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ABSTRACT

This report summarizes the experimental results performed in FY 2019 on grade 91 (Gr. 91) steel (heat
30176) in support of Gr. 91 core block code cases. Mean stress fatigue testing was completed, and the
evaluation led to the conclusion that mean stress correction on the fatigue curve in Division 5 for Gr. 91 is
not recommended. A specialized test was designed and performed to validate the methodology proposed
for a softening factor to support the extension of the elastic—perfectly plastic (EPP) strain limits design
rules to Gr. 91. Nine simplified model tests (SMTs) were completed using the newly developed two-bar
SMT (TBSMT) and single-bar SMT (SBSMT) techniques. The results demonstrate the validity of the
testing technique, and the experimental basis of the development of the integrated EPP plus SMT creep-
fatigue evaluation methodology.

This report fulfils the milestone M3AT-190R050401061, “Complete Planned FY 19 Testing in Support of
Grade 91 Core Block Code Case.”
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1. INTRODUCTION

Grade 91 (Gr. 91) steel is currently an approved material for Class A construction in ASME Section 111
Division 5, Subsection HB, Subpart B. To support the Microreactors Campaign, integrated research and
development activities by Argonne National Laboratory (Argonne) and Oak Ridge National Laboratory
(ORNL) are conducted to develop and expand design rules to enable the use of Gr. 91 as a Class A
construction material for core block design. In FY 2019, research on Gr. 91 at ORNL mainly involved
experiments in support of the incorporation of the temperature-dependent ASME fatigue design curves,
extension of the elastic perfectly plastic (EPP) design rules to Gr. 91, and development of an alternative
creep-fatigue (CF) design methodology.

The current ASME Boiler and Pressure Vessel (B&PV) Code Section III, Division 5, Subsection HB,
Subpart B has only one design fatigue curve for Gr. 91 at 540°C (or 1000°F). The ASME Section III
Working Group—Creep-Fatigue and Negligible Creep (WG-CFNC) has taken action to incorporate the
temperature-dependent fatigue curves for Gr. 91 in Division 5. During the process, one issue regarding
the effect of mean stress effects on fatigue analysis, and how to consider the mean stress effect for
elevated-temperature design, was brought up and discussed. To evaluate whether the design fatigue
curves of Gr. 91 needed adjustment to account for mean stress, critical tests were designed and performed
at ORNL. The experimental results and analysis will be used to finalize the temperature design curves for
Gr. 91.

Qualification of Grade 91 steel for EPP strain limits and CF evaluations is a high-priority research and
development item of the ASME Code committee responsible for Division 5. The qualification of the EPP
methods for Gr. 91 steel has technical significance because currently this steel is the only approved material
for Division 5 Class A construction that is strongly cyclic softening. Experimental and modeling research
is needed in extending the code cases to Gr. 91 for EPP analysis. A specialized experiment was designed
and performed at ORNL to verify the method of determining the effect of the cyclic softening factor in
support of extending the EPP methodology to Gr. 91.

The current ASME code rules for CF evaluation based on the damage diagram require the separate
evaluation of creep damage and fatigue damage. The uncertainties in the separate evaluation of creep
damage and fatigue damage from the test data lead to the use of overly conservative design factors in the
current CF procedure. The difficulty in the current damage diagram CF evaluation approach has led to the
development of an alternative CF evaluation methodologys, i.e., the integrated EPP analysis and SMT
design methodology. The goal of this integrated EPP-SMT methodology is to maximize the advantages of
both EPP methods and the SMT CF evaluation approach. The development of an SMT-based design
curve requires a significant amount of SMT test data. Experimentally, SMT key feature CF testing has
been successfully developed and tested for Alloy 617, SS 316H, SS 304H, and Gr. 91 (Wang et al. 2013,
2014, 2015, 2016a, 2016b, 2017a, 2017b). However, testing with the key feature SMT specimens has
challenges in that it requires specialized and costly instrumentation; and it is difficult to extract
information to support the modeling and analysis. Major effort was invested in FY 2018 in developing
improved testing techniques to allow easier SMT-based CF testing. The newly improved techniques
enable the use of standard CF specimens and significantly simplify the testing program. The new
techniques were successfully verified on Alloy 617 and SS 316H in Wang et al.2018a, 2018b, 2019a,
2019b. In FY 2019, experiments were designed and performed using the new SMT testing techniques to
support the extension of the integrated EPP-SMT design method to Gr. 91.



2. MATERIALS AND SPECIMENS

The Gr. 91 material used in this report was from the Gr. 91 plate with heat number 30176. It was
manufactured by Carpenter Technology Corporation in the early 1980s, and it has been preserved at
ORNL as an archival material. ORNL technical report ORNL-6303 documented the chemical
composition of this plate, which is listed in Table 1 below. Note that the silicon content is 0.11%, lower
than the ASME SA-387 specification of 0.2—0.5%. This plate was characterized for its mechanical
properties and the data were used as reference data for the Gr. 91 development program.

