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a b s t r a c t

We investigate in-situ formation of co-continuous aluminum (Al)-aluminum nitride (AlN) composites
with attractive mechanical and thermal properties by newly developed arc plasma-induced accelerated
displacement reaction (APADR). The core innovation of the process is that it combines a simple pres-
sureless infiltration with a thermodynamically favorable displacement reaction of silicon nitride (Si3N4)
and molten Al under arc-plasma induced ultra-high temperature. The fast volume displacement nitri-
dation via APADR resulted from improved wettability and enhanced diffusion of dissolved nitrogen. Thus,
within a minute of APADR, Al matrix composites (AMCs) containing AlN over 50 vol% were successfully
fabricated by the infiltration of Al melt into Si3N4 particulate preforms with different particle size dis-
tributions. The microstructures of the composites exhibited co-continuous three-dimensional network
structures with strong interfacial bonding and high interfacial thermal conductance, which resulted in a
unique combination of relatively high flexural strength and high thermal conductivity. In particular, the
AMCs containing nitrides of 73 vol% exhibited a low coefficient of thermal expansion, close to that of
GaAs or GaN used for high-power semiconductor devices, which is the lowest value ever reported among
the nitride reinforced AMCs. These results would give us a promising strategy for in-situ processing
routes to fabricate continuous nitride reinforced AMCs with high dimensional and mechanical stability
for heat spreader applications.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Almatrix composites (AMCs) have beenwidely used in the fields
such as ground transportation, electronic packaging, aerospace and
infrastructure industries [1e5]. Among them, the base materials for
electronic packaging, i.e., heat spreaders, require conflicting ther-
mal properties such as high thermal conductivity (TC) and low
coefficient of thermal expansion (CTE) at the same time. To solve
this problem, various AMCs with high volume fraction of ceramic
reinforcements (�50 vol%) have been developed by several pro-
cessing techniques such as powder metallurgy [6], centrifugal
casting [7] or pressure infiltration [8]. However, it is very difficult to
form those AMCs by a simple and economical waywhile preventing
interfacial reactions [3e5].

Aluminum nitride (AlN) has received significant attention as a
second phase for the AMCs due to its thermodynamic compatibility
with Al, highmodulus, high TC and low CTE [9e18]. Although AMCs
containing 60e85 vol% AlN could be fabricated by spark plasma
sintering [9,10] or infiltration process [11], the processes require a
significant external pressure up to 300 MPa due to the poor
wettability betweenmolten Al and AlN [19]. Thus, extensive studies
have been focused on the fabrication of AlN reinforced AMCs with
high volume fraction of AlN by in-situ processing routes that are
advantageous for strong interfacial bonding between the constit-
uents [3,4]. For example, directedmelt nitridation process offers co-
continuous AMCs with varying metal/ceramic ratios by treating a
molten alloy in a static/flowing nitrogen gas atmosphere [16], and
gas bubbling method yields particulate AMCs containing relatively
large amount of AlN when ammonia gas is injected into Al melt
[17,18]. However, both processes require several hours for the
nitridation of Al melt at elevated temperatures higher than 1273 K,
which is time-consuming and economically unfavorable. Another
example is a displacement reaction that is carried out by immersing
a ceramic precursor in a molten alloy where the precursor is
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transformed into a thermodynamically more stable phase [20e23].
According to the standard Gibb's free energies of formation for
nitrides [Fig. 1(a)], the formation of AlN is favorable by the
displacement reaction between molten Al and technical ceramics
like silicon nitride (Si3N4) as follows [24]:

2Al(l) þ 1/2Si3N4(s) / 2AlN(s) þ 3/2[Si]Al, DHf
� ¼ �293 kJ/mol at

T ¼ 1500 K (1)

where Si diffuses out of Si3N4 during the reaction and dissolves in
the Al melt. While the AlN formation in Equation (1) has been re-
ported by several works [25e28], there has been little attention
paid to fabricate AlN reinforced AMCs with the displacement re-
action of molten Al and Si3N4. The reason is that a Si3N4 substrate
exhibits non-wetting contact angles, q > 90� with a drop of molten
Al below 1273 K [Fig.1(b)] [28,29]. The poor wettability of Si3N4 and
molten Al is responsible for weak adhesion, which confines the
displacement reaction between them. The contact angles decrease
with the addition of alloying elements like Mg in Al [29], but Mg
addition results in deleterious effects on the TC of AMCs [30]. Thus,
it is essential to increase the processing temperature higher than
1273 K where molten Al wets Si3N4 and the displacement reaction
given by Equation (1) favorably takes place.

