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Abstract 

Poor wettability and acoustic mismatch between diamond and copper cause low interface 

thermal conductance and thus low thermal conductivity in their composites. In this work, 

beyond widely used strategies such as surface metallization and matrix alloying, in-situ grown 

graphene is introduced as a highly effective interlayer. The positive role of graphene on 

improving wetting between diamond and copper was supported by the increase of relative 

density, fractured surface morphology and interface microstructure. Thanks to the improved 

wetting and mitigated acoustic mismatch between diamond and copper, the interfacial thermal 

conductance is increased by ~3.7 times in the diamond/graphene/copper composite as 

indicated by differential effective medium calculation. Such a positive role of graphene 
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interlayer also agrees with the results from the time-domain thermoreflectance measurements. 

As a result, the thermal conductivity of the diamond/graphene/copper composite is 61% 

higher than that of the counterpart without graphene interlayer. This study provides a new 

approach for interface modification by 2D materials for a high TC of diamond/copper 

composite beyond surface metallization and matrix alloying. 

Keywords: thermal conductivity; interface modification; diamond; graphene; copper  

 

1. Introduction  

Miniaturization of electronic components has led to an increase of power density in 

electronic devices, which calls for high thermal conductivity (TC) of thermal management 

materials to ensure heat dissipation [1-3]. Diamond/copper (Dia/Cu) matrix composites are 

considered as the latest generation of advanced materials for thermal management, owing to a 

high intrinsic thermal conductivity (up to 2000W/mK) [4, 5] and a low thermal expansion 

coefficient [6] of diamond along with a high working temperature of Cu. However, the fact of 

poor wettability [7] and weak (no chemical) bonding between the Cu and diamond makes it 

difficult to achieve effective combination and to improve the TCs of Dia/Cu composites [8, 9]. 

Furthermore, acoustic impedance (Z = ρν, where ρ is density and ν refers to phonon velocity, 

ZCu is 24.93 × 106 kg/m2s, ZDiamond is 47.27 × 106 kg/m2s) [8] mismatch between diamond and 

Cu leads to a low interfacial thermal conductance (ITC) and limits the improvement of TC. 

Therefore, two main approaches have been developed for solving this problem. Metal 

matrix alloying (CuX, X = B, Cr, Ti) [10-13] is adopted to improve the interface bonding, 

while CuX alloys acted as matrix possess lower TCs than Cu matrix [14] because of the 

increase of stronger scattering center. Surface metallization of diamond particles [15-17] with 

a carbide forming element (W, Cr, Zr, B, Cu, Mo) is another way to enhance the TCs of 

Dia/Cu composites. With addition of a carbide forming element, a carbide interlayer would be 

formed to improve the interface bonding and wettability [18] under high temperature. 
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Moreover, the metallic carbide interlayers with appropriate acoustic impedance (ZCu < Zcarbide 

< ZDiamond) act as a bridge to mitigate the acoustic mismatch between Cu and diamond [8]. But 

it still remains challenging in controlling the carbide interlayer since nano-sized thickness and 

uniform distribution are difficult to obtain by surface metallization. Preferential bonding of 

carbide forming elements on some crystal faces of diamond particle [12, 19-23] leads to thick 

and nonuniform carbide interlayers in final composite in order to achieve overall coverage on 

diamond’s surface. However, too thick carbide layers with low TCs [14] decrease the TC of 

composite [24]. Moreover, it is hard to regulate composition of carbide interlayers, while the 

coexistence of  carbide forming elements and as-formed carbides usually degrades ITC [8]. 

Additionally, interfacial action and the formation of carbides (such as Al4C3 in carbon/Al 

matrix composites) would result in a thick carbide interlayer and degrade the mechanical 

properties [25, 26] . 

In this study, we propose that graphene acts as a highly effective interlayer between Cu 

matrix and diamond for enhancing the ITC and TC of Dia/Cu composites. Although graphene 

has a high in plane TC (3000-5000 W/mK) [27], it (not graphite nanoplates) shows no 

enhancing effect on the TC of Gr/Cu composites according to the previous research [28].  

