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A methodology is presented in this study for estimating the crack growth of austenitic stainless steel Types 304,
304L, 316, and 316L, which are commonly used as structural materials in nuclear pressure vessels. These
structural components are typically subjected to neutron irradiation and combined loadings, including repeated
mechanical stresses (i.e., fatigue) resulting from startups and shutdowns, as well as creep due to on-load periods
at elevated temperature. In this study, the fatigue crack length was estimated using a strip-yield based fatigue
crack growth model. The model is extended to include the effects of creep deformation in a presence of hold-

times, and expanded to include the effects of irradiation. Reasonable crack growth estimations are obtained for
selected materials under various combined loading conditions when compared to the experimental data avail-

able in the literature.

1. Introduction

Reactor internals are typically susceptible to aging-related de-
gradation due to their operating conditions (i.e., applied thermal and
mechanical loading, fast neutron flux exposure, reactor coolant water
environment, etc.). In most cases, it is recognized that mechanical
failure in many of these structural components has been attributed to
fatigue. An example includes the jet pump beam assembly failure of a
boiling water reactor (BWR) at the Grand Gulf Nuclear Station in 1993
[1]. Inspection of the failed jet pump beam revealed a crack of more
than three-quarters of the cross section of the intact end. The probable
cause of failure was concluded to be the intergranular stress corrosion
crack that covered 80% of the fracture surface, while the remaining
surface was fatigue striations that may have resulted in a loss of pre-
load [1]. Other examples related to fatigue failure of structural com-
ponents in nuclear power plants have been reported in nozzles, pumps,
and piping systems [2,3].

Generally, the effects of fatigue damage on material deterioration
can be further exacerbated by the presence of thermal loading, hold-
time, and high-temperature water coolant environments [4]. Although
the American Society of Mechanical Engineers (ASME) Boiler and

Pressure Vessel Code specifies fatigue design curves for the construction
of nuclear power plant components [5], the effects of hold-time during
the loading cycle and dissolved oxygen (DO) environment on the fa-
tigue resistance of a material are not specifically addressed. The pro-
blem is compounded by the fact that the available fatigue data for ir-
radiated materials with environment effects is limited. Such experiment
is typically expensive from a time and cost perspective.

In terms of the mechanical behavior of irradiated materials, the
effects of neutron irradiation on tensile properties have been estab-
lished to some extent, predominantly for austenitic stainless steels (SS)
that are widely used as structural materials for internal reactor com-
ponents [6]. On the other hand, relatively few data on fatigue crack
growth rate for irradiated materials are available, and the majority are
those subjected to irradiation in fast breeder reactors. For 20% cold-
worked and annealed Type 316 SS, Michel and Smith [7] observed
minimum effects of irradiation of 11 displacements per atom (dpa) in
the Experimental Breeder Reactor II (EBR-II) on fatigue crack growth
rate, at test temperature of 427 °C in air. When increased test tem-
perature to 593 °C, it was reported that the crack growth rate increased
by a factor of 10 for cold-worked Type 316 SS, relative to un-irradiated
material [7].

Abbreviations: ASME, American Society of Mechanical Engineers; BWR, boiling water reactor; CT, compact-tension; DC, direct-current; DO, dissolved oxygen; dpa,
displacements per atom; ppb, parts per billions; ppm, parts per millions; PWR, pressurized water reactor; SS, stainless steel
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Nomenclature

As secondary creep strain coefficient

a crack length, m

a; initial crack length, m

B, functions of flow stress

Cc coefficient in the modified Paris-Elber equation
c* C contour integration

Cy, C, C3, C4, Cs constants in the Newman relationship

(Clavg  small scale creep parameter

dose dose in dpa

d, dose constant, dpa

5—1‘\‘] change in crack length in one cycle, m/cycle

(:—;) ~ change in crack length due to fatigue in one cycle, m/cycle
fatigue

crack extension rate due to creep for a given time differ-

(&)
dt creep

ential, m/sec

dt change in time, sec

E modulus of elasticity, MPa

) displacement of crack for an applied stress, Syax

G shear modulus, MPa

g(ax;)  displacement for the contact stresses applied in the plastic
zone

h(x) weight function

In non-dimensional function of the plastic strain hardening
exponent

J hardening exponent in the Andrade’s Law equation

k coefficient of resistance in the Andrade’s Law equation

K¢ fracture toughness, MPa-m”

Kmax maximum applied stress intensity factor, MPa-m”

Konin minimum applied stress intensity factor, MPa-m"*

K, opening stress intensity factor, MPa-m"*

K threshold stress intensity factor, MPa-m"

M viscosity exponent in the Andrade’s Law equation

m exponent in the modified Paris-Elber equation

N’ plastic strain hardening exponent

N number of cycles

n’ secondary creep exponent for Types 304 and 304L SS

n* secondary creep exponent for Types 316 and 316L SS

Q activation energy, J/mole

R load ratio

R* Boltzman gas constant, J/(mole-°K)

re radius of creep process zone, m

S applied remote uniform stress over the crack surface, MPa

Smax maximum applied stress, MPa

So crack opening stress, MPa

T temperature, ‘K

t time, sec

thold hold-time, sec

t; incubation time, sec

U crack closure parameter

w specimen width, m

B Irwin’s crack length correction factor

Aa change in crack length for a given cycle, m

AK stress intensity factor range, MPa-m”*

AK ¢ effective stress intensity factor range, MPa-m”

AK, effective threshold stress intensity factor range, MPa-m"

