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Dear Editor, 

 

We would like to acknowledge again the reviewer No. 1 for his/her valuable and 

detailed comments. Based on the review reports, we improved our manuscript 

accordingly. The questions of the reviewer were answered below. All the modifications 

appeared in red color throughout the re-submitted manuscript: 

 

Answer to the questions of reviewer No. 1: 

Reviewer #1: The authors have reasonably well dealt with the comments of the 

reviewer. The reviewer still disagrees with the authors tentative to quantify the ITR via 

the AMM, but considers that this is a choice of the authors. 

 

Question 1: A thing the reviewer didn't catch in the first reading is that the 

"tungsten-rich" particles are actually Al12W particles which raises the question where 

all the Tungsten coating has gone given that the diamond doesn't really look completely 

covered by those Al12W particles. At an initial coverage of 20-500 nm 

W-nanoparticles that should translate into easily a layer of 1 µm or more of the Al12W 

phase. Puzzling. If the authors have a good read on that it would be worthwhile 

explaining in the text. 

Answer: Metallization of diamond particles by sol-gel process and additional heat 

treatment at 900 °C only introduces pure W nanoparticles but not W coating (see ref. 

[13]). In this work, we prepared several FIB samples of interface where only interfacial 

particles of Al12W have been indexed at the diamond/Al interface, and their size is 

comparable with that of initial W particles, in the range of 30-500 nm. The following 

sentence is revised to be more clear on this point “The deposited W coating is 

discontinuous, and consists of nanoparticles, with a size in the range 30-500 nm, and 

homogenously cover the surface of diamond particles”. 

 

Question 2: In the added text on p. 7: "being consistent" rather "being in consistence" 

Answer: in the revised manuscript “being in consistence” has been replaced by 

“being consistent”.  

 

 

 

We look forward to your positive response. 

 

Sincerely, 

 

Gang JI 

*Detailed Response to Reviewers
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1. Introduction 

Basically, when a heat flux crosses a bi-material interface, a discontinuity developed in 

temperature distribution signals the existence of interfacial thermal resistance (ITR), also 

known as Kapitza resistance. ITR exists even at atomically perfect interfaces and low ITR is 

technologically important for applications where very high heat dissipation is necessary [1,2]. 

This is of particular concern to the development of advanced thermal management materials 

[3], like Al matrix composite reinforced with synthetic diamond particles (hereafter referred 

to as diamond/Al composite), in the microelectronic industry. However, in general, how 

interfacial chemistry and bonds affect ITR remains an open question [4].  

In the diamond/Al composite, two priority issues should be considered to optimize ITR. 

On the one hand, it has been claimed that the formation of nanoscale Al4C3, due to the limited 

interfacial reaction between diamond and Al matrix, is beneficial for reducing ITR by 

improving interfacial bonding and, in turn, enhancing global thermal conductivity (TC); 

however, an excessive formation of Al4C3 degrades mechanical and thermal properties [5-7]. 

On the other hand, natural oxidation of as-received Al powder particles forming a nanosized 

Al2O3 skin [8] and possible oxygen gettering during following processing, like vacuum hot 

pressing (VHP), can introduce traces of oxygen at the diamond/Al interfacial area. Recent 

fundamental studies have shown that ITR can be significantly reduced with the increase of 

oxygen concentration at the diamond/Al interface by oxygenation of the diamond surface 

[9,10]. In contrast, at the Al/AlN interface the presence of an oxygen-rich interfacial layer of a 

few nanometers in thickness has been proven to be harmful for ITR [11]. In fact, both above-

mentioned phenomena have simultaneously been involved in VHP processing of diamond/Al 

composites. However, their formation and combined effect on ITR at the nanoscale have been 

unclear so far. 
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Furthermore, analytical modelling has proposed that introduction of an additional W 

interfacial layer with a nanoscale thickness is one of the most beneficial ways for reducing 

ITR of the diamond/Al interface, since W has the highest TC among all the carbide-forming 

elements and very limited solubility in the Al matrix [12]. Experimentally, surface 

metallization of W on the surface of diamond particles has demonstrated its advantage in 

diamond/Al [13] as well as diamond/Cu composites [14] for global TC enhancement. 

