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ABSTRACT 
The tensile creep-rupture performance of a commercially 

available gas pressure sintered silicon nitride (Si3N4) and a 
sintered silicon carbide (Sic) is examined at 1038, 1150. and 
1350°C. These two ceramic materials are candidates for 
nozzles and combustor tiles that are to be retrofitted in land- 
based gas turbine engines, and interest exists to investigate 
their high temperature mechanical performance over service- 
times up to. and in excess of, 10000 hours (= 14 months). 
To achieve lifetimes approaching 10000 hours for the 
candidate Si3N4 ceramic. i t  was found (or i t  was estimated 
based on ongoing test data) that a static tensile stress of 300 
MPa at 1038 and 1150°C. and a stress of 125 MPa at 1350°C 
cannot be exceeded. For the SIC ceramic. i t  was estimated from 
ongoing test data that a static tensile stress of 300 MPa at 
1038°C. 250 MPa at 1150°C. and 180 MPa at 135OOC cannot 
be exceeded. The creep-stress exponents for this Si3N4 were 
determined to be 33, 17, and 8 for 1038, 1150. and 1350°C. 
respectively. The fatigue-stress exponents for the Si3N4 were 
found to be equivalent to the creep exponents. suggesting that 
the fatigue mechanism that ultimately causes fracture is 
controlled and related to the creep mechanisms. Little success 
was experienced at generating failures in the SIC after several 
decades of time through exposure to appropriate tensile stress; 
it was typically observed that if failure did not occur on 
loading, then the S i c  specimens most often did not creep- 
rupture. However, creep-stress exponents for the S ic  were 
determined to be 57. 27, and 11 for 1038, 1150, and 1350°C. 
respectively. For Sic ,  the fatigue-stress exponents did not 
correlate as well with creep-stress exponents. Failures that 
occurred in the S i c  were a result of slow crack growth that 
initiated from the specimen's surface. 

INTRODUCTION 
Silicon nitride (Si3N4) and silicon carbide (SIC) ceramics 

are leading candidates for use as structural components, e.g.. 

nozzles and combustor tiles (Parthasarathy et al.. 1995). in 
advanced industrial gas turbine engines. The utilization of 
Si3N4 or S i c  over more traditional alloys offers several 
advantages such as higher temperature capability (and an 
associated increased operating efficiency), reduced weight and 
inertia effects, and the potential design and use of non-cooled 
components. In addition, both Si3N4 and Sic  are candidates 
for these applications because they have good thermal shock 
resistance and high thermal conductivity, are relatively 
corrosion-resistant, and possess good high temperature tensile 
strength. 

The utilization of Si3N4 and S ic  at elevated temperatures 
has been inhibited by the lack of a database that describes their 
long-term stress-rupture (SR) behavior. Existing data for 
many high performance structural ceramics such as Si3N4 and 
S i c  are limited to exposure times less than the 1000-5000 
hour range. The extension of these data to times of the order of 
10000 hours is required for the confident and reliable insertion 
of Si3N4 or SIC components into industrial gas turbines, see 
Fig. 1. One concern of interest is the possible transition 
from slow crack growth (SCG) dominated failure to creep- 
dominated failure. The SCG dominated failure tends to be 
prevalent at relatively high stresses andlor relatively low 
temperatures. However, as the temperature increases and/or the 
stress decreases, the generation and accumulation of creep 
damage may become more prevalent and control the lifetime. 
Because the creep process generally exhibits a larger stress 
sensitivity compared to SCG. the lifetime measured at low 
applied stresses will be significantly lower than those 
expected from SCG. 

In the present study, the candidate Si3N4 and S i c  materials 
were tensile creep-ruptured in ambient air as a function of 
temperature (1038. 1150. and 135OOC) and stress. These 
temperatures bracketed the service temperature of prospective 
structural ceramic, gas turbine engine components 
(van Roode et al., 1993). The SR data was evaluated by 
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FIG. 1. THE MOTIVATION FOR THE PRESENT STUDY WAS 
TO GENERATE ENGINEERING CREEP DATA FOR LIFETiMEs 
IN EXCESS OF 1000-5000h. 

continuing each creep test to failure. Tensile creep data were 
generated as well by measuring the tensile creep strain 
throughout the duration of each SR test. The applied stresses 
in the test matrix were chosen to obtain failure times ranging 
up to 10000 h for these two materials. Lastly. the creep and 
SR data were used to generate mechanical reliability maps that 
describe the time to failure as a function of stress and 
temperature for both materials. 

