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Abstract: Graphene nanoplatelets (GNPs)/Ti composites were fabricated by spark plasma sintering (SPS) and hot-rolling. This work

was focused on the effects of rolling reduction on microstructure and mechanical properties of GNPs/Ti composites. The SEM

microstructure results show that matrix grains are gradually elongated and the amount of GNPs along the rolling direction rises with

the increase of rolling reduction. The tensile test results indicate that the ultimate tensile strength and fracture elongation of the

GNPs/Ti composites increase with the increase of rolling reduction. The ultimate tensile strength of the composites at 60% rolling

reduction is 680 MPa, which is increased by 33% compared with pure Ti. Hot-rolling process can relieve defects and lead to GNPs

aligned along the rolling direction, which improves the tensile property.
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With the rapid development of composite materials, Ti
matrix composites have been drawing great attention because
of their low density, high specific strength, high specific
modulus and high temperature strength'"?. Therefore, they
have been used in aerospace and automobile fields !~
However, many problems restricting the further applications
of Ti matrix composites, such as unstable fabrication
processes and dispersion of the reinforcements, have not been
well resolved™. Due to the poor plasticity of the composites,
thermal deformation technologies have been generally used
for the composite forming™™.

Different micron-scaled reinforcements generated by the
in-situ reactions between the external elements and titanium
matrix including TiC particles and TiB whiskers were
investigated'*®. These reinforcements are uniformly dispersed
in the matrix, so that Ti matrix composites have good
mechanical properties in room temperature and high

- 9-12
temperature environment ',

Several researches present
nano-scaled materials such as carbon nanotubes (CNTs) as
novel reinforcements for the Ti matrix composites and TiC
phase was in-situ formed during the production !'>'¥.
Graphene, as the perfect

two-dimensional lattice of
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sp2-bonded carbon atoms, has attracted extensive attention
due to its extraordinary mechanical properties and physical
properties'"”!. In terms of elastic modulus, TiC particles are
only 550 GPa, while the graphene is 1 TPa with high fracture
strength (125 GPa)!'®, GNPs composed of a few graphene
layers possess properties similar to that of single-layer
graphene but are much easier to produce and handle!”. Due
to the excellent properties, GNPs are regarded as the perfect
reinforcement to the metal matrix composites. Compared with
other micron-scaled reinforcements, GNPs are easy to
aggregate due to their specific surface area and high surface
energy. The main challenge is how to disperse the GNPs more
uniformly in the Ti matrix and to form a good interfacial
bonding!"*"”). Owing to the clustering of the reinforcements,
hot-rolling has considerable potential.

The primary objective of this work is to improve the
dispersion of GNPs in the Ti matrix and the bonding between
GNPs and Ti matrix using hot-rolling process. Here, we
introduced a favorable route to produce GNPs/Ti composites
with excellent performances. Firstly, the mixed powders were
fabricated using ultrasonic dispersion and ball milling. Then,
the mixed powders were sintered by spark plasma sintering

Corresponding author: Zhang Hongmei, Ph. D., Lecturer, School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, P. R. China,

Tel: 0086-10-68913951, E-mail: zhanghm@bit.edu.cn

Copyright © 2018, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.



Wu Yan et al. / Rare Metal Materials and Engineering, 2018, 47(8): 2312-2317 2313

(SPS) process *. Finally, the as-sintered samples were
obtained to hot-rolling with different reductions. Further, the
effects of rolling reduction on microstructure and mechanical
properties of the composite were investigated.

1 Experiment

1.1 Raw materials

A type of Ti powders (0~45 pum diameter, provided by
Chengdu Excellent Material Technology Corporation) was
employed as starting matrix material. It can be seen that the Ti
powders are spherical (Fig.1la). GNPs (2~5 nm thickness,
6~11 layers and 10~20 nm length) were prepared by an
improved Hummer’s method. Fig.1b shows the scanning
electron microscopy (SEM) image of GNPs which were sheets,
wrapped together layer by layer and agglomerated severely.
Fig.1c shows the transmission electron microscopy (TEM)
image of GNPs which have a large specific surface area and
two-dimensional high aspect ratio sheet geometry.
1.2 Powder treatment and composites preforming

GNPs (0.035 g) were exfoliated by ultrasonic dispersion in
ethanol. Then GNPs solution was added into the nylon jar which
was placed with Ti powders and ZrO, ceramic balls (3 mm

Fig.1 SEM (a, b) and TEM (c) images of initial powder: (a) Ti
powder and (b, ¢) GNPs powder

diameter, 175 g). The ball-to-powder mass ratio was 5:1 and
the mass ratio of Ti powders to GNPs was 99.9:0.1. Planetary
ball milling was performed at a rotation speed of 350 r/min for
2.5 h. The ball milled mixture was filtered and dried at 80 °C
for 12 h to obtain the mixed powder.