However, the underlying mechanisms are still to be revealed since it seems that interfacial 

bonding is not the only key factor to determine ITR [15]. Hence, for the first time, we have 

used aberration-corrected high-resolution (scanning) transmission electron microscopy 

(HR(S)TEM) to investigate (heterogeneous) interfacial chemistry and bonds in a VHPed W-

coated diamond/Al composite in order to develop our understanding of their complex effects 

on ITR at the nanoscale.  

 

2. Material and Methods 

In our previous work, W nanoparticles were deposited on the surface of diamond particles, 

having the average size of 200 µm, by a sol-gel approach; a W coated diamond/Al composite 

was produced by an optimized VHP process [13]. A nearly flat surface of the as-fabricated 

composite was acquired by triple ion beam cutting [16]. A FEI Helios NanoLab 650 dual 

beam system was used to prepare site-specific TEM samples for interfacial characterization. 

A FEI Tecnai G2 transmission electron microscope, operated at 200 kV, was used for 

(HR)TEM characterization. A state-of-the-art FEI “X-Ant-EM” microscope, equipped with a 

probe aberration corrector and a highly efficient (4 quadrant) energy dispersive X-ray (EDX) 

system and operated at 120 kV, was used for spatially resolved EDX and electron energy loss 

spectroscopy (EELS) mapping in the STEM mode. Convergent and collection semi-angles 

were set to around 21.5 and 37.0 mrad, respectively. The STEM/EELS was especially suitable 



4 

 

to map out the elemental distribution of interfacial oxygen, while the fine structure of the 

EELS edges (i.e., energy loss near edge structures (ELNES)) together with HRTEM provided 

easy access to phase identification at the nanoscale. Precession electron diffraction (PED) was 

performed by using a Philips CM20 microscope, operated at 200 kV and equipped with a 

Nanomegas ‘Spinning Star’ precession unit. The precession semi-angle of 2° was set to record 

a PED zone-axis pattern (ZAP), which significantly reduced the overall dynamical effects. 

JEMS software was used for simulation of ZAPs by considering the kinematical 

approximation. 

 

3. Results and Discussion 

The deposited W coating is discontinuous, and consists of nanoparticles, with a size in the 

range 30-500 nm, and homogenously cover the surface of diamond particles [13]. The TC of 

the VHPed W-coated diamond (50 vol.%) /Al composite is as high as around 600 W/m K, 

which is about 20 % higher than that (496 W/m K) of the composite without such a coating 

[13]. Fig. 1a is an overview of the diamond111/Al interface where a W-rich particle of 

several hundred nanometers in size can be identified by TEM/EDX analysis (Fig. 1b). A close 

look (Fig. 1c) reveals that this W-rich particle, corresponding to the Al12W phase, consists of 

two parts. Fine particle-like features are also visible to be located at the particle/particle and 

particle/diamond interfaces where the concentrations of O are correspondingly high (Fig. 1d). 

Again in Fig. 1c, three characteristic interfacial areas in the boxes Nos. 1, 2 and 3 are selected 

for further characterization in the STEM mode.  

As shown in Figs. 2a and 3a, the interfaces in the boxes Nos. 1 and 2 are next to each side 

of the W-rich particle contained interfacial area, respectively. However, they present 

completely different fine microstructure. In the box No. 1 (Fig. 2a), the plate-like Al4C3, 

having a length of around 90 nm and a width of 15 nm (i.e. the aspect ratio of 6), tightly lays 
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upon the {111} face of diamond where, in between, a thin α-Al2O3 layer of around 1.5 nm in 

thickness estimated from the HRTEM image (Fig. 2c) is present. The measured ELNES of the 

relevant ionization edges (Al L23-edge and C K-edge) are plotted in Figs. 2b and 2d, and 

compared with those of standard pure Al, α-Al2O3 and Al4C3 [17,18] and diamond [19]. The 

different Al compounds and diamond have been identified by mainly considering the edge 

onset, the shape and the energy position featured in each ELNES. In Fig. 2b, the Al L23-edge 

fine structure of pure Al matrix next to the diamond111/Al interface starts at around 72.5 eV 

with a broad peak at 98.5 eV, while that of α-Al2O3 displays three peaks at around 80, 85 and 

99.5 eV with the onset energy of 75 eV. The Al L23-edge ELNES of Al4C3 is distinctly 

different from those of pure Al and α-Al2O3, and displays two peaks at around 78 and 98.5 eV. 

