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BIAXIAL CREEP-FATIGUE BEHAVIOR OF MATERIALS FOR 
SOLAR THERMAL SYSTEMS 

by 

S. Majumdar 

ABSTRACT 

Biaxial creep-fatigue data for Incoloy 800 and Type 
316H stainless steel at elevated temperature are presented. 
Tubular specimens were subjected to constant internal 
pressure and strain-controlled axial cycling with and with­
out hold times in tension as well as in compression. The 
results show that the internal pressure affects diametral 
ratchetting and axial stress range significantly. However, 
the effect of a relatively small and steady hoop stress on 
the cyclic life of the materials is minimal. A 1-min com­
pressive hold per cycle does not' seriously reduce the 
fatigue life of either material; a tensile hold of equal 
duration causes a s·ignificant ·reduction in life for Type 
316H stainless steel'· but none for Incoloy 800. Fracture 
surfaces of specimens made of both materials were studied 
by scanning electron microscopy to determine the reason for 

· the d-ifference in behavior. 

I. INTRODUCTION 

A general feature of solar thermal systems that is dist.inctly dif­
ferent from the operating conditions associated with fossil and nuclear 
power plants is the highly cyclic·nature of the thermal loading experienced 
by critical components. Solar thermal systems will undergo at least one 
major start-up and shutdown cycle per day, with additional cycles likely to 
be imposed by intermittent cl'oud cover and unscheduled maintenance andre-. 
pair. Thus, critical components may be expected to accumulate of the order 
of tens of thousands of cycles over their· design lifetime. In many cases, 
such as the solar central receiver, the temperatures and stresses will be 
sufficiently high to introduce creep-fatigue~environment interaction as a 
major life-limiting factor. A further complicating factor in many solar 
thermal systems· is the highly asymmetric nature of the thermal load, which 
togeth~r with the ·pressure load often results in the creation of a multi­
axial, 'state of stress· in critical components of a solar system. Unfortu­
nately, virtually no 'mult·iaxial creep-fatigue data are currently available 
for any material. 

·:. 
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The present program was initiated in order to address the problem 
of creep-fatigue under a biaxial state of stress. The materials chosen were 
Type 316H stainless steel and Incoloy 800, both of which are candidate 
materials for use in solar thermal systems. Tubular specimens were subjected 
to a constant internal pressure and strain-controlled axial cycling with and 
without hold time at elevated temperature. The data generated for Type 316H 
stainless steel have been published in detail in a previous report.! The 
present report summarizes the results obtained for Incoloy 800 and compares 
the observed behavior with that of Type 316H stainless steel. 

II. EXPERIMENTAL DETAILS 

Details of the specimen design and test equipment were described in 
Ref. 1. Specimens were fabricated from l-in. -diameter seamless _·tubing 
supplied by Pacific Tube Company of Los·Angeles, California; tube di­
mensions were l-in. OD x 0~109-in. (min) wall for Type 316H stainless steel 
and l-in. OD x 0.125-in. wall for Incoloy 800. Chemical analysis of· the 
Type 316H stainless steel was described in Ref. 1; similar data for Incoloy 
800 are given in Table I. The Incoloy 800 tubing was given an annealed and 
pickled finish by the vendor and satisfied ASME specification SB-163. All 
the specimens were tested in the as-received condition. Nominal room-temp­
erature mechanical properties of both the materials, as supplied by the 
vendor, are given in Table II. Micrographs of the as-received materials, 
shown in Fig. 1, indicate that the grain structures are generally equiaxed 
with average ASTM grain sizes of 6.5 and 6.3 in transverse section and 6.4 
and 5.9 in longitudinal section for Type 316H stainless steel and Incoloy 
800, respectively. Note that the grain size for the Incoloy 800 material is 
rather large and consequently the present heat may not be representative of 
an average heat of Incoloy 800. 

The biax~al fatigue testing was carried out in a closed-loop servo­
controlled MTS testing machine using constant internal pressure and-axial 
strain con"trol. The internal pressure was provided by commercially avail­
able pressurized air bottles. Axial and diarnetral strains were measured by 
means of high-temperature extensorneters and the axial load was measured by a 
40-kips load cell. The specimen was heated by a Lepel induction heater op- . 
erating at a frequency of 455 kHz. The maximum temperature variation in the 
central 0. 5-in·. gauge length of the specimen was ±l0°F. 

