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Graphite flake (GF)-reinforced Ti6Al4V (TC4) matrix composites were fabri-
cated by spark plasma sintering, and electroless copper (Cu) plating on the
surface of the GFs was introduced to slow the interface reaction between the GFs
and the TC4 and to improve the interface bonding. The effects of sintering
temperature and coating thicknesses on the microstructure and thermal con-
ductivity (TC) of the composites were investigated. The results showed that the
introduction of the Cu coating can significantly reduce the thickness of the
titanium carbide (TiC) layer generated by the interface reaction between the
GFs and the TC4, increase the density of TiC layer, and thus increase the TC of
the composite. When the sintering temperature was below 1150�C, the TC
gradually increased from 185.03 W m�1 K�1 before Cu plating to
232.4 W m�1 K�1 with the increase of the Cu coating thickness and sintering
temperature. When the temperature was further increased to 1200�C, the TC
deteriorated due to the increase in the thickness of the TiC layer. The high TC
makes the GF/TC4 composites suitable candidates for heat transfer materials
used in offshore engineering.

INTRODUCTION

A plate heat exchanger (PHE) has the character-
istics of high heat exchange efficiency, small heat
loss, compact and lightweight structure, small floor
area, long service life, etc. It has become an
essential heat exchange equipment for marine
engines.1–5 PHE is composed of a group of rectan-
gular heat transfer plates made of thin metal, and
the performance of the plates has an important
impact on the heat transfer efficiency, service life,
and applicable working conditions of the PHE.3,6

Under most working conditions, metal plates are
usually made of aluminum (Al) or copper (Cu)
because they have high thermal conductivity (TC).
Considering the corrosivity of the marine

environment, due to the poor corrosion resistance
of Al or Cu, the PHEs used in marine ships are
mainly made of pure titanium (Ti) or Ti alloys with
excellent corrosion resistance.1,3,7–11 With the
increasing power of marine turbines, it has become
necessary to further improve the heat transfer
efficiency without increasing the volume of the
PHE. In particular, it is hoped that the plate has a
high TC in the two-dimensional plane direction to
enable the rapid exchange of heat between the sea
water and the working medium in the plane, so as to
improve the heat transfer efficiency.2,3 The current
TC of Ti and Ti alloy plates is too low to meet the
comprehensive performance requirements of high-
power marine turbines for PHEs.12–14 How to
improve the TC of Ti in a two-dimensional plane is
a key problem that must be solved when it is used in
high-power marine engines and other heat
exchange equipment under similar working
conditions.
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In recent years, there has been much research on
high-TC materials, mainly focusing on the field of
electronic packaging, to solve the heat dissipation
problem of high-power microwave devices and LED
chips.15–17 The materials developed include Cu
matrix composites, Al matrix composites, such as
diamond/Cu, graphite flake/Cu (GF/Cu), and dia-
mond/Al.18–21 These materials have been developed
by adding a second component with high TC, such as
diamond and GFs, to Al or Cu to solve the problem of
low TC and excessive thermal expansion coefficient of
Cu or Al. Although these high-TC composites cannot
be applied in the marine environment due to their
poor chloride ion corrosion resistance,22 the relevant
improvement methods proposed for the lack of ther-
mophysical properties of single materials such as Cu
or Al, e.g., the method of adding a high-TC second
phase to make up for the lack of thermophysical
properties of single materials, have a important
reference value for improving the TC of Ti alloys. In
other words, for Ti materials, the TC can also be
improved by adding high-TC components such as
diamond and GFs. The second phases used to
improve the TC of metals reported in the literature
are mainly carbon-based materials with high TCs,
including diamond,23–25 graphene,26,27 carbon nan-
otubes,28–30 GFs,16,17 etc. Among these materials, the
high TC of GFs in the two-dimensional plane direc-
tion is up to 1000 W m�1 K�1.15,31,32 At the same time,
they have good characteristics of a self-oriented
parallel arrangement, good dispersion, and chloride
ion corrosion resistance,22,33,34 which makes an ideal
second phase to improve the TC of Ti materials in the
two-dimensional plane direction. This idea also coin-
cides with the thinking of other scholars.35

