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Abstract

Two types of b-Si3N4 were sintered at 1900
�C one for 8 h and the other for 36 h by using Yb2O3 and ZrO2 as sintering additives.

The latter specimen was further annealed at 1700 �C for 100 h to promote grain growth. The microstructures of the sintered
materials were investigated by SEM, TEM, and EDS. The thermal conductivities of the specimens were 110 and 150 Wm�1K�1,

respectively. The sintered material which possessed 110 Wm�1K�1 had numerous small precipitates that consisted of Yb, O and N
elements and internal dislocations in the b-Si3N4 grains. In the sintered material with 150 Wm�1K�1 neither precipitates nor dis-
locations were observed in the grains. The microscopic evidence indicates that the improvement in the thermal conductivity of the

b-Si3N4 was attributable to the reduction of internal defects of the b-Si3N4 grains with sintering and annealing time as the grains
grew.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The conduction of heat in ceramics is dominated by
phonon transport. It is well-known that phonon scat-
tering is attributed to imperfections in the crystal lattice
such as impurities, vacancies, interstitials and disloca-
tions at room temperature. 1 Recently, a significant
increase in thermal conductivity of sintered b-Si3N4, i.e.
over 100 Wm�1K�1, has been achieved by using high-
purity raw powders with effective sintering additives.2�7

Recent investigations on thermal conductivities of
b-Si3N4 ceramics revealed that lattice oxygen content is
a crucial factor governing the thermal conductivity of
this material. 8�10 In a previous work, we11,12 reported
that a precise chemical analysis of sintered b-Si3N4

grains was performed, and as a result, the major
impurity in the b-Si3N4 crystal lattice was oxygen, but
the contents of the impurities except aluminum in the
b-Si3N4 lattice decreased with grain growth. Hence, the
key technology for obtaining high thermal conductivity
is to realize the ‘‘purification-promoted grain growth’’
with effective additives, except aluminum contained
oxides or nitrides.
The imperfections in the crystal lattice, other than
oxygen impurities as mentioned above, also affect ther-
mal conductivity of materials. There have been several
reports concerning defects in the b-Si3N4 grains.13�16

However, there have been few studies concerning the
relation between thermal conductivity and the internal
structure of the b-Si3N4.

5,17 It is therefore important to
investigate such relations including vacancies, inter-
stitials and dislocations. These sintered b-Si3N4

5,17

ceramics were fabricated at very high sintering tem-
perature of 2200 �C by Hiping, so that it is desirable to
understand the phenomena around normal pressureless
sintering from a technological standpoint.
In a previous work, 18,19 we reported that the thermal

conductivities when sintered with Yb2O3/ZrO2 as sin-
tering additives were higher than those with Y2O3/HfO2

and the maximum thermal conductivities of over 140
Wm�1K�1 with an isotropic microstructure were
obtained by a pressureless sintering. It is realized that
the composition and dihedral angle of the grain bound-
ary phases play a significant role in the thermal con-
ductivity of the sintered ceramics. Grain boundary film
thickness,20 grain boundary phases,21 and amount of
secondary phases20 all affect thermal conductivity. The
compositions of the grain boundary phases sintered
with Y2O3 changed with grain growth.12 With regard to
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the Yb2O3 additives, the composition of the grain
boundary phase did not change with grain growth,19 so
in order to investigate what really happened in b-Si3N4

grains with increasing thermal conductivities, it is easier
to investigate for the Yb2O3 additives than for the Y2O3

additives. Further, it is easier for the Yb2O3 additives
than for the Y2O3 additives to obtain higher thermal
conductivities, so the choice of the Yb2O3 additives for
understanding the relation between thermal con-
ductivity and internal structure of the grains via pur-
ification-promoted grain growth is effective.
The objective of the present study is thus to investi-

gate the internal structure of the b-Si3N4 grains with
different thermal conductivities, i.e. 110 and 150 Wm�1