MATERIAL DESCRIPTION AND EXPERIMENTAL 
PROCEDURES 

Materials & SDecimen 
Commercially available' Si3 N 4 t  and Sic* were tested. 

Following green-state injection molding, the Si3 N4 was 
densified by gas-pressure-sintering and the S i c  was reaction 
sintered. Aluminum and ytterbium were identified by energy 
dispersive spectroscopy (EDS). and were located in the grain 
boundaries of the as-received Si3N4. Trace amounts of carbon 
and boron were used to assist the densification of the a - S i c  
during reaction sintering. The sintered SIC was subjected to a 
post-sintering treatment of hot isostatic pressing to further 
improve densification. 

Button-head tensile specimens were used for all testing. The 
specimen geometry had a characteristic gage diameter of 
6.35 mm and a gage length of 35 mm. for a total gage volume 
of 1108 mm3. 

Mechanical  TestinP 
Stress rupture tests were conducted either on 

electromechanical tensile testing machines5 or actuator- 
driven, lever-arm tensile testing machines.c These systems 
possess either passive or active self-alignment fixturing in 
their load trains. Any imposed axial bending was less than 5% 
during all the stress rupture tests. Compact, two-zone, 
resistance-heated furnaces were used for heating the gage 

j- * 
5 
c 

SN88, NGK Insulators, LTD., Nagoya, Japan. 
Hexoloy SA, Carborundum Co., Niagara Falls, NY. 
Model 1380, lnstron Cotp., Canton, MA. 
Series 2300, Applied Test Systems, Butler, PA. 

section of the button-head tensile specimens. These furnaces 
provided a hot-zone height of 50 mm. which overlapped the 
35 mm gage length of the specimens. The button-head 
specimens were "cold-gripped" outside the hot-zone of the 
furnace. A constant-temperature water-chiller maintained a 
water supply to the upper and lower grips. High temperature. 
contact extensometers having a gage length of 25 mm were 
used to measure specimen elongation during the SR tests. 
Computers were used for test control and to collect load, 
temperature, and specimen elongation data as a function of 
time. Tests were conducted at 1038, 1150, or 1350°C and 
tensile stresses were varied with the intent to generate 
specimen lifetimes out to 10000 h. 

In addition to the SR tests. the tensile strengths of both the 
Si3N4 and the SIC were measured at 1038. 1150. and 1350°C. 
Specimens were loaded to failure using a loading rate of 
1 1  MPds. Extensometry was employed during the early part 
of the strength tests yielding strain information needed for 
Young's Modulus determinations: however. the extensometers 
were manually removed during the latter stages of specimen 
loading to prevent their damage from the fracture event. 

Post-Testinp Charac te r iza t ion  
Optical microscopy was used to determine the original 

fracture surfaces of all stress-ruptured specimens. Evidence for 
SCG, failure causing flaws. or creep damage was sought. X-ray 
diffraction (XRD) was conducted to determine if phase changes 
occurred in the Si3N4 as a result of the creep testing. 

RESULTS AND DISCUSSION 

Tensile Streneth of Si3& - -  and S i c  
The average tensile strengths of the Si-jN4 and the S i c  as a 

function of temperature are shown in Fig. 2. A minimum of 
two specimens were' tested at each of the three temperatures. 
The vertical bars shown in Fig. 2 represent standard 
deviations. The average tensile strength for the Si3N4 was 
approximately 527 MPa at both 1038 and 1150°C. but dropped 
to about 435 MPa at 1350°C. The Si3N4 tensile specimens 
typically failed from abnormally large Si3N4 grains, an 
example of which is shown in Fig. 3. The tensile strengths of 
the S i c  exhibited more scatter. and it is arguable that its value 
of 370 MPa was independent of temperature. Several S i c  SR 
specimens broke during loading. so their ultimate loads (or 
strengths) are included in the average strength values. The 
failure of SIC tensile specimens was typically initiated at the 
surface, although identifiable flaws in the S i c  were not 
detected during fractography. 

YounP's Modulus of Si3Nd and S i c  
Showing the same trends as tensile strength, the average 

Young's Modulus of the Si3N4 decreased as temperature 
increased, while the average Young's Modulus of the S i c  
appeared to be independent of temperature up to 1350°C. The 
average Young's Modulus values shown in Fig.4 were 
determined from a minimum of two samples for each 
temperature. Prior to specimen heating, every strength-test- 
specimen was first subjected to a room temperature loading to 
approximately 200 MPa to measure their stress-strain Young's 
Modulus could be detennined as well. As a consequence, the 

- -  



FIG. 2. AVERAGE TENSILE STRENGTH AS A FUNCTION OF 
TEMPERATURE FOR THE Si3N4 AND Sic  CERAMICS 
EXAMINED. VERTICAL BARS REPRESENT STANDARD 
DEVIATIONS. 