AK, threshold stress intensity factor range, MPa-m”*

AN change in cycles

a constraint factor, a =1 for plane stress and a = 3 for
plane strain

&f creep ductility

£ Primary Creep Strain

& plastic creep strain

& plastic creep strain rate, 1/sec

€ secondary creep strain

¢ secondary creep strain coefficient

Z] integration variable for crack incubation

p plastic zone length at the crack tip, m

Prmax plastic zone size under the maximum applied load, m

[ stress, MPa

Omax maximum stress, MPa

a, effective flow stress, MPa

Opi flow stress at the end of incubation period, MPa

[/ initial effective flow stress when primary creep is initiated
at the beginning of the incubation time at the crack tip,
MPa

v Poisson ratio

¢ crack tip opening displacement, m

e critical crack tip opening displacement, m

bo initial crack opening displacement due to primary creep,
m

At lower neutron fluences, fatigue crack growth at 427 °C of Types
304 and 316 SS irradiated to 6 dpa was reported to be approximately
twice higher than those for un-irradiated materials [8]. In contrast, no
significant effect was observed for Type 304 SS and cold-worked Type
316 SS irradiated to 0.65 and 4.5 dpa in EBR-II when tested at 427 °C
[9]. In a normal water chemistry BWR environment, the data of
wrought SS irradiated to 0.75-4 dpa indicated higher fatigue crack
growth rate as compared to those for un-irradiated materials, while
fatigue crack growth data for materials irradiated to 0.45 dpa suggested
a minimum neutron irradiation influence [10,11].

A few studies have been performed to investigate the reactor
coolant environment effects on fatigue crack growth on austenitic SS.
Shack and Kassner [8] complied the crack growth rate for wrought and
cast austenitic SS in several test environments. These include normal
BWR water chemistry, BWR water chemistries with added hydrogen
(i.e., hydrogen water chemistry), and pressurized water reactor (PWR)
coolant chemistry. The data showed that, at small crack growth rates
(> 1071° m/s), the growth rates in the normal BWR water chemistry
surpassed the ASME design curve (in air) by a factor of approximately
20-30. However, at high crack growth rates, the comparatively small
effect of coolant on fatigue crack growth was observed for both BWR
and PWR environment [8]. Chopra and Shack [10] reported crack

growth rate data for irradiated SS in BWR coolant with DO con-
centration ranging from 200 parts per billions (ppb) to 8 parts per
millions (ppm). Significantly lower crack growth rates were observed
for all tests performed in simulated hydrogen water chemistry, as
compared to the original guidelines [12], suggesting a beneficial effect
of low DO environment on crack growth of irradiated SS [10].

In addition to the applied cyclic loading and environmental condi-
tion, crack growth in a nuclear reactor can be enhanced by introducing
a constant load for a period of time (i.e., creep). Creep in austenitic
stainless steels is generally considered to be significant at temperatures
above 0.3 of the melting temperature (T,,) [13]. T, of a typical aus-
tenitic stainless steel is 1430 °C [14], while the operating temperature
in BWR applications is approximately 289 °C, which is below 0.3 Tj,.
Nonetheless, many studies have reported noticeable creep deformation
of stainless steels at temperatures below 0.3 Ty, threshold, which is
known as the low-temperature creep [15-17]. This time-dependent
behavior at low temperature for crystalline materials and its related
mechanisms have been reviewed in detail in [18]. Furthermore, in the
presence of neutron fluxes, creep deformation can be significant at a
much lower temperature as reported in [19,20].

The irradiation can lead to the damage event and the physical
changes in materials’ microstructure, including swelling, growth, phase
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change, and segregation. This, in turn, dictates the mechanical behavior
of the irradiated materials [21]. As previously mentioned, there are
relatively limited studies in the area of fatigue-creep crack formation of
irradiated materials, and considerably much less concerning the models
for crack growth under such environment and loading conditions.
While recognizing that the crack growth behavior of irradiated mate-
rials/components is extremely complex and significantly influenced by
the material’s microstructure, microchemistry, radiation hardening,
etc., the objective of this study is to analyze the combined fatigue-creep
crack growth data available in the literature for several irradiated
austenitic SS with different heat treatments. The experimental data
employed in this work are obtained from the simulated light-water
reactor internals studies, where crack growth tests were performed in
high-temperature water environment with dissolved oxygen con-
centrations ranging from 200 ppb to 8 ppm. Of particular interest to the
present study is the fatigue crack growth of irradiated austenitic SS
under high-temperature water coolant environment with a presence of
hold-times (i.e., creep deformation). A superposition methodology is
presented herein based on fracture mechanics approaches to estimate
fatigue crack growth considering the effects of creep as well as elevated
temperature water environment.

2. Experimental data

Fatigue crack growth rates of 12 irradiated wrought austenitic SS
from [10] and [11] are employed and analyzed in this study. The ma-
terials investigated in [10] included Types 304, 304L, 316, and 316L
SS. The chemical composition of these alloys with different heat
treatments are given in details in [10]. Miniature %-T compact tension
(CT) specimens were irradiated in BWR (Halden Boiling Water Reactor,
Halden, Norway). The radiation was carried out in a helium environ-
ment and fluence levels of 0.3-2 x 102! neutrons per square centimeter
(n/cm?) at 288 °C as summarized in Tables 1-4 for Types 304, 304L,
316, and 316L, respectively. The fluence level, material composition,
and water chemistry were considered and tabulated in the Tables 1-4.
Post-irradiation crack growth experiments were conducted in an en-
closed hot cell facility under test conditions that were designed to si-
mulate a BWR environment with operating temperature of core internal
components of 289 °C (550 °F) in either normal or hydrogen water
chemistry [10].

The crack growth rate tests were performed in two stages; a load-
controlled cyclic loading and a constant loading. The cyclic loading
stage was first conducted under load ratio, R, of 0.2-0.3 at a frequency
of 1-5Hz, and a maximum stress intensity factor, K,x, of 13-16 MPa-
Vm until a sharp fatigue crack of approximately 0.3-0.5 mm was gen-
erated. The load ratio and the rise-time were subsequently increased
and transitioned to the constant load stage to achieve an intergranular
stress corrosion crack. The crack extension during the tests was ob-
tained using the reversed direct-current (DC) potential difference
method. Further details of the experimental setup and testing can be
found in [10]. Only crack growth results for the transgranular fatigue
crack under the first stage (i.e., load-controlled cyclic loading) will be
analyzed in the current study.