In this study, we investigate in-situ synthesis of continuous AlN
Fig. 1. (a) Standard Gibb's free energies of formation for nitrides [24] and (b) variation
of contact angles between molten alloys and Si3N4 substrate as a function of tem-
perature [28,29].
reinforced AMCs through newly developed arc plasma-induced
accelerated displacement reaction (APADR). Within a minute by
APADR process, the AMCs with 55 and 73 vol% nitrides were
fabricated by the fast volume displacement nitridation through
pressureless infiltration of Al melt into Si3N4 particulate preforms
with different particle size distributions. The distinctive co-
continuous microstructure and resultant properties such as flex-
ural strength, CTE, and TC were systematically characterized. In
particular, the AlN formation mechanism and microstructure
change depending on Si3N4 particulate preforms in newly devel-
oped APADR process were carefully discussed.

2. Experimental

Si3N4 particulate preforms were prepared by cold pressing Si3N4
powder with median diameter (D50, the diameter of particle at 50%
in the cumulative particle size distribution) of 0.7 mm (UBE in-
dustries, Tokyo, Japan) and 14.8 mm (LTS research laboratories,
Orangeburg, NY, USA, �325 mesh). The size distribution of the
powder was measured by a particle size analyzer (Microtrac
MT3000, Nikkiso, Tokyo, Japan). Disk-shaped preforms with
diameter of 13 mm and height of 2 mm were prepared by com-
pacting the powder in a steel die and cold isostatic pressing at a
global pressure of 200 MPa. The preforms were then dried in an
oven at 423 K for 12 h to remove moisture. Preforms with two
different particle size distributions were prepared; (a) unimodal
particle size distribution (UPSD) consisting of relatively fine parti-
cles (D50 ¼ 0.7 mm), and (b) bimodal particle size distribution
(BPSD) consisting of coarse (D50 ¼ 14.8 mm) and fine (D50 ¼ 0.7 mm)
particles with 7: 3 vol ratio [31]. Green density of these preforms
was calculated from the sample weight and geometric dimensions,
which were 45 vol% and 65 vol%, respectively.

The APADR process was carried out by arc melting with a con-
stant arc voltage of 20 V and arc current of 150 A. First, a button-
shaped Al ingot was prepared by arc melting pure Al pieces
(99.999% purity) under a Ti-gettered Ar atmosphere (99.999% pu-
rity, total pressure of 40 kPa), and then the ingot, placed on a Si3N4
preform, was arc melted [Fig. 2(a)]. The preform was covered and
reacted with molten Al, leaving a reaction layer at the rim of the
preform [Fig. 2(b)]. After the as-melted AleSi3N4 ingot was turned
over, the ingot was arc-melted again for a minute [Fig. 2(c)]. It
should be noted that the distance between tungsten electrode and
the ingot was kept larger than 2 mm and arc plasmawas generated
on the periphery of the ingot to avoid the collapse of the preform.
Within a minute of the arc melting, the preformwas immersed and
completely infiltrated with the Al melt, leaving disk-shaped AMCs
embedded in the Al ingot [Fig. 2(d)]. During the infiltration, a small
amount of Al was evaporated due to the arc plasma-induced ultra-
high temperature over 2000 K (measured by pyrometer [32] and
inferred from the evaporation of Al (boiling point: 2743 K)) and the
exothermic heat of reaction in Equation (1). It should be noted that
the displacement reaction of the dissociated N from Si3N4 to AlN is
instantaneous due to the absence of activation energy for chemi-
sorption. Furthermore, solubility of N in Al at 2000 Kwas estimated
to be about 0.3 at.% [13], indicating that dissolution of the disso-
ciated N is thermodynamically favorable. Thus, the arc melting
method can be an effective route to dissolve significant amount of N
into Al melt and improve wettability, and AlN can be explosively in
situ formed by displacement reaction, which leads to fast volume
nitridation of Al. The resultant composites fabricated by reaction of
the UPSD and BPSD preforms will be denoted as UPSD and BPSD
composite, respectively.

