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Abstract

Microstructures of three grades of gas-pressure-sintered silicon nitride materials, SN-H, SN-L and SN-A, were evaluated with a
scanning electron microscopy, an atomic force microscopy and a micro-thermal analyzer. Thermal images corresponding to local
thermal conductance distribution were obtained with the micro-thermal analyzer, and the thermal conductivity was confirmed to be

higher in silicon nitride grains and lower in grain boundaries. Thermal analyses at particular areas in the microstructures revealed
that the local thermal conductivity of silicon nitride grains is higher in SN-L than in SN-H. This seems inconsistent with the bulk
thermal conductivities because SN-H exhibited the highest thermal conductivity of 132.3 W/(m K), which is considerably greater
than that of SN-L of 104.7 W/(m K). The discrepancy between the grain and bulk thermal conductivities is discussed.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Since silicon nitride potentially has a high thermal
conductivity due to its strong chemical bonding and
light constituting elements, considerable work has been
done for enhancing the conductivity. It has been repor-
ted that promoting grain growth and selecting a suitable
additive system for liquid phase sintering are effective
for high thermal conductivity, and thermal conductivity
higher than 120 W/(m K) has been achieved.1�3 Further
improvements have been achieved with texture control
that allows the elongated silicon nitride grains to align
in plane or uniaxial directions.4�7 Such elongated grain
structures exhibit high thermal conductivity along the
elongated grain directions while the direction perpendi-
cular to the elongated grains has low thermal con-
ductivity. The high thermal conductivity of 162 W/(m
K) was achieved with an aligned grain structure uni-
axially along the particular direction, coupled with
intensive grain growth.7,8

It has been pointed out that high thermal conductivity
is difficult to be explained with the elongated micro-
structures because the mean free pass of phonon in silicon
nitride is estimated to be around 20 nm at room tem-
perature and this is considerably smaller than the grain
dimension.9 In addition, a simple calculation based on a
composite model of silicon nitride grains and glassy
phases concluded that thermal conductivity of silicon
nitrides are insensitive to the grain size in the region
approximately greater than 1 mm, assuming the thick-
ness of grain boundary glass films to be 1 nm.10 The
internal defect structure rather than grain size was
therefore thought to govern the thermal conductivity,
and lattice oxygen was revealed to be responsible for the
phonon scattering to reduce thermal conductivity.11,12

However, silicon nitride grain has an anisotropy in
thermal conductivity, and it was reported to be 180 W/
(m K) along the c-axis and 69 W/(m K) along the
a-axis.13 Therefore, the elongated grain structure of sili-
con nitride with a high aspect ratio is expected to have
higher thermal conductivity along the elongated grains
than that with a low aspect ratio because the grains
usually grow along the c-axis direction. For revealing
the detailed mechanism of thermal conductance, it is
important to evaluate local thermal conductivities.
Actually, the local thermal diffusivity has been eval-

uated with a photo-thermal method, and already
applied to silicon nitride,13,14 aluminum nitride15 and
ceramic matrix composites.16 In recent years, a scanning
thermal microscope has attracted considerable attention
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as an alternative technique since it is commercially
available.17�22 The scanning thermal microscope comes
under the category of scanning probe microscopy, in
which a miniaturized thermal probe is used not only to
heat a local position but also to detect the temperature.
We have applied this technique to silicon nitrides, and
investigated local thermal response at grains and
boundaries.23,24 In the present paper, we discuss the
thermal response obtained by this technique, in con-
junction with images obtained by AFM and SEM.
2. Experimental procedure

Three grades of silicon nitride ceramics, SN-H, SN-L
and SN-A, were used in the present study (see Table 1).
The SN-H specimen was prepared from a powder mix-
ture of b-Si3N4 containing 1 mol% Y2O3 and 1 mol%
Nd2O3, and disk-shaped powder compacts were formed.
The powder compacts were sintered at 2273 K for 4 h
under 29.4 MPa nitrogen gas, and additional firing was
performed at temperatures up to 2473 K for 12 h so as
to enhance grain growth. SN-L was prepared from
b-Si3N4 powder containing 0.5 mol% Y2O3, 0.5 mol%
Nd2O3 and 1 mol% MgO as sintering aids. The powder
compacts were sintered at 2173 K for 4 h under 0.88
MPa nitrogen gas and the additional firing to coarsen
the grains was performed at 2273 K for 8 h under 29.4
MPa nitrogen gas. Note that ultimate sintering tem-
perature for SN-H is higher than SN-L, and coarsen
microstructure is expected for SN-H. The SN-A was
prepared from b-Si3N4 powder mixed with 2 mol%
Al2O3 and 2 mol% Y2O3. The powder compacts were
sintered at 2173 K for 8 h under 0.88 MPa nitrogen gas.
The materials were fully dense since the density of
SN-H, SN-L and SN-A was 3.20, 3.22 and 3.23 Mg/m3,
respectively. According to laser flash measurements, the
thermal conductivity of SN-H was 132.3 W/(m K), and
this was considerably higher than the 104.7 W/(m K)
determined for SN-L. The thermal conductivity of
SN-A is estimated to be around 60 W/(m K) from the
similar lots of the material. The low thermal con-
ductivity of SN-A is obviously due to the addition of Al
to silicon nitride to form b0-SiAlON solid solution.
Specimens for examining the texture were prepared by
mechanical polishing, followed by plasma etching with
CF4 gas. The detailed procedure has been described
elsewhere.1�3,23,24

