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Abstract

The effect of changing the spray drying conditions on the microstructure of green bodies and on the strength variation of sintered
bodies was examined for silicon nitride ceramics. Novel characterization techniques were applied to observe the internal structure of
granules, green bodies and the resultant ceramics. As a result, the difference of the fracture strength of sintered bodies made from
the granular compaction route could be explained quantitatively by the difference of the pore size distribution in the sintered bod-
ies. Those potential flaws were introduced by the incomplete collapse of dimples in granules and of interstices between granules.
Different characteristics of granules exerted a serious influence on the size and concentration of potential flaws in green compacts
and on the resultant mechanical strength of sintered bodies after densification. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It has been known that the manufacturing conditions
exert a very significant influence on the unpredictable
variation of the fracture strength of ceramic products.
Each step in processing has the potential for introducing
detrimental defects such as large grains, aggregates, or
large pores.! For powder processing using granules,
heterogeneities are often introduced in the green com-
pacts during forming; they then either persist or develop
to form defects that govern the strength of the ceramics
during the subsequent densification and microstructure
development.>~ It is thus crucial to identify the domi-
nant flaw in a ceramic material in each processing step
and to eliminate it by the proper modification of the
processing conditions. The extremely low concentration
of such defects, however, makes it difficult to detect
them by conventional characterization tools, such as
SEM and mercury porosimetry.

* Corresponding author. Tel.: +81-52-871-3500; fax: +81-52-871-
3599.
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Considerable use has been made of the new char-
acterization techniques developed by Uematsu et al.®~12
for the identification of heterogeneities in granules,
green and sintered bodies of alumina ceramics; the
techniques have successfully revealed the influence of
minor differences in processing conditions during spray-
drying, forming and sintering on the development of
fracture origins.*° We found that large pores were
especially active as dominant flaws for the undesirable
variation of fracture strength in alumina ceramics made
through the granular compaction route.

Even in silicon nitride ceramics, large pores resulting
from heterogeneities in green compacts are known to
become fracture origins responsible for the degradation
of fracture strength.>3!3 However, the mechanism of
the formation or the development of large pores in silicon
nitride densified by liquid phase sintering is not well
understood, although it is expected to be different from
the mechanism in solid-state sintered alumina ceramics.

In this study, three kinds of granules were prepared
from the same slurry of silicon nitride by changing the
spray drying conditions; notably the inlet air tempera-
ture for spray-drying and the feed rate of slurry. Dense

0955-2219/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(00)00243-0



604 T. Hotta et al. | Journal of the European Ceramic Society 21 (2001) 603-610

Table 1

The raw materials and their amounts used for experiments

Material Function Manufacturer Grade Amount (g)
Silicon nitride Powder Ube SN-E10 270
Alumina Powder Sumitomo Chemical Co., Ltd AKP-30 15
Yttrium oxide Powder Daiichi Kigenso Kagaku Kogyo Co., NRN 15
Polyvinyl alcohol Binder Shinetsu Chemical Co., Ltd PV-3 22.5
Polyethylene glycol Plasticizer Nippon Oil #4000 4.7
Stearic acid emulsion Lubricant Chukyo Yushi Co., Ltd Selosol 920 15

silicon nitride ceramics were obtained by the pressure-
less sintering of green bodies fabricated with these
granules, and the properties of the sintered bodies, i.e.
density, fracture strength, and fracture toughness, were
determined. Transmission characterization methods were
applied to identify the heterogeneities of the products
after each processing step with a view to clarifying the
formation mechanism of the large pore defects. The
influence of the size and concentration of pore defects
on the strength variation is also discussed.

2. Experimental procedure

The starting raw materials and the manufacturing
process for the experiments are presented in Table 1 and
Fig. 1, respectively. Commercially available silicon
nitride, alumina and yttria powders were used as the
starting materials. The average particle size of each
powder measured by X-ray sedimentation is 0.44, 0.33,
and 0.29 um, respectively. The silicon nitride powder
was mixed with alumina and yttria by ball-milling with
distilled and deionized water for 24 h. The concentration
of the powder mixtures was 65.9 mass%. Dispersant was
not added because the pH of the slurry moved to the
basic region (~9.5), at which silicon nitride could be
deflocculated electrostatically, due to the reaction of
silicon nitride and water during mixing. The slurry was
passed through a sieve (32 pm) to remove large
agglomerates or inclusions, then mixed again in a stirrer
mixer with binder (polyvinyl alcohol), plasticizer (poly-
ethylene glycol) and lubricant (stearic acid emulsion).
The concentration of each additive was 0.9, 0.45, and
0.9 mass%, respectively. After mixing, the slurry was
dried to form granules under the three different drying
conditions A, B and C, as shown in Table 2, by using a
spray dryer (TRS-5W, Sakamoto Giken Co., Ltd.,
Japan). The rotating speed of the rotary atomizer was
adjusted to be 8000 rpm in all cases. All granules were
sieved through a 150 pm screen for the removal of large
agglomerates and foreign objects before the testing.

