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t	 i NOMENCLATURE

^I

AeIN	 - inelastic strainrange
i

AePP	 - PP component of inelastic strainrange

AeCP - CP component of inelastic strainrange

FPP	 - AsPP/AeIN
i

"CP	
= AeCp/AeIN

NPP	 = pure PP liie, cycles to failure,

NO	 = pure CP life, cycles to failure

n	 - uuwber of rapid fatigue cycles per creep period
i

NOES - obsurveu number of combined creep-fatigue cycles
to failure

NP RE = predicted number of combined creep-fatigue cycles
to failure

N	 = Nth combined cycle

EF	 = equivalent factors oil 	 (see Appendix)

SE	 - staduard error of estimate

Dp	 = plastic tu.nsile ductility =	 ln(100/(100	 -	 %RAp))

DC	= croup rupture ductility - ln(100/(100	 -	 $RAC))

RA	 = reuuction of area

Num	 = number of tests

TS It	 = total strainrange during fatigue portion of cycle

Tf	- tLie to failure, hours

INTRODUCTION

An important question facing the designer of engineering
structures for long time service at elevated temperatures is the

% analytical procedure	 to be used to predict cyclic lives that are
well in excess of those normally attained in the laboratory. A

1 program intenueu to provide designers with useful information in
predicting cyclic behavior at high temperatures was initiated a few
years ago by the Metal Properties Council (MPC). 	 This effort
involved extensive testing of selected steels at elevated

• temperatures under interspersed creep-fatigue conditions and was
carried out by the Materials Technology Corporation (11TC) of Ann
Arbor, blichigan.	 A complete account of this program 	 has	 been
given by Curran and Wundt (1-4)	 along with.life predictions using
the Time- and Cycle-Fraction (TCF) method as used in ASME Code Case

_ 1592	 (5).	 The tests were designed to be conducted in such a manner
as to be ideal for analysis by the TCF method.

The MPC data represent an extensive body of long time (up to
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7000 hours) creep-fatigue results, and hence provide an opportunity
to evaluate the ability of the Strainrango I`:rtitioning method
(SRP) to predict long hold time behavior.

Cyclic life predictions have previously boon made by Saltsman
and Halford (e) for one of the alloys (annealed 2.25Cr • 1Mo) used in
the MPC pros;ram. Those predictions were based upon short time
(<100 11:s) SRP line relations established from cyclic creop-fatigue
tests conducteu in the authors' laboratory (7).

In the ^arrent study, we have applied the SRP method to all of
the MPC interspersed creep-fatigue results. Details of the life
predictions are discussed in the following sections. The SRP life
prouictions are compared with the predictions reported by Curran
anu IVUndt (1-4) using the 'PCP approach.

Special appreciation is due Mossrs Adoiph 0. Schaefer, Robert
M. Curan and Boris IVundt of the MPC for making available to the
authors the detailed results of the cyclic tests and the
unnpublisned results of the materials characterization study.

METHOD OF STRAINRANGE PARTITIONING (SRP)

The SRP method has been proposed for predicting cyclic life in
the high-temperature, creep-fatigue regime. This method was first
presented in 1971 by Manson, Halford, and Hirschberg (7) and has
been undergoing continued development since that time (8-11). One
of the recent developments that is pertinent to the analysis of the
MPC data are the Ductility Normalized-Strai:,range Partitioning
(UN-SRP) life relations and procedures (12).

In the absence of experimentally determined life relations,
tnese equations enable the estimation of the four generic inelastic
strainrange SRP life relationships (PP, PC, CC, and CP) from a
knoalodgo of an alloy's tensile pla^tic ductility (Dp) and creep
rupture ductility (DG). These equations thu:, provide a method for
estimating the reduction in cyclic life due t, the harmful effects
of long exposures at elevated temperatures as indicated by
reduction in creep rupture ductility.

It was necessary to determine only the PP and CP life
relations for analysis of the MPC results since the interspersion
creep-fatigue tests contained only PP and CP type strainranges.
The PP life relation for each material did not have to be estimated
from the Dd-SRP relation but rather could be determined from the
continuous strain cycling (PP) tests conducted during the MPC test
program. The CP life relation for each alloy was determined using
the appropiate DN-SRP life relations and time dependent creep
rupture data provided by the MPC. No tests were performed
to permit the experimental determination of this life relation.

Although the MPC data were originallygenerated with the
inntenL of evaluating only the TCP approach to creep-fatigue

•	 interaction, the results were well documented and in a format
compatible with the application of the SRP method.

In making a life prediction using SRP, three basic steps are
followed.

(a) The PP, PC, CC, and CP life relations must be established
either by experiment or by an estimation procedure such as the
DX-SRP equations.

_	
3

^..	 ..	 ._	 -`.^}	 - -	 .j	 :..-:e.'^:R.^-4%	 --^-v,u^r:,t643'Pfti"..n.w..._., w,..	 ...	 ,en• r ...	 _..
^x



(in) Tine magnitude of the inelastic strainrange must be known,
either by direct measurement, or by calculation using
constitutive equaCions. The inelastic strainrange is then
partitioneu into its various components (PP, PC, CC, CP).

(c) Finally, a life prediction is obtained using all
damage rule, such as the interaction damage rule, to assess
the damage contribution of pack partitioned strainrange
component. The predicted life is calculated by solving the
damage rule equation,

Each 7f these stops will be applied to the MPC creep-fatigue
interspurs,ion test results in the ensuing sections with the
recognition that the steps are somewhat simplified since only two
components (PP and CP) of the inelastic strainrange are involved.

MPC CREEP-FATIGUE INTERSPERSION TESTS

The alloys, heat treat conditions, and test temperatures
involved is tine the MPC interspersion program are summarized below.

a).1Cr-lMo-0.25V, Normalized and Tempered,	 540C(1000P)
b) ICr-IMo-0.25V, Normalized and Tempered, 	 485C( 900F)
c) 2.25Cr-1Mo,	 Annealed,	 540CC1000F)
U) 2.25Cr-1Mo,	 Normalized and Tempered, 	 540C(1000F)
e) 2.25Cr-IMO,	 Quenched and Tempered,	 485C( 900F)
f) Type 304 Stainless, Solution Annealed, 	 6SOC(1200F)
g) Type 304 Stainless, Solution Annealed, 	 565C(1O50F)

In the MPC creep-fatiguo interspersion tests, one combined
cycle, Fig. 1, consists of a creep period of either 23 or 47 hours
at a constant tensile stress followed by a rapid reversal of strain
back to the point of zero inelastic strain, followed by a
preselected number of interspersed rapid fatigue cycles at a fixed
total strainrange about a zero mean strain. At the beginning and
one of each combined cycle, tine net strain is nominally zero.
Thus, strain ratcheting is not present in these tests.

It should be noted that the number of interspersed fatigue
cycles reported in (1-4) is one-half cycle greater than the values
reported herein. This extra half cycle is accounted for in the
Present analysis as boiltg the half cycle of plastic strain that
reverses the tensile creep strain obtained during the hold period.
It is emphasized Lilac all of the strains are accounted for in the
SRP analysis presented.

ANALYSIS OF MPC TESTS

r	
SRP Life Relations

Only two of the four generic SRP life relations are needed to
predict the lives of the MPC creep-fatigue interspersion tests
since only PP and CP strainranges were present. A noteworthy
feature of SRP in this case is that the life relations could be
determined from existing data.

4
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PP Life Relation

The PP life relation for each alloy was determined .from data
from the MTC fatigue tests and the interspersion tests. Additional
strain-controlled fatigue tests (3) were performed by MTC (3)
during the interspersion testing using specimens identical to those
used 

ill
	 interspersion tests. powever, the inelastic

strainrange values were never reported for these fatigue tests.
Therefore, the relationship between total strainrange and inelastic
strnittrange had to be established using total strainrange values
and the correspondinginelastic strainrange values reported for the
rapid cycling portion of the interspersion tests. The validity of
this approach was verified by comparing these results with the
cyclic data reported in (13) and the unpublished MPC cyclic data.

Tine PP life relations were obtained directly fron these data
and are shown in Pigs.2(a-e). Since only two or three data points
are available for each dataset, a least squares curve fit is not
justifiable and in fact could be misleading. Previous experience
was used as a guide for fixing a straight line of constant slope
through the limited data. For the 1Cr-iMo-0.25V steel and the
2.25Cr-1D10 steel, a slope of -0.8 was used and is consistent with
values reported by Jaske and M indlin (13), Brinkman et al (14), and
Ellis et al (15) for annealed 2.25Cr-lbto, and by Levin (16) for
1Cr-1Mo-0.25V. This steep slope is appropiate in only the large
strain regime which is considered in this paper. For Type 304
stainiess steel, a constant slope of -0.6 was used based upon the
findings of Saltsman and llalford (17) for Type 304 and 316
stainless steels.

