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Abstract

Uni-axial strain-controlled fatigue tests were carried out on a 304L austenitic stainless-steel
specimens in air at 300°C and in PWR water, without or with the application of a mean stress,
at different total strain amplitudes. For strain amplitude no less than 0.2%, a deleterious effect
of PWR water on fatigue life is observed, associated with the enhancement of both crack
initiation and propagation. Besides, the fatigue life is reduced by the application of a mean
stress for a fixed strain amplitude in a given environment. In particular, due to the acceleration
of crack initiation stage by an enhancement of the plastic strain accumulation, the PWR water
effect on fatigue life is re-activated for strain amplitude below 0.2% in the presence of a mean
stress. The fatigue life reduction under mean stress application is mostly related to the

maximum stress level and strain amplitude, rather than the generated ratcheting strain.
Keywords: crack initiation; crack propagation; ratcheting; environment effect; mean stress;

Nomenclature

ao: initial depth of the crack;

C, Cy, Cy : Paris law coefficients
Ag, : ratcheting strain;

AK_: strain intensity factor range ;

A‘gt/z : Total strain amplitude;

€m, X% of fatigue life - MeAN strain measured at X% of the fatigue life;

Fen : environmental factor;
Fentheo: theoretical value of Fep;
Fenexp: €xperimental value of Fen;

Fensemi-exp - Semi-experimental value of Fen;

Fms: mean stress factor;
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m, ma, my : Paris law exponents

No mpa, average - average fatigue life for tests without mean stress application, for a given strain
amplitude and in a given environment;

Ns: fatigue life defined as the number of cycles until the detection of a decrease of 5% with
respect to the peak stress measured at mid-life ;

Nexp, air: €Xperimental fatigue life in air;

Nexp, pwr: €Xperimental fatigue life in PWR environment;

Nmean,air : mean fatigue life in air;

Npwr, theo : theoretical fatigue life in PWR water;

No—z0 : number of cycles required to nucleate a crack with a depth of ao;

Nao—2950um - NUMber of cycles required to make a crack grow from an initial depth ao, to a final
depth of 2950 pum;

1. Introduction

Austenitic stainless steels are extensively used in the nuclear industry, thanks to their
attractive combination of mechanical properties and corrosion resistance, to manufacture
structural components such as primary circuit pipes of Pressurized-Water Reactors (PWR).
Nevertheless, the impact of some specific service conditions on the performance of these steels
still needs to be addressed in more details in order to assess the conservatism of the design
approaches currently used. For instance, between start-up and shutdown operations, these
components are subjected to pressure and temperature transient loadings. From a design point
of view, such thermal transients are considered equivalent to a strain-controlled fatigue loading
to determine the lifetime of the component. Thus, in the ASME code * and in the French RCC-
M design code 2, the fatigue life assessment is based on a design curve derived from a broad
database of test results obtained under uniaxial strain-controlled cyclic loading in air. Thereafter,
different factors are applied to the strain amplitude and to the number of cycles to failure, in
order to account for the degradation in fatigue strength induced by various parameters, such as
the stress multiaxiality, the size, the surface finishing of the component, or the material
variability and the scatter in data. It is worth noticing that, when applying these factors, it is
assumed that these parameters influence the fatigue behavior independently from each other,
which may lead to a substantial over- or under-conservatism in the life prediction in presence
of interactions (synergy or attenuation) 3. Therefore, the investigation of the effect of these
parameters and their interactions is of high interest to improve the accuracy of the fatigue life

assessment of nuclear power-plant components.

As more specifically regards the effect of environment, the safety authorities such as
NRC in the United States, JNSC in Japan, STUK in Finland or ASN in France, so far request
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to take into account the effect of the PWR primary water on the fatigue life of reactor
components. This is done on the basis of the fatigue design curve and by considering the Fen
environmental factor 4. This factor, defined as the ratio between the fatigue life in air and the
fatigue life in PWR environment, is determined by empirical equations as a function of different
parameters such as the strain rate, the rate of dissolved oxygen and temperature.

In order to critically assess this type of approach, the possible interactions between
environment and other influencing factors such as strain amplitude > ¢, surface treatments "1
=, or cold working ! have been investigated at different temperatures in the recent years.
However, it is noteworthy that the vast majority of these studies on the influence of the PWR
water were carried out with a total strain amplitude superior to 0.3%. Similar results, but with
a lower strain amplitude, are much less documented, albeit in this regime a potentially different
balance between the crack initiation stage and the crack propagation stage might justify further
investigation. Besides, previous studies were mainly conducted by using alternated tension-
compression loadings, with an almost null mean stress. In practice however, in a mixing
junction or near a pipe elbow, a thermal stratification of the fluid is likely to develop and to
promote a local increase in the mean stress. In literature, the influence of mean stress on fatigue
resistance has been investigated, but mainly at room temperature and on the basis of stress-
controlled fatigue tests 2. However, recently, Vincent et al. * successfully controlled both
the strain range and the mean stress to the predefined values by adjusting the mean strain during
fatigue tests conducted at ambient temperature. The consequences of this type of loading on the

fatigue strength in PWR water are not documented so far, which motivated the present work.

