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a b s t r a c t

Single layer graphene oxide (SLGO) reinforced titanium (SLGO-Ti) nanocomposites have been achieved
by laser sintering. This study focuses on the graphene oxide dispersion and survival in titanium matrix
during laser sintering process. Through laser sintering, graphene oxides were dispersed uniformly into
titanium matrix to fabricate SLGO-Ti nanocomposites. Microstructures and components of the nano-
composites were studied using scanning electron microscopy (SEM), X-ray diffraction (XRD), Energy-
dispersive X-Ray spectroscopy (EDS) and Raman spectroscopy. It was confirmed by XRD patterns, EDS
maps and Raman spectrum that graphene oxide survived in SLGO-Ti nanocomposites after laser sin-
tering. Nanoindentation measurements showed the laser sintered SLGO-Ti nanocomposites hardness
was improved by more than 3-folds than that of pure titanium counterpart.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Titanium (Ti) and titanium alloy are widely used in various
fields like biomedical, aerospace and automobile industries, due
to their outstanding specific strength, toughness and the ability to
withstand higher temperature than steel and aluminum alloy.
However, utilization of titanium and titanium alloy in many fields
requires even higher strength and thermal conductivity, espe-
cially in aerospace field. In fact, some applications are also limited
for their poor thermal conductivity [1]. It is well known that
composites which are made from two or more constituent ma-
terials have many attractive properties, and can be much stronger,
lighter and with improved thermal and electrical properties when
compared with traditional intrinsic materials. Nanocomposites
become more and more attracting, especially metal matrix
nanocomposites which are considered as infrastructure materials
sportation, Soochow Univer-
for its outstanding properties, such as high hardness, high specific
stiffness, low coefficient of thermal expansion, high yield strength,
anti-corrosion property, and creep resistance in high temperature
environment etc. [2]. Therefore, plenty of research works have
been carried out to study different sorts of metal matrix com-
posites (MMCs) and nanocomposites. Various nanoparticles have
been considered as composite filler materials, especially carbon
nanotubes (CNTs) and graphene [3e8].

Graphene, with demonstrated high strength and thermal con-
ductivity [9], has the potential to serve as a reinforcement for
improving not only mechanical but also thermal properties of tita-
nium and titanium alloy. Graphene is just one layer carbon atom
thick sheet, in which carbon atoms form flat honeycomb lattice. The
special structure brings exceptional properties, such as high electric
property [10], high Young's modulus [11], outstanding tribological
property [12,13], and high tensile stress [14], besides the superior
thermal conductivity. Thereby, it is expected that graphene-titanium
composites would have superior thermomechanical properties.
Recently, a few graphene reinforced metal matrix nanocomposites
have been studied [15e20]. These research works showed great
promise to enhance the properties of metal matrices. However, it is
extremely difficult to disperse graphene homogeneously in metal
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Fig. 1. (a) TEM image of SLGO, (b) AFM image of SLGO, (c) TEM image of Ti-SLGO before laser sintering.
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matrix [4]. It is even more difficult to make graphene reinforced ti-
tanium nanocomposites, since titanium is an active metal can react
with carbon easily.

Graphene oxide (GO), a graphene derivative, is mono-layer of
sp2-hybridized carbon atoms derivatized by a mixture of carboxyl,
hydroxyl and epoxy functionalities [21]. It is well known that GO
can be easily dispersed in water, because of the oxygen functional
groups, attached on the basal planes and edges of GO sheets, which
significantly alter the van der Waals interaction between the GO
sheets. GO has similar mechanical properties with graphene, which
exhibits high tensile strength [22] and less possibility to react with
titanium matrix due to the passivation of functional groups. In
addition, GO can be mass-produced from graphite oxide with low
costs. These virtues make it an ideal reinforcement for nano-
composites. It was reported that addition of 1wt.% GO could
simultaneously improve the strength and toughness of GO-
chitosan composites [23]. And for GO-cement composites, 0.05%
GO sheets improve the compressive strength and flexural strength
by 15e33% and 41e58%, respectively [24]. For metal matrix com-
posites, GO-iron composites were reported in 2014, the surface
microhardness of laser sintered 2 wt. % GO-iron composite was
600 HV, which has increased 93.5% compared with the base ma-
terial [7]. To date, to the best of our knowledge, there is still no
report of GO reinforced titanium matrix composites.