Altnough the PP data are sparse, they were obtained near the
strainrauge levels of direct interest to the current analysis. The
PP line is based oil 	 time data only. No tensile ductility
data after high temperature long-time exposure are available to
estimate the effects of exposure on this life relation (12).

CP Life Relation

Two DN-SIZP equations have been proposed for use in estimating
the CP life relation, one for conditions that produce transgranular
cracking and the other for condition that produce intergrantular
cracking during creep (10).

NO
	
1.67	

(Transgranular)

NCP DC (lOAeIN) -1.67	(Intergranular)

Examination ofthe fractures of creep rupture specimens for
each alloy revealed that only the Type 304 stainless steel suffered
intergranular cracking; the other alloys failed by transgranular
cracking. Plots of the creep rupture ductility as a function of
rupturetime are presented in Pigs. 3(a-e). A line is drawn
through the limited data that fall within the extremes of time to
failure observed in the hIPC creep-fatigue tests. These data were
obtained from (13) and from unpublished data supplied to the
authors by the NIPC (Table Al, Appendix).

As first suggested by Manson (9), the creep rupture ductility
used in the DN -SRP equations is the ductility measured in a

5
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conventional creep rupture test for the same time to failure as is
experienced in the cyclic test being analyzed. For example, if the
lifetime of a cyclic test is known, say 1000 hours, the 1000 hour
croup rupture ductility would be used in the DN-SRP equation for
calculating the cyclic life. In the more typical case, the time to
failure is not known when cyclic life is being predicted. Here an
iterative procedure is used until the calculated time to failure
agrees with the estimated time to failure (and the associated creep
rupture ductility),

Partitioning of Strainranges

Part itiouing the inelastic strains of the hysteresis loop
associated with the creep period is a matter of simply examining
tine detailed test results. The inelastic strainrange is the width
of the hysteresis loop ABCA (Pig. 1) at zero stress, and the CP
strainrange component is taken as the amount of creep strain
accumulated under the constant stress. The PP component is the
difference between the inelastic strainrange and the CP conpone:.t.

The hysteresis loop ,CDEC, traversed during the interspersed
fatigue cycling is also shown in Pig. 1. It is assumed that the
straining rate is high enough to exclude creep effects and thus the
entire inelastic strainrange for this hystersis loop is .'P.

One combined creep-fatigue interspersion test cycle has three
contributions to damage - the PP and CP strainrange components of
vie inelastic strainrange produced immediately prior to and during
the creep portion, and the PP strainrange produced as a result of
the interspersed fatigue cycling portion. A calculation of the
expected cyclic life can be made from a knowledge of Cie magnitudes
of these three strainranges and a knowledge of the material's PP
and CP life relations at the temperature of interest.

Life Predictions

The analytic details of how damage is summed using the
interaction damage rule of SRP is presented in the Appendix. The
number of observed cycles to failure is defined as the number of
compietou combined cycles to failure,

The SRP life predictions were made using two slightly different
analytical procedures.

SRP 1 - Damage during the creep period was summed on each and
every cycle using the instantaneous PP or CP strainrange
values as dictated by the cyclic hardening or softening
characteristics of the material. Examples of cyclic
variations in the inelastic strainrange during the creep
periods Ore shown in Figs. 4(a-g) for each of the seven
datascty. Typically, the inelastic strainrange increased
duri,ig^the latter yortion of the tests, reflecting the
steadily increasing creep rates as the tests progressed. In

l	 n	 some cases, the creep rates increased by over an order of
magnitude front the first to the last cycle. It was because of
these large variations that a cycle-by-cycle analysis was
made.

SRP 2 - Damage during the creep period was assumed constant

6
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over the entire test and determined by the arithmetic average
values for the PP and CP strainrange components over the life
of the test.

Summing damage oil 	 cycle-by-cycle basis is inherently the
most precise procedure for determining the total damage during the
creep periods. It is also the most laborious and would not be
feasible in some situations. Then, average or typical strainrange
values would have to be determined. To assess the magnitude of the
effects of such 

all
	 life predictions were made by

using arithmetic average PP and CP strainrange values during the
creep periods. file fatigue damage incurred during the rapid
cycling portion of the combined cycle was estimated the same way
for both types of SRP life predictions. The rapid cycling was done
under strain control and the inelastic strainrange generally
reached a stable value early and remained stable during most of the
test. Titus, the fatigue damage incurred during this portion of the
combined cycle was estimated using strainrange values established
at half-life.

The life preuictiotts made by SRP are compared with the life
predictions reported by Curran and Nundt (4) using the TO method.
A summary of the test results and the TO predictions are given in
Tables 1(a-g) and plotted in Pigs. 5(a-g).

The results of the SRP life predictions obtained by summing
damage every cycle are given in Tables 2(a 7 g) and plotted in Figs.
6(a-g), and the predictions obtained by using average strainrange
values are listed in Tables 3(a-g) and plotted in Figs. 7(a-g).
The central 45 degree lines in Figs. 5-7 represent exact agreement
between observed anu predicted lives. These central lines are
bracKeted by two parallel lines which indicate a factor or , two on
life above and below the exact agreement lines.

Assessment of Life Predictions

The following criteria are used to evaluate the accuracy of
the above life predictions.

v

(1) percentage of test lives predicted within factors of
2, 3, and 4 of the observed lives

(2) percentage of points under or over predicted

(3) standard error of estimate (SE) or equivalent factors
oil life (EF) (see Appendix)

Results of the SRP and TCF life predictions for the alloys,
Vheat treat conuitions, and test temperatures involved in the MPC

program are given in Table 4.	 Table 4(a) gives an evaluation of
the SRP life predictions obtained by summing damage every cycle
(SRP-1). A review of this table shows that 86 percent of the tests
are predicted within factors of 2, 95 percent within factors of 3,
mid 99 percent within factors of 4. There is a slight tendency to
overpredict with 61 percent of the test lives being over
predicted. The SE for these predictions is 0.215. The equivalent
factors oil life for this value of SE is 1.64.

7
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The evaluation of the SRP life predictions using average
strainrange values (SRP-2) is given in Table 4(b). Using this
procedure 77 perce n t of the tests are predicted within factors of
2, 92 percent within factors of 3, and 97 percent within factors of
4. Eighty-two percent of the test are overpredicted, and the SE
is 0.153. The equivalent factors on life is 1,83.

For comparison purposes, the evaluation of the TCF predictions
Is given in Table 4(c). Here only 66 percent of the tests are
predicted withiazfactors of two, 91 percent within factors of 3,
and 98 percent within factors of 4. Eighty-one percent of the tests
are over predicted and the SE is 0.281. The equivalent factors on
life is 1.91.

The life predictions for type 304 stainless steel at 1050E are
overpredicted using both the SRP and rCF methods as shown in Figs.
5(g),6(g), and 7(g). The reasons for this are not clear at this
time.

A summary of the results obtained by each life prediction
method is given in Table 5, The SRP predictions obtained by
summing damage every cycle (SRP-1) are significantly better than
the predictions obtained using the TCF method. The SRP life pre-
dictions based on average strainrange values (SRP-21 are of equal
or greater accuracy than those given by the TCF method.

DISCUSSION

Comparison of SRP with TCF Life Prediction Methods

The tfPC tests were designed and conducted in a manner ideal
for analysis by the TCF method. Despite this analysis advantage,
the method did not necessarily give the best results as evaluated by
the three criteria used in the previous section. Rest results were
obtained using the method of SRP and summing damage on a
cycle-by-cycle basis (see footnote). The TCF method is easy to
apply in this idealized test situation. However, whon applied to
more realistic creep-fatigue problems, it is generally recognized
that this methou has some serious limitations. Manson (18) has
discussed in detail the virtues and limitations of the TCF method.
Two 1.imitatioTS that apply directly to this analysis will be
discussed briefly below.

The damage fraction due to the cyclic creep is based on the
time to rupture obtained from a conventional static creep rupture
test. This type of test, however, does not necessarily reflect the
actual time to failure experienced under cycling loading. To
overcome this shortcoming, Manson et al(20) proposed basing the
creep damage fraction on a creep rupture curve obtained from cyclic

A very receutpaper by 8atte et al (19) has been brought to the
attention of tine authors. Their work parallels the current study
in several re_^aects, in that they have applied life prediction
methods (including SRP and TCF )' to an analysis of long time (up to
two years duration) creep-fatigu° tests of a O.SCr-Mo-V steam
turbine casing material. However, their conclusions are clouded by
the fact that rather unorthodox mokA fications were made to the
procedures for appling the TCF method. A more direct assesment of
the method's capabilities using ASME :ode Case 1592 procedures
remains to be accomplished.
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tosts, This curve generally lies to the right of (i.e. longer
lives for the same stress) the conventional static creep rupture
curve (21).