The test procedure consisted of first heating the specimen to the 
desired temperature with zero axial load, and holding the temperature steady 
until. the whole system carne to thermal equilibrium. The internal pressure, 
if any, was then applied and the specimen kept at the temperature for suffi­
cient time to allow the new temJlerature·distribution to reach equilibrium. 
The specimen was then cycled axially under axial strain control. Hysteresis 
loops of axial stress versus axial strain and axial strain versus diametral 
strain were recorded on x-y plotters at regular. intervals. Each individual 
signal was also plotted on a strip-chart recorder. For the internally pres­
surized specimens, the test was shut down automatically when a crack pene-
trated through the wall. For the unpressurized specimens, the test was shut 
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Table I. Composition of Incoloy 800 Seamless Tubing (Heat HH 7326A) 

Content, wt % 

Element 
Ladle Check Analysis Specimen From 

Analysis Test Test 
1053 1064 

c 0.02 0.023 0.020 

Mn 0.76 0.64 0.65 

s 0.002 

Si 0.44 0.40 0.49 

Ni 34.34 34.26 34.10 

Cr 31.28 21.25 21.25 

Ti 0.44 0.37 0.38 

Cu 0.06 0.03 0.03 

Al 0.29 0.20 0.21 

Fe 42.37 42.77 42.82 

Table II. Nominal Room-temperature Mechanical Properties of Type 316H 
Stainless Steel and Incoloy 800 Tubing 

Ultimate Yield 
% Rockwell Grain 

Material Strength, Strength, Elongation Hardness Size, 
ksi ksi ASTM No. 

Type 316H 
Stainless 

85.25 46.33 65 76-80 6 Steel 
Heat 180124 

Incoloy 800 
Heat HH7326A 80.46 41.97 54 77 6 
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(a) 

(b) 

Fig. 1. Typical Microstructure of (a) Type 316H Stainless Steel and 
(b) Incoloy 800 in the As-received Condition. Transverse 
sections on left, longitudinal sections on right. 
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down automatically when a crack penetrated through the wall. For the un­
pressurized specimens, the test was shut down auto~atically when the speci­
men fractured. The number of cycles to failure was determined from the 
diametral-strain strip-chart recording at the onset of rapid change in the 
diametral strain. No attempt was made to measure crack lengths in the speci­
mens. Some of the fractured specimens were studied using scanning electron 
microscopy. 

III. TEST RESULTS 

All testing was carried out at a total axial strain range of 0.5% 
and at a temperature of 1100°F. Internal pressures of 0, 1100, and 2000 psi 
were used together with 0, 1-min tensile and l~min compressive hold times 
(at the maximum axial strain limit). 

A summary of all the biaxial tests conducted on Type 316H stainless 
steel and Incoloy 800 are shown in Tables III and IV, respec.tively. The 
plastic strain range, diametral strain range, and axial stress range re­
ported in the tables are those that were measured at approximately half life 
f.or each test. The axial plastic strain range was calculated from the total 
axi~l strain range and stress range by the following relation: 

where 

E = 

!J.E 
p 

22.2 x 10 psi for Type 316H stainless steel; 

{ 

6* 

22 x 106 psi for Incoloy 800. 

The hoop-stress values reported in the tables were computed by the 
thin-wall tube approximation formula using the average radius of the tube. 
The diametral strains reported are the calculated hoop strains at the outer 
surface, obtained by dividing the measured diametral displacements by the 
outside diameter of the specimen.at·the gauge section. 

-3 At a test tempe;-ature of 1100°F and axial strain rates of 1 x 10 -
4 x 10-3/s, Incoloy 800 exhibits unstable jerky flow for the first few 
cycles, as shown in Figs. 2 and 3. This· is associated with dynamic strain 
aging in the material. However, after a few cycles (~ 10) the material 
hardens and .the unstable behavior disappears. Tests conducted on Type 316H 
stainless steel under identical conditions do not exhibit such unstable be­
havior, as shown in Fig. 4. 

Hysteresis loops.at the tenth cycle and at approximately half...!.life 
for unpressurized speciffiens of Incoloy 800 with 1-min compressive and tensile 
hold are shown in Figs. 5 and 6, respectively. Similar plots for pressur­
ized specimens are shown in Figs. 7-9 (1100 psi) and Figs. I0-11 (2000 psi). 

. 6 
*In test 1098, which was carried out at room temperature, E .. 27 x 10 psi. 

