matrix with dispersed
nanoplatelets in such composites.
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1. INTRODUCTION

Aluminum alloys have a great diversity of
industrial applications because of their low density
and good workability, but the use of these alloys is
limited due to their relatively low yield strength.
Recently, the interest to increase aluminum strength
for applications has motivated the study of aluminum
matrix composites. The main reasons to produce
aluminum matrix composites are to increase the
strength, stiffness and wear resistance of aluminum.
Aluminum can be strengthened by dispersing hard

particles like carbides, oxides or graphite's into the
aluminum matrix [1,2].

It can also be fabricated in the solid state through
Powder metallurgy (PM) techniques, which are
widely used due to their great versatility and low cost
of production. The process of fabrication consists in
mixing the hardening particles with the metallic
powders followed by consolidation and sintering.
Even though graphite acts as an excellent lubricating
agent under conditions of friction, graphite
dispersion in aluminum has not been deeply
investigated. Carbon nanoplatelets probably offer a
kind of nanosize reinforcement that is lightweight,
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has immense aspect ratio, and has remarkable
mechanical, electrical and thermal properties [3]. A
very limited research has been done in the field of
graphite nanoplatelets reinforced metal matrix
composites due to the fact that uniform dispersion of
graphite nanoplatelets in metal matrix is quite
difficult. The interfacial reaction between graphite
nanoplatelets and metal matrix may be rather serious
resulting in the deterioration of composite properties,
and the suitable fabrication technique also is
important.

Graphene, consisting of a single layer of carbon
in a two dimensional (2D) lattice, has been emerging
as a fascinating material with many unique physical,
chemical and mechanical properties [4,5]. Graphite
is a one atom thick layered. In general, graphene
sheets can be prepared by three techniques: (i)
micromechanical cleavage, producing graphene
sheets in very limited quantities, (ii) epitaxial growth
of graphene films, and (iii) chemical processing,
involving graphite oxidation, exfoliation and
reduction. Graphite is a 3D network of graphene and
is inexpensive (from either natural or synthetic
sources).

Graphite can be intercalated by exposing it to
appropriate atoms or molecules, known as the
intercalating agent, which enter between the carbon
layers of the graphite. The resulting material, known
as a graphite intercalation compound (GIC), is
composed of carbon layers and intercalated layers
stacked on top of one another in a periodic fashion.
The number of carbon layers between each pair of
intercalated layers is called the stage [6]. Rapid
heating of intercalated graphite flakes to a
sufficiently high temperature causes exfoliation, a
sudden increase in the dimension perpendicular to
the carbon layers of the GIC. This forms vermicular
graphite, also known as expanded graphite. The
expanded graphite here was loose and vermicular or
wormlike. The exfoliated graphite flakes sonicated
in an alcohol solution and obtained graphite powder
are shown in Fig.1. As metal powder size is much
larger than that of graphite nanoplatelets, it is
difficult to achieve homogeneous distribution of
graphite nanoplatelets in the composites.

To solve this problem, Noguchi et al. [8]
reported a nano-scale dispersion method in carbon
nanotube/Al (CNT/AI) composites by introducing
into anelastomer precursor. Cha et al. [9] found a
molecular level mixing method in carbon
nanotube/Copper (CNT/Cu) composites by means of
a salt containing Cu ions. Furthermore, Hu et al. [10]
showed an in situ reduction approach in carbon
nanotube/sliver(CNT/Ag) nano- particle composites
materials. However, it is believed that under the
proper processing condition the CNPLs can be
dispersed in the aluminum matrix and keep their

good structure and the properties of the aluminum
matrix will be improved.

In the present work, CNPLs had been
manufactured in the laboratory from natural graphite.
A novel processing approach has been undertaken to
fabricate a AI-CNPLs nano-structural composite by
cold pressing, followed by hot extrusion techniques.
The investigations of the microstructure and the
mechanical characterization of the composites are
reported.
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Fig. 1 (a) Mechanism of expanding process, (b)
the SEM micrograph of flaky graphite and (c) the
SEM micrograph of expanded graphite[7].

