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ARTICLE INFO ABSTRACT

Given the strategic importance of pure titanium in sensitive industries, such as healthcare, and the existing
weaknesses in the mechanical and physical properties of this metal, the present study aims to investigate
the enhancement of its mechanical properties through the composite fabrication of pure titanium with
Reduced Graphene Oxide (RGO) nanoparticles based on Spark Plasma Sintering (SPS) method. During
the fabrication process, the mechanical properties of the samples were evaluated and compared using
specialized tests. Composite fabrication is one of the effective and common methods for improving the
material properties. As demonstrated in the results obtained in this study, the SPS method can be proposed
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Keywords: as a reliable method for producing high-quality composites. Further evaluation of the mechanical properties
of the samples reinforced with RGO indicates that the optimal presence of this reinforcement significantly
Titanium enhances the mechanical properties compared to those of the pure samples. Moreover, the analysis of the

behavior of the produced samples during the sintering process indicates a significant increase in the force
and pressure in samples containing reduced graphene oxide, with no observed significant changes in
displacement and temperature.
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1. INTRODUCTION
As cases of tooth loss due to accidents continue to

must possess high strength, good corrosion resistance,
and excellent biocompatibility. A variety of implant

increase and population aging becomes a global issue, the
demand for dental implant surgery is rising annually
worldwide (Barootchi, S et al., 2020). To meet the rigid

materials have been designed over the past decades,
ranging from precious metals (Au, Pt, etc.) to stainless
steel, CoCr alloys and titanium alloys, etc. Due to their

biological and mechanical requirements, dental implants relatively high strength, low density, low elastic
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modulus, and high corrosion resistance, titanium and its
alloy have become popular dental implant materials
among all metals (Patka, K et al., 2018). To date, Ti and
Ti alloys have been widely applied in dental implants.
However, most of these implants rely on commercial
pure Ti (cp-Ti), whose low strength (300 MPa) has
greatly restricted its reliability in load-bearing implants
such as dental screw etc., despite of its excellent
biocompatibility and corrosion resistance (Niu, J et al.,
2021). Some specific reinforcing particles such as TiB
(Zhou, Z et al., 2023), TiC (Wang, J et al., 2024), SiC
(Wang, L et al., 2024), ZrO, (Dwivedi, S et al., 2024),
Al,Os3 (Kaykilarli, C et al., 2024), and Y03 (Barootchi,
S et al.,, 2020)have been introduced to improve the
mechanical properties of titanium-based composites
using different manufacturing technologies. Graphene
and its allotropes are one of these materials. This valuable
material, first synthesized by Andre Geim and Konstantin
Novoselov in 2004 (Novoselov, K et al., 2004), can be
used as a suitable reinforcement for composite materials
due to its unique properties such as electrical (Schedin, F
etal., 2007) , thermal properties (Balandin, A et al., 2008)
, and tensile strength of 130 GPa (Lee, C et al., 2008) .
In recent years, significant achievements have been made
regarding the factors affecting the mechanical properties
of titanium (Cao, H et al., 2020) , copper (Dong, L et al.,
2017) , aluminum (Khodabakhshi, F et al., 2017) , and
magnesium (Khodabakhshi, F et al., 2017) composites.
Hang et al. (Cao, H et al., 2020) employed the same
method and process of rolling during heat treatment to
produce graphene-reinforced titanium composites and
reported that increasing the sintering temperature from
600 to 900 CO increases the density of composites from
84 up to 98 percent. In addition, the optimal solid-phase
reaction temperature under the optimum spark plasma
sintering parameters was 850 C°, and the tensile strength
could reach 1206 MPa for composites with a weight
percentage of 0.3 after annealing and rolling at room
temperature. Dong et al. (Dong, L. L et al., 2018)
fabricated titanium-based composites with 0.6 wt% RGO
using the spark plasma sintering method at temperatures
ranging from 800 to 1100 C° and studied the effects of
sintering temperature on the microstructural changes and
mechanical properties of the composites. They showed
that the density of composites was improved upon
increasing the sintering temperature. The optimal
sintering temperature with a 5-minute duration under a
pressure of 45 MPa was 1000 C°, which created a good
connection between the RGO reinforcement and the
titanium matrix. Currently, skeletal bone diseases and
related injuries have become more prevalent worldwide.
Assessments have shown that over 50% of women and
20% of men over the age of 50 experience bone fractures
during their remaining lifetime. Such bone defects may
require surgery for complete knee and hip replacements
or temporary and permanent implantation of

