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ABSTRACT

The method of Strainrange Partitioning is used to predict the
cyclic lives of the Metal Properties Council's long time creep
fatigue inte'spcrsion tests of several steel alloys. Comparisons
are made with predictions based upon the Time+ and Cvcle-Fraction
approach. The method of Strainrange Partitioning is shown to give
consistently more accurate predictions of cyclic life than is given
by the Time- and Cycle-Fraction approach,
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HOMENCLATURE

AEIN = inelastic straiurange

AEPP = PP component of inelastic strainrange
AECP = QP component of inelastic scrainrange
Fpp = depp/lepy

FCP = AECP/AEIN

Nop = pure PP life, cycles to failure
Nep = pure P life, cycles to [ailure
n = numbuer of rapid fatipue cycles per creep period

NOBS = observeu number of conbined creep-fatigue cycles
to failure .

NPRE = predicted number of combined creep-fatigue cycles
to failure

h| = Nt cowbined cycle
EF = equivalent factors on life (sce Appendix)

SE = stanugard crror of estimate

Dp = plastic temsile ductility = 1n(100/(i00 - %mh))
D, = crecp rupture ductility = 1n(lu0/(100 - $RAC))
RA = reuwuction of area

Num = aunber of tests
TSR = ¢otal strainrange during Fatigue portion of cycle

Ty s tiae to failure, hours

INTRODUCTION

An important yuestion facing the designer of engineering
structures for lony 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
program intenued to provide desipgiers with useful information in
predictiig 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 uilder interspersed creep-fatigue conditions and was
carriced out by the Materials Technology Corporation (MTC) of Ann
Arbor, Michigan, A complete account of this program has been
given vy Curran and Wundt (1-4) along with life predictions using
the Time- and Cycle-Fraction {TCF) method as used in ASME Code Casc
1592 (5). The tests were desighed 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




7000 hours) croep~fatipue results, und hence provide an oppertunity
to evuluato the ubilitﬁ of the Strainrange I rtitioning method
(SRP) to predict lonig hold time behavior,

Cyclic life predictions have previously been amade by Saltsman
and Halford (o) for one of the alloys (annealed 2,25Cr-1Mo) used in
the MPC propgram, Those predictions were based upon short time
(¢lof hos) SRP Life relations established from cyclic creep-fatigue
tests conducted in the authors' laboratory (7).

In the current study, we have applied the SRP method to all of
the MPC intersporsed creep-fatigue results. Details of the life
predictions are discussed in the following sections, The SRP life
predictions are compared with the praedictions reported by Curran
and wundt (1-4) using the TCF approach,

Special apprecintion is duec Messrs Adoiph 0. Schaefer, Robert
M, Curan and Boris Wundt of the MPC for making available to the
puthors the detailed results of the cyclic tests and the
unpublished 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 uiidergoiny 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:svange Partitioning
{UN-SRP) life relations and procedures (12},

In the absence of experimentally determined life relations,
theso cquations enable the estimation of the four generic inelestic
strainrange SRP life relationships (#P, I’'C, (C, and CP) from a
knowledge of an alloy's tensile plartic duc.ility (D) and creep
rupture ductility (De)}. These equations thus provide a method for
estimating the reduc%ion in cyclic life due t: the harmful effects
of loupg exposures at elevated temperatures as indicated by
reduction in ecreep rupture ductility,

It was necessary to determine only the PP and CP life
relations for analysis of the MPC results since the interspesrsion
creep-fatigue tests contained only PP and CP type strainranges,

The PP life relation for euch material did net have to be estimated
from the DN-SRP relation but rather could be determmined from the
continuous strain cycling (PP) tests conducted during the MPC test
programn., 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 1ife relation,

Although the MPC data were originally generated with the
intent of evaluating only the TCF 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 usinyg SRP, three basic steps are
followed,

(a) The PP, PC, CC, and CP life relations must be established
either by expcriment or by an estimation procedure such as the
DHN-8SRP equatious,
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(s) The magaitude of the inelastic strainrange must be known,
either by direct measurement, or by calculntion using

constitutive equations.

The inelastic strainrange is then
partitioned into its various components (PP, PC, CC, CP).

(¢) Finally, a life prediction is obtained using an appropriate
damage rule, such as the interaction damage rule, to assess

the damage contributlon of ecach partitioned strainrange
couponent., The predicted 1ife is calculated by solving the
damage rule equation,

Bach »f these steps will be applied to the MPC creep-fatipue
iltterspurs.on test rosults in the ensuing sections with the
recognition that the steps are somewhat simplified since only two
compoients (PP and CP) of the inelastic strainrange are involved,

MPC CREEP-FATIGUE INTERSPERSION TESTS

The alloys, heat treat conditions, and test temperatures
invelved in the the MPC interspersion program are summarized below,

4) .1Cr-1Mo-0,25V, Normalized and Tempered,
b) 1Cr-1Mo-0.25V, Normalized and Tempered,

c) 2,25Cr-1Mo,
u} 2.25Cr-1Mo,
e) 2,25Cr-1Mo,

Annealed,
Normalized and Tempered,
Quenched and Tempered,

f) Type 304 Stainless, Solution Annecaled,
g) Type¢ 304 Stainless, Solution Annealed,

540C(1000F)
485C( 900F)
540C(1000F)
540C(1000F)
485C( 900F)
650C(1200F)
565C(1050F)

In the MPC creep-Latipue interspersion tests, one combined
cycle, Fig. 1, consists of a creep period of gither 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
presclected number of interspersed rapid fatigue cycles at a fixed

total strainrange about a zero mean strain,
enu of each combined cycle, the net strain
Thus, strain ratcheting is neot present in

It should be noted that the number of
cycles reported in (1-4) is one-half cycle
reported herein. This extra half cycle is

At the beginning and
is nominally zero.
these tests,

interspersed fatigue
greater than the values
accounted for in the

present anulysis as beipg the half cycle of plastic strain that
revers#s the tensile creep strain obtained during the hold period.
It is emphasized tnat all of the strains are accounted for in the

SRP analysis presented,

ANALYSIS OF HPC TESTS

SRP Life Relations

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

. o i i
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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 ip the interspersion tests. llowever, the inelastic
sirainrange values were never reported for these fatipug tests.
Therefore, the relationship between total strainrange and inelastic
strainrange had to be established using total strainrange values
and the corresponding inelastic strainrange values reported for the
rapid cycling portion of the interspersion tests. The validity of
this approach was verifisd by comparing these results with the
cyclic data reported in (13) and the unpublished MPC cyclic data.

The PP life relations were obtained directly from these data
and are shown in Figs, 2{a-e). Since only two or three data points
sre availabic for each dataset, a least squares curve fit is not
justifiable and in fact could be misleading. DPrevious experience
was used as a guide for fixing a straight line of constant slope
througn the limited data, For the 1Cr-1Mo-0,25V steel and the
2.25Cr-1Mo steel, n slope of -0.8 was used and is consistant with
values roported by Jaske and Mindlin (13), Brinkman et al (14), and
Ellis et al (15) for annealed 2.25Cr-iMo, 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
stainless stecl, a censtant slope of -0.6 was used based upon the
findings of Saltsman and Halford (17) for Type 304 and 316
staiitless steels,

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

CP Life Relation

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

- -1.67
Nep = DC(SAELN} (rransgranular)

)-1.67

Nep = .Dc(lo.{\eI (Intergranular)

N

Examination of the 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
rupture time arc presented in Figs., 3(a-e), A line is drawn
through the limited data that fall within the extremes of time to
failure observed in the MPC creep-fatipue tests. These data were
obtained from (13) and from unpublished data supplied to the
authors by the MPC (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
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conventional creop rupture test for the same time to failure us is
experienced in the cyclic test being analyzed, For example, if the
lifetime of a cyelic test is known, say 1000 hours, the 1000 hour
creop rupture ductility would be used in the DN~SRP equation for
calculating the ¢yclie life. In the more typical case, the time to
failure is not known when cyclic life is being predicted. liere an
iterative procedure 1s used until the calculated time to failure
agrees with the estimated time to failure {ond the associated creep
Tupture ductility),

Partitioning of Strainranges

Partizioning the inelastic strains of the hysteresis loop
associated with the creep period is a matter of simply examining
tiie detailed test results., The inelastic strainrange is the width
of the hysteresis loop ABCA (Fig. 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 compone:.t.

