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Abstract 

Some laboratories performed fatigue tests in dissolved oxygen water at elevated temperature 

to better understand the influence of a long hold-time within cyclic loading. Also, the 

combined effect of complex waveform and surface finish was examined. The data show a 

less severe influence compared to the prediction model from Argonne National Laboratory; 

an increase in fatigue life was noticed and attributed to different effects. To evaluate an 

operational load history with this experimental data an algorithm is developed, which finds 

hold-times and the examined complex waveform in a stress-time series. All those cycles, 

which are either geometrically comparable to the complex loading signal or containing a hold 

period, are evaluated with the test results and not with the formula from Argonne National 

Laboratory. The reduction of the cumulative usage factor is calculated. Based on this 

discussion a realistic test condition is derived for further research activities. 

1 Introduction 

Pressure boundary components of power plants are in contact with dissolved oxygen water 

at elevated temperatures. The negative effects of the water environment on the fatigue life 

are explicitly addressed by, for example, environmental fatigue penalty factors (Fen) 

developed by Argonne National Laboratory (ANL) [1]. For each of the four steel types 

(carbon steel, low-alloy steel, austenitic stainless steel (SS), Ni-Cr-Fe alloys) formulas were 

developed, which are updated from time to time based on new test data and findings [2]. 

Currently, the largest Environmentally Assisted Fatigue (EAF) data base worldwide for 

austenitic SS was built up by ANL and includes around 600 data points for six types of 

wrought and cast SS and 26 different heats. Triangular and trapezoidal waveforms with 

constant strain rate and temperature were used in the fatigue tests. However these 

parameters (strain rate and temperature) vary extremely in operation and a direct 

comparison between laboratory specimens and components is difficult – the therefore 

developed Simplified and Detailed Strain Rate Methods [3] are still under discussion [4, 5]. 

The ANL model takes a few parameters into account in detail (temperature, strain rate, 

dissolved oxygen content, strain amplitude), some of the parameters are considered only in 

general (size effect, surface finish, loading history, material variability and data scatter), and 

some are neglected (long hold periods, ph-value …). For a more realistic fatigue evaluation, 

the effect of long hold-times and the combined effect of complex loading signal and surface 

finish is included in the fatigue analysis, a software module is developed to find the realistic 

waveform used in the fatigue tests, and a example calculation is done for a class one 

component loaded with a one year transient.  

2 Realistic waveform used in fatigue tests 

In addition to the general test procedure (trapezoidal waveform, constant strain rate and 

temperature) some laboratories developed modified test techniques to gain new findings or 

to describe the local elastic-plastic behavior of a component more realistically. A 

comprehensive summary and evaluation of the performed fatigue tests on air and in medium, 

like the U-bend or stepped pipe test, can be found in [2, 12]. The briefly described test 

procedures in the following are selected in this study to examine the conservatism in the 

fatigue analysis of operational loading. 



Low cycle fatigue (LCF) tests in pressurized water reactor (PWR) environment were 

performed with a complex loading signal, which is similar to the loading of a typical thermal 

transient. The used waveform represents a cold thermal shock followed subsequently by a 

hot one and varies in strain rate between 0.06 and 0.0001%/s (Figure 1, left). Round 304L 

stainless steel specimens were tested with low and high amplitudes under strain control with 

fully reversed loading at 300°C. The experimental Fen factor, which is defined as the ratio of 

life in air at room temperature to that in water at service temperature, is much lower than the 

theoretical Fen factor of 5.9 according to the ANL formula [1], see Table 1. Also, the influence 

of surface finish effects is less severe as it is stated in the ANL report. Nearly all of the ANL 

tests are done with a triangle or trapezoidal test signals with a tension strain rate of +0.4%/s 

and one of the following compression strain rates: -0.0004, -0.004, -0.005, -0.01, -0.04, 

-0.05, -0.4, or -0.5%/s. Two of the ANL test signals are also plotted in Figure 1 to illustrate 

the difference in frequency and waveform compared to the complex loading signal. 

 

Figure 1: Comparison of test signals: Complex loading signal with 840seconds/cycle 
according to [8] (left) and ANL test signals. 

Table 1: LCF test results for the complex waveform, according to [7]. 

