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ABSTRACT

An analytical procedure has been evaluated to determine whether low and
high cycle fatigue testing techniques may be correlated in the 105 cycle region
where the data overlap. The procedure, which is based on the use of cyclic
stress-strain curves to convert high cycle fatigne stresses to equivalent
strains, is shown to be acceptable for Incoloy 800H, Hastelloy X, Type 304
stainless steel and 2%Cr-1Mo steel in the ranges of temperature for which data

are available.

1. INTRODUCTION

Most farigue work currently being carried out in the power industry is
focused on the low cycle fatigue (LCF) regime where the cycles to failure
(Ng) are typically less than 105. Such information is used to estimate the
degree of fatigue damage accumulation in components which are subjected to
large cyclic strain changes brought about by thermal transients. Relatively
little attention has been paid to the high cycle fatigue (HCF) area for which
N¢ may be cornsiderably greater than 10°, Examples where this class of fatigue
behavior occurs are in vibrating heat exchanger tubes, large rotating apparatus,
and in tee joint locations where cyclic stressing may result from rapid thermal
fluctuations caused by the mixing of fluids at different temperatures. To
obtain meaningful HCF data the cycling rates should be in the 10-50 Hz range
to simulate prototypic strain rates and attempts wust be made to simulate the
stress-strain history of components which are subjected to HCF deformation.

Since low cycle testing is usually carried out under strain control and
slow cycling rates, and high cycle testing under load (stress) contrel at much
faster rates of cycling, the question arises whether the two test procedures
may be correlated in the 10° cycle range where they overlap. This is not a
trivial question since differences in cycling rates could be important as could
be the differences in early stress-strain history for strain controlled and
load controlled tests. If, however, a correlation can be obtaimed then a single
fatigue curve may be specified for the 102~108 cycle. Below is described an
attempt to define a useful correlation technique for high and low cycle test
procedures.

2. EXPERIMENTAL PROCEDURES

All of the HCF results were obtained for an air enviromment on Materials
Test Systems (MTS) closed loop electrohydraulic fatigue units operating in the
push-pull mode with a sinusoidal load controlled waveform at a frequency of
40 Hz., Specimens were heated with 2 resistance type furmace contrelled to

+ 2°¢ &°p). ¢
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*This work was performed under the auspices of the United States Nuclear
Regulatory Commission.



Below ars given the matarials examined together with the chemical comro-
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sitions. In scme cases two heats ¢of the same matar

Zable 1

Composition of High Cycle Fatigue Test Materials

Concentration (Weight 7%)

Matarial Heat C NI Mn Cr Mo Qthers Fe
24 Cr~-1o Zxpcl, 0.12 0.21 0.44 2,20 0.91 - Ral.
T304 SS 55697 0.06 9.38 0.91 18.50 0.05 - Bal.
7304 SS BNL Heat 0.08 9.55 1.74 18.68 0.25 - 3al.
I-300K HE 3113A 0.06 32,11 0.%0 20.35 - 0.39 7i, 0.36 Al 453.2
I-300H HHE 74274 0.05 32.17 0.67 19.83 - 0.43 Ti, 0.39 A1 45.4
dastelloy X 4-2309 0.11 Bal 0.50 20.67 8.86 2.1 Co, 0.66" 13.7

-ne 2fC--lJo steel was austenitized at 91’° (17000”) for 1 hour, then neld at
704°¢C (’300 F) for 2 hours and slow ccoled; the Type 304 stainless sta--, I1colov
8008 and naste11ov X were solution treated at 1066°C (19500:), 1149°¢ (2100 “)
end 1177°%C (2150 ‘), respectively, and all were then watar quenched.

All specimens were surface ground to an hourglass configuracion. The
dastalloy X specimens had a 0.64 ¢ (6.25 in.) mininum diametar whereas all
others had 2 0.32 ca (0.125 in.) dizmeter.

1
n a racent paper by Jaske” it was suggested that high cyvele dzta be gener-

T a2
atec using cne of the following procedures:

2) Perforzming the entire tes:t under strain control while measuring the load.

b) Performing the inicial porticn of the :test under strain control and
switching <o load control aftar stsady state deformation has been
achievad.

¢) Periorming the entire cest under load control whilz monitoriaz the
strain response tc estimate the extent of initizl transianc deformation.

The currant work was conductad using essentizlly the last procedurz wizh
slizht modificaticons, Firstly, the unavailability of strain gauges to monitor
deformation at the high cycling rates used precluded any measurements of the
transient strain levels., Secondly, it was deemed unwise to tegin the test under
load centrol since the very large -nlt;al strzins involved cculd lezd to pra-
mature failure or specizmen distortion. Inst2ad, the load was increzsaed Zrom zero
te the raguirsd value ia about 10 saconds (400 cycles). Ic can be seen that this
type of strass ramping is dasiczally sizilzr o that which would ectuzlly oxdist

in cyclically strassed components during a rsactor startup phase.

