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INTRODUCTION

Static fatigue failure of structural ceramics can be caused by a variety of phenomena
including stress corrosion, slow crack growth, surface pit formation, and creep fracture:" Hot-

* pressed silicon nitride (HPSN) with magnesia sintering aid has been extensively studied due to
its-extremely consistent behavior. 2 Slow crack growth from preexisting flaws, or creep frac-
ture, can control static fatigue in HPSNDh* An extensive data base of flexural stress rupture
experiments has culminated in a fracture mechanism map, mas hown-ftr1 igul~e- 1.
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Figure 1. Flexure fracture mechanism map for HPSN, References 3 and 4.

The vast majority of static fatigue experiments for engineering ceramics have been in a uniaxial
stress state, indeed, usually in four-point flexure. Two studies have compared uniaxial and biaxial
slow crack growth for alumina, glass, and a glass ceramic, and a vitreous-bonded abrasive' Test-
ing done was only at room temperature, and with short duration, dynamic fatigue experimentr.

1. QUINN, G3. Review of Static Fatigue in Silicon Nitride and Silicon Carbide. Ceram. Eng. and Sci. Proc., v. 3, 1987, p. 77-98.
2. QUINN G, and SWANK,. L Static Fatigue of Preoxidized Hot Pressed Silicon Nitide. Comm. Amer. Ceram. Soc., Febr ry 1983,

3. QUINN, G3. Static Fatigue Resistance of Hot Pressed Silicon Nitide in Fracture Mechanics of Ceramics, v. 8, R. Bradt, A. Evans,
D. Hasselman, and F. L1ange, ed.. Plenum Press, New York, 1986, p. 319-332.

4. QUINN G3 Fracture Mechanism Maps for Silicon Nitride. Ceramic Materials and Components for Engines, Deutsche Keramische
Geseiltchait, Berlin, 1987, p. 931-939.

5. GRATHWOHL, G3. Re 'mesof Creep and Slow Crack Growth in High Tempeature Rupture 9f Hot Pressed Silicon Nitride in Deformation
of Ceramic Materials 11, R. Tressler and R. Bradt ed., Plenum Press, New Yor 1984, p. 513-587.

* 6. GRAT1-WOHL, G3. Creep and Fracture of Hot Pressed Silicon Nitride with Natural and Anificial Flaws ia Creep and Fracture of
Engineering Materials and Structures, B. Wilshire and D. Owen, ed., Pineridge Press, Swansea, 1984, r. 565 -57 7.

7. PLETYk B., and wIEDERHORN, S. A Comparison of Failure Predictions by Strength and Fractuir- Mechanics Technique& J1. Mat. Sci.,
v. 17, 1982, p. 1247-1268.

8. PLETICA, B., and wIEDERHORN, S. Subcritical Crack Grow-th in Glas Ceramics in Fracture Mechanics of Ceramics, v. 4, R. Bradt,
D. Hasselman, and F. Lange, ed., Plenutm Press, New York, 1980, p. 745-759.

9. SERVICE, T and R=TR, J. B~~namic Fatigue of a Virouts Bonded Abrasive Tested in Four Point and Ring-on-Ring Fleure Adv. Cer.
Mat., v. 3,'19i8, p. 49.51.



These studies were encouraging, however, showing that the multiaxial stress state had no
effect upon crack growth parameters determined by strength test methods.

-This study reports high temperature and long duration equibiaxial stress rupture experi-
ments for HPSN. HPSN was chosen because of its high static fatigue reproducibility. It was
also possible to examine more than one failure mechanism. The-biaxial results are directly

.) -compared-o comprehensive -untxial esult from - References 3, 4,--and-- 1. Biaxial testing was
performed in both the slow crack growth and creep fracture r e es.'

MATERIAL

The HPSN was NC 132 grade and was made in 1977.* This material has a magnesia
sintering aid and has been previously characterized. 10 '11 Disk specimens were cut from a sin-
gle plate identified as billet L. This was made from the same powder lot and was pressed at
the same time as billets A, C, and P described previously. 3'4  Strength limiting defects in this
material are typically machining damage from surface grinding and tungs:'n carbide or dis-
ilicide inclusions."'

1 2

EXPERIMENTAL PROCEDURE

Thirty disks were prepared with 45 mm diameter and 2.2 mm thickness. The disks were
prepared by conventional slicing and diamond grinding, but with special care to minimize
machining damage in the final steps. The disks were then intended to be lapped very flat
and to a depth of 25 1rm from each side. The 25 um is far greater than is necessary to pro-
duce a mirror finish and was designed to eliminate typical machining damage inherent to the
grinding process. This machining damage is anisotropic 13 and, as such, would confound inter-
pretation of biaxial effects on randomly dispersed flaws.

