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ABSTRACT 

This report summarizes the FY 2020 research and activities at Oak Ridge National Laboratory in support 
of the ASME code rule development and code extension for Grade 91 (Gr. 91) steel. Incorporation of the 
Gr. 91 temperature-dependent fatigue curves in Section III Division 5 was one major task, and the 
associated major aspects brought up during the course of the ASME balloting process are documented in 
this report. Experiments and analysis continued on the development of the alternative creep-fatigue 
evaluation based on elastic–perfectly plastic (EPP) plus simplified model test (SMT) methodology. The 
focus of the study in FY 2020 was the evaluation of the hold-time effect at high cycle and low strain 
range region. Baseline testing in support of the evaluation of hold time effects was started and will 
continue in FY 2021. Major on-going experiments and activities in support of the ASME code 
development and extension of Gr. 91 will be completed in FY 2021. 
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1. INTRODUCTION 

Grade 91 (Gr. 91) steel is currently an approved material for Class A construction in ASME Section III 
Division 5, Subsection HB, Subpart B (ASME 2019). To support the Microreactor program, integrated 
research and development activities by Argonne National Laboratory (Argonne) and Oak Ridge National 
Laboratory (ORNL) are conducted to develop and extend design rules to enable the use of Gr. 91 as a 
Class A construction material for core block design.  

In FY 2020, qualification of Gr. 91 for elastic–perfectly plastic (EPP) strain limits and creep-fatigue (CF) 
evaluations led by ANL collaborators was completed. The qualification of 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. In FY 2020, research on Gr. 91 at ORNL mainly involved 
two aspects, incorporation of the temperature-dependent fatigue curves into ASME Boiler and Pressure 
Vessel (B&PV) Code Section III, Division 5, Subsection HB, Subpart B; and research in support of the 
development of an alternative CF design methodology. 

The current 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. This report documents the major progress on this item through the ASME balloting process 
and the major aspects regarding the fatigue design curves. The temperature-dependent fatigue design 
curves for Gr. 91 are expected to be incorporated in the 2021 edition of the ASME code. 

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 methodology, i.e., integrated EPP analysis and Simplified 
Model Test (SMT) 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 poses 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 to 
develop improved testing methods to allow easier SMT-based CF testing. The improved techniques 
enable the use of standard CF specimens and significantly simplify the testing program. The new 
techniques were successfully verified in Wang et al. 2018a, 2018b, 2019a, 2019b, 2019c. In FY 2020, 
analysis was performed to evaluate the hold time effect on the SMT CF life. Lack of experimental data at 
the low strain range and high cycle region due to the long test duration to generate failure data has 
resulted in major uncertainties in extending the SMT-based design curves to the high cycle region. To 
address this issue, experiments were designed and are being performed at ORNL to support the extension 
of the integrated EPP-SMT design method to Gr. 91.  

Major on-going experiments and activities in support of ASME code development and extension of Gr. 
91 will be completed in FY 2021, with a few exceptions for long-term testing.  
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2. MATERIAL 

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 (DiStefano et al. 1985) documented 
the chemical composition of this plate, which is listed in Table 1 below. Note that the silicon content is 
0.11%, which is 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 V 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 760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 
microstructure and room temperature properties satisfied ASME specification SA-387. All the specimens 
used in this study were machined along the plate rolling direction.  

 
3. INCOPORATION OF TEMPERATURE-DEPENDEDNT FATIGUE CURVES FOR GR. 91 

IN ASME SECTION III DIVION 5  

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). Since fatigue design curves at higher temperatures are 
more limiting, there is not sufficient design information for Gr. 91 components operating at temperatures 
higher than 540C. The ASME Section III WG-CFNC has taken action and established the record number 
15-2731 to incorporate the temperature-dependent fatigue curves up to 649C (1200F) for Gr. 91 based 
on data from the Japan Society of Mechanical Engineers (JSME). Incorporation of the temperature-
dependent fatigue curves in ASME code will greatly enhance design flexibility for Gr. 91 as Class A 
elevated temperature service construction.  

This section documents the incorporation of the Gr. 91 temperature-dependent fatigue curves in Division 
5 and the associated major aspects brought up during the course of the ASME balloting process. The 
information reported here was included in the background documents for record 15-2731. At the time of 
writing this report, this proposal was approved by the Section III Standards Committee and in the process 
of procedural approval by the Board on Nuclear Codes and Standards. The temperature-dependent fatigue 
design curves for Gr. 91 are expected to be incorporated in the 2021 edition of the ASME code.  

