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ABSTRACT

Diamond/aluminum (Dia/Al) composites were fabricated by powder metal-
lurgy using starting Al powders of different size. Effect of matrix-to-reinforce-
ment particle size ratio (PSR) on diamond particle dispersion was revealed, and
higher thermal conductivity of Dia/Al composites with a certain volume frac-
tion was achieved by changing PSR. The results indicated that, with PSR
increasing from 0.225 to 0.9, diamond particles tended to show a connecting
dispersion and the thermal conductivity of 40 and 50 vol.% Dia/Al composites
increased by 21% (from 389 to 472 W/mK) and by 42% (from 442 to 628 W/
mK), respectively. The underlying cause was discussed from the point of the
coordination number of Al powders around diamond particles. This study
supplies a new idea to improve thermal conductivity of Dia/Al composites by
tuning particle dispersion for the first time, which is also applicable to other
metal matrix composites.
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particles, have drawn much more attentions than
ever before, due to their high thermal conductivity

Introduction

Thermal management has become one of the most
challenging issues in electronic industry because of
the ever increasing power density. Efficient heat
removal urgently requires novel high thermal con-
ductive materials used as heat sink and/or substrate
to improve the reliability and lifetime of electronic
components [1-4]. Metal matrix composites (MMCs),
especially incorporating highly conductive diamond

(TC) and tailorable coefficient of thermal expansion
(CTE), which is expected to positively contribute to
heat dissipation and to minimize thermal stress
between the electronic components and thermal
substrate [5, 6].

To achieve higher TC in MMCs, four strategies
were generally considered: (a) the selection of high
thermal conductive metal matrix, such as Al, Cu and
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Ag [1, 7]; (b) large diamond particles (even
300-600 pm in size [5, 8-10]) with high purity and
regular polyhedral shapes [8, 11-13]; (c) high volume
fraction of diamond particles incorporated in metal
matrix (61-74 vol.%), e.g., by tapping of bimodal
particle mixtures [5, 9, 14-16]; (d) subtle interface
engineering between the diamond particles and the
metal matrix, e.g., by elaborately controlling interface
diffusion and reaction via processing temperature
and time optimization [11, 17-20], or by introducing
an additional carbide layer via diamond surface
metallization or matrix alloying, such as Ti, W, Cr, B
and Si carbide forming elements [5, 6, 21-27].

However, it is much limited to choose diamond
particles with rather large size and/or high purity,
while it is also infeasible to incorporate diamond
particles with volume fraction higher than 70 vol.%,
which may deteriorate the formability, consolidation
and mechanical performances of these composites.
For this consideration, it is essential to explore alter-
native approaches to higher TC of MMCs with cer-
tain volume fraction of the selected diamond
particles. On the other hand, the tailorability of par-
ticle dispersion in matrix instead of the homogeneous
dispersion has been not paid enough attentions so far
[28, 29], which may be especially effective in func-
tional property enhancement for composites with
high phase contrast between reinforcement and
matrix. Typically, it was reported that electrical con-
ductivity of the conductive metallic or carbonous
particulates reinforced dielectric polymers was
remarkably enhanced by increasing the connected
particle dispersion [30]. And in most cases, the con-
cept of thermal resistance can analogize an electrical
one [17, 31] and indicates the potential effect of par-
ticle dispersion on the TC of MMCs, which is still an
open topic to be discussed till now.

As one of the most promising candidates for ther-
mal management applications, diamond /Al (Dia/Al
for short hereafter) composite shows the potential
combination of high TC, tailorable CTE and light
weight, especially with TC much higher than that of
the commercially applied SiC/Al counterparts
though accompanying several times higher cost. In
this work, 40-50 vol.% Dia/Al composites were fab-
ricated by powder metallurgy (PM) to study the
effect of matrix-to-reinforcement particle size ratio
(PSR) on the particle dispersion and TC of Dia/Al
composites by using starting Al powders with dif-
ferent size. The underlying cause of different particle
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dispersion related to PSR was discussed. This study
supplies a new idea to improve thermal conduction
of Dia/ Al composites with certain volume fraction of
diamond particles by tuning particle dispersion,
which is also applicable to other MMCs.

