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The use of self-reinforcement by larger elongated grains in
silicon nitride ceramics requires judicious control of the
microstructure to achieve high steady-state toughness and
high fracture strength. With a distinct bimodal distribution
of grain diameters, such as that achieved by the addition of
2% rodlike seeds, the fracture resistance rapidly rises with
crack extension to steady-state values of up to 10 MPa?m1/2

and is accompanied by fracture strengths in excess of 1
GPa. When the generation of elongated reinforcing grains
is not regulated, a broad grain diameter distribution is typi-
cally generated. While some toughening is achieved, both
the plateau (steady-state) toughness and theR-curve re-
sponse suffer, and the fracture strength undergoes a sub-
stantial reduction. Unreinforced equiaxed silicon nitride
exhibits the least R-curve response with a steady-state
toughness of only 3.5 MPa?m1/2 coupled with a reduced
fracture strength.

I. Introduction

SELF-REINFORCEDb-silicon nitrides are an analogue to whis-
ker-reinforced ceramics relying on the formation of elon-

gated rodlike grains, which are similar in form to whiskers, to
toughen the ceramics.1 Li and Yamanis2 demonstrated that
silicon nitrides containing large ($1 mm diameter) elongated
grains could exhibit steady-state toughness values approaching
10 MPa?m1/2 (as compared to∼3 MPa?m1/2 for submicrometer
grain size material). Furthermore, bridging of cracks by intact
elongated grains and grain pullout are observed in the region
behind the crack tips, just as with whisker-reinforced ceramics.
In two independent experiments, Kawashimaet al.3 and Mi-
tomo et al.4 showed that the fracture toughness of silicon ni-
tride increased with the diameter of the larger elongated grains,
consistent with the response predicted for frictional bridging
and pullout processes.5

Such reinforcements are possible as theb-grains in silicon
nitride ceramics generally exist as elongated hexagonal prisms,
even in fine-grained materials. The growth ofb-grains is an-
isotropic with thec-axis growth rates generally exceeding those

normal to the prism faces.6,7 Such grain growth occurs in the
presence of a glass phase derived from the native surface oxide
on the silicon nitride powders and additives used to enhance the
densification of the silicon nitride ceramics. The additives af-
fect the glass viscosity by altering the glass composition.8,9

When growth of theb-grains is controlled by diffusion through
the glass phase, changes in glass composition modify the dif-
fusion rates of silicon and nitrogen and, thus, the rate of grain
growth.7 In the case of interface-controlled growth of the larger
b-grains, it is not clear that the changes in composition within
the same glass system would have significant effects on growth
rates. On the other hand, substitution of various rare-earth ions
can have a significant effect on the growth rates ofb-grains.10

In the earlier study,10 it was suggested that the growth-limiting
step shifted from interface control to control by diffusion
within the glass phase as the rare-earth cation decreased in size.

On the other hand, the extent of anisotropic grain growth and
the fraction of larger elongated grains can also be manipulated
by the ratio ofa- to b-phase Si3N4 in the starting powders, as
well as the sintering temperatures and hold time.11–13 It is
possible to produce an essentially equiaxedb-silicon nitride if
the starting powder consists only ofb-phase.12–14The presence
of some b-particles in ana-phase powder is often used to
develop a microstructure consisting of larger elongated
b-grains in a matrix of finerb-grains and an amorphous or
partially crystallized grain boundary phase. In fact, many avail-
able powders consist primarily ofa-phase with only a few
percentb-phase. One can addb-phase powder to alter the
fraction of larger elongated grains present in the ceramic. A
refinement of this approach is the use of elongatedb-seeds.15,16

This refinement enhances the formation of large elongated
b-grains and provides improvements in the control of both the
size and the fraction of these larger elongated grains. More
recently, size separation ofb-phase powder followed by selec-
tive additions of the coarser particles to the fines has been used
to develop similar reinforced microstructures.17

As noted earlier, toughness measurements in silicon nitrides
with fixed additive contents (i.e., 5 wt% yttria + 2 wt% alu-
mina) indicated that the steady-state toughness for long cracks
increases with the diameter of the larger elongated grains.3,4

