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Abstract: Layered Ti-clad diamond/Cu composites used in electronic packaging were prepared by spark plasma sintering (SPS) and

hot pressing (HP) separately. The structure was determined by Scanning Electron Microscopy (SEM) and the thermal properties,

including the thermal conductivity (TC) and the coefficient of thermal expansion (CTE) were analyzed. The theoretical TC of the

layered composites 446.66 W-(m‘K)" was calculated by the modified Hasselman and Johnson (HJ) model considering the influence
of the TiC interface and the CTE was determined by dilatometer. The results show that the sample of SPS has fewer defects than that

of HP and the interfacial bonding affects the TC of the composites significantly. A schematic graph of the interface influences is

proposed and the TC decreases with the increase of carbide layer thickness and the appearance of pores. In this regard, the

composites with a thin carbide layer and no pores should be processed to achieve a high TC.
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In recent years, diamond/Cu composites have received
much attention because of their high thermal conductivity and
moderate thermal expansion coefficient (4~6)x10° K™ I®,
However, a major obstacle for promoting the TC of the
diamond/Cu composites is the poor wettability of the

B Several

copper and diamond at the interface
approaches have been adopted to solve this problem,
including adding different active elements (Zr, B, Co) into
the matrix and coating strong carbide-forming elements (Ti,
Zr, Cr, W) on the surfaces of the diamond particles !'*'%.
Researches show that these elements play an effective role
in improving the bonding strength and the thermal
properties 7.

In this paper, a new kind of layered Ti-clad diamond/Cu
composites was fabricated by SPS and HP!"®*"! separately. To
modify the interfacial bonding, strong carbide-forming
element Ti was coated on the surfaces of the diamond
particles. Then Cu is deposited on the Ti film as a transition
layer. The unique three-layer structure of Cu/Ti-clad

diamond and Cu/Cu could improve the weldability and
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machinability of the composites.
1 Experiment

Cu powder (99.99% purity) with the mean size of 40 pm was
used as the matrix and MBD10-type synthetic diamond with an
average diameter of 120 wm was used as the reinforcement. To
improve the wettability between diamond and Cu, vacuum
vapor deposition was used to coat Ti on the surfaces of diamond
particles and the thickness of Ti coating can range from several
nanometers to ten microns. Due to the vacuum vapor deposition
and diffusion which were carried out in the reaction temperature
range of the diamond and Ti, TiC may form"'"*,

The Ti-clad diamond particles were mixed homogeneously
with the pure Cu powder by mechanical mixing. And then the
mixture was compressed at room temperature to obtain the
disk-shape sample with @30 mm. The volume fraction of
diamond in the mixture was about 55%. To improve the
weldability and machinability, the disk-shape sample was
compressed again with a layer of Cu powder on both upper
and lower surfaces. Then the layered composites were

Foundation item: National Natural Science Foundation of China (51174028, 51541406)
Corresponding author: Wang Kaikun, Ph. D., Professor, School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083,

P. R. China, Tel: 0086-10-62333892, E-mail: kkwang@mater.ustb.edu.cn

Copyright © 2018, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.



2012 Wang Yunlong et al. / Rare Metal Materials and Engineering, 2018, 47(7): 2011-2016

compressed by SPS and HP.

In SPS method, the disk-shape specimen was fabricated
by sintering at 930 °C under 30 MPa for 10 min. In HP
method, the mixture of diamond and Cu was prepared by
hot-pressing sintering at 930 °C, 30 MPa in Ar atmosphere
for 1 h. During the sintering, the die was covered with a layer
of graphite felt to prevent powders from sticking to the inner
wall. After sintering, the graphite felt was removed. To
investigate the influence of the cold compression on the
layered composites, sintered samples were compressed into
different thickness under 100 MPa and then machined to a
particular size via laser cutting. Finally, the disk-shape
samples were prepared: @12.7 mm in diameter and 1.3 mm
in thickness. Samples after compression were ground and
polished to obtain a mirror-like surface.

The characteristics of the diamond particles were
investigated by SEM (Zeiss EVO18). According to the
ASTM standard, the cold compression was conducted on the
SPS sample by Gleeble-3500 and the stress-strain curve was
obtained at room temperature. The CTE was determined by a
dilatometer (Netzsch DIL 402C) with a heating rate of 5
°C/min from room temperature to 175 °C.

