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Properties and microstructure of aluminum nitride sintered
by millimeter-wave heating
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Abstract

Aluminum nitride is not so extensively applied because of low productivity and high cost due to necessity of high sintering temperature
over 1900◦C and long sintering time around 10 h. In the present study, high thermal conductivity over 200 W/(m K) was attained by sin-
tering with 28 GHz millimeter-wave heating at 1700◦C for 2 h under nitrogen/hydrogen mixed gas atmosphere. Attainment of such a high
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hermal conductivity of aluminum nitride sintered by millimeter-wave at low temperature for a short time is attributed to a char
icrostructure induced by millimeter-wave heating. From the results of the observation by high resolution TEM, the intergran

ayer between aluminum nitride grains in the sintered body by millimeter-wave heating was as thin as difficult to be observed
n remarkable enhancement of heat transfer at the thinner intergranular phase. Therefore, high thermal conductivity was atta

illimeter-wave-sintered aluminum nitride in spite of short sintering time and low sintering temperature, compared with the con
intering method.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Aluminum nitride (AlN) has been much interested as a
andidate of ceramic substrate materials for LSI and hybrid
C [1], because of its excellent properties such as a high ther-
al conductivity of 320 W/(m K), coefficient of thermal ex-
ansion close to silicon, and excellent electrical insulation
nd so on[1,2]. In the preparation of AlN by conventional
intering process, however, high temperature over 1900◦C is
sually required for the densification of polycrystalline AlN
ven in the case of using a suitable sintering aid such as Y2O3
3]. In addition, actual thermal conductivity of AlN is lower
han its theoretical one, where a value of 180 W/(m K) is a
imit to be obtained in ordinary sintering for 2 h or so[4].
ccording to previous reports, the thermal conductivity over
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200 W/(m K) was obtained by a long time sintering for o
10 h at 1900◦C under reducing atmosphere[5]. A very high
thermal conductivity of about 270 W/(m K) has also been
tained by the sintering for 100 h under reducing atmosp
[6]. However, such a long time sintering at high temperatu
unfavorable for efficient productivity and cost performan
Thus, the sintering method to obtain over 200 W/(m K)
shorter sintering time, is desired from manufacturing st
point.

Since two decades ago, microwave heating has bee
plied to industrial uses such as drying tealeaves and vu
ization[7]. On account of inherent faults of centimeter-w
(2.45 GHz), however, application of millimeter-wave ene
to sintering of ceramics is expected as an energy saving
cess in ceramics manufacturing. Millimeter-wave heating
various advantages such as easiness to make uniform
bution of electromagnetic field and small temperature de
dence of dielectric loss[8]. Further, it is also demonstrat
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that a higher frequency microwaves such as millimeter-wave
enable to decrease the sintering temperature of oxide ceram-
ics by enhanced diffusion[9,10]. For example, it was found
that Al2O3 with millimeter-wave heating method could be
sintered at a lower temperature by 300◦C than that in the
conventional method[9]. Further, Si3N4 with full densifi-
cation was also obtained at a lower temperature by 250◦C
than that in the conventional method, by selective heating of
sintering aid due to the millimeter-wave heating[10].

In the present study, synthesis of high thermal conductiv-
ity AlN was performed using millimeter-wave heating under
nitrogen atmosphere mixed with hydrogen. Further, the re-
lation between thermal conductivity and oxygen contents or
microstructure in the sintered AlN was investigated.

2. Experimental procedures

Commercial AlN powder (Mitsui Kagaku, MAN-2, aver-
age size: 1.1�m) was used as starting material. The oxy-
gen content and specific surface area were 0.4 wt.% and
2.0 m2/g, respectively. Commercial Yb2O3 powder (Shin-
Etsu Kagaku, RU-grade, average size: 1.2�m) was used as
sintering aid. Additive content of Yb2O3 was fixed at 5 wt.%.
After ball-milling, powder mixture of AlN and Yb2O3 with 1-
propanol and dispersant (Kyoeisha Kagaku, Flowren G-700)
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Fig. 1. Thermal conductivity and relative density of Yb2O3-added AlN sin-
tered at 1700◦C under nitrogen atmosphere without hydrogen and with hy-
drogen.