Here, a strategy of in-situ grown graphene is proposed for interface modification because of 

the following three reasons. Firstly, in-situ catalytic growth of graphene on the starting Cu 

particle surface can avoid the problem of poor wettability between carbon and Cu and provide 

a strong bonding between Cu and graphene [29, 30], and also graphene has a good 

compatibility with its allotrope of diamond because they have a closed specific surface energy 

[31-33]. Secondly, pristine graphene possesses an intermediate acoustic impedance (Z) of 

42.04 × 106 Kg/m2s [34], which is analogous to metallic carbide. Defects and stress can 

decrease phonon velocity of graphene [35-37], and thus the Z of the in-situ grown graphene is 

less than 42.04 × 106 kg/m2s. Thirdly, compared to the aforementioned methods, uniform 

nanolayer of graphene can be easily obtained by decomposing the PMMA coated Cu, and the 
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thickness is tunable by adjusting the concentration of carbon source. Therefore, the in-situ 

grown graphene improves the interfacial wetting and bridges acoustic mismatch between 

diamond and Cu, thereby increasing ITC by ~3.7 times and contributing to the high TC (572.9 

W/mK) of the as-produced 50 vol.% diamond/graphene/copper (Dia/Gr/Cu) composites. 

2. Experimental Section 

2.1. Materials  

Spherical copper powders and poly-methyl methacrylate (PMMA) (M.W. 35000) were 

purchase from Alfa Aesar Chemical Co., Ltd, China. Absolute ethanol and anisole were 

obtained from Sinopharm Chemical Reagent Co., Ltd, China. Synthetic diamond (Type 

HWD40) of 70/80 mesh in size (180-210μm) and synthetic single-crystalline diamond plates 

(type HSCD 11) was purchased from Henan Huanghe Whirlwind Co., Ltd, China. The used 

material properties of diamond, copper and in situ grown graphene are shown in Table 1. 

Table 1 The used Material properties of diamond, diamond plates, copper and in situ grown 

graphene. 

Materials Size TC (W/mK) 

Diamond 180-210μm 1600 

Diamond plates 4×4×1 mm 1676 

Copper 100-150μm 380 

Graphene 3-4 μm (lateral dimension) 600-800 (an assumed in plane value) 

 

2.2. Preparation of Dia/Gr/Cu Composites 

The in-situ growth of graphene on spherical Cu powders was reported in our previous 

work [28, 38]. The spherical copper powders were annealed and reduced at 5% H2/Ar 

atmosphere at 723 K. Then 30 g annealed Cu powders were added into 250 mL 0.08-0.25 

wt% PMMA-anisole solution with stirring for 12 h. The mixtures were centrifuged at 4000  
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Fig. 1. Schematic illustration of preparation process of Dia/Gr/Cu composites. 

rpm for 7 min. After that, the PMMA coated Cu powders were dried in a vacuum oven at 343 

K for 12 h to remove the residual solvent. The dried PMMA/Cu powders were heated rapidly 

to 1173 K in tube furnace under the 5% H2/Ar atmosphere at a heating rate of 10K/min. The 

temperature was kept for one hour. Finally, Gr/Cu composited powders were obtained by fast-

cooling to room temperature. The 50 vol.% diamond particles and the as-prepared Gr/Cu 

composited powders were mixed and then densely stacked when loaded into a graphite die (Ø 

12.7 mm). The powders were heated up to 1223 K in vacuum at a heating rate of 15 K/min 

and sintered at the temperature under a pressure of 50 MPa for 2 h. For comparison, the Cu  

and Dia/Cu samples without graphene were prepared by the same method. The whole 

preparation process is shown in Fig. 1. 

2.3. Preparation of model material (Dia/Gr/Cu) for ITC measurement 

Synthetic single-crystalline diamond plates (type HSCD 11, size:4×4×1 mm) were used 

as the substrate. To reduce their surface roughness, the diamond plates were successively 

polished by using the suspensions of diamond particles with a size of 9, 3 and 1 μm, and then 

were ultrasonically cleaned in acetone, ethanol and deionized water, and were bombarded for 

~10 min by Ar ions. Prior to magnetron sputtering deposition, ~10 layers of graphene (to 
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simulate the condition for multi-layers graphene in bulk Dia/Gr/Cu composite) was 

transferred on the treated diamond substrate. RF magnetron sputtering (SPC300, USA) was 

applied to deposit Cu layer onto the transferred graphene. The sandwiched sample was 

denoted as Dia/Gr/Cu model materials and used for ITC measurements. The parameters of 

magnetron sputtering are listed in Table S1 (Supporting Information). The thickness of 

deposited Cu film was measrued by SEM and the deposition rate was calculated to be 15 

nm/min. The preparation process was shown in Fig. S1 (Supporting Information). 

