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Abstract. Diamond/Al-alloy composite, with its features of high thermal con-
ductivity and low density, is one kind of recently developed lightweight heat
dissipation material. In this paper, a novel method of semi-solid powder forming
(SSPF), a fabrication method that exploits the unique behavior of a liquid-solid
mixture, is used to fabricate the diamond/Al-alloy composite. The Al-alloy matrix
is designed as a bi-metal system, including anAl-alloy powderwith highermelting
temperature acting as solid flexible skeleton to support the diamond, and another
with lower melting temperature acting as liquid filler to fill pores between powder
gaps. The density, electrical conductivity, thermal conductivity, and microstruc-
ture of the composites were studied. Results show that the interface wettability and
plastic deformation are encouraged while the sintering temperature is increased
from 753 K to 833 K, which helps to increase the relative density of the composite
from 95.8% to 99.8%. Besides, the thermophysical properties of the composite are
significantly influenced by the intrinsic conductivity of reinforcement and matrix.
It is helpful to reduce the residual pores by deforming and sintering in a liquid-solid
co-existent state during the SSPF process. Moreover, the densification mechanism
is summarized as four stages: volume packed density reaching peak; alloy powder
softening and deforming; alloy powder partial melting and filling into powder gap;
cooling and densification.

Keywords: Semi-solid powder forming (SSPF) · Densification ·
Diamond/Al-alloy composite

1 Introduction

With the development of high integration and high power of semiconductor devices,
packaging materials with higher thermal conductivity are needed to improve the heat
dissipation efficiency of devices. To reduce thermal stress damage caused by thermal
mismatch, it is required for the semiconductor materials and packaging materials to have
comparable thermal expansion coefficients [1, 2]. Diamond/Al-based composites have
received increasing attention and have been thoroughly researched by several academics
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due to their outstanding high thermal conductivity and low expansion. Diamond/Al-
based composites can be manufactured using a variety of techniques, such as spark
plasma sintering (SPS), gas-assisted pressure infiltration (GPI), and vacuum hot press-
ing (VHP). These materials typically have good thermal conductivity, a low thermal
expansion coefficient, high hardness, and bending strength [3–6].

Utilized as a near-net forming process, semi-solid powder forming (SSPF) can
successfully promote the uniformity of particles and regulate the performance and
microstructure of composites [7, 8]. The SSPF is an advanced manufacturing process for
diamond/Al-based composites, which has good component adjustability and formabil-
ity for functional components [9–11]. However, the thermal shrinkage stress or external
forces generated in the solidification process will affect the microstructure and usually
cause the formation of defects like pores, hot cracking, etc., which can result in waste
products or serious degradation of performance. However, the microstructure and ther-
mophysical properties of diamond/Al-alloy composite fabricated by the SSPF process
are rarely reported, and the densificationmechanism is not clear. Therefore, it is necessary
to investigate the relationship between microstructure and properties of the composite,
which is significant to understanding the densificationmechanism and reducing the pores
and cracks during fabricating.

In this paper, in order to study the densification mechanism of the composite dur-
ing the SSPF process, the SPS technology was used to sintering the diamond/Al-alloy
composite. The Al-alloy matrix is designed as a bi-metal system, including two kinds of
Al-alloy powder with different melting points, so as to acquire a liquid-solid co-existent
state during the sintering stage. The thermophysical properties of the composite are
measured and calculated. Moreover, the microstructure of the composite is observed
and analyzed, which is helpful to understand the densification mechanism of the SSPF
process and promote the properties of the composite.

