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ABSTRACT

Current assessment guidance for environmentally-assisted fatigue (EAF) originates from the USA in the
form of US NRC Regulatory Guide 1.207 and the associated reference document NUREG/CR-6909.
With the recent inclusion of Environmental Factors (Fen Factors) the inclusion of environmental effects
into fatigue assessments is believed by some parts of the industry to lead to excessive conservatism.
However, there are gaps and uncertainties in the data and assessment methods underpinning the guidance
that make it difficult to quantify and exploit reductions in conservatism.

Throughout 2013, twelve organisations from ten European countries collaborated to develop the State of
the Art from a European perspective with regard to EAF assessment for stainless steels in LWR
environments.  Contributions covered:

• Status of EAF assessment methodologies in the UK, France, Germany, Japan, USA, Czech
Republic and Belgium.  Significant differences in analysis approaches for these countries were
identified.

• Data providing evidence of problems in current fatigue assessment procedures.  Gaps in
understanding include the effects of mean strain/stress, load-form, environmental effects, non-
unidirectional loading, material condition and temperature.  It is also clear that the capability to
combine effects is limited.

• Suggestions for test programmes to underpin initiatives to reduce excessive conservatism.

Based on the above review, this paper will provide a summary of the European opinions on state of the art
in EAF assessment for stainless steel components operating in LWR environments.

INTRODUCTION

Material behaviour in high temperature light water reactor (LWR) coolant is predicted typically using
ASME III and XI design codes for fatigue endurance and crack growth respectively. The United States
Nuclear Regulatory Commission (USNRC) has issued Regulatory Guide 1.207 on the influence of light
water reactor environments on fatigue life of reactor materials, together with a supporting Argonne
National Laboratory (ANL) report, NUREG/CR-6909 which provides formulae for prediction of fatigue
endurance of ferritic and stainless steels, and nickel-based alloys, in air and in high temperature water.
There is a clear detrimental effect of LWR coolant on fatigue endurance compared to what would be
expected in air.  NUREG/CR-6909 also requires a change in approach by taking into account strain rate as
well as strain range. The new procedures predict high cumulative fatigue usage factors which are
inconsistent with the good performance of operating reactors. Although extensive data have been used to
derive the relationships in NUREG/CR-6909, significant knowledge gaps have been listed by Tice et al
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for EPRI. Some of these gaps were reviewed in 2013 through the NUGENIA INCEFA project, resulting
in a European view on the state of the art for EAF assessment. This paper summarises these findings.

INTERNATIONAL VARIATIONS IN EAF ASSESSMENT PROCEDURES AND GOALS

USNRC Regulatory Guide 1.207 applies to new nuclear plant in the USA.  For stainless steels the rules
draw on the first issue of NUREG/CR-6909, produced by ANL for USNRC.  For existing plant,
assessment is done to the earlier NUREG/CR-5704 guidance, within which environmental factors (Fen)
are lower but safety factors in the design curves are higher; the logic is similar to NUREG/CR-6909 but
the Fen equations are different. Aspects to US guidance that have influenced strategies to relax
conservatism are:

1. The equations apply equally to all types of stainless steel.
2. The only parameters that influence fatigue life are:

i. Temperature
ii. Strain rate

iii. Strain range
iv. Dissolved oxygen in the environment
v. Material sulphur content

3. Except for strain range threshold, the Fen factor is not sensitive to strain range.
4. Best fit curves predict failures which are inconsistent with good plant experience.

The ASME Section III air line for stainless steels is identical to the NUREG/6909 design line.  ASME
gives two approaches to assess environmental effects on fatigue.  Code Case N-792 uses a Fen approach
and, for stainless steels, is similar to NUREG/CR-6909, apart from no strain threshold being included.
Code Case N-761 uses fatigue curves derived directly from environmental S-N fatigue data. Harrison and
Gurdal compared the two approaches and found that the Fen approach produces shorter fatigue lives (by a
factor of ~2-3), although both methods predicted shorter fatigue lives than experimental fatigue data
obtained by Jones et al and EPRI testing specimens designed to replicate plant components.

In Japan the approach is similar to the USNRC one, but was developed earlier. There are differences
which provide for comparison with methods in the USA. Strömbro and Dahlberg compare the results of
the US (ANL) and Japanese (JSME) assessment rules and conclude that, even though Fen factors differ,
there is only slight difference between Japanese and US fatigue curves in PWR conditions (with greater
conservatism for the Japanese model). There is greater difference for BWR conditions at low strain rate.