The consolidation behavior of the granules was analyzed
by a compression tester, Aggrobot (Hosokawa Micron
Corp., Osaka, Japan).'# In this experiment, granules were
poured into a cylinder with an inner diameter of 15 mm.

The initial height of the granule beds was set at about 35
mm. A compressive stress was exerted uniaxially on the
granule bed at a speed of 0.1 mm/s until it reached 11.1
MPa.

For sintering, granules were uniaxially pressed in a
rectangular metal die (60x50 mm) at 19.6 MPa. After
dewaxing by heat-treating at 530°C for 15 h in an elec-
tric furnace, the mold-pressed samples were CIPed at 294
MPa to form green compacts. The green bodies were
embedded in boron nitride powders in a silicon nitride
container and heated at 1700°C for 3 h for sintering
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Fig. 1. Fabrication process of silicon nitride ceramics.
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Table 2
Spray drying conditions

A B C
Inlet air temperature (°C) 160 200 160
Feed slurry amount (g/min) 100 100 200

under 0.1 MPa nitrogen atmosphere. Densities of all
sintered samples were measured by the Archimedes
method with water.

The internal structures of the granules and green
bodies were examined by direct observation techniques.
For the structural observation of green bodies, the
samples were thinned to a tenth of a millimeter thick
with grinding paper. A few drops of an immersion
liquid with a refractive index 2.05, which is almost same
as that of alumina, was added to make them transparent
and to observe the structure optically in the transmis-
sion mode.? For the structural observation of sintered
bodies, samples were thinned to a thickness of less than
about 50 pm to make them transparent and were sub-
jected to the same optical microscope examination
without adding immersion liquid.!® The microstructure
of sintered specimens was also examined by using SEM.
Mercury porosimetry (Autopore 11 9220, Micromeritics)
was employed to determine the size and the size dis-
tribution of pore channels in the green compacts.

Fracture strength and fracture toughness were exam-
ined by using specimens with size 3x4x40mm cut from
the sintered samples. The surfaces of the specimens were
finished with a diamond grinding wheel of #800. The
method specified by JIS R 1601 was applied to measure
the strength in four point bending with outer and inner
span lengths of 30 and 10 mm, respectively. The cross
head speed was adjusted to 0.5 mm/min. Fracture
toughness was also measured by applying the single-
edged-precracked beam method specified by JIS R1607.

3. Results

Fig. 2 shows the size distribution data of spray dried
granules made with the conditions A, B and C, in
Table 2. In the following description, products made
through each spray-drying condition are named A, B
and C, respectively. All conditions produced wide size
distributions ranging from 30 to 150 pm, although the
curves were slightly different. Granules A and B show
almost identical distribution curves with average dia-
meters of 69 and 72 pum, respectively. Granules C have
clearly larger size (89 pm).

Fig. 3 shows a typical example of the internal struc-
ture of granules taken with the transmission mode for
granules B. Dimples are clearly visible in the majority of
cases. Dimples were also found in granules A and C.

The size of the dimples tended to become larger in pro-
portion to the size of granules.

Fig. 4 shows the compression behavior of a granule
bed for granules A, B and C, respectively. The com-
pression of the granule bed occurs in two steps for all
granules: the first one is characterized by a low slope
and the second by a relatively steep curve. The gradients
in the relatively steep curves were almost same in these
three types of granules. It was, however, found that the
low slope was different for each type of granule. The
critical stress, p., determined by the intersection of the
straight lines fitted to the low pressure and the high
pressure legs was 0.75, 0.99, and 0.83 MPa for granules
A, B, and C, respectively.

Fig. 5 shows the pore size distribution curves of CIPed
green bodies determined by mercury porosimetry. All
samples showed nearly the same characteristics for the
pore size distribution. No clear evidence was noted for
the retainment of large, intergranular pores by this
conventional characterization tool.

Fig. 6 shows a photomicrograph taken in the trans-
mission mode with the liquid immersion method for a
green compact B. The shape of granules is clearly visible
in the internal structure even after CIPing at a high
compaction pressure. It should also be remarked that
large voids were found in and between granules. Similar
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Fig. 2. Size distributions of granules.

Fig. 3. Transmission optical micrograph of granules (B).
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Fig. 4. The consolidation curves of granule compacts.

structure was also observed in green compacts A and C.
The results clearly show that the voids are preserved
even in highly compacted green bodies, although the
concentration of them must be low because they are not
detected with mercury porosimetry.