In the early stage, we mixed 50 vol.% GFs with
Ti6Al4V (TC4) powder and sintered them by spark
plasma sintering (SPS) to obtain GF/TC4 compos-
ites. From the microstructure, it can be seen that
GFs can be uniformly and parallel arranged in the
TC4 matrix. The measured TC in the direction
consistent with the arrangement of the GFs reached
185.03 W m�1 K�1, which is more than 20 times
that of the TC of the TC4 matrix itself. This means
that it is feasible to increase the TC by adding GFs
to the TC4 matrix. However, at the same time, we
also found that there is an interface reaction at the
interface between the GFs and the TC4, and a
titanium carbide (TiC) layer with a certain thick-
ness is formed. This layer has a large interface
thermal resistance, which will lead to a low TC of
the composite. A study has shown that heat transfer
between the interfaces is important. Researchers
have found that the interfaces are barriers to heat
transfer and may be a limiting factor in the
development of highly thermally conductive mate-
rials. Therefore, the interface between the metal
and the reinforcing phase needs to be modified to
increase the TC.35 At present, the improvement of
the interface between a high-TC reinforcement
phase and the matrix is mainly focused on

diamond-Cu,21,36 GF-Cu,20,32 and diamond-Al sys-
tems.19,33 Different researchers have proposed dif-
ferent interface modification methods for these
systems. However, there is no publicly reported
method on how to improve the interface bonding
between GFs and Ti alloys, reduce the thickness of
the carbide layer, and even inhibit the interface
reaction between them. On the basis of our previous
results, we propose to coat Cu on the surface of the
GFs and combine them with TC4 to fabricate GF/
TC4 composites by SPS. It is expected that coating
Cu on the GF surface can reduce the contact time
between the GFs and the Ti matrix during sintering
densification, so as to reduce the thickness of the
carbide layer and improve the TC of the composite.
This paper focuses on studying the influence of the
thickness of the Cu plating and the SPS sintering
temperature on the microstructure and TC of the
prepared GF/TC4 composites by a variety of mate-
rial analysis and testing methods.

EXPERIMENTAL

Raw Materials

GFs with a particle size of 500 lm, a thickness of
50 lm, and a density of 2.26 g cm�3, purchased from
Forsman Scientific, China, was used as raw material.
Scanning electron microscopy (SEM) images of a GF
are shown in Fig. 1a. A magnified image of the edge
region of the GF is shown in Fig. 1b, which shows its
laminar structure. The X-ray diffraction (XRD)
pattern of the GF is shown in Fig. 1c. The two peaks
at 2h = 26.4� and 54.5� correspond to the (002) and
(004) crystal planes of the GF, respectively. Spherical
TC4 powder was used as the matrix material (TC:
6.6 W m�1 K�1).12,14 The characteristics of the TC4
powder are listed in supplementary Table S-I (refer to
online supplementary material). The morphology of
the TC4 powder is shown in Fig. 1d.

Fabrication of Cu-Coated GF

Cu-coated GFs were fabricated by electroless Cu
plating with steps of surface degreasing, chemical
roughening, sensitization, activation, and chemical
plating: (1) a GF was placed in an electric furnace at
400�C in air atmosphere for 30 min to remove
surface organic matter and volatile impurities; (2)
the GF was immersed in a hydrochloric acid solu-
tion to form a rough surface to increase the specific
surface area, and then placed in an ultrasonic
cleaner to be cleaned to neutral; (3) after roughen-
ing, the GF was sensitized in a hydrochloric acid
solution of SnCl2 (30 g L�1 for SnCl2 solution and
60 mL L�1 for hydrochloric acid solution) and
washed with deionized water to neutral; (4) the
sensitized GF was activated in a 0.25-g L�1 PdCl2
solution; (5) finally, the activated GF was used for
electroless plating, and the composition of the
plating solution is shown in supplementary
Table S-II. In addition, NaOH solution was chosen
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to adjust the pH of the solution to be stable at 12–13.
The same quantity (6 g) of activated GF was added
to different volumes (200, 400, and 800 mL) of Cu
plating solution to obtain different layer thick-
nesses. The thickness of the coating increased with
the increase of the plating volume. The coating
thickness was determined by weighing the weight
changes of the graphite flake before and after
electroless copper plating. The formula for calculat-
ing the thickness of the Cu coating is:

pR2t

p Rþ dð Þ2 tþ 2dð Þ � pR2t
¼ VGF

VCu
ð1Þ

VGF þ VCu ¼ 1 ð2Þ

where R is the radius of the graphite flake, t
represents its thickness, VGF refers to its volume
fraction, VCu is the volume fraction of Cu, and d is
the thickness of the coating. Through calculation,
the thicknesses of the Cu coating on the surface of
the GF corresponding to the three plating solution
volumes was 550 nm, 1.3 lm, and 2.1 lm, respec-
tively. The GF corresponding to different plating
volumes were denoted as GCu200, GCu400, and
GCu800, respectively.