Phase constitution of the resulting composites was character-
ized by X-ray diffraction (XRD; New D8 Advance, Bruker, Karlsruhe,
Germany) using monochromatic Cu Ka radiation for a 2q range of



Fig. 2. Schematic diagram showing processing procedure for the fabrication of nitride reinforced co-continuous AMCs via APADR process.

Fig. 3. XRD patterns of the cross-sectioned area for the UPSD and BPSD composites
fabricated by APADR process.
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20e80�. Microstructures were examined by optical microscope
(OM; Eclipse LV 150, Nikon, Tokyo, Japan) and scanning electron
microscope (SEM; SU70, Hitachi, Tokyo, Japan) equipped with
energy-dispersive X-ray spectroscopy. Volume fraction of the sec-
ond phases was evaluated from OM and SEM images using image
analysis software (IMT iSolution DT version 10.3, IMT i-Solutions
Inc., Vancouver, BC, Canada). Flexural strength was measured by
three-point bending test with sample dimensions of
2� 2� 10 mm. Thermal expansion behavior of the composites was
characterized by thermo-mechanical analyzer (Q400, TA In-
struments, New Castle, DE, USA) at a heating rate of 5 K/min with
sample dimensions of 2.0 � 2.0 � 10 mm. Thermal diffusivity was
measured by laser flash analysis (LFA 457, Netzsch, Selb, Germany)
with sample diameter of 10 mm and thickness of 2 mm in a flowing
Ar atmosphere. Specific heat was determined by using differential
scanning calorimetry (DSC 8500, Perkin Elmer, Waltham, MA, USA)
with a heating rate of 10 K/min, and density was measured by
Archimedes' method using an electrical balance (XS 204, Mettler
Toledo, Greifensee, Switzerland). Thermal conductivity was calcu-
lated as a product of the measured thermal diffusivity, specific heat
and density.

3. Results & discussion

3.1. Microstructures

Fig. 3 shows XRD patterns of the cross-sectioned area for the
UPSD and BPSD composite fabricated by APADR process. In the
UPSD composite, the diffraction peaks of Si3N4 were not detected,
indicating the Si3N4 particles in the UPSD preformwere completely
transformed to AlN (and Si) within a minute of APADR. However, in
the BPSD composite, the diffraction peaks of Si3N4 were detected
because the larger Si3N4 particles (D50 ¼ 14.8 mm) were partially
transformed to AlN (and Si).
Fig. 4 shows (a) optical micrograph and (b) scanning electron
micrograph of the UPSD composite. The microstructures of the
composite exhibit co-continuous three dimensional network
structures of Al and AlN. The thickness of the micro-channels was
measured to be about 0.4 mm and 0.7 mm for Al (gray) and AlN
(white), respectively [Fig. 4(b)]. In addition, a small amount of Si
(black in Fig. 4(b)) with from 0.1 mm to 0.4 mm in diameter was
precipitated during the solidification after displacement reaction.
Indeed, themicrostructure comprised of 55 vol%, 41 vol% and 4 vol%
of AlN, Al and Si, respectively. The volume fraction of Si was small



Fig. 4. (a) Optical micrograph and (b) scanning electron micrograph of the UPSD
composite.

Fig. 5. (a) Optical micrograph and (b) scanning electron micrograph of the BPSD
composite.
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compared to AlN since Si diffused to the liquid reservoir (the Al
ingot in Fig. 2) through the network structure. The volume fraction
of AlN in the UPSD composite was about 10 vol% higher than the
green density of the UPSD preform (45 vol%). One of the reasons is
the formation of continuously interconnected AlN structure that
leads to the reduction of porosity. Furthermore, the networking
between the in-situ formed AlN was accelerated by their volu-
metric expansion during APADR process, which will be carefully
discussed in Section 3.3.

