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a b s t r a c t

Graphite flakes (GFs) in the GF/Cu composites generally fail to exert the advantage of the negative co-
efficient of thermal expansion (CTE) on account of the weak interfacial bonding between GFs and Cu. In
this work, a rivet-joint strategy is adopted to surmount the dilemma. By introducing submicron Mo
particles into the Cu matrix through the chemical synthesis process, various GF/Cu composites with the
improved alignment of GFs via the method of tape-casting and hot-pressing sintering have been pre-
pared. Due to the combined effects of Mo particle strengthened Cu and the rivet-joint interfacial ar-
chitecture deriving from the in-situ synthesized MoxC, optimized thermal/mechanical properties of GF/
CueMo composites have been achieved. The 50 vol% GF/Cu composite with 1 wt% Mo shows the in-plane
thermal conductivity of 598 W,m�1,K�1 and the through-plane CTE of �2.92�10�6 K�1 (25e100 +C).
Simultaneously, the bending strength is 40% higher than the 50 vol% GF/Cu composite. This strategy could
promote the development of composites with improved combined structural and functional properties.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Further increase of the dissipated power in microelectronic
components has become the bottleneck for the next generation of
integrated circuits (ICs) and three-dimensional (3D) electronics [1].
As a high-efficiency channel for heat transfer, thermal management
materials with high thermal conductivity (TC) and suitable coeffi-
cient of thermal expansion (CTE) can extend dense electronic sys-
tem life and keep its efficiency.

In the actual application, significant differentiation in heat
transfer requirements has driven the development of new types of
well-performing thermal management materials [2]. Metal matrix
composites (MMCs) acquire customizable thermal and mechani-
cal properties by adjusting the suitable ratio of matrix and rein-
forcement material in order to better meet the specific needs of
the heat-removal systems [3e8]. Copper has one of the highest TC
(400 W,m�1,K�1), except for silver, as along with excellent
toughness, workability and corrosion resistance. Different
allotropes of carbon have a unique place in heat sinks in terms of
their splendid thermal properties, such as diamond (1000e2300
W,m�1,K�1), graphene (>3000 W,m�1,K�1), carbon nanotubes
(3000e3500W,m�1,K�1), graphite (100e2000W,m�1,K�1), etc.
[9e12].

Two-dimensional (2D) graphite flakes (GFs) have the in-plane
TC of 500e1900 W,m�1,K�1 and the through-plane TC of 10e20
W,m�1,K�1. Owing to the unique anisotropic thermal and stable
physicochemical properties, graphite-reinforced copper matrix
composites are under intensive investigation because of their su-
perior TC and adjustable CTE can meet the special applications in
the thermal management field. The GFs intrinsic anisotropy makes
the alignment of the reinforcement materials in the matrix, a key
factor that affects composite properties [13e16]. Chu et al. [17]
prepared Cu/graphene composites by depositing the Cu/graphene
suspension, in which graphene was well-dispersed and highly
aligned. The in-plane TC of Cu/graphene composite reached record-
high 525 W,m�1,K�1 with the graphene volume fraction of 35%,
benefiting from the construction of a long-range and highly aligned
graphene network in the copper matrix.

The chemical inertness between copper and carbon, causes the
poor interfacial adhesion of carbon-reinforced copper composites,
resulting in undesirable thermal and mechanical properties of Cu/C
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composites [18e21]. Therefore, it is well accepted that the opti-
mized CueC interface is a way to promote comprehensive prop-
erties of the Cu/C composite. Modified carbon materials have been
frequently used for improving the wettability between metal and
carbonmaterials [22e28]. The carbon reinforcements were directly
plated on the metal or carbide films, which could combine metal
matrix with the carbon reinforcements in the composite prepara-
tion process. Furthermore, the addition of strong carbide forming
elements, such as Cr, B, Ti, was also utilized for changing chemical
constituent of themetal matrix [26,29e32], which could reduce the
surface tension of the melt copper and interfacial tension in the
process for wetting the carbon materials. The surface modification
of carbon materials as well as the matrix alloying affect the prop-
erties of metal/C composites through amending the interphase of
the composites. It is noteworthy that low interfacial thermal con-
tact resistance between copper and graphite during the high-
temperature and high pressure preparation is attributed to the
slide of graphite and deformation of softened copper [22,23].