Table 1. Chemical compositions of Gr. 91 plate with heat number 30176 (weight %).

C P Si* Ni Mn N Ti Sn \% Fe As
0.081 | 0.010 | 0.11 | 0.09 | 0.37 | 0.055 | 0.004 | <0.001 0.209 balance 0.001
Zr S Cr Co Mo Al w Cu Nb B
<0.001 | 0.003 | 8.61 | 0.010 | 0.89 | 0.007 | <0.01 0.04 0.072 <0.09

*Note: heat 30176 is low in Si content.

The as-received Gr. 91 plate was hot forged followed by hot rolling. The nominal thickness of the plate
was 25.4 mm (or 1 in.). The plate material was heat treated to support this study. It was normalized at
1050°C for 1 h and then tempered at 76°C for 2 h, followed by air cooling. The heat treatment was
performed by Bodycote Thermal Processing Inc. in Morristown, Tennessee. The heat-treated Gr. 91
satisfied ASME specification SA-387.

All the specimens used in this study were machined along the plate rolling direction. The specimen
geometries used in the report are the same as those used in previously by Wang et al. (2017a).

The standard CF specimen has a 6.35 mm (0.25 in.) gage diameter, as shown in Fig. 1.

Fig. 1. Standard CF specimen geometry. Units are in millimeter.

3. EFFECT OF MEAN STRESS ON THE FATIGUE DESIGN CURVES OF GR. 91

The current ASME B&PV Code Section III Division 5, Subsection HB, Subpart B has only one design
fatigue curve for Gr. 91 at 540°C (or 1000°F). The ASME Section III WG-CFNC has taken action and
established the record number 15-2731 to incorporate the Japan Society of Mechanical Engineers (JSME)
temperature-dependent fatigue curves for Gr. 91 in Division 5. The temperature-dependent fatigue curves
in the JSME Codes for Nuclear Power Generation Facilities—Rules on Design and Construction for
Nuclear Power Plants were established in 2012 and are considered the most reliable temperature-
dependent fatigue curves that are available. During the process, one issue regarding the effect of mean



stresses on fatigue analysis, and how to consider the mean stress effect for elevated-temperature design,
was brought up and discussed in the WG-CFNC.

High-temperate components under cyclic loading may experience mean stress effects. Mean stress can be
categorized into either load-controlled or strain-controlled quantities. For load-controlled mean stress,
such as that introduced by internal pressure, current CF design procedures (elastic or inelastic analysis
route) account for creep damage introduced by sustained loading. Thus, the mean stress effect due to
sustained primary loads shows up in the calculation of the life fraction used to enter the damage
interaction diagram (Figure HBB-T-1420-2, “Creep-Fatigue Damage Envelope”. On the other hand, the
effect of mean stress under strain-controlled cycling is introduced by a non-zero mean strain. Mean stress
under strain-controlled cyclic loading corresponds to cases such as welding residual stress or residual
stress by thermal transients. Since the fatigue curves are based on fully reversed strain-controlled cycling,
there is a negligible amount of mean stress during testing. To evaluate whether it is necessary to correct
the design fatigue curves of Gr. 91 to account for the mean stress under strain-controlled cyclic loading,
four critical tests were performed at ORNL. The evaluation compared the fatigue life of standard strain-
controlled fatigue testing with zero initial mean stress, N;, with that of fatigue testing with pre-straining
introduced non-zero initial mean stress, N}!. Both tests should be cyclically loaded at the same strain

range, strain rate, and temperature. These two types of tests are schematically illustrated in Fig. 2.

Fig. 2. Schematics of strain-controlled fatigue testing with zero initial mean stress (a) and with non-zero
initial mean stress.

3.1 STRAIN-CONTROLLED MEAN STRESS TESTING PROCEDURE

The tests were performed in accordance with the recommended test procedure by SWG Fatigue Strength-
Recommended test procedure for fatigue testing of metallic materials below the creep range. Note that
this recommended procedure was extended to high temperatures in this study. Tests with and without
mean strain were performed under strain-controlled cyclic loading at temperatures of 540°C (1000°F) and
371°C (700°F). The details of the mean stress evaluation procedure are given below.



1. Establish the d¢ versus Nj, curve at R = —I, where A¢ is the strain range, Nyis the cycles to failure,
R is the strain loading ratio and equals (minimum strain amplitude)/(maximum strain amplitude)
for one cycle.

2. Select a strain amplitude (Ag/2) of interest in the long-life region and determine the stress range
(40) at the start of the test at the selected Ag/2.

