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Abstract

INCEFA-PLUS (INcreasing Safety in NPPs by Covering gaps in Environmental Fatigue Assessment) project
characterized environmentally assisted fatigue of stainless steels in light water reactor environments. During
this project more than 200 fatigue tests have been carried out in different laboratories across Europe in air and
water environment. Most tests were performed on a single batch of 304L, an austenitic stainless steel alloys
employed in NPPs. The tests addressed the effects of strain amplitude, hold time periods, material roughness
and mean strain/stress on fatigue endurance. A limited number of tests was carried out on other batches of
304L and on X6 CrNiTi 18 10, a Ti stabilised steel used in VVERs. Additionally, activities on the effects of
mean stress under strain control, testing at reduced environmental fatigue correction factor Fen, and different
applications of hold time as well as biaxial fatigue tests have been carried out. The data obtained has been
collected and standardised in an online environmental fatigue database MatDB.
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1. INTRODUCTION

INCEFA-PLUS (INcreasing Safety in NPPs by Covering gaps in Environmental Fatigue Assessment) is a
project supported by the European Commission HORIZON2020 programme. 16 organisations from across
Europe are participating in this project. During this project, new experimental data was obtained which will
support the development of improved guidelines for assessment of environmental fatigue damage to ensure
safe operation of nuclear power plants.

The objective of the INCEFA-PLUS project was to develop new guidelines for the assessment of environmental
fatigue damage susceptibility for NPP components. Accordingly, in this project has been invested to improve
understanding of EAF in LWR conditions, e.g. [1,2,3]. The INCEFA-PLUS project was started to study the
influences of the parameters strain range Ag, mean strain €, surface roughness R;, hold time th and environment
on the fatigue life Nt of stainless steels of relevance for European LWRs. For the INCEFA-PLUS the summary
of test conditions and relevant parameter ranges is presented in Table 1.

This paper summarizes the data that is generated during the project and provides a preliminary overview of
the hold effects to fatigue.
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Table 1 Summary of the test conditions (€ -strain rate, T — temperature) [4]

Parameter Low level Middle level High level Comment
Atg [%] 0.6 1.2
€ [%] 0 0.5 only for phase |
Rt [um] 0.76 =20 > 40 Rt > 40 for phase Il only
t [] 0 72 0 or 3 holds of 72 h at mean _strain; cycles with
holds depend on test conditions, see Table 2
spasl | oo 01 | "L PUR e, g and i tests may
T [C] 230 300 T = 230 °C in phase Il only

2. TEST PROGRAMME

The INCEFA-PLUS test programme has been divided in three phases. During first two years tests for phase |
were performed, in the third year - phase Il, and after that - Phase lll. Dividing the programme in different
phases allowed slightly reorienting the later phases when the data from earlier phases became available. The
programme focussed on the effects of the parameters strain rate Ag, mean strain €, surface roughness R, hold
time th and environment as well as their interactions on the fatigue life Nt in strain controlled LCF tests. The
three test phases had slightly different foci:

I.  During the first test phase two values of each of parameters were considered. It was analysed strain
rate Ag, mean strain g, surface roughness Ry, hold time th and environment on fatigue life N.
Il.  Because during phase | was not detected of an effect of mean strain ¢ on fatigue life Nt this parameter
was dropped from the main test programme in phase Il and a third surface roughness was introduced.
In parallel, a limited test programme on the effects of mean stress under strain and stress control was
carried out.
lll.  The programme on strain and stress controlled testing with mean stress started in phase Il was extended
in phase Il

Some additional effects also needed to be considered:

. Specimen type: While all air tests and most tests in LWR environment were carried on full cylindrical
specimens, some of the tests in environment were performed using hollow specimens. The final surface
preparation processes varied depending on the type of specimen and desired surface roughness:
polishing and grinding for full specimens and honing for hollow specimens

. Material: Most tests were carried out on a single batch of 304L austenitic steel. But some data
contributed from national programmes are on different heats of 304L, 316, or X6 CrNiTi 18 10, a Ti
stabilized austenitic stainless steel used in VVERSs.

. Laboratory: The tests were carried out in different laboratories across Europe. To reduce interlaboratory
scatter as far as possible, a detailed test protocol was defined to harmonize the test procedures for the
project.

Each test record is uploaded to a materials database operated by the European Commission
(https://odin.jrc.ec.europa.eu/) and can be accessed by all project partners. Once a dataset is validated by the
testing organization, a report is generated from the data stored in the database. A panel of fatigue experts from
within the consortium considers every test on the basis of data like the cyclic stress and hysteresis curves.
Only data that has been approved by the expert panel can be used in the final evaluation.
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3. TEST RESULTS

The test data has been uploaded to the data base and validated by the expert panel. The data used for the
present study consists of 128 fatigue tests on the common material, batch XY182 sheet 23201 of 304L
produced by Creusot Loire Industries. The data used here [5] contain:

. 53 tests in air and 75 in PWR conditions. 114 tests on full specimens and 14 tests on hollow specimens.
. 62 ground and 52 polished solid specimens; the hollow specimens all had a honed surface finish. 3
runouts; these are indicated by > in the plots.