Fig. 5 shows (a) optical micrograph and (b) scanning electron
micrograph of the BPSD composite. The microstructure of the
composite exhibits a quasi-continuous three dimensional network
structures of Al and AlN with dispersed AlN surrounding Si3N4
particles (dark gray with black boundary in Fig. 5 (a)). A micro-
structural feature of the interspacing between dispersed Si3N4

particles is present in Fig. 5(b). In-situ formed AlN in Al matrix
exhibits loosely interconnected structure, compared with those of
UPSD composite. Thickness of the Al channel (gray) was about
1.0 mm, which is 2.5 time thicker than that of UPSD composite. The
size of AlN (white) and precipitated Si (black) was in the range from
0.2 mm to 4.0 mm and from 0.4 mm to 1.0 mm, respectively. Volume
fraction of Al, Si and nitrides (AlN and Si3N4) in the BPSD composite
was confirmed to be 25 vol%, 2 vol% and 73 vol%, respectively. The
nitride volume fraction in the BPSD composite was about 8 vol%
higher than the green density of the BPSD preform (65 vol%).
Interestingly, in case of Si3N4 particles with diameter larger than
4 mm, the unreacted Si3N4 remained inside the in-situ formed AlN
layer [marked in Fig. 5(b)], which exhibited a rough and irregular
edge compared with the smooth edge of the in-situ formed AlN.
The reason of the confinement of the unreacted Si3N4 will be dis-
cussed in Section 3.3.

3.2. Pressureless infiltration

During APADR process, the Si3N4 preforms were infiltrated by
molten Al without the aid of an external pressure. The infiltration
was driven by capillary pressure:

DP ¼ �2glv cos q
rc

(2)

where glv, q and rc are liquid-vapor surface tension, contact angle
between Si3N4 and liquid Al, and capillary radius of the preform,
respectively. The surface tension of liquid Al varies according to the
following equation [glv ¼ (868e0.152 � (T-Tm)) � 10�3 [33]], and
the contact angle of liquid Al on Si3N4 substrates decreases with
increasing temperature [Fig. 1(b) [28,29]]. The capillary radius for a
particulate preform can be estimated by Ref. [34]:

rc ¼
dp

�
1� Vp

�
3lVp

(3)
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where dp and Vp are the mean diameter and volume fraction of the
particles in the preform and l is geometry factor that is usually
taken to be 1.4 [34]. The rc for the UPSD preform (dp ¼ 0.7 and
Vp ¼ 0.45) and BPSD preformwere estimated at 0.2 mm and 0.5 mm
through a half of the thickness of Al channel in the UPSD and BPSD
composites. Fig. 6 shows calculated capillary pressure for infiltra-
tion of the UPSD and BPSD preformwith molten Al as a function of
temperature. The contact angles less than 90� as shown in Fig. 1 (b)
resulted in a negative value of capillary pressure at the elevated
temperatures above 1273 K, leading to the pressureless infiltration
of Al melt into the preforms. In the APADR process, with ultra-high
temperature induced by arc plasma [32] and the exothermic heat of
reaction in Equation (1), the negative value of capillary pressure
could be larger than 1 MPa, which is a similar value of pressure
applied for the infiltration of pure Al melt into several ceramic
particulate preforms prepared from SiC, Al2O3 or B4C (10e50 mm
diameter and 50e60 vol% [8]). The negative value of capillary
pressure was larger in the UPSD composite due to its smaller
capillary radius, which implies that the infiltration of molten Al is
more favorable for the UPSD preform. Thus, by newly developed
APADR process, the infiltration of Al melt into the Si3N4 preform
with smaller capillary radius (�0.5 mm) and higher Si3N4 volume
fraction (�65 vol%) can be successfully carried out without an
external pressure.
3.3. Volume nitridation mechanism