3.1 EVALUATION OF THE JSME DESIGN FATIGUE CURVES 

3.1.1 JSME Gr. 91 Design Fatigue Curve Data Package and Data Storage  

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 (JSME 2016). The 
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technical background of the best-fit curves in the JSME Fast Reactor Code is summarized by Onizawa et 
al., 2013. Seven lots of Gr. 91 in plate form and seven lots in forging form were used to support the JSME 
codification. The chemical composition, heat treatment and room temperature tensile properties satisfy 
ASME B&PV Code Section II SA-182M F91 and 387M 91 (Onizawa et al., 2013). Total fatigue data 
points are 305, ranging from room temperature to 650°C ( or 1200°F). The strain rate is from 1E-6/s to 
1E-3/s.  

The database of the JSME Gr. 91 fatigue design curves is stored by the Japan Atomic Energy Agency 
(JAEA); however, the ownership of most of the data lies with the consortium of electrical companies, and 
the original data are not open to the public. JAEA-Data-Code-2008-030 (in Japanese) has documented the 
fatigue failure cycles and is available to the public. Additional information regarding the test data used in 
developing Gr. 91 design fatigue curves is available in the literature (Onizawa et al., 2013, Wang et al., 
2019b, Wang et al., 2020). ASME Code committees consider the form of the background documents on 
the supporting data for record 15-2731 to be acceptable.  

3.1.2 JSME Gr. 91 Best-Fit Fatigue Curves  

The JSME best-fit curve for fatigue life was analyzed by the Diercks method (Diercks et al., 1976). 
Fatigue curves developed by the Diercks method are expressed as a function of temperature, strain rate, 
and strain range. The equation of the best-fit curves for Gr. 91 fatigue life is given as in Onizawa et al. 
(2013) 

(𝑙𝑜𝑔10

𝑁𝑓)−
1

2 = (𝐴0 + 𝐴1 ∙ log10 𝜀𝑡 + 𝐴2 ∙ (log10𝜀𝑡)2 +𝐴3 ∙ (log10𝜀𝑡)4)  (1) 

where the parameters are defined as: 
𝐴0 = 1.182614 − 8.971940 × 10−10 × 𝑇2 × 𝑅3 
𝐴1 = 6.379346 × 10−1 − 3.220658 × 10−3 × 𝑅 
𝐴2 = 2.065574 × 10−1 + 3.103560 × 10−11 × 𝑇3 
𝐴3 = −1.168810 × 10−2 
𝑅 = 𝑙𝑜𝑔10(𝜀̇) 
𝑇 ∶ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒 𝐶 𝑓𝑜𝑟 𝑆. 𝐼. 𝑈𝑛𝑖𝑡𝑠 
𝜀𝑡 ∶ 𝐷𝑒𝑠𝑖𝑔𝑛 𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 (𝑖𝑛./𝑖𝑛. 𝑜𝑟 𝑚/𝑚) 
𝜀̇ ∶ 𝑆𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑡𝑒 𝑖𝑛/𝑖𝑛/𝑠 𝑜𝑟 𝑚/𝑚/𝑠) 

The JSME best-fit temperature dependent fatigue curves for strain rates of 1E-3/s or higher were 
compared with the data of Ando of JAEA (Ando 2018). The best-fit curves represent the test data well. 

The original JSME best-fit fatigue life equation was developed with the intent to cover up to 1E6 cycles 
in the design curves. The design fatigue curves proposed to ASME cover up to 1E8 cycles. The JSME 
best-fit fatigue life equation was extrapolated to up to 1E8 cycles. Because of the long-duration testing 
time for high numbers of cycles, there are limited test data available. Three fatigue data points with 
fatigue lives longer than 1E6 were used to validate this extrapolation. One data point was for a 0.20% 
strain range with cycles to failure of 6,772,955 at 600C, one at 0.25% strain range with cycles to failure 
of 3,558,742 at 550C and a third one for a 0.20% strain range with cycles to failure of 21,091,549 at 
550C  (JAEA 2009). The fatigue curves generated by Eq.(1) coincide well with these test data, therefore, 
the extrapolation was justified as being reasonable. 
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3.2 EVALUATION OF MEAN STRESS CORRECTION ON THE FATIGUE DESIGN 

