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A B S T R A C T   

A controlled alignment of micro-/nano-fillers with anisotropic morphology and properties in a composite matrix 
will allow developing materials with tailored properties, but which still remains challenging. Here, alignment of 
graphite plates in Cu matrix was well controlled in a wide range with fine steps by elaborately designed mor-
phologies of copper powders. Polarized Raman scattering demonstrated that a record-high orientation degree 
could be obtained as assisted by Cu micro-flakes. Furthermore, owing to the improvements on intrinsic thermal 
conductivity of graphite by hot-pressing and graphite/Cu interface wettability by using in-situ graphene as 
interlayer, high-performance thermally conductive (~600 W/mK) and light-weight (4.9 g/cm3) graphite/ 
graphene-interlayer/Cu matrix composites were successfully fabricated.   

1. Introduction 

Operation of microelectronic devices generates heat in a confined 
space making heat dissipation a key challenge [1–3]. Carbon (diamond, 
carbon nanotube, graphene, graphite)/copper composites are consid-
ered as promising materials in thermal management for microelectronic 
devices with higher and higher power density. However, diamond suf-
fers from high cost, slow synthesis rates and poor machinability, while 
the thermal conductivity (TC) of carbon nanotube (CNT) and graphene 
(Gr) degrade when assembled into practical size due to ambient in-
teractions and disorder scattering [3], which limits their wide applica-
tion. Graphite flakes (Gf) have drawn significant attention for thermal 
management applications due to their superior and stable thermal 
properties, low cost and ease of machining [4–7]. 

The carbon materials (carbon nanotubes, graphene, graphite flakes) 
show anisotropic TC along different dimensions [8,9]. In the composites, 
a high alignment of the carbon structures is necessary for improving the 
TC [10–14]. It has been reported that Gf exhibits an in plane TC higher 
than 1000 W/mK [6]. Highly oriented pyrolytic graphite (HOPG) has a 
TC of 1600–2000 W/mK [15,16]. Whatever the graphite type, an 
out-of-plane TC of 5–10 W/mK has been reported [15]. A critical value 
of the alignment of graphite in matrix [12] exists, above which the 
contribution of high in-plane TC of graphite will surpass the negative 
role of its low out-of-plane. It is very challenging to align nanoscaled 

CNT or Gr in composites [10,12,17–19], and also it is by no means easy 
to achieve high alignment of graphite in a composite although it has 
larger size than CNT and Gr [20,21]. In graphite/Cu (Gf/Cu) composites, 
several methods, such as electroless plating [22,23], wet mixing [24] 
and high-energy ball milling [13,20], were applied to align graphite 
within Cu matrix. Liu et al. [22] used electroless plating to prepare 71 
vol% Gf/Cu composite with a TC of 565 W/mK. The orientation degree 
(<cos2θ>) [12,13,18,20] of graphite in the composite was estimated to 
be 0.8 from effective medium approximation (EMA) model. Electroless 
plating method is usually limited for preparing small and thin samples 
due to the slow deposition rate of Cu layers. A orientation degree 
(<cos2θ>) of 0.81 and a TC of 547 W/mK were obtained in 60 vol% 
Gf/Cu composite prepared by a wet mixing method [24]. This method is 
time-consuming and induces degradation of graphite by chemical 
contamination, plastic deformation or by local overheating [25]. Boden 
et al. reported that the alignment of graphite in copper matrix could be 
controlled by optimizing the lateral size of graphite flakes [20], and the 
value of <cos2θ> ranged from 0.54 to 0.69 in the final Gf/Cu composites 
[20]. Nevertheless, the TCs of the as-produced <30 vol% Gf/Cu com-
posite were lower than that of the pure Cu matrix, because the orien-
tation degree (<cos2θ> ¼ 0.69) of the graphite was still below the 
critical value. Subsequently, they prepared a 50 vol% Gf/Cu composite 
by the same method and obtained a higher orientation degree (<cos2θ>
¼ 0.8) of graphite, resulting in an enhanced TC of 503 W/mK [13]. Thus, 
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developing an effective strategy for realizing orientation degree of 
graphite as high as possible is desired for enhancing the TC in Gf/Cu 
composite. 

Additionally, graphite/Cu composites still possess poor interface 
bonding and voids because of poor wettability between graphite and Cu 
matrix [26,27], which are usually improved by two common ap-
proaches, i.e., surface metallization (B, Cr, Zr, Cu, W, Ti, Si, Mo) [6,22, 
28–33] on graphite and matrix alloying (Cr, Ti) [34,35]. While these 
methods still face the following challenges, (1) selecting desirable car-
bide formed elements or interlayer [36]; (2) tailoring thickness and 
morphology of the interlayer [37]; (3) controlling complete interface 
reaction process (formation of carbides) in composite [38]. Graphene, 
with intrinsic 2D structure as well as high in plane TC [39], could act as 
interlayer to enhance the TC of carbon/Cu composites, by bridging the 
phonon transport and avoiding direct contact between Cu and graphite 
[40]. The advantages of graphene as interlayer lie in (1) thickness of the 
uniform nanolayer of the graphene is tunable; (2) compared to the 
aforementioned carbide or metal elements, graphene exhibits a lower 
density and a higher TC; (3) interface is free of reaction product. 