2 Raw Materials and Experimental Procedure

2.1 Materials and Methods

In the present study, as matrix material, two kinds of gas-atomized powder, Al6063
alloy powder (shown in Fig. 1(a), whose thermal conductivity (λ) is 218 W/(m·K))
and AlSi10Mg alloy powder (shown in Fig. 1(b), whose λ is 113 W/(m·K)) are mixed.
In the bi-metal system of the mixture, the Al6063 allloy powder with higher melting
temperature acting as solid flexible skeleton to support the diamond, and another with
lower melting temperature acting as liquid filler to fill pores between powder gaps.
The particle size distribution and the chemical composition of the two aluminum alloys
powder are listed in Tables 1 and 2. AlSi10Mg alloy powder has a low melting point
and wide liquid-solid interval (from 823 K to 869 K), which will turn into a liquid phase
during sintering. As shown in Fig. 1(c), II b-type synthetic diamond powder (whose
mean particle diameter range is 50 µm, provided by Zhongyuan Jingangshi Co. LTD)
is employed as a filler material and the thermal conductivity of the synthetic diamond is
estimated to be about 2000 W/(m·K).

Due to some experimental constraints and research objectives behavior, in the present
study, all the composite samples are used with 46.6 wt.% of the diamond. The diamond
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is dispersed into the bi-metallic matrix composed of 26.8 wt.% Al6063 and 26.6 wt.%
AlSi10Mg alloy powder, and the composites with the sintering temperature at 753 K
and 833 K are named D/Bi-M-753 and D/Bi-M-833, respectively. In addition, two com-
parisons are designed, one of which is named Bi-M-753 which is composed of 50.2
wt.% Al6063 and 49.8 wt.% AlSi10Mg alloy powder without diamond. The other is
named D/Mono-M-803 which is composed of 53.4 wt.% AlSi10Mg alloy powder and
46.6 wt.% diamond particles.

Fig. 1. SEM images of initial alloy powder and diamond particles: (a) Al6063 (53–150 µm)
powder; (b) AlSi10Mg (15–53 µm) powder; (c) diamond particles (50–60 µm)

Table 1. Particles size distribution of Al6063 and AlSi10Mg alloy powder used

Size measurement Size range (µm) D10 (µm) D50 (µm) D90 (µm) Apparent density
(g/cm3)

Al6063 53–106 42.1 66.6 103 1.42

AlSi10Mg 15–53 19.7 34.3 57.6 1.37

Table 2. Chemical composition of Al6063 and AlSi10Mg alloy powder

Alloy Element content (wt.%)

Zn Mg Cu Cr Si Fe Mn Ti Al

Al6063 <0.01 0.78 <0.01 <0.01 0.53 0.027 <0.01 <0.01 Bal

AlSi10Mg 0.016 0.26 0.01 0.01 10.10 0.076 0.016 0.01 Bal

2.2 Powder Mixing Method and Fabrication Process

Before sintering, the aluminum alloy powder is carried out on the YXQM-1L equipment
with a rotation speed of 100 rpm for 4 h to get the bi-metallic mixtures. And then,
the diamond particles are mixed with the different Al-alloy powder mentioned above
by a mechanical stirring method. The SPS unit used is model LABOX-600, which is
composed of an electric power source and a pressure system, and composite fabrication
is carried out after powder mixtures and placed in a graphite die-set. To make one disk-
shaped composite specimen with gauge dimensions of 2.5 mm thick and �12.7 mm
in diameter, about 0.7 –1.0 g of the powder mixture is placed carefully in the above-
described custom-made die-set, and consolidation is carried out. During the forming
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process, the powder mixture is pressed at a pressure of 45 MPa through the upper and
lower punches, and then spark plasma sintering is carried out at various die temperatures
of 753 K, 803K, and 833 K, respectively, and a maximum heating rate of 1.5 K/s.

2.3 Test of Density, Relative Density, and Thermophysical Properties

Disk-shaped composites thus fabricated are examined by scanning electron microscopy
(SEM) using a JSM-6010 microscope. Diamond/Al alloy composite disks are graphite-
coated and their thermal diffusivities are measured by a laser flash technique using a
Netzsch LFA-467 thermal constants analyzer. The achieved real density of the com-
posite disks fabricated is measured in the Archimedes method for calculating thermal
conductivity and relativity density (the ratio of real density to theoretical density).

