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The crack propagation rate of Type 316 stainless steel in boric acid–lithium hydroxide solutions under
PWR-relevant conditions was modelled. A film rupture/dissolution/repassivation mechanism is assumed
and extended to cold worked materials by including a stress-dependent bare metal dissolution current
density. The chemical and electrochemical conditions within the crack are calculated by finite element
calculations, an analytical expression is used for the crack-tip strain rate and the crack-tip stress is
assumed equal to 2.5 times the yield stress (plane-strain). First the model was calibrated against a liter-
ature published data set. Afterwards, the influence of various variables – dissolved hydrogen, boric acid
and lithium hydroxide content, stress intensity, crack length, temperature, flow rate – was studied.
Finally, other published crack growth rate tests were modelled and the calculated crack growth rates
were found to be in reasonable agreement with the reported ones.
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1. Introduction

Type 316 stainless steel (SS316) is susceptible to stress corro-
sion cracking (SCC) in the coolant of pressurized-water nuclear
reactors (PWRs) under some operational conditions [1]. SCC prop-
agation involves many physico-chemical processes in the material,
the environment and their mutual interface (the oxide). In the boil-
ing water reactor (BWR) community one has come to regard a film
rupture/repassivation mechanism as relevant for crack propaga-
tion [2]. This mechanism is however still under debate in respect
of SCC in PWRs. Here, given that there are no readily available
other mathematical models, the calculation of the CPR of 316 stain-
less steel in boric acid–lithium hydroxide solutions is based on a
film rupture/repassivation mechanism, the finite element calcula-
tion of the chemical/electrochemical conditions within the crack
and an analytical expression for the crack-tip strain rate. The SCC
model is implemented in a code called CGR316BLi.

2. The SCC mechanism

The film rupture/repassivation mechanism [3] states that when
the oxide film at the crack-tip is ruptured under an increasing
crack-tip strain, anodic dissolution proceeds at the crack-tip until
repassivation occurs. The rupture and repassivation processes re-
cur periodically (Fig. 1). The period-averaged current density at
the crack-tip can be calculated to yield [4]
ll rights reserved.
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î0 exp
aF
RT

Etip

� �
1

ð1�mÞ
t0

ef

� �m

_em: ð3Þ

Here _a is the CPR in m/s, M the atomic weight (0.055847 kg/mol), q
the material density (7860 kg/m3), z the charge (2 mole/mol), F Far-
aday’s constant (96500 C/mole), î0 a pre-exponential constant in A/
m2, a the electrode transfer coefficient (0.5), R the universal gas
constant (8.31441 J/mol/K), T the temperature in K, Etip the elec-
trode potential at the tip of the crack in V, m the current decay con-
stant for repassivation, to the time of exposure of the bare surface
prior to re-filming (0.1 s), ef the strain to film rupture failure
(0.0001) and _e the crack-tip strain rate in /s. Formula (3) requires
the calculation of the crack-tip electrode potential Etip and the
crack-tip strain rate _e. How CGR316BLi-calculates those is described
in subsequent paragraphs.
3. The crack-tip strain rate

In the CGR316BLi model the crack-tip strain rate is calculated
analytically. Various formulae can be found for the crack-tip strain
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Nomenclature

Physical constant
F Faraday’s constant (96500) (C/mole)
R universal gas constant (8.31441) (J/mol/K)

Calculated variables
_a crack propagation rate (m/s)
p hydrostatic pressure (Pa)
v water velocity (m/s)
C concentration (mol/m3)
Etip electrode potential at the tip of the crack (V)
_e crack-tip strain rate (/s)
dtip, dmouth crack-tip, crack-mouth opening displacement (lm)

Input parameters
T temperature (K)
K stress intensity (MPa

p
m)

L crack length (m)
m current decay constant for repassivation (-)
i0 sensitization factor (-)
ry yield strength (MPa)
n work hardening exponent (Ramberg-Osgood formula-

tion) (-)

E Young’s modulus (MPa)
v Poisson’s coefficient (-)

Calibration variable
î0 pre-exponential constant (calibration variable) (A/m2)

Model parameters/properties
M atomic weight (0.055847) (kg/mol)
q material density (7860) or water density (kg/m3)
l dynamic viscosity (kg/m/s)
z charge (2 in (3)) (mole/mol)
a electrode transfer coefficient (0.5) (-)
t0 time of exposure of the bare surface prior to re-filming

(0.1) (s)
ef strain to film rupture failure (0.0001) (-)
b related to the crack-tip strain rate evaluation (5.08) (-)
k related to the crack-tip strain rate evaluation (0.3) (-)
k equivalent conductivity (Scm2)
r location for the crack-tip strain rate evaluation