Experimental
Material preparation

A synthetic cubo-octahedron diamond powder (Type
HWD40) of 70/80 mesh in size (180-210 um) was used
as the reinforcement particle, whose TC was estimated
to be 1700-1850 W/mK according to the relationship
between TC and nitrogen inclusion [11, 12]. Figure 1a,
b shows the macroscopic and microscopic morpholo-
gies of diamond particles used in this study. Com-
mercially atomized pure Al powders of 60/80,
120/140,200/230 and 325/400 mesh in size were used
as the matrix, as shown in Fig. 1c—f, whose nominal
purity was 99.9%, with the tested value over 99.84% by
inductively coupled plasma mass spectrometer (ICP-
MS) [11, 32]. The oxygen contents in the as-received
pure Al powders of various sizes were measured by an
ONHS836 Oxygen/Nitrogen/Hydrogen Elemental
Analyzer (Leco Corporation, USA), to consider the
effect of oxide skin naturally born on Al powders on
the TC of the bulk Dia/Al composites. The oxygen
contents were tested ranging of 1500-2000 ppm, which
indicated a very little variation for different powder
sizes and practicable to used as the matrix.

The as-received diamond particles were first
ultrasonicated in distilled water to eliminate impu-
rities on their surfaces and then after being dried
were directly mixed for 4 h with pure Al powders
with PSR from 0.225 to 0.90 (accordingly designated
as PSR0.225, PSR0.375, PSR0.6 and PSR0.9, respec-
tively). The mixing process was completed in a lab-
oratory jar mill using a sealable jar of 250 mL in
volume, with the powder mixtures of 20 g and agate
grinding balls of 100 g (a ratio of 3:5 for grinding
balls in diameters of 5 and 10 mm, respectively). The
powder mixtures were cold pressed into green com-
pacts of disks of 10 mm in diameter and 3 mm in
thickness and then sintered at 650 °C for 90 min
under a uniaxial pressure of 67 MPa by vacuum hot
pressing in a graphite mold. During the whole sin-
tering process, the vacuum less than 0.005 Pa was
maintained in the furnace [11, 32].
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Figure 1 Morphologies of the starting materials used in this study: a OM image of diamond particles of 70/80 mesh in size; b SEM
images of the faceted diamond particles; c—f the as-atomized Al powders of ¢ 60/80; d 120/140; e 200/230; f 325/400 mesh in size.

Testing and characterizations

Thermal diffusivity of the vacuum hot pressed
specimens was measured by laser flash technique
using a Netzsch LFA447 thermal constant analyzer
following the ASTM E-1461 International Standard.
Each value represented an average of three mea-
surements in all cases, and the standard deviation is
2%. The density of the sintered specimens was mea-
sured by the Archimedes method with a deviation
below 1% for three repeated measurements, and the
relative density was calculated by the ratio of the
measured density to the theoretical density. Both the
theoretical density and specific heat capacity were
calculated by the rule of mixtures (ROM) based on
the fraction of each component. TC of the sintered
specimens was calculated by the product of the
density, thermal diffusivity and specific heat capacity
[7], and the uncertainty was supposed to be lower
than + 3%.

The morphologies of raw diamond particles and
surfaces of Dia/Al green compacts were observed by
optical microscopy (OM) using a KEYENCE VHX-
1000E instrument. The morphologies of Al powders
and fracture surfaces of the sintered specimens were
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further examined by scanning electron microscopy
(SEM) using an FEI Quanta FEG 250 instrument,
operated at 20 kV. Due to the difficulty in treating
stiff diamond particles, synchrotron radiation com-
puted tomography (CT) of the sintered bulk com-
posites was conducted at 40 keV using a detector of
9 pm with a resolution of 18 um, on the beamline
BL13W1 in Shanghai Synchrotron Radiation Facility
(SSRF), China. This supplies a nondestructive man-
ner to determine the spatial distribution of diamond
particles in the Dia/Al composites. Some sectional
views, named by sequential testing number of com-
puted tomography (CT No.), were randomly taken
for a direct observation of the diamond particles
dispersion.

Results
Particle dispersion in the Dia/Al composites

Figure 2 shows the typical dispersion variation of
diamond particles in 40 vol.% Dia/Al green com-
pacts prepared by powder mixtures with different
PSR. With the PSR increasing from 0.225 to 0.9,
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Figure 2 OM morphologies of diamond particle dispersion in 40 vol.% Dia/Al green compacts of: a PSR0.225; b PSR0.375; ¢ PSRO0.6;

d PSR0.9 powders.

diamond particles turned into connected groups from
discrete particles. From the green compacts made of
PSR0.225 powders, most diamond particles were
randomly isolated by fine Al powders with some of
them locally gathering (generally seemed as uniform
dispersion). When PSR increased to 0.375, particles
tended to connect with each other as connected
groups containing 3-5 particles, but not connected as
networks yet. However, when the PSR increased to
0.6 and 0.9, most particles formed continuous bran-
ches and an intercrossed network of diamond parti-
cles and coarse Al powders.

