journal

J. Am. Ceram. Soc., 81 [11] 2831-40 (1998)

Microstructural Design of Silicon Nitride with Improved

Fracture Toughness: I,

Ellen Y. Sun,* Paul F.

Effects of Yttria and Alumina Additives

Becher,” Kevin P. Plucknett," Chun-Hway Hsueh,*
Kathleen B. Alexander,* and Shirley B. Waters

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6068

Kiyoshi Hirao* and Manuel E. Brito*

National Industrial Research Institute of Nagoya, Nagoya, Japan

Significant improvements in the fracture resistance of self-
reinforced silicon nitride ceramics have been obtained by
tailoring the chemistry of the intergranular amorphous
phase. First, the overall microstructure of the material was
controlled by incorporation of a fixed amount of elongated
B-Si;N, seeds into the starting powder to regulate the size
and fraction of the large reinforcing grains. With con-
trolled microstructures, the interfacial debond strength be-
tween the reinforcement and the intergranular glass was
optimized by varying the yttria-to-alumina ratio in the sin-
tering additives. It was found that the steady-state fracture
toughness value of these silicon nitrides increased with the
Y:Al ratio of the oxide additives. The increased toughness
was accompanied by a steeply risinfR-curve and extensive
interfacial debonding between the elongate®-Si;N, grains
and the intergranular glassy phase. Microstructural analy-
ses indicate that the different fracture behavior is related to
the Al (and O) content in the B’'-SIAION growth layer
formed on the elongatedp-Si;N, grains during densifica-
tion. The results imply that the interfacial bond strength is
a function of the extent of Al and Si bonding with N and O
in the adjoining phases with an abrupt structural/chemical
interface achieved by reducing the Al concentration in both
the intergranular phase and the B’-SiAION growth layer.
Analytical modeling revealed that the residual thermal ex-
pansion mismatch stress is not a dominant influence on the
interfacial fracture behavior when a distinct B'-SiAION
growth layer forms. It is concluded that the fracture resis-
tance of self-reinforced silicon nitrides can be improved by
optimizing the sintering additives employed.

I. Introduction

I N SILICON NITRIDE ceramics, the presence of a microstructure
similar to whisker-reinforced ceramic composites, with elon-
gatedB-Si;N, grains as the reinforcing agent, is a necessary but

at the interface between tifeSi;N, grains and the intergranu-
lar glassy phase so that the elongae8i;N, grains can con-
tribute to the toughening mechanisms such as crack deflection
and crack bridging. Several studies indicated that the interfacial
debonding in silicon nitrides could be influenced by the com-
position of densification additives which ultimately altered the
composition of the intergranular amorphous phiage-ow-
ever, experimental difficulties exist in systematically investi-
gating the effect of sintering additives on the fracture behavior
of silicon nitrides, mainly because different densification ad-
ditives generally induce different grain growth rates during
densification and result in microstructures with different grain
morphologies and sizes.

In order to isolate the influence of glass compositions on the
debonding behavior at the interface between the elongated
Si;N, grain and the oxynitride glasses, experiments were con-
ducted with silicon nitride whiskers dispersed in oxynitride
glasses with different Y:Al ratios and different rare-earth ele-
ments>- It was found that the interfacial debonding behavior
varies with the glass composition. For example, in glasses with
high alumina and nitrogen contents, a distinct epitagal
SIAION layer readily formed on th@-Si;N, whiskers. The
whisker/glass interfaces on which a distifiétSiAION inter-
layer formed exhibited a higher debond strength, as compared
to the interfaces where the rise in oxygen (and Al) contents
occurred over a very narrow (20-30 nm) interfacial growth
region with no visually detected SiAION layé€ The obser-
vations suggested that in these whisker/glass systems, chemical
bonding across the interface determined the strength of the
interface while the residual thermal expansion mismatch stress
imposed on the interface can modify the debonding lefigth.
The next step was to determine the relevance of these obser-
vations for optimizing the fracture resistance of silicon nitride
ceramics.

Recent success in tailoring the microstructures of silicon
nitrides with elongate@®-Si;N, seeds presents an ideal material

not a sufficient condition to improve the fracture resistance of system with which to pursue the study on interfacial debonding
the material. Silicon nitrides prepared with different densifica- and fracture resistance in silicon nitride ceramics. By incorpo-
tion additives and processing conditions that exhibit self- rating a controlled amount of elongatgeSi;N, single-crystal
reinforced microstructures can have very different fracture re- seeds into the ceramics, the seeding method not only provides
sistanced* One of the critical issues in microstructural design a novel approach to improve the fracture resistance while re-
of silicon nitride ceramics is to control the debonding behavior taining high strengtf;'°but also serves as an effective method
to control the microstructure by regulating the size, content,
and distribution of the elongatd®Si;N, grains® 1 Therefore,

the seeded silicon nitride is an ideal material system for inves-
tigating the effect of sintering additives on the fracture behav-
ior of silicon nitride ceramics.