In Fig. 2d, the onset energies of the C k-edge fine structure are around 282 eV for Al4C3 and 

288 eV for diamond, which are accompanied by the peaks centered at 291 and 305 eV for 

Al4C3 and 292, 298 and 305.5 eV for diamond. Hence, an Al/Al4C3/Al2O3/diamond{111} multi-

interface is clearly revealed by STEM/EELS together with HRTEM. Comparatively, a ‘clean’ 

interface without the trace of interfacial O (i.e., Al2O3) is revealed in the box No. 2 (Fig. 3). 

Instead, a thin interfacial Al4C3 layer of around 2 nm in thickness is found. The Al L23-edge 

ELNES of pure Al and Al4C3 plotted in Fig. 3b are very similar to those from the box No. 1 

(Fig. 2b). In this case, an Al/nanolayered Al4C3/diamond{111} multi-interface is developed. In 

the same way at the W-rich particle/diamond interfacial area (Fig. 4), an Al12W 

particle/Al4C3/Al2O3/diamond{111} multi-interface is characterized. In summary, at the 

nanoscale the three typical interfacial configurations at the W-coated diamond/Al interface 

are: Al/Al4C3/Al2O3/diamond{111}, Al/nanolayered Al4C3/diamond{111} and Al12W 

particle/Al4C3/Al2O3/diamond{111} multi-interfaces. The results also indicate that the 

development of Al4C3, from an initial nanolayered structure (Fig. 3) to perfect crystals (Figs. 
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2 and 4), is strongly associated with the presence of interfacial O. In addition, the formation of 

the nanoscale Al4C3 is promoted in the Al12W particle contained interfacial area (Fig. 1c). 

As plotted in Fig. 3d, the derived average ITR of the W-coated composite (0.13×10
-7

 m
2
 

K/W) is around three times lower than that of the uncoated one (0.43×10
-7

 m
2
 K/W), which 

shows unequivocal benefit of the interfacial Al12W particles for reducing the ITR. As shown 

by the inset of Fig. 3d, the characterized heterogeneous bonds in Figs 2, 3 and 4 can be 

approximate to the Al/Al4C3/diamond, ‘clean’ (diffusion-bonded) Al/diamond and 

Al/Al12W/diamond interfaces, respectively. In general, ITR increases with each additional 

layer introduced at the interface and its thickness by considering an electrical resistance 

analogy and using the AMM [12]. From this point of view, the ‘clean’ diamond/Al interface 

(Fig. 3) is the most favourable in order to minimize ITR by facilitating transmission of 

phonons across the interface, with the calculated ITR of around 0.22×10
-7

 m
2
 K/W [12]. 

Provided that the ‘clean’ and Al/Al4C3/diamond interfaces are both involved in the uncoated 

composite, the ITR of the Al/Al4C3/diamond interface is deduced to be in the range 0.22-

0.43×10
-7

 m
2
 K/W. As long as the specific heat (618.6 J/kg K) of Al12W is estimated by the 

rule of mixtures, and using the density (3880 kg/m
3
) of Al12W from PDF#65-1786 and the 

sound velocity (4155 m/s) of Al12W from ref. [20], the ITR of the Al/Al12W (500 nm in 

thickness)/diamond interface is calculated to be 0.13×10
-7

 m
2
 K/W by the AMM and 

assuming the TC (230 W/m K) of Al12W the same as that of pure Al. Hence, the calculation 

results suggest that the contribution of the interfacial Al12W particles may be compensated by 

the promotion of interfacial bonding to bring the average ITR down to 0.13×10
-7

 m
2
 K/W in 

the W-coated composite. If the TC of Al12W is assumed to be much lower than pure Al, this 

compensation should be more pronounced due to the higher ITR of Al12W (e.g., 0.21×10
-7

 m
2
 

K/W for the TC of 50 W/m K).  
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It has been documented that the reactivity of the {100} face of diamond with Al in the 

solid state [13] and liquid Al [21] is higher than that of the {111} face, which has a significant 

impact on interfacial bonding strength and ITR. In fact, compared with the three-fold bonded 

