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ABSTRACT
Fatigue life tests were performed in air on Type 304

stainless steel (304 SS) to establish the effect of mean
stress under both load control and strain control. An
apparent reduction of up to 26% in strain-amplitude
occurred in the low and intermediate cycle regime (cl 08
cycles) for a mean stress of 138 Mpa. A quantitative
description of mean stress effects using the Smith-
Watson-Topper equivalent strain parameter was
developed, which incorporates mean stress through the
maximum stress. This description provideda tighter fit
to the data, and allowed separation of mean stress and
cold work effects. With this separation, the effect of
mean stress was reduced to 12% decrease in strain
amplitude at 138 Mpa. The stress-life curve apparently
increased with increasing mean stress, due to the
significant work hardening that occurred in tests with
high mean stresses, especially under load control.

Tests were performed on double-edge notched
specimens of 304 SS in air and low oxygen water at
288”C. The elastically calculated increase in the notch
tip stress accounted within 109’ofor the fatigue life
reductions for a I& =4.8 notch, but was 38°76conservative
for a K = 8.8 notch. Fatigue crack initiation lives
(defined as an 0.127 mm crack) in low oxygen water at
288°C were reduced by a factor of four to eight on cycles
over those in air. Crack growth occurred throughout
most of the fatigue “initiation” life. The increase in crack
growth rate of 304 SS in water appears to be large
enough to explain the reduced “initiation’ life in this
environment.

L INTRODUCTION
Over the past several years, there has been

considerable discussion of the large degradation in the
fatigue life of austenitic stainless steels in high
temperature water and the incorporation of this effect
into a design equation (Chopra and Smith, 1998).
Effects of mean stress can also degrade the fatigue iife

of these steels. The ASME fatigue design curye does
not include a mean stress correction below 10s cycles
since the fatigue strength at 10e cycles is highar than the
monotonic yield strength. There is little data in the
literature to verify the applicability of this approach in the
life regime below 10e cycles. A series of tests on
cylindrical specimens were performed to assess mean
stress effects in air. The test results were analyzed both
qualitatively and by use of the Smith-Watson-Topper
equivalent strain parameter, which provides a convenient
formulation for design analysis based on the strain-life
behavior.

A separate series of tests were performed on notched
uniaxial specimens in both water and air to assess the
effects of notch radius and environment on fatigue
“initiation” iife, defined at a crack extension of 0.127 mm.
Use of the electrical potential difference (EPD) technique
allowed detection of small cracks and their growth rate
without removal from the autoclave. Results were
compared to the smooth fatigue data on the same heat
of material using the elastically calculated notch stress.

IL MEAN STRESS EFFECTS
A. EXPERIMENTAL

Conventional tensile fatigue life tests were performed
in air on Type 304 stainless steel for the primaty purpose
of establishing the effect of mean stress. Other
parameters varied in this study were temperature, the
heat of material, and the type of test control (i.e., load
versus strain control).

The materials used in this study were two heats of
Type 304 stainless steel. The vendor chemical
compositions and mechanical properties of these heats
are given in Tables 1 and 2, respectively. Both heats
were procured as cylindrical forgings, with a diameter of
127 mm for the Heat 42322, which was used for almost
all of the tests. Testing revealed much wider variations
in mechanical properties than indicated by the vendor
properties. Room temperature yield stresses varied



from 259-352 MPa at different locations in the forging,
and as a result, fatigue propertiesalso varied
significantly with specimen location. At 288°C, yield
strength varied from 152-338 MPa. These wide
variations are attributed to variations in working from the
surface to the center of the thick cylindrical forgings.

A cylindrical tensilelfatigue specimen was used in the
tests. The gauge length was 19.1 mm with a diameter of
5.1 mm. In all cases, the tensile axis of the specimen
was parallel to the longitudinal direction of the forgings.
Fatigue tests were performed to ASTM 606 with failure
defined as the complete separation of the specimen into
two halves. Test results are provided in Tables 3 and 4.