2. EXPERIMENTAL WORK
2.1 Manufacturing of CNPLs

The graphite used for preparing the expanded
graphite was natural flake graphite with an average
size of 500 um. Expanded graphite was prepared
according to literature [11,12]. A mixture of
concentrated sulfuric acid and nitric acid (4:1, v/v)
was mixed with graphite flake at room temperature.
The reaction mixture was stirred continuously for 16
h. The acid-treated natural graphite was washed with
water until neutralized and was then dried at 100 0C
to remove any remaining water. The dried particles
were heat-treated at 1050 0C for 15 s to obtain
expanded graphite particles. The above expanded
graphite was immersed in 70% alcohol solution in an
ultrasonic bath. The dispersion was filtered and dried
after 8 h of sonication. The graphite powder, were
called graphite nanosheets were kept for testing and
for further use. Fig.2. summaries the manufacturing
process of CNPLs.
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Fig.2 Manufacturing of graphite nanoplatelets
(CNPLs) from natural graphite

2.2 Manufacturing of CNPLs/Al composites

Aluminum powder (Aluminum Powder Company,
Anglesey, UK, 99.4% pure, 150 um size) was used
as the matrix, it has the chemical composition of
0.2% Si, 0.15% Fe, 0.1% Cu, 0.1% Mg, 0.05% Mn
and the rest is Al. Five CNPLs wt% (1, 2, 3, 4 and
5) were added to the aluminum powder. The raw
CNPLs were refluxed in nitric acid (68 wt.%) for 10
h at 120 0C, and then carbon CNPLs were washed
several times with distilled water until the washings
show no acidity; finally they were added to the
dimethylformamide (DMF) in order to retain
uniform distribution. Subsequently, Al powders were
introduced into the CNPLs-DMF solution and the
mixed powders were dispersed with mechanical
stirring for 30 min. Finally, the mixed powders were
dried at 120 0C. The mixed powders were densified
by cold pressing at 400MPa for 30 min. After cold
pressing, the composite billets were finally extruded
into rods (dia.=10 mm) at 500 OC with an extrusion
ratio of 16:1. In order to compare with the
composites, Al matrix material also was fabricated
under the same processing conditions.

2.3 Characterization of CNPLs/Al composites

All the tested samples were machined from the
middle portion of the as-fabricated materials. The
relative density of composite is a ratio of the
measured density to theoretical density, multiplied
by 100. The density of the composites was measured
by the Archimedes method, using water immersion.
The micro-hardness indentations were made by
means of a Vickers diamond indenter operating at a
load of 50 g and dwell time of 12 s. The tensile tests

were performed with a cross head speed of 0.5
mm/min to obtain the mechanical properties of the
composites with different contents of graphite
nanoplatelets. For tension tests, shaped samples were
used in according to ASTM standard (E8, 2006).
Each tensile test data was obtained from the average
of five specimens. To investigate the distribution of
graphite nanoplatelets in the composite and the
interfacial property between the CNPLs and the Al
matrix, scanning electron microscopy (SEM) was
used to examine the fracture surfaces of the tensile
specimens.

3. RESULTS AND DISCUSSION S

3.1 Characterization of CNPLs and Al powders
Figure 3(a) shows the starting aluminum powder
micron-sized used as a matrix. Exfoliated graphite
before and after ultrasonic irradiation is shown in
Figs. 3(b) and 3(c). The SEM image of graphite
sheets prepared upon 8 h ultrasonic irradiation,
clearly, exfoliated graphite have been completely
changed into sheets of CNPLs 5-20 um in diameter
and 30-60 nm in thickness, named graphite nano-
sheets [11].

Seopm 000080

Fig. 3 SEM micrographs of the received powders (a)
Pure Al; (b) CNPLs before sonication; (c) CNPLs
after sonication
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Figure (4) illustrates the SEM images of
homogeneously blended powders of graphite
nanoplatelets (CNPLs) and Al powders. It is noticed
that the graphite nanoplatelets (CNPLs) are
distributed on the surfaces of the Al powders; no
agglomeration of graphite nanoplatelets in the
powder mixture.

SR
30pm X1500

Fig. 4. SEM micrographs of the mixed powders with
(a) 2.0 wt.% CNPLs; (b) 4.0 wt.% CNPLs.

