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Abstract

Silicon nitride ceramics with tri-laminate structures were prepared using two kinds of layers; layer with the aligned silicon nitride
whisker seeds (named as ‘‘S’’ layer) and layer without the seed (‘‘N’’ layer). The fracture toughness values on the casting surface of

N layer of sample with a tri-laminate structure (N–S–N structure) showed an anisotropy, and this is contrary to the isotropic
fracture toughness observed from the casting surface of sample consisting of only N layers. The fracture toughness anisotropy
observed from N layer of the former sample is explained in terms of the microstructural anisotropy induced by the sintering
shrinkage anisotropy within the casting plane. # 2002 Published by Elsevier Science Ltd.
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1. Introduction

Silicon nitride has been widely studied for structural
applications. It has many good properties including
high strength, high fracture toughness, and good ther-
mal shock resistance. Its good properties are closely
related to the microstructure that consists of large elon-
gated grains, fine acicular matrix grains, and weak
intergranular glassy phase. Those large elongated grains
are needed for the improved fracture toughness, but
they often deteriorate the flexural strength as reported
by Lee et al.1 One of the methods that can improve both
the flexural strength and the fracture toughness takes
advantage of alignment of those large elongated grains as
reported by Hirao et al.2 Alignment of the anisotropic
grains that grow from the seeds has been considered as
one of the methods for improving the properties of cera-
mics in a specific orientation.3,4 While most of those
reports on ceramics with the aligned anisotropic seeds
are concentrated on the large grains growing from the
seeds,2�6 little attention has been paid to orientation of
the ‘‘matrix grains’’.

Another method for improving the properties of sili-
con nitride ceramics by controlling the microstructure is
making a composite with a multiple layered structure.
Lee et al. prepared a bi-layer silicon nitride composite
consisting of a hard coating layer and a soft substrate,
which can preserve both high wear resistance and high
fracture toughness.7 A residual stress between the layers
with different thermal expansion coefficients is also
taken advantage of for improving the properties.8,9 A
compressive residual stress on the surface can arrest the
crack propagation as reported by Rao et al.8 Choi et al.
were able to improve both the flexural strength and the
fracture toughness of silicon nitride by making a three-
layer composite that had a mid-layer with 20 vol.% SiC
platelets.9 Moya et al. prepared multi-layer composites
using different kinds of alumina–zirconia composite
layers. They reported that the calculated compressive
residual stress in the alumina–monoclinic zirconia layer
was higher than 1 GPa.10 While most of the works deal-
ing with a multi-layer composite have been concentrated
on the effect of the residual stress on the properties, little
attention has been paid to the microstructural change of
the matrix grains that occurs during making the com-
posite.
In this study, four kinds of silicon nitride samples are

prepared by tape casting the slurry with and without the
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silicon nitride whisker seeds and gas pressure sintering.
Anisotropy of the microstructure within the layer with-
out the whisker seed and the properties of sintered
sample are explained in terms of the sintering shrinkage
anisotropy.

2. Experimental

Slurry for tape casting was prepared from the ceramic
powders, dispersant (Hypermer KD-1, ICI Chemical Co.,
Barcelona, Spain), binder [poly(vinylbutyral), Aldrich
Chemical Co., Milwaukee, WI], platicizer (dibutyl phtha-
late, Aldrich Chemical Co.), and solvent (metyl isobutyl
ketone) by planetary ball mill. Details of the slurry com-
position is provided in the previous report.11 Ceramic
powder composition of N layer was 93 wt.% a-Si3N4