5 



Table III. Summary of Biaxial Cre~p-fatigue Tests of Type 316H Stainless Steel (~ial Strain 
·Rate • .4 x 10-3/s) . · 

Axial Strain Diam Axial Stress, 
Mean Dtam Internal . Holda Range, :t l<si. (MPa) Hoop Cycles No. of 

Test Strain .Strain 
No. Pressure, Time, Range, Stress, to 

at Failure, Initiation 
ksi (MPa) min Total Plastic 

% 
Range Mean ksi (MPa) Fallure 

% 
Sites 

997 0 0 0.51 0.19 0.·20 71..5 (493) 0.1 (1) 0 lt.l56 -0.02 1 

999 0 0 0.50 0.19 0.19 70.1 (483) 0 0 EllO -0.02 2-3 

1035 0 lC 0.49 0.16 0.21 75.1 (518) 1.1 (7) 0 9750b -0.06 

1052 0 lC 0.50 0.18 0.19 74.0 (510) 1.7 (12) 0 13518 -0.10 5 

1001 1.1 (7.6) 0 0.50 0.17 0.19 74.3 (512) 0.7 (5) 6 (41) 15.566 +1.05 1 

1012 1.1 (7.6) 0 0.50 0.17 0.20 72..3 (499). 0.8 (6) 6 (41) 9:29 +0.96 1 

.1044 1.1 (7. 6). 0 r so 0.18 0.20 71.3 (492) 0.4 (3) 6 (41) 13l74 +1.61 10 

1024 1.1 (7.6) lC 0.50 0.16 0.18 78.2 (539) 1.2 (8) 6 (41) 5G69c +1.18 

1049 1.1 (7.6) lC . 0.50 0.17 0.20 75.9 (523) 1.9 (13) 6 (41) 8283 +1.98 1 

1038 1.1 (7.6) 1T 0.50 0.16 0.17 76.8 (530) 0.1 (1) 6 (41) 3821 +1.21 1 

1041 1.1 (7.6) 1T 0.50 0.17 0.18 74.8 (516) 0.2 (1) 6 (41) 2746 +1.04 20 

1098d 2.0 (13.8) 0 0.50 0.19 0.19 83.7 (577) 4.2 (29) 11 (76) 615J..4 +0.62 

1059 2.0 (13.8) 0 0.50 0.15 0;19 77.4 (534) -0.1 (-1) 11 (76). 145E3b +3.15 

1050 2.0 (13.8) 1C 0.50 0.13 0.20 84.2 (581) 1.6 (ll) 11 (76) 7l~b +4.67 

aT and C denote tensile and compressive hold, respectively. 
b . 

Specimen failed outside gauge section, 

cSpecimen failed at thermocouple. 

d . -3 Specimen t~sted at room temperature at a strain rate of 10 /s. 

'·· 
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Table IV. Summary of Biaxial Creep-fatigue Tests for Incoloy 800 (Axial Strain 
Rate .. lo-3/s) 

Holda 
Axial Strain Diam. Axial ·stress, 

Mean Diam 
Test Internal Range, % Strain ksi (MPa) Hoop Cycles Strain No. of 

No. Pressure, Time, · Range, Stress, to, at Failure, Initiation 
ksi (MPa) min Total Plastic 