Hence, the research activities undertaken in this study were designed in order to extend
the assessment of the influence of PWR water on fatigue behavior of the material, at low total
strain amplitudes, typically inferior or equal to 0.2%, but also in presence of an applied mean
stress. With this aim, fatigue tests were carried out under total strain-amplitude in air and in
PWR environment. Some ancillary tests were interrupted at different stages of the fatigue life
in order to derive quantitative assessment of the damage, typically the crack depth. Finally, on
the basis of the experimental results, empirical equations were proposed in order to describe
the joint effect of total strain amplitude and applied mean stress. The present paper presents the

main findings of these investigations.

2. Material, specimens, and testing facilities

A plate of an AISI 304L stainless steel manufactured by Creusot-Loire Industrie (sheet

XY182), annealed at 1100 °C and quenched with water is used in this study. The chemical



1 composition and mechanical properties are presented in Table 1 and in Table 2, respectively.
2 These properties are in good agreement with the RCC-M 3307 requirements 2.
3 Table 1. Chemical composition (wt. %) of the XY182 material as compared with the
4 requirements of the RCC-M code 2.
5
Elements C Mn Si S Ni Cr Mo Cu
XY182 (%) 0.029 1.86 0.37 | 0.004 10 18 0.04 0.02
RCC-M (%) N N
M3307 <0.03 <2 <1 <0.03 | 9~12 17~20 - <1
6
7  Table 2. Mechanical properties in the rolling direction of 304L austenitic stainless steel *
8
9

Rolling direction

Transverse direction

RCC-M M3307
(transverse
direction) 12

20°C 300°C 20°C 300°C 20°C 300°C
Yield stress (MPa) 220 138 220 136 >175 >105
Ultimate tensile strength (MPa) 555 401 546 402 >490 -
Elongation (%) 68 48 68 46 >45 -
Young’s Modulus (GPa) 196 168 192 196 - -
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Two different specimen geometries were used in this study, as presented in Fig. 1,

namely a tubular hollow geometry designed for tests in PWR environment but that can also be

used for testing in air, and a solid cylindrical geometry only used for tests in air. For the hollow

specimens, the roughness of the inner and outer surface is Rain=0.2 um and Raox=0.6 um,

respectively. The analysis of test results has confirmed that the fatal cracks leading to failure

systematically initiated from the inner surface. For the solid cylindrical specimens, the surface

roughness is Rs=0.2 um.
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Fig. 1 : Design of the (a) hollow specimen and (b) solid bar specimen (dimensions in mm).

The fatigue tests in PWR primary environment were carried out on an Instron 8862
100kN electromechanical fatigue machine. The hollow specimen is placed in a furnace
mounted on the loadframe, and the circulation of the PWR fluid inside the sample in insured
by means of a fluid loop while controlling the chemistry of this fluid all along the fatigue test,
as illustrated in Fig. 2. The simulated PWR primary water is characterized by 25 cm® of
dissolved hydrogen per kilogram of water and less than 5 ppb of dissolved oxygen. The
conductivity of the high purity inlet and outlet water at 20 ° C is about 21 uS / cm. An
extensometer with a gauge length of 12.5 mm placed outside the furnace is used to control the
deformation applied to the specimen by means of two ceramic rods in contact with the outer
surface of specimen. Prior to the start of the fatigue loading, the furnace is closed, and the loop

is heated for at least 24 hours, to ensure an isothermal condition of 300°C in the entire rig.

Fluid direction

— Hydrometer

~ Furnace

Extensometer ‘
Hollow T12.5 mm

specimen

| Chemical control system |

| Temperature control system |

Fig. 2 : Experimental installation for fatigue test in simulated PWR water environment.

Most of the fatigue tests in air were carried out using the same device with the hollow

specimen. Besides, due to constraints related to test duration, ancillary fatigue tests at low strain
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amplitude were performed in air using solid samples on another INSTRON 8862 100kN
electromechanical fatigue machine with an extensometer with a gauge length of 12.5 mm
placed outside the furnace, controlling the deformation of the specimen with two ceramic rods

in contact with the specimen.

The fatigue life Ns is defined as the number of cycles applied until the detection of a
decrease of 5% with respect to the peak stress measured at mid-fatigue life. In several tests
however, such a decrease was not achieved prior to the failure of the specimen or the leak of
the fluid through the tube wall. In such cases, the fatigue life was defined as the number of
cycles to failure or to the leakage. Uniaxial fatigue experiments were realized under strain-
control. A triangular waveshape loading with a strain rate of 0.4% s was used. For the test
reported here, the imposed total strain amplitude varied from 0.5% to 0.14%. For amplitudes
that vary from 0.14% to 0.2%, a tensile mean stress of 20 MPa and 50 MPa was applied in
several tests, by means of a tri-modal monitoring method, which is described in more details in
section 3.2. Besides, for a strain amplitude of 0.2%, some tests were interrupted after a fixed
number of cycles and then conducted to failure by high-cycle fatigue loading in laboratory air
at room temperature, with a frequency of 10Hz and a load ratio of 0.2.