3. EXPERIMENTAL REISULTIS AND ANALYSIS

Tiguras 1 through 4 show the basic high cycle datz obtained for the load



i IR Vol ' 1oLy i REEEL by

»
9]
|
1
o
o
(@)

TESTED AT 538°C (10Q0°F) =

n
(]
7
| -

W

O

!

(o]

|

— n

O O

O o
ALTERNATING STRESS, Ao /2 (MPa)

ALTERNATING STRESS, Aov2 (ksi)

o= I RN IR AT I VSRR 108 AR T N U SOOI 1 VO S U A L B A
o 104 10° 108 o7 108 0%
CYCLES TO FAILURE, 21

O

Figure 1. High cycle fatigue data for isochermally annealed 2%Cr-1Mo steel.
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Figure 2. High cycle fatigue data for sclutien
annealad Type 304 stainless stzel.
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(stress) controlled condition. It seems that those materials which are kaown

to exhibit thermally induced strengthening (Type 304 stainless steel and Inceloey
B00H) show a well defined endurance limit axcept at very high test temperatures
where pracipitation strengthening is much smaller.®» Hastelloy X and 24xCr-1o
are not thermally strengthened at the test temperatures used2,% and endurance

limits are naot achieved even after 10% accumulated cycles.

In order to correlate these dcta with low cycle results, low cycle inforza-

ion was obtained from the open literature.3=19 The data were from Argonne
Mational Laboratory (ANL), Battelle Memorial Imstitute (BMI) now Battelle
Columbus Laboratories, General Atomic Company (GA), General Electric Company (GE),
Aerojet Nuclear Corporation (ANC) now EGAG Idaho, Imc., Martest Company, and Oak
Ridge National Labcratory (ORNL). These organizations are refzrenced in tha
appropriate figures. For the low cycle results, only data obtained for a strain
rate of 4 x 10”3 sec™! were considered since this represented the predominant

straining conditiocn.

Figure 5 is a schematic ¢f the strass-strain responses for low cycle and
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Figure 3. Schematic of high cycle and low cycle fatigue tast condizions.
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case, in which the cycling rate is extremely high and the strzins are low,
is practical only to monitor the load (stress). Nota that significant difle
ences may occur in the initial stress-strain responses Zor the LCF and HCF

testing depend.ng on the stress (strain) levels selectad. These differences
disappear as soon as az steady stats hysteresis lcop 1s established at waich

point load and strain control occur sizultaneously.

y
e
i

1
-
-
o
-
-

Figuras 6 through 9 show that a good correlation zay be obtained for LCF
and HCF data in which stress is the dependent variable, provided a suitz:. 2
choice is made for am "average" stress for the strain controlled LCF tests.
In this case the value is arbitrarily taken to be the measured stress leval
at half the fatigue life, i.e. at 0.5 Ng¢. This appears to be a legical choice
since data for several austenitic materials show that after an initi=l period
of cyecliec work hardening the stress level approaches a relatively stable value
which is maintained over a large proportion of the remaining fatigue life.’
For all materials and test temperatures single curves may be drawn througha the
low and high cycle data. The implicatrions of these guod correlatioms are:
(a) the diffesrence in the strain rate for the two types of test, which could
amount to 1-2 orders of magnitude, is relatively insignificant, (b) the
diffsrences in the stress-strain history prior to the establishment of stable
hysterasis loop conditions also does not seem £o be impertant. Strain rate
differences, however, could become important for very slow LCF test counditions
iZ time dependent (creep) deformation becomes pronounced.

In order to correlate the data using strain as the dependent variable
a means oust he devised to conver:s the ECF stresses to aguivalent strains.
Previous workers often assumed that the deformacion in HCF is purely slastic
so that a dirsct stress to strain conversion uaj be made using Yeung's modulus.
This was found tc be invalid for the four materials stad. Figure 10 illus-
trates this for Incoloy 800H. Clearly, the stra‘ns are greatly underestimated
since significant plasticity is associatad with the current HCT tests ia the
10* cycle range. To circumvent this problem cyclic stress-strain curves wers
constructed from the data in references 5 cthrough 10. Thesza curves, an
examples of which is ziven in Figure 11, relate the steady starte stress zad
strain levels at 0.5 Ny and account for both slastic and plastic strzin comgo-
nents. Using these curves to convert the HCF s:tresses to aquivalent strains
it may be shown that 2 good correlation is obtained as shown in Figures 6, 3,
12 and 13. The use of cyelic stress-strain curve data thus appezrs to be an
acceptable procedure for correlating HCF and LCTF data. In addition, the corrala-
tion cbtained between the two test 3rocéd"*es indirectly validztes one of the
HCF test procedures recommended by Jaske.-