After the coating was completed, we cleaned the
GF with deionized water several times until the pH
value of the cleaning solution was neutral. Then,
the cleaned GF was dried in a vacuum drying oven
for 1 h. Finally, the dried GF was kept at 250�C in
hydrogen atmosphere for 2 h to reduce the effect of

hydrogen on the Cu coating. In the end, a GF coated
with Cu (GCu) was obtained.

Fabrication of the Composites

First, the spherical TC4 powder was ball-milled
into flakes. The flake matrix powder can make GFs
with the same flake shape more parallel to each
other in the matrix.28,30,31 The morphology of the
TC4 powder after ball milling is shown in supple-
mentary Fig. S-1.

Then, 50 vol.% GF or GCu were dry-mixed with
the flaked TC4 powder. After mixing, a certain
amount of anhydrous ethanol (about 8% of the total
volume of the powder) was added to make the TC4
powder adsorb on the surface of the GF. The two
powders were then mechanically stirred to prevent
uneven distribution of powders due to their large
difference in density. Then, the mixed powder was
filled into the mold several times. Each time, the
powder needs to be pre-compacted under a certain
pressure. After the powder-filling process was com-
pleted, we applied a pressure of 50 MPa to the filler
and kept it for 2 min. During the pressure main-
taining period, the GFs in the mixed powder can
automatically arrange and tend to be parallel. At
the same time, ethanol liquid was extruded from the
mixture under pressure, and finally a cylindrical
preform was obtained. The preform was then dried
in a vacuum drying oven at 80�C for 12 h to obtain
the final green body. In our previous exploration
experiments, we found that the composites sintered
at 1100–1200�C had a higher density. Therefore, the
temperature of 1150�C was selected for the SPS

Fig. 1. SEM images and XRD pattern of raw materials: (a) overall view of a GF; (b) high magnification of the edge region of the GF; (c) XRD
pattern of the GF; (d) SEM image of TC4 powder.
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sintering. GF/TC4, GCu200/TC4, GCu400/TC4, and
GCu800/TC4 composites were prepared by using
uncoated GFs and three kinds of GCus with differ-
ent coating thicknesses (GCu200, GCu400, and
GCu800) to investigate the effects of coating thick-
ness on the orientation of the GFs (GCu), the TiC
layer thickness, and the TC of the composites. The
SPS sintering pressure was 30 MPa and the holding
time was 5 min. In the sintering process, the GFs
further tended to be arranged in parallel on the
basis of the forming orientation of the preform
under the effect of sintering pressure. As shown in
the schematic in supplementary Fig. S-2, the
arrangement direction is perpendicular to the pres-
sure direction. The ideal arrangement is that the
plane direction of all the GFs is parallel to the X–Y
plane of the sample and perpendicular to the
pressing direction.

GCu400/TC4 composites were selected to study
the effects of sintering temperatures, 1050�C,
1100�C, 1150�C, and 1200�C, on the orientation of
the GCu, the TiC layer thickness, and the TC of the
composites.

Characterization of the Composites

Field-emission SEM (JSM-7001F; JEOL) was
used to characterize the microstructure of the raw
powder and the composites. The microstructure of
the produced material was also quantitatively ana-
lyzed. The images used for the analysis were
randomly selected from the surface of the samples
and were used to calculate the continuity of the
GFs. The continuity is the fraction of the total
internal surface area shared by a certain phase with
particles of the same phase.37,38 The continuity can
be expressed by:37,38

CM ¼ 2NMM

2NMM þNMW
ð3Þ

where CM is the continuity of the M phase, NMM

represents the numbers of M–M intercepts per unit
length, and NMW is the number of M–W intercepts
per unit length.

The interface between the TC4 matrix and the
GF(GCu) was further observed by field-emission
transmission electron microscope (TEM; Tecnai G2
F20; FEI). The phase composition of the composite
was determined by X-ray diffraction (XRD; D5000;
Siemens). The element map distribution of the
composites was characterized by energy dispersive
X-ray spectroscopy (EDS). The TC values of the
composites were calculated by k = aqCP, where k
was the TC of the composite, a was the thermal
diffusivity, q was the density, and CP was the
specific heat. The thermal diffusivity and specific
heat of the composites were measured by the laser
flash method (LFA-467; Netzsch, Germany) with a
sample size of 10 9 10 9 2 mm. The densities of the
composites were measured by Archimedes’ method.
The TC of the composites prepared under different

experimental conditions was tested with five spec-
imens, and the average value was taken as the TC
under the experimental conditions.