Nevertheless, “uncleaned” CueC interface, caused by carbides
(ZrC, TiC, B4C, SiC, etc.) or other phases (Mo, Ti, Si, Cr, C, etc.), leads
to aggravating phonon scattering at the interface, so that the TC of
composite decreases. Even so, the enhancement of the CueC
interface contributes to higher bending strength and lower CTE of
the composite [18,33,34]. Li et al. [29] utilized titanium to modify
the interface between copper and diamond. The results showed
that the heterogeneous nucleation of titanium carbide appeared at
the Cu-diamond interface at high temperature and TiC layers
thickened with increasing Ti content. The TC of diamond/Cu-cTi
composites first increased and then decreased. It was perceived
that the appropriate thickness of TiC layers intensified phonon
transfer across the interface. Otherwise, an excessively thick TiC
layer was harmful to heat transfer from copper to diamond on
account of its low intrinsic TC of 21 W,m�1,K�1. Bai et al. [22]
concentrated on the effects of B4C coating layers on the thermal/
mechanical properties of the graphite flake/Cu (GF/Cu) composite.
The B4C coating contributed to strong chemical bonding between
graphite and copper, which increased the bending strength from 94
MPa to 142MPa. However, the B4C layers also increased the phonon
scattering at the Cu-graphite interface, and slightly brought down
the TC of composite. Chen et al. [35] studied the effects of the nickel
coatings on the GFs on the thermal expansion behaviors of the GF/
Cu composites. The Cu-GF interfacial bonding had been signifi-
cantly enhanced owing to the introduction of NieP plating layer on
GFs, contributing to the better thermal properties. The Z-CTE of
50GF/Cu composite sharply dropped from 10�10�6 K�1 to �2�
10�6 K�1. However, the XY-CTE changed slightly with different
thickness of nickel coatings on the GFs.

The optimization of the interfacial composition andmorphology
of the interfacial phase is an available approach for improving
thermal and mechanical performance of MMCs.

In this study, 50 vol% GF/Cu (50GF/Cu) composites with Mo
additionwere prepared via tape-casting and hot-pressing sintering.
The tape-casting process was used to ensure the highly ordered
arrangement of the graphite flakes. The matrix alloying method
with the strong carbide forming element, Mo, was employed to
improve the interface bond strength between the copper and the
graphite reinforcement. Furthermore, in order to simultaneously
achieve mechanical strength and ductility of the composites, Mo as
the strengthening particles should be of the micro-nano size.
Herein, the ammonium molybdate tetrahydrate (AMT) was intro-
duced into the copper matrix as the Mo precursor, and ultrafine Mo
particles were obtained after the decomposition and reduction of
AMT. The microstructure and the thermal/mechanical properties of
the composites with different mass fraction of Mo are systemati-
cally discussed.
2. Experimental methods

2.1. Raw materials

Electrolytic copper powder (99.9%, D50 ¼ 10 mm, General
Research Institute for Nonferrous Metals, China) was used as metal
matrix. The graphite flakes (D50 ¼ 270 mm, thickness ¼ 50 mm, Alfa
Aesar Chemical Co., Ltd) were used as the thermal enhancement
material. Ammonium molybdate tetrahydrate (analytical reagent,
Shanghai Aladdin Bio-Chem Technology Co. Ltd, China) was used as
the Mo precursor. Ethanol (analytical reagent), polyvinyl butyral
(PVB, analytical reagent), and dibutyl phthalate (DBP, analytical
reagent) were the components of the organic system for tape-
casting.

2.2. Preparation of bulk GF/Cu composites

The samples were prepared by tape-casting and hot-pressing
sintering, and the preparation process of the GF/CueMo compos-
ites is shown in Fig. 1. The first step was mix the raw material
powders. Cu powders were mixed with AMT powders in varying
proportions by ball-milling for 12 h. The diameter of milling balls
was 15mm and 8mm, and the quality ratio wasM15:M8 ¼ 2:1. Ball-
to-powder weight ratio was 1:3. Subsequently, 50 vol% of GFs with
mixed Cu/AMT powders were added into themixer without balls to
prevent GFs from fracture and blended for 3 h. A few drops of petrol
were also added into the premixed copper powders and GFs, which
could hinder the copper powder sedimentation under the influence
of gravity after mixing.

The second step was the preparation of the green tape. The
slurry for tape casting was a complex multicomponent organic
system containing powders, solvent, binder, and plasticizer. The
organic system must have low vaporization temperature, be
chemically stable and not react with copper powders and GFs. The
ethanol solution (boiling point of 78.4 +C) with 7wt% PVB was used
as binder to guarantee the green tape strength, and 1 wt% DBP was
added as plasticizer to ensure the green tape toughness. The mass
ratio of the pre-mixed powder to the binder is 1:1. The well-stirred
slurrywas directly cast into thin films onto a platformwith a doctor.
The GF/Cu green tape film was natural dried for 12 h at room
temperature. The obtained film was flexible and could be readily
cut into small slices. The debinding process of the green tape was
then carried out in air at 400 +C for 2 h, and the deoxidation process
was carried out in hydrogen at 850 +C for 2 h.

The last step was hot-pressing sintering. The stacks of multilayer
slices were enclosed into a graphite mould. The GF/Cu composite
was prepared by hot-pressing sintering in the argon atmosphere at
1000 +C for 2 h, under 10 MPa axial pressure.