3. Determine the maximum mean stress to perform pre-strained fatigue testing.

Assume that the maximum possible tensile stress component is equal to the ultimate stress, S,
Omax = Su (1)
since
Omin = Sy — Ao 2)
then the maximum possible mean stress is

Omax+Omi
(Omean) max = maxz — (3)

or

A
(Omean) max = Su— 70 . 4)

4. Perform a strain control test by first increasing the monotonic strain until the stress is equal to
(Omean) max given by Eq. (4).

5. Using the strain level identified in step 4, gradually increase the cyclic stress amplitude until it
equals the value of Ae/2, selected in step 2.

6. Continue the test to failure and determine the cycles to failure for mean stress testing, Nf'.

In this study, the choice of the strain rate for cycling considered two factors: a higher strain rate should be
used to minimize the duration of the testing time, and the choice of strain rate should not significantly
affect the fatigue life cycles. In discussions in the WG-CFNC, the strain rate was initially determined to
be 5E-3/s and was later increased to 1E-2/s. Testing data for construction of the JSME fatigue curves
suggest that the choice of strain rate between 1E-2/s and 1E-3/s does not significantly affect the fatigue
life. In addition, the best fit JSME fatigue curves were used as the baseline reference for selection of the
strain amplitude for this study. The selected strain range should result in a high-cycle-fatigue region. The
corresponding strain range values for this study were 0.33% for testing at 540°C and 0.36% at 371°C,
targeting cycles to failure larger than 1ES5. The corresponding stress range, 4g, of initial stabilized cycles
was 526 MPa at 540°C and 700 MPa at 371°C.

The ultimate tensile strength values are required to determine the applied mean stress according to the
procedure. Tensile tests were performed on this heat of Gr. 91 at 540°C and 371°C and a strain rate of SE-
3/s. The tensile curves are plotted in Fig. 3. The tensile strength was 567.0 MPa at 371°C and 467.6 MPa
at 540°C.



The maximum mean stress was calculated from Eq. (4). It was found to be 204.6 MPa at 540°C and
corresponded to the pre-straining level of 0.18%. The maximum mean stress for 371°C was 217 MPa at
0.15% pre-strain. Table 2 summarizes the testing parameters for both temperatures. Note that the initial
non-zero mean stresses were below the yield strength for both test temperatures.

Fig. 3. Tensile stress-strain curves of Gr. 91 (heat 30176) at 540°C
and 371°C and strain rate of SE-3/s.

Table 2. Testing parameters for strain-controlled mean stress evaluation on fatigue life of Gr. 91 (heat 30176)
at 540°C and 371°C.

Test temperature | Strain range, Ao R ratio Initial mean Pre-straining
Ag stress, level, g¢

371°C 0.36% 700 MPa -1 217 MPa 0.15%

540°C 0.33% 526 MPa -1 204.6 MPa 0.18%

3.2 EVALUATION OF MEAN STRESS EFFECT ON THE FATIGUE DESIGN CURVES OF
GR. 91

The four tests were carried out until the failure criteria were met. Table 3 summarizes the failure criteria
and the fatigue failure cycles of the four tests. The normalized stress ranges as a function of applied
cycles for these four tests are compared in Fig. 4. The cycles to failure data points are plotted against the
JSME best fit curve in Fig. 5. At both temperatures, this heat of Gr. 91 showed higher fatigue resistance
than the average JSME best fit curves. At 540°C, the test with pre-straining and non-zero initial mean
stress lasted longer than the test with standard fatigue with zero initial mean stress, indicating mean stress
correction is not needed at this temperature. At 371°C, the non-zero mean stress fatigue showed slightly
shorter life cycles than with standard fatigue, but the difference in fatigue was small and well within the
data scatter for fatigue testing; therefore, it was concluded that the non-zero mean stress has a negligible
effect on strain-controlled fatigue life at this temperature.

The representative hysteresis loops of the strain-controlled mean stress fatigue tests are compared with the
standard fatigue tests in Fig. 6 and Fig. 7. For both temperatures, the first cycle of the non-zero mean
stress fatigue test showed plastic deformation but decreased to near elastic from the second cycle. The



initial non-zero mean stresses (shown as the ‘4’ sign on the plots) decreased when the specimens were
loaded with additional cycles.

Table 3. Summary of the test results of strain-controlled mean stress evaluation on Gr. 91 (heat 30176) at

540°C and 371°C.
Test Fatigue with zero mean strain Fatigue with non- zero mean strain
temperature Cyc'les to Failure criteria Cyc-les to Failure criteria
failure failure
371°C 6.7E6 17% load drop runout 5.07E6 F;;ﬁgeﬁi]hfr&izlzzigtgrgo
540°C 4.59E5 F;:Iﬂ[‘ge\xthfﬁiz‘rlz;;grgo 1.3E6 17% load drop runout

(a)

(b)

Fig. 4. Comparison of the stress ranges for strain-controlled fatigue tests
with and without initial mean stress at 540°C (a) and 371°C.