This different particle dispersion in the composites
with different PSR can be further well retained after
the solid sintering process of vacuum hot pressing,
but the particle dispersion in the sintered Dia/Al
composites can hardly be measured and observed by
conventional characterizations. And it is even a
rather challenging job to smoothly polish these
composites, due to the stiffest feature of diamond
particles and the contrasting properties of diamond
and the Al matrix [33]. Alternatively, CT supplied by
the synchrotron radiation facility can reveal the real
dispersion of heterogeneous particles in metal matrix
in a 3D space via a nondestructive manner. In this

study, to directly reveal the particle dispersion, sev-
eral sectional views were randomly taken from the
measured CT contour. Figures 3 and 4 are typical
images randomly taken from CTs of the 40 vol.%
Dia/Al composites prepared using powders of
PSR0.225 and PSRO0.9, respectively. As shown in
Figure 3, diamond particles were uniformly dis-
persed in the PSR0.225 composites, with most parti-
cles isolated in the metal matrix (in light gray color).
There was little difference in images taken from dif-
ferent layers of CT, revealing the real and popular
status of particle dispersion in the sintered Dia/Al
composites. In addition, some micropores were also
present near the margin of the samples, as shown by
the white arrows, which indicated that the consoli-
dation of Dia/Al composites with homogeneously
dispersed diamond particles was more difficult at the
edge of samples, due to the poor mobility of the
powder mixtures constrained by the wall of graphite
mold during sintering.

Contrarily, diamond particles were distributed in a
very uneven manner in the PSR0.9 composite, with
several or tens of them tightly contacted with each
other as branches or polygonal lines. Caused by this
uneven particle dispersion, the consolidation of the
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Figure 3 CT images of the 40 vol.% Dia/Al composites of PSR0.225 powders. The white arrows show some micropores near the margin

of the samples. CT No. a 150; b 300; ¢ 400.

Figure 4 CT images of the 40 vol.% Dia/Al composites of PSR0.9 powders. The white arrows show some micropores in the samples. CT

No.: a 115; b 345; ¢ 455.

Dia/ Al composite became more difficult compared to
the PSR0.225 counterpart, with some pores observed
both in the marginal and center areas in the sample,
mainly present in the local area that particles clus-
tered, as shown by the white arrows. It could be
noted that the dispersion of diamond particles in the
sintered composites observed by CT agreed well with
the corresponding green compacts as observed in
Fig. 2 by OM, i.e., with PSR increasing the particle
dispersion turned to be more connected from
isolated.

Microstructure and interface of the Dia/Al
composites

Figure 5 shows fracture surfaces of the 40 vol.% Dia/
Al composites of different PSR sintered at 650 °C for
90 min, which shows a similar consolidation and
interfacial bonding state. The plastic dimples on
fracture surface indicate a ductile fracture mode of Al
matrix. Good interfacial bonding is also revealed by
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the plastic fractures of Al matrix rather than at the
Dia/Al interface, with torn Al left on diamond {100}
faces due to the preferred adherence of {100} faces
originating from different carbon diffusion abilities
on the {100} and {111} faces [11, 34]. Comparatively,
in the PSR0.6 composite, the {111} faces also show a
strong interfacial bonding as revealed by the pres-
ence of some adhered aluminum. But as character-
ized in the previous studies by XRD and HRTEM
[11, 19], even in such a case of the PSR0.6 composite,
there was very few interfacial reaction products
found, ie., AlLC; compound, indicating very little
difference present on the interfacial bonding state in
between the PSR0.225, PSR0.375, PSR0.6 and PSR0.9
composites. More importantly, this also means that in
such cases TC variation of these composites may
mainly originate from the variation of the particle
dispersion, rather than the marginal difference of the
interfacial bonding state.
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Figure 5 SEM images
showing fracture surfaces of
the 40 vol.% Dia/Al
composites of: a, b PSR0.225;
¢, d PSR0.375; e, f PSRO0.6; g,
h PSR0.9. b, d, f, h are zoom
in images of the white frames
in a, ¢, e, g, respectively.
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Thermal conductivity of the Dia/Al
composites

Table 1 shows the physical property of the Dia/Al
composites prepared by using the powder mixtures
of different PSR. Figure 6a shows the relative density
of the Dia/Al composites. With the volume fraction
of diamond particles and PSR increasing, the relative
density slightly decreased. Typically, with PSR
increasing from 0.225 to 0.9, the relative density of the
40 vol.% Dia/Al composites decreased from 99.7 to
97.1%, which was in accordance with the increasing
of pores in the sintered Dia/Al composites as shown
by CT observations in Figs. 3 and 4. The relative
density of 50 vol.% Dia/Al composites showed a
similar variation, which decreased from 95.2 to

J Mater Sci (2018) 53:6602—6612

94.6%. In addition, with the volume fraction of dia-
mond particles increasing from 40 to 50 vol.%, the
relative density decreased from 97.7 to 95.2% for the
PSR0.225 composites, and it decreased from 97.1 to
94.6% for the PSR0.9 counterparts. Thus, both
increases in PSR and diamond content render the
densification of the composites more difficult.