CURVES FOR GR. 91  

During the process of incorporating the Gr. 91 fatigue design curves, an 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. High-temperate components under cyclic loading may experience 
mean stress effects. Mean stress can be categorized as 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 in ASME Section III Division 5, 
“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. With 
concurrence from WG-CFNC members, ORNL performed strain-controlled fatigue tests for mean stress 
evaluation in accordance with the recommended test procedure by Section III Sub Working Group-
Fatigue Strength, “Recommended Test Procedure for Fatigue Testing of Metallic Materials below the 
Creep Range (ASME 1994). Note that this recommended procedure was originally developed for light-
water-reactor applications, and it was extended to high temperature applications 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 study were reported by Wang et 
al. 2019b, 2020.  

The evaluation compared the fatigue life under standard strain-controlled fatigue testing with zero initial 
mean stress, with that under fatigue testing with non-zero initial mean stress introduced by pre-straining. 
Both tests were cyclically loaded at the same strain range, strain rate, and temperature. The four tests were 
carried out until the failure criteria were met. The results show that at both temperatures, the mean 
stresses introduced by pre-straining could not be maintained and decreased quickly as applied strain 
cycles were increased. At 540C, the test with pre-straining and non-zero initial mean stress had longer 
cyclic life than the test with standard fatigue and zero initial mean stress, indicating that mean stress 
correction is not needed at this temperature; at 371C, the non-zero mean stress fatigue test showed 
slightly shorter cyclic life than that with standard fatigue, but the difference in fatigue life was small and 
well within the data scatter for fatigue testing. The ORNL 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 did not reduce the cycle life compared with cycling with zero mean strain. Therefore, mean stress 
correction is not recommended for the fatigue design curves in Division 5 for Gr. 91. 

3.3 ASME TEMPERATURE-DEPENDENT DESIGN FATIGUE CURVES FOR GR. 91 

The proposed ASME fatigue design curves are based on a cyclic fatigue testing strain rate of 1E-3/s, so 
the fatigue life at a very slow strain rate due to the creep effect at high temperatures does not enter into 
these fatigue curves. At a strain rate of 1E-3/s, the parameters in Eq. (1) become: 

𝑅 = −3 
𝐴0 = 1.182614 + 2.422424 × 10−8 × 𝑇2 
𝐴1 = 6.475966 × 10−1 
𝐴2 = 2.065574 × 10−1 + 3.103560 × 10−11 × 𝑇3  

      𝐴3 = −1.168810 × 10−2 

The ASME fatigue design curves are generated by applying design factors of 2 on strain range and 20 on 
number of cycles to failure, and the lesser of these two gives the design allowable strain range at cycle. 
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Unlike the JSME design curves, there was no smoothing between the intersection of the two curves in this 
proposal. 

For the temperature range from room temperature to 371C (or 700F), the curve for 371C (or 700F) is 
used. The fatigue design curve at 540C was compared with the existing curve in Figure HBB-T-1420-1E 
in Division 5, and the results are plotted in Fig. 1. The proposed new fatigue design curve matched the 
existing curve reasonably well.  

 

 

Fig. 1. Comparison of the Gr. 91 design fatigue curve at 540C. 

 
The proposed temperature dependent design fatigue curves for ASME B&PV Code Section III Subsection 
HB Subpart B are plotted in Fig. 2. Tabulated values for both US customary units and SI units are 
provided with the proposed curves. Note also that all the original calculations were done in SI units 
because the JSME equation was established on the basis of SI units. For U. S. customary units, the only 
change needed was the temperature conversion between degrees Celsius and degrees Fahrenheit, because 
the strain range and strain rate were the same for both units. The tabulated numerical values had 5 
significant figures to ensure that the maximum error of (Nd-Nd_cal)/Nd based on the tabulated strain 
range values was less than 0.1%.  
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Fig. 2. Proposed temperature-dependent fatigue design curves for Gr. 91. 