(0.19 � 10�3) (m)
D diffusion coefficient (m2/s)
k reaction rate (varying)
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Fig. 1. The film rupture/dissolution/repassivation model [3].
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rate for a growing crack in an elastic–plastic strain-hardening
material. In CGR316BLi three have been implemented and the
one from Hall will be used for calculations in this paper in view
of perceived errors in the Shoji equations [6]

– plane-stress conditions and constant stress intensity [5]
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– plane-strain conditions and constant stress intensity [6]
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Rp is the size of the plastic zone,
Rp ¼ k
K
ry

� �2

: ð7Þ
In these formulae _e is the crack-tip strain rate in /s, _a the CPR in m/s,
K the stress intensity in MPa

p
m, ry the yield strength in MPa, E

Young’s modulus in MPa, n the work-hardening exponent in the
Ramberg–Osgood strain hardening law, b and k are constant (5.08
and 0.3, respectively) and r is the location for the crack-tip strain
rate evaluation (0.19 mm).
4. Crack-tip electrode potential

In the CGR316BLi model the crack-tip electrode potential is cal-
culated based on computational electrochemistry. Through finite
element modelling one obtains the chemical and electrochemical
conditions in the crack’s internal and external environment. The
details of the modelling are described in the points below.

4.1. Crack geometry

A tapered crack geometry as shown in Fig. 2 has been assumed.
The crack-tip dtip and crack mouth dmouth opening can, respectively,
be expressed as [7]

etip½m� ¼ 0:6ð1� v2Þ K½MPa
ffiffiffiffiffi
m
p
�2

E½MPa�ry½MPa� ð8Þ

and (based on data in [7])

dmouth½lm� ¼ dtip½lm� þ 6:803� 10�4 � K½MPa
ffiffiffiffiffi
m
p
� � L½mm� � E½GPa�:

ð9Þ

K is the stress intensity in MPa
p

m, m Poisson’s ratio, E Young’s mod-
ulus in MPa, ry the yield strength and L the crack length in mm.
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Fig. 2. The CGR316BLi input interface (left) and a schematic of the model (right).

276 M. Vankeerberghen et al. / Journal of Nuclear Materials 384 (2009) 274–285
4.2. The chemical system

The following six homogeneous reactions are considered for the
aqueous boric acid–lithium hydroxide solution

BðOHÞ3 þ OH� () BðOHÞ�4 ð10Þ

BðOHÞ�4 þ BðOHÞ3 () B2ðOHÞ�7 ð11Þ

B2ðOHÞ�7 þ BðOHÞ3 () B3ðOHÞ�10 ð12Þ

Liþ þ OH� () LiðOHÞ ð13Þ

Liþ þ BðOHÞ�4 () LiBðOHÞ4 ð14Þ

H2O() Hþ þ OH�: ð15Þ

The rate constants associated with these reactions are listed in Ta-
ble 1. In order to consider hydrolysis of metal cations the following
heterogeneous reactions are added

M2þ þH2O!MðOHÞþ þHþ ð16Þ

MðOHÞþ þH2O!MðOHÞ2 # þ Hþ ð17Þ
Table 1
CGR316BLi boric acid–lithium hydroxide reactions and their rates.

Boric acid–lithium hydroxide reactions

BðOHÞ3 þ OH� () BðOHÞ�4

BðOHÞ�4 þ BðOHÞ3 () B2ðOHÞ�7

B2ðOHÞ�7 þ BðOHÞ3 () B3ðOHÞ�10

Liþ þ OH� () LiðOHÞ

Liþ þ BðOHÞ�4 () LiBðOHÞ4

H2O() Hþ þ OH�

pQ1 ¼ 1573:21=T þ 28:6059þ 0:012078 T � 13:2258 log10ðTÞ.
pQ2 ¼ 2756:1=T � 18:966þ 5:835 log10ðTÞ.
pQ3 ¼ 3339:5=T � 8:084þ 1:497 log10ðTÞ.
pQ6 ¼ log10ð1:99Þ.
pQ7 ¼ log10ð2:12Þ.
pKw ¼ �4:098� 3245:2=T þ 2:2363� 105=T2 � 3:9984� 107=T3 þ ð13:957� 1262:3=T þ
with forward reaction rates of 1 � 105, corresponding to a low sol-
ubility of metal cations.