This paper, the second of two papers, describes improve-
ments in the fracture resistance of silicon nitride ceramics by
microstructural design, emphasizing control of the chemistry of
the intergranular glassy phase. TReurve behavior of seeded
silicon nitrides densified with different Y:Al ratios is compared
and the toughening mechanisms in the materials are investi-
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gated byin situ observation of crack interaction with micro- cation of 7476x. The orientation of the large elongated grains
structural features. The microstructural origin of the different in compositions A and C was analyzed by manually measuring
fracture behaviors of these seeded silicon nitrides is addressedthe angle between theaxis of the large elongated grains and
the tape-casting direction; 500 grains were measured in each
Il. Experimental Procedure composition. _ _
The sintering additives used and the density of the seededsivcéogp_ Eg; Igggc?rnoam/:t?; \(/vEe[;eS)C(i)ﬁ %uék,? d(,\lj(s)l(;g ar(;%rg}/lglsger
silicon nitride in_vestigated in the present study are listed in Noran Instruments, Inc., Middleton, WI) and EDS in TEM,
Table I. Thep-SisN, seeds were grown by heating a powder (gyner UTW, Link/Oxford), both capable of light element de-
mixture of3-SisN,, Y;05, and SiQ in a silicon nitride crucible — tection. For the EDS analyses in SEM, the lateral and depth
at 1850°C fo 2 h under a nitrogen pressure of 0.5 MPa, fol- ghatia) resolutions wer€100 and33 nm, respectively, as
lowed by acid rinse treatments. The final seeds were defect- yetermined by a Monte Carlo simulatié®The cation concen-
free rodlike B-SisN, single-crystal particles with a very low  ations (Al, Si, and Y) were determined from quantification

level of impurities (0.26% oxygen and 1.3 ppm yttrium). De-  anaiyses of the EDS spectra and averaged over 3-5 data sets for
tails of the preparation and characterization of the seeds aregsch area of interest in each composition. EDS spectra col-

reported in Ref. 12. Seeded silicon nitrides were prepared by |gcted in SEM were analyzed using the Desk Top Spectrum
tape casting followed by gas pressure sintering. The starting onajyzer and X-Ray Data Base (DTSA) (National Institute of
powders \_/verea-S|3lzl4 (E-10 grade, Ube Industries, Japan), siandards and Technology, Gaithersburg, MD). EDS spectra
Y205 (purity > 99.9%, BET 27 ifig, Hokko Chemicals, Ja-  cqjiected in TEM were analyzed with background subtraction

pan), ALO; (purity > 99.9%, BET 173 rflg, Hokko Chemi- followed by a standardless quantification routine with absorp-
cals, Japan), and 2 volSi;N, seed particles. The processing  iion correction options.

procedure is described in detail in Ref. 9. Bulk densities were — 1hg R curve response of the seeded silicon nitrides was in-
measured by Archimedes’ method and compared with the theo'vestigated using an applied moment double cantilever beam

retical density calculated based on phase contents and the b“”ﬁDCB) ; ; ;

. ! ; o geometry with the crack plane oriented perpendicular or
densities off-Si;N, and Si-Al-Y oxynitride glasses’'4 As parallel to the tape-casting direction, along which there was a
shown in Table I, all of the samples were well densified except tendency for the large elongated grains to align. The DCB
those sintered with additives of 6.25 wt%0;, and 1.0 Wt%  pianks had dimensions of 10 mm x 35 mm x 2.5 mm. One of
Al;0s. X-ray diffraction (XRD) analysis was performed 10 he wide surfaces (10 mm x 35 mm) containelamm deep
confirm a completex/p transformation and to identify second- by 1.5 mm wide centerline groove parallel to the length while
ary phases. o . . the opposite surface was mechanically polished to facilitate

Microstructural characterizations of the seeded silicon ni- ghsepyation of the crack. One end of the specimen was notched
trides were conducted using scanning electron microscopy anq precracked with an initial crack length between 50 and 200
(SEM) (Model S4100, Hitachi, Tokyo, Japan) equipped with a iy Testing was conducted using an applied moment DCB test
field emission gun and transmission electron microscopy moqule, with load applied through a bending moment on the
(TEM) (Model CM200FEG, Philips Electronic Instruments, |5a4ing arms attached to the specimens. The testing stage could
Mahwah, NJ). For the SEM studies, pollsheigl 12amp|es WEre he placed either under an optical microscope or in the chamber
plasma etched using a gas mixture of,@Rd Q>*°and then ¢ a5 SEM (Hitachi S4100) to enable direct observation of the
carbon coated to prevent electrostatic charging effects. TEM ¢rack interaction with microstructures. Details of the testing
thin foils were prepared in a conventional manner by mechani- nqqyle and sample preparation can be found in Refs. 10 and 19.
cal grinding, dimpling, argon ion beam milling to perforation, " Fjexyre strength of the seeded silicon nitrides was measured
and then carbon coating. _ using a four-point flexure fixture mounted on a universal test