 

4. PROGRESS IN DEVELOPMENT OF ALTERNATIVE CREEP-FATIGUE EVALUATION 

METHOD FOR GR. 91 

4.1 INTEGRATED EPP+SMT CF EVALUATION METHODOLOGY 

The current ASME code rules for 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 
damage 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 design procedure. The difficulties and the excessive conservatism in the damage 
diagram approach for CF 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 the separate evaluation of creep and fatigue damages, 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. 2013, 2014, 2015, 2016a, 2017a, 2017b). The testing of 
the SMT key feature CF test articles was designed to evaluate the effects of elastic follow-up, stress 
concentration, 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 
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extract information to support the development of modeling and analysis methods. To advance the design 
method, major effort was invested in FY 2018 for developing improved testing techniques to facilitate 
SMT-based CF testing. The new techniques, two-bar SMT (TBSMT) and single-bar SMT (SBSMT), both 
enable the use of standard CF specimens. The testing concept is explained in Wang et al. 2018a, 2018b, 
2019a and 2019b. Experiments were designed and performed on Gr. 91 (heat 30176) using TBSMT and 
SBSMT. Both testing methods were verified, and they can support the extension of the integrated 
EPP+SMT design method to Gr. 91 (Wang et al. 2019b). Since the instrumentation for SBSMT is similar 
to that for standard CF tests and is much simply to apply, it was selected for all future SMT-based testing.  

4.2 SBSMT TEST RESULTS ON GR. 91 AT RELATIVELY LOW STRAIN RANGE 

The Gr. 91 specimen for SMT CF experiments used the standard ASTM CF specimen geometry, which 
has a 6.35 mm (0.25 in.) gage diameter, as shown in Fig. 3.  

 
 

 
Fig. 3. Standard ASTM CF specimen geometry. Units are in millimeter. 

 
The end-displacement loading profile was fully reversed with a strain ratio R of −1. The specimen was 
loaded under the strain control mode with a hold time applied either at either peak tension or peak 
compression segment for CF, or with no hold time for continuous cycling (pure fatigue.) The tests were 
automated through a LabView program.  

SBSMT (test ID SB19) was carried out with a compression hold for 600 s to investigate the SMT CF 
behavior at relatively a low strain range for Gr. 91 (heat number 30176) at a nominal strain rate of 1E-3 /s 
at 650oC. The initial stable strain range was 0.3%. 

The elastic follow-up factor evaluated as a function of applied cycles is presented in Fig. 4. The elastic 
follow-up factor shows a relatively constant value of 1.98±0.13 during the entire SBSMT. Note that the 
elastic follow-up factor was measured based on the tangential slope. The evolutions of strain range, 
maximum/minimum stresses, and representative hysteresis loops are presented in Fig. 5. The measured 
strain range gradually increased from an initial value of 0.3% to about 0.355% at failure initiation around 
2511 cycles, then increased rapidly to 0.44% upon failure at 2719 cycles.  

The development of maximum/minimum stresses in Fig. 5b is consistent with the evolution of the strain 
range when the applied cycles were increased; i.e., the rapid decrease in maximum stresses beyond failure 
initiation coincides with the rapid increase of the measured strain range. The changes in minimum stresses 
are not significant compared with those in the maximum stresses.  

The representative hysteresis loops presented in Fig. 5c show parallel stress relaxation for those cycles, 
which is consistent with the observed relatively constant values of the elastic follow-up factor.  
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Fig. 4. Elastic follow-up factor as a function of applied cycle for Gr. 91 Gr. 91 SBSMT SB19 

(a) (b)

(c)
 

Fig. 5. Evolution of (a) strain range and (b) maximum and minimum stresses as a function of applied cycles, 

and (c) representative hysteresis loops for Gr. 91 SBSMT SB19. 
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The stress relaxation curves of representative cycles during the compression-hold segment are compared 
in Fig. 6. In general, the stresses rapidly decrease during the initial 60 s of the compression-hold and slow 
down for the remaining time of the compression-hold for this test temperature. In order to quantitively 
analyze the stress relaxation behavior during the compression-holding, the stresses at the beginning and 
the end of the holding segment were extracted from the test data, and they are compared as a function of 
applied cycles in Fig. 6b. The ratio of these two stresses is also calculated and presented in Fig. 6c. The 
degree of stress relaxation is significant for the initial cycles and is gradually slowed down when 
additional cycles were applied, and the reduction in the degree of the relaxation seems to be linearly 
related to the applied cycles.  