2.3. Characterization

The microstructure and interfacial structure of the GF/CueMo
composites were observed by field emission scanning electron
microscope (FE-SEM, HITACHISU 8010, Japan). The element distri-
bution was analyzed by Energy Dispersion Spectra (EDS) attached
to the FE-SEM. X-ray photoelectron spectroscopy (XPS, Kratos AXIS
ULTRADLD, Japan) was employed to analyze the valence state of Mo
in the composites. Transmission electronmicroscope (TEM, FEI F20,
USA) was used to characterize the interfacial configuration and
constitution of the composites. X-ray diffraction (XRD, RIGA-
KUTTR3, Japan) was used to analyze the phase composition of the
composites. The thermal diffusivity coefficient (a) of the compos-
ites was measured in two directions (XY and Z) at room tempera-
ture by the laser flash method (NETZSCH LFA447, Germany) with
the sample size of 10� 10� 3 mm. We defined the directions



Fig. 1. Schematic illustration of the GF/CueMo composites. (A colour version of this figure can be viewed online.)
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paralleled and perpendicular to the GF basal plane as XY and Z
directions, respectively. The density (r) of the composites was
measured by the Archimedes’ principle. The value of the composite
specific heat capacity (Cp) was the sum of the specific heat capacity
multiplied by the mass fraction of each component. The TC of the
composites could be calculated by multiplying the thermal diffu-
sivity coefficient, density and specific heat capacity. Three-point
bending tests were carried out to measure the bending strength
of the composites in two directions. The CTE of the composites was
measured in the 25e250 +C range by the thermal dilatometer
(NETZSCH DIL 402 PC, Germany).

3. Results and discussion

3.1. Microscopic morphology and phase composition

Fig. 2(a) shows typical microstructure of the 50GF/Cu composite.
It can be observed that there were no obvious pores in the compact
Cumatrix. GFswere arranged in ahighlyorderedmanner. Thepieces
of GFswere approximately parallel to each other. Fig. 2(b) shows the
microstructure of the Cu-GF interface, and the well-bonded Cu-GF
interface without apparent cracks or pores, attributed to the hot-
pressing sintering and pressure cooling process.

The sintering temperature, sintering pressure and soaking time
were found to remarkably affect the density of the sample. Cu
powders softened at high temperature and deformed under
pressure in the hot-pressing sintering process. It was noted that
the compact GF/Cu composites were difficult to be prepared at
1000 +C and the Cu matrix would be squeezed out above 1000 +C.
Thus, 1000 +C was chosen as the appropriate sintering tempera-
ture. Besides, the sintering pressure of 10MPa and soaking time of
2 h were the optimized parameters to obtain dense GF/Cu
Fig. 2. Typical SEM images of: (a) 50GF/Cu
composites with 99% of theoretical density. Mo particles were
added to the GF/Cu composites in a small amount, resulting in no
obvious characteristic peaks in XRD analysis. Furthermore, XPS
and TEMwere adopted to explore the phase structure of Mo in the
composites. The XPS survey spectra of the 50GF/Cue1Mo com-
posite in the 200 eV to 600 eV range is shown in Fig. 3(a), which
revealed the presence of Cu, C, and Mo elements in the composite.
The deconvolution of the Mo3d signal is shown in Fig. 3(c). The
characteristic peaks of Mo3d at 228.3 eV , 231.5 eV , 232.5 eV and
235.6 eV are assigned to Mo2þ3d5/2, Mo2þ3d3/2, Mo6þ3d5/2,
Mo6þ3d3/2, consistenting with the XPS data for the molybdenum
carbide and molybdenum oxide phases [24,25,36]. Fig. 3(b)
depicted the characteristic peaks of C1s at 284.4 eV , 284.8 eV ,
285.5 eV and 288.4 eV , consistenting with the XPS data for the
functional groups of carbide and carbon phase (Mo2C, C� C, C¼ O
and O� C¼ O, respectively.) [37].

The TEM analysis of the 50GF/Cue1Mo composite (in Fig. 4)
revealed the existence of the molybdenum carbide phase at the Cu-
GF interface. The EDS analysiswas carried out to investigated points
A, B and C. It was found that most of Mo was at the interlayer be-
tween Cu and GF. The interlayer phase connected Cu and GF tightly
with no microporosity or microcracks. The electron diffraction
pattern in Fig. 4b verified the existence of the simple substances of
copper, graphite, molybdenum and the molybdenum carbide
phase. Combined with the XPS data analysis, it could be inferred
that the Mo particles at the Cu-GF interface closely contacted with
GFs and reactedwith the GFs at high temperature and pressure. The
formation of molybdenum carbide filled some microcracks be-
tween Cu and GFs. Most Mo particles were still embedded in Cu
matrix. This suggested that Mo existed in the composite. Given that
Cu did not react with Mo or GF, the existence of Mo2C should
demonstrate the reaction between Mo and GF at high temperature.
composites and (b) Cu-GF interface.



Fig. 3. (a) XPS survey spectra; (b) C1s spectra and (c) Mo3d spectra of Mo2C in the Cue1Mo/Cu composite. (A colour version of this figure can be viewed online.)

