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The currently accepted practice of using inconsistent representations
of creep and rupture behaviors in the prediction of, creep-fatigue life is
shown to introduce a factor of safety beyond that specified in current ASME
Code design rules for 304 stainless steel Class 1 nuclear components.

Accurate predictions of creep-fatigue 1life for uniaxial tests on a
- given heat of material are obtained by using creep and rupture properties
for that same heat of material. The use of a consistent representation

of creep and rupture properties for a minimum strength heat is also shown
to provide adequate predictions.

The viability of using consistent properties (either actual or those
of a minimum heat) to predict creep-fatigue 1ife thus identifies significant

design uses for the results of characterization tests and improved creep
and rupture correlations.

INTRODUCT ION

The currently accepted practice for creep-fatigue evaluation of
nuclear components is based on the use of a combination of creep properties
that are representative of average behavior and rupture properties that
are representative of minimum behavior. A purpose of this paper is to
show that this combination of properties is not representative of actual
304 stainless steel behavior. It is further intended to demonstrate that a

0 direct result of the use of this combination of properties is the introduc-
. tion of a factor of safety beyond that specified in current ASME Code design
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‘and Pressure Vessel Code’

ruies for elevated temperature Class 1 nuclear components In addition;
it is intended.to show. that the use of con51stent creep and rupture
properties results in creep-fatigue life predictions that are more
reasonable than those of  the currently accepted practice

General rules for creep-fatigue-evaluation of C]ass.llnuciear
components are provided in Appendix T of Code Case 1592 of the ASME Boiler
(]).. These rules limit the accumulated creep-

fatigue damage on the basis of independently determined accumulated fatigue

* damage and accumulated -creep damage. The accumulated fatigue damage is

determined .on the basis of the linear cumulative damage model The

" accumulated creep damage is -based on the time-fractions linear damage model

The interaction of creep damage and fatigue damage is con51dered by Timiting
the combined creep fatigue damage through the use of the bi]inear damage
enve]ope of Figure T-1420-2 of Code Case 1592. ‘

" The Code Case provides conservatism in the specification'of the
design fatigue curves by reducing the average continuous:CycTing'fatigue
data_by a factor of 2 on total strain range or a factor of 20 on life;
whichever proVides the minimum result. Additional conserVatism is'provided
by specifying the use of the minimum expected stress-to- rupture curves
(Figures 1-14.6 -of Code Case 1592). Finaily, conservatism is introduced
by requiring that the stress be divided by the factor K' (0.9 for 304
stainless stee]) before entering the minimum stress-to-rupture curves

The use of the time-fractions model to'estimate the creep damage
requires a detai]ed'time history of the stresses. When inelastic ana]ySiS‘
is used to determine this time history, the ca]cu]ated secondary and peak
stresses are qu1te dependent on the assumed ‘creep behavior of the material.
For example, the assumption of Tow resistance to creep will result in the
prediction of rapidlyvdecrea51ng secondary and peak stresses. Conversely,
the assumption of a high resistance to creep resuitsin'the prediction of
more siowly decreasing secondary and peak stresses. Thus, when secondary
and peak'stresses are significant, the-calculated creep damagegcan be
quite dependent on the assumed creep behavior. In view of this significant

'dependence of the ca]cu]ated‘creep damage on the assumed representation of
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creep behavior and the obvious dependence on the assumed stress rupture

behavior, it is important to adequately represent both of these responses.

The Code rules specify that the m{nimum.expected stress rupture
behavior shall be the basis for calculating creep damage. However, the
Code rules do not provide any guidance as to the creep behavior to be
assumed in the determination of the detailed time history of the stresses.
Accepted current bractice dictates the assumption of creep behavior that
is representative of average béhavior. |

 An evaluation of limited creep and-rupture data for 304 stainless
steel indicates the potential existence of a simple one-to-one relationship
between the creep deformation and stress rupture behaviors. Specifically,
Tow resistance to creep deformation is usually accompanied by low resistance
to rupture; and high fesistance to creep deformation is usuélly accompanied
by high resiétancé to rupture. Thus, the curréently accepted practice
'results in the assumption of potentially incohsistent representations of-
creep and stress ruptufe behaviors. The use of this inconsistent representa-
tion implicitly introduces an undef1ned factor of safety beyond that
specified in the Code rules. '

Two approaches to eliminating this use of inconsistent representations
of creep and rupture behaviors are considered. The first approach is based
on the assumption of the existence of the above described simple one-to-one
relationship between the creep deformation‘and stress rupture behaviors.