Seventeen flexure specimens of size 2.1 x 2.8 x 45 mm were prepared from the same bil-
let in order to be broken at room temperature for a comparison of uniaxial to biaxial fast
fracture strengths. The specimens were given the same grinding and lapping preparations as
the disks. They were broken in accordance with MIL-STD-1942 (MR) four-point size B.
The four-point spans were 40 x 20 mm and rollers permitted relief of friction constraint.
(All other uniaxial and biaxial tests were under conditions where friction relief could not be
assured.) The nonstandard specimen size was used to facilitate comparison of results to ear-
lier data sets. 3' 4'1 0

These precautions were taken to ensure the strength limiting flaws were identical in uniax-
ial and biaxial specimens. Giovan and Sines 14 found such precautions necessary in their study
of uniaxial and biaxial strengths of alumina.

*Norton Company, Worcester, MA, USA.
10. QUINN, G., and QUINN, J. Slow Crack Growiz in Hot Pmsze Si/icon Nivide in Fracture Mechanics of Ceramics, v. 6, R. Bradt,

A. Evans, D. Hasimeman, and F. Lange, ed., Plenum Press, New York, 1983, p. 603-636.
11. QUINN G Charac o of Turbine Ceramics after Long Term Enn o U.S. Army Materials Technology Laboratory,

MiT. TR 80-15, 1980.
12. BAUMGARTNER H and RICHERSON, D. Inchkion .Effects on de Somrh of Hot Pressed SijN4 in Fracture Mechanics of Ceramics,

v. 1, R. Bradt, D. ilaaaelman, and F. Lange, ed., Plenum Press, New York, 1974, p. 367-386.
13. RICE R. W., FREIMAN, S. W MECHOLSKY, Jr., J.J. RICH, R., and HARADA, Y. FractoaphyofSi3Nu and SiC in Ceramics for

High Performance Appications fl, J. Burke, F_ Lcnoe, and R. Katz ed., Brook Hill, Chatnut Hifl , IM 978, p. 669-687.
14. GIOVAN M. N., and SINES, G. Biaxial and Unioal Data for Stadsmcal Compa sons of a Ceramic's Sa'mgrk J. Am. Ceram. Soc., v. 62,

no. 9-10, 1979, p. 510-515.
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The biaxial fixtures are shown schematically in Figure 2. Loading was via a ring-on-ring jig
which produces an equibiaxial stress state. The rings were made from tubes of high purity recrystal-
lized silicon carbide.* This material was chosen because of its high refractoriness and ready avail-
ability in tube form. Indeed, after all experiments, the appearance of the SiC had hardly changed
and there was no chemical reaction evident at the load points. The top of each tube was crowned
with a radius such that the support (outer) ring had a nominal diameter of 40 mm and the loading
(inner) ring of 10 mm. A silicon nitride ball with a flat was used to apply the load centrally to
the loading ring. The assemblage was aligned at room temperature and held in place by tack
beads of a household acetate cement which subsequently burned off.

LOADINO RAM

S 3 'N BALL

sic
SLOADING CYLINDER

SPECIMEN

.__3N_
sic A1203  BALL
SUPPORT DEFLECT
CYLINDER ROD

HOLE

REFERENCE/
DEFLECT I ON

CYLINDER

Figure 2. Schematic of the ring-on-ring equibiaxial fixtures.

Deflection was measured from the midpoint relative to the outer ring. A silicon nitride
ball touched the specimen underside in order to ensure no contamination and a point contact.
The outer ring and middle point deflections were transmitted to a linear voltage displacement
transducer (LVDT) outside the furnace.

Stress rupture experiments were Verformed in a SiC resistance heating furnace equipped
with a dead weight lever arm system. The load was accurate to within 1%. Temperature
was stabilized for 15 to 30 minutes prior to load application, which took 5 to 10 seconds.3

"Crystar Grade, Norton Company.
tNetzsch High Temperature Flexure Strength Tester Model 422
The uniaxial specimens needed only 5 minutes to stabilize (Reierence 10).
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Temperature, which was held to within 3C, was monitored by a platinum thermocouple
located 2 mm above the specimen.

Six specimens were broken to determine a reference strength at room temperature. A
screw-driven universal testing machine* was used at a crosshead rate of 0.5 mm/min causing
failures in 20 to 30 seconds.

