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ABSTRACT

The purpose of this smdy was to evaluate the mechanical
strength and slow-crack-growth parametsr valnes for two
commercially available silicon nitrides, SN-88 and NT164, at
three high temperamee conditions.  Welbull analysis and
dynamic fatigue slow-crack-growth parameters were used to
characterize the material strength and resistance to slow crack
srowth al high temperamres for use in life predicion medels.
Although both materials are commercially available SiN,,
their high temperatere behavior was found to be  significantly
differsnt.

INTRODUCTION

Ower the past few decades silicon-based ccramic materials,
such as silicon nitride and silicon carbide, have shown promise
as potential candidates for advanced heat engine application.
Thess materials have high strength, and good oxidation and
thermal shock resistance. The use of these marerdials offers a
number of advantages including higher temperature operation,
decreased weight, greater efficiency, lower life-cyelz cost, and
reduced dependency an the wse of strategic materials.

Many companies have been involved in the development of
improved SiN, materials. Because of limited characterization
information, these materials have found limiled application as
structural components in the hot ssction of prototype and
demonstration engines. For silicon nitrde to become a reality
for its intended applications a number of requirements must be
met: namely. the development of reliable overall life-prediction
methadology, appropriate test methods, and demonstration of
feasibility for ceramic component design.

BACKGROUND

Under apphed stress Brittle matzoals exhibit a wids
varability in stwrength. When macroscopic applied smesses
reach critical values at crack tips, rapid and catastrophic failure
will oceur, The strength of brittle components can thereby be
related to the flaw populations that are distributed on tensile
surfaces, within the bulk, or along the edges of ceramic pars.

The Weibull two-parameter distmbution 1s most often wsed
charactenize the strength distribution of brittle matenals [1].
The two physical constants determined by using the Weibull
mode] ars the scale parameter, 9, and the Weibull modulus, m.
The scale parameler is used to perform a normalizing function,
and the Weibtull moduius reflecis the desree of vanability in
strength - the higher the m the less variability in the strength.
Yalues of 3 1o 20 for m are typical for ceramic materials [2].

The two-parameter Weibull medel is determined wsing
the maximum likelihood methed. The maximum likelihood
approach provides a means of determminang the statistical ercor
values for the test parameters and is somewhat less conservalive
than a lincar regression technigque [3].

Many brittle matarials are susceptible o slow crack growth,
or static fatigue, while under tensile load in a cormosive
covironment. The crack growth rawc can be expressed as 2
power law rzlationship with the siress intensity level. B
deseribed by equation 1
] &1
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where v, and A are material constants, and Ki. = Y G, c!?, For
semicirenlar flaws locared ar the surface of a brtle compaonent,
¥ = 2242, The constamt n is a measure of the siress
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comosion suscepdbility of the material and is determined from
the slope of the In siressing rate versus In median steength plot
{sce equation 2)

{1
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and B, the aliemative second crack growth parameter, is given

by equation 3 as

B= _:_,—? (3
n-DAY Kp”

To determine the dynamic fatigus. sirength measurements at
Wi OF MOre Constant stress rates combined with a knowledge of
the intrinsic strength arc needed for the evaluation of n and B,
The variability in n depends on the fatigue resistznce of the
material, and large n values generally represent materials with
ercater fatigue resistance [4].

EXPERIMENTAL PROCEDURE

Two sets of 130 test-rendy flexure bars of each material were
supplisd 1o the University of Davion Ressarch Institate (UDRI)
by Oak Ridge Nationzl Lehoratory for dyvnamic fatigue testing,
The materials, SN-88 and NT164, were produced by NGK,
Magova. Japan. amd Nomom  Advanced Ceramics.  So
Gobain™onon  Industrlal  Ceramics, East Granby, CT,
respeclively. The test specimens were used to chamacierize the
Mexural strenglh of the maerals based on the resulls of
cxperimental evaluation of four groups of ten specimens a2 each
of four stressing rates for thres differsnl fe5t cemperaturcs.

