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ABSTRACT

In this study, diamond/aluminum composites were fabricated by the use of gas
pressure infiltration. The effects of SiC-coated diamond particles on composite
performance were investigated in terms of: (1) controlling the thermal con-
ductivity (TC) during composite fabrication and (2) providing long-term sta-
bility. Al4C; spontaneously forms at the interface of the diamond particles and
the Al matrix. An excess amount of Al,C; interphase adversely affects the
composite, due to its low TC and hygroscopic behavior. Because the SiC coating
of diamond particles suppressed the formation of Al4C; during the fabrication,
the composite contained a low amount of Al,C; and showed higher a TC
(528 W/m-K) than uncoated diamond/Al composite (376 W/m-K), along with
significantly higher moisture resistance. The thermal expansion coefficient
(CTE) of the SiC-coated diamond /Al composite was determined to be 7.2 ppm/
K at room temperature. The composite exhibited long-term stability up to 500 °C
as the Al-C reaction was prevented by the SiC coating. Moreover, it displayed
excellent thermal shock resistance between 300 °C and room temperature.
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Introduction

With increasing miniaturization and improvement in
components, advances in microelectronics technol-
ogy have led to increased power density and conse-
quent higher heat flux in integrated circuits.
Overheating of electronic components decreases their
performance and reliability. For example, a ca. 10 °C
increase in temperature reduces the average failure
time of microchips by a factor of two. Because the
state of the art in IC chip fabrication is presently at
7 nm, heat dissipation plays an especially pivotal
role, via heat sinks with even higher thermal con-
ductivity (TC). In addition to high TC, the coefficient
of thermal expansion (CTE) of thermal management
materials must be compatible with adjacent electronic
components. Mismatch in CTE results in thermal
stress-induced failure of joints due to thermal stress
and slower dissipation of the heat released. Other
requirements for advanced thermal management
materials are long-term TC stability and low density
[1-3].

Monocrystalline diamond has outstanding thermal
properties well suited for such applications: high TC

(1200-2200 W/m:K) and low CTE (~ 1 ppm/K)
[4, 5]. Therefore, monocrystalline diamond-rein-
forced metal-matrix composites such as diamond/
aluminum (Al), diamond/copper, diamond/silver
have been studied as new generation thermal man-
agement materials. Due to its light weight, relatively
high oxidation resistance and lower cost, Al is a
suitable matrix material.

The TC of diamond/Al composites mainly
depends on the diamond quality (shape and TC), the
diamond volume fraction, the Al content and the
amount of interfacial phases [6-9]. Al4C; is the main
phase formed at the interface as a result of the reac-
tion between diamond particles and Al matrix. While
the reaction contributes to TC by forming chemical
bonds between the diamond particles and the Al
matrix, an excess amount of Al;C; adversely affects
the thermal properties, due to its low TC and
hygroscopic behavior [9-14].

During the fabrication of diamond/Al composites,
the amount of Al,C; interphase is mainly controlled
by: (1) precise optimization of fabrication parameters
[9, 15-17], (2) alloying of the Al matrix such as Si, Ti
[8,9, 18, 19] and (3) coating of diamond particles such
as SiC, TiC, ZrC, W [10, 11, 20-22]. The common
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purpose of all these methods is to suppress the
reaction kinetics for forming Al4C; to enhance TC.
Although previous studies reported in the literature
have been focused on controlling of Al,C; formation
during the composite fabrication, thermal manage-
ment composites are exposed to heat and moisture
under service conditions. Therefore, to achieve long-
term TC stability, the method applied should also
prevent the formation of Al,C; under service condi-
tions and contribute to resistance of the composite
against thermal shock and moisture.

We hypothesize that designing a high-performance
diamond /Al metal-matrix composite should address
simultaneously reaction control during fabrication
and the long-term stability. SiC-coated diamond
particles are known to offer higher TC compared to
other carbide coatings, slower reaction kinetics with
liquid Al and thermodynamic stability in contact
with solid Al [11, 23, 24].

