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SUMlVIARY

Extensive creep testing of a hot-pressed silicon nitride (NC132) was performed at 1300 °C in air using five dif-

ferent specimen-loading configurations: pure tension, pure compression, four-point uniaxial flexure, ball-on-ring

biaxial flexure, and ring-on-ring biaxial flexure. This paper reports experimental results as well as test techniques

developed in this work. Nominal creep strain and its rate for a given nominal applied stress were greatest in tension,

least in compression, and intermediate in uniaxial and biaxial flexure. Except for the case of compression loading,

nominal creep strain generally decreased with time, resulting in a less-defined steady-state condition. Of the four

creep models--power-law, hyperbolic sine, step, and redistribution the conventional power-law model still pro-

vides the most convenient and reasonable estimation of the creep parameters of the NC 132 material. The data base

to be obtained will be used to validate the NASA Glenn-developed design code CARES/Creep (ceramics analysis

and reliability evaluation of structures and creep).

INTRODUCTION

Advanced ceramics are candidate materials for high-temperature structural applications in gas turbine engines

and heat recovery systems. The two major limitations of these materials, slow crack growth and creep, are generally

encountered in high-temperature applications. Slow crack growth (also called subcritical crack growth, fatigue, or

delayed failure) of inherent flaws can occur until the critical size for catastrophic failure is attained. At higher tem-

peratures, particularly at lower applied stresses, enhanced creep takes place in the form of permanent deformation

and/or damage accumulation, leading to a loss of structural integrity and possibly an eventual rupture of compo-

nents. Therefore, for higher temperature applications, an accurate determination of creep behavior, including creep

and rupture parameters and associated mechanisms, is important for ensuring structural integrity and component life.

Creep measurements in tension and compression of ceramic materials show that Creep is greater in tension than in

compression (refs. 1 to 3). Thus, parameters that are derived from relatively easy flexural testing using the conven-

tional simpIe beam theory, which assumes the neutral axis to be fixed at the beam center during creep deformation,

can be misleading. Most structural components are usually subjected to multiaxiai stresses, typically combined with

tensile and compressive stresses. Therefore, to accurately predict or estimate creep deformation and rupture of

multiaxially stressed components, creep (and rupture) parameters of a material should be determined individually

both in tension and in compression.

The immediate objective of the work presented in this report was to develop and conduct extensive creep testing

to determine the creep behavior of a silicon nitride under various loading configurations at 1300 °C in air. Hot-

pressed silicon nitride (NC 132, Norton Advanced_Cerarnics, Northboro, M A, 1990) containing magnesium oxide as
the primary sintering aid was chosen as the test material. Over several decades, NC132 has shown a controlled uni-

formity in mechanical and physical properties such as hardness, fracture toughness, strength, and slow crack growth.

In addition, the material has exhibited a_oderate-to-high susceptibility to slow crack growth and creep at tempera-

tures greater than 1100 °C (refsl 4 and 5), w_ich is ideal for rnodeling slow Crack growth and creep under various

specimen-loading configurations. The loading configurations used in this study include pure tension, pure compres-

sion, four-point uniaxial flexure, ball-on-ring biaxial flexure, and ring-on-ring biaxial flexure. For each loading
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configuration,fiveorsixappliedstresseswereusedandcreepdisplacementsweredeterminedasafunctionoftime
foragivenappliedload.

NASAGlennResearchCenterdevelopedananalyticalmethodologyandanintegrateddesignprogramknown
asceramicsanalysisandreliabilityevaluationofstructuresandcreep(CARES/Creep)topredictthecreepdeforma-
tionandrupturelifeofstructuralceramiccomponents(refs.6and7).Thisprogramconsistsoftwomodulesandis
currentlycustomizedtorunapostprocessortoafinite-elementcode(ANSYS,Inc.).Thefirstmoduleisaparameter
estimationprogramusedtocomputetheprimarycreepparametersbasedonthetime-hardeningrule,thesteady-state
parametersbasedontheappropriatelaw(Norton's,hyperbolicsine,orexponentiallaw),andthecreeprupture
parametersbasedonthemodifiedMonkman-Grantcriterion(ref.8).Inthefuture,thecreepdatabasegenerated
fromthisongoingexperimentalworkwillbeusedtoverifythenewlydevelopedCARES/Creepcode.Thiswillbe
donebypredictingcreepdeformationoftestspecimenssubjectedtomultiaxialstressesonthebasisofpuretension
andpurecompressiondata.

EXPERIMENTALPROCEDURES

Thematerialusedinthisworkwascharacterizedpreviouslyasacandidategasturbinematerialtodetermine
fatigue-lifepredictionparameters(refs.4,9,and10).ThemicrostructureofNC132typicallyconsistsof fine,
equiaxedgrainsofanaveragesizeofabout1_tm(fig.1).All testspecimens(exceptthoseusedforcompression)
werecuttobeperpendiculartothehotpressingdirectionsothattheprospectivetensilestressofthespecimens
wouldbenormaltothepressingdirection.Incontrast,thecompressiontestspecimenswerecuttobeparalleltothe
pressingdirection.Test specimens were cut from a 25- by 25-cm by 13-mm billet, where the thickness (13 mm)

direction corresponded to the pressing direction. All test specimens were annealed in air for 20 h at the test tempera-

ture of 1300 °C. The major physical and mechanical properties of NC 132 silicon nitride determined from previous

studies by the bulk-mass method (S.R. Choi, 1997, NASA Glenn Research Center, Cleveland, OH, Elevated Tem-

perature Slow Crack Growth Testing of a Silicon Nitride in Uniaxial and Biaxial Flexure Loading Conditions,

unpublished) are as follows:

Density, g/cm 3 ............................................................................................................................................................................. 3.20

Young's modulus, _ E, GPa .......................................................................................................................................................... 315

Hardness? GPa ......................................................................................................................................................................... 16.53

Poisson's ratio, a ........................................................................................................................................................................ 0.30

Fracture toughness, ¢ MPa+m ............................................................................................................................................. 4.64_+0.42

Room temperature strength,d MPa ...................................................................................................................................... 688+ 129

Slow crack growth parameters _
n ...,...,.....,,-.,....,.-,,,, ............................................................................................................................................................. 26

D .......................................................................................................................................................................................... 750

"By the impulse excitation method, American Society for Testing and Materials (ASTM) C1259 (ref. I 1).

By the Vickers microhardness method, ASTM C1327 (ref. 12).

CBy the SEPB method, ASTM C1421 (ref. 13).

d Four-point flexure testing, ASTM C1161 (ref. 14).
CBy the constant stress-rate flexure test method, ASTM C1368 (ref. 15).

Figure 1 .--Microstructure of NC132 silicon nitride.
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TESTING

Testing was performed at 1300 °C in air. The five specimen-loading configurations used in the creep testing are

depicted in figure 2. All of the test specimens with some preload, depending on the type of loading, were kept at the

test temperature for thermal equilibration for about 20 min prior to testing.

Tension Creep Testing

For pure tension tests, dogbone-shaped, pin-loaded tension specimens with round cross sections were used and

were nominally 2.0 mm in diameter, 70 mm in length, and 20 mm in gauge length. A schematic of the tension test

specimen is shown in figure 3. The choice of round-gauge cross section was intended to minimize any stress concen-

tration that might occur due to bending by misalignment in tension specimens with square cross sections. Specimens

with round cross sections were satisfactorily used previously in strength and fatigue testing of alumina at ambient

temperature (ref. 16). The pin holes in the tension test specimens were also tapered so that a load could be applied to

the center of the specimen with minimum misalignment, as already suggested (ref. 17). Some of the as-machined

specimens exhibited chatter and/or spiral marks in the gauge section as well as a discontinuity in the transition

region between the gauge and the neck sections. This undesirable machining, also observed previously in specimens

with square cross sections (ref. 18), was remedied by careful polishing with fine silicon carbide (SIC) paper and fine

diamond paste. It should be noted that in contrast to strength testing, rigorous specimen or surface preparation is not

necessary in creep testing, where relatively low applied stresses are employed.