The hysteresis loop ,CDEC, traversed during the interspersod
fatipue cycling is also shown in Fig., 1, It is assumed that the
strafning rate is high enough to exclude crecp effects and thus the
eiltire inglastic strainrange for this hystersis loop is JP,

One combinesd creep-fatigue interspersion test cycle has three
contributions te damage - the PP and CP strainranpge components of
tlie inelastic strainrange produced immediately prior te and during
the creep portion, and the PP strainrange produced as a result of
the intorspersed fatiyue cycling portion., A calculation of the
expected cyclic life can be made from a knowledpge of tie 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 usiug the
interaction damage rule of SRP is presented in the Appendix. The
number of obscrved cycles to failure is defined as the number of
completed 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. BExamples of cyclic
variations iun the inelastic strainrange during the creep
periods are shown in Figs. 4(a-g) for each of the seven
datasets, Typically, the inelastic strainrange increased
during the latter portion of the tests, reflecting the
steadily increasing creep rates as the tests progressed. In
some cases, the creep rates increased by over an order of
magnitude from the first to the last cycle, It was because of
thgse large variations that a cycle-by-cycle analysis was
made,

SRP - Damage during the creep period was assumed constant
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over the ontire test and determined by the arithmetic average
values for the PP and CP strainrange components over the life
of the test,

Summing damage on & 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 situatjions. Then, average or typical strainrange
values would huave to be determined., To assess the magnitude of the
effects of such an approximation, life predictions were made by
using aritlmetic average PP and CP strainrange values during the
greep periods, The 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
reacied a stable value carly and remained stable during most of the
test, Thus, the fatigue damage incurred during this portion of the
combined cycle wus estimated using strainrange values established
at half-life,

The life preuictions made by SRP are comparcd with the life
predictions reported by Curran and Wundt (4) using the TCF method,
A summary of the test results and the TCF predictions are given in
Tables 1(a-g) and plotted in Figs., 5(a-g).

The results of the SRP life predictions obtained by summing
damage every cycle arc given in Tables 2(a-g) and plotted in Figs,
6(a-g), and the preuictions 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 cxact agreement
between observed and predicted lives. These contral lines are
bracketed by two parallel lines which indicate a factor of two on
life above and below the exact agreement lines.

Assessment of Life Predictions

_ The following criteria are used to cvaluate the accuracy of
tiie above life predictions.,

(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
o life (EF) (seec Appendix)

Results of the SRP and TCF life predictions for the alloys,
heat treat conuitions, and test temperatures involved in the MPC
program are given in Table 4. Table 4{a} gives an evaluation of
the SIP life predictions obtained by summing damage every cycle
(SRP-1). A review of this table shows that 86 percent of the tests
ar¢ predicted within factors of 2, 95 percent within factors of 3,
aud 99 percent within factors of 4. There is a siight tendency to
overpredict with 61 percent of the test lives being over
predicted, The 8E for thcse predictions is 0.215. The equivalent
factors on life for this value of SE is 1,64.




The evaluation of the SRP life predictions using average
strafurange values (SRP-2) is given in Table 4(b), Using this
precedure 77 percent 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 0,243, The equivalent factors on life is 1,83,

For comparison purposes, the evaluation of the TCF predictions
ls given in Table 4(c), Here only 66 percent of the tests are
predicted withinzfactors of two, 91 percent within factors of 3,
and 98 percent within factors of 4, Eighty-onc percent of the tests
aig ovcrlpgedictod and the SE is 0,281, The equivalent factors on
life is 1,91,

The life predictions for type 304 stuinless steol at 1050F are
overpredicted using both the SRP and TCF 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 predictiens obtained by
summing damage every cycle (SRP-1) are significantly better than
the predictions obtained using the TCPF method, The SRP life pre-

dictions based on average struinrange values (SRP-zP are of equal
or greater rccuracy than those given by the TCF method,

DISCUSSION

Comparisen of SRP with TCF Life Prediction Methods

The MPC tests were designed and conducted in a manner ideal
for analysis by the TCF method. Despite this snalysis advantage,
the method did not necessarily give the best results as evaluated by
tiue three criteria used in the previous section. Best results were
obtuingd 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, when applied to
more realistic creep-fatigue praoblems, it is generally recognized
that this method has some serious limitations, Manson (18) has
discussed in detail the virtues and limitations of the TCF method,
Two limitatious 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) proposcd basing the
creep damage fraction on a creep rupture curve obtained from cyclic

A very recent paper by Batte et al (19) has been brought to the
attention of the authors. Their work parallels the current study
in several rezbects, in that they have applied life prediction
methods (including SRP and TCF; to an analysis of long time (up to
two years duration) creep-fatigue tests of a 0.5Cr-Mo-V steam
turbine casing material. However, their conclusions are clouded by
the fact that rather unorthodex mowifications were made to the
procedures for appling the TCF method, A more direct assesment of
the method's capabilities using ASME Clode Case 1592 procedures
remains to be accomplished.
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tests, This curve generally lies to the right of (i.c. longer
lives fur the same stress) the conventional static crecp rupture
curve (21),.

LIPS > AT SR

Also, the time to rupture is highly scnsitive to stress
level, In situations where the stress is not known accurately or
changes rapidly with time, it is uifficult to determine the creep
damage accurately. A common cxa>ple of the latter case is a
high-temporature tensile strain nold fatigue cycle which produces
repeated stress relaxation, Jaske et al (?2) conducted cests of
this type using Incoloy 800 and Type 304 stainless stecl, These
tests iuvolved tensile hold times from 10 to 300 minutes, The :
lives of thesec tests were then predicted using the TCF method, The .
sreep damage fraction incurred during the hold period was
determined using stresses measured during the relaxation period,

The lives of these tests were overpredicted by a factor of about 3
at the one extreme and underpredicted by a factor of about 20 at
the other, Manson (9), however, using SRP, was able to predict the
lives of these same tests to within factors of two.

Ductility Normalized Equations

The creep rupture ductility values used in the SRP life
prodictions are based on an equal time to failure for both the
gyclic and croep ruplture tests. The validity of this approach is
illustrated with the aid of Figs. 8(a-g). [lere the ratio of
observed to predicted life is plotted against time to failure, For
the situation where the creep rupture ductility is little affoected
by exposure time, one would not expect the actual lives or the
prodictions to be affected by the duration of the test, This
inaeed is tho case for 1Cr-1Mo-0,25V and annecaled 2.25Cr-1Mo as
seell in Figs, 8(a-c).

The creep rupture ductility of the remainding alloys,
2.25Cr-1Mo in the normalized and tempered and the quenched and
tempered conaitions and Type 304 stainless steel, are affected by
exposure time as sliown in Figs, 3(c-e). For the 2.25Cr-1Mo in both
conditions the ratio of maximun/minimum ductilities for the times
invelved is about 1.6, For Type 304 stainless, 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 shert-time creep
rupture ductility values is illustrated by the following example.
For 2,25Cr-1Mo in the normalized and tempered condition, the
ductility is constant at 1,60 up to about 600 hours and then
decreases. The total time under creep loading for test specimen
number 6B4E was 2824 hoursh, 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 the short time ductility
of 1.60, the damage fraction due to creep would have been 0,587,
and the rativ of observed to predicted life would have been 0.61.
Obviousliy, the accuracy of the life prediction would suffer by
using only the short time ductility value., Thi& example, thus,
illustrates the importance of using long time duetility values when
predicting long time cyclic lives.