To evaluate this approach, life predictions are made for simple uniaxial
strain-controlled fatigue tests, with tensile hold-periods, usirng the
combination of minimum creep deformation behavior and minimum stress rupture

behavior. A comparison to published experimental results indicates that
this approach provides conservative 11fe est1mates that are within a factor

.0of about 5 of the observed 11fe

The second approachAassumes the availability of both creep and
rupture data for the actual heat of material to.be used in construction.
To evaluate this approach, life predictions are made for the same un1ax1a1
strain- control]ed cyc]wc tests as above. However, previously observed
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creep and rupture data for these same heats are utilized in the. life
predictions. This approach provides life predictions that are within a
factor of about + 2 of the observed lives.

RELATIONSHIP BETNEEN THE CREEP AND RUPTURE BEHAVIORS

Creep and stress-rupture data for several heats of 304 stainless
steel are examined to determine if a re]at10nsh1p exists between the creep
and rupture behav1ors Consideration of this relationship is not new. '
For example, Monkman and Grant(z) considered this same relationship.
However, their intent was to estimate rupture ]ife-dn the basis of minimum'
creep rate data. The basis of the present evaluatioh is a comparison
‘of the creep strength (stress required to attain a spec1f1ed m1n1mum creep
rate) and the stress rupture strength (stress requ1red for rupture in a
specified time) after normalization with respect to pub11shed averages
The average minimum creep rate is as def1ned in the Nuclear Systems Materials
Handbook (NSMH)(3). The average stress- rupture curves were derived from
the same data base(4 . used ‘to develop the minimum expected stress rupture
curves of Code Case 1592. :

Previously pub]isﬁed creep and stress rupture‘data for four heats
of 304 stainless steel are considered. This data is for heats
55697(°), 346845(6), 9712796(7), and 8043813(8). previousty pub]lshed hold-
time fatigue data is also ava11ab1e for each of these four heats. Creep
and stress rupture data from EIth additional heats - prevmously tested at
the Babcock & Wilcox Company are a]sq considered. Ho]d—t1me‘fatxgue data
is not available for any of theserheats. '

_ In Figures 1 through 4, stress rUpture and minimum~creep‘ratefdata .
"~ at 1100°F (593°C) for heats 55697, 347845, 972796, and 8043813 are compared
t0 average data. Stress rupture and minimum creep rate data at 1200°F -
(649°C) for heat 55697 is compared to average‘data in Figure 5. This data
and similar data at 1200°F (649°C)}f0r the’eight heats feSted by the

Babcock & w{lcox Cumpany was -used to develop Figures 6 thrdugh 8. Figures

6 through 8 present a comparison of creep strength to the rupture strength
for each heat after normalization with respect.to the published averages.
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In- F1gure 6, the creep strength is defined as the stress required to obtain -
a minimum creep rate of 1 percent per 102 hours; and the rupture strength
is defined as the stress for rupture in 103 hours. In Figures 7 and 8
Tonger time strengths are compared as, defined in those figures. Note that
the definitions of creep strengfh and rupture strength used in each of
Figures 6.to 8 result in a'comparison of creep and rupture behaviors at
approximately equal stresses for the published average behavior.. That is,
the deformatlon and failure responses are be1ng ‘compared at conparab]e
stress levels.