3.2 Morphology of CNPLs/Al composites

Figure 5(a&b) shows the SEM micrographs of Al-
2 wt.% CNPLs and Al-4 wt.% CNPLs composite
after extrusion. The SEM micrograph examination
carried on the surface perpendicular to the extrusion
direction. It was found that the weight percent of
graphite within the powder mixture did not have any
considerable effect on its compaction behavior. The
best pressure for cold compaction of Al powder
blends containing 0, 1, 2, 3, 4 and 5 wt.% of graphite
particles was 400MPa at which the porosity of
samples was measured to vary within the range of 3—
9 vol.%.

The dark regions represent the pores or voids,
which were left behind by evacuation of graphite
particles from surfaces during the polishing process.
It can be seen that the graphite particles have been
distributed uniformly within the matrix, due to a
better dispersion of CNPLs in dimethylformamide
(DMF) solution.

Fig. 5 SEM micrograph of composite after extrusion
(2) 2.0 wt.% CNPLs; (b)4.0 wt.% CNPLs.

Figure 6 shows the variation of relative density of
composites after extrusion as function of graphite
nanoplatelets. High fraction of graphite nanoplatelets
gives lower relative density due to lower density of
graphite nanoplatelets relative to aluminum. The
relative density is shown to be decreased from 97%
to 90.7% by increasing weight fraction of graphite
nanoplatelets from 0% to 5%.
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©
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94%

92%

Relative density (%)

90%

0 1 2 3 4 5 6
Graphite nanoplatelets content (wt.%)

Fig. 6 Effects of Graphite nanoplatelets content on
relative density of CNPLs/Al composites.

The effect of the graphite nanoplatelets content on
the hardness is shown in Fig. 7. It is evident that with
a small amount of graphite nanoplatelets addition,
the hardness of the composites increases with
increasing graphite nanoplatelets content, while large
amount of graphite nanoplatelets reduce the hardness
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of the composites. This may be due to the fact that a
small amount of graphite nanoplatelets addition
could fill up the microvoids resulting in an increase
of the hardness of CNF-AI composites. However, a
large amount of graphite nanoplatelets are prone to
tangle together in blended powders of Al powders
and graphite nanoplatelets. Graphite nanoplatelets
conglomeration not only impedes the densification of
the CNPLs/Al composites, but also becomes as a
defect source. Hence, the hardness of the composites
decreases.
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Microhardness (Kg/mm2)
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O T T T T T
0 1 2 3 4 5 6

Graphite nanoplatelets content (wt.%)

Fig. 7 Effects of Graphite nanoplatelets content on
microhardness of CNPLs/Al composites

Figure 8 shows the tensile stress (o) versus strain
(¢) curves of the aluminum graphite composites
samples tested in the extrusion direction with
different CNPLs wt% graphite contents. From this
figure it is evident the increment of the strenght
upholding the ductility up to 2 wt.% CNPLs then
decreases for more.
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Fig. 8 Tensile stress vs. strain for all samples

Figure 9 presents the proof stress (yield stress
(oy)) and the ultimate stress (cu) values found in the
tensile tests. It can be seen that graphite nanoplatelets
content affects significantly oy and ou of
composites. The oy and ou values firstly increase
with increasing graphite nanoplatelets content up to

2.0 wt.%, but decrease obviously with increasing
graphite nanoplatelets content.
oy and ou values reach the maximum values (103
MPa and 154.6 MPa), respectively, when graphite
nanoplatelets content is 2.0 wt.%. This phenomenon
may be due to the uniform distribution of very small
amount of graphite nanoplatelets in the composites
leading to dispersion strengthening, and filling up the
voids.  Meanwhile, the dispersed graphite
nanoplatelets restrain the growth of Al grains during
fabrication of the composites bringing on grain
refinement strengthening. Therefore, the mechanical
properties of the CNPLs/Al composites increase with
increasing graphite nanoplatelets content up to
2wt.%. However, more quantity of graphite
nanoplatelets impede the densification process
resulting in a decrease of the relative density of
composites, moreover the bonding between graphite
nanoplatelets in the conglomeration is very weak,
leading to the deterioration in mechanical properties.
It is also very interesting to note that the
elongation of composites keeps almost invariable
with graphite content up to 2 wt.% CNPLs. This may
be owing to the fact that graphite nanoplatelets can
increase the toughness of the composites by
absorbing energy because of their highly flexible
elastic behavior during loading [9, 10], which is
markedly different from the traditional fibers or
whiskers. It is generally accepted that the mechanical
properties of the composites are dominated not only
by the reinforcement and the matrix but also by the
interfacial bonding status between them [14].
180

