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Abstract: 50% diamond particle (5 um) reinforced 2024 aluminum matrix (diamond/2024 Al) composites were prepared by pressure

infiltration method. Diamond particles were distributed uniformly without any particle clustering, and no apparent porosities or

significant casting defects were observed in the composites. The diamond—Al interfaces of as-cast and annealed diamond/2024 Al

composites were clean, smooth and free from interfacial reaction product. However, a large number of Al,Cu precipitates were found

at diamond—Al interface after aging treatment. Moreover, needle-shaped Al,MgCu precipitates in Al matrix were observed after

aging treatment. The coefficient of thermal expansion (CTE) of diamond/2024 Al composites was about 8.5x107°°C™" between 20

and 100 °C, which was compatible with that with chip materials. Annealing treatment showed little effect on thermal expansion

behavior, and aging treatment could further decrease the CTE of the composites. The thermal conductivity of obtained diamond/

2024 Al composites was about 100 W/(m-K), and it was slightly increased after annealing while decreased after aging treatment.
Key words: Al matrix composites; diamond; interface; annealing; aging; thermal properties

1 Introduction

Ever-growing requirements imposed on thermal
management materials in semiconductor applications
drive the development of new materials with enhanced
thermal conductivity [1,2]. High-performance thermal
management materials should have high thermal
conductivity (TC)[3,4] to maximize heat dissipation and
low coefficient of thermal expansion (CTE) [5,6] to
minimize the thermal stress and warping, which are
critical issues in packaging of electronic devices [7].
However, the traditional packaging materials such as
W/Cu and Mo/Cu could not meet these requirements
[8,9]. Therefore, a large effort has been made to develop
new materials with improved thermal properties.

Metal-matrix composites (MMCs) with tailored
properties have been widely investigated recently.
Aluminum matrix composites reinforced with high
fraction of SiC [10—12] or SizNy particles [13,14]
demonstrated compatible CTE with chip materials.

However, their heat conduction and heat spreading
capacity could not meet well with the increasing
requirement [15]. Diamond particles have been identified
as a promising reinforcement due to their exceptional
high TC and low CTE [16], typically 600—2000 W/(m-K)
and 0.8x10°®°C™" at 25 °C, respectively.

Pressureless metal infiltration [17,18], spark plasma
sintering [7,19,20], powder metallurgy method [21],
vacuum hot pressing [22], gas pressure infiltration
[23—25] and pressure infiltration method (squeeze
casting) [26,27] have been reported to fabricate diamond/
Al composites. JOHNSON and SONUPARLAK [17]
used pressureless metal infiltration to obtain diamond/Al
composites. The diamond particulates were coated with
SiC prior to infiltration to prevent the formation of
AlC;. Moreover, TC of diamond/Al composites
prepared by spark plasma sintering reached 403 W/(m'K)
[7,19,20]. HANADA et al [21] reported the processing of
diamond/Al with mean particle size of 5 nm by powder
metallurgy method. The addition of 1% (volume fraction)
cluster diamond improved the friction coefficient of

Foundation item: Project (AWJ-M13-15) supported by the Open Fund of State Key Laboratory of Advanced Welding and Joining, Harbin Institute of

Technology, China

Corresponding author: Zi-yang XIU; Tel: +86-451-86402373-5056; E-mail: xiuzy@hit.edu.cn

DOI: 10.1016/81003-6326(13)62904-0



Zi-yang XIU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 35843591 3585

Al matrix significantly. Furthermore, gas pressure
infiltration was also adopted to prepare diamond/Al
composites. However, the long exposure time of
diamond to molten aluminum led to excessive formation
of Al,Cs, which was observed to be formed with a strong
crystallographic preference on the {100} faces of
diamond [24]. Therefore, Ti [28] or TiN [29] coatings
were used to prevent the formation of Al,C;. Pressure
infiltration method is believed to be an effective
technique because of the advantages of higher production
rate, elimination of expensive equipments, feasibility of
mass production and near-net products [30,31].
BEFFORT et al [26] investigated the thermal and
chemical stability of micron-grade diamond powders as
well as the interface microstructure in diamond/Al
composites produced by pressure infiltration method. It
was found that diamond powders were particularly
susceptible to thermal degradation in the presence of
oxygen during composite processing, which leads to the
formation of an amorphous layer consisting of carbon,
aluminum and oxygen.