The core innovation of the APADR process is that it combines a
simple pressureless infiltration with a thermodynamically favor-
able displacement reaction of Si3N4 and molten Al under arc-
plasma induced ultra-high temperature. The fast volume
displacement nitridation via the APADR resulted from improved
wettability and enhanced diffusion of dissolved nitrogen. Thus,
within a minute of APADR, the UPSD and BPSD composites con-
taining nitrides over 50 vol% were fabricated by the infiltration of Al
melt into Si3N4 particulate preforms with different particle size
distributions. However, it should be noted that a bulk form of Si3N4
immersed in liquid Al creates a protective dense AlN layer that
prevents further reaction [28]. The formation of the protective layer
can be understood by considering the Pilling-Bedworth Ratio (PBR)
between the reactant (Si3N4) and the product (AlN) as follows:
Fig. 6. Calculated capillary pressure for infiltration of the UPSD and BPSD preforms
with molten Al as a function of temperature.
PBR ¼ 4�molar volume of AlN
molar volume Si3N4

¼ 4�wAlNrSi3N4
wSi3N4rAlN

(4)

where w and r are molar mass and density of the nitrides,
respectively. The factor of 4 in Equation (4) arose from the stoi-
chiometry of the reaction in Equation (1). Considering that wAlN,
wSi3N4, rAlN and rSi3N4 in Equation (4) are 40.98 g/mol, 140.3 g/mol,
3.26 g/cm3 and 3.20 g/cm3, respectively, the estimated PBR in the
reaction was 1.15. The PBR of 1.15 indicates that the transformation
entails an approximately 15% volumetric expansion, leading to the
formation of protective AlN layer on the Si3N4 surface [22]. After
APADR process, the UPSD and BPSD composites retained the initial
diameter and shape of the UPSD and BPSD preforms; thus, the in-
situ formation of AlN by the APADR process resulted in the signif-
icant increase of nitride volume fraction in the UPSD (55 vol%) and
BPSD (73 vol%) composites compared with the green density of the
UPSD (45 vol%) and BPSD (65 vol%) preforms. In the UPSD com-
posite, the increase in AlN volume fraction was about 22%, which is
higher than 15% estimated by the PBR calculation. In addition to the
volumetric expansion of nitrides, the significant increase in the AlN
volume fraction resulted from the formation of continuously
interconnected AlN structure that reduces the porosity in the UPSD
preform. And in the BPSD composite, the increase in volume frac-
tion of nitrides was about 12%, which is lower than the UPSD
composite. This is attributed to the addition of the relatively coarse
Si3N4 particles that led to the formation of protective AlN layers on
the coarse Si3N4 particles, leaving unreacted Si3N4 as shown in
Fig. 5 (b). The thickness of the in-situ formed protective AlN layer is
strongly dependent on the processing temperature as well as time.
Within a minute of APADR process, the maximum thickness of the
AlN layer formed on the Si3N4 surface was about 2 mm, which is
thicker than 0.1 mm in the 6061AleSi3N4 composites fabricated by
pressure infiltration process at 1073 K for 1 h [25] or 1.0 mm at the
interface between an Al drop and a Si3N4 substrate held at 1348 K
for 1 h [28]. Thus, the critical diameter of Si3N4 particles for com-
plete transformation to AlN by APADR process was about 4 mm. The
mechanism for the formation of protective AlN layer and unreacted
Si3N4 in the particles larger than the critical diameter was illus-
trated in Fig. 7. In particular, the displacement reaction of Si3N4

particles becomes prohibited as the particles are surrounded by the
protective AlN layer, leaving unreacted Si3N4 and residual AleSi
melt inside the AlN layer; thus, the remaining Si3N4 exhibits rough
and irregular edges according to the in-situ formed AlN.

Considering the critical diameter and PBR, a conversion ratio
from Si3N4 to AlN in the BPSD composite can be estimated by the
evaluation of the volume of AlN in-situ formed on the surface of the
Si3N4 particles as follows.