4.3. The electrode reactions

All walls, internal and external to the crack, are considered to be
316 stainless steel and three electrochemical reactions, the hydro-
gen reaction (HR), the oxygen reaction (OR) and the metal dissolu-
tion reaction (MD), are assumed to occur in parallel on a natural
oxide layer.The hydrogen formation reaction (HR)

2Hþ þ 2e� () H2 ð18Þ

has the electrode kinetics

iHR ¼ 1:682½H2� exp
2� 0:099F

RT
E

� �
� 7:89� 10�4½Hþ�

� exp
�2� 0:45F

RT
E

� �
ð19Þ

where [H2] is the local concentration of dissolved hydrogen in mol/
m3, [H+] the local concentration of the proton, E the local electrode
potential and F, R and T have their usual meaning.

The oxygen reaction (OR) is implemented as

O2 þ 4e� þ 2H2O! 4OH� ð20Þ
with electrode kinetics

iOR ¼ �0:18½O2�0:66 exp
�4� 0:17F

RT
E

� �
ð21Þ

where [O2] is the local concentration of dissolved oxygen in mol/m3,
E the local electrode potential and F, R and T have their usual mean-
ing. The oxygen reaction is implemented in the software but is not
relevant for the deaerated conditions analysed further in this paper.

The metal dissolution reaction (MD) is implemented as

M!M2þ þ 2e� ð22Þ
with a constant value for the current density of iMR ¼ 0:012 A=m2 at
all metallic surfaces except at the crack-tip where the electrode
kinetics can be derived by combining Eqs. (1)–(3) and one of the
Eqs. (4)–(6), to yield
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The notations have been described previously and G ¼ _e= _a is calcu-
lated from one off the Eqs. (4)–(6).
kf and kb (for concentrations in mol/kg)

kf = Q1/q where Q1 ¼ 10pQ1

kb = 1
kf = P2/q where P2 = Q2/Q1 and Q2 ¼ 10pQ2

kb = 1
kf = P3/q where P3 = Q3/Q2 and Q3 ¼ 10pQ3

kb = 1
kf = Q6/q where Q6 ¼ 10pQ6

kb = 1
kf = Q7/q where Q7 ¼ 10pQ7

kb = 1
kf = kb Kw q2 where Kw ¼ 10pKw

kb = 6.62 � 1010 + 1.48 � 109 Tc + 1.28 � 107 Tc
2 � 6.03 � 104 Tc

3 + 128 Tc
4

8:5641� 105=T2Þ logðq=1000Þ.



Table 2
CGR316BLi diffusion coefficients for ionic (a), dissolved (b) and neutral (c) species in a
boric acid–lithium hydroxide solution.

(a)
Ionic species z k298 K (S cm2/equiv)
H+ 1 350
OH� �1 199
BðOHÞ�4 �1 40
B2ðOHÞ�7 �1 34
B3ðOHÞ�10 �1 27
Li+ 1 39
M2+ 2 39
M(OH)+ 1 39
DT ¼ 1

10
k298K

z2
l298K
lT

T
298

RT
qF2

(b)
Dissolved species DT (m2/s)
O2 8:03� 10�7eð�14600=RTÞ

H2 10�4eð�5:700267�296:7439=T�288379:2=T2Þ

(c)
Neutral species D298 K (m2/s)
H2O 1
B(OH)3 2.0 � 10�9

Li(OH) 2.0 � 10�9

Lib(OH)4 2.0 � 10�9

DT ¼ D298K l298K
lT

T
298
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Fig. 3. Flow chart of the CGR316BLi program.
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4.4. The environment

Transport of ionic and dissolved species in the environment is
modelled using dilute solution theory [8]. The Nernst–Planck equa-
tion describes transport due to diffusion, electro-migration and
convection for every species i, i.e.

~Ni ¼ �Di
~rCi �

F
RT

ziDiCi
~rU þ Ci~v 8i; ð24Þ

where subscript i refers to the species’ number, ~Ni is the flux in mol/
(m2s), Ci is the concentration in mol/m3, zi the charge, Di the diffu-
sion coefficient in m2/s, U the solution potential in V and ~v the flow
velocity in m/s. R, F and T have their usual meaning. Conservation of
mass requires that

@Ci

@t
¼ �~r~Ni þ

X
k

Rk;i 8i; ð25Þ

where Rk,,i is the production rate of species i in reaction k. One addi-
tional equation, the Poisson equation, is needed to solve for the
solution potential, i.e.

r2U ¼ � F
e
Xn

i¼1

ziCi; ð26Þ

where e is the permittivity of the solution in C0/(Nm2). The diffusion
coefficients for the various species are listed in Table 2. The conduc-
tivity j of the solution can be calculated on the basis of the Nernst–
Einstein relation.