Samples were fatigue tested in strain control with
applied strain amplitudes ranging from 0.11‘A to 0.70°A
at both room temperature and 288°C. The tests utilized
either O?40mean strain or 1?40mean strain with the first
half cycle of the test in compression. In addition, four
specimens were tested at significantly higher mean
strains to compare to tests under load control with high
strains. The frequency was 0.5 Hz unless the test
exceeded 200,000 cycles. At 200,000 cycles, the test
was switchedto load control at the current stress level
and the frequency increasedto five Hz, in order to
complete the tests more quickly. Maximumand
minimum stresses were recorded at cycle one and
periodically throughout the test. Some test specimens
were precycled 20 cycles at room temperature to * 1‘A
strain in an attempt to produce higher mean stresses via
cyclic hardening.

Load control enabled mean stress tests to be
performed at controlled, constant mean stresses and to
increase the level of mean stress. In contrast, the mean
stress frequently decreased to near zero by half-life in
the strain-controlled tests, especially at high strain
amplitudes. The test parameters for the load control
tests were largely modeled after the strain-controlled
tests at cycle one with the goal of maintaining a high,
positive mean stress for the duration of the test.

B. DESCRIPTION OF TEST RESULTS
The results of the strain and load controlled tests are

given in Tables 3 and 4, respectively. The stresses are
engineering stresses, with the values at half life used for
the strain controlled tests. The strain-controlled tests
demonstrate an effect of mean stress over the data
range, as shown in Figure,l. All of the data points with
high mean stress (am >34 MPa) lie below the trend curve
for the entire data set. In order to overcome data scatter
and obtain a qualitative estimate of mean stress effects,
it was desirable to utilize all the data simultaneouslyto
establish a baseline curve. The effects of mean stress
were fit as a reduction in the strain amplitude +a(l-aurn)
-patterned after the Goodman model. The least squares
tit result gives a reduction due to mean stress of
a=0,0023/MPa,with 95 percent limits of *0.0013/MPa.
This best fit line is shown in Figure 1, along with a
reduced line for a mean stress of 138 MPa. The
uncertainty on the calculated mean stress effects is large
when all of the data are weighted equally, and is due
mostly to large scatter from the tests at low mean stress.

To overcomethis effect, a fit was made using a
weightingfactor proportionalto the mean stress. The
result is a=O.0019/MPa showing much reduced 95%
confidence limits of *0.0002/MPa. The estimated effects
of mean stress area 26°A relative reduction in strain
amplitude at a mean stress of 138 MPa. However, this
estimate depends sensitively on the zero mean stress
reference curve. The analysis in Section C below using
the Smith-Watson-Topper parameter (Smith, Watson,
and Top~er, 1970) overcomes this dificulty, and is
preferred for quantitative purposes.

The load controlled tests provided nine additional
fatigue tests w“th mean stress values over 117 MPa.
Strain amplitudes were measured only during the first
five cycles, so the strain amplitude at half-life might well
be different. However, for strain amplitudes, Samp

CO.l!WO, it was considered appropriate to compare these
test results directly to the strain controlled data. This
more than doubled the amount of high mean stress data
available. As shown in Figure 2, the strain amplitudes
from load controlled test results with mean stresses to
245 MPa are easily bounded by the line at 138 Mpa
mean stress developed from the strain controlledtests.

These results are very similar to those for steels and
aluminum (Fuchs and Stevens, 1980). The data on the
steels and especially on the aluminum alloys show the
wide scatter typical of the stainless steel results. For the
maximum ratio of mean stress to ultimate tensile stress
of aJa.=0.3, the average reductions in stress amplitude
were 20-40°A for steels and aluminum alloys, similar to
the present stainless steel test results. It is therefore
concluded that the effeots of mean stress on fatigue life
are similar among these different alloys and that the
effect is modest below uArU = 0.5.