Table 3 shows the density and fracture toughness of
sintered specimens. As shown, these were almost the
same for all samples. Relatively low fracture toughness
in the present samples is probably due to the insufficient
growth of elongated grains caused by the low tempera-
ture sintering at 1700°C.

Fig. 7 shows the Weibull distribution curves of the
flexural strength for the sintered bodies. A clear differ-
ence was noted in the fracture strength depending on
the type of granule. Average strength was the highest
for sample C (766 MPa) and decreased in the order of
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Fig. 5. Pore size distributions of green compacts.

Fig. 6. Transmission optical micrograph of green compact (B).

Table 3
Density and fracture toughness of specimens

Specimens Density Fracture toughness
(kg/m?) (MPa m'?)

Made from granules A 3.21x10? 5.0

Made from granules B 3.22x10° 5.1

Made from granules C 3.21x10? 5.0

sample A (722 MPa) and B (685 MPa), although the
calculated Weibull moduli were high for all samples.
The distribution curves showed nearly parallel lines,
suggesting that the dominant defects for the fracture
were of the same origin.

Fig. 8 shows a SEM micrograph taken on the
polished and thermally etched surface of the sintered
body B. Bodies A and C exhibited similar micro-
structures. The information obtained with this conven-
tional characterization tool is that there was no clear
difference in the microstructure among samples A, B
and C.

Fig. 9 shows photomicrographs taken in the trans-
mission mode for thinned specimens of the sintered
bodies. In contrast with the results of SEM observation
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Fig. 7. Weibull distributions of the fracture strength for specimens.

Fig. 8. Microstructure of ceramics specimen (B) by SEM.

(Fig. 8), heterogeneity was clearly noted in the internal
microstructure as dark spots at the center and bound-
aries of granules. Comparison of the size distribution
of dark spots reveals that the pore defect size is
clearly smaller for sample C than for samples A and
B, suggesting that there is correlation between the
internal pore size distribution and the fracture strength
as presented in Fig. 7. However, a difference of pore
structure is not evident between samples A and B from
the photographs.

‘,!&

Fig. 9. Transmission optical micrographs of the thinned ceramics
specimens. (a) A, (b) B, (c) C.

Fig. 10 shows the relation between the concentration
and the size of large pores for all samples determined
using the photomicrographs in the transmission mode.
The pore concentration is defined as the number of
pores per unit volume of specimen per unit size interval.
For determining the pore concentration, the number of
pores was counted using 5 um, intervals, and plotted on
the figure as the intermediate value in the interval. Pores
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Fig. 10. Relation between pore number density and the pore size for
the samples.

were assumed to have a spherical shape, and their size
was represented by the equivalent diameter. The effec-
tive volume of specimens subjected for the examination
was about 2.5 mm? for all samples, and the size was
measured for about 2000 pores in each specimen. As
presented in Fig. 10, the curves appear to be divided
into two regions. In the region of small pore defects
with less than about 30 pm, the pore density follows
nearly the same line. On the other hand, the distribution
curves show nearly parallel lines in the large pore
region. The results indicate that internal pores become
larger in the order of the sintered bodies C, A and B in
agreement with the tendency of the fracture strength as
shown in Fig. 7.

4. Discussion

The fracture strength of silicon nitride ceramics is
strongly influenced by the pore defects introduced in the
material during processing. As shown in Figs. 7 and 10,
variation of the fracture strength can be explained by
the pore size distribution found in the specimens.
According to fracture mechanics, the strength o, can be
related to the size of the fracture origin, ¢, by the equation

Kic = o Yc!/? 1)

where Kjc is the fracture toughness and Y is a shape
factor. As shown, the strength is inversely proportional
to the one-half power of the size of the fracture origin
for a given fracture toughness. Here we focus on the
case where one defect can be found in the effective
volume (one defect/2.5 mm?). Because the number of
pores is counted for a Spum interval, the pore number

density for this case becomes nearly 0.1 mm—3 pm~! (1/
2.5 mm?/5 pm = 0.08). Focused on the pore sizes for all
specimens at that concentration, Fig. 10 shows that the
ratio of pore defect size becomes 1.27:1.17:1 for each
specimen B:A:C provided that the curves can be extra-
polated to the region of such large defects. Substituting
the ratios of pore defect size and the fracture toughness
in Table 2 to the above equation (1) gives that the size
difference should correspond to 1.13 and 1.04 times
higher strength for samples C and A, respectively, than
for B, provided that the shape factor is assumed to be
the same. The average strength (Fig. 7) for the samples
C (766 MPa) and A (722 MPa) is 1.12 and 1.05 times
larger than for the sample B (685 MPa). As reported for
alumina,>® the results demonstrate the relevance of the
internal pore structure to the mechanical properties of
the sintered material.