3. Results and discussion

Fig. 1shows the relative densities and thermal conductivi-
ties for AlN sintered by millimeter-wave heating under nitro-
gen or nitrogen/hydrogen mixed gas atmosphere. As shown
in this figure, relative density over 97% T.D. was always at-
tained regardless of the sintering condition. Thus, there is
no harmful effect of the hydrogen on densification. Ther-
mal conductivity of AlN sintered under nitrogen atmosphere
decreased with sintering time except sintering time of 0 h.
On the other hand, the thermal conductivity of AlN sintered
under hydrogen/nitrogen atmosphere increased with sinter-
ing time. High thermal conductivity over 200 W/(m K) was
attained by sintering at 1700◦C within 2 h and higher ther-
mal conductivity of 210 W/(m K) was attained by prolonging
sintering time up to 3 h. According to previous report, high
temperature over 1900◦C and long time about 10 h has been
required in order to obtain high thermal conductivity over
200 W/(m K) [5]. Thus, the millimeter-wave heating enable
to shorten the sintering time drastically.

Fig. 2shows the relation between total oxygen content in
AlN and thermal conductivity. For comparison, the data of
AlN sintered using carbon furnace in conventional method
were also shown in this figure[2,12–14]. As shown in this
figure, the oxygen contents of millimeter-wave-sintered AlN
were higher than those of conventionally sintered AlN with
s ent
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n can
b nt in
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t , the
d with
t when
s

or 20 h, the mixture was shaped to the circular disk w
0 mm in diameter and 4–5 mm in thickness by slip-cas
ethod. The shaped body was dried for 1 day and calc
t 600◦C for 1 h in nitrogen atmosphere. The calcined b
as sintered at 1700◦C under nitrogen atmosphere withou
ith 3 wt.% hydrogen using a high power 28 GHz millime
ave generator combined with a multi-mode applicator (
enpa Kogyo, FGS-10-28). The heating rate was fixe
0◦C/min in the temperature range below 1500◦C and it was

owered to 10◦C/min over 1500◦C. The cooling rate after th
intering was fixed at 30◦C/min down to the temperature
400◦C, after which the sample was kept at natural coo

n the applicator. The assembly for thermal insulations
ritten elsewhere[11].
Density of sintered body was measured by

rchimedean method using oleic acid. Thermal condu
ty of sintered AlN was estimated from the specific h
nd thermal diffusivity measured by laser-flash constant

yzer (Ulvac-Riko, TC-7000). Crystalline phases in sinte
lN were identified by XRD method using Cu K� radiation

Rigaku, Miniflex). Oxygen contents in sintered AlN w
easured by impulse fusion method (Horiba, EMGA-5
he sample was heated in carbon crucible under vacuu
osphere, and the amount of oxygen was measured fro
enerated CO2 gas. Microstructure of sintered AlN was o
erved with SEM using fractured surface of the sintered
JOEL, JSM-840, electron gun was changed with TFE ty
urther, microstructure between AlN grain was observed
igh resolution (HR)-TEM using ion polished thin specim
Hitachi, H-9000).
imilar thermal conductivity. The figure shows agreem
ith the result that the high thermal conductivity was

ained despite of no change of intergranular oxide pha
itride. This result also shows high thermal conductivity
e obtained easily irrespective of higher oxygen conte
lN grains. Accordingly, another reason of the increas

hermal conductivity should be considered. For example
egradation of thermal conductivity can be suppressed

he decrease of the thickness of intergranular layer even
imilar amount of intergranular phase is contained.
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Fig. 2. Thermal conductivity plotted against oxygen content.

According to previous reports[12], the formation of a ni-
tride such as YN was indicated in the conventionally sintered
AlN with a high thermal conductivity over 200 W/(m K). This
means the necessity of a strong reducing condition and long
time sintering around 10 h in order to obtain high thermal
conductivity. In the millimeter-wave heating, however, the

AlN with about 210 W/(m K) was obtained by only 2–3 h
sintering at a temperature without formation of nitride in the
intergranular phase.

Fig. 3shows microstructures of millimeter-wave-sintered
Yb2O3-added AlNs observed with SEM. It is found that the
grain size becomes finer by the addition of hydrogen in ni-
trogen. The grain size was less than about 5�m at least and
the size is fairly small, compared with the size in Y2O3-
added AlN with 220 W/(m K) reported previously[15]. The
finer grain structure has an advantage to improve mechan-
ical strength of sintered AlN. However, it is suggested that
the finer grain structure has disadvantage to improve thermal
conductivity of sintered AlN[16].