*failed 4 hours into the §lst cycle of 47 hours per cycle.
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SUMMARY OF RESULTS

The SRP life prediction method has beern used to predict the
cyclic lives of the MPC creep-fatigue interspersion tests of sev-
eral steel alloys. Sinco only the PP and CP components of inelas-
tic styainrange are present in these tests, 1t was necessary to
establish only the PP and CP life relations. The PP life relations
were obtained directly from continuous cycling fatijue datn gene-
rated as part of the MPC testing program whereas the CP life rela~
tions were estimataed using creep rupture ductility data and the DN-
SRP life relations,

A summary of the results obtained by ecach life prediction
method is given in Table 5. 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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Jeo/Vep * Fop/pp, n/Npp J L Al
pm * e wre D
Creep portion Interspersad farlgue portion

Each term on the loft 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 predictea using equation (Al) since it is presumed that all
cycles are the same. But, when a cyclic variation in strainrange
is tu be taker into account, the damage must be summed on a
cycle-by-cycle basis until the summation of damage is cqual to
unity as indicated below,

NPRE NPRE NPRE
2 : FCP\ 2 : FPP 2 : n
.-...—N + F— + (N'—'-) = 1.0 (A2)
cr/, PP PP
i iml i=l .

i=l

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

The actual variations In strainrange of the MPC tests were
known prior to making the life predictions. Hence these variations
could be accounted for, The inelastis strainrange during rapid
cyrclilg generally stablized ecarly and remained stable over most of
the test, Thus the fatipue damape incurred during rapid cycling
was estimated using the half-life valueg of inelastic strainrange.
Based on the above, cquation {A2) can be rewritten as follows,

NOBS , NOBS

\
() L () e
i=1 cr/y 1=1 Pe/, PP

This equation was used for making SRP 1ife predictions wherein
demage was summed on an actual cycle-by-eycle 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 (Al),

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

The test selected for analysis is 8B4E, Type 304 stainless
steel at 650C (see Table 1(f)).

cregp portion

AEnp = 0.00458 _
cp . Fep = degp/bery = g.93¢

0.00532

It

AEIN

i1




NOBS = 31 cytles
time to failure = 1490 hours

D = 0.26 (see Fig, 3(e)), intergranular cracking

Since this alloy experiences intergranular crucking during
craep loading, the CP life relation for this mode of cracking must
be uscu, Note that the pure CP life is detormined as if the entire
inelastic strainrange is of the CP type.

Thus Nyp = (0.26) [10(0,00532)1 7 *67 = 35 cycles

Toe pure PP life is uetermineu using the equation given in
Fig., 2(e). 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)) 7025 = 221 cycles

Interspersed fatigue portion

AEPP = (,0035
n = 1 fatigue cycle per combined cycle

The fatigue life for this portion of the combined cycle is determined
using the equation in Fig, 2(e).
Thus Npp = '0,0035/0.40) %% = 2734 cycles

f:o ¢x the terms in Eq, (Al) are now known, and we can
esticce the cyciic life of the test,

0.336 + 0.064 + 1 = 1
35 221 2734 NPRE

Thus NPRE = 36 combined cycles., This life is to be compared with
tiue 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 = VE(observed - predicted)?/Num (A4)

Logarithmic values of iife zre used. Thus Eq. (A4) becomes

12
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SE = VE(log(NOBS) - log(NPRE))Z/Num (AS)

Br using logarithmic values of the observed and predicted lives,
{}us the SE is determined from the ratio of observed and predicted
ives,

SE = VI (log(NOBS/NPRE))?/Nun (AG)

_In order to give the reader a better comprehension of the
maghitude of the scatter in the 1ife predictions as measured by the
SE, we propose relating it to a term we shall call “equivivalent
factors on life' (EF). The BF is defined as the antilogarithm of
;ng SE., Thus, if the SE for a series of tests is 0.301, the BF is

.

Table Al, Unpublished MPC creecp rupture data

L]
Spec  Temp  Stress Te \

Materinl No c K5I HRS RA D,
2,25Cy~1Ma, Normalizod 602 540 40,00 6l 78.9 1.56
and Tempered 001 540 35,00 206 81,3 1,68

603 540 30,00 1428 74,3 1,21
605 540 27.00 4479 87.0 0.86
2,25Cr«1Ha, Quenched 08 485 65,00 638 73.3 1,23
wd Tenrpered 711 485 60,00 1664 67 .3 1,12
712 485 55,00 4681 56.7 0,84
Typo 304 Stainless Steel, 416 650 27.35 166 0.5 0.41
Solutien Anneal 313 650 25,00 645 28.40 0,33
814 650 22,50 2635 18,2 0.20
411 650 20.00 5050 13.2 0,14
- 565 35,80 2735 17.7 0,20
.- 565 30,00 23733 4.6 0.09

*)ksi = 6,89 MPa
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Tabie 1 MPC Creep-fatigue interspersion test results
and Time= and Cycle-Fraction method 11fe predlctlons