All stresses were computed from the elastic stress formula: 14 16

= [(l-v) (a2 -r 2)/2b2 + (1 +v) In (a) ]

where b is the specimen radius, a is the radius of the support ring, r is the load ring radius,
h is the specimen thickness, and p is the load. Poisson's ratio, v, was taken to be 0.26 at
room temperature and 0.19 at 1200°C and 1300oC. 17

The specimen and fixture sizes were chosen on the basis of the following criteria. First,
it was desired to eliminate specimen size effects upon strength. The disks should have the
same volume or area under maximum load, with a similar through-the-thickness stress gradient,
so as to have similar Weibull effective surfaces or volumes. Secondly, since the loading rings
were made of a refractory but weak ceramic, absolute load levels had to be kept low. Next,
friction errors in loading, which could not entirely be eliminated (very difficult with high tem-
perature fixtures), had to be comparable between the four-point and disk tests. Frictional con-
straint at the fixed load points can lead to errors of the order of 1% to 20% in stress in
both four-point flexure18 and biaxial disk testing.' 5 In both cases, the friction error is directly
proportional to the coefficient of friction (difficult to control at high temperature) and the
specimen thickness. Giovan and Sines19 minimized friction error in their low to moderate tem-
perature ring-on-ring apparatus by the use of crowned loading rings and lapped specimens.
Both steps were used in this study for the disks, however, since the coefficient of high temper-
ature friction could not be controlled, the uniaxial and biaxial specimen thicknesses were kept
similar so as to keep the parasitic friction moments comparable. Consideration of possible
stress relaxations due to creep relaxation was a further motivation to use the same specimen
thickness. These factors together led to a choice of disk thickness of 2.2 mm which is similar
to the 2.1-mm or 2.3-mm flexure bar thicknesses used for the uniaxial stress rupture data
base.

3,4

The four-point spans had been of the order of 40 mm x 20 mm, but such dimensions for
the ring diameters in biaxial loading would have required very high loads. Thus, an outer
diameter of 40 mm was used, but with an inner diameter of 10 mm. The area in the inner
ring which has constant stress is, thus, 79 mm 2 which is comparable to the 56-mm 2 and
71-mm 2 areas in the four-point specimens from the earlier studies.

*Instron Model 1195 Canton, MA, USA.
15. FESSLER, H., and FRICKER, D. C. A Theoretical Ana4yis of the Ring-on-Ring Loading Disk Test J. Am. Ceram. Soc., v. 67, no. 9, 1984,

p. 582-588.
16. RITTER Jr.,. E., JAKUS, K, BATAKIS, A, and BANDYOPADHYAY, N. Appraisal of Biarial Strength Testing. 1. Non. Ctyst. Solids,

v. 38, 1980, p. 419-424.
17. KOSSOWSKY, R., MILLER, D. G., and DIAZ, E. S. Tensile and Crep Strengiths of Hot Pressed SijtVA J. Mat. Sci., v. 10, 1975,

p. 983-997.
18. BARATTA, F. I., QUINN, G. D., and MAT'HEWS, W. T. Ers Associated with Flxur Testing of Briule Materil U.S. Army

Materials Technoio Laboratory, MTL TR 87-35, July 1987.
19. GIOVAN, M. N., and SINES, G. Sverngrh of a Cen'rnic at High Tenperanures Under Biadal and Uniaxial Tension. J. Am. Ceram. Soc.,

v. 64, no. 2, 1981, p. 68-73.
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Finally, the error due to wedging stresses (due to excessive concentrated stresses under the
loading ring) was minimized as a consequence of the system geometry. The absolute load to
cause breakage was about ten times greater in the disk specimen, but the inner ring had six times
more contact length, so the distributed load and, thus, the wedging stresses were comparable and
rather low.

All of these preparations were successful as the fixtures were never damaged. The specimens
broke in an ideal fashion, almost always within the middle gage area, and not under the load cir-
cle. So, in summary, the disk ring-on-ring test configuration is, in essence, a two-dimensional flex-
ure test. As much as possible, testing conditions where chosen to permit a direct comparison to
the one-dimensional, uniaxial flexure test.