j ¼ F2

RT

Xn

i¼1

z2
i DiCi: ð27Þ

The full system of n + 1 equations, where n is the number of species
in the solution, is solved using a finite element code [9] and yields
the concentrations ci and the solution potential U in the electro-
chemical system. The fluid flow is modelled using the incompress-
ible Navier–Stokes and the continuity equations

qw
@�v
@t
þ �v � �r
� �

� �v
� �

¼ l �r2 �v � �rp; ð28Þ

�r � �v ¼ 0; ð29Þ
where qw is the water density in kg/m3 (calculated property), p is
the hydrostatic pressure in Pa (calculated variable), v the velocity
in m/s (calculated variable) and l the dynamic viscosity in kg/m/s
(calculated property). The solution of these equations yields the
velocity v and pressure q at each point. The inlet flow conditions
are given in the form of a Reynolds number defined as follows:

Re ¼ qvL
l

ð30Þ

with q the density in kg/m3 (calculated parameter), L a characteris-
tic length in m (here taken the width of the channel 5 mm), l the
dynamic viscosity in kg/m/s and v the central velocity into the flow
channel in m/s. In the simulations a Re of 1000 gives a typical veloc-
ity of about 0.04 m/s in the centre of the channel. CGR316BLi is
presently limited to laminar flow.

5. Computer program

CGR316BLi (Crack Growth Rate for 316 stainless steel in Boric
acid–Lithium hydroxide solutions) is a code for calculating the
CPR of a stainless steel crack in a boric acid–lithium hydroxide
solution under PWR-relevant conditions. The CGR316BLi input
screen and a schematic of the model are shown in Fig. 2. The steps
in the calculation are schematically shown in Fig. 3. First a flow
grid is made and the flow is calculated (finite element-based). Then
the electrochemistry grid is prepared and the flow is interpolated
on it. Next, the electrochemical calculations are started (finite ele-
ment-based). However, implementing (23) at the crack-tip yielded
convergence problems. Hence, an initial current density is assumed
at the crack-tip and slowly changed until (23) is met. Finally,
the crack propagation rate is calculated using Faraday’s law.
CGR316BLi input parameters, their ranges and default values are
given in Table 3.



Table 3
CGR316BLi input parameters, their ranges and default values.

Parameter Unit Abbreviation Range Default

Loading
Stress intensity MPa

p
m K [10–50] 33

Material
Elasticity modulus GPa E [150–300] 200
Poisson’s ratio – m [0.25–0.35] 0.33
Yield strength MPa ry [100–1000] 200
Sensitization factor – i0 [0.01–100] 1
Repassivation decay constant – m [0.1–0.9] 0.8
Work hardening exponent – n [2–15] 10

Geometry
Crack length mm L [1–10] 5

Environment
Boron acid concentration ppm B [0–5000] 1000
Lithium hydroxide

concentration
ppm Li [0–10] 2

Dissolved hydrogen
concentration

cc/kg H2 [0–50] 25

Temperature �C T [25–350] 300
Reynolds numbers – Re [0–2000] 1000

Table 4
Calibration data set for CGR316BLi. Compiled from graphs and tables in [10] and
private communication with Arioka.

Cold work K (MPa
p

m) ry (MPa) n (-) T (�C) CGR (m/s)

Cold work dependence
5% CW 26 243 4.74 320 6.00E-12

35 243 4.74 320 1.50E-11
10% CW 25.5 345 7.22 320 3.20E-11

26.5 345 7.22 320 1.60E-11
35 345 7.22 320 3.60E-11

15% CW 14 495 6.90 320 4.50E-12
20 495 6.90 320 4.40E-11
24.5 495 6.90 320 4.40E-11
27 495 6.90 320 6.50E-11
37 495 6.90 320 1.10E-10

20% CW 21.5 572 8.35 320 6.40E-11
25 572 8.35 320 1.10E-10
30 572 8.35 320 1.10E-10
42 572 8.35 320 1.80E-10

Temperature dependence
20% CW 30 577 8.35 270 1.50E-11

30 575 8.35 290 2.80E-11
30 572 8.35 320 1.20E-10

0.E+00

1.E+06

2.E+06

3.E+06

200 300 400 500 600

Yield strength [MPa]

io
[A

/m
²]

Fitted
molar volume
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Fig. 4. Yield strength effect on the i0-values.
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6. Reference data set and calibration

The data published in [10] are used as a calibration dataset for
the CGR316BLi code. Some of the data are given in Table 4 and fur-
ther inputs include:

– a Young’s modulus E of 175 GPa @ 320 �C, 177 GPa @ 290 �C
and 179 GPa @ 270 �C;

– a Poisson’s ratio of 0.3;
– a sensitization multiplication factor of 1;
– a repassivation constant of 0.5;
– environmental conditions of 500 ppmB, 2 ppmLi and

30 ccH2/kg;
– a Reynolds number of 1000 and
– an electrochemical crevice length of 3.125 mm.