Prior works have shown that the SiC coating of
diamond particles suppresses Al,C; formation dur-
ing the fabrication of diamond/Al composites
[11, 20]. However, in these studies, the long-term TC
stability of SiC-coated diamond/Al composites has
not been investigated in detail. It was concluded that
the SiC-coated diamond/Al composites are stable in
wet environments compared to the uncoated dia-
mond /Al composite. No further TC stability tests
were performed in the literature. So, it is necessary to
clarify the effect of temperature on the TC stability of
the composites.

In this study, SiC-coated diamond/Al composites
were fabricated by use of gas pressure infiltration and
irregular-shaped diamond particles, unlike previous
reports in the literature. The effects of a SiC coating
on the diamond particles were evaluated on the
microstructure, thermal characteristics and TC sta-
bility tests. Thermal durability, thermal shock and
wet environment durability tests were performed for
the evaluation of the long-term stability of compos-
ites. The primary purpose of this work is to investi-
gate the effects of SiC-coated diamond particles in
terms of: (1) controlling the Al4C; interphase forma-
tion during composite fabrication and (2) providing
long-term stability.
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Experimental details
Materials

The starting materials were aluminum with the pur-
ity of 999 wt% as the matrix and synthetic
monocrystalline diamond particles with an average
particle size of D5y = 152 pm as the reinforcement.
Synthetic diamond particles of lower cost and irreg-
ular shape (typically used in abrasive industry), as
shown in Fig. 1a, were used to demonstrate that the
effect of diamond quality on TC can be minimized by
controlling the amount of AlC; interphase. The
diamond particles were coated with SiC by a reactive
conversion method [25]. The XRD pattern of SiC-
coated diamond particles is shown in Fig. 1b. The
characteristic SiC (JCPDS 006-0675) and diamond
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Figure 1 a SEM image of the SiC-coated diamond particles,
b XRD result of the SiC-coated diamond particles.
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(JCPDS 029-1129) peaks were detected in the
diffractogram.

Fabrication process

The SiC-coated diamond/Al composites were fabri-
cated by use of gas pressure infiltration and com-
pared with control samples prepared with uncoated
diamond particles. The diamond particles were den-
sely packed into graphite molds, and a solid piece of
Al was placed on the top of the particle beds. The
assembly was then placed in a cold-wall infiltration
furnace. The furnace was heated up to 800 °C at a rate
of 10 °C/min by an induction heater. The melting of
Al was performed at a vacuum level of better than
0.5 mbar to avoid oxidation. After reaching the infil-
tration temperature, the furnace was pressurized to
20 bar using high-purity argon gas to infiltrate mol-
ten Al into the free volume between diamond parti-
cles. The induction heating was switched off 15 min.
After pressurization, it is followed by furnace cooling
down to 300 °C while maintaining the same gas
pressure. Upon reaching 300 °C, the gas was evacu-
ated. The composites were infiltrated in a net shape
of the dimensions required for thermal
measurements.

Characterization

TC of the composites was derived from the equation
TC = Taiep-Cp, where Ty is thermal diffusivity, p is
bulk density and C, is specific heat capacity. The
thermal diffusivity was measured by the laser flash

Figure 2 Fractured surface BSE-SEM image of the SiC-coated
diamond/Al composite.
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technique (Netzsch LFA 457 Micro Flash) with an
accuracy of & 3%, using a disk composite with
12.5 mm in diameter and 3 mm in thickness. Diffu-
sivity values were obtained from averaging of 10
measurements for each composite. Oxygen-free high-
conductivity copper (OFHC) served as the reference.
Density of the composites was determined by the
Archimedes method using distilled water as the
immersion medium. The density results were calcu-
lated from an average of 5 consecutive measure-
ments. The specific heat capacity was determined by
a differential scanning calorimeter (Netzsch STA 449
F3 Jupiter) with a heating rate of 1 °C/min up to
200 °C, with an accuracy of &+ 1.5%. For the CTE
measurements, a pushrod dilatometer (Netzsch DIL
402 Expedis) was used over the temperature range of
40 °C to 200 °C with a heating rate of 5 °C/min. The
measurement was conducted under an argon atmo-
sphere on a cylindrical composite sample of 4 mm in
diameter and 10 mm in length. The room tempera-
ture CTE value was determined by extrapolation
using the corresponding plot. Microstructural char-
acterization was performed by using a field-emission
scanning electron microscope (FE-SEM; JEOL JSM
7000F). The phase analyses were conducted by X-ray
diffractometer (XRD; Panalytical Aeris) with Cu-Ka
radiation. A micro-Raman spectrophotometer with a
632.8 nm wavelength He/Ne laser (LabRam 800
Horiba Scientific Jobin—Yvon) was used to determine
the presence of AlC; interphase on the fracture
surface of composites.