Fig. 5. Comparison of the strain-controlled mean strain fatigue test results
with the JSME best fit curves for Gr. 91 at 540°C and 371°C.

(a)

(b)

Fig. 6. Representative hysteresis loops of strain-controlled fatigue tests at 540°C for Gr. 91 (heat 30176). (a)
with non-zero initial mean stress and (b) with zero initial mean stress.
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Fig. 7. Representative hysteresis loops of strain-controlled fatigue tests at 371°C for Gr. 91 (heat 30176). (a)
with non-zero initial mean stress and (b) with zero initial mean stress.

The measured mean stresses as a function of loading cycles are compared for the four tests performed in
this study in Fig. 8 and Fig. 9. At both test temperatures, the initial non-zero mean stress introduced by
pre-straining quickly decreased as more strain-controlled cycles were applied. The initially applied
maximum mean stress could not be sustained under stain-controlled cyclic loading. The decrease in the
mean stresses as a function of applied cycles is more evidently shown in the linear plot scale. More than
99% of the applied cycles had mean stress levels of 50 MPa or less for the two strain-controlled fatigue
tests with non-zero initial mean stress. Note also that the mean stresses for the standard strain-controlled
fatigue tests with R = —1 may deviate from zero for most of the cycles, but the mean stress level remained
small for the duration of the tests.

It is interesting to note that despite the lower testing temperature of 371°C with negligible creep
deformation, the decaying trend of the initial mean stress as a function of applied cycles had a remarkable
resemblance to that at 540°C. It is known that Gr. 91 is a cyclic softening material, and this cyclic
softening effect may have played a rule in relaxing the mean stresses under the strain-controlled
condition.



(a) (b)

Fig. 8. Measured mean stresses as a function of loading cycles for mean strain effect testing at 540°C with
applied cycles in logarithmic scale (a) and linear scale (b).

(a) (b)

Fig. 9. Measured mean stresses as a function of loading cycles for mean strain effect testing at 371°C with the
applied cycles in logarithmic scale (a) and linear scale (b).

In summary, current test data demonstrate a negligible effect of applied mean strain on strain-controlled
fatigue life; i.e., strain-controlled cycling with non-zero mean strain does not reduce the cycle life
compared with cycling with zero mean strain. Based on the above discussion, mean stress correction is
not recommended for the fatigue design curves in Division 5 for Gr. 91.

4. TESTING IN SUPPORT OF EXTENSION OF THE EPP STRAIN LIMITS
CODE CASE TO GR. 91

Code Case N-861 for strain limits evaluation and Code Case N-862 for CF evaluation using EPP methods
have been approved for SS 304H and SS 316H in Section III, Division 5. Unlike SS 304H and SS 316H,



Gr. 91 is a strong cyclic softening material. EPP analysis based on unsoftened material properties can
potentially result in a lack of conservatism (Messner and Sham 2017, 2018). Experimental and modeling
research is needed for extending the code cases to Gr. 91 for EPP analysis. Methods for modifying the
EPP code cases to incorporate Gr. 91 have been established and explained in detail in reports by Messner
and Sham 2017, 2018, 2019. A specially designed experiment was performed at ORNL to verify the
method of modification of the EPP strain limits code case in support of the extension of the EPP
methodology to Gr. 91. This section describes the experimental method and the results.

The effect of cyclic softening on the creep resistance of Gr. 91 was evaluated by introducing strain-
controlled cyclic fatigue segments into the uniaxial creep test. The test method was the same as that
explained in a previous report by Wang et al. 2017; it is schematically illustrated in Fig. 10. The red lines
in Fig. 10 represent the creep segment and the blue lines are the strain-controlled fatigue segments.

strain

time
Fig. 10. Schematics of the experiment to evaluate the cyclic softening effect for Gr. 91.

The effect of cyclic softening on creep rate was evaluated previously at 600°C and was reported in Wang
et al. 2017. In that case, the specimen was first crept at 150 MPa for 24 h and entered a steady state creep
region; a strain-controlled cyclic fatigue segment of 100 cycles at a 1% strain range was then introduced.
This process was repeated until the specimen failed. A stress level of 150 MPa is estimated to result in a
creep rupture life of more than 800 h. The softening factor for modification of the isochronous stress-
strain curves (ISSCs) determined from this test at 600°C was verified to agree with the modeling results
(Messner and Sham 2017). The evaluation therefore concluded that at temperatures of 600°C and below,
the softening factor calculated from the model was reasonable, since the model is based on the same
softening mechanism.