components. This had led many researchers to pursue the
development of a biological material that could mimic
real bone properties such as flexibility and strength for
repetitive use. Weihong Jin et al. (Jin, W et al,,
2017)observed that medical materials cannot withstand
loads in biological processes. Viktor Baltrus et al.
referred to the significant role of these biological
materials in the biological replacement of reconstructed
alveolar bone insofar as some metals are now widely
recognized as substitutes for natural bones. Over time,
metallic materials lose their properties and fail to
withstand pressure loads, thus making them susceptible
to fractures. Additionally, metallic structures tend to
weaken over time, leading to unintended effects such as
toxicity and undesirable reactions. In the past two
decades, implants for biomedical applications have
undergone rapid and remarkable advancements.
Titanium, due to the formation of a stable inert layer of
titanium oxide on its surface, has superior
biocompatibility compared to other metallic materials.
With its low elastic modulus, lightweight, and reduced
artifact production in computer tomography and
magnetic resonance imaging compared to other metals, it
has gained more popularity in the orthopedic field.
Although Ti-6Al-4V is the most widely used titanium
alloy for surgeries, despite its excellent performance and
corrosion resistance, a high concentration of metal ions
has been identified in the tissues surrounding the
implants, questioning the long-term safety of the
biological applications of this alloy. An alternative
approach to overcoming the problem of harmful ion
release is the application of pure titanium. However, the
mechanical properties of commercial pure titanium are
not as good as those of Ti64 alloy. In 2021, in one of the
most interesting recent studies on graphene oxide-
reinforced titanium-based composites, Sedehi et al.
(Sedehi, S. M. R et al., 2021) successfully enhanced the
mechanical properties and biocompatibility  of
commercial pure titanium through a combination of
spark plasma sintering composite fabrication and severe
plastic deformation methods. Despite the fact that
relatively limited information is available on the effect of
reduced graphene oxide presence on the behavior of
titanium-based composites during spark plasma
sintering, it has been established that the presence of this
type of nanoparticles significantly contributes to the
enhancement of composite properties. This research
primarily aims to investigate these behaviors in titanium-
based composites reinforced with different percentages
of RGO during spark plasma sintering.

2. MATERIALS AND METHODS

The reduced graphene oxide was prepared from Nano
part Aseman Company in Gonabad County. Spherical
pure titanium powder, with the features given in Table 1,
was also used as the primary material in this study. To
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achieve an optimal and uniform composite structure, the
following four stages were followed based on powder
metallurgy principles: a) Initially, RGO nanosheets with
the weight percentages of 0.05% and 0.1% were added to
pure ethanol and sonicated until a dark and homogeneous
solution was obtained. This physical property indicates
that RGO is fully dispersed in ethanol. b) Pure titanium
powder was also mixed with ethanol and vigorously
stirred at room temperature. Then, both solutions were
mixed for 30 min to achieve a homogeneous slurry. c)
The mixed slurry was completely dried using a vacuum
furnace and then ball-milled under argon gas protection
for 5 h at the speed of 350 rpm with a powder-to-ball ratio
of 1:10 (zirconia balls). d) The prepared powders in the
previous stages were loaded into graphite molds with an
inner diameter of 25 mm and a height of 50 mm and then,
they were subjected to spark plasma sintering at the
temperature of 900 C° and pressure of 45 MPa. The
displacement rate during the sintering process is
described as follws (Sugita, T et al., 1970):

de oub (b\P (o\"
c=a =27 (@) () &

where ¢ is the displacement rate, t the time (sec), A
the constant coefficient, ¢ the diffusion coefficient, p the
shear modulus, b the Burgers vector, K the Boltzmann
constant (1.38 x 102 j/K), T the sintering temperature
(Kelvin), G the grain size (nm), ¢ the microscopic stress
(MPa), P the grain growth rate, and n the effective stress.
Generally, material displacement during spark plasma
sintering process is directly proportional to the sintering
time at high temperatures. In this regard, the kinetic
equation of the process can be written as (Ting, C et al.,
1999) :
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Ddt KT Hefr