Also, the time to rupture is highly sensitive to stress
level. In situations where the stress is not known accurately or
changes rapidly with time, it is dlfficult to determine the creep
damage accurately. A common exn.ple of the latter case is a
high-tomporature tensile strain hold fatigue cycle which produces
repeated stress relaxation. Jaske of al (7') conducted costs of
this type using L coloy 800 and T ype 304 stainless steel. These
tests involved tensile hold times from 10 to 300 minutes. The
lines of these tests were then predicted using the TCF method. The
^reop damage fraction incurred during thr hold period was
determined using stresses measured during the relaxation period.
The lives of those tests were ovorpredicted by a factor of about 3
at the one extreme and underpredictod by a factor of about 20 at
the other. Manson (9), however, using SRI), was able to predict the
lives of these same tests to within factors of taro.

Ductility Normalized Equations

The creep rupture ductility values used in the SRP life
predictions are based oil 	 equal time to failure for both the
cyclic and creep rupture tests. The validity of this approach is
illustrated with the aid of Figs. 8(a-g). Here the ratio of
observed to predicted life is plotted against time to failure. For
the situation where the creep rupture ductility is little affected
by exposure time, one would not expect the actual lives or tine
prodictions to be affected by the duration of the test. This
indeed is the case for 1Cr-1Pfo-0.25V and annealed 2.25Cr-190 as
seen in Figs. 8(a-c).

The creep rupture ductility of the remaining alloys,
2.25Cr -1Mo in the normalized and tempered and the quenched and
tempered cwruitions and Type 304 stainless steel, are affected by
exposure time as shown in Figs. 3(c-e). For the 2.25Cr -1Mo in both

r	 conditions tine ratio of maximum/minimum ductilities for the times
involved is about 1.6. For Type 304stainless, this ratio is about
3.0. It is very important that such large changes in an alloy's
strain absorption capability be accounted for in making life
predictions.

The effects of basing the life predictions on short-time creep
rupture ductility values is illustrated by the following example.
For 2.25Cr -1Mo in the normalized and tempered condition, tine

+	 ductility is constant at 1.60 up to about 600 hours and then
decreases. Tile total time under creep loading for test specimen
number 6134E was 2824 hours*, and the corresponding creep rupture
ductility is 0.97. Using this latter ductility value and summing
damage every cycle, the damage fraction due to creep is 0.968, and
the ratio of observed to predicted life is 0.99 (see Table 3(d)).
If the life prediction had been based on tine short time ductility

s	 of 1.60., the damage fraction clue to creep would have been 0.587,
and the ratio of observed to predicted life would have been 0.61.
Obviously, the accuracy of the life prediction would suffer by
using only the short time ductility value. This example, thus,
illustrates the importance of using long time ductility values when
predicting long time cyclic lives.

*failed 4 hours into the 61st cycle of 47 hours per cycle.
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SUMARY OF RESULTS

The SRP life prediction method has been used to predict the
cyclic lives of the MPC creep-fatigue interspersion tests of sev-
eral steel alloys. Since only the PP and CP components of inelas-
tic strainrange are present in these tests, it was necessary to
establish only the PP and CP life relations. The PP life relations
were obtained directly from continuous cycling fatigue data gene-
rated as part of the MPC testing program whereas the CP life rela-
tions were estimated using creep rupture ductility data and the DN-
SRP life relations.

A summary of the results obtained by each life prediction
method is given in Table S. The method of SRP gives consistently
more accurate life predicitons than are given by the TCF approach.
More specifically., in the case of the detailed SRP-1 analysis, the
predictions are significantly more accurate than those obtained by
the TCF method. When the less detailed SRP-2 analysis was made,
the life predictions were still more accurate, although not sig-
nificantly, than those obtained by the TCF method,

APPENDIX

Interaction Damage Rule

The interaction damage rule can be written in the following
form to account for the damage incurred during both the creep por-
tion and the interspersed rapid cycling portion of the combined
cycle.

"`	 10
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	P IN + F IN	 n/N
L CP CP	 PP PPS+ l..	 PP	 —_ _^	

1	 (Al)	 A

Y	
NPRB	 5

	Creep portion	 Intorspersad atlgcc portion

i

Each term on the left hand side is the damage por combined cycle
for each type of strainrange component.

When half-life or average strainrange values are used, life
can be prouictea using equation (A1) since it is presumed that all
cycles are thesame. But, when a cyclic variation in strainrange 	 a
is to be taker: into account, the damage must be summed on a
cycle-by-cycle basis until the summation of damage is equal to 	 r
unity as indicated below,

i
NPRR p	 NPRB F	 NPRB

+	 +	 ( = 1.0	 (A2)

	

CP	 PP	 nLr^	 Grr
i=1 NCP^i i=1 NPP	 ì =1 NPP	 4

The predicted life, NPRE, is equal to the number of required
summations,	

r

The actual variations In strainrange of the MPC tests were
knownprior to making the life predictions. Hence these variations
could be accounted for. The inelastic strainrange during rapid
cycling generally stablized early and remained stable over most of
the test. Thus the fatigue damage incurred during rapid cycling
was estimated using the half-life value; of inelastic strainrange.
Based on the above, equation (A2) can be rewritten as follows.

NOBS P	 NOBS p

	

CP	 PP	 _	
(A3)

(N +	 (N ) + 
n(NOBS
N L 

NOBS
NPRB

i=i	 CP i 	 PP i	 Pp

This equation was used for making SRP life predictions wherein
damage was summed OIL an actual cycle-by-cycle basis.

Sample Calculation

The procedures followed in predicting the cyclic lives of the
MPC tests will be illustrated with a sample calculation using
average: strainrange values for one of the tests and equation (A1).

The method of summing damage on a cycle-by-cycle basis-will
not be illustrated because the computations are too len;thy.
However, the basic procedures are the same.

The test selected for analysis is ME, Type 304 stainless
steel at 650C (see Table i(f)).

creep portion

Aepp = 0.00034	 Fpp = Aepp/Oc
IN = 0.064

AeCp = 0.00498	 F = de /Ae
CP	 CP	 IN = 0.936

AeIN = 0.00532

1.1
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_	 .	 ..	 .a ^1,	 ,

NOES = 31 cycles

time to failure - 1490 hours

DC - 0.26 - (see Pig. 3(e)) , intergranular cracking

Since this alloy experiences intergranular cracking during
creep loading, the CP life relation for this mode of cracking must
be useu. Note that the pure CP life is determined as if the entire
inelastiC strainrange is of the CP type.

Thus NCP = (0.26)[10(0.00532)) 0 ' 67 = 35 cycles

Tae pure PP life is uetermineu using the equation given i:l
Pig. 2(0). Note again that the pure PP life is determined as if
the entire inelastic strainrange is of the PP type.

Thus Npp = [(0.00532/0.40))-1'25 = 221 cycles

Interspu rsed fatigu e portion

6E PP = 0.0035

n - 1 fatigue cycle per combined cycle

The fatigue life for this portion of the combined cycle is determined
using the equation in Pig. 2(e).

Thus Npp = 'n . 0035/0.40)-1'25 = 2734 cycles

hsv ai the terms in Eq. (A1) are now known, and we can
estilj^ce the cyclic life of the test.

0.936 + 0.064 +	 1	 =	 1
35	 22— T -2-7-3T-NPRE

Thus NPRC = 36 combined cycles. This life is to be compared with
tue observed life of 31 cycles. Note that the CP component of the
damage is much greater than the two PP components in this example.

Standard Error of Estimate

The standard error of estimate (SE) (23) can be used as a
criterion for evaluating the accuracy of the life predictions and
is given by the following general equation.

SE =	 E(observed - predicted) 2 /Num	 (A4)

LogarithmLc values of life are used. Thus Eq. (A4) becomes

12
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SL'	 JE(log(NOES) - log(NPRE)) Z/Num	 CAS)

lly using logarithmic values of the observed and predicted lives,
tlus the SE 3s determined from the ratio of observed and predicted
1iveS,

SE	 E (log (NORS/NPRE) ) 2/ Num	 (A6)

In order to give the reader a better comprehension of the
magnitude of the scatter in the life predictions as measured by the
SE, we propose relating it to a term we shall call "equivivalent
factors on life" (EF). The EF is defined as the antilogarithm of
the SE.	 Thus, if the SE for a series of tests is 0.301, the EP is
2.0.

