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I. Introduction

Abstract — The current design and evaluation codes for life assessment of critical parts
exposed to the harsh environment of light water reactors and susceptible to
environmentally-assisted fatigue crack growth (EA-FCG) are commonly based on
empirical data and often are highly conservative. Data from the open literature for fatigue
crack growth rates (da/dN) vs. frequency for different metallurgical conditions of type 304
stainless steels (304 SS) in high-temperature water demonstrate that the crack advancement
can be adequately described by da/dN o< 1/(f)* where a varies depending on the alloy

microstructure, applied stress intensity factor range (AK), loading ratio (R), and water
chemistry. Similar f-dependent FCG behaviors have been frequently reported for a variety
of 304 SS in aqueous solutions and in pressurized hydrogen gas environments at ambient
temperature. This paper aims to characterize the f-dependent EA-FCG of 304 SS in a
boiling water reactor with hydrogen water chemistry (BWR/HWC) environment and to
propose a mechanistic model where hydrogen-diffusion in the crack-tip process zone is the
rate-limiting step for environmental accelerated cracking. The model assumes that the
upper bound EA-FCG rate correlates with the crack-tip distance where the local tensile
stress and hydrogen concentration are maximum. The model predicts an f-independent
upper bound EA-FCG rate for 304 SS as a function of the maximum stress intensity factor
(Kmax) and the elevated temperature elastic modulus and yield stress. The model prediction
shows good agreement with EA-FCG data for 304 SS tested at very low frequencies in
BWR/HWC environments with lower margins of error as compared to the existing
assessment reference curves.

Keywords: Environmentally-assisted fatigue crack growth, frequency effect, hydrogen diffusion,

solution annealed 304 stainless steel, hydrogen embrittlement

stainless  steels (ASS) are

susceptible

to

Renewal of the operational license of light water
reactors (LWR) beyond the design life of 40 to 60-80
years requires systematic implementation of life-
assessment analyses and evaluation techniques
especially for critical parts that are susceptible to
environmentally-assisted cracking. Extensive
experimental work based on linear elastic fracture
mechanics (LEFM) under simulated primary-circuit
pressurized water reactor (PWR) and boiling water
reactor (BWR) conditions have shown that austenitic

environmentally-assisted fatigue crack growth (EA-
FCQ) relative to comparable tests in dry air at the same
temperature [1], [2]. The degree of environmental
enhancement has been found to strongly depend on the
applied stress intensity factor range (AK), stress ratio
(R), loading frequency, and temperature [3]. No
significant effects have been observed on FCG in LWR
environments for different heat treatments (solution
annealed, sensitized, or stabilized), the carbon content
(304 vs. 304L), steel grade (304L vs. 316L), grain size,
yield strength, and specimen orientation [3].
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For evaluation of fatigue cracks in nuclear power
plant components, the American Society of
Mechanical Engineers (ASME) Boiler and Pressure
Vessel Code Section XI provides a reference FCG
curve for ASS in dry air environments as a function of
temperature, AK, and R:

da/dN,;, = C, S(R) AK33 (1)
where,
log(C,) = —8.714 +1.34x1073T —3.34x 1076 T2
+595x107°T3
1+18R for R < 0.79 }

S®R)= {—43.35 +57.97R forR > 0.79

The Japanese Society of Mechanical Engineers
(JSME) code proposed an FCG formula for normal
water chemistry (NWC) in BWR condition
incorporating the effect of the loading rise time (Atg).
The formula predicts conservative rates for solution-
annealed stabilized ASS grades [4]:

A K3.3

da/dNy,, = 8.17x10712 At® - R2

(2)

where da/dN in m/cycle, Atg in s, and AK in MPaym.
Assuming a symmetrical waveform, Atz can be
replaced by 1/(2*f) and Eq. (2) can be rewritten as:

1 AK33
\/ffo.so (1 = R)?12 )
where f is the loading frequency (Hz).
Eq. (3) predicts a power law f-dependent FCG
behavior with a slope of -0.5 for ASS in a BWR/NWC
environment. In addition, the reference curve predicts
that the EA-FCG rate for ASS in high-temperature
water environments increased continuously with
decreases in the loading frequency with no saturation
of environmental effect predicted.