(Ube Industries Co., Ltd., Tokyo, Japan), 6 wt.% Y2O3

(Fine, H.C. Starck Co. & GmbH, Berlin, Germany) and
1 wt.% MgO (EP, Junsei Chemical Co., Tokyo, Japan).
For S layer, the powder composition was 90 wt.% a-
Si3N4, 3 wt.% of b-Si3N4 whiskers (SN–WB, Ube
Industries), 6 wt.% Y2O3 and 1 wt.% MgO. After the
casting, the tapes were dried over night in open air.
Then, they were cut and stacked. Four kinds of samples
were prepared according to the stacking sequences; N,
N–S–N, S–N–S, and S. Samples N and S consist of the
same kind of sheets without the whisker and with the
whiskers, respectively. Lamination was carried out at 353
K under 30MPa for 0.5 h. Binder removal was performed
at 623 K for 10 h, and then, samples were cold iso-
statically pressed under 250 MPa. Gas pressure sintering
of samples was carried out at 2148 K for 4 h under 2
MPa nitrogen pressure. Samples N–S–N and S–N–S
were prepared in such a way that thickness of the mid-
dle layer was about 2.5 mm after sintering. The linear
sintering shrinkage values in three directions shown in

Fig. 1 were obtained by measuring the corresponding
lengths of sample before and after sintering. Sintered
density was measured by water immersion method. The
elastic properties of N sample and S sample were mea-
sured by pulse echo overlap method using a high power
ultrasonic analyzer (RAM5000, Ritec Inc., Warwick,
RI, USA). Those properties of S sample were measured
in two directions (parallel and normal to the alignment
direction). The linear thermal expansion coefficients of N
sample and S sample were measured in the temperature
range between 298 and 1223 K in nitrogen. The dimen-
sions of samples for the thermal expansion measurements
were 3�4�20mm, and the measurements were performed
in the 20 mm direction. In the case of the S sample, the
thermal expansion coefficients were measured in the two
directions, parallel and normal to the alignment direc-
tion. As a reference, pure Tungsten was used for the
thermal expansion measurements.
Samples were ground to 3.5 mm in thickness with a

400 grit diamond wheel, and then, they were cut into
bars with dimensions of 4�3.5�25 mm. The largest four
surfaces were machine polished with 1 mm diamond
slurry, and sample thickness was polished down to
about 3 mm. A special attention was paid to polishing
the samples with tri-laminate structures to have the top
surface layers about 0.2 mm thick. Fig. 1 shows sche-
matic diagrams of the four kinds of samples. After pol-
ishing, samples were heated to 1373 K for 2 h in a
flowing nitrogen environment in order to relieve the
residual stress that might be developed during cooling in
the gas pressure sintering furnace. The three point flex-
ural strength was measured using 20 mm span and cross-
head speed of 0.5 mm/min. A special attention was paid
to have the top surface subjected to tension. Five to
eight strength values were measured from each kind of
sample. Microvickers hardness under 9.8 N load was
measured. Vickers indentations under 98 N load and 49

Fig. 1. Schematic diagram of samples used in this study; (a) sample N, (b) sample N–S–N, (c) sample S–N–S, and (d) sample S.
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N load were performed on the top surface (surface T)
and on the side surface parallel to the casting direction
(surface L), respectively. Some of N–S–N samples were
prepared to have very thick surface layers (about 0.5
mm) and indentation was carried out on surface L.
The microstructure of sample was examined using

scanning electron microscope after plasma etching.
Plasma etching was carried out with 95% CF4–5% O2

gas mixture. Width and length of the largest 230 grains
and 298 grains were measured from sample N and S,
respectively using image analysis software (Image-Pro
3.0, Media Cybernetics, L.P., Silver Spring, MD, USA).
Angles between the long axes of about 200 large elon-
gated grains of each sample and the casting direction
were measured, and distribution of the angles was also
obtained.

3. Results and discussion

3.1. Microstructure

All the samples were sintered to higher than 99%
theoretical. Fig. 2 shows SEM micrographs of samples
N, S–N–S and S. Matrix grains of S layer are as fine as
those of N layer. Table 1 shows the sizes and aspect
ratios of the large grains in N sample and S sample.
Average width and length of the largest 230 grains of
sampleNwere 2.58 and 5.26 mm, respectively. It is difficult
to obtain the real aspect ratio of the elongated grains of
silicon nitride from SEM micrograph of the etched sur-
face. According to Mitomo, the real aspect ratio is
approximated by mean value of the 10% highest observed
ratios.12 Mean value of the 10% highest aspect ratios
measured from sample N was 5.62. Average width and
length of the largest 230 grains of sample S were 2.82
and 12.67 mm, respectively: Mean value of the 10%
highest aspect ratios was 10.53. All the samples showed
the shrinkage anisotropy during sintering as shown in
Fig. 3. The sintering shrinkage in the lamination force
direction is the biggest among those in the three direc-
tions. Sample S and the two tri-laminate samples also
exhibited the shrinkage anisotropy within the casting
plane: The shrinkage is smaller in the casting direction
than in the direction normal to the casting direction.
The in-plane shrinkage anisotropy of sample S is caused
by presence of the aligned whisker seeds that originally
have dimensions of 10.5 mm in length and 0.6 mm in

