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CONSTRUCTION OF CREEP-FATIGUE ELASTIC-ANALYSIS CURVES AND
INTERIM ANALYSIS OF LONG-TERM CREEP-FATIGUE DATA
FOR 2 1/4 Cr-1 Mo STEEL*

M. K. Booker

ABSTRACT

Above 427°C (800°F), 2 1/4 Cr-1 Mo steel is one of only
four materials currently approved under ASME Code Case 1592
for nuclear service. Still, Code Case 1592 does not include
elastic-analysis creep-fatigue curves for this important
material. This report details our efforts toward developing
such curves. These efforts, including the use of the linear
damage summation approach, were performed at the request of
the ASME Working Group on Creep-Fatigue.

Available creep-fatigue data were extrapolated using
the linear damage summation approach to yield estimates of
creep~fatigue cyclic lives corresponding to a total life
of 250,000 hr. Appropriate safety factors were then applied
to these curves to yield elastic-analysis curves. Possible
effects of mean stresses on these curves were also investigated.

INTRODUCTION

The prediction of long-term material behavior under combined creep
and fatigue loading is an important but difficult aspect of elevated-
temperature design. Many methods for prediction have been proposed and
used with varying degrees of success. A recent report1 summarizes many
current views on the treatment of creep-fatigue data.

In some cases, detailed inelastic analysis of all components in
a given design may not be necessary. For these instances, ASME Code
Case 1592? includes elastic-analysis creep-fatigue curves. However, the
code case does not include elastic-analysis curves for 2 1/4 Cr-1 Mo
steel. This report details our efforts toward developing such curves.

In accordance with current design practice,2 the prediction of creep-fatigue

*Work performed under DOE/RRT 189a OH028, Steam Generator Materials
Development.



behavior was performed using the concept of linear summation of creep and
fatigue damage. These efforts, including the use of the linear damage
summation approach, were performed at the request of the ASME Working

Group on Creep-Fatigue.

LINEAR DAMAGE SUMMATION

The linear damage summation approach is based on the concept that
at high temperatures two distinct and separate types of damage can develop.
The creep damage is measured by the well-known time-fraction?® approach,
while the fatigue damage is then accounted for by cycle fractions.® Thus,

at failure the damage reaches some critical value, D, given by
D= Dc + DF s (D
where the creep damage, Dc’ is given by

=7t >
Do =t 4 ()
i 7L

and the fatigue damage, D_, is given by

Dp =Ly~ 3
J o fJ

where t and n represent the time and the number of cycles spent in a

given loading condition, and tr and yf represent the corresponding

creep rupture life and the continuous-cycling fatigue life under each

condition.

The application of'this method to available creep-fatigue data for
2 1/4 Cr-1 Mo steel is based on the approach outlined by Campbell.5 This
method involves numerical integration of a relaxation curve during a

hold period to calculate the creep damage per cycle as
D (1) = /¥h qg/¢ (4)
e r’

where th is the total hold time. Evaluation of Dc(l) for a typical cycle

then approximately gives the total creep damage at failure by




Dy = WD (1) , (5)

where Nh is the total number of cycles to failure in the given hold-time
test. For available experimental creep-fatigue data, the strain range
and temperature were always held constant, so that the fatigue damage for

a given test is given by
Dp = Np/le . (6)

The linear damage summation approach has been widely used, although
it probably represents an oversimplification of real behavior. Some of
its obvious advantages are that it is
1. Dbased on widely available monotonic creep and continuous cycling
fatigue data,

2. backed by considerable experience — recommended by Code Case 1592,

3. simple to apply and fits in with current stress analysis techniques
and constitutive equations, and

4. relatively amenable to application of safety factors.

On the other hand, certain disadvantages are also evident:

1. monotonic tensile creep-rupture properties are used with cyclic
loading, compression creep, etc.;

2. effects such as environmmental interaction, aging, and creep-fatigue
interactions are not treated directly;

3. stresses are usually not known very accurately, and rupture life is
very sensitive to stress;

4. D is very difficult to estimate if it is not unity;

5. damage accumulation may not be linear with time but may vary with
strain rate etc.

However, the purpose of this investigation 1s not to evaluate linear

damage summation as a predictive system. Rather, we wish to predict

long-term behavior and subsequently develop elastic-analysis curves

given that this is the method to use. First, however, we present results

obtained by analysis of experimental data, using the approach.




LIFE PREDICTION FOR EXPERIMENTAL TESTS

Extensive recent experimental efforts®® have been directed toward
characterization of the fatigue behavior of 2 1/4 Cr-1 Mo steel, including
both continuous-cycling and hold-time tests. To aid in estimation of
long~term creep-fatigue behavior, the linear summation of damage approach
was first applied to available experimental short-term data.

The creep damage values needed for evaluation of Eq. (1) were obtained
for experimental data as follows. First, choose three points from a
typical relaxation curve at the fatigue half-life of the test in question,
these three being the stress-time coordinates at £ = 0, ¢ = 0.1th, and
t = th. These three points can then be used to fit the Gittus!? relaxation

equation to the curve. This equation, in simplified form, is given by
O m
In <_O_> =Ct , 7

where

t = time,
0 = stress at time ¢,
Og¢ = initial (peak) stress,

C, m = equation constants.

I1f Om is the stess at the end of the relaxation period (£ = hold time, th)

*
and 03 is some immediate stress (at t = 0.1th), the constants C and m

Co (o) t*
m = 1n[%n<ai>/1n<?;>]/ln<?;) . (8)

Tg m
C = 1n<?>/th . (9)
m

are given by

Having established these constants, it is then a simple matter to

perform the numerical integration given in Eq. (4) if one has an analytical

1’11!12

expression for rupture life. For 2 1/4 Cr-1 Mo stee that expression

is given by




log tr = —12.791 — 3.11040/U — 3.4235 log(c/U) + 12750/T , (10)
where
0 = stress (MPa),
T = temperature (K),
U = ultimate tensile strength (MPa) at temperature.

By using the appropriate ultimate tensile strength for the heat treatment
and heat of material in question (Table 1), one gains increased accuracy
in predicting rupture life. Use of an approximate average tensile
strength yields predictions fairly similar to those given by Smith.!?