Also shown in each of Figures 6 through 8 is: the combination of
average creep strength and minimum rupture strength that~represents the
currently accepted creep-fatigue evaluation procedure. ‘

The solid line, shown in each of Figures 6 through 8,.represents
a simple one-to-one relatidnship between the creeb,and'rupture strengths.
The data‘Qf those figures indicates that thishstraightforward relationship
is a reasohab]e approximation for 304 stainless steel. With respect to
the calculated creep demage, most of the data. falls to the conservative
side of the one-to-one line. Thus, for the present purpose, it appears
reasonable to assume that an "average" heat may be represented by using
100 percent of the average creep strength and 100 percent. of the average
rupture strength. Similarly, a minimum strength heat can be represented
by 100 percent of the minimum creep strength and 100 percent of the minimum
rupture strength.

The NSMH doesn't provide a representétion.qf minimum creep behavior;
- thus, jt is necessary to define the minimum creep strength as a percentage
of the average creep strength. A comparison of the minimum and average
rupture strengths indicates that the minimum rupture strength is approxi-
mately 75 percent of the average rupture strength (this percentage does
‘vary as a function of rupture time). The minimum creep strength is then
considered to be represented as 75 percent of the average creep. strength.




‘HOLD-TIME FATIGUE LIFE :

Fatigue life reduction factors are commonly used to i]Tustrate.'
the effect of hold-time on fatigue 1ife. The fatigue life reduction (FLR)
. factor is defined as the ratio of the life (meésured'in cycles) for
continuous cycling conditions to the life (measured in cycles) for hold-
time condltxons at the same stra1n range

Ana]yt1ca11y predicted FLR factors are compared to published
exper1menta1 results for ‘uniaxial strain- controlled cyc11c tests with
tensile hold-periods. The experimental results considered are for heat
55697itested at 1200°F (649°C) with a strain range of 1/2 percent; and’
heats 346845, 972796, and 8043813 all tested at 1100°F (5393°C) with a
strain range of 1 percent. A1l experimental results were obtained from
a tabulated summary in reference 9. '

Basis of FLR Factor Predictions

Analytical pred1ct1ons are based on the fo11ow1ng comb1nat1ons of
creep deformation and stress rupture behav1ors

0 Creep deformation and stress rupture behaviors observed.
for the actual heats subsequent]y tested in ho]d time
fatigue.

o- Minimum expected creep deformation and stress rupture
behaviors. .

o Currently accepted practice; i.e., average creep
defonnat1on behavior and the minimum expected stress
rupture behavior.

The representation of average creep behavior was obta1ned from the
NSMH.  The form of th1s representat1on is
e = €, (1 - e'St) *ey (1 -‘e'rt) + éMt
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In the above- equation, €y is definad as a function of. CM’ while r, s, €
and CM are defined as functions of stress and temperature. For convenience,
it is assumed that the form of representing both the observed and minimum
creep behav1ors is’ the same as above.,

“To s1mp11fy the representation of the minimum creep behavior (1 e.,
creep strength of 75 percent of average), the.NSMH average minimum creep
rate ¥s first approximated. For example, "at 1200°F (649°C)

ey = 2.8 X 10‘37 7. 57

The minimum creep rate cofresponding to 75 percent of the average creep
strength at 1200°F (649°C) is then

= 2.47 x 10736 o7 57

€y
Mmin

This representation of é”d%d is then substituted into the NSMH creep equation

without further alterations. Thus, the first primary creep term is

unaffected, and the:second primary creep ténn is.affected only 1n that €

is mod1f1ed '

M

The observed minimum creep rate for each heat tested in hold-time
fatigue is represented as

€, " N
Mobs = Ao
As in the case of the representation of the minimum behavior, fhe NSMH

creep.equatiOnxis modified by simply. replacing éM as above.

The specification of the stress range presents some difficulty.
Data of reference 9 indicates that the stress radge is depéndent’oh the -
duration of the hold-time. Some ofAthis data is shown in Figure 9 to
illustrate this variation. An additional variation fromi heat-ttheet is
also apparent in Figure 9. These variations with both hold-time and heat
are not adequately understood to permit their consideration. . It is
assumed that the éy;lie hardening characteristicspfpvided in the NSMH




permits an adequate representation of the stress range for all heats.

and for all hold- time durations. In some cases, where available data
indicates a significant d1fference from the NSMH data, actual stress range
data is also considered. A final simplification is that the stress

range will be assumed constant from cycle to cycie.