 
Fig. 6. Stress relaxation behavior during compression holding segment. (a) Stress relaxation curves of 

representative cycles, (b) saturation stress, and (c) stress relaxation ratio for Gr. 91 SBSMT SB19  

 
Additional parameters are identified on a schematic hysteresis loop shown in Fig. 7. In this case, the 
loading strain range, ∆𝜀𝑙𝑜𝑎𝑑𝑖𝑛𝑔 , and the total strain range, ∆𝜺, are defined as  

∆𝜀𝑙𝑜𝑎𝑑𝑖𝑛𝑔=𝜀1 − 𝜀2    (1) 

∆𝜺 = 𝜀1 − 𝜀3    (2) 
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The extra creep strain accumulated during the relaxation segment due to elastic follow-up effect is the 
difference between the total strain range, ∆𝜀𝑡𝑜𝑡𝑎𝑙, and ∆𝜀𝑙𝑜𝑎𝑑𝑖𝑛𝑔; i.e.,  

∆𝜀𝑐𝑟𝑒𝑒𝑝=∆𝜀𝑡𝑜𝑡𝑎𝑙 − ∆𝜀𝑙𝑜𝑎𝑑𝑖𝑛𝑔=𝜀3 − 𝜀2  (3) 

 

Fig. 7. Characteristics of the hysteresis loop of the SBSMT test. 

 

The evolution of the loading strain range, ∆𝜀𝑙𝑜𝑎𝑑𝑖𝑛𝑔, measured from the loading and unloading segment 
and the creep strain range due to elastic follow-up, ∆𝜀𝑐𝑟𝑒𝑒𝑝, for SB19 are plotted in Fig. 8. Interestingly, 
the results show that the increase in the measured total strain range is mainly due to the increase in the 
loading strain range, and the increase in the creep strain is insignificant when additional cycles are 
applied.  

 

 
Fig. 8. Evolution of (a) loading strain range and (b) creep strain as a function of applied cycles for SB19 
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4.3 EFFECT OF HOLD TIME ON SMT CREEP-FATIGUE LIFE 

4.3.1 Estimation of the Hold-Time Effect on Creep-Fatigue Cyclic Life 

Messner and Sham (2019) proposed a modified Coffin model to represent the hold-time effect for strain-
controlled CF tests, expressed as 

𝑁 = 𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒 (
1

𝑞

(
1

1 + 𝑡ℎ
)

𝑝

+ 𝐷

1 + 𝐷
)                                                     (3) 

where 𝑁 is the creep-fatigue cyclic life, 𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒 is the fatigue life (no holding), 𝑞 is the elastic follow-up 
factor, 𝑡ℎ  is the hold time in hrs, and 𝑝 and 𝐷 are fitting parameters from hold-time test data.  

Standard fatigue and CF test data on Gr. 91 tabulated by Asayama and Tachibana (2009) were used to 
calibrate the fitting parameters. In this case, the elastic follow-up factor q was equal to 1. The pure fatigue 
best-fit curves from JSME were used to generate 𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒. The equation form was reported by Onizawa 
et al. (2013), and the fitting parameters are listed in Table 2. 

 

Table 2. Parameters for the modified Coffin model for Gr. 91 at 600C  

Parameter value 

𝑝 25.5 
𝐷 1.14 

 

The experimental data from Asayama and Tachibana (2009) and the fatigue and CF best-fit curves based 
on the modified Coffin model are presented in Fig. 9a. The elastic follow-up effects on the CF life with 
q=2 and q=3.5 are presented in Fig. 9b and c. The predicted reductions in CF life cycles at shorter hold 
times are plotted as Fig. 9d.  

The major issue was that no data were available for strain ranges lower than 0.45%. Therefore, the 
reduction of the CF life due to the hold-time effect from this analysis was basically assumed to be the 
same as that in the low cycle/high strain range region, and independent of the applied strain range. 
Although this assumption was not correct, the analysis provided baseline information on the test design to 
calibrate the hold-time effect. Fatigue and CF test lives were estimated at a small strain range of 0.3% and 
a strain rate of 2E-3/s; the results are listed in Table 3. Based on this analysis, three test conditions were 
selected. The pure fatigue test would provide a baseline comparison of this specific heat of Gr. 91 
material with the average best fit fatigue curve. A 60 s hold-time CF test will provide a failure data point 
in a reasonable time frame. And additional SBSMT tests with selected elastic follow-up factors with the 
same hold-time will be used to assess the elastic follow-up effect.  
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Fig. 9. Standard fatigue and creep-fatigue data and modified Coffin model for Gr. 91 at 600C with (a) q = 

1.0, (b) q = 2.0, (c) q = 3.5 and (d) predicted short hold-time effect 

 
Table 3. Estimation of fatigue and CF life and test duration using modified Coffin model for Gr. 91 at 0.3% 

strain range at 600C. 