Calculations in this report used estimated average tensile strengths.

Table 1. Ultimate Tensile Strengths (MPa) for
Heats of Material for Which Creep~Fatigue
Data Were Available

Temperature Heat Heat Estimated
(°Q) 3P5601 20017 Average
371 450 505 473
427 430 490 460
482 410 450 433
538 360 385 380
593 270% 288 297

Zgstimated — data available only to
566°C.

With this equation, the half-life relaxation curves were integrated using

14

Simpson's rule. To predict the cyclic life of a given test, Egqs. (1),

(5), and (6) can be solved for Nh as

D

N, = (11)
h [1/Nf + Dc(l)]

The value of D is often assumed to be 1. For the current data this
assumption appeared reasonably good for tests involving tensile hold
periods, as illustrated by the results shown in Fig. 1. However, for

compressive hold periods (which are more damaging for this material at




low strain ranges) the assumption of D = 1 appeared overoptimistic at

low strain ranges, as also shown in the figure. To alleviate this

problem a variable value of D was assumed, according to the 'damage diagram"
shown and compared with experimental data in Figs. 2 and 3. This

diagram yielded increased accuracy in predictions as shown in Fig. 4.

These results indicate that the linear damage summation approach, using

an appropriate D value, is reasonably consistent with available data.

Those data, of course, are of very short duration, generally th < 0.1 hr.

ORNL-UWG 77-17071

o
nD @] o
— 3 oo o - ,
. A
. LEGEND @oqb/// )
10 = Compressive Hold S
14 = Tensile Hold o%% 03//
4 ¢ = Dual Hold ° -
mtc
[ - L, 7
= ] 4 . o
— 1 i 4 J
o pd - i 4 ’
® A - S
£ ] g o0 e -
Q S0
act ] e . A
" o 595 .
Om B }A o8
— 7 .
=t S
O 7 7 S
-U ] ,”’ ,/l’
S o
8] . L, e
& ey
o o . <
=
- S~ o
] PP
- ’/’/ // ) ,
- ',’I )
) T LR 1 LR T T LELBLALARI T LU LA
1 2 3 4+ 3
10 10 10 10 10

Observed Cycles to Failure
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PREDICTION OF LONG-TERM BEHAVIOR

To predict behavior for hold periods and time durations longer than
those available experimentally, the linear damage summation approach
requires that one be able to estimate long-term cyclic relaxation curves.
This was done by first estimating the effects of hold periods on peak
stress and then estimating the actual relaxation curves from a creep

.
11512 11212 2nd continuous-cycling

equation. Equations for rupture life
fatigue life then allowed estimation of cyclic life under various
hold-time conditions. These predictions were then used to construct

elastic—-analysis curves.




Peak Stress

For a given hold period the peak cyclic stress or stress amplitude
corresponding to a given strain amplitude and temperature was estimated
from plots such as those shown in Figs. 5—-8. Plots of half-life peak
stress amplitude (AG/2) at constant strain range and temperature vs
hold period (th) show that Ac/2 tends to decrease as th increases. No
trends toward nonzero mean stresses were noted in the data, and the
~estimated values from Figs. 58 are equally applicable to tensile or
compressive holds. All results developed herein will be based on the
assumption of compressive holds, since those appear to be more damaging
at applicable low strain ranges of interest than tensile holds for this
material.®™’

The values from Figs. 58 were independently determined at each
temperature and strain range. As a result, there were some slight
inconsistencies among those values. (For example, the data bases at
different conditions were different.) To make the values as self-consistent
as possible, isothermal isohold period log-log plots of Ao/2 vs plastic
strain amplitude (AEp/Z) were constructed. Previous results!® for
continuous-cycling data showed that the half-life stress-~elastic-strain
amplitude coordinates could be related by a simple power-law cyclic

stress—-strain equation,16

Ao/2 = A(Aep/Z)” X (12)

In ref. 15 it was found that the parameter »n was primarily a function of
temperature. The parameter A was a function of temperature and also was
used to reflect heat-to-heat variations in strength. Thus, as illustrated
in Fig. 9, straight lines were drawn through the estimated Ac/2, Aep/Z

data for the hold-time tests. The slopes of such lines were taken as 7.
Values of A were then adjusted to yield values of Ac/2 that were consistent
as a function of temperature. The straight lines were also extrapolated
downward to strain ranges of 0.257 (most data were in the range Aet = 0.47%).
This extrapolation should introduce little error, however. Figure 10
illustrates cyclic stress-strain curves obtained by these techniques. The
final result is a set of estimated values for Ao/2 as a consistent function

of temperature, strain range, and hold period, as required.
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The above values correspond to typical half-life stress amplitudes.
In reality the stress amplitude at a constant strain range for this
material can vary during cycling (ref. 15 and Fig. 11). However, for
the current purposes it was judged acceptable to assume that A0/2 was
constant throughout the life, and the above values were taken as

representative.

Relaxation Curves

Relaxation curves were predicted based on a recent!!’!?

creep equation
for 2 1/4 Cr-1 Mo steel and the hypothesis of strain hardening.17 The

above values of A0/2 were used as the peak stresses. As is currently
recommended'® for this material, creep-strain hardening in one direction
(say compressive) was assumed to be negated by plastic deformation in the
opposite direction. Thus, each relaxation period begins at zero accumulated
creep strain in terms of the strain hardening. Details concerning the

creep equation used are given elsewhere!!’!?

and in Appendix I. As in

Eq. (10), the creep equation involves ultimate tensile strength terms

for predicting variations in behavior due to heat treatment or heat-to-

heat effects. For the long-term predictions, estimated®® average values

of ultimate tensile strength were used both for predicting creep (relaxation)

behavior and rupture life.

Continuous-Cycling Fatigue Life

Equations for the continuous-cycling fatigue life as a function of
straln range at various temperatures are given in ref. 19. The equations
are also given in Table 2; their fits to the available data are illustrated

in Fig. 12.