C atoms of the {111} surfaces of diamond, the two-fold bonded C atoms of the {100} 

surfaces are more easily to be liberated to form Al4C3 [21]. Formation of the interfacial Al12W 

particles, due to reaction sintering during the VHP process and the low solubility of W in Al 

(e.g., 0.024 at.% at 660 °C [12]), reduces such a reactivity difference of the diamond faces 

and significantly promotes the formation of nanoscale Al4C3 at the diamond{111}/Al interface, 

as evidenced in Fig. 1c. Examinations of fracture surface also confirm that both {100} and 

{111} surfaces of diamond in the W-coated diamond/Al composite show good bonding with 

the Al matrix [13]. Hence, experimental evidences reveal that diamond surface metallization 

by deposition of W nanoparticles definitively enhances interfacial bonding state of the {111} 

surface of diamond which contributes to the improved TC, being consistent with the above-

mentioned calculations. Furthermore, only the nanosized W particles rather than a continuous 

W layer are deposited at the surface of diamond particles. As a result, the uncovered diamond 

surface can also be affected by the sol-gel and additional heat treatments (at 900 °C for 30 

min and in the 20%H2-Ar atmosphere [13]). It has been reported that hydrogenation and acid 

treatment of diamond can change its surface chemistry to have a significant impact on ITR 

[9,10].  

Interestingly, there is always a close link between the development of Al4C3 and local O 

enrichment at the diamond/Al interface. The nucleation of Al4C3 at the surface of diamond 

particles needs the flash surface of pure Al which can be properly provided by local 

breakdown of the initial Al2O3 skin during the VHP process. The nanosized Al2O3 segments 

(or agglomerations) accumulated surrounding the interface at the side of the Al matrix can 

introduce local lattice distortion associated with dislocation pinning, which may accelerate the 
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diffusion of C atoms to promote precipitation reaction of the interfacial Al4C3 crystals. It has 

been found in cast graphite/Al composites that the morphology of interfacial Al4C3 strongly 

depends on processing conditions; the diffuse interface migrates much faster than the flat one 

to have a large aspect ratio under a low growth driving force (e.g., at the low melting 

temperature) [22]. Comparatively, as revealed in the boxes 1 (Fig. 2), 2 (Fig. 3) and 3 (Fig. 4), 

the different morphology of nanoscale Al4C3 has been developed at the diamond/Al interface 

but in the same sample. The higher aspect ratio of the interfacial Al4C3 crystal in the Al 

matrix (Fig. 2) when compared with that of the Al12W particle (Fig. 4) suggests a more rapid 

diffusion rate of C atoms in Al than in Al12W. At the uncovered diamond surface, the 

different morphology of Al4C3 (Figs. 2 and 3) may originate from local surface state of 

diamond due probably to initial surface metallization and random distribution of Al2O3 

particles in the Al matrix, which delicately modify nucleation and growth mechanisms of 

local Al4C3 from one interfacial area to another at the nanoscale. Such microstructural 

features also provide a hint that process optimization alone is unavailable to acquire a 

homogenous diffusion-bonded interface (the case in Fig. 3) in the diamond/Al composite, 

although it is regarded as the ideal interface for minimizing ITR as proposed in [1,7,12]. 

Further, the orientation relationship between diamond particles and Al4C3 in pressure 

infiltrated diamond/Al composites has recently been determined to be                

           and                          on both {111} and {100} diamond surfaces [23]. 

Such an orientation relationship may exist in both interfaces in our case (Figs. 2 and 3) since 

the measured spacing of (0012)Al4C3 planes (d=0.208 nm), being parallel to (111)diamond, is 

exactly four times smaller than that of (003)Al4C3 planes (d=0.832 nm). 