However, the model initially predicted a very small softening factor for temperatures above 600°C. To
avoid excessive conservativeness after modifying for the softening effect, tests were performed to provide
information on the softening effect on Gr. 91 (heat 30176) at 625°C and 650°C in this reporting period.
The testing parameters are listed in Table 4 along with those for the previous test at 600°C. For both
temperatures, the stress levels selected for the creep segments are estimated to have rupture lives of more
than 500 h. The strain-controlled fatigue testing was performed with a 1% strain range and a 1E-3/s strain
rate. The fatigue life cycles at the 1% strain range were estimated from the average fatigue curves of Gr.
91, and they are 1300 and 1160 cycles.

Since the specimen was first loaded under constant load and crept to reach the steady state, the minimum
creep rate of a non-softened Gr. 91 could be calculated. The creep rates with additionally introduced
fatigue cycles were normalized with the unsoftened creep rate and are plotted in Fig. 11 for the three test
temperatures. For all three testing cases, the creep rate was found to increase in the subsequent creep
segment after additional fatigue cycles were introduced.
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Table 4. Summary of the test parameters of the cyclic softening effect on the creep rate of Gr. 91 (heat 30176).

Apblied stress Minimum creep Cyclic Estimated Total applied Total
Test f(l:f the cree rate of the non- loading | fatigue life number of duration
temperature p softened Gr. 91, strain at 1% cycles before | of the test,
segment, MPa . .
mm/mm/h range strain range | creep failure h

600°C 150 2.5E-5 1% 1450 1100 294.1
625°C 130.6 5.4E-5 1% 1300 693 173
650°C 99.7 3.98E-5* 1% 1160 743 90.4

*Note: this value was from the stead state creep rate after 98 pre-cycles. The initial creep segment did not reach
steady state.

(a) (b)

(c)

Fig. 11. Effect of cyclic softening on creep rate of Gr. 91 (heat 30176) at 600°C (a), 625°C (b), and 650°C (c).

The test results from tests of the softening effect on creep rates are plotted against the fatigue life fraction
in Fig. 12. The fatigue life fraction is simply defined as the ratio of the applied number of fatigue cycles
over the estimated fatigue life. When the Gr. 91 was pre-softened for half of the fatigue life fraction, the
creep rate increased by 10x for all three temperatures. The overall tends of the cyclic softening effects on
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the creep rates were consistent for the three test temperatures, indicating a similar controlling mechanism
for the softening effect at these temperatures.

Fig. 12. Effect of cyclic softening on creep behavior of Gr. 91 (heat 30176).

5. PROGRESS IN DEVELOPMENT OF ALTERNATIVE CREEP-FATIGUE EVALUATION
METHOD FOR GR. 91

5.1 DEVELOPMENT OF INTEGRATED EPP-SMT CF EVALUATION METHODOLOGY

The current ASME code rules for evaluation of CF evaluation based on the damage diagram require the
separate evaluation of creep damage and fatigue damage by placing a limit on the allowable combined
damage, the D diagram, based on the calculated individual damages. The uncertainties in the separate
evaluation of the creep damage and fatigue damage from the test data lead to the use of overly
conservative design factors in the current CF procedure. The difficulties and the excessive conservatism
in the D diagram approach for creep fatigue evaluation are what led to the development of this alternative
CF evaluation methodology, i.e., the integrated EPP analysis and SMT design methodology. The goal of
this integrated EPP-SMT methodology is to maximize the advantages of both EPP methods and the SMT
CF evaluation approach, which avoids separate evaluation of creep and fatigue damage, eliminates the
requirement for stress classification in current methods, and greatly simplifies the evaluation of elevated-
temperature cyclic service.

The development of an SMT-based design curve requires a significant amount of SMT test data.
Experimentally, SMT key feature CF testing has been fully developed and successfully tested for Alloy
617, SS 316H, SS 304H, and Gr. 91 (Wang et al. 2013a, 2014, 2015, 2016a, 2017b, 2017c). The testing
of the SMT key feature CF test articles was designed to evaluate the effects of elastic follow-up, stress
concentration factor, primary load, strain range, loading rate, test temperature, and hold time. However,
testing with the key feature SMT specimens requires specialized and costly instrumentation. Even more
critical, the stress and strain redistribution for the SMT key feature test articles is complex; and it is
difficult to extract information to support the modeling analysis. To advance the design method, major
effort was invested in FY 2018 in developing improved testing techniques to facilitate SMT-based CF
testing. The new techniques, TBSMT and SBSMT, both enable the use of standard CF specimens. The
testing concept is explained in Wang et al. 2018a and 2019a, and the techniques are successfully verified
for Alloy 617 and SS 316H in Wang et al. 2019a, 2019b. The following sections describe experiments
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designed and performed on Gr. 91 (heat 30176) using TBSMT and SBSMT to support the extension of
the integrated EPP-SMT design method to Gr. 91.