{8) 1Cr-1Mo~0,25V, Nurmallzed and Tempered, tasted at 540C

*
TSR Creop stress  Hold time T Cycle Thry HORS HPRE HOBS
Test Hoe 3 Ksi © he hr fractlon frecclon  NPRE cycles cycles
nie 1 g,5% 39.03 2] g4y 0.009 0,687 29
A1) 1 156 3900 3 523 G.08) 0,523 S;S H a2
3z 5 gu5s  39.00 ¥ 734 0.01 0.2%  0i37 A0 N
123A 3 150 39,00 2} 345 0,168 0.385  oLag 2 4
LHETHY S 4,30 39,09 2 506 0,222 0,506 8,73 22 21
158 2 g.85 19,00 2} 573 0.106 8,571 0.5 35 2%
1232 27 yis 39.00 2 30 0.606 0300 3.g7 15 n
14554 22 gi50 39,60 2 275 0.476 0.275  g,75 15 13
14c 1 10 36.50 i1 1175  0.018 6,392 ;43 ] 24
1584 11,50 36.50 41 1510 C.08% D470 gixg 5y 23
1n2) 2 1,50 36,30 2 55 0.202 0,328 '3y 79 42
125K 23 1.50  16.50 2 a7l 0.065 0,157 1,82 20 20
1ch8 I ai5s  3nE0 N 3992 0.028 0,389 jla7 198 e
1644 1 180 37.00 &7 Wi 0.25) 6.1z plgp 131 &1
1£28 2 1,50 32,00 23 S0l 0.628 0,302  ggy 10 130
1c3e 5 0.85  32.00 23 3621  0.169 0,362 ps3 295 157
1G58 22 1,50 33.00 2 575 1.0082 0.057 1.1k 22 25
ichs 22 ges 2.0 2 5000  0.573 0.300 - g2y 143 130
1016 1 1.5  11.50 22 eB1h  0.603 0.160  g,76 270 09
104} 1 1i50 27,30 "7 7085 0.43) 0.236 g5y 224 120
1032 5 1os0 2750 2 157 0.719 0.052 )77 'Y &8
105A 2 450 27.50 23 576 1.082 0,019 3,10 23 a5
1A00 0 0,00 39.400 2 520  0.000 0.620 p.E2 b 26
1€00 0 o0 12,00 FH] 3780  0.000 0,378 p.3g 433 168
1408 0 9,00 3%.00 22 671  D.800 0,671 Q.Y 209 130
ok 0 0.00 43,80 2 195  0.000 6.975  g.9p 5k 53
(b) 1Cr-1Mo-0.25V, Normalized and Tempered, tested at 485¢
*
T5H Craep stress Hold time  Tp Cycle Tima HORS \PRE H.BS
Test Ho. n H Ks| hr hr fractlon fraction  HPRE cycles eyclos
1B4% 1 r,55 85,50 uy 1306 0.005 0,435 0. ht 51 27
34 1 1,50 49,59 47 1h4l  ©.090 0,481 0.57 53 30
382M 2 150 49.50 23 geE  0.210 0,320  0.54 73 ¥2
ETETY 5 1,50 59,50 2 1149 0.5839 0.¥33  0.92 53 ug
gLy 22 0,55 49,50 21 118 6.129 0.373  g,50 g5 Py
JcuA 1 1.60 25,00 47 X170 0,261 0.k12 067 129 67
ICAE 1 0.55 45,00 47 4531 U017 0.453 Q.47 204 b
28 2 1.50 ¥5. 00 23 1353 0.728 0,335  1.06 157 145
aca 2 8,58 45.00 2 SE3k  0,.04N 0.343 0,39 385 143
3c3x 5 0,5§ ¥5.00 2 3716 0,%0% 0.372 0.4 338 161
e 5 1,50 45.00 23 1992  u.9u6 0,108 1.15 75 86
acsa 22 0,85 45,0 23 3066 0,386 0.307  0.68 201 133.
(c)} 2.25Cr-1Mo, annealed, tested at 540C
"
TSR Croep stress Hoid time T¢ Cyelo Timg HOAS NPRE [[el14
ast No, n 3 - r T raction ractlon cycles cyelsas
T b h hr  fracti fractlon  WPRE 1 )
1Y t  0.55 22,50 §7 3179 0.027 3,178 . [
2010 1 1,50 22,50° 23 1243 0,227 S TEIENT i 1
P { 2.30 22,50 4t 2776 G.254 2.716 3.02 19 58
s 2 2.0 22.50 23 1691 0.52u 1.691 2.21 33 73
3 5 0,58 22,50 2) 23175 0.155 2,379 1,53 B 101
28 3A 5 1.50 22.50 2 1760 O.ub4 1,760 %18 34 75
FTEIY 5 1,50 22.50 23 2186 D.564 2,186 1.15 15 6
nsep 11 2,30 23.50 23 91k 1.289 0.014 2,20 18 3
2A5E 22 0,55 22,50 2 1971 0.52) 1,971 2.49 34 85
2152 22 1.50 22.50 23 650 «J0 0,640 1,31 21 F]
2h511 22 1,50 22.50 23 667 0,702 0.667  1.37 21 23
1A 11,50 13.50 2 UGGE  0.326 1.555  1.88 107 202
2 5 1.50 19,50 2 2135 0.5uR 0.712 1.6 13 92
IV 0 0.00 22,50 23 2281 0.000 2.227 1,11 Y] 39
2500 9 0.00 19.50 23 5649 6,000 LibLt 1,85 130 241
2808 0 0.00 22.50 23 2293 0.000 2,295 2.29 62 13
2008 & 0.00 26,00 23 750  0.080 2.500 2,50 15 L
£ . (continued)
1Ksi = 6.89 MPa
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(d) 2.25Cr-1Mo, Normallzed and Tempered, tested at 540C

st Creep scresd Wold tlma  Tr  Cyele Time  HORS  WPRE 1505
Test Ko, n t Ksl . hr hr fraction fracelon  NPRE cycles cycles
631 1 1,50 11,00 2] 1161 0.112 1,161 1.27 31 50
ehun t 0,55 3100 47 €55 0,007 0.635  0.68 13 ;ﬂ
614D 1 2,0 11,00 7 1158 0. 1158 1.28 19 2
5428 1 2,10 31,00 23 1004 0.38) 1,004 1,3 13 i
IYET 4 0,55 31.00 2) 755 0,059 0,755 ¢.81 39 pH
6AIN 3 1,50 3t.00 22 956 0.351 0,966  1.31 32 H
6463 1t 2,30 3.0 A Wi 0,715 a,ks6  1.2% 15 %
EASE 22 0.5 21,00 2 257 0,075 0,257 0,33 30
61SEE 22 0,55 1.400 23 260 0,077 g.200 0.3 30 u
6ASA 22 1,50 31,00 23 326 0.468 0.327 0.7 Y | 3
EASA 22 1.50 1.00 23 36 0,501 0,346 0.35 18 a
ERGE 1 0.5% 1.5 7 2824 0.050 0.943  0.97 62 Rt
6B1A 1 1.50 17.50 n 2530 0,24k 0.843  1.08 101 i
TEN 5 1.50 27.52 23 3ulg 0,498 0.473 4,95 83 i1
685K 22 0.55 77,50 21 733 0,233 0,244 0.48 65 3
6354 22 150 27,50 23 397 0.5690 0,132 0.70 24 ?
bBSAA 2 1,5 7,50 ) 346 0.502 ¢,115 0,62 24 1
(e) 2.25Cr-1Mc, Quenched and Tempered, tested at 485C
TSR Creep struss* Hold time Tg tycle Time 1085 HPRE HoBS
Tast Mo, n t ksl he hr fractlon tractlon  NPRE cycles nycles
TANE T 0.5 62,50 87 1114 0,005 1,214 1.12 21 21
ThiA-2 11,50 62.50 2] 735 0,089 0,735 0,43 37 n
TIUB 1 .10 62,50 47 712 0.085 0.712 0,80 19 15
2B 2 1,30 63.53 23 686 0.274 0.687 0.96 30 29
T3k 5 1,50 62,50 23 629 0.1 0.629 0.94 290 27
MsE 21 0,55 §2.50 23 759 0,097 0,749 0.85 38 12
s 21 2,10 62.50 2] 222 9.764 0,222 0.98 9 9
154E 10,58 57,00 47 2256  0.010 0.752 0.76 63 ue
TB1A 1 1.50 57.00 23 1778 0.344 0,593 0.8% 0 7
Ju3e 5 0,55 57,00 23 2091 0,067 0.657 0.76 118 90
7830 8 1,50 57.00 23 1173 0,592 0.591 0,98 52 51
Jusx 27 0.55 57,00 2) 1786 0.233 0,595 0,43 93 77
(f) Type 304 Stalnless Steel, Solutlon Annealed, tested at 540C
TSRk Crao. urcs;* llo1d tlme T Cyclo Time HOBS NPRE Hous
Tost Ho, n H ist hr hr fraction Fractlon  NPRE cycles cycles
BBHE 1 0,55 2,00 47 1480 0,012 0.497 0,51 61 11
BEUA 1 1,50 2,00 47 1514 0,119 0,471 0.59 s 30
8621 2 1.50 | 2,00 23 967 0,279 0,322 0,60 70 42
8nle 5 0,55 i 2,00 21 1050 0,062 0.350 0,41 108 h
88da 5 1,50 ' 2,00 23 630 0,354 0,210 0,50 45 27
aa5e 22 D.55 i2.00 2] 1012 0,250 0,337 0,59 70 Ly
aB5A 22 1.50 22,00 21 30 0,597 0.077 0.67 15 10
B4R 1 0.58 17,00 W7 4618  0.0%7 0,461 0,51 197 94
ACHA 1 1.50 17.00 w1 2542 0,215 0.254 0,47 115 M
aczl 2 1.50 17.00 23 1580  0.398 6,138 0,53 112 €0
acax 5 0,55 17.00 2] 279} 0,164 0.278 0.45 152 11
8CJk 5 17, 7.00 23 1438 p.946 0,148 1.10 5q 69
BCSE 2 w55 17.00 L 1507 0.370 0.151 0.52 125 65
BCSA T 150 17.00 21 3891 1,013 0.039 1,05 16 17
4¢00 0 0.00 17.00 23 6357  0.000 0.636 0,64 434 276
(g} Type 304 Stalnless Steel, Solutlon Annealed, tested at 565C
TSK  Creep s:russ* lield tima Tp Cycle Time HaAs NPRE HOUS
Test Ho, n Ksi hr hr fraction fraction HPRE cyclos cyclos
LT 1 0,55 15,00 47 679 0,004 B.226 0,23 61 1
B A 1 1.50 35,00 7 1608 0,234 0.556 a.77 ug M
IBYAA 1 1.50 15,400 47 520 0,131 0,307 0.k L3 1%
TN 5 150 35.00 23 186 0,202 0,062 0.26 30 8
9R3AR 5 1,40 35,00 23 245 0,252 0.082 0,33 30 10
983E 5 0.5% 35.09 2] 176 0,032 0.255 0,29 112 13
EEL 22 0.55 3s.00 23 359 0,072 6,120 0.1% 78 15
FTEY 22 1.50 35,00 2 106 0,413 0.038 D45 9 ]
YCH ER ) 0,55 31,50 47 2529 0,017 0,253 0,27 186 53
gcyAA 11,50 31,50 Y] 2063 0.294 0,206 2.50 86 41
9cle 5 Q.5% J11.50 2] 37u2 p.193 0.576 0,57 286 162
acia 5 1,50 31,50 22 736 0,807 0,074 0,88 36 2
Jcsz 22 0.55 1.5 23 1018 0.214 0,102 0.31 139 b
® .
1Ksi = 6.89 MPa
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Table 2 SRP analysis of MPC test results summing damage every cycle