Each tensile creep test specimen was loaded through SiC (Hexoloy, Carborundum Corp., Niagara Falls, NY)

5-mm-diameter loading pins with SiC pull rods (Cryster, Carborundum Corp., Niagara Falls, NY) using a dead-

weight tensile creep tester (Applied Test Systems, Inc. (ATS), Butler, PA) (fig. 4). For creep deformation measure-

ments, two Hexoloy SiC flags were attached to the gauge section of each test specimen by friction (ref. 17) so that

the actual gauge length was the distance between any two selected lines in the flags. The gauge lengths used here

ranged from 12 to 15 mm. To ensure a minimum misalignment with bending strain of less than 5 percent as

Tension Uniaxial flexure

Compression _ ;. J_-i .: ....

t
f

Ball-on-ring blaxial flexure Ring-on-ring biaxial flexure

Figure 2.mFrve creep specimen-loading configurations used in study.
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Figure4.mTestsetup in tension creep tesUng.
(a)Front view. (b)Sideview.

specified in the American Society for Testing and Materials (ASTM) Test Method C1291 (ref. 19), misalignment
was checked and adjusted within the specification with a strain-gauged reference specimen. Creep displacements

were monitored using a scanning laser extensometry system (Beta LaserMike, Dayton, OH). The scanning laser

beam was interrupted by the flags, thus defining the distance at any instant of time between the flags. The change

in the distance corresponded to the creep displacement of the test specimen. The scanning rate employed was
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100scans/secandtheresolutionofthesystemwas0.5_tm.Detaileddescriptionsofthestrain-measurementtech-
niquecanbefoundin reference17.Thedataacquisitionsystemconsistedofapersonalcomputerandananalog
chartrecorder(Model6224,Soltec,SanFernando,CA).Apreloadofabout10Nwasappliedtothetestspecimens
andmaintaineduntilactualtesting.Testingwasinitiatedafterathermalequilibrationforabout20minatthetest
temperature.Sixtensilestressesrangingfrom10to81MPawereused.Onespecimenwasusedateachstress.The
gange-sectionnominaltensilestresst_ was calculated as follows:

Pt (1)
¢_= 7td 2

4

where Pt is the applied tension load (N) and d is the gauge-section diameter (mm) of the tension test specimens.
Testing was conducted in accordance with ASTM Test Method C1291 (ref. 19).

Compression Testing

In pure compression testing, cylindrical test specimens 3.5 mm in diameter and 7.5 mm in height (gauge length)

were used. Figure 5 shows the test specimen and experimental setup for compression creep testing. As in the tension

testing, test specimens with cylindrical cross sections instead of square cross sections were used to avoid any pos-

sible stress concentration due to bending by misalignment. Even with cylindrical test specimens, several experimen-

tal difficulties caused deviation from a simple, homogeneous uniaxial stress state. Buckling of the specimen can

occur if the ratio of specimen height h to diameter d (h/d) is large; barreling due to the friction between the specimen

end and support platen can take place if the ratio is low (refs. 20 and 21). An h/d ratio range of 1.5 to 2.5 was sug-

gested to moderate both buckling and barreling effects (ref. 20). Consequently, the nominal dimensions of the

1±100,2,1,1

7.493

i i//100,2,! 1

(a)

3.505 diam

/_¢ I 0.0127]

Linear-variable- 1

differential

transformer probes

(b)

Upper
platen

Specimen

Lower

platen

Figure 5.--Pure compression creep testing. All dimensions given in millimeters. (a) Specimen. (b) Test setup.
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compressiontestspecimensusedin thiswork(7.5mminheightand3.5mmindiam)werechosenwithinthisrec-
ommendedrange.Inaddition,atighttoleranceofparallelism(within+3 btm) between the two ends of each test

specimen was used. It has been reported that for high-strength ceramics, dumbbell-shaped specimens can be used to
minimize the indentation of platens by test specimens, thus ensuring more homogeneous stress distribution in the

gauge section (ref. 20).
The compression test specimen was mounted between upper and lower Hexoloy SiC platens. The platens in turn

were connected to rigid SiC supporters to which the upper and lower push rods were connected. The compression

load was applied to the test specimen using an ATS deadweight compression tester. Since creep deformation of

ceramic materials is generally significantly smaller in compression than in tension, higher applied stresses ranging
from 160 to 630 MPa were used in compression testing. Despite higher applied stresses, no detectable evidence of

indentation of the platens by the test specimen was observed from the contact areas after successive creep tests. Five

applied stresses (160, 250, 400, 500, and 630 MPa) have been used to date, with one specimen tested at each stress.

The gauge-section nominal compressive stress t_ was calculated as follows:

P_
o = -_-_-

4

(2)

where Pc is the applied compression load (N). The displacement measurements in the gauge section of the test speci-
men were made by a three-probe, linear-variable-differential transformer (LVDT) with a resolution of 3 ram. The

displacement was monitored and recorded with a Soltec analog chart recorder. The researchers thought that laser
extensometry (which is used in the tension creep testing) would yield much better resolution than the LVDT, so it

will be used in future compression creep testing.

The influences of specimen geometry and frictional constraint on both stress distribution and creep deformation

in compressive creep have been detailed analytically by several investigators. Using a limited finite-element analy-

sis, Birch et al. (ref. 20) found that the creep exhibited by cylindrical compression specimens with an h/d ratio of 1.5

to 2 and by dumbbell-shaped specimens with an h/d ratio of 2.0 was essentially the same. One important assumption

made in their analysis was that the specimen ends were completely constrained, thus giving an upper-bound solu-

tion. A more detailed analysis by DebschiJtz et al. (ref. 21), who used cylindrical specimens, identified creep param-

eters and the various effects of friction and specimen shapes on creep behavior. Friction was known to decrease the

strain rate by the factor K, which is the ratio of creep rates for the complete constraint case and the frictionless case.

For a typical specimen with an h/d ratio of 2.0, the creep rate deviation ranged from 8 tol4 percent for the values of

1 to 5 of the stress exponent N. Different specimen shapes were also shown to influence the deviation significantly:

For an h/d ratio from 0.5 to 2.0, the creep rate deviated from 8 to 35 percent for N = 1. Hence, friction at the loaded

ends of test specimens has a significant influence on stress distribution and creep behavior and, consequently, on the

estimation of creep parameters.
Appropriate lubricationis recommended for room-temperature compression testing of metallic materials, either

a TFE-fluorocarbon sheet, molybdenum disulfide, or other materials, according to ASTM Test Method E9 (ref. 22).

However, for compression creep testing of advanced ceramics at elevated temperatures, it is questionable whether an

appropriate lubricant exists that causes no undesirable effects at the contact area. Some chemical reactions such as
corrosion or oxidation at the contact area would result in inhomogeneous stress distribution, probably giving rise to

irregular creep deformation and possibly leading to premature specimen failure at the contact area in the form of
lateral splitting and/or buckling. Typical examples of specimen configurations used in compression creep testing are
summarized in table I.

