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Environmentally-Assisted Fatigue Crack Growth in Irradiated Stainless Steels 

NOTE: This document provides further detail regarding the presentation made at the June 30, 

2016 NRC Public Meeting on Fatigue Research and Related ASME Activities by 

Nathan Palm (on behalf of Raj Pathania), EPRI, entitled, “Environmentally-Assisted 

Fatigue Crack Growth in Irradiated Stainless Steels” (ADAMS Accession No. 

ML16183A046).  This document is intended to respond to NRC questions asked during 

the presentation and subsequent meeting actions. 

 

A well-established approach for analyzing and modeling environmentally-assisted fatigue crack 

growth rate (EAF-CGR) data is used in EPRI research on irradiated stainless steels, as indicated 

in the slides presented on 6/30/2016 by Nathan Palm. The theoretical background and 

methodology is from an influential 1981 paper by Shoji et al. [1], and variations on the approach 

have been used since by many authors worldwide, including Shack, Chopra and colleagues in 

work done for the NRC, e.g., [2-4]. The approach is implemented by plotting measured time-

based crack growth rate (CGR) in the water environment versus estimated time-based CGR in air 

at the same test conditions. The ordinate of each point on the plots, da/dtenv, is the measured 

experimental CGR in the water test environment at a particular test temperature, T, and set of 

fatigue loading parameters (R-ratio, K, and cycle rise time, tr). The abscissa of each point, 

da/dtair, is calculated from the same experimental temperature and fatigue loading parameters 

using the ASME Code Section XI reference curve [5] for stainless steel fatigue CGR in air 

(cycle-based da/dN). The cycle-based result is converted to time-based CGR by dividing by 

cycle rise time, da/dt = da/dN / tr.  

Example plots for irradiated stainless steel EAF-CGR data from tests in normal water chemistry 

(NWC) BWR environment are on slides #4 and #5 of the Palm presentation, reproduced and 

briefly described below. These plots are from a 2014 EPRI pilot study on EAF-CGR of irradiated 

stainless steel materials. In the pilot study, the environmentally-assisted fatigue (EAF) data 

above the 1:1 air lines are well fitted by straight lines on log-log plots, corresponding to:  

N

airenv dt

da
A

dt

da








       (1) 

where A and N are fitted constants, as noted on Palm slide #3. The pilot study showed that the 

fitted A and N constants for irradiated specimens vary systematically with other variables, 

notably dose, irradiated yield stress, test environment, and the effects of rise and hold times on 

da/dtair. 

Improved fits with the “A” coefficient modeled by a fitted function were developed in a second 

phase study on EAF-CGR of irradiated stainless steel [6], using the expanded data collection 
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described on Palm slide #7 and insights on additional variable effects. The improved fits are 

curves on log-log coordinates, rather than the straight lines in the pilot study, with da/dtenv at 

short rise time (high frequency) approaching asymptotically the 1:1 line where da/dtenv = da/dtair. 

At long rise time (and/or long hold time - both factors produce long total cycle times), the EAF-

CGR curves approach horizontal asymptotes at the CGR rates from static-loaded IASCC testing. 

The curves on EAF-CGR plots in [6] are similar to the curves on EAF-CGR plots in [2-4], and 

are well represented by superposition of three time-based CGR terms similar to Eq. (12) in [2]: 

SCCCFairenv dt

da

dt

da

dt

da

dt

da
     (2) 

where subscript CF denotes the “corrosion fatigue” or environmentally-assisted fatigue (EAF) 

contribution and SCC denotes the contribution from stress corrosion cracking at static load. The 

details of the CF and SCC terms in Eq. (2) are different in [6] and [2-4] because those terms in 

[6] include additional variables and are informed by the EAC-CGR pilot study and the recent 

IASCC study that produced ASME Code Case N-889. Note that Eq. (1) used in the pilot study is 

a simplified version of Eq. (2), focused on the CF term.  

The curved plots from the second phase of the EPRI study on EAF-CGR of irradiated stainless 

steel were not available when the NRC Meeting on Fatigue Research and Related ASME 

Activities was held in June 2016, and the final report [6] on the second phase is not publicly 

available. However, curved plots similar to those in [6] were recently published and are useful to 

address the staff request to demonstrate an increase relative to CGR from constant (SCC) loading 

when there is an environmentally-assisted fatigue contribution. The published plots with a 

curved model are from an EPRI project to compare various theoretical crack tip strain rate 

models with EAF-CGR data [7]. An example plot from the published PVP paper is the last plot 

reproduced below, showing that fatigue cycles and periodic partial unloading cycles with varying 

hold times cause an increase in CGR relative to the average static-loaded SCC data on the same 

heat, a result that can be predicted from theoretical crack tip strain rate models and from Eq. (2). 