C. QUANTITATIVE MODEL OF MEAN STRESS
EFFECTS ON THE STRAIN-LIFE CURVE

The traditional methods usually employed for
accounting for mean stress effects (Goodman, 1899),
(Gerber, 1874)), or (Morrow, 1968) cannot be used to
describe mean stress effects on 304 stainless steel since
these models rely on changes in the stress-life curve due
to imposed maan stresses to quantify the effect of mean
stress. Basing a mean stress effect model solely on the
load controlled tests would result in an apparent increase
in the fatigue strength with increasing mean stress due
to the large uniaxial strains and corresponding extensive
cold work which occurs when imposing a large mean
stress in load control (see discussion below).
Consequently, the model chosenfor characterizingmean
stress effects on 304 stainless steel is one first described
in a more simplified form by Smith, Watson, and Topper
(1970). The form of the model is as follows

LOG(jjTf) = A +B ● LOG(s,q - 8.)

where Ew is an equivalent strain given by

CTma% l-c
&

eq E)=&; *(—

(1)



e~is the total strain amplitude (mm/mm)
~rnaxis Ca+ ~~~
E is Young’s modulus

, A, B, c, and EO are fitting parameters.

Some of the strain-controlled tests were conducted at
a mean strain of 1YOto 10OA,as shown in Table 3, so the
calculated stresses based on the original cross-sectional
area underestimate the true stresses in the test
specimens. Consequently, the nominal mean stress and
stress amplitude in Tables 3 and 4 were corrected for
straining by assuming the test specimens maintain a
constant volume when plastically deformed:

~corr,cted = Grrorrdrral“(1+‘,) (2)

where ~nOmin.lis the measured load at half-life divided
by the original cross-sectional area
Eris the permanent strain in the test specimen
at the end of the test (mm/mm)
cr~ is the stress at the end of the test.

A least squares fit of the data to Equation 1 gave the
following values for the fitted parameters

A = -4.31- 0.2*PS
B = -3.35
C= 0.831
eo= O.

As shown in Figure 3, the difference between zero
mean strain and positive mean strain data is significant.
Hence, this difference is due to both mean stress and
prestraining. PS is a dummy variable equal to zero for
those zero mean strain tests where the test specimen
was not given 20 cycles at W % strain prior to testing.
PS is equal to 1 for tests where the mean strain was
21% or for zero mean strain tests where the test
specimenswere precycledat +1% strain prior to the start
of testing, The need for this term in the model is
unexpected and indicates that prestraining, either
monotonically or cyclically, has a small detrimental
effect (factor of 1.6 on cycles) on fatigue life. This could
be due to the effects of the higher mean stresses present
at the beginning of the test which relax by half-life, to a
reduction in the surface compressive residual stresses
(induced by specimen machining) due to these large
initial strains, or to some other Unidentified cause.

A plot of the observed versus fitted values from this
curve fit is shown in Figure 4, showing a much tighter fit
to the data, as can by seen by comparison to Figure 1.
A plot of fatigue life as a function of the Smith-Watson-
Topper equivalent strain is shown in Figure 5. In this
latter plot, the data from the zero mean strain tests are
shown as solid circles and the data from tests where the
mean strain was al ?to are shown as open circles. Where
appropriate, the data have been corrected for the effect
of prestraining. Separate least squares fits to the two
data sets are shown in the plot and clearly demonstrate
that the Smith-Watson-Topper model is abla to “

accurately account for the effects of mean stress on the
strain-lifa curve.

The value of c in Equation (1) is an indicator of the
relative effect of mean stress on fatigua behavior. A
value near zero indicates a large effect of mean stress,
while a value of un”~ indicates no effect. The relatively
large value of c for 304 stainless steel indicates that
mean stress has a relatively small effect on fatigue life.
This model predicts a reduction of approximately 129f0in
the fatigue strength (on a strain amplituda basis) at 106
cycles for an applied mean stress of 138 MPa.
Accounting for the effects of strain history reduced the
sensitiv-~ to mean stress, compared to the data analysis
in Section B. With this model, the zero mean stress
strain-life curve is always abovethe predictedcurve for a
finite mean stress. It is worth noting that if the effects of
pre-strain are added to the effects of mean stress, the
total reduction is 270A,the same as obtained in the
analysis in Section B.

Very few data are available in the literature on the
effect of mean stress on the fatigue behavior of
austenitic stainless steels between room temperature
and 288°C. These data are not sufficient to define mean
stress effects conclusively at intermediate strain
amplitudes. Data from Soo and Chow (1977) shows
that, in the high cycle regime, imposition of a mean
stress of 45 MPa decreases the fatigue strength by
approximately 5?40at room temperature for N23xI 05.
Results reported by Manjoine and Tome (~983) indicate
that imposition of a mean stress equal to the alternating
stress only decreases the fatigue strength of 347
stainless steel by 6°A at 10* cycles and 316°C. The
magnitude of the mean stress effect ftom these studies
is therefore consistent with the model developed above
for mean stress effects on the strain-life curve.