G

where D denotes the relative density percentage, B a
constant coefficient, o the instantaneous compressive
stress (MPa), and peff the instantaneous shear stress
(MPa). As described by Ashbi (Chaim, R et al., 2010) ,
the applied pressure is determined based on Formula 3:
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where ¢ mac = 45 MPa and Dq represent the initial
relative density (40%). The Young's modulus of the
porous material can also be calculated through the
following equation [23]:
Eerr P

=1- — 4
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where Eerr represent the effective Young's modulus
(GPa), Ew the Young's modulus of the compacted
material (gigapascals), p = 1-D the actual porosity, and
Po = 1-Dg the initial porosity (percentage). Here, peff can
be expressed using Equation 5 (Dong, L. L et al., 2018):
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The kinetic equations of the spark plasma sintering
process can also be expressed as follows [23]:
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where K is the constant coefficient, R the gas constant
(8.314 J/(mol.K)), and Qd the activation energy for
surface diffusion (joules). Therefore, the above equation
can be rewritten as Y = nX + K1. Based on the results
from the previous research studies [5] as well as the
equations provided, the optimal sintering temperature for
titanium is chosen to be between 900 to 1000 C°. In the
following, for more convenience, the experimental
samples are labeled as follows: pure sintered sample,
sintered sample containing 0.5% weight fraction RGO,
and sintered sample containing 1.0% weight fraction
RGO. The experimental procedures are illustrated in
Fig.1.

TABLE 1. Specifications of RGO powder

Purity | ﬁtves‘i'ze d:;;‘iety Volatile | Ash
0 o 0, 0,

(%) (i) (o e (%) (%)

99/28 4/81 2/23 0/67 0/05

TABLE 2. Specifications of the Ti powder used

~~
g o | B E
° . ® E >
2 Impurity content (mass%o) g9 £
(=) ) <
~ AR~ | ~ 3

Ti 4/51 45
0/27 | 0/05 | 0/03 | 0/02 | 0/02
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Figure 1. a) Schematic of the fabrication cycle, b, c) SEM images of the produced composite and RGO.

Characterization

To further investigate the existing phases and
determine the presence and nature of RGO in the
composite, X-Ray Diffraction (XRD) was conducted
using an Explorer device manufactured by GNR lItaly. In
addition, to examine the morphological changes of the
initial powders and produced samples, a Field Emission
Scanning Electron Microscope (SEM) model MIRA3
from TESCAN, Czech Republic, with a resolution
capability down to 1.5 nm at 15 kilovolts voltage, was
employed. Further, the hardness of the samples was
measured using a Vickers hardness tester model
KOOPA-UV1 under a load of 30 kg at the dwell time of
10 sec. To obtain the average value, at least 3 repetitions
of the hardness test were performed for each sample, and
the Vickers microhardness value was calculated using the
following equation:

HV = 1/8544 —

The tensile test was also conducted using an MTS810
testing machine at the speed of 1 mm/min at room
temperature (ASTM E8M/E8-16a).

