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Effect of Microstructure on High-Temperature
Compressive Creep of Self-Reinforced Hot-Pressed Silicon Nitride
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K. C. Goretta®" J. L. Routbort'" and K. T. Faber*
Argonne National Laboratory, Argonne, lllinois 60439-4838

Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois 60208-3

An experimental self-reinforced hot-pressed silicon nitride was
used to examine the effects of microstructure on high-
temperature deformation mechanisms during compression
testing. At 1575-1625°C, the as-received material exhibited a
stress exponent of 1 and appeared to deform by steady-state
grain-boundary  sliding accommodated by solution-
reprecipitation of silicon nitride through the grain-boundary
phase. The activation energy was 610+ 110 kJ/mol. At
1450-1525°C for the as-received material, and at 1525-1600°C
for the larger-grained heat-treated samples, the stress expo-
nent was >1. Damage, primarily in the form of pockets of
intergranular material at two-grain junctions, was observed in
these samples.

I. Introduction

SLICON NITRIDE  (SigN,) has potential use in many high-
emperature environments. Effective use of\giis hampered
by a lack of full characterization of high-temperature mechanical
behavior, including integration of failure mechanisms with plastic
deformation mechanisms. In this paper, the results of an investi-
gation of compressive creep are reported.

Many creep studies have been performed on self-reinforced
silicon nitrides containing an oxide grain-boundary phiage.

mechanism that determines deformatfol?. A new model for
tensile creep of §N, suggests that the rate of formation and
growth of cavities in the deformable second phase controls ¢reep
The model predicts that tensile creep increases exponentially wit
stress, is independent of grain size, is inversely proportional to th
effective viscosity of the deformable phase, and is proportional t
the cube of the volume fraction of deformable phase. However, i
is not clear that the model developed for tensile creep can b
applied to this investigation which concentrates on compressiv
deformation mechanisms in relation to grain size.

Il. Experimental Procedure

The starting material used in this study was an experimente
hot-pressed gN, fluxed with Y,O5, MgO, and TiQ, produced by
Dow Chemical USA (Midland, MI). The room-temperature four-
point flexure strength and chevron-notch fracture toughness me:
sured by Dow were 811 MPa and 7.0 Mi&>, respectively?

The material was received as two 15.25 &ml5.25 cmX 0.6

. cm hillets. The largest surface was oriented perpendicular to th

hot-pressing direction. The original billets were sectioned into foul
blocks each. To promote grain growth, six blocks were returned t
Dow for additional heat treatment at 1900°C under a nitroger
pressure of 5.17 MPa for two different times: 2.67 and 24 h. The

However, most of these tests were conducted in either tension orregylting three materials were designated as-received (AR) mat

flexure; neither is directly comparable to results from compression,
in which cavitation is greatly reduced. Of the few compression
studies, a majority reported testing at low temperatures (i.e.,
<1400°C), where deformation is invariably accompanied by

rial, short-heat-treatment (SH) material, and long-heat-treatmer
(LH) material.

The grain-size distributions for the materials were determinec
from scanning electron microscopy (SEM) of plasma-etched sur

damage accumulation. Some tests were further complicated byfaces and were calculated from a diameter based on a spheric

having been conducted in an oxidizing atmosphere, which can
enhance cavitation and, in turn, influence creep respdnse.
The dominant creep mechanism forl$j containing a grain-

approximation of the area measured for each gtdihe materials
appeared to have a himodal grain-size distribution with smaller
equiaxed grains surrounding larger, acicular grains. The averag

boundary phase is generally accepted to be grain-boundary slidinggyain sizes, based on the diameter of the spherical approximatic
(GBS). It has been proposed that GBS occurs by viscous flow of of the area, are listed in Table 42000 grains per sample were
the grain-boundary phase (which acts as a lubricant between thecoynted. The large standard deviations were the result of neglec