A scanning electron microscope (SEM, S-4700, Hita-
chi, Japan) was used to observe the microstructure of
Si3N4 materials. The plasma-etched specimens were
sputter-coated with platinum to avoid charge up, prior
to the SEM observation. An atomic force microscope
(AFM, Nanoscope-IIIa/D3100M microscope, Digital
Instruments Ltd., Santa Barbara, CA) was also used to
observe the microstructure. Topographic images were
obtained in a tapping mode using a Si strap cantilever,
which has a spring constant of around 50 N/m and a
resonance frequency of approximate 350 kHz.
A mTA microscope (mTA 2990, TA Instruments Inc.,

New Castle, DE) was used for micro-thermal analysis to
obtain thermal images corresponding to the Si3N4
microstructure. This microscope is based on an AFM,
in which the normal probe is replaced with a wire
probe having a resistive heater at the tip. Fig. 1 shows
Table 1

Silicon nitride materials used in this work
Materials
 Chemical composition of

sintering aids
Sintering conditions
 Density

Mg/m3

Thermal

conductivity
Temperature

(K)
Time

(h)
N2 Pressure

(MPa)
W/(m K)
SN-H
 1 mol% Y2O3 and 1 mol% Nd2O3
 2473
 12
 29.4
 3.20
 132.3
SN-L
 0.5 mol% Y2O3, 0.5 mol% Nd2O3 and 1 mol% MgO
 2273
 8
 29.4
 3.22
 104.7
SN-A
 2 mol% Y2O3 and 2 mol% Al2O3
 2173
 8
 0.88
 3.23
 �60
Fig. 1. A schematic diagram of a micro-thermal analyzer. The thermal

sensor is a fine V-shaped platinum wire supported by Wollaston wires

consisting of a silver sheath and a fine platinum core.
442 J. Ye, A. Okada / Journal of the European Ceramic Society 24 (2004) 441–448



a schematic diagram of the thermal microscope. The
thermal probe is a V-shaped fine platinum wire, sup-
ported by Wollaston wires. This tip acts as a localized
heater when an electric current passes through the wire,
and it also works as a thermal sensor by monitoring the
electric resistance of the probe. In a scanning thermal
microscopy mode, the wire tip is heated and kept at a
constant temperature higher than the specimen, so that
heat can flow from the tip through the specimen when
the former comes in contact with the latter. The thermal
images corresponding to the thermal conductance dis-
tribution were thus obtained by mapping the supply
power to the measuring tip at a constant temperature.
Local thermal conductance was also evaluated. The

probe was placed at a selected point on the surface and
the temperature of the probe was ramped up to 673 K.
The differential supply power for the tip of the probe
between the conditions in contact with the specimen and
placed in the air is calculated as the tip temperature
rises.
3. Results and discussion

Fig. 2 shows the microstructures of SN-H observed
with SEM, AFM and mTA. It is seen from the SEM
micrographs that the material has a bimodal grain size
distribution. The large grains have several tens of
micrometers and small grains are of several micro-
meters. The small grains are rather concentrated in a
particular area, and the area of the large grains is larger
than the small-grained area. The sintering aids of rare
earth elements, which are brightly seen in SEM micro-
graphs due to the high emission rate of secondary elec-
trons, are mainly found within the small-grained area as a
multi-junction glass phase. Close-up of the small-grained
areas revealed that the dimensions of small rod-shaped
silicon nitrides are approximately 1 mm in diameter and
several micrometers in length, and the intermediate
dimensions between large and small grains are not so
often found. Therefore, it is thought that large grains
are produced as a result of rapid growth of the small
Fig. 2. Microstructure observations of silicon nitride: SN-H. (a) a scanning electron micrograph, (b) a close-up image of scanning electron micro-

scopy for the area of the small grains (c) an AFM topographic image with a line analysis, and (d) a thermal image.
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grains, and the liquid phase having been present in the
original position of the large grains has been squeezed
out to be concentrated in the small-grained area. Note
that the small grains remain without experiencing
intensive grain growth, and the glass phase is con-
centrated there as a result of squeezing out from the
large grains developed. The large-grained microstructure
found in SN-H is due to the prolonged soaking time of
16 h at 2473 K because the similar microstructure has
been reported for silicon nitride produced in the same
sintering condition.7,8