(a) 1Cr-1Mo~-0,25V, Normallzed and Tempered, tested at 540C

—Damage fractions. . .
fatlgue creep perlod NOBS NPRE HOBS

Test No. PP PP CP NPRE cvcles cyecles
g 1A1B 0.009 0,006 0.686 0,70 41 29
1217 0.047 0.007 0.973 1.03 21 22
1A3E 0.048 0.007 0.753 0.81 38 31
1NN 0.167 0.009 0.623 0.80 18 14
14324 0.229 0.008 1.138 1,38 15 21
; 1A5E 0.204 0,003 0.836 1,04 23 24
i 1A51 0.680 0.008 ©.736 1.42 10 14
: 1ASAA 0.592 0,005 0.765 1.36 8 11
184C 0.034 0.004 0.465 0.50 48 24
104A 0,067 0.006 0.533 0.61 48 2%
1B2A 0.192 0.015 1.087 1.29 32 42
185A 1.088 0,006 0,224 1.32 15 20
. 1CHE 0,022 0.034 0.617 0.65 129 8y
_ 1CY4A 0.213 0.012 0.525 0.75 116 87
: 1C24 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
YCSE 0.601 0.012 0,132 0.75 174 130
1D'1A 0,472 0.014 0,334 0.82 255 209
1D4A 0.37% 0.011 0,267 0.65 230 150
1034 0.905 0.004 0.109 1.02 67 68
1D5A 1,214 0.005 0.110 1.33 19 25
1100 0.000 0.007 0.678 0.68 38 26
$c00 0.000 0.019 0.332 0.35 467 164
i 1ADH 0.000 0,055 1.275 1.33 105 140
f 1VoK 0.000 0.132 2,098 2.23 24 53

: (b} i1Cr-1Mo=-0.25V, Normallzed and Tempered, tested at 4B5C
_.Damage fractions

fatigue creep perlod NOBS NPRE NGBS

Test HNo. PP , PP cpP NPRE cycles cycles
3BYE 0.005 0.017 1,067 1.09 25 27
IBGA 0.055 0,018 1.171% 1.24 24 30
3B2A 0.170 0.019 0.397 0.59 72. 42
3B3A 0.580 0.040 1.100 1.72 29 45
3B5E 0.257 0.029 1,348 1.63 29 48
cys 0,204 G.034 0.899 1,14 77 67
3cus €.019 0.042 1,237 1.30 T4 Yp
; . 3c2h 8,557 0.065 0,778 1.40 104 145
. 3c2B 0.048 0.065 0.951 1.06 140 149
- 3C3E 0.130 0.078 1.236 1.44 111 161
i 3C3p 0.892 0.039 0.438 " 1.37 63 &6
IC58 0,663 0.045 0.558 1,27 105 133

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

fatlgue creep period HORS NPRE NOBS
Test No, PP PP cP NPRE cycles cycles
2A4E 0,017 0.006 1,391 1.41 47 67
2A1A 0,228 0.022 1,071% 1.32 107 141
2048 0,173 0.011 1.217 1.40 42 59
2428 0.418 0.003 0,469 0.89 82 73
243E 0.199 0.01% 0,797 1.0t 102 103
2A3A 0.463 0.006 0.583 1.05 71 75
2A3A1 0.778 0.010 0.682 T o47 65 56
2A66BB 1,229 0.004 0.193 1.43 27 33
2A5E 0.630 0.010 0.612 1.25 68 85
2A5A 1. 124 0.006 0,192 1,32 23, 29
2A5A 1.002 0.005 0,263 1,27 23 29
2B1A 0.327 0.00% 0,501 0.84 241 202
2B3A 0.730 0,005 0,146 0.88 104 92
2A00 0.000 0.0t2 1,200 1.21 82 99
2B0Q 0,000 0,021 0.875 0.90 269 241
2A0M 0.000 0,029 1,289 1.31 109 143,
2P0K 0.000 0.028 1.408 1.64 24, 33
(d) 2,25Cr-1Mo, Normallzed and Tempered, tested at 540C
Damage fractlons
. fatlgue creep period NOBS NPRE NOBS
Test HNo. PP PP cp NPRE cycles cycles
611X 6.099 0,005 0,491 0.59 84 50
6AUE 0.006 0.002 0.8%4 0.82 16 13
6ALB 0.091 0.002 0.606 0.70 3 24
6A2B 0.339 0.006 0.417 0.76 56 43
6A3E 0,053 0.003 0.835 0.89 36 32
EAIA 0.403 0,007 0.379 0.79 53 W2
6A6B 0.800 0.002 0.084 0.89 21 19
6ASE 0.080 0.003 0,981 1.06 10 11
6ASEE 0.091 . 0.003 0,920 1.01 1 10
6ASL 0.624 0.002 0.057 0.68 21 14
6ASAA 0.561 0,003 0.195 0.76 17 13
6BYE 0.018 0.005 0,968 0.99 61 60
6B1A 0.213 0,008 0.203 0.5%2 261 110
6B3A 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
bBSAA 0.619 0.002 0.085 0.71 21 15

" -r“*.‘;;‘-?:-.‘::t:;rv»- * -
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(e) 2,25Cr~1Mo, Quenched and Tempered, tested at 485C

— Damage fractlons |
fatigue creep peilod HOQBS NPRE NOBS

Test No. PP PP cp NPRE cycles cycles

TAYE " 0,001 0.016 0.643 0.66 35 2

: TRAIA=-2 0.058 0,015 0,471 0.54 57 31
P TALE 0.068 0.008 G.311% 0.39 39 15
: 7A2B 0.229 0.01%3 0.560 0.081 36 2%
. TA3A 0,233 0.014 0.669 0.92 30 27
; TASE 0,090 0.014 0,485 0.59 54 k)
. TASD : 0.837 0.004 0.067 0.91 10 9
TB4E 0,012 0.0%2 0.266 0.29 - 65 48