SizN, grains) or by solution-reprecipitation of Si and N (which
occur by diffusion through the grain-boundary phase).In
addition, cavitation at either two-grain or multiple-grain junctions
can occur within SiN, containing a grain-boundary phase; the
nucleation and growth of voids are controlled by the same
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ing the bimodal distribution. While the heat treatment increasec
the average grain size, it can be seen from the photomicrographs
Fig. 1 that as grain growth proceeded, the largest acicular grair
impinged on surrounding grains, which prevented them from
extending in length, and hence they grew mostly in width. Growtt
of the large grains occurred at the expense of the small grains. Th
is consistent with grain-growth studies by Kranatral,'® Pyzik
and Carrol** and Lai and Td in similar silicon nitrides. The
microstructures and the grain boundaries were examined b
transmission electron microscopy (TEM) and X-ray energy-
dispersive spectrometry (XEDS).

Steady-state creep behavior can usually be described by ¢
equation of the fori4

€ = Ad Pge ORT (1)

whereg is the steady-state strain rafeis a constantd is the grain
size, p is the grain-size exponent, is the stressn is the stress
exponentQ is the activation energyR is the gas constant, arid
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Table I. Average Grain Size and Averagex-Axis and y-Axis
Approximations for the Three Materials "

AR Material SH Material LH Material

Avg grain size (hm) 0.26- 0.24 0.55+ 0.51 1.01* 0.69

Avg x-axis (nm) 0.53+ 052 0.94+1.17 1.61+1.26

Avg y-axis (nm) 0.25+ 0.17 0.43=0.35 0.89*+0.48

T+ values represent 1 standard deviation.

Fig. 1. SEM photomicrographs showing the microstructures of the (a)
AR, (b) SH, and (c) LH materials for the surface perpendicular to the
hot-pressing direction.

is the absolute temperature. The valuespofn, and Q were

determined for steady-state creep in this material system under b
compressive creep conditions at a constant crosshead speed in an 4L

Instron universal tester previously descrid@dAll compressive
creep experiments were conducted in statjaNa pressure of £0
Pa to minimize oxidation and to inhibit volatilization of the
grain-boundary material.
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Square-column compressive creep sampis3 mm X 2.3
mm X 6.0 mm were prepared, with the cross-sectional area 5.
mn? to avoid exceeding the limit of the Instron load cell. The
length:width ratio was 2:1-3:1 to allow for measurable strain
without buckling’® The temperature range was 1450-1625°C.
Gross fracture occurred &t1450°C.

Samples were heated at 10°C/min to the test temperature und
a small cyclic load (10 N minimum, 20 N maximum). Each sample
was held at the test temperature for 15 min to ensure therm:
equilibrium. Data were acquired as lo&l versus timet and
normalized to true stress versus permanent true strainStrain
rates were 5< 1077 to 1 X 107° s™%; they were established in
reference to the initial specimen length. Strain rates bfx 10~ °
s ! caused the samples to fracture; strain rates®fx 10" s *
could not be reliably maintained. Tests were limited to total strain:
=10%. After the deformation was complete, the samples wer:
cooled at 10°C/min to room temperature under no load.

Samples were compressed between platens machined from t
same material as the test specimens. No measurable reacti
occurred between the platens and the thoriated-tungsten tooling
the Instron. In all tests, the sample was easily separated from tt
platens. However, comparison of the measured strain with th
strain calculated from the time of the test and known crosshea
displacement velocity revealed thatatl575°C both the sample
and the platens deformed. The resulting depression in each plat
was measured optically. Platen deformation was taken into accou
by treating the platen/sample assembly as a single deforming un
It was assumed that because the platens were of the sar
heat-treated material, they would deform at the same rate as tt
sample. Adding the initial thickness of each platen to the initial
sample length yielded an effective initial sample length; adding the
depth of each platen depression to the measured sample strz
yielded the total strain. Measured strains then agreed with strair
calculated from crosshead velocity and time to within 5% of eact
other. No barreling of the samples was obvious.