In [11], disk-shaped CT specimens were fabricated from Types 304L
and 316 SS. Type 304L SS specimens (see Table 3) were solution-an-
nealed, while Type 316 SS (see Table 4) underwent cold-working prior
to being soaked in water environment to stabilize to the test condition.
The irradiation of specimens was conducted in BOR-60 reactor (Dimi-
trovgrad, Russia), a sodium-cooled fast neutron reactor, to various

Table 1
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neutron fluence levels of 4.8-7.8 dpa under irradiation temperature of
315-325 °C. The crack growth rate tests in [11] were performed in ei-
ther simulated BWR with hydrogen water chemistry or PWR environ-
ment. The test temperature and pressure were approximately 320 °C
and 1800 psig, respectively.

Similar to the applied loading in [10], the load-controlled cyclic
loading with ratio, R, of 0.2-0.3 at 1-2Hz frequency, and Ky, of
10-16 MPa-vVm was first applied to the specimens until a fatigue crack is
generated. Then the load ratio and rise-time were gradually increased
to constant loading to achieve the constant stress intensity factor for
stress corrosion cracking. Fatigue crack propagation in [11] was mon-
itored using the DC potential drop method. Again, only the crack
growth rate results under cyclic loading will be utilized in the present
work.

3. Fatigue - creep crack growth modeling for stainless steels

Crack growth in components subjected to cyclic loading with suf-
ficiently long hold-times or loading/unloading rates is affected by both
fatigue and creep deformations [22]. The fatigue loadings in reactor
components are usually generated from the flow-initiated oscillatory
hydrodynamic forces, which can be susceptible to creep deformation
due to possible hold-times [19]. Generally, crack growth models for
fatigue-creep interaction can be separated into two components: crack
growth resulted from the continuously cyclic loading, and that which
accounts for the hold-time effects. In these models, the linear summa-
tion of deformation has been employed to interpolate/extrapolate the
time-dependent crack growth effects [23]. For a component with a
crack of length a that is subjected to a combination of cyclic and con-
stant loadings over a time interval dt, the change of crack length in one
cycle % can be obtained by superimposing the crack length per cycle
due to fatigue and creep as [22]:

da da da da da

= =5z + |5 =5 + | thold

dN dN fatigue dN creep dN fatigue dt creep (1)

where (ﬂ) is the change in crack length due to fatigue for one
dN fatigue

cycle, (5—;)”&‘7 is the change in crack length due to creep for one cycle,

(Z—‘:) is the crack extension rate due to creep, and t;,4 is the hold-
creep

time for a given cycle.

3.1. Modified strip-yield model for fatigue crack growth

The modified strip-yield model [24] was proposed to approximate
fatigue crack growth with pre-existing residual stress. The model is an
extension of Newman’s-analytical model of plasticity-induced crack
closure for a middle-crack tension specimen, and modified to leave
plastically deformed material along the crack surfaces as the crack
advances [25]. Using the method described in [25], crack-opening
stresses under loading with various applied stress levels and stress ra-
tios can be determined as a function of crack length and load history.
Subsequently, crack-opening stresses can be used to calculate the ef-
fective stress intensity factor range, AK,4, [26] and the crack growth per
cycle, ;—;. The three-dimensional features of cracks were taken into
account by introducing a constraint factor related to the tensile yield
stress, as discussed in detail in [25].

While the initial modified strip-yield model by Newman [25] was
developed for a center-crack in a finite-width plate under uniform

Fatigue crack growth specimens and test conditions for Type 304 stainless steels [10].

Test # Specimen # Pre-treatment

Radiation Condition

Test Condition

CGRI JR-31 85-3TT Sensitized 10.5h at 600 °C

1.44 x 10*! n/cm? (2.16 dpa) at = 289°C

High-purity water with 300-350 ppb DO at 289 °C
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Fatigue crack growth specimens and test conditions for Type 304L stainless steels [10,11].

Reference  Test # Specimen #  Pre-treatment Radiation Test Condition
[10] CGRI-12  C3-A Heat C3* 3.0 x 10%° n/cm? Water with =300 ppb DO at 289 °C
(0.45 dpa) at = 288°C
CGRI-07 C3-B Heat C3* 9.0 x 10*° n/cm? (1.35 dpa)  Water with 250-300 ppb DO at 289 °C
at = 288°C
CGRI-08 C3-C Heat C3* 2.0 x 10*' n/cm? (3.0 dpa) ~ Water with = 300 ppb DO at 289°C
at = 288°C
[11] N/A SW-01 Solution-annealed and soaked in test environment for 14days = 7 dpa Simulated PWR water environment at

228-318°C

* Detail of the heat treatment was not provided in the reference.

stress, the modified strip-yield model [24] employed in the present
study is applicable for arbitrary two-dimensional cracked geometries
and loading types. This model [24] considers the effects of both crack
tip plasticity and the plastic wake, and has been successfully used for
fatigue crack propagation prediction in an edge-cracked two-dimen-
sional bodies.

In the present work, rigid-perfectly plastic bar elements were used
to model the plastic zone at crack tip. The plastic region of length p
ahead of the actual crack was modeled using ten elements, while an
initial crack of length a; was modeled using five elements, The plastic
zone size was determined by incorporating a weight function-based
computational and the amount of crack extension, Aa, was defined as
[24]:

Aa = 0.05p,,,, 2)

where pyax represents the plastic zone length under the maximum ap-
plied load.