However, the influence of the fraction of large elongated grains
and the size of the finer ‘‘matrix’’ grain on the rise in fracture
resistance with crack extension, as well as on fracture strength,
has not been systematically examined. In the past, one typically
expected that the fracture strength would decrease with an in-
crease in grain size. Studies of self-reinforced silicon nitrides
indicate that the strength can decrease with increase in size of
the reinforcing grains while the toughness and resistance to
machining damage increase.18 The resistance to machining
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damage may be related to the rising fracture resistance; how-
ever, the effect of microstructure on the rise in the fracture
resistance with the growth of short cracks has not been ad-
equately addressed. Previous measurements in silicon nitrides
indicate that theR-curve response can be altered by the size and
amount of the larger elongated grains.19,20 From these studies
it appears that a coarsening of the overall microstructure (both
the finer matrix grains and the reinforcing grains) may benefit
the steady-state (long crack) toughness but only yield a slowly
rising R-curve. On the other hand, earlier results for whisker-
reinforced aluminas reveal that both the amount and diameter
of the reinforcing phase could enhance the overallR-curve
response.21 Indeed, both the rate of rise with initial crack ex-
tension and the steady-state toughness values were increased
with the content and diameter of the whiskers. The current
study was initiated to compare the effect of microstructure on
the rise in fracture resistance with crack extension (R-curve)
and fracture strength. To this end, samples were prepared that
had either essentially equiaxedb-grains (unreinforced) or both
different sizes and size distributions of elongatedb reinforcing
grains. Gas pressure sintering and hot pressing plus seeding
with elongatedb-particles were employed to control the mi-
crostructures achieved.

II. Experimental Procedure

(1) Gas-Pressure-Sintered (GPS) Samples
Theb-Si3N4 seeds were grown by heating a powder mixture

of Si3N4, Y2O3, and SiO2 in a silicon nitride crucible at 1850°C
for 2 h under a nitrogen pressure of 0.5 MPa, followed by acid
rinse treatments. After milling, the seeds were defect-free rod-
like b-Si3N4 single-crystal particles (∼1 mm in diameter by$2
mm in length) with very low levels of impurities (0.26% oxy-
gen and 1.3 ppm yttrium). Details of the preparation and char-
acterization of the seeds are reported in Ref. 22. Seeded silicon
nitrides were prepared by tape casting, except where noted, and
gas pressure sintering. The starting powders were Si3N4 (E-10
grade,$95% a-phase, Ube Industries, Japan), Y2O3 (purity
>99.9%, BET 27 m2/g, Hokko Chemicals, Japan), Al2O3 (pu-
rity >99.9%, BET 173 m2/g, Hokko Chemicals, Japan), and 2
vol% b-Si3N4 seed particles. Two compositions of densifica-
tion additives were used: (1) 6.25 wt% Y2O3 + 1 wt% Al2O3
and (2) 5 wt% Y2O3 + 2 wt% Al2O3. For comparison, a fine-
grain silicon nitride withoutb-Si3N4 seeds was also prepared
by cold isostatic pressing powder mixtures and, then, gas pres-
sure sintering. Samples were densified at 1850°C for 6 h under
a nitrogen gas pressure of 1 MPa. The processing procedures
employed are described in greater detail in Ref. 16. Measure-
ments based on Archimedes’ principle showed all the samples
were at least 98% of theoretical density (based on theoretical
densities ofb-Si3N4 and the oxynitride glasses) except for the
tape cast and sintered composition with 6.25 wt% Y2O3 and 1.0
wt% Al2O3 that was 94% of theoretical density.

(2) Hot-Pressed Samples
All the materials produced by hot pressing used oxide addi-

tives of 1 wt% Al2O3 (AKP50, Sumitomo Chemical America
Inc.) + 6.25 wt% Y2O3 (99.9% purity, Molycorp Inc.) mixed
into the silicon nitride powders. Samples were prepared start-
ing with a-Si3N4 powder (E-10 grade,$95% a-phase, Ube
Industries, Japan). Finally, one sample was prepared (using the
same oxide additive composition) using ab-Si3N4 powder
(KSN-80SP,∼90%b-phase, Shin-Etsu Chemical Co., Ltd., Ja-
pan) to form an equiaxed silicon nitride.

For these nonseeded samples usinga-Si3N4 powders, the
silicon nitride, yttria + alumina powder mixtures were attrition
milled for 3 h in a Teflon-coated mill with 750 g of Si3N4
media using a slurry of 250 mL of 2-propanol and 75 g of the
powder mixture. The mixture was dried and crushed to pass
through 200-mesh sieve. For the nonseeded samples based on
theb-Si3N4 powder, 75 g of the powder mixture together with

200 mL of 2-propanol was ball-milled for 24 h in polyethylene
bottle using 300 g of Si3N4 media. Afterward, the mixture was
again dried, crushed, and passed through a 200-mesh screen.

All of these samples were fabricated in a hot-press equipped
with an extensiometer to measure ram travel using the follow-
ing cycle. Samples were heated to 1000°C in∼45 min under a
vacuum of 1 Pa with no applied load and held at 1000°C for 1
h, and then the chamber was backfilled with nitrogen (0.1 MPa)
and a load of∼20 MPa was applied. The temperature was
raised to 1750°C in∼30 min and held there for 2 h, the sample
was then cooled to 1000°C in∼30 min under load, the load was
then removed, and the sample was cooled to room temperature.
One sample prepared from a mixture ofa-Si3N4 powder, 1
wt% Al2O3, and 6.25 wt% Y2O3 was hot-pressed for only 20
min at 1750°C to produce a self-reinforced material with a finer
microstructure. All samples exhibited densities >99% of theo-
retical regardless of composition.