4, CONCLUSICHNS

The abovs results and analyses for Iisotherzmally anneazlad 2kCr-1Mo st22l,
Type 304 stainless steel, Incolovw 300H, and Has:telloy X stronz indicacs
that the crclic str -strain curvas nav bde used as an accepta
corralating ECT and LCF data. For the data evaluated, the aza
differences ia strain rat £
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of test are not significant. Because of this the HCF procedure, which is

usually used to obtain data for the analysis cf rapidly stressed components,

@ay also be usaed as a time saving procedure for extending the LCF curve f{rom

about 105 to 103 and beyond. However, additional work along the lines suggested
Taskel should be comducted to compare other test procedures.

The above rasults are morz comprehensively described in raferences ll
through 14.

ACKNOWLEDGEMENTS

The authors acknowledge the assistance of J. Hare, Sr. in carrying out
the fatigue tests.

REFERENCES

1. JASKE, C. E., "Consideration of Experimental Techniques Used in Development
of Long-Life Fatigue Properties of Pressurs Vessel and Piping Alloys,"
in Characterizazion of Materials fozr Service at Elevated Temperatures,

Series MPC-7, Edited by G. V. Smith, 1978.

2 Steels for Elevated Temperature Service, U. S. Steel Corp., Publication
No. ADUSS 43-1089-04, June 1972,

3. LIEMN, G. E. (Edicor), Superheater Alloys in Jigh Temperature, High Pressure
Steam, ASME, New York, 1968, p. 67.

4, Hastellov Allov ¥, Steliicte Div. of Cabot Corp., Publication Yo. F-30, 0374,
- 1976.

5. BRINKMAN, C. R., BOOKER, M. X., STRIZAK, J. 2., and CORWIN, W. R., "Elevarad
Temperature Fatigue Behavior of 24Cr~1Mo Steel," Trans. ASME 37, Serias J,
252 (1973). ’

4. DIERCXS, D. R. and RASKE, D. T., "Statistical Analysis and Regressiom Fit
of Elevated~tamperature, Low=Cycle Fatigue Data on Type 304 Stainless

Steel" in Mechanical Properties Tast Data for Structural Matsrizls Quarterlvy

Prograss Report for Peried Ending April 30, 1976, Ozk Ridge National
Laboratory Rept. No. ORNL-3130.

7. CONWAY, J. B., STENTZ, R. M., and BERLING, J. T., Fatigue, Tensile, aad
Relaxation Behavior ¢f Stainless Steels, published by Uniced States Atomi
Enerzy Commission, 19753,

Ta

8. JASKE, C. E., MIWDLIN, H., and PERRIN, J. S., "Low-Cycle Fat
Fatigue of Incoloy Allov 800,'" 3atcella Columbus Lzborztori
BMI-1921, February 1972.

izue and Cresp-
es Rapt. No.

9. TQUNG, C. M., "Fatigue and Creep~Fatigue Studies on HIGR Macerials" in
Component and Svstems Development Program, Quarterly Prograss Repor:s for
the Perigd Ending March 31, 1976, General Atomig Co., Rept. No. GA-313898,

April 1978,




10. STRIZ&R, J. P., "Fatigue-Life Tasting" in Mechanical Properzies Test Data
for Structural Materials Quarterlv Progress Revor+t for Pericd Ending
April 30, 1976, CGak Ridge National Laboratory Rept. No. ORNL-3130,
June 1976.

11, 800, ?. and CHOW, J. G. Y., Correlation of High-— and Low=Cvcle Fatisus
Data for Incolcy—-800H, Zrookhaven National Laboratory Rept. No. BNL-
SCRZG-30375%, October 1975,

12, S00, P. and CHOW, J. G. Y., A Correlaticn of High- and Low-Cvcle FTarigue
Datz for Solution-Trz2ated Tvpe 304 Stainless Steel, Brookhaven National
Laboratory Rept. No. 3BNL-NUREG-530601, December 1976.

13. S00, P. and CHOW, J. G. Y., Some Correlaticms of High- and Low-Cycle Farigue
Data for 2kCr-1Mo Steel in the innealed and Normalized and Iemperad
Londitions, 3rookhaven National Laboratory Rept. No. BNL-NUREG-50610,

January 1977.

14. 3500, P. and CHOW, J. G. Y., The Effects of Mezn Tensile Stresses on High-

Cvcle Farigue Life and Strain Accumulasrion in Some Reactor vaterizals,
Brookhaven National Laboracery Rept. No. BNL-NUREG-50634, May 1977,