Due to the crack closure phenomenon, Elber [26] suggested that
only a portion of the loading cycle attributes to the crack propagation in
which the crack is fully open. Hence, the effective stress intensity factor
range, AK.g, is suggested to be used in place of the stress intensity factor
range, AK, especially at low growth rates approaching the threshold.
The effective stress intensity factor range can be defined as [24]:

Achf = Knax — Ko =K [Smaxh(x)] - K[Soh(x)] (3)

where S,,,,ch(x) is the maximum applied stress with a scaling parameter
Smax Soh(x) is the crack opening stress with a scaling parameter S,, and
h(x) functional crack relationship of the crack opening stress along the
line of crack propagation (i.e., weight function).

The fatigue crack growth rate can be represented as a power func-
tion of AK,¢, known as the modified Paris-Elber equation [26]:

da )
fhatad) = C(AK )™
(dN fatigue 7 (4)

To obtain the parameters C and m in Eq. (4), the following re-
lationships may be employed [25,27]:

- ()
AKeff

(da) — C1(AKeﬁ')CZ
fatigue

dN 1 (K[smhu)])z
& (5)
where
AK, = c3(1 -G So )
max (6)

In Egs. (5)-(6), the constants C; and C, are determined from the
constant amplitude rate data, while C3 and C, are obtained from the
threshold data, and Cs is the fracture toughness. Consider Eq. (4) and
the Paris equation, the constant C, in Eq. (5) is essentially the coeffi-
cient m [25], which can be equated to the slope of the fatigue crack
growth rate for the Paris Equation. For austenitic stainless steel,
m = 3.25 [28], while the coefficients C3 and C4 are 2.97 MPa-vm and

0.8, respectively [25,29]. The fracture toughness, K., or the coefficient
Cs, for SS 304 is 119 MPa-Vm.

In the present study, the Forman equation has been suggested to
better represent the fatigue crack growth rate for Types 304L, 316, and
316L SS as compared to the other fatigue crack growth models [30].
According to the Forman equation, the crack growth per cycle is given
by [31]:

( da ) __ CQ@K)
dN fatigue (1 - R)Kc - AK (7)

The fracture toughness, K, is 112 MPa-vm for SS 316 and SS 316L,
and 119 MPa-Vm for SS 304L.

The crack opening stress, Sy, the maximum applied stress, Spqx, and
the effective stress intensity factor range, AK.q, are first calculated
based on the experimental data (i.e., Ko, and AK). The coefficient C; in
Eq. (6) and the coefficient C in Eq. (7) can be obtained to fit the data
based on irradiated specimens under the water environment. The con-
stant values for each selected material are given in Table 5.

3.2. Creep crack growth model

Although various strip-yield models have been primarily proposed
to simulate fatigue crack growth under constant and variable amplitude
loading, only a few numerical analyses based on the strip-yield meth-
odology have been developed to take into account the presence of local
creep strains [32-35]. Creep crack initiation and growth in most ma-
terials begins with the initial stage of cracking in which there is a
buildup of damage near the crack tip known as the incubation period,
as seen in Fig. 1. At time less than the incubation period (t < t;), the
blunting of the crack tip between the two crack faces occurs. As time
increases to initiation time (t = t;), the displacement increases and
reaches a critical crack tip opening displacement, ¢, and the measur-
able crack extension and growth can be detected. The crack then sub-
sequently advances at time greater than initiation time (¢t < t;) [36,37].

In the present study, the crack initiation time, t;, due to creep is
predicted based on the critical crack tip opening displacement, ¢.. By
considering the strip-yield model based on a critical crack tip opening
displacement criterion [34], the crack tip opening displacement, ¢, due
to constant load can be related to the creep strain as:

¢ =p(e + &) (8)

where the primary and secondary creep strain is represented by ¢, and
&5, respectively, and p is the length of plastic zone ahead of the crack. In
the primary creep, Andrade’s law can be utilized to describe the hard-
ening state of a material under isothermal creep condition, and the
relationship between the maximum applied stress, 0,4y, plastic creep
strain, ¢,, and plastic creep strain rate, £, in the plastic zone as [38]:

Omax = k(€)M (&) ©)

where k, M, and J are the coefficient of resistant, viscosity exponent,
and hardening exponent, respectively. These parameters are tempera-
ture and material-dependent [38]. It should be noted that, to our best
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Table 3

Fatigue crack growth specimens and test conditions for Type 316 stainless steels [10,11].

Test Condition

Radiation

Pre-treatment

Specimen #

Test #

Reference

High-purity water with

3.0 x 10%° n/cm? (0.45 dpa)

at = 288°C

Heat C21*

C21-A

CGRI-25

[10]

350 ppb DO at 289 °C
High-purity water with

9.0 x 10%° n/cm? (1.35 dpa)

at = 288°C

Heat C21*

C21-B

CGRI-24

~ 350 ppb DO at 289°C

Water with

2.0 x 10! n/cm? (3.0 dpa)

at = 288°C
= 5 dpa

Heat C21*

C21-C

CGRI-26

~ 500 ppb DO at 289°C

High-purity water with low DO (< 10 ppb)
High-purity water with low DO (< 10 ppb)

320°C for = 10days

Cold-worked and soaked in test environment at

N/A
N/A
N/A

BR-01

[11]

7 dpa
~ 8 dpa

U

Cold-worked and soaked in test environment at = 320 °C for = 10 days

CR-01

Simulated PWR water environment at 228-318 °C

Cold-worked and soaked in test environment at = 320 °C for = 8 days

CR-04

* Detail of the heat treatment was not provided in the reference.

Theoretical and Applied Fracture Mechanics 109 (2020) 102759

knowledge, these material constants that are entirely suitable for the
BWR condition (i.e., 289 °C) are not available in the literature. There-
fore, the values of k, M, and J for the selected materials at 20 °C and
550 °C were employed in this study as an initial approximation, as given
inTable 5.

