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Abstract

In this paper, the mechanical properties and microstructure of Al6061-graphene oxide (GO) nanocomposites material, pro-
duced by stir casting and hot rolling process have been investigated. In order to make composite samples, GO nanoplates
with various weight percents of 0.2, 0.5 and 0.8% were added to the molten Al6061 through the stir casting process. Then
the cast composite slabs were hot rolled at 530 °C. Tensile and hardness tests were used to study the mechanical properties
of nanocomposite specimens. The microstructures of samples were examined by optical and scanning electron microscopes.
The scanning electron microscope images and energy dispersive spectroscopy map analyses showed that the GO nanoplates
have been uniformly distributed within the Al matrix. The mechanical test results showed considerable improvements in
the hardness (by 41%), yield strength (by 43%), tensile strength (by 38%), ductility (by 58%) and toughness (by 116%) of
the composite samples with respect to the base alloy. Studying the fracture surface also showed that ductile fracture is the

dominant mechanism of fracture in all the specimens.
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1 Introduction

Particulate reinforced metal matrix composites (MMCs)
have the potential to provide tailored mechanical proper-
ties, for example, high specific stiffness and specific strength
and creep resistance, which render them attractive for several
industrial applications [1, 2].

In the recent years, aluminum matrix composites (AMCs)
have been widely used in aerospace, military and automotive
industries owing to their low densities, excellent mechanical
properties, and low production costs [3-5]. So far, the effect
of many reinforcing particles, such as Al,O5 [6, 7], SiC [8,
9], TiB, [10, 11] and B,C [12, 13] on the aluminum matrix
has been investigated. The addition of reinforcing particles
in micron size usually degrades the ductility of composites.
This weakness has encouraged researchers to use nanopar-
ticles instead of micro particles in MMCs [14].
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Carbon allotropes and its nanostructures such as carbon
nanotube (CNT), fullerene, nanofiber, and graphene are
promising reinforcement materials for aluminum matrix
nanocomposites (AMNCs) owing to their unique thermal,
electrical, mechanical, and tribological properties [15].
Recently, Graphene oxide has also attracted a great deal of
attention due to its unique structure and outstanding prop-
erties [16]. In 2004, a new structure of carbon, called gra-
phene, was produced with some superior properties than
carbon nanotubes. It is a nano sizedplate like material with
Young modulus of 1 TPa and tensile strength of 130 GPa
[17]. Such unique properties have introduced graphene
and graphene oxide (GO) as good reinforcing materials for
aluminum matrices. Having lower density than aluminum,
graphene and GO not only lower the weight of composite
components, but also ameliorate their mechanical properties
[18]. The presence of oxygen functional groups (hydroxyl,
carboxyl, carbonyl and epoxy) in GO enable it to well inter-
act with the metallic matrix materials and make strong bond-
ing [19].

Different solid, gas and liquid state methods have been so
far used to produce AMCs [1]. Amongst the methods, com-
pocasting and subsequent metal forming processes have been
the major processing route for fabricating bulk AMCs [20].
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Generally, the metal forming processes increase the mechani-
cal properties by removing inhomogeneities and porosities and
uniform dispersing the particles within the matrix [21-26].

Despite the valuable works on the fabrication and properties
of AMC:s in the cited literature, less attention has been paid
to the AMCs with GO. The mechanical properties of AI-GO
composites have been the hot spot in these researches. It has
been reported that the addition of graphene or GO increase
strength in the expense of ductility [27-30]. In most of the
works AMCs have been fabricated in small scales using pow-
der metallurgy and mechanical milling or surface coating by
friction stir processing (FSP) and less attention has been paid
to bulk AMCs. Therefore, the microstructure and mechanical
properties of bulk AMCs with graphene and graphene oxide
still need further investigations.

The present study was defined in this context and aimed
to contribute to a better understanding of microstructure and
mechanical properties of bulk Al6061-GO nanocomposites.
In this research, the bulk nanocomposites were fabricated by
compocasting and hot rolling processes and then examined by
mechanical testing and microstructural observations.

2 Materials and Methods
2.1 Materials

In this study Al6061 aluminum alloy with chemical composi-
tion given in Table 1 (according to the ASTM-E1259 stand-
ard) and graphene oxide (GO: US research Nanomaterials
company) were used as the matrix and reinforcing particles,
respectively. The physical properties of the graphene oxide
nanoplates are given in Table 2.