D. EFFECT OF MEAN STRESS ON THE STRESS-
LIFE CURVE

A stress-life plot obtained from load-controlled tests
is shown in Figure6. Tests performedwith low mean
stresses (<68.9 MPa) are plotted as circles while tests
with high mean stresses (*8.9 MPa) are shown as
squares. All of the stress values are corrected for plastic
straining which generally occurred on the first cycle at
levels up to 14’%0strain. Surprisingly, the specimens
subjected to high mean stresses appear to have
somewhat higher fatigue strength. To confirm this
observation, the data (excluding runouts) were fit to the
following equation using nonlinear least squares:

H
~a.ctmn-ctedLOG(NJ) = A +B.LO (3)

I-
~nr.uvrected

s

where Nf is the number of cycles to failure
cra,ati is the corrected stress amplitude
~rn,~ti is the corrected mean stress



A, B, S’ are fitting constants

For this data set

. A = 11.6
B= -5.24
S’ = -369 MPa

This model provides a good fit to the datw a plot of
the observed versus fitted values is shown in Figure 7.
The negative value for S’ indicates that an increase in
the mean stress correlates to an increase in the fatigue
strength. As noted previously, this is likely due to the
work hardening from the large initial strains that
occurred in tests with positive mean stresses. The
results of strain controlled tests at room temperature and
288DCwith both zero and positive mean strains were
also fit to this model. The value of S’ determined from
this set of data is -377 MPa, almost identical to the
value of S’ determined from the mean stress tests in
load control. These results indicate that increasing
mean stress correlates to an increase in fatigue strength
(on a stress basis) due to the cold work required to
maintain a mean stress in 304 SS.

Similar results to the ones presented here have been
reportedfor cold worked and annealed 304 stainless
steel (Rae, et al.,1 993) and for 304LN stainless steel
given different amounts of cold work (Raman and
Padmanabhan, 1996). These investigations show that
when comparing cold worked and annealed material, or
when comparing material given increasing amounts of
cold work, the stress-life curve for the lower strength
condition is below the stress-life curve for the higher
strength condition. Ten to fifteen percent plastic strains
occurred in the load controlled tests with high mean
stresses (>138 MPa) on initial loading, leading to
increases in the true yield stress of up to 207 MPa.
Hence, work hardening was significant and it would be
expected that the fatigue strength on a stress-life basis
would be improved. The plastic strain-life curves,
however, are expected to display the opposite behavior.

Ill. ENVIRONMENTAL EFFECTS ON NOTCHED
SPECIMENS

A. EXPERIMENTAL
304 SS specimens were machined from a 127 mm

diameter forging of heat Number 42322 procured to MIL-
S231 95D. This heat of 304 SS material is the same as
used in most of the tests defining mean stress effects,
described above. The material was tested in the as-
receivedcondition, The chemical compositionof this
material is provided in Table 1 and mechanical
properties are provided in Table 2.

A double-edge notched uniexial specimen was
utilized in these tests. The specimen dimensions were
as follows width=38.1 mm, thickness=5.1 mm, and
notch depth of 4.8 mm. Two notch root radii were
tested-O.38 mm (K= 8.8) and 1.52 mm (K = 4.8). This
specimen has an advantage over compact tension
specimens in that it can be tested in both tensile and
compressive loading conditions. Additionally, the notch

defines the point of crack initiation, facilitating the use of

the ElectricPotential Difference(EPD) measurementfor
the detection of crack initiation and crack growth.

The tests were performed under load control in an
autoclave, including most of the tests in an air
environment. Five of the tests in air were performed in a
more conventional fatigue fixture, facilitating frequent
optical measurements for calibration. Alignment was
achieved by manually adjusting the pull rod while
monitoring strain gages attached to the specimen. Once
a satisfactory alignment was achieved, the strain gages
were removed and the EPD leads were attached. The
assembly was then enclosed in an autoclave, which was
filled with water and heated to 288DC. The specimen
was cycled until crack initiation was detected, based on
an EPD reading corresponding to a crack depth of 0.127
mm. This value was chosen to represent the minimum
crack extension detectable with assurance, and minimize
the contribution of crack growth. Following an interim
visual inspection, cycling was continued until the longest
crack reached 1.27 mm by EPD indication.