2.4. Characterization 

The microstructures of the composite powders and bulk composites were examined by 

using scanning electron microscope (SEM, Mira3, acceleration voltages was 5 KV) and 

transmission microscope (TEM) (JEOL JEM-2100F, acceleration voltages was 200 KV). The 

content of impurities in the raw Cu powder was analysed by an Inductively Coupled Plasma 

Optical Emission Spectrometer (ICP-OES, Thermo Electron, USA). Energy-dispersive X-ray 

spectroscopy (EDS, acceleration voltages was 20KV) was used for elemental analysis. Raman 

spectra of diamond and graphene were collected by using Ar+ laser with a wavelength of 532 

nm (spot size 1 μm and laser power 5 mW) as excitation source (Bruker Optics Senterra 

R200-L). Grating was 1800 g/mm, the objective magnification was 100 times, and integration 

time was 10 second. X-Ray diffraction (XRD) test was performed on a Rigaku 

D/max2550VL/PC system with Cu Kα radiation. Nitrogen concentration of the diamond was 

analyzed by Microscopes Fourier transform infrared spectra (Micro FTIR, NicoletiN10 MX, 

USA). During the test, the infrared beam grating was controlled at 150 μm so that the beam 

passes through only one plane of a single diamond particle. The spectral test range was 

700~4000 cm-1. Atomic force microscope (AFM, Bruker, Germany) was used to characterize 

the surface morphology of single crystalline diamond plates. A focused ion beam (FIB) 

system (FEI, Nova 200, USA, acceleration voltages was 30 KV) was used to prepare the 

Dia/Gr/Cu TEM sample. The rough surface of Dia/Gr/Cu composite was mechanical polished 
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and then milled by surface ion-beam (Ar+ polisher) to prepare a site-specific TEM sample by 

FIB. The TEM sample was characterized by FEI Titan Themis 300 instrument (equipped with 

a Cs-corrector and 4 quadrant EDX detectors), operated at 300 KV. X-ray computed 

tomography (diondo d2, GE Company) with microfocus CT detection system was used for 

visualizing the distribution of diamond particles in the Dia/Gr/Cu composites. The sample 

was rotated 360 degrees within the detection range and irradiated. Meanwhile, a 2D projection 

image was acquired for each angle. Then the acquired 2D projection image was reconstructed 

by computer data to obtain 3D CT volume data. Finally, visual analysis of data was obtained 

by the dedicated software. To characterize thermal stability, differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) were conducted on  thermal analyser (Netzsch 

STA449 F3, Germany) from room temperature to 1200 ℃ with a heating rate of 10 ℃/min 

under dynamic argon atmosphere (purity 99.999%, 20 ml/min). Before measurement, the 

baseline was calibrated at a heating rate of 10 ℃/min using two empty alumina crucibles. 

During the measurement, the composite was loaded in an alumina crucible with another 

empty alumina crucible used for reference. Specimens for compression testing were 

manufactured as cylinders with a size of Ø 3 × 3.5 mm. The compression test was carried out 

at 298 K and the loading rate was 0.18 mm/min.  

2.5. Thermal Conductivity Measurements 

The TC of the composites was calculated according to κ = α × ρ × Cp. Thermal 

diffusivity (α) and specific capacity (Cp) of the sintered composites 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 12.7 × 3 mm) were coated with a 

graphite coating using a carbon spray on the top and bottom surfaces to improve the capability 

of the sample to absorb the energy applied. Five parallel positions were measured to obtain an 

average TC value for each sample. The temperature dependency of TC of the composites 

were measured between the temperatures of 298 to 573 K. 
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2.6. Time-domain thermoreflectance (TDTR) Measurements  

The TDTR is an optical pump-probe method for measuring interfacial thermal 

conductance. A schematic diagram of TDTR measurement system is shown in Fig. S2 

(Supporting Information).  A Ti: sapphire laser generates a train of 140 fs pulses with a 

frequency of 80 MHz. Then, the laser beam is split into a pump and a probe beam. The pump 

beam heats the sample surface in a short time, producing periodic heating at the sample 

surface. The intensity of reflected probe beam on the sample shows the temperature of the 

sample surface since the reflectivity of the sensing layer is approximately linear with 

temperature within a certain temperature range. The temperature profile can also be calculated 

by a thermal model. From the experimental data, we can extract the unknown thermal 

properties (ITC) by fitting the ratio of the in-phase (Vin) and the out-of-phase (Vout) voltages 

(Vin/Vout, as the measured signals) to a heat transfer model. The TDTR experiments were 

conducted at five different locations, and each location was scanned three times. The detailed 

parameters for ITR measurement is shown in Table S2 (Supporting Information). 