The grain-diameter distribution, the area fraction of large machine (Model 1122, Instron), with inner and outer spans of
elongated grains, and the glass content in the seeded silicorog ang 40 mm, respectively. The flexure bars a4 mm x 3
nitrides densified with different additives were compared by mm cross section, with the tensile surfaces of the bars parallel
performing quantitative image analyses on digitized SEM pho- 1 the tape casting surface and the tensile axis parallel to the
tographs. Image analyses were carried out using a commerase casting direction. Surfaces of the bars were prepared using
cially available software (PRISM, Analytical Vision, Inc., Ra- 5 400 grit diamond grinding wheel. Tests were conducted at

leigh, NC) following the general procedures described in Ref. 6m temperature in air 450% relative humidity and with a
17. For grain-size distribution measurement, the magnification |5ading rate of 70 MPals.

of the SEM pictures was optimized so that the whole range of

grain sizes was covered and accurate measurements could be

obtained. In the present study, three different magnifications . Results

(4485x, 7476x, and 37378x) were employed and the diameters ) o

of 1500 grains were measured for each composition. To deter-(1) General Microstructural Characterization

mine the area fraction of large elongated grains, an aréd. of The seeded silicon nitrides exhibited a distinct bimodal mi-
mn? was examined at a magnification of 4485x. For glass crostructure, with large elongatgdSi;N, grains grown from
content, the images were taken from a polished surface withoutthe seed particles embedded in a fine-grain matrix, as evi-
etching and an area @D.25 mn¥ was analyzed at a magnifi-  denced by both a SEM micrograph (Fig. 1(a)) and the grain-

Table I. Sintering Additives Employed, Density, Glass Content, Area Fraction of the Large Elongated Grains, Flexure
Strength, and Steady-State Fracture Toughness fronR-Curve Measurement with Crack Plane Perpendicular K) or Parallel
(K;) to the Casting Direction of the Silicon Nitrides

Samples

A B C
Sintering additives (wt%) 4.0)0,:2.8A1,0, 5.0Y,04:2.0A1,04 6.25Y,04:1.0A1,04
Relative density (%) 98 98 94
Glass content (%) 3.7 3.4 4.7
Area fraction of the large elongated grains (%) 29.4 28.7 31.7
Flexure strength (MPa) 1096 + 48 1011+ 78 1144 + 126
Ky (MPam'/?) 75+0.2 8.7+04 10.6+0.2

K, (MPamv2) 6.9+0.2 7.8+0.3 9.240.2
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Fig. 1. (a) General microstructures of the seeded silicon nitrides. A bimodal structure was achieved with large elongated grains grown from the
seed particles embedded in a fine-grain matrix. (b) Typical grain-size distribution in the seeded silicon nitride (samplg@,; Z@M,0;). An

average of 1500 grains were measured in each composition. (c) Typical orientation-distribution of the large elongated grains along the casting
direction (sample A, 4.050;:2.8Al,0;). « is the angle between tteaxis of the large elongated grains and the casting direction; 500 grains were
measured.

size distribution (Fig. 1(b)). Quantitative image analyses indi- small aspect ratio of the seedi{?), the large elongated grains
cated that the grain diameters and the diameter distributionswere distributed over a conical region along the casting direc-
were identical in samples with different Y:Al ratios. As shown tion instead of unidirectionally (Fig. 1(c)) and the influence of
in Fig. 1(b), the diameter of the fine grains, which composed texture on the mechanical properties was not significant (Sec-
the matrix in the self-reinforced microstructure, was less than tion I11(3)).
0.6 wm and most populated abD.3 wm. The diameter of the Quantitative image analyses showed that the area fraction of
large elongated grains grown from tBeSi;N, seed particles,  the large elongated grainS{9%) and the glass content106)
which functioned as the reinforcing agent in the ceramics, were similar in all three compositions (Table ). (The slightly
ranged from 1.5um to 2.5um. The typical aspect ratio of the  higher glass content measured in sample C was partially due to
elongated grains was 6—7. (The seed particles incorporated hadhe difficulty during image analyses for the software to distinct
an average diameter 6fl wm and a typical aspect ratio 6#.1%) pores and the intergranular glass.) Overall, it can be concluded
The large elongate@®-SisN, grains in the seeded silicon that the microstructures of the seeded silicon nitrides were
nitrides tended to lie in the casting planes and to align along the insensitive to the sintering additives used for densification and
casting direction to a certain degree because of the sheet formthe seeding method was effective in regulating the grain mor-
ing process. The angle between thaxis of the large elon-  phology, the grain size, and the size distribution in silicon
gated grains and the casting directiar) (vas measured. No  nitride ceramics. Therefore, any difference observed in me-
variations were observed from compositions A to C, and a chanical properties (fracture resistance and strength), as re-
typical angle distribution is shown in Fig. 1(c). Because of the ported in Section 11(3) can be attributed solely to the influence
small number of seeds incorporated (2 vol%) and the relatively of chemistry induced by the different additive ratios employed.
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(2) Composition Analyses 500 T T T T T
The seeded silicon nitrides prepared in the present study . 4Y:2.8Al ]
contained only thgs-silicon nitride phase, as concluded from 400 /S' .