The thermal conductivity stability tests

The TC stability tests were performed to investigate
the effect of SiC-coated diamond particles on the
composites under service conditions. Three types of
tests were applied: thermal durability, thermal shock
and wet environment durability. The thermal dura-
bility tests were conducted on the same sample con-
secutively at 100, 200, 300, 400, 500 °C, with the
heating and cooling rates of 3 °C/min in air. The
holding time was held constant for 1 h at each tem-
perature. The uncoated diamond/Al composites
were detrimentally affected during the test. To
determine TC stability of SiC-coated diamond/Al
composites at high temperature, the samples were
subjected to an additional thermal durability test at
500 °C for 120 h. The thermal shock cyclic tests were
performed from 300 °C to room temperature, by air
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Figure 3 a Thermal conductivity, b specific heat capacity and
c¢ thermal diffusivity results of the SiC-coated diamond/Al
composite.
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quenching, with a holding time of 15 min at each
temperature. Wet environment durability tests were
carried out in 100 ml of distilled water at room tem-
perature for 240 h. To accelerate the effect of mois-
ture, the composites were immersed into distilled
water. All tests were done with three repetitions.

Results and discussion

The fractured surface SEM image of the SiC-coated
diamond /Al composite is shown in Fig. 2. The dia-
mond particles were distributed homogeneously in
the aluminum matrix. No porosity was observed in
the matrix. The density of composites was measured
as 3.17 £ 0.02 g/cm’, indicating an approximately
58% volume fraction of diamond. Particle geometry is
one of the parameters that affected the diamond ratio
in the mold. Since the diamond particles were sig-
nificantly different from spherical shape, packing
became difficult, and this led to a decrease in the
density.

TC results of the SiC-coated diamond/Al com-
posite were plotted as a function of temperature
between room temperature and 200 °C (Fig. 3a). The
values of TC were derived from its specific heat
capacity (Fig. 3.b), thermal diffusivity (Fig. 3.c) and
density. The TC of composite was obtained as
528 W/mK at room temperature and decreased
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Figure 4 Coefficient of thermal expansion results of the SiC-
coated diamond/ Al composite.
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Table 1 Gibbs free energy

change values of the reactions ~ lemperature (°C) Gibbs Free Energy Gibbs Free
[28] Change® (kJ) Energy® (kJ)

0 — 240.39 4.70

100 — 200.23 6.41

200 — 196.02 8.16

300 — 191.80 9.94

400 — 187.52 11.79

500 — 183.14 13.75

600 — 178.61 15.87

700 — 172.04 20.02

800 — 162.55 27.08

900 — 152.95 34.24

1000 — 143.27 41.48

YAl + 3C = ALCs
®4Al 4 3SiC = Al,C; + 3Si

Figure 5 Fractured surface
SEM images of a the SiC-
coated diamond/Al composite
as-fabricated, b the uncoated
diamond/Al composite as-
fabricated and ¢ the uncoated
diamond/Al composite after
thermal durability test. d—

f high magnification of a—c,
respectively.
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Figure 6 Raman spectra of Al4C; interphase on the fracture
surface of composites.

exponentially with the increasing temperature by
Eq. (1). In fact, the SiC-coated diamond/Al compos-
ite provided a TC of above 450 W/m-K up to 200 °C.
The TC values are significantly large compared to
those in the literature for diamond/Al composites,
despite the use of low-quality diamond particles.

_T 5
TC(T) _441+110(112), R =1 (1)
CTE results of the SiC-coated diamond /Al composite
are shown in Fig. 4, between room temperature and
200 °C. The CTE of the composite was determined as
7.2 ppm/K at room temperature. Such a CTE value
indicates suitability for thermal management appli-
cations [3, 18, 19, 26, 27].