RESULTS AND DISCUSSION

Characterization of GCu

The macroscopic morphology of a GF before and
after electroless plating is shown in Fig. 2a and b.
Figure 2b shows the GF with a red Cu metallic
luster. The microscopic morphologies of the GF after
electroless Cu plating are shown in Fig. 2c–f. It can
be seen from Fig. 2c that the surface of GF after Cu
plating still presented a rough state, as shown in
Fig. 1. From the EDS mapping of the GF surface
shown in Fig. 2d, it can be seen that the Cu coating
was evenly distributed on the surface of the GF
without significant leakage. Further, it can be seen
from the larger magnification images in Fig. 2e and
f, that the Cu coating was composed of spherical
particles.

Microstructure of Composites

Figure 3 shows the SEM images of the GF/TC4
and GCu/TC4 composites with different thicknesses
of the Cu coating sintered at 1150�C. It can be
clearly observed that the GF or GCu (black phase)
can be uniformly dispersed in the TC4 matrix (dark
gray phase) in the prepared composites. The plane
directions of different GF particles were roughly
parallel in the TC4 matrix, and their directions
were basically parallel to the X–Y plane direction of
the sample.

However, through careful comparison, it can be
found that, in the GF/TC4 composites, shown in the
red circle area in Fig. 3a, the angle between the
orientation of some of the GFs and the X–Y direction
was large, and that some GFs were even perpen-
dicular to the X–Y plane direction. With the gradual
increase of the Cu coating thickness, as shown in
Fig. 3b and c, the angle became smaller. When the
coating thickness exceeded 2 lm, as shown in
Fig. 3c, the angle no longer changed significantly.
This change in the angle between the orientation
direction of some GFs and the direction of the
sample plane (X–Y direction) may be related to the
Cu plating on the surface of the GFs. First, the Cu
plating on the GF surface was helpful in improving
the strength of the GF and reducing its bending or
fracture in the preforming or sintering process.
From Fig. 3b–d, it can be seen that the GF kept its
original disc shape, and almost no bending of the GF
can be seen, as shown in Fig. 3a. Also, the Cu in the
Cu plating layer became liquid phase at the sinter-
ing temperature, and so can play the role of
lubricant and contribute to the rearrangement and
orientation of the GFs under the sintering pressure,
so that the angle between the orientation of the
GCus and the X–Y direction gradually decreased
with the increase of Cu content on the surface of the

Thermal Conductivity and Microstructure of Cu-Coated Graphite Flake/Ti Alloy Composites
Fabricated by Spark Plasma Sintering

1265



GFs. However, when the thickness of Cu coating
reached a certain amount, its lubrication effect
became not significant enough, so the angle change
between the GCus orientation and X–Y direction
was not obvious.

The effect of sintering temperature on the orien-
tation of the GCus in the corresponding composite
(GCu400/TC4) was studied when the thickness of
the Cu coating was fixed at 1.3 lm. Figure 4 shows
the SEM images of GCu400/TC4 obtained at differ-
ent sintering temperatures. It can be seen that the
distribution of the GCus in the TC4 matrix was
relatively uniform, and there was no direct stacking

contact between the GCus. However, by further
observing the orientation of the GCus, it can be seen
that there was an angle between the orientation
direction of some GCus and the X–Y direction in all
the samples. In particular, it was observed that the
maximum angle between the GCu orientation and
the X–Y direction reached an average of 46� in the
composite sintered at 1050�C (Fig. 4a). With the
increase of sintering temperature, as shown in
Fig. 4b–d, it can be seen that the angle decreased
gradually. When the sintering temperature
increased to 1200�C, the angle changed slightly.
The change of angle with temperature was related

Fig. 2. Morphologies of a GF before and after electroless plating: (a) before plating; (b) after plating; (c) microscopic morphology of Cu-coated
GF; (d) EDS mapping result; (e, f) morphology and magnification views of the Cu coating on the GF.

Fig. 3. SEM images of GCu/TC4 composites with different plating thicknesses sintered at 1150�C: (a) GF/TC4; (b) GCu200/TC4; (c) GCu400/
TC4; and (d) GCu800/TC4.
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to the fluidity of the Cu after melting at different
temperatures and the deformation resistance of the
TC4 matrix at different temperatures. After the Cu
melted into the liquid phase, its fluidity increased
with the increase of sintering temperature, while
the deformation resistance of the TC4 matrix
decreased with the increase of temperature, which
reduced the resistance of the GCus to a parallel
arrangement under pressure. Therefore, with the
increase of sintering temperature, the GCus were
easier to arrange in the direction parallel to the X–Y
direction under the action of sintering pressure in
the Z direction.

