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Abstract

In this study, the effects of graphene content (0.15, 0.30, 0.45 and 0.60 wt%) on the mechanical, tribological and thermal
properties of titanium matrix composites were investigated. The experimental results showed that the highest ultimate
compressive strength (845 MPa), tensile strength (613 MPa), lowest mass loss (0.6 mg for 10 N), and lowest wear rate
(WR =286x 10> mm?/Nm for10 N) were obtained for Ti-0.15GNPs compared with pure titanium (652 MPa, 413 MPa,
1 mg and 5x 107> mm?/Nm, respectively). The wear rate of composites deteriorates with increasing applied load. From
the thermal analysis results, the best thermal conductivity (16 W/mK) and diffusivity (7.1 mm?s) were performed for Ti-
0.30GNPs composites at room temperature. The thermal behavior of the composites was decreased with increasing graphene
content and temperature. It concluded that graphene is an effective reinforcement to develop the mechanical, wear and thermal

behavior of titanium matrix composites.
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1 Introduction

Titanium (Ti) and its alloys are extensively used in aerospace,
aviation, automotive and biomaterial industry. Development
of the mechanical properties, thermal conductivities and wear
properties are essential in these areas [1-4]. In last decade, the
researchers have many efforts to fabricate composite form of
Ti reinforced with some ceramics as ZrB,, SiC, Al,O;, TiC,
TiB,, SizN, etc. [5, 6]. However, these ceramic particulates
are not enough to develop the given properties. Thus, some
new approaches are needed to enhance the Ti composites
properties. In recent years, graphene nanoplatelets (GNPs)
are the most popular in advanced materials applications due
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to its superior mechanical, electrical, thermal and tribologi-
cal behaviors [7, 8]. Graphene was discovered in 2004 and is
being used in many industry areas such as biomedical, com-
puter technology, aerospace, sensing etc. It is a two-dimen-
sional structure of carbon allotrope and the carbon—carbon
bond length in graphene is 1.420 A.The strong carbon bonds
give it very good mechanical strength, electrical and thermal
conductivity [9—12]. The elastic modulus and tensile proper-
ties were reported as 1.0 TPa and 130 GPa, respectively [13].

Recently, graphene has been preferred as reinforcement ele-
ment in aluminum and magnesium metal matrices to improve
the properties of composites [14, 15]. However, the number of
the graphene-related Ti composites is very limited on mechani-
cal, wear and especially for thermal properties of Ti-GNPs
composites. Up to now the published studies concentrated on
the carbon black, carbon nanotubes (CNTS), carbon fiber and
graphite-reinforced Ti composites. Li et al. reported the strength
of the CNTs and graphite-reinforced Ti matrix. The tensile
strength was developed the nearly 11% for 0.4 wt% CNTs/graph-
ite ratio [16]. Kondoh et al. were reported the CNTs reinforced
Ti composites. The highest yield, tensile strength and micro-
hardness were evaluated as 697 MPa, 754 MPa, and 285 HV,
respectively [17]. Threrujirapapong et al. developed the carbon
black reinforced Ti composites. They reached up to 230 MPa
tensile strength for low amount of carbon black [18]. Wang et al.
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studied multiwall carbon nanotube reinforced Ti composites.
They increased the compressive behavior of Ti composites from
685 to 1105 MPa [19]. After discovery of graphene in 2004, the
graphene reinforced Ti composites rarely started to be reported.
Using of graphene in Ti matrix 96% increase in nano-hardness
and 16% increase in elastic modulus were reported by Zhang
et al. [20]. Nearly 54% higher tensile strength for 0.1 wt% Gr
was published by Zhang et al. [21]. Graphene reinforced Ti com-
posites and their strength enhanced up to 915 MPa by Chen
et al. [22]. In our previous paper, we studied the effect of the
process parameters such as sintering temperature, time and
graphene content on microhardness of the Ti composites. The
optimum sintering temperature, time and graphene amount were
reported as 1150 °C, 120 min and 0.15 wt% GNPs [23]. Moreo-
ver, the investigation of thermal conductivity for metal-matrix
composites has great attention in various potential applications
such as defense, aviation and automotive [24, 25]. Sabori et al.
[26] reported the 0.5-1.0 wt% GNPs added aluminum matrix
composites which had lower thermal conductivity with GNPs
content and temperature. Yang et al. [27] studied the thermal
conductivity of graphene added Ti composites at room tem-
perature. It reduces with increasing the GNPs ratio. As given
few studies were published about thermal behavior of GNPs
reinforced metal composites which are limited.