K�1.
2. Experimental procedures

The specimens were prepared from a high purity sili-
con nitride raw powder and sintering aids. The specifi-
cations of raw b-Si3N4 powder (Grade NP-400, Denki
Kagaku Kogyo, Tokyo, Japan), obtained by direct
nitridation of silicon is shown in Table 1. The raw sili-
con nitride powder and 10 mass% Yb2O3 (purity
>99.9%, BET 4 m2/g, Shin-etsu Chemical, Tokyo,
Japan) and 2 mass% ZrO2 (purity >99.9%, BET 4 m2/
g, Soekawa Chemical, Tokyo, Japan ) were ball milled
for 3 h using methanol as the solvent. After drying, the
powder mixtures were prepared for sintering. Approxi-
mately 2 g of the dried powder was uniaxially pressed
under 20 MPa in a die 12.5 mm in diameter. The pellet
was then isostatically cold-pressed under a pressure of
200 MPa. The CIPped pellet was placed in a BN cruci-
ble. Sample A was sintered in a graphite furnace at
1900 �C for 8 h under a nitrogen pressure of 0.9 MPa.
On the other hand, sample B was sintered at 1900 �C for
36 h, subsequent heat treatment was performed at
1700 �C for 100 h to promote grain growth. The den-
sities of the specimens were measured by the Archi-
medes method.
To evaluate the thermal conductivity, disks 10 mm in

diameter and 3 mm in thickness were cut from the sin-
tered materials. Thermal conductivity at room tem-
perature was calculated from the equation.

K ¼ �Cp� ð1Þ

The thermal diffusivity (�) and the specific heat (Cp)
of the specimens were measured at room temperature by
a laser flash method using a thermal constant analyzer
(TC-3000, ULVAC, Japan). The specific heat, 0.67 J/g-K,
was used in this work.
Phase identification of the sintered materials was per-

formed by X-ray diffractometry (XRD). The micro-
structure of the sintered materials was examined by
scanning electron microscopy (SEM, JSM-820, Jeol,
Tokyo, Japan) of polished and CF4 plasma etched sur-
faces. Thin foils for transmission electron microscopy
(TEM, JEM-2010, Jeol, Tokyo, Japan) were prepared
by the standard procedures of grinding, dimpling, and
argon-ion-beam thinning, followed by carbon coating to
minimize charging during observation. The TEM
examinations were performed in 200 kV with a Tracer
EDS system for 100 adjacent grains in each specimen.
The compositions of the interesting regions within the
grains were analyzed by EDS. The EDS was equipped
with a cold field emission electron gun. The spatial
resolution available with this instrument is 3 nm. In
order to measure the intergranular film thickness accu-
rately, the specimen was tilted so as to align the grain
boundary ‘‘edge-on’’ and also to orient adjacent grains
in good diffracting conditions.22
3. Results

The results of weight loss, densities, thermal diffusiv-
ities, and thermal conductivities of the specimens are
shown in Table 2. The reason for the lower density and
higher weight loss of sample B is attributed to the longer
sintering time and additional annealing. Since sample B
was densified to near full density at the middle stage of
Table 1

Properties of raw Si3N4 powder
Property
a- Phase content/mass%
 48.5
Purity
Oxygen/mass%
 0.75
Aluminum/ppm
 120
Calcium/ppm
 70
Iron/ppm
 40
BET specific surface area/m2g�1
 14.7
Table 2

Sintering and annealing conditions, weight loss, densities, thermal diffusivities, and thermal conductivities of the specimens
Sintering and

annealing conditions
Weight loss

(mass%)
Density

(g/cm3)
Thermal diffusivity

(cm2/s)
Thermal conductivity

(Wm�1K�1)
Sample A
 1900 �C � 8 h
 2.52
 3.40
 0.4758
 110
Sample B
 1900 �C � 36 h
 7.53
 3.33
 0.6723
 150
! 1700 �C � 100 h
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the sintering, vaporization of substances from the spe-
cimens might have occured.9 Thermal diffusivity and
thermal conductivity of sample B were much higher
than those of sample A. Thermal conductivity of sample
B was 150 Wm�1K�1, which is approximately as high as
the prolonged time sintered materials with Yb2O3–
MgSiN2 additives.