Our research group has successfully fabricated
carbon fibre [32,33] and ceramic particles [13,14]
reinforced Al composites by pressure infiltration method
under protective atmosphere. Moreover, it is well known
that the heat treatment has significant effects on
microstructure and properties of metal and metal matrix
composites [34,35]. However, the effect of heat
treatment on microstructure and properties of
diamond/Al composites has rarely been investigated.
Therefore, in the present work, 50% (volume fraction)
diamond particle (5 pm) reinforced 2024 aluminum
matrix composites were prepared by pressure infiltration
method. The effect of annealing and aging on
microstructure and thermo-physical properties was also
discussed.

2 Experimental

The synthetic diamond particles (SF Diamond Co.,
Ltd., China) with an average particle size of 5 pm were
used to reinforce 2024 Al alloy by pressure infiltration
method. The basic properties of diamond particles and
2024 Al alloy are shown in Table 1. The chemical
composition (mass fraction, %) of the 2024 Al alloy was
4.79% Cu, 1.49% Mg, 0.611% Mn, 0.245% Fe, 0.168%

Table 1 Properties of diamond particles and 2024 Al alloy
Elastic

. Density/ CTE/ TC/
Material (g'cnf}) modulus/ (10*6 °C71 ) (W'mil'Kil)
GPa
Diamond = 5, 435 1.7 9001100
particles
2024 Al alloy 2.82 68 21.1-24.7 134-192

Si, 0.068% Zn, 0.049% Cr, 0.046% Ti, 0.013% Ni and Al
balance. A preform comprising diamond particles was
prepared firstly. Preheating temperatures for the preform
and pressure infiltration dies were 500 and 740—750 °C,
respectively. The matrix alloy was melted under
protection of argon and melted salts, and poured into dies
at 740—750 °C under argon.

The schematic diagrams of annealing and aging
treatment are shown in Fig. 1. The annealing samples
were held at 360 °C for 1 h and then cooled in the
furnace to room temperature. The aging samples were
solution treated at 495 °C in KNOj salt-bath furnace for
1 h and water quenched at room temperature. After
solution treatment, specimens were aged at 190 °C for
8 h and cooled in the air. The as-cast samples were used
for comparison.
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Fig. 1 Schematic diagrams of annealing (a) and aging (b)
treatment

The density of diamond/2024 Al composites was
measured by Archimedes’ method. The morphology of
diamond/2024 Al composites was observed by ZEISS
40MAT optical microscope (OM) and FEI Sirion Quanta
200 scanning electron microscope (SEM). Further
microstructure observation was conducted by a Philips
CM-12 transmission electron microscope (TEM) with an
voltage of 100—120 kV. Thermal
conductivity (TC) and specific heat capacity of the
composite and matrix, with a diameter of 12.7 mm and a

accelerated

thickness of 2 mm, were examined on LFA 427 laser



3586 Zi-yang XIU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3584—-3591

flash apparatus (Netzsch, Germany) from 20 to 50 °C
with a heating rate of 5 °C/min. CTE tests were carried
out on Dilatometer 402C (Netzsch, Germany). The
samples were the cylinders with a diameter of 4 mm and
a length of 25 mm. During the CTE measurement, the
temperature was increased from 20 to 495 °C at a heating
rate of 5 °C/min. The helium atmosphere was maintained
at a flow rate of 50 mL/min to ensure the equilibrium of
temperature and prevent oxidation of samples.

3 Results and discussion

3.1 Microstructure

The irregular shape diamond particles were used in
the present work, as shown in Fig. 2. The representative
optical morphologies of the diamond/2024 Al composites
in as-cast, annealed and aged condition are shown in
Fig. 3. Diamond particles were distributed uniformly
without any particle clustering, and no apparent
porosities or significant casting defects were observed in
the composites. The dense microstructure is favorable for
the mechanical and thermal conductivity properties.
Moreover, the dense microstructure is also beneficial to
improving the dimensional stability of composite, which
would prolong the service life of devise.

Fig. 2 SEM image of diamond particles used in the present
work

Representative SEM images of diamond/2024 Al
composites in as-cast, annealed and aged condition are
shown in Fig. 4. It is obvious that some diamond
particles were polished away due to the large hardness
difference between reinforcement and matrix.