Fig.1 Schematic diagram of
Ti-GNPs composite fabrication
with the PM method

As mentioned, few considerable studies have been presented
and the number of published studies are not enough to under-
stand the effect of the graphene on properties. Because they
focused just process parameters and general mechanical prop-
erties of Ti composites. To our knowledge, there is no detailed
publication, especially on wear and thermal properties of gra-
phene reinforced Ti composites instead of mechanical behavior.

The present study focuses on the effect of GNPs concen-
tration on tensile/compressive strength, wear-resistance and
thermal conductivity of the Ti matrix composite which was
fabricated by the powder metallurgy method.

2 Experimental Procedure

In this study Ti powder (Alfa Aesar, —325 mesh) was used
as a matrix material with a purity of 99.5%. GNPs (Grafen
Chemical Industries Co.) is used as a reinforced material
that has a specific surface area of 120150 m?%/g, 5-10 um
diameter and thickness of 5-10 nm. The theoretical density
of Ti powder and GNPs are approximately 4.5 g/cm® and
2.25 g/lem?, respectively.

As given Fig. 1, the powder metallurgy method was
used to produce the Ti-GNPs composites. First of all, ultra-
sonic homogenization has been applied to provide a good
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dispersion of graphene. Ti and GNPs in different proportions
(0.15, 0.30, 0.45, 0.60 wt%) were mixed with ethanol in the
ball mill and then filtration and drying steps were applied.
The dried powders were pressed in a die at 900 MPa. As
a final step, the composite green samples were sintered in
a tube furnace under a vacuum and inert atmosphere. The
sintering conditions for sintering temperature (7= 1100 °C)
and sintering time (=120 min) were determined in our pre-
vious paper [23].

The scanning electron microscopy with energy disper-
sive X-ray component (SEM, Jeol JISM-7001F) was used
to evaluate the microstructure and elemental map analy-
ses of composites. The crystal structure of powder and
composites were performed with X-ray diffraction analysis
(XRD, Rigaku Smartlab). Compressive and tensile prop-
erties were tested by Instron 5982-100 kN test machine.
The sizes of the density, hardness, and compressive test
specimens were nearly @10 X 20 mm. Also, the sizes of
the tensile test specimens with rectangular cross-section
were approximately 200 mm X 20 mm X 20 mm. The wear
properties of pure Ti and Ti-GNPs composites were per-
formed with the pin-on-disc method for 10-20-30 N. The
stainless steel disc 2379 cold work tool steel was used as
the counterpart. The sliding velocity and distance were
selected as 200 rpm and 500 m.

Fig.2 SEM images of Ti, GNPs
powder (a, b) and particle size
distribution of Ti powder (c)

3 Results and Discussion

3.1 Characterisation of Raw and Composite
Materials

Figure 2a, b gives the SEM images of Ti and GNPs powders.
The morphology of Ti has sharp-edged particles (Fig. 2a).
GNPs consist of a few layers of two-dimensionally arranged
graphene nanosheets (Fig. 2b). In Fig. 2c, the average Ti
particle size is nearly 45 um.

XRD patterns of Ti, GNPs powder and Ti-GNPs compos-
ites are given in Fig. 3a—c. From XRD analysis, it is clear
that Ti powder peaks are presented at 20=29°, 37°, 41°,
53°, 63°, 71°, 76°. Moreover, GNPs’ peak is expected at
20=26.5°. The XRD analyses of sintered GNPs reinforced
Ti composites are shown in Fig. 3c. The XRD patterns do
not include the graphene diffraction due to the low amount
of GNPs and the low detection limit of XRD. Also, titanium
carbide (TiC) peaks up to 0.45 wt% GNPs are not detected.
However, the in situ TiC phase is formed with increasing
GNPs.

Figure 4a—d presents the SEM image and elemental dis-
tribution of Ti and carbon (C) from GNPs for Ti-0.15 wt%
GNPs composite after sintering at 1100 °C for 120 min. The
titanium-rich region is seen with red color and the carbon-
rich region with green color in EDX map analysis. From this
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Fig.3 XRD patterns of Ti,
GNPs powders (a, b) and fabri- a b
cated Ti-GNPs composites (c)
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Fig.4 SEM image of Ti-0.15
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analysis, the uniform carbon distributions from GNPs in Ti
matrix can be clearly seen.