In addition, two GPS self-reinforced silicon nitride ceramics
(SN-1 and SN-2) supplied by NKK Corp. that employed addi-
tion of 5 wt% Y2O3 + 2 wt% Al2O3 to UBE E10 a-Si3N4
powder were examined. Earlier studies suggested that these
would have toughness and strength values in the range of 5 to
9 MPa?m1/2 and 600 to 1000 MPa, respectively.3

(3) Characterization
In order to characterize microstructural features, samples

were mechanically polished through 0.5mm diamond abrasive
and then plasma etched using a mixture of CF4 with ∼5%
oxygen for 2 to 5 min. The samples were then carbon coated
and examined in a scanning electron microscope (SEM)‡ while
chemical analysis was accomplished using an energy disper-
sive spectrometer attachment.§ Quantitative microstructural
analyses (e.g., grain diameters, second phase content) were
conducted utilizing analytical software¶ and the techniques de-
scribed in Ref. 23. In the present study, three different magni-
fications (4485×, 7476×, and 29,902× or 37378×) were em-
ployed. With each composition, the diameters of 1000 to 1500
grains were measured. The cation concentrations (Al, Y, and
Si) were determined from quantification analyses of the EDS
spectra. In addition, X-ray diffraction (XRD) analysis was per-
formed to confirm the completion of thea-to-b transformation,
as well as to identify any crystalline secondary phases present.

(4) Testing
TheR-curve response of the composites was measured using

an applied moment double cantilever beam (AMDCB) geom-
etry.24 AMDCB and flexure test specimens were machined
using diamond slicing and grinding wheels. AMDCB specimen
(10 mm wide × 2.5 mm thick × 35 mm long) contained a 1 mm
deep by 1.5 mm wide centerline groove parallel to the length of
the sample on one wide (10 mm × 35 mm) surface. The face
opposite the grooved side of the AMDCB specimen was me-
chanically polished (0.5mm alumina final abrasive) to facili-
tate observation of the crack. A 1.5 mm wide notch, 8 mm
deep, was cut into one end of each sample centered on the 1.5
mm centerline groove. The remaining web at the base of the
notched end of each AMDCB sample was cut with a 0.35 mm
thick diamond blade to produce a section with a tapered thick-
ness to facilitate precracking of the specimen. Then a line of 3
kg Vickers indentations spaced∼75mm apart was placed along
the centerline on the polished surface starting at a point∼50
mm below the root of the end notch. The line of indentations
served to generate a precrack that could be extended in a con-
trolled manner. This was accomplished by pressing a TiB2

‡Hitachi S-4100 field emission gun scanning electron microscope with images
recorded either digitally via a 4pi Analysis Inc. spectral engine and scanning inter-
faced MacIntosh Quadra 840AV computer or video recording. SEM equipped with
microshannel plate baskscattered electron detector, GW Electronics, Norcross, GA.

§Model 440B-1SPT detector, Noran Instruments with DTSA analytical software
from NIST.

¶Prism Image Analysis software, Analytical Vision, Inc., Raleigh, NC.
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wedge into the end notch of the AMDCB sample. The precrack
was extended until the crack tip was well into the region of
constant web thickness. Note that in all of the tape cast and
sintered materials containing elongated seeds the large elon-
gated grains tended to be oriented in the tape casting direction
which is parallel to the polished surface of the AMDCB speci-
men as discussed in Ref. 25. In the tape cast and sintered
samples, AMDCB specimens were prepared with the crack
plane oriented with the crack plane perpendicular to the tape
casting direction. As noted in the companion paper, there was
a small (∼10%) reduction in plateau toughness values when the
crack plane orientation was changed from being perpendicular
to parallel to the tape casting direction due to the texturing of
the large elongated grains.25 The crack tip wake region was
then removed with a low-speed diamond saw equipped with a
stereo-optical microscope to monitor the crack length. Final
crack lengths of 50 to 100mm could be obtained as determined
with an optical microscope using either polarized light or No-
marski phase contrast.

Stainless steel loading arms were then attached to the
cleaned and dried AMDCB samples using an epoxy adhesive.
Alignment of the loading arms and sample was maintained
during curing of the epoxy adhesive in a mounting fixture.
After curing the adhesive, the samples were cleaned and tested.
Tests were conducted on an AMDCB test module†† placed on
the stage of either the optical microscope‡‡ (22°C, 50% relative
humidity) or the scanning electron microscope. This provided
detailed observations while the sample was subjected to se-
lected applied load schedules. The test stage21 employed a DC
drive motor with a worm gear to generate the various applied
loading schedules, and the load was monitored by a semicon-
ductor load cell. Thex–y stages on both microscopes were
equipped to allow thex and y positions to be continuously
monitored and acquired to record the crack tip position.