% 
Range Mean ksi (MPa) Failure 

% 
Sites 

1os3b 0 0 . 0.50 0.21 0.19 64.8 (447) 1.6 (11} 0 33498 -0.02 1 

1064 0 0 0.49 0.20 . 0.19 64.5 (451) -0.3 (-2) 0 6355 -0.10 11 

1067 0 0 0.50 ... 0.20 0.20 66.5 (459) -0.5 (-3} 0 '22438 .-0.05 6-7 

1062 0 lC 0.49 0.19 0.20 68.2 (471) 0.6 (4) 0 4273 -0.11 15 

1068 ·o lC 0.49 0.18 0.;1.9 69.5 (4~9} 0.9 (6) 0 11561 -0.08 4.:.6 

1070 0 lC 0.50 0.19 0.18 69.4 (478) '1.8 (12) 0 17254 -0.07 1 

1066 0 lT 0.50 0.18 0.20 66.7 (460) -0.5 (-3) 0 11142 -0.07 1 

1069 0 lT 0.50 0.18 0.19 70.9 (489) -1.9 (-13) 0 13791 -0.05 1 

1057b 1.1 (7 .6) 0 Q.51 0.20 0.21 68.1 (470) '2.3 (17) 6 (41) 9359 +1.17 ll 

1091 1.1 (7.6) 0 0.49 0.17 0.21 70.Q (483) 0.9 (6) . 6 (41) 27440 +1.48 1 

1073 1.1 (7.6) lC 0.50 0.18· 0.20 70.2 (484) 3.2 (22) 6 (41) 6903 +1.65 " 8 

1079 1.1 (7.6) lC 0.50. 0.18 0.20 71.2 (491) 3.9 (27) 6 (41) 12394 +1.71 4-6 

1075 1.1 (7: 6). lT 0.50 0.17 0.22 72.2 (497) 0.8 (6) 6 (41) 17236 +1.65 1 

106lb 2.0 (13.8) 0 0.51 0.18 0.23 72.8 (502) 3.6 (25) ll (75) 9047 +3.44 6-7 

1092 2.0 (13.8) 0 0.48 0.15 0.23 73.4. (506) 1.0 (7) . 11 (75) 17315 +3.70 1 

1082 2.0 (13.8) 1C 0.50 0.16 0.24 75.3 ($19) 5.8 (40) 11 (75) 5245 +6.06 1 

1087 2.0 (13.8) lC 0.51 0.17 0.24 . 75.1 (518) 2.0 (14) 11 (75) 8686 +5.08 1 

aT and C denote tensile and compressive hold, respectively. 
b ~ . 

These tests were run at an axial strain rate of 4 x 10' /s. 
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Fig. 2. 

Fig. 3. 

-1).3 

Hysteresis Loops for Incoloy 800 (Test No. 1064) at an Axial 
Strain Rate of 1 x 10-3/s at 1100°F. 

-0.3 

Hysteresis Loops for Incoloy 800 (Test No. 1053) at an Axial 
Strain Rate of 4 x 10-3/s at 1100°F. 

; 

/ 
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-40 

Fig. 4. · Hysteresl:s Loops for T)ipP. :U6H · ~t.;tinless'·'steel <(Test No. 997) at 
an Axial Strain Rate of 4 x 10-3 Is at llOOuF. · 

-0.3 

·c;; ' 
~ 30 

AXIAL STRAIN (%) 

Fig~ 5. Hysteresi·s t~ops ·for Test 1070 (p = 0, Hold Time = lC). 

9 



10. 

"' ... 
40 

VI 30 
VI 
w 
a: 
I­
VI 

_J 
<( 

>< 
<( CYCLE 10 

CYCLE 7303 

l----+-----t4-f~-=-t----l<'+--. I .. ~ 
-0.3 -o.z 0.2 0.3 

AXIAL STRAIN ("'o) 

-30 

-40 

\ 

Fig. 6. Hysteresis Loops fo.r Test 1069 (p = 0, Hold Time = IT). 

-0.3 -0.2 

40 

~ 
; 30. 
VI 
w 
a: 
I­
VI 

_J 
<( 

-30 

-40 

CYCLE 9245 

0.2 0.3 
AXIAL STRAIN ("'o) 

Fig. 7. Hysteresis Loops for Test 1091 {p- 1100 psi, Hold Time= 0). 
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Comparable plots for Type 316 stainless steel are given in Ref. 1. Although 
both materials undergo significant cyclic hardening, Type 316H stainless 
steel tends to harden somewhat1 more than Incoloy 800. However, at room 
temperature Type 316H undergoes very little hardening, as is evident in 
Fig. 12 • It should: be borne in mind t,l],?t .since the cyclic hardening be-­
havior of an alloy is sensitive to its grain size, the cyclic stress re­
sponse for~ finer-g~ained heat of·incoloi 800 may be different from that 
in the present program. 

50 

40 
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Vl 
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Fig. 12. Hysteresis Loops Jor Type 31.6H Stainless Steel at Room 
Temperature (Test 1098). 

Typical. stress-relaxation behavfor of Incoloy BOO and Type 316U . 
stainless steel is ·shown in Fig. 13: The plots include relaxation data foi. 
i~min tensile and compressive hold tests of .both pressuriz~d and unp~¢s-·· · 
surized tubes~ The initial more rapid drop of stress·in Type 316H stainless 
steel th~m in Incoioy 800 ·may. be expl~ined in ·terms of the difference in · 
strain rates between the· two series of test·s. Type 316H stainless steel 
specimens, having been cycled at a faster strain rate than the Incoloy ~.oo 
specimens' experience a more rapid load drop a:t the beginning c;>f the' hold ... 
time because.·of anelasticity effects·· and also because· there is a sligh(!-y' · 
larger 'overshoot: in strain in the t)rpe· 316H stainless steel specimehs:;· . 
which were· tested at a higher strain rate than the Irtcoloy 800 specime~s~ 
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IV.. DISCUSSION 