Uniaxial Flexure Creep Testing

In four-point uniaxial flexure testing, flexure beam specimens were loaded in a SiC four-point flexure fixture

with 20-mm inner and 40-mm outer spans using an ATS deadweight creep tester. Test specimens were nominally

3 mm in height, 4 mm in width, and 50 mm in length. The general specifications on the test fixture, test specimens,

and temperature control used in uniaxial flexure testing were in accordance with ASTM Test Method C1211
(ref. 28). Each specimen was mounted to the test fixture with a cyanoacrylate adhesive. This adhesive has long been

NASA/TM--2000-210026 6



TABLE I. TYPICAL TEST CONDITIONS AND SPECIMEN CONFIGURATIONS USED IN COMPRESSION

CREEP TESTING

Material

ShNJAI_,O3

Si-SiC
3Y-'IZP

A1,O3

YAG
Si3N4-MgO

RBSN

BeO
YSZ

The symbol

Temperature,

1200/1000

1300
1100to 1200

1150/1300

1400 to 1610
1400

1270 to 1370

650 to 1750
1300 to 1550

Applied stress, MPa

60,120/86-121

130 to 270
20 to 70

220 to 270/35 to 130

Co)
175 to 700
160 to 400

12.5 to 140
50 to 160

represents a cylindrical cross section.

bSwain rate applied.

Specimen cross section
and heisht, mm

9 "by 25.4

3by3by8

4 by8

6.4 by 122

3by3by6
3by3by9

4.25 by 6.4

3.2 by 4.8 (dumbbell)

2by2by5
2.5 by 2.5 by 5

Reference

Ferber, Jenkins, and Tennery (2)

Wiederhom et al. (I)
DebschUtz et al. (21)

Page et al. (23)

Parthasamthy, Mah, and Keller (24)
Lange, Davis, and Clarke (25)

Birch et al. (20)

Corman (26)
Fernandez et al. (27)

used effectively in elevated-temperature testing of various silicon nitrides, aluminas, and silicon carbides without

producing any harmful chemical reaction. The fixture assembly with mounted specimen was then placed between

two rigid SiC supports connected to the push rods of the creep tester. An initial preload of 10 N was applied to the

specimen and maintained until the actual testing. An LVDT probe was placed underneath the center point (tension

side) of each test specimen to measure creep deflection. Seven applied loads were used, ranging from 36 to 201 N

with corresponding nominal (max) stresses from 29 to 162 MPa. The nominal gauge-section (inside the inner span)

maximum tensile stress was calculated assuming an idealized (elastic) condition as follows:

3 P(Lo-Li)
6 = (3)

2 bh 2

where P is the applied load (N); L o and L i are the outer and inner spans (ram), respectively; and b and h are the

width and height (ram) of the flexure test specimen, respectively. The experimental setup for the four-point uniaxial

flexure testing and the test specimen geometry are shown in figure 6. The creep deflection of the test specimen was

recorded with a Soltec analog chart recorder.

Ball-on-Ring Biaxial Flexure Creep Testing

In bail-on-ring biaxial flexure creep testing, 2-mm-thick, 45-mm-diameter disk specimens were loaded using a

ball-on-ring biaxial fixture with an ATS deadweight creep tester. The test fixtures included the upper loading fixture

and the lower support fixture, which consisted of a series of SiC support balls and a SiC support block. Nine 9-ram-

diameter balls were mounted on the flat support block, evenly spaced peripherally to form a pitch diameter of

40 mm. The upper SiC 9-mm-diameter loading ball was flattened by grinding to form a small rounded surface

1.31 mm in diameter. The disk specimen was placed on the lower fixture with the support balls in place. The flat

surface of the upper loading ball was then brought into contact with the center of the test specimens. The specimen-

fixture assembly was completed with specially designed alignment tools and the cyanoacrylate adhesive. The center

deflection of the test specimens was determined with an LVDT and a Soltec analog chart recorder. Four appfied

loads were used, ranging from 45 to 182 N with corresponding nominal (max) stresses from 29 to 115 MPa. One test

specimen was used at each applied stress. A schematic of the test setup is shown in figure 7. The nominal maximum

tensile stress (t_ in biaxial stress) of disk specimens occurring within the inner uniformly pressed contact area,

assuming an idealized (elastic) condition, was calculated as follows (ref. 29):

6=--[3P(l+v)14nt2 + 21n a + 1-v(lb 1--_v _- 2--'_-)'_-jb2]a2]
(4)
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(a)

48.3 i

A

tillo.o,521,1

Upper

fixture

C3
Roller -- __\\\\\_

Lower

)///////////)

(c)

) Specimen

Linear-vadable-differsnUal

transformer probe

Figure 6.--Four-point uniaxlal flexure creep testing. All dimensions given in millimeters.
(a) Specimen, front view. (b) Specimen, side view. (c) Test setup.

where v is Poisson's ratio; t is the specimen thickness (mm); a and b are the lower support-ring radius and the flat-

section radius (mm) of the upper loading ball, respectively; and R is the specimen radius (mm). Equation (4) indi-

cates that the effect of contact radius b on stress is greatest for the second term 2 In(a/b) and almost negligible for

the third term. Therefore, it is important to determine how a change in b affects the resulting stress, since during

long-term testing there might be an increase in b that could be attributed to increased plasticity or creep. Figure 8
shows normalized stress (4rct2g/[3P(l+v)]) as a function of contact radius b for the given a (20 mm), v (0.3), and

R (22.5 mm). As can be seen in the figure, the effect of b is significant at smaller values of b but is insignificant at

around b > 0.6 mm. For example, tile change in b from 0.65 to 0.70 mm results in a decrease in stress of less than

3 percent. Hence, some slight change in b during testing would be unimportant.

NASA/TM--2000-210026 8



1.981 _
2.032
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L\%.\\\

block _

(c)

: |

f Loadingball

Support
balls

- Linear-variable-
differential

transformer probe

Figure 7.mBall-on-dng biaxial flexure creep testing. All dimensions given in millimeters.
(a) Specimen, front view. (b) Specimen, side view. (c) Test setup.

The flat surface of the loading ball appeared to give almost complete contact with the test specimen surface

rather than a ring contact, achieving presumably uniform pressure within the contact area. This was attributed to the

increased compliance of test specimens as a result of enhanced elevated-temperature creep and plasticity. In

ambient-temperature ball-on-ring biaxial testing, a ball without a flat surface can be used to obtain approximately

uniform contact pressure (refs. 29 and 30). However, at elevated temperatures, the ball tends to penetrate into or

indent the specimen surface, resulting in a nonuniform contact pressure. In fact, such a ball configuration has been

used in indentation and/or impression creep testing to characterize the variable creep behavior of materials (refs. 31

and 32). It should be noted that at ambient temperature, the flat ball configuration usually gives a ring contact due to

the elastic deformation of the test specimen; thus, a flat ball has been used as an upper loading ring for much room-

temperature, ring-on-ring biaxial testing for ceramic materials (ref. 33).

NASA/TM--2000-210026 9
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Figure &--Normalized stress 4_t2_/[3P(1+v)] as function of contact radius b (eq. (4)) in ball-on-ring biaxial
flexure.

Ring-on-Ring Biaxial Flexure Creep Testing

In addition to ball-on-ring biaxial flexure testing, other biaxial creep testing was conducted in the ring-on-ring

flexure configuration. The biaxial test fixture consisted of upper and lower loading fixtures. The upper loading fix-

ture comprised a loading block and seven evenly spaced 9-mm-diameter SiC loading balls, peripherally forming a

pitch diameter of 15 ram. The lower support fixture was the same as that used in the ball-on-ring biaxial flexure

testing, that is, a series of SiC balls with a pitch diameter of 40 mm placed on the SiC support block. The resulting

loading andsupport ring diameters were 15 and 40 mm,res_cfivelY. The test disk specimens used in the ring-on-

ring biaxial testing were the same as those in the ball-on-ring biaxial testing. As in the ball-on-ring biaxial testing,

test specimens and fixtures were assembled with specially designed alignment tools and the cyanoacrylate adhesive.