—e— Ultimate strength
—=— Yield strenth

Yield and ultimate Strength
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Graphite nanoplatelets content (wt.%)

g. 9 Effect of Graphite nanoplatelets content on oy

and ou
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3.3 The morphology of surface fracture in tensile
testing

It is necessary to study the materials fracture
behavior to understand the load transfer between the
matrix and reinforcement. Improvements in the
strength of graphite nanoplatelets / Al matrix
composites are largely attributable to sufficient load
transfer from the matrix to graphite nanoplatelets
through the interface. To ensure a good load transfer,
the composite must maintain a medium strong
interfacial bonding.
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It is seen from Fig. 10(a) that the graphite
nanoplatelets are uniformly distributed in the matrix;
meanwhile, some graphite nanoplatelets are pulled-
out on the tensile fracture surfaces of composite
specimens reinforced with 2.0 wt.% graphite
nanoplatelets.

3I0kV X7.580 lpm 808876

Fig. 10 SEM micrographs of the composites fracture
surfaces with (a, b) 2.0 wt.% CNPLs

The pits on the fracture surface indicate that the
length of pulled-out graphite nanoplatelets are very
short, suggesting a strong interfacial bonding
between graphite nanoplatelets and the Al matrix.
Which result in the high mechanical properties
obtained in 2.0 wt.% graphite nanoplatelets/Al
composite. Figure 10 (b) shows that the graphite
nanoplatelets is bonded to the Al matrix in
“bridging” manner, increasing the CNPLs/AI
interface strength and the fracture energy of the
composites [15].

However, when 4.0 wt.% graphite nanoplatelets
are added naked graphite nanoplatelets stand on the
fracture surface as shown in Fig. 11(a). The higher
content of graphite nanoplatelets above 2.0 wt%
indicates that the interface bond between CNPLs and
Al matrix is weakly resulting in unsufficient load
transfer from the matrix to graphite nanoplatelets
through the interface. Moreover, there are some
microvoids in the CNPLs composite containing more
than 2.0 wt.% CNPLs as showed in Fig. 11(b), which
leads to earlier fracture of the composite under
tensile stresses.

graphite
nanoplatelets

S0um

Fig. 11 SEM micrographs of the composites fracture
surfaces with (a, b) 4.0 wt.% CNPLs

These microvoids are responsible for the
deterioration of the mechanical properties of the
composites. In adddition, the interfacial bonding
status between the reinforcement particles (CNPLs)
and Al matrix is also another important factor which
affects the mechanical properties of composites.

4. CONCLUSIONS

o Natural flake graphite with an average size of
500um in thickness was used for preparing the
graphite nanoplatelets by using chemical method
(intercalation by sulfuric and nitric acid,
exfoliation by thermal shock and then
sonocation). The prepared graphite nanoplatlets
exhibited an average size of 30-60 nm in
thicknesses.

e The aluminum matrix composites reinforced with
CNPLs up to 5 wt.% were fabricated by cold
pressing and then hot extrusion techniques.

e CNPLs have been distributed homogenously on
the surfaces of the Al powders by using DMF
solution with mechanical stirring.

e The hardness, yield and tensile strengths increase
with increasing CNPLs content up to 2.0 wt.%,
beyond which they decrease. The composite with
2.0 wt.% CNPLs content exhibits the highest
hardness, yield and tensile strengths, which they
increased by 108%, 29% and 32% respectively
compared with the Al matrix material fabricated
under the same condition.
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e The fracture behavior of CNPLs/Al composites
mainly includes “bridging” and “pulling out” of
CNPLs on fracture surfaces when  CNPLs
content is below 2.0 wt.%, but “interface
debonding” occurs when CNPLs is equal 4.0
wt.%.
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