3. Results
3.1. Fatigue life without mean stress

The effect of PWR water on fatigue life in the absence of any applied mean stress is
illustrated in Fig. 3. In this plot, the dotted blue curve represents the theoretical fatigue life in
air as predicted by the mean curve in air proposed in the NUREG report %, according to

Equation 1.
Equatlon 1 Nmean’air: EXp [6891-192><11’1(A81/2-0112)]

Besides, the solid blue curve in Fig. 3 represents the “theoretical” fatigue life in PWR

water, as predicted by Equation 2 by considering the F¢, factor.

; Ninean, air __ exp[6.891-1.92xIn(Aey2-0.112)]
Equation 2 NPwR, theo= — =

Fen’ theo Fcn,[hco

In this equation, Fen, teo IS the theoretical value of the abatement factor on the fatigue
life in PWR water. Several empirical models based on extended experimental databases have
been established to predict its value 2%, According to the calculation method proposed in the
latest NUREG report 2°, for a strain rate of 0.4% s and a temperature of 300°C, the Fen theo

factor takes a value of 1.94.
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In Fig. 3, the experimental fatigue life in PWR water is presented in blue solid circles.
An experimental value of environment factor Fenexp Can be derived from these data according
to the equation and results are shown in Fig. 4. Given the limited set of data obtained in the
course of the present study and in an attempt to take into account the scatter, a so-called semi-
empirical value Fensemi-exp Was also estimated by considering the equation below. The theoretical

value Fen, theo is indicated in Fig. 4 as well for comparison purpose.

E qu ation 3 F __ Ninean, air __ exp[6.891-1.92xIn(Act/2-0.112)]

en, semi-exp

exp, PWR Fen,tl\eo

It can be seen in Fig. 4 that, for a total strain amplitude ranging between 0.2% and 0.5%,
the Fenexp Value ranges between 2.27 and 3.23, that means a higher value than the Fen, teo Value
equal to 1.94. A harmful effect of the PWR water on the fatigue life is hence confirmed. For a
total strain amplitude less than 0.2% however, Fenexp Varies between 0.38 and 1.25. The effect
of PWR water on the fatigue life is therefore not clear in this strain amplitude interval, and the
method proposed in the latest NUREG report % tends to overestimate the deleterious effect of
PWR water in this region. Furthermore, it has to be noticed that the influence of specimen

geometry (solid versus hollow samples) on this tendency is extremely limited.
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Fig. 3 : Fatigue life in air and PWR water environment, without mean stress. (a) For strain
amplitude between 0.1% and 0.5%. (b) Enlargement of (a) for total strain amplitudes below
0.2% (arrow: run-out test).

5 Corer 1)
O Fopex™Nair exo/ Mo exp (S011d+hol low)
4k g Ful exp ‘\Inu (\;/I\H‘R exp (h()ll()“)
Fxn semi L\p_I\mean. an‘/‘\PH. exp
O

3F O O O
o8 —3 -

2 1.94

' O
1 O
ma
0 " 1 1 1 " 1 " 1 1 1 "
0.0 0.1 0.2 0.3 04 0.5 0.6
Ag/2 (%)

Fig. 4 : Estimation of the experimental environment factor Fenexp ,and semi-experimental
Fen.semi-exp @S @ function of total strain amplitude without mean stress.

3.2. Fatigue behavior with mean stress application

For tests with mean stress application, a tri-modal monitoring method is applied while
the strain amplitude and the strain rate are fixed. An example of such a monitoring is given in
Fig. 5 for a strain amplitude of 0.2%, and a mean stress of 20 MPa: the mean strain of the
material (red curve) is automatically incremented by the closed-loop system of the test machine,
S0 as to compensate the stress relaxation resulting from cyclic loading and to gradually increase
the mean stress until reaching the setpoint value (green curve). The phase during which the
mean stress is progressively increasing until reaching the set point is noted in the following as
the transient stage. The duration of this transient stage depends on the imposed loading (strain

rate, strain amplitude and mean stress level) and the monitoring parameters (PID and tri-modal
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gain). In a previous research on 304 THY SS, at Ae/2 = 0.18%, with a test frequency of 5 Hz
(3.6%s?), the mean stress of 50 MPa could be reached by this tri-modal monitoring in several
tens of cycles %, and at the end of the transient stage the mean strain is approximately zero

at room temperature 8 but reached up to 2% at 300°C %, using the same test rig. In this work,

after optimization of PID and tri-modal gain settings, the transient stage was controlled in order
to be less than 10% of the total fatigue life, i.e. about 200 cycles for a mean stress of 20 MPa,
and 1000 cycles for mean stress of 50 MPa respectively; the mean strain reached at the end of
the transient stage is approximately 0.75% for 20 MPa and 4.5% for 50 MPa (Fig. 6 (b)). The
large mean strain level reached is due to the enhanced ductility and reduced strain-hardening

with higher temperature 26-28,

| Transient stage |
25 | : 3 200

20 1 Mean stress ! i st 200¢ 7800™ 4000
= i P e o T i
E 15 : y 4 : s 5 =100 i H
2 o e ‘ ~2 @ £ /1] /i i
@ 10 i #* Strain amplitude ><10(%y n = = ill : ! H
& 5 7 : e > 0 |/ I /i
2 9 e 1, & g s ‘ { Vi
g 5 ; : Mean strain i ; 1 (7] %_100 ]
2 -10 E' i i i’ 0.5 [