The flexural swength was measured wsing SiC fowr-point
bend fixtures in a universal testing machine’ following ASTM
C1161-90 (MIL-STD-1942 (MR} Mecasurements at 1038°C,
1150°C, and 1350°C were conducted in 2 high-temperature
furmace” adapted for use in the testing machine. The test
specimens were 3 mm x 4 mm x 30 mm with the tensile surfaces
ground and the long edges of the tensile surfaces rounded 1o
minimize failures initated by edge chips. Specimens were
Ioaded &t machine crosshead specds of 2 x 100l 2 x 1072
2 x 10°% and 2 x 10 in/min (8.4 x10°%, 84 x 10, 8.4x 107,
and 8.4 x 10® mys).

The Weibull parameter. m, and medizn strength, o_, were
determined for cach test condition, and dynamic fatipue was
charzcierized by In-ln plos of fraclure swrength G, versus

loading rate { & ) which is expressed by the relationship
[t

g,= A'g =l {4

where A’ and n are material constants.

" Instron model 11234 with 100G pound [ead cell and 300 pound
runge. Instron Corp.. Canton, MA.

* ATS model 3320, Applicd Test Systems Inc.. Butler, PA.

RESULTS AND DISCUSSION

The values determined for the Weibel! parameter m and scale
parameter, @, using maximum likelihood regression far SN-83
arc found in Table 1. The Weibull plots for the four stressing
raies at each of the threc temperatures nsed in this study are
shown in Figures | through 3. The dyramic fatigue plots for
SN-HE generated from the Weibull results are shown in Figure
4. Similar information for NT164 i found in Table 2 and
Figures 3 through B. A comparison of the median strengths of
the materizls for all four machine crosshead specds ot the three
=3t lemperatures is shown in Figure §,

The Weiball madulus, m. for both materials was higher than
expecied.  This may be atwibuted to the small number of
specimens (10} tested for each temperatwrefloading  rate
condion. It is gencrally accepted that at least 30 specimens be
tested at each test condition before the resulls are considered
statistically reliable.

The fast fractere swrength of SN-8% from 20 10 1330°C
decreased as the temperoture increased, AL 1038 and 1130°C
SN-B8 was not subject w siow crack growsh.  Ar 1330°C
strength acmually increassd as the stressing rate decreassd.
Additions to this material produces an intergranular plassy
phase which may aci to redisteibute applied stress as il softens at
the higher emperatures, This would account fer both the
negative n values and the relatively high median strengths found
4l the lawer stressing rates.

Rilter, ¢t al. [5] suggests that variability in the values of n and
B depends on the o2l number of samples tested. the stressing
rale range, the Weibull parameter, and the (atigue resistance of
the material. The statstical uncertainty in 0 can be very large
for samples sizes much smaller than 1000 It is recommendad
that before meaningful conclusions can be drawn regarding the
effect of a test variable on n as measured by the dynamic fatigue
data, lhe statistical reproducibility of n sheeld be evaluated,

A significant drop in strength with increasing temperabare
wits observed in NT 164, and no effeces of dynamic fatigus were
seen g1 1038 and L15S0°C, At 1350°C a dramatic decrease in
strengih with decreased loading rale was obscrved. This was in
sharp contrasz with the SN-838 whose strength increases with
decreasing loading rote.

Ongoing stwdics at UDRI indicate that the SN-88 materal has
much higher creep roes under identical conditions than the
NTI64. A fraclographic evaluation of the materials at 1350°C
al the lowest loading raie might provide the nesescary
informalion conceming the behavior of the two materials.