Fig. 4. (a) TEM image of the 50GF/Cue1Mo composite interface; (b) the electron diffraction pattern and analysis of the marked point B in (a); (c), (d) and (e) EDS data of the marked
points A, B and C in (a), respectively. (A colour version of this figure can be viewed online.)
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3.2. Microstructure of the Cu matrix and the interface

In this study, given that the preparation of ultrafineMo powders
obtained from AMT obey the rules shown in Fig. 5, the main re-
actions can be described by Eq. (1-3). It has been reported that a
ternary gaseous molybdenum compound MoO2(OH)2 was gener-
ated in the hydrogen reduction process of MoO3 owing to the
presence of water vapor, which was responsible for the chemical
vapor transports (CVT) mechanism, very similar to the hydrogen
reduction preparation of W powder [38]. Initially, Mo phase was
synthesized directly by reaction 1 and nucleated on the unreacted
MoO3. Then, the ternary gaseous molybdenum compound was
formed via reaction 2, which could significantly accelerate the
transport of Mo through the gas phase (reaction 3) and lead to the
formation of Mo with a large particle size.

MoO3 þ3H2 ¼ Moþ 3H2O (1)

MoO3 þH2O¼MoO2ðOHÞ2 (2)

MoO2ðOHÞ2 þH2 ¼Moþ 4H2O (3)



Fig. 5. Schematic illustration of (a) preparation of Mo powders and (b) the transport process of Mo in the Cu matrix. (A colour version of this figure can be viewed online.)
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During the reduction process of the composite powder, MoO3 in
the Cu matrix turned into gaseous particulates, escaping from the
Cu powders. Fortunately, GFs mixed in the Cu powders formed
barriers to deposit the gaseous particulates in the composites.
Fig. 6. SEM images of (aec) CueMo alloys and (def) 50GF/CueMo composites after acid etc
(g); (k, l) backscattered images of 50GF/Cue1Mo and 50GF/Cue3Mo composites. (a, d: 0.5 w
viewed online.)
MoO3 was finally reduced to submicron Mo powders. Fig. 6(aei)
display the SEM images of the 50GF/CueMo composites and the
CueMo alloys without GFs after acid etch, and Table 1 list the
corresponding EDS results of Mo contents in Fig. 6(a-g, i). It was
h; (gei) the enlarged view of area A, B and C in (e) and (f); (j) EDS spectra of point D in
t% Mo; b, e, g, h, k: 1 wt% Mo; e, f, i, l: 3 wt% Mo). (A colour version of this figure can be



Table 1
EDS results of the CueMo alloys and the 50GF/CueMo composites, as shown in Fig. 6

Areas (a) (b) (c) (d) (e) (f) (g) (i)

Mo content, wt% 0.37 0.51 2.26 0.51 0.97 2.82 0.73 0.79
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found that the same AMT addition resulted in different Mo content
in the GF/CueMo composites and CueMo alloys. Mo content of the
former was higher than the latter, indicating that the GFs were the
main constructions to the gaseous particles. The distribution of Mo
particles was also another key factor that could affect the properties
of GF/Cu composites. Fig. 6(g) and (i) show that the Mo particles
with the average size of 200e500 nm are scattered at the interface
of the GF/CueMo composites. The Mo content of the GF/Cue1Mo
composite and the GF/Cue3Mo composite at the Cu-GF interface
was 0.73 wt% and 0.79 wt%, respectively. The EDS results suggested
that a large number of Mo particles were dispersed in the matrix
instead of segregated near GFs, and thereweremoreMo particles in
the matrix of the GF/Cue3Mo composite than in the GF/Cue1Mo
composite. Besides, the Mo particles presented in the matrix were
found to be mainly distributed at Cu grain boundaries, as shown in
Fig. 6(h). Backscattered SEM images show the distribution of Mo in
the matrix of the GF/CueMo composite in Fig. 6(k, l). It was
observed that deposited Mo clusters appeared in the Cu matrix of
the GF/Cue3Mo composite, and no obvious Mo clusters in the GF/
Cue1Mo composite. The greater Mo concentration would accel-
erate the nucleation and growth of the ternary gaseous molybde-
num compound particles in the Cu matrix. As a result, excess Mo
particles tended to aggregate together in the matrix of the GF/
Cue3Mo composite.

To clearly investigate the grains characteristics of the GF/
CueMo composites, the EBSD results are shown in Fig. 7. The black
areas above the images are uncalibrated graphite phase. It can be
Fig. 7. EBSD patterns of 50GF/Cu composites with: (a) 0 wt% Mo, (b) 0.5 wt% Mo, (c) 1
wt% Mo and (d) 3 wt% Mo. (A colour version of this figure can be viewed online.)
observed that Cu grains without submicron Mo particles were
much larger than in the GF/CueMo composites. Interestingly, the
Cu grain size grew with increased Mo content, attributed to the
agglomeration of Mo particles, as shown in Fig. 6(k, l). Simulta-
neously, it was found that the size of the Cu grains was both large
and small. The distribution of Mo particles in the Cu matrix and
the change of the Cu grain size could demonstrate that the in-situ
submicron Mo particles contributed to the refinement of the Cu
matrix grain. Because of no solid solubility of Mo in Cu matrix, the
in-situ Mo particles acted as the reinforcements to block the
dislocation motion and grain boundary movement so that the
grain growth was inhibited. However, it was important to control
the size and distribution of Mo particles for a better strengthening
effect.