Table Al, Unpublished MPC creep rupture data

Spec Temp Stress* Tf 3
-	 Material No C KS1 HRS RA De

2.25C ,.-Vlo, Normalixad 602 540 40.00 60 78.9 1.56
and Tampered 601 540 35.00 205 81.3 1.68

603 540 30.00 1428 70.3 1.21
- 605 540 27.00 4479 57.6 0.86

2.25Cr-1lla, quenched 708 485 65.00 638 73.3 1.23
and Tempered 711 48S 60.00 1604 67.3 1.12

712 485 55.OU 4681 56.7 0.84

Typo 304 Stainless Steel, 816 650 27.35 166 Ms 0.41
Solution Numal 313 650 25.00 645 28.0 0.33

814 650 22.50 2635 18.2 0.20
811 650 20.00 5656 13.2 0.14

565 35.80 2735 17.7 0.20

"- 565 30.01) 23733 3.6 049

* 1Ksi ^ 6.89 MPa
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Table 1 MPC Creep-fatigue interspersion test results
and Time- and C ycle-Fraction method life predictions

r1.

1

(a)	 1Cr-1Mo-0.25V, Normalized and Tempered, 	 tested at 540C
IN +

TOR Creep Atfrss Hold time	 Tf Cycle TIm4 1111111 NPRE N00s 'e
Test No.	 n E Sal he	 hr fraction fraction NPRE cycles cycles

0.55 39.02 23	 61R 0.009 0.687 29 '1
Is tl 1.50 39.00 23	 $23 0e063 0,523 11.59 58

22
1172
M

S 0.55 39.00 23	 734 0.037 01734 0.17 40
31

e 5
1.50 39.00 23	 343 0.148 0.745 14

11431 5
1.50 39.02 23	 SOS 0.222 0,506 0,13 21

21
115 n
14 52

12 0.55 39.00 23	 371 0.106 0,571 0,61 35 14
22 1.50 39.00 23	 349 0.606 0,340 6.97 15 11

111511 22 1.50 39.00 23	 275 0.476 0.275 0.75 ]5 11
114C 1 1.10 36.50 47	 1175 0.038 0.392 0.47 SS 24 ''r
104A 1 1.50 36.50 47	 Ma 0.004 0.470 0.56 54 79 -1121 2 1.50 36.50 23	 915 0.202 0,378 0.57 79

42
22 1.50 26.50 21	 471 0.865 0,157 1.02 20 20 1

1141 0.55 32.50 47	 3992 0.025 0,399 0.42 198
heless

1.50 32.00 47	 4111 0.251 0,412 0.66 131
87''

1021 1 1.50 32.00 23	 7019 0,625 0.302 0.93 140
130

0.55 32.00 23	 3621 0.169 0.362 0.53 206
157

11751 22 1.50 32.00 27	 575 1.082 0.057 25 _=
IC58 22 0.55 12.00 27	 3000 0.573 O,7D0 0.97 149

130 A
1011 1 LSO 27.50 25	 4814 0.603 0.160 0,78 274

205 ;
104A 1

1.50 17.50 87	 7083 O.Y ]1 0.274 0.67 274
150

ID 31 5 1.50 27.50 23	 1574 719 0.051 0.77 11
65

105A 27 1.50 17.50 ]3	 574

1
1.081 0.017 1.10 23

25
1100 5 0.00 ]9.00 2J	 620 0.000 0,620 16
ia00
floe

0 0.00 72,00 17	 3710 0.000 0.778 0.78 477
160

.70a
0 0.00 39.00 23	 671 0.000 0.671 0.67 109

140
0 0.00 43.60 14	 195 O.a0d 0.575 0.98 54 33 Si

v
0

(b)	 1Cr- iMo-0.25V, Normalized and Tempered,	 tested at 4850 A
f

^ TSN Creep stress6 Hold time	 Tf Cycle Time JIM 'IPRE 11.05
Test No.	 n k Nsl hr	 hr fraction fraction NPRE cycles Cycles -

Me 1 r.55 49.50 47	 1306 0.005 0.435 0,44 61 27
304A 1 1.50 49.53 47	 1444 0.090 0.481 0.57 53 30 ty
332A 2 1.50 89.50 23	 918 0.210 0,320 0.54 73 42
3831 5 1.50 49.50 23	 1149 0.539 0.183 0.92 53 49 "1
3B52 22 0.55 49,50 23	 1119 0.1	 9

0.2610.4123042 1 1.50 45.00 47	 4120 0.67 129 b7 'Ps
3C40 1 0.55 45.00 47	 4531 0.017 0.453 0.47 204 :6 if
3C21 2 1.50 45.00 23	 3353 0.725 0,335 1.06 137 1N5
3028 2 0.55 45.00 23	 3434 0.044 0.743 0,39 345 149 _k
3c3a 5 0,55 45.00 23	 3716 0.105 0.312 0.48 338 161
3C3A 5 1.50 45.00 23	 1992 0.946 0.198 1.15 1S 66
3C51 22 0.55 45.03 23	 3066 0.356 0.307 0.66 201 133-

(c) 2.25Cr-1Mo, annealed, tested at 540C
;d

l

T51t Creep stress Hold time	 Tf Cycle Time 1lli66- NPRE 11005
Test No,	 n i 1_1 hr	 hr fraction fraction NPRE cycles cycles 1

2A41
2AIA

1 0.55 22.50 47	 7179 0.027 3.179 3.21 21 67

We
1
1

1,50
2.30

22,50
22.50

23	 3243
47	 2776

0.227
0.254

3.243
2,776

3.47
3.02

41
19

141
59

;;;HHH

Me 2 2.30 22.50 23	 1691 0.524 1.591 2.21 33 73
2131 5 0.55 22.50 23	 2379 0.155 2,379 2,53 .41 103
2A3A 5 1.50 22.50 23	 1740 0.444 1,740 2.11 34 75

243AA 5 1.50 22.50 23	 2186 0.566 2,186 2.75 75 96 -
MaD It 2,30 22.50 23	 014 1.289 0.914 2.20 11 39
2152 22 0,55 22.50 23	 1971 0.523 1.971 2.49 34 85
215A 22 1.50 22.50 23	 690 0.701 0,690 1.37 11 29
LSAA 22 1.50 22.50 23	 667 0.702 0.667 1.37 21 29
201A 1 1.50 19.40 23	 4664 0.326 1.555 1.18 107 202
2871 5 1.50 19.50 23	 2135 0.544 0.712 1.26 73 92

it

2AOD 0 0.00 22,50 23	 2281 0.000 2,227 2,21 43 99
2000 0 0.00 19.50 23	 5549 0.000 1,648 1„85 130 241
2ADN 0 0.00 22.50 23	 2293 0.000 2,293 2.29 62 1432Pp a 0 0.00 16.00 24	 750 0.000 2,500 2.50 16 39

".y

It (continued) '•
1Ksi 6.89 MPa
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(d) 2.25Cr-1Mo, Normalized and Tem pered, tested at 540C

TSH Creep strest Hold tlmo Tr Cycle Time 110â= NPRE ROSS
Test No, n It Ksl . hr IN fraction fraction NPRE cycles cycles

6111 1 1.50 31.00 23 1161 0.112 1.161 1.27 39 50
6148 1 0.55 31.00 47 655 01007 0.655 0.66 19 13
6146 1 7J0 71.00 47 3151 0.120 1.158 1,29 19 24
6A211 2 2.30 11.00 23 1004 01311 11004 1.38 31 43
6178 5 0.55 31.00 23 755 0.059 0.755 0181 39 32
MA 5 1.50 31.00 23 966 0.351 0.966 1.31 32 42
6668 11 2.30 71.00 27 440 O.Y 76 0,466 1.24 15 19
6AS8 22 0.55 31.00 27 257 0.075 0,257 0,33 SO 10

6AS81 22 0,55 11.00 23 260 0.077 0.260 0.34 30 11
6151 22 1.50 31.00 23 326 0.468 O.S27 0,11 11 14

MAA 22 1.50 31.00 23 346 0.501 0.346 0.85 18 13'
seat 1 0.55 27.50 47 2124 0.030 0.941 0.97 62 60
6811 1 1.50 27.50 2] 2530 0.244 0,843 1.00 1D1 Ito
603A 5 1.50 27.53 23 1419 01499 0.473 0.96 63 6/
6858 22 0.55 27.50 23 Y33 0,233 0.244 0.48 65 31
635A 22 1.50 27.50 23 397 01569 0,132 0.70 24 17

ba5AA 22 1.50 27.50 23 346 0.502 0.115 0.62 24 15

(e) 2.25Cr-1Mo, quenched and Tempered,	 tested at 485C

TSH Creep strasi Hold time Tt c y cle Time JIM NPOE 110115
Test No, n 1; K61 hr It fraction fraction NPRE cycles cycles

7A4, 1 0.55 62.50 47 1114 0.005 1.314 1.12 21 23
7AII-2 1 1.50 67.50 23 735 0.098 0.735 0.83 37 31

7340 1 2.30 62.50 47 712 01085 0.732 0.80 19 15
71211 2 2.70 62.55 23 686 0.2741 0.687 0196 30 29
7131 5 1.50 62.50 23 629 0.317 0.629 0.94 20 27
7ASa 22 0.55 6240 23 759 0.097 0.740 0.15 38 32
7&50 22 2.30 62.50 :3 222 0.764 0,222 0.98 9 9
7948 1 0.55 57.00 47 2256 0.010 0.752 0.76 63 as
781A 1 1.50 57.00 23 1779 0.244 0,593 0.84 91 77
7839 5 0.55 57.00 23 2091 0.067 0.697 0.76 318 90
763A 5 1,50 57.00 23 1173 0.592 0.391 0.98 52 51
last 12 0.55 57.00 23 1726 0.233 01595 9.83 93 77