. The minimum rupture data and the interaction of creep damage and
fatigue damage are assumed as specified in Code,Case‘1592. The fatigue
lives for'continuous cycling conditions are assumed as reported in
reference 9. At 1200°F (649°C) with a strain ranée of 1/2 percent, the
continuous cycling fatigue life was reported-as 13,624 cycles. At 1100°F

(593°C) w1th a strain range of 1 percent, the life was reported as 3,225
cycles.

Comparison of Predicted and Observed Lives

Heat 55697. This heat was. tested at 1200°F (649°C) with a strain
range of 1/2 percent. Predicted FLR factors are compared to the expéri-
mentally determined FLR factdfs in Figure 10. The FLR factors predicted
" on the Basis of the previously observed creep and ?upture behéviors(S) (see
Figure 5) provides excellent agreement with the observed FLR'factors. Note
that maximum‘stresseé (half of the stress range near han—]ife) of
20,500 psi (14] MPa) and 23,000 psi (159 HPa) were considered. The lower
value represents the NSMH cyc]ié hardening data. The highef value
(9) at short hold-times (1 minute). The FLR
factors predicted on the basis of consistent properties of a minimum

represents observed data

strength heat (i.e., minimum creep and minimum: rupture) are seen-to prov1de
considerable conservatism throughout the range of hold-times for which

data is available. The FLR factors predicted oh the basis. of current
practice (i e. ; average treep and minimum rupture) prov1de cons1derab1y
more conservat1sm, especially at the longer ho]d times.

in Figure 11, the Code-specified factor of 1/0.9 on stresS has
been considered in the predictéd~FLR factors. This factor on stress
results in increasing the predicted FLR factors by a factor of approx1mate1y
1.5 to 2. A




The predicted FLR factors shown in Figure 12 consider the full
conservatism spécified in Code Case 1592. Specifically, the fatigue -
damage is determined using the design fatigue curves of the Code Case
in addition to the use of the factor of 1/0.9 on stress.

Table 1 conipares the observed‘and predicted FLR factors for many
of the data points reportéd in Figures 10 to 12. The'predicted FLR
factors were determined using the observed stress range, as well as the
previously observed creep and rupture behaviors. It should again be
noted that the observed stress range was assumed constant throughoutdeach
test and is representative of that observed near the.ha]f-iife of each
test.

It is of interest to note that the déta from this heat (55697)
was that used by Campbel]“o) in the development of the Code damage
interaction énve]ope (Figure T-1420-2 of Code Case ]?9?). This'partia]]y
explains the success of the present predictions, sinté Campbell's damage

interaction envelope was used in the determination of these FLR factors.

Heat 346845. This heat was tested at 1100°F (593°C) with a
strain range.of 1 percent. The FLR factors shown in Figure 13 are best
estimates; i.e., no conservatism.is exp]icitly introduced. The predic-
tions based on previously observed creep and rupture behaviors(G) (see
Figure 2) and the NSMH hardening characteristics show excellent agreement
- with the experimental data. FLR factors are also bredicted using maximum
stresses of 36,750 psi (253 MPa) and 28,400 psi (196 MPa). The higher
stress is representative of that observed during.the test with a hold-time -
of 1 minute. The Tower stress is representative of thét observed during
the test with a 1 hour hold-time. The FLR factors predicted on the basis
of consistent properties for a minimum strength heat (i.e., minimum creep
and minimum rupture behaviors) again pfoVidés'consgrvatism_throughout the
range of conditions tested. Similarly, the predictions based on current _
practice (i.e., average creep and minimum rupture) provides cons1defab1e

conservatism throughout.

_In Figure 14 the factor of 1/0.9 on stress is introduced in the
prediction of all FLR factors. In Figure 15. both of the Code-intended
factors for conservatism are introduced in the predicted FLR factors.
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Table 2 compares the observed and pred1cted FLR factors for most
of the data points reported in F1gures 13 through 15. " These predictions

are based on the stress range observed near mid- 11fe for each individual
test.