The Czech Republic approach (STD A.M.E.) originated in Russia and does not explicitly include reactor
environment effects.  Comparing ASME and STD A.M.E. by Vlcek shows differences, particularly
concerning applied stresses, safety factors and different fatigue curves.  Also operating temperature is
accounted for differently.  The Czech guidance uses air fatigue curves including transference factors of 2
for stress and 10 for cycles (compared with 2 and 12 for NUREG/CR6909).  The curves are judged
bounding for many situations. The standard also requires the assessor to introduce additional factors
when required for environment, weld deposits and weld joints, and radiation. The assessor must decide
when these factors are required and what values to give them. Assessment practices closer to USNRC
guidance are being considered (called “VERLIFE”).

The position in many European countries is being reviewed.  Some, such as the UK, follow ASME but
have not yet decided how to include environmental effects.  Others, such as France and Germany, have
their own codes, (RCC-M and KTT respectively) and are also working to include environmental effects.
The French [Courtin et al, Metais et al, and Blatman et al] follow ANL but with departures as follows:
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• The factor on strain, to convert the best fit S-N curve into a design curve, is reduced from 2 to
1.4, justified through reduced material variability for the materials used in the French nuclear
industry compared with data on which NUREG/CR-6909 is based, and compared with Japanese
data from Takahashi.

• Identifying components for which design curves have all or most of the margin needed to allow
for environmental effects, and taking advantage by reducing additional margins to be added.  The
methodology requires test evidence for the appropriate combination of material, surface finish
and environment.

Current initiatives to improving assessment practices include:

• Mechanistic understanding so that empirical rules can be extrapolated better. Mechanistic
understanding is defined by Twite as a multi-scale description of physical and chemical effects
determining fatigue behaviour through the stages of crack nucleation, small crack (Stage I)
growth and the transitions from Stage I to long crack (Stage II) growth.  Although the
environment is likely to affect each of these stages, the extent of the effect may differ between the
stages.  Thus, use of a single Fen factor for the whole of the S-N curve may not be appropriate
since, for example, the nucleation phase will occupy a greater portion of fatigue life at low strain
amplitude than in the high strain range where crack growth is more significant.

• Reduced data scatter due to improved data quality and focus on plant-specific materials, so as to
develop an air fatigue curve in line with the NUREG/CR-6909 fatigue air curve but with reduced
conservatism through justified reduction in data scatter.  Two factors may contribute to scatter:

o The data behind the ANL model are based on different grades of stainless steel.  The
benefits of a targeted choice of data are being explored in France and Germany.

o Some data were generated many years ago with less refined methods than are now
available.  Some organisations are generating new data to enable a revised environmental
S-N curve with reduced, but still sufficient, conservatism.

• Introduction of better quantified transference factors and improved methods of combining them.
The ASME III (air) and NUREG/CR-6909 (air and water) design curves result from applying
factors to best fit curves.  These factors include contributing factors, such as data scatter,
specimen/component size effect, surface finish and the difference between laboratory and
industrial conditions. It is unclear whether multiplication of these separate factors is appropriate
or whether the contributions of some of them may differ in air and LWR environments. E.g.
there is evidence [Le Duff et al and Stairmand et al] that surface finish effects are smaller in water
than in air.  Through creation of targeted data, improved transference factors are sought.

• New parameters, e.g. plant loading, hold time, mean strain/stress, not considered explicitly.

• Improving the reliability of transient modelling in assessments (strain rates affect derived
NUREG/CR-6909 Fen factors).  Real transients are rarely regular and are approximated into load
pairs.  Reference 12 advises how to group transients into pairs and how to deal with time and
stress discontinuities (see Figure 1). There are three methods for determining strain rate for load
pairs which produce different results for given plant transients.  Since each method is deliberately
conservative, work in Spain and Belgium is evaluating methods with reduced conservatism.
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Figure 1:  Illustration of load pairing: The two stress/time transients represent a thermal up shock
and a thermal down shock.  They are separated in time but combined  for analysis into a pair.

• Allowing for phasing of thermal and environmental transients. NUREG/CR-6909 and Japanese
procedures are conservative through use of the highest temperatures and lowest dissolved oxygen
contents in fatigue assessments for stainless steels.  Thus, activity is focussed on being able to
allow for benefits from certain phasings of stress, thermal and environmental cycling.

• Allowing for through-wall stress gradients. Many transients (e.g. thermal) do not create uniform
stress. Current procedures, using data from specimens with uniform stress, cannot allow for this.
This is being addressed in the UK, e.g. Wright and Green, and Green et al.  An example of
possible benefits comes from a test in which thermal shock was imposed on the inside of a thick
cylinder.  Depending on level of assessment detail, the ASME 2010 air fatigue curve predicted
between 900 and 7835 cycles to failure whereas the test actually ran for 59,378 cycles.

• Consideration of the contribution to fatigue damage when the applied stress is compressive.