In this work, the strategies for controlling alignment of graphite 
flakes in Cu matrix and interface modification are successfully devel-
oped, and light-weight Gf/Cu composites with enhanced TC and satis-
fied coefficient of thermal expansion (CTE) are thus fabricated. The 
relationship between alignment degree of graphite flakes and thermal 
conductivity is quantitatively analyzed with polarized Raman spec-
troscopy. We show that the alignment is inseparably linked to the 
morphology and thickness of the elaborately designed flaky Cu powder 
(FCu). This relationship results in anisotropic thermal properties of the 
composites (up to a factor of 8.5). An EMA model is used for accounting 
the experimental results, in which the influence of filler geometry, 
orientation degree as well as the interfacial thermal resistance between 
matrix and filler are considered. 

2. Experimental 

2.1. Materials 

Spherical copper powders (particle size: ~50 μm, ~2–3 μm) poly- 
methyl methacrylate (PMMA) (M.W. 35000) and graphite flakes (pu-
rity >99.9%, mesh � 10) were purchased from Alfa Aesar Chemical Co., 
Ltd, Tianjin, China. Absolute ethanol and anisole were obtained from 
Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. The chemicals 
were analytical-grade reagents and were used as received. 

2.2. Fabrication of composites 

Spherical copper powders (100 g) with an averaged particle size of 
50 μm were ball milled in a stainless-steel milling jar at a speed of 423 
rpm for different time (4, 6 or 14 h) in absolute ethanol. The mass ratio 
between Cu powder (100 g) and agate milling ball (800 g) is about 1:8. 
The in-situ growth of graphene on Cu powders was reported in our 
previous work [40,41]. Prior to in-situ growth process, the as-prepared 
flaky powders were annealed and reduced at 5% H2/Ar mixed atmo-
sphere at 573 K. And then 30 g annealed flaky Cu powders (FCu) were 
added into 250 mL 0.5 wt% PMMA-anisole solution. The mixture was 
stirred for 12 h, and then centrifuged at 4000 rpm for 7 min. After that, 
the PMMA coated flaky Cu powders were dried in a vacuum oven at 343 
K for 12 h to remove the solvent. The in-situ growth process was per-
formed in a tube furnace under H2 (25 sccm) and Ar (475 sccm) flow at 
atmospheric pressure. The dried PMMA/FCu powders were placed in an 
alumina crucible and were heated rapidly to 1173 K at a heating rate of 
10 K/min. The temperature was kept for 1 h. Finally, graphene/FCu 
(Gr/FCu) composite powders were obtained by fast-cooling to room 
temperature under the H2/Ar atmosphere. The pristine graphite flakes 
were sieved through a 40-mesh screen prior to use. The as prepared 
Gr/FCu powder and graphite flakes were mixed and then densely 

stacked when loaded into a graphite die (Ø 20 mm). The powders were 
heated up to 1173 K in vacuum at a heating rate of 15 K/min and sin-
tered at the temperature under a pressure of 50 MPa for 1 h. For com-
parison, the Cu, Gr/Cu, Gf/SCu and Gf/FCu samples without graphene 
were prepared by the same method. The whole preparation process is 
shown in Fig. 1. 

2.3. Characterization on microstructure and composition 

The microstructures of the composited powders and bulk composites 
were examined by using scanning electron microscope (SEM, Mira3) and 
transmission microscope (TEM) (JEOL JEM-2100F). Raman spectra 
(Bruker Optics Senterra R200-L) were used to characterize the graphite 
and graphene by using Ar þ laser with a wavelength of 532 nm (spot size 
1 μm and laser power 1 mW) as excitation source. Energy-dispersive X- 
ray spectroscopy (EDS) was used for elemental analysis. X-Ray diffrac-
tion (XRD) test was performed on a Rigaku D/max2550VL/PC system 
with Cu Kα radiation generated at 35 KeV and 200 mA (λ ¼ 0.15418 
nm). The 2θ step size was 0.02�. X-ray computed tomography (diondo 
d2, GE Company) was used for visualizing the distribution of graphite 
flakes in the Gf/Cu composites. 

2.4. Graphite alignment measurement 

The rough and fractured cross-section of Gf/Cu matrix composite 
was mechanical polishing and then milled by surface ion-beam (Ar þ
polisher) before Raman spectra measurements. Polarized Raman spec-
troscopy was carried out on the cross-section of Gf/Cu matrix composite 
(excitation wavelength 532 nm and power 1 mW). Grating was 1800 l/ 
mm and integration time was 1 s. The light was focused by a 5 �
objective; the spectra were recorded on a Renishaw Centrus 0RNQ39 
monochromator. The polarizations of the incoming and scattered light 
were parallel to each other. The angle between the polarization direc-
tion and the sample normal was rotated with a λ/2 wave plate in front of 
the microscope objective. 