Herein, a laser sintering technique was used to fabricate gra-
phene oxide reinforced titanium nanocomposites. Laser sintering is
a rapid heating and rapid cooling process, which helps to keep
graphene oxide in the titanium matrix from reacting with the
matrix. At the same time, graphene oxide melting point is over
3000 �C [25], and titanium nanopowders melting point is 1660 �C
(even lower melting point of Nano size Ti powder) [26], which also
helps graphene oxide survive in the laser sintering process.

Single layer graphene oxide nanoplatelets were mixed with ti-
tanium nanopowders in deionized water, ultrasonic dispersing for
1 h. Then the mixed solution was dipped on mechanically polished
AISI 4140 substrate surface [27e29], after natural air drying, a thin
layer of graphene oxide and titaniummixturewas coated. The layer
thickness can be controlled by coating times, and the volume ratio
of graphene oxide and titanium also can be controlled easily.
Finally, laser was used to sinter the coatings, which were put into a
transparent chamber filled with argon gas to protect titanium from
oxidation or nitridation. Afterwards, SLGO-Ti nanocomposites were
successfully deposited. It was expected that the nanocomposites
would have excellent mechanical properties.

2. Experiments

Materials: The substrates AISI 4140 plate was cut into small
pieces of 10 mm � 8 mm � 2.35 mm. The titanium powders
(average diameter 30e50 nm) and single layer graphene oxide
(thickness 0.7e1.2 nm, average X&Y dimension 300e800 nm,
Cheap Tubes, Inc.) were used for the experiment. Fig. 1a is the TEM
image of SLGO, and Fig. 1b is the AFM image of SLGO. It can be seen
from Fig. 1b that the thickness of SLGO is 1.2 nm, and its size is
about 600 nm.

Laser sintering experiments: Ti nanopowders and SLGO
nanoplatelets were used to make two kinds of solution by ultra-
sonic dispersion. Firstly, mix 1.9 g Ti nanopowders, 0.1 g SLGO
nanoplatelets and 23 g deionized water; secondly, 2.0 g Ti nano-
powders and 23 g deionized water, respectively, ultrasonic
dispersed it for 1 h. Fig. 1c is the TEM image of Ti-SLGO before laser
sintering. The AISI 4140 samples were first ultrasonically cleaned
and mechanical polished to a surface roughness about 0.05 mm
[5e8,30]. Then the samples were coated several times with the
previous prepared suspension by using a dropper, until the dried
coating layer thickness reached 0.2 mm. Fig. 2a shows the sche-
matic cross-section after coating. An IPG fiber pulse laser (wave
length: 1064 nm, pulse duration: 400 ns) system was used to
perform the laser sintering process at the frequency of 50 kHz. The
selected laser parameters were: laser intensity (80 W), beam size
(0.8 mm), scanning speed (2 mm/s) and step size (0.25 mm). The
coverage areawas thewhole sample surface, as shown in Fig. 3. The
samples were sintered in a transparent chamber filled with Argon
(Ar) gas which protected the samples from oxidation and nitrida-
tion during laser sintering process. The chamber was fixed on a
numerical controlled (NC) x-y stage. Fig. 2b represents the sche-
matic cross-section after laser sintering. With proper technical
parameters, the graphene oxide nanoplatelets survived and were
distributed uniformly in the titanium matrix after laser sintering
process. The coated layer was melted together with substrate by
laser sintering.