the XRD analyses, indicating (1) a complet transforma-
tion and (2) an amorphous intergranular phase. Polished and

300 E
plasma-etched samples were examined using SEM. In all three *2 ]
compositions (A, B, and C), a core/rim structure was always 3 200
observed in the large elongated grains, as shown in Fig. 2. EDS (&}

analyses revealed that the core region contained only Si and N
while traces of Al and O were detected in the rim region. The 100
differences in composition influenced the etching rate during
the plasma etching process and resulted in the surface features
observed in SEM>6 Similar features have been seen in pre- 05 1 15 2 25 3 35 4
vious studies on grain growth mechanisms in silicon ni- Energy (KeV)

trides?9-21 Structural and chemistry analyses revealed that the

core region consisted @-Si;N, seed particles incorporated in (a)

the starting powder and the rim region representefl’a

SIAION epitaxial growth layer. The fine matrix grains had

compositions similar to those of thg'-SIAION epitaxial 500 prrrrrrTTTrTTTTTT
growth layer on the large elongated grains.

The chemistry of thgd'-Siz_,Al ,O,Ng_, growth layer varied 400
with the sintering additives. Preliminary composition analyses
were conducted using EDS in SEM, and typical spectra of each
composition are shown in Figs. 3(a—c). The spectra were col-
lected near the center of tig-Si;_,Al ,O,Ng_, growth region
(with equal distances from the end of a large elongated grain
and theB'-SIAION/B-Si;N, interface). Apparently, the Al con-
tent in thep’-Sig_,Al ,O,Ng_, phase was fairly low in all three 100
compositions and decreased systematically from sample A to
C, consistent with the decreasing,@}; content employed in )
the sintering additives. The Al peak was only slightly above the 0 05 1 15 2 95 3 B35 4
background in sample C with the lowest,®; additive content
(Fig. 3(c)). (The carbon peaks in all three spectra were from the Energy (KeV)
carbon coating deposited on the samples.) More detailed analy- (b)
ses revealed a compositional gradient in @eSig_,Al ,O,Ng_,
growth region. Regular-shaped large elongated grains were
chosen and EDS spectra were collected ingh&iAION re-
gion, both near th@'-SiAION/B-Si;N, interface and near the
B’-SiAION/intergranular-glass interface as represented by
spots 1 and 2 in Fig. 2. Each spot was located about 200—-300 400
nm away from the corresponding interface. Cation (Si and Al)
ratios were calculated from the EDS spectra and are summa-
rized in Table Il. In each composition, the Al concentration (the
z value) decreased from th&'-SiAION/B-Si;N, interface to

o

o L N L L L B B LRI R

IERREAN NN AN RS RREE

5Y:2Al

Si

y'd
300

Counts
O
p-4

200

LI B LN L B NN LA LI

500

6.25Y:1Al

) Si
300

Counts

200

100

Illllllllllllllllllllll
F (@]
=2

L N TS T P 1 d
0 05 1t 15 2 25 3 35 4
Energy (KeV)

()

Fig. 3. EDS spectra collected in SEM from tifé-SiAION layer in

the seeded silicon nitrides with different Y:Al ratios: (a) composition

A (4.0Y,05:2.8A1,0;), (b) composition B (5.0¥05:2.0Al,0;), and

(c) composition C (6.25¥05:1.0A1,0;). (The spectra were collected
near the center of the SIAION layer with equal distances from the end
of a large elongated grain and tRé-SiAION/B-Si;N, interface. The
carbon peaks in the spectra were from the carbon coating deposited on
the samples.)

(i

the SiAION/intergranular-glass interface, due to the decreasing
amount of Al and O retained in the glassy phase during grain
growth. Similar Al gradients have been observe@ ¥SiAION
ceramics and have been attributed to the compositional change
Fig. 2. Corelrim structure observed in the large elongated grains in IN the liquid phase during the solution-reprecipitation pro-
the seeded silicon nitrides. The core region was the remains of the C€SS:>?2In the present seeded silicon nitrides, the Al concen-
B-Si;N, seed particles incorporated in the starting powder and the rim tration also decreased systematically from compositions A to C
region was &3'-SIAION epitaxial growth layer. at each location (spots 1 and 2 in Fig. 2). Because of the very
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Table Il. Cation Concentrations (Al and Si) and Calculatedz Values of the B'-Sis_Al ,O,Ng_, Growth
Region in the Three Different Compositions

Near B’-SIAION/B-Si;N, interface (SEM) Near SiAION/intergranular-glass interface (SEM) (‘FEDI\%)
Samples Al (at.%) Si (at.%) z Al (at.%) Si (at.%) z z
A 0.018 0.982 0.11 0.010 0.990 0.06 0.11
B 0.016 0.984 0.10 0.005 0.995 0.03
C 0.008 0.992 0.05 0.001 0.999 0.01 0.07

low Al,O5 content employed in the composition C sintering
additives, the Al concentratiore (value) approached to near

zero at the grain/glass interface.