 

εa = ±0.3% 

Fen, ANL ≈ 5.9 
ANL surface effect ≈ 2.0 – 3.5 

εa = ±0.6% 

Fen, ANL ≈ 5.9 
ANL surface effect ≈ 2.0 – 3.5 

Polished 
N25,experiment ≈ 8564 
Fen, experiment ≈ 3.2 

N25,experiment ≈ 1762 
Fen, experiment ≈ 2.5 

Ground 
N25,experiment ≈ 7330 
Fen, experiment ≈ 3.7 

Experimental surface effect ≈ 1.2 

N25,experiment ≈ 930 
Fen, experiment ≈ 4.7 

Experimental surface effect ≈ 1.9 

It is known, that the effects of the water environment on the specimen life occur primarily 

during the tensile-loading cycle, and that short hold periods at peak tensile or compressive 

strain show little or no influence on fatigue life of SS [1]. But, long hold-times at constant 

loading occur in plant components during hot standby. The effect of such hold periods on the 

fatigue life of steel type 1.4550 (AISI 347 SS) is tested with a trapezoidal waveform, which is 

interrupted by two hold-times at a cumulative usage factor CUF = 0.3 and CUF = 0.7 [10]. 

The corresponding CUF of 1.0 refers to fatigue tests, which are performed in advance under 

the same conditions like the hold-time tests but, of course, without the hold period. To 

simulate the hot standby the specimens were heat treated for 30 days at 290°C, see Figure 

2. Exactly the same tests with a hold period of 3 days were performed in another study. In 

both test procedures, the life of the lab specimens did increase by a factor of 2. The ascent in 
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fatigue life may be attributed to long term effects like recovery effects or the formation of 

stable oxide films. 

 
Figure 2: Loading signal with long hold times, according to [10]. 

This positive effect is confirmed by crack growth tests on pre-cracked 1T-CT specimen in 

oxygenated high-temperature water at 240°C, each test was interrupted a couple of times by 

hold-times of 3 and 30 days; a significant decrease of crack growth rate is measured for SS 

(Mat.-No. 1.4550) and low-alloy steel as well [11]. 

3 Fatigue evaluation of a typical operational loading 

To evaluate the conservatism in the current fatigue evaluation a fatigue analysis is performed 

in the first step and used as reference later on. The fatigue analysis is in accordance to the 

recommendations of the ASME code [13]. For a SS class one component, the temperature is 

measured at the outside for approximately one year and the corresponding linearized and 

total stress-components at the inside of the component are determined based on a elastic 

calculation. The herein used components’ geometry of a nozzle is fictitious to avoid a direct 

linking to a real plant. 

 

 

 

 

 

Figure 3: Identified cycles in operational loading. 
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The Rainflow cycle counting is used to identify closed hysteresis loops (cycles) and unclosed 

loops (residuum); the later one form artificial cycles by applying the Extreme Value method. 

The two counting methods use the calculated stress time history and perform the counting 

for each stress component. The stress component with its cycles leading to maximum 

cumulative usage factors on air is considered in the fatigue calculation. For illustration, one of 

the stress components is plotted over time, and a unique color is assigned to each cycle and 

its corresponding load steps (Figure 3). This assignment allows to plot every cycle as a 

continuous sequence without sub-cycles. In this way, the shape of each cycle can be 

evaluated one by one (chapter 4). Each identified cycle is evaluated in accordance with code 

NB-3200 [13] and NUREG/CR 6909 [1]. The Detailed Strain Rate Method [3] is used and the 

guidelines for addressing environmental effects given in [4] are considered, too. 

4 Finding realistic waveforms 

There are two main problems of the current ANL fatigue calculation. First, only triangle or 

trapezoidal test signals with constant parameters like temperature and strain rate were used, 

whereas each operational cycle varies in temperature extremely and is not geometrically 

comparable with a linear waveform. Second, the Modified Strain Rate Method is based only 

on a few fatigue tests, like the strain rate change test and the temperature change test (in-

phase test, out-of-phase test). Since the above described fatigue tests describe the loading 

of a component more realistically, they shall be used for the fatigue evaluation if possible, 

and not the ANL method. To find the above described realistic waveform in a given 

operational load history, every identified cycle is plotted as a continuous sequence first, and 

then checked weather the cycle is comparable to the complex test signal or containing hold-

times. Because of the quantity of cycles, an algorithm is programmed to do this 

automatically. The first part of the software module compares the waveform of each cycle 

with the complex signal and proceeds as described in the following. 