" Heat 972796. This heat was also tested at 1100°F (593°C) with a
strain range of 1 percent. 'The FLR factors of Figure 16, predicted on the
basis of previously observed(7) (see Figure 3) creepkahd rupture behaviors,
are in general non-conservative by a facter of about 1.5. The introduction
of the factor of 1/0.9 on stress results in-a reasonable upper bound to
the data, ds shown in Figure 17. The representatien of 'a heat of'minimum .
strength provides marginal conservatism for al]»exceptvthe test with a ‘ '
3-hour hold-time, as shown in Figure 16. As seen in Figure 17, ‘the use
of the factor of 1/0 9 on stress with the minimum heat representation
provides conservatism throughout the test range. When the full Code-
intended conservatism is introduced, as shown .in Figure 18, the conservatism
is quite considerable. As demonstrated in Table 3, the use of the observed
stress range results in very good corre]at1on w1th the except1on of the
" data with hold- t1mes of 1 and 3 hours.

Heat 8043813. This heat was also tested at 1100°F (593°C)-with a
strain range of 1 percent. As seen in Figure 19, the hold- time fatigue
response of this heat is atypical in that the observed FLR factor does not
exhibit the expected increase with increasing hold-time. When the FLR -
factors are predicted using the observed stress range, conservat1ve '
results are obtained throughout the test range, as shown in Table 4. The
use of the NSMH hardening characteristics and the previously observed

.creep and -rupture behaviors(8).resu1ts in the Qeneral]y non-conservative
predictions of Figure 19. Introduction of the factor of»T/0.9'en'stress
still results in a non-conservative prediction, as seen in Figure 20.

The minimum heat representation and the currently éccepted praetice»both
‘provide conservative results without the introduction of either of the '
Code-intended factors of safety, as illustrated in Figure 19 In Figure 21
the full Code- 1ntended conservat1sm has been con51dered
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Code Safety Factors

Figure 22 illustrates the relative effects of the Code-specified
factors of safety at 1100°F (593°C) at-a strain range of 1 percent. 'In
that figure the predicted FLR- factors are based on cons1stent propert1es
for a minimuri strength heat.

Relaxation

Curve fits of the re]axat1on behavior observed dur1ng the hold-time
fatigue testing of heats 55697(10) and 346843(]]) have been published.
These curve fits represent the. behavxor observed near half-life. -Figures
23 and 24 111ustrate this observed relaxation behavior as der1ved from
the reported curve fits. Included in those figures are first cycle and
near half- 1ife predictions based on the NSMH creep equation and also the
mod1f1cat10n of that equat1on to represent the actual observed minimum
creep rate (i.e., the equation as modified to predict the previously
discussed FLR factors). The initial (time = 0) stress of each of the
curves in both Figures 23 and 24 represents the actual observed maximum
stress (i.e., half of the stress range near ha]f-ije).. N '

The poor comparison between observed and predicted stress histories
indicates that the classical creep strain harden1ng model grossly over-
estimates the harden1ng,and/or the NSMH creep equation (both original and
modified forms) is unable to predict relaxation behavior. Note that in
the case of heat 346845 the 1imits of applicability of the NSMH eqdation
have been exceeded by a considerable margin. However, as a result of
creep hardening, the effeet of primary creep should be nearly exhausted
at half-life, such that the secondary creep rate should be completely
governing. This being the case, the modified NSMH eqdation should be quite
‘adequate, even at the high stresses experienced in heat 346845.