Flowing deaerated water containing 20-60 ml HJkg
water was employed in the water tests. Dissolved
oxygen was therefore generally less than 10 ppb. The
roomtemperature pH was in the range 10.1 to 10.3.
The pH at 288°Cwas estimatedl to be 6.5 to 6.7.

B. TEST RESULTS
1. Environmental Effects

As previously reported (Chopra and Smith, 1998;
Higuchi and Iida, 1997) 304 SS exhibits significant
environmental effects. As shown in Figure 8a and 8b,
the effects of environment can be estimated directly by
comparing results in air and water for each notch root
radius. The effects of environment are approximately a
reduction in cycles by factors of four at the larger notch
radius, shown in Figure 8a. The effects seem to be
larger at the smaller notch radius, about a factor of eight.
While it is clear that the data are very limited, these
reduction factors appear to be in the minimum
appropriate given the present limited database.
Lderature data in low oxygen water shows environmental
effects on 304 SS and 316 SS as large or larger than
observed herein ((Chopra and Smith,l 998), up to a
factor of 15 at low strain rates.

2. Mean Stress Effects
The tests were almost all fully reversed, with

R=~#~~i.Gl. The two specimens tested with R = O
(positive mean stress) showed reduced life compared to
those at R = -1 (zero mean stress) in both air and water,
as shown in Figure 8a. With the rather large scatter
effects noted above on smooth specimens, it appears
that these obsewed reductions on single specimens
must be considered to be only qualitative. It is noted
that the percentage reduction in stress for a given fatigue
life is of order 15% from the trend curve for 304 SS in air

1Calculated using MULTEQR Electric Power
Research Institute



and slightly less in deaerated water, as maybe seen in
Figure 8a. This reduction is qualitatively consistent with
results from the large number of tests performed on
smooth specimens.

3. Notch Effects
The effect of the differing notch root radius on 304 SS

fatigue life can be seen qualitatively in Figure 8 both in
air and water. For example, at a nominal stress of about
75 MPa, data are available for both notch radii and
environments. At this stress level, the cycles to failure
for the larger notch root radius are larger by about a
factor of five in water and about a factor of three in air.
The factor of five on cycles is roughly equivalent to a
factor of 1.6 on stress, a strong effect, However,the
analysis is qualitative becausethe test frequencyin
water is lower for the more sharply notched specimen,
which may have contributed to part of the notch effect.

The reduction of allowed stress at a given fatigue life
due to the stress concentrations can be quantitatively
compared to the elastically calculated stress
concentration factors for the tests performed in air. The
elastic stress concentrations, calculated using finite
element analysis, were ~ (gross stress)= 4.8 for the
1.52 mm notch radius and ~ = 8.8 for the 0.38 mm
notch radius. The elastically calculated strain amplitude
for a given testis then calculated as ~*tJJE. These
values were compared to finite element calculations
(Wilson, 1974) and were typically within 10% for the test
series.

The elastically calculated values overestimated the
effect of notches for t@8.8. Consequently, the fatigue
notch factor Kwas calculated to describe the notch
effects. The calculated magnitude of Kwas that value
providing the best fit of the notched data with the smooth
specimen results. Using the nominal fits to the smooth
specimen data in Figure 1, the K values of 4.3 and 5.5
were derived from experiment for the two notch radii.
The experimental notch factor is very close to the
theoretical value at the larger notch radius. Notch
effects at the smaller radii are considerablyover
predictedby the theoretical 8.8 factor, with the actual
factor being about 5.5. This large overestimate of notch
effects at smaller notch radius is apparently not due to a
plasticity effect, as the strain calculated by finite element
analysis (Wilson, 1974) for notched compact tensions
changed by only about 3% (relative) over the Kt range of
4-8. Another possible explanation is that the elastically
calculated concentration factors may fail to correlate well
because a significant portion of the fatigue initiation life
actually involves crack growth, as discussed below.