215 e : -0 -200

| 10 100 1000 10000 -02 02 06 1 14 18 22
Number of cycles Strain (%)
(a) (b)

Fig. 5 : Example of the fatigue behavior with mean stress application in tri-modal monitoring
mode (Aed2 = 0.2%, on=20 MPa, in PWR water, fatigue life is 15600 cycles). (a) Evolution of
the stress and strain in function of number of cycles. (b) Cyclic hysteresis loops of different
number of cycles indicated by dotted black line in (b)

In Fig. 6, the cyclic stress-strain response of the material for a strain amplitude of 0.2%
with different mean stress levels is shown to assess the impact of applied mean stress. It is
observed that this tri-modal monitoring causes as expected an increase in mean stress (Fig. 6
(@), but also in maximum stress (Fig. 6 (c)), as well as in mean strain (Fig. 6 (b)). Moreover,
the amplitude of plastic strain decreases with the application of a mean stress, especially at
50MPa (Fig. 6 (d)). This is related to the fact that the total strain amplitude is controlled as

constant while the stress amplitude increases during the fatigue test.



w N

O 00 N O

10
11

‘ ) = () MPa, air
* 0 MPa, PWR
© 20 MPa, air
= 20 MPa, PWR
" 50 MPa, air
= 50 MPa, PWR
...... kneepoint, 20MPa
...... kneepoint, S0MPa

£ (%)

10 10t 102 10° 10t 10° 10°
Number of cycles

Fig. 6 : Cyclic stress-strain response in air and PWR water, Aed2 = 0.2%, at 0.4% s™, with
different mean stress levels. (a) Evolution of mean stress, (b) Evolution of mean strain, (c)
Evolution of maximum stress, (d) Evolution of plastic strain amplitude.

The effect of mean stress on fatigue life in air and in PWR water is presented in Fig. 7.
For strain amplitudes varying from 0.14% to 0.2%, it can be seen that fatigue life is reduced
when applying a mean stress of 20 MPa or 50 MPa as compared to tests under same conditions
but without mean stress application. This reduction can be described by means of the Frs factor
defined as the ratio of the fatigue life without mean stress and the fatigue life with a mean stress

in a given environment, as indicated in Fig. 7.
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Fig. 7 : Fatigue life in air and in PWR water environment, with or without mean stress.

3.3 Fatigue crack initiation and growth stages at As/2 = 0.2%

The previous sections have presented results on the fatigue life obtained for total strain
amplitudes varying from 0.14% to 0.5%. In this part, a focus is placed on the strain amplitude
of 0.2% by analyzing additional data derived from interrupted tests carried out in air and in
PWR water, without or with a mean stress of 50 MPa along with the results of tests conducted
until failure. The objective is to evidence a possible joint effect of the mean stress application
and of the exposure to PWR water on the fatigue crack growth process. With this aim, the
maximum depth of the main crack observed on the fracture surface is firstly measured. Fig. 8
(a)-(e) show the measurements of crack depth for tests without mean stress application in air,

at different number of cycles. The results for all tests in air and in PWR water, with and without
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mean stress of 50 MPa are assembled and plotted as a function of the number of cycles in Fig.

8 (f).
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Fig. 8 : Fracture surface of the specimens after different number of cycles. 0 MPa.
Aed/2=0.2%. In air. (a) 90000 cycles. (b) 95000 cycles. (c) 150054 cycles (until rupture). (d)
and (e) are magnifications of (a) and (b). (f) Fatigue crack propagation data derived from
interrupted test and fitting curves

The fitting curves presented in Fig. 8 (f) were obtained by integrating the fatigue crack
growth rates described by a Paris—Erdogan-type equation 2 expressed as a function of the strain
intensity factor range AK; (Equation 4). The use of this parameter was proposed by Kamaya et
al. %3 for austenitic stainless steels and was used in previous research of the same material in

similar test conditions 1% 32 3,
Equation 4 j—;=CXAKgm

Here, C and m are parameters that depend not only on material properties, but also on
additional factors such as environment, strain rate etc. Their values were here determined by a
trial-and-error method, so as to fit the experimental curves obtained with hollow specimens
(data obtained with solid specimens are not considered so as to eliminate any possible geometry

impact on the crack propagation).
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In order to achieve a satisfactory fitting to the experimental data, it was found necessary
to consider two sets of parameters (Ci, mz) and (Cz, my), corresponding with two regimes
separated by a transition at a given number of cycles N, and at a transition depth of a.. The
values of C, m, N; and a; for each investigated condition are assembled in Table 3. This
transition in crack growth rate was previously observed in 304 stainless steel on striation
spacing as on crack growth rates derived from Direct Current Potential Drop (DCPD)
monitoring method, at diverse strain amplitudes and strain rates and in different media & 343,
This can be attributed to a lower sensitivity to AK, (or crack depth) during the propagation of
short cracks than the macro-crack propagation, firstly reported as a “short-crack” effect ¥.
Except for the case with mean stress application in air, a;is comprised from 200 um to 900 pum,
which is consistent with the threshold crack depth for the transition from a “Physically short

crack” to a “Long crack” regime as suggested by Ould Amer 3 in 304 stainless steel.