Since the contrast in scanning electron micrographs is
governed by the difference in the secondary electron
emission rates of the constituting elements, the glassy
phase condensed in the small-grained area is clearly
visualized. On the other hand, thin glass films between
two neighboring grains are unclear due to slight differ-
ence in secondary electron emission rate from silicon
nitride grains because the SiO2 rich amorphous phase
with low concentration of rare earth elements forms the
glass films.25 This also suggests that the condition of the
plasma etching is too weak for SEM observation to
visualize the grain boundaries clearly while the presence
of the thin glass films between two grains was confirmed
by AFM images. In the AFM observation, the grain
boundaries were clearly seen. This indicates that the
sensitivity of AFM to the height direction is much
greater than SEM.
Grain boundaries were also visualized with mTA as

areas of low thermal conductivity. It might be simply
thought that the thin glass films are easily detected with
mTA because the thermal conductivity of the glass phase
is much lower than silicon nitride grains. The actual
explanation is, however, not so simple since the glass
films are very thin while having very low thermal con-
ductivity. The thermal conductivity of the glass is
Fig. 3. Microstructure observations of silicon nitride: SN-L. (a) a scanning electron micrograph, (b) a close-up image of scanning electron micro-

scopy for the fine matrix grains, (c) an AFM topographic image, (d) a thermal image.
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around 1 W/(m K), and this is considerably lower than
that of silicon nitride grains, which is estimated to be
higher than 100 W/(m K). However, the film thickness is
only 1 nm, and this is much smaller than the grain size
of silicon nitride. Considering the ratios of thermal
conductivity and thickness between grain and boundary
phase, the thermal resistance of the glass film may be
not important for total thermal conductance. From the
thermal images obtained, the grain boundary looks
broader than true thickness and seems to have higher
thermal conductivity than the true value. Thin glass film
boundaries seem to interfere with the heat flow and to
broaden the apparent boundary thickness of low ther-
mal conductance. This is because the heat flow is
obstructed by the presence of the grain boundary wall of
low thermal conductivity when the thermal tip is placed
on the surface near the boundary. The broadening effect
of grain boundaries is expected to be more significant
when the interface boundary is slanted to the perpen-
dicular direction of specimen. It should be noted that
the similar mTA images are obtained for specimen
without plasma etching because the mTA images
correspond to the local thermal conductivity and are
independent of the surface asperity. This is very differ-
ent from the AFM and SEM techniques, in which the
texture observation requires some techniques of visua-
lizing grain structures.
Fig. 3 shows the microstructure images of SN-L

obtained with SEM, AFM and mTA. The SEM micro-
graphs reveal that the material has a bimodal grain size
distribution, and the small-grained area is considerably
greater than the large-grained one. The dimension of the
large grains is approximately several tens of micro-
meters and most of the small grains are 1–2 mm. Such
Fig. 4. Microstructure observations of silicon nitride: SN-A. (a) a scanning electron micrograph, (b) a close-up image of scanning electron micro-

scopy, (c) an AFM topographic image, (d) a thermal image.
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microstructure is basically controlled with the sintering
temperature and soaking time because silicon nitride
produced in the condition of the same sintering tem-
perature exhibited a similar microstructure.1,2 The rare
earth elements used for sintering aids form a glassy
phase present at multi-junction grain boundaries. How-
ever, the fraction of the glassy phase in the small-
grained area of SN-L is smaller than that of SN-H. This
confirms that the glassy phase is squeezed out from
large-grained area during the grain growth stage and
consequently concentrates in the small-grained area.
The AFM image shown in Fig. 3c is similar to the SEM
image, and the similar bimodal structure is seen. The
details in the small-grained structure are unclear in
comparison with the SN-H image due to smaller
microstructure. In general, the AFM is capable of pro-
viding accurate measurements in the height direction
but the accuracy of measurements in horizontal direc-
tions is limited with the tip radius of the cantilever. The
poor thermal image of SN-L is obviously due to the
limited resolution in horizontal directions because
the dimension of the small grains is comparable to the
resolution of the thermal probe.
Fig. 4 shows the microstructures of SN-A obtained