CGR316BLi is based on a two-dimensional crack geometry. Since
environmental access to the crack-tip is mainly from the side of
the 1/2T CT (half size compact tension specimen) the electrochem-
ical crack length is taken to be an average one, i.e. equal to one
quarter of the specimen thickness.
Previously [14–16], the bare metal dissolution current density i0
(Fig. 1) has been taken to be electrode potential dependent, i.e.

i0 � exp
aFEtip

RT

	 

: ð31Þ

Where a is the electrode transfer coefficient, Etip the electrode po-
tential at the tip of the crack in V and F, R and T have their usual
meaning. During the course of this research it became apparent that
one also needs to include the stress effect [17] on the bare metal
dissolution current density i0, i.e.

i0 � exp
Vmrtip

RT

	 

ð32Þ

where Vm is the molar volume in m3/mol, rtip the stress at the tip of
the crack in Pa and R and T have their usual meaning. Under plain
strain conditions the tensile stress rtip is equal to 2.5ry from lin-
ear-eleastic fracture mechanics for an isotropic material using the
von Mises yield criterion and m = 0.3 [18] and approximately 2.5ry

from elastic–plastic fracture mechanics using large strain finite ele-
ment analysis with finite geometry changes [18,19], where ry is the
yield stress. The bare metal dissolution current density i0 is further
thermally activated, i.e.

i0 � expf�Ea

RT
g: ð33Þ

Hence, the final expression reads

i0 ¼ î0 exp
�Ea þ aFEtip þ Vmrtip

RT

	 


¼ î0 exp
�Ea þ aFEtip þ Vmð2:5ryÞ

RT

	 

: ð34Þ

When calculating the i0-values (calibration) that make the mea-
sured (Table 4) and predicted (3) CPRs correspond we find the expo-
nential stress relationship (32) as shown in Fig. 4. The symbols
represent the calibrated i0-values, the solid line is a best fit (Vm is
allowed to vary) and the dotted line is a fit using the theoretical mo-
lar volume as calculated from Vm ¼ M=q ¼ 7:11� 10�6m3=mol,
where M is the molar mass and q the density of the stainless steel.
The extracted value for Vm is 9.48 � 10�6 m3/mol, which is close to
the theoretical molar volume. Hence, the magnitude of Vm is rela-
tively well returned by the experimental data (Table 5). The value
of î0 is used as a calibration factor and compensates for other,
less-precise parameter estimates [16], e.g. the film critical strain ef

and t0, one of the repassivation constants.
In the paragraphs below we show the correspondence between

the measured [10] and CGR316BLi-calculated CPRs.
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6.1. Calibration results

Fig. 5 shows the CGR316BLi-calculated CPRs against the mea-
sured [10] ones. The solid symbols correspond to a theoretical mo-
lar volume of 7.11 � 10�6 m3/mol and the open symbols to a fitted
molar volume of 9.48 � 10�6 m3/mol. The symbols represent vari-
ous levels of cold work (squares = 5% CW, diamonds = 10% CW, cir-
cles = 15% CW and triangles = 20% CW) and correspond to the first
set of records in Table 4. The larger circles represent data at various
temperatures (270 �C, 290 �C and 320 �C at 30 MPa

p
m) and corre-

sponds to the last three records in Table 4.
(a) fitted molar volume 
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Fig. 6. The effect of stress intensity on crack propagation rate: (a) fitted molar
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tions. Symbols refer to the level of cold work: diamonds = 5% CW, triangles = 10%
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6.2. Stress intensity K

Fig. 6 shows the effect of the stress intensity K on crack propa-
gation rate. Solid symbols and thick lines correspond to the mea-
sured data [10]. The lines represent a power law fit. Open
symbols and thin lines correspond to CGR316BLi-calculations.
Symbols refer to the level of cold work (diamonds = 5% CW,
triangles = 10% CW, squares = 15% CW and circles = 20% CW). The
bottom figure corresponds to a theoretical molar volume of
7.11 � 10�6 m3/mol and the top figure to a fitted molar volume
of 9.48 � 10�6 m3/mol. Fig. 7 shows the exponent b of CPR = aKb,
a commonly used data-fit [12]. The black, grey and open bars
respectively correspond to measured data [10], CGR316BLi-calcu-
lations using a theoretical molar volume of 7.11 � 10�6 m3/mol
and CGR316BLi-calculations using a fitted molar volume of
9.48 � 10�6 m3/mol. Two bars are shown for the 15% CW level;
one including and one excluding the data point at a stress intensity
of K = 14 MPa

p
m. Indeed, this point does not agree with the power

law fit, neither experimentally, nor calculated.
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6.3. Cold work