For a constant stress with zero initial plastic strain (g, (0) = 0), Eq.
(9) can be integrated to determine the primary creep strain as:

M
T+ M I |rem
&y = [ + (Um_mc) :l Al’hold.lj\-/IM

M k (10)

where Aty in Eq. (10) represents the hold-time for creep. For sec-
ondary creep, the modified Norton’s Power Law may be utilized for
SS304 and SS304L [39], and SS316 and SS316L [38] to determine the
creep strain rate for elements in the plastic zone as:

és=As(Umax)ﬂv exp (_ Q

R*T) for Types 304 and 304L SS

an

*

n
& = (U'"T“) for Types 316 and 316L SS

where, in Eq. (11), As is the secondary creep strain coefficient
(A; = 0.097838 MPa~™-hr~1!), n’ is the secondary creep exponent for
Types 304 and 304L SS (n’ = 4.59), Q is the activation energy
(Q = 260,000 J/mol), R* is the Boltzman gas constant (R* = 8.31J/
(mol-K), and T is the absolute temperature (T = 562.15K) [39]. In Eq.
(12), ¢ is the secondary creep strain coefficient ({ =765 MPa-hr) and n*
is the secondary creep exponent for Types 316 and 316L SS (n* = 8.2)
[38]. Similar to the previous procedure to determine the primary creep
strain, Egs. (11) and (12) can be integrated to obtain the plastic strain
for secondary creep, which can be represented as:

12

& = pAy (Omar)" exp(—%)Atmzd for Types 304 and 304L SS

a3

n
sx=p(U’"Tw‘) Atwua  for Types 316 and 316L SS

Once the primary and secondary creep strains are obtained, the
creep damage in the plastic zone can be determined. This is accom-
plished by calculating the crack opening displacement, ¢, due to creep
and utilizing its relation to the flow stress (i.e., the compressive stress
applied to the elements in the plastic zone), o, for the increment from
time [ to I + 1 as [40,35]:

o — o'ma)cf (xi) - ¢[+1
T R glex) as)

a4

where 0,, is the flow stress at the crack tip element, f(x;) is the dis-
placement of crack for an applied stress, Opmayx, ¢, is the displacement
of the crack tip at I + 1 iteration, and g(c,x;) is the displacement for the
contact stresses applied in the plastic zone. The f(x;) and g(cx)) are
influence functions which are given in [25].

After the initial calculation of the primary creep strain, the dis-
placement in primary creep is adjusted to the following equations for
the plane strain and plane stress conditions [34]:

¢ = “a - 7})(7""(1")lr1 sec(ﬂgm"") for plane strain
G 2050 (16)
¢ = (Sa""a")ln sec(ﬂa”‘”") for plane stress
E 2000 (1 7)

where v is the Poisson’s ratio, G is the shear modulus, and E is the
modulus of elasticity. The creep strain from Egs. (13) and (14) are
combined with the initial crack opening displacement, ¢,, to obtain the
critical crack tip opening displacement, ¢., which represents the crack



R.W. Fuller, et al. Theoretical and Applied Fracture Mechanics 109 (2020) 102759

Table 4
Fatigue crack growth specimen and test condition for Type 316L stainless steels [10].
Test # Specimen # Pre-treatment Radiation Test Condition
CGRI-09 C16-B Heat C16* 2 x 102! n/cm? High-purity water with = 250 ppb DO at 289 °C
(3 dpa)
at = 288°C

* Detail of the heat treatment was not provided in the reference.

*

opening displacement at the end of the incubation period (see Fig. 1). o\
b=¢ + p(ﬂ) Atyoq  for Types 316 and 316L SS

¢ 19)

8 = & + oAy Onar)" exp(— Q

R*T)A%Id for Types 304 and 304L SS

Then, the flow stress at the end of the incubation period, o,;, can be

a8 obtained from the following equations [34]:

Table 5
Parameters used in the study for estimating fatigue crack growth with hold-time and irradiation effects for Types 304, 304L, 316, and 316L stainless steels.
Parameters Material
304 SS 304L SS 316 SS 316L SS
CyorC 6.536 x 10~ '° 8.293 x 10~ 3 4.028 x 10712 3.925 x 10~ !
C,orm 3.25
[28]
Cs 2.97 MPa-vm - - -
[25]
C4 0.8 - - -
[25]
Cs or K, 119 MPa-Vm 112 MPa-Vm
[14]
k (at 20°C) 65
[38]
k (at 550 °C) 65 120
[38]
M (at 20°C) 5 14
[38]
M (at 550 °C) 5 6
[38]
J (at 20°C) 752 MPa-s 458 MPa-s
[38]
J (at 550 °C) 752 MPa-s 494 MPa-s
[38]
A, 0.097838 MPa~™-hr ! - -
[39]
n'[39] 4.59 - -
Parameters Material
304 SS 304L SS 316 SS 316L SS
Q 260,000 J/mol - _
[39]
R* 8.31 J/(mol-K) - -
[44]
T 562.15 K - _
(Reactor Temperature 289°C)
¢ - - 765 MPa-hr
[38]
n* - - 8.24
[38]
0 0.305
[14]
G 73.1 GPa
[14]
B 0.33
[22]
% 0.387
[22]
A, 9.53 x 1072 MPa~*-hr~!
[22]
N’ 8 8.2
[45]
ef 0.4
[45]
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Fig. 1. Schematic behavior of creep crack blunting, initiation, and growth
[36,37].