The center deflection of each test specimen was determined using an LVDT probe and an analog chart recorder. Test

procedures in ring-on-ring biaxial testing were identical to those in ball-on-ring testing. Testing was conducted in an

ATS deadweight creep test frame. Four applied loads were used, ranging from 200 to 565 N with corresponding

nominal (max) stresses ranging from 29 to 81 MPa. The nominal maximum tensile stress (biaxial stress _) of disk

specimens within the loading ring, assuming an idealized (elastic) condition, was calculated as follows (ref. 29):

G= 3PI2(l+v)lna (1-v)(a2-b2)]
4/_'= L R=

(5)

where b is the upper loading-ring radius.

One test specimen was used at each applied stress: A schematic of the ring-on-ring biaxial flexure experimental

setup is shown in figure 9. Ring-on-ring biaxial testing at elevated temperatures was used to determine stress-rupture
(ref. 34) and slow crack growth (dynamic fatigue) (ref. 35) behaviors of silicon nitrides.

NASA/TM--2000-210026 10
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Figure lO.mTest setup for profile measurements of
crept specimens.

A different lower support block with a ball race ground (with the same pitch diameter of 40 mm) similar to a

typical thrust-ball-bearing race was used at first, primarily to position the loading balls more easily and accurately.

However, in load-displacement diagrams the fixture showed some degree of hysteresis, which was indicative of a

frictional constraint occurring between the race and the support balls. The lower support block was then modified to

have only a fiat surface instead of a ball race. This modification caused the load-displacement diagram to be much

more linear, thus minimizing frictional constraint. The frictional constraint observed in the ball race biaxial fixture

appeared to be very similar to that occurring with uniaxial four-point flexure when loading pins are fixed or placed

on V-grooves (refs. 36 and 37).

Measurements of Deflection Profiles of Crept Specimens

Deflection profiles of some tested specimens that were crept in uniaxial and biaxial flexure were measured.

Profiles were determined by tracing over the convex surfaces of crept specimens with an LVDT probe. The appara-

tus used for the profile measurements is shown in figure 10. The crept specimen was mounted with two-sided tape
on a base, which was attached to the actuator of an electromechanical test frame (Model 8562, Instron, Canton,

MA). The LVDT was attached to a stationary test-frame table. As the actuator moved up and down, the specimen

moved accordingly, its tension surface remaining in contact with the spring-loaded LVDT probe. A full specimen
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profilewasproducedbyrecordingtheactuatorpositionsignaltogivethespecimenpositionandtheLVDTsignalto
givethespecimendeflection.

Thedeflectionprofilesofeachdiskspecimencreptinring-on-ringflexureweredeterminedalongthediameter
inthethreedirectionsof0°(basereference),45°,and90°.Theprofilesofuniaxial-flexure-creptspecimenswere
measuredalongthelongitudinaldirection.Inthefuture,dataonthedeflectionprofileswillbecomparedwithpre-
dictionsmadebytheCARES/Creepprogram.Thedeflectionprofilescouldbeusedtoverifythedesignprogram
becauseCARES/Creepshouldbeabletoprovidethecorrespondingspecimencreepdeformationandstressdistribu-
tionsatanytime.

EXPERIMENTAL RESULTS

Tension Creep Testing

A summary of tensile creep displacements as a function of time at five applied stresses at 1300 °C is presented

in figure I i. Since no specimen failed before the test interruption, the end point of each curve corresponds to the end

of the test. Test times spanned from about 20 days at 81 MPa to about 60 days at 41 MPa. Surfaces of the tested

specimens revealed some degree of oxidation, depending on the test time period. However, no visible signs of the
microcracks associated with enhanced creep were observed on the specimens, even after the removal of their oxide

layers. The displacement curves for the specimens tested at 10 and 28 MPa seemed to show steady-state creep

regions where the displacement rate remained relatively constant. By contrast, the curves for specimens tested at 57
and 8I MPa showed no well-defined steady-state region, but rather a change in displacement rates with time. As a

result, no distinct region of primary creep was observed for these specimens. The absence of a secondary steady-
state creep region will be addressed in more detail in the Discussion section.

Compression Creep Testing

The results of the compression creep testing are shown in figure 12, where compressive creep displacements are

plotted as a function of time for five applied stresses. Note that for the same order of magnitude of creep displace-

ment, the applied stresses in compression were significantly greater than those in tension. This shows how creep

displacement of NC 132 silicon nitride is considerably greater in tension than in compression at the same (absolute)

800

600

400

21)0

I Tensile stress, o-,MPa

81
p

57

57

' -- 41

0 500 1000 1500
Time, t, h

Figure 11 .--Tensile creep displacement as function of time determined at
five nominal tensile stresses for NC132 silicon nitride at 1300 °C.
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Figure 12._Compression creep displacement as function of time determined
at five nominal compressive stresses for NC132 silicon nitride at 1300 °C.

Figure 13.mlnhomogeneous creep deformation along specimen length occurring in compression creep testing
of NC132 silicon nitride at 1300 °C. Nominal compressive stress applied, 400 MPa; test time, 800 h. (a) Overall.
(b) Enlarged and viewed from arrow direction marked in (a).

applied stress. It should be noted again that the relatively low-resolution LVDT probe was employed in the compres-

sion creep testing (instead of the laser extensometry used in the tension creep testing). As a result, the use of high-

compression stresses was unavoidable to achieve a reasonably accurate monitoring of compression creep

displacement.

At the highest compressive stress of 630 MPa, the specimen failed in a similar manner to fast fracture, leaving

many tiny fragments. The data for this specimen were not used in the analysis. The specimen tested at 400 MPa

revealed nonuniform longitudinal creep deformation, with some planner cracks originating from one end of the test
specimen, as shown in figure 13. This could be attributed to load misalignment (bending induced), material inhomo-

geneity, and/or frictional constraint at the loaded end. Lateral tensile stresses would cause this kind of lateral split-

ring. The corresponding displacement curve showed no clear evidence of lateral tensile stresses, although a slight
kink in the curve was detected around 300 h. It was observed that a sudden increase of creep deflection (which was
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probablyassociatedwiththelateralsplitting)tookplaceclosetothe time of test interruption. Hence, the creep dis-

placements determined at 400 MPa were included in the data analysis. As seen in figure 12, most of the curves

(except the one at 500 MPa) exhibited the steady-state creep region, which is in somewhat good contrast with the

tensile creep curves. However, no distinct primary region was observed for most of the test specimens. The undesir-

able barreling deformation did not occur for any of the test specimens, indicating a good agreement with the previ-

ous studies by Birch et al. (ref. 20) and Debschiitz et al. (ref. 21), where the barreling effect was minimized with the

use of specimen h/d ratios from 1.5 to 2.5. Note that the ratio used in this study was 2.1.

Uniaxial Flexure Creep Testing

A summary of creep displacements (deflections) as a function of time in four-point uniaxial flexure is presented

in figure 14. The figure shows the maximum nominal stresses from 29 to 162 MPa. The end point of each curve

represents the time of interruption. In spite of appreciable creep deflection, no specimen failed before the interrup-

tion of the testing period, which ranged from 17 days for the highest stress of 162 MPa to about 100 days for the

lowest stress of 29 MPa. Regardless of the nominal applied stresses, creep rate changed with time, so that no definite

steady-state creep region could be determined. Since no explicit secondary steady-state creep region existed, a clear-

cut transition between the primary and secondary regions was also not definable.