The continuity of the GFs as calculated is shown
in supplementary Table S-III. It is worth noting
that the continuity ranged from 0.270 to 0.373, and
that low continuity values represent less M–M
contacts. Moreover, the continuity varied signifi-
cantly with sintering temperature and the thickness
of the coating. This is understandable because, as
the sintering temperature and coating thickness
increased, the bending phenomenon of the GFs and
the angle between the GFs and the X–Y direction
decreased, gradually tending to a parallel arrange-
ment. This meant that the probability of mutual
contact between the GFs decreased, and their
dispersion in the matrix was better, which meant
that the continuity of the flake graphite was
reduced. The results of the continuity calculations
show that the previous analysis of the influence of
sintering temperature and coating thickness varia-
tions on the orientation of the GFs is reasonable.

The XRD results of the GF/TC4, GCu200/TC4,
GCu400/TC4, and GCu800/TC4 composites sintered
at 1150�C are shown in Fig. 5. The results indicate
that the diffraction peaks of the matrix phase, the

reinforcement phase, and the diffraction peaks of
TiC were detected in all the composites. In addition,
by comparing the diffraction patterns of the GF/TC4
and GCu/TC4 composites in Fig. 5, it can be seen
that all the GCu/TC4 composites corresponding to
different Cu coating thicknesses showed diffraction
peaks of CuTi2, which indicated that the TC4 matrix
reacted with the GFs and the Cu, respectively.

In order to study the effect of the Cu plating layer
on the interface between the GFs and the matrix in
the composites, the interface between GF(GCu) and
TC4 in the GF/TC4 and GCu400/TC4 composites
was observed and characterized by TEM. The TEM
images of the GF/TC4 composites are shown in

Fig. 4. SEM images of GCu400/TC4 composites sintered at different temperatures: (a) 1050�C; (b) 1100�C; (c) 1150�C; and (d) 1200�C.

Fig. 5. XRD patterns of GF/TC4 and GCu/TC4 composites with
different Cu plating thicknesses prepared at 1150�C.
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Fig. 6. Figure 6c shows the selected area electron
diffraction (SAED) pattern corresponding to the A
region in Fig. 6a, which was determined to be a GF
by diffraction spots calibration. The diffraction spots
of area B in Fig. 6a are shown in Fig. 6d, from which
it can be determined that this layer was a TiC layer.
In addition, fine gaps between the GFs and the TiC
layers can be observed in Fig. 6a. In Fig. 6b, it can
be seen that the TiC layer was not dense, and that
there were pores in it. The existence of such pores
and gaps is not conducive to heat transfer of the
interface, and will inevitably affect the TC of the
composite.

The TEM image of the GCu400/TC4 composite
and the EDS mapping results of the elements are
shown in Fig. 7. The two red dashed lines in Fig. 7
mark the interfaces between GCu and TiC and
between TiC and TC4, respectively. It can be seen
that the combination of the two interfaces was good,
and that no obvious gaps were observed along the
interfaces. By comparing the morphology of the TiC
layer in the GF/TC4 composite fabricated at the
same sintering temperature, as shown in Fig. 6, it
can be seen that the pores in the TiC layer in the
GCu/TC4 composite were significantly reduced.

The EDS mapping results of elements at the
interface and the composition results of four points
B, C, D, and E in Fig.7a listed in Table I indicate
that the Cu element has diffused into the TC4
matrix. and CuTi2 phase can be observed at the
interface between TiC and the TC4 matrix, which is
consistent with the XRD results. Due to the low
melting point of Cu (1083�C),39 Cu was easy to
diffuse into the matrix at the temperature set in the
experiment, which promoted the sintering densifi-
cation, significantly reduced the pores in the TiC
layer, and improved the interface bonding between
the GFs and the TC4 matrix.

The thickness of the TiC layers and morphologies
of the interfaces in the GF/TC4 composite and the
GCu/TC4 composites with different plating thick-
nesses fabricated at 1150�C are shown in Fig. 8.
Figure 8b–d shows the morphology of the interfaces
in the composites. The darker (black) area was GF
(GCu), the brighter (light gray) area was TC4, and

the dark gray layer was the interface reaction
product TiC layer. The matrix TC4 regions of the
samples were composed of the a and b phases. For
the composites prepared under each experimental
condition, fields of view with the same magnification
were selected in three different areas, and then ten
different positions in each field of view were ran-
domly chosen to measure the thickness of the TiC
layer. Finally, the average value was taken as the
thickness of the TiC layer under the experimental
conditions, as shown in Fig. 8a. The thickness of the
TiC layer in the GF/TC4 composite was 4.8 lm. The
thicknesses of the TiC layers in the GCu200/TC4,
GCu400/TC4, and GCu800/TC4 composites were
1.2, 1.1, and 0.9 lm, respectively. By comparing
the changes in the thickness of the TiC layers, it can
be concluded that the thickness of the TiC layer the
in the composite material was significantly reduced
after coating Cu on the surface of the GFs, and the
that the thicker the Cu coating, the smaller the
thickness of the TiC layer.