UNDERSTANDING OF UNDERSTANDING GAPS AFFECTING ASSESSMENT CAPABILITY

Tice et al present a roadmap to address gaps in environmental fatigue understanding. These gaps in
understanding were prioritised. European initiatives address most of the high priority gaps.

Surface condition

Amec Foster Wheeler and AREVA have studied the effect of surface condition on fatigue endurance of
stainless steel in air and in high temperature PWR primary water. NUREG/CR-6909 and ASME III use a
transference factor of 12 on cycles (or 2 on stress if larger), which includes a factor of 2-3.5 for surface
condition.  NUREG/CR-6909 multiplies the measured effects of surface condition in air by the value of
Fen. It is unclear whether the use of both environmental penalty factor and surface condition factor based
on air data is valid in high temperature water.

• Amec Foster Wheeler tests [Platts et al].
o Fatigue endurance tests were performed in lithiated, hydrogenated, non-borated water at

300ºC, and in ambient temperature air, using solid 304L stainless steel specimens with
polished, abraded and scratched surfaces.

o The results confirm that surface condition does have an effect on fatigue endurance.
Fatigue lives in air may be shortened by ~5 times for abraded compared to polished
specimens, with surface scratches producing an order of magnitude reduction. The
surface finish factor reduces to ~2, in high temperature water for both abraded and
scratched surfaces.



23rd Conference on Structural Mechanics in Reactor Technology
Manchester, United Kingdom - August 10-14, 2015

Division II

• AREVA tests [Le Duff et al].
o Testing was in lithiated, borated and hydrogenated PWR water at 300°C, with solid 304L

stainless steel specimens. Polished and heavily ground surfaces were used.
o The effect of surface finish was small for high strain amplitude of ±0.6%. At lower strain

amplitude of ±0.3%, there was a factor of 2 between life of polished and ground samples.
o PWR water suppresses susceptibility to surface condition. Fatigue life is longer than

would be suggested by separate consideration of environmental and surface condition
effects.

Load form

AREVA tested 304L stainless steel test specimens [Le Duff et al] in both air and PWR water (lithiated,
hydrogenated and borated) at 300°C.  Tests were strain controlled using triangular waveform or complex
loading at various strain rates and strain amplitudes. Four complex waveforms were used at 0.6% strain
amplitude, and all waveforms share the same 5.9 Fen factor as defined by NUREG/CR-6900.

Fen factors for the complex waveforms were 1.5-3.8.  The lowest were for low strain rates during
compressive loading, higher factors were for low strain rates coinciding with tensile loading. Variability
was attributed to whether fatigue cracks were open or closed during slow strain rate phases. A triangular
waveform test with similar strain rate had a factor 5.1 which compares well with the NUREG/CR-6909
value of 5.9. It is significant that for the plant representative waveform the factor is 2.2-2.8.

The effect of load form was also shown for fatigue tests in room temperature air on solution annealed
niobium stabilized stainless steel by E.On and VTT [Solin et al]. Cycling was first imposed at strain
amplitudes above the fatigue threshold, and then at a strain amplitude below the threshold. Cumulative
fatigue usage exceeded 1 before the strain amplitude was reduced, but failure did not occur until fatigue
usage exceeded 2. Two interrupted tests also continued at higher strain amplitude after run-out at strain
amplitude below the endurance limit. Specimens lasted at the second level longer than virgin specimens.
The behaviour in these tests was attributed to cyclic hardening and is claimed to be indicative of relaxed
fatigue assessment possibilities for situations when strain amplitudes vary over equipment lifetime.

Hold time

E.ON and VTT [Solin et al] tested hold time effects for fatigue in air for various stainless steels. Room
temperature cyclic loading was interrupted for holds at elevated temperature under no load. These holds
at high temperature increased fatigue life.  This effect was attributed to strain hardening.

Medway et al also tested the effects of hold time for blunt notch compact tension specimens in 300°C
LWR environment, albeit for carbon steel not stainless.  Longer fatigue life occurred when holds were at
maximum load than when the holds were at minimum load.  This was attributed to possible crack
blunting at the maximum load.

Other studies have explored hold time effects in LWR environments.  Higuchi et al tested 316 stainless
steel in BWR and PWR water, with holds at peak strain and then with holds below peak strain (BWR
water only).  There was no effect of holds at peak strain in PWR water; but in BWR water there was an
effect at high strain rates with reduced life as hold time increased.  Seifert et al studied hold time effects
on life of low and high-carbon and stabilised stainless steels in various water chemistries at 288°C.  There
was no effect of long hold times on crack growth rates in BWR/HWC & NWC environments. As for the
Japanese work, these tests focussed on Low Cycle Fatigue.
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Material composition

Developments have already been described to take advantage of improved statistics for materials relevant
in France compared to the database underlying NUREG/CR-6909. E.ON and VTT [Solin et al] created a
reference curve specific to German stabilised steels.  Strain controlled constant amplitude tests showed
long life at room temperature.  Comparison to NUREG/CR-6909 showed increased life at low strain
amplitudes.  Platts et al., for a non-stabilised Type 304L stainless steel heat, also report higher fatigue
limit than the 0.12% strain value used in NUREG/CR-6909 and ASME III (2010).