3. Results and Discussion 

3.1. Characterization of the diamond particles 

 

Fig. 2. (a) SEM images of raw diamond, micro FTIR spectra (b) and Raman spectra (c) for 

the raw diamond particles. 
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Fig. 2a shows the SEM image of the pristine diamond particles with a mean average size 

of ~200 μm. The κ (TC) of diamond with tetrakaidecahedron morphology synthesized by high 

pressure high temperature (HPHT) is mainly dominated by nitrogen concentration (Nc) [5, 6, 

39], which can be derived by the absorption peaks at 1135 and 2000 cm-1 in FTIR spectrum, 

as shown in Fig. 2b. The corresponding formula is shown as [6] : 

Nc (ppm) = 308 A(1135 cm-1) / A(2000 cm-1)    (1) 

where A(1135 cm-1) and A(2000 cm-1) represent the relative absorption coefficients at 1135 

and 2000 cm-1, respectively. The Nc is determined to be 180 ppm according to Eq. (1). The κ 

of diamond particle is estimated to be 1600 W/mK from the relationship between κ and Nc [5]: 

κ = 2200- 3.27 Nc      (2) 

The representative peak detected at 1331cm-1 in Raman spectra (Fig. 2c) confirms the 

structure of diamond.  

3.2. Characterization of the Gr/Cu powders and in situ grown graphene 

The pristine copper powders present a smooth surface as shown in Fig. 3a. The 

composition are shown in Fig. S3 and Table S3 (Supporting Information). Small amounts of 

other impurity elements (Al, Si, Fe, Pb, Sn, Zn) are detected in the raw Cu powders. 

Relatively transparent graphene with some wrinkles are uniformly covered on Cu particles 

(Fig. 3b). Moreover, graphene with various thickness can be obtained on the spherical Cu 

particles by adjusting the concentration of carbon source, as seen from the TEM images of 

bulk graphene/copper (Gr/Cu) composites (Fig. S4, Supporting information), which was 

prepared through the same method. To further investigate the as-grown graphene, we etched 

the Cu substrate with FeCl3 solution. SEM (Fig. S5, Supporting Information) and TEM (Fig. 

3c) images depict the typical morphology of graphene. Higher magnification image displays 

the typical crystalline graphene lattice (inserted image in Fig. 3c). In Raman spectra (Fig. 3d), 

the representative D, G and 2D peaks were detected at 1342 cm-1, 1574 cm-1 and 2673 cm-1, 

respectively. The three peaks confirm graphene structure. Red shifts (peaks positions shift to  
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Fig. 3. (a) SEM images of copper powders and (b) in situ grown Gr/Cu. The insets show their 

surface morphologies at a higher magnification; (c) TEM images at lower and (inset) higher 

magnifications of the in situ grown graphene; (d) Raman spectra of the as grown graphene 

obtained from Gr/Cu powders by FeCl3 solution etching. 

lower frequency) on the D and G peaks (compared with the representative peaks positions at 

1580 cm-1 and 2680 cm-1, respectively) [40] are observed for the obtained graphene. This 

effect is related to strain in graphene, produced from the laser power, contacting substrate and 

internal strain during the Raman test [41]. In the composites, the externally applied pressure 

would introduce internal stress in graphene during the sintering process. The possible strain 

may decrease the intrinsic thermal conductivity of the graphene [28].  A low ratio ID/IG (~0.52 

± 0.04) demonstrate the graphene possesses a low defect density [38]. The density of defects 

in graphene, ND, can also be quantified according to the following equation [28]: 

( ) ( ) 22
2

4

1.8 0.5 10 D
D

G

IN cm
Iλ

− ± ×  
=  

 
                (3) 
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where λ is the laser wave length. The defect density increases linearly with the ratio of ID/IG, 

and the ND values of the as-prepared graphene are calculated to be 11.73 ± 3.26×1010 cm-2. 

Furthermore, in comparison with that of single layer graphene (I2G/ID = 2) [41], the relatively 

low I2G/ID (~0.17 ± 0.02) value illustrates that multilayer graphene is obtained.  