2.5. Thermal conductivity and coefficient of thermal expansion 
measurements 

The TC of the composites was calculated according to κ ¼ α � ρ � Cp. 
Thermal diffusivity (α) and specific capacity (Cp) of the sintered com-
posites were measured by a laser flash method on a Netzsch LFA 427 at 
room temperature (298 K). The sample density (ρ) was examined by the 
Archimedes method. The samples (Ø 12.6 � 3 mm) were coated with 
carbon using a carbon spray on the top and bottom surfaces to prevent 
the laser light and plasma generation at the surface. Five parallel posi-
tions were measured to obtain an average TC value for each sample. The 
samples with a dimension of Ø5 � 25 mm were cut for coefficient of 
thermal expansion (CTE) measurement, and the CTE of both in-plane 
and cross-plane directions were measured on dilatometer (NETZSCH 
DIL 402 C) in a temperature range of 300–575 K with a heating rate of 3 
K/min. 

3. Results and discussion 

3.1. Microstructure and thermal conductivity of graphite flakes 

Fig. 2a–b shows the SEM images of the typical morphology for the 
sieved graphite flakes. The lateral size of the graphite flakes varies from 
450 to 550 μm with an average thickness of 20 μm. TEM image, XRD 
pattern and Raman spectra in Fig. S1 (Supporting Information) confirm 
the structure and composition of the as received graphite. 

According to Adams’ conclusion [42], in-plane TC of graphite shows 
an inseparable relation with its inter-basal-plane spacing d(002), i.e., the 
smaller d(002) is, the higher TC of graphite. Furthermore, removing de-
fects (vacancies, interstitials and impurities) could lead to an increased 
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layer plane stacking. Here, our XRD patterns show that the hot-pressing 
process can cause an apparent change on the d(002) of graphite, and the 
peak position of plane (002) decreased from 2θ ¼ 26.38� in the 
as-received graphite (Fig. S1c, Supporting Information) to a value of 2θ 
¼ 26.5� in the graphite embedded in the hot-pressed Gf/FCu composites 
(Figs. S2 and S3, Supporting Information). According to the Bragg 
equation, the d(002) of graphite flakes decreases from 3.378 Å (as-re-
ceived) to 3.363 Å after the hot-pressing process. Based on the correla-
tion between the TC and d(002) established by Adams [42], the estimated 
in-plane TC of the graphite flake in the hot-pressed composite after is 
close to 1020 W/mK, while that of as-received graphite flake is only 
~500 W/mK. The results is also coherent with the Raman spectra of 
graphite flakes before and after hot-pressing (Fig. 2d,f). The spectra at 
both the centre and edge (Fig. 2c,e) of the graphite flakes imply that the 
hot-pressing process helps to decrease the ID/IG ratio (i.e. increase 

graphite’s quality and thus its TC), which is more obvious on the edges 
of the flakes. 

Morvan et al. [25] proposed a reductive treatment of graphite flakes 
at 400 �C to obtain a low d(002) value of 3.360 Å, indicating a high TC of 
with 1100 W/mK. Other method, such as chemical pre-treatment [23], 
was adopted to remove the surface adhesive contamination of graphite 
for improving the TC. In previous studies, TC of graphite in the com-
posite is usually estimated as 1000 W/mK from pyrolytic graphite for 
EMA calculation and it has seldom considered the influence of 
hot-pressing process on the TC of composite. In this study, the 
hot-pressing process at high temperature (1173 K) and high pressure 
(50 MPa) can improve the TC of graphite, which may result from the 
improved crystallinity structure of graphite and removal of defects 
compared to the as received graphite. Our results indicate that the 
change in TC of graphite before and after hot-pressing process should be 

Fig. 1. Schematic illustration of preparation process of Gf/SCu, Gf/FCu and Gf/Gr/FCu (Gr: graphene) composites: (a) fabrication of flaky Cu powder (FCu) and 
graphene encapsulated Cu powder (Gr/FCu); (b) compacting powders by a hot-pressing process, and (c) the structural models for the as-prepared composites. 

Fig. 2. SEM images of graphite flakes to show lateral size (a) and thickness (b); (c–f) the micrograph and Raman spectra at both centre and edge of as received 
graphite flake (c–d) and graphite flake (e–f) in the composite after hot pressing. 
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considered because it directly affects the theoretical value from EMA. 

3.2. Morphology effect of Cu powder on graphite’s alignment 

To regulate the alignment of graphite flakes in matrix, the 
morphology and size effect of Cu matrix powder is investigated in this 
work. Firstly, spherical Cu powders with diameter ~50 μm and 2–3 μm 
were used as matrix. The pristine morphologies of the Cu powders and 
graphite distributed in composites are shown in Fig. 3. In the case of 
spherical Cu as matrix, the large size (~50 μm) leads to a random 
orientation of graphite flakes in the composites (Fig. 3a–b). As shown in 
Fig. 3c–d, the orientation of graphite is improved when smaller spherical 
Cu powders (2–3 μm) were used as matrix, but the graphite flakes 
accumulate in some area and show a poor distribution in the composite. 
The results imply that the spherical morphology might not be the ideal 
choice for aligning graphite flakes in Cu matrix. 