Flexure bars were also prepared, and their surfaces finished
with a 400-grit diamond grinding wheel grinding in the direc-
tion parallel to the length of the flexure bar. The edges of the
bars were chamfered using a 6mm diamond lapping wheel. In
the tape cast GPS samples, the tensile surfaces were parallel to
the tape casting surface and the tensile axis was parallel to the
tape casting direction. In either the cold-pressed GPS samples
and the hot-pressed samples the tensile surfaces were perpen-
dicular to the pressing axis. The cross-sectional dimensions of
the flexure bars were typically 4 mm wide by 3 mm thick.
Flexure tests were conducted at 22°C in 50% relative humidity
at a loading rate of 70 MPa/s using a four-point flexure fixture
(inner and outer spans of 20 and 40 mm, respectively) mounted
on a universal test machine.§§

III. Results

(1) Microstructural Analysis
(A) Grain Size—6.25Y:1A1:Typical microstructures of

the silicon nitrides prepared with 6.25 wt% Y2O3 + 1 wt%
Al2O3 are shown in Fig. 1. A distinct bimodal grain size dis-
tribution is evident in the micrographs and the analysis of grain
diameter distributions (Fig. 2) for both the seeded GPS sample
and the nonseeded sample hot-pressed for 0.33 h at 1750°C. In
each of these materials, the finer matrix grains have average
diameters less than 0.6mm. Obviously, the intentionally added
large b-seeds dominate in the generation of large elongated
grains (Fig. 1(a)). Note that theb-cores are accentuated by
differential plasma etching ofb-Si3N4 versus theb8-
Si6−zAl zOzN8−z growth layer. The formation of a distinct popu-
lation of elongated grains larger than the matrix grain is evident

also when the nonseeded sample is hot-pressed for 0.33 h. In
this case, the largerb-particles present in the powder act as
seeds to form the larger elongated grains. Here theb-Si3N4
cores (arrow, Fig. 1(c)) are observed less frequently as they are
much smaller than those in the seeded sample (Fig. 1(a)). Note
that full density is attained within 15 min after reaching 1750°C
as indicated by the hot-press extensiometer readings. With ex-
tension of the hold time during hot pressing, the fraction of
large elongated grains increases, accompanied by significant
grain growth as seen in Figs. 1(c) versus (b), and Figs. 2(c)
versus (b). These results also reveal a significant coarsening of
the ‘‘finer’’ matrix grains in the nonseeded samples that results
in transition to a broad grain diameter distribution as the hold
time at temperature is increased. The grains in the sample
fabricated from theb-phase powder are essentially equiaxed
with an average grain size of∼0.4mm (Figs. 1(d) and 2(d)). In
all cases,b-Si3N4 and b-SiAlON were the only crystalline
phases detected by XRD.

(B) Grain Size—5Y:2Al: In samples based on 5 wt%
Y2O3 + 2 wt% Al2O3 as additives, the incorporation of elon-
gatedb-seeds again produced a fine-grained matrix and a dis-
tinctly bimodal grain diameter distribution as compared to the
nonseeded sample processed at the same temperature and time
conditions (Figs. 3(a) versus (b), Fig. 4(a) versus (b)). In all
cases,b-Si3N4 andb-SiAlON were, again, the only crystalline
phases detected by XRD. The nonseeded GPS sample exhibits
a grain diameter distribution that is not distinctly bimodal.
However, compared to the distributions in Figs. 2(b) and (c),
the distribution in Fig. 4(b) appears to represent a transition
from distinctly bimodal to a broad monomodal distribution.
Thus, relying on theb-particle size distribution present in the
as-receiveda-Si3N4 powder is not an effective means to gen-
erate a distinctly bimodal size distribution. On the other hand,
a recent study revealed that the development of a distinctly
bimodal powder particle size distribution can be used to gen-
erate a well-defined bimodal grain diameter distribution in
dense silicon nitrides.17

The microstructures of the SN-1 and SN-2 samples are
shown as well in Fig. 3. The gas pressure sintering temperature
and times are not known specifically; however, based on an
earlier paper (Ref. 26), one can deduce that the sintering tem-
perature of the finer-grained material (SN-1) was 1750° to
1800°C and that of the coarse-grained material (SN-2) was
1950° to 2000°C. Neither sample exhibits a distinct bimodal
distribution of grain diameters; rather, both exhibit a broad
grain diameter distribution (Figs. 4(c) and (d)). The largest
grains in the coarse-grained, SN-2, material are somewhat
greater than those in the seeded GPS sample. However, the
major difference is in the much finer matrix grain size in the
seeded GPS sample together with a more uniform dispersion of
a smaller fraction of the larger elongated grains.