Figure 15 shows the typical difference in appearance between the tension and compression sides of a crept

sample viewed with optical microscopy. The specimen was subjected to 57 MPa for about 1600 h, after which voids
and/or damage between the tension and compression sides were apparent. It was observed optically that voids and/or

microcracks were significant on the tension side for many advanced ceramics, whereas on the compression side, no

damage and/or voids were evident (ref. 38), showing a definite difference in creep behavior between tension and

compression. A neutral-axis shift toward the compression side is inevitable to reach an equilibrium condition for a

new composite beam, combined with a less dense tension side and an original dense compression side. In some

cases, optical microscopy might not be sufficient to reveal the detailed features of such damages. A high-resolution

microscopy such as scanning electron microscopy (SEM) or preferably transmission electron microscopy (TEM)

should be employed for those cases.

Figure 16 shows the deflection profiles of the crept flexure beam specimens subjected to applied stresses of 29

and 41 MPa at interruption times of 2000 and 170 h, respectively. The profiles were measured as described in Ex-

perimental Procedures. As noted from the figure, regardless of applied stress and interruption time, each deflection

profile was symmetrical with respect to the center of the flexure beam specimen. Also, the technique used in this

study was better than the optical technique used in the previous studies where the specimen profile was determined

using a low-power optical microscope (refs. 38 and 39).

3000 F .162

/
115 Rexum
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E 2000 MPa

57

_ 1000 29
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4"1 "

I
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Figure 14.--Four-point uniaxial flexure creep displacement as a function of time
determined at different nominal stresses for NC132 silicon nitride at 1300 °C.
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Figure 15._Difference in appearance between tension and compression sides of four-point flexure beam speci-
men of NC132 silicon nitride tested for 1600 h at 57 MPa and 1300 °C. (a) Tension side. (b) Compression side.

o

(a) Distance across center of disk (b)
Distance across center of disk

Figure 16._Deflection profiles along specimen length for four-point flexure crept specimens of NC132 silicon

nitride tested at 1300 °C. (a) Nominal stress, 29 MPa; test time, 2000 h. (b) Nominal stress, 41 MPa; test time,
170 h.
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Ball-on-Ring Biaxial Flexure Creep Testing

Figure 17 presents a summary of creep displacements as a function of time determined at different nominal

stresses in ball-on-ring biaxial flexure creep testing. Again, the end point of each curve represents the time of test

interruption. As in the tension, uniaxial flexure, and ball-on-ring (and ring-on-ring) biaxial flexure testing, no test

(disk) specimen failed before the end of the testing period, which ranged from about 20 days for the highest stress

of 81 MPa to about 100 days for the applied stress of 41 MPa. At the lower stresses of 41 and 29 MPa, the primary

creep region seemed to be accompanied by a secondary steady-state creep region. However, it is not yet clear

whether the primary or secondary creep regions exist in the curves for the higher applied stresses of 57 and 81 MPa.

Irrespective of applied stress and test time, no visible damages or microcracks developed at the region of the maxi-
mum tensile stress, that is, beneath the inner loading contact area. Observation of the crept specimens supported the

conclusion that the loading ball was in nearly full contact rather than in ring contact with the test specimen surfaces,
which was attributed to the increased plasticity and creep of the specimens during the tests. Hence, it is believed that

the use of a stress formula (eq. (4)) based on the assumption of full contact is justified. The typical appearance of the

contact area on the surface of a crept disk specimen showing full contact is presented in figure 18.

Ring-on-Ring Biaxial Flexure Creep Testing

A summary of creep deflection as a function of time determined at different nominal stresses in ring-on-ring

biaxial flexure creep testing is shown in figure 19. As in tension, uniaxial, and ball-on-ring biaxial flexure testing,

no specimen rupture occurred before test interruption. The testing period ranged from 10 to 12 days for the lower

applied stresses (_<57 MPa for about 45 days for a high stress of 81 MPa). Considering the relatively short test times,

it would be premature to draw any conclusion regarding the creep curves obtained from stresses <58 MPa. For the

disk specimen tested at the highest stress of 81 MPa, the displacement rate changed with time, making it difficult to

define the primary and secondary steady-state regions. Some localized damages in the form of micro- and macro-

cracks were observed in this disk specimen, but only beneath the upper loading balls, as shown in figure 20. A

previous study (S.R. Choi, 1997, NASA Glenn Research Center, Cleveland, OH, Elevated Temperature Slow Crack

Growth Testing of a Silicon Nitride in Uniaxial and Biaxial Flexure Loading Conditions, unpublished) using both

analytical and experimental approaches showed that a uniform biaxial tensile stress occurred within the loading ring

in accordance with equation (5) and that a maximum localized tensile stress occurred beneath the loading balls also

1000 [- Biaxial flexure
I stress, or,
| 81 MPa

I /
/

_ 300

200 _

Or I I

29

I I

_-- 41

0 500 1000 1500 2000
Time, t, h

Figure 17.mBall-on-ring biaxial flexure creep displacement as function of time
determined at different nominal stresses for NC132 silicon nitride at 1300 °C.
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Figure 18._Appearance of contact area in crept disk
specimen showing full contact in ball-on-ring biaxial
flexure creep testing of NC132 silicon nitride at

1300 °C. Nominal applied stress, 58 MPa; test time,
300 h.

1600 -
Biaxial flexure

stresS,iPa¢x_ _"1200

_ 57

g 800
} 41
• 29

400

0 I I , l I I
0 100 200 300 400 500

Time, t, h

Figure 19._ing-on-dng biaxial flexure creep displacement as function of time
determined at four nominal stresses for NC132 silicon nitride at 1300 °C.
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Figure 20.--Cracks directly beneath loading ball of
crept disk specimen in ball-on-ring biaxial flexure
creep testing. Specimen subjected to nominal

applied stress of 81 MPa for 1000 h at 1300 °C.

Center of disk

\I° .lmm

\

\
Distance across center of disk

Figure 21 .--Deflection profiles across diameter of
ring-on-ring biaxial flexure (crept) disk specimen.
Specimen subjected to nominal applied stress of
81 MPa for 1000 h at 1300 °C. Profiles determined

in three directions 45 ° apart.

in this case, which caused micro- and macrocracks in this area. This localized stress would not have a significant effect

on the creep behavior of relatively large disk specimens because the overall stress distributions governing creep displace-

ment would remain unchanged. Specimens tested at stresses lower than 81 MPa showed no sign of damage, either in

the maximum localized stressed region or in the biaxially stressed region (i.e., within the loading ring).

Figure 21 shows deflection profiles determined from a crept disk specimen that was subjected to 81 MPa for

1000 h at 1300 °C. Three profiles representing 0 °, 45 °, and 90 ° were measured diametrically as described in Experi-

mental Procedures. The 0° profile represents the angle passing beneath the loading ball, which was taken as the

reference base angle. As can be seen in the figure, the profiles of the specimen deflection were all consistent, with

good continuity and symmetry. This confirms that the maximum localized tensile stress occurring beneath the

loading balls had no significant effect on the overall creep deformation of the disk specimen. If the maximum

localized stress had caused an apparent localized deformation, there would have been some discontinuity in the

profile around the stressed region.
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DISCUSSION

DeterminationsofNominalCreepStrain

Inthissection,appropriaterelationstoconvertcreepdisplacementtocreepstrainwillbepresentedforeach
specimen-loadingconfiguration.