7B1A 0.171 0.019 0.250 0.u44 175 77

7BIE 0.030 0.027 0.395 0.45 199 90

7B3A 0.581 0.018 0.305 0.90 56 51

1B5E 0.164 0.018 ©€.300 0.48 160 717

N (f) Type 304 Stainless Steel, Solution Annealed, tested at g50C

Damage fractlions

fatligue creep perlod NOBS NPRE NOBS
Test Mo, PP PP cpP NPRE cycles cvcles
8By B 0.012 0.002 UL.942 0.96 32 31
8B4 A 0,088 0.002 @.735 0.82 36 30
BB2A 0.2068 0,002 0.352 0.62 &8 42
8B3E 0.059 o.004 1.388 1.45 Khi 45
8B1A 0,447 6.002 0,332 0.78 35 27
8B5SE 0.310 0.003 1.565 1.88 23 4y
885 0.628 0.004 0,126 0.76 .13 10
BCu4x 0.034 0.001 0.703 0.74 133 98
BCHA 0.163 0.001 0,368 0.53 102 54
8C2A 0.338 0,002 0.213 0.55 109 60
. ‘ ac3g s 04236 0,001 0.462 0.72 168 121
¢ ‘ 8C3A 0.9215 0.001 0.196 1.1 58 65
s BCch5E 0.482 0.001 0.180 0.66 98 65
acsaA 1.114 0.000 0.028 1.14 15 17
8coo 0.000 0.002 0.746 0.75 369 276

(g) Type 304 Stalnless Steel, Solution Annealed, tested at 5g5C

Damage fractlons

fatlgue creep period NOBS. NPRE NOBS
Test No. pP PP cP MPRE cycles cycles

9BUE 0,002 0.100 0.226 0.33 43 L

9B4A 0.147 0.015 0.499 0.66 5% 34

IBUAA 9.093 0.076 0.266 0.46 42 19

9B3A 0.165 0,069 0.04% 0.28 29 8

' . 9B3AA 0.292 0.054 0.046 9.31 32 10

. 9B83E 0.017 0.067 0.143 0.23 145 33
v 9B5E 0.071 0.057 0.923 0.25 60 15
‘ 9B5A 0.484 0.063 0.037 0.58 7 4
9CH EE 0.0%1 0.054 0.552 0.62 86 53

CRAA . 0,186 0.043 0.265 0.49 87 43

- 9c3E 0.126 0.051 0.496 0.67 241 162
t gc3a 0.637 0.045 0.122 0.80 B0 32
5.t 9C5E 0.208 0.035 0.169 0.41 107 4y
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Table 3 SRP analysls of MPC test results
using average stralns during creep perled

(a) 1Cr-1Mo=-0.25V, Mormalized and Tempered, tested at 540C

ariod HOOS HPRE HODS
";:DFCP HPRE cycles  cycles

wdrealnrance yaluss 3o o
fatigus creep parjod fa;'l,sua

Tast Ho, Y dgy, Fyp Fore

29

2 0,0k 1,96 0,806 0, a20 O.44 67

11e .22 $ri oo eies o003 mingy oisgz .60 33 2
LRI 1.03 2,091 0.08 0,86 0.040 0.005 0,4N6 D46 87 "
N 612 3.315 0,87 0,83 olygy 0.005 0,323 0,86 25 "
YAIA 1,12 3,770 0.0 0,86 5)339- o.008 0,740 b.ga 2y a
1ilas 1,04 2.561 M02 0,82 403 0,603 A, ks2 0.66 3¢ .
nse n.26 3,559 M85 0,05 o'Gnp o.nap 0,526 121 12 I
1451 1,05 4,575 0,03 9,97 0,492 0.on% 0,587 1.15 10 N
!::lé 1.1k 2,087 0,03 0.37 8,034 0,908  0.330 :-Jg 49 N
- 0,72 2,028 .00 0,86 pody 0,006 ¢,359 o4 &7 i
e 1,09 2.507 0,06 0,05 '3 0.015 6,733 0.94 85 2
1854 1.08 2725 0,07 0,05 §iode Qo5 n3ze D3l 2t
T 315 1o100 8.7 0,83 g023 0,013 @,390 il I .
1cad 0.1 1,097 9.06 R,9%  473)) B,011 1,381 o681 " 3
1e2 L1k 1,078 807 0,03 g'gup 0,018 A,550 hle 112 12
153: .07 0,637 0.08 9,82 0.218 0,016 0,270 ?-53 n 1
1652 I D.e51 0,10 0,80 4 999 0.,nNy 0,064 »3 0 K
3 1.04 0.395 B.16 0,86 olcmy 0,017 0,885 0.7% 18} 5
1 0.16 0,475 802 .82 lgyy 0.03% 0,23} o.11 238 4
on 0.07 0ise3 B.A7 0105 o033 01017 0.6k 059 28k 50
10ax 1.16 0.40y 1847 0.03 g g4c 0,003 0,056 0,96 71 6
4 .22 £.719 2.1% 0,85 37314 8,005 0,050 .27 20 o
1:0; 1,05 20365 0,05 0,495 0,000 8,007 A Ml D42 62 16
1c00 o 0,601 0.11 6.09 ¢ gpp 0,019 0,150 0.21 609 1
1A0n == 1,721 4,09 0,91 0.000 f.O5h 1,750 1.30 ‘g’ &3
1¥oK o x.803 0.19 0.31  glgap ¢.013 2,03 .17 .

(b} 1Cr-1Mo-0.25V, Normallzed and Tempered, tested at 485C

fa r [ cree ] d HORS HPRE HOBS
Io
tlgue creep parlod atizue reesp par m N

Test No. Atpp A:m Fer Pep
2,752 0.005 2,017 0.G46 0,67 "0 27
380k R H 2,073 0:09 8-81  oloss 0.017 0.770 Q.85 35 30
024 o9 1452 gl g.a7 0,170 0.017 0.329 0.52 81 a2
I 11 330 013 ouar 0.580 0.051 0.870 1 W A
* 0.2 o.028 . .
T KT 1ha2 i3 S 002 031 0.607 L3 b4 67
: : 6,019 0,080 0, .
i 1 1.oas Dol 0.8 orise 0.062 0,655  lead 118 tas
cay 0.13 125 017 oy d.ove nam o thW 0
Jcie 0.13 . 0.17 0.483 €.130 . . . b
I . 1,060 598 973 0.093 0,057 0,57h 1.30 &6
2653 39 ;08 030 i olsea olokl 6.377 .00 12 123
{c) 2.25Cr~1Mo, annealed, tested at 540C
Stpalprpoee values 3 __nnmn_f.r.a.c.tl.un:_._._a. HPRE HOBS
fatfpue craep perlod faLlgue creep perio MHOBS, Noes
Test Ho. bCpp bcyy Fpr Fer PP PP ¢P NPRE  cycles ¥
67
. 2,954 . 0.017 p.006 1,350 1.38 49
HYh G.24 1o o102 J:ay  olazm 0.022 1.043 gy 109 n
FILY “i'g: 2.940 g,o% 0.495 @ 0,173 0.032 1,106 1.37 5] n
A28 ‘e 1.256 0,02 0,98  O.410 6,005 0,402 0,82 83 103
213x 3.3 1,641 005 0,05 0199 0.011 0,761 0.97 106 03
2034 39 1.617 0,03 0.97  0.463 0,005 0,543 noz N 1
2434 G.99 1.54% 0,05 0.95  0.778 0,010 0,642 1.4) 67 4
21588 1.2 1.25% 0,06 0.9%  1.229 0.00v 0.190 e 27 33
ase . 1.572 0,05 0,45  0.630 ¢.010 0,580 1.22 10 5
265R e H IR ERTIR IR NI ¢.006 0,175 1.31 3] 29
24554 1,30 1.627 0,07 0.93 1.002 0.008 D.207 1.21 24 2
1A 1.33 0.835 9,05 p.95  0.327 0,009 O.MEZ 0.62 47 292
231 131 6.593 p,p0g p.o1  G.710 0,005 0,120 0.5 108 "
200 ol 2,180 9,08 0.96 0,500 0,012 1,168 1.18 8 "
200 - 1.070 0,06 0.4%  0.000 0,021 0,357 0.p8 275 ‘;
2400 - 1.670 0,07 0,93 0.000 0.029 1.27% 1.01 10% 1”
oK - 4.711 p,08 D0.372 0.000 n.028 1.505 1.6 2%
{continued)
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o e
I o Al W S