Table 3 : Values of the parameters of the fatigue crack growth equations and the number of
cycles at the transition for the experimental conditions under consideration.

Condition Ci ms Nt ar (um) C m;
0 MPa, air 1.55%10? 2.22 91363 590 2.32x10? 2.86
0 MPa, PWR | 1.55x10? 2.14 36000 821 1.10x10° 2.62
50 MPa, air 7.36x10? 2.40 3027 55 8.36x10° 3.00
50 MPa, PWR | 2.74x10° 0.55 7000 412 5.29x10° 3.30

The numbers of cycles required to make a surface crack grow to a certain depth are then
calculated by using these values represented by the fitting curves in Fig. 8 (f). In some previous
research with Ae/2=0.6%, 10-20 um is frequently applied to define the depth of fatigue crack
initiation for the 316 stainless steels 3 and for the investigated material ® “°. However, at
Aed2=0.2%, even after 50% of the fatigue life, a considerable proportion of cracks can be
stopped by the first grain boundaries encountered ®. In fact, cracking remains sensitive to local
microstructural barriers until a certain depth, known as the effect of short cracks & 23738 In
this work, for most of observed fracture surfaces, the depth of the deepest crack, when existing,
are no smaller than 77 um, except one case showing only one crack of 39 um. It has to be noted
that the average grain size of the investigated material, measured by EBSD characterization on

a statistic amounts of grains ® 4, is 80 um.

Hence, based on statements and observations mentioned above, values of the depth of an initial
crack ap as 10, 80 and 250 um was separately considered, to estimate the crack initiation life
and crack propagation life. By using the fitting curves in Fig. 8 (f), Nap—2950pum is the number
of cycles required to make a crack grow from ao, to a final depth of 2950 um, which is the wall

thickness of the hollow specimen. The number of cycles No—ao required to nucleate a crack of
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ao IS thereafter derived by subtracting to the number of cycles to failure Ns. The result is shown
in Fig. 9.
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Fig. 9 : (a) Fatigue crack initiation life No_..o (b) fatigue propagation life Nao—2950m (C)
percentage of crack initiation life in total fatigue life. (d) percentage of crack propagation life
in total fatigue life for different values of ao at Ae/2 = 0.2%.

Fig. 9 (a) and (b) share the same axis scale. One can note that the crack initiation life is
generally in the same order of, or even higher than the crack propagation life, for the various
values of ao considered. Without any applied mean stress (blue curves in Fig. 9), the propagation
stage corresponds with less than one third of the total life. With mean stress application, the
crack initiation life is greatly reduced (brown curves in Fig. 9 (c)), from more than 65% of the

total fatigue life to less than 30%, if considering ao of 10pm and 80um.

Focusing on Fig. 9, by comparing the hollow blue curve for air and the solid blue curve
for PWR water, one can confirm the deleterious effect of the PWR environment in crack
initiation stage and in crack propagation stage in the absence of mean stress. Besides, this effect
of PWR environment during both crack initiation and propagation stage shows very little
dependency on the value of ao considered. By comparing the blue dotted curve and the brown
dotted curve, a negative effect of mean stress application in air for the crack initiation and

propagation stage can be noticed. This negative effect during the crack initiation stage is
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particularly pronounced while considering ap as 10 um. However, when these two deleterious
parameters co-exist, an interesting point is observed , indicated by brown solid curves in Fig.
9: the crack initiation life in PWR water with mean stress application is closed to that in air
with mean stress application, if considering ap =10um; the crack propagation life in PWR water
with mean stress application is, on the other hand, slightly longer than the crack propagation
life in PWR water but without applied mean stress, for all the considered values of the initial

crack depth ao.

4. Discussion

4.1, Effect of PWR water on fatigue life

From Fig. 8 (f) and Fig. 9 (), it is revealed that this crack initiation life is much lower in PWR
water than in air. This detrimental effect of PWR water on the crack initiation stage is in
agreement with previous research 4042,

Despite this enhancement of fatigue crack initiation in PWR water, the crack initiation
stages in air and in PWR present some similarities. The first one is the predominance of the
crack initiation life within the entire fatigue life in both environments in the absence of mean

stress, as mentioned above. In fact, No-a detains approximately 70% and 83% of the fatigue