Damage Evaluation

For construction of elastic-analysis curves, life predictions were
made based on the concept of linear summation of creep and fatigue damage,
assuming compressive hold periods for conservatism. The predicted peak

stresses were assumed constant throughout the life, and no creep-strain
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Table 2. Equations for Continuous-Cycling
Fatigue Curves

= 2
log yf oo + a1 log Aet + a2 (log Aet)

+ a3 (log Aet)3

Maximum Temperature

427°C (800°F) 538°C (1000°F) 593°C (1100°F)

oo 3.578 3.302 3.153
03 —2.358 —2.388 —1.803
o2 3.506 3.521 2.613
o3 —4.197 —2.577 —3.738

log Nf = common logarithm of cycles to failure,

log Aet = common logarithm of total strain range (%),

427°C (800°F) and 538°C (1000°F) curves applicable in
the range 102 < Nf < 109,

593°C (1100°F) curve applicable in the range 102 < yf
< 107.

hardening was accumulated from cycle to cycle. Still, due to the nature
of.the creep equation (and of the material), two types of relaxation
curves were predicted in gemeral (although the two are in some cases
identical). For the first N; cycles, all predicted relaxation curves
were of the first type; for the remaining Nﬁ — N1 cycles (Nh = predicted
cycles to failure with hold time) the predicted relaxation curves were
of the second type. Thus, Dc is evaluated by

D, =M flfz—t+(1vh—1v1) f“tz—t, (13)

t
r r

where tr is the estimated rupture life along a relaxation curve,
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Fig. 12. Total Cyclic Strain Range vs Cycles to Failure for
2 1/4 Cr-1 Mo Steel Tested at Several Temperatures. Comparison between
jisothermal anneal and simple anneal treatment showed no difference in
cyclic life attributable to heat treatment. Solid line is a best fit
for all data on a given plot.

and the time integrals are evaluated numerically. The fatigue damage
DF is calculated from the cycle fraction Nh/N , where Nf is the cycles
to failure in continuous cycling. The value of D was estimated from the

above damage diagram.

Long-term damage was evaluated based on the peak stresses, relaxation
curves, tr’ N}” and D values estimated above. Specific details involving
the calculations (such as complications caused by the complex nature of

the creep equation) are discussed in Appendix I.

RESULTS

The predicted results for various compression hold periods at 427,
482, 538, and 593°C are shown in Figs. 13-16. Note that the analytically
predicted log-log plots of Aet vs Nﬁ tend to "turn down' at lower strain
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ranges and longer hold periods. The curves shown in the figures were
graphically smoothed to remove these apparent anomalies, based on available
data for this and other materials. This smoothing was performed to yield
a consistent family of curves based on the higher-strain-range and shorter-
hold-time analytical predictions. The short-time results are compared
with the experimental data in Figs. 17 and 18. The comparison is fairly
good, with some indication of overconservatism at the higher strain ranges.
The apparent reason for this overconservatism can be found in Figs. 3 and
4, where the damage diagram appears to be overconservative at the higher
strain ranges (Aet > 1.0%). In that region, D = 1 might be more appropriate.

The effect of the variable "D" value was studied as shown in Fig. 19.
Assuming a constant D value of 1, the low-strain-range, long-hold-time
predictions are almost unaffected, and the anomalous pattern péfsists.
At high strain ranges, using D = 1 does generally result in more optimistic
(greater fatigue life) projections. For short hold periods and low strain
ranges, where experimental data are available, the variable D predictions
yield better agreement with the data, as would be expected from Figs. 2-5.
In the opinion of the author, the damage diagram of Figs. 3 and 4 is
probably overconservative at high strain ranges (Aet 2 1.0%). There are
no indications that the diagram is overconservative at low strain ranges,
however. Therefore, to obtain maximum accuracy in long-term predictionms,
the predictions from D = 1 were used at the highest strain ranges, then
graphically faired into the predicted curves from the damage diagram at
low strain ranges. This construction is also shown in Fig. 19.

The predicted results can be examined in terms of life (hr) to
failure by means of plots such as Figs. 20—23. These figures show
log-log isostrain-range plots of total life (th vs hold period at
each temperature. Figures 20-23 refer results from the damage diagram,
although similar plots were constructed for the results from D = 1 at

the higher strain ranges.
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In the present case the log th — log tf curves represented straight
lines, although the lines tended to converge as the hold period increased.
The lines in the figures were graphically drawn through the data. Next,
these figures can be used to examine predicted behavior in terms of
constant life. Such predictions were examined in terms of a typical design
lifetime of 250,000 hr. The curves in Figs. 20-23 were entered at tf =
250,000 hr, and the corresponding values of th were read off for each
strain range. At these values of th’ the time spent in cycling is negli-
gible compared with th. Therefore, the estimated values of Nh corresponding

to total lives of 250,000 hr are given by
N, = 250,000/, . (14)

Again, high-strain-range predictions were made based on D = 1 then faired
into the low-strain-range predictions from the damage diagram (Fig. 24).
To enable construction of elastic—analysis curves to 10° cycles, the

curves were graphically extended below Ast = 0.25% as shown in Fig. 24.
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Supplemental Report on the Elevated-Temperature Properties of
Chromium-Molybdenum Steels (an Evaluation of 2 1/4 Cr-1 Mo Steel), Data
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1971.

Uncertainties are especially large in this region. Shown for reference

in Fig. 24 are strain ranges obtained from the predicted 250,000 hr

creep-rupture strength, Gr’ by
Aet = ZUP/E s (15)

where £ is Young's modulus. These values were placed on Fig. 24 as
reference strain-range indicators, since it can be argued that at very

low strain ranges approaching an endurance limit, failure would be by

creep rupture rather than by fatigue. Also, there is little relaxation

at these stress levels, ‘so the stresses are fairly constant. The isothermal
250,000-hr-life failure lines shown are tending to approach those values.
Finally, the figure also includes the corresponding continuous-cycling

curves for comparison.