width on average.13 Those whiskers are single crystals
and they do not have any pore to be removed during
sintering. Highly anisotropic shape of the whisker seeds
inhibits the shrinkage in the length direction and leads
to the observed sintering shrinkage anisotropy as
described in the previous report.13

Fig. 4 shows a photograph of samples N–S–N and S–
N–S. The samples were cut parallel to the casting direc-
tion, and the photograph was taken on surface L near
the edge. Fig. 4 demonstrates that presence of the whis-
ker seeds inhibits the linear shrinkage parallel to the
casting direction during sintering. The middle portions

Table 1

Grain size and aspect ratio of the large elongated grains of the N and S

samples (unit: mm)

Sample Length Width Aspect ratio

N 5.26 2.58 5.62

S 12.67 2.82 10.53
Fig. 2. SEM micrographs of samples; (a) N, (b) N–S–N, and (c) S.
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of the samples were convex and concave toward the
centers of the samples, respectively. There is no sharp
step at the border between the layers with the whiskers
and the layers without the whisker. Fig. 4 suggests that
there is a strong interaction between the layers when the
sintering shrinkage occurs. The shrinkage parallel to the
casting direction in N layer is decreased near the border
with S layer while that in the normal direction is not
influenced by the presence of S layer. That results in a
sintering shrinkage anisotropy in the casting plane of N
layer that originally was not present. The sintering
shrinkage anisotropy of N layer induced by that of S layer
in contact is considered to influence upon orientations of
the large elongated grains within N layer: It tends to rotate
those grains parallel to the casting direction as schemati-
cally shown in Fig. 5.
Fig. 6 shows distribution of angles between the long

axes of the large elongated grains and the casting direc-
tion. The wider the distribution, the more randomly
oriented the grains. The angle distribution of sample N
shown in Fig. 6(a) shows that the elongated grains are
randomly oriented. Meanwhile, Fig. 6(b) shows that the
angles are highly populated around the zero degree. It
means that the large elongated grains of sample S are
highly aligned in the casting direction. As a quantitative
measure of degree of alignment, the average of the angles
is obtained. When completely random orientations of the
grains are assumed, the average angle should be 45
degrees. The smaller the angle, the better aligned the
elongated grains. The average values obtained from the
casting planes (surface T) of samples N and S are 42.19

degrees and 24.27 degrees, respectively. The large elon-
gated grains growing from the whisker seeds in sample S
are highly aligned. The large elongated grains in layer N
of sample N–S–N are better aligned than those in sam-
ple N as shown in Fig. 6(a) and (c), and this is due to the
sintering shrinkage anisotropy in N layer induced by

Fig. 3. The sintering shrinkage of samples in the three directions

shown in Fig. 1.

Fig. 4. Photograph of samples N–S–N (left) and S–N–S (right); sam-

ples were cut as shown in the schematic diagram.

Fig. 5. Schematic diagram for alignment of large elongated grains in

the N layer due to the sintering shrinkage anisotropy induced by that

in the S layer; broken line, before sintering, solid line, after sintering.