Life predictions have been made for'heats 55697 and 346845 based
on the actual observed stress -history and the actual time-to-rupture data.
These predictions are EOmpared'to the actual data in Table 5. At short
hold-times, these predictiohsAare quite good; but at longer hold-times,
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the predictions become quite non-conservative. A graphical comparison of
the predicted and observed.Tives is shown in Figure 25. The broken lines
represent factors.of + 2. The indication that the. predictedA11fe is

re]at1ve1y 1ndependent of the duration of the hold- txme ref]ects the
observed rapid stress re]axat1on

DISCUSSION

It is thought that any protedure to predict creep-fatigue life
should focus on just that goal. In addition, it is thought that any and
all necessary factors of safety should be explicitly provided within
Code-design rules. '

The corre]at1ons presented in this paper adequate]y demonstrate
that the currently accepted pract1ce of predicting creep-fatigue life
implicitly resu]ts in an additional margxn of safety not spec1f1ed in
the Code des1gn rules Figure 26 presents a d1rect comparison of predicted
and observed hold- t1me fatigue lives for the four heats of. 304 sta1n1ess '
steel under discussion. In this compar1son, the current]y accepted
practice (i. e., average creep behav1or and minimum rupture behav1or) has
been app11ed with no explicit marglns of safety introduced. Note that
. this practice implicitly introduces a factor'of safety that ranges from
-2 to 10. ‘ ‘ '

As observedhin'Figures 1 through 5, the four subject heats of 304
stainless steel represeht rather diverse strengths during standerd
constant-load creep-rupture tests. Sihi]ar]y, rather considerable
differences in resistance to hold-time fatigue failure are seen in
Figures 10, 13, 16, anhd 19. .In Figures'27 and 28, direct. comparisons are
made of predicted and observed hold-time fatigue lives. In both figures
the predictions are based on the observed'creep and rupture behaviorS'
without the assumption of any explicit factors of safety. In Figure 27
the observed stress range was used in the predictions. Figure 28
reflects the use of the NSMH hardening characteristics. In either case,
the predictions are vithin a factor of roughly + 2 of the observed data.
Considering the diverse strengths of the four heats, this is thought to
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represent excellent correlation. (f even more intérest is the apparent

capability to predict the diverse,dependencé of the FLR factor'on'ho]d-

time duration, as demonstrated in Figures 10, 13, and i6. The flat

response of heat 8043813 seen in Figure 19 was not predicted. It would

be of considerable interest to see data for longer hold- times, for this

- heat to determ1ne at what po1nt the FLR factor wou]d begin the character15t1c
increase. '

This demonstrated capability to predict creep-fatigue life on the
basis of observed creep and rupture behaviors appears to Satisfy the goal
of a predictive method much more adequate]y than does the currently
accepted practice. In part1cu1ar th1s approach assures ‘the use of
cbﬁsistent representations of creep and rupture behaviors. This approach
then affords the opportunity to specify well defined, meaningful factors
. of safety that are consistent frdm heat to heat. |

The required Tong time and high cost of developing tfeep and rupture
data for the actual heats of materia]'tb be used in conétructioq would
usually prohibit the use-of this approach- to creep-fatigué.eva1uation.
HoWever, this approach couid become viable if the current efforts to
develop procedures to characterize the long-time elevated temperature
propefties of individual heats of material by short-time test results are
successful. The potential usefulness of this approach'to creep-fatigue
evaluation is thus considered to provide significant justifiéatidh for
the continued development of these so-called characterization tests‘:

A reasonable a]ternat1ve to the requ1rement of us1ng the actual
creep and rupture data appears to be the use of conswstent representations
of creep and rupture behay1ors for a minimum strength heat. The data
“ shown in Figures 6 through 8 at least appears to support the existence of
a consistent correlation between creep and rupture strengths. ‘The
existence of the correlation obviates the necessity to load-up the factor
of safety within the predictive procedure by using inconsistent creep
and rupture properties. The‘préVious]y discussed predictions based on
consistent prbperties for a minimum strength heat are illustrated in
Figure 29 as a direct comparison of predic;eq and observed hold-time
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fatigue 1ives. .With the exception of the-datum point representing the
3-hour hold-time test for heat 972796, this approach provides conservative
predictions that are within a factor of about 5 of the observed data.

This latter approach to‘creep-fatigue‘evaloation is perhaps more
attractive than that based on the use of actual'orOperties simply io that
there is no need to attempt.to characterize individual heats. Tt is
thought that the potential of this approach is sufficient to justify a
more inldepth eVa]uation of the relationship between creep behavior .and
rupture behavior for all materials approved for. use in Code Case 1592.