Temperature, 
oC 

Strain 

rate, /s 

Elastic 

follow-

up, q 

Strain 

range, % 

Hold 

time, s 

Estimated life Estimated 

duration, month 

600 2E-3 1.0 0.3 0 1.35E+05 0.2 
    60 1.04E+05 2.5 
    120 8.97E+04 4.3 

600 2E-3 2.0 0.3 0 6.75E+04 0.1 
    60 5.19E+04 1.3 
    120 4.49E+04 2.1 

600 2E-3 3.5 0.3 0 6.70E+05 0.04 
    60 1.61E+05 1.2 
    120 1.41E+05 1.6 
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4.3.2 Testing to Evaluate Hold-Time Effect on Gr. 91 at Low Strain Ranges 

To perform a quantitative assessment of the hold-time effect on the CF life of Gr. 91, two tests were 
designed using standard fatigue and CF setups, i.e., the elastic follow-up factor was equal to 1 for these 
tests. These standard tests had a strain ration of 𝑅 = −1 with a nominal strain rate of 2E-3 /s. The 
parameters used in the current test are presented in Table 4. The nominal strain range was 0.3% and the 
test temperature was 600C. 

 
Table 4. Testing parameters for evaluation of hold-time effect for Gr. 91 with an elastic follow-up factor of 1 

Test type Test temperature Strain range, ∆𝜺 Hold time R ratio 

Pure fatigue 600C 0.3% 0 −1 
Creep-fatigue 600C 0.3% 60 s −1 

 
For the pure fatigue test, Fig. 10 shows the maximum/minimum stresses and the stress range as a function 
of the applied cycle. The Gr. 91 result showed a gradual decrease in the maximum stresses followed by a 
rapid decrease starting from 211,800 cycle, which is defined as fatigue failure initiation. The development 
of minimum stresses during the fatigue testing is similar to the development of the maximum stresses; 
that finding indicates the cyclic softening of Gr. 91 at 600C and 0.3% strain range. Although a previous 
study at lower temperature of 566C did not show significant cyclic softening when the strain range was 
less than 0.4% (Wang et al. 2018).  

This pure fatigue test at 600C had an average control strain range was 0.316%, and the cycles to failure 
were 220,400. The fatigue life is compared with the JSME best-fit average fatigue curve in Fig. 11, along 
with literature test data tabulated by Asayama and Tachibana (2009). The fatigue life is about twice of the 
average fatigue life estimated from the best fit fatigue curve, indicating the Gr. 91 used in this study had 
stronger than average fatigue resistance. 

The CF testing with a peak compression hold time of 60 s is on-going. The test will continue and the 
cycles to failure will be used to assess the reduction of the cycle life due to the hold time.  
 

(a) (b)
 

Fig. 10. Strain-controlled pure fatigue test on Gr. 91 at 600C with (a) maximum and minimum stresses and 

(b) stress range as a function of applied cycles. 
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Fig. 11. Comparison of the strain-controlled fatigue test result with literature data 

and the JSME best-fit curve of Gr. 91 at 600C. 

 

4.3.3 SBSMT Hold-Time Testing with Large Elastic Follow-up Factor 

Two additional SBSMT experiments were performed at 650C with a larger elastic follow-up factor of 12 
at relatively small strain ranges. The stress range and strain range measured were compared with the 
previous test SB11 and the results are plotted in Fig. 12. The holding segments for these three tests were 
different: SB11 had a compression hold of 600 s, SB12 had a tension hold of 180 s, and SB13 had a 
compression hold of 180 s. All three tests had the same nominal applied displacement and showed similar 
cyclic softening behavior. The measured initial stable strain ranges were slightly different, with 0.25% for 
SB11, 0.29% for SB12 and 0.28% for SB13. The increase in the measured strain range due to cyclic 
loading was evident and was consistent with the previous observations. The cycles to failure were 6200, 
5050 and 5800, respectively. The difference in fatigue life due to tension or compression hold-time 
profiles was insignificant. Evaluating these failure data against the best-fit fatigue curves based on the 
measured initial strain range, it is found that the cycle life was about 30 to 40% of the fatigue with a 180 s 
hold time, and a 70% reduction with a 600 s hold at this test temperature of 650C. The test results will be 
used as supporting information in establishing the hold-time effect on SMT-based CF design curves.  
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Fig. 12. Stress ranges and strain ranges as a function of applied cycles for SBSMT on Gr. 91 at 650C with an 

elastic follow-up factor of 12, with (a, d) compression hold of 600 s, (b, e) tension hold of 180 s, and (c, f) 

compression hold of 180 s 

 