with SEM, AFM and mTA. From the SEM micro-
graphs, the dimension of the major grain is found to be
approximately 1–2 mm and the small amount of elon-
gated grains of approximately 10 mm are seen. The
AFM image also indicates the fine-grained microstructure
while the detailed structure is invisible. The thermal image
is unclear obviously due to the fine-grained micro-
structure comparable with the thermal probe resolution.
Comparing the images of SEM, AFM and mTA for

three grades of silicon nitride materials, the SEM images
are clearly seen even at high magnification. The SEM
observes the difference in secondary electron emission
rates between silicon nitride grain and the grain bound-
ary glass phase containing rare earth elements. The
horizontal resolution of scanning probe microscopy
such as AFM and mTA is generally limited with the tip
radius of microprobe, while in some cases the micro-
structure is visualized clearly. In the SN-H material, the
thin film boundaries, which are hardly seen in SEM
observation, are clearly observed in AFM and mTA.
Fig. 5 shows the results of local thermal analyses for

SN-H, SN-L and SN-A. The differential supply power
�P for grains and boundaries was plotted against the
tip temperature of the probe. The position of grains was
selected on a large grain found in the microstructure
and the position of grain boundary was chosen at a
glass phase present among large grains. The differential
supply power increases with tip temperature in all the
measurements. The increasing rates for the silicon
nitride grains depend on the materials while those for
grain boundaries are similar to each other. The differ-
ential power supply for SN-L is the greatest among three
materials investigated. Compared to SN-L, the thermal
conductivities of SN-H and SN-A are estimated to be
lower. The low thermal conductivity of silicon nitride
grain in SN-A is obviously due to the incorporation of Al
ion into the grain as forming a solid solution of b0-SiA-
lON. The low thermal conductivity of the grain in SN-H is
attributed to the extremely high sintering temperature,
which enhances the solubility of foreign ions such as oxy-
gen and rare earth elements used as sintering aids.24

The local thermal conductance of silicon nitride
grains in SN-L is higher than SN-H, while the bulk
thermal conductivity of SN-L is lower than SN-H. This
discrepancy may be explained in terms of micro-
structure since the grain boundary glass film, which has
Fig. 5. Localized thermal analyses of silicon nitrides: SN-H, SN-L and SN-A. (a) Si3N4 grains and (b) grain boundaries.
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low thermal conductivity and constant thickness,
degrades the bulk thermal conductivity. This effect is
greater in SN-L than SN-H because the smaller grain
size of SN-L leads to higher possibility of encountering
the boundaries as heat flows. The high bulk thermal con-
ductivity of SN-H, therefore, results from the large grains.
The thermal conductivity may be calculated from the

thermal response obtained from scanning probe micro-
scope, and this method was successfully applied to thin
films [26,27]. However, this is not always possible for
polycrystalline solids because the heat flow from the probe
is influenced by the circumstance around the particular
grains. In the case of thin films, the minimum thickness
for determining the local thermal conductivity was
established experimentally [26]. However, the require-
ments for polycrystalline solids have not yet established
and further works are required.
4. Conclusions

Three grades of gas-pressure-sintered silicon nitride
materials, SN-H, SN-L, and SN-A, were evaluated with
a scanning electron microscopy, an atomic force micro-
scopy and a micro-thermal analyzer. The micro-thermal
analyzer revealed the local thermal conductance dis-
tribution of materials and confirmed that thermal con-
ductivity is high in silicon nitride grains and low in grain
boundaries. The local thermal analysis revealed that the
thermal conductivity of silicon nitride grain in SN-L is
higher than that of SN-H and SN-A. However, the bulk
thermal conductivities for SN-H, SN-L, and SN-A were
132.3 W/(m K), 104.7 W/(m K), and around 60 W/(m
K), respectively. The local thermal conductance of sili-
con nitride grains in SN-L is higher than SN-H, but the
bulk thermal conductivity of SN-L is lower than SN-H.
The explanation for this discrepancy was that the grain
boundary glass phase of low thermal conductivity
degrades the thermal conductivity and this effect is
greater in SN-L because the smaller grain size of SN-L
leads to a higher possibility of encountering the bound-
aries as heat flows. For a similar reason, the high bulk
thermal conductivity of SN-H was thought to result
from large grains. The low thermal conductance in sili-
con nitride grains in SN-H was thought to result from
the high temperature heat treatment, and it was thought
that the high temperature soaking degrades the thermal
conductance of the silicon nitride grains by incorporat-
ing the impurity such as oxygen and rare earth elements
employed for sintering aids.
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