Finally, it should be mentioned that a quantitative correlation of the above mentioned 

interfacial bonds at the nanoscale, presented by the newly formed compounds, with the 

theoretical ITR is still impossible at this stage for the following reasons. First, to the best 
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knowledge of the authors, directly measured physical properties (e.g., sound velocity or TC) 

of the Al4C3 and Al12W are unavailable in the literature, which impedes the ITR of each bond 

to be calculated by using an acoustic mismatch model (AMM) [12]. Second, the content of 

each bond in the composite cannot be easily obtained so that the average ITR cannot be 

estimated. Third, the AMM assumes a perfect and strong bond at the interface, while a 

recently proposed (modified) model takes into account the effect of weak bonding by 

introducing adhesion energy, and indicates that the ITR difference between weak and strong 

bonds can be as high as one order of magnitude [24].  

 

4. Summary and conclusions 

The nanoscale Al/Al4C3/Al2O3/diamond{111}, Al/nanolayered Al4C3/diamond{111} and 

Al12W particle/Al4C3/Al2O3/diamond{111} multi-interfaces developed in the W-coated 

diamond/Al composite have successfully been characterized by HR(S)TEM. The Al12W 

particle/Al4C3/Al2O3/diamond{111} multi-interfaces contribute to increase local bonding 

strength by reducing the reactivity difference between the {111} and {100} diamond faces 

promoting the formation of Al4C3 at the diamond{111}/Al interface. As a result, such 

heterogeneous interfacial chemical bonds are beneficial for TC improvement compared with 

the uncoated composite counterpart. However, the quantitative relationship between the 

interfacial bonding strength, nature of interfacial bonds and ITR still remains unclear. The 

physical properties of Al4C3 and Al12W should be established to develop a sophisticated 

AMM calculation to fully describe the experimental evidence at the nanoscale. 
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Figure captions 

Figure 1. (a) TEM bright-field (BF) image showing the diamond111/Al interface in the as-

prepared FIB sample; (b) EDX spectrum of the W-rich interfacial particle double arrowed in 

(a); (c) STEM/ADF image highlighting the particle-contained interfacial area and (d) 

corresponding mixed O (red), Al (dark blue), W (clear blue) and C (green) STEM/EDX map 

(after background subtraction). Inset in (a) is the [011] ZAP of diamond with adjusted 

orientation relationship with respect to image and inset in (c) is the [111] PED ZAP of the 

doubled arrowed particle corresponding to Al12W phase. Note that interfacial areas in boxes 

namely Nos. 1, 2 and 3 in (c) are selected for further analyses.  

 

Figure 2. (a) TEM BF image highlighting the interfacial area in the box No. 1 shown in Fig. 

1c containing, from top to bottom, Al matrix, Al4C3, Al2O3 and diamond; (b) and (d) 

corresponding Al L-edge and C k-edge fine structures; respectively and (c) HRTEM image of 

the Al4C3/Al2O3/diamond interface in the box in (a). Insets in (a) is the O map showing the 

trace of interfacial O, while that in (c) is the corresponding [011] FFT pattern of diamond. 

 

Figure 3. (a) TEM BF image highlighting the interfacial area in the box No. 2 shown in Fig. 

1c containing, from top to bottom, Al matrix, Al4C3 and diamond; (b) corresponding Al L-

edge fine structure and (c) HRTEM image of the Al matrix/Al4C3/diamond interface in the 

box in (a). Inset in (a) is the O map without the trace of interfacial O, while that in (c) is the 

corresponding [011] FFT pattern of diamond. (d) Average ITR values derived from the 

measured TCs of the W-coated and uncoated diamond/Al composites in terms of differential 

effective medium (DEM) scheme, inset is the schematic of simplified heterogeneous 

interfacial configurations in the W-coated composite.  
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Figure 4. (a) TEM BF image highlighting the interfacial area in the box No. 3 shown in Fig. 

1c containing, from top to bottom, W-rich particle, Al4C3, Al2O3 and diamond; (b) 

corresponding C k-edge fine structure. Inset in (a) is the O map with the trace of interfacial O.  
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