During the infiltration process, the molten Al reacts
with the uncoated diamond particles, and Al,C; is
formed at the interface due to the high reactivity and
low solubility of carbon in Al The reaction between
Al and C is given in Eq. (2). However, the interfacial
reaction for SiC-coated diamond/Al composite is
governed by the reaction given in Eq. (3). Because the
diamond particles are completely covered with SiC,
the reaction between Al and SiC is responsible for the
interphase formation, rather than the Al-C reaction.
According to thermodynamic calculations [28], given
in Table 1, the Gibbs free energy change (AGy) of the
reaction is positive-valued above the melting point of
Al, indicating that SiC and liquid Al are thermody-
namically in equilibrium. On the other hand, ele-
mental silicon, which is the other reaction product, is
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miscible in liquid Al, according to the Al-Si phase
diagram. The decreased activity of silicon results in a
negative AGr. Therefore, the reaction proceeds
spontaneously. However, the reaction tends to ter-
minate rapidly as the amount of dissolved silicon
increases [23, 24, 29].

4A1 +3C = ALGC; (2)
4Al + 3SiC = Al,Cs + 3Si 3)

The SEM images taken from the fractured surface of
SiC-coated and uncoated diamond/Al composites
are shown in Fig. 5. The surface of the diamond
particles was continuously covered by the interfacial
reaction product. As seen from the Raman spectra in
Fig. 6, all the peaks belong to Al,C; phase [12, 30].
Therefore, the reaction product was determined to be
Al,C;. Also, the presence of Al,C; interphase on SiC-
coated diamond particles proved that the reaction,
given in Eq. (3), spontaneously proceeds, despite the
predictions according to thermodynamic calcula-
tions. Although the composites were fabricated with
the same parameters, the Al,C; interphases are
coarser and higher amounts on the uncoated dia-
mond particles than on those of the SiC coated, as
shown in Figs. 5d, e and 6. It indicates that the SiC
coating of diamond particles suppresses the forma-
tion of Al,C; at the interface during the fabrication
process. These results are in good agreement with the
TC results of composites. While the Al,C; interphase
contributes to TC by chemically bonding diamond
particles and Al matrix, excess amounts of Al4C; act
as a thermal barrier at the interface, due to its low
thermal conductance. Therefore, the SiC-coated dia-
mond/Al composite with low content Al,C; has
higher TC (528 W/m:-K) than uncoated diamond/Al
composite (376 W/m-K).

The thermal durability test results are shown in
Fig. 7a and b. The results are consistent with the AGt
values of the reactions presented in Table 1. Because
the Al-SiC reaction (Eq. 3) had positive AGr values
below the melting point of Al, the Al,C; interphase is
not thermodynamically stable. Therefore, the TC of
SiC-coated diamond/Al  composite remained
stable up to 500 °C even for 120 h. On the other hand,
solid Al and C are thermodynamically incompatible
(i.e., reactive), due to the negative AGt values. When
the uncoated diamond /Al composite was exposed to
elevated temperature, the Al,C; became large, as
shown in Fig. 5f. So, the initial TC value decreased
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dramatically, due to the low TC of Al;C3. When the
thickness of Al,C; interphase increased, carbon dif-
fusion from diamond to Al becomes difficult, and the
TC displayed exponential decay despite the increas-
ing temperature. Also, the TC stability of the coated
diamond /Al composite indicated that the diamond
particles were conformally coated with SiC. Other-
wise, the Al-C reaction would occur on the uncoated
parts of the diamond particles, and the TC would
decrease because of Al,C; formation.

As shown in Fig. 7.c, the SiC-coated diamond/Al
composite maintained its TC value during 50 thermal
cycles between 300 °C and room temperature. This
result indicated that the diamond particle-Al matrix
interfaces were not separated from each other. Two
mechanisms contributed to TC stability during ther-
mal shock. Firstly, chemically bonding across the
diamond /SiC/Al,C;5/Al interfaces strengthened the
adhesion between the diamond particles and the Al
matrix. Secondly, since the CTEs of SiC and Al,C; are
between those of diamond and Al, a gradual CTE
transition from diamond particle to Al was built-in
(CTEs of diamond, SiC, Al4C;, Al are 1, 3, 8, 23 ppm/
K, respectively [1, 5, 31]). As a result of both con-
tributing mechanisms, the effect of compressive and
tensile stresses acting on the interfaces decreased.