SEM of deformed samples indicated that volatilization damage
to the samples was limited to the exposed surfaces and affectt
less than 1% of the material; it was therefore considered to b
insignificant. Grain growth did not occur during creep testing.
Deformed samples were also examined by TEM and XEDS.

Ill. Results

(1) Creep Data

Typical o versuse curves are shown in Fig. 2. True steady-state
stress was achieved, as indicated by the work-hardening rat
do/de, being zero and the path independence of the stress valu
After a new steady-state stress was established in the AR samg
at 1600°C at a new strain rate of 2.X710° s, it was possible
to return to the initial steady-state stress of 22 MPa when returnin
to the initial strain rate of 8.% 10 s ™.
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Fig. 2. Characteristic true stress as a function of true strain. This sampl
of the AR material was tested at 1600°C.
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For most strain rates, steady state was achieved within 2% Table Il. Stress Exponents as a Function of Temperature
permanent true strain. In a few instances, apparent steady states for the AR, SH, and LH Materials '
could not be achieved because of obvious damage accumulation;
the measured load decreased with strain. Data from these tests

Stress exponent

were not included in our analyses. Test temperature (°C) AR Material SH Material LH Material
Strain rate versus steady-state stress for the AR material is 1450 1.9+ 0.35

shown in Fig. 3(a). The AR material was tested at 1450°, 1525°, 1525 1.5+ 0.3 1.4+ 0.3 1.5+ 0.3

1575°, 1600°, and 1625°C. We determined that the stress exponent 1575 0.8+ 0.2

for the AR material was temperature dependents 1.5-2 at 1600 0.9+ 0.2 1.4+ 0.3

1450-1525°C, buh ~ 1 at =1575°C. A stress exponent of 1 is 1625 1.4+ 0.3

consistent with a diffusional GBS creep mechanisnThe in- TStandard deviations are based on estimated uncertainties in stress, strain rate, :

crease in stress exponent with decrease in temperature indicatedemperature.
that either another creep mechanism became active or a
temperature-dependent threshold stress exi$ted.

The SH material was tested at 1525°C and the LH material was
tested at 1525° and 1600°C (Fig. 3(b)). At 1525°C, the stress
exponent was=1.5 for all three materials. Note that the SH and
LH € versuso data were nearly identical. The stress exponent for
the LH material was=1.4 at 1600°C. Results are summarized in
Table II.

(2) Microscopy

TEM and SEM of samples deformed &t1525°C revealed
consistent features. Dislocations were present in the deformed
samples (Fig. 4), but not in the undeformed samples. There was
some indication of grain translation, but little evidence of cavita-
tion.

10 ——— e
7 (a) Fig. 4. TEM photomicrograph of AR material crept at 1450°C, showing
evidence of dislocation activity (primarily in large central grain) and grain
=1 translations (examples marked by arrows).
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TEM of samples deformed at1600°C stood in contrast. Few
dislocations were observed. Grain-boundary sliding was suggestt
by regions of apparent grain translation. These translations wel
most obvious at triple points (Fig. 5). Grain faceting could, in
principle, impart a similar appearance. However, the apparer
107 — e translations were not observed in the uncrept AR material, and <
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10" 10 10° GBS is the more likely explanation for the feature shown in Fig. 5
G (MP TEM indicated the possibility of grain-boundary buckling and
(MPa) strain whorls caused by grain impingement at some boundarie
These features were most prevalent in the AR material tested
1450°C, or in the SH and LH samples. Strain whorls have bee
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Fig. 3. Logarithmic strain rate as a function of logarithmic steady-state
stress for (a) AR (open circles 1625°C, closed circless 1600°C, open
squares= 1575°C, open diamondss 1525°C, and open triangles ’