Pure tensile and t_ure compressive creep.--In pure tensile or pure compressive creep, the strain can be

determined as follows:

Al
(6)

where e is the nominal strain (not true strain), Al is the elongation (in tension) or contraction (in compression), and Io

is the gauge length. The gauge length in tensile creep can be defined (set) from any distance between the two flags

in conjunction with the laser extensometry system; the gauge length in compressive creep corresponds to the speci-

men height.

F0ur-pgint uniaxial flexure creep._The strain in four-point uniaxial flexure creep can be estimated using the

following idealized (elastic) beam theory:

(7)

where a = (L o - Li)/2 and 6 is the center deflection of the test specimens.
Ball-on-ring biaxial flexure creep.--Kirstein and Woolley (ref. 40) have developed an expression for the center

deflection of a disk specimen in ball-on-ring biaxial flexure. The polynomial approximation to the exact solution is

given by

pa2
6= -0.0642+0.5687(1-v)+ -0.3793+(1-v 2

Et 3
(8)

where E is Young's modulus and other parameters are as defined in equation (4). The elastic strain and stress rela-

tion in the biaxial condition are expressed as

o(1 - v)
t r = e 0 = e = -- (9)

E

where t r and t 0 are the radial and hoop strains in the loading area and have a maximum value equal to e. The corre-
sponding maximum radial or hoop stress t_ was given by equation (4). Using equations (4), (8), and (9), the strain as
a function of the center deflection 6 can be derived as follows:

(10)

where

( b 2 ) a2

_:l+21na+l-v[1-2---_'J'_"bl+v

2
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Ring-on-ring biaxial flexure configuration.--The center deflection of a disk specimen subjected to ring-on-ring
biaxial flexure with small deflection is given based on the conventional plate theory of Timoshenko and

Woinowsky-Krieger (ref. 40):

3P(l-v2)[b21n _ ( _ 2_,2(l_v)j3+vl+02 b
2nt3E

(11)

The above equation is valid when a test specimen diameter is at least 10 times greater than its thickness and

when the specimen thickness-to-deflection ratio is greater than 2, that is, for small deflection (ref. 42). For large

deflection, when the specimen thickness-to-deflection ratio is less than 1, the state of stresses within the loading ring

is no longer in a uniform biaxial condition. This deviation from the biaxial condition is also amplified when the ratio

of the loading ring diameter to the supporting ring diameter is increased. A detailed analysis of stress in terms of

specimen deflection and geometry can be found in Kao, Perrone, and Capps (ref. 43). To meet the above conditions,

the maximum creep deflection was kept smaller than 50 percent of the specimen thickness (2 mm) in all biaxial

creep testing.
Using equations (5), (9), and (11), the strain inside the loading ring, which is both in biaxial and maximum, can

be derived as a function of center deflection _ as follows:

where

= 2(1 + v)

B=2(l+v)tnb+(1-v l-a2)R2

a=b21nb+(a2 -b2]a /2T1Lv)3+v

(12)

The creep strain equations presented above for uniaxial flexure (eq. (7)), ball-on-ring biaxial flexure (eq. (10)),

and ring-on-ring biaxial flexure (eq. (12)) were all based on idealized (elasticity) solutions. Therefore, if significant

creep, plasticity, relaxation, and/or a possible shift of neutral axis toward the compression side are present, the appli-

cation of these equations to flexure loading may not be appropriate. Such data should be used with caution when

interpreted in terms of strain rate, creep and rupture parameters, and other factors. The same caution should be exer-
cised when stresses in flexure are to be calculated under creep conditions. For simplicity, however, this study used

flexure strain and stress (termed "nominal" strain and stress) calculated on the basis of the above idealized solutions.

Nominal Creep-Strain Curves

Figure 22 shows nominal creep strain as a function of time for the five specimen-loading configurations, con-

vetted from the creep displacement data using equations (6), (7), (10), and (12). As already seen in the creep dis-

placement data (figs. I l, 12, 14, 17, and 19), except for compressive creep, a well-defined secondary steady-state

condition was rarely observed; therefore, no clear demarcation between the primary and secondary creep regions

could be defined. For a given nominal applied stress, both magnitude and rate of nominal creep strain depended on

loading conditions. A typical example is shown in figure 23, where nominal creep strain was plotted as a function of

time for different loading configurations but with the same nominal applied stress of 57 MPa. The overall creep

strain and its rate were highest for tension loading, intermediate for uniaxial flexure loading, and lowest for biaxial

flexure (ball-on-ring and ring-on-ring) loading. The degree of constraint (due to different stress states) in flexure was
increased from uniaxial flexure to biaxial flexure. The results of figure 23 also indicate a significant difference in

creep between tension and compression loading. If this difference were not noticeable, creep strain in uniaxial flex-

ure would be similar in magnitude and rate to that in tension.
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Figure 22.mNominal creep strain as function of time determined for five specimen-loading configurations
for NC132 silicon nitride at 1300 °C. (a) Pure tension. (b) Pure compression. (c) Four-point uniaxial flexure.
(d) Ball-on-ring biaxial flexure. (e) Ring-on-ring biaxial flexure.
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Figure 23.---Comparison of nominal creep strain as function of time

determined at four specimen-loading configurations for NC132
silicon nitHde at 57 MPa and 1300 °C.
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TABLE II.

Nominal applied

stress, , MPa

29

57

81

115

162

TYPICAL BEST-FIT FUNCTIONSf(t) TO REPRESENT NOMINAL CREEP STRAIN

CURVES DETERMINED IN UNIAXIAL FLEXURE LOADING

Fitted function,' flO

fit) = atb (power)

fit) = t/(a + bO (hyperbola)

fit) = at b (power)

fit) = at b(power)

fit) = at b(power)

Re[;ression constants
a b

3.284× 10 4 0.4101

2.223× 10 4 58.150

5.780× 10 4 .5437

7.705 × 10 4 .5450

1.998x 10 3 .4170

Correlation coefficient,

0.9918

.9944

.9987

.9981

.9977

_flt) is in hours and millimeter per millimeter for strain.

Since, in general, there was no explicit steady-state region, the actual strain rate as a function of time was deter-

mined by using a best-fit curve and then taking the derivative of the curve with respect to time as follows:

dt f(t) 03)

wheref(t) is a best-fit curve to the creep strain data for each loading condition. Depending on the loading condition

and the magnitude of the applied stress, both the power function (f(t) = at b) and the hyperbola function (f(t) = t/

(a + bt)) resulted in a very reasonable fit to the data with an overall coefficient of correlation rcoefgreater than 0.99.

Figure 24 compares typical functional-fit data to nominal creep strain data in uniaxial flexure. The corresponding

fitted functionsf(t) to individual nominal applied stresses are also shown in table II. Note that the square of the coef-

ficient of correlation rc2oeyfor each curve was greater than 0.99, which is indicative of an excellent curve fitting.

Once the functionflt) is known, the strain rate as a function of time can be easily determined using equation

(13). A summary of the strain rates determined for all five loading conditions is shown in figure 25. The strain rates

range from 10 -10 to 10-Ss -1, which is typical for most advanced ceramics. As seen in the figure, except for compres-

sion loading, the strain rate decreased with increasing time. The degree of decrease in the strain rate was dependent
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Figure 24._ompadson of typical best functional-fit data to nominal
creep strain data determined in four-point uniaxial flexure creep testing
for NC132 silicon nitride at 1300 °C. The corresponding best-fit

equations are listed in table III.

on both the applied stress and type of loading. Strictly speaking, no secondary steady-state region existed because

the corresponding strain rate was not constant beyond the primary creep region. Therefore, it was not simple to

choose a strain rate to represent the so-called steady-state strain rate.