Considering the morphology compatibility, Cu powder with flaky 
shape were therefore used to regulate the orientation of graphite flake in 
the composites; Meanwhile, the thickness effect of Cu flakes on the 
alignment of graphite were also investigated. For comparison, Cu flakes 
with an averaged thickness of 20–30 μm, 10–20 μm and 1–2 μm were 
used. As shown in Fig. 4, the flaky morphology of Cu powder can realize 
a high orientation of graphite. Moreover, the thicker Cu flakes (20–30 
μm, 10–20 μm) result in a smaller spacing between two graphite flakes 
(marked in Fig. 4b,d) than that the thinner Cu flakes (1–2 μm) do 
(marked in Fig. 4e). Given the same content of graphite, the larger 
spacing indicates the better alignment of graphite in the composite 
because of a smaller projected cross section. Thus, the flaky Cu powders 
make it effective to align graphite in the composite compared with 
spherical powders (Fig. 3). During the mixing process and compaction 
process, flaky Cu powders with larger specific surface area and better 
morphology compatibility with graphite flakes contribute to uniform 
dispersion and high alignment of graphite in the composite. 

Three-dimensional X-ray computed tomography (3D X-CT) was 
adopted to visualize distribution of graphite flakes in the Gf/Cu com-
posite. As shown in both 3D (Fig. 5a–b) and 2D (Fig. 5c–d) images, 

graphite flakes with similar sizes are distributed in the composites. The 
disordered distribution of graphite flakes is observed in Gf/SCu com-
posite with spherical Cu as matrix (Fig. 5a,c), while graphite flakes are 
highly aligned in the whole Gf/FCu composite with flaky Cu as matrix 
(Fig. 5b,d), which agrees well with the SEM images (Figs. 3a and 4f). The 
results suggest that flaky matrix power with as thin as possible thickness 
is beneficial for the alignment of graphite flakes. 

3.3. Quantitative analysis on alignment 

Polarized Raman spectra was used for quantitating the alignment of 
graphite flakes in the composites. Fig. 6a shows the schematic illustra-
tion of measurement setup. In Fig. 6b, theoretically, for a random dis-
tribution of the graphite (red curve), intensity of the G-peak is a constant 
when varying the polarization angle ε. For perfectly aligned graphite 
(blue curve), the intensity of G-peak Itot ∝ f 2cos4ε and thus has a 
maximum for the in-plane polarization (ε ¼ 0, 180�, and 360�), while it 
is zero for ε ¼ 90�, 270� [13,20]. Fig. 6c–d shows the normalized in-
tensity of the G-mode measured for the Gf/Cu composites with different 
Cu matrix as matrix. Comparing the intensity of G band ratio (Imin/Imax) 
of composites, the statistical orientation shows that graphite flakes 
embedded in flaky Cu (~1–2 μm) have the best alignment compared 
with the those in the other Cu powders as matrix. 

Orientation degree of the graphite flakes can be evaluated by the 
parameter of <cos2θ>, which is determined by the θ value, and is 
expressed as [43]  

〈cos2 θ〉¼
R

ϕðθÞcos2 θ sin θdθ
R

ϕðθÞsin θdθ
(1)  

where θ is the angle (0–90�) between graphite flakes basin plane and the 
perpendicular direction of the hot pressing. ϕðθÞ describes the statistical 
distribution of graphite orientation in the composites, which can be 
determined by the results of polarized Raman spectra. Theoretically, 
<cos2θ> ¼ 1/3 and 1 stand for totally random orientation and perfectly 
full alignment of graphite flakes in the composite (Fig. S4, Supporting 

Fig. 3. The pristine morphologies of Cu powders and graphite distributions in 50 vol% Gf/SCu composites. (a–b) The case of spherical Cu powders with a diameter of 
~50 μm; (c–d) The case of spherical Cu powders with a diameter of ~2–3 μm. 
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Information), respectively. 
In previous work [13,20], from the polarization-angle dependence of 

the G peak Raman intensity, the expression was derived for obtaining 
the graphite flakes alignment by using the selection rules for light 
scattering in crystals to obtain the intensity of the Raman active modes 
for an individual graphite flake and then integrating over all possible 
orientation angles. The overall intensity of graphite flakes in a com-
posite is given by [13,20]. 

Itot ∝
ZZ

ϕðθ1; σÞϕðθ2; σÞIGðθ1; θ2Þdθ1 dθ2 þ I0 (2)  

ϕðθÞ¼
1

σ
ffiffiffiffiffi
2π
p e�

θ2
2σ2 (3)  

where ϕðθ; σÞ is the angle distribution for the rotation angles θ1 and θ2 
and I0 is a correction term for the Raman setup. Thus, the standard de-
viation σ remains the parameter for the intensity of the graphite flakes in 
the copper matrix. Using Eq. (2), σ for different Gf/Cu composites can be 
obtained. Then from Eq. (1) and Eq. (3), we can obtain the <cos2θ> of 
the different composites (Table 1). 