4. Crack Growth
EPD data from these tests were analyzed to

determine crack depths for the notched tests described
above. Cracks at 0.127 mm depth, the value defined
here for fatigue initiation, are typically referred to as
mechanically short cracks, and their growth rates may
be different from those determined from tests on
conventional compact tension specimens. The plot in
Figure 9 is a simple moving average of the raw data.

The Figure shows that crack growth is occurring very
soon after the start of cycling in air. In fact, a crack
growth rate of 9.4x10-7 mm/cycle was assessed at 8500
cycles, while the initiation criteria of 0.127 mm crack
depth was met at 32500 cycles. Crack growth therefore
accounted for at least 75°A of the fatigue life under these
test conditions in air.

The effect of environment on crack growth rates can
be assessed by comparing the test results in air and
water under identical loading conditions. By comparing
tests at R=O,the potential effects of crack closure are
minimized. Further, the stress amplitudes are identical,
eliminating the need for adjustments to the data. The
relative rates in air and water are shown in Figure 10 for
a crack depth of 0.05 mm. The crack growth rates are
about a factor of eight higher in water than in air evenat
small crack extensions, for this condition with R=O,
0.033 Hz in water. The reduction in fatigue initiation life
in deaerated water compared to air was typically about 4
to 8 for 304 SS, as shown in Figure 8, and was about 4
for the R=Otests. Hence, the increase in crack growth
rate in water is large enough to account for the
environmental. degradation in water. Such a large
increase in crack growth rates in water would be
significant by itself for applications where short cracks
are of concern.

IV. SUMMARY AND CONCLUSIONS
Fatigue life tests were performed in air on Type 304

stainless steel (304 SS) to establish the effect of mean
stress under both load control and strain control. An
apparent reduction of up to 26’Moin strain-amplitude
occurred in the low and intermediate cycle regime (cl 08
cycles) for a mean stress of 138 Mpa. A quantitative
description of mean stress effects using the Smith-
Watson-Topper equivalent strain parameter was
developed, which incorporates mean stress through the
maximum stress. This description provided a tighter fit
to the data, and allowed separation of mean stress and
coldwork effects. Wtih this separation,the effect of
meanstresswas reducedto 129f0decreasein strain
amplitude at 138 Mpa.

These results are consistent with mean stress effects
observed in steels and aluminum alloys, which show
about a 20% degradation due to mean stress at the
corresponding ratio of mean stress to ultimate stress.
For 304 SS, the stress-life curves actually increased with
increasing mean stress due to the significant work
hardening which occurred in tests with high mean
stresses, especially under load control. This observed
increase in stress-life is consistent with the fact that
cold-worked stainless steels have higher fatigue
strengths than annealed material.

The effect of notch radius on fatigue life is
comparable to elastically calculated stress concentration
factors at t@4.8, but significantly less at k@8.8.
Potential difference data were analyzed to determine the
crack growth rates for mechanically short cracks
emanating from notches. These data show that most of
the “initiation” life, defined as the number of cycles
needed to produce a crack depth of 0.127 mm, is



,., .

actually spant in the growth of mechanically short
cracks, For tests at R=O at 0.033Hz, the crack growth
rates increased by a factor of about eight in water, while
the fatigue initiation life was reducedby about four. 10)
Hence, the observed increase in crack growth rates of
short cracks in water can account for the reduction in
fatigue life.
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TABLE2. VendorMechanicalProperties



TABLE 3. Strain Controlled Test Results

Temperature Precycle Ea &~~n c~ (Mpa) at tsm(Mpa) at

(!C) (YIN) (mm/mm) ‘YO Nf half-life half-life
22 N 0.007 0 1235 367 0.7
22 N 0.007 0 1110 374 -3.4

22 N 0.0045 0 3694 287 -3.4

22 N 0.0046 0 5016 263 1.4

22 N 0.0026 0 2000000+ 250 -6.9
22 N 0.0026 0 76481 236 1.4
22 N 0.0023 0 2000000+ 226 -0.7
22 N 0.0023 0 2000000+ 196 -6.2
22 N 0.0032 0 42795 279 -1.4
22 N 0.0028 0 77923 261 2.1
22 N 0.0032 1 9201 241 19.3