Combining the analysis of the Mo formation mechanism, the
grain size of the GF/CueMo composites showed variation seen
from Fig. 7. The size of grains without Mo reached up to 20 mm.
When 0.5 wt% Mo was introduced into Cu matrix, the grains were
refined sharply with the size of 1e5 mm. However, there were still
10 mm individual grains in Fig. 7(b), presenting nonuniform grain
size distribution on account of the uneven Mo formation. As for
the 1 wt% Mo addition in Fig. 7(c), the grains were 5 mm. None-
theless, with increasing Mo content to 3 wt%, the composite
grains grew up significantly, as seen in Fig. 7(d). This could be
explained by the aggregation of Mo particles in the Cu matrix so
that the effect of grain refinement was obviously weakened in
some areas.

Additionally, it was found that some novel Mo particles existed
in the Cu-GF interface, connecting Cu and GFs like a “rivet” in Fig. 8.
The schematic diagram of the actionmechanism of theMo “rivet” is
displayed in Fig. 8(g), and the generated Mo2C particles closely
contacted with GFs were like the “rivet head”. By virtue of the high-
temperature diffusion and reaction between Mo and C, the Mo
“rivet” strongly bonded the surface layer of GFs with Cumatrix. The
rivet-joint structure should be a good solution for improving the
interface bonding between the twomaterials with poor wettability,
for instance, Cu and graphite. The relevant bonding performance
will be discussed below.

3.3. Thermal properties

3.3.1. Thermal conductivity and modeling
Table 2 depicts the thermal conductivity of 50GF/Cu composites

in the different directions with various Mo content. On the one
hand, the XY-TC of the composite with 50 vol%GF was 69.6% higher
than pure copper (400W,m�1,K�1), whereas the Z-TC of the 50GF/
Cu composite was only about 15% of pure copper, which exhibited
obvious anisotropy due to high alignment of the GFs. On the other
hand, the introduction of Mo apparently decreased the TC of the
composite. With the increasing mass fraction of Mo, the XY-TC of
the composite steadily reduced, and the Z-TC decreased slightly. It
was well accepted that the Kapitza resistance and thermal contact
resistance were two key factors that affected thermal properties of
MMCs [14,39]. The thermal contact resistance caused by the
interface crack was greatly improved under the preparation con-
ditions of high temperature and high pressure. However, the in-situ
formed Mo and Mo2C reduced the TC of the GF/CueMo composite
because of the increasing Kapitza resistance, which is attributed to
the increasing phonon scattering at the Cu-GF interface [22e24].
This is also one explanation of the continuous reduction of the
composite TC with the increasing Mo content.

It was observed that the XY-TC of the composite decreased by
9.85% with 0.5 wt% Mo addition, and decreased by 14.05% with 3
wt% Mo addition. This suggested that the influence mechanism of
Mo content on the TC of the GF/Cu composites was diversified and



Fig. 8. Mo particles at the Cu-GF interface of 50GF/Cu composites with: (a) 0.5wt% Mo, (b) 1wt% Mo and (c) 3wt%Mo, respectively. EDS patterns of (d) C, (e) Cu and (f) Mo in (a). (g)
The schematic diagram of the action mechanism of the Mo “rivet” at the Cu-GF interface. (A colour version of this figure can be viewed online.)
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non-equalized. Particularly, the Mo content affected the Z-TC of the
composite under the same rule. Mo particles were found to
disperse in the grains of the copper matrix in the 50GF/CueMo
composite in Fig. 6. Nevertheless, it was found that Mo particles at
the Cu-GF interface did not increase as expected with higher Mo
content. The increasingMo content mostly existed in the Cumatrix,
which reduced the matrix TC. This suggested that the introduction
of Mo affected heat transfer behavior of the GF/Cu composites
mainly by pinning the Cu-GF interface.

Moreover, the alignment of the anisotropic reinforcements, such
as GFs, was another important factor in promoting thermal prop-
erties of composites. To verify the availability of tape casting in
enhancing the orientation of GFs in the GF/Cu composite, the
effective medium approximation (EMA) model was used to predict
the values of the composite TC [39,40]. Taking into account all
factors containing the intrinsic TC of Cu and GFs, size and orien-
tation of GFs, the Kapitza resistance, the EMA model can be
expressed as follows:

KC¼KCu
2þf

�
b1ð1�L1Þ

�
1þ<cos2q>

�þb3ð1�L3Þ
�
1�<cos2q>

��
2�f

�
b1L1

�
1þ<cos2q>

�þb3L3
�
1�<cos2q>

��
(4)

Table 2

Thermal conductivity of 50GF/Cu composites with different Mo content.