3.3. Characterization of bulk Dia/Gr/Cu composites 

Backscattered electron images (Fig. 4a,b) of the fractured surface for Dia/Cu composite 

without graphene show that large amounts of wide gaps (marked in Fig. 4a) are obviously  

observed around diamond particles as well as some small and spherical Cu particles were 

accumulated on the diamond surface (Fig. 4b), suggesting poor wettability and possible weak 

bonding between copper and diamond. Interface debonding occurs when the Dia/Cu 

composite is broken. As shown in Fig. 4c, no observable voids or gaps can be seen in the 

Dia/Gr/Cu composite. Diamond particles show close contacts with Cu matrix (Fig. 4d and  

 

Fig. 4. SEM images for the fractured surface of (a,b)  Dia/Cu and (c,d) Dia/Gr/Cu  composites. 
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Fig. S6, Supporting information) in comparison to Dia/Cu composite. When the sintering 

temperature is 1223 K, the Dia/Gr/Cu composite displays a high relative density of 98.6% 

(Fig. S7, Supporting information). The void fractions in Dia/Cu composite and Dia/Gr/Cu 

composite are 5.4 vol.% and 1.4 vol.%, respectively. Therefore, the promoted wettability 

between diamond particles and copper matrix contributed to the densification of Dia/Cu 

composite after introduction of graphene. XRD patterns in Fig. S8 (Supporting information) 

show the existence of diamond and Cu in Dia/Gr/Cu composite. No peaks of graphene are 

detected because of a low content of graphene in the composite. The strain-stress curves 

indicate that the compressive strength of the Dia/Gr/Cu composite is ~310 MPa, which is 

higher than that of Dia/Cu counterpart (Fig. S9, Supporting information). Three-dimensional 

X-ray computed tomography (3D CT) was adopted to visualize distribution of diamond 

particles in the Dia/Gr/Cu composite. As shown in both the two-dimensional (2D) (Fig. 5a) 

and three-dimensional (3D) (Fig. 5b) figures, diamond particles with similar sizes are 

uniformly distributed in the Cu matrix, creating a condition for homogenously thermal 

conduction in the composites.  

 

Fig. 5. (a) 2D and (b) 3D images for the distribution of diamond particles in the Dia/Gr/Cu 

composite with 50 vol.% diamond characterized by three-dimensional X-ray computed 

tomography. 
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3.4. Interface structure of bulk Dia/Gr/Cu composites 

Interface structure of the Dia/Gr/Cu composite sample with 0.1 vol.% graphene was 

characterized by TEM. Phase composition of the composited structure is figured out. As 

labelled in Fig. S10 (supporting information), the composite consists of three distinct regions 

of Cu, interlayer and diamond filler. Smooth and clear interface between Cu and diamond is 

observed (Fig. 6a). Close bonding between diamond and Cu was achieved by incorporation of 

in situ grown graphene. Based on the high resolution TEM image (Fig. 6b), the interlayer 

between diamond and Cu is identified as graphene layers, and fringes of multi layers graphene 

are observed in the interface layers. The thickness of graphene layers is about ~10 nm. Owing 

to the in situ growth of graphene on Cu, non-uniform interlayer thickness can be avoided. 

According to the fractured surface (Fig. 4c,d) and TEM results (Fig. 6b), we can conclude 

that a thin graphene layers exist in the interlayer. The existence of in-situ grown nano-

graphene interlayer can prevent direct contacts between the diamond particle and Cu matrix, 

and thus the interface compatibility and interface combination between Cu and diamond are 

improved, which contributes to the high TCs of the Dia/Gr/Cu composites. 

 

Fig. 6. (a) SEM image for the ion-beam polished surface of Dia/Gr/Cu and (b) TEM images 

of the Dia/Gr/Cu interface. 
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3.5. Thermal Properties of the Dia/Gr/Cu Composites  

The detailed parameters of thermal conduction for the tested samples are shown in Table 

S4 (Supporting Information), including density, thermal diffusivity, specific heat and as-

calculated thermal conductivity. Thermal conductivity (κ) and thermal diffusivity (α) of the 

composites are shown in Fig. 7a. The pure Cu sample has a little bit lower TC (359.2 W/mK) 

than the standard value (~390 W/mK) due to existence of voids and pores. After addition of 

diamond, TC of the Dia/Cu composite (355.2 W/mK) even decreases and is much lower than 

the theoretical value calculated from Maxwell model [42] because of poor wettability and 

weak interface bonding between diamond and Cu, which leads to a low ITC. The high 

porosity with a relative density of 94.8% degrades TC of Dia/Cu composite. Compared with 

the thermal conductivity from Fig.7, all the Dia/Gr/Cu composites show higher thermal 

conductivities than that of Dia/Cu composite (342.12 ± 5.91 W/mK) without graphene layer. 