Two kinds of complex signal shapes need to be extracted from the fatigue test procedure 

(Figure 1), because the Rainflow counting outputs opened upwards cycles (Figure 4) and  

opened downwards cycles (Figure 5 and Figure 6). Depending on the shape of each cycle 

one of the two test signals is used for the evaluation of a cycle and scaled in time and 

amplitude, so that it starts at the minimum of a stress cycle and ends at the maximum 

(Scaled Test Signal). 

 Time Ratio = TTest Cycle / Ti , with (Eq. 1) 
TTest Cycle = 800s; Time length from the minimum to the following maximum 

in the stress time history of the Test Cycle (εa = 0.6%) , and 

Ti: Time length from the minimum to the following maximum  

in the stress-time history of cycle i . 

 Stress Ratio = STest Cycle / Si , with (Eq. 2) 
STest Cycle: Stress amplitude of the Test Cycle , and 

Si: Stress amplitude of cycle i . 

An evaluation of all cycles leads to the result, that the Time Ratio is always greater than or 

equal to one (only one exception). Because the Fen factor gets smaller for faster strain rates, 

all cycles (with a Time Ratio ≥1) can be compared with the complex signal. In a second step, 

the Scaled Test Signal is moved in the horizontal direction till fifty percent of the data points 

are on the right and left side (Shifted Test Signal) to average for example sudden jumps in 

the graph (statistical averaging). Even for a good agreement of the data points with the 



Shifted Test Signal (Figure 4) a small discrepancy of the curves is apparent. Therefore, a 

bandwidth criterion is applied (Offset), which wraps the data points with two curves: 

Offset +10% and Offset -10%. ‘10’ represents a User Defined Value (UDV). For illustration 10 

percent is used here. The graph “Offset -10%” is obtained in two steps. The first shift in the 

positive x-direction is 

 Lx = UDV ∙ TTest-Cycle , and (Eq. 3) 

the shift in the positive y-direction is 

 Ly = UDV ∙ Si . (Eq. 4) 

The positive Offset curve is moved in the negative x- and y-direction. Especially for a small 

UDV not all data points lie between the two Offset curves even if a cycle is geometrically 

comparable with the test signal due to engineering judgment, see Figure 6. Therefore a 

certain percentage (Overlap) of data points is allowed to overlap the Offset graphs – this 

value is defined by the user, too. If both criterions are satisfied, the cycle is evaluated based 

on the fatigue tests otherwise the ANL formula is used. 

 
Figure 4: Selected cycle shows good agreement with complex test signal. 

 

 
Figure 5: Selected cycle is not comparable with complex test signal. 
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Figure 6: Algorithm permits small overlaps. 

Hold-times occur at relatively constant loading; the stress/strain value is not constant and 

fluctuates a little over time. A criterion needs to be defined, which can identify hold periods in 

a given load history. Here, a rectangle (Search Box) is used with the user defined 

dimensions (length x height). The length represents the hold-time (HT), which is used in the 

fatigue tests, and the height covers the fluctuation (Bandwidth BW) of the loading as well as 

sub-cycles. A search algorithm is implemented into the Rainflow HCM [14] to identify hold 

periods in parallel to the cycle counting. 

 

Figure 7: Identification of hold-times via search box. 

If a segment of a load history is smaller or equal to the height and greater or equal to the 

length of the predefined rectangle, than a hold-time is detected. If a hold-period is larger than 

the user defined one, the search box is enlarged automatically till either the bandwidth 

criterion is not fulfilled any more or the end of the cycle is reached. Of course, the starting 

point of a hold-time belongs to the corresponding cycle and the endpoint of the search box 

can lie in a sub-cycle of this cycle; the last reversal point of a cycle is the last possible 

endpoint of the search box. As Figure 7 shows, detached hold-times can lie on top of each 

other. Therefore a selection is done afterwards in the following way: 

a) Excluding hold-periods with a stress range smaller or equal to the fatigue strength. 

For SS it is 93.7MPa [1]. 
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b) A parameter study with different BW and HT values is done and summarized in Table 

2 (Figure 8). Long hold periods are only found in small cycles, for example the 

allowed number of cycles is 2E+5 for a cycle with a stress amplitude of 168MPa 

according to the new ANL curve [1]. Since the small cycle with the hold-time is a sub-

cycle of a bigger one, the hold-time is assigned to a larger cycle in a second step. 

Table 2: Parameter study. 