(f) Type 304 Stainless Steel, Solution Annealed, tested at 540C

TSII Cree, stres.* Hold time Tt Cycle Time fi= NPRE NODS
- Tait No,	 n 2 461 hr hr fraction	 fraction NPRE cycles cycles

8648 1 0.55 2.00 47 1490 0 1 011 0.497 0.51 61 318114A 1 1,50 2.00 47 1414 0.119 0,471 0.59 52 30_ 8621 2 1.50 2,00 23 967 0.279 0.322 O.6D 70 420031 5 0.55 ;2,00 23 105D 0.062 0,350 0,41 109 458871 5 1.50 '2.00 23 630 0.394 0.210 0.60 45 27Best 22 0.55 f2.00 23 1012 0.250 0,337 0.59 70 448e5A 22 1.50 22.00 23 230 0.597 0.077 0.67 15 108048 1 0.55 17.00 47 4618 0.037 0,461 0.51 197 90BC4A 1 1.50 17.00 41 2542 0.215 0,254 0.47 115 54oc2A 2 1.50 17.00 23 1390 0.398 0,138 0.53 112 s0Bull 5 0.55 17.00 23 2791 0,168 0.278 0.45 252 121HC3A 5 1 " 17.00 23 1499 0.948 0.149 1.10 59 65BC5C 22 .55 17.00 '27 1507 0.370 0.151 0.52 125 65Bcsh 1.50 17.00 23 391 1.013 0.039 1.05 160000 0 0.00 17.00 23 6357 0.000 0.636 0.64 434 276

e

I
(S) Type 304 Stainless Steel, Solution Annealed, tested at 5650

TSH Cree p stress* Ilold	 time Tr Cycle T  me 11095 NPRE NOUSl Test No.	 n 2 Ksi hr hr fraction	 fraction NPRE cycles cycles

- goat 1 0.55 75.03 47 670 0.004 0.226 0.23 61 1491141 1 1.50 35.00 0 1608 0.234 0.536 0.77 44 34904AA 1 1.50 35.00 47 920 0.131 0.307 0.44 43 199031 5 1.50 35.00 23 186 0.202 0,062 0.26 30 a90361 5 1150 35.00 23 245 0.252 0.082 0.33 30 10
'

911311 5 0.55 35.02 23 776 0,039 0.255 0.29 112 33last 22 0.55 35.00 23 359 0.072 0.120 0.19 78 159054 22 1.50 35.00 27 106 0.413 0.035 0.45 9 490481 1 0.55 31.50 47 2529 0.017 0,.253 0.27 196 539a4AA 1 1.50 31.50 47 2063 0.294 0.206 0.50 96 439qt 5 0.55 31.50 23 3742 0.193 0.376 0.57 286 1629C31 5 1.50 31.50 73 736 0.807 D.074 0,89 36 329Cst 22 0.55 11.53 23 1016 0.214 0,102 0.31 139 44

* 1Ksi = 6.89 MPa
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!	 Table 2 SRP analysis of MPC test results summin g damage every cycle

(a) SCr-1Mp-0.25V, Normalized and Tempered,	 tested at 540C

Damare fractions
fati gue creep period NOBS NPRE NOBS

Test No. PP PP CP NPRE cycles cycles

111E 0.009 0.006 0.666 0.70 41 29
WA 0.047 0.007 0.973 1.03 21 22
tA3E 0.048 0.007 0.753 0.81 38 31
1A3A 0.167 0.009 0.623 0.80 18 14

lA3AA 0.229 0.008 1.138 1.38 15 21
USE 0.204 0.003 0.836 1.04 23 24

a	 1ASA 0.680 0.008 0.736 1.42 10 14
1ASAA 0.592 0.005 0.765 1.36 B 11
104C 0.034 0.004 0.465 0.50 48 24
1D4A 0.067 0.006 0.533 '0.61 48 29

1821 0.192 0.015 1.087 1.29 32 42
105A 1.088 0.006 0.224 1.32 15 20

1C4E 0.022 0.014 0.617 0.65 129 84
1C4A 0.213 0.012 0.525 0.75 116 87
1C2A 0.588 0.020 0.767 1.37 95 130
1C3E 0.218 0.015 0.367 0.60 261 157
1C5A 1.199 0.004 0.105 1.31 19 25
1CSE 0.601 0.012 0.132 0.75 174 130

1D'1A 0.472 0.014 0.334 0.82 255 209
1D4A 0.375 0.011 0.267 0.65 230 150
1D3A 0.905 0.004 0.109 1.02 67 66

1D5A 1.214 0.005 0.110 1.33 19 25
1100 0.000 0.007 0.678 0.68 38 26
ic00 0.000 0.019 0.332 0.35 467 164
1AON 0.000 0,055 1.275 1.33 105 140

1VOK 0.000 0.132 2.098 2.23 24 53

(b) 1Cr-1Mo-0.25V, Normalized and Tempered, tested at 485C

_pama a
fati gue

fraetipn q
creep period N00S NPRE NOBS

Test No. PP PP CP NPRE cycles cycles

384E 0.005 0.017 1.067 1.09 25 27
3841 0.055 0.018 1.171 1.24 24 30
3132A 0.170 0.019 0.397 0.59 72. 42
3831 0.580 0.040 1.100 1.72 29 49
385E 0.257 0.029 1.348 1.63 29 46
3C41 0.204 0.034 0.899 1.14 77 67

r	 3C4E 0.019 0.042 1.237 1.30 74 9b
3C2A 0.557 0.065 0.778 1.40 104 145

!.	 3C2E 0.048 0.065 0.951 1.06 140 149
3C3E 0.130 0.078 1.236 1.44 111 161
3C3A 0.893 0.039 0.436 1.37 63 .86
3CS3 0.663 0.045 0.558 1.27 105 133

(continued)
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(c) 2.25Cr-1Mo, annealed, tested at 540C

amaee
fatigue

fria""ns
creep period jJOtiS NPRE NOBS

Test No. PP PP CP NPRE cycles cycles

2A4E 0.017 0.006 1.391 1.41 47 67
2AIA 0.228 0.022 1.071 1.32 107 141
2&413 0.173 0.011 1.217 1.40 42 59
2A2B 0.418 0.003 0.469 0.89 82 73
2A3E 0.199 0.011 0.797 1.01 102 103
2A3A 0.463 0.006 0.583 1.05 71 75
W AA 0.776 0.010 0.682 ':.47 65 96
2A61313 1.229 0.004 0.193 1.43 27 39
2A5E 0.630 0.010 0.612 1.25 68 85
2A5A 1.124 0.006 0.192 1.32 23, 29

2A5AA 1.002 0.005 0.263 1.27 23 29
2B1A 0.327 0.009 0.501 0.84 241 202
283A 0.730 0.005 0.146 0.88 104 92.
2AOO 0.000 0.012 1.200 1.21 82 99
2000 0.000 0.021 0.875 0.90 269 241
2AOII 0.000 0.029 1.281 1.31 109 143.
2POK 0.000 0.028 1.608 1.64 24, 39

(d) 2.25Cr-iMo, Normalized and Tempered, tested at 540C

Test No.