Mo content, wt% r, g,cm�3 a, mm2,s�1 TC,W,m�1,K�1

XY Z XY Z

0 5.5±0.1 274.5±1.5 23.2±0.5 678.6±3.7 57.3±1.2
0.5 5.4±0.1 250.5±1.0 19.5±0.2 613.2±2.4 47.8±0.5
1 5.4±0.1 244.3±1.2 18.9±0.4 598.0±2.9 43.4±1.0
3 5.4±0.1 238.2±1.0 17.7±0.2 582.2±2.4 42.3±0.5
with

bi ¼
Keff
GF � KCu

KCu þ Li
�
Keff
GF � KCu

� (5)

< cos2q > ¼

ð
rðqÞcos2qsinqdq
ð
rðqÞsinqdq

(6)

Here, KCu is the TC of Cu, q is the angle between the basal plane
of the GFs and the defined XY-plane, rðqÞ is a distribution function
of GF orientation, and f is the volume fraction of the GFs. Li is related
to the GFs diameter (270 mm) and thickness (20 mm), and
L1 ¼ 0.0532, L3 ¼ 0.8936. bi were obtained by derivation of Eq. (5).
Keff is the effective TC of materials, which can be expressed as
follows:

Keff ¼ K0
2K0
hD þ 1

(7)

Here, D and K0 represent the inclusion particles size and
intrinsic TC, and h (¼109 W,m�1,K�1) is the interfacial thermal
conductivity between the matrix and the inclusion. We ignored
Kapitza resistance and took the intrinsic TC of GF as the effective TC
because of the huge interfacial thermal conductivity between Cu
and C. Therefore, KCu ¼ 400 W,m�1,K�1, KXY

GF ¼ 1000 W,m�1,K�1

were adopted [41]. Then, Eq. (4) can be simplified as follows:

Kxy y400� 2þ f
�
1:07þ 2:01� Ccos2qD

�
2� f

�� 3:85þ 4:02� < cos2q>
� (8)



Fig. 9. TC of GF/Cu composites in the XY direction with different GF and Mo content as
well as the theoretical predictions of GF/Cu by effective medium approximation (EMA)
model with different distribution function of GF orientation (< cos2 > ). (A colour
version of this figure can be viewed online.)
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Fig. 9 showed the comparison of the measured and predicted
values, with < cos2q> ¼ 0.7, 0.8, 0.9, 1. Based on the assumption of
the non-Kapitza resistance, the XY-TC of 30GF/Cu composite
without Mo addition was close to the predicted value with <
cos2q> ¼ 0.8. Meanwhile, the measured value of XY-TC was closer
to the predicted value with < cos2q> ¼ 1 and increasing volume
fraction of GFs. Moreover, the 50GF/Cu XY-TC almost coincided
with the predicted value with < cos2q> ¼ 0.94, which was higher
than the distribution function of GF or graphene orientation in
other studies [17]. It can be indicated that GFs dispersed in the Cu
matrix with high alignment and high volume fraction of GFs
contributed to their order.

In general, tape casting was an effective method for enhancing
GFs alignment. Dramatically, the introduction of Mo reduced the
heat conduction of the GF/Cu composites because of the “unclean”
interfaces.
Fig. 10. The variation trend of the relative length and CTE (XY and Z directions) of the 50G
figure can be viewed online.)
3.3.2. Thermal expansion properties
Fig. 10 described the change of the relative length and CTE of the

50GF/CueMo composites with temperature ranged from 25 +C to
250 +C. Through the comparison of measured value and various
models, including the rule of mixture (ROM) (8� 10�6K�1), the
Kerner (6.95� 10�6K�1) [42] and the Turner (2.94� 10�6K�1)
models [43], it was noted that the former wasmuch higher than the
latter. Ren et al. [30] verified that the effective contact area played
an important role in affecting the CTE of the composite. The
effective contact area between Cu and GFs was less than 10% of the
total surface area because of high alignment of the GFs, which
limited the inhibitory effect of GFs on the expansion of Cu matrix
[44]. It was already known that the microcracks around the
embedded GFs were modified at high temperature under pressure
in the sintering process. However, owing to the lack of strong
pinning between Cu and GF, the Cu-GF interface slid during raising
temperature (no pressure during CTE measurement), which inva-
lidated the advantage of GFs low CTE. The introduction of Mo
obviously reduced the XY-CTE of the composite, indicating that the
in-situ Mo and Mo2C effectively optimized the Cu-GF interface.
Nevertheless, the results also showed that the XY-CTE of the 50GF/
CueMo composites were slightly content dependent, whichmay be
attributed to the weak Van Der Waals forces between GF in-
terlayers. It is verified that the sliding fracture of GFs easily occurred
under stress because of the weak Van Der Waals forces between GF
interlayers [45].