CONCLUSIONS

SN-88 was not subject o slow erack growth at 1038 and
HIS0°C. At 1350°C and above the material behavier indicated
some (ype of siress relicf, Stress redistribution due 10 softening
of a glassy grain boundary phase might be cccurring,

AU 1130 and 1350°C NT164 was subject to slow crack
growth bBehavior, while fast fracture strengih from room
temperature to 1350°C decreased 28 temperamre ineraased,



Although botd: matenials are commercially svailable Si,N,. their
high temperatre bebavior is sipnificantly different.
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TABLE 1. FLEXURAL STRENGTH MEASURED FOR NGK SN-38
| Dyvnamic
l Weibull Dymamic Fatigue
Test Crosshezd | Weibull Scale Median Fatigus Scale
Temperature Spesad Atmosphere | Numberof Modulus Parametar Strength Shape Parameter
‘C infmin Tests m Ty L Parameter B
n (sechPa’)
20 02 Air 0 23 338 022
02 Adr 10 25 T3 i 693
1038 [XiE] Air 10 26 682 | 872 -202,0 -7 % 10%
(L002 Ajr 10 3g* a9% | 2
0.0002 Adr 1} 42 72l 715
0.2 Adr | 10} 21 697 635
1150 .02 Alr 10 16 671 636 3523 98 x 10"
0.002 Adr 10 23 a7Y 669
00002 Alr 11 23 674 669
.2 Afr 11 41 841 633
1350 0.02 Alr 10 23 G 7 636 -51.8 -1 x 10"
(.42 Air i0 14 741 728
0.0002 Ajr 11 28 715 725
* Usecl estimated siressing rate for this series o caleulate n.
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FIGURE 1. SM-88 MAXIMUM LIKELIHOCQD PROBABILITY PLOTS FOR STRENGTHS MEASURED AT ALL FOUR

DISPLACEMENT RATES AND 1038°C,
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FIGLIRE 2. SN-38 MAXIMUM LIKELIHOOD PROBAEBILITY PLOTS FOR STRENGTHS MEASURED AT ALL FOUR
DISPLACEMENT RATES AND 1150°C.
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FIGLIRE 3. SN-88 MAXIMUK LIKELIHOOD PROBABILITY PLOTS FOR STREMGTHS MEASURED AT ALL FOUR

DISPLACEMENT RATES AND 1350°C,
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FIGURE 4. SN-88 DYMAMIC FATIGUE PLOTS AT ALL THHEE TEST TEMPERATURES.
TABLE 2. FLEXURAL STRENGTH MEASURED FOR NORTOMN NT164
Dynamic
Weibull Median Drvnamic Fatigue
Tesl Crosshead Number of | Weiball Spale Srrenath Farigue Seale
Temperatire Speed Almosphere Tests Modulus | Parameter Ty Shape Parameler
e 6 infmin m T, Parameter B
n iseeMPo®)
20 0.1 Air i 14 1134 1106
0.2 Air 10 15 768 740
1038 0.02 AlT 10 3 710 BRI 405.5 1.5x 10
0.002 Adr 10 17 760 744
00002 AlT 10 25 24 713
{2 Adr 10 23 JE] Ta9
1150 0.2 Adr 10 2 733 721 325 0.371
£.002 Adr 10 28 B8 £59
(.0002 Air 10 17 £45 631
02 Adr 1) 21 647 63
1350 0,02 Air 10 16 559 346 7.3 9.61
0.002 Air 10 12 S(FD 186
0.0002 Alr 10 20 | 432 224
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FIGURE 5, NT164 MAXIMUM LIKELIHOOD PROBABILITY PLOTS FOR STRENGTHS MEASURED AT ALL FOUR
DISPLACEMENT RATES AMD 1038°C.
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FIGURE &. MT184 MAXIMUNM LIKELIHOOD PROBABILITY PLOTS FOR STRENGTHS MEASURED AT ALL FOUR

DISPLACEMENT RATES AND 1130°C.
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FIGURE 7. NT184 MAXIMUM LIKELIHOOD PROBABILITY PLOTS FOA STRENGTHS MEASURED AT ALL FOUR
DISPLACEMENT RATES AND 1350°C.
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FIGURE 9. COMPARISON OF MEDIAN STRENGTH FOR NT164 AND SN-38,