Although many advanced ceramics exhibit a well-defined secondary creep region, many silicon nitrides show

no definite steady state. The overall shape of the creep strain curves also varies significantly in different studies. In

most materials, a monotonic decrease in strain rate has been observed, even after several thousand hours (ref. 44). A

rapid decrease in strain rate from the earliest observations (<10 -4 strain) is termed "exhaustion creep" (ref. 45). One

possible mechanism for decreases in the strain rate during creep for these glass-bonded ceramics (silicon nitrides)

may be the redistribution of the grain-boundary amorphous phase, that is, rearrangement of the amorphous film by

viscous flow during creep. It has been observed that the glass-phase is redistributed with time such that some bound-

aries become thicker while others become thinner, leading to increased creep resistance or decrease in the creep

strain rate. The hardening effect, the phenomenon of strain rate decrease with time or enhancement of creep resis-

tance, is also affected by grain contact during deformation. It has been postulated that hardening is due to the pro-

gressive devitrification that occurs in the residual glassy phase. Detailed descriptions of the mechanisms responsible

for the decreasing strain rate at the phenomenological level can be found elsewhere (ref. 45). In general, when creep

strain curves exhibit neither steady-state nor tertiary regions, the minimum creep rate at the end of the extensive

primary creep is often used synonymously as the steady-state rate.

As mentioned above, except for the case of compression loading, no definite steady state existed, as seen in

figure 25. However, the decrease in strain rate was not significant (even after 1500 to 2000 h) compared with cases

in the literature in which the decrease in creep strain rate for some silicon nitrides amounted to about 2 orders of

magnitude (ref. 45). A decrease in the strain rate of about 1 order of magnitude was observed for cases of tension
and uniaxial flexure at 57 MPa. Otherwise, the decrease was generally less than 1 order of magnitude. Hence, for the

purpose of analysis, a steady-state creep rate for a given curve was taken by averaging the creep strain rates at two

times: at the start of testing from 50 to 400 h and at the end of testing from 220 to 2000 h. The choice of the start
time, which was assumed to represent the initiation of the steady-state region, depended on the loading condition

and applied stress. A summary of steady-state strain rates thus determined is shown in table III, where strain rates at

the start ts and at the end te of testing are listed together with the average strain rate eav. Strain rates at ts and te were
determined from the corresponding strain-rate equations, shown in figure 25. The average strain rate _avWaS ob-

tained by averaging the two strains at the start and at the end of testing.
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Figure 25.mNominal creep strain rate as function of time determined for five specimen-loading configurations
for NC132 silicon nitride at 1300 °C. (a) Pure tension. (b) Pure compression. (c) Four-point uniaxial flexure.

(d) Ball-on-ring biaxial flexure. (e) Ring-on-ring biaxial flexure.
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TABLE III. AVERAGE STEADY-STATE STRAIN RATE WITH DIFFERENT LOADINGS FOR NC 132 SILICON NITRIDE

AT 1300 oC

Loading

Tension

Compression

Uniaxial flexure

Ball-on-ring biaxial
flexure

Ring-on-ring biaxial
flexure

Nominal

applied stress,

, MPa

10

28

41

57

81

160

250

400

500

630

29

57

81

115

162

29

41

57

81

29

41

57

81

At start of testing

Strain rate, s 1

Average strain rate, ,

s I

6.606 10 Io

2.919 10 _

3.423 I0 9

7.248 10 9

3.700 10 B

4.349 10 9

1.866 10 8

6.607 10 8

6.728 10 a

1.033 10 9

1.724 10 _

1.378 10 8

1.771 10 8

2.173 10 8

3.185 10 Io

5.277 10 lo

1.737 10 9

3.627 I0 9

At end of testing

Time, t, h

100

Strain rate, s i

9.148 10 Io

100 4.083 10 9

200 5.250 10 9

200 1.332 10 8

50 5.043 10 s

50 4.349 10 9

50 1.866 10 s

50 6.607 10 s

50 9.802 10 s

200 1.643 10 9

400 2.984 10 9

25 2.010 10 s

5 2.697 10 8

25 3.544 10 s

400 4.368 10 10

400 7.680 10 lo

200 2.297 10 9

200 4.281 10 9

100 1.202 10 9

100 1.562 10 o

100 2.178 10 9

100 2.168 10 9

Time, t,, h

700

Strain rate, s t

4.064 10 1o

800 1.755 10 9

1300 1.596 10 9

1100 1.176 10 '_

400 2.356 10 s

850 4.349 10 9

750 1.866 10 s

500 6.607 10 s

800 3.654 10 s

2000 4.224 10 1o

1600 4.647 10 to

220 7.450 10 9

320 8.453 10 9

320 8.016 10 9

1600 2.002 10 I0

2000 2.784 10 l0

700 1.176 10 9

400 2.973 10 9

300 6.783 10 _0

300 8.648 10 Io

240 1.397 10 9

500 7.643 10 IO

9.402 10 10

1.213 10 9

1.788 10 9

1.466 10 9

Nominal Creep Strain Rate Versus Nominal Applied Stress

Numerous models to describe creep strain rate as a function of applied stress have been proposed. In this sec-

tion, some representative models such as power-law, hyperbolic sine, and step and redistribution models will be

reviewed and applied to the experimental data. Creep strain rates in steady state as a function of nominal applied

stress have been well represented for many ceramic materials with the conventional power-law Norton-Arrhenius

relation (ref. 46):

= A(rNe -Q/RT (14)

where A and N are the creep parameters, Q is the activation energy, R is the gas constant, and T is temperature. The

parameter N is also known as the stress exponent for creep. The creep parameters A and N are evaluated by a linear

regression analysis from the log _ -versus-logt3 plot. Some ceramic materials, however, have shown poor applicabil-

ity of the power-law formulation (refs. 47 and 48). Other models have been suggested to better represent creep strain

rote responses for them, particularly for silicon nitrides in tension.

A hyperbolic sine model describing creep strain rate as following the hyperbolic sine function of applied stress

(refs. 47, 49, and 50) was used by Hazine and White (ref. 50), who applied an asymmetric flow surface to account

for different creep behavior in tension and in compression. An isotropic hardening variable was also employed to

describe the continuous drop in creep strain rate with deformation. The resulting strain rate is expressed as

= A'sinh(aci)e (-Q/RT) (15)

where A" and tx are parameters to be determined. When at_ > 2, sinh (ac) = 0.5e _g, simplify the above equation as

(16)
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where[3=0.5A"e -Q/RT This simplified expression is virtually the same as the conventional exponential creep repre-

sentation (ref. 51). In the In _ -versus-_ plot, the slope and intercept of the curve correspond to a and ln_, respec-

tively. Ding, Liu, and Brinkman (ref. 52) also proposed a similar approach using the hyperbolic sine function.

The step model of solution-precipitation creep in which the nucleation of new surface steps on certain planes in sili-

con nitrides controls creep strain rate is as follows (ref. 53):

= --A"e_Q/RT t_2/3 e-L/( RT_) (17)
T

where L is a term pertaining to the height of the grain-boundary step and the energy of the step per unit length. Tak-

ing a natural logarithm on both sides of equation (17) gives

ln_ = a'+ 21nff- 13'1 (18)
3 t_

where a" = ln((A '7T)e -Q/RT) and 13"= LIRT. The parameters ct" and [3" can be estimated using a functional-fit

analysis.