CONCLUSION

No attempt has been made to make the judgemeot as to what specific
factors of safety'sh001d be embodied in Code design rules for the creep-
fatigue evaluation of Class 1 nuclear components,' Instead, the intent
has simply been to demonstrate that the currently. accepted practice for
pred1ct1ng creep- fat1gue 1ife in 304 stainless steel components introduces
a factor of safety beyond that spec1f1ed in current Code design rules..

It has been shown that this additional factor of safety is the direct
result of the use of 1ncons1stent representations of creep. and rupture'
behav1ors o ‘

In addition,.it has been demonstrated that the use of either actual
creep and rupture data for the particular heats of material.to be used in
construction or a consistent representation for a minimum strength heat
provides an adequate basis for predicting the creep fat1gue 11fe of - 304
stainless steel components

It is thus concluded that the use of consistent propert1es (either
actual properties or those of a minimum heat) provides a base to which
Code-specified factors of safety may more reasonably be app11ed.

It is further concluded that the viability of using actual
properties or ‘those of a minimum heat provides s1gn1f1cant Justification
for the cont1nued deve]opment of procedures for. characterlzat1on testing
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and for an in- depth eva]uat1on of the re1at1onsh1p between the c¢reep and
rupture behaviors for all materials approved for use in Code Case 1592.
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TABLE 1. COMPARISON OF PREDICTED AND OBSERVED FATIGUE .
LIFE REDUCTION FACTORS AND CYCLIC LIVES FOR HEAT 55697 TESTED AT. 1200°F (649 C)

Predictions Based on Obseryed Creep and Rupture Data

Observed Predicted

Hold Strain. - Stress(1) Fatigue Life Cycles  Fatigue Life - Cycles
Time Range - -Amplitude Reduction .~ to . Reduction.. to
(min) f%g psi (MPa) __Factor Failure - Factor Failure
1T 0.49 23,000 (159) 3.52 - 3,869 - 4.76 . 2,861
0.49 23,700 (163) 2.55 5,351 -- -
10 0.49 - 20,090 (139) 8.00 1,703 . 7.78 1,751
0.49 - 21,880 (151) . 7.95 1,713 e -~
30 0.49 . 21,400 (148) . - 11.20 1,216 - S
0.48 - 20,900 (144) 15,81 862  13.29 1,025
60 . 0.49 19,900 (137) 13.69 995  13.99 975

(1)

‘Data from reference 10.

'x¢hﬁﬁ;_5;2i



TABLE 2. COMPARISON OF PREDICTED AND OBSERVED FATIGUE
LIFE REDUCTION FACTORS AND CYCLIC LIVES FOR HEAT 346845 TESTED AT 1100°F (593°C)

Predictions -Based on Observed Creep and Rupture Data

L , Observed ) S Predicted .
Hold .  Strain Ny Stress(]) Fatigue Life Cycles Fatigue Life Cycles
Time - Range Amplitude Reduction to Reduction’ to -
(min) (%) _psi_(MPa) - Factor Failure ~_Factor Failure
1 1.00 - 36,750 (507) .  1.06 3,034 1.81 . 1,785
5 . 1.04 33,100 (456) WY 2,225 -- .
© 103 .. 34,800 (480) 1.45 Co2,222 . 2.95 1,093
10 . 0.9 . 32,900 (454) . 1.77 1,826 3.04 1,061
60 1.00 28,400 (392) . 4.20 767 3.20 1,009

(1)

Data from reference 11.



TABLE 3. CoePARISON OF PREDICTED AND OBSERVed FATIGUE - »
LIFE REDUCTION FACTORS AND' CYCLIC LIVES FOR HEAT 9T2796 TESTED AT 1100°F (593°C)

Predictions Basedon Observed Creep and Rupture Data

Observed . , Predicted

*Fatigue Life Reduction Factor caiculated on
the average of the reported peak stresses.