From Table 1, the <cos2θ> of Gf/FCu composites are much larger 
than those of Gf/SCu composite. The largest <cos2θ> (0.92) is obtained 
for the Cu flakes (1–2 μm) as matrix. While the spherical Cu powders as 

Fig. 4. The pristine morphologies of ball-milled Cu flakes and graphite distributions in 50 vol% Gf/FCu composites along Z axis. The thicknesses of Cu flakes are 
(a–b) ~20–30 μm, (c–d) ~10–20 μm, and (e–f) ~1–2 μm. 

Fig. 5. 2D (different color means different size of the graphite flake) and 3D images (yellow zone is Cu matrix and gray area is graphite in 3D images) for the 
distribution of graphite flakes in the 50 vol% Gf/Cu composite characterized by 3D X-CT. (a, c) spherical Cu (50 μm) as matrix and (b,d) flaky Cu (1–2 μm) as matrix. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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matrix produce low <cos2θ> (0.62 and 0.74). The values of <cos2θ> of 
different Gf/Cu composites are close to the values obtained from the 
statistical result of SEM images (Figs. 3 and 4.) as shown in Fig. S5 
(Supporting Information). Therefore, the flaky Cu as matrix and hot 
pressing is able to realize a high alignment degree of graphite in Gf/FCu 
composite. 

3.4. Alignment effect on thermal conductivity 

Thermal conductivity of Gf/Cu composites in X–Y plane (κ//) and Z 
plane (κ?) direction are shown in Fig. 7a. The composite with flaky Cu 
(1–2 μm) as matrix exhibits the highest κ//(520.1 � 9.4 W/mK) and the 
lowest κ? (78.6 � 1.4 W/mK) among the 50 vol% Gf/Cu composites. 60 
vol% Gf/FCu composite shows a high κ//(570.2 � 13.9 W/mK) and a low 
κ? (66.9 � 1.7 W/mK). For all the Gf/Cu composites, the κ//are higher 
than the κ? because of anisotropic κ and well orientation of graphite 
flakes. Fig. 7b shows the anisotropic factor (κ///κ?) of the composites, in 
which the high alignment degree (<cos2θ>) and volume fraction of 
graphite flakes result in high anisotropic factor. The maximum aniso-
tropic factor (8.52) is obtained at 60 vol% Gf content. 

The effective medium approximation (EMA) model is used to predict 
the theoretical TC of Gf/Cu composite (Fig. S6, Supporting Information). 
Based on the EMA theory, the anisotropic TC (κk, κ?) of the graphite/ 
metal composite can be expressed as [43]: 

κk ¼ κm
2þ fg½βkð1 � LkÞð1þ < cos2 θ >Þ þ β?ð1 � L?Þð1� < cos2 θ >Þ�

2 � fg½βkLkð1þ < cos2 θ >Þ þ β?L?ð1� < cos2 θ >Þ�
(4)  

κ? ¼ κm
1þ fg½βkð1 � LkÞð1� < cos2 θ >Þ þ β?ð1 � L?Þ < cos2 θ > �

1 � fg½βkLkð1� < cos2 θ >Þ þ β?L? < cos2 θ > �
(5) 

where κm is the TC of the matrix, fg is the volume fraction of graphite, 
β and L are the factors related to the geometry of graphite and interfacial 
thermal resistance (Rk) (detailed deduction is shown in Supporting In-
formation). In these calculations, the TC of the graphite flakes is set as 
follows: κg//¼ 1020 W/mK, which is in agreement to the estimation from 
d(002) by Adams’ study [42]. The value of κm is 380 W/mK and Rk is 
assumed as 1.0 � 10� 9 m2K/W. The κk and κ? dependences on <cos2θ>
based on EMA model are shown in Fig. 7c–d. The results show that 
<cos2θ> is a crucial factor for κ//and κ?, and an increased κ//can be 
attained by increasing <cos2θ> at the same content of graphite. From 
Fig. 7c, under such RK (10� 9 m2/kW), the numerical results demonstrate 
that the aligned graphite flakes cannot lead to κ//enhancement if 
<cos2θ> < 0.62, which elucidates that the κ//enhancement induced by 
the aligned graphite is largely suppressed by the adverse effect of RK. 
Hence, to obtain the increased κ//, one needs to achieve the alignment 
degree at <cos2θ> > 0.62 and reduce the RK. Boden et al. [20] observed 
no obviously enhanced effect of graphite on the κ//of 30 vol% Gf/Cu 
composites though the <cos2θ> was 0.69. The main reason is that 0.69 
was still below a critical <cos2θ> in the prepared Gf/Cu composites. 
Moreover, an extraordinary κ//of 640 W/mK can be expected for the 60 
vol% Gf/Cu composites with nearly perfect graphite alignment at 
<cos2θ> of 0.92 (Fig. 7c). Note that the same κ//can also be obtained by 
largely increasing fg over 80 vol% at a low <cos2θ>. Thus, to econom-
ically gain a desired κ//, optimizing <cos2θ> may offer a practical way 
to realize the remarkable graphite saving. In Fig. 7d, κ? shows a 
decreased tendency with the increase of graphite content. Higher 
alignment degree (<cos2θ>) of graphite leads to lower κ? due to the low 
κ? of graphite in this direction. In Fig. 7e, based on EMA calculations, 
the results show that an increased anisotropic factor can be attained by 
increasing graphite content or/and increasing <cos2θ>. 