2.2 Fabrication of Composites

Graphene oxide is commonly synthesized using the modified
Hammers’ method [31, 32]. Typically, 4 g natural graphite
(1-8 pm), 4 g NaNO;, and 184 mL H,SO, are mixed together
in an ice bath, while 12 g KMnO, is added slowly to the sus-
pension under stirring. The adding process is extremely slow
to prevent the temperature from exceeding 20 °C. After reac-
tion for 2 h, the mixed suspension is heat-treated at 35 °C by
using oil bath and maintained for 1 h. Approximately 184 mL
of H,O is slowly poured into the above suspension. Then the
suspension is thermally treated at 98 °C for 40 min. The sus-
pension is treated by 30% H,O, solution ultimately. The final
product is washed with 4% dilute HCI solution, collected and
dried. Then the GO nanoplates were initially dispersed into

Table 2 Physical properties of the GO nanoplates

Parameter Value
Thickness 3.4-7 (nm)
Number of layers 6-10
Diameter 1-8 (micron)
Density 1 (gr/cm?)
Specific surface area 750 (m%/g)

Volume resistivity 4%107* (Q cm)

acetone and sonicated for 10 min using ultrasonic probes to
separate the agglomerated particles (Fig. 1a). The emulsion
was then sprayed on an aluminum foil and let acetone evapo-
rate from the surface (Fig. 1b). The foils were then encapsu-
lated to be readily added to the molten Al

Then, the small pieces of aluminum Al6061 (1.5 kg), were
melted by heating up to 700 °C. About 1 wt% magnesium was
added to the melt to enhance the wettability of GO particles
with the aluminum matrix [33]. After melt degassing by Hexa-
chloroethane (C,Cly) tablets the surface of melt was coated
with a flux coverall in order to prevent the oxygen absorption.
The GO capsules were preheated to 600 °C for 30 min and
then added to the molten Al6061 to produce composites with
0.2, 0.5 and 0.8 wt% of GO. These values correspond to 0.54,
1. 34 and 2.13 vol% of GO in Al. Volume percent in compos-
ites can be related to the weight percent as follows:

Vf:Wt(Wt+(1_Wt>pf/pm)_l (1)

where p; and p,, are the densities of graphene oxide and
Al6061 matrix, respectively. The composite melts were then
stirred for 10 min at a constant stirring rate of 400 rpm. The
resulting melt was then injected into a pre-heated two-piece
cube-shaped steel mold in dimensions of 100X 150 33 mm.
For comparison, a sample of the base alloy was stirred with
the same procedure of preparing composites, but without
any addition of GO.

In order to homogenize the chemical composition and
remove segregations, the casting ingots were heated up to
580 °C in an electric furnace and held for 2 h and then rap-
idly cooled to the ambient temperature. In order to remove
all imperfections, such as porosity resulting from stir casting
operations, as well as heterogeneous chemical composition,
castings ingots were subjected to hot rolling. After reheating
at 530 °C, cast ingots were hot rolled by 8 passes to reduce
the thickness from 33 to 4.2 mm. The thickness reduction was

Table 1 Chemical composition Al Mg Si
of Al6061 alloy (Wt%)

Cu Cr Ti Mn Zn Ni

Rem. 0.79 0.51

0.39 0.19 0.09 0.04 0.01 0.01

0.005

@ Springer



762

Metals and Materials International (2020) 26:760-772

Fig. 1 Preparation steps of GO
powder: a sonication of GO in
aceton with an ultrasonic probe,
b mixture sprayed on aluminum
foil

Fig.2 Representative images
of a cast and b rolled A16061-
0.5 wt% GO sample

about 80% during the 8 passes of hot rolling process. Figure 2
shows images of the cast and rolled samples.

2.3 Mechanical Testing

To determine the tensile strength of A16061-GO compos-
ites some dog-bone specimens were cut off from the rolled
plates parallel to the rolling direction and machined accord-
ing to the ASTM-B 557 standard (Fig. 3). The tensile tests
were carried out by SANTAM STM-150 universal testing
machine at constant cross-head speed of 1 mm/min. For each
composite (each weight percentage of GO), three samples
were tested to ensure reproducibility of the stress—strain
results. The hardness samples were polished with sand paper
of mesh 400 and then subjected to the Vickers indenter at
load of 30 kgf for 15 s according to the standard ASTM-E92.
The hardness values were determined from the average of
5 hits.