TEM images of diamond—Al interface of as-cast,
annealed and aged diamond/2024 Al composites are
shown in Fig. 5. As reported by BEFFORT et al [24],
amorphous interfacial C-layer and excessive AlsCs
phases were observed in as-cast diamond/Al composites
fabricated by pressure infiltration method. However, in
the present work, the diamond—Al interface of as-cast

Fig. 3 Optical morphologies of diamond/2024 Al composites in
as-cast (a), annealed (b) and aged (c) condition

diamond/2024 Al composites was clean, smooth and free
from interfacial reaction product (Fig. 5(a)). Diamond
particles would undergo thermal degradation [24]. This
effect is more obvious in air atmosphere [27]. Therefore,
amorphous carbon and isolated Al carbides were
observed in the obtained composites. However, in the
present work, the diamond preform was protected by
CO,, which would inhabit its degradation. Therefore, the
diamond—Al interface is clean and without amorphous
layer and Al,C; phases in as-cast composite. No
significant change was observed at diamond—Al interface
in annealed composite (Fig. 5(b)). However, a large
number of Al,Cu precipitates were found at diamond—Al
interface after aging treatment (Fig. 5(c)). Moreover, it
was hard to observe Al,Cu phase in Al matrix.
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Fig. 4 SEM images of diamond/2024 Al composites in as-cast
(a), annealed (b) and aged (c) conditions

The diamond—Al interface provides extra energy for
heterogeneous nucleation of Al,Cu, leading to the low
nucleation energy and a relatively high nucleation rate at
the interface compared with that in Al matrix. Therefore,
Al,Cu phase would grow predominantly at the interface
instead of in Al matrix during aging treatment.

The dislocations in Al matrix of as-cast, annealed
and aged diamond/2024 Al composites are shown in
Fig. 6. Large CTE difference between diamond particles
and Al matrix would generate enormous thermal tensile
stresses on Al matrix during rapid cooling after Al
infiltration, which leads to the formation of high density
dislocations near the diamond—Al interface (Fig. 6(a)).
The annealing treatment decreased the density of the

Diamond

Diamond

Fig. 5 TEM images of diamond—Al interface of as-cast (a),
annealed (b) and aged (c) diamond/2024 Al composites

dislocations significantly due to release of residual
thermal stress (Fig. 6(b)). However, more dislocations
were found after aging treatment. Water quenching
process in aging treatment generates larger thermal stress
at diamond—Al interface, which leads to the reformation
of dislocations. Moreover, apparent needle-shaped
precipitates were found in Al matrix after aging
treatment (Fig. 7(a)), and the weak diffraction spots in
electron diffraction pattern (Fig. 7(b)) were elongated
lines, which corresponds to Al,MgCu.

Crystal defects in particle reinforcements, which
have important influence on interface and properties, are
significant characteristics of particle reinforced metal
matrix composite. Stacking faults and dislocations have
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Fig. 6 TEM images of dislocations in Al matrix of as-cast (a),
annealed (b) and aged diamond/2024 Al composites (c)

been observed in ceramic particles reinforced Al matrix
composites [36,37], the high density dislocations in AIN
particles even tangle with each other[38]. In the present
work, few aligned linear dislocations (Fig. 8) were found
in diamond particles. Generally, the crystal defects in
reinforcements are generated in preparation process of
particles as well as composites. The diamond particles
were fabricated under high temperature and pressure,
which may produce some crystal defects. Moreover, the
volume fraction of particles was very high (50%), parts
of particles contacted with each other during perform
densification or Al infiltration under pressure. Since the
morphology of the diamond particles was irregular with
sharp edges (Fig. 2), some sharp edges would exert
pressure to the contacted surface of other particles

Fig. 7 Al,MgCu precipitates in Al matrix of diamond/2024 Al
composites after aging treatment: (a) TEM image; (b) Electron
diffraction pattern

Fig. 8 TEM image of few linear dislocations in diamond
particles

inevitably, ~which would generate dislocations.
Furthermore, a large CTE difference between diamond
particles and Al matrix would generate enormous thermal
compressive stresses on diamond particles, which would
also contribute to the formation of dislocations in the
diamond particles.