4.4 EVALUATION OF PRIMARY LOAD EFFECT ON SMT CF LIFE FOR GR. 91 

The original SMT key-feature article testing provides critical information in developing the SMT-based 
CF evaluation methodology. Among the key feature article tests, pressurized tubular SMT was used to 
evaluate the effect of the primary load (Wang et al., 2019c). In the original SMT concept proposed by 
Jetter (1998), it was argued that the effects of sustained primary stress loading could be safely neglected 
because the local stress and strain levels for cyclic loading at peak stress locations were much higher than 
the allowable sustained primary stress levels. However, recent experimental results have shown that the 
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SMT CF life was decreased when primary load was introduced to Alloy 617 SMT tests at a high 
temperature of 950C. This key assumption requires experimental verification for Gr. 91. This task 
involves the design of experimentation for conducting SMT testing with internal pressurization and the 
subsequent testing of Gr. 91 under these loading conditions.  

In the considerably simplified SBSMT method developed by Wang et al. 2019a, a standard-sized ASTM 
specimen design and slightly modified standard CF testing instrumentation were used to evaluate the 
effect of elastic follow-up. To take advantage of this new development in the SMT testing methods, it is 
planned to use the SBSMT technique and perform tests with internally pressurized tubular specimens. 
The purpose is to assess the effect of primary load limits on SMT CF life and its impact on the 
development of SMT based design curves for Gr. 91. 

The new specimen design is shown in Fig. 13. The specimen has a total length of 8 in with a uniform 
gage section of 1.5 in. A picture of the assembled specimen is shown in Fig. 14.  

 

 
Fig. 13. Tubular SBSMT specimen geometry. Units are in inches. 

 
 

 
Fig. 14. Picture of the SBSMT specimen for evaluation of primary load effect 
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The plan is to conduct SBSMT on these tubular specimens with an internal pressure-induced primary load 
and use the cycles to failure and strain range measurements in the gage section to assess the primary load 
effect on the SMT CF curves. The testing and evaluation are on-going, and this task is targeted to be 
completed by FY 2021.  

4.5 SUMMARY OF THE SMT RESULTS FOR GR. 91 

All the test results for Gr. 91 (heat 30176) using both TBSMT and SBSMT techniques are summarized in 
Table 5. The highlighted tests are new results presented in this report.  

 

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

Test ID SMT test method Test 

temperature, 
oC 

Elastic 

follow-up 

factor, q 

Initial stable 

strain 

range, % 

Hold time*, s Cycles to 

failure 

TB03 TBSMT with 
room-temperature 

(RT) driver bar 

650 3.5 0.30 600 2050 

TB07 TBSMT with RT 
driver bar 

650 4.1 0.53 600 750 

TB08 TBSMT with RT 
driver bar 

650 3.5 0.55 600 800 

TB06 TBSMT with RT 
driver bar 

650 4 0.90 600 170 

TB10 TBSMT with 
driver bar at 

650C 

650 2.1 to 4.7 0.55 600 480 

SB05 SBSMT 650 3.8 0.54 600 680 
SB09 SBSMT 650 12 0.70 600 250 
SB10 SBSMT 650 12 0.62 600 330 
SB11 SBSMT 650 12 0.25 600 6200 
SB12 SBSMT 650 12 0.29 180 (Tension) 5050 
SB13 SBSMT 650 12 0.28 180 5800 
SB19 SBSMT 650 1.98 0.31 600 2719 
PF20 Pure fatigue 600 1 0.316 N/A 220,400 
*. Hold time was applied to the compressive peak strain unless otherwise specified. 

 

 

5. ADDITIONAL TESTING IN SUPPORT OF VERIFICATION OF GR. 91 CODE RULES  

The development of the code rules for the primary load check for Gr. 91 is on-going. Gr. 91 is a known 
cyclic softening material, and the primary load code case will have to account for its cyclic softening 
characteristics. The primary load code rules are being developed at Argonne National Laboratory, and the 
idea is to use the EPP method to conduct the global creep rupture check and use the simplified inelastic 
method (elastic-creep model) to conduct the local creep rupture check. Determining how to treat the local 
triaxial stress state in the analysis will require experimental validation. Plans are to conduct supporting 
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creep tests on the specimens under various combinations of multi-axial stress states at ORNL, and to 
evaluate the stress measure that provides the best correlations with the creep rupture life of Gr. 91.  