life, in air and in PWR water respectively, as shown in Fig. 9. It is worth noticing that the higher
fraction in PWR water results from higher fatigue crack growth rates, and consequently a
relatively shorter crack propagation stage, as it will be explained in the next section. The second
similarity between the two environments lies in the nature of the crack initiation sites, which
are generally related to surface defects introduced during specimen machining, as illustrated in
Fig. 10 (a) to (d). In fact, Persistent Slip Bands (PSBs) are rarely observed on the surface, even
at the end of the fatigue test, which can be at least partly attributed to the low values of plastic
strain encountered in this domain. The third similarity is the limited number of crack initiation
sites in both environments. The crack density, measured on the specimen internal surface (Fig.
10 (a) to (d)) and expressed in cracks/mm?, and on cross sections of the sample (Fig. 10 () and
(f)) and expressed in cracks/mm, are assembled in Fig. 10 (g). Only the specimens fatigued to
failure are included in this plot, as the specimens from interrupted tests show only a very limited
number of cracks: for instance, in air, only one crack is observed after 95000 cycles (69% of
the fatigue life); in PWR water, only one crack is noticed after 36000 cycles (84% of the fatigue
life); for another specimen tested to 37000 cycles in PWR water, no crack is detected. With a

strain amplitude of 0.2%, crack density on the specimens tested to failure is low, in air as well



1 as in PWR water, while with a strain amplitude of 0.6%, the crack initiation site density is
2 doubled in PWR water and reaches 23 mm-2 after just 600 cycles®.

— Initiation from the surface defects Initiation from the persistent slip bands (PSB)

() 200 [10MPa, air 150 MPa, air
m 0MPa, PWR m 50 MPa, PWR

Crack density

Doty
on the internal surface on the cross section

3 (cracks/mm?) (cracks/mm™")

4 Fig. 10 : Observations of the cracks in the hollow specimens with a strain amplitude

5 Aed2=0.2% after fatigue tests of different numbers of cycles. (a) 40731 cycles, without mean

6 stress, in PWR water, on the internal surface. (b) 9000 cycles, 50 MPa, in air, on the internal

7 surface. (c) (d) 9000 cycles, with a mean stress of 50 MPa, in PWR water, on the internal

8 surface. (e) 40731 cycles, without mean stress, in PWR water, on cross section. (f) 15534

9 cycles, with a mean stress of 50 MPa, in PWR water, on cross section. (g) Crack density on
10 the internal surface and on the cross section at the end of the fatigue test.
11
12 These similarities between the two environments suggest that, under a strain amplitude
13 of 0.2%, and without any applied mean stress, the cyclic plastic strain accumulation represents
14 the key factor controlling crack initiation. In air, a previous study carried out at higher strain
15  amplitudes pointed out that cracks principally initiate from the extrusion/intrusions on the
16  surface due to emergence of persistent slip bands & %, In the present study however, due to
17  the low strain amplitudes considered, the plastic strain accumulation is extremely slow, so that
18  only very few slip bands are activated and emerged on the free surface. As a consequence,
19  cracks preferably initiate in the vicinity of surface defects, where a local concentration of stress
20  and/or deformation develops due to the geometry singularity. The PWR water environment can
21  facilitate the crack initiation by successive repetition of oxidation of the strain concentration
22 site, and rupture of the oxide film formed on the crack tip, as previously pointed out % 44,
23 Nevertheless, it is worth noticing that these interactions are based on the assumption of a
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sufficient accumulation of plastic strain required to promote preferential oxidation * %45 and

to conduct to the failure of the oxide layer by shearing %% 44,

Secondly, as concerns the crack propagation life as quantified by the Nao- 2950um

parameter, the PWR water evidently reduces the crack propagation life, as indicated in Fig. 9
(b). This is furthermore consistent with the variation observed in fatigue striation spacing on
the crack propagation area of the fracture surface, and, as presented in Fig. 11 as a function of
AK.. In Fig. 11, the results for strain amplitudes equal to and lower than 0.2% are compared
with results previously obtained for the same material and under the same strain rate, but at
significantly higher strain amplitudes (0.6% © %°, 0.5% *°, and 0.3% “°). It is found that, for a
given environment (air or PWR water), the effect of strain amplitude on fatigue crack growth
rates is extremely limited, and that the fatigue crack growth rate in air is always smaller than in
PWR water. This suggests that, as long as the crack propagates in a stage-1l mode along with
the formation of fatigue striations, the harmful effect of PWR water is similar, regardless the
applied strain amplitude varying from 0.14% to 0.6%. The fatigue crack growth equations
established by Kamaya et al. 647 (curves in Fig. 11) present a fair estimation of the fatigue crack
growth rates in air and especially in PWR water. However, it has to be pointed out that the
positive mean stress and the associated progressive mean strain are expected to influence crack
closure effects, but also the magnitude of environmental effect. Indeed, in a previous study, it
was established that the crack is fully open with a slightly negative strain during the rising load
part of a push-pull loading (R:=-1) *. As the magnitude of environmental enhancement of
fatigue crack growth rate is controlled by the duration of exposure to environment, it is partly
controlled by the opening strain. This effect is particularly marked at very slow strain rates. In
the present study, the experimental conditions considered do not vary enough to distinguish any
potential effect of the variation of the opening strain on fatigue crack growth rate enhancement

in PWR environment. Indeed, the maximum factor on exposure duration is two.
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Fig. 11 : Striation spacing in function of AK., without mean stress, at 0.4%s™ in comparison
with results at strain amplitudes of 0.6%" *°, 0.5% *°, and 0.3% “. (a) In air. (b) In PWR
water.