@ Springer

Fig.3 A representative image of tensile test sample (A16061-0.2 wt%
GO)

In order to evaluate the amount of porosity in the samples,
the actual densities were firstly measured by using the Archi-
medes method according to ISO2738 standard. The poros-
ity values were determined from the average of 5 samples
in each weight percentage of GO. Eventually, data scatter
information (error bar and +range based on the testing of
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multiple specimens of each type) were reported by evaluat-
ing the standard deviation.

2.4 Microstructural Investigations

For microstructural observations, the samples were prepared
by the standard metallographic techniques and chemically
etched in ferric chloride solution (2 ml HF, 3 ml HCI1, 5 ml
HNOj; and 190 ml H,O) for 30 s. The microstructure and
fracture surface of tensile samples were investigated by opti-
cal microscopy (OM, union) and scanning electron micros-
copy (SEM, JEOL).

3 Results and Discussion
3.1 Microstructural Observations

Figure 4 shows the FESEM micrographs and X-ray diffrac-
tion (XRD) spectrum from the GO powder remained after

Fig.4 a, b FESEM micrographs
from the GO nanoplates used

in this investigation with two
different magnifications, ¢ XRD
spectrum of the GO powder

the evaporation of acetone on the Al foils. In the FESEM
images, Fig. 4a, b, the sheet-like structure of GO is revealed
and the size of reinforcements is confirmed in the range
specified by the supplier (1-8 microns). It should be noted
that according to Table 2, the GO particles are actually in
shape of plates with nano-sized thickness, but other dimen-
sions are in micrometer scale. This feature imparts them
high specific surface area, which is 12.8 times larger than
that of carbon nanotubes [30]. Hence, in the literature, they
are often referred to as “nanosheets” or “nanoplates”.

The Van der Waals attracting force in responsible for the
attachment of nanoplates to each other. It is expected that the
force stirring paddle to come over the Van der Waals attract-
ing force and help the nanoplates to uniformly distribute
within the molten Al6061. The XRD spectrum is shown in
Fig. 4c clearly indicates the major peak of GO at 20=11.5°,
which is corresponding to the strong diffraction from (002)
planes [34]. The absence of a peak at 20 =25°-30° indicates
that the original graphene has been completely converted
into GO and other impurities like graphite are absent. It
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is therefore confirmed that the reinforcing particle is high
purity GO.

The interlayer spacing of the GO samples can be calcu-
lated by the Bragg’s law:

2dsinB® = nA 2)
where d is the interlayer spacing, 0 is the diffraction angle
of characteristic peak and A is the wavelength of the X-ray
beam (0.154 nm for Cu tube) and n is a positive integer
(equal to unity in this study) [35]. As seen in Fig. 4c, the
diffraction peak position is at 20=11.5°, representing the
(001) planes, the spacing between the GO layers can be cal-
culated as follows:

go 0 _ 1x0.154
2sind 2 xsin(5.8°)

= 0.762 nm (3)

It indicated that the spacing between sheets was 0.762 nm,
which was caused by the oxygenated groups in between the
sheets. The calculated interlayer spacing is in good agree-
ment with 0.865 nm [36] and 0.790 nm [32], respectively.

Figure 5 shows the optical micrographs of the hot rolled
samples. The decreasing trend in the average grain size of Al
matrix with increase in the amount of GO is evident in the
micrographs. By using ImagelJ analyzer software the average
grain size of the pure sample (Fig. 5a) and the composites
with 0.2, 0.5 and 0.8 wt% GO was measured as 350, 257,
182 and 108 microns, respectively.

As schematically shown in Fig. 6, the role of GO nan-
oplates in the observed grain refinement in three steps
can be separated as follows: (a, b)-the refinement of cast

microstructure by acting as the nucleant and (c, d)-the refine-
ment of hot rolled microstructure by inhibiting excessive
grain growth. During the solidification stage of composites
GO particles can act as nucleants. This effectively helps the
nucleation step and increases the rate of solidification. In
composites of A17068 containing graphene nanoplates the
change in the morphology of grains from coarse columnar
grains to fine equiaxed ones has been reported [37]. The
solidification regime changes in the composites and the
nuclei formed on the nanoplates everywhere in the molten
Al act as barriers against the excessive directional growth
of other nuclei.