3. Results and discussion
Hardness
Incorporation of RGO into titanium matrix

composites and application of Spark Plasma Sintering

(SPS) can significantly enhance the hardness of these
materials. RGO, with its two-dimensional structure and
strong carbon-carbon bonds, acts as an excellent
reinforcing material. When RGO is incorporated into the
titanium matrix, its sheets are uniformly distributed that
prevents dislocation motion and crack propagation,
thereby increasing the overall hardness of the composite.
The strong bonds formed between RGO and titanium
particles also facilitate effective load transfer. The SPS
method, due to its short processing time and relatively
low temperatures, ensures uniform distribution of RGO
and reduces the likelihood of defect and internal void
formation. This method employs rapid electrical pulses
to compress and sinter the powders at lower
temperatures, compared to traditional methods, reducing
the grain growth, maintaining fine grain sizes, and
ultimately contributing to enhanced hardness. Such
enhanced hardness of titanium composites resulting from
addition of RGO and implementation of the SPS method
can have a significant impact on improving the
mechanical properties of the medical implants. Titanium
implants are widely used in the medical field due to their
excellent mechanical properties and biocompatibility, yet
there is a need to improve their hardness and wear
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resistance to increase their longevity and performance.
Incorporating RGO into the titanium composites not only
enhances the hardness but also improves the fatigue and
wear resistance of the implants. Owing to these features,
the RGO-reinforced titanium implants become more
durable and exhibit a better performance in the body,
which is particularly of high importance in orthopedic
and dental applications. The results of Vickers
microhardness tests on the specimens at various stages
are shown in Fig.2.

Ti +0.1%W RGO [N 450
Ti +0.05%W RGO [N 4303
Tipure [N 3732

0 100 200 300 400 500

Vickers Hardness
Figure 2. Hardness results

XRD

The figure below shows the X-Ray Diffraction
(XRD) spectrum under the conditions of V=40 kV,
Current=30 mA, and Detector type: Dectris. Evidently,
titanium (Ti) and titanium carbide (TiC) phases are the
main phases in the composite, whose peaks correspond
to pure titanium powder serving as a reference; hence, the
peak at 40 degrees is considered the strongest peak
present in titanium. Additionally, weaker peaks are
identified at the angles 34, 38, 53, 63, 71, 77, and 78
degrees. The Ti phase alone can only be observed in the
pure titanium sample. The weak peak labeled (002) at an
angle of 5.26° is attributed to the reduced graphene oxide.
This peak is exclusive to components containing RGO.
Changes in the intensity and position of the peaks are also
observed in subsequent stages of the experiment, with the
most significant peaks attributed to TiC at 43 degrees
during the sintering stage. As a result of using a graphite
mold and carbon infiltration, the formation of the TiC
phase is observed in both pure and RGO-containing
samples. The intensity of the TiC phase increases with an
increase in the sintering time and temperature, which has
been reported in previous studies when the sintering
temperature exceeds 800 C° [19]. The standard Gibbs
free energy (AG) of TiC formation from the reaction
between Ti and carbon can be expressed as (Sedehi, S.
M. Retal., 2021) :

AG = -184571.8 + 41.382T -5.042TInT + 2.425 x 10-3T2 -
9.79 x 105/T (T <1939 K)

where AG represents the Gibbs free energy in
kilojoules per mole, and T the reaction temperature in
Kelvin. Given the sintering temperature of 900 C° in this
study, it can be concluded that TiC particles were formed
during the spark plasma sintering process, as shown
below (Sedehi, S. M. R et al., 2021) :

AG = -184571.8 + 41.382(1173.15)-
5.042(1173.15)In(1173.15)+ 2.425 x 10-3(1173.15)2 - 9.79 x
105/(1173.15) = -175325.641