The mixed powder was containerized in an alloy die and
then consolidated using the SPS technique at 873 K, 300 MPa
for 5 min in a vacuum of 1 Pa. The sintered samples were
cylindrical billets with a diameter of 25 mm and a height of 15
mm. For the purpose of comparison, Ti powders were
prepared under the same conditions.

1.3 GNPs alignment by hot-rolling

The surface of the sintered samples was machined to
remove the surface reaction layer and defects. To align the
GNPs in the Ti matrix, the samples were heated to a pre-
determined temperature of 1223 K, and rolling was conducted
with a 20% reduction per pass. Table 1 shows the number of
rolling passes and different rolling reductions. The as-sintered
samples using Ti powders were rolled with 3 passes of 60%
reduction under the same conditions. A schematic illustration
of hot-rolling process is shown in Fig.2.

1.4 Characterization of the composites

The GNPs distributions in the matrix under different rolling
reductions were examined using scanning electron microscopy
(SEM, S-4800) and transmission electron microscopy (TEM,
Quanta 3D 200). The density of GNPs/Ti composites was
tested by Archimedes method.

Tensile specimens (a gauge length of 10 mm, a width of 3.2
mm, and a thickness of 1 mm) were machined from the rolled
composites parallel to the rolling direction. Tensile tests were

conducted at a strain rate of 1x107 s at room temperature
using an Instron 5848 microtester to obtain engineering stress-

strain curves. At least three specimens were tested for each

Table 1 Rolling pass and reduction

Specimen GNPs Number of Reduction/
content/wt% rolling passes %
Til 0 0 0
Ti2 0 3 60
TMCsl 0.1 1 20
TMCs2 0.1 2 40
TMCs3 0.1 3 60

Rolling direction

=t

Fig.2 Diagram of the rolling process and sampling
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composite. For the purpose of comparison, the tensile tests on
the pure Ti were conducted under the same conditions.

2 Results and Discussion

2.1 Archimedes density

The results of density are shown in Table 2. It can be seen
that with the increase of rolling reduction, the density and the
relative density of the composite increase. It indicates that the
defects of the composite such as pores are relieved with the
increase of rolling reduction.
2.2 Microstructures

Morphologies of ball-milled powders and the sintered
samples are shown in Fig.3. Exfoliated GNPs are observed on
the surface of the Ti powder, where GNPs are marked by
arrows in Fig.3a. Fig.3b displays magnified images of the
ball-milled powder, where GNPs are thin enough to transmit
the electron beam so the Ti powder underneath the GNPs can
be seen'""). The spherical shape of the Ti powder keeps well.
GNPs are distributed uniformly with original structure;
however, there are still agglomeration phenomenon of GNPs in
local area. Most of the GNPs are attached to the surface of the

Table 2 Archimedes density of the composites

. Arch. density/ Theoretical Relative
Specimen 3 . 3 .
g-cm density/g-cm density/%
Til 4.435 4.510 98.34
Ti2 4.502 4.510 99.82
TMCsl1 4.381 4.497 97.42
TMCs2 4.422 4.497 98.33
TMCs3 4.454 4.497 99.05

Ti powders with the size of 5~10 pm. Compared with the
GNPs in Fig. 1b, it can be seen that the GNPs are peeled off
after ultrasonic dispersion and ball milling. GNPs are broken
and the size of GNPs declines. Therefore, the agglomerated
GNPs can be separated by ultrasonic dispersion. The ball
milling method can make the GNPs adhere closely to the Ti
powders and disperse well.

SEM images of the sintered sample are shown in Fig.3c and
3d. Microstructural characterization shows good bonding
between Ti particles, and GNPs exist at the boundaries of the
matrix (Fig.3c). After SPS sintering, the GNPs/Ti composites
are compacted, the GNPs are mainly distributed between the
particles (Fig.3d). There are big pores between the GNPs and
the Ti particles.

Fig.4 is the microstructure of the GNPs/Ti composites with
different rolling reductions. It can be seen that no GNPs
clusters are observed under SEM in the composites.

Compared with Fig.3c, the microstructures of GNPs/Ti
composites are obviously changed after rolling deformation.
Two phenomena could be observed. The first is that pores
become small after hot-rolling. Secondly, GNPs are generally
aligned along the rolling direction and uniformly dispersed in
the matrix. This is attributed to the plastic deformation during
hot-rolling. At the stage of ball milling, the GNPs are peeled
off and broken. The broken GNPs are able to flow with the
plastic deformation of the composites during hot-rolling.