Mean stress/strain

The ASME air curve for stainless steel allows for mean stress. It is conservative for several reasons:

• Assumption of maximum possible mean stress, when actual mean stress may be lower.
• NUREG/CR-6909 data show variable mean stress effects, depending on whether loading is stress

or strain controlled and on temperature [Solomon et al], due to secondary hardening.

Vincent et al are testing 304 stainless steel, where mean stress or strain is imposed under stress and strain
control. Mean stress is more detrimental in strain control than in stress control.

Temperature

E.ON and VTT [Slin et al] are studying possible conservatism through double counting temperature
effects, firstly in determining stress amplitude according to ASME III, and secondly in determining Fen

factor as per NUREG/CR6909. Through tests in air and PWR environments and at various temperatures,
strain rates and strain amplitudes, effects of temperature in air have been separated from effects in water
for solution annealed niobium stabilized stainless steel. Results show excess conservatism is most
pronounced at low strain amplitudes.  Interim conclusions suggest that conservatism could possibly be
reduced by separating temperature and environmental effects.

Thermal and mechanical load phasing

In Japan [Kanasaki et al, Tsutsumi et al and Nomura et al], fatigue life of stainless steel in low-DO
environments in tests with in-phase and out-of-phase thermal cycling was comparable to that in
isothermal tests at an averaged temperature. Fatigue lives of in-phase tests are shorter than those for out-
of-phase tests because applied strains above threshold strain are at high temperatures for in-phase tests,
but at low temperatures for out-of-phase tests.

Thermo-mechanical fatigue work by PSI shows similar behaviour to that observed in the Japanese study.
Thermo Mechanical Fatigue (TMF) life is intermediate between that of isothermal LCF tests at minimum
and maximum temperature. In-phase TMF life is shorter than for out-of-phase TMF and close to LCF life
at maximum temperature. Out-of-phase TMF life is close to that of LCF at minimum temperature.  The
shorter in-phase TMF life probably occurs because applied strains above the threshold strain for
environmental effects are at high temperatures for in-phase TMF tests, whereas they are at low
temperatures for out-of-phase TMF.

Non-unidirectional loading

Multiaxial loading reduces fatigue lives for various steels [Fissolo et al, Lefebvre, Itoh et al, Parsons et al,
and Shimada et al].  Work at CEA in France is exploring this. The latest NUREG/CR-6909 states that



23rd Conference on Structural Mechanics in Reactor Technology
Manchester, United Kingdom - August 10-14, 2015

Division II

fatigue assessment conservatisms do not allow for multiaxiality.  Nevertheless, if conservatism in these
procedures is to be reduced then effects of multiaxiality do need to be better understood.

Inter-dependence of parameters affecting fatigue

If environmental fatigue susceptibility varies with respect to a primary parameter according to the value
of a secondary parameter, then the sensitivities are inter-dependent.  Examples of this are:

• In the Amec Foster Wheeler tests the effects of surface condition were lower in water than in air.
• In the AREVA tests water effects on fatigue life varied with surface condition and waveform.
• EDF and AREVA work shows greater surface finish effects when there is mean stress.
• Taheri et al found that shot blasting had no benefit when there was mean stress.
• EDF tests showed different mean stress effects in air and in water, and for strain or stress control.

CONCLUSIONS

With regard to a European State of the Art for EAF assessment for stainless steels in LWR environments,
contributions to the INCEFA project covered:

• EAF assessment methodology statuses, especially for France, Japan, USA, and Czech Republic.
o Although methodologies are similar in concept, there are interesting detail variations:

! Different factors are used to derive air design curves from mean data curves.
! Different methods are used to produce different Fen factors for the same

transients.
! Some methods (e.g. Czech Republic approach) assume conservatism to avoid

allowing for environment.
o Current approaches to improving assessment practices include:

! Increased mechanistic understanding.
! Use of experimental data with reduced scatter.
! Data obtained under complex (plant relevant) loading transients.
! Introduction of better quantified transference factors.
! Improving the reliability of transient modelling in assessments.
! Allowing for phasing of thermal, stress and environmental transients.
! Allowing for through wall stress variation.

• Data showing gaps in understanding which are being tackled to reduce conservatism:
o surface condition
o load-form
o temperature
o non-unidirectional loading
o thermal and mechanical load phasing
o material condition
o hold time
o waveform effects
o mean strain/stress
o inter-dependence of sensitivities
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