Recently, a redistribution model has been suggested for the tensile creep of silicon nitride (refs. 54 and 55). This

model describes the dependence of the strain rate on appfied stress as arising from the kinetics of the redistribution
of silicate material from growing cavities throughout the internal volume surrounding them. The model is

expressed as

= A*e-t2/RToe¢6 (19)

where _pis a term associated with the density of potential sites for the formation of the cavity. Taking the logarithm

on both sides of the equation yields

In _ = tx" + Ino + tl_ (20)

where a'" = in (A*e-amT). The parameters _x'" and tp can be estimated using a functional-fit analysis. In addition to

the models already mentioned, a power-law expression using two stress exponents at high and low applied stresses

has been proposed for smooth connection between the high-stress and low-stress regions (ref. 56).

A summary of nominal creep strain rate as a function of nominal applied stress using the above four models is

presented in figure 26. Note that the data on ring-on-ring biaxial flexure were not included in this figure; this

information was produced during a test period of less than 300 h and cannot be compared with data obtained over a

longer period. As can be seen in the figure, there was no significant difference in curve fitting between the power-

law, hyperbolic sine, and redistribution models. The hyperbolic sine model in particular yields almost the same

result as the redistribution model. The power-law model shows a somewhat worse fit to the tension data at high

stress, not revealing the actual curvature in the data. Similarly, the step model also gives a worse fit to the tension

data, but gives a reasonably good fit to other loading configurations. It should be noted that the models employed

here were developed primarily for pure tension loading. Hence, strictly speaking, it is questionable whether the mod-

els would be applicable for other than tension loading, since the creep mechanism may vary in different loading

configurations.

In view of its mathematical simplicity, the conventional power-law model has been widely used for decades

regardless of the type of loading (tension, compression, or flexure) for a quantitative description of the creep behav-
ior of most advanced ceramic materials. The power-law model can provide a convenient, direct assessment of creep

response to different variables such as material, specimen-loading configurations, temperature, and environment.

The stress exponent Nin the power-law model, determined by using equation (14) together with the experimental

data, was N= 1.72_+0.34 for tension, 2.51_+0.36 for compression, 2.01_+0.45 for uniaxial flexure, and 2.49-20.28 for

ball-on-ring biaxial flexure. The corresponding correlation coefficients (rcoef) were all greater than 0.931. The over-
all stress exponents, ranging from N= 1.72 in tension to N= 2.51 in compression, did not vary significantly with

specimen-loading configurations. By contrast, for a given nominal applied stress, the magnitude of the nominal
strain rate decreased in order from tension, where it was highest, to uniaxial flexure, ball-on-ring biaxial flexure, and
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Figure 26._Nominal creep strain rate as function of nominal applied stress for four specimen-loading con-
figurations for NC132 silicon nitride at 1300 °C and fitted to four creep models. (a) Power-law (Norton) model.
N = 1.72 to N = 2.51. (b) Hyperbolic sine model. (c) Step model. (d) Redistribution model.

compression, where it was lowest. Uniaxial and biaxial flexure fall between tension and compression because

flexure is a combination of the two. The strain rate for uniaxial flexure was greater than that for biaxial flexure,

which is ascribed to the greater constraint imposed on the biaxial flexure configuration.

The negligible difference in stress exponent N between the four loading configurations implies that the mecha-

nisms associated with creep of this material would not be significantly different with any specimen-loading configu-

ration. It was generally observed that dislocation and cavitation mechanisms yield values of N-- 3 - 6; diffusion

creep and/or viscous flow of the glassy phase yields the value of N-- 1; and grain-boundary sliding results in N _- 2

(refs. 57 to 59). Cannon and Langdon (ref. 57) showed that many silicon nitrides exhibited a stress exponent of

N = 2 regardless of loading type. The mechanism was elaborated as grain-boundary sliding with intergranular cavita-

tion. Based on this categorization, grain-boundary sliding could be the creep mechanism responsible for this in

NC132 silicon nitride. Detailed microstructural exa_nations 0_fcrept specimens using SEM, TEM, and/or density

measurements will be needed to determine the governing creep mechanism.

Although the stress exponent was not significantly different between tension and compression, the difference in

strain (and strain rate) between the two for a given applied stress was significant. The strain in tension was about 1.5

to 2 orders of magnitude larger than that in compression, if the compression data are extrapolated toward lower

stresses. This difference in creep strain between tension and compression eventually results in a neutral axis shift

toward the compression side of a flexure beam specimen. It was reported that flexure beam specimens of many

ceramic materials exhibit a neutral axis shift for equilibrium because of the difference in creep strain, often accom-

panied by appreciable void and/or cavitation formation on the tension side (refs. 1, 3, 38, 39, 60, and 61). Because of

this asymmetric creep behavior, the data determined from flexure creep testing are considered inappropriate for use

as design parameters of structural ceramic components. Separate tension and compression data must be determined

to completely characterize creep behavior of a material so that creep deformation and rupture of structural compo-

nents in service can be predicted. Recent studies using the data generated in this work demonstrate that with indi-

vidual tensile and compressive creep data and taking into account the neutral-axis shift, a reasonable prediction of

creep deformation of flexure beam specimens can be obtained with the CARES/Creep design code.
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GenerationofthecreepdatabaseusingNC132siliconnitrideisstillinprogress.Thedatabasewillbeusedto
predictcreepdeformationundermultiaxialstressstatesusingtheCARES/Creepcode.Moreexactstressdistribu-
tionsinflexure(uniaxialorbiaxial)foragiventimewillbedeterminedusingbothpuretensileandpurecompres-
sivecreepdatawithanappropriatefinite-elementcode.Workisalsoplannedtoextendthistestingprocedureto
otheradvancedmonolithicceramicssuchasaluminaandothersiliconnitridesformorecompletecodeverification
anddatabasegeneration.Otherrecentinformationonthistopicisavailable(ref.62).

CONCLUSIONS

Creeptestingofahot-pressedsiliconnitride(NC132)wasconductedusingfivespecimen-loadingconfigura-
tionsat1300°Cinair.Thespecimen-loadingconfigurationsusedinthisstudywerepuretension,purecompression,
four-pointuniaxialflexure,ball-on-ringbiaxialflexure,andring-on-ringbiaxialflexure.Creepdeformationwas
determinedasafunctionoftimefortypicallyfourtosixappliedloads.Testtimesrangedfrom100to2000h,
dependingonthetypeandmagnitudeofappliedloading.Exceptforcompressivecreep,nominalstrainratede-
creasedgraduallywithtime,resultinginaless-definedsteady-statecondition.Themagnitudeandrateofnominal
creepstrainforagivennominalappliedstressweregreatestintension,leastincompression,andintermediatein
uniaxialandbiaxialflexure.

Fourcreepmodels--power-law,hyperbolicsine,step,andredistribution--wereappliedtotheexperimental
data.All themodelsgaveareasonabledatafit; it isunclearwhichwouldbemostappropriatefortheNC132mate-
rial.Theconventionalpower-lawmodelshowedanoverallstressexponentofabout2(rangingfrom1.72to2.51)
irrespectiveofspecimen-loadingconfiguration.Thisongoingexperimentalworkwillcontinuetogenerateacreep
databaseaswellastoverifytheNASAGlenn-developedCARES/Creepdesigncode.

WORKINPROGRESS

Thepaper"CreepLifePredictionofaSiliconNitridewithMultipleSpecimenConfigurations"waspresented
byLynnPowerswithSungChoi,JohnGyekenyesi,andD.A.Gaspariniatthe23rdAnnualCocoaBeach
Conference(PaperNo.C-109-99,CocoaBeach,FL,January,1999)oftheAmericanCeramicSociety.
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