At 20% rolling reduction, each grain is approximately
equiaxial (Fig.4a). With an increase of rolling reduction to
40%, the microstructure continues to show disorganized GNPs
in the matrix (Fig.4c). Fig.4f shows that the GNPs are aligned
along the rolling reduction and the grains are elongated.

Fig.3 SEM images of the mixed powder and sintered composite: (a,b) mixed powder and (c,d) sintered GNPs/Ti composite
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Rolling direction

Fig.4 SEM images of the GNPs/Ti composites at different rolling reductions: (a,b) 20%, (c, d) 40%, and (e,f) 60%

2.3 Fracture surfaces

Fig.5 shows the SEM images of tensile fracture of GNPs/Ti
composites at different rolling reductions. The fracture
morphology of dimples and tear ridges which exhibit the
ductile fracture can be seen in Fig.5a. With the increase of
rolling reduction, the dimple is much denser, shallower and
smaller (Fig.5a~5c). Fig.5e shows the characteristic peaks of
C and Ti elements at point 1 in Fig.5d. The contents of Ti and C
atoms at this point is presented in Table 3. It indicates that the

GNPs may insert into the Ti matrix. Fractured GNPs can be
observed in cracks (shown in Fig.5d) which indicates that they
effectively undertake the load transferred from the matrix.
2.4 Mechanical properties

Tensile tests were carried out to further analyze the effect of
hot-rolling reduction degree on mechanical property of the
composites (shown in Table 4 and Fig.6). It can be seen that
the ultimate tensile strength of GNPs/Ti composites increases
with the rise of rolling reduction. The ultimate tensile strength
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Fig.5 SEM fracture surfaces (a~c) and EDS spectrum of point 1 (d,e) for GNPs/Ti composite: (a) 20%, (b) 40%, and (c) 60%
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Table 3 Element content of point 1 in Fig.5d

Element wt% at%
C 6 20.28
Ti 94 79.72

Table 4 Tensile properties of the composites

Specimen ~ GNPs/wt%  Reduction/% oy/MPa /%
Ti2 0 60 513 28.4
TMCsl 0.1 20 640 15.6
TMCs2 0.1 40 660 18.6
TMCs3 0.1 60 680 24.6
700
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Fig.6 Room temperature tensile properties of specimens hot-rolled

at different reductions

of the composites at 60% rolling reduction reaches 680 MPa,
which demonstrated 33% higher than pure Ti. The strain
increased from 15.6% to 24.6% with increasing the hot-rolling
reduction from 20% to 60%.

Based on the fracture strength of GNPs and the alignment
of GNPs in the tensile direction, an improvement in tensile
strength as high as 680 MPa can be theoretically expected
from the addition of 0.1 wt% GNPs into the titanium matrix.
With the rise of the rolling reduction, the amount of pores
between the GNPs and the Ti particles gradually decreases.
When the GNPs/Ti composite is loaded, the titanium matrix is
strained and then the strained matrix may transfer the load to
GNPs by means of shear stresses along the reinforcement-
matrix interface. The microstructure analysis reveals that the
shrinkage and decrease of pores and grain refinement
contribute to the improvement in the tensile strength of
GNPs/Ti composites. Additionally, GNPs can effectively
prevent grain growth to exhibit the grain refinement effect.
Despite load transfer from matrix to GNPs and the grain
refinement, texture strengthening after hot-rolling plays an
important role in mechanical performance of GNPs/Ti

: 21,22
composites [21.22)

. Therefore, the shrinkage of pores, load
transfer from matrix to GNPs, grain refinement and texture
strengthening are considered as the main strengthening
mechanisms in this study.

Compared with pure Ti, the plasticity of GNPs/Ti

composites become bad. The plastic deformation of the matrix
is inhibited by the GNPs at the grain boundaries which makes
the deformation difficult coordinated. With the rise of rolling
deformation, the defects of the composites are relieved, the
pores close, the grains of the composites strain and the
deformation energy is uniformly dispersed in each grain,
thereby enhancing the plasticity of the composite. These
results demonstrate that GNPs have huge potential as the ideal
reinforcement in titanium matrix composites.

3 Conclusions

1) GNPs/Ti composites are fabricated by SPS and
hot-rolling. With the increase of rolling reduction, the aspect
ratio of the matrix grain increases, and GNPs are generally
aligned along the rolling direction.

2) The ultimate tensile strength of GNPs/Ti composites
increases with the increase of rolling deformation, and the
ultimate tensile strength reaches 680 MPa (at 60% rolling
reduction), which is 33% higher than that of pure Ti. The
tensile property of the composites is improved by hot-rolling.

3) The original structure of GNPs can be retained by the
preparation to enhance the mechanical properties of the
composites.
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