Elastic-Analysis Curves

The above analyses involve projection of the results from short-time
experimental creep-fatigue tests to long times of interest in design calcu-

lations. Since elastic analysis does not involve a detailed consideration
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of actual operating conditions, it is important that the elastic~analysis
creep-fatigue curves be realistic but conservative as compared with behavior
that would be expected in a real design situation. Therefore, conversion
of the above long-term creep-fatigue curves to elasticranalysis curves
should reflect the intended use of the curves.

One approach might be to convert the curves in Fig. 24 to "design"
curves by applying appropriate safety factors. From the basic linear

damage equation the cyclic life can be estimated by

W D (11)

h Dé + l/Nf

where Dé is the average creep damage per cycle. Safety factors of 20

on Dé for creep damage and the more conservative of 20 on cycles or 2

on strain range for fatigue damage then yield design values, Nd' The
design values for continuous-cycling fatigue life were obtained from
previously constructed curves,7 although those curves are consistent
with the current average curves within limits of data scatter. Figure 25
shows the resultant curves. (The crossover of the 482°C curve relative

to the 538 and 593°C curves was removed graphically.)
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Fig. 25. Elastic-Analysis Curves for 2 1/4 Cr-1 Mo Steel.

The curves in Fig. 25 can be considered elastic-analysis curves.
However, the curves are essentially based on a square-wave loading with

zero mean stress. This square-wave history may not be realistic at

0

high cycles, where most cycling would be due to thermal swings.2 Here
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it might be argued that a triangular tension-tension wave cycle would be
more appropriate. Also, the assumption of zero mean stress may be
nonconservative.

Thus, as suggested by Campbell,20 the high~cycle portions of the
curves in Fig. 25 might be alternatively adjusted as follows. First, a
zero-to-peak—stress triangular wave loading was assumed, as schematically
shown in Fig. 26. This loading form involves the assumption that the
stress range is entirely elastic, which here is a reasonable (and certainly
conservative) assumption. Next, since ASME Code Case 15922 specifies

elastic-analysis creep-fatigue curves only to 10° cycles, the above

ORNL-DWG 78-160

STRESS———=
Q
=)
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TIME——s

Fig. 26. Schematic Diagram of Assumed Loading History for Construction
of Elastic—Analysis Curves at 108 Cycles.

assumptions (plus the assumption of 250,000-hr life) were applied to that
point to '"tie down" the high-cycle ends of the curves. Details of the
calculations are given in Appendix I. The curves from Fig. 25 were then
graphically faired into these 108 cycle points as shown in Fig. 27, yielding
the final proposed elastic-analysis curves in Fig. 28. However, Code

Case 1592 provides for separate consideration of mean stress effects,

so it is probably not appropriate to build such corrections into the

elastic analysis curves themselves.
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Fig. 27. Elastic-Analysis Curves for 2 1/4 Cr-1 Mo Steel. Dashed
lines corrected for mean stress effects.
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Fig. 28. Alternative Elastic-Analysis Curves for 2 1/4 Cr-1 Mo Steel
Corrected for Mean Stress Effects.

One might also question the propriety of graphical extrapolation
of the results to low strain ranges. Inelastic analysis per Code Case
1592 is performed using linear summation of damage, and the projections
herein are based on the same concept. For consistency, however, code
elastic analysis curves could be made to reflect the linear damage
summation predictions directly and not be hand-smoothed as was done
above. This position is supported by the fact that the so-called

"analytical anomalies" that were smoothed out are in fact inherent in
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the prediction techniques used, as will be shown below. Therefore,
although Figs. 25 and 28 represent potential elastic analysis curves,
another set of alternative curves was constructed as follows.

First, estimate peak stresses down to a strain range of 4 X 1075,
using the techniques described above. Then, proceed to estimate lives
for various hold times by linear damage summation. These curves can
then be converted to 250,000 hr-life curves as was done above, but with
no hand smoothing. The resulting curves are shown in Fig. 29. Note
the very "flat" nature of the curves at high numbers of cycles.
Analytically, the long-term predictions are totally dominated by creep
and the curves tend to flatten out at a strain range corresponding to the
250,000 hr rupture stress as calculated from the results of refs. 11 and

12 using an average value of ultimate tensile strength.
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Fig. 29. Alternative Elastic-Analysis Curves for 2 1/4 Cr-1 Mo Steel
Without Graphical Smoothing of Results.

DISCUSSION

The above long-term objective projections obviously depend on the
estimation of several different quantities. The impact of various
variables upon the current results has been investigated analytically by

exploring the following situations:
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1. Predict average relaxation behavior as done above, but use a
minimum value of ultimate tensile strength in predicting the rupture
life. These predictions should approximate an upper bound on creep
damage.

2. Use the average values for all quantities, except divide the
rupture life by 2 to assess the impact of uncertainties in tr on the
predictions. This factor is typical of uncertainties in rupture lives.

3. Use the average values for all quantities, except divide N,,
the continuous-cycling fatigue life, by some value, say 10, to assess
the impact of uncertainties in Nf on the predictions. This value is
typical of uncertainties in fatigue lives.

4. Use the average values for all quantities, except increase the
predicted values of the stress amplitude, Ac/2, by 20% to assess the
impact of uncertainties in A0 on the predictions.

Analytical results from these four situations and for the estimated
average situation used above are shown in Table 3 for 482°C (900°F).
Admittedly, these results are incomplete and do not represent the worst
possible cases, since uncertainties used are typical ones, not worst
cases. Moreover, synergistic effects due to the various factors have not
been analyzed. The results do give an idea of the magnitudes of the
effects of various factors. Considering the magnitude of uncertainties
in such data, the results appear relatively insensitive to all of the
above effects, lending some confidence to the usefulness of the results.

