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INTRODUCTION

Silicon nitride ceramics are the leading candidate materials for high temperature structural
applications because of their combination of excellent strength, fracture toughness, wear
resistance, thermal shock tolerance and high temperature properties. It has been long
recognized that silicon nitride obtains its superior properties from the interlocking B-Si3N4
grain structure developed during densification. 1,2 Specifically, several researchers have
demonstrated the importance of the size and aspect ratio of the 13-Si3N4 grains in
determining the strength and fracture toughness of silicon nitride.3,4

While the liquid phases derived from the sintering additives aid in densification and
microstructure development in silicon nitride ceramics, after sintering they can be retained
as intergranular glass phases. At elevated temperatures, such phases can degrade the
mechanical properties, especially strength and creep resistance.5, 6 Crystallization of these
intergranular phases has been demonstrated to improve the high temperature mechanical
properties.5-11

Microwave heating has the capability for volumetric thermal heating of ceramic materials
and currently is the subject of intense research. Differences between microwave and
conventional heating techniques have been reviewed by Sutton 12 and Binner.13 Because
pure Si3N4 has low microwave absorption, silicon nitride-based materials heat in a
microwave field by preferential coupling to the grain boundary phases.14,15 Microwave
processing of silicon nitride has been the focus of many previous studies. 16-20 In these
studies, improved densification during sintering, accelerated nitridation of silicon, and
improved high-temperature mechanical properties with thermal annealing of dense materials
have been reported.

Previous work on microwave annealing of silicon nitride showed enhanced grain growth
and improved creep resistance for materials annealed at temperatures of 1200-1500°C. 21,22
In those tests, the anneal times were on the order of 10-20 h to achieve the observed
changes. The present study of microwave annealing of silicon nitride with low sintering
additive levels (<5% Y203) had several objectives. These were: (1) to determine any
effects on the crystallization behavior, (2) to determine if coarsening mechanisms are
operating at low additive contents, (3) to determine the effects of microwave crystallization .
on mechanical properties, and (4) to compare the effectiveness of microwave versus
conventional heating. The mechanical properties examined were fracture toughness,
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EXPERIMENTAL PROCEDURES

The materials used were encapsulated hot-isostatically-pressed silicon nitride containing 4
wt. % Y203 as the sintering additive. The formulation is commercially known as NT-154
and was fabricated by St. Gobain/Norton Industrial Ceramics. The as-fabricated materials
contained either about 25% or 12% residual a-Si3N4 phase and were >99% dense. The
samples were in the form of tiles approximately 10X55XlO0 mm.

Microwave annealing was conducted with the materials surrounded by dense BN plates and
packed in Si3N4 powder (with 2 wt. % Y203) in an insulation package as shown in Fig. 1.
This package was placed into a furnace chamber and heated by 2.45 GHz microwave
energy. Temperatures were monitored by a thermocouple placed between two speciraen
tiles. The BN plates acted as heat distributors to alleviate any 'hot-spots' that can occur
during microwave heating. Anneal times varied from 0.5 to 10 hours and temperatures
from 1200 to 1773°C (Table 1).

After annealing, the specimens were machined into bars nominally 3X4X50 mm. Flexural
strength testing was performed at ambient temperature and 1370°C in four point bending
with inner and outer spans of 20 and 40 mm, respectively. Dynamic fatigue testing was
done in flexure with the same dimensional parameters as for the strength measurements.
However, stressing rates varied from 0.001 to 37 MPa/s and the samples were tested until
failure occurred. This type of testing is an indicator of resistance to slow crack growth.

RESULTS AND DISCUSSION

Heating of the specimens in the microwave cavity revealed poor coupling of the Si3N4-4%
Y203 at temperatures below ~1200°C (Fig. 2). At ~1550°C, a decrease in power
requirements is indicative of a dielectric relaxation of the materials. This temperature
corresponds to the eutectic temperature of the intergranular glass phase and the formation of
liquid. Similar observations have been made previously for silicon nitride materials.14-16
A second thermocouple placed in the insulation powder indicates the surrounding powder
bed did not heat significantly and most of the power was used in heating the samples.

Crystallization of Si3N4-Y203 materials results in the formation of a Y2Si207 grain
boundary phase which has several polymorphs stable at different temperatures as shown
below. 8 Volume changes accompany these phase changes.