} [
‘u i3
‘ {(d) 2.25Cr-1Mo, Normallzed and Tempered, tested at 540C. :
. .
{ facigus crasp period faclgue craep parlod [TL: -1 HPRE HOBS : I}
o, Test Ho. Atyy dep, Fpr Fer FP re cP KPRE  cyclas  cyeles i
i . J R
: 611 1,17 14302 0,03 0,95 0.099 0.50 59 30 i
f ehae 238 3,963 0’02 0'9p 0.006 1005 031 ol 1 P
o 193 1.96 2.198 0,07 0,93 0.09) 0,001 g.A71 936 " 24 i
; €128 1.03 1.008 0,05 0,05 0.339 0006 0360 0.70 6 ) o
6138 0.14 2.297 0,07 0.9 0,053 0,003 0.610 987 ad 2 K
T ‘1418 1,370 0,07 0,93 0eN0) 0,007 0.330 0.78 57 42 :
i [ 311 ) 1.98 1.0100 y,06 0.9% 0,800 ¢.002 0,000 0,08 31 10 3
\ . 6A5E 0.18 £,851 0,02 0,012 0.080 0.003 0,635 0.72 15 1 .f
- §ASsE ¢.31 8,348 0,02 0,0 04091 0,003, 0,655 276 1% 1 .
‘{ .SISI 1.1% 0,318 g,07 0,83 Q624 0,002 0,058 0.68 23 1N :
' SASAA 1.15 1,820 0,08 o0.9% 0e561 01005 0.15h 0.72 18 1) -
: (1111 ¢.26 . 1.40% p,05 0,97 0O.010 0,008 0,714 0.74 a &0 i
: 6ptA 1,13 0.50% p,05 0.95 &.212 0.00% 0,185 Q30 2 He !
' . 6834 1,17 9.5%9 0,06 0,9 0.505 0.003 0,123 0.71 " 61 :
: €8s 0.33 2715 g,05 0.95 0279 0,608 o.cra D36 3 &
: 6254 1,21 0.089 5,11 0,29 0.830 0,003 o,gs5  0.89 19 ” {
; $p5AA .12 0.954 0,08 0,92 Os619 0,002 o.05%  S.60  22 15 ‘-,
! R
v {
(e) 2.25Cr-1Mo, Quenched and Tempered, tested at 485¢C 5
—Atraiprapge xvalues X . . Damaga fractlong i
] fatigus creep period fatiyue creep period HOBS  HPRE NOBS i
: Tast Ho. acyy dcg, Fpp Fey PP PP CP HPRE  cycles  cycles !
TARE 0,05 2,180 0,32 0,83 0,001 0,017 0,421 52 '
; 7411-2 0,16 1,532 0,11 0,09 0.058 0,014 0,377 3::; 78 ﬁ :
] 7143 1.74% 1.047 0,09 0,81 0.068 0.008 0,233 0,11 1] 15 ;
2e 1,55 3.022 0,12 0,88  0.22¢ 0,019 0,M25 it 4] 2% ;
. 7434 0,40 2,006 0,09 0,81 0,233 D:0L6 0,408 0165 o} FH
1458 1.10 1.602 0,10 0.%9 6,090 0.01% 0,328 0.03 " 32 i
§ 758 1,64 hoa56 0,13 0,87  0.837 0.000 0,057 0.30 10 H :
X TokE g,17 G818 0,16 0,86 0,012 0.012 0,200 0,22 2% A ;
1812 .0 0.681 0,17 0,33 0.1 0.019 0,219 g,41 183 77 i
783E 2,06 0.766 0,10 0,47  0.030 0,027 0,513 0,37 243 44 i
783) 1,00 1.010 0,15 9,35 £.581 D.01F 0,351 0,35 40 51 :
7858 0.08 0,718 6,15 0,85 0. 168 0,018 0,243 p.a2 191 37 :

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

]

—Stealnrange walues 2 . __ Damage fractlons ..
farlsus creep perlod fat)gun craap period HoRg HPRE HDBS
; PP PP cp HPRE cyclos  cyeles

; Test Ho. LU depy Fpp Fer
; FETY 35 0.532 0.06 0.9% 0.012 0,001 0,841 0.85 16 n :
aa4a ‘1’.31 ¢.473 0,10 0,70 0,008 0.002 0,659 0,75 a0 ] i
: CEE 1.26 0,207 0.18 0.B2  0.326& 0,002 0,333 0.60 70 42 .
¢ a3k 0.29 0,545 0,11 0.8%  0,0%5% 0.00% 1,208 1,15 2 &% :
; éa3l 1.38 0,383 0,15 0.85 0,447 0,002 0.316 0,76 35 27 [
B85k 0.32 0.611 0,05 @.95 0.310 0,007 1.517 1.73 25 4
¥ ansa 1.19 0,477 0.33 0.67 0.628 6,007 0.100 0.74 1% W0
goae 0,3k 0.157 0,13 0.7  0.03y 0,001 0,526 0.56 175 98
acha 123 0,175 .07 0.93 0,161 <0,001 0.289 0,45 119 5y
: 6c2a 1.1 0.171 0.27 0.77 6,318 0.002 0,194 0.51 112 60
-v acaz . 0.36 0,046 0,15 0.8  0.236 0,001 0.h46 0.¢8 177 12
. acy 1.1 0,149 0,12 0,82 0,918 6,001 0.19% 1.1¢ 59 65 .
BCST. 0,33 0,134 0,15 0.87 0,482 0,001 0,173 0.66 9% 65
0csa 1.22 0,138 0,28 0.72 1.11% €0.001 0,021 1.14 15 17 :
acoo puiet 0.073 0,15 0,¥5 0,000 0.001 0.k43 0.8 570 a7é

fg) Type 304 Stainless Steel, Solutlon Annealed, tested at 555(:'

I

wStralozange yalues & )
faclzus srasp perlod fatigue treep perlod Hoas HPRE HODS
PP PP CP

Test Ko, Acy, aep, Fpp For HPRE gv:lu cyclas
F88¥ 014 0,835 @.78 0.22 o0.002 e, 053 0.232 0.27 32 1%
. ' 984k 1.05 0,397 0.3 0.57 p.1e? 0.013 0.487 0.65 53 W
it [1-111} .11 0,5 0.64 0,32 9.993 0,021 0,265 0.8 50 19
14 9833 1.00 0,902 0,33 0,17 0,165 0,023 0.090 0420 28 8
s 953 0.9% 0.,¢61 0,82 0,13 0,202 0.01F 0.080 0,30 2 10
2812 0,11 0,365 0.71 0,29 9,017 0.018 0.1k9 a.18 1680 2
F1E 4 0.17 0.868 0,79 0,21 0071 0,014 0.078 0.6 9) 15
$85A 1.19 1,493 0,89 D,11  ‘p.uas 0.029 0.059 .57 7 &
. Yoy ER 0,17 9,305 0.58 O0.k2 0.011 0,026 0.545 1,59 1] ] 5]
S 9CAAN 1,03 9,340 .58 O.M6 o, 18¢ 0.016 o0.301 0.53 B 1]
o eI 008 . 0,156 0,57 0,43  o.124 2.017 ¢.405 ¢.55 296 162
L 9c3a 0.98 0,290 0,60 0,40 0,637 0,010 0.177 0.82 29 32
e ELeH 0.17 ©.20% #.62 0,38 0,208 0,008 0.135 6/35 126 L] 1
- . . .
N .
22 SRIGINAL PAGE IS

on ot .ﬁliﬂ! !W




TABLE 4.