So the graphene can act as an effective interlayer to improve the thermal conductivity of 

Dia/Cu composite. Different content of graphene lead to various thermal conductivities of 

Dia/Gr/Cu composites. With adjusting the content of graphene, TC of the bulk Dia/Gr/Cu  

 

Fig. 7. (a) Thermal conductivity and thermal diffusivity of Dia/Cu, Gr/Cu and Dia/Gr/Cu 

composites; (b) Comparison on TC with the reported data for the 50 vol.% Dia/Cu composites 

prepared by the methods of surface metallization on diamond or matrix alloying. 
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composite firstly increases and then decreases, giving the highest κ of 572.9 W/mK with 0.1 

vol.% graphene modification. Prepared by the same method, Gr/Cu composite was almost be 

fully densified. Without voids and pores, the densified Gr/Cu composite possesses a thermal 

conductivity close to standard value (~390 W/mK) of Cu. However, with addition of diamond 

particles, a low content graphene cannot cover the whole interface. Therefore, the problem of 

poor wetting and thus voids was partially addressed by such nonuniform interlayer in the 

Dia/0.05 vol.% Gr/Cu composite, leading to a TC slightly higher than that of Gr/Cu sample. 

The dependence of TC on graphene content is interpreted as follows. On the one hand, too 

low content of graphene leads to uncoated Cu particles and discontinuous interface, triggering 

to large voids and a low TC. With increasing graphene content from 0 to 0.1 vol.%, the cover 

area of graphene on the interface increases and avoids direct contacts of Cu and diamond, 

leading to the decrease of de-wetting area and resulting in high density and few voids. On the 

other hand, with increasing graphene content from 0.1 to 0.2 vol.%, the decreased TC of the 

composite is due to the decreased ITC, which can be expressed as [43] :  

u/ /Dia1/ 1/ 1/C Gr Gr
Gr

dG G G
κ

= + +                (4) 

where G, GCu/Gr, GGr/Dia are the ITC of composite, Cu/Gr and Gr/diamond, respectively. The d 

and κGr are the thickness of graphene layer and thermal conductivity of graphene, respectively. 

The term d/κGr contributes to the ITC of composites largely. As suggested by Eq. (4), the 

interlayer should be as thin as possible in order to maximize the ITC. Too thick graphene is 

adverse for improving the thermal conductivity of the Dia/Gr/Cu composites, which is similar 

to the carbide interlayer in the strategies of surface metallization and matrix alloying. 

Accordingly, with increasing graphene content from 0.1 vol.% to 0.2 vol.%, the TC decreases 

from 572.9 to 421.2 W/mK. The TC (410.28 ± 9.11 W/mK) of Dia/0.3 vol.% Gr/Cu 

composite continues the degrading tendency. The high TC obtained at the intermediate 

content of graphene layer is a compromise between two competing factors: the improved 
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interface wetting and the maximized ITC. Temperature dependency of thermal conductivity 

for Dia/Gr/Cu composites is shown in Fig. S11 (Supporting Information). The TC of the 

composites decreases with increasing temperature. Dia/0.1vol.%Gr/Cu composite still 

exhibits higher TC than those of the other samples at elevated temperatures. Results of DSC 

and TGA measurements are shown in Fig. S12 (Supporting Information). With increasing 

temperature, the TG curve of the Dia/Gr/Cu composite stay at a nearly constant value, 

indicating its highly thermal stability. 

As compared in Fig. 7b, with ~50 vol.% diamond, the obtained TC of 572.9 W/mK is 

comparable to the reported values of that prepared by surface metallization on diamond [6, 

44-57] and Cu-X alloy matrix (X refer to carbide forming element) [16, 20, 58-65],  and even 

higher than some results. As compared to those higher reported data [16, 44, 52, 57], the 

thermal conductivity of our Dia/Gr/Cu composites could be further improved by considering 

the following factors. Firstly, scanning transmission electron microscopy ‒ high angle annular 

dark field (STEM ‒ HAADF) imaging indicates that oxides contaminants exist near the 

Dia/Gr/Cu interface (Fig. S13, supporting information), which is expected to be removed at 

stronger reducing conditions. And also the quality of graphene can be further improved by 

optimizing reducing and growing conditions. Secondly, the relative density (~98.6%) could 

be further enhanced by hot-pressing process at higher pressure and higher temperature [16]. 