538 D.-S. Park et al. / Journal of the European Ceramic Society 22 (2002) 535–543



that in S layer as described in Fig. 5. Since the sintering
shrinkage anisotropy in the N layer of the tri-laminate
samples increases as it approaches the border with S
layer, the degree of alignment in N layer of the sample is
higher near the border than far from it. Average angle
between the casting direction and the long axes of large

elongated grains on surface T of sample N–S–N with
about 0.15 mm thick surface layer is 39.1 degrees.
Comparison of Fig. 6(a) and (d) or Fig. 6(c) and (e)
shows that the elongated grains look better-aligned on
surface L than on surface T. Average angle obtained
from surface L of sample N is 33.95� that is much

Fig. 6. Distribution of the angle between the long axes of large elongated grains and the casting direction; (a) obtained from surface T of sample N,

(b) from surface T of sample S, (c) from surface T of sample N–S–N with about 0.15 mm thick surface layer, (d) from surface L of sample N, (e)

from surface L of the N layer of sample N–S–N.
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smaller than that obtained from surface T. The average
angle obtained from surface L of N layer of sample N–
S–N is 33.5�. The large elongated grains on surface L of
the N layer look better aligned than those on surface T.
That is in part due to smaller sintering shrinkage aniso-
tropy on surface T than on surface L of the sample. It is
also in part due to the fact that the large elongated
grains normal to surface L are not considered because
of the short grain length appearing on that surface.

3.2. Mechanical properties

Fig. 7 shows the three point flexural strengths of
samples. Samples N and N–S–N show higher strength
than samples S and S–N–S. In other words, samples
with surface layer consisting of fine microstructure show
higher strength than those with surface layer containing
the large whisker grains. Fig. 8 shows the fracture origin
of sample S that is the large elongated grain lying normal

to the casting direction. The flexural strength is influ-
enced by the large elongated grains on the surface espe-
cially when they are oriented normal to the tensile
stress. Comparison of the flexural strengths of samples
N and S with those of samples N–S–N and S–N–S,
respectively reveals that the strength of sample N–S–N
is higher than that of sample N and sample S is stronger
than sample S–N–S. In other words, samples with an S
layer in the middle show higher strengths than those
with an N mid-layer. It means that not only the surface
layer but also the middle layer exerts an influence upon
the strength of the sample. Fig. 9 shows the fracture
toughness values obtained from the casting surface of
the sample. Samples show anisotropic fracture tough-
ness values except sample N; the fracture toughness is
higher normal to the casting direction than parallel to
the direction. In other words, the fracture toughness is
higher normal to the aligned elongated grains than par-
allel to them. The crack propagation direction during
the flexural strength measurement is normal to the
aligned large elongated grains. The fracture toughness
(Kc) is related to the fracture strength (�) by

� ¼
Kc

Y
ffiffiffiffi

C
p ; ð1Þ

where Y is a constant and C is the flaw size.14 For sur-
face flaws of the same size, the fracture strength is
increased as the fracture toughness is increased. There-
fore, the higher flexural strengths of samples N–S–N
and S than those of samples N and S–N–S, respectively
are in part due to higher fracture toughness of S layer
than that of N layer.
Fig. 9 also shows that the fracture toughness obtained

from layer S is decreased by making the tri-laminateFig. 7. The three point flexural strengths of samples.

Fig. 8. SEM micrograph showing the fracture origin (indicated by arrow) of sample S.
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composites. The fracture toughness of sample N–S–N
shows a value similar to that of sample N in the direc-
tion normal to the casting direction while the former
sample has a lower fracture toughness than the latter
sample in the casting direction. One possible explana-
tion for these results is that the large elongated grains
are slightly better aligned in sample N–S–N than in
sample N, and the crack in the casting direction propa-
gates farther along their grain boundary in the former
sample than in the latter sample. In the case of sample
S–N–S, the fracture toughness in the direction normal
to the casting direction is lower than that of sample S.
One possible explanation for the lower fracture tough-
ness of sample S–N–S than that of sample S is that
degree of alignment in the former sample is lower than
that in the latter sample. The crack normal to the cast-
ing direction encounters fewer large elongated grains
growing from the whisker seeds and experiences less
resistance in sample S–N–S than in sample S, during its
propagation. This is why the fracture toughness of
sample S–N–S is lower than that of sample S in the
direction normal to the casting direction.
Table 2 shows the elastic properties and the thermal

expansion coefficients of the N sample and S sample. In
spite of the high degree of alignment of those large