3.2 Compressive and Tensile Behavior
of Composites

Figure 5a, b gives the compressive and tensile behavior of
GNPs reinforced composites for various graphene content
(0.15, 0.30, 0.45 and 0.60 wt%). The highest ultimate com-
pressive strength obtained with 0.15 wt% GNPs (845 MPa)
and the other results are 0.30 wt% (800 MPa), 0.45 wt%
(689 MPa), 0.60 wt% (649 MPa), respectively. The addition
of 0.45, 0.60 wt% GNPs reduced the compressive strength
of titanium matrix composites. Figure 5b shows that the
ultimate tensile stress of pure Ti is 413 MPa and the ulti-
mate tensile stress of Ti-0.15 GNPs composite is 613 MPa.
As addition of graphene to the titanium, the tensile stress
increased by 48.4%. It was observed that the ultimate ten-
sile stress decreased to 425 MPa with increasing graphene
(Ti-0.60 GNPs). The results are still higher than pure Ti.
Graphene has been shown to increase the mechanical prop-
erties of the composite. It has been seen in previous stud-
ies that ultimate tensile strength increases and the ductility
decreases as the amount of graphene additive increases [28,
29]. As given figures, both compressive and tensile strength
is enhanced for the low content of graphene. The possible
explanation is that the development of composite mechani-
cal properties with GNPs is related to load transfer, ther-
mal expansion coefficient mismatch and Orowan looping.
The low amount of homogenously distributed GNPs acts as
2D obstacles at Ti grain boundaries. It led to prevent grain
growth during sintering. These homogeneous distributed
GNPs act as a barrier to the dislocation movement which
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causes the increase of dislocation density and dislocation
strengthening. The dislocation strengthening is known as
dislocation density mechanisms. The enhancement of the
dislocation density controls the mechanical properties of
the composites due to the nanosize structure and plate-like
shape of the GNPs. Also, the thermal expansion coefficient
mismatch between matrix and reinforcement elements
causes the production of dislocation at the interphase. This
led to increasing mechanical properties. Moreover, Orowan
looping is another mechanism to understand the mechani-
cal properties. The GNPs particles in Ti matrix creates the
production of residual dislocation loops around the rein-
forcement materials. These fabricated loops develop higher
mechanical properties [30, 31]. On the other hand, the com-
pressive and tensile strength of Ti composites decreased
with increasing GNPs content due to the agglomeration of
GNPs and easy sliding during plastic deformation. GNPs
act as a good solid-lubricant during compaction and tensile
test for higher GNPs content. It causes less friction between
the particles. Therefore, the solid-lubricant effect of GNPs
facilitates the sliding under plastic deformation [32, 33].

3.3 Wear Behavior of Composites

Wear tests were performed on graphene additive titanium
composites to investigate the wear behavior of composites,
mass loss, wear loss between particles should be determined
by using the pin-on-disc wear test unit (GUNT TM-260). In
order to investigate the tribological behaviours of the sin-
tered samples, pin-on-disc tests under dry conditions were
conducted. The counterpart disc material was made of stain-
less steel 65 HRC. A counterpart disc diameter of 20 mm
made of hard-faced stainless steel was used. First, the sliding
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Fig.5 The variation of the ultimate compressive and tensile strength (a, b) for various GNPs content. (Color figure online)
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distance (L) can be calculated in order to detect the wear rate
as given in Eq. 1.

L=2arxXxnxt Q8

where r is the radius of counterpart disc (20 mm), n is
the number of revolutions (200 rpm), t is the testing time
(20 min), and L is the sliding distance (500 m). The tests
were performed at different loads (10 N, 20 N, 30 N). The
volume of worn material (AV) can be calculated by Eq. 2.
And also the wear rate (WR) of composites can be calculated
as presented in Eq. 3 [34].

Am

AV = — 2
p @)
AV

WR = ——
FxL @)

where Am is the mass loss p is the density of GNPs-Ti com-
posite. WR is the wear rate (mm>/Nm) and F is the applied
load (N).