The anisotropic effect of the thermal properties of 60 vol% Gf/FCu 
composite were also characterized by an infrared (IR) camera. Fig. 8a, c 
shows the schematics of the Gf/FCu composites (parallel and perpen-
dicular to the graphite alignment direction, respectively), with the 
bottom surfaces being placed on a hot plate (not shown). The hot plate 
acted as a heat source providing continuous and stable power input to 

Fig. 6. (a) Measurement setup for polarized Raman 
spectroscopy; (b) G-mode intensity for randomly ori-
ented and fully aligned graphite flakes; (c–d) Raman 
intensity of the G peak of graphite as a function of the 
angle (ε) between the polarization of the light and in- 
plane direction of 50 vol% Gf/Cu composites: (c) for 
flaky Cu (1–2 μm), spherical Cu powders (with 
diameter about 50 μm) and spherical Cu powders 
(with diameter about 2–3 μm) as matrix; (d) for flaky 
Cu (1–2 μm, 10–20 μm, and 20–30 μm) as matrix in 
composites.   

Table 1 
The parameters for 〈cos2 θ〉 obtained from polarized Raman spectra and κ//for 
the different composites.   

Gf/SCu- 
50 μm 

Gf/SCu-2- 
3 μm 

Gf/FCu-20- 
30 μm 

Gf/FCu-10- 
20 μm 

Gf/FCu-1- 
2 μm 

σ 0.55 0.41 0.28 0.26 0.19 
〈cos2 θ〉  0.62 0.74 0.86 0.88 0.92 

κ//(W/ 
mK) 

372.2 �
25.1 

422.9 �
28.9 

484.6 �
12.9 

510.4 �
12.2 

520.1 �
9.4  
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the bottom surface of the composite. Temperature of the hot plate was 
set at 80 �C. The resulting changes in temperature distribution profile of 
the top surface for the sample was monitored and recorded by an IR 
camera. Fig. 8b shows the surface temperature contour of the composite 
(parallel to graphite alignment) at various times. Since the graphite 
alignment direction is parallel to the direction of heat flow, the heat 
transfers more effectively in this direction. As a result, at 180 s, a steady 

state temperature distribution in the composite was reached, with a 
maximum temperature of 60 �C on the top surface of the composite (the 
difference from 80 �C of the hot plate is due to heat loss). In another 
direction, the temperature contour shows insufficient heat transfer to 
the top surface (Fig. 8d). The steady state maximum temperature on the 
top surface was reached at 180s with a value of 54 �C. Thermographic 
figures clearly demonstrate that the composite along the graphite 

Fig. 7. Anisotropic thermal conductivity of Gf/FCu composites. (a) Thermal conductivity of the different Gf/Cu composites in the X–Y plane direction (κ//) and Z 
plane direction (κ?); (b) Anisotropic factor (κ///κ?) of thermal conductivity for the different composites; (c–d) EMA numerical results of κ//(c) and κ? (d) versus fg at 
different <cos2θ> for the Gf/Cu composites; (e) Anisotropic factor (κ///κ?) of the numerical results based on EMA. 

Fig. 8. Demonstration of highly anisotropic thermal properties of 60 vol% Gf/FCu composite. All the diameters of the samples and observed areas are 12.6 mm. (a) 
Heat-transfer schematic and (b) IR thermographic images of the composite with the incident heat parallel to the graphite alignment direction; (c) Heat-transfer 
schematic and (d) IR thermographic images of the composite with the incident heat perpendicular to the graphite alignment direction. 
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alignment direction shows a higher TC. As shown in Fig. 8a–b, this high 
alignment of graphite makes it possible for Gf/FCu composite to be in-
tegrated in thermal dissipation applications. High surface temperature is 
a result of the effective heat dissipation to the upper side of the sample in 
this direction. In another direction, the heat transfer path is blocked due 
to the low TC between the separated Cu matrix channels and low κ? of 
graphite flakes (Fig. 8c–d), reducing heat radiation to the surrounding 
electronic components in thermal management application. 