Damage
fatigue

PP

c .	 n
creep

PP

S
period

CP
NOBS
NPRE

NPRE
cycles

NOBS
cycles

6A11 0.099 0.005 0.491 0,59 84 50
6A4E 0.006 0.002 0.814 0.82 16 13
6A413 0.091 0.002 0.606 0,70 34 24
6A2B 0.339 0.006 0.417 0,76 56 43
6A3E 0.053 0.003 0.835 0.69 36 32
6A3A 0.403 0.007 0.379 0.79 53 42
6A6B 0.800 0.002 0.084 0,8% 21 19
6A5E 0.080 0.003 0.981 1,og 10 11
6A5EE 0.091 •0.003 0.920 1.01 11 10
6ASA 0.624 0.002 0.057 0.68 2T 14

6ASAA 0.561 0.003 0.195 0.76 17 13
6134E 0.018 0.005 0.968 0.99 61 60
6B1A 0.213 0.004 0.203 0,42 261 110
MA 0.605 0.003 0.139 0.75 82 61
685E 0.278 0.008 0.944 1,23 25 31
6B5A 0.830 0.003 0.061 0.89 19 17

bB5AA 0.619 0.002 0.085 0.71 21 15

(continued)
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(e) 2.25Cr-1Mo, quenched and Tempered, tested at 485C

Damage fractions
fati gue	 creep period	 NODS	 NPRE	 NODS

Test No.	 PP'	 PP	 CP	 NPRE	 cycles	 cycles

}

i 5

ppf

N

^3

!S=,i

714E 0.001 0.016 0.643 0.66 35
3

23
7A1A-2 0.058 0.015 0.471 0.54 57 31

7A4B 0.068 0.008 0.311 0.39 39 15
7A213 0.229 0.019 0.560 0.31 36 29
7A3A 0.233 0.014 0.669 0.92 30 27
715E 0.090 0.014 0.485 0.59 54 32
7A5D 0.837 0.004 0.067 0.91 10 9
784E 0.012 0.012 0.266 0.29 165 48
781A 0.171 0.019 0.250 0.44 175 77
7133E 0.030 0.027 0.395 0.45 199 90
7831 0.581 0.018 0.305 0.90 56 51
785E 0.164 0.018 0.300 0.48 160 77 }

(f) Type 304	 Stainless Steel, Solution Annealed, tested at 650C

Damage fractions
fatigue creep period NOBS NPRE NOBS

Test No. PP PP CP NPRE cycles cycles

484E 0.012 0.002 0.942 0.96 32 31
884A 0.086 0.002 0.735 0.83 36 30	 a
8B2A 0.264 0.002 0.352 0.62 68 42	 a
883E 0.059 0.004 1.388 1.45 31 45
8133A 0.447 0.002 0.332 0.78 35 27	 °1
8135E 0.310 0.003 1.565 1.88 23 44
BB5A 0.628 0.004 0.126 0.76 13 10	 1a

8C4E 0.034 0.001 0.703 0.74 133 98
BC4A 0.163 0.001 0.368 0.53 102 54
BC2A 0.338 0.002 0.213 0.55 109 60
SC3E 0.236 /0.001 0.482 0.72 168 121	 y

dC3A 0.915 0.001 0.196 1.11 Se 65
8C5E 0.482 0.001 0.180 0.66 98 65
BCSA 1.114 0.000 0.028 1.14 15 17	 ".1
8000 0.000 0.002 0.746 0.75 369 276

(g) Type 304 Stainless Steel, Solution Annealed, tested at 565C
,i

;image fractions

Fatir.ue creep period NOBS NPRE NOBS	 l

Test No. PP PP CP NPRE cycles cycles	 a1
^s

9B4E 0.002 0.100 0.226 0.33 43 14
984A 0.147 0.015 0.499 0.66 5i 34
9B4AA 1.093 0.076 0.288 0.46 42 19
9B3A 0.165 0.069 0.04'c 0.28 29
9B3AA 0.202 0.064 0.04x6 3.31 32 10
933E 0.017 0.067 0.143 0.23 145 33
9135B .0.071 0.057 0.123 0.25 60 15
9135A 0.484 0.063 0.037 0.58 7 4

9C4EE 0.011 0.054 0.552 0.62 86 53
9C4AA 0.186 0.043 0.265 0.49 87 43
9C3E 0.126 0.051 0.496 0.67 241 162
9C3A 0.637 0.045 0.122 0,80 40 32
905E 0.208 0.035 0.169 0.41 107 44

Y
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Table 3 SRP anal ysis of MPC test results
usin g average strains during cree p period

(a) 1Cr-1Mo-0.§5V, Normalized and Tempered, tested at 540C

Test No,

e.rnlnrnnre
frtltu4

AC r,

4.+1 ues
creep Pe1o0
". " ; .d 	•

fells..
PP

I1,11Gna
creep

PP
plrlod

CP
MOOS
NPRE

NPRE
CVO4%

NODS
cycles

tilt 6'22
2.220 0 .04 Fills O,OD9 O,on6 P,470 0.46 67 29

1AIA 1.03
3.100 0.04 0.96 0.007 0.407 P.762 0.64 35 22

IA3t
0.22

2,091 0.04 0.96 0.046 0.006 0.106 0.46 67 31

IA3A 1112
3.315 0.07 0.93 01167 0,009 O,3t3 0.56 25 14

11]11 1,04
7,770 0.01 0,96 0.229' 0.008 0.740 0.96 21 21

1A59 0.76
2.5.7 0.02 0,90 0.200 0,003 4,452 0.66 36 24

LSl LOS
].559 0.05 0,95 0.680 O,OOt 0,576 1.21 12 14

11540 1.14
4,675 0.592

1,15 10 11

0'22
2.067 0.07 0.97 0.004 0.310 0.73 69 24

A 1.09
2.021 0 .04 0.96 0,067 0.006 0.730 0.93 67 26

MA 1.00
2.507 0.06 .3 0.192 0.015 0.773 0.94 15

1.15
1,739 0.01

0
0,903 0.006 0.106

20

C41I 0'10
1.140 0 .07 0.97 0.2220,017 6

A
0,390 .6 198

1.34
1.097 0.0 6 0.94 0.217 0.012 6.701

0
0.61

1
114 677

IC2A
lc2

1.02
1.070 0.01 0.07 0,690 0,019 0.550 1.16 112 170

1078 0,677 0,06 9.97 0.210 0,016 0,770 0.50 311 157 

1051
1'61
111 0.051 0.10 0 .40 1.199 0.061 1.77 200 25

IC51
.

0.16
0. 399	 .14 0.66 0.601

0.012
0.012 0.896 0.71 113 130

11111 0.07
0.	

6

175	 Y 0.97 J.472 0.011 0,221 0.71 290 209

104A 1.16
0,519 0.07

M
0,97 0,]75 0,011 0,206 0.59 254 150

11131 1.77
O.Y 01 0.07 0.95 0.905 0,003 0,056 0.96 71 66

toss 0.719 0.14 0.16 1.211 0, 0oi O.D50 1.27 20 25

1100
1.05 2.765 0.05 11.95 0,000 0.007 0.415 0,42 62 2b

1000 160 1	 0.1 0 .49 0.000 0,016 a.}50 0.27 609 164

IAOR
^^

1,721	 U.09
1

0.91 0.000 0.054 1.750 1.70 107 140

1 POS
e^

4.4 03 0.19 0.11 0.000 0.017 2.030 2.17 24 53

(b) 1Cr-1Mo-0.25V, Normalized and Tempered, tested at 485C

<rrn lnranra .aln .	 S
pert ad

nnman tractions
fiM NPRE Nossfa tilt.. Creep fatigue creep Period

Test No.
AgrP Ac21 PPP PCP PP PP CP 11PRE cycles CYCISS

704E 0.35
2'753 0.09 0.91 0.005 0,017 O.6Y6 0,67 10

703641 0.90
2'673

0.01 0.92 0.055 0.017 0.779 0.05 ]5
3O2A 0,98 1,151

0.13 0.17 0.170 0.017 0.729 0.52 21 42
3831 1,11

2'321
0.33 0,82 0.560 0.031 0.170 1.49 33 49

305E 0,18 2'716
0.10 0.90 0.257 0.028 0.150 1.14 42 10

JCY1 1.10
1'452

0.12 O,tt 0.204 0.172 0.69I 0.93 94 67
3c48 0.15

1,606
0,11 0,19 0.019 0.040 0.901 0.97 99 90

1621 0.94
1.OB9

0.19 0.11 0.557 0.062 0.655 1.20 114 145
]021 0,17

1'153
0.17 0.83 0.040 0.072 0,751 0.17 171 149

301 0.1!
1.233

0.17 0.83 0.170 0.074 0.921 1.13 143 161
JC7A 1.00

1'067
0.19 0.11 0.093 0.037 0.)7h 1.30 66 66

AM 0.17
0.925

0.19 0.11 0.661 0.041 0.777 1.00 127 133

(c)	 2.25Cr=1Mo,	 annealed, tested at 540C

1,4A1mrnnrr
fot ll:u 4

yyln ems_
on rlod

nmm^rr frargi`+^^^
IInRS NPRE NOBSCreep fatigue creep Period

Test No. Acr? ACIN Ppt Pct PP PP CP NPRE cycles cycles

2A4c 6,21 2.954 0.02 0.98 0.017 0.006 1.350 1.36 49 67
2A1A 1.23 1.664 0.07 0.93 0.220 0.022 1.047 1.29 109 141
3141 1,98 2.900 0.04 0.06 0.173 0.012 1.110 1.37 43 59
2A211

1.94 1.]56 0.01 0.01 0.410 0.003 a.Y 02 0182 09 73
2138

0,39 1.641 0.05 0,95 0.199 0.011 0.761 0.97 106 103
2A3A

0.97 1.617 0.03 0.97 0.463 0.005 0.549 1.02 74 75
MIA

1.2A 7.544 0.05 0.93 0,778 0.010 O.6h0 1,03 67 96
2&608 1,94 1.294 0.06 a 9h 1.229 0.004 0.390 1,12 21 39
2151