¢ = S 7})U““ai)ln [sec(ﬂ;m“)} for plane strain

G Ooi (20)

7T, Ooi

¢ = (SUOiai)ln [sec(ﬂamw‘)] for plane stress
E 2 21)

In Egs. (20) and (21), for a given hold-time, the flow stress at the
crack tip initiation, o,;, is obtained from the critical crack tip opening
displacement for a given hold-time. The following equations were
employed simultaneously with Egs. (20) and (21) to calculate the crack
initiation time, t;, [34]:

ki — (Bn (ai) - Bn (ao))

Atpola B(a;) (22)
where
_ e (20Y(dB©)
B =) (n)( de )de @3)
B(@) = LIn(sec(@)
a) = o sec(a (24)
and
7tOmax
a = — %
2D’oi (25)
7l0max
Ay = —&
20,0 (26)

Once the initiation time, t;, is determined, it can be subtracted from
the hold-time for creep, Aty,4, to obtain the time when crack growth
occurred.

Att > t; the creep crack extension criterion is employed based on
the Nikbin-Smith-Webster (NSW) model that describes the correlation
between the creep crack extension rate to the C* contour integral [41].
For the small-scale creep conditions, the averaged small scale creep
parameter over the hold-time, (C)ave has been proposed to better
characterize the creep-fatigue growth rate in addition to the C* contour
integral, whose analytical expression is given in [42]. The averaged
creep parameter is defined as [42]:
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2apr, noal F 2 2
(Cavg = E(l - vHK 7 (EA)n*-1| Nn*-1

2 —(n'=3)
- (N - 1)"*—1)Athold o1 |+ C*

27)
where [22]
F_|_ 1 3
F 2+ % 2(1 _ %)
4.64 — 26.64(%) + 44.16(%)2 - 22.4(%)3
’ 0.886 + 4.64(%) - 13.32(%)2 + 14.72(%)3 - 5.6(%)4
(28)
and [42]
1 [+ DIy [
o [ 2 (1 — %) ] (29)

In Egs. (29)-(31), B is the Irwin’s correction factor ( = 0.33), N is
the cycle number, % is 0.387, n* is 8.24, and A, is 9.53 x 10~2! MPa~!
hr~?! [42,22]. The non-dimensional function I in Eq. (29) can be de-
fined as [40]:

| 1 4.6 -
Iy =103,013 + — — — for plane strain
\ N N (30)
[ 1 2.9
Iy=72012+ — — — for plane stress
\ N N (31

where N’ is the plastic strain hardening exponent. By defining the
averaged creep parameter, (Cyavg, to take the small creep contribution
into account, the NSW can be represented as follows:

(da) _ (l’l’k + I)AC ( (C[)avg )rﬂrﬁ
i = W T A At g
dt Joreep & InGA, (32)
where & is the creep ductility and r. is the radius of the creep process
zone, which is assumed to be equal to the plastic zone length, p [40].

3.3. Irradiation correction

The simple monotonic tensile properties of a material are utilized to
obtain the radiation correction for a crack growth rate of stainless steel.
In this study, the following radiation correction for ultimate tensile
strength, o, and yield strength, o,, is employed [43]:

o, (dose) or oy(dose) = A, (1 - exp(— d;)se))

0

(33)

where d, = 3.0 for water and air and dose is the neutron dose imposed
on the crack growth.

From the experimental data employed in the present study, the
fracture toughness of Types 304, 304L, 316, and 316L SS is found to
decrease as dose increases [10,11]. It was also observed that, as the
radiation dose of 0.75-4 dpa, the crack growth rates increases by 2-7
times as compared to those of un-irradiated specimens [10]. On the
other hand, at the neutron dose of 0.45 dpa or less, insignificant neu-
tron dose on the crack growth rate of stainless steels in BWR environ-
ment is noted [10]. Moreover, the minimum effect of irradiation on
crack growth in air is also observed for stainless steels irradiated up to
2.2 dpa. As a result, A; in Eq. (36) equal to (i)(dose)%’ is adopted,

3.25
where ;—“ is the crack growth rate for one cycle. The final form of the
crack growth due to fatigue for irradiated specimen is as follows:
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(#) - (ahem()_(-ool-2)
dN irrad 3.25 dN fatigue 3

34)

4. Crack growth predictions and discussions
4.1. Irradiated specimens subjected to cyclic loading without hold-time

Using the methodology presented in this study, the crack length for
given cycles for irradiated specimens subjected to cyclic loading
without hold-time are estimated. These are Type 304L SS C3-A, Type
304L SS C3-B, Type 304L SS C3-C, and Type 316L SS C-16B specimens.
The pre-heat treatment and test environment for these specimens are
provided in Tables 3 and 4 for Type 304L SS and Type 316L SS, re-
spectively. The observed and estimated crack length versus cycles are
displayed in Fig. 2(a) —(d) for specimens C3-A, C3-B, C3-C, and C-16B,
respectively.

For specimen C3-A, a satisfactory correlation between the experi-
mental and estimated crack growth is obtained, with all estimated crack
length are within a factor of 3 scatter bands, as displayed in Fig. 3(a). As
reported in [10], the fatigue behavior of a specimen irradiated to
neutron fluence of less than 0.45 was observed to be similar to that of
un-irradiated specimen. Hence, the model presented in this study was
built around the premise that 0.45 dpa would minimally affect the
crack growth. Moreover, since specimen C3-A was irradiated to a low
dose contribution of 0.45 dpa and no dwell creep, the fatigue portion of
the model is regarded to be the main contributor to this specimen’s
crack growth. The fatigue portion of the model was able to reasonably
predict the crack opening stress. In this case, the opening stress appears

7
Specimen C3-A, SS 304L
. ¢ Experimental data g
E 6.6 [ xPrediction .
s & ¥
5 6.2 r
s | &
S
© 58
(8]
54 : '
1,25,000 6,25,000 11,25,000
Cycles (N)
(a)
Specimen C3-C, SS 304L
76 | i
¢ Experimental data
t X Prediction
E72 ¢ .
=
H 2
268 | 2
o 2
x
g 4
5 6.4
X XX
6 L 1 L 1
40,000 42,500 45,000 47,500
Cycles (N)

(©)
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to be stable as the plastic zone expands and the crack length propagates.