3.5. Interface modification and characterization of Gf/Gr/FCu 
composites 

Apart from alignment of graphite in Gf/Cu composite, interfacial 
bonding between graphite and Cu also shows a significant effect on the 
thermal conductivity. In Gf/FCu composite, the observed interface is 
discontinuous and obvious gaps between graphite and Cu exist (Fig. 9a). 
These voids were generated during cooling process after sintering due to 
the different extent of shrinkage and poor interfacial bonding in the 
composite [44]. Beyond the two main conventional methods (i.e. sur-
face metallization and matrix alloying), here, graphene (Gr) in situ 
grown on the Cu flakes is used to improve the interface compatibility. 
SEM images of the surface morphology of in situ grown Gr/FCu powders 
(Fig. 9b–c) show that relatively thin graphene film with some wrinkles is 
found on the copper surface. From our previous work [41], the content 
of graphene is estimated at 0.35 vol% in the composite. D, G band in 
Raman spectra of Gr/Cu powders confirm the structure of in situ grown 
graphene with some defects (Fig. 9d). SEM image of typical interface 
microstructure of Gf/Gr/FCu composites in Fig. 9e shows that a 
distinctly close contact and continuous interface without obvious gaps 
between Cu and graphite are observed with interfacial modification by 
the graphene. Elemental line distribution results across interface shows 
a discontinuous distribution of C element across the interface in Gf/FCu 
composite due to existence of voids, while Gf/Gr/FCu composites pre-
sents a continuous elemental distribution (Fig. S7, Supporting Infor-
mation). The SEM images demonstrate a highly oriented and uniformly 
arranged graphite in the matrix (Fig. S8 Supporting Information) after 
modification by graphene. To evaluate the interfaces between Cu matrix 
and graphite in more detail, TEM was used to examine the microstruc-
tures of the Gf/FCu and Gf/Gr/FCu composites. In Gf/FCu composites, 
some voids exist at Gf-Cu interface (Fig. S9a, Supporting Information). 

In Gf/Gr/FCu composite, there are three distinct areas: Cu matrix, 
interlayer region and graphite (Fig. S9b, Supporting Information). EDS 
result indicates this area contains Cu and C elements (Fig. S10, Sup-
porting Information). HR-TEM image of the Gf/Gr/FCu interface 
(Fig. 9f) reveals that there is a representative graphene interlayer. For 
the graphene-copper interface, because the graphene layers were 
directly grown on the copper surface by in situ catalytic process, pore 
formation was suppressed at the graphene-Cu interface. This is different 
from the external addition method, and it is also an advantage over the 
external addition of graphene nanoplates or graphene oxide in Cu ma-
trix. The schematic illustrations of the interface structures of Gf/Cu and 
Gf/Gr/Cu composites are shown in Fig. S11 (Supporting Information). 
Interface modification by surface metallization or matrix alloying may 
lead to complex composition of the interlayers, eg. TiC þ Ti. The 
multiphase is adverse to the interfacial thermal conductance. Differing 
from surface metallization and matrix alloying, the in situ grown gra-
phene interlayer with nanometer thickness and high TC for interfacial 
modification has only a stable single phase and avoid direct contact 
between graphite and Cu, which is beneficial to improvement of TC for 
Gf/Gr/FCu composites. 

3.6. Thermal properties of bulk Gf/Gr/FCu composites 

From Fig. 7a, the composite with flaky Cu (1–2 μm) as matrix ex-
hibits the highest TC. So the flaky Cu (1–2 μm) was used as matrix for in 
situ growth of graphene. Fig. 10 shows the experimental TCs of the 
obtained Gf/Gr/FCu composites in two directions after interfacial 
modification by graphene, as well as TCs of Gr/FCu composites and FCu 
pure matrix prepared by the same method. The detailed parameters of 
TC calculation are shown in Table S1 (Supporting Information). From 
Fig. 10a, it is visibly seen that the κ//of Gf/Gr/FCu composites are higher 
than those of Gf/FCu counterparts (Fig. 7a). The κ//of 50 vol% and 60 
vol% Gf/FCu increase from 520.1 � 9.4 to 552.6 � 11.8 W/mK and from 
570.2 � 13.9 to 597.1 � 20.9 W/mK with incorporation of graphene, 
respectively. Additionally, the composite shows a low density which is 
40% lighter than that of Cu counterpart. The improvement can be 
ascribed to the following reason. The existed micro-voids and air gaps 
between graphite and Cu matrix can induce strong phonon scattering, 
which is detrimental to the heat transfer. After interfacial modification, 
the graphene interlayer exhibiting a high TC will replace the voids, 

Fig. 9. (a) SEM images of Gf-Cu interface; (b–c) SEM images of in situ grown graphene/Cu (flaky Cu, 1–2 μm) composited powders; (d) Raman spectra of in situ 
grown Gr/FCu powders; (e) SEM image and (f) HR-TEM image for the interface microstructure in Gf/Gr/FCu composite. 
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reducing phonon scattering and improving interfacial thermal conduc-
tivity. The increment of TC is about 30 W/mK, which is much lower over 
diamond/Cu composite due to high increment (~4%) of relative density 
in Dia/Cu composite [40]. On one hand, interfacial modification does 
not provide an obviously enhancing effect on the relative density. 
Though some voids still exist in the Gf/FCu composites without modi-
fication, the high relative density are close to 99%, resulting in high TC. 
On the other hand, at a high alignment degree (<cos2θ> > 0.9) of 
graphite within Cu matrix, the decreased interfacial thermal resistance 
would only result in a low increment (30–50 W/mK) because the TC is 
dominated by the alignment of graphite instead of interfacial thermal 
resistance [12,20]. At a low alignment degree, a large increment of TC 
can be achieved by lowering the interfacial thermal resistance [12]. 
Interfacial modification by 0.35 vol% graphene still provides a positive 
effect on the TC. While too thick graphene layers will lead to high 
interfacial thermal resistance [40] and reduce the TC of Gf/Gr/FCu 
composites. The κ//of 60 vol% Gf/Gr/FCu is close to the theoretical 
value (640 W/mK, from Fig. 7c) due to the improved interfacial 
bonding. The discrepancy between experimental value and theoretical 
value are likely due to the following factors. On one hand, the poorly 
crystalline graphite zone at the graphene/Gf interface aggravate phonon 
scattering, giving rise to deterioration of heat transport ability [31]. On 
the other hand, the residual graphene layers in the Cu matrix will 
generate phonon scattering and more or less decrease the TC, as re-
ported in our previous work [41]. Fig. 10b shows κ? of the Gf/Gr/FCu 
composites. The TCs of the composites are only slightly decreased when 
graphene was introduced on Cu surface. 