9

Fig. 1 shows relatively low magnification SEM pho-
tographs of sample A and B. Both specimens had a
bimodal and randomly oriented microstructure com-
posed of small matrix grains and large elongated grains.
It was clear that sample B contained a larger amount of
the large elongated b-Si3N4 grains than sample A. Thus,
the longer sintering time in comparison with sample A,
and the additional heat treatment of sample B sig-
nificantly promoted grain growth of b-Si3N4.
Fig. 2 shows a bright field TEM image of the general

microstructure of sample A. It was observed that there
were numerous small precipitates (marked by black
arrows) in the b-Si3N4 grains. No precipitates in the
b-Si3N4 grains with52 mm in a diameter were observed.
Scrutinizing across the grains with <2 mm in a diameter
reveals the presence of precipitates is independent of the
grain size. The precipitates were not observed at grain
boundaries.
More detailed bright field TEM examination of the

b-Si3N4 grains with the precipitates shows that there are
obvious mismatch dislocations (marked by black
arrows) across the precipitates (Fig. 3a). The mismatch
dislocation would seem to exist between inside of the
grain and the grain boundary. Some of the precipitates
were observed without the mismatch dislocations.
Fig. 3b is a detailed bright field TEM photograph. It

shows that about 50% of the b-Si3N4 grains of the spe-
cimen with 110 Wm�1K�1 contain some defects such as
precipitates, mismatch dislocations (marked by white
arrows), and the dislocations without precipitates
(marked by black arrows). The dislocations without
precipitates seem to be similar to ‘‘grown in’’ 13 dis-
locations. In contrast, mismatch dislocations with pre-
cipitates were probably the result of strain fields due to
the presence of precipitates. The difference between
mismatch dislocations and grown in dislocations is that
the latter do not contain precipitates and terminate
inside of b-Si3N4 grains.
Fig. 4 shows an enlargement of the bright field TEM

micrograph inside of a b-Si3N4 grain which contains
many precipitates. The shape of the precipitates is either
hexagonal or spherical with diameters between 10 and
30 nm. The diameters of the round particles are smaller
than those of the hexagonal ones. With regard to the
hexagonal particles, amorphous patterns and circular
microcrystallines having a lattice image were observed
in the photograph. On the other hand, the round parti-
cles were observed as crystallines. These indicate that
the precipitates had a microstructure composed of small
microcrystalline and amorphous phases.
Fig. 5a shows an EDS spectrum obtained from a

round precipitate (marked by ‘‘a’’ in Fig. 4), revealing
that clear peaks of Yb, O and N and weak peaks of Ca
and Fe were detected. The presence of Si element could
Fig. 1. SEM photographs of (a) sample A sintered at 1900 �C for 8 h

and (b) sample B sintered at 1900 �C for 36 h and subsequent annealed

at 1700 �C for 100 h.
Fig. 2. Bright-field (BF) TEM image of the general microstructure of

sample A.
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not be confirmed due to the overlap of the Yb peak at
1.8 keV in the EDS spectrum. Fig. 5b shows an EDS
spectrum obtained from a hexagonal precipitate
(marked by ‘‘b’’ in Fig. 4), revealing that the precipitate
contains the same elements as observed in the round
precipitate but the hexagonal precipitate contains fewer
Ca and Fe impurities. The XRD analysis shows that the
Yb4Si2O7N2 (J) phase and the Zr4Yb4O12 phase were
identified. The sintered materials of this study were
densified by using Yb2O3 and ZrO2 as sintering addi-
tives, so Yb-Si–O–N and Zr–Yb–O liquid phase were
formed during sintering. This indicates that the pre-
cipitates originate from one kind of the liquid phase.
In contrast, Fig. 5c shows an EDS spectrum from the

region adjacent to the precipitates in the b-Si3N4 grains
(marked by ‘‘c’’ in Fig. 4), revealing that the adjacent
region contains only Si and N.
Fig. 6 shows a bright field TEM image of another