1450°C) and for the (b) SH (closed triangles 1525°C) and LH (open Fig. 5. TEM photomicrograph of AR material crept at 1600°C showing
circles= 1600°C, open diamonds 1525°C) materials. Slope resulting in  evidence of grain-boundary sliding, as indicated by the white arrow, and ni
n = 1 is shown for comparison. evidence of dislocations.
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seen under compressive creep conditions in “pure” and 0.5 wt% into the analysis of the steady-state data, the results were n
AlL,O; + 0.5 wt% Y,0, SisN, materials that were hot-pressed at consistent. An apparent temperature-dependgmias calculated.
1500° to 1600°C? Strain whorls have also been observed in crept Insertion of the values af, into Eq. (2) led to contradictory results

samples of SN,/MgO alloys® and in sintered SN, deformed in in which the compensated strain rates were then faster at low

flexure®* temperatures than were the AR rates=t575°C. Therefore, it
Figure 6 shows a characteristic TEM photomicrograph of a seems clear that the two categories of creep response repres

sample deformed under conditions whare- 1. The LH material steady-state creep and a regime in which damage accumulatic

was compressed at  10°° s™* and 1600°C. The SH and LH  was significant. It has been shown that cavitation, at least ir
materials, and the AR materials tested al525°C, showed  tension, can lead to a creep rate that depends exponentially ¢
development of lenticular-shaped pockets along two-grain junc- temperaturé.
tions. These pockets were not present in the undeformed material. The activation energ® for the AR material was determined in
These pockets were filled with grain-boundary-phase material. The the temperature regime in which the stress exponent;:vﬂa@ata
lenticular shape intruded into the neighboring grains, evidence thatfrom two strain rates were used; it was necessary to interpolat
grain material was being removed from the area through a gata for 1600°C (Fig. 7). The average valueivas calculated to
solution-reprecipitation mechanism. be 610+ 110 kJ/mol; the error bars in the figure reflect estimates
An XEDS examination of triple points in deformed AR and LH  of the accuracy of the measurements and the standard deviations
samples indicated no apparent change in the grain-boundary phasgne Jine fits. ThisQ value agrees closely with that for grain-
due to deformation. Magnesium and zirconium were detected in boundary sliding accommodated by solution-reprecipitation giver

the triple. poinrs. I—l|owever., examination of the pockets revealed by Raj and Morgari® which was based on the heat of solution for
preferential migration of zirconium. The pockets that were most Si:N, in the grain-boundary-phase material. Solution-

isolated from one another showed the highest concentrations of g precipitation as the primary mechanism of deformation is con
zirconium. sistent with the types of pockets formed in the damage regime.
Additional support for the conclusion that the AR material
tested at=1525°C and the SH and LH materials did not achieve
steady state, despite the appearance of an apparent zero w
The data and observations for stress versus strain rate could béhardening rate in the versuse data, was obtained from calcula-

IV. Discussion

separated into two categories. The AR material crept H575°C tions of the apparent grain-size expongniThe grain-size expo-

exhibited a stress exponent that was, absence of dislocations, nent was determined to be zero at 1525°C for all materials. Ther
and limited cavity formation. The AR material crept=525°C, is no known steady-state diffusional creep mechanism that coul
and the larger-grained SH and LH materials crept=di600°C, account for creep rates being independent of grain size. Howeve

exhibited stress exponents that werel.5-2, relatively high the stress at which damage becomes significant is likely to b
concentrations of dislocations within many grains, and lenticular- nearly independent of grain size. Although flexure and compres
shaped pockets that were primarily at two-grain junctions. The sion tests cannot be directly compared, it has been shown that tl
simplest explanation for the differences is that the AR material elevated-temperature fracture stress of thifNgivas a very weak
tested at the higher temperatures achieved true steady-state creefiinction of grain sizée.

but in the other tests, a combination of plasticity and damage For a material deforming by steady-state GBS accommodate

accumulation occurred. For a givem and T in fine-grained by diffusion through a liquid phase, the grain-size exponent i
materials, a certain steady-state stress may be achieved, in contrasixpected to be 1 to % All the creep tests were conducted well
to coarser-grained materials in which the imposeand T may above the softening point of the grain-boundary phase, as indicate

produce fracture before achieving steady state. Examination of by the flexure resultd It is reasonable to assume, and is consisten
only the creep data may suggest that the- 1 values could be  with the TEM observations, that GBS occurred and was accom
attributable to the existence of a threshold stress? modated by some viscous flow of the boundary phase. Howeve
- _QIRT the strain due to viscous flow in N, has been shown to be
€ =A(0c —op)e © limited.22% Therefore, solution-reprecipitation most likely domi-
nated the deformation.