  HT [d] 

  1 3 10 30 100 

B
W

 [
M

P
a

] 

10 
9 | 29.7 | 348 

161 | 58.7 | 328 

8 | 33.3 | 347 

154 | 65.8 | 328 

6 | 42.6 | 347 

159 | 85.9 | 328 

4 | 56.1 | 347 

165 | 120 | 328 

1 | 105 | 347 

136 | 105 | 330 

25 
9 | 29.0 | 347 

161 | 58.7 | 328 

8 | 32.5 | 347 

154 | 65.8 | 328 

6 | 41.8 | 347 

159 | 85.9 | 328 

4 | 54.9 | 347 

165 | 120 | 328 

1 | 100 | 347 

136 | 105 | 330 

50 
9 | 33.9 | 345 

161 | 58.7 | 328 

8 | 38.0 | 346 

153 | 65.8 | 328 

6 | 48.8 | 346 

159 | 85.9 | 328 

4 | 65.4 | 346 

165 | 120 | 328 

1 | 100 | 347 

136 | 105 | 330 

93 
9 | 34.5 | 345 

161 | 58.7 | 328 

8 | 38.6 | 345 

154 | 65.8 | 328 

6 | 49.6 | 345 

159 | 85.9 | 328 

4 | 66.6 | 345 

165 | 120 | 328 

1 | 105 | 345 

136 | 105 | 330 

  

Info hold-time: 

Number of hold-times [-] | Ø-Time [d] | Ø-Temperature (0.75·Tmax + 0.25·Tmin) [°C] 

Info corresponding cycle: 

Ø-Amplitude [MPa] | Ø-Time [d] | Ø-Temperature (0.75·Tmax + 0.25·Tmin) [°C] 

 

 

 

 

Figure 8: Identified hold-times in operational loading. 

5 Modified fatigue evaluation 

Now, the calculated stresses from the above performed fatigue evaluation (Chapter 3) are 

used and the two developed algorithms are applied successively. It is assumed, that the 

beneficial effects of hold-times and complex signal shape may be used for all austenitic SS 

types and grades. All those cycles, which are either geometrically comparable to the complex 

loading signal or containing hold periods, are not evaluated with the ANL method but with the 

test results found in literature. 
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Because the existing data in air or PWR medium are inadequate to establish the functional 

form for the dependence of life on hold-times, some assumptions are made: Limited data 

indicate that long hold periods at relatively constant loading increase the fatigue life due to 

recovery effects or the formation of stable oxide films. In air, a factor of 2 is stated. In PWR 

medium crack growth tests containing hold-times of 3 and 30 days confirmed this factor. 

Furthermore, the hold-time is assigned to the larger cycle and the allowable number of the 

cycles is doubled (of the larger cycle) independently of the stress amplitude. 

For the fatigue evaluation the following parameters are used: UDV=10%, Overlap=2%, 

HT=3d, and BW=25MPa. The selected UDV and the Overlap value define a small bandwidth 

– based on engineering judgment higher values could have also been chosen. The modified 

calculation leads to a CUF, which is 38% lower than the CUF being calculated in chapter 3 

(reference calculation). 

6 Conclusion 

The complex loading signal can be found many times in operational load history. Not only 

cycles with small strain amplitudes are identified but also large ones. Hold-time tests, which 

are also roughened and performed with the complex waveform, could lead to an even higher 

reduction in the CUF, because of the positive effects of surface finish and realistic loading 

signal and hold period. To better understand the material-mechanical processes during and 

after hold periods, fatigue tests on air and in medium are necessary in the first place, which 

are not superimposed by other effects. Tests on smooth specimen which vary in strain 

amplitude and temperature could be a good start. The following can be derived from the 

parameter study: 

a) A hold-time, which is characterized by a time length of 3 days (10 days) and a small 

fluctuation of stress amplitude, like for example BW=25MPa, can be found 8 times (6 

times). 

b) The hold period occurs always at the highest temperature, whereas the temperature 

varies during cyclic loading. So different temperatures should be used in hold-time 

tests. During the hold period a constant temperature of round about 300°C might be 

used. For the cyclic loading, the mean temperature (0,75·Tmax + 0,25·Tmin) decreases 

for larger cycles (strain amplitude). Therefore a relatively high mean temperature 

(330°C) can be found in Table 2. If the cycle is assigned to a larger one, a mean 

temperature of 250°C is more realistic. 
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