0,35 1.572 0.05 0.95 0.670 0.010 0,510 1.22 70 OS
2ASA

1,24 1.480 0.10 O.to 1.124 0.006 0.115 1.]1 23 29
21511

1.20 1.627 0.07 0.93 1.002 0.004 0.207 1.]1 21 29
2016

1.23 0.831 0.05 0.95 0,727 0.009 0.112 0,02 217 202
2071

1.21 0.593 0,09 0.91 0.770 0.005 0.120 0.85 tot 92
2A00 2.160 0.04 0.96 0.000 0,032 1,164 1. 1a 84 99
Jena 7.070 0.06 0.9h 0.000 0.021 0.157 0.80 275 241
2&08 _^ 1. b74 0.07 0.93 0.000 0.029 1.278 1.31 109 143
2P01 4.711 0.04 0.92 0.000 0.021 1.605 1.63 24 39

(continued)
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(d) 2.25Cr-ifio, Normalized and Tem pered, tested at 540C
,7

1st
Cr ra (p7anre value. s	 ni .en IreeH nns

fa[l yue	 creep period	 h	 Creep p	 11485	 NOBS	 7
Tat No.	 dclP	 ycIM Per POP	

pr
PP	 PP	

CP
CP	 OPNE cyclest	 cYC I4s

6113 1.37 1.302	 0.05	 O. g S 0.099 0.005 0499 0.50 99 SO
` 6A49 0.31 3.963	 0,02	 0.91 0.006 0.002 O.S36 0.54 74 11

We 1.96 2.198	 0.07	 0.98 0.091 0.002 0.171 0.56 43 76
6A215 1.0) 1.40B	 0.05	 0.95 0.339 0.005 0.560. 0.70 61 43 9
6132 0.29 7.297	 0.0!	 0.91 0.053 0.003 0,610 0167 48 32 !	 ry
6A31 1.14 1.371	 0.07	 0.93 0.403 p, 007 0.330 0.74 37 42 t
6168 1.91 1.010	 0.06	 0.94 0.600 0.002 0.001 B.B3 22 10
6159 0.21 t.s51	 0.02	 e l se 0.000 0.003 0.635 0.72 IS 11

6I'll 0.31 1.906	 0.02	 0.91 0.091 0.007. 0.615 0.76 14 11
615A 1.19 0.976	 p,p3	 p,g) 0.624 0.00! 0.OS3 DAB 21 14

6ASAA 3.16 1. P20	 0 . 06	 0.94 0.561 0,003 0.174 0.72 60
bass 0.70 .	 1.405	 0.03	 0.97 0.010 O.00S 0.714 0.74

t
O1 60 5

601A 3.15 0.305	 0.03	 0.95 0.213 0.006 0.115 0.40 273 310
a

6031 1.17 0.359	 0.06	 0.94 0.605 0.007 0.127 0.71 14 61 !..
gust 0.73 7,719 0.05	 0.95 0.774 0.001 0.670 0.96 32 31
6853

605AA .
1.31
1.12

0.889	 0.31	 0.90
0.954 0.09	 0.92

0.830
0.619

0.003
0.002

0.037
0.054

0.89
0.68

19
22

17
15

1
i

(e) 2.25Cr-1G1o, Quenched and Tempered,	 tested at	 485C
r	 A

.-Sf Yalnramn valnws 3 ^^
i fatigue creep Period

0em..w
fatigue

Ira re In
creep

s
period 1{ 085 NPNE Noes

i
Teat No.

DcPP 6cI8 FPP.	 PC? PP PP CP HPNE eYCle g eYClaa

- 7149 0.05 7.140 0.12	 0.13 0.001 0.017 0.421 0.44 52 27
7317-7 0,86 1.632 0.11	 0.19 0.058 0.014 0.377 0i10 78 317143 1.74 7.041 0.09	 0.91 0.068 0.008 0.273 0,71 19 15 P7130 1.57 7.027 0.12	 0.11 0.229 0.019 0.125 0.67 U 29 c7431 0.10 2.046 0.09	 0.91 0.233 0.011 0.108 0.69 41 277ASS .1.10 1.602 0.10	 0.90 0.040 0.014 0,321 0.47 74 32 j	 c

1
7190 3.61 1.456 0.13	 O,Q 0.837 0.001 0.057 0.90 10 9 l
7949 0.17 0.113 0.14	 0.16 0.012 0.012 0.700 0.72 214 4g
751A 0.91 0.681 0.17	 0.13 0.171 0.019 0.219 0,41 IB9 777239 0.06 O.i65	 0.11	 0.13 0.830 0.027 0.317 0.77 344 90
TOM 1,00 1.010 0,15	 0.75 0.391 0,01! 0.151 0,05 60
7852 0.68 P.713 C.Is	 0.05 0.164 O,	 II, 0.243 8,42 101

yl

77 ^3

M Type 304	 Stainless Steel, Solution Annealed, tested at 650C
r^
""

fati gue
reler.p.e value ss 2

creep period
Bm=ra

fatigue
/race nm

creep period hM NPNE H003 '?
Test No, Acre APIs PPP	 For PP PP CP NPNE c yc109 cycles

.f

f da4z 0.35 0.532 0.06	 0.94 0.012 0.001 0.941 0.85 36. 21
884A 1.21 0.473 0.10	 0.00 0.008 0.007 0.659 0.75 40 30

MA 1.26 0.287 0.11	 0.12 0.764 0,002 0.733 0.60 70 43
y l 8031 0.29 0.505 0.11	 0.89 0.059 0,004 1.288

8031 1.30 0.303 0.15	 0.15 0.447 0.002 0.316 0.)6 35 2T
Bess O.S2 0.613 0.05	 0.95 0.310 0.002 1.417 1.73 35 44Bass

3.19 0.477 0.33	 0.67 0.628 0.002 0.100 0.74 14 10
BG9 0.34 0.191 0.17	 C.1? 0.034 0,001 0.336 0.56 175 9B
SC4A 1.23 0.175 0.07	 0.97 0,16] 00.001 0.289 0,45 179 31
SC21 1.11 0.171	 0.27	 0.73 0.338 0.002 0.194 0.5J 112 00

• 8C32 0.3 6 0.13	 0.87 0.236 0.001 0.58 177 131
aclA 111..0.149	 0.18	 0.12 0.915 0

0.144
0.001 0.194

446
7.13 59 65

- ME. 0.33 0.134 0.13	 0.97 0.462 0.001 0.173 0.66 99 63
'r 3022 a, 170	 0.23	 0.72 1.114 <O.Op1 0.023 1.14 15

310
13

0000
--

0.073 0.15	 a l as 0.000 0.01.1 0.417 O.4tl 276

!g)	 Type 304 Stainless Steel, Solution Annealed,	 tested at 565C

Ii	 •
V

feral me.o values 1, n.mw.n f.. et...
AM NPNE

-
Nossfatigue xeep period fatigue cree period

j- Teat No. Derr Aela PR	 P CP PP PP CP "PRE cycles cycles

9841 0.14 0.835 0.78	 0.22 0.002 0,0)3 0.232 0.27 52 14?
9041 3.03 0.397 0.43	 0,57 0.1117 0,011 0.417 0.65 53 34
984AA 1.11 0.574 0,61	 0,33 0.093 0.021 0.265 0.36 50 19
9631 1.00 0.903.0,93 0.17 0.165 0,033 0.090 0.20 39 a	 '1
983AA 0.99 0.661 0.82	 0.18 0 . 20 2 0.018 0.010 0.30 33 f0
9031 0.31 0.365 0.71	 0.29 0,017 0.018 0.149 0.16 100 33
gait 0.17 0.464 0.79	 0.21 ,0.071 0,014 0.078 0.16 93 15
PaSA 1.19 1.493 0,89	 0,11 0.484 0,029 0.059 0.57 7 0

90488 0.37 0.789 0.58	 0.42 0.011 0,025 0.549 0.59 91 53
9G AA 3.03 0.740 0.54	 0.46 O. fah 0,016 0.308 0.51 84 43
9031 0.34 0.996 7.57	 0,11 0.126 0,017 OL1P5 0.55 296 163

t 9c33 0.9s 0.390 41.60	 0.40 0,637 0.010 0.172 0.83 39 32	 -
9059 0,17 0.205 0.62	 0.74 0.308 0,009 O.ISS O1J5. 136 44

r'

2,2 "IRIGINAL PAGE IS

a
kk

-. +^..	 ..'°mown[^x^.):^^,J
	 _..

li
..^	

,^

'f

` .^%Y	._	 ._ .. ..-.	 _ ,^..-.7 Y:	 ...	 ..,.. hJ ,^^•^k.:..,J'^ :d.^.il^ -.it. 5ro.:^

.-^%:ll
44ll

	
,+'

:.w.n.ee..nhX At$N.7$f•:1.rJt......_.c.  .