Previous studies have shown tifggtSIAION grows epitaxi-
ally on B-SizN,.72024.25Because of the very low Al and O
contents in the3’-Sig_,Al,O,Ng_, layer in the seeded silicon
nitrides ¢ = 0.11), the lattice mismatch between the two layers
was negligible and hence the core/rim structure and@he
SIAION/B-SizN, interface were generally invisible in TEM
thin foils. Average compositions of th& -Sig_,Al ,O,Ng_, lay-

shown by the EDS (SEM) data. Because of the invisibility of
the core/rim structure, uncertainty existed about the exact lo-
cation of the probe in th@'-SIAION layer and the exact po-
sition of the thin TEM foil sectioning the large elongated
grains. Comparing the results with EDS (SEM) data (Table II),
it appears that the EDS (TEM) spectra may have been collected
close to the3’-SiAION/B-Si;N, interface.

The Y:Al ratios in the sintering additives also influence the
composition of the intergranular glass. Figures 4(a) and (b) are
typical examples of the EDS spectra collected in TEM from

ers were estimated from EDS spectra collected in large grains,glass pockets at triple grain junctions in samples A and C. The

with a large probe[{150 nm in diameter) placed).5-1.0pm

Al concentration decreased while the Y concentration in-

from the end of an elongated grain where it should be in the creased steadily from composition A to C. The calculated cat-
SIAION region according to Fig. 2 or at the center of a grain ion concentrations in the glasses were 55 equiv% Si, 10

oriented along the-axis with a hexagonal cross section. The
values calculated from these spectra &fell and 0.07 for

equiv% Al, and 35 equiv% Y in sample A, and 52 equiv% Si,
3 equiv% Al, and 45 equiv% Y in sample C. The Y:Al ratios

samples A and C, respectively, varying with the same trend asin the intergranular glass in the silicon nitrides (3.5:1 and 15.0:1
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for compositions A and C, respectively) are greater than those
formulated in the starting powder (2:3 and 3:1 for compositions
A and C, respectively, in equiv%), because of the different
solubilities of Al and Y in theB-silicon nitride phase. While Al

is readily incorporated into th&-Si;N, to form 3’-SIiAION, the
greater size of Y prevents its incorporation into {helattice
structure.

(3) R-Curve Behavior and Fracture Strength

The fracture resistance of the seeded silicon nitrides varied
as a function of the Y:Al ratio in the sintering additives. Figure
5 shows thér-curves measured for different compositions with
the crack plane oriented perpendicular to both the tape-casting
plane and the casting direction. Samples A, B, and C all ex-
hibited steeply-rising R-curves; i.e., the fracture resistance of
the materials increased rapidly with initial crack extension. The
steady-state toughness values, with the crack plane either per-
pendicular K) or parallel ) to the tape-casting direction,
increased systematically with increasing Y:Al ratio in the sin-
tering additives, as summarized in Table I. Composition A with
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Fig. 4. EDS spectra from glass pockets at triple grain junctions Fig. 5. R-curves of seeded silicon nitrides with different composi-
showing that the Al concentration decreased while the Y concentration tions. The crack planes were perpendicular to the tape-casting
increased from composition A (a) to C (b).

direction.
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the lowest Y:Al ratio exhibited a steady-state fracture tough- vations.6. values weré 60°, [I70°, and(75° for compositions
ness ofll7.0 MPam¥2, while composition C with the highest A, B, and C, respectively. Apparently, the interface between
Y:Al ratio exhibited a high fracture toughness value of about the large elongated grains and the surrounding glass was more
9-11 MPam*2, The differences in the steady-state toughness readily to debond and had a lower interfacial debonding energy
along different orientations were not significantly large be- in samples processed with higher,Q5:Al,O; ratios in the
cause the texture was not strong, as shown in Section Ill(1). sintering additives. With increasing,, the amount of large

In situ SEM observation of cracks interacting with the mi- elongated grains involved in the toughening process, where the
crostructures revealed that the interfacial debonding behaviorcrack intersects at angles smaller théan should be signifi-
between the large elongated grains and the intergranular glassantly increased. This is consistent withsitu SEM observa-
varied with the sintering additives employed. As shown in Figs. tions that the overall extent of crack deflection and crack bridg-
6(a) and (b), when the crack approached the reinforcing grainsing which occurred during crack extension increased from
at similar angles of incidenced (O 60°), the large elongated compositions A to C with increasing Y:Al ratios. According to
grain in sample A failed transgranularly while crack deflection previous work on whisker-reinforced ceramic-matrix compos-
and interfacial debonding occurred in sample B. When the ites, increases in both the amount of reinforcement and the
crack approached the reinforcing grains at smaller angles of extent of debonding length result in better fracture resistahce.
incidence (Figs. 6(c) and (d)), interfacial debonding occurredin  Unlike “conventional” self-reinforced silicon nitride with a
both samples A and B. However, the debonding lengths were coarsened microstructure in which the fracture resistance was
longer in sample B than those in sample A. The critical improved at the expense of strength, the seeded silicon nitrides
debonding angles(), beyond which no crack deflection could investigated here all exhibited exceptionally high flexure
occur at the interface, were estimated fronsitu SEM obser- strength, as summarized in Table |. The achievement of both

(d)

Fig. 6. In situ observations of crack interacting with the large elongated grains: the large elongated grain in sample A failed transgranularly (a)
while crack deflection and interfacial debonding occurred in sample B (b) when the angles of incidence wetel&@9;(and sample A exhibited
shorter debonding lengths (c) than sample B (d) when the angles of incidence were small and hence debonding occurred in both samples.