FIG. 3. ABNORMALLY LARGE Si3N4 GRAINS WERE THE 
TYPICAL FLAW WHERE FRACTURE WAS INITIATED 
DURINGTENSILESTRENGTHTESTING. 

average room temperature Young's Modulus for both materials 
represent more than two samples. 

The average room temperature Young's Modulus of the 
Si3N4 was determined to be 308 GPa. It decreased to 280 GPa 
at 1038 and 1150°C and further decreased to 246 GPa at 
1350°C. During the tensile strength testing of the Si3N4, 
nonlinearity in the stress-strain response was not observed up 
to 300 MPa at a stressing rate of 11 MPds for any of the test 
temperatures. This observation does not imply that 
nonlinearity may not be present above 300 MPa. as the 
extensometers were removed from the specimen surface at a 
tensile stress of approximately 300 MPa to prevent damage to 
them. Lending further credence to this observation, the 
authors did not observe nonlinearity when this material was 
stressed to 414 MPa at 1300°C using the same stressing rate 
(Wereszczak et af., 1995-a). The gradual decrease of the Si3N4 
Young's Modulus as test temperature increased is believed to be 

a consequence of the ytterbium-silicon-oxynitride grain 
boundary phase undergoing some softening. This 
phenomenon has been reported for this material in flexure 

The average Young's Modulus of the S i c  was determined to 
be 410 GPa at room temperature and remained essentially 
constant up to 1350°C. as seen in Fig. 4. Essentially no 
grain boundary phase is present in this material, and the 
observation that the Young's Modulus does not decrease with 
increasing temperature is consistent with this. 

loading at 1350°C (Osborne and Graves. 1995). /- 
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FIG. 4. YOUNG'S MODULUS AS A FUNCTION OF 
TEMPERATURE FOR THE Si3N4 AND SIC CERAMICS 
EXAMINED. VERTICAL BARS REPRESENT STANDARD 
DEVIATIONS. 

Tensile CreeD-RuDture Behavior 

Tensile CreeD H i s t o r i e s .  Transient creep strain 
histories were typical of Si3N4 and SIC specimens creep tested 
at 1038. 1150, and 1350°C. Depending on the tensile stress, 
the accumulated creep strains for the Si3N4 specimens ranged 
up to 0.2, 0.7, and 2.6% for creep tests at 1038, 1150. and 
1350"C, respectively, as shown in Figs. 5(a)-(c). Typical 
failure creep strains of 1.5 to 2.0% at 1300°C and 250MPa 
and 2.5 to 3.0% at 1400°C and 150 MPa have been reported 
for this material (French and Wiederhorn. 1995). The 
accumulated creep strains for the SIC specimens only ranged up 
to 0.05, 0.08, and 0.14% for creep tests at 1038. 1150. and 
1350°C. respectively, as shown in Figs. 6(a)-(c). The 
measured engineering creep data for all the static creep tests for 
S i3N4 and S i c  are shown in TableI. The amounts of 
accumulated creep strains for the S i c  creep tests were so small 
that the cceep strain - time profiles illustrate the ultimate 
resolution of the extensometer as evidenced by the scatter in 
the measured creep strains shown in Fig. 6(a)-(c). 

The creep strain - time profiles in Figs. 5(a)-(c) and 6(a)-(c) 
show that for equivalent stresses that the SIC is more creep 
resistant than the Si3N4; however. Si3N4 was able to 
withstand higher static creep stresses than the Sic. The 
variability in the strength of the SIC, as shown in Fig. 2. 
revealed itself in the static creep testing in that several of the 
S i c  specimens broke during loading to the desired stress 
setpoint. Specimens of S i c  broke during loading as low as 
300 MPa (at 1150°C). while at the same temperature, the 
Si3N4 was able to withstand a static stress as high as 
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FIG. 5. CREEP HISTORIES OFTHE Si3N4 AT (a) 1038OC. 
(b) 1150°C. AND (c) 1350°C. VERTICAL ARROWS 
REPRESENTSPECIMEN FAILURES, WHILE HORIZONTAL 
ARROWSREPRESENTONGOINGTESTS. 