It is noteworthy that the Z-CTE of the composite reached 9�
10�6K�1, pertaining to the same magnitude with the CTE of
semiconductor materials (3e8� 10�6K�1). The Z-CTE of the 50GF/
Cu composite was much lower than Cu (17� 10�6K�1) or through-
plane of GF (28� 10�6K�1). To explain this counterintuitive
behavior, Firkowska et al. [14] considered Cu/GF composites as
sandwich-like structure objects, and deduced the correlation be-
tween the equivalent through-plane CTE of the GF and other pa-
rameters based on the elasticity theory. The calculated results of
equivalent CTE of GF and Cu were �26�10�6K�1 and 24�
10�6K�1, respectively. Besides, Ren et al. [30] thought that the
F/CueMo composites in the temperature range of 25e250 +C. (A colour version of this



Fig. 11. XRD spectrum of (a) 50GF/Cu composite at different temperature points and (b) 50GF/CueMo composites with different Mo content. (Both in the Z direction). (A colour
version of this figure can be viewed online.)

Fig. 12. Comparison of TC and CTE properties between the obtained 50GF/Cue1Mo
composite and published reported MMCs [14,22,31,32,46e51]. (A colour version of this
figure can be viewed online.)

Fig. 13. Bending strength of the obtained 50GF/Cu composites and pure copper with
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introduction of alloying elements would lift the thermal stress in
the composites, which further decreased the equivalent through-
plane CTE of the GF and caused lower Z-CTE of the GF/Cu com-
posite. Similarly, the aggregatedMo particles at the Cu-GF interface,
and Mo “rivet” in the GF surface acted as a Mo “net”. The Mo “net”
sharpened the change of the through-plane elastic constants of the
Cu and GF, aggravating the thermal expansion anomaly phenom-
enon (negative thermal expansion) in the Z direction. Interestingly,
the Z-CTE of the GF/Cue3Mo composite was higher than the GF/
Cue1Mo composite. This abnormal phenomenon could be
explained by the unanticipated distribution of Mo particles in the
GF/Cu composites with increasing Mo content. The Mo content in
the composites is listed in Table 1, showing the intensified
agglomeration of Mo particles in the Cu matrix. Mo clusters in the
GF/Cue3Mo composite (Fig. 6) caused lower CTE value of the Cu
matrix compared with the GF/Cue1Mo composite, narrowing the
difference of the CTE values between the Cu matrix and the in-
plane direction of GFs. Therefore, it could be inferred that the
thermal stress between Cu and GF in the GF/Cue3Mo composite
was lower than in the GF/Cue1Mo composite, which caused the
equivalent through-plane CTE of the GF in the GF/Cue3Mo com-
posite to be higher than in the GF/Cue1Mo composite. As a result,
the Z-CTE of the GF/Cue3Mo composite was higher than in the GF/
Cue1Mo composite.

To thoroughly explore the thermal expansion behavior of the
50GF/CueMo composites, the XRD spectra at room and high tem-
peratures were analyzed. Fig. 11(a) shows the XRD spectra of the
50GF/Cu composite at room temperature (RT), 200 +C, 350 +C and
C-RT (from 350 +C cooled to RT). It could be observed that the peaks
of Cu and GF at 200 +C and 350 +C shifted towards left by about
0.12+ and 0.24+, respectively, compared to the peaks at RT. The shift
results signified that the lattice constant of the Cu and GFs
increased, which demonstrated the thermal expansion behavior of
the Cu particles and GF interlayers when heated. Interestingly,
comparing the XRD spectra of the 50GF/Cu-cMo (c ¼ 0.5, 1, 3)
composites and the raw materials at RT (Fig. 11(b)), it was found
that the Cu characteristic peaks of the as-prepared 50GF/Cu com-
posite shifted left by about 0.5 +, but the GF peaks shifted slightly,
which indicated that the residual thermal stress mostly existed in
the Cu matrix, and the Cu particles were acted upon by the residual
tensile stress. In the CTE test process of the composites, on the one
hand, the internal residual thermal stress of the composites
released slowly with temperature, which eased the lattice defor-
mation (larger lattice constant). On the other hand, higher tem-
perature enlarged the lattice constant of Cu particles and the
different Mo content. (A colour version of this figure can be viewed online.)
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interplanar crystal spacing of GFs. It could be speculated that the
decrease of the lattice deformation caused by residual thermal
stress counteracted the increase of the lattice constant caused by
raising temperature, which led to the thermal expansion anomaly
phenomenon in the Z direction. The residual stress disappeared
with temperature, and the crystal lattice of Cu and GF still
expanded, resulting in the increasing value of the Z-CTE of the
composites. The introduction of Mo did not strengthen the left shift
of the Cu and GF peaks in the GF/CueMo composites, which sug-
gested the stability of the residual stress value in the Cu matrix.
Also, it is well-known that the internal stress produced by the
mismatch in the thermal expansion between Cu and GFmay lead to
small cracks in the GF/Cu composite (difficult to observe), which
may have a lagging effect on the CTE test of the composite.