As compared in Figs. 10c and 597.1 W/mK of the 60 vol% Gf/Gr/FCu 
composites is relatively prominent among the TCs for reported Gf/Cu 
composites with interfacial modification by surface metallization or 
matrix alloying as well as pre-treatment of graphite [5,22,24,25,28,29, 
31,32,34,45]. Morvan et al. [25] used reductive thermal pre-treated 
graphite as reinforcement to obtain high TC of Gf/Cu composite by 
optimizing powder processing methodology (PPM). Zhang et al. [31] 
and Ren et al. [34] optimized the content of Zr and Cr to achieve high TC 
of Gf/Cu composites, respectively. With 50–60 vol% graphite, the 

obtained TC is comparable to the reported data. 
In practical application, CTE is an important property for thermal 

management materials. Fig. S12 (Supporting Information) show that 
composites with 50 vol% and 60 vol% graphite in X–Y plane direction 
display similar variation trends of relative length and corresponding 
CTEs. In Z plane direction, the CTE of 60 vol% Gf/Gr/FCu composite is 6 
ppm/K because of high alignment graphite and the improved interfacial 
bonding. Along X–Y plane direction, the high κ//of the composite pro-
vides effectively heat dissipation channels when connected to semi-
conductor devices (Fig. 10d). In Z plane direction, the low κ? can reduce 
heat radiation to surrounding electronic components, while CTE 
matched with semiconductors can protect the devices from thermal 
failure. Thus, the high κ//and low CTE make Gf/Gr/FCu composites be a 
promising heat sink materials in thermal management. 

4. Conclusions 

To obtain high thermal conductivity and low coefficient of thermal 
expansion, graphite/graphene/Cu composites with high alignment of 
graphite and improved interfacial bonding were achieved by controlling 
morphologies and size of copper powders and using in situ grown gra-
phene as interlayer. The main conclusions are summarized as follows.  

(1) High alignment of graphite in Gf/Cu composite was obtained by 
controlling the morphology and size of Cu matrix particle. As 
quantified by polarized Raman spectra, the flaky Cu with a 
thickness of 1–2 μm contributed to a high orientation degree 
(<cos2θ> ¼ 0.92) of graphite flakes in Cu matrix, leading to a 
high anisotropic factor (κ///κ?). The maximum of anisotropic 
factor was 8.52 for 60 vol% Gf/FCu composite. The strategy is 
also available for regulating alignment of other two-dimensional 
micro-/nanoplates (Such as boron nitride (BN) [46] and MXene 
phases [47,48] etc.) in a composite matrix and thus tailoring the 
thermal properties.  

(2) Differing from surface metallization and matrix alloying for 
interfacial modification, in situ grown graphene on Cu surface 

Fig. 10. (a–b) Thermal conductivity (κ) and thermal diffusivity (α) of Cu, Gr/FCu, Gf/Gr/FCu composites: (a) in X–Y direction (κ//, α//); (b) in z-direction (κ?, α?); (c) 
comparison of thermal conductivity of Gf/Gr/FCu composites with the thermal conductivities for reported Gf/Cu composites in literatures [5,22,24,25,28,29,31,32, 
34,45]; (d) Schematic illustration of the Gf/Gr/FCu composite with high κ//and low CTE connected to a semiconductor device for heat dissipation. 
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was utilized as interlayer for interfacial modification. The TC of 
50 vol% Gf/Gr/FCu increased to 552.6 W/mK 60 vol% graphite 
content exhibited a TC of 597.1 W/mK. CTE of the 60 vol% Gf/ 
Gr/FCu composites in Z direction decreased to 6 ppm/K. Addi-
tionally, the composite is 40% lighter than Cu.  

(3) Hot pressing treatment under Argon atmosphere at 1173 K 
improved crystallinity structure of graphite flakes as confirmed 
by XRD and Raman spectroscopy measurements. The TC of 
graphite increased from 500 W/mK to 1020 W/mK after hot 
pressing. This enhancement provides new insight in analysis 
thermal conductivity of graphite/metal matrix composites, and 
also a simple method to improve thermal conductivity of graphite 
filler. 
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