RESULTS

The six disks broken at room temperature had an average strength of 501 MPa and a stan-
dard deviation of only ±29. A Weibull two-parameter analysis* gave a modulus of 19 (see
Figure 3). Five of the fractures originated inside the gage area, and the sixth was outside the
gage area. Figure 4 shows one of the former. Failure origins were readily observable based
upon the crack branching patterns. Scanning electron microscopy, unfortunately, identified the
strength limiting flaws in several specimens to be subsurface machining damage (see Figure 5a).
Such damage appeared as 15 um to 20 ym deep elongated semielliptical cracks which often over-
lapped. These occasionally intersected at different angles creating a zig-zag defect at the failure
origin. This was possibly due to a shift in orientation of the specimen during surface grinding.
Inclusions caused failure in at least one specimen. A mounting clay contamination problem
obscured the origins in several specimens.

99 StresS Flaw

525
522 MO

90 513 1
5 I/05 htD /
492 MO BIAXIAL 0 UNIAXIAL70 447 MO DISK C/ FOUR POINT

Avg. MPa 501 a Stress Flaw
50 - _

o/ 30 I0an ma or z

163

M M19 7956 CK
1" MI16 151 Mo

10 135
0 132 I

731
713 MO +PZ
710 MI)
7 04 MD
698 -

692
660 I
649

Avg. MPa 138

450 500 550 600 650 100 750 800 850 g00 950

Stress (MPa)

Figure 3. Room temperature uniaxie and biaxial strengths. In the flaw key,
I denotee ar inclusion; MD, machining damage; PZ, a porous zone; CK,
a crack; ano -Is uncertain.

%east squares analysis with probability of failure equal to (i-0.S)hn where i is the ith data point, and n is the total number of specimens.
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Figure 4. Disk specimen fracture at room temperature at
492 MPa. The arow marks ft failure origin.

The equibiaxial strength, 501 MPa, is substantially lower than the 738 MPa (±53 MPa)
uniaxial strength which was measured on the 17 flexure bars. The uniaxial flexure,
Weibull two-parameter modulus was 16 but could have been higher with the deletion of a
few high strength points (see Figure 3). Strength limiting flaws, again, were either 15 'Um
to 25 um deep semielliptical machining damage or tungsten inclusions. These inclusions
typically were small broken-up particles (see Figures 5b and 5c). They were smaller than
comparable strength penny-shaped defects, a consequence of a locally reduced fracture
toughness. 

12

The stress rupture results at 1200'C are shown in Figure 6. Biaxial lifetimes appear
to be considerably shortened but with high scatter relative to uniaxial stress rupture results
(which are from References 2 to 4). Figures 7 and 8 show crack patterns in these speci-
mcns. The short duration specimens (<0.2 hour) had small intergranular slow crack
growth (SCG) zones (100 um to 500 um) changing to a transgranular fast fracture crack.
Longer-lived specimens had much larger crack growth zones. For example, the 250 MPa
specimen at 0.4 hour had a 10-mm-long SCG region. Large SCG zones in four-point flex-
ure are also possible,1 1 but not as large as 10 mm. It must also be remembered that the
uniform stress zone in the disk specimen is only 10 mm in diameter. Outside the inner
loading ring the radial and tangential stresses diminish rapidly (the radial stresses the more
so).

1 5'-6

6



a(a-

(a))

Figure 5. Fracture origin in disk and ftexure specimens: (a) shows zig-zag machining
damage as verified by radiating hackle (the particle in the upper left Is a contaminant):
(b) and Ck(c) show a tungsten carbide or sificide inclusion.
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Figure 6. Biaxial stress rupture data (solid symbols) at 1200,3C In air for HPSN.
Uni-,xial results (hollow points) are given for comparison (see References 3 and 10).
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Figure 7. Disk ste rupture specimens: (e) specimen which failed at 12000C after 0.2 hour with 300 MPa (the SCG zone waFigur I mm long); (b) disk specimen that ffaled at 120O)°C after 2.5 hours [the SCG zone was 8 mm long (arrows)
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4k,,

Figure S. SEM photo of the fracture surface of the
1200fC specimen shown in Figure 7a.

The 1300'C biaxial results (see Figure 9) seem to be more clear since scatter in life-
time is dramatically reduced. Overall lifetime is shortened by a factor of about 20, but
the static fatigue trend is comparable to the uniaxial results. The slope of a line through
the biaxial results gives a SCG exponent of 8.4, whereas the uniaxial exponent is 9.9.*
The SCG zones at 1300 0C were much larger and more severe than at 12000 C. Even the
short duration specimens had large zones of the order of 10 mm length which extended
completely through the thickness. The specimens loaded at 200 MPa or less had SCG zones
extending to the outer load ring, and eN,.n to the specimen rim. This is very unfortunate
and it is clear that, with the exception of the first three specimens, the cracks in the speci-
men were typically moving through regions of nonuniform stress in the specimen. The last
three specimen failures were due to creep fracture, and not slow crack growth as well.