1225°C 1445°C 1535°C

ct.............. > 13..... -...... > _,.............. > 5

Few consistent trends were observed for grain boundary phase crystallization during
microwave annealing. As shown in Table 1, no 13-Y2Si207 was observed in any of the
samples. At temperatures >1650°C, a-Y2Si207 was predominantly present indicating that
crystallization occurred during cool-down. These samples also had generally low ct-Si3N4
contents indicating a-to-B Si3N4 transformation took place during annealing. For
temperatures between 1400 and 1560°C, the 7-Y2Si207 was predominantly present and
generally high a-Si3N4 contents were observed. Crystallization, in these cases, probably
took piace during microwave annealing with no further u-to-B Si3N4 transformation taking
piace.

As indicated in Table 1, continued a-to-B Si3N4 transformation was observed as low as
1650°C, especially when it was coupled with long anneal times (10 h). At higher
temperatures, a/B transformations occurred in much shorter times. Only minor grain
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coarsening was observed for the high temperature anneals (>1700°C), but no enhanced
elongation of the B-Si3N4 grains was found.

The high temperature fast fracture strength did not show an obvious dependence on anneal
conditions (Fig. 3). However, the high temperature strength did appear to be dependent on
the residual o_-Si3N4 content in the specimens (Fig. 4). The residual a-Si3N4 may be
indicative of a finer average grain size for these specimens and not an inherent higher
strength for the alpha phase materials.

The effect of microwave annealing on fracture toughness is shown in Fig. 5. Compared to
conventional annealing at 1400°C, with a baseline Klc=5.1 MPa_/m, increases in fracture
toughness were observed for microwave annealing between temperatures of 1200 and
1650°C. The decrease in fracture toughness for the highest temperature anneal is believed
due to the minor amount of grain coarsening that took piace in this sample.

The dynamic fatigue testing at 1370°C showed increased failure stress (and hence longer
times to failure) at the lowest stressing rates (0.001 MPa/s) as indicated in Fig. 6. The
conventional annealed materials have a dynamic fatigue failure stress of-340 MPa. The
present results indicate that improvements in the failure stress can be obtained by annealing
between 1400-1550°C for >5 h. These temperatures are just below the eutectic temperature
for the intergranular glass phase where optimum crystallization should take place.

CONCLUSIONS

Microwave annealing of dense Si3N4-4% Y203 materials showed improvements over
conventional heating. Increases in fracture toughness were observed for annealing between
1200-1650°C. The high temperature strength was related to the residual et-Si3N4 content
which is indicative of a finer average grain size in the specimens. The high temperature
dynamic fatigue showed increased stress to failure for specimens microwave annealed
between 1400-1550°C for periods >5 h. Silicon nitrides with different sintering additives
would require different conditions for optimum crystallization.

While there were some observed property improvements, they were not so dramatic to
justify abandoning conventional over microwave heating. The Si3N4-4% Y203 materials
used in the study were developed for elevated temperature use and already posses excellent
good high temperature strength, fatigue resistance and creep properties. This is due to the
very refractory nature of the grain boundary phases and the small quantity of secondary
phase present. However, microwave annealing of these materials may be necessary in
applications where the maximum in fracture toughness and fatigue resistance are required
and thus justifies its use.
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Table 1. Summary of results of phase analyses of microwave annealed silicon nitride.

Sample ID Anneal Anneal Time (h) Residual Y2Si207a_Si3N 4 Phase
Temperature Content (%)

(°C) alpha
MW.1 a 1738 0.5 0
MW_2a 1507 6.7 25 gamma
MW_3a !650 5.3 21 alpha
MSN.4 a 1738 1.4 7 alpha
MW_5a 1650 10 0 alpha
MW_6a 1773 6.7 0 gamma
MW_7a 1562 1.4 21 gamma
MW_8a 1400 5 30 gamma
MW_9a 1738/1507 0.5/5 3 alpha

MW_10a 1650 5.3 23 --
MW-1 la a 1500 5.3 19 gamma
MW-1 lb b 1500 5.3 6 gamma

MW- 12b 1400 5 12 gamma
MW- 13b 1200 5 12 gamma

a Initial ct-Si3N4 content about 25%
b Initial ot-Si3N4 content about 12%
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bility for the accuracy, completeness, or usefu!ncss of any infoin_ation, apparatus, product,or
process disclosed, or represents that its use would not infringe p_ivately owned rights. R_fer-
ence herein to any specific commercial product,process, or service by trade name, trademark,
manufacturer, or otherwisedoesnot necessarilyconstituteor imply its endorsement,recom-

_ mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

_ United States Governmentor any agency thereof.
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