(C) Compositional Characteristics:In systems contain-
ing aluminum, grain growth is accompanied by the incorpora-
tion of Al and O into ab8-Si6−zAl zOzN8−z layer27 that forms on
the b-Si3N4 core. This is evidenced by the different etching
rates between theb-Si3N4 core and theb8-Si6−zAl zOzN8−z outer
shell (Figs. 1 and 3). As might be expected, chemical analysis
shows that the growth region of the large reinforcing grains
contains, on average, more Al with increase in Al content in the
additives.25,28 It is also found that the aluminum content de-
creases when traversing from near the core to the outer region
of the b8-Si6−zAl zOzN8−z layer of the large reinforcing grains.
For each composition, theb8-Si6−zAl zOzN8−z in each growth
layer exhibits a maximumz-value between 0.05 to 0.1 in the
region where it first epitaxially deposits onto theb-Si3N4 core
and then decreases near the interface with the glass phase.25 In
the large elongated grains produced by intentional seeding, the
aluminum content is generally less than that in the grains in the
nonseeded samples. In the seeded GPS samples, the aluminum
content of the retained glass phase decreases with an increase
in the initial Y2O3:Al2O3 ratio in the densification additives.
Finally, an increase in the Y:Al ratio in the retained glass is

††Fabricated by Raith USA, Inc., Farmingdale, NY.
‡‡Nikon HU-11 Toolmakers microscope with polarized light and Nomarski phase

contrast features. Image recorded via either computer interface or video recording.
§§Instron 1122 universal test machine.
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noted due to the incorporation of Al into theb8-Si6−zAl zOzN8−z
growth layer on theb-Si3N4 cores.

(2) Fracture Resistance and Flexure Strength Response
(A) 6.25Y:1Al: These experiments represent a more ex-

tensive examination of the influence of grain shape and size on
the fracture resistance. The data in Fig. 5 illustrate that there is
a strong effect of microstructure on the room-temperature frac-
ture resistance curves in the materials fabricated using the mix-
ture of 6.25 wt% yttria + 1 wt% alumina as sintering additives.
In the nearly equiaxed material (d), one can see that the steady-
state toughness is only 3.5 MPa?m1/2 and that the fracture re-
sistance should fall below 2 MPa?m1/2 for crack lengths <100
mm. On the other hand, the introduction of large elongated
grains clearly increases the steady-state fracture resistance.
Comparison of the results for the GPS seeded material to the

nonseeded material hot-pressed for only 0.33 h, where the
number of the larger elongated grains are comparable, indicates
that the steady-state toughness increases with the diameter of
the larger elongated (and matrix) grains. When the nonseeded
material is hot-pressed for 2 h, the toughness increases as com-
pared to the material hot-pressed at the shorter time. In this
case though, both the overall grain size distributions and the
number of larger elongated grains are increased. In each case
the magnitude of the fracture resistance values in the initial
rising portion of theR-curves increases with the steady-state
toughness level. For the tougher materials, the initial portion of
theR-curve appears to be extremely steep. The incorporation of
the largerb-seeds to generate the larger elongated grains com-
bined with a fine matrix grain size appear to be the most ef-
fective method to enhance theR-curve response.

At this point, one still cannot discern how or whether the

Fig. 1. Microstructures of silicon nitrides using a mixture of 6.25 wt% yttria + 1 wt% alumina as a densification additive: (a) 2 wt% elongated
b-seeds, gas pressure sintered at 1850°C for 6 h, UBE E-10a-powder; (b) no elongated seeds, hot-pressed at 1750°C for 2 h, UBE E-10a-powder;
(c) no elongated seeds, hot-pressed at 1750°C for 0.33 h, UBE E-10a-powder; (d) no elongated seeds, hot-pressed at 1750°C for 2 h, ShinEtsu
b-powder. Plasma etching highlights theb8-Si6−zAlzOzN8−z growth layer on theb-Si3N4 cores (arrowed) in these SEM micrographs.
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fracture resistance values for crack lengths approaching zero
are significantly modified by the different microstructures.
However, earlier studies of whisker-reinforced fine-grained
aluminas indicate that such microscopic rodlike reinforce-
ments also cause crack deflection which raises the intercept
fracture resistance value.29 Obtaining meaningful fracture re-
sistance values for crack lengths less than 50mm in length are
a subject of concern. Thus, we can only suggest that increases
in the fraction of the larger elongated grains should enhance
crack deflection and raise the intercept value of the fracture
resistance.

The generation of a fine-grained matrix coupled with well-
dispersed large elongated grains has a dramatic effect on the
fracture strength of these silicon nitride ceramics (Table I).
Samples with diamond-ground (400-grit) surfaces from the
seeded GPS material with a distinctly bimodal grain diameter
distribution with submicrometer matrix grains exhibit strengths
>1 GPa. The very fine-grained nonseeded silicon nitride also
reaches the fracture strengths∼1 GPa, but this is coupled with
a low fracture toughness. Without the development of a bimo-
dal size distribution, grain growth reduces the fracture strength.