SUMMARY OF LIFE PREBICTIONS

(a) SRP-1, Damage Summed Over Cycle

MHateriel
1Cr«1Mo+0,25Y, Kornelized
and Tempered

1Cr=1Hp 0,25V, Normallzed
and Tempered

2.25Cr+1Mo, Annealed

2.25Cr-1Mo0,
and Tempers

2.25Cr-1¥0,
and Teapore

Horealized
d

enchyd
Tyye J0& Stainless,

Sclution Anaealed

Type 304 Stxinless,
Solution Annsaled

(b)

Material
1Cr-1Ma-0, 25V, Rorealized
and Texpéred

1Cr-1Ho+~0,25V, Muraalized
‘and Tempered

2.238Cr-1M0, \nnesled

2.25Cr-1Ho, Normaliied
and Tempared

2.25Cr-1Mo, 3uenchcd
and Tempere

Type 304 Stainless,
Solution Annealed

Type 304 Stsinless,
Selution Annealed

Haterial

1Cr=1Ho-0,25V, Normalited
and Tempered

1Cr+1Ho-0.25V, Normaljzed
snd Terperad

2.25Cr-1Ho, Annealed

2,28r-1Ho, Normalized
and Teapered

2,25Cr-1Ho, Quenched
and Tespored

Type 304 Stainless,
Svlution Annealed

Type 304 Stainless,
Sclution Annealed

CRn
O g8t
%R QUQ%E ’s
/Ty

Percentags of Tests

T:?p. ﬁ%;éif wicgin ;ctnr: of ‘ﬁ:52£Ct’:2:or
540 16 LH 10 e 50 50
165 12 100 ree aue 92 8
E4 17 100 - e 76 U
540 17 P )00 wee 13 82
485 12 11 " 100 0 100
650 15 100 ene  sen 27 73
565 13 » 7 %2 0 100

) DR

Pevcentage of Tests

SRP-2, Avg. Strasinrange Values Used

Terp, No. of within Factors of Predictions

T Tests 2 3 4 funder  tover
S4p 26 69 s )0 31 69
485 A2 100 won e 50 Lo
540 17 100 --- er 71 29
540 17 04100 e 0 100
485 12 3 B3 2 0 100
650 15 (.3 Z T+ J— 27 73
565 13 &6 42 85 0 100

113 T TR T
(c) TCP Method
! Parcentoge of Testr .

Tenp, No, of within Factors of Predictions
c Tests 2 3 4 junder fover
540 26 a5 100 --- 12 88
485 12 58 100 - 17 83
540 17 19 82 100 100 0
540 17 B2 100 eee 35 65
485 12 100 “re wee B 92
650 15 75 106 ema 13 87
565 13 Fil 4 BS ] 100

12 13 95 99

sk
¢.180

0.147

0.115
0,142

0,285
0,166

0,402

5
0.258
0.124

0,112
0.188

0,371
0.199

0,462

SE

0,212
0,267

0.364
0,213

0.076
0.247

0,466



Table 5: Summary of accuracy of life predictions
using Strainrange Partitioning and the Time- and
Cycle-Fraction methods.

Factors of Predicted

2 3 4 under over
Method \ \ ' \ + SE
SRP-1 86 85 89 39 61 0."°§
SRP-2 77 92 97 27 73 0.263
TCF f6 91 98 28 72 0.281

STRESS | g ?
f i
~END OF B W
JTRESS oR @ nr
A !f#"m-'
INTERSPERSED | .
FATIG A Cveu -1 -
REVERSAL

Figure 1 - Schematic Hysteresis Loops Assoclated with MPC
se0p-Fatigue Interspersion Tests. Partitioned
Stralnranges Indicated on Loops.
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wod
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0 540C N

} M L0000
mn"L N .

W 0 10!
n,,. CYCLES
(a) 1Cr=lmo-0.25V, Normalised and

Tempered
mod
l wie?t

:
}Il.lﬂ'

o 540C
M, 200,080

] W 10*
Ny, CYOLES
(b) 2.3%Cr-1Mo Annealed

Figure 2 - PP Life Relations for MPC Alloys.
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Figure 2 - Concluded,
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1575) 5 . Ko} 1@"o
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{a) 1Cr~1Mo-0.25V, Normalized and
Tempered ‘
3.4
2.0 O O o
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(b) 2.25Cr~1lMo, Annealed

2.0
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0.1 i ]
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(c) 2.25Cr-1Mo, Normalized and
Tempered

Figure 3 - Creep-Rupture Ductility for MPC Alloys.
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Figure 3 - Concluded.
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SPEC, NO. 1ALE

-t
o b SPEC. WO, 3BeE /
#10.04

L 0.5 T
N/NOBS
5-°L (c) 2.25Ca-1M0, ANNEALED
wd

D[ SPEC. NO. 2A4E

BE |y 3

1.0
0 ' - E e i i A A ' e 4
0.5 To
NNOBS
5-0[ () 2,25Ce-1Mo, NORMALIZED AND
TEMPERED.,
g
s 1 SPEC. NO. BALA
=
|
%
1.
| T ——
N/NOBS

1000 (g) 2,250n-1M, QUENCHED AND
TENPERED.

-

r

s« |+ SPEC. NO. 7AME

5.0
i
0 ot T T R
(%1 To
N/NOBS
200 (s) TYPE 304 STAINLESS STEEL,
r SOLUTION ANNEALED.

E 1.0
A
-b L /
Dl n -l A ’ i n e 1 4 J
0 0.5 1.0
2.0
: () TYPE 304 STAINLESS STEEL,
- SOLUTION ANKEALED,
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=10
|
r
L __—_—‘/
o 1 i n i i 1 i L J
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Figure 4 - Typical Examples of Cycle-to-Cycle Changes in Inelastic
Strainrange with Repeated Creep Periods.



NOBS, obser.ed life

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

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

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

d) 2.25Cr-1Mo, Normalized and
Tempered, tested at 540C

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

f) Type 304 Stainless, Solution

) 10} '10 10° Annealed, tested at §50C
g) Type 304 Stainless, Soiution
NPRE, predicted life Annealed, tested at 565C

Figure 5 -TCF Analysis of MPC Tests.
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NOBS, observed life

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

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

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

d) 2.25Cr-1Mo, Normalized and
Tempered, tested at 540C

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

f) Type 304 Stainless, Solution

Annealed, tested at 650C
g) Type 304 Stainless, Solution
NPRE, predicted life Annealed, tested at 565C

Figure 6 - SRP Analysis of MPC Tests
Summing Damage Every Cycle(SRP-1).
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NOBS, observed life

10°
E (d) a) 1Cr-1Mo-0.25V, Normalized and
Tempered, tested at 540C
2 b) 1Cr-1Mo-0.25V, Normalized and
10 Tempered, tested at 485C
A c) 2.25Cr-1Mo, Annealed, tested’
v at 540C
10t d) 2.25Cr-1Mo, Normalized and

Tempered, tested at 540C
e) 2.25Cr-1Mo, Quenched and
Tempered, tested at 485C

1 f) Type 304 Stainless, Soluticrn
1 10t 10° 10° Annealed, tested at 650C
g) Type 304 Stainless, Solution
NPRE, predicted life Annealed, tested at 565C

Figure 7 - SRP Analysis of MPC Tests
Using Ave. Strainrange Values(SRP-2).
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Figure 8 - Ratio of Observed to Predicted Life as a Function of

Life of test.
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