Figures 14 and 15 contain the axial hardening data for continuous­
cycling fatigue of both materials without and with internal pressure, re­
spe.ct.ively •. Note that in each case the hardening behavior of Type 316 · 
sta'inless. steel is very similar to . that of Incoloy 800, with ·Type 316 stain­
les~ steel achieving a slightly higher .stable stress range value than 
Incoloy 800.. No,te that in both materials, the higher the internal pressure, 
the higher the axial hardening rate. 'Ole lack of hardening in .. Type 316H . ~ . : . . . 
stainless steel in the presence pf 2000 psi internal pressure.at. room temp-
~rature (Fig. 12) indic~tes that some kind of aging phenomenon may be re-

""" sponsible for the hardening of, this material at elevated temperature. It is. 
possible: that. the larger diametral ratchetting occurring in.specimens with 
higher ".internal pressure is partially. responsible for this higher hardening ·· 
rate af' elevated temperature. 
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. Axial hardening rates for both materials in the presence of corn-· 
pressive or tensile hold times are presented in Figs. 16-18. In contrast 
to continuous-cycling specimens, the specimens in most hold-time tests, both 
with and without internal pressure, do not achieve a stable stress range 
with cycling but continue to harden.throughout life, often after reaching 
what initially appears to be a stable behavior. No.te also that the final 
stress range in the.presence of internal pressure is higher than that in the 
absence of internal ·pressure for both materials. Note again that, when sub­
jected to the same cycle shape, Type 316H stainless steel tends to achieve 
a slightly higher stress range than Incoloy 800 with continued cycling even 
though the stress range in Type 316H stainless steel may initially be equal 
to or slightly less than that in ·rncoloy 800. 

TEST SYMBOL MATERIAL INTERNAL HOLD 
NO. PRESSURE TIME 

psi (MPo) min 
1068 0 INCOLOY 800 0(0) IC 
1070 {:,. INCOLOY BOO 0 (0) IC 
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Fig. 16. Axial Stress Range Versus Cycles for 1-rnin 
Compressive Hold Tests with Zero Internal 
Pressure at 1100°F and 6Et = 0.5%. 
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Although the hysteresis loops for both materials are similar in 
shape under continuous cycling without -hold time, they differ·· markedly in 
shape wh~n either a 1-min tensile or compressive hold is imposed on the 
cycle. For example, Fig. 19 shows the hysteresis loops at half-life for 
Type 316H stainless .steel undergoing hold tinie.in tension and compression. 
Note that the tension-going half of the.hysteresis loop of the tensile-hold 
test and·the compression-going half of the hysteresis loop of the com­
pressive-hold test·· are almost biline~r i~ shape, whereas the remaining 
halves of the hysteresis loops are rounded as usual.. This asymmetry in loop 
shape is not present at the beginning· of. the test but develops as the 
material hardens •.. Incoloy 80Q, on tl].e other hand, does not develop such an 
asymmetric. hysteresis-loop shape when subjected· .to Rimilar holJ-Llme. cycles 
(Figs.· .8-9). · · , 
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Fig. 19. Hysteresis Loops for 1-min Tensile Hold and 1-min Compressive 
Hold Tests of Type 316H Stainless Steel at 1100°F. 



The stress-relaxation parameters for Incoloy 800 and Type 316H 
stainless steel at half-life are given in Tables V and VI, respectively. 
In general, the stress at the beginning of the hold and the amount of 
stress relaxation during hold are larger in Type 316H stainless steel than 
in Incoloy 800. This difference in behavior is partly due to the fact that 
the Type 316H stainless steel specimens were cycled at 4 x 10-3/s whereas 
the Incoloy 800 specimens were cycled at 10-3/s. The hold times and the 
stress-biaxiality ratios in the present tests are too small to show con~ 
elusively the effect of the stress biaxiality on the stress-relaxation be~ 
havior. However, the unpressurized Incoloy 800 specimens tend to show a 
somewhat larger stress relaxation than the pressurized specimens--a trend 
which is not evident in the Type 316H stainless steel specimens. Tests with 
larger biaxiality in stress and longer hold times are needed to fully ex­
plore the effects of stress biaxiality on the stress-relaxation behavior. 