Microstructure characterization: A Bruker D8 Focus X-Ray
diffractometer was used to characterize the material composite
with Cu-Ka source. Laser sintered samples were prepared for XRD
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Fig. 3. Schematics of laser sintering process.

Fig. 2. Schematics of laser sintering of SLGO-Ti pre-coated on substrate. Schematic cross-section of the sample (a) after surface coating and (b) after laser sintering.
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measurement. A Hitachi S-4800 Field emission SEM was used to
study the surface morphology and cross-sectional microstructures.
The Raman spectra were obtained by a HORIBA LabRAM HR800
Raman spectrometer (HORIBA Jobin Yvon, NJ, USA). A 632.8 nmHe-
Ne laser was focused by an Olympus 50 � objective (MPLN50x,
Olympus America) as an excitation source, at the center of the
sample placed in an open air environment at room temperature.

Mechanical property testing: The laser sintered SLGO-Ti sam-
ples were measured by Agilent Nano indenter G200. The micro-
hardness of laser sintered Ti and SLGO-Ti nanocomposites, were
measured by Leco M-400-Hmicro-hardness instrument with 200 g
load and 10s holding time. The metallographic polishing machine
was used to polish the samples surfaces by removing a very thin
layer in order to measure the micro-hardness. All the tests were
carried out at room temperature and in a laboratory environment.
3. Results and discussion

3.1. Microstructure of laser sintered SLGO-Ti nanocomposites and Ti

Fig. 4a and b show the SEM images of surface morphology of
laser sintered SLGO-Ti nanocomposites and Ti. It can be observed
from the SEM images that both Fig. 4a and b have a rough surface
morphology. The particles on Fig. 4a are bigger than those on
Fig. 4b, and the number of particles is less. This means during laser
sintering process, when Ti nanopowders melted and re-solidified
with SLGO, and SLGO did not melt in the laser sintering process.
The solid state SLGO nanoplatelets would draw liquid Ti, to makes
the surface flat andmake some particles size become bigger. That is
partly the reason for the laser sintered SLGO-Ti generally has a
flatter surface morphology than laser sintered Ti which has gaps
and small high regions. This also may be because small SLGO
platelets were connected with each other to form a whole frame,
and it helped to joint the melt Ti during the laser sintering process.
Thismade thewhole surface flat when the liquid titanium solidified
with SLGO. From the cross section SEM images of Fig. 4c and d, it
can be observed that laser sintered SLGO-Ti nanocomposite seems
to have finer grains than that of laser sintered Ti. It may be because
graphene oxide nanoplatelets can inhibit grain growth through
grain boundary pinning and a diffusion barrier of other elements
[31]. It was also consistent with XRD results. From Fig. 5, it can be
seen that the width of Ti peaks are different in the two XRD pat-
terns. The widths of Ti peaks in SLGO-Ti XRD pattern are bigger
than those of corresponding peaks in Ti XRD pattern. This means
SLGO-Ti nanocomposites had finer grain than that of laser
sintered Ti.

3.2. XRD analysis

XRD was used to characterize the phase and structure of the
laser sintered SLGO-Ti nanocomposites and Ti. Fig. 5 shows the XRD
patterns of SLGO-Ti nanocomposites and Ti. SLGO-Ti XRD pattern
has a peak at 2q degree of 26.5�, which can be indexed into the
carbon element of graphene oxide sheets. After laser sintering, Ti
XRD pattern also shows a very small peak at 26.5�, which might be
attributed to the carbon come from AISI 4140 substrate.

The other diffraction peaks can be indexed as titanium and iron.
The iron exists in laser sintered Ti and SLGO-Ti nanocomposites,
because the substrate plate is AISI 4140, which has a high ratio
component of iron. From Fig. 5, it can be found that there are no
oxidations and carbides diffraction peaks which mean the Ar gas
effectively protected the laser sintering process and graphene oxide
survived during laser sintering.