According to the literature, graphite and graphene have
limited wettability with liquid Al [38, 39]. Even though
the wettability is increased by adding Mg to molten Al, the
contact angle (0) barely falls below 130°. Despite this low
wettability, it can be proved that GO particles increase the
rate of solidification and refine the cast microstructure. The
nucleation rate (N) can be related to the energy barrier for
nucleation (AG*) by using the following equation [40]:

-c.on(-22)

where C is a constant dependent on the rate of atomic diffu-
sion from the solid/liquid interface, k is the Boltzman con-
stant and T is the absolute solidification temperature. On the
basis of Eq. (4), the nucleation rates with and without the
contribution of GO particles as nucleants (N and Ng) can
be compared using the following equation:

Fig.5 Optical micrographs of hot rolled samples: a pure A16061, b Al6061-0.2 wt% GO, ¢ Al6061-0.5 wt% GO, d A16061-0.8 wt% GO
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Fig.6 Schematic representation of grain refinement: a solidification
process in the composites, showing GO particles work as the pref-
erential nucleation sites, b solidification process in the alloy without

GO, c recrystallization process in the hot rolled composites, d recrys-
tallization process in the hot rolled pure alloy without GO in three
steps (left to right)
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N, AG* - AG,

Here AGgn* is the activation energy for the nucleation of Al
nuclei on the surface of GO nanoplates. In general, there is
a simple relationship between AG* (homogeneous spherical
nucleation) and AGgy* (heterogeneous cap-shaped nuclea-
tion) as follows [41]:

AGY,, = AG* - 5(0) ©6)

where s(0) is a shape factor depending on the wetting angle
as (2+cos0)(1 — cos)?/4. Combining Egs. (5) and (6)
yields:

N
% ~ exp((1 - s(0)G,) @)

Taking 8=130° and s(6)=0.9 and GO ~ 78 [41], it is
concluded that the rate of solidification in presence of GO
particles can very higher than that of the original condition.
It is also clear that N, /N increases with increase in the
amount of GO, if the particles are well dispersed within the
molten alloy.

The second role of GO particles in the microstructure of
composites is to hinder the grain growth during hot rolling.
During the hot rolling process the cast structure turns into a
wrought one through the recrystallization and growth of new
equiaxed grains [42, 43]. In the composites, the GO particles

inhibit the excessive growth of the recrystallized grains giv-
ing rise to a fine-grained microstructure. The radius (r) and
volume fraction (f,) of particles are two major factors which
control the recrystallized grain size. The equation, called
the Zener equation, defines the grain size surrounded by the
particles (d,) as follows:

4ar

T ®)
where a is a constant in the order of unity. Based on this
equation, the grain size in the hot rolled composites should
decrease with increase in the volume fraction of GO nano-
plates. However, when the agglomeration of the particles
takes place, r increases and the effects of r and f, are bal-
anced and d, remains constant.

SEM micrographs of the composites showing the dis-
tribution of GO particles are exhibited in Fig. 7. The white
arrows point to the porosities formed adjacent to the GO par-
ticles and the red arrows show the GO particles. The lower
amount of dark spots in the base alloy suggests that the air
confined between GO particles should be the major reason
for the porosity formation in the composites. It appears that
at 0.2 wt% GO composite, Fig. 7b, fine GO particles with the
average diameters of 1-8 microns have been well dispersed
in the matrix. However, with increase in the GO content to
0.5 and 0.8 wt%, Fig. 7c, d, larger particles appeared due
to the particle agglomeration. This, in turn, indicates that

Fig.7 SEM micrographs of the fabricated samples: a base Al6061, b Al6061-0.2 wt% Go, ¢ Al6061-0.5 wt% GO, d Al6061-0.8 wt% GO
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Fig.8 a FESEM view of the
Al16061-0.8 wt% Go sample,

b EDS map of C-Ka showing
the uniform distribution of GO
particles within the Al matrix,
¢ magnified view of the point
colored red in a. d, e local EDS
from points denoted as A and B
in c. (Color figure online)
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in composite with 0.2 wt% GO the stirring force is enough
to break the primary attracting force between particles.
However, in composite containing 0.5 wt% GO and more
in 0.8 wt% GO, shorter distance between the particles in
the melt helps them to reagglomerate after detaching by the
stirring force. Although it is clear that in a composite with
higher amount of nanoplates the possibility for the adher-
ence of particles by the attracting Van der Waals forces
increases, some processing parameters like the temperature
gradient during solidification and the concentration gradient

of alloying elements in the freezing front may be also effec-
tive [44].