The analysis developed in the two previous paragraphs, on crack initiation and crack
propagation respectively, explains the drop in fatigue life noticed in PWR water at Ae/2=0.2%
without mean stress application, as shown by the pink arrow in Fig. 7. Besides, it provides a
possible explanation for the disappearance of the negative effect of PWR water on fatigue life
noticed in Fig. 3 and Fig. 4 for strain amplitude smaller than 0.2%. During the major part of the
fatigue life at low strain amplitudes, the oxide layer on the specimen surface might not fail and
the underlying metal is probably not exposed to the PWR water. As a consequence, during this
period, the PWR environment might not significantly contribute to the crack initiation process.
However, once the fatigue crack grows deep enough to form observable fatigue striations, the
PWR effect is activated. However, as the crack propagation stage is relatively short compared
to the initiation stage, the impact of PWR environment on the total fatigue life, which is
represented by the Fenexp parameter, is very limited. Therefore, for such strain amplitudes
typically lower than 0.2%, the Fenexp Value is approximately equal to 1, while it is above 2 for

strain amplitudes higher than 0.2%.

Besides, a negative effect of PWR water on the fatigue life is observed in Fig. 7 even
for strain amplitudes varying from 0.14% to 0.2%. The threshold value of 0.2% for the strain
amplitude established in the absence of mean stress application does no longer hold. A possible

explanation for this is given in section 4.2.

4.2. Effect of mean stress on fatigue life

As shown in Fig. 6, the application of a mean stress greatly modifies the cyclic stress-
strain response of the material, which in turn results in changes in the crack initiation
mechanism. Firstly, the application of a mean stress leads to a sharp increase in crack density.

Indeed the SEM observations of the internal surface of specimens indicate that, with a mean
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stress of 50 MPa, a large quantity of PSBs are already formed on the internal surface of the
specimens fatigued after 9000 cycles (Fig. 10 (c) (d)). The crack density measured on the
internal surface and the cross section is significantly higher than the case without mean stress
application, as shown in Fig. 10 (d). In contrast to the case without mean stress application, the
defects initially present at the surface do no longer constitute the main crack initiation sites.
Meanwhile, it can be seen from Fig. 9 (a) that the crack initiation stage is greatly reduced to
about 35% of the total fatigue life, i. e. a much lower fraction compared to the case without
mean stress application (about 80%). It is deduced that, for strain amplitudes smaller than 0.2%,
the predominance of the crack initiation stage on the fatigue life does no longer hold with the
application of mean stress. The mean stress application would thus favor the initiation of surface
cracks, which are then exposed to the PWR water earlier during the fatigue life. This may be
the reason for the negative effect of PWR water noticed with mean stress application for strain

amplitudes lower than 0.2%.

The sharp increase in the number of PSBs indicates that the application of a mean stress
under a given strain amplitude enhances the accumulation of plastic strain. It should be noted
however that, in this study, the plastic strain amplitude decreases as a mean stress is applied
(Fig. 6 (d)). Therefore, this enhancement of plastic strain accumulation should be attributed to
the increase of maximum stress or the mean strain (Fig. 6 (a)-(c)). Further discussion on that

point is provided in sections 4.5 and 4.6.

Besides, as regards the crack propagation stage, as indicated in in Fig. 9 (b), the harmful
effect of the mean stress application in air is confirmed. In PWR water however, the mean stress
application even shows a slightly beneficial impact. Considering the scatter in data, it is likely
that, in PWR water, the mean stress application effect on crack propagation is either neutral or
slightly positive. An in-depth investigation of the crack propagation micro-mechanism would
be necessary to explain the disappearance of the mean stress effect in PWR water during the

crack propagation stage.

4.3. Influence of mean strain on the fatigue life
In this study, the trimodal monitoring method induces an increase of the maximum stress,
the minimum stress, the stress amplitude, and the mean strain. More particularly, the variation
of the mean strain can be extremely important, typically up to 8% at the end of the tests with a
mean stress of 50MPa and a strain amplitude of 0.2%. The potential role of such a mean strain
in the reduction of fatigue life under mean stress application is discussed in the following lines.
Firstly, previous researches on polished specimen made from pre-hardened austenitic

stainless steel show that, for a given strain amplitude, the mean strain level does not lead to
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reduction of fatigue life in air ** nor in PWR water *>#°. These studies however concerned
pre-straining from 10% to 40%, that means largely higher than the mean strain values achieved
here. Therefore, it can be deduced that, in the tests presented here, the mean strain by itself is
not responsible for the fatigue life reduction. It is the modification of the mean strain,
characterized by the ratcheting strain, or the modification in surface roughness that may have
potential negative effect on the fatigue life.

In stress-controlled tests carried out on a non-prestrained 316L austenitic stainless steel
49, even though the ratcheting strain increases, it was observed that the fatigue life was improved
with the applied mean stress. This indicates that the cyclic hardening outweighs the possible
detrimental effect of positive ratcheting strain on fatigue life. However, the analysis of
ratcheting strain as generated by the trimodal control used in this study was not examined in
previous studies.