3.3. EDS analysis

Fig. 6a is the cross section SEM image of SLGO-Ti nano-
composites. It can be found graphene oxide exists in the composite
which are marked on the image. Fig. 6bed is EDS maps of titanium,
oxygen and carbon in the cross section. In fact, it can be seen that
the distribution of oxygen, which mainly came from the functional
groups of GO, was not uniform. It was also not consistent with
carbon maps. The explanations are: as it was well known that GO
may be reduced to graphene due to the pyrolysis of oxygen-
containing functional groups such as hydroxyl, carbonyl, and car-
boxylic acid to yield CO, CO2, and H2O, when it was heated to a
certain temperature [32,33]. Although, fast heating and cooling
laser sintering process made GO survive, at the same time it was
inevitably made them partly lose functional groups or made a small
part of GO converted to reduce GO. That means for this part of
SLGO, which lost or partly lost oxygen-containing functional
groups, the carbon was still there but the oxygen was lost. This is
the reason for the inconsistency of carbon and oxygen maps. There
were no GO clear-cut shapes on the titanium, carbon and oxygen
EDS maps. But on the carbon map, it can be found, the yellow el-
lipses marked areas, corresponding to the marked GO areas on
Fig. 5a, the carbon intensity was a little higher than that of other
area. Remember, the GO used in this project was SLGO, and they
were dispersed very uniformly, meanwhile the volume content of
GO in the composites was high. This can partly explain the almost
uniform distribution of those elements in EDS maps. And it is well
known that EDS detecting depth affected by various factors, such as
accelerating voltage, element type etc. The EDS equipment will
detect deeper when the atomic number of detected element is
small. Relatively, the atomic number of Ti is small, so the detected



Fig. 4. SEM images of surface morphology of (a) laser sintered 5wt. % SLGO-Ti nanocomposites and (b) laser sintered Ti, (c) cross section of laser sintered 5wt. % SLGO-Ti
nanocomposites and (d) cross section of laser sintered Ti.

Fig. 5. The XRD patterns of laser sintered 5wt. % SLGO-Ti nanocomposites and Ti.
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depthmay bemore than 3 mm in this measurement. That means the
EDS maps reveal the elements distribution of at least this whole
3 mm thick layer. This may explain why there is no SLGO clear-cut
shape on the titanium, carbon and oxygen EDS maps. Because
one layer or several layers of SLGO on the cross section had no
significant effect on the elements EDS maps, it would only make a
very slight difference.
3.4. Raman spectrum analysis

Raman spectroscopy was used to characterize laser sintered
SLGO-Ti nanocomposites. Fig. 7 shows the Raman spectra of laser
sintered SLGO-Ti nanocomposites and SLGO-Ti coating before laser
sintering process. It can be clearly seen from Fig. 7a, Raman spec-
trum of laser sintered SLGO-Ti nanocomposite shows the peaks at
~1341, ~1586 cm�1, corresponding to the D peak and G peak of
graphene oxide, respectively, while Raman spectrum of SLGO-Ti
coating show the peaks at ~1332, ~1594 cm�1 [34], corresponding
to the D peak and G peak of SLGO. Comparing the two Raman
spectra, it can be found that the positions of D and G peaks were
slightly changed after laser sintering process. This phenomenon can
be found in graphene reinforced metal matrix composites [35]. But
the shape of D and G peaks were similar, and the ID/IG value almost
had no change.

From Fig. 7, it can be found that, after laser sintering, the in-
tensity of Raman spectrumwas decreased significantly, it might be
because after solidified with melt titanium, graphene oxide be-
comes difficult to detect and/or during the laser sintering process,
some of graphene oxide were damaged or lost, but it does exist in
the nanocomposites.
3.5. Mechanical properties of laser sintered SLGO-Ti
nanocomposites and Ti