(B) 5Y:2Al: Figure 6 illustrates theR-curves for the sili-
con nitride ceramics based on a mixture of 5 wt% yttria + 2
wt% alumina as densification additives. The material fabri-
cated using the elongatedb-seeds (curve 6(a)) again exhibits
both the highest steady-state toughness and the most rapidly
rising fracture resistance with the extension of the short cracks.
The finer microstructure of the nonseeded GPS sample (curve

6(b)), together with a less well-defined bimodal size distribu-
tion, reduces the steady-state toughness as compared to the
seeded sample. However, the fracture resistance of this rela-
tively fine-grained nonseeded material quickly reaches its
steady-state level (i.e., at crack lengths of <500mm). Con-
versely, both the fine-grained SN-1 (curve 6(d)) and coarse-
grained SN-2 (curve 6(c)) samples without the bimodal grain
diameter distributions have more gradual increases in fracture
resistance with extension of the short cracks. However, the
increase in the diameter of the larger elongated grains in SN-2
does raise the highest steady-state toughness as compared to
that of SN-1. A rapid increase in fracture resistance with crack
extension in a silicon nitride ceramic with a bimodal grain
diameter distribution of this same composition was also ob-
served by Ohjiet al.20 This provides additional support of the
use of well-dispersed large elongated grains in a fine-grained
matrix for enhancing theR-curve response.

Finally, the fracture strengths are strongly affected by the
microstructural scale in this composition as well (Table I).
A fine (submicrometer) grained matrix containing well-
dispersed large elongated grains yielded exceptional fracture
strengths with values$1 GPa achieved in samples with 400-
grit diamond ground surface finishes. Reducing the grain size
range while retaining a bimodal size distribution of grain di-
ameters only resulted in strengths approaching 950 MPa in
nonseeded samples. In all materials with broad monomodal
grain diameter distributions, the fracture strengths were de-
creased significantly.

Fig. 2. Grain diameter distributions are altered by seeding and by densification conditions as noted in the silicon nitrides that employed 6.25 wt%
yttria + 1 wt% alumina additions (see corresponding micrographs in Fig. 1).
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IV. Discussion

(1) Microstructural Control
The control of the microstructural development in the pres-

ent materials utilized elongatedb-seeds added intoa-phase
powder. The much larger sized elongatedb-seeds dominated
the grain growth process and established the fraction of large
elongated grains. In fact, earlier studies using the same ap-
proach showed that the fraction of larger elongated grains in
the sintered samples is a direct function of the original content
of the elongatedb-seeds.16 In the seeded materials examined
here, the bimodal size distribution was maintained in samples
of the same composition whether hot-pressed at 1750°C for 2
h, gas pressure sintered at 1850°C for 6 h, or annealed at
1875°C for 5 h after gas pressure sintering.30 The mean value
of the grain diameters of both the fine-grained matrix and the
large reinforcing grains simply increased with temperature (and
time). In contrast, the growth rate of the layer formed on the
elongated cores during gas pressure sintering at 1850°C for 6 h
was not very sensitive to changes in additive composition and
glass-phase composition. Under these conditions, the glass vis-
cosity and, hence, diffusion through the glass must be quite
similar in these two compositions. This is supported by data for
the bulk SiAlYON glasses where the transition and softening
points all lie within ±25°C over a wide range of composition.8,9

Using a 95%a-powder and no intentionally added seeds, a
bimodal size distribution is also observed immediately after
full density is achieved by hot pressing at 1750°C for 0.33 h.
However, the size range ofb-grains generated at this point

must be reasonably broad as numerous additional larger elon-
gated grains are generated as the hold time at 1750°C is in-
creased. The microstructures of the SN-1 and SN-2 GPS ma-
terials exhibit a similar broad range of grain diameters. Clearly,
seeding with largerb-particles is required if one wishes to
generate a controlled microstructure with a distinctly bimodal
size distribution.

Grain growth in the presence of aluminum-bearing additives
is accomplished by the generation of ab8-Si6−zAl zOzN8−z layer
on existingb-grains. In the present case, these growth layers
are composed of lowz-value material, typicallyz # 0.1, and
continued growth results in depletion of the aluminum content
of the glass phase. This process results in ab8-Si6−zAl zOzN8−z
growth layer that exhibits a decrease in aluminum content, and
z-value, from the interface with the core to the interface with
the glass phase. Earlier studies showed thatb8-Si6−zAl zOzN8−z
growth layers on whiskers inhibited interfacial debonding per-
tinent to toughening by elongated grains that bridge the
crack.31 However, very detailed studies of these same samples
(in Ref. 31) reveal that there is a gradient in oxygen content
which rises from a low (but nonzero) value in the silicon nitride
close to the interface to a high value in the glass even in the
sample where a SiAlON growth layer had not been detected
earlier.28 This recent observation suggests that interface
debonding is not simply a function of the presence or absence
of a SiAlON growth layer but also by the oxygen (and Al
content) of the layer. The toughening effects of the formation
of elongated grain might be enhanced, then, by controlling the
composition of theb8-Si6−zAl zOzN8−z growth layer. This is the
subject of a companion paper.25 One should consider these