Because the formation free energy of a carbon/Ti
system is low (�184 kJ mol�1 at 298 K),40 the TiC
phase is easily formed at the interface between the
reinforcement phase and the Ti. The diffusion rate
of C atoms through the TiC layer into the matrix
was approximately four orders of magnitude higher
than that of Ti atoms through TiC,41 so it can be
inferred that the growth of the TiC layer between
the GFs and the TC4 matrix was mainly controlled
by the diffusion of C atoms in the GFs through the
formed TiC. Since the wettability of Cu and C was
poor and no reaction occurred, when there was Cu
between the GFs and the TC4 interface, except for a
small amount of Cu that would fill the lamellar gap
inside the GFs, the diffusion of Cu into the TC4
matrix was dominant in the sintering process.
When all the Cu diffused into the matrix, the GFs
and the TC4 matrix began to contact each other
directly, so the presence of the Cu coating can delay
the time of direct contact between the GFs and the
matrix. In a given sintering time, the longer the
delayed contact time, the shorter the direct contact
time, which meant that a thinner TiC layer formed
by the reaction between the matrix and the GFs.

Fig. 6. (a) and (b) TEM images of GF/TC4 composites prepared at 1150�C; (c) and (d) selected area electron diffraction (SAED) patterns of the
circular area marked with points A and B in (a).
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The thicker the Cu coating on GF surface, the
longer it took for it to fully diffuse into the TC4
matrix; that is, the time for direct contact between
the matrix and the GFs decreased with the increase
of the Cu coating thickness. Therefore, as shown in
Fig. 8a, it is reasonable that the thickness of the TiC
layer decreased with the increase of the Cu coating
thickness.

To investigate the effect of different sintering
temperatures on the thickness of the TiC layer at
the interface in the GCu/TC4 composites, the thick-
ness of layer in the GCu400/TC4 composites sin-
tered at different temperature was measured, as
shown in Fig. 9a, in which the thickness of the layer
sintered at 1050�C was 0.9 lm. With the sintering
temperature increased to 1150�C, the thickness of
the TiC layer increased to 1.1 lm. When the tem-
perature was further increased to 1200�C, the
thickness of the TiC layer increased sharply to
1.6 lm. With the increase of sintering temperature,
the thickness of TiC increased gradually. This is
mainly caused by, first, the growth of the TiC layer
between the GCu and the TC4 matrix was affected
by the time that the Cu coating delayed the

interface reaction between the GFs and the TC4
matrix. At different sintering temperatures, Cu
coatings with the same thickness had different
delay times for interface reactions. The higher the
temperature, the shorter the time for Cu to diffuse
into the TC4 matrix; that is, the longer the time for
interface reaction. In this way, the thickness of TiC
increased with the increase of temperature. Second,
the thickness of the TiC layer was controlled by the
diffusion rate of C atoms in the TiC layer. The
higher the temperature, the higher the diffusion
rate. This also intensified the interface reaction,
resulting in an increase in the thickness of the TiC
layer. Under the combined action of these two
reasons, the thickness of the TiC layer increased
with the increase of temperature under the same Cu
coating thickness.

Based on the results of Figs. 6, 7, 8, and 9, a
schematic of the diffusion mechanism that modu-
lated the thickness of the TiC layer at the interface of
the GFs and the TC4 is shown in Fig. 10. As shown in
Fig. 10a, if a GF was directly mixed with TC4 during
the sintering process, C atoms would diffuse into the
TC4 matrix to form a TiC layer. As the sintering

Fig. 7. (a) TEM images and EDS mappings at the interface of GCu400/TC4 composites prepared at 1150�C; (b) SAED pattern of the
corresponding region in (a).

Table I. EDS results for four points marked B–E in Fig. 7

Point position C (at.%) Ti (at.%) Al (at.%) V (at.%) Cu (at.%)

B 92.19 0.08 0.00 0.01 7.72
C 28.08 58.87 0.06 0.43 12.56
D 46.72 41.72 0.13 0.20 11.23
E 5.82 49.76 4.99 11.67 36.07
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proceeded, C atoms would continuously pass through
the formed TiC layer and diffuse into the titanium
matrix, resulting in a continuous increase in the
thickness of the TiC layer with the prolongation of
sintering time. Therefore, under the given sintering
time conditions, after the composite material was
sintered and densified, there would be a certain
thickness of the TiC layer in the GF/TC4 composite. If
a certain thickness of Cu was pre-coated on the
surface of the GF (Fig. 10b), Cu would first diffuse
gradually into the TC4. After the Cu was consumed,
mutual contact between the GF and the TC4 sub-
strate would occur. The presence of the Cu coating
delayed the direct contact time between the GF and
the matrix, which could significantly reduce the
thickness of the TiC layer. In addition, the diffusion
of Cu could promote sintering densification and
reduce the pores and gaps at the interface.