The TC of Dia/Al composites with various PSR is
shown in Fig. 6b. The PSR tuning played an impor-
tant role on the TC improvement of Dia/Al com-
posites. With PSR increasing from 0.225 to 0.9, the TC
of 40 vol.% Dia/Al composites increased by 21%,
from 389 to 472 W/mK, while it increased even by
41% for 50 vol.% Dia/Al composites from 442 to
628 W/mK. To the best of our knowledge, the TC of
50 vol.% Dia/ Al composites was very high compared

Table 1 Physical property of the vacuum hot pressed Dia/Al composites

Diamond content PSR Density Theoretical Relative Thermal diffusivity Specific heat Thermal
(vol.%) (g/em?) density (g/cm®) density (%) (mm?/s) capacity (J/gK) conductivity
(W/mK)
40 0.225 2.958 3.028 97.69 183.4 0.717 389
0.375 2.954 97.57 203.5 431
0.6 2.941 97.13 211.5 446
0.9 2.939 97.07 224.0 472
50 0.225 2.959 3.110 95.15 220.3 0.678 442
0.375 2910 93.58 231.1 456
0.6 2.972 95.55 277.9 560
0.9 2.943 94.62 314.7 628
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Figure 6 a Relative density and b thermal conductivity of the 40
and 50 vol.% Dia/Al composites prepared by using powders with
different PSR. The dash and dot-dash lines in b show the predicted
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Table 2 Physical property of the vacuum hot pressed pure Al
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Size Density (g/  Theoretical density  Relative Thermal diffusivity ~ Specific heat capacity Thermal conductivity
(mesh)  cm’) (g/cm’®) density (%) (mm?/s) (1/gK) (W/mK)

60/80 2.667 2.70 98.78 91.4 0.895 218

120/140  2.698 99.93 92.7 224

200/230 2.688 99.56 92.0 221

325/400 2.683 99.37 92.5 222

with those from references [26, 27]. For comparison,
the physical property of pure Al matrix made of
different powder sizes is also listed in Table 2. There
was no clear variation of the TC for all the pure Al
samples ranging of 218-224 W/mK with an uncer-
tainty of £ 7 W/mK. These equivalent values can be
explained by the same level of impurity and oxygen
contents in pure Al powders, which means the same
chemical composition and TC of the matrix in Dia/Al
composites with different PSR. Therefore, consider-
ing the same level of the TC of pure Al matrix and
interfacial bonding of Dia/Al, the TC enhancement of
Dia/Al composites was greatly influenced by the
particle dispersion via PSR.

Discussions

The TC of Dia/ Al composites can be evaluated by the
differential effective medium (DEM) scheme, which
is effective for TC prediction for the composites with
a high phase contrast [35, 36]:

Ke

(i)

where K., Ky, and V, are the TC of the composites, the
TC of the metal matrix and the volume fraction of

SR K

=_xr 1
Kfff_Km ( )

reinforcement, respectively. K* is the effective TC of
reinforcements by considering the interface conduc-
tance and the size of reinforcements, and can be

expressed by Eq. (2) [37]:
Kin

1+

Kt = = @)

hea

where Ki“, a and h. are the intrinsic TC, the average
radius of reinforcements and the interface conduc-
tance, respectively. The intrinsic TC of diamond
particles used in this study was previously evaluated
in the range of 1700-1850 W/mK [11], and here a

moderate value of 1800 W/mK was used for the
theoretical calculation of TC. For the interface con-
ductance, &, it was directly measured as 5 x 10" W/
m?K for diamond/Al system in experiments [38],
which was also very close with the calculated value
of 4.63 x 10" W/m’K [39], and thus 5 x 10" W/m?K
was used for the theoretical calculation.