The comparison of the experimental and predictive crack length for
specimens C3-B and C3-C, along with scattering bands of 3 and 5 are
displayed in Fig. 3(b) and 3(c), respectively. Poor correlations are ob-
served for both specimens with less than 30% of the estimated data
within the scatter bands of 5. The model appears to suffer from the
fatigue contribution in which the opening stress equation was not able
to predict enough crack growth. The force contribution to the fatigue
due to the maximum stress, S;qx, Was not enough to overcome the
forces in the plastic zone to increase the crack growth. The corrosion
fatigue and the stress corrosion cracking may possibly be a contributor
along with the irradiation in the C3-B and C3-C specimens. There was
no creep which leads to the conclusion that the radiation model for SS
304L may warrant investigating to emphasize the contribution to fa-
tigue loading. In addition, a poor approximation could be due to the
limited data points beyond pre-cracking. The given data points may not
be enough to develop the trend in the analysis. Besides, there is no hold-
time (as seen in Tables A.3 and A.4), and therefore creep contribution
was not included in the analysis. However, the loading rise times in
these tests are rather significant especially near the end of the test.
Since the rise time effects are not included in the analysis of these
specimens, this may further contribute to the poor correlation.

On the other hand, all estimated crack length of Type 316L SS
specimen C-16B are within a factor of 3% scatter bands of the experi-
mental data, as displayed in Fig. 3(d). The model seems to work well for
determining fatigue and crack contribution due to irradiation. The
contribution due to radiation for this particular specimen was 3 dpa,
which is in the range of the assumptions used to build the radiation
model.

7.2
Specimen C3-B, SS 304L,
. | ®Experimental data .
E 6.8 | XxPrediction 4
= .
3 64 o0
(O]
X
g 6| XX x x X
(&]
5.6 — - -
10,000 25,000 40,000 55,000
Cycles (N)
(b)
7 p
Specimen C16-B, SS 316L
| ®Experimental data *
’56.6 - XPrediction §‘
£ ¥
£ X
262 L
°o TR
(O}
K4
@ 58
o
54 1 1 1 1 1 1
10,000 30,000 50,000 70,000 90,000
Cycles (N)

(d)

Fig. 2. Crack growth history for given cycles of irradiated specimens subjected to cyclic loading without hold-time.
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Fig. 3. Predicted crack length of irradiated specimens subjected to cyclic loading without hold-time versus observed crack length with factors of 3 and 5 scatter

bands.

4.2. Irradiated specimens subjected to cyclic loading with hold-time

The crack growth at selected cycles for eight irradiated specimens
(one Type 304 SS, one Type 304L SS, and six Type 316 SS), which were
tested under fatigue loading with hold-times, are estimated. These are
specimens 85-3TT (Table 1) and SW-01 (Table 2) presented in Fig. 4,
with the plots of the experimental versus estimated crack length of
these specimens, superimposed with the scatter bands of 3 and 5, shown
in Fig. 5. The estimation results for six Type 316 SS specimens,

Crack Growth (mm)

7
| Specimen 85-3TT, SS 304
¢ Experimental data
6.6 X Prediction
6.2 |
® N
X X X X
58
54 1 L
1,04,000 1,05,000 1,06,000 1,07,000
Cycles (N)

(a)

including specimens C21-A, C21-B, C21-C (Table 3), and specimens
from tests BR-01, CR-01, and CR-04 (Table 3), are displayed in Figs. 6
and 7.
The estimated data of specimen 85-3TT in Fig. 4(a) under-predicted
the crack growth rate. As the crack growth progressed, the AK de-
creased, causing the minimum stress to increase and the stability of the
opening stress to be challenged. Approximately 80% and 100% of the
estimated crack length of specimen 85-3TT are within the scatter bands
of 3 and 5, respectively, as seen in Fig. 5(a). On the other hand, the

Crack Growth (mm)

8.8
Specimen SW-01, SS 304L
I ¢ Experimental data
8.4 I xPrediction
8 | A
** X
M
A X
76 X
| x X
7.2 L
20,000 40,000 60,000 80,000
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(b)

Fig. 4. Crack length history of irradiated SS 304 and SS 304L specimens subjected to cyclic loading with hold-time.
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Fig. 5. Predicted crack length of irradiated SS 304 and SS 304L specimens subjected to cyclic loading with hold-time versus observed crack length with factors of 3

and 5 scatter bands.

fatigue-creep, and radiation contribution of the model seems to work
reasonably well for specimen SW-01 as seen in Fig. 4(b). The model
demonstrated a positive trend with the applied stress intensity factors.
There appears no corrosion fatigue or stress corrosion cracking en-
vironment enhancement. The contact stress calculation from the
minimum stress that was later used as an input to obtain the opening
stress was found to be stable. As illustrated in Fig. 5(b), all estimated
crack length data of specimen SW-01 are within a factor of 5 scatter
bands.

Reasonable crack growth estimations are obtained for specimens SS
316 C21-A, C21-B, and C21-C, as displayed in Fig. 6(a) —6(c), re-
spectively. Specimen C21-A was subjected to a low dose of 0.45 dpa.
Again, as stated in [10], the specimen with dose equal to or less than
0.45 could be treated as un-irradiated specimen. The model for spe-
cimen C21-A accounts for the crack growth with high-stress and low
load ratio to some degree. Once the dwell creep initiates on the three
two data points, the model appears to work well. In addition, two sets of
specimen C21-B data were lost at time equal 24 h and 30 h. The re-
maining 5000 cycles illustrated in Fig. 6(b) is essentially over 150 h
period. For specimen C21-C in Fig. 6(c) that was irradiated to 3 dpa, the
radiation contribution of the model can be seen in the two end points.
Similar to specimens C21-A and C21-B, the model for specimen C21-C
accounts for the opening stress contribution to crack growth. Ap-
proximately 75% of the estimated data are within 3% scatter bands as
displayed in Fig. 7(c).