As load in the wear test increased, mass loss and wear
rate of Ti-GNPs composites increased as expected. In
Fig. 6a, b, the lowest mass loss (Am=0.6 mg) and wear rate
(WR =286x 107> mm?/Nm) are performed for Ti-0.15GNPs
when evaluated under 10 N. As GNPs additive increases,
wear rate (Ti-0.60 GNPs, WR=7.2x 1073 mm3/Nm) is dete-
riorated. When the graphene is used as a reinforcement, it
tends to agglomerate which can be low and high sized with
GNPs content. The larger sized GNPs agglomeration causes
the inhomogeneous distribution and more damaged surfaces.

After the wear test, all worn surfaces were analyzed by
SEM. In Fig. 7a—c, SEM micrographs present the worn sur-
faces of pure Ti, Ti-0.15GNPs and Ti-0.60GNPs composites
under 10 N. The pure Ti and Ti-0.60 GNPs include great
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Fig.6 The variation of mass loss (a) wear rate (b) of Ti-GNPs composites

damage on the wear surfaces. Ti-0.15 GNPs composite has
a significantly much better surface than other samples due
to more uniform particle distributions in Ti without agglom-
eration for low GNPs content. However, the wear properties
are deteriorated with increasing GNPs content which led to
agglomeration. These agglomerated reinforcement particles
distributed locally which causes to increasing wear rate.

3.4 Thermal Behavior of Composites

Figure 8a—c gives the thermal behavior of Ti-GNPs compos-
ites depending on graphene content and temperature. Ther-
mal diffusivity and conductivity of composites increased
up to 0.30 wt% graphene content. This is thought to be a
result of the homogeneous distribution of graphene. It is
seen that the increase rate of the thermal diffusivity and con-
ductivity values maintain their value at high temperatures.
As given in the Fig. 8 both diffusivity and conductivity are
reduced with increasing temperature. It can be explained
by phonon—phonon Umklapp scattering which decreases the
diffusivity by reducing the mean free path in materials at
high temperatures. The phonons provide the heat conduc-
tion through the Ti-GNPs composite at the GNPs-Ti inter-
face. These interfaces act as a thermal barrier to heat flow it
causes to the reduction of phonon mean free path [35, 36].
Moreover, intrinsic defects within the GNPs could lead to
a barrier to thermal transport. The bend and twisted areas
of GNPs at matrix grain boundaries can cause to a reduc-
tion in thermal conductivity by restricted the phonon free
path [37]. Although there is a significant decrease in thermal
properties over 0.30 wt% graphene. This can be explained
due to the presence of porosity and low density agglomer-
ated graphene in the matrix. As given Fig. 8d both stereo and
SEM image confirm the presence of the porosity for higher
content GNPs. Optimal dispersion of graphene is important
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Fig.7 SEM micrographs of
worn surface: pure Ti (a), Ti-
0.15GNPs (b), Ti-0.60GNPs (c)

Abrasion [
oroove N

for thermal diffusivity since there is a percolation threshold
in spherical systems. Thermal diffusivity is the heat flow rate
in non-stationary conditions, and these graphene agglomer-
ates act as barriers, preventing heat dissipation [38].

4 Conclusion

In this study 0.15, 0.30, 0.45, 0.60 wt% GNPs reinforced Ti
composites were successfully fabricated by the PM method.
The effect of the GNPs content on the tensile, compressive
strength, wear and thermal behavior of the Ti composites
were investigated in detail. A significant increase in men-
tioned properties was observed with small amount of GNPs

@ Springer
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addition (0.15 wt%). The highest compressive strength
(845 MPa) and tensile strength (613 MPa) were observed
for the Ti-0.15GNPs composite compared with pure Ti com-
pressive strength (652 MPa) and tensile strength (413 MPa).
The lowest mass loss (0.6 mg for 10 N), and lowest wear
rate (WR=2.86x 107> mm?*/Nm for 10 N) were obtained
at Ti-0.15 GNPs compared with pure titanium (nearly 1 mg
mass loss and WR =5 x 107> mm?*Nm). The highest thermal
conductivity (16 W/mK) and diffusivity (7.1 mm?/s) were
tested for Ti-0.30 GNPs c’mposites at room temperature.
The thermal properties were decreased with increasing gra-
phene content and temperature. It summaries that, graphene
is a good candidate to enhance the mechanical, wear and
thermal behavior of Ti composites.
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Fig. 8 Thermal diffusivity (a, b), conductivity of Ti-GNPs depend on graphene content and temperature (c), stereo and SEM images of the Ti
polished surface for 0.30 wt% graphene (d)
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