November 1998 Microstructural Design of Silicon Nitride with Improved Fracture Toughness 2837

high flexure strength and high fracture toughness is attributed
to the presence of a bimodal microstructure with large elon-
gated grains well dispersed in a fine-grained matrix, as dis-
cussed in detalil in the first part of this seriés.

IV. Discussion

(1) Influence of the Composition of thgd’-SIAION
Growth Layer on the Fracture Behavior

The differentR-curve response of the seeded silicon nitrides
indicated that the fracture behavior is strongly influenced by
the chemistry near the grain/intergranular-glass interface. This
is consistent with observations in previous studies on model [El}
systems with silicon nitride whiskers dispersed in oxynitride
glasses$ 8 In the B-Si;N,-whisker/Si-Al-Y-oxynitride-glass
model systems, interfacial debonding behavior varied with the
glass composition. When the Y:Al ratio in the glass was low,
a distinct epitaxiap’-SIAION layer grew on the-Si;N, grain.
Compared to the3-Si;N,/oxynitride-glass interface, th@'-
SiAION/oxynitride-glass interface is more resistant to debond-
ing.>~"High-resolution analytical electron microscopy revealed
that the Al and O concentrations varied more gradually across
the B’-SiAION/oxynitride-glass interface than across the
B-SizN/oxynitride-glass interface where the compositional
gradient was confined in a very narrow regia®Q nm wide)?

The formation of3’-SiAION represents a change in the nature
of the atomic bonding across the interface. Although isostruc-
tural with B-SigN,, B'-SIAION contains Al-N, Al-O, and Si-O
bonds in addition to the Si—-N bonds. Because the major atomic
bonds in the Si-Al-Y oxynitride glasses are Si—O, Si—-N, Al-N,
and Al-O, similar chemical bonds can be established across the
SIAION/glass interface as well as within the two phases. Thus (b)

the SIAION/glass interface has a potential to be more strongly

chemically bonded than the 8i,/glass interface. This concept  Fig. 7. Schematic diagrams show how the interfacial bond strength
is schematically illustrated in Fig. 7(a), with arrows represent- between the crystalline phasg-8i;N, or B’-SIAION) and the oxyni-

ing the “additional” bonding sites induced due to the presence tride glass is influenced by the extent of Al and Si bonding with N and
of Al and O in theB’-SIAION lattice. O in the two adjoining phases, with arrows representing the “addi-

Continuing this argument, the bonding strength at e tional” bonding sites induced because of the presence of Al and O in
SIAION/Si-Y-Al-oxynitride-glass interface could be influ-  theB-SisN, lattice structure.
enced by the Al and O concentrations in BeSIAION layer.

Increasing Al (and O) contents in tigg-SIAION growth layer . » .

should enhance the continuity of the bonding across the inter- Plotting the critical debonding angle versus thez value of
face. In silicon nitride ceramics, Al and O are incorporated into the SIAION phase. As shown in Fig. 8(a). data from the whis-
the B-Si;N, lattice structure during the sintering process. If Ker/glass model systems (AlY20 and YAI26)°and from the
large B-SisN,, seed particles are incorporated into the starting Seeded silicon nitrides follow the same trend. Tthevalue
powder, theB’-SIAION phase will exist in the ceramics in two ~ decreased most rapidly in the lawegion (0.2) and appeared
forms, one as the growth layer on the large elongated grainsto Pe approaching an asymptote at higralues &1.0). In the
and another as the fine matrix grains nucleated during sinter- Same fashion, the strong influence of the SIAION composition
ing. Because of the limited supply and the “uniform” solubil- N the fracture resistance of the seeded silicon nitrides can be
ity in the B-Si;N, lattice, the Al concentration in the SIAION ~ shown by plotting the steady-state fracture toughness of the
layer on the large elongated grains in the seeded silicon nitridesMaterials versus the value of the SIAION phase near the
formed on thep-Si;N, whiskers in the whisker/glass model ~8(0)). Evidently, the fracture toughness values are very sensi-
systems (The Wh|sker/g|ass mode| Systems Contained 0n|y 2t|Ve to the Al and O concentrations near the graln/g|aSS inter-
vol% B-Si;N, whiskers.) For example, the highestalue of face. When the value decreased from 0.06 to 0.01, the tough-
the B’-Sis_,Al,O,Ng_, growth layer among the three composi- Ness value increased by more than 30%. _