An obvious question that arises concerning the current results
involves possible explanations for the 'analytical anomalies" in Figs. 13—
16. Although the analytically projected curves "turn down'" at low
strain ranges and long hold periods, this behavior does not seem consistent
with that usually displayed by this and other materials. A review of
the procedure described shows the following sources of uncertainty:

(1) estimation of peak stresses, (2) estimation of long-term cyclic
relaxation behavior, and (3) the damage diagram in Figs. 2 and 3. Other
uncertainties involve the possibility that the concept of linear damage
summation assumption itself might be at fault, especially when using

monotonic tensile creep data to tesimate cyclic compressive creep damage.
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Table 3. Analytically Predicted Cyclic Lives Based on Several
Hypothetical Situations at 482°C (900°F)

Avg. UTS — Creep

Ast th Average Min. UTS ¢ tr/2 Nf/lo Ao + 0.2Ac
0.25 0.01 0.321E 06 0.150E 06 0.259E 06 0.321E 06 0.214E 06
0.25 0.10 0.143E 06 0.365E 05 0.864E 05 0.143E 06 0.611E 05
0.25 1.00 0.216E 05 0.413E 04 0.111E 05 0.216E 05 0.928E 04
0.25 10.00 0.388E 04 0.713E 03 0.191E 04 0.388E 04 0.217E 04
0.25 100.00 0.962E 03 0.164E 03 0.384E 03 0.962E 03 0.680E 03
0.25 300.00 0.555E 03 0.769E 02 0.178E 03 0.555E 03 0.418E 03
0.25 1000.00 0.301E 03 0.357E 02 0.781E 02 0.301E 03 0.252E 03
0.35 0.01 0.592E 05 0.209E 05 0.339E 05 0.592E 05 0,.229E 05
0.35 0.10 0.212E 05 0.110E 05 0.179E 05 0.212E 05 0.150E 05
0.35 1.00 0.894E 04 0.213E 04 0.536E 04 0.894E 04 0,483E 04
0.35 10.00 0.252E 04 0.468E 03 0.125E 04 0.252E 04 0.157E 04
0.35 100.00 0.761E 03 0.121E 03 0.291E 03 0.761lE 03 0.564E 03
0.35 300.00 0.477E 03 0.587E 02 0.138E° 03 0.477E 03 0.366E 03
0.35 1000.00 0.274E 03 0.270E 02 0.623E 02 0.274E 03 0,224E 03
0.40 0.01 0.349E 05 0.910E 04 0.214E 05 0.349E 05 0,126E 05
0.40 0.10 0.918E 04 0.572E 04 0.820E 04 0.918E 04 0.730E 04
0.40 1.00 0.510E 04 0.140E 04 0.338E 04 0.510E 04 0.308E 04
0.40 10.00 0.187E 04 0.358E 03 0.965E 03 0.187E 04 0.127E 04
0.40 100.00 0.672E 03 0.990E 02 0.244E 03 0.672E 03 0.519E 03
0.40 300.00 0.398E 03 0.498E 02 0.118E 03 0.398E 03 0.316E 03
0.40 1000.00 0.255E 03 0.232E 02 0.535E 02 0.255E 03 0.216E 03
0.50 0.01 0.142E 05 0.366E 04 0.981E 04 0.142E 05 0.606E 04
0.50 0.10 0.439E 04 0.200E 04 0.255E 04 0.439E 04 0.237E 04
0.50 1.00 0.200E 04 0.746E 03 0.154E 04 0.200E 04 0.141E 04
0.50 10.00 0.108E 04 0.253E 03 0.645E 03 0.108E 04 0.784E 03
0.50 100.00 0.490E 03 0.810E 02 0.194E 03 0.490E 03 0.387E 03
0.50 300.00 0.331E 03 0.394E 02 . 0.966E 02 0.331E 03 0.270E 03
0.50 1000.00 0.219E 03 0.195E 02 0.491E 02 0.219E 03 0.184E 03
1.00 0.01 0.147E 04 0.435E 03 0.116E 04 0.147E 04 0.820E 03
1.00 0.10 0.785E 03 0.190E 03 0.488E 03 0.785E 03 0.322E 03
1.00 1.00 0.244E 03 0.132E 03 0.189E 03 0.244E 03 0.187E 03
1.00 10.00 0.179E 03 0.826E 02 0.149E 03 0.179E 03 0.156E 03
1.00 100.00 0.116E 03 0.351E 02 0.787E 02 0.116E 03 0.989E 02
1.00 300.00 0.896E 02 0.206E 02 0.474E 02 0.896E 02 0.833E 02
1.00 1000.00 0.767F. 02 0.118E 02 0.274E 02 0.767E 02 0.727E 02
2.00 0.01 0.425E 03 0.759E 02 0.309E 03 0.425E 03 0.181E 03
2.00 0.10 0.225E 03 0.593E 02 0.135E 03 0.225E 03 0.101E 03
2.00 1.00 0.103E 03 0.462E 02 0.663E 02 0.103E 03 0.664E 02
2.00 10.00 0.656E 02 0.354E 02 0.580E 02 0.656E 02 0.604E 02
2.00 100.00 0.501E 02 0.181E 02 0.375E 02 0.501E 02 0.430E 02
2.00 300.00 0.396E 02 0.117E 02 0.268E 02 0.396E 02 0.348E 02
2.00 1000.00 0.330E 02 0.750E 01 0.175E 02 0.330E 02 0.316E 02

Comparisons such as that described above (Table 3) show that the
anomalous behavior is relatively insensitive to the estimated peak stress
levels. Thus, although this estimation involves large uncertainties,
it does not appear to be the major source of the unexpected predictioms.
The above discussion and the results in Fig. 19 indicate that the damage
diagram is also not the cause of the anomalous behavior.

The cause of this behavior can be identified by considering predicted

relaxation curves such as those shown in Figs. 30 and 31. Using type II




Fig. 30

the Creep Equation and Strain Hardening.

Fig. 31.
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creep“’12 (which dominates the long-hold~time predictions), one predicts
a rapid convergence of the relaxation curves at different strain ranges
toward a common curve. In fact, very little relaxation is predicted
beyond the initial rapid drop. Thus, as strain ranges (peak stresses)
decrease and hold time increases, the predicted curves approach an
approximately constant stress (of about 80 MPa at 482°C). These
predictions are qualitatively consistent with experimental data (Fig. 31).
Given this relaxation behavior, the anomalous predictions seen here are

a necessary and natural result of the linear damage summation approach
itself.

At 482°C, for a hold time of 1000 hr, decreasing strain ranges
approach the situation of a constant 80-MPa stress during the hold
period. From Eq. (1) the rupture life at 80 MPa and 482°C is predicted
to be 1.09 x 10° hr for average ultimate tensile strength material.