Therefore, all processes proved to be ideally
controlled in terms of phase control, hence successful. To
provide further details on carbon atom diffusion within
the composite, the depth profile of carbon penetration is
shown in Fig. 3. As evident in this figure, at point 6,
which is close to the surface, the carbon content was
approximately 19.62% by weight that decreased towards
the center of the sample. In this regard, the carbon content
at point 5 was found to be approximately 5.5% by weight.
As mentioned earlier, the carbon content may increase as
a result of the formation of the TiC phase. The formation
of the TiC (titanium carbide) phase in the titanium-based
composites can significantly impact the mechanical
properties and performance of medical implants. TiC,
known for its high hardness, wear resistance, and
chemical stability, acts as a reinforcing phase within the
titanium matrix. Adding TiC to titanium can enhance the
hardness and wear resistance of the medical implants,
thereby improving their longevity and performance,
since implants are prone to severe mechanical forces and
wear within the body. Additionally, the TiC phase, due
to its integration with the titanium matrix, can improve
the thermal properties of implants and reduce their
thermal expansion, which is crucial under the varying
environmental conditions within the body. Although the
presence of this phase has not been specifically and fully
validated for medical applications, it has gained
significance through research on in vivo implants, hence
considered a safe material for this field (Goncalves, V. R.
M et al., 2024) . Further, higher degrees of hardness and
wear-resistance of the TiC surface decrease the amount
of wear particles released from the implant surface,
which in turn leads to inflammatory responses and long-
term complications within the body. Consequently, the
formation of the TiC phase in the titanium-based
implants can significantly enhance their mechanical and
biological performance, increasing their lifespan and
efficacy in medical applications.
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Figure 3. XRD Results and Carbon Penetration in the Composite after SPS Process

Tensile strength

Fig.4 presents the results of the tensile strength for
Ti/RGO composite at different percentages of RGO,
compared to the pure sample. As expected, compared to
the pure sample, the samples containing graphene in the
plasma sintering stage showed an optimal increase in
their strength, indicating uniform distribution of the
reinforcement particles. However, in the third sample
with the highest amount of RGO, a suitable bond between

titanium particles and RGO nanoparticles has not been
established, hence a decrease in strength compared to the
second sample. At this stage, the tensile strengths of the
samples are recorded as 670.19, 824.71, and 821.42 MPa,
respectively, and the yield strengths are calculated as
660, 800, and 780 MPa, respectively. According to the
obtained results, compared to the pure sample, the tensile
and yield strength values showed a significantly optimal
growth upon increasing weight percentage of RGO.
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Additionally, in Figure 5a-b, fractography images of the
fracture surfaces of the tensile test specimens are
displayed, indicating that the fracture surface of the pure
sample has broader cracks than those in the sample
containing RGO, hence the smaller crack widths. This
factor could serve as evidence for the increased tensile
strength of the reinforced samples. The fractographic
analysis of the Ti/RGO composite indicates that the
presence of the RGO nanoparticles significantly impacts
the mechanical behavior and fracture characteristics of
the material. Firstly, RGO ensures uniform stress
distribution within the titanium matrix, preventing stress
concentration at specific points and thereby reducing
crack width. Secondly, these nanoparticles form stronger
bonds between titanium particles, inhibiting rapid crack
propagation. Additionally, RGO acts as a physical barrier
along the crack propagation path, deflecting and slowing
down crack growth, which further reduces crack width.
Finally, the presence of RGO enhances energy absorption
during fracture, leading to finer cracks with smaller

widths. Collectively, these factors contribute to improved
mechanical behavior, increased tensile strength, and
enhanced fracture resistance of the Ti/RGO composite
compared to the pure sample.

For instance, in knee implants requiring high
resistance to mechanical pressures and tensile strength,
the presence of smaller and finer cracks in RGO-
containing samples can promote more uniform stress
distribution within the titanium matrix, mitigating stress
concentrations at specific points. This property may
reduce susceptibility to failure and enhance the lifespan
of knee implants. Similarly, in dental implants where
seamless integration with surrounding natural tissues is
crucial, the presence of fewer and finer cracks in RGO-
containing samples can potentially reduce bacterial
invasion risks and maintain surface integrity. Overall,
these analyses demonstrate that inclusion of RGO
nanoparticles can improve the mechanical behavior and
fracture resistance of Ti/RGO implants compared to pure
titanium samples.