Table V. Summary of Relaxation of Stresses at Half-life for the !-min 
Hold-time Tests on Incoloy 800 at 593°C (1100°F) and ~€t = 0.5% 

Maximum Axial Tensile Stress Axial Compressive Stress 

Test 
Hold Hoop During Hold, ksi (MPa). During Hold, ksi (MPa) 

No. 
Time, Stress, min · l<si (MPa) Beginning End Beginning End 

1062 lC 0 (0) 34.8 (240) 33.4 (230) 31.5 (217) 

1068 !C 0 (0) 35.4 (244) 34.1 (235) 31.8 (219) 

1070 !C 0 (0) 36.8 (254) 32.6 (225) 30.7 (212) 

1073 !C 6.0 (41) 38.6 (266) 31.6 (218) 30.0 (207) 

1079 !C 6.0 (41) 39.7 (274) 31.5 (217) 30.1 (208) 

1082 lC 11.0 (76) 43.5 (300) 31.8 (219) 30.0 (207) 

1087 lC 11.0 (76) 43.3 (299) 31.8 (219) 30.3 (209). 

1066 !T 0 (O) 33.2 (229) 30.9 (213) 33.5 (231) 

1069 !T 0 (0) 33.4 (230). 31.1 (214) 37.5 (259) 

1075 lT 6.0 (41) •37.1 (256) 36.0 (248) 35.1 (242) 
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Table VI. Sununary of Relaxation of Stresses at Half-life for the 1-min 
Hold-time Tests on Type 316H Stainless Steel at 593°C (1100°F) 
and Ll£t = 0.5%. 

Average Axial Tensile Stress Axial Compressive Stress 

Test Hold Hoop During Hold, ksi (MPa) During Hold, ksi (MPa) 

No. · 
Time, Stress, 
min ksi (MPa) Beginning End Beginning End 

1035 lC 0 38.7 (267) 36.4 (251) 34.6 (239) 

1052 lC 0 38.7 (267) 35.3 (24.3) 3:l. 7. (225) 

1024; lC 6.0 (41) 40.3 (278) 3T. 9 (261) 35.7 (246) 

1049 lC 6.0 (41) 39.9 (275) 36.0 (2LI8) 33.6 (232) 

1050 lC 11.0 (76) 43.7 (301) 40.5 (279) 37.8 (261) 

1038 lT 6.0 (41) 38.5 (265) 35.9 (248) 38.3 (264) 

1041 lT 6.0 (41) 37.6 (259)- 35.1 (242) 37.2 (256) 

The diametral ratchetting under internal pressure.for continuous­
cycling, 1-min compressive hold, and 1-min tensile hold tests are shown in 
Figs. 20, 21 and 22, respectively. At 1100 psi internal pressure (hoop 
stress.= 6 ksi) mider cycling with no hold time, Type 316H stainless steel 
undergoes slightly larger diametral ratchetting than Incoloy 800, but at 
2000. psi (hoop stress = 11 ksi) the trend is reversed. At room temperature, 
Type 316H stainless steel under 2000 psi internal pressure undergoes far less 
diametral ratchetting than at 1100°F, indicating that the larger-diametral 
ratchetting at elevated temperature is attributable to thermally activated 
cre.ep. Note, however, that· even at room temperature the diametral ratchetting 
in Type 316H stainless steel occurs at a slower and slower rate with cycles' 
but never quite reaches a zero rate of ratchetting. At an internal pressure 
of 1100 psi (hoop stress= 6 ksi), both materials undergo similar diametral 
ratchetting when subjected to either 1-min tensile hold or 1-min compressive 
holdl.cycling. Furthermore, the ratchetting behavior under tensile hold 
cycling is similar to that under compressive hold cycling, with both hold 
cycles resulting in larger diametral ratchetting than in cycles without hold; 
However, at an internal pressure of 2000 psi (hoop stress= 11 ksi), Incoloy 
800 undergoes slightly greater diametral ratchetting than Type 316H stainless 
steel when subjected to 1-min compressive hold cycling. 