5.2 SMT CREEP-FATIGUE TESTING ON GR. 91

The Gr. 91 specimen for SMT CF experiments used the standard CF geometry shown in Fig. 1. The end-
displacement loading profile for one cycle is schematically shown in Fig. 13. The loading started either
with the compression holding segment or the tensile loading segment; but the two loading profiles were
essentially the same because repeating cycles were applied for the CF testing. The specimen was loaded
at a nominal strain rate of 1E-3/s with a compression hold time of 600 s. The test was fully reversed with
a strain ratio R of —1. The tests were automated through a LabView program. The testing temperature was
650°C for all the tests performed in this report.

+E[— +eF

strain
strain

Time, s Time, s

(a) (b)

Fig. 13. Applied CF loading profiles for one cycle with compression hold. Starting with compression
holding segment (a) or the tension loading segment (b)

5.3 TBSMT CREEP-FATIGUE ON GR. 91 WITH A ROOM-TEMPERATURE DRIVER BAR

The TBSMT technique can be designed to use a driver bar at room temperature (i.e., fully elastic) or at
high temperature (i.e., a creeping driver bar) to represent the desired elastic follow-up effect. The results
are discussed in this section.

Test no. TB03 used a room-temperature driver bar and test specimens at 650°C. The test was performed
to failure. The stress-strain relationship of the room-temperature driver bar is shown in Fig. 14. The slope
of 206 GPa is the same value as the elastic module of the material at room temperature. This information
was used confirm the TBSMT configuration and test design to be correct.

The elastic follow-up factor, Q, for test TB03 was calculated from the compression hold stress-strain
curves, and the value was 3.5. Plots of the strain range and maximum/minimum stresses as a function of
applied cycles are shown in Fig. 15. The results show that the strain ranges measured at the test section
will increase as a function of the applied cycle. The increase in the strain ranges and decrease in the
maximum and minimum stresses became rapid at 2050 cycles, where the specimen approached the last
stage toward failure. The stress history of the first five cycles and the representative hysteresis loops are
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also presented in Fig. 15. For this test, the 600 s hold time did not reach saturation, as seen in Fig. 15c.
Cycle number 1000 is the mid-life cycle for this test. The representative hysteresis loops in Fig. 15¢ show
that the elastic follow-up factor, represented by the linear relaxation slope during the compression
holding, was constant for this compression holding segment; and there were no significant changes in the
elastic follow-up with more applied cycles.

Fig. 14. Stress-strain curves of the room-temperature driver bar for TB03.

During the compression holding segment, the stress relaxed. If we define the stress relaxation ratio for the
hold period as (1-05,0,), where g,, is the stress at beginning of the holding and oy is the stress at the end
of the holding, the stress relaxation behavior can be assessed. The stress relaxation ratios as a function of
cycle number were calculated and are plotted in Fig. 16. The stress relaxation ratio was large for the
initial cycles but reached a saturation or steady state after about five cycles. For the steady state, the stress
relaxation ratio showed an insignificant increase as a function of the applied cycles; but it showed a sharp
increase starting at about 2050 cycles. The measured strain ranges and stress ranges were normalized with
the initial values and plotted in the same figure. The results show that the fast increase in strain ranges

agrees well with the fast drop in the stress ranges. The sharp transition is where failure initiation is
defined.

A picture of failed specimen TBO3 is shown in Fig. 17. The failure was through necking at the center of
the gage section.
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(a) (b)

(c) (d)

Fig. 15. Plots of the strain ranges (a), maximum/minimum stresses (b), and stress history of the first five
cycles (c¢) and the representative hysteresis loops (d) for TB03 at 650°C.

Fig. 16. Normalized strain range, stress range, and stress relaxation ratio for TB03.
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Fig. 17. Photograph of the failed TB03 specimen.

Tests TB07 and TBO8 were also performed using a room-temperature driver bar. TB07 had an elastic
follow-up of 4.1, slightly higher than that of TB08, which had the same elastic follow-up of 3.5 as TB03.
The strain ranges, maximum and minimum stresses, and hysteresis loops of cycle #400 are compared in
Fig. 18.

(a) (b)

(©)

Fig. 18. Plots of the strain ranges (a), maximum/minimum stresses (b), and hysteresis loops of cycle #400 (c)
for TB07 and TB08 at 650°C.
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The initial stable strain ranges were similar, with 0.53% for TB07 and 0.55% for TB08; and the numbers
of cycles to failure were 750 for TB07 and 800 for TB08. The slight larger Q with a slight smaller initial
strain range for TBO7 did show a shorter SMT CF life, but the effect was not significant under the test
conditions.