Thermal Conductivities (TCs) of Composites

Figure 11a shows the TCs in the X–Y and Z
directions of the composites corresponding to GFs
with different Cu coating thicknesses fabricated at
1150�C. It can be seen that, with the increase of the
Cu coating thickness from 0 to 1.3 lm, the TC of the
corresponding composite increased sharply from
185.03 W m�1 K�1 to 230.12 W m�1 K�1. With the
further increase of the Cu coating thickness to
2.1 lm, the increase of the TC was not significant.
The variation of TC in the Z direction with Cu
coating thickness showed a similar law to that in
the X–Y direction. In addition, the TC of the
composite in the Z direction was much smaller than
that in the X–Y direction. This anisotropy was
determined by the characteristics of the GF itself,
that is, the TC of the GF in the Z direction was far
less than that in the X–Y direction.

Fig. 8. (a) Thickness of TiC layers in GF/TC4 and GCu/TC4 composites with different plating thicknesses fabricated at 1150�C; SEM images of
the interface in composites fabricated at 1150�C: (b) GF/TC4, (c) GCu200/TC4, (d) GCu400/TC4, and (e) GCu800/TC4.
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Figure 11b shows the TCs in the X–Y and Z
directions of GCu400/TC4 composites fabricated at
different temperatures. In the range of 1050–
1150�C, the TC of the composites in the X–Y
direction increased with the increase of the sinter-
ing temperature. When the sintering temperature
was 1150�C, the TC of the composite in the X–Y
direction was the largest, which was 230.12 W m�1

K�1. When the sintering temperature was increased
to 1200�C, the TC in the X–Y direction decreased.
The TC of the GCu400/TC4 composites in the Z
direction decreased with the increase of sintering
temperature.

The influence of coating thickness and tempera-
ture on the TC may be the result of the combined
effect of the orientation of the GFs, the sintering
density, and the thickness of the interface layer.
First, as a high-TC material, the GFs exhibited
excellent TC in the X–Y plane, but low TC in the Z

direction (X–Y: 1000 W m�1 K�1, Z: 30 W m�1

K�1).15,32,39,42 The anisotropic reinforcement with
a low TC in one direction can affect the effective TC
of the composites to a larger extent.43,44 Therefore,
the orientation of GFs close to the parallel align-
ment with the X–Y direction was favorable to
improve the TC of the composite in the X–Y
direction. Secondly, for metal matrix composites
with high TC, the heat transfer is mainly conducted
by free electrons and lattice vibrations. If there are
pores and other defects at the interface between the
GFs and TC4 or in the composite during heat
transfer, phonon and electron scattering occurs
within the defects, resulting in the reduction of
the TC.21,32 Therefore, increasing the density of the
composite or improving the interface bonding can
increase the TC of the composite. Finally, the
interfacial thermal resistance was proportional to
the thickness of the carbide layer.21,45 Therefore,

Fig. 9. (a) Thickness of TiC layers in GCu400/TC4 composites sintered at different temperatures: SEM images of the interface in GCu400/TC4
composites sintered at different temperatures: (b) 1050�C, (c) 1100�C, (d) 1150�C, and (e) 1200�C.
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the thicker the TiC layer, the higher the interface
thermal resistance, resulting in a lower TC of the
composite.

It can be seen from the previous results that the
Cu coating on the GF surface had a significant effect
on the thickness of the interface product, TiC, the
density of interface layer, and the orientation of the
GFs. As mentioned above, the Cu on the surface of
the GFs mainly underwent two processes during
sintering. First, it transformed into a liquid phase
at high temperature. In this process, it acted as a
lubricant and promoted the rearrangement of the

GFs. The higher the temperature, the better the
fluidity of the Cu, which made the orientation of the
GFs more and more consistent, thus conducive to
improving the TC of the composite in the X–Y plane
direction. In the Z direction, as the orthogonal
decomposition amount of TC in the X–Y direction
decreased, the TC in the Z direction became smaller
as the GF orientation gradually approached consis-
tency with the X–Y direction. In addition, the
molten Cu can be used as a sintering aid to improve
the diffusion of the matrix Ti and further improve
the density of the composite and interface layer (see

Fig. 10. Schematic of the diffusion mechanism that regulates the thickness of the TiC layer at the interface of the composite: (a) GF/TC4, and (b)
GCu/TC4.