region of sample A and Fig. 7a shows an EDS spectrum
of the grain boundary phase marked ‘‘a’’ in Fig. 6. The
EDS analysis indicates that Yb, O and N are present in
the secondary phase within the range 1–2 mm in dia-
meter (a small grain boundary pocket), and the chemi-
cal composition is similar to the precipitates found in
Fig. 5a. Again, the presence of Si could not be con-
firmed due to the overlap of the Yb peak.
Fig. 7b also shows an EDS spectrum of the grain

boundary phase marked ‘‘b’’ in Fig. 6. The EDS analy-
sis indicates that the elements Zr, Yb, O and N are pre-
sent in the secondary phase (a large grain boundary
pocket) with 55 mm in diameter. Fe and Ca found in
the grain boundary phases probably originate from the
Si3N4 raw powder because the raw powder contained Fe
and Ca as impurities.
Fig. 8 shows a bright field TEM image of the general

microstructure of the sample B. From a comparison of
microstructures of these b-Si3N4 (see Figs. 2 and 8), it is
obvious that grain size of sample B is much larger than
that of sample A. Fig. 8 also shows there are no small
precipitates in the b-Si3N4 grains and the grain bound-
aries. In addition, it was not observed that the b-Si3N4

grains of this material had dislocations without pre-
cipitates, which were observed in sample A.
For both specimens, XRD analysis identified the

Yb4Si2O7N2 (J) phase and the Zr4Yb4O12 phases. Thus,
the grain-boundary phases of the specimens were inde-
pendent of thermal conductivity in the present work.
The TEM micrographs in Fig. 9a and 9b depict two

small regions of the grain boundaries of sample A and B
shown in Figs. 2 and 8, respectively. The observed
thickness of the intergranular films of the two specimens
were 0.84 nm (standard deviation=0.12 nm) and 0.82
nm (standard deviation=0.09 nm), respectively. The
intergranular film thickness data was determined at 10
locations. Since the film thickness for b-Si3N4 is deter-
mined solely by the composition of the grain boundary
phase,22 this observation is supported by the XRD-
results.
Fig. 4. An enlargement of BF TEM image of sample A of precipitates

of the b-Si3N4 grain. (a) A round precipitate; (b) a hexagonal pre-

cipitate; (c) a matrix.
Fig. 3. (a) More detailed BF TEM image of sample A showing

b-Si3N4 grain containing many second-phase precipitates and mis-

match dislocations (marked by black arrows); (b) more detailed BF

TEM image of sample A showing about 50% of b-Si3N4 grains con-

taining some defects such as precipitates, mismatch dislocations

(marked by white arrows), and dislocations without precipitates

(marked by black arrows).
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Fig. 5. EDS spectra of sample A obtained from (a) the round precipitate; (b) the hexagonal precipitate; (c) the matrix b-Si3N4 grain.
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4. Discussion

In the present work, sintered Si3N4 materials with
Yb2O3 and ZrO2 as sintering additives were produced to
clarify the effect of internal structure on thermal con-
ductivity at room temperature. The longer sintering
time and the additional heat treatment significantly
promoted grain growth of b-Si3N4. It is obvious that
these two factors also improved the thermal con-
ductivity, from 110 to 150 Wm�1K�1. It should be
noted that these two factors also led to a decrease of the
lattice defects in the b-Si3N4 grains, such as Yb-pre-
cipitates, mismatch dislocations which originate from
the precipitates, and the grown-in dislocations.
With regard to the grain boundaries, there are no

significant differences in the film thickness and the che-
mical composition of the grain boundary phases
between the two specimens. Kitayama et al.20 revealed
that when grain size was 51 mm, the difference in ther-
mal conductivities was weakly influenced by the glassy
phase. In this series of experiments, since the mean grain
sizes of the sintered materials were significantly above 1
mm, the observed difference in thermal conductivities
was hardly influenced by the grain boundaries.
Hence it follows that the improvement in thermal

conductivity of the b-Si3N4 is mainly attributable to the
improvement of perfection in the b-Si3N4 crystal lattice.
As the perfection of the crystal lattice is strongly

influenced by precipitates in the b-Si3N4 grains, it is
important to elucidate the trapping and removing
mechanisms of theYb-precipitates to improve the ther-
mal conductivity of sintered Si3N4.
The following discussion will first address the possible

position of the Yb in the lattice of the b-Si3N4 and then
will elucidate the mechanisms that are involved in trap-
ping and removing the Yb ion in the b-Si3N4. Finally we
will discuss the effect of the internal structure on the
thermal conductivity.
Rare earth elements do not usually form solid solu-

tions with b-Si3N4, but recently, Wang et al. reported
that the lanthanide ions (La, Nd, Gd, Yb) were loca-
lized inside the with b-Si3N4 grains.