The results show that the fracture origin of the pre-
sent sintered silicon nitride was the large pore defects
developed from the potential flaws, large voids, in the
green compacts during the subsequent densification and
microstructure development. Here, the apparent high
concentration of pores in Fig. 9 can be ascribed to the
unique observation method of the present study, in
which pores located at various depths in the specimens
are observed simultaneously. The high concentration of
pores with uniform distribution explains the high Weibull
modulus of the present specimens.

As shown in Figs. 6 and 9, large voids preserved in
and between granules during compaction should be the
major source for the development of the pore defects in
these sintered bodies. It has been known that the devel-
opment of pores during sintering can be explained by a
thermodynamic approach.!>!® This recognizes that
pores larger than a critical size are thermodynamically
stable and can persist or grow during densification. In the
case of silicon nitride densified by liquid phase sintering,
however, non-uniform powder packing in granular
compacted green bodies can contribute to making large
pores grow by differential sintering with the re-distribution
of the liquid phase from large pores to the near-by densify-
ing region.'® The present results show again the exis-
tence of local “large heterogeneities”, large voids with
non-uniform powder packing at and around them, in
green compacts made by the granular compaction
route.

The difference of the size distribution of pore defects
among the sintered bodies A, B and C should be related
to that of the potential flaws in the green compacts, if
the densification and microstructure development are
assumed to proceed in the same manner for all samples.
It can, therefore, be considered that the size of potential
flaws would be the largest for green compact B whereas
the smallest for C.

Formation of potential flaws in green compacts can be
ascribed to the non-uniform packing of powder particles
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caused by the incomplete collapse of dimples in granules
(Fig. 3) and of interstices between granules. The size
and distribution of potential flaws should thus depend
on the mechanical properties and the resultant compac-
tion behavior of granules. The difference of fracture
strength between the samples A and B, that are made
from the granules with nearly the same size distribution,
can be explained by the different deformation and/or
fracture behavior of granules during compaction. As
already described, the critical stress was the highest for
granules B, 0.99 MPa, whereas the lowest for granules
A, 0.75 MPa. This shows that granules B requires the
highest compressive load for initiating the deformation
at the contact points, because the critical stress is
defined as the yield pressure at which granule rearran-
gement is essentially complete and granule deformation
and/or fracture begins.!” On the other hand, granules A
have the lowest critical stress and, therefore, compac-
tion of granules A should be more efficient for the
reduction of coarse interstices in and between granules
by the ease of deformation and fracture of them.

For sample C, another explanation is needed because
granules C have larger size than granules A and B, and
the critical stress of the granule bed is higher than that
of granules A. Bisides, the gradients in the higher com-
pressive stress (Fig. 4) cannot explain the difference for
these three types of granules. The characteristics of
granules C suggests that they would be detrimental for
the reduction of the size of potential flaws in the green
compacts, at least when compared with granules A. It is
thus interesting that the sintered body C exhibited the
highest fracture strength with the smallest pore defect size
despite the detrimental characteristics of the granules for
effective compaction.

Reduction of the defect size in sample C can be
attributed to the different deformation and/or fracture
behavior in granules C. Higher critical stress of granules
C than A suggests that the granules should be less
deformable during the initial stage of compression. A
possible explanation for the reduction in size of the
potential flaws in green compact C is the different frac-
ture mechanism of granules C after deformation with
increasing compaction pressure. Generally, granules
slide past each other and are rearranged until the load
reaches p., where the contact points deform plastically
with increasing the consolidation stress. Finally, the
granules are fractured when the stress exceeds the
breakage value.'* In the case of alumina, the authors
have reported that the size of potential flaws can be
reduced even when the granules with a high yield stress
are used, provided that the granules fracture into many
small fragments under a high applied pressure.!® In this
case, fragmentation of the granules to small pieces was
considered to fill efficiently the void spaces in and
between the granules and, as a result, to reduce the size
of flaws. The same explanation may be possible in the

present case, although the reason of allowing granules C
to have such the unique characteristics is still unclear.
Further examination thus should be needed on the
fracture behavior of a single granule and the effect of it
on the compaction of the granule bed in order to
explain the reason for the different fracture behavior for
granules C.

5. Conclusion

Differences in the fracture strength of sintered silicon
nitride made from the granular compaction route could
be explained quantitatively by the difference in the size
distribution of pore defects in the sintered bodies as
determined by direct observation techniques. Potential
flaws in green compacts, that were introduced by the
non-uniform packing of powder particles resulted from
the incomplete collapse of dimples in granules and of
interstices between granules. They form large pore defects
during sintering. Formation of the potential flaws during
compaction depended on the mechanical properties and
the resultant compaction behavior of the granules.
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