From a comparison of the cycles to failure in Tables III·and IV it 6 
is evident that the data for Incoloy 800 showed much greater scatter th~n 
that for Type 316H stainless steel. An examination of the last column in 
Table IV shows that the number _of cycles to failure varies inversely with 
the number of initiation sites for the Incoloy 800 specimens. For example, 
test 1053 (which lasted 33498 cycles) had a single initiation site, whereas 
test 1064 (which ·lasted 6355 cycles) had 11 initiation sites (Fig. 23). This 
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negative correlation between number of initiation sites and cycles to fail­
ure is not observed in Type 316H stainless steel (compare tests 1001, 1012, 
1044 in Table III). It is interesting to note that in uniaxial solid speci­
mens of Incoloy 800 (from a different heat) the number of cyc~es to failure 
is found to be independent of the number of initiation sites. Thus, the 
observed anomalous behavior in cyclic life may be unique to the heat of 
Incoloy 800 tested in the present program. To further investigate the reason 
for this anomalous behavior, fracture surfaces from tests 1053 and 1064 were 
examined in a scanning electron microscope (Fig. 24). It was observed that 
at the inner-diameter surface of the specimen from test 1064, which had the 
shortest life, the grain boundaries were delineated as if they were etched 
and the fracture was intergranular near the initiation sites. The specimen 
from test 1053, which had the longest life, did not exhibit such delineated 
grain boundaries at the inner-diameter surface. A similar contrast was also 
observed for tests 1062 and 1070. A chemical wet analysis of samples taken 
from the fracture surfaces of tests 1053 and 1064 (Table I), however, did 
not reveal any significant difference in composition between the two speci­
mens. 

An examination of Tables III and IV shows that the continuous­
cycling fatigue life of both materials at an axial strain range of 0.5% is 
not affected significantly by the imposition of a steady internal pressure 
of 2000 psi (hoop stress = 11 ksi) at a temperature of 1100°F. In Type 316H 
stainless steel, a 1-min tensile hold is much more damaging than a com­
pressive hold time of equal duration even under a biaxial state of stress. 
Tit~ reason for the short life under tensile hold is the predominantly inter­
granular fracture of Type 316H stainless steel specimens, as shown in Flg. 
25. Under continuous cycling or with 1-min compressive hold the fracture is 
transgranular with striations on the fracture surface. In Incoloy 800, on 
the other hand, both 1-min tensile hold and 1-min compressive hold cause very 
little reduction in life as compared with continuous cycling for tests 
carried out with zero or 1100 psi internal pressure. In contrast to Type 
316H stainless steel, Incoloy 800 specimens in 1-min tensile hold tests show 
predominantly transgranular fracture (with striations), although some iso­
lated patches of intergranular fracture are present near the initiation site 
(Figs. 26-27). A 1-min compressive hold per cycle with 2000 psi internal 
pressure (hoop stress = 11 ksi) causes some reduction in the fatigue life of 
Incoloy 800, which may in part be attributable to the larger-diametral 
ratchetting incurred in these tests. 

It is interesting to compare the fatigue lives of Type 316H stain­
less steel and Incoloy 800 obtained in the present program with those re­
ported in the literature. The continuous-cycling fatigue life of Type 316 
stainless steel when cycled uniaxially at 0.5% strain range at 1100°F varies 
from 10780 to 106622 cycles, depending on the heat of material. 3 The 
tensile-hold fatigue life for Type 316 stainless steel at 0.5% varies from 
8400-21600 cycles for a 0.6-min hold to 1985 cycles for a 6-min hold. There 
are no data available for compressive hold at 0.5% strain range. The con­
tinuous-cycling fatigue life for Incoloy 800H when cycled uniaxially at 0.5% 
strain range at 1100°F shows a large scatter and varies from 20611 to 
7 x 105, depending on the heat of materia1. 4 Creep-fatigue data for Incoloy 
800 are rarely reported in the literature. Considering the differing 

23 



24 

100).-L 
1---'--l 

In SURFACE 

(a) liST 1064 

(b) liST 1053 

Fig. 24. Scanning Electron Micrographs Showing Fracture and ID Surfaces of 
Incoloy 800 specimens from Two Biaxial Creep-fatigue Tests. ___;.. 



Fi.g. 25. Scanning Elec :ron Microgrc..pn ::>f Fracture S·.1rface frorr. Test No. 1041. 

N 
l/1 



26 

(a) 
IOO}A: I (b) 

TEST 1066 

Fig. 26. Scanning Electron Micrographs of the Fracture Surface of an 
Incoloy 800 Specimen Subjected to 1-min Tensile Hold in 
Test 1066. 
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Fig. 27. Scanning Electron Micrographs of the Fracture Surface of an 
Incoloy 800 Specimen Subjected to 1-min Tensile Hold in 
Test 1069. 



geometry tested in the present program, the uniaxial data obtained are well 
within the scatter band of the results reported in the literature. 