1100

800

650 1

Stress (MPa)

500

350

Ti Pure

Ti+ %W 0.05 RGO

s T1 + %W 0.1 RGO

15 20 25

Elongation (%)

Figure 4. Tensile Test Results and Fractography Images a) Pure Sample b) Sample Containing RGO

Analysis of the Behavior of Produced Samples Based
on the Output Variables of the SPS Device during the
Fabrication Process

In previous research with a main focus on the
implementation of spark plasma sintering for composite
fabrication, little attention has been paid to the outputs of

the device as well as the behavior of the produced
composites during the process. Given the high
importance of analyzing the behavior of RGO-reinforced
composites, this study focused on the behavior of the
pure and RGO-reinforced samples at different
percentages of RGO during the process, yielding
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interesting results. Fig.5 illustrates the displacement,
force, pressure, and temperature of the three produced
samples in this study: the first sample was pure titanium,
and the next two samples contained RGO with different
percentages. As observed in this figure, no significant
changes were observed in the displacement parameter for
the three produced samples. However, in terms of force
and pressure, it is quite evident that while the pure
titanium sample undergoes a descending trend during the
process, the other two samples containing RGO possess
an optimum level of force and pressure during the
process. To be specific, the force imposed on the pure
titanium sample reached its minimum level of 1450 N,
while that on the second and third samples reached 1850
and 1780 N, respectively. Similarly, the minimum
pressure before loading completion for the three samples
was 29, 37, and 36 MPa, respectively, indicating the

29

significance of analyzing the output parameters of the
behavior of the produced composite with the SPS
method. The temperature variable was also recorded
continuously during the process using sensors embedded
in the device and mold. However, no significant changes
were observed in temperature for these three samples
throughout the process. In summary, the output results
from the device regarding the analysis of the behavior of
the produced samples show that the recorded force and
pressure are consistent with the results from the tensile
test. It can be concluded that although the presence of
RGO increases the force and pressure imposed on the
mold during the process, the good connection between
the matrix and reinforcement achieved after sintering has
also increased the tensile strength and yield strength of
the samples.

Displace (mm)
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Time (s)

Ti + %W 0.05 RGO
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Figure 5. Behavior of different produced samples using output variables during the SPS process

Conclusions

Composite synthesis method is a common and
effective method for enhancing various properties. In this
study, titanium samples reinforced with reduced
graphene oxide nanoparticles were fabricated using spark
plasma sintering method at the temperature of 900 C°,
pressure of 45 MPa, and time of 6 min. The effect of
RGO presence on the mechanical properties and behavior
of the samples during the sintering process was
investigated, and the following conclusions were drawn
1. Based on the summary of the research results,
Spark Plasma Sintering (SPS) method was proposed

introduced as a reliable technique for producing high-
quality composites. However, due to the sensitivity of the
method to phase formation, it may adversely affect the
quality of produced components, especially in certain
medical applications. Additionally, unlike conventional
manufacturing processes, the SPS method had some
limitations in the size and complexity of parts it
produced. Considering these advantages and
disadvantages, application of SPS for titanium
component production for medical applications required
precise evaluation and thorough understanding of the
properties and requirements of the intended products to
achieve the optimal outcomes and efficiency.
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2. The formation of the TiC (titanium carbide)
phase in titanium-based composites could significantly
affect the mechanical properties and performance of
medical implants due to its high hardness, wear
resistance, and chemical stability. Additionally, once
integrated with the titanium matrix, the TiC phase
enhanced the thermal properties of implants and reduced
their thermal expansion, which is crucial under the
variable environmental conditions within the body.

3. The results of the mechanical properties of
RGO-reinforced samples indicated that although the
presence of this reinforcement increases the mechanical
properties compared to the pure sample, a diminishing
return trend was observed among the samples with
different RGO concentrations.

4. The analysis of the behavior of the produced
samples during the sintering process, conducted using
precise sensors installed in the device and mold, indicates
that in samples containing RGO, the force and pressure
increase significantly and maintain a relatively constant
level, whereas in the pure sample, a noticeable
descending trend is experienced.

5. Regarding the output values of the samples'
behavior during the process, displacement and
temperature did not show specific sensitivity to the
presence of graphene, and all three samples exhibited
similar behavior.
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