5.4 TBSMT CREEP-FATIGUE ON GR. 91 WITH A CREEPING DRIVER BAR

TBSMT with a high-temperature driver bar can simulate the scenario in which the entire component is at
high temperature and the elastic follow-up effect is caused by parts at high temperature that may creep
over time. TB10 was performed with both the driver bar and the test specimen at 650°C. The strain
ranges, maximum/minimum strains, maximum/minimum stresses, and representative hysteresis loops are
plotted in Fig. 19. The initial stable strain rage was 0.55%. However, comparing TB07 and TB08, TB10
showed much fewer cycles to failure—480 cycles. The specimen showed tensile ratcheting strain as a
function of applied fatigue cycles, with the fast ratcheting at the initial cycles. An increase in the strain
ranges as a function applied cycles was observed.

1.4
1.2 i
2 ! "
cos| /7
//
E 0.4
-0.2 ,/
-0.4
0 100 200 300 400 500 600
Cycle number
(a) (b)
(c) (d)

Fig. 19. Plots of the strain ranges (a), maximum/minimum strains (b), maximum/minimum stresses (¢) and
the representative hysteresis loops (d) for TB10 at 650°C.
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A closer examination of the compression holding segment revealed additional differences between this
test and those performed with a room-temperature driver. The hold segment of cycle #200 is plotted in
Fig. 20. The stress relaxation was found to be nonlinear. The elastic follow-up factor increased from the
value of 2.1 at the beginning of holding to a value of 4.7 at the end of holding. If the secant slope between
the start point and the end point of the holding is used as the basis for the elastic follow-up factor, it will
result in an elastic follow-up factor of 3. Based on the limited test results and the comparison between this
test and TB07 and TBOS, the secant elastic follow-up factor of 3 would significantly underestimate the
elastic follow-up effect. The reason is that the stress relaxation at the beginning of the holding segment is
fast, and the specimen spends most part of the holding period at the larger Q region.

0.0015 0.0020 0.0025 0.0030 0.0035

Strain, mm/mm

Fig. 20. Details of the stress relaxation during hold segment of cycle #200 for TB10.

5.5 SBSMT TEST RESULTS ON GR. 91

In this reporting period, four SBSMT tests were performed to failure on Gr. 91 (heat 30176) at 650°C.
Test SBOS had an elastic follow-up of 3.8, and the other three tests had high elastic follow-up factors of
12. All the specimens were loading and had the profile shown in Fig. 13a. The holding time was 600 s
and the nominal strain rate was 1E-3 /s.

Plots of the strain ranges, maximum/minimum stresses, and representative hysteresis loops for SB05 are
shown in Fig. 21. The initial strain range was 0.54% and it gradually increased with more applied cycles.
The specimen showed cycles to failure of 680, consistent with the results from TB07 and TB 08. As
demonstrated by the hysteresis loops, the elastic follow-up was constant during the holding segment and
remained at the same value till failure. The maximum and minimum stresses and the hysteresis loops of
cycle #200 for SB05 and TBO7 are also compared in Fig. 22, showing similar characteristics in terms of
the constant relaxation slope of the stress-strain curves and the trend of the maximum and minimum
stresses. SBOS had slightly smaller strain range at cycle #200 than TBO7 which could be due to
differences between the two specimens. From these results, it is concluded that the SBSMT testing
technique is essentially the same as the TBSMT with cold driver bar. Since SBSMT uses one test
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machine and standard creep-fatigue specimen geometry, it is much simpler to be applied and therefor has
more advantages in terms of being generalized as a SMT based technique.

Test results for SB09 and SB10 are compared in Fig. 23. These two tests had the same elastic follow-up
factor of 12. The initial strain range was 0.7% for SB09 and slightly lower for SB10 at 0.62%. The
purpose of testing the two specimens at close strain ranges was to evaluate the consistency of the testing
procedure. The results were consistent in terms of evolution of the strains and stresses as a function of

applied cycles and the similar characteristics of the hysteresis loops. The cycles to failure were 250 for
SB09 and 330 for SB10.
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Fig. 21. Plots of the strain ranges (a), maximum/minimum stresses (b), and representative hysteresis
loops (c) for SB05 at 650°C.
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(a) (b)

Fig. 22. Comparison of the maximum and minimum stresses (a) and hysteresis loops of cycle # 200 (b) for
SBO0S and TBO07.

Test SB11 with an elastic follow-up factor of 12 was performed to failure at 650°C with a small initial
strain range of 0.25%. Test SB11 lasted 45 days with cycles to failure of 6200. The results are presented
in Fig. 24. The elastic follow-up was maintained at the same value throughout the entire test, as
demonstrated through the hysteresis loops in Fig. 23. This test demonstrated that the testing technique of
SBSMT was stable and valid for intermediate to long-term CF evaluation. Unlike the test with a smaller
elastic follow-up factor, the stress history shows that the stress relaxation was much slower, and a
saturation state was not reached for the 600 s holding segment. The cyclic softening effect is evidently
shown in the stress range plot. Interestingly, the specimen ratcheted initially to the compressive strain
direction before mid-life cycles of about 3000 and then switched and ratcheted to the tensile direction,
which is consistent with the evolution of the maximum/minimum stresses.