Hardness and modulus are commonly used to assess the com-
posites strengthened results. Nano-indentation was a well-
developed method for composites nanomechanical properties
test. Fig. 8a is the nanoindentation load e penetration depth curves
randomly measured on the polished surface of laser sintered Ti and
SLGO-Ti nanocomposites samples. Three different points were
measured on each sample, loading and unloading 5 times at each
point. The loading force increased every time, with 90% unloading
of previous loading force. Comparing laser sintered Ti load e

penetration depth curves with that of SLGO-Ti nanocomposites, it
can be found that under the same load, Ti samples had much deep
penetration depth into the surface. This means the strength and
hardness of laser sintered Ti is lower than that of laser sintered
SLGO-Ti nanocomposites. The fabricating parameters for both kinds
of materials were the same; it indicated that the improvements
were due to graphene oxide reinforcement.



Fig. 6. (a) SEM image of the cross section of 5wt. % SLGO-Ti nanocomposites, (b), (c) and (d) are Ti, O, C EDS maps of (a).

Fig. 7. Raman spectra of (a) laser sintered 5wt. % SLGO-Ti nanocomposites, and (b) 5wt. % SLGO-Ti coating before laser sintering.
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Fig. 8b is the hardness e penetration depth curves of laser sin-
tered Ti and SLGO-Ti nanocomposites samples measured by
nanoindenter. It can be seen that the hardness of laser sintered Ti is
uniform and the average value is about 3.5 GPa, which is consistent
with other report [36]. At the same time laser sintered SLGO-Ti
nanocomposites have an average hardness value of about 11 GPa,
the improvement is significant, but the hardness values are not as
uniform as that of Ti's. It may be because the indenter tip is tiny and
if the measuring position was located on, or near the SLGO sheets,
the high hardness value will be got, and otherwise low hardness
value will be got. As well know, hardness is a comprehensive per-
formance of strength and resistance to deformation, friction and
abrasion. The improvement on hardness means it was well
strengthened.

Fig. 8c is the modulus e penetration depth curves. They almost
have the same tendency with the hardness e penetration depth
curves. In fact, normally, materials which have high hardness
should also have high modulus [37]. It can be found from Fig. 8c
that the averagemodulus value of laser sintered Ti is about 125 GPa,
and the average modulus value of laser sintered SLGO-Ti nano-
composites is about 200 GPa. Modulus increase was mainly
attributed to the high modulus of single layer graphene oxide.

The 1wt. %, 2.5wt. % and 5wt. % SLGO-Ti nanocomposite samples
were made under the same condition. Fig. 8d shows the Vickers
hardness values of laser sintered SLGO-Ti nanocomposites as a
function of SLGO weight percentage. The hardness values were
averaged on 5 point measurements on each sample. Fig. 8d clearly
shows the hardness values of laser sintered 1wt.% SLGO-Ti(630VH),
2.5wt.% SLGO-Ti (742VH) and 5wt.% SLGO-Ti (509VH), the highest
value is 4-fold more than that of the laser sintered Ti (180VH). It
should be noticed that with the addition of SLGO, the hardness of
laser sintered SLGO-Ti improved significantly. As the SLGO content
increasing, the hardness improvement also increased, after certain
SLGO content value, further increasing SLGO content would reduce



Fig. 8. Laser sintered 5wt. % SLGO-Ti nanocomposites and Ti (a) Loade penetration depth curves, (b) hardness e penetration depth curves, (c) modulus e penetration depth, and (d)
Vickers hardness.
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hardness improvement. It may be because of the aggregation of
SLGO. Although, compared with graphene, GO is easier to disperse
into metal powder, it will still aggregate. It was said that the
hardness improvement mainly attribute to the excellent mechan-
ical properties of SLGO [38]. During the material deformation, SLGO
fillers will carry the load and pinning dislocation movement. It was
well known that SLGO was 2D material, similar with graphene
whose out-of-plane properties is significantly lower than that of in-
plane properties [39], so the bonding force between SLGO layers
was weak. When the content increases, SLGO is easy to pile up, and
also easy to form pore in the composites [15], these could be
employed to explain the hardness improvement changes with the
content increasing. In fact similar phenomenon can be found in the
graphene-copper research work reported by Chu and Jia [38].
3.6. Strengthening mechanisms of SLGO-Ti nanocomposites

Generally, the metal material which has higher hardness also
has higher strength [37]. The hardness measurement results of
different SLGO-Ti nanocomposites and nanoindentation measure-
ment results showed great improvement had been achieved. The
mainly strengthening mechanisms are: reinforcement filler
strengthening, dislocation strengthening, and fine grain
strengthening.