tions in this study wa&D.11 in seeded silicon nitrides of com- _ No significant difference in the interfacial debonding behav-
position A, compared td1.0 in the AlY20 whisker/glass  i0r was observed in the previous studies on the whisker/glass
model systeni:” Because of the very low Al and O concen- Model systems with high-Al-conterf’-SIAION growth lay-
trations in the SIAION layer in the seeded silicon nitrides, very €rs® Perhaps this resulted as the interfacial debonding strength
small changes in the amount of Al at the interface could alter @ppeared to reach a constant value whenzhelue in the
the bonding structure significantly, as illustrated in Fig. 7(b), SIAION layer rose above a certain level, as suggested in Fig.
and resulted in different interfacial fracture behavior. 8(a). (The Al concentrations in tH-Sis_Al ONg_, layers in

The strong influence of the Al concentration in the SIAION  the model systems were much higher than those formed in the

layer on the interfacial fracture behavior can be elucidated by Seeded silicon nitride, witlz values=1.0>7) Ongoing and
future research is being and will be carried out, in both high-

]

[J'memudiate-: SiANON

*In the AIY20 system, 2 vol%@-Si;N, whiskers were incorporated into an oxy- E—
nitride glass. The composition of the glass was 55 equiv% Si, 25 equiv% Al, 20 SThe glass composition in YAI20 was 55 equiv% Si, 10 equiv% Al, 35 equiv% Y,
equiv% Y, 80 equiv% 0, and 20 equiv% N. 80 equiv% O, and 20 equiv% N.
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theB’-SIAION growth layer varies not only as a function of the
sintering additives employed but also as a function of the extent
of grain growth. As shown in Section 1lI(2) (Table II), the Al
concentration (thez value) decreased from thg’-SiAION/
B-SisN, interface to the SiAION/intergranular-glass interface
because of the decreasing amount of Al and O retained in the
glassy phase during grain growth. Processing conditions such
as the temperatures employed and the holding time at tempera-
tures can indirectly influence the interfacial chemistry by con-
trolling the grain growth process. This finding has two impli-
cations. First, it is not necessary to eliminate the addition of
Al,O; in order to obtain tough silicon nitrides. Small amounts
of AlL,O; (L wt%) still can be used to facilitate the densifica-
tion process. Even though SiAION growth will occur because
of the presence of alumina, the Al concentration at the grain/
glass interface will be low enough to promote interfacial
debonding because of grain growth, as demonstrated in the
seeded silicon nitride sample C. Second, simple comparisons of
the effects of the initial additive composition is only valid when
the silicon nitrides exhibit similar grain morphologies, sizes,
and size distributions. It will be necessary to conduct detailed
interfacial compositional characterization on individual
samples if the materials experienced different processing con-
ditions and exhibited different grain morphologies and size
distributions in order to determine effects of interfacial char-
acteristics on the fracture resistance response.

(2) Influence of Thermal Expansion Mismatch
Stresses on the Fracture Behavior

It has been suggested that the interfacial debonding behavior
and hence the fracture toughness can be influenced by residual
thermal expansion mismatch stresses in silicon nitfidas
shown earlier, the pertinent thermomechanical properties of the
oxynitride glass are, indeed, functions of the glass composi-
tion.1428 Therefore, analyses of residual stresses imposed on
the interfaces were conducted to ascertain their impact on the
behavior observed in the present materials. Previously, only the
hydrostatic residual stresses in the silicon nitride grains and in
the grain boundary phase were calculated using a modified
Eshelby mode?’ In the present study, a model of an elongated
grain surrounded by a glass film and embedded in a matrix
(Fig. 9(a)) was used to simulate the microstructure of the
seeded silicon nitrides. This allowed the pertinent radial (and
axial) residual stresses action on the interfaces to be examined.
The elongated grain was assumed to be single-crgs&iN,.

Two glass compositions were used to approximate the inter-
granular glass in seeded silicon nitrides: 56 equiv% Si, 12
equiv% Al, 32 equiv% Y, 83 equiv% O, and 17 equiv% N for

symbols are data from the seeded silicon nitrides and the filled sym- composition A (abbreviated as glass A in Table Ill); and 56

bols are data from the whisker/glass model systinsand (b) the

equiv% Si, 4 equiv% Al, 40 equiv% Y, 83 equiv% O, and 17

steady-state fracture toughness of the materials varied as a function ofequiv% N for composition C (glass C). These two glass com-

the z value of the SIAION phase near ttE-SiAION/intergranular-

glass interface.

resolution analytical microscopy and analytical modeling, to
study the structure and chemistry of both tBeSi;N,/
oxynitride-glass interfaces and tB&SiAION/oxynitride-glass
interface at an atomic sc&lé® and to calculate the interfacial

bonding strengths associated with these interfaces.