The above empirical reference curves are based
on experimental FCG data conducted over a range of
frequencies. A more accurate prediction can be
obtained through mechanistic modeling based on
understanding the crack-tip processes that contribute
to the crack advancement. One approach to quantify
the effect of the environment on the EA-FCG is to
separate the mechanical (AK and R) and the chemical
effects by conducting EA-FCG tests under constant
AK and high R conditions (to avoid retardation related
to crack closure) over a wider range of frequencies.
This approach allows better characterization of the
frequency-cycle (time per cycle) crack-tip governing
process. This testing technique has been employed by
numerous studies to examine the EA-FCG of a variety

da/dNHZO = 8.17x10_12
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of alloy/environment combinations at ambient as well
as at high water temperatures.

The objective of this paper is to investigate the f-
dependent FCG data for a typical ASS such as 304 SS
in BWR environments from the open literature and to
propose a mechanistic model based on hydrogen
diffusion as the rate-limiting step in the crack-tip
process zone for high-temperature water.

I1. F-dependent FCG Data in LWRs

Seifert et al. [3] reported f-dependent EA-FCP data
under constant AK loading for sensitized and solution-
annealed (SA) 304 SS under BWR/NWC and for SA
304L SS under BWR hydrogenated water chemistry
(HWC) conditions. The EA-FCP rates increased with
decreases in the loading frequency and followed a
power law for £ < 0.1 Hz:

da/dNHzO =B/f" 4

where B is a constant that depended on the mechanical
loading parameters (AK and R) while the exponent n
was found to vary depending on the testing conditions.
Figure 1 presents f-dependent FCG data for different
metallurgical conditions of 304 SS in BWR/NWC and
BWR/HWC showing the general trend of Eq. (4) as
reported by Seifert et al. [3]. Table 1 summarizes the
data reported with the regression values of n for each
material/environment condition.
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Loading Frequency (Hz)

Fig. 1. FCG rate vs. loading frequency for SA 304 SS
and SN 304 SS under BWR/NWC and SA 304L SS
under BWR/HWC condition. Data reproduced from

[3].
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Table 1 Regression analysis of power-law frequency
dependent FCP data in different BWR conditions
based on Eq. (4). SA 304 (solution annealed); SN 304

(sensitized).
Material AK R Environment n
(MPaym)

SA 304 SS 7.1-8.4 0.742 NWC (400 0.66

(Kinax=30.0) ppb Oy, T=
288°C)

SN 304 SS 7.1-8.4 0.742 = 0.66

(Knax=30.0)
HWC (150

SA 304L SS 10.9-11.3 0.50 ppb Ha, 0.38

(Knax=22.0) T=200°C)

II1. F-Dependent FCG Data at RT

Several past studies have investigated the EA-
FCG of type 304 SS tested at constant AK in different
aqueous chloride solutions at room temperature over a
wide frequency range of 30~0.1 Hz [5], [6], [7], [8],
[9]. The results typically revealed that the intrinsic EA-
FCQG rates of 304 SS at constant AK in different 3.5%
NaCl solutions generally showed a single frequency-
dependent regime where da/dN increased as the
frequency was reduced, similar to the response shown
in Fig. 1 for high-temperature water. However, these
studies lacked EA-FCG data at frequencies below 0.1
Hz to characterize the full spectrum effect of f-
dependent EA-FCG. This is primarily due to the time-
consuming nature of FCG tests at very low
frequencies.

A more recent study has investigated the f-
dependent hydrogen-assisted fatigue crack growth
(HA-FCG) response of SA 304 SS under constant AK
condition and a fixed loading ratio of 0.1 in high purity
hydrogen gas environment for a wider range of
frequencies (5~0.001 Hz) [10], [11], [12]. The
authors examined the effect of H, as an external
environment using non-pre-charged specimens and
tested hydrogen pre-charged specimens both in 0.7
MPa H, gas chamber to investigate the effect of
external and internal hydrogen on the f-dependent
FCG behavior of 304 SS. Figure 2 presents da/dN vs.
f data for SA 304 SS tested in a pure H, gas
environment at ambient temperature and reveals an
additional HA-FCG response for SA 304 SS in high-
pressure H,. In the high f-regime, da/dN increased
gradually with decreases in the test frequency, a similar
response to the f-regime described by Eq. (4). In the
intermediate f-regime, the EA-FCG attained a constant
rate over an order of magnitude of the testing
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frequency suggesting a saturation level for the effect
of the environment has been attained. The onset of this
regime was denoted as the critical frequency (frit)
below which the EA-FCG rate would be f-
independent. Further decreases in the frequency
resulted in hydrogen degassing and consequently a
sharp drop in the crack growth rate as can be seen in
Fig. 2. The general trend of HA-FCG vs. frequency
data for 304 SS in hydrogenated environments at room
temperature can be summarized schematically in Fig.
3 which exhibits two ideal responses of EA-FCG rate
over a wide range of applied frequencies. The f-
dependent regime shows increased da/dN as the
frequency decreases until a critical frequency is
reached which marks the start of the second regime
where the EA-FCG attains an upper bound rate
(da/dNus), independent of the frequency below fuit. In
other words, the environmental effect reaches a
saturation level at f.t and can be quantified by the ratio
of da/dNyg to da/dN;:

1E-2

Type SA 304 SS
AK =20 MPaYm
R=0.1 1N
0.7 MPa H, gas at RT
1E-3
7 | IS
< . W
] -\\t TeA
g T—D
E A H pre-charged
= rea
1E-4 / Onon-pre-charged
1E-5
LE-04 LE03 LE02 LE-01 LE+00 LE+01 LE+02
frequency (Hz)

Fig. 2. FCG rate vs. loading frequency for SA 304 SS
in pure hydrogen gas at room temperature. Data
reproduced from [11].

Several research works have reported accelerated
FCG of different ASS in LWRs environments
compared to air at the same temperature with increased
enhancement at a lower frequency and lower AK [1],
[2], [3],[13]. Environmentally-assisted cracking in
high-temperature water has been often ascribed to a
slip-dissolution mechanism which suggests that the
crack advances owing to localized metal dissolution
after rupture of the passive film [14]. More recently,
analysis of EA-FCG surfaces has revealed common
similarities between ASS fracture surfaces produced in
high-temperature water environments and specimens
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charged with hydrogen before fatigue testing in air
[15]. Furthermore, the characteristics of the deformed
microstructure of an advancing fatigue crack-tip for
ASS in high-temperature water have led many authors
to suggest that H may play a major role in enhancing
cracking by promoting slip planarity in high-
temperature water environment [16], [15], [17].

da/dN
da
dNlyg
da Tl
daN air B ~.
f-independent da/dN | f-dependent da/dN
f (Hz)
ferie

Fig. 3. A schematic diagram showing the hydrogen-
assisted FCG rate vs. loading frequency for SA 304 SS
in hydrogenated environments at room temperature.

IV. Proposed HA-FCG of 304 SS in BWR/HWC

Several crack tip processes have been identified that
influence the HA-FCG in high-temperature water.
Strain-induced o'-martensite phase transformation
takes place in metastable 304 SS at ambient
temperature [18]. However, at high-temperature LWR
environments, austenite to martensite phase
transformation is unlikely to happen since the
operating temperature is higher than the temperature
required to start the athermal transformation denoted
as M. For a typical 304 SS composition in wt.% (0.06
C+18%Cr+0.85%Mn+8%Ni+0.45%Si), Ms can be
estimated using Angel’s relation [19]:

M30(°C) = 413 — 462 * (%C + %N) — 9.2 * (%Si) —
8.1 * (%Mn) — 13.7 * (%Cr) — 9.5 * (%Ni) — 18.5 *
(%Mo)

where Mgz is the temperature below which 50% of
austenite transforms to martensite under the effect of a
true deformation of 30%. The Mgso temperature for as-
received 304 SS and 304L SS (%C=0.03) are
calculated as 51.6 °C and 65.5°C, respectively.
Therefore, fatigue cracks of 304/304L in BWR
condition can be assumed to propagate through the
austenitic phase. Second, H transport in austenite
(face-centered cubic) is much slower than in the more
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open crystal structure of ferrite (body-centered cubic)
or martensite (body-centered tetragonal). The lattice
hydrogen diffusion in austenitic 304 SS can be
estimated using the following relation [20]:

mZ)eXp 47,000 (L) “

D, =2.01x10"° | —
7 X ( s RT

applicable for 373 <T < 623 K. The diffusivity of H in
austenite increases from 2.63x107' m?/s at room
temperature [21] to 1.04x10'° m?%s at 300°C, as
predicted by Eq. (5). The high-temperature diffusivity
is comparable to the room-temperature diffusivity of H
in ferritic steel (Do =1.55x107'° m?/s) [22]. Thus, H
diffusion in ASS in LWR environments is relatively
rapid and may contribute to the f-dependent FCG
behavior observed in Fig. 1. It should be noted that in
BWRs, the high radiation field in the reactor core
region causes radiolysis of the coolant steam and
generates several oxidizing species such as O, and
H,0,. H> is injected (1-2 ppm) to the coolant to remove
such species giving rise to BWR/HWC environment
[23]. BWR/HWC typically contains up to 10 ppb of H,
[24]. Molecular hydrogen (H,) can also be generated
at the crack-tip by cathodic reactions accompanying
the metal dissolution as described by Eq. (6):

H, +2H,0 + 2e~ = 20H™ + 2H, (6)
Hence, molecular hydrogen is abundant in
BWR/HWC environments and may dissociate into
atomic hydrogen at the crack tip and be absorbed into
the metal according to Sievert’s law.

V. Proposed HA-FCG Model

The frequency-dependent FCG of 304 SS in high-
temperature water is assumed to be governed by H
diffusion at the crack tip. The crack growth
enhancement in the high-f regime is largely governed
by the extent of diffusible H penetrating ahead of the
crack tip, enhanced by the hydrostatic stress, and
influenced by the distribution and nature of traps
available along the cracking path [25]. Traps are less
effective as the temperature is increased. The net result
appears as an f-dependent FCG response described by
Eq. (4). Owing to the lack of accurate modeling of the
stress distributions in the process zone of a growing
fatigue crack, the H and stress distributions for a given
AK and frequency during the loading part of the fatigue
cycle could be assumed to resemble the numerically
predicted stress distributions ahead of a stationary
crack at Kmax available from the literature [26], [27],
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[28]. Further, it is assumed that the time during the
unloading cycle (Kmax to Kmin) has negligible
contribution to H and crack-tip stress distributions for
the succeeding loading cycle and hence the time
available for H diffusion can be estimated as t = 1/(2f).
The stress distributions for a stationary crack at K =
Kmax can be considered a reasonable approximation for
a fatigue crack at the end of the loading cycle (Kmax =
AK/(1-R)), especially at low loading frequencies.

The proposed model is schematically shown in Fig. 4.
It postulates that the HA-FCG rate per cycle at a given
AK and frequency is controlled by the combined
effects of the crack-tip tensile stress at Kimax
(mechanical effect) and the peak H lattice
concentration (embrittlement effect). The critical
frequency (fui¢) corresponds to the time required for H
to reach, during a single loading cycle (~ 1/(2fuit)), the
peak level at a distance (y..-;z) Where the hydrostatic
and local tensile stresses both are maximum. In other
words, the largest crack extension per cycle occurs
when the hydrogen lattice concentration Cr at y i
reaches its peak value at steady-state Cpss. This
happens for all loading frequencies f < fei..

Fig. 4. A schematic diagram for the proposed HA-FCG
model showing the normalized tensile stress
distribution (o/o,) and the normalized hydrogen
concentration profile (C1/Ci,) at the vicinity of a
fatigue crack-tip at the end of a loading cycle for
different frequencies.

As the frequency is reduced, more time is available for
H concentration to approach the steady-state H lattice
concentration (Crss). Therefore, an upper-bound f-
independent HA-FCG rate can be predicted when both
the local stress and the extent of embrittlement reach
their maximum value (Cr/Crss = 1). Therefore, an
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upper-bound f-independent HA-FCG rate for f < fo
can be estimated as a first approximation to be equal to
the distance ahead of the crack tip where the maximum
local tensile stress coincides with the maximum
hydrogen concentration:

da _

dN UB ~ Xcrit (7)
For f > {4 da/dN is reduced in proportion to the
reduction in the H concentration ratio. The predictive
capability of the model depends on an accurate

estimate of X it (which represents the mechanical
driving force for a fatigue crack growth event), and the
normalized hydrogen concentration (Cr/Cy ss)® (which
represents the simultaneous effects of H diffusion and
trapping) [29].