Fig. 8 shows the effect of the level of cold work on CPR at
approximately 25 MPa

p
m. The black, grey and open bars,

respectively correspond to measured data [10], CGR316BLi-calcula-
tions using a theoretical molar volume of 7.11 � 10�6 m3/mol and
CGR316BLi-calculations using a fitted molar volume of
9.48 � 10�6 m3/mol.

6.4. Temperature T

Fig. 9 shows the effect of temperature on CPR at 30 MPa
p

m. The
thick line/triangles, thin line/squares and dotted lines/diamonds,
respectively correspond to measured data [10], CGR316BLi-calcula-
tions using a theoretical molar volume of 7.11 � 10�6 m3/mol and
CGR316BLi-calculations using a fitted molar volume of 9.48 �
10�6 m3/mol. The respective activation energies are displayed on
the chart.

6.5. Profiles

Fig. 10 shows typical profiles for electrode potential, dissolved
hydrogen and pH along the crack for the case ‘20% CW,
K = 30 MPa

p
m, T = 320 �C and 30 ccH2/kg’.

7. Trend calculations

The trend calculations have been split into three subsets; (1) a
sensitivity calculation to study the effect of less-precisely known
input parameters such as the repassivation exponent m and the
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Fig. 10. Typical profiles of (a) electrode and solution potential and (b) dissolved
hydrogen and pH for 20% CW 316 stainless steel, a stress intensity of 30 MPa

p
m, a

temperature of 320 �C and a dissolved hydrogen concentration of 30 ccH2/kg.
electrochemical crack length L, (2) a set of calculations correspond-
ing to variations in the test condition such as the flow Re, the dis-
solved hydrogen concentration [H2], the lithium concentration [Li],
the operational cycle and the stress intensity K and (3) a set of cal-
culations corresponding to variations in material characteristics
such as yield strength ry and work hardening n. The trend calcula-
tions are single variable calculations around a selected reference
case (N in the figures); K = 30 MPa

p
m, E = 175 GPa, m = 0.3,

ry = 572 MPa, m = 0.5, n = 8.35, L = 3125 lm, [B] = 500 ppm,
[Li] = 2 ppm, [H2] = 30 cc(STP)/kg, T = 320 �C, Re = 1000.

7.1. Sensitivity study

Fig. 11(a) shows a marked decrease of the CPR with the repass-
ivation exponent and Fig. 11(b) a slight decrease with the crack
length L.

7.2. Trend calculations, environment

Calculations show no effect of the flow rate on the CPR.
Fig. 12(a) shows that the CPR decreases with the primary water
hydrogen content [H2]. Fig. 12(b) shows that the CPR decreases
with the lithium concentration [Li] for two values of boric acid con-
centration. Fig. 12(c) shows how the CPR varies as a PWR plant
goes through two operational cycles [13] (Fig. 13); cycle 1 is re-
ferred to as the constant pH-cycle and cycle 2 as the constant Li-cy-
cle. Fig. 12(d) shows that the CPR increases with the stress
intensity level.

7.3. Trend calculations, material

Fig. 14(a) shows that the CPR increases with the yield strength
ry and Fig. 14(b) that the CPR decreases with the work hardening
exponent n.
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8. Discussion

8.1. Geometry

In CGR316BLi the crack growth rate model has been imple-
mented for the two-dimensional geometry shown in Fig. 2. How-
ever, most crack growth rate measurements are performed on
compact-tension (CT) specimens that have a three-dimensional
geometry. The crack growth rate model could, in principle, be
implemented for a three-dimensional CT geometry, but this would
result in a dramatic increase in problem size, run time and memory
requirements from the present, i.e. approximately one million de-
grees of freedom, 1 h of run time and two gigabyte of internal
memory. In order to compare CGR316BLi-calculated and CT-mea-
sured crack growth rates the authors use the following approxi-
mate crack length. Since access to the external crack
environment is principally access to the side surfaces of the CT
specimen, the electrochemical crack length varies from zero to half
the specimen thickness. The authors compare CGR316BLi-calcu-
lated and CT-measured crack growth rates assuming an electro-
chemical crack length of one quarter of the specimen thickness.
The CT crack length (ASME E399) is used to determine the stress
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intensity K. During a CT crack growth rate test under constant load
the CT (mechanical) crack length will continuously change,
increasing the stress intensity K, but the electrochemical crack
length will remain constant at one quarter of the specimen thick-
ness, keeping the electrochemical conditions at the crack-tip al-
most constant under constant environmental conditions. If a
three-dimensional geometry would be implemented a concave or
convex crack front could result from a competition between
mechanical (harshest in the middle) and electrochemical (harshest
on the edge) loading of the crack-tip [11]. Using a two-dimensional
geometry implies that one cannot model any fluid flow effects
associated with wash-out of the crevice from the side of the CT
specimen for that dimension is abscent.