In this study, the ratcheting strain Ag; is defined as the difference between the mean strain
measured at 10% of the fatigue life and the one measured at 95% of the fatigue life, as expressed
in Equation 5. The mean strain variation prior to crack initiation and the one occurring near the
final rupture are therefore excluded in this definition. The choice of the 10% of the fatigue life
as a lower bound for this parameter is furthermore consistent with the transient regime shown

in Fig. 5 corresponding to the establishment of the imposed mean stress.
Equation 5 A&=Em, 95% of the fatigue life = €m,10% of the fatigue life

In Fig. 12 (a), the decrease in fatigue life due to the application of mean stress, expressed
as the difference between the reference fatigue life in absence of mean stress Nompa,average @and
the fatigue life resulting from the application of a mean stress N: Nowmpaaverage—Ns, iS plotted as a
function of Aer. Nowmpaaverage Was determined for each environment and strain amplitude, by
averaging all the obtained reference fatigue tests results. It comes out that, for a fixed strain
amplitude, the decrease in fatigue life induced by the application of a mean stress can be
considered as independent of the ratcheting strain value. In Fig. 12 (b), the reduction of fatigue
life is described by the ratio Ns/Nowmpa,average. Without mean stress application, Ns/Nowpa,average in
PWR water varies from 0.7 to 1.3, which represents an index of the scatter in the fatigue lives
in the absence of mean stress. The reference value of the ratio Ns/Nowmpaaverage 1S €Xpected to be
around 1 but as it can be seen in Fig. 12 (b) it is characterized by a relatively large scatter,
especially in air. Nevertheless, it is shown that in the presence of a mean stress, the ratio
Ns/Nompa,average 1S Significantly lower than 1, but does not seem to be affected by the ratcheting
strain nor by the environment. Hence, a mean value around 0.3 is obtained with a strain
amplitude of 0.2%, and less than 0.1 at lower amplitudes, almost regardless of the test

environment.
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Fig. 12 (a) decrease of fatigue life due to the application of a mean stress Nowmpa,average-Ns in
function of the ratcheting strain 4e; (2) Normalized fatigue life with or without mean stress
Ns/Nowmpa,average &S @ function of the ratcheting strain Aer

Kamaya and Kawakubo “® carried out fatigue tests with a mean stress application on a
316L austenitic stainless steel in air at room temperature and calculated a normalized fatigue
life by considering the life determined by the effective strain range, that means the range during
which the crack is fully open, as a function of the ratcheting strain. The inverse correlation
between these two parameters was explained by the authors by the fact that a high value
ratcheting strain favors the crack opening and therefore enhances the crack growth rates.
However, in another research on 316L SS in air but at 300°C 5, the relation between this
normalized life and the ratcheting strain is no longer obvious, but is characterized by a
considerable scatter, in agreement with the tendency presented here. It is therefore likely that
ratcheting does contribute to the reduction in fatigue life in presence of a mean stress application,
for example by enhancing the crack opening as explained in 41548 but at high temperature,
this influence tends to saturate when a small ratcheting value, typically less than 0.5% in the
present study, is achieved. This is probably why a similar weak dependence on the ratcheting
strain is observed in PWR water in this study. Further investigation of this suggestion is
nevertheless required.

Given that, it can be concluded that ratcheting, despite of the high mean strain value that
can be achieved at the end of test, is of limited contribution in the fatigue life reduction due to

mean stress application, particularly in PWR water.

5. Conclusions

This paper reported on experimental results of uniaxial strain amplitude-controlled
fatigue tests carried out to get insight into the joint influence of the exposure to PWR water and

of the application of a mean stress on the fatigue strength of a 304L austenitic stainless steel,
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with a special attention paid to the strain amplitudes equal or smaller than 0.2%. The main

findings can be summarized as follows.

1.

In the absence of mean stress application, for a strain amplitude ranging between 0.2%
and 0.5%, the fatigue life in PWR water is reduced as compared to air. The experimental
environmental factor Fe, in this regime lies between 2.27 and 3.23, that means slightly
higher than the theoretical value of 1.94 derived from the NUREG/CR-6909 report °
for this condition.

Furthermore, it is shown that the reduction in fatigue life induced by PWR water is
related to the acceleration of the crack initiation stage, as well as of the crack
propagation stage. For a strain amplitude smaller than 0.2%, the PWR water effect on
fatigue life is negligible, as the crack initiation stage predominates the entire fatigue life
under such loading conditions and as the PWR water has only a limited impact during
this stage. However, additional fatigue tests at small strain amplitudes below 0.2%, and
with other strain rate below 0.4%s™* are still necessary to definitively assess this point.
With a given strain amplitude lying between 0.14% and 0.2%, the application of a tensile
mean stress reduces the fatigue life by accelerating the crack initiation stage and the
crack propagation stage in air, but merely by accelerating the crack initiation stage in
PWR water. An in-depth investigation of the crack propagation micro-mechanism
would be necessary to explain the disappearance of the mean stress effect in PWR water
during the crack propagation stage.

Due to the enhancement of the plastic strain accumulation induced by the mean stress
application, the crack initiation stage is accelerated and the PWR water effect on fatigue

life is re-activated for strain amplitude below 0.2%, in the presence of a mean stress.
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