Hold ~ Strain . Streés(1) | Fatigue Life Cycles ‘Fatigue Life Cycles
Time . "Range ~Amplitude Reduction to Reduction - to
" (min) (%) _psi (MPa) _-Factor . Failure _Factor Failure
1 1.05 34,600 (239) .77 1,824
1.01 36,800 (254) 2.75 . 1,1N
1.01. 35,400 (244) 2.43° - 1,328 |
1.0 - 37,600 (259) 1.99 1,619 2.87 1,123
1.01 36,200 (250) 1.93 1,670
1.01 33,200 (229) 1.43 2,255 2.2 1,461
1.00 34,900 (241) 211 . 1,528 - -
1.00 " 36,200 (250). 2.07 . 1,560
1.00 37,300 (257) 2.02 1,593
1.00 35,000 (242) 1.94 1,664
1.00 35,200 (243) 1.84 1,748
1.00 34,600 (239) 1.54 2,099
0.99 37,300 (258) 2.61. . 1,235 .
*Average . 35,700 (246) 1.97 1,638 2.61 1,235
10 1.01 33,300 (230) 5.83 553
1.0 32,900 (227) 5.07 636 |
1.00 ~ 33,500 (231) 4.57 706 o |
*Average . 33,200 (229) 5.10 ° 632 445 . T2 |
15 100 32,000 (221) - 4.8 - 666 4.77 676
60 0.99 29,700 (205) 9.54 - 338 6.72 480
180 - 1.02 32,400 (224) 18.97 170 10.79 299
600 1.03 28,300 (195) 15.21 212 ' 14.66 220
& 1.00 31,500 (217) 12.80 252 15.97 - 202

the basis of the peak stress representing

.



TABLE 4. --COMPARISON OF PREDICTED AND OBSERVED FATIGUE
LIFE REDUCTION FACTORS AND CYCLIC LIVES FOR HEAT 8043813 TESTED AT 1100°F (593°C) .

Predictions BaSed‘bnAObserved Creep and Rupture Data

‘ _ Observed - Predicted
Hold Strain Stress ~ Fatigue Life Cycles Fatigue Life Cycles
~Time Range Amplitude . Reduction to Reduction to .
(min) (%) - psi (MPa) Factor - Failure Factor " Failure
0.6 1.00 . 39,100 (270) 1.95 .~ 1,650 " 2.02 1,596
6. 1.0 38,200 (263)  1.89 . - 1,708 - 4.42 729

1.00 - 37,500 (259) 2.07 1,555 4.09 788

30 1.00 35,200 (243) 2.05 . 1,574 53 607



N ' | | N
TABLE 5. PREDICTED FATIGUE LIFE;REDUCTION FACTORS
AND CYCLIC- LIVES BASED ON OBSERVED AND PREDICTED RELAXATION

‘ Pred1ct1ons Based on Observed Rupture Data
Heat 55697 Tested at 1200°F (649° C) and Heat 346845 Tested at 1100°F (593°C)

‘ Predicted
. Observed Predicted Re]axation(]) Observed Relaxation
Hold Strain Fatigue Life Cycles Fatigue Life -Cycles 'Fatigue Life Cycles
Time Range- Reduction to Reduction to . Reduction “to |
(min) (%) - Factor _ Failure Factor  Failure __ Factor Failure
HEAT 55697
! 0.49 . 3.52 3,869 4.76- 2,861 3.69 - 3,695
0.49 - . 2.55 5,351
10 0.49 - 8.00 1.703 '7.78 1,751 5.65 2,410
0.49 7.95 -1,713 ' ' ‘
30 0.49 - 11.20 1,216 ‘ :
0.48 15.81 _ 862 13.29 - 1,025 - 5.67 2,401
A0 0.49 13.69 - 995 13.99 975 6.56 2,076
HEAT 346845
] 1.00  1.06 3,304 1.81 1,785 - 1.31. 2,468
5 1.04 1.45 2,225 .
» 1.03 1.45 2,222 2.95 1,093 1.48 2,184
10 0.99 1.77 1,826 - 3.06 . 1,061 - 1.50 2,147
60 .00 4.20 767 3.20 1,009 1.17 2,753

(1)

Predictions based on observed creep data.
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