3 Results and Discussion

3.1 Correlation between Densification and Thermophysical Properties

The real density and relative density of the diamond particle dispersed bi-metallic or
mono-metallic matrix composites are depicted in Fig. 2. The real density of the D/Bi-
M-753 composite is higher than that of the Bi-M-753 composite, which conforms to the
addition rule of compositematerials. The higher the relative density of the composite, the
lower porosity in the composite, which is affected by the content of the reinforcement and
the sintering temperature. The relative density of theD/Bi-M-753 composite is lower than
that of the Bi-M-753 composite, which is caused by the addition of diamond particles.
As the sintering temperature increases, the relative density increases from 95.8% of the
D/Bi-M-753 composite to 99.8% of the D/Bi-M-833 composite. This indicates that a
suitable sintering temperature is beneficial to improve the densification degree of the
composite. That is because the AlSi10Mg alloy powder melts and the matrix is in a state
of solid-liquid co-existent while sintering at 833 K. which promotes the liquid phase
to fill the pores between the powder and diamond particles, thus improving the relative
density of the composite.

The electrical conductivity of a composite is determined by the intrinsic electrical
conductivity of both aluminum alloy and diamond, which is also affected by forming
defects such as pores and cracks. As shown in Fig. 3(a), the electrical conductivity of
the Bi-M-753 composite reaches 28.1 MS /m, which is higher than that of 10.0 MS/m
of the D/Bi-M-753 composite. Moreover, all the composites with diamond have similar
electrical conductivity, and the average value is about one-third of the electrical con-
ductivity value of the Bi-M-753 composite. The electrical conductivity is related to the
number and transport capacity of free electrons in the material. At the atomic level of
diamond, due to strong covalent bonds existing between carbon atoms, the number of
free electrons is very small thus the intrinsic conductivity value is low. Therefore, the
electrical conductivity of the composite is lower with the diamond particles dispersed
in the Al-alloy matrix. In addition, the electrical conductivity of the D/Bi-M-753 com-
posite and the D/Mono-M-803 composite is slightly lower than that of the D/Bi-M-833
composite. Considering that it is due to the scattering of free electrons by defects and
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Fig. 2. The density and relative density of the diamond/Al-based composites

interfaces that enhance the electrical impedance. It is also indicated that the densification
degree of the composite is somewhat relevant to the electrical conductivity, however,
more accurate effects need in-depth quantitative research.

Fig. 3. The thermophysical properties of the diamond/Al-based composites and the comparisons:
(a) electrical conductivity; (b) thermal conductivity and thermal diffusivity

Unlike the very low intrinsic electrical conductivity of diamond, its thermal conduc-
tivity is much higher than that of aluminum alloy matrix. As depicted in Fig. 3(b), the
thermal conductivity of the Bi-M-753 composite is lower than that of the D/Bi-M-753
composite but higher than that of the D/Mono-M-803 composite. In addition, the ther-
mal conductivity of the D/Bi-M-833 composite is higher than that of the D/Bi-M-753
composite. It is indicated that the thermal conductivity of the composite will increase by
increasing the content of the diamond or decreasing the volume fraction of theAlSi10Mg
alloy powder. It is reasonable to conclude that the thermal conductivity of composite is
directly affected by the intrinsic thermal conductivity of reinforcement and matrix. In
general, the main heat transfer medium for metal-matrix composites is phonons (lattice
vibrations in the material). Compared to some reported studies [8–11], it is thought that
the contribution ratio of diamond for thermal conductivity in this study has not reached
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the expected level even to the D/Bi-M-833 composite. It is inferred that is related to
the micro-defects and the interfacial compound. Because they have a lower velocity of
phonon than the matrix, which increases the acoustic mismatch between diamond and
aluminum, thus inhibiting the thermal conductivity of the composites.