8.2. Stress intensity

The power law fits in Fig. 6 are of the form CPR = aKb. The values
for the exponent b are given in Fig. 7. The fit is not particularly well
for a level of cold work of 15%. The reason for this is that for this
level of cold work there is a data point at the relatively low K value
of 14 MPa

p
m. At low K values the K dependence is greater as can

also be seen from Fig. 12(c). Hence, one power law fit would not be
applicable in the full K range, although it is commonly used in
guidelines [12]. The CGR316BLi code reproduces properly the
experimentally data, including the low K value data point.

8.3. Cold work

Previous literature published models based on the film rupture/
dissolution/repassivation mechanism do not correctly model the
effect of cold work. When simultaneously changing the yield
strength and the work hardening exponent associated with the
various levels of cold work, the CPR usually decreases with an in-
crease in the level of cold work. Here, by including the stress effect
on the bare metal dissolution current according to Gutman [17], it
is shown that the CPR increases with the level of cold work as ob-
served experimentally (Fig. 8).
To the authors’ knowledge the CGR316BLi code is the only code
that can presently calculate CPRs for uniformly cold worked 316
stainless in boric acid–lithium hydroxide solutions of varying com-
position. Furthermore, it has the potential to develop towards the
calculation of component CPRs, i.e. by moving from 2D to 3D calcu-
lations. The extended film rupture/dissolution/repassivation mod-
el, including the stress effect on the bare metal dissolution current
density, can however readily be implemented in other stress corro-
sion crack propagation models such as the FRI-model (Tohoku Uni-
versity’s Fracture Research Institute, Professor T. Shoji [19–21]),
the CEFM (Professor D.D. Macdonald, Penn State University
[15–16]) or the Pledge code (GEGR, P.L. Andresen [21–23]). The
FRI-model is however unable to take environment composition
into account and the CEFM is restricted to a 1D calculation, making
the further development of the ‘CGRMatEnv’-type software a
worthwhile quest.

A modified FRI-model has been developed. It includes the crack-
tip strain rate equation of Hall [6] and the stress effect on the bare
metal dissolution current according to Gutman [17]. The modified
FRI equation for the CPR under plane-strain conditions in a CT
specimen under constant load and given environmental conditions
reads

_a ¼ A � exp
Vmrtip

RT

	 

� _em

Hall; ð35Þ
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where _a is the CPR, Vm the molar volume, rtip the stress at the crack-
tip, _e the crack-tip strain rate, A a calibration constant and R and T
have their usual meaning. The results are shown in Fig. 15. Good
agreement between the experimentally measured and model-cal-
culated CPRs can be observed. However, it must be noted that this
modified FRI model, once calibrated in a specific environment, can-
not readily yield CPR results in a different environment and that it is
limited to CT specimens where the electrochemical crack length is
decoupled from the mechanical crack length.

8.4. Hydrogen content

Fig. 12(a) shows that the CGR316BLi-calculated CPR decreases
with the primary water hydrogen content. Fig. 18 in Ref. [24]
shows a graph illustrating the effect of a switch from 1580 ppbH2

(�17.7 ccH2/kg) to 3160 ppbH2 (�35.4 ccH2/kg) for a 50% ‘cool’-
worked 304L stainless steel in pure water at 288 �C. Although the
paper states ‘no difference in growth rate’ the CPR seems to slightly
decrease at the higher hydrogen content. The decrease in CPR is
probably due to a reduction in the electrode potential at the
crack-tip.

8.5. Profiles

Fig. 10(a) shows that the potential profile in a crack in a PWR is
significantly different from that in a BWR. Due to the higher con-
ductivity and the absence of oxygen the potential drop in the
crack’s internal, and especially external, environment is substan-
tially lower in a PWR than in a BWR crack. Furthermore, whereas
the potential change is largest close to the mouth of the crack in
a BWR crack [25], it is largest close to the tip of a crack in a PWR
crack. The significant potential drop in a BWR close to the crack’s
mouth is related to a depletion of oxygen as one moves into the
crack [25]. Under normal operating conditions this oxygen gradi-
ent is not present in a PWR crack. In a PWR crack the electrode po-
tential changes almost linearly along the crack until one gets close
Table 5
Parameters obtained from comparing CGR316BLi-calculated and measured [10] crack
growth rates.