When the porosity of the composites is considered,
the residual pores, supposed to be mainly present in
the metal matrix as nonthermally conducting inclu-
sions, contribute to constitute an effective metal
matrix that has an effective TC, K®if, expressed as [37]:

eff _ gin_L—Vp

K =K 105, G)
where V,, is the measured porosity in the composites,
and K" is the intrinsic TC of the metal matrix (free of
pores). Specially, the pure Al matrix (99.84% in pur-
ity) sintered at 650 °C for 90 min has a relative den-
sity of 98.78-99.93% and K¢ of 218-224 W /mK; thus,
the K, back concluded by Eq. (2), is 222-224 W/mK
[11].

For 40 and 50 vol.% Dia/Al composites, the mea-
sured TC increased with the PSR increasing. The
measured TC of 40vol% Dia/Al composites
increased from 82 to 99% of the prediction by DEM
with PSR increasing from 0.225 to 0.9. On the other
hand, the measured TC of 50 vol.% Dia/Al compos-
ites increased from 77.6 to 98% with PSR increasing
from 0.225 to 0.6, and even reached 110% of the
prediction by DEM for the PSR0.9 composites, which
was not reported so far. This TC variation between
experiment and prediction may originate from the
assumption that particles were uniformly dispersed
in matrix and the effect between neighboring parti-
cles can be totally ignored [35, 40]. However, in this
study, diamond particles dispersed as connected
groups in the PSR0.9 composite, where the effect
between neighboring particles was serious, probably
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analogized as connected dispersion of metallic
inclusions in insulator matrix.

The role of PSR on the particle dispersion can be
explained by the variation of the coordination num-
ber of Al powders around diamond particles. For
certain size and volume fraction of diamond parti-
cles, there are much more Al powders in the powder
mixtures for a smaller PSR, i.e., smaller and more Al
powders; thus, a larger coordination number of Al
powders around each diamond particle is expected.
In this way, with too many fine Al powders sur-
rounded, diamond particles are more likely to be
separated from each other. In contrast, in a powder
mixture of large PSR, i.e, larger and fewer Al pow-
ders will lead to a lower coordination number, which
is insufficient to isolate the contact and connection of
diamond particles.

It was supposed that when a single size of rein-
forcement and metal powders were used, with the
number of metal powders no less than that of the
reinforcement particles, similar sizes (i.e., PSR close
to 1) of metal powders and reinforcement particles
are preferred to balance the agglomeration of rein-
forcement particles and the consolidation of the metal
matrix as well as a desirable particle dispersion.
Specially, for the Dia/Al composites with a higher
volume of diamond particles, the increase in PSR will
inevitably lead to a drastic decrease in the number of
Al powders (fewer than that of diamond particles),
which made the interstices in between neighboring
diamond particles no longer filled by Al powders,
and thus, the severe agglomeration of diamond par-
ticles posed great difficulty to the consolidation of
composite, considering that neighboring diamond
particles cannot be sintered together and thus leading
to a large heat barrier. Consequently, TC of the
composites with a higher volume of diamond parti-
cles will decline drastically.

Although the effect of PSR on diamond particle
dispersion and further on the TC of the Dia/Al
composites was revealed to some extent by experi-
mental results, the intrinsic and physical principle of
the TC improvement was still an open topic, and
much more work needs to be done in the future. It is
not expected that the diamond simply builds solid
bridges among their particles, but probably correlat-
ing with the mean free path of phonons in connected
diamond particles when transmitting heat/energy at
interface. The variation of reinforcement size, shape
and thermal property may also be relevant to its
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dispersion, especially to the phonon transmission
between neighboring surfaces of the connected dia-
mond particles, and thus influence the TC of the bulk
materials. Clearly, this study is also applicable to
other MMCs prepared by PM, e.g., Dia/Cu, Dia/Ag
and SiCp/Al (or Cu) composites.

Conclusions

This study supplies a new idea to improve thermal
conductivity of Dia/Al composites with certain vol-
ume fraction of diamond particles by tuning particle
dispersion. 40-50 vol.% Dia/Al composites were
fabricated by powder metallurgy using Al powders
of different size to adjust the matrix-to-reinforcement
particle size ratio (PSR) and particle dispersion. The
optical microscopy of the green compacts and syn-
chrotron radiation CT of the sintered samples
revealed diamond particles tend to form connecting
dispersion with PSR increasing. The thermal con-
ductivity of 40 and 50 vol.% Dia/Al composites
increased by 21% (from 389 to 472 W/mK) and 42%
(from 442 to 628 W/mK), respectively, with PSR
increasing from 0.225 to 0.9. But the intrinsic and
physical principle of the thermal conductivity
improvement of Dia/Al composites via tuning PSR is
still unclear and to be revealed in the future.
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