1:15
�
Vi;s � Vf ;s

�
¼ Vf ;p � Vf ;s (5)

where 1.15 is the PBR calculated above, and Vi,s, Vf,s and Vf,p are the
volume of a Si3N4 particle before the reaction, the volume of
unreacted Si3N4 after the reaction and the total volume of the
particle (Si3N4 with AlN layer) after the reaction, respectively.
Assuming that the Si3N4 particles are spherical (Vi,s ¼ 4pr3/3) and
the in-situ formed AlN covers the surface evenly for simple eval-
uation, the Vf,s and Vf,p were estimated as follows:

Vf ;s ¼
4p
3
ðr þ Dr � 2Þ3 (6)



Fig. 7. Schematic diagrams showing the mechanism for the formation of unreacted
Si3N4 during APADR process.
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Vf ;p ¼ 4p
3
ðr þ DrÞ3 (7)

where r is radius of particle in mm, Dr is an increase in the radius of
particle due to the volumetric expansion by the displacement re-
action and 2 is the critical thickness of the protective AlN layer. The
volume of the in-situ formed AlN layer is the volumetric difference
between the particle and unreacted Si3N4 after the reaction
(Vf,peVf,s). Fig. 8 shows particle size distributions of Si3N4 powder in
Fig. 8. Particle size distributions of Si3N4 powder in the UPSD and BPSD preforms and
cumulative AlN fraction in the UPSD and BPSD composites.
the UPSD and BPSD preforms and cumulative AlN fraction in the
UPSD and BPSD composites. The UPSD composite exhibited a
conversion ratio ~1, but the BPSD composite exhibited a conversion
ratio ~0.75.With the conversion ratio, volume fraction of the in-situ
formed AlN in the BPSD composite was estimated as 54.8 vol%. This
estimation implies that the conversion ratio in APADR process is
strongly dependent on the particle size distribution in the partic-
ulate preforms. Therefore, the total volume fraction of nitrides as
well as microstructural features in nitride reinforced AMCs by
APADR process can be manipulated by controlling the particle size
distribution of a particulate preform.

3.4. Mechanical property

Fig. 9 shows flexural strength of the UPSD and BPSD composites
versus the nitride volume fraction. The flexural strengths increased
as volume fraction of nitrides increased, with the values of 268MPa
and 343 MPa for the UPSD and BPSD composites, respectively. The
21.4% increase in the strength compared with rule of mixtures
between pure Al (70 MPa) and AlN (315 MPa) was measured for the
UPSD composite, resulting from the presence of the precipitated Si
(470 MPa [35]) in the Al channel and the formation of inter-
connected AlN structure that leads to the increase in residual in-
ternal stress and dislocation density in the Al channel [36].
However, the flexural strength of the BPSD composite was less than
the value estimated by rule of mixture between Al and nitrides
(471 MPa, estimated from the conversion ratio of 0.75) due to the
formation of protective AlN layer accompanying volumetric
expansion that builds up residual stresses, which is responsible for
the low fracture resistance of the layer [26]. However, the BPSD
composite showed a higher strength than monolithic AlN due to
the formation of interconnected AlN structure and the presence of
much stronger Si3N4 (941 MPa [37]) phase in the matrix. This
suggests that AMCs containing both AlN and Si3N4 can be advan-
tageous to improve the mechanical properties of AlN reinforced
AMCs.

3.5. Thermal properties

Fig. 10 shows CTE of the UPSD and BPSD composites compared
with that of various AleAlN particulate composites and theoreti-
cally estimated values [10e14]. Compared to Turner's model
Fig. 9. Flexural strengths of the UPSD and BPSD composites with the lines obtained
from the rule of mixtures between pure Al, AlN and Si3N4. The inset shows bending
stress-strain curves for the UPSD and BPSD composites.



Fig. 10. CTE of the UPSD and BPSD composites compared with those of various AleAlN
particulate composites and theoretically estimated values by rule of mixture, Kerner
model and Turner model [11e14].

Fig. 11. Thermal expansion behaviors of the UPSD and BPSD composites as a function
of temperature.