2 Results and Discussion

2.1 Microstructure of layered diamond/Cu composites
The morphologies of the diamond particles are shown in
Fig.1 and Fig.2 shows the fracture surfaces of the layered
diamond/Cu composites prepared by SPS and HP.
The diamond particles are distributed homogeneously in
the copper matrix in Fig.2a and 2c. Compared with Fig.2b

200 pi_l\n‘

and 2d, defects such as pores can be observed in both
samples. In general, the increasing fluidity of the metal fills
more pores in the composite at a higher pressure. Therefore,
the composite with a high relative density and few pores
should be prepared at a high pressure.
2.2 Thermal and mechanical properties of layered
diamond/Cu composites

The morphologies of the three-layer composites and the

schematic graph are shown in Fig.3.
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Fig.1 SEM images of the MBD10-type diamond particles (a) and
the Tt clad diamond particles (b)
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Fig.2 Fracture surface SEM images of diamond/Cu composites fabricated by SPS (a, b) and HPC (c, d)
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Fig.3 SEM images of the layered composites: (a) three-layer
structure and (b) schematic graph

From Fig.3a, the composites can be classified into
three layers: the upper copper layer, the middle mixture
of diamond/Cu layer and the bottom copper layer. Fig.3b
represents the schematic illustration of the layered
composite. It can be seen that no obvious boundary
appears between the mixture layer and copper layers. The
lines shown in Fig.3a are used to approximately
distinguish the different layers of composites. In general,
two mechanisms act in the densification process of the
layered composite. First, diffusion process is active at
the pressure of the composite, and micro-cracks in the
matrix could be welded. Second, the plastic deformation
of the matrix leads to the expelling of the lager pores.
Higher sintering temperatures result in a faster diffusion
and fluidity of the metals; therefore a higher relative
density can be achieved.

Fig.4 shows the CTE evolution of the composites at
different testing temperatures. It can be seen that the CTE
increases with the increasing temperature both in SPS and
HP samples with an approximately linear relationship. For a
particular temperature, layered composite prepared by SPS
route presents a higher CTE. The above phenomenon may
be explained by the appearance of micro-pores and
micro-cracks which offset the expansion of the material to a
certain degree. Fig.5 shows the stress vs. strain curve of the
sample with 1.3 mm in thickness. The compressive stress
and strain are plotted by their absolute values. The
maximum compression stress reaches 500 MPa and is
enough for the mechanical support.
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Fig.4 Evolution of CTE with temperature of layered diamond/Cu
composite prepared by SPS and HP

600

W

(=]

(=]
T

~

o

(=
T

¢ 12.7mm X 1.3 mm

Stress/MPa
voWw
S S
S S

—_

(=]

(=]
T

(=]

0.1 0.2 0.3 0.4 0.5
Strain

(=]
(=]

Fig.5 Compressive stress and strain curve of the sample by SPS

2.3 Heat resistance model of layered diamond/Cu
composites

The TC of the SPS sample is predicted by the modified
heat resistance model in this section. The schematic diagram
of the interfacial thermal resistance of layered composite is
shown in Fig.6, which explains the heat transfer process in
the layered diamond/Cu composite. The thermal resistance of
the Cu matrix and the diamond particles is relatively low
compared with that of the interface. In this regard, the
interface is one of key factors for the TC of the composite. In
order to analyze the thermal conduction characterization of
the composites, it is important to establish a heat diffusion
model based on the Hasselman and Johnson (H-J) model. For
the calculation of the whole composite, the rule of mixture
(ROM) should be considered.

In the H-J model, Kapitza resistance effect and particle
size are considered as follows 2

KK, KT 2K - K]
" 2K, + K" = (K" - KV,

where K is the TC, V is the volume fraction of
reinforcements and the subscripts mix, m and p refer to
mixture, matrix and reinforcement particles in the mixture
layer, respectively. The effective thermal conductivity of
the reinforcement particles Kzﬂ is defined as:

(D
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Fig.6 Schematic diagram of the interfacial thermal resistance of
the layered diamond/copper composite
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where d is the average diameter of the reinforcements and

Ry is the interfacial resistance (Kapitza resistance).
However, the H-J model is under the assumption that the
interfaces between the matrix and the reinforcements are
perfect and sharp. In this paper, the thermal resistance of
the interphase TiC should be considered. As shown in Fig.6,
in order to simplify the calculation, the TiC is assumed to
be the only layer between the diamond and the Cu. The
interfacial thermal resistance is expressed by **!:

R = Ry = Reymic + Ruic + Ryicgiamond 3)
where Rpix, Rcwtics Rric and Rric/giamond are the thermal
resistance of mixture layer, Cu/TiC, TiC and TiC/diamond
interface, respectively. In Eq.(3), Ryic can be calculated as
follows:

Ric=4TiC/K 4)
where ATiC is the thickness of the TiC interface.