Figure 8 exhibits some quantitative analysis carried out
by FESEM on the composite alloy with 0.8 wt% GO. The
backscattered image and EDS map of carbon in Fig. 8a, b
indicate that the GO particles have been nearly uniformly
distributed within the Al matrix. The focused view of speci-
fied location in Fig. 8c and local EDS analysis from the
points A and B in Fig. 8d, e signifies the coexistence of GO
and Al matrix, respectively.
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The porosity percentage in the samples before and after
the hot rolling process was calculated according to the dif-
ference between the theoretical and measured density by the
Archimedes method (described in Sect. 2.4). The results of
measurement in Fig. 9 show that the sample without GO
contains only about 0.67 vol% porosity. This means that
a minor part of porosity should be ascribed to the stirring
action. On average, after performing the hot rolling process,
the porosity decreased by about 56% compared to the casting
state. It is also evident that the amount of porosity increases
with increase in the amount of GO. The micrographs of
Fig. 7 show that the microporosities are mainly observed
around the GO particles. The inhomogeneous deformation
around the large GO particles helps such porosities to sur-
vive during hot rolling.

3.2 Mechanical Properties

In Fig. 10, the image of the broken specimen and the necking
surface in the fracture area shows a ductile fracture, and the
engineering stress—strain curves of the samples fabricated
by stir casting and hot rolling are shown in Fig. 11. It is
observed that both the strength and ductility of samples have
been considerably ameliorated with increase in the amount
of GO.

The values of yield strength (0.2% proof stress method),
ultimate tensile strength, total elongation and fracture

m As Cast
3T  mHot Rolled

2514
24
154
1 +
05+
0- 0 0.2 0.5 0.8

wt%

Porosity (%)

Fig.9 Volume percent of microporosity in the fabricated samples
before and after the hot rolling process

Fig. 10 a Broken tensile
samples of A16061-0.2%GO, b
enlarged picture of necking area

@ Springer

toughness energy (the area below the stress—strain curves)
were determined using the standard methods and summa-
rized in Table 3. The quantities clearly indicate that the
highest strength, ductility and toughness are obtained in the
sample with 0.8 wt% GO. The increase in the yield strength
(Sy), tensile strength (S,), ductility (elongation %) and
toughness (T), in the sample containing 0.8 wt% GO with
respect to the pure aluminum alloy sample were about 43,
38, 58 and 116%, respectively.

Figure 12 shows the percent of improvement in the
mechanical properties of fabricated composites with respect
to the pure Al6061 as functions of GO content. It is worthy
to note that, S, S, toughness and elongation show increas-
ing trend with the GO content.

The strengthening increment of reinforcement on the Al
matrix (R), can be based on the below equation:

R =100 x (GC - cm)/cm ®

where 6, and o, are the UTS of the composite and matrix,
respectively. Figure 13, indicates that the here improvements
in the mechanical properties are much more better than other
published reports [27, 28, 45-48]. As a conclusion, GO can
play a role of desirable filler material in Al nanocomposites.
The strengthening capacity of GO in the nanocomposites
can be better recognized by comparing its strengthening and
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Fig. 11 Engineering stress—strain curves of the fabricated samples
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Table3 Quantities of the yield g, 1 wi% V%  S,(MPa) S, (MPa)  &(%) T (M m™)
and ultimate tensile strengths i
(S, and S ), elongation (5%) Al6061-0.0%GO 0.0 0.0 129+ 6 182 +9 10.6 + 0.1 17.9 +0.3
and toughness (T) for the AI6061-02%GO 0.2 0.54 1405 198 47 130£03 236403
fabricated samples
Al6061-0.5%GO 0.5 1.34 159 +9 227 + 11 15.6 £ 0.1 279 +0.2
Al6061-0.8%GO 0.8 2.13 185+ 8 251 +7 16.7+0.2 38.6 £ 0.5
1201 4 vield Strength (Sy) 120 + o ﬁ::g?[g]his work)
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Fig. 12 Percentage of improvement in the mechanical properties of
fabricated composites with respect to the pure Al6061 alloy as func-
tions of GO content
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Fig. 13 Strengthening increment of various reinforcements in the Al
matrix composites

stiffening efficiency with those of other Al matrix compos-
ites strengthened by other published reports.