Fig. 11. (a) TCs of the GF/TC4 composite and GCu/TC4 composites with different plating thicknesses fabricated at 1150�C; (b)
TCs of GCu400/TC4 composites fabricated at different temperatures.
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supplementary Table S-IV), thus increasing the TC
of composite. After Cu melting, it would gradually
diffuse into the TC4 matrix as the sintering pro-
ceeded, which is the second stage. The higher the
temperature, the faster the diffusion rate of the Cu.
When the total amount of Cu was fixed, the faster
the consumption rate, the shorter time it delayed
the contact between the matrix and the GFs. That
is, the contact time between the GFs and the TC4
matrix lengthened with the increase of temperature
in the same sintering time. Therefore, the thickness
of the TiC layer at the interface increased with the
increase of sintering temperature. In addition, the
rapid diffusion of C atoms at high temperature also
caused the thickness of the TiC layer at the
interface to further increase with the increase of
sintering temperature. In the second stage, when
the sintering temperature was fixed, with the
increase of Cu plating thickness on the surface of
the GFs, the time for its complete diffusion into the
TC4 matrix became longer, so the time for delaying
the contact between the matrix and GF became
longer. As a result, the thickness of TiC at the
interface decreased gradually with the increase of
Cu plating thickness. The decrease of TiC thickness
reduced the interfacial thermal resistance and thus
increased the TC of the composite. In other words,
after coating Cu on the surface of the GFs, it was
beneficial to its consistent orientation in the TC4
matrix, further improving the sintering density,
and reducing the thickness of the interface layer.
Therefore, this shows that the TC of the composite
in the X–Y and Z directions in Fig. 11a increased
with the increase of the Cu coating thickness.

As for the influence of sintering temperature on the
TC in Fig. 11b, based on the analysis of the thickness
of interface layer TiC, theoretically, the TC should
decrease with the increase of sintering temperature.
However, as previously analyzed, the TC of the
composites was affected by the thickness of the
interface layer, the orientation of the GFs, and the
density of the composite. Below 1150�C, the TC in the
X–Y direction of the composites increased with the
increase of sintering temperature. This meant that
the positive effect on TC caused by the more consis-
tent orientation of the GCu and increased density
was greater than the negative effect on TC caused by
the increased thickness of the interface layer; When
the temperature was 1200�C, the negative effect of
thickness of the interface layer on the TC was
dominant, so the TC became smaller at this temper-
ature. For the TC of the composite in the Z direction,
it gradually decreased due to the more consistent
orientation of the GCu and the increasing thickness
of the TiC layer.

Under the experimental conditions of this study,
the pre-plating of Cu on the surface of the GFs
improved the interface bonding between the GFs
and the TC4, significantly reduced the thickness of
the TiC, and finally increased the TC of the 50 vol.%
GF/TC4 composite by 25%, reaching 232.4 W m�1

K�1 in the X–Y direction. The high TC makes the
GF/TC4 composites suitable candidates for heat
transfer materials used in offshore engineering.
Next, we will focus on the mechanical properties
and corrosion resistance of the composite.

CONCLUSION

1. GF/Ti and GCu/TC4 composites were fabricated
by SPS. The interface reaction occurred in both
kinds of composites, and TiC layers were
formed. The thickness of the TiC layer gradually
increased with the increase of sintering temper-
ature. The introduction of Cu plating slowed the
interface reaction, the thickness of the TiC layer
was reduced by 80%, the pores inside the TiC
layer were reduced, and the interface bonding
was improved.

2. After coating Cu on the surface of the GFs, the
interfacial thermal resistance was significantly
reduced. The TC of the composite in the X–Y
direction was increased from 185.03 W m�1 K�1

to 232.4 W m�1 K�1, while the TC of the com-
posite in the Z direction was increased from
17.2 W m�1 K�1 to 26.1 W m�1 K�1.

3. The TC of the GCu400/TC4 composites in theX–Y
direction gradually increased with the increase of
sintering temperature from 1050 to 1150�C and
then decreased after further increase of the
temperature to 1200�C. The TC of the GCu400/
TC4 composites in the Z direction gradually
decreased with the increase of sintering temper-
ature. This was due to the different effects of the
density, the orientation of the GFs, and the
interface reaction layer thickness on the TC of
the composites at different sintering stages.
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