elongated grains in the S sample as shown in Fig. 2(c)
and 6(b), Young’s moduli and Poisson’s ratios of the S
sample did not vary much depending on the directions.
While Young’s modulus were slightly higher for the N
sample than for the S sample, Poisson’s ratios of the S
sample were slightly bigger than Poisson’s ratio of the N
sample. The linear thermal expansion coefficient of the
S sample in either of the two directions was bigger than
that of the N sample. The thermal expansion coefficient
of the S sample was slightly bigger in the alignment
direction than in the direction normal to the alignment
direction. However, the difference between the two
thermal expansion coefficients of the S sample was neg-
ligibly small, about 3�10�8/K. Therefore, the thermal
residual stress can not fully explain the fracture tough-
ness anisotropy of the N–S–N and S–N–S samples that
is shown in Fig. 9.
Fig. 10 shows the fracture toughness values measured

from surface L of the samples. The fracture toughness
of sample N shows an anisotropy on surface L unlike
that on surface T that is shown in Fig. 9. As indicated in
Fig. 6, large elongated grains of sample N are randomly
oriented on surface T while they show some degree of
alignment on surface L. Therefore, the fracture tough-
ness in the casting direction on surface L of sample N is
lower than that parallel to the lamination force direc-
tion. It is noticeable that the fracture toughness aniso-
tropy measured from the N layer of sample N–S–N is
stronger than that of sample N. That is consistent with

Table 2

Elastic properties and thermal expansion coefficients of the N and S

samples

Sample Young’s modulus

(GPa)

Poisson’s

ratio

Linear thermal

expansion coefficient

(�10�6/K)

N 312 0.28 3.24

S //a 302 0.29 3.33

?b 307 0.31 3.30

a // Parallel to the alignment direction.
b ? Normal to the alignment direction.

Fig. 9. Fracture toughness values of samples obtained by indentation

on the casting plane; thickness of the surface layers of samples N–S–N

and S–N–S was about 0.2 mm.

Fig. 10. Fracture toughness values obtained from surface L by inden-

tation using 49 N load; indentation was performed on the N layer at

0.25 and 0.3 mm away from the border with the S layer for samples

N–S–N and S–N–S, respectively; indentation was performed in the

middle of samples N and S.
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the fact that the large elongated grains in the N layer of
sample N–S–N are better aligned than those of sample
N as shown in Fig. 6(a) and (c). The fracture toughness
values obtained from the N layer of sample S–N–S also
show a strong anisotropy. The fracture toughness on
surface L of sample S shows the strongest anisotropy
among the samples. Fig. 11 shows SEM micrographs of
the indentation cracks on surface L of the N layer of
sample S–N–S. Anisotropy of the crack lengths is easily
recognized and the large elongated grains in the middle
layer (N layer) are oriented toward the casting direction.

4. Conclusion

Silicon nitride ceramics with laminate structures were
prepared using two kinds of layers; a layer without the
whisker seed and a layer with 3 wt.% whisker seeds. The
sintering shrinkage was anisotropic: In case of sample N,
the sintering shrinkage in the casting plane was isotropic
and was smaller than the sintering shrinkage in the lami-
nation force direction. In the case of other samples, the
sintering shrinkage in the casting direction on the casting
plane was the smallest, followed by that in the direction
normal to the casting direction on the casting plane, and
the shrinkage in lamination force direction was the big-
gest. In the case of samples with the tri-laminate struc-
tures, the large elongated grains in the N layer were
induced to rotate toward the casting direction by the
sintering shrinkage anisotropy of the S layer in contact.

The three point flexural strength depends not only on
the surface layer but also on the middle layer. Samples
with a N layer on the surface show higher strength than
those with an S layer, while samples with an S layer in
the middle show higher strength than those with an N
layer. It shows that the strength is higher for the sample
with higher fracture toughness when the size of the sur-
face flaw is fixed. The fracture toughness obtained from
the N layer of the samples with tri-laminate structures
shows an anisotropy resulting from the microstructural
anisotropy that is induced by the sintering shrinkage
anisotropy of the S layer in contact.
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