The fatigue life Nt for the solid specimens is characterized as Nzs i.e. the cycle during which the maximum
stress during a cycle drops by 25 % compared to the extrapolation of the quasi-linear part of the maximum
cyclic stress vs. cycle curve.

The testing results in air and PWR condition at different strain range and compared to the mean reference
curves from CR 6909 in air and PWR water is presented in Figure 1.
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Figure 1 Plot of the test data [5]. The NUREG CR-6909 mean curves for air (red) and PWR water (blue)

4, HOLD EFFECTS TO FATIGUE

VTT and E.ON have primarily tested Type 347 stabilised austenitic stainless steel in air using multiple hold
times at elevated temperature of between 4 hours and 48 hours, with either a constant stress or constant strain
maintained during each hold. Holds were applied between periods of strain controlled cyclic loading (in air) at
either room temperature or elevated temperature [6]. A smaller number of results for Type 304 unstabilised
material have also been reported. However, these tests with shorter holds were carried out at higher strain
amplitudes (0.6 %, 0.4 %) at which the effects of longer holds may also be insignificant. In INCEFA+ hold time
parameters for Phase | and Il testing in strain-control are presented in Table 1 and Table 2. Hold position was
during positive strain rate and hold strain at mean strain during cycle (0 % or 0.5 %). During fatigue a positive
strain rate is 0.01 %/s and negative strain rate -0.1 %/s. Loading waveforms and hysteresis loops in air
environment at 300 °C and hold period (72 h) at € = 0 % is presented in Figure 2 a, b. The hysteresis loops
(c) in air environment at 300 °C and hold period (72 hours) at € = 0 % is presented in Figure 2c.
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Table 2 Hold periods frequency

€a (%) Air environment (300 °C) LWR environment (300 °C)
Number cycles of the start a 3 holds Number cycles of the start a 3 holds
0.3 6000, 12000 and 18000 1200, 2400 and 3600
0.6 1000, 2000 and 3000 200, 400 and 600
Start hold time
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Figure 2 Loading waveforms (a —at start of hold, b — at finish of hold, scaling of the stress axis is same) and

hysteresis loops (c) in air environment at 300 °C and hold period (72 hours) at€ = 0 %

As can see from Figure 3 the general trend of stress changes from number of fatigue is similar with and without
holds. Only immediately after holding the stress increases, but after some time becomes same as stress
without hold during fatigue. The results from phases | and Il did not show any hold time effect - in contrast to
what was observed elsewhere. Likely reasons for this discrepancy are differences between the applications of
the hold time during the fatigue cycle. To increase the probability of observing a hold time effect, the strain
range was reduced to 0.4 % and holds were performed under zero load control in Phase Ill. The hold times
consist of three off 72 hours holds at 350 °C at 10.000 cycle intervals starting from the 10.000th cycles. Two
of the tests feature cycling at an elevated temperature and two others cycling at room temperature. The latter
case has been included since it should provide a more definitive answer for the effect of holds on 304L material
with respect to hold time experiments conducted in the literature.




JEV. w -
ME 1AL

202" May 20 - 22" 2020, Brno, Czech Republic, EU
300
£,=0.6%
' i

250
= Bsa&f
w el L FCTOT
o fslaYalofa]=l e
s gag !!Qllw.gg
[:F)
g 200 §
2
£ 150
&
2
A 100

# 3 holds ate = 0%, holdtime - 72 h
Owithout hold
SD T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Number of cycles

Figure 3 Stress amplitude versus cycles: comparison between LCF tests in air environment at 300 °C with
and without hold periods

At present time Phase Ill testing on hold effect is continuing according a described condition. The first testing
data on hold effect are presented in Figure 4. The presented results at room temperature after each hold
occurs hardening of the steel 304. After each hold the stress decreases, but the level of stresses are higher
than before hold. In addition, the level of stresses is higher than in the case fatigue without hold.
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Figure 4 Effect of temperature and hold periods on cyclic stress amplitude of 304 L steel in air environment

Given that some codes and standards have made provision for a future hold time effect, it is important that the

INCEFA+ programme develops a robust and defensible position on hold times to disseminate to the
international community.

5. CONCLUSION

The INCEFA-PLUS project has produced a large set of fatigue data in air as well as in a PWR environment.
While testing and data upload for conditions with Fen = 2:68 is ongoing, the data with Fen = 4:57 is almost
complete. In the current work, 128 fatigue tests on a single batch of 304L austenitic steel have been presented.
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The fatigue life testing results in Phase | and Phase Il did not show any hold time effect fatigue life N+. The
Phase 11l testing on hold effect is continuing and the conclusions will be reassessed once the complete data is
available.
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