Fig.12 shows the comparison of thermal properties between our
work and some previous studies. The obtained 50GF/Cue1Mo
Fig. 14. SEM images of the fracture surface (a, c, e, g) and enlarged view (b, d, f, h) of Cu/50
this figure can be viewed online.)
composite in this study exhibited better comprehensive thermal
performance. It is possible to obtain required performance by
controlling the volume fraction and the orientation of reinforce-
ment. The mechanical properties still needs to be improved by
enhancing the matrix and the bond strength. It is believed that the
GF/Cu composites are one of the potential advanced management
materials, and have space for improvement.

3.4. Mechanical properties

Fig. 13 represented the bending strength of the 50GF/Cu
composite with various Mo content. The CueMo alloys are ductile
materials and their bending strength was calculated according to
the maximum bending force (when fracture occurred). It could be
observed that the bending strength of the CueMo alloy followed
an increasing trend with Mo content. However, the bending
GF/Cu, 50GF/Cu-0.5Mo, 50GF/Cue1Mo, 50GF/Cue3Mo composites. (A colour version of
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strength of 50GF/CueMo composites increased first and then
decreased with higher Mo content. The bending strength of 50GF/
Cu composite with 1 wt% Mo reached the highest value of 75 MPa,
but fell to 64 MPa with 3 wt% Mo. Kang et al. [52] verified that
particulate-reinforced metal matrix composites exhibited
improved mechanical properties with increasing amount of
nanometric particulates. However, the agglomeration of the high-
volume fraction nanometric particles in the metal matrix gentled
the strengthening effect on the mechanical properties. Fig. 6
shows submicron Mo particulates distributed in the Cu grain
boundaries, pinning the boundaries and refining the Cu particles.
The bending strength of the Cue3Mo alloy (491 MPa) is about
65.9% higher than the pure Cu (296MPa), which may be attributed
to the Mo’s refining effect on Cu particles. In addition, the Mo
“rivet” at the Cu-GF interface in Fig. 8 combined Cu matrix with
GFs. The enhanced Cu-GF interfacial bonding improved the
bending strength of the 50GF/Cue1Mo composite to 75 MPa. The
aggregation of Mo particles near the GFs aggravated owing to
higher content. Dramatically, the bending strength of the com-
posite with 3wt%Mo fell to 64MPa, revealing the side effect of Mo
aggregation. On the one hand, Figs. 6 and 7(d) had proven that the
aggregation of Mo particles weakened their effect on grain
refinement. The 50GF/Cue3Mo composite had larger Cu grain size
compared with its counterpart with 1 wt% Mo. On the other hand,
the formation of Mo2C also could be explained as the Mo erosion
on the GFs. As a result, the variation of the bending strength of
50GF/CueMo could be attributed to the dual function of Mo
addition on the Cu-GF interface and the mechanical properties
strengthening of the Cu matrix.

Fig. 14 displays the fracture surface of the 50GF/Cu composites
with different Mo content. It can be observed that Cu and GF are
stacked layer by layer, presenting obvious orientation. It should be
noted that the fracture model of the 50GF/CueMo composites
exhibited brittle fracture. Dimples in the Cumatrix were examined,
and the tearing in the GFs occurred. It can be indicated that the
brittle fracture of the composites had great correlation with the
GFs, which cannot be ignored. The enlarged views of the 50GF/Cu
composites in Fig. 14(b) shows that the GFs separated from the Cu
matrix without Mo after fracture of the composite, which meant
the Cu-GF interfacial debonding started. With 0.5 wt% Mo, the Cu
matrix could catch a small amount of GFs surface layers (shown in
Fig. 14(d)). Fig. 14(f) displays the pinning effect of Mo particles on
GFs and Cu. The GF was tightly wrapped in Cu when the fracture
occurred with 3 wt% Mo (Fig. 14(h)), indicating strong bonding
between Cu and GF. Thus, the introduction of Mo can enhance Cu-
GF interfacial bonding, changing from the purely physical connec-
tion into the physical-chemical synergy.

4. Conclusions

The 50GF/CueMo composites were fabricated by tape-casting
with hot-pressing sintering. Tape-casting enhanced the alignment
of GFs (2D flaky material) with small radial dimensions. The 50 vol%
GF/Cu composites with 1 wt% Mo had high XY-TC of 598 W, m�1,
K�1, low Z-CTE of �2.92�10�6K�1 (25e100 +C), which was com-
parable to the thermal expansion of semiconductors. The intro-
duction of Mo remarkably improved the overall performance of the
GF/Cu composites. Mo2C particles formed at high temperature
contributed to lower CTE and enhanced bending strength of the
composites. Furthermore, the TC of the Cu matrix and bulk com-
posites deceased in virtue of the enhancement of the phonon
dispersion through Mo particles in the Cu matrix and Cu-GF
interface. Undeniably, the CueC interface modification and the
alignment of 2D flaky materials had the decisive influence on the
thermal and mechanical properties of the composite. The
distribution, size and amount of particles in the matrix and at the
interface should be further controlled for better performance.
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