450 MPa for over 39 hours before rupturing. 
The generated creep-rupture data on the Si3N4 show (or 

suggest based on ongoing test data) that to achieve lifetimes 
approaching 10000 hours. a static tensile stress of 300 MPa 
at 1038 and 1150°C. and a static tensile stress of 125 MPa at 
1350°C cannot be exceeded. These stress limits for the Si3N4 
are not limited by its high temperature tensile strength. For 
the S ic  ceramic, a static tensile stress of 300 MPa at 1038"C, 
250 MPa at 1150°C. and 180 MPa at 1350°C cannot be 
exceeded. However, unlike the Si3N4. these limiting stresses 
for the S i c  are closer to its variable high temperature tensiie 
strength, and in fact may overlap. For example, some Sic  , 
tensile strength specimens failed below 350 MPa at 1038°C; 
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FIG. 6. CREEP HISTORIES OFTHE Sic AT (a) 1038°C. (b) 
1150°C. AND (c) 1350°C. VERTICAL ARROWS REPRESENT 
SPECIMENFAILURES.WHILEHORIZONTALARROWS 
REPRESENTONGOINGTESTS. 

however, some S i c  SR specimens have exhibited lives in 
excess of 800 hours at stresses above 350MPa at this same 
temperature, as shown in Fig. 6(a). 

Post-Testing Analvsis. For the stress ranges 
examined, SCG typically was the cause of failure in the Si3N4 
at 1038 and 1150"C, while a transition to creep damage- 
induced failure occurred at 1350°C. Fracture surfaces of 
representative specimens tested at 1038, 1150. and 1350°C are 
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FIG. 7. FRACTURE SURFACES OF CREEP-RUPTURED Si3N4 SPECIMENS AT (a) 1038°C - 450 MPa. (b) 1150°C - 
400 MPa. (c) 1350°C - 200 MPa, AND (d) 1350°C - 250 MPa. 

shown in Fig. 7(a)-(d). The high stresses required to cause 
creep rupture at 1038 and 1150°C resulted in the creation of 
correspondingly small fracture mirrors. which are somewhat 
difficult to discern in Figs. 7(a)-(b). The creep damage zones 
that caused failure at 1350°C are positioned at the 6 o'clock 
positions in Figs. 7(c)-(d) at the surface of specimens tested at 
200 and 250 MPa. The authors have previously found 
(Wereszczak et af., 1995-b, Wereszczak er al.. 1995-c) that the 
growth of analogous damage zones in another Si3N4 is 
affected by environmental, oxidation, and microscopic creep- 
damage. The transition from SCG-induced failure at 1038 and 
1150°C to one of creep-damage-induced failure at 1350°C also 
is reflected in the magnitudes of the strains-to-failure for these 

temperatures; creep strains to failure were typically low for 
tests conducted at 1038 and 1150°C (up to = 0.7%). while 
those creep strains to failure at 1350°C were significantly 
greater (up to = 2.6%). It is interesting to note that the change 
in the SigN4 material between 1150 and 1350°C was 
accompanied by the changes in its tensile strength and 
Young's Modulus that were respectively shown in Figs. 2 and 
4. Analysis from XRD results showed that the grain boundary 
phase@) in the Si3N4 changed during creep testing at 1350°C. 
as shown in Fig. 8; however, it is not known if these phase 
changes are a cause or consequence of the mechanical 
performance change in the material observed between 1150 or 
1350°C. but they are further reflective of this change. 
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FIG. 10. MINIMUM CREEP RATE AS A FUNCTION OF 
APPLIED TENSILE STRESS AT 1038. 1 150. and 1350°C FOR 
THE (a) Si3N4, AND (b) Sic. CREEP-STRESS EXPONENT 
VALUES FOR EACH TEMPERATURE ARE SHOWN IN THE 
LEGEND. ARROWSREPRESENTONGOINGTESTS. 

The time to failure (tf) may be represented as a function of 
the applied static creep stress using, 

where Bo is a pre-exponential factor and N is the fatigue-stress 
exponent. The temperature-independent version of this 
empirical equation was chosen using the same rationale used 
for the choice of Eq. 1. The graphical representations of 
Eq. 2 for the Si3N4 and S i c  are shown in Figs. ll(a)-(b), 
respectively. The determined fatigue-stress exponents were 
51. 13, and 7 for the Si3N4. and 79. 67, and 33 for the S ic  at 
1038, 1150, and 1350°C. respectively. The large-valued 
fatigue-exponents that were determined for the Si3N4 at 1038 
and 1150°C and for the SIC are typically indicative of the SCG- 
dominated failures. This mode of failure was exhibited by 
Si3N4 at 1038 and 1150°C and by S ic  at 1150 and 1350°C. 
and can be expected for SIC at 1038°C as well. The stress - tf 
relationships determined in the present study at 1038, 1150, 
and 1350°C. are consistent with what has been generated on 
this material previously (Watanabe et af.. 1992) at 1200. 
1300, and 1400°C. as illustrated in Fig. 12. Refemng to 
Figs. 10 and 1 1 ,  the creep-stress and fatigue-stress exponents 
are numerically equivalent for all three respective temperatures 
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for both materials; this observation suggests that whatever 
mechanism dominated the creep process also dictated fatigue 
life. The graphical representations in Figs. I l(a)-(b) are 
useful for life prediction. for they suggest that i f  a component 
is subjected to a stress at any of the three temperatures in their 
respective domains below the shown stress-tf functions, then 
failure of the component would not be expected. 