Fig. 4 shows HR-TEM photograph of AlN sintered
by millimeter-wave heating under hydrogen/nitrogen atmo-
sphere at 1700◦C for 3 h. For comparison, the HR-TEM pho-
tograph of AlN with Y2O3 sintered by conventional method
with similar thermal conductivity reported previously is also
shown in this figure[15]. As shown in this figure, the in-
tergranular film layer between AlN grains in the case of
millimeter-wave sintering was as thin as difficult to be ob-
servable. On the other hand, the thickness of the intergranular
layer was about 1.7 nm in the AlN sintered by conventional
heating. Thus, millimeter-wave heating enables to attain the
microstructure with very thin intergranular layer in spite of

Fig. 3. SEM images of fracture surface of aluminum nitride sintered for 3 h u rogen (b)

F
2

ig. 4. HR-TEM images of aluminum nitride sintered for 3 h under nitrogen a
0 h under nitrogen atmosphere in the carbon furnace by conventional meth[
nder nitrogen atmosphere without 3 vol.% hydrogen (a) and with hyd.
tmosphere with 3 vol.% hydrogen by millimeter-wave heating (a) or sintered for
od (b)15].
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Table 1
Calculated Hamaker constants and equilibrium thickness of AlN–Y2O3–AlN or AlN–Yb2O3–AlN intergranular layer

εa εb na nb H��� ξ h (nm,Pcap= 0) h (nm,Pcap= 1)

AlN–Yb2O3 8.23 4.06 2.1 2.015 3.7× 10−21 0.42 7.1 3.9
AlN–Y2O3 8.23 4.4 2.1 1.8 1.9× 10−20 0.42 6.2 3.9

finer grain structure. It is suggested that such an extremely
thin intergranular layer formed by millimeter-wave sintering
scarcely inhibits heat transfer at the intergranular phase. Con-
clusively, millimetre-wave sintering can easily attain high
thermal conductivity over 200 W/(m K) in spite of a short
sintering time and low sintering temperature in comparison
with conventional sintering method.

According to Clark[17], the thickness of intergranular
layer is determined by a balance between attractive and re-
pulsive forces. The attractive term, which draws the grains to-
gether is composed of van der Waals dispersion force,Πdisp,
and capillary force,Pcap. During sintering of micrometer-size
particles, the capillary force depends on the volume fraction
of liquid phase, its magnitude is typically the order of 1 MPa.
The repulsive term is the structure dispersion force,Πst, con-
tributed by the electrical double layer. The force balance was
expressed by the following equation:

Πdisp + Πst + Pcap = 0 (1)

Here, the forces were expressed by the following equation as
a function of intergranular layer thickness,h:

Πdisp = H���

6πh3 (2)
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something another force might be attracted to intergranu-
lar phase. The ponderomotive force, which arises from the
second-order perturbed electric field induced by high fre-
quency microwave, is considered as one of the forces at-
tracted to intergranular phase. According to the results by
Rebakov and Semenov, about 10 MPa of pressure is attracted
to the boundary in the millimeter-wave[18]. Conclusively,
the observation of very thin intergranular layer is considered
to be a strong evidence of so-called microwave effect in the
sintering.

4. Summary

Aluminum nitride doped with Yb2O3 was sintered by
28 GHz millimeter-wave heating under hydrogen/nitrogen
mixed gas atmosphere. Thermal conductivity 200 W/(m K)
was attained by sintering under reducing atmosphere for only
2 h at 1700◦C. The oxygen contents in millimeter-wave-
sintered AlN were higher than those in the conventional sin-
tered AlN with similar value of thermal conductivities. On
the other hand, the thinner intergranular layer in millimeter-
wave-sintered AlN was obtained than that in conventional
sintered AlN. It is concluded that high thermal conductivity
over 200 W(m K) in the millimeter-wave-sintered AlN is at-
t hin
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l
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ere,H��� is the Hamaker constant of intergranular laye�
etween two AlN mother grain�, aη2

0 the free energy diffe
nce between two states andξ is the characteristic correlatio

ength.H��� is expressed by dielectric constant,ε, and re
ractive index,n:

��� = 3

4
kT

(
ε� − ε�

ε� + ε�
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ere,h is the Planck’s constant divided by 2π andνe is the
bsorption frequency = 3× 1015 s−1. The appropriate nume

cal a value is determined by free energy difference betw
wo states, e.g. the heat of melting. The heat of meltin
7.4 kJ/mol was given in JANAF table, and this value co
ponds toa = 2.92× 109 Pa for the constant. Here, if capilla
orcePcap is assumed 0 or 1 MPa, the thicknessh can be cal
ulated. The dielectric constants, refractive indexes, Ham
onstants, and calculated equilibrium thickness of Y2O3 and
b2O3 were shown inTable 1. As shown in this table, theore

cally the thickness of intergranular phase should be thi
n Y2O3-added AlN. However, actually the thickness of in
ranular phase was thinner in Yb2O3-added AlN. Therefore
ained by the formation of the microstructure with very t
ntergranular layer, which scarcely inhibits heat transfe
he intergranular phase. Formation of very thin intergran
ayer is attributed to microwave effect in the sintering.
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