V. CONCLUSIONS 

1. Tl1e heats of Type 316H stainless steel and Incoloy 800 tested 
in the present program show similar cyclic stress and deformation behavior. 
The grain size of the Incoloy 800 material tested is rather large compared 
to that of an average heat of the material. Hence the results obtained for 
Incoloy 800 in the present program may not be applicable to a heat with 
smaller grain size. 

2. Both materials undergo significant cyclic hardening when cycled 
at an axial strain range of 0.5% at elevated temperature, with Type 316H 
stainless steel usually achieving.a slightly larger stress range than 
Incoloy 800 even though the stress range in Type 316H stainless steel is 
initially equal to or smaller than that in Incoloy 800. The rate of harden­
ing and the final stable stress range in both mater·ials, in the absence of 
hold times, increases with increasing internal pressure. When a 1-min 
tensile or compressive hold time is imposed, either with or without int~rnal 
pressure, both materials harden more than in the absence of hold time, and 
in many cases cyclic hardening continues until the end of the test albeit at 
a slower and slower rate. Type 316H stainless steel does not harden signi­
ficantly at room temperature when cycled axially without hold time at a 
strain range of 0.5% with a steady hoop stress of 11 ksi. 

3. The hysteresis-loop shapes of both materials are similar for 
continuous-cycling fatigue at 1100°F. However, in the presence·of a 1--min 
tensile or compressive hold, Type 316H stainless steel exhibits an asymmetry 
in the hysteresis-loop shape while Incoloy 800 does not. In a 1-min tensile 
hold t'est of Type 316H stainless steel that has been hardened, the tension­
going half of the hysteresis loop is bilinear and the compression-going 
half is rounded as usual, and vice versa in a 1-min compressive hold test. 

4. The axial stress-relaxation behavior is not significantly 
altered in the presence of a relatively small and steady hoop stress •. How­
ever, the unpressurized Incoloy 800 specimens tend to show a somewhat larger 
amount of stress relaxation during hold than the pressurized spedimens even 
though the initial stress at the beginning of hold is smaller in the former 
case. This trend was not observed for Type 316H stainless steel. Tests 
with larger biaxiality in stress and longer hold times are needed to clarify 
the effect of stress biaxiality on stress-relaxation behavior.· 

5. Both materials undergo si·gnificant diametral ratchetting when 
cycled in the presence of internal pressure at elevated temperature. Most 
of this ratchetting is due to thermally activated creep. ·However, Type 316H 
stainless steel shows some ratchet;ting even at room temperature •. The higher 
·the internal pressure and the longer the hold time (both tensile ·and com­
pressive), the greater is the diametral ratchetting at elevated temperature. 
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At small values of hoop stress (6 ksi), the diametral ratchetting in Type 
316H stainless steel is equal to or slightly greater than that in Incoloy 
800. At higher values of hoop stress (11 ksi), the trend is reversed. 

6. Both materials show little or no reduction in continuous­
cycling fatigue life when internal pressure is introduced. However, the 
present heat of Incoloy 800 shdws significant scatter in fatigue life. The 
source of this scatter could not be determined by either microstructural ob­
servation of the fracture surfaces or wet chemical analysis of specimens 
taken from the. rracture surfaces. The fatigue life is found to vary in­
versely with the number of initiation sites. Such a negative correlation 
between fatigue life and number of :i.nitiation sites does not hold good for 
Type 316H st;ainless steel. The continuous-cycling fatigue life of Type 316H 
stainless steel at room temperature ·with a constant hoop stress of 11 ks:i 
(fle:t =:0.5%) is four times that at 1100°F. 

7. Both materials show little reduction in fatigue life when a 
1·-min compressive hold is imposed. The fracture for both materials is trans­
granular in this case. However, for Incoloy 800 the reduction in fatigue 
life with 1-min compressive hold tends to become larger as the internal 
pressure increases. The fatigue life of Type 316H stainless steel is greatly 
reduced by the imposition. o~ a 1-min tensile hold, even in the presence of a 
biaxial stress field. The resulting fracture is predominantly intergranular. 
The fatigue life of Incoloy 800, on the other hand, is not significantly re­
duced by the imposition of a 1-min tensile hold, either with or without in­
ternal pressure. In contrast to Type 316H stainless steel, Incoloy 800 
shows predominantly transgranular fracture in this case. 
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