B00
700600

500

400
a- 350

300

I-

, 200

150 - 01l m

0.001 0.01 0.1 1 10 100 1.000 10.000

Time to Failure (hours) -
Figure 9. Siaxial stress rupture data at 1300C In air (solid symbols). Uniaxial results
(hollow symbols) are for comparison (see References 3 and 10). The dahed line
marks the limit where SCG zones extended beyond the 1r-mm central load region.

*Stress constant x (time to failure) /N where N is the slow crack growth exponent (References 2 and 10).
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DISCUSSION

It is disheartening to observe that after what apparently were careful precautions, machin-
ing damage persisted in both the bend bars and the disks. The machining damage was cen-
tered on, or exacerbated by, the presence of 1-Aim to 3-pm sized pores in the materials,
which is to say failure occurred from machining damage that may have interacted with natural
microdefects. The zig zag, interactive machining damage in the disks would be formidable to
analyze. Most previous studies, wherein machining damage was inferred as an interfering fac-
tor in disk specimens, did not actually verify it; e.g., Reference 14. In the present case, the
machining vender, a reliable establishment, subcontracted the tedious lapping to another shop
and the work was not done to specification. Only a few um were removed, which produced
a pretty 25 nm to 50 nm (1 to 2 rms microinch) surface, but only managed to conceal the
subsurface cracks (15 14m to 20 pm). The 32% reduction in fast fracture strength from uniax-
ial to biaxial loading, therefore, has to be considered in the context of the statistics of machin-
ing damage variability (and not in the context of randomly oriented, noninteractive idealized
defects). Most studies, both analytical and experimental, suggest equibiaxial weakening will be
of the order of 5% to 20% *,20-22 (although in a recent review, Rosenfield et al.* pointed out
that there are several instances of biaxial strengthening in inert environments). Most all of
these studies are clouded by experimental uncertainties (friction errors, uniaxial/biaxial size
effects, or no fractography).

The reduction in stress rupture lifetime for biaxial loading is not surprising. The slow
growth cracks followed a very tortuous and winding path at both 1200'C and 1300'C, and
numerous multiple crack patterns, even cracks growing at directions normal to each other,
were observed. The cracks seemed to be active in all directions. The irregularity of the
cracks suggests extensive microcrack interactions, or, possibly, the ability to circumvent pockets
of resistance. Such crack freedom was noted by Pletka and Wiederhorn in their comparison
of uniaxial and biaxial crack growth behavior. Although the biaxial lifetimes seem to be
shorter, this may simply be a consequence of the dramatically reduced fast fracture strength
(501 MPa) of the biaxial specimens. Indeed, if the data shown in Figures 6 and 9 are
normalized by the reference strengths at room temperature, then the static fatigue curves are
comparable and there is no biaxial lifetime shortening.t

The similarity in static fatigue strength degradation in biaxial and uniaxial modes of load-
ing is reassuring since it would lead to simplified life prediction models. Service and Ritter9

have also reported identical static fatigue susceptibilities in uniaxial or biaxial stress states.
Pletka and Wiederhorn 7'8 showed consistent susceptibilities in uniaxial and biaxial disk strength
testing as well.

The sanguine interpretations must be tempered by some serious experimental shortcom-
ings, however. The first complicating factor is the large crack sizes in many of the biaxial
specimens of the present study. These behaved, in many respects, like fracture mechanics
specimens (such as double torsion). Double torsion experiments at 1200°C and 13000C on

°ROSENFIELD, A. R., SHETTY, P. K., and DUCKWORTH, W. H. Strength of Ceramics Subjected to Biaxial Stresses: II Combined
Normal LoadL Unpublished Research.

lhe biaxial stress rupture results are normalized by the fast fracture data of this report (501 MPa). The uniaxial stress rupture data if nor
malized by the fast fracture strength (738 MPa) of this report, will overtap. Alternatively, f the uniaxial strength from Reference 16 (909
MPa), where the flaure strength rupture results wvye originally reported is used, then te biaiial curve would actually shift higher than the
uniaxial results. The fast fracture uniaxial results of Reterence 10 were atypically high, as discussed.