A biaxial stress state will be introduced in tubular creep specimens by applying combinations of axial 
load to internal pressurization. The stresses introduced by various combinations of the internal pressure 
and the external axial load, either tensile or compressive, will allow various stress ratios to be developed 
in the specimen. For example, for the same effective von-Mises stress of 80MPa, Table 6 shows the 
calculated internal pressure with hoop-to-axial stress ratios of -2 to 2 for a specimen geometry with 
internal diameter of D = 0.6 in and wall thickness of t = 0.06 in. The axial stress, 𝜎𝑎, is the sum of the 
stress introduced by the internal pressure, p, and the external axial load, 𝜎𝑎.𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 , as 

𝜎𝑎 =
𝑝∗𝐷

𝑡
+ 𝜎𝑎.𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙      (4) 

The negative values in Table 6 require a compressive external axial load and the positive values require a 
tensile external axial load. Creep specimens with external axial loading capabilities are designed to 
perform the multi-axial stress state creep evaluations. The designed specimen geometry for pure internal 
pressure loading or external compressive axial load is shown in Fig. 15 and that for testing with external 
tensile axial load is shown in Fig. 16. A special fixture design for loading specimens in compression in a 
conventional creep frame is shown in Fig. 17, the test specimen will be placed in between the parallel 
compression plates. A series of test conditions will be selected, and the target is to produce short-term 
creep rupture data with multi-axial stress state. 

 

Table 6. Designed stress state with effective von-Mises stress of 80 MPa (11.6 ksi) 

Ratio of Hoop 

stress to Axial 

stress 

Internal Pressure,  

ksi 

Hoop stress,  

ksi 

Axial stress,  

ksi 

 

External axial 

load, ksi 

−2 1.72 8.62 −4.31 −8.62 

−1.5 1.58 7.91 −5.27 −9.22 

−1 1.34 6.69 −6.69 −10.03 

−0.5 0.88 4.41 −8.83 −11.03 

0 0.00 0.00 11.60 11.60  

0.5 1.28 6.38 12.76 9.57  

1 2.11 10.55 10.55 5.27  

1.5 2.38 11.88 7.92 1.98  

2 2.43 12.16 6.08 0.00  
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Fig. 15. Specimen design for creep testing with internal pressure and external axial compression loading. 

 

 
Fig. 16. Specimen design for creep testing with internal pressure and external axial tension loading. 
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Fig. 17. Compression fixtures for loading in conventional creep frames. 

 
At the time of writing this report, the specimens have been machined and the tests are being assembled. 
Photographs of the specimens machined out of Gr. 91 plate (heat 30176) are shown in Fig. 18. The testing 
will start in FY 2020 and continue in FY 2021. The main evaluation tests on multi-axial stress state effect 
will be completed by FY 2021. 

 

           
Fig. 18. Gr. 91 specimens for multi-axial stress creep testing. 
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6. SUMMARY 

The current ASME B&PV Code Section III Division 5, has only one design fatigue curve for Gr. 91 at 
540C (or 1000F). Incorporation of the Gr. 91 temperature-dependent fatigue curves up to 650C (or 
1200F) in Section III Division 5 will support the design of Gr. 91 Class A components to higher 
operating temperatures. This report documents the incorporation of the Gr. 91 temperature-dependent 
fatigue curves in Division 5 and the associated major aspects brought up during the course of the ASME 
balloting process. The temperature-dependent fatigue design curves for Gr. 91 are expected to be 
incorporated in the 2021 edition of the ASME code.  

Testing in support of the development of an integrated EPP plus SMT CF evaluation methodology 
continued. This integrated SMT-based CF evaluation methodology significantly simplifies the CF 
evaluation procedure and eliminates the over-conservatism of the existing CF damage diagram method. In 
FY 2020, analysis was performed to evaluate the hold-time effect on SMT CF life. Lack of test data at the 
high cycle and low strain range region is a major issue. Experiments were designed and initiated to fill the 
data gap and complete the development of SMT-based design curves for Gr. 91. Major on-going 
experiments and activities in support of the ASME code development and extension of Gr. 91 will be 
completed in FY 2021. 
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