Reinforcement filler strengthening is the main strength mech-
anism, because the filler material SLGO has excellent mechanical
properties. According to the mixing law which can be expressed by
the following equation:

sc ¼ smVm þ sgVg (1)

Where sc, sm, sg is SLGO-Ti nanocomposites strength, Ti matrix
strength and SLGO strength, respectively. Vm and Vg are the volume
ratios of Ti matrix and SLGO. Although, this equation is simple and
not precise, it still can be used to estimate the composites prop-
erties. Generally, it is right that the stronger filler have better
strength effect.

Dislocation strengthening, as we know, dislocation can
strengthen nanocomposites. The dislocation density will increase
when the nano-filler size decreases and the volume fraction in-
creases [40]. In this study the nano size SLGO platelets would cause
the dislocation density increased in the SLGO-Ti nanocomposites.
And after laser sintering, the relaxation of thermal residual could
also increase the dislocation density [41], which can be calculated
by Ref. [42].
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Dr ¼ DaDΤNА
b

(2)

WhereDaDT is thermalmisfit strain, N is the nanoparticles number,
b is the Burger's vector and A is the total surface of each
nanoparticle.

In SLGO-Ti nanocomposites, SLGO could pin the dislocation,
through hinder dislocation movement to strengthen the compos-
ites, it was known as Orowan strengthening [43]. The dislocation
density also influences the micro hardness of composites, the
relationship can be described by

H ¼ H*þ aGb
ffiffiffi

r
p

(3)

Where H *, a, G are material's constants, b is Burger's vector and r is
the dislocation density [44].

Fine grain strengthening mechanism is often called Hall-Petch
strengthening. The enhancement is achieved by refining the com-
posites grain size and hindering dislocation movement by grain
boundaries. The Hall-Petch strengthening can be described by Ref.
[45].

DsH�P ¼ ky
ffiffiffi

d
p (4)

Where ky is the strengthening coefficient (characteristic con-
stant of each material) and d is the average diameter of grain size.
As mentioned above, SLGO nanoplatelets can refine the composites
grain size; therefore it strengthens the nanocomposites.
4. Conclusions

The 1wt. %, 2.5wt. %, 5wt. % SLGO reinforces titanium nano-
composites were first prepared by laser sintering in this work.
Compared with other graphene or graphene oxide reinforcedmetal
matrix nanocomposites fabrication technologies, laser sintering is
fast, flexible and economical.

It was proved by XRD test and Raman spectra that SLGO sur-
vived in the laser sintered composites. After laser sintering process,
SLGO was mixed into the titanium matrix to form SLGO-Ti nano-
composites. The SEM images give the surface and cross section
morphology of the two kinds of samples. Cross section SEM image
showed graphene oxide was dispersed in the composite. The SLGO-
Ti nanocomposites showed a very high hardness value and
modulus value than that of laser sintered Ti. The average nano-
indentation hardness value of the nanocomposites (11GPA) is more
than 3-fold higher than that of laser sintered titanium (3.5 GPa).
Meanwhile the average modulus value of the nanocomposites also
has a notable increase. The Vickers hardness values of laser sintered
1wt. % SLGO-Ti (630VH), 2.5wt. % SLGO-Ti (742VH) and 5wt. %
SLGO-Ti (509VH) indicated that SLGO is a promising reinforcement
material for titanium and, there is an optimal SLGO content for laser
sintered SLGO-Ti nanocomposites.
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