_.

n :'

i

TABLE 4. SUMMARY OF LIFE PREDICTIONS

t
(a)	 SRP-1, Damage Summed Over Cycle

Percent& a of Twte
-I

Materiel
Tamp. No. of within factors of Fredictiana
C Tame is 2	 3	 4 !r_nd^r lover SE

,i Kr-IMP-0,25V, Normalised 540 26 91	 100	 --• 50 50 0.180
'r and Tempered

a
ICr-1Ho•O.2SV. Normalited 485 12 loo	 --•	 ••- 92 a 0.147
and Tempered

2.23Cr-1No, Annealed 540 17 100	 .--	 ... 76 24 0.115

2.25Cr-1No, Normalized 540 17 94	 100	 ... is 82 0.142	 -
and Tempered

2;.'d'%1HO, Quenched 485 I2 58	 a2	 100 0 too 0.265
 Tempo rC

Tyke 304 Stainless, 650 l'5 loo	 ...	 ... 27 73 01166
Sol'uti'on Annealed

Type 304 Stainless, 565 13 38	 62	 92 0 100 0.402
Solution Annealed

112 66	 95	 99

(b)	 SRP -2, Avg. Strainrange Values Used

Percentage of Tests
Temp, No. of within Factors of Predictions

Material  Testa 2	 3	 4 lunder lover 50

1Cr4No-O,25V, Normalized 540 26 69	 96	 100 31 69 0.258
and Tempered

1Cr-llio-0.25V, Narmolitad 485 .12 100	 ..	 ... s0 so 0.124
and Tempered -

2.T6C--IHo,	 Annealed 540 17 I00	 ---	 ... 71 29 01112

2.2SCr-1No, Normalized 540 17 94	 100	 ... 0 100 0.160
and Tempered

2.2SCr•1Ho, Quenched 495 12 33	 as	 92 0 100 0.371
end Tempered

Type 304 Stainless, 650 15 e7	 100	 -.. 27 73 0.199
Solution Annealed

Type 304 Stainless, 565 13 /a	 62	 85 0 100 0.162
- Solution Annealed

lig -i7 72	 77

(c)	 TCF Method

' Percentage of Taste
Temp. No, of within Factors of predictions

Material C — Teets 2	 3	 4 lunder lover SE

ICr-1Mn•O.25V, Normalized 540 26 as	 100	 --- 12 as 0.212
and Tempered

0
ICr-IHo-O.25V. Normalized 485 12 59	 100	 --- 17 as 0.267
and Tempered

2.25Cr-IHo, Annealed 540 17 29	 02	 100 100 0 0.364
1

1.23Cr-1M	 Normalized 540 17 e1	 IOO	 -.. 35 65 0.213
jh. and Temper

er
 ed

2.2SCr-IHo, Quenched 485 12 IOa	 -._	 .__ 9 72 0.076
and Tempered -

Type 304 Stainless, 650 15 73	 Ica	 --- 13 07 0,247
? Solution Annealed

+,11
Type 304 Stainless, 565 13 23	 46	 95 0 too 0.466

4 -
Solution Annealed

112 96 95 9B
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Table S: Slusmary of accuracy of life predictions
using Strainrange Partitioning and the Time- and
Cycle-Fraction methods.

Factors of Predicted
2 3 d under	 over

Method / 1 1 1	 1 SE^
SRP-1 66 95 99 39	 61 0.-	 5

SRP-2 77 92 97 27	 73 0.263

TCF to 91 96 26	 71 0.261

r— TOTAL VKAMAWA

/.-----SIN —
SIAESS 	

It
'AM COUP	 '-CNO CM a hr
Ift$$	 of 0 nr

0MAS1[ieHO
iATIGA CYCU-

AA ►ID SIPAMI
sMSSAL

0	 &10
Figurr 1 - Schematic Hysteresis Loops Aasuclatcd with MPC

r:aN-Fatiltue Interspersion Tests Partitioned
Strainranges Indicated on Loops.
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0 46SC
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(a) 1Cr-1j10-0.11Y, Morrlired •nd
Tapered

211D'2r

o
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I110 

2

0 5I
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Figure 2 - PP Life Relations for At PC Alloys.
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it

1%10.1

101	 10	 !04
Xp, CYCLES

(el 2,Mr-17Wr "M41126d and Tanp rad

tx10'1

LE7o•1

O 485C

b	 err • 1,J0 (Xrr)•O,B0

1110'1

101	
101	 104

Xrrr CYCLES
(d) 2.25Cr-17b, Quenched and Tampered

M1um[ -b
O565C
13 650C

1%10.1	
drq •0,40(Xrr).0,60-

)DZ	 !0

Xrr , CYCLES
(a) TYpa 704 Stainlenr Steal,

Solution mnaalaa

Figure 2 - Concluded.

z

^	 ^r;...,n }a/	 .^W .'mad'	 _.a r...ti^a. 3 :£. _4[/r.(.:L.,,...^...... .. ..	 _.	 ..,



DC

DC

DC

Y

4

TF - HOURS

(a) 1Cr-1Mo-0.25V, Normalized and
Tempered

TF - HOURS

(b) 2.25Cr-1Mo, Annealed

'v

r^

TF - HOURS

(c) 2.25Cr-1Mo, Normalized and
Tempered

Figure 3 - Creep-Rupture Ductility for MPC Alloys,
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T F - HOURS

Cam_

1

10`'

DC

1.0

0.1

(d) 2.25Cr-lMo Qusnched and Terr.pered

..0

DC

O 56SC

r3 650C

0.1 L	 i

101	103	 101 —^-

TF - HOURS

(e) Type 304 Stainless Steel,
Solution Annealed

Figure 3 - Concluded.
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N/NoBs

S•Or (D) 2.'.5Ca- W, NORrAL 'IZED AND

TEMPERED.

4.0

3.

2,

1.i

0

N/NOBS

Ir.'

'V ' O[ W I C--Ik-O.ZSV, NORWIZED
AND TEMPERED.

u	 0. 5 	 1.0

N/NOBS
20. Or	 Ca-IM-0.25V, NOF,114LIZLO

AND TEMPERED,

N/Noss

(c) 2.250-1k, ANNEALED

SPEC. NO. 2A4E

3.0

2.0 [1.0.

10'0[ W 1.250-N. QUENCHED AND
TEMPERED.

SPEC. NO, ?A4E

0 ^ --T-- .	 I	 I	

,	 ,	 ,	 ,	 , V0.5	 1.0

4/mOss

2-0-	
(r) TYPE 304 STAINLESS STEEL,

SOLUTION k%NLALLD.

SPEC, NO. WE

O-s	 1.0
N/NOBS

2.0- 
(A) TYPE 304 STAINLESS STEEL,

SOLUTION, WEALED,

SPEL. NO. 913 4A

U	 0.5	 1.0
N"NOBS

Vipire 4 - Typical Examples of Cycle-to-Cycle Changes in Inelastic

Strainrange with Repeated Creep Periods.
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(a)

1021

10'

1

103

10

10'

1

1C3

1C`

10'

1

3

Q
N
L
O

1

' j a) 1Cr-1Mo-0.25V, Normalized and
ld?	 /	 Tempered, tested at S40C

r	 b) 1Cr-IMo-0.25', Normalized and
10'	 Tempered, tested at 48SC

c) 2.25Cr-1Mo, Annealed, tested
at 540C

10 1 	o	
d) 2.2SCr-1Mo, Normalized and
Tempered, tested at S40C
e) 2.2SCr-1Dto, Quenched and
Tempered, tested at 485C

1 f) Type 304 Stainless, Solution
1	 101 03	 103	 Annealed, tested at b50C

8) Type 304 Stainless, Solution

NFL, predicted life	 Annealed, tested at S65C

Figure 5 -TCF Analysis of MPC Tests.

29



1 ICS 	—	 1	 101	 102	 103

I
103

(d)	 a) 1Cr-1Mo-0.251', Normalized and
/	 Tempered, tested at 540C

b) 1Cr-lMo-0.25V, Normalized and

	

10 2	Tempered, tested at 48SC
c) 2.25Cr-1Mo, Annealed, tested

o at 540C
1el d) 2.25Cr-1Mo, Normalized and

Tempered, tested at 5400
e) 2.2SCr-IMo, Quenched and
Tempered, tested at 48SC

1f) Type 304 Stainless, Solution

	

1	 101	 1.,=	 103	 Annealed, tested at 650C
g) Type 304 Stainless, Solution

	

NPRF, predicted life	 Annealed, tested at 565C

Figure 6 - SRP Analysis of MPC Tests
Suniming Daniage Every Cycle(SRP-1).
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J

V

u

1

Cuw
.4

0
V)
.0
0

U,

Z

103

10`

101

1

103

102

101

1

1

1
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