Fig. 3. Microstructures of silicon nitrides densified using an additive mixture of 5 wt% yttria + 2 wt% alumina: (a) seeded tape cast, gas pressure
sintered at 1850°C for 6 h, UBE E-10a-powder; (b) not seeded, cold-pressed, gas pressure sintered at 1850°C for 6 h, UBE E-10a-powder; (c)
SN-2 coarse-grained ceramic; (d) SN-1 fine-grained ceramic.
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effects as additional grain growth will continuously reduce the
z-value of the growingb8-Si6−zAl zOzN8−z layer and, in turn,
modify interfacial debonding and toughening effects. Thus in-
creasing the diameter of the elongated grains to enhance crack
bridging contributions to the toughness can be accompanied by
increased contributions from interfacial debonding as the
grains grow and decrease thez-value of the growth layer.

(2) Effects of Microstructure on the R-Curve Response
Increasing the size of the reinforcing grains will enhance

contributions from both frictional bridging and pullout. In ad-
dition, enhancing interfacial debonding, the number of bridging
reinforcements, and the length of the debonded interfaces
should result in a more rapid rise in theR-curve as well as high
toughness.21 The increase in the rising fracture resistance be-
havior as the bimodal grain diameter distribution shifts to
larger sizes (curves a and c in Fig. 5) reflects the contribution
of bridging processes. The effect of crack bridging by the
larger elongated grains is emphasized when theR-curve for the
fine equiaxed material (curve d in Fig. 5) is considered. In this
case, theR-curve rises very slowly, reaching a steady-state
value of only 3.5 MPa?m1/2. This is consistent with a very
negligible crack bridging contribution as expected when the
grains are very small and essentially equiaxed. The transition in
R-curve response from curves d to c to b to a in Fig. 5 may well
reflect an increasing contribution from crack bridging due to

increases in the diameter of the reinforcing grains. Similarly,
there is a significant enhancement of theR-curve with the
addition of elongated seeds in the 5Y:2Al composition (curve
a versus curve b in Fig. 6).

The generation of a distinctly bimodal microstructure, espe-
cially one with the large elongated grains well dispersed in a
fine, submicrometer grain sized matrix, is an important factor
in optimizing both the fracture resistance and the fracture
strength. Materials with a broad grain diameter distribution that
incorporate a large fraction of large elongated grains (e.g.,
material b in Figs. 2 and 5 and the SN-1 and SN-2 samples)
exhibit only modest increases in toughness together with much
lower strengths. The loss in strength appears to be aggravated
by generation of clusters of the large grains (Fig. 7(a)) that are
not detected in the high-strength materials (Fig. 7(b)). Earlier
observations in similar silicon nitride ceramics also show that
clusters of large grains serve as a fracture origin.10 Finally, a
previous study of the effects of the diamond grit size (varied
from 1500 to 140 grit) of the surface finishing wheel revealed
that silicon nitrides with low toughness values exhibited a sub-
stantial loss in strength as the diamond particle size was in-
creased.18 Increasing the toughness increased the resistance of
the material to damage introduced by increasing the diamond
particle size. Materials withR-curves that rise rapidly to high
values at small crack lengths could be expected to be resistant
to such damage. Such enhanced damage resistance would be

Fig. 4. Grain diameter distributions are altered by seeding and by densification conditions as noted in the silicon nitrides that employed 5 wt%
yttria + 2 wt% alumina additions (see corresponding micrographs in Fig. 3).
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consistent with the response of all but one of the materials (the
hot-pressed fined-grained self-reinforced material with the high
yttria to alumina ratio in the additives c in Table I).

It is less clear how the broad grain diameter distribution
would result in a more gradually risingR-curve, as suggested
by the observations in the SN-1 and SN-2 materials. Earlier
modeling efforts indicated that a strong contribution from fric-
tional bridging by partially debonded reinforcements should
generate a rapidly risingR-curve during the initial extension of
a short crack.21 On the other hand, theR-curve is predicted to
rise at a much slower rate when pullout is the only crack
bridging contribution. A large frictional bridging zone behind
the crack tip is enhanced by reinforcements with very high
fracture strengths or by increasing numbers of reinforcements
that participate in the zone. However, an increase in the frac-
tion of large elongated grains also results in numerous grain
impingements. These impingements often reduce the grain di-
ameter locally forming notchlike features that could reduce the
strength of the reinforcing grain (e.g., Fig. 3(c)). Lower
strength for larger versus small diameter elongated grains was
suggested in an earlier study of self-reinforced silicon ni-
trides.32 In addition, the length of the large elongated grains
will be reduced by impingement when the number of such
grains increases, except when they are uniaxially aligned. This
could serve to reduce the potential length for the interfacial

debonding and reduce the efficiency of load transfer from fiber
to matrix.33 These factors should each diminish both the size
and the effectiveness of the frictional bridging zone and result
in a slowly risingR-curve.