The Rcyric and Rricgiamond are described by diffuse
mismatch model (DMM) which assumes that all the phonons
are diffusely scattered at the interface. The relationship
between thermal resistance R, absolute temperature 7 and

phonon velocities v can be expressed by *7:

T vINE v
R, ,=[1.02x 1o ) V) _;V3"'f)]'1T’3 (5)
i,jvi,j
where the subscripts i and 3-i refer to the two adjacent
phases on each side of the interface. The subscript j

K.=KeiWea + KeidVewr + KoV (6)
where K, is the TC of the composite, K¢, and K¢, are the
TCs of the Cu layers on the upper and bottom of the
composites. No obvious boundary can be seen at the
interface of the Cu layer and the mixture layer, so the Rcymix
can be neglected. Considering the pores in the composite,
the final TC can be expressed as:

K., =KV +K,V (7)

In this model, the pores are considered by adding an

pores

effective thermal conductivity to the composite. All the
thermal resistance and TCs calculated in this paper are
listed in Table 2.

Fig.7 describes the heat transfer process in the layered
diamond/Cu composites. From the schematic illustration we
can see that the loss of the heat occurs mainly at the
interfaces. Although the TC of the TiC layer is remarkably
lower than that of Cu and diamond, the formation of carbide
strengthens the interfacial bonding and thus reduces the
thermal resistance by decreasing pores”. In Fig.7, it can be
revealed that the TC is significantly influenced by the
thickness of the TiC layer. When the interface is fully
coated by the TiC layer with no pore (shown in Fig.7a), the
loss of heat is relatively low. However, when the Ti content
is not enough and TiC can hardly fill the interface (shown
in Fig.7b), pores can be found due to the poor wettability.
Correspondingly, the TC of the composite declines
significantly. Fig.7c represents the condition that an air
layer forms without Ti. As the TC of air is only 0.026
W-(mK)™", the TC of the composite is poor. Fig.7d shows a
partial formation of carbide at the interface between the
diamond and the Cu. According to the H-J model and the
ROM, the seamless combination between the diamond and
the Cu is optimal but difficult to achieve. High temperature
and high pressure method (HPHT) may be conducive to
eliminate pores and reduce the TiC layer. It is favorable for
preparing the high diamond/Cu
composite and the homogeneous carbide layer is not needed
for obtaining a high TC.

thermal conductive

Table 1 Parameters of the composite in the calculation?’?"!

Thermal . .
. o Phonon velocity ~ Phonon velocity
Materials conductivity/

longitudinal/m's™  transverse/m-s™

represents the mode of the phonon velocity (longitudinal or W-(mK)"
transverse). Through Eq.(1)~(5), the K, can be obtained Cu 398 4800 2300
and the parameters used in above equations are listed in Diamond 1750 17500 12800
Table 177*°!. The TC of the whole composite is considered TiC 19 10100 7300
by the ROM as follows:
Table 2 Interfacial resistance and theoretical TC
Rric/piamond/ Rric/ Reuric/ Rx/ K* ffp/ Kmix/ K/ K/
(m*K)-w! (m*K)- W' (m*K)-w! (m*K)- W W-(m-K)"! W-(m-K)"! W-(m-K)"! W-(m-K)"!
5.15x10™° 6.05x10° 1.43x10™"° 6.12x10° 628.36 514.41 460.47 446.66
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Fig.7 Schematic graph of the interfaces with different TiC contents: (a) full TiC layer, (b) partial TiC layer, (c) air layer,

and (d) carbide at the interface

In Table 2, it can be found that Rr;c is noticeably larger
than  Rric/giamons and  Rriicw. The
resistance is expressed by Eq.(3) and the thickness of TiC
directly affects Ryic according to Eq.(4). Thus the thickness
of TiC is one of the main factors affecting the interfacial

interfacial thermal

thermal resistance. The excess thin layer may not coat on
the surface of the diamond particles perfectly, but the
increasing thickness of the carbide formation layer leads to
the sharp reduction in TC because of the low TC of TiC
(19 W-(mK)™). In this way, the proper processing should be
used to control the thickness of the TiC layer to obtain a
maximum TC.

3 Conclusions

1) SPS and HP methods are used to prepare the
diamond/Cu composites. The unique three layer structure
could be obtained but the defects such as pores can be seen
in both samples.

2) The CTE of the composites increases with the
increasing temperature. It is below 8x10° K™ at 100 °C and
meets the requirement of electronic packaging. The
theoretical thermal conductivity of the layered composite is
about 446.66 W-(mK)" considering the TiC layer and pores.

3) The interface between the diamond and the Cu is one
of the most important factors affecting the thermal
conductivity of the composite. The TC decreases with the
increasing thickness of carbide layer and air pores. In this
regard, eliminating air pores and reducing TiC layer can
help to obtain the diamond/Cu composites with a high TC.
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