Additionally, as predicted by Maxwell [42], H-J model [66] and differential effective medium 

(DEM) [67],  larger diamond  particle size is beneficial for enhancing thermal conductivity of 

composites, and diamond with larger diameter can be used (such as ~300 μm [64]).   

In particular, as an individual filler, neither graphene nor diamond significantly improves 

the TC of Cu matrix composites. After interface modification by in-situ grown graphene 

between diamond and Cu, the bulk Dia/Gr/Cu composites exhibit higher TCs than that of both 

Gr/Cu and Dia/Cu composite. As the interlayer, in-situ grown graphene plays a dominate role 

in the enhancing TC. First, surface energies of diamond and graphene are 45.6 mJ/m2 [31] and 
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46.7 mJ/m2 [32], respectively. With similar surface energy, as its allotrope, the graphene has 

good chemical affinity with the diamond and avoids directly contacts between Cu and 

diamond under high temperature. Second, the in-situ growth of graphene on Cu particles and 

sintering process provides a strong interface bonding between graphene and Cu. Hwang et al. 

[30] confirmed that the sintered graphene and Cu showed a high adhesion energy of 164 J/m2. 

Additionally, the hybrid interface between diamond and graphene may provide a stable  

bonding [68], which leads to a lower ITR (interfacial thermal resistance). The ITR between 

diamond and graphene calculated by Shiga et al. [69] was 1.43×10-10 m2K/W, which was 

about two orders of magnitude smaller than those of the weakly (van der Waals) bonded 

interface between graphene and underlying substrate obtained by experiments [70].  

3.6. Interfacial Thermal Conductance of Dia/Gr/Cu Composites 

Electron and phonon are the main heat carriers in metal and in diamond, respectively. 

Scattering and electron-phonon interactions at the interface determine the TC of 

diamond/metal composites by affecting the ITC [71]. For the in-situ grown graphene itself, 

acoustic impedance (Z) and the thickness make it play a similar role in Dia/Cu composites  

compared to carbide introduced by surface metallization and matrix alloying. According to  

 

Fig. 8. (a) Acoustic impedance difference between diamond and Cu; (b) Comparison on 

reported acoustic impedance of metal coating and carbide [72]; (c) Results of ITC obtained 

from DEM calculations of the bulk Dia/Gr/Cu composite and from TDTR measurement of 

Dia/Gr/Cu model specimens. 
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the theory of acoustic mismatch model (AMM), the ITC strongly depends on the phonon 

transmission coefficient. Interlayer with an intermediate Z provides a higher phonon 

transmission coefficient than that without any interlayer. Therefore, Z of the interlayer is the 

decisive factor of ITC. A reasonable interface modification layer should be able to balance the 

effect of acoustic impedance between diamond and Cu as shown in Fig. 8a. At present, Z 

values of the commonly used carbide interlayers (data from Yuan et al. [72], as shown in Fig. 

8b) are mostly between diamond and Cu matrix [8]. Although Z of pristine graphene (ZGr = 

42.04 × 106 kg/m2s [34]) is only slightly lower than the value of diamond, defects and stress 

suppress phonon velocity of graphene [35-37], and thus the Z of the in-situ grown graphene 

(ID/IG ≈ 0.52) should be less than 42.04 × 106 kg/m2s. Therefore, graphene is an appropriate 

interlayer for interface modification and bridging the vibrational mismatch of phonons 

between diamond and Cu. 

From theoretical model, the thickness of carbide as small as possible showed a positive 

effect for improving TC and ITC [48]. However, the optimum thickness of the carbide 

transition layers was confined to the 50~200 nm interval [24, 62, 73-75] for increasing the  

ITC. Preferential bonding of carbide on crystal faces of diamond was confirmed by previous 

studies [12, 19-23]. Preferential bonding [12, 20, 21, 23] and different growth rate of carbide 

[19, 22] on {100} face and {111} face of diamond gave rise to nonuniform thickness of 

interlayers. In order to obtain overall coverage of carbide interlayers on all the crystal faces of 

diamond particles, the thickness of the carbide interlayers on the preferred crystal face 

obtained from surface metallization or matrix alloying were too thick (usually > 200 nm). 

However, too thick carbide layers impaired interfacial heat transfer because carbide layers 

themselves had lower TCs than those of the diamond filler (1500 W/mK) and of the matrix 

(390 W/mK for Cu) [75].  The maximum possible TC value will be attained for the condition 

of a thin and continuous carbide layer. Therefore, the optimized value of real thickness for the 
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metallic carbide may be <100 nm. In-situ grown graphene layers whose thickness is less than 

50 nm is appropriate for interface modification.  