Thus the minimum possible predicted creep damage per cycle approaches
1000/1.09 x 10°® or about 102, For D = 1 and considering only creep
damage, one could never predict more than 1000 cycles to failure due
to this constraint. (Factors such as type I creep will actually keep
the predictions less than 1000 cycles.) As the curves of Aet vs Nh
approach this barrier, they must break downward.

At very low strain ranges (<0.1%), where the peak stresses fall
below 80 MPa, and where the cyclic strain is all elastic, this constraint
is relieved. The curves will "turn back" to the right, and at zero
strain range an infinite cyclic life will be predicted.

A possible alternative would be to predict relaxation behavior

10 equation, at least for

directly, such as by the commonly used Gittus
short times or for the initial portions of the long time tests. However,
the number of T, Aet, th conditions under which actual relaxation data
are available is very limited and the times are very short. Available
long-term (100-hr) cyclic compressive relaxation data compare reasonably
well with the predictions from the creep equation (Fig. 32), and life
predictions for short-term data appeared at least as good with the

creep equation method as with the Gittus method for predicting relaxation

curves (Fig. 33). Finally, the creep equation method is consistent with

currently recommended’® methods of inelastic analysis for this material.
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Note that the approach involves prediction of relaxation in compression
from tension creep data, but no significant differences between tensile
and compressive relaxation curves have been observed.

Another method that has been examined for long-term life estimation
is similar to that previously used by Campbell20 for type 304 stainless
steel:

1. Plot available data as Nf/Nh vs hold period, and draw an
eyeball curve through available data.

2. Estimate relaxation behavior to 0.1 hr based on the Gittus
equation as determined from available data. From these, estimate
relaxation behavior from the creep equation. Perform damage calculations
as above with these revised relaxation curves. Figure 34 illustrates
initial results from steps 1 and 2.

3. Shift the calculated curves from step 2 graphically until they
are continuous with the curves in step 1. Figure 35 compares the
resultant curves with the original curves developed above.

Conclusions from this exercise include:.

1. No saturation in Nf/Nh with hold time is observed by either

method.
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Fig. 35. Comparison of Fatigue Life Reductions Predicted by the
Present Method and by the Campbell Method.

2. At temperatures and strain ranges other than those shown in
the figures, data are not available to accomodate the alternative method
as more than a guessing procedufe.

3. The value of Nf/Nh is not a basic quantity and can vary signi-
ficantly. For example, heat 3P5601 has approximately average relaxation
and low-cycle fatigue properties. In the range 482—538°C, it exhibits
unusually good high-cycle fatigue properties. Thus, at low strain ranges
the large Nf for this heat can yield NfJNh values considerably greater
than would be expected for an average heat.

4. By definition the alternative method fits the short-term data
better than does the initial method. No advantage is seen for the
alternative method in the long time region of the elastic-analysis curves.

5. In view of the difficulties in extending the alternative predic-
tions to all relevant conditions, the original approach is preferred.
Although the short-term predictions compare fairly well with experimental
data, the lack of saturation effects raises the possibility that the
current long-term results might be overconservative. The reverse-bend

relaxation hold data of Edmunds and White?!

show the largest deleterious
effect of hold time on cyclic life of any available experimental data
for 2 1/4 Cr-1 Mo steel. As shown in Fig. 36, these data indicate that

the current 250,000-hr projections are not unduly conservative.
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Creep-Fatigue Data of Edmunds and White.

A final source of uncertainty concerns the applicability of the

linear damage summation approach itself. In some cases above, the

linear damage predictions were abandoned in favor of graphical estimates
that appeared more reasonable, but the general trends in the predictions
have their basis in the linear damage approach. The linear damage
summation approach is probably an oversimplification for a complex alloy
such as 2 1/4 Cr-1 Mo steel, which may undergo environmental interactions,
metallurgical changes, etc., with service. The results presented herein

must be considered to have large uncertainties.

CONCLUSIONS

1. The method of linear summation of creep and fatigue damage
contains large uncertainties, but the predictions made by the method are

reasonably consistent with available short-term creep-fatigue data.
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2. Extension of the linear damage summation approach to long times
yielded predictions of long-time creep-fatigue behavior. These
results were then used to construct creep-fatigue elastic-analysis
curves.

3. The creep-fatigue elastic-analysis curves proposed herein involve
many assumptions and uncertainties. However, they are felt to be the
best that can be developed using the linear damage method from the limited

data currently available.
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DETAILS OF CALCULATIONS INVOLVING PROJECTIONS OF LONG-TIME
BEHAVIOR AND DEVELOPMENT OF ELASTIC-ANALYSIS CURVES

- Creep Equation

The creep equation for the material being used in the design of the
Clinch River Breeder Reactor Plant is described in refs. 1 and 2. This
recent equation is felt to be the best available for this material at
this time. The results in refs. 1 and 2 present a characterization of
the creep behavior of 2 1/4 Cr-1 Mo steel as described below.

Two different types of creep behavior in general appear to be
exhibited by 2 1/4 Cr-1 Mo steel. Moreover, the material can display
significant variations in strength level due to heat treatment, etc.

Creep time and strain have been related by the rational polynomial

equation3
_cpt ., (1-1)
ec I—;-EZ-+ emt
where
. ec = creep strain (%),
t = time (hr).

The creep equation parameters C, p, and ém have two sets of values
corresponding to the above-mentioned two types of creep behavior. For
convenience in notation, the parameters C, p, and ém will be used to
refer to "type I'" creep. The primed parameters C”, p”, and ém’ will be
used to refer to "type II" creep. The values of these parameters are

given by the following equations.