This is supported by microscopy observations in the crack
tip wake that show the materials with a broad grain diameter
distribution involving large grains exhibit little evidence for
grain bridging on the surface or the interior (Figs. 8(a) and (b)).
In addition, the crack tends to travel along favorably oriented
large grain faces with little interaction with these large elon-
gated grains. When large elongated grains are well dispersed in
a fine-grained matrix, there is ample evidence of grain bridging
(Figs. 8(b) and (c)). Interestingly, protrusion of the fine matrix
grains is very evident, indicating a significant contribution to
crack bridging by the fine-grained matrix.

As discussed in a companion paper, increases in the alumi-
num content of the SiAlON growth layer on the reinforcing
grains can diminish the toughening response.25 As noted, the
aluminum content of the growth region does change with origi-
nal additive composition and with the nature of the microstruc-
ture. Therefore, the reduced toughness of the nonseeded
samples may also reflect the apparent increase in aluminum
content in the outer SiAlON layer formed during grain growth.

It is apparent that, at this point, one cannot yet determine the
influence of microstructure (and composition) on the fracture
resistance values for crack lengths well below 50mm in these
materials. We reiterate that deflection of the crack tip by the
reinforcing grains should raise the resistance of the material to
advancement of the crack tip. This would have the effect of
increasing the intercept value of theR-curve. Therefore, we
can, at least, indicate that theR-curves for the different micro-
structures will vary. The results for the materials in Fig. 6 are
particularly pertinent as one might expect that the larger frac-
tion of larger elongated grains in the SN-1 material would
enhance crack deflection and thus have a higher intercept
value. Furthermore, the increase in reinforcing grains for the
materials tested in Fig. 5 should result in increasing the inter-
cept values of theirR-curves.

V. Conclusions

High fracture resistance (>10 MPa?m1/2) combined with a
steeply risingR-curve and high fracture strength (>1 GPa) can
be developed in self-reinforced silicon nitrides by careful con-
trol of the size and amount of well-dispersed large elongated
grains in a fine-grained matrix. If not regulated, a microstruc-
ture with a broad grain diameter distribution tends to form. If
large elongated grains are present, increased fracture resistance
can be achieved but is less than that achieved when the tech-
niques such as seeding are used to develop a reinforced micro-
structure with a distinct bimodal grain diameter distribution. In
addition, there is a significant reduction in strength when mi-
crostructures consisting of a broad grain diameter distribution

Table I. Room-Temperature Flexure Strengths of Silicon Nitride Ceramics with 400-Grit Diamond Ground Surface Finishes†

Material designation Average grain diameter
Elongated

b-seeds used
Fracture strength

(MPa)

6.25 wt% Y2O3 + 1 wt% Al2O3

(a) Fine-grained, reinforced, gas pressure sintered 0.3mm/2 mm, distinctly bimodal Yes 1144 ± 126
(b) Medium-grained, reinforced, hot-pressed ∼1 mm, broad monomodal No 850 ± 75
(c) Fine-grained, reinforced, hot-pressed ∼0.2 mm/∼0.5 mm, distinctly bimodal No 925 ± 75
(d) Equiaxed,b powder, hot pressed ∼0.4 mm, monomodal No 660 ± 165

5 wt% Y2O3 + 2 wt% Al2O3

(a) Fine-grained, reinforced, gas pressure sintered 10.3mm/2 mm, distinctly bimodal Yes 1011 ± 78
(b) Fine-grained, reinforced, gas pressure sintered 0.3mm/‘‘0.6’’ mm, nearly bimodal No 935 ± 90
(c) SN-2, gas pressure sintered ∼1 mm, monomodal with very long tail to

larger sizes
No 645 ± 30

(d) SN-1, gas pressure sintered 0.5mm, monomodal with definite tail to
larger sizes

No 660 ± 20

†Resinoid bonded wheel, grinding direction parallel to tensile axis of flexure bars.

Fig. 5. R-curve response for silicon nitride ceramics fabricated using
a mixture of 6.25 wt% yttria + 1 wt% alumina as a densification
additive. Microstructures a (GPS/seeded), b (HP, nonseeded), c (HP–
0.33 h, nonseeded), and d (HP, b) in Fig. 1 correspond toR-curves
labeled a, b, c, and d.
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are generated. When a fine equiaxed microstructure is gener-
ated, both the fracture strength and the fracture resistance are
reduced. A steady-state toughness of∼3.5 MPa?m1/2 accompa-
nied by a slowly risingR-curve response was observed in the
unreinforced silicon nitride in the present study.
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