The correspondence between the superposition model in Eq. (2) and theoretical crack tip strain 

rate models is discussed on page 5 of [7]. Since crack growth rates are all non-negative, note that 

the additive terms in both Eq. (2) above and the corresponding theoretical crack tip strain rate 

models mathematically imply that fatigue cycles superimposed on a static load generally increase 

the total da/dtenv to some degree relative to the static-loaded SCC crack growth rates.  
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EAF-CGR Pilot Study Result:  Irradiated EAF CGR at Long Rise Time are Higher 

than Unirradiated EAF CGR and Higher than Unirradiated Air Fatigue CGR  

(Slide 4 in Palm presentation) 

 

Slide 4 (above) shows cyclic data from four specimens of irradiated Type 304L heat AS that 

were tested at Studsvik in NWC environment [8,9]. The specimens are at four levels of dose 

ranging from 5.4 to 47.5 dpa. The EAF data above the air line from each of those four specimens 

are plotted with power law fits as in Eq. (1). The data and fitted lines show greater enhancement 

relative to the 1:1 diagonal air line at long rise times (low values of da/dtair) compared with the 

enhancement at short rise time (high values of da/dtair). The long rise time data from heat AS also 

show enhancement relative to the red dashed line fitted to a collection of unirradiated EAF data 

on HAZ materials (see [2-4], not the same heat AS). Also, note the slopes of the irradiated EAF-

CGR lines are flatter than the unirradiated HAZ EAF-CGR line, which in turn is flatter than the 

1:1 unirradiated air fatigue line. The highest heat AS data and line are at the highest dose and the 

lowest heat AS data and line are at the lowest dose, and those lines are about a factor of 7 apart at 

da/dtair = 10-9 mm/s. 
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EAF-CGR Pilot Study Result:  Irradiated EAF CGR at Long Rise Time Increases as 
Dose Increases from 0.45 to 3.0 dpa (Slide 5 in Palm presentation) 

 

Slide 5 (above) shows data for irradiated Type 316 heat C21 tested at ANL in NWC environment 

over the range 0.45 to 3 dpa (see Tables 4 - 6 in [4]). At all three dose levels, there is little or no 

enhancement over the 1:1 air fatigue line at da/dtair   2 x10-5 mm/s. But at da/dtair   2 x10-9 

mm/s, the enhancement above the air line is two orders of magnitude at 0.45 dpa, an order of 

magnitude larger at 1.35 dpa, and another order of magnitude larger at 3.0 dpa. Slides 4 and 5 

taken together show a factor of 7 effect of dose on CGR over the range 5.4 to 47.5 dpa and a 

factor of 60 effect of dose on CGR over the 0.45 to 3 dpa range, in both cases at da/dtair   10-9 

mm/s. This suggests that the effect of dose on EAF-CGR may decrease or saturate as dose 

increases, as was also found in IASCC data. The unirradiated line for HAZ material shown on 

slide 4 is similar to the line for C21-C at 0.45 dpa, with a flatter slope than the diagonal air line 

and similar values of da/dtenv   10-7 mm/s at da/dtair   2 x10-9 mm/s. The materials are different 

but both are hardened, with the unirradiated HAZ being Type 304 and 304L hardened by 

welding and specimen C21-C being Type 316 hardened by irradiation, apparently producing 

similar CGR in NWC environment. This suggests that hardness or yield stress may be important 

variables. 
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Crack Tip Strain Rate Study Result: EAF, PPU, and SCC CGR Data  

on Non-irradiated, Sensitized Type 304 in NWC Environment Compared with a 

Crack Tip Strain Rate Model  

Fig. 5 in PVP2016-63640 (not in Palm presentation) 

 

Figure 5 in [7], reproduced above, shows environmentally-assisted fatigue (EAF, blue circles), 

periodic partial unloading with various hold times (PPU, brown diamonds), and SCC data (red 

triangles) from the same non-irradiated, sensitized heat of Type 304 material tested in NWC 

environment. The references and details on the tests and analysis are in the Example 2 section of 

[7]. The constant K values of the SCC data shown in the figure have been adjusted at K2.3 to the 

average Kmax of the fatigue and PPU loadings in the figure for a more direct comparison of 

measured CGR. The red curve is a theoretical crack tip strain rate model for the EAF and PPU 

loading conditions. The theoretical model is a good fit to the EAF and PPU data with varying 

hold times, and it provides a good prediction of the SCC data, which were not fitted to the 

theoretical model but are arbitrarily plotted at da/dtair = 2 x10-11 mm/s for comparison.  

This plot shows that the measured values of da/dt from cyclic EAF and PPU tests and da/dt from 

the crack tip strain rate (CTSR) model increase relative to static SCC da/dt measured on the same 

heat as calculated da/dtair increases. The CTSR curve approaches the 1:1 air fatigue line 

asymptotically at short hold times and short rise times and approaches the SCC data 

asymptotically at long hold times (or rise times), the same as the result from the superposition 

model given above in Eq. (2). Figure 8 in [7] shows similar results for EAF and SCC data and a 
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CTSR curve for a single specimen of an irradiated Type 316 Ti material tested in PWR 

environment. 
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