In the AR materials at 1450-1525°C and the LH and SH
materials, GBS could not accommodate all the imposed stres
, Stress levels were high, as indicated by the generation of disloc:
0. 5 ﬂ / p tions, and cavitation occurred.

Reasonable linear plots af versuso could then be used to
calculates,.* However, when a threshold stress was incorporated

G (MPa)

Q =610 + 110 kJ/mol

o —-——t
5.2 525 53 535 54 5.45 5.5

Fig. 6. TEM photomicrograph of LH material crept at 1600°C at an 10000/T (K ')

initial € = 2 X 10 % s !, which caused damage in the form of

lenticular-shaped pockets filled with Zr-rich/Mg-poor grain-boundary- Fig. 7. Steady-state stress as a function of inverse temperature for Al
phase material, as indicated by white arrows. Dislocation activity is also mat((serial1 at two strain rates (squares2 X 10 6 s™* and circles= 1 X
evident. 10°s™ ).
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Before creep testing, the grain boundaries exhibited a uniform
thickness and the grain-boundary phase had a uniform composi-
tion. There was clear evidence that pocket formation was accom-
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5W. Luecke, S. M. Wiederhorn, B. J. Hockey, and G. G. Long, “Cavity Formation

panied by redistribution of the grain-boundary phase. Most impor- During Tensile Creep of §N,"; pp. 467—72 inSilicon Nitride Ceramics: Scientific

tant, zirconium migrated preferentially to the two-grain-junction

pockets. It has been reported that redistribution of the grain- P
boundary phase from compressive two-grain junctions to tensile ..

two-grain junctions should require that stress be applied>bd0
h27 Our test periods were=24 h. We can at present offer no

and Technological Advancegdited by I-W. Chen, P. F. Becher, M. Mitomo, G.
etzow, and T. S. Yen. Materials Research Society, Pittsburgh, PA, 1993.
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“W. Luecke and S. M. Wiederhorn, “A New Model for Tensile Creep of Silicon

credible explanation for why the zirconium and magnesium Nitride,” J. Am. Ceram. Soc82, 276978 (1999).

concentrations of the grain-boundary phase changed with time and

location.

V. Summary

For this SN, system, the as-received material deformed by the
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9J. C. RussPractical Stereologyp. 103. Plenum Press, New York, 1986.

10M. Kramer, M. J. Hoffmann, and G. Petzow, “Grain Growth Studies of Silicon
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A, J. Pyzik and D. F. Carroll, “Technology of Self-Reinforced Silicon Nitride,”
Annu. Rev. Mater. S¢i24, 189-214 (1994).
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exponent was-1 and the activation energy was 620110 kJ/mol.
Data and observations were consistent with
reprecipitation of the §N, as the dominant mechanism of mass

flow. At 1450-1525°C for the as-received material, at 1525°C for
the short-heat-treated material, and at 1525-1600°C for the 10ng- syress Distribution of the Deformation and Fracture Behaviour of Ceramic Material

solution-

4. D. Kingery, H. K. Bowen, and D. R. Uhimanimtroduction to Ceramics
Wiley, New York, 1976.

15J. L. Routbort, “Work Hardening and Creep of MgQjtta Metall, 27, 649—-61
(1979).

163 M. Birch, B. Wilshire, D. J. R. Owen, and D. Shantaram, “The Influence of

heat-treated material, the apparent stress exponent increased tonder Compression Creep Conditions,"Mater. Sci. 11, 181725 (1976).

1.5-2, and TEM revealed dislocations and enlarged pockets of
grain-boundary-phase material in the crept samples. In these tests
steady state was not achieved and the apparent plasticity was du

in part to the damage accumulation.
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