Type I creep

168680

U 0.0237720 + 0.0079141U log O . (1-2)

log C = 1.0328 +

log p = 7.6026 + 3.3396 log o — 12323/T . (I-3)

log & = 6.7475 + 0.011426 + 987.72 4, 5 — 13494

U T (1-4)
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Type II creep

140730

log ¢” = -0.05186 +22913¢ — 0,01 + 0.00373450 1og o . (1-5)
log p” = 8.1242 + 0.017678 +-59359§ log 0 — 11659/T . (1-6)
log &,” = 11.498 — 8.2226U/T — 2048/T +.§§%§;& log G . (1-7)

In Eqs. (I-2)—(I-7), 0 is the stress in MPa and T is the temperature in
K; U is the value in MPa of the ultimate tensile strength at the temperature

1

of interest, obtained at a strain rate of 6.7 X 10*s~!. The terms involving

ultimate tensile strengths allow the equation to reflect the above-mentioned
variations in strength level. Ideally, the value of U corresponds to the
particular heat and heat treatment of material under consideration. It

may be appropriate, however, to use an average value of U for the material

with the particular melting practice and heat treatment under consideration.

Use of type I vs type II creep

Define the parameter tI as follows:

For temperatures < 454°C (850°F),

log tr = log t3 = —12.791 — 3.11040/U — 3.4235 log(o/U) + 12750/T . (I-8)

For temperatures = 510°C (950°F),

= log t2 = —11.098 — 4.09510/U + 11965/T . (1-9)

log ¢t T

I
For temperatures between 454 and 510°C the value of tI can be obtained

by interpolation between-t? and tg. For the purposes of this investigation,
only values at 482°C (900°F) were used in this range. There, tI was simply

given by

= (4@ b -
t.= @+ tD/2, (1-10)

where t? and t? are given in Eqs. (I-8) and (I-9).
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In a monotonic, constant load, isothermal creep condition the creep
equation is evaluted as follows:

1. Calculate ém ad ém" If ém’ < e the predicted creep curve will

m
be a classical curve using the type II predictions only.

2. 1If ém < ém” beginning at time zero, the creep strain will be
calculated using the type I creep constants until the time reaches the
value tI.

3. VWhen t = tr, switch to the type II curve, beginning at the current
value of creep strain by shifting the type II curve along the time axis

until it corresponds with the type I curve at ¢ = ¢ty and e, = €r. Now

solve the type II equation for ¢ = ¢, corresponding to e, = eg:

e’ —Cp” —&," + V(Cp” + ém” — e”) + bepre,”
t, = 1P p m - P’ m P P ém . (I-11)
2p ey

4. Subsequently, the creep strain is given by the type II equation,
except that the equation is evaluated at t” = t — (tI —-tc). Figure I-1

illustrates this construction.

ORNL- DWG 76-18913

TYPE n/
z /
- ¢
x / SOLID LINE
s / INDICATES
RECOMMENDED

PREDICTION

TIME

Fig. I-1. Schematic Illustration of the Method for Changing from
Type I to Type II Creep for Monotonic Creep Tests.
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Current interim recommended guidelines" for constitutive equations
for 2 1/4 Cr-1 Mo steel specify the use of strain hardening in conjunction
with the creep equation to predict behavior under variable loads and
temperatures. This same rule applies to the current equation as follows:

1. At a given stress and temperature, beginning at time zero, use
the predictions of type I creep for ém < ém’ and of type II creep for
en” < e

2. Llet t, be the time of exposure at each stress and temperature. As
the loading proceeds, sum the time fractions tx/tI at each stress—-temperature
condition. After this summation reaches unity, use the type II creep
predictions. If the summation becomes unity midway in a given exposure
condition, treat the transition as was done above for monotonic creep

curves.

Damage Evaluation

The assumptions of constant stress amplitude and negation of creep
hardening by reverse plasticity would normally imply that all relaxation
cycles during a given test will be predicted to be identical. Actually,
in this case all cycles before th/tI reaches unity will be predicted to
be identical; also, all predicted cycles after th/tI = 1 will be identical.
But after the summation reaches unity, all predictions will be made from
type II creep. Before the summation reaches unity, some or all of the
predictions may be made with type I creep. In some cases the predictions
are all type II, even before th/tI = 1; in others, failure occurs before
the summation reaches unity. In general, however, the damage summation

equation must be written as

NDe” + (N — N1)D,"" + Ny/Ng = D, (1-12)
where
N1 = cycles to It,/tr =1,
Dc’ = creep damage per cycle before th/tI =1,

D,”” = creep damage per cycle after It,/¢ty = 1.
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Equation (I-12) can be used to separately yield expressions for the
creep damage, Dp, the fatigue damage, Df’ and the cycles to failure with

hold periods, Nh. These expressions are
Do = NiDe” + (Ny, — N1)De"" (1-13)
Dp = Ny/Ng (I-14)

D~ N, (De” — D7)
Dy~ + 1/07

Ny = (I-15)
Evaluation of Eq. (I-15) can be performed as follows. For compressive

holds, D cannot be estimated from Figs. 4 and 5 unless D, and Dp (and thus

N3,) are known. However, note from Figs. 4 and 5 that D, and Dy are related

by D, = a + bDp, where a = 1/9 and b = 1/9 for Dy = 0.1 and where q = 1

and b = 9 for Dp < 0.1. Setting D, equal to itself then yields from

Eqs. [(I-13 and I-14)]

(1I-16)

MD,” + (N, — N1)D,"" = a + b(Ny/Nyp)

o]
This equation can then be arranged to yield My directly in terms of known
quantities as

a—M©®," —Dz"")

- 1-17
M Dz"" — bl (1-17)

Equations (I-13)—(I-17) are applicable to the case where a transition
to all type II creep due to th/tl = 1 occurs during the fatigue life. If
no such transition occurs (i.e., if N; > Ny or if creep is all type II

anyway), then time-dependent fatigue life is given by
Ny, = a/(Dc' —-b/Nf) . (1-18)

Construction of High-Cycle Elastic-Analysis Curves

Following the approach suggested by Campbell,5 the high-cycle ends
of the elastic-analysis curves were adjusted for a mean stress as follows.
First, assume the loading form shown in Fig. 28. The elastic-analysis

curves in Code Case 1592 are given to 10°® cycles. For a life of 250,000 hr,
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this cyclic life implies a cycle period, t;, of Q.25 hr. Note also from
these conditions that the damage will be almost entirely creep damage, so
that (approximately) D = D, = 1.