Diamond/Al composites are moisture-sensitive
due to the hygroscopic nature of the Al,C; phase.
Hydrolysis of Al4C; in water occurred according to
the reaction given in Eq. (4) [14]. The wet environ-
ment durability test results of the composites are
shown in Fig. 8. While the SiC-coated diamond/Al
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Figure 8 Wet environment durability test results of the
composites.
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Figure 9 Surface SEM
images of the uncoated
diamond/Al composite after
the wet environment durability
test: a before, b after the
aluminum hydroxides were
selectively dissolved. ¢, d high
magnification of a, b,
respectively.

composite maintained its TC value in distilled water
at room temperature during 240 h, the TC of the
uncoated diamond/Al composite decreased under
the same conditions, due to its higher content of
Al,C; interphase. The decomposition of Al,C; into
porous aluminum hydroxides led to a large volume
expansion [32, 33]. The stresses, caused by the
increase in volume, induced crack formation at the
interface, as shown in Fig. 9a and c. Consequently,
the gaps formed decreased the TC value dramati-
cally. The cracks could also be observed in the Al
matrix. This result showed that degradation was not
limited to the interface. After the wet environment
durability test of the uncoated diamond/Al com-
posite, the aluminum hydroxides were selectively
dissolved in a solution containing 6% H3;PO, and
1.8% H,CrO,. As shown in Fig. 9b and d, the large
gaps indicated that in addition to Al4C;, the Al matrix
also had hydrolyzed into aluminum hydroxides. This
result is consistent with a study reporting that the
thickness of aluminum hydroxide increases during
510 days [33]. The degradation of the Al matrix can
be explained by the crevice corrosion mechanism.
Crevice corrosion is initiated by changes in local
chemistry within the cavity. Water penetrates
through the cracks resulting from Al4C; hydrolysis,
and the environment in the cavity creates the
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conditions necessary for the initiation and propaga-
tion of crevice corrosion. After the aluminum
hydroxides were selectively dissolved, the composite
thickness was significantly reduced by the dropping
of diamond particles detached from the matrix. It
demonstrated that crevice corrosion caused degra-
dation to propagate inward from the surface of the
composite. Therefore, if the composite continued to
be exposed to moisture, its TC will decrease further
over time. Since the SiC-coated diamond/Al com-
posite consisted of lower amounts of AlLC; inter-
phase, its TC remained stable in distilled water under
the test conditions. However, a decrease in TC of SiC-
coated diamond/Al composite was inevitable, due to
its Al4C; content. The low amount of Al4C; delayed
initiation of the hydrolysis reaction.

ALCs + 12 H,O = 4A1(OH),+3CH, (4)

Conclusions

Diamond /Al composites were fabricated by use of
gas pressure infiltration. The results showed that the
SiC-coated diamond particles suppressed Al,Cs
interphase formation during fabrication, which was
consistent with SiC-coated diamond/Al composites
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exhibiting higher TC (528 W/m-K) than uncoated
diamond/Al composite (376 W/m-K). When these
TC results are evaluated together with the literature,
it is clear that the significantly higher TC value was
due to controlling the amount of Al,C; via SiC coat-
ing, despite using low-quality diamond particles. It
indicated that the effect of diamond quality on TC
was minimized, by suppressing Al,C; formation
during fabrication. The CTE of SiC-coated diamond/
Al composite was obtained as 7.2 ppm/K at room
temperature.

Unlike the uncoated diamond/Al composite, the
SiC-coated diamond/Al composite exhibited long-
term stability up to 500 °C, as the Al-C reaction was
prevented by conformal SiC coating of the diamond
particles, and it showed considerably higher moisture
resistance during 240 h. Also, the SiC coating of
diamond particles contributed to the resistance of the
composite against thermal shock between 300 °C and
room temperature.

As a consequence, this study demonstrates that
SiC-coated diamond/Al composites are promising
material candidates for advanced thermal manage-
ment even under extreme conditions.
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