23 Since there were
no obvious mismatch dislocations in the adjacent trap-
ped regions, they proposed that the trapped lanthanide
ions were positioned in the ‘‘channel ’’ of the b-SiAlON
lattice. 23 Hirosaki et al.24,25 reported that Y-Nd-Si-O-N
of secondary phase particles were trapped and remained
in the b-Si3N4 grains which were sintered for 8 h at
1900 �C and annealed for 4 h at 2200 �C. Lu et al.16 also
reported that amorphous precipitates were observed at
the interface between the core and shell. In the present
work, the presence of mismatch dislocations in adjacent
regions of the precipitates suggests that the plausible
position of Yb in the b-Si3N4 lattice is considered to be
similar to the case of Al3+ and O2- ions replacing Si4+

and N3- ions and forming b-SiAlON, the Yb3+ and O2-

ions replace the Si4+ and N3- ions, inducing a sub-
stituonal solid solution. However, since some of the
precipitates were observed without mismatch disloca-
tions, some of the Yb3+ might be positioned in the
‘‘channel ’’ of the b- Si3N4 lattice as the interstitials.
Secondly we will address the trapping and removing

mechanisms. Wang et al. explained the trapping
mechanism of rare earth elements into the b-Si3N4

grains by using two parameters: the grain-growth speed,
Vg, and the migration speed of the R ion (In the present
work, R=Yb3+), Vp. If Vp 5Vg, the R ion will not be
trapped; if Vp <Vg, the R ion shall likely be trapped in
the lattice.23 Now we can expand their theory for the
trapping and removing processes of the Yb-contained
liquid phase in the present work. Since we used the raw
powder, which contained 48.5 mass% �-phase Si3N4,
�–b transformation will occur in half of the raw powder
at the initial stage of the sintering. Therefore, there are
typically two cases to be considered at the initial stage
of the sintering in the present work.

4.1. �-nuclei are surrounded only by a-Si3N4 grains

When �–b transformation occurs, the relation of Vp

<Vg will be expected. It is therefore thought that a
portion of Yb included liquid phase was probably trap-
ped by rapid growth during the initial stage of a–b
transformation and remained so after homogenization.
Although Lu et al.16 reported that amorphous pre-
cipitates were localized at the interface between the core
and shell, the precipitates of the present work existed
everywhere inside the grains. This is because the longer
sintering than that of the experiments of Lu et al.16 led
to the diffusion of the precipitates due to Ostwald
ripening.

4.2. �-nuclei are surrounded by only �-Si3N4 grains

Grain growth after a–b transformation continues in
accordance with Ostwald ripening. The grain growth
Fig. 6. BF TEM image of sample A.
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rate is dependent on the deviation of the grain diameter
and the sintering temperature. If grain growth occurs
under the Vp 5 Vg condition, removal of the trapped
precipitates will be expected. The fact of the absence of
precipitates in b-Si3N4 grains of both 110 Wm�1K�1

specimen 52 mm in diameter and 150 Wm�1K�1 speci-
men suggests that the trapped precipitates are removed
as the grain grows. This result reveals that grain growth
at between 1700 (annealing temperature at 150
Wm�1K�1 specimen) and 1900 �C in the present work
would occur under the Vp 5Vg condition. The mis-
match dislocations would disappear with the removal of
the Yb-precipitates as the grain grows. On the contrary,
the Yb containing liquid phase will be trapped under the
Vg 5Vp condition (i.e. at very high temperature sinter-
ing or annealing), because the mass transport is accel-
erated with rapid grain growth under the high
temperature, the Si3N4 grains are completely sur-
rounded by the liquid phase composed of SiO2 and sin-
tering additives during liquid phase sintering, so rare
Fig. 7. EDS spectra of the grain boundary phases of (a) a small grain boundary pocket; (b) a large grain boundary pocket.
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earth elements can be contained in b-Si3N4 grains.
Indeed, Munakata et al.15,17 reported that the trapped
Y–Nd–Si–O–N of secondary phase particles was grown
during the annealing at 2200 �C, even if raw b-Si3N4