3.2 Thermophysical properties

The CTE comparison of diamond/2024 Al in as-cast,
annealed and aged condition is shown in Fig. 9.
Regardless of heat treatment, the CTEs of diamond/
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2024 Al composite were reduced greatly to nearly half
that of the 2024 Al matrix [13] with high addition of
diamond particles. It is well known that the thermal
expansion of metal matrix composite is determined by
the thermal expansion of metal matrix and the restriction
of reinforcement through interfaces. High content of
diamond particles imposes large restriction on
surrounding aluminum matrix, which leads to the low
CTE of the diamond/2024 Al composite. Moreover,
annealing treatment has little effect on thermal expansion
behavior. Aging treatment could further decrease the
CTE of the composite. The formation of Al,Cu phases at
diamond—Al interface could improve the interfacial
bonding and restriction of diamond particles on the
surrounding Al matrix, which leads to the decrease of
CTE. Furthermore, formation of A,MgCu precipitates in
Al matrix could also contribute to the decrease of CTE.
The CTE of diamond/2024 Al composite was about
8.5x10° °C' between 20 and 100 °C, which is
compatible with that of chip materials.
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Fig. 9 CTE comparison of as-cast, annealed and aged
diamond/2024 Al composites

The thermal diffusivity (@) and conductivity (1) of
diamond/2024 Al composites in as-cast, annealed and
aged condition are shown in Table 2. The thermal
conductivity of diamond/Al composite is expected to
exceed 600 W/(m'K). However, the measured thermal
conductivity of the present composite was about 100
W/(m-K), which was far lower than the theoretical value.
Although lager particles were adopted (average particle
size of 100 um), thermal conductivity of diamond/Al,
which was also fabricated by pressure infiltration method,
was about 130 W/(m'K) [14]. The annealing treatment
improved the thermal diffusivity and conductivity while
aging treatment showed an opposite effect. There are two
ways for heat transfer in diamond/2024 Al composite:
free electron in Al matrix and phonon in diamond
particles. Both of their movements would be scattered by
interface. Therefore, heat conduction in diamond/2024 Al

composite is depended on Al matrix, diamond particles
and their interface. The annealing treatment would
release the residual thermal stress in Al matrix generated
in fabrication, which is beneficial to heat conduction, and
lead to improvement of the thermal conductivity.
Moreover, the density of the dislocations decreased after
annealing treatment, which also contributed to the
increase of TC. However, after aging treatment, more
scattering interfaces for electron and phonon were
introduced into the composite, such as Al,Cu phase at
diamond—Al interface (Fig. 5(c)), ALMgCu precipitates
in Al matrix (Fig. 7(a)) and higher density dislocations
introduced more interfaces into the composite, which
would scatter the movement of electron and phonon, and
decrease the thermal conductivity. Therefore, thermal
conductivity is slightly decreased after aging treatment.

Table 2 Thermal diffusivity and conductivity of diamond/
2024 Al composites after different treatments

. Thermal diffusivity/ ~ Thermal conductivity/
Condition 5 1 ool
(m™s ) (Wm K")
As-cast 42.6 106.7
Annealed 43.7 109.3
Aged 41.0 102.3

4 Conclusions

1) 50% (volume fraction) diamond particle (5 um)
reinforced 2024 aluminum matrix (diamond/2024 Al)
composites were prepared by pressure infiltration
method. Diamond particles are distributed uniformly
without any particle clustering, and no apparent
porosities or significant casting defects are observed in
the composites.

2) The diamond—Al interfaces of as-cast and
annealed diamond/2024 Al composites are clean, smooth
and free from interfacial reaction product. However, a
large number of AlLCu precipitates are found at
diamond—Al interface after aging treatment. High density
dislocations are observed in the as-cast composite. The
density of dislocations is decreased and increased after
annealing and aging treatment, respectively.

3) The CTE of diamond/2024 Al composites is
about 8.5x10°° °C™' between 20 and 100 °C, which is
compatible with that of chip materials. Annealing
treatment has little effect on thermal expansion behavior,
and aging treatment can further decrease the CTE of the
composite.

4) The thermal conductivity of obtained diamond/
2024 Al composites is about 100 W/(m'K). Due to the
release of residual stress and decrease of dislocations,
thermal conductivity of diamond/2024 Al composites
slightly increases after annealing treatment. However,
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thermal conductivity of diamond/2024 Al composites
slightly decreases the formation of Al,Cu at diamond—Al
interface and Al,MgCu precipitates in Al matrix.
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