As in Eq. (9), the stiffening efficiency (T), in a metal
matrix composite is defined as the toughness increment:

T=100x (T, —Ty)/Tp (10)

where T, and T,, are the toughness of the composite and
the matrix, respectively. According to Egs. (9) and (10), It
is indicated in Fig. 14 that the strengthening and stiffening
efficiencies of GO in the Al-GO nanocomposites are higher
than other researches. The key benefit of the GO strengthen-
ing is that form a strong interface and good bonding with
the Al matrix, making it feasible for GO to much enforce its
load bearing capability.

Fig. 14 Comparison of the strengthening and stiffening efficiencies of
various reinforcements in Al matrix composites

The efficiency of GO reinforcements against fracture
depends on their distribution in the matrix, volume fraction,
interfacial, wettability and their orientations. Magnesium par-
ticles were integrated to enhance the wettability between the
Al matrix and GO particles. Therefore resulted in efficient load
transfer from soft Aluminum matrix to strong GO nanoplates
as obvious from strength and fracture strain of composites.

The mismatch in coefficient of thermal expansion (CTE),
between Al (CTE=26x10"° K™') and GO (CTE=1x107°
K1) [49] may lead to the generation of dislocations at the
interface. These dislocation results in increased strength of the
composites. The Orowan looping is an impressive strengthen-
ing mechanism for reinforcement particles incorporated in a
composite matrix [50]. The attendance of GO nanoplates in
the Al matrix may lead to the formation of residual disloca-
tion loops around reinforcement particle after a dislocation
surrounded and bypass it. As a result, the produced loops may
lead to high work hardening. Dispersion strengthening and
load accommodation by the reinforcing particles are the major
strengthening mechanisms reported in composites [51].

Based on the orowan theory, the shear stress (t) required to
move a moving dislocation among an array of impenetrable
particles with the average spacing of A can be written as fol-
lows [52]:

Gb
T= =" (11)
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where G is the shear modulus of matrix and b is the Burgers
vector of moving dislocations. Equation (11) easily justi-
fies the higher strength in the composites with more GO
by considering the decrease in the spacing of the particles
(A). In addition to the dispersion strengthening of GO par-
ticles, the role they played in the matrix grain refinement
should be also taken into account. As discussed earlier
[Sect. 3.1, Egs. (4)-(8)], the GO particles lead to the matrix
grain refinement by increasing the rate of solidification and
inhibiting the grain growth during hot rolling. It has been
well documented that amongst the strengthening mecha-
nisms only grain refining leads to a simultaneous increase
in strength and ductility [53]. The improved strength in
the fine-grained composites is due to the grain boundaries
because they act as the barriers against the matrix disloca-
tions. The relationship between strength and grain size is
often described by the Hall-Petch equation as follows [51]:

6, = 6, + KD *? (12)
where o, is the yield or tensile strength, o; is the lattice inter-
nal friction against dislocation movement, K is a constant
and D refers to the average grain size. According to this,
the improvement in the strength (S, and S) of fabricated
composites, shown in Fig. 12 is associated with the contri-
bution between progressive grain refinement and dispersion
strengthening. Previous investigations have shown that the
increase in strength of composites is often accompanied by
decrease in ductility [27, 54, 55]. The loss of ductility is
mostly attributed to the cracking between the interface of
matrix and reinforcement. Therefore, the improved ductility
of fabricated composites implies that the band between the
Al matrix and GO nanoplates is strong enough to withstand
against premature interface cracking. In addition, the grain
refining of the matrix by the GO particles (Fig. 5) enhances
ductility and even covers the negative effect of the agglom-
eration of particles shown in Fig. 7c, d [56].