grains were used.
The reason that the Zr4+ contained precipitates could

not be observed in the b- Si3N4 lattice is not clear at this
time. One possible reason is considered that Zr4+ can-
not form a solid solution with b-Si3N4. Another possi-
bility is that the diffusion speed of Zr4+ is much faster
than that of Yb3+. The fact that the Zr-containing grain
boundary phase tends to agglomerate suggests that the
Zr-containing liquid phase hardly wets Si3N4. There-
fore, the former reason is plausible in the present work.
Finally we will discuss the effect of the internal struc-

ture on the thermal conductivity. The measured lattice
oxygen contents8�12 were within hundreds of ppm
resulting in the range of 1017–1019 defects/cm3 and yield
substitutional solute ions, as well as the associated
charge compensating defects, in virtually every unit cell,
thereby limiting the phonon mean free path to unit cell
dimensions. It is therefore likely that the nearly 50%
increase in thermal conductivity is not only due to a
reduction of the lattice oxygen concentration but also
something factor contributing.
As noted earlier, small amounts of rare earth elements

tend to form substitutional or interstitial solid solutions
with b-Si3N4. It should be noted that a solid solution
can be substitutional or interstitial of sintering additives
affect the thermal conductivity of the b-Si3N4, even if
the amount of trapped elements is relative low.24

Attention should also be paid to the point defects and
associated mismatch and grown-in dislocations. They
scatter the phonons which transport heat, resulting in
lower thermal conductivity. With regard to the grown-in
dislocations, Lee et al.13 reported that such dislocations
could be reduced by the prolonged annealing. The
absence of grown- in dislocations of 150 Wm�1K�1 spe-
cimen suggests the dislocations disappear as the grain
grows. The finding that the chemical compositions of the
grain boundary phases are identical for both specimens
supports that a volume change did not occur during the
prolonged sintering and subsequent annealing.
The grain growth by solution-reprecipitation pre-

sumably yields new grains with significantly lower defect
concentrations. It is possible that a lower concentration
of defects such as precipitates, and dislocations also
play a role in the refined and presumable recovered
microstructures. The nearly 50% increase in thermal
conductivity is therefore due to not only a reduction of
the lattice oxygen concentration but also decreasing the
lattice defects contributing.
5. Conclusions

Two types of high thermal conductive b-Si3N4 cera-
mics, with 110 Wm�1K�1 (8 h sintering at 1900 �C) and
150 Wm�1K�1 (36 h sintering at 1900 �C and 100 h
annealing at 1700 �C), fabricated by pressureless sinter-
ing with Yb2O3 and ZrO2 were investigated by SEM
and TEM. The following conclusions can be drawn
from the present work.
Fig. 9. TEM micrograph of small regions of the grain boundaries of (a) sample A; (b) sample B.
Fig. 8. BF TEM image of the general microstructure of sample B

contained without lattice defects, such as precipitates, mismatch dis-

locations, and grown in of dislocations.
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1. The long sintering time and the additional heat

treatment significantly promote grain growth of
b-Si3N4.

2. The prolonged sintering time and the additional

heat treatment improve the thermal conductivity,
from 110 to 150 Wm�1K�1.

3. The prolonged sintering time and the additional

heat treatment decrease the lattice defects in the
b-Si3N4 grains, such as Yb-precipitates, mis-
match dislocations and grown-in dislocations.

4. With regard to the grain boundaries, there are no

significant differences in the film thickness and
the chemical composition of the grain boundary
phases between both specimens.

The nearly 50% increase in thermal conductivity of
the b-Si3N4 is therefore attributed to the reduction of
internal defects of the b-Si3N4 grains with sintering and
annealing time as the grains grow.
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