20. WEIBULL, W. Swdsica Theory ofthe Srength of Materiak. Ingenioersvetenskapsakad. Handl., 1939., no. 151, p. 45.
21. BATDORF S. D., and HEINISH, Jr., H. L Weakest Link Theory Refo"mulaed for Arbiwoy Fractwr Criaion. J. Am. Ceram. Soc., v. 61,

no. 7-8, 197h, p. 355-358.
22. EVANS, A. G. A Geeral Approach for the Siacsal Anals of MuJMtal Fracure. ldem., p. 302-308.
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the identical material were reported previously by this author.11 A striking similarity in the
scatter of results was reported: high variability at 1200°C and good consistency at 1300'C.
Variable zones of crack growth resistance were reported as well. 10 The crack fronts in the
biaxial disk specimen (transition from SCG intergranular to fast fracture transgranular) were
curved, much like fronts in double torsion specimens.

Whereas there was sufficient stored elastic energy in the biaxial fast fracture specimens to
cause breakage once a flaw was critically loaded, this was not necessarily true in the stress
rupture specimens which were loaded at much reduced levels. Thus, a crack which had
grown from a few ym to 10 mm may have accelerated to velocities in the 10-3 to 10-2 m/sec
range (which often is the highest practically measured velocities in static laboratory fracture
mechanics tests), but then the crack could rapidly unload and decelerate as it reached the
lower stressed region between the inner and outer rings. Any specimens where the crack
growth markings extend much outside the inner ring, therefore, have to be regarded with skep-
ticism. These are so noted in Figures 6 and 9. The fracture times can, at best, be consid-
ered overestimates.

The large cracks may have altered the specimen compliance, as shown in Figure 10.
Indeed, it is peculiar consequence of the ring-on-ring system that, as a crack grows in one
direction, the specimen will bend due to reduced compliance and, thus, will redistribute the
ring loading to effectively reduce the stresses acting on the plane of the crack. Figure 10
shows that the loading rings will not evenly distribute the load as the specimen deflects prefer-
entially in one direction.

FLAT SPECIMEN CRACKED SPECIMEN

UNIFORM LOADING COMPLIANCE IS DIFFERENT WHICH CAUSES

IN DIFFERENT ORIENTATIONS UNEVEN LOADING

Figure 10. A cracked specimen has a nonuniform compliance which causes uneven loading.

Creep deformations are an additional complicating factor. Biaxial deformations often
exhibited primary, secondary, and tertiary stages. The latter was, in the present case, undoubt-
edly due to a compliance effect as cracks became extremely large. Secondary creep deforma-
tion rates were never constant and always decreased, indicating no true steady state. Primary
rates were as high as 100 times faster than minimum rates. Overall deflections were of the
order of 0.1 mm to 1 mm for most specimens. The analysis of the deformation to give
strains and relaxed stresses would be diabolically complicated. Several of these specimens
were loaded in conditions of creep fracture. As an extreme example, the specimen loaded to
150 MPa at 1300°C was interrupted at 32 hours, as it was well into a tertiary creep
deformation mode, but just a moment before fracture. It had numerous creep cracks and a
central plug as almost punched out under the loading ring (see Figure 11).
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Figure 11. Specimen exhibiting excessive creep
deformation and localized creep cracking at 32 hours
at 13000C with 150 MPa. The test was terminated just
short of fracture when 'tertiary creep was well underway.

Finally, it was clear from the specimen fragments that creep and crack growth severely
interfered with each other. That is, creep often blunted cracks and reduced stress intensities.
Alternatively, crack growth created deformations that interfered with creep measurements.

CONCLUSIONS

1. The biaxial stress rupture lifetime of HPSN appears to be reduced compared to uniax-
ial lifetimes at high temperature. This is primarily due to a reduced fast fracture strength.

2. The biaxial fatigue trend of strength degradation appears to be the same as the uniax-
ial trend.

3. Biaxial SCG cracks wend a tortuous path through the specimen, unlike biaxial fast frac-
ture or uniaxial cracks.

4. The fast fracture strength-limiting defects were the same in the biaxial and uniaxial
specimens: machining damage and tungsten carbide or silicide inclusions.

5. The machining damage persisted despite careful specifications intended to remove it.
The very pessimistic conclusions of Giovan and Sines14 regarding machining damage should be
addended to include: "Careful specifications will not guarantee proper specimen preparation."

6. The ring-loaded disk specimen exhibited a wide range of behavior. Some fractures
were ideal strength (i.e., small crack, no creep) type specimens, others were like fracture
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mechanics (large crack) specimens, and finally, some as creep fracture specimens. There was
a tendency for stresses to redistribute as the compliance changed due to large crack growth.

7. The ring-loaded disk specimen should only be used for stress rupture experiments
where crack sizes and deformations are small.
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