As shown in Fig. 8c, the ITC is estimated by theoretical calculation from DEM model 

[67, 76, 77] and by experimental measurement from time-domain thermoreflectance (TDTR) 

on the model materials (the detailed description are shown in S16, Supporting Information). 

DEM is widely used for analysis of thermal conductivity of Dia/Cu composites with high 

content of diamond. The expression for DEM model is 

( )
1
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m d m

V κ κ κ
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              (5) 
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where κ refers to the thermal conductivity, V is the volume fraction of diamond particles, a 

presents the average radius of diamond particles and G is the interfacial thermal conductance 

(ITC) between matrix and reinforcement particles. Subscripts m, d and c refer to Cu matrix, 

diamond particles and the composite, respectively. eff
dκ is the effective TC of diamond. From 

the Eq. (5), we obtained the eff
dκ , then the G can be deduced from following equation, 

=
-

eff
d d

eff
d d

G
a

κ κ
κ κ

⋅       (7). 

As estimated from SEM and TEM, the fraction of graphene is limited. With modification of 

graphene on Cu, κm = 380 W/mK, κc = 572.9 W/mK, κd = 1600 W/mK and a is 100 μm. 

According to the Eq. (7), the value of ITC of Dia/Cu composite without graphene is 

calculated to be 4.18 MW/m2K. With incorporating the graphene interlayer, all the Dia/Gr/Cu 

composites show higher ITC, and the ITC of the Dia/Gr/Cu composites with 0.05 vol.% Gr, 

0.2 vol.% Gr and 0.3 vol.% Gr were increased to the values of 5.76 MW/m2K, 6.56 MW/m2K 

and 6.11 MW/m2K, respectively. Especially, the optimized volume fraction of graphene of 0.1 
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vol.% led to a 3.7 times enhancement of ITC, indicating the graphene interlayer can 

effectively improve the ITC between diamond and Cu. Furthermore, the TDTR method was 

used to measure the ITC between diamond and Cu from the model materials. From the 

experimental results, we can see that the ITC increases from 38.5 MW/m2K to 43.2 MW/m2K 

due to introduction of graphene at the interface between diamond and Cu. Due to the porosity 

and quality of graphene, the calculated value is lower than measured value. However, it has to 

be mentioned that the larger disparity of ITC from calculation is based on the in-situ growth 

of graphene on Cu instead of the transferred graphene in model material and also 

densification by hot pressing process of bulk Dia/Gr/Cu composite, which provides a stronger 

bonding between Cu and diamond. But the role of graphene is confirmed by both DEM 

calculation and TDTR experiment. In Dia/Cu system, the disorder state [78] and adhesion [78, 

79] between diamond and Cu affected ITC. A lower level of disorder resulted from a lower 

nitrogen content in diamond, and stronger adhesion arouse from transition metals interlayers 

between diamond and Cu would increase the ITC [78, 79]. As the interlayer, graphene may 

improve the adhesion between the diamond and Cu, resulting in a higher ITC. Therefore, the 

TC improvement is mainly attributed to the increase of ITC and bridging vibrational 

mismatch of phonons between diamond and Cu. 

4. Conclusions 

In summary, a novel interface modification approach is proposed to improve ITC of the 

Dia/Cu composites beyond the widely adopted methods of surface metallization and matrix 

alloying, by which nano-sized thick and uniform graphene layer is introduced at the interface. 

This approach avoids the challenges that met in the methods of surface metallization and 

matrix alloying, such as growing uniform carbide nanolayer and TC degradation of alloy 

matrix. The in situ grown graphene on Cu particle surface has good bonding with Cu matrix 

as well as good compatibility with its allotrope of diamond. Moreover, graphene has well 

phonon match with diamond and copper, and also has a much higher intrinsic thermal 
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conductivity than carbides. As compared to the Dia/Cu counterpart, the introduction of 

graphene interlayer leads to ~4 folds increase on interface thermal conductance and >60% 

enhancement on thermal conductivity. The strategy could be also expanded to other 2-D 

materials and other metal matrix composites, for example, encapsulating diamond or metal 

particles with MXene phases (2-D nanomaterials of transitional metal carbides or nitrides) [80, 

81]. This work provides a simple but very effective strategy to fabricate high performance 

metal matrix composites for thermal management applications. 
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