Finally. the  applicability of the .Monkman-Grant 
relationship (minimum creep rate as a function of time to 
failure) to the generated engineenng creep data was explored. 
The Monkman-Grant relationship (Monkman and Grant, 1956) 
is represented by 

t f =  c 'E-? P I  
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where C and m are constants. From Eqs. 1 and 2. it is 
observed that N = nom; this relationship has been previously 
explored and discussed (Cranmer er al.. 1991. Ferber and 
Jenkins. 1992. Menon et al.. 1994). In particular. when N and 
n are equivalent in  value (Le.. the creep-stress and fatigue- 
stress dependencies are equivalent) and the activation energies 
for both creep and fatigue are equivalent. then the value of m 
should be approximately equal to one (which has been shown 
to be the case by Ferber and Jenkins. 1992. and Ding et al.. 
1994) and all the minimum creep rate as a function of time to 
failure data should collapse to, or be approximated by, the 
function shown in Eq. 3. 

The Monkman-Grant relationship does not satisfactorily 
represent the creep data generated in this study for either the 
Si3N4 or the Sic, as evidenced by the lack data convergence in 
Figs. 13(a)-(b) for each respective ceramic material. It is 
arguable that the engineering data generated on the Si3N4 at 
1150 and 1350°C exhibit convergence using the Monkman- 
Grant relationship; however, differences between these two 
temperatures were already shown in the creep-stress and 
fatigue-stress exponents in Figs. 10(a) and 1 l(a). This 
suggests that there is an activation energy difference as well 
(i.e.. temperature-dependence of the minimum creep rate, and 
of fatigue life stress relation). and in this instance, this 
difference results in a net effect that the Monkman-Grant 
relationship represented by Eq. 3 is apparently  obeyed 
between 1150 and 1350°C. If the activation energy differences 
are acknowledged in Eqs. 1 and 2. along with the recognition 
of dominant-failure-mechanism changes, then the Monkman- 
Grant relationship may be modified to make it more applicable 
to represent all the engineering data generated in the present 
study. 

CONCLUSIONS 
To achieve lifetimes approaching 10000 hours for the 

candidate Si3N4 ceramic examined in this study, it was found 
(or estimated based on data from ongoing tests) that a static 
tensile stress of 300 MPa at 1038 and 1150°C. and a stress of 
125 MPa at 1350°C cannot be exceeded. For the S ic  ceramic, 
i t  was estimated based on data from ongoing tests that a static 
tensile stress of 300MPa at 1038°C. 250MPa at 1150°C. 
and 180 MPa at 1350°C cannot be exceeded. The creep-stress 
exponents for this Si3N4 were determined to be 33. 17, and 8 
for 1038. 1150. and 1350°C. respectively. The fatigue-stress 
exponents for the Si3N4 were found to be equivalent to the 

FIG. 13. MINIMUM CREEP RATE AS A FUNCTION OFTHE 
TIME TO FAILURE (i.e.. MONKMAN-GRANT 
RELATIONSHIP) AT 1038, 1150, AND 1350°C FOR THE 
(a) Si3N4. AND (b)'SiC. ARROWS REPRESENT ONGOING 
TESTS. 

creep-stress exponents, suggesting that the fatigue mechanism 
that ultimately causes fracture is controlled and related to creep 
processes. It was observed that if failure did not occur on 
loading, then the S ic  most often did not creep-rupture. Creep- 
stress exponents for the SIC were determined to be 57.27, and 
11 for 1038°C. 1150°C. and 1350°C. respectively. For SIC, 
the fatigue-stress exponents did not correlate to the creep- 
stress exponents as closely as they did for the Si3N4. Failures 
that occurred in the SIC were a result of SCG that initiated from 
the specimen's surface. 
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Table 1. TEST MATRIX AND EXPERIMENTALLY MEASURED CREEP DATA. 

Minimum Time to Failure 

* Ongoing test - reported value will change as test continues. 