Fig. 12. Correlation between TC and CTE of the UPSD and BPSD composites compared
with various in-situ AMCs reinforced with Al2O3 [21] and AlN [13e15,21].
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assuming equilibrium of internal stress between particles and
matrix [ac¼(amVmKmþapVpKp)/(VmKm þ VpKp)], CTE of the various
particulate composites was well matched with Kerner's model
assuming volumetric expansion of a spherical particle wet by
matrix;

ac ¼ amVmþapVpþVpVm
�
ap�am

�� Bp�Bm
VmBmþVpBpþ3BpBm=4Gm

(8)

where a, V, B and G represent CTE (23.6 � 10�6 K�1 for Al and
4.0 � 10�6 K�1 for AlN), volume fraction, bulk modulus (75.2 GPa
for Al and 202 GPa for AlN) and shear modulus (26.2 GPa for Al and
126 GPa for AlN), respectively, and subscripts c, m and p refer to
composites, matrix and particles, respectively. However, CTE of the
present composites, with values of 10.2� 10�6/K and 7.33� 10�6/K
for the UPSD and BPSD composites, respectively, was in between
the Kerner model and Turner model that considers the effect of
uniform hydrostatic stresses on adjacent phases [5]. The lower CTE
of the present composites was attributed to the interconnected AlN
structure that induces residual internal stress and large constraint
in the Al matrix [38]. Moreover, the CTE of the present composites
is also reduced by the presence of the precipitated Si (2.2 � 10�6/K)
and unreacted Si3N4 (3.6 � 10�6/K). The CTE of the BPSD composite
was 7.33 � 10�6/K, which is the lowest among nitride reinforced
AMCs ever reported [10e14] and is comparable to the CTE of GaAs
(6 � 10�6/K) or GaN (5.5 � 10�6/K) used for high-power semi-
conductor devices [39]. It should be noted that the fabrication of
AMCs with AlN more than 70 vol% requires an external pressure
about 90e300 MPa [9,10] that is much larger than the capillary
pressure estimated in APADR process (Fig. 6), resulting from the
poor wettability of AlN by liquid Al [19]. Thus, the in-situ synthesis
of AMCs with high volume fraction of nitrides by APADR process
will be advantageous to produce materials needed to reduce CTE
mismatch with the semiconductor that is crucial for the reliable
heat dissipation in electronic devices with high-power density.

Fig. 11 shows linear expansion curves of the UPSD and BPSD
composites compared with pure Al and in-situ formed Al-40 vol%
AlN particulate composites [13] as a function of temperature. With
an increase in the nitride volume fraction, the relative displacement
(DL/L0) of the AMCs was reduced due to the low thermal expan-
sivity of AlN and Si3N4. Compared to pure Al and the AleAlN par-
ticulate composites, the present composites containing
precipitated Si in the Al matrix showed a decrease in the slope of
DL/L0 curves after 600 K, which is similar to thermal expansion
behavior of SiC reinforced AleSi alloy matrix composites [38,40].
The decrease in the slope is attributed to the increment of solid
solubility of Si in Al with increasing temperature. Since the lattice
parameter of Al decreases with an increase of dissolved Si in Al [41],
the dissolution of the precipitated Si in the Al matrix reduces the
thermal expansivity of the matrix at the elevated temperature. This
suggests the opportunity for the use of the AMCs produced by the
APADR of liquid Al and Si3N4 for unique structural applications
requiring dimensional stability at elevated temperatures.

With respect to the thermal properties for the thermal man-
agement of electronics, a comparison with the other AMCs rein-
forced with in-situ formed Al2O3 [21] and AlN [13e15] is shown on
the plot of TC versus CTE in Fig. 12. The in-situ formed AMCs
showed lower TC compared with the pure components (230W/mK
for Al, 200 W/mK for AlN, 30 W/mK for Al2O3). The low TC is
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attributed to a thermal barrier resistance at the interface between
the components [42], which can be evaluated by H-J model as
follows:

Kc ¼ Km

h
2
�
Kp

Km
� Kp

rph
� 1

�
Vp þ Kp

Km
þ Kp

rph
þ 2

i
h�

1� Kp

Km
þ Kp

rph

�
Vp þ Kp

Km
þ Kp

rph
þ 2

i (9)

where K, r and h represent TC, radius of particulates and interfacial
thermal conductance, respectively. The model represents that a
decrease in reinforcement size results in the decrease in TC due to
an increase in interfacial area between the components. This ex-
plains a significant decrease in TC for the AleAlN nanocomposites
(dp � 50 nm) produced by plasma evaporation [14] or surface
nitridation at 833 K [15]. The size of in-situ formed AlN in the
present composites is larger than several hundred nanometers,
which results in a moderate TC compared with the nanocomposites
[14,15] and microcomposites produced by arc plasma-induced
nitridation (dp ~ 5 mm) [13]. TC of the UPSD composite (89.4 W/
mK) is comparable to the TC of a particulate composite which
contains 55 vol% AlN with particle size of 0.7 mm and shows
interfacial thermal conductance of 3.2 � 107 W/m2K that is esti-
mated by the H-J model (Equation (9)). This implies that the UPSD
composite fabricated by APADR process exhibits high interfacial
thermal conductance due to the strong interfacial bonding induced
by exothermic heat of the displacement reaction [Equation (1)] and
arc plasma-induced ultra-high temperature [13,32] that improves
wettability of AlN by liquid Al [19]. The BPSD composite (72.1 W/
mK) exhibited a slight decrease in TC compared with the UPSD
composite despite the presence of unreacted Si3N4 (55W/mK [37]).
This results from the formation of thermally conductive AlN pro-
tective layer on the surface of the coarse Si3N4 particles and the
increase in the thickness of Al channels (1.0 mm) compared with the
UPSD composite (0.4 mm), which leads to a decrease in total
interfacial area.

The thermal properties of interconnected AleAl2O3 composite,
produced by the displacement reaction of liquid Al and SiO2, were
shown in Fig. 12 (11 � 10�6/K for CTE and 80 W/mK for TC [21],
marked as an open circle). Compared with this AleAl2O3 composite
containing more and larger reinforcement (64 vol% and 2.5 mm)
than the UPSD composites (55 vol% 0.7 mm), the present composites
showed a more attractive combination of TC and CTE since thermal
properties of AlN (200W/mK and 4.4� 10�6/K) are better than that
of Al2O3 (30 W/mK and 8.0 � 10�6/K). Consequently, it can be un-
derstood that AMCs with high AlN volume fraction (�50 vol%) by
APADR process exhibited a unique combination of relatively high
TC and much reduced CTE with high interfacial thermal conduc-
tance due to the strong interfacial bonding.

4. Conclusions

Our study highlights the in-situ synthesis of co-continuous
AleAlN composites with attractive mechanical and thermal prop-
erties via newly developed APADR process. The fast volume
displacement nitridation via APADR resulted from a unique com-
bination between a simple pressureless infiltration and a thermo-
dynamically favorable displacement reaction of Si3N4 and molten
Al under arc-plasma induced ultra-high temperature. The total
volume fraction of nitrides as well as microstructural features in
nitride reinforced AMCs by APADR process can be manipulated by
controlling the particle size distribution of a preform. Thus, within a
minute of APADR, the UPSD composite (55 vol% AlN) and BPSD
composite (73 vol% 0.75AlN-0.25Si3N4) were successfully fabri-
cated by the infiltration of Al melt into the USPD and BPSD performs
with smaller capillary radius (�0.5 mm) and higher Si3N4 volume
fraction (�65 vol%). The resultant composites exhibited co-
continuous three-dimensional network structures with strong
interfacial bonding and high interfacial thermal conductance,
which resulted in a unique combination of relatively high flexural
strength and high TC (268 MPa and 89.4 W/mK for UPSD com-
posite, 343 MPa and 71.2 W/mK for BPSD composite). In particular,
the BPSD composite exhibited low CTE (7.33 � 10�6/K), close to
those of GaAs or GaN, which will be advantageous to produce
materials needed to reduce CTE mismatch with the semiconductor
that is crucial for reliable heat dissipation in electronic devices with
high-power density. These results give us a guideline on how to
fabricate in-situ co-continuous AleAlN composites with tailored
properties via APADR process for heat spreader applications.
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