Several FEM based analysis [26], [27], [28] have
shown that the local tensile and hydrostatic stresses for
a stationary crack are located at the same distance from
the crack tip along the main crack plane and has been
estimated in the order of twice the crack-tip opening
displacement (CTOD). The CTOD for a stationary
crack is given by:

E'c,

where E’ and o, is the elastic modulus (E’=E for plane
stress and E/(1-v?) for plane strain conditions) and the
flow stress, respectively, and B is a proportionality
constant. Therefore, the maximum HA-FCG at a given
Kumax can be estimated as:

CTOD =~ B

Xcrit = 2% CTOD 9
and hence,
da K2 ox
E— ~ 2% 10
dNlyg B E'oc, 10

Owing to the lack of an analytical or numerical
solution of the tensile and hydrostatic stress
distributions ahead of a growing fatigue crack, Eq. (10)
is employed to estimate the location of the maximum
local tensile stress ahead of a growing fatigue crack
based on the following assumptions. First, extending
the stationary crack analysis to a fatigue crack could
be considered as a first approximation for low-loading
frequencies where FCG can be envisioned as quasi-
static for each cracking event. Second, the general
form of Eq. (10) is assumed to be applicable for high-
temperature water such that encountered in LWRs
environments by using temperature-dependent
properties of E and o,. Third, small-scale yielding is
assumed to prevail, and negligible creep-fatigue
interaction at this homologous temperature (Thom =
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T/Tm (K) = 573/1673 = 0.34). It should be pointed out
that fracture surface analysis of laboratory samples
suggests that creep has no significant contribution to
FCG in BWR and PWR environments [30]. The
following properties were obtained from the literature
for 304 SS at a temperature around 300°C: E = 176
GPa [31], o, = 132 MPa [32], v (Poisson’s ratio) = 0.3
[33]. Thus, for 304 SS under constant amplitude
fatigue loading in hydrogenated BWR environments,
the upper-bound f-independent HA-FCG rate can be
predicted by:
da
Eq. (11) represents the maximum f-independent HA-
FCG rate for solution-annealed 304 SS for crack
advancement controlled by H diffusion. The constant
B can be estimated experimentally from EA-FCP data
that exhibit f-independent behavior for f < f.
However, the author could not find f-independent HA-
FCG data for 304 SS in high-temperature water to
calibrate Eq. (11) for the constant 3. For 304 SS in
ambient water, [ was estimated around 0.1 [29]. Figure
5 compares the predictions of the model using two
values for B (0.1 and 0.3) with FCG rates for various
304 SS tested in BWR environments at the lowest
frequencies reported in the literature. Several
observations are highlighted regarding the model’s
prediction and limitations. First, the model predicts
upper bound FCG rates for various 304 SS in different
environments over a wide range of Kax.

~ 78.3x107°% x B * K2 4, (11)

1LE-02

A Different SS in HWC, T=288C, &
f=25E-3 Hz P

LE03 |©Solution annealed 304 SS in \g,\.\{'
NWC,T=288C,f=5E5Hz

CSolution annealed 304L in HWC,

LE-04

LE05

1LE-06

1E-07

da/dN (m/cycle)

LE-08
LE-09 =T

LE-10 T Type 304 Stainless Steel
C

Different BWR Environments

1E-11
1 10 100

Maximum Stress Intensity Factor (K,,.. (MPaVm))
Fig. 5. Comparison of predictions of the HA-FCG
model as a function of maximum applied stress
intensity factor (Kua) with data for various 304 SS in
BWR environments. Data from Reference [3]. JSME
reference curves are plotted for BWR/NWC at Atg =
2,000 s and 20,000 s.
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This is probably attributed to small variation in E and
o for SA 304 SS, sensitized 304 SS, and SA 304L.
Second, the model shows a dependence on Kmax raised
to a power of 2 while the experimental data shows a
slope of 2.4 [3]. More data are needed to verify the
validity of the prediction model especially for FCG
rates generated at f << 10° Hz and da/dN vs. f data
produced at a loading ratio higher than 0.1.

IV. Conclusions

EA-FCG of 304 SS in aqueous chloride solutions and
in high-pressure H, at ambient temperature, and in
high-temperature water exhibit an f-dependent
response that can be described by a power law. A
model is proposed based on hydrogen diffusion to
predict an upper bound HA-FCG rate for 304 SS in
BWR environments. The model predicts an upper-
bound f-independent FCG rate as a function of
mechanical loading parameters (AK and R) and the
alloy tensile properties. The model predictions show a
smaller margin of overestimation as compared to the
current JSME reference code. Further verification with
published data from the literature is underway
especially for extremely low frequency and for higher
R.
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