From Fig. 28 note that the integration of creep damage need be performed
only over the first half of a cycle, since the damage is the same by
symhetry. If 00 is the peak stress, the first half of such a cycle can be
described by

2 ¢
G = oo?f- 0 < t < 71 = 0.125) . (1-19)

The creep damage in 10°% cycles is thus given by

dt

D=2 x10% fi-12° i

. (I-20)
Values of tp were obtained by entering the minimum stress-to-rupture

curves in Code Case 1592 at a stress value of S = 0/0.9, according to
common design procedures given in code case. In order to yield a simple
closed-form solution of the integral in Eq. (I-20), the Code Case 1592
minimum stress-to-rupture curves were approximated by a simple power law

equation of the form

tp = AS . (1-21)
Equation (I-20) thus becomes
D=2 x 10° f3-125 —SnT@ . (1-22)
which, using Eq. (I—19),vbecomes
D= 2 x 10°5, ST g, (1-23)

A(0.125)"

where Sy = 04/0.9.
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Finally, evaluation of Eq. (I-23) yields

0.125 x 1085%

D=1=""0FD (1-24)

or

An +1) /7

o9 = 0.9
0 0.125 x 10°

(I-25)

These values can be converted to strain ranges, using Young's modulus.

The values involved in these calculations are given in Table I-1.

Table I-1. Values Used in Calculation of Strain
Ranges at 108 Cycles

T
emperature . B hes

(MPa) (GPa) (%)

(°cy  (°P)

427  (800)  4.2311 x 10%® 9.3936 195 177  0.11
482  (900) 1.73062 x 10"*° 8.3605 119 169 0.07
538 (1000) 3.6078 x 1032 6.9375 69 150 0.043
593 (1100) 1.01410 x 10%® 5.6789 37 141 0,026
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APPENDIX II

INTERIM ANALYSIS OF LONG-TERM CREEP-FATIGUE TEST DATA
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INTERIM ANALYSIS OF LONG-TERM CREEP~FATIGUE TEST DATA

Most available creep-fatigue test data for 2 1/4 Cr-1 Mo steel are

of very short duration in comparison with the design lives estimated in

this report. As a result, uncertainties in predictions can be large.

During the course of this analysis, two low-strain-range, long-time tests

have been conducted in air at 482°C (900°F) for verification. The test

conditions are given in Table II-1; note that neither test reached failure.

Table II-1. Long-Time Creep-Fatigue Test Data for
2 1/4 Cr-1 Mo Steel at 482°C (900°F)

Strain S?i:in Hold? Testb °
Specimen Heat Range Time Time Cycles
9 Rate
(%) 1 (hr) (hr)
(s™)
MIL-72 3P5601 0.35 0.004 0.05C, 0.05T 6833 68,300
MIL-61 3P5601 0.30 0.004 0.01C 5883 588,000

a . .
C = compression; T = tension.

bl month = 720 hr.

c . .
Test discontinued.

Stress relaxation behavior during the hold periods in a typical

late cycle is described by the data given in Table II-2. Of particular

interest is the unusual behavior of specimen MIL-61, in which the stress

Table II-2. Typical Relaxation Data from Long-Time
Creep~Fatigue Tests

Hold Peak Stress at Stress at
. Hold . End of
Specimen Time Stress t =0.1¢y .
Mode (hr) (MPa) (MPa) Hold Period

(MPa)
MIL-72 Compression 0.05 208 199 186
MIL-72 Tension 0.05 193 180 170
MIL-61 Compression 0,01 197 200 205
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magnitude actually increases rather than decreases during the hold period.
This phenomenon appears to be real (rather than a manifestation of the

test equipment). After about 4165 hr, MIL-62 exhibited a stress range of
about 384 MPa, with the compressive stress amplitude increasing from

about 193 to 205 MPa during the hold period. At this point the ramp strain

-1

rate was slowed to 4 X 10 's The stress range increased to 409 MPa,

with the compressive stress amplitude ranging from 210 to 221 MPa. When

35-1, the stresses dropped

the strain rate was again increased to 4 x 10 °s~
back near the original magnitudes. This inverse strain-rate dependence
supports the hypothesis that the unusual "relaxation" behavior in this
specimen may be due to a dynamic strain aging effect. Such effects have
been found ™ to be important in determining the mechanical behavior of
this material.

To compare the results of these tests with predictive techniques,
the lives have been estimated both by the linear damage approach and
by the method of strain-range partitioning,5 using the relaxation data in
Table II-2 as typical. The strain-range partitioning life relationship
lines were taken from ref. 6 and were estimated using the data in this
report. For MI1-61, all inelastic strain was taken as the Aepp type.
From ref. 6, predictions for MIL-72 were made in two ways. There are
indications in some "cc¢'" type tests that relaxation holds may be more
damaging than creep holds. Two "cc" life relationship lines have thus
been used: one using only relaxation hold data, one using both creep
and relaxation hold data. For linear damage predictions, values were
read directly from Fig. 17 (using th = 0.1 for MIL-72). Also, separate
predictions were made by numerical integration of relaxation curves from
Table II-2. Table II-3 shows the final results. Certainly no indications
of nonconservative predictions are seen, and the "relaxation cc¢'" predictions
by strain-range partitioning appear considerably overconservative. The
value from Fig. 17 for MIL-72 is by definition conservative, since both
hold periods were treated as being compressive. Certainly more long-term

data would be desirable, but these two tests appear to lend confidence to

the conservatism of the elastic-analysis curves developed herein.
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Table II-3. Predicted Lives for Long~Term Creep~Fatigue Tests

Direct

Cyvcles Direct
: Long-Term Linear SRP
. Specimen EZ?SSZd Linear Damage ;2;2:: SRP® ce
Discontinuation Damage (Pamage 0 = 1) Relaxation
Diagram)
MIL-72 68,300 20,000 55,200 69,200 37,000 7300
MIL-61 588,000 200,000 170,000 311,800 802,000

%From Fig. 17.
bSee Figs. 4 and 5.

e . A
Strain-range partitioning.
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