As shown in Fig. 6(d)-6(f), acceptable crack growth estimations are
obtained for the three Type 316 SS specimens, which were irradiated to
high neutron fluences of 5-8 dpa, and tested in the PWR water en-
vironment. Moreover, at the beginning of the test BR-01 (Fig. 6(d)), the
estimated crack growth is significantly larger as compared to the ex-
perimental data. For these initial cycles, the fatigue-creep contribution
of the model demonstrates small crack growth along with the data,
while the irradiation contribution estimates significant crack growth up
to approximately 290,000 cycles where the stress intensity factor
changes. The high applied stress and low load ratio test condition
during these cycles may lead to the instability of the model, and in-
ability to solve the opening stress. At around 350,000 cycles, the ex-
perimental data shows a significant increase in the crack growth due to
environmental enhancement, and the model enhances the effect of ra-
diation as the crack growth progresses. Approximately 90% of the es-
timated data for the specimen in Test BR-01 is within 5% scatter bands,
as displayed in Fig. 7(d).

In Fig. 6(e), the stable crack growth of the Type 316 SS specimen in
test CR-01 was quickly established. However, the test was restarted
around 55,000 cycle due to a leak during testing which caused the
autoclave heater to trip. The stable crack growth from environment

enhancement was lost and had to be re-established. The model then
slightly over-estimated the stable crack growth, which may due to the
temperature perturbation when the heater was restarted. Since the
model is based on the isothermal condition, the changes in temperature
may contribute to the anomalies in the model estimation. Nonetheless,
as illustrated in Fig. 7(e), the model was able to estimate the crack
growth reasonably well. On the other hand, Type 316 SS specimen in
Test CR-04 was subjected to a low maximum stress intensity factor that
was initially applied, as well as a large dose of 8 dpa which is con-
sidered to be a significant contributor to the crack growth. These may
contribute to the poor correlation (i.e., 28% within 5% scatter bands)
between the experimental and estimated crack length was obtained for,
as shown in Fig. 7(f). In addition, the poor correlation could be from the
environmental effects from the oxygen addition. This specimen was
tested in a typical PWR condition and more information regarding the
test environment is needed.

5. Conclusions

The crack growth approximation model for irradiated austenitic SS
was presented in this study. The model was derived for several auste-
nitic SS, including Types 304, 304L, 316 and 316L SS, which are ty-
pically used to construct core internal components of nuclear reactors.
Using the superposition technique, existing fatigue and creep crack
growth models based on the modified strip-yield methodology were
employed and extended to include the effects of irradiation. Based on
the analyses presented in this study, the following conclusions can be
drawn:

(1) By utilizing the crack length data for irritated materials subjected to
either cyclic loading without hold-time or cyclic loading with hold-
time (i.e., combined fatigue-creep), one was able to obtain the ir-
radiation contribution of the crack growth approximation model to
determine the crack length of irradiated SS at given cycles.
Although acceptable correlations between the observed and ap-
proximated crack growth were obtained for both un-irradiated and
irradiated SS specimens subjected to various test conditions, more
experimental data is still needed to better support the results.

(2) By employing the modified Paris-Elber equation in the fatigue crack
growth model for Type 304L SS materials, poor correlation was
observed for specimens that are exposed to dissolved oxygen en-
vironment. Additional analysis should, therefore, be performed to
obtain the effect of oxygen environment on fatigue crack growth of
Type 304L SS.

(3) Modifying the C* contour integral model significantly improved the
accuracy of the creep crack growth rate estimations. This was
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Fig. 6. Crack length history of irradiated SS 316 and SS 316L specimens subjected to cyclic loading with hold-time.

especially noted in irradiated Types 304 (specimen 85-3TT) and
316 SS (specimen CR-01) specimens in water environment, where
all the observed and estimated crack length are within the scatter
bands of 5.

(4) Creep contribution is included in the proposed model only when the

hold-time is present. This also takes the loading rate, as well as
position and length of hold-time into account. However, some
specimens were subjected to unbalanced cyclic loadings (i.e., slow-
fast and fast-slow cycles) with no hold-time, which could poten-
tially lead to some creep damage accumulation that is not ac-
counted for in the analysis, and further investigation is

11

5

recommended.

) The main advantage of the proposed model is the use of super-
position to allow the addition of the individual contribution of the
physical phenomena into the crack growth material. On the other
hands, one of the drawbacks using this model is that different types
of materials (i.e., SS 304, SS 316, etc.,) would require individual
investigation into the crack growth contributions due to different
material makeup, and may require individual set of constants for
modeling.
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Fig. 7. Predicted crack length of irradiated SS 316 and SS 316L specimens subjected to cyclic loading with hold-time versus observed crack length with factors of 3

and 5 scatter bands.

6. Recommendations

The proposed methodology could be adapted for other materials. In
doing so, the irradiation effects on the mechanical properties on the
selected material have to be assessed to evaluate the best procedure for
developing a radiation model. If a creep model exists for a given ma-
terial, creep constants have to be determined and assessed. In addition,
since the proposed methodology is intended for first-hand fatigue and
creep calculations, considerable additional analysis as well as experi-
mental data for validation are required for a better understanding of the
material degradation process to obtain more accurate crack growth
predictions for components and structures in the reactor environment.

12

Such information is considered crucial for safe and reliable reactor
operations as well as their life extensions. For future studies, the effects
of stress corrosion cracking (SCC) should be investigated using the
principle of superposition to obtain the SCC contribution in conjunction
with radiation, which will greatly improve the accuracy of the model to
estimate the crack growth for irradiated materials in the light water
reactors environment.
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