The cyclic softening effect was shown to be different at different strain range levels. The three tests with
the same elastic follow-up factor of 12 are compared by plotting the normalized stress ranges as a
function of fatigue life fraction in Fig. 25. The results show that the cyclic softening effect is larger at the
large strain ranges.
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Fig. 23. Plots of the maximum/minimum stresses (a), maximum/minimum strains (b), strain ranges (c),
stress ranges (d) for SB09 and SB10, and representative hysteresis loops for SB09 (e) and SB10 (f).
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Fig. 24. Plots of the strain ranges (a), maximum/minimum stresses (b), maximum/minimum strains (c),
stress ranges (d), stress history of the first five cycles (e) and representative hysteresis loops (f) for SB11.
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Fig. 25. Comparison of the cyclic softening effect for SBSMT tests on Gr. 91.
5.6 SUMMARY OF THE SMT RESULTS FOR GR. 91

All the test results for this report on Gr. 91 (heat 30176) using both TBSMT and SBSMT techniques are
summarized in Table 5. Based on these data and the previous discussions of the test results, the following
two observations are obvious. First, larger elastic follow-up will shorten the CF life, as shown by
comparing TB10, TBOS8, and TBO7. This reduction is due to the retardation of the stress relaxation by the
elastic follow-up effect and hence enhanced creep damage during the holding segment. Second, with the
same elastic follow-up and holding time, larger applied strain ranges will decrease the cycle life, a similar
trend to the standard fatigue or CF.

Table 5. Summary of SMT CF results on Gr. 91 at 650°C (heat 30176).

Test ID SMT test method Elastic follow- Initial stable Hold time, s | Cycles to
up factor, Q strain range, % failure
TBO03 TBSMT with room- 3.5 0.30 600 2050
temperature (RT)

driver bar

TBO07 TBSMT with RT 4.1 0.53 600 750
driver bar

TBOS TBSMT with RT 3.5 0.55 600 800
driver bar

TB06 TBSMT with RT 4 0.90 600 170
driver bar

TB10 TBSMT with driver 2.1t04.7 0.55 600 480

bar at 650°C

SB05 SBSMT 3.8 0.54 600 680

SB09 SBSMT 12 0.70 600 250

SB10 SBSMT 12 0.62 600 330

SB11 SBSMT 12 0.25 600 6200

The results are also presented in Fig. 26 by plotting the measured initial stable strain range against the
cycles to failure for all the test results, regardless of the differences in elastic follow up. In this figure, the
average fatigue curve for Gr. 91 at 650°C is also plotted. Using the similar concept of generating a design
fatigue curve from an average fatigue curve, a reduction factor of factor 2/15 was applied to the average
fatigue curve (i.e., factor of 2 for strain range and a factor of 15 for the cycles). The dashed line represents
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the lower bound after applying the 2/15 reduction factor. This 2/15 reduction curve is shown to envelope
all the available test data. Of course, the test results are limited, and the hold time is short in these tests,
but the concept of using an existing standard fatigue or CF database to generate SMT-based design curves
is more practical and economical. SMT CF experiments and analysis will still be required to ensure the
bounding elastic follow-up factor to be used for the SMT-based design methodology.

Fig. 26. SMT CF test results on Gr. 91 at 650°C.

6. SUMMARY

Four critical tests were performed on Gr. 91 to evaluate the effect of mean stress under strain-controlled
fatigue loading. The results show that the mean stresses introduced by the non-zero mean strain could not
be maintained under strain-controlled fatigue and resulted in negligible effect on the fatigue life. This
study concludes that mean stress correction is not recommended for the fatigue design curves in Division
5 for Gr. 91. Since Gr. 91 exhibits strong cyclic softening, experimental and modeling research are
needed to support the extension of the EPP strain limits code cases to Gr. 91. A specially designed
experiment was performed on Gr. 91 to provide the critical information to finalize the softening factor for
Gr. 91 for EPP analysis and validate the methodology for developing the softening factors.

Testing in support of the development of an integrated EPP plus SMT CF evaluation methodology
continued. This integrated SMT-based CF evaluation methodology significantly simplified the CF
evaluation procedure and removed the over-conservatism of the existing CF damage diagram method. In
this report, the newly improved SMT testing techniques were validated on Gr. 91 by generating SMT CF
failure data at different strain ranges and with various elastic follow-ups. The immediate needs for SMT
experiments are test results at longer holding times and different temperatures. Modeling analysis is
needed to select bounding elastic follow-up factors for the testing.
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