It should be pointed out that the Al content (thealue) in

positions were chosen because (1) the cation ratios are close to
those in the seeded silicon nitrides A and C, as determined by
EDS analyses (Section 111(2)); and (2) the thermal/mechanical
properties have been systematically studied in a previous re-
port!* The matrix was assumed to be a mixture of fine-grain
B-SisN, (90 vol%) and the corresponding oxynitride glass (10
vol%). A simple ‘“rule-of-mixtures” approach was used to
calculate the properties of this “matrix.” Table Il lists the
values of the elastic modulu€), the Poisson ratiov), the
thermal expansion coefficientr), and the glass transition

Table Ill.  Properties of the Crystalline Phase and the Si-Al-Y Oxynitride
Glasses for Residual Stress Analyses

E (GPa)

v o (x10°%°C) T, (°C)

B-SiN,, 320 (Ref. 29)

Glass A (Ref. 14) 142
Glass C (Ref. 14) 144

0.26 2.01afaxis, Ref. 29)

2.84 (-axis, Ref. 29)
0.29 6.4 959
0.29 7.2 986
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Fig. 9. (a) Model used to simulate the microstructure of the seeded silicon nitride—an elongated grain surrounded by a thin film of glass and
embedded in a matrix. The matrix is treated as a mixture of silicon nitride grains and the oxynitride glass. (b) Calculated radial residual stress
imposed on the grain/glass interface as a function of the glass film thickness. The compressive stress at the interface increases slightly with
increasing Y:Al ratios.

temperatureT,) used here. Note that although a SIAION phase ceramics, at least when a distingt-SIAION growth layer
formed during sintering, no distinction was made in the analy- forms.
ses betweep’-SIAION andB-Si;N, because the difference in
thermal/mechanical properties between the two phases is in-
significant at very low Al contentsz(< 0.5)2°

Thermal expansion mismatch stresses in a whisker-rein- The microstructure and fracture behavior of silicon nitrides
forced composite structure have been analyzed using modifiedwith large elongated seeds were characterized. It was found
Eshelby models, in which whiskers are simulated as ellipsoidal that the seeding method was effective in regulating the micro-
inclusions3°-3tHowever, the modified Eshelby model can ana- structures such as the fraction and the size distribution of the
lyze only two-component systems. In order to incorporate an reinforcing agents. With a well-controlled microstructure, the
interfacial layer between the inclusion and matrix and to ana- fracture resistance of silicon nitride was systematically studied
lyze the stress component at the interface, the system shown iras a function of the intergranular chemistry. Significant im-
Fig. 9(a) was further simplified to a cylindrical elongated provement in th&k-curve behavior and the steady-state fracture
B-Si;N, grain surrounded by a glass film and embedded in a toughness values was observed in seeded silicon nitride pro-
matrix. This simplification is employed because the typical cessed with a high Y:Al ratio in the sintering additives. Com-
aspect ratio of the large elongated grains in the seeded siliconpared to silicon nitrides with low Y:Al ratios, the high Y:Al
nitride is 6—7. According to the modified Eshelby model, in a ratio materials exhibited more extensive debonding at grain
system with ellipsoidaB-Si;N, crystals embedded in an oxy- boundary interfaces, resulting in increased intergranular frac-
nitride glass, the interfacial stress values are insensitive to theture. Microstructural and chemistry characterization revealed
length of the inclusions when the aspect ratio is larger th&n 5.  that the Y:Al ratios in the additives influence the atomic bond-
Details of the residual-stress analyses in a cylindrical geometry ing structure across thg-Si;N/intergranular-glass interface
can be found in Ref. 32. Figure 9(b) illustrates the radial stress by altering the composition of the glassy phase and inducing
imposed on the interface between the large elongated grain andlifferent Al and O contents in the growth region of the elon-
the glass film as a function of the glass-film thickness. In gated grains. Analytical modeling indicated that the thermal
seeded silicon nitrides, the thickness of the glass film varied expansion mismatch stress has no significant influence on the

V. Conclusion

from several angstroms for grain boundary films[it00 nm fracture behavior when distin@’-SiAION growth occurs in
for the triple-junction pockets and the average diameter of the the materials. It is concluded that reducing the Al concentration
large elongated grains wa®.0 pm. Within this range of in- in the ceramics could result in a more abrupt structural/

terests (film thickness/grain diameter rati®.05:1), the inter- chemical interface and ultimately achieve improved fracture

face between the large elongated grain and the glass film isresistance by activation of toughening mechanisms such as

subjected to radial compressive stresses. The magnitude of therack-deflection and crack-bridging via interfacial debonding.

stress increases with increasing Y:Al ratios, suggesting that the

interfacial debonding would be more difficult in composition Acknowledgments: We thank Dr. S. X. Ren for calculating the spatial

C, which is in contrast to the experimental observations. Also, resolution of the EDS(SEM) analyses, and Drs. M. K. Ferber and S. D. Nunn for
; ; ; f reviewing the manuscript. Support for K.P.P. in the form of a MITI International

the difference in the th.ermal e.XpanSIOH mlsmatCh stresses be Science and Technology Fellowship to conduct processing studies at NIRI—

tween the two systems is relatively small and is not expected t0 Nagoya is gratefully acknowledged.

affect the interfacial fracture behavior significantly. Therefore,
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