3.2 Microstructure

As shown in Fig. 4, the microstructure morphology is observed by SEM technology to
investigate the relationship between microstructure and densification of the composite.
Figure 4(a) and (e) are scanning micrographs taken from cross sections of Bi-M-753
composite, as the yellow contour shows,Al6063 alloy powder retains the original powder
outline after sintering due to its high melting point and low alloying element content.
However, the original AlSi10Mg alloy powder outline disappears and the silicon phase
is segregated with a spherical morphology in the matrix (as yellow arrow shown in
Fig. 4(e)), due to the AlSi10Mg alloy powder being deformed and melted under high
temperature and pressure. As the yellow arrow shown in Fig. 4(b) and (f), it is found that
some porosities are present on the interface between the diamond particle and Al-alloy
matrix in the D/Bi-M-753 composite. However, few pores or cracks are observed on
the interface between the diamond particle and the Al-alloy matrix in the D/Bi-M-833
composite (as shown in Fig. 4(c) and (g)) and the D/Mono-M-803 composite (as shown
in Fig. 4(d) and (h)). Meanwhile, it also can be seen that some single diamond particles
are evenly distributed in the Al-alloy matrix, while others are composed of two or more
diamond particles in clusters, in which some porosities are found in the gaps of the
clusters (as yellow circle shown in Fig. 4(f) and (g)). Combined with the analysis of
the relative density in Fig. 2, it is essential to eliminate the porosities to improve the
relative density. As a good solution, the SSPF method is helpful to encourage interface
wettability and plastic deformation, thus the pores and cracks will be reduced.

Fig. 4. Microstructures of the diamond/Al-based composites and the comparisons: (a) & (e) Bi-
M-753, (b) & (f) D/Bi-M-753, (c) & (g) D/Bi-M-833, (d) & (h) D/Mono-M-803

3.3 Densification Mechanism During the SSPF Process

In the study, the powder mixture was cleaned, mixed, dried, and sintered to fabricate
a diamond/bi-metallic composite by the SSPF method. According to the discussion
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of the relationship between the microstructure and densification of the composite, the
densification mechanism is summarized. As shown in Fig. 5, firstly, the powder mixture
is put into a graphite die and compressed from loose packing to dense packing when the
pressure and temperature rise. At the second stage end, the alloy powder is deformed and
the mixture reaches the maximum volume packed density. With the coupling effect of
temperature and pressure, the Al6063 alloy powder gets more plastic deformation, and
part of the AlSi10Mg alloy powder melts into a liquid and fills the particle gaps. Finally,
some micro-pores and micro-cracks may be generated in the interface of diamond and
aluminum, due to the solidification shrinkage and thermal residual stress during the
consolidation stage.

Fig. 5. Schematic diagram of diamond/bi-Al-alloy composite densification during the SSPF
process

4 Conclusion

In this paper, the thermophysical properties and microstructure of the diamond/Al-alloy
composite are investigated including real density, relativity density, electrical conductiv-
ity, thermal conductivity, thermal diffusivity, and SEM image. In addition, it is summa-
rized the densification mechanism of the diamond/Al-alloy composite during the SSPF
process. According to the analyses of results, the following conclusions can be drawn:

(a) The interface wettability and plastic deformation are encouraged while the sintering
temperature at 833 K, which helps to increase the relative density of diamond/Al-
alloy composites from 95.8% to 99.8%. Therefore, the sintering temperature is
important to reduce residual pores and de-bonding in the interface of the diamond
and aluminum alloy.

(b) The intrinsic conductivity of reinforcement or matrix plays a fundamental role in
the thermophysical properties of the composite. However, there is still a large room
for improvement of thermal conductivity, which is mainly related to the existence
of interface micro-defects.

(c) The densification mechanism during the SSPF process is summarized as four stages:
volume packing density reaching peak; alloy powder softening and deforming; alloy
powder partial melting and filling into powder gaps; cooling and densification.
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At present, there are shortcomings in the process, resulting in unsatisfactory thermal
conductivity. As a prospect, it is important to study how to eliminate the micro-defects
on the interface between diamond and matrix. It is planned a quantitative study of the
internal micro-defects of the composite by using 3D tomography (CT) technology.
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