Figure 15 shows the SEM images of the fracture sur-
face of the tensile specimens with two magnifications.
All the micrographs are evidently typical of ductile frac-
ture with pronounced dimples on the fracture surface.
The dimples nucleate when the bond between particles
or inclusions with the matrix is detached. Alternatively,
stress concentration at the triple junctions of grain bound-
aries or at grain corners may cause the nucleation of dim-
ples [57]. In ductile fractures, such as the behavior of
fabricated composites, the dimple nucleation, the dimple
growth, formation of micro-cracks by the coalescence
of dimples and crack propagation take place sequen-
tially before the final fracture. The size of dimples is an
index to the ductility of material so that larger dimples
are observed for more ductile materials. Unlike to the
fracture surface of the base metal in Fig. 15a, those of
fabricated composites in Fig. 15b—d are characterized by
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a combination of large and small dimples. This charac-
teristic easily leads one to conclude that the material is
composed of constituents with different ductility charac-
teristics. The local ductility in a composite depends on
the grain size and the distribution of reinforcing particles.
Indeed, the larger and deeper dimples are associated with
the regions with higher ductility which is likely due to the
Al matrix with fine-grained microstructure. It is evident
that the area of regions with large dimples has increased
with increase in the weight percent of GO. This is con-
sistent with the microstructural observations in Fig. 5,
confirming the modification of matrix grain size by the
GO particles. These results are in good agreement with
other reports in the literature about the fracture behavior
of Mg and Al composites with graphene [50, 58].

There results of hardness testing are presented in Fig. 16.
It is observed that the hardness of all nanocomposite speci-
mens is higher than that of the base alloy. It is surprising
that hardness increases by about 40% with the addition of
0.8 wt% of GO. This observation is in good agreement with
the results of tensile testing in Fig. 12. As discussed, the
effect of GO on increasing the hardness can be ascribed to a
synergistic effect of matrix grain refinement, load bearing by
the nanoparticle and the role of particles as barriers against
the free motion of dislocations [59]. It seems that hardness
keeps the increasing trend for further contents of GO due to
the mentioned strengthening mechanisms.

4 Conclusions

In the present study, Al6061 nanocomposites reinforced with
0.2, 0.5 and 0.8 wt% of graphene oxide (GO) nanoplates
were fabricated by stir casting and hot rolling processes.
Microstructure and mechanical properties of the nanocom-
posites were investigated and predicted by micro-mechanical
models. The novelty of this research is that we have been
able to produce bulk nanocomposites with high strength and
toughness, with the simultaneous use of the stir casting and
hot rolling process.The followings are the major outcomes
of this research:

(1) Optical microscopy observations showed that add-
ing GO leads to considerable grain refinement in the
matrix. Also, the morphology of grains changed from
columnar to equiaxed in the composites with increas-
ing of GO. Working as nucleant in the molten Al and
grain growth inhibitor during hot rolling were found
as the dominant mechanisms through which the GO
nanoplates could result in the grain refinement.

(2) The SEM micrographs showed that the agglomera-
tion of the particles increases in some areas. Although,
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Fig. 15 SEM images form the
fracture surfaces: a base metal
(0 wt% GO) and A16061-GO
composites with b 0.2, ¢ 0.5
and d 0.8 wt% GO, with two

magnifications (a) “
(b) =5
(0
(d
60 T (3) By using backscattered image and EDS map analysis
_ 413 447 of carbon, it is inferred that the GO particles have been
a0t 316 % - T uniformly distributed within the Al matrix.
S T (4) It was confirmed that porosities increase with the
(o] . .
< 0l increase in the content of GO. The release of confined
z air between particles during stir casting is the possible
o reason for the appearance of porosities at the vicinity of
0.00 0.20 0.50 0.80 GO particles. Also on average, after performing the hot
wt. % rolling process, the porosity value decreased by about

56% comparing with the casting state.
Fig.16 Vickers hardness of AI-GO nanocomposite in terms of  (5) The tensile test results showed that the yield strength,
weight percentage of reinforcements ultimate strength, ductility and toughness increase with
the increase in the content of GO up to 43, 38 and 58

the grain refining of the matrix by the GO particles and 116%, respectively. Also, the hardness of fabri-
enhances the ductility and even covers the negative cated nanocomposites considerably increased (40% for
effect of the agglomeration of particles. 0.8 wt% GO composite). The accompanying increase in

@ Springer
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(6)

the strength and ductility of fabricated nanocomposites
was attributed to the remarkable grain refinement in the
presence of GO. Graphene oxide nanoplates having a
high specific surface area also avoid the movement of
cracks in the nanocomposites, leading to a considerable
increase in toughness.

The observation of fractured surfaces showed that
ductile fracture has been the dominant mechanism for
the studied composites. These results confirmed the
improvement of toughness by adding GO nanoplates.
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