I 22 IN] 0.0032 Ill 6438 I 261 I 15.9

I
1

. .
1

-.-. .—
I 1 f Iz N 0.0028 1 11748 276 35.2

22 N 0.0028 1 15529 237 20.7
22 N 0.0023 1 48657 234 33.1
22 N 0.0023 1 22984 260 32.4

22 N 0.002 1 45403 21.4
22 N 0.0018 1 27338 279 130

22 N 0.004 ‘ 2 2927 291 11.0

22 N 0.016 1 67114 219 41.4
22 N 0.0024 0 29960 237 -2.8

22 N 0.0013 1 219050 203 82.7

22 N 0.00109 1 2000000+ 185 98.6
I 288 IN I 0.0045 101 8345 I 221 I -6.2
I 288 INI 0.0045 101 8475 I 216 I -9.0—-—

I
. . 1 1 ! 1 1

288 N 0.0024 0 20351 191 -1.4

I 288 IN I 0.0024 101 32189 I 163 I -6.9

I 288 IN! 0.0026 Ill 20934 I 168 I -4.8

1– ‘“288 N 0.0024 1 37215 187 4.8

288 N 0.002 1 22083 229 24.8
288 N 0.002 1 30019 203 18.6
288 N 0.0016 1 89163 151 4.1

288 N 0.0014 1 158677 202 91.0 “

288 N 0.00109 1 7000000+ 145 34.4

288 Y 0.00168 0 171393 244 -1.4
I 288 IY I 0.001995 I o I 24381 I 208 10



TABLE 3. Strain Controlled Test Results (Cent’d.)

Temperature Precycle E~ &~~~” cr~(Mpa) at am(Mpa) at
cc) (YIN) (mm/mm) %0) Nf half-life half-life
288 Y 0.00231 0 31412 194 -1.4

288 Y 0.0017 1 29948 198 27.7

288 Y 0.00198 1 32418 238 44.1

288 Y 0.0023 1 31723 206 15.2

288 Y 0.00298 0 20990 190 7.6

288 Y 0.00123 1 209078 175 83.4

288 Y 0.00299 1 21751 229 9.0

288 Y 0.0035 1 18002 184 -0.7

288 Y 0.00448 1 8753 197 0.7

288* N 0.00739 0 3342 245 -0.7

288* N 0.00349 o 17910 182 2.1

288* N 0.00229 0 46383 170 -4.8

288* N 0.00169 0 134816 167 -5.5
288* N 0.00619 6 2200 257 -2.1

288* N 0.00269 9 23447 213 -11.7

288* N 0.00149 10 95312 193 142
288* N 0.001375 10 112914 187 153

*Denotes Heat 1L793 + Rl,mout



Table 4 Load Controlled Test Results (288°C)

Nf &a’5 th

(mm%m) (M;a) (;la) cycle
(mm/mm)

2000000+ 0.007 100 107 0.0006

2000000+ 0.013 141 38 0.0008

10727 0.007 186 0 0.0019

9773 0.027 194 2.4 0.002
15393 0.001 190 -3.4 0.0017

37531 0.002 176 3.4 0.0018

2000000+ 0.012 131 82.7 0.0012

2000000+ 0.044 155 93.1 0.0012

28924 0.047 179 41.3 0.0016

6004 0.008 210 -3.4 0.0033

12763 0.066 193 13.8 0.0020

6894 0.093 210 10.3 0.0027

828 -0.025 269* o 0.0083

2826 0.14 248* o 0.0052

7737 -0.056 214* -13.8 0.0018

237741 0.076 155 203 0.0012

231084 0.1 153 205 0.0013

237259 0.102 152 206 0.0012

3xaEEE-
2000000+ 0.155 124 234 0.001

2000000+ 0.144 121 238 0.001

2000000+ 0.123 114 245 0.0009

392064 0.14 134 224 0.0012

3695 -0.087 224* -17.2 0.0034

131847 0.096 169* 196 0.0015

●Denotes Heat 1L793 + Runc)ut
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Figure 2. Mean Stress Effects in Load Control

Note Load Control Bounded by Mean Strain Results
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