Theoretical Vm Fitted Vm

m, - 0.5, fitted

î0 (A/m2) 1.4145 � 1015 4.9772 � 1014

Ea (kJ/mol) 110.7 108.8
Vm (m3/mol) (7.1052 � 10�6) 9.4908 � 10�6

Table 6
Application of CGR316BLi to other literature published data.

Ref. [26] Ref. [27]

K (MPa
p

m) 25–30 25–30 25.4–29.2 25.4–29.2
E (GPa) 177 177 177 177
m (-) 0.3 0.3 0.3 0.3
ry (MPa) 575 s 723 e 575 s 723 e
i0 (-) 1 1 1 1
m (-) 0.5 0.5 0.5 0.5
n (-) 8.35 s 9.81 e 8.35 s 9.81 e
L (lm) 1250 1250 3750 3750
[B] (ppm) 1000 1000 1000 1000
[Li] (ppm) 2 2 2 2
[H2] (cc/kg) 30 30 30–40 30-40
T (�C) 288 288 289 289
Re (-) 1000 1000 1000 1000

Measured
CPR (m/s) 1.6–4.2 . . . 9.1–13.0 � 10�11 2.0–8.3 � 10�11

CGR316BLi-calculated
CPR (m/s) 4.1–5.8 � 10�11 7.7–12.9 � 10�11 3.1–4.9 � 10�11 5.9–10.6 � 10

s = Saturated ry and n values.
e = Extrapolated ry and n values.
to the crack-tip where the influence of the crack-tip’s repassivation
current becomes apparent.

Fig. 10(b) shows an increased dissolved hydrogen content and a
decreased pH as one moves into the crack. The dissolved hydrogen
content changes almost linearly along the crack. The pH changes
pretty linearly along the crack until one gets close to the
crack-tip where the influence of the crack-tip’s repassivation
current becomes apparent. Here the pH buffering is disturbed by
metal cation injection, and subsequent hydrolysis, accompanying
repassivation.

8.6. Other crack growth rate data

Ref. [26] reports CPRs on 5 mm thick CT specimens at 288 �C for
unidirectional 40% cold-worked 316L stainless steel in simulated
primary water with 1000 ppm boric acid, 2 ppm lithium hydroxide
and an hydrogen content of 30 cc(STP)/kg water for stress intensi-
ties between 25 and 30 MPa

p
m. Accordingly CGR316BLi was run

with the parameters listed in Table 6. First assuming that the yield
strength and work-hardening exponent corresponded to the uni-
formly cold rolled 20% CW and then extrapolating the yield
strength and work-hardening exponent to uniformly cold rolled
40% CW. The results are shown in Fig. 16.

Ref. [27] reports CPRs on 15 mm thick CT specimens for unidi-
rectional 40% cold-worked 316L stainless steel in simulated pri-
mary water with 1000 ppm boric acid, 2 ppm lithium hydroxide
and an hydrogen content between 20 and 40 cc(STP)/kg water for
stress intensities between 25.4 and 65 MPa

p
m. Accordingly

CGR316BLi was run with the parameters listed in Table 6. First
assuming that the yield strength and work-hardening exponent
corresponded to the uniformly cold rolled 20% CW and then
extrapolating the yield strength and work-hardening exponent to
uniformly cold rolled 40% CW. The results are shown in Fig. 16.

The agreement is pretty good given that we are probably not
talking about the same material and type of cold working, that
some input parameters (ry and n) are extrapolated to 40% CW, that
some input variables (T, [B], K and [H2]) are outside the calibration
dataset’s range and that experimental data and conditions display
inter-specimen scatter.

8.7. Crack growth rate mechanism

In this paper the film rupture/dissolution/repassivation (FRDR)
mechanism has been further developed in order to model the effect
of cold work. In essence the bare metal dissolution current has
38.4–48.7 38.4–48.7 57–65 57–65
177 177 175 175
0.3 0.3 0.3 0.3
575 s 723 e 575 s 723 e
1 1 1 1
0.5 0.5 0.5 0.5
8.35 s 9.81 e 8.35 s 9.81 e
3750 3750 3750 3750
1000 1000 1000 1000
2 2 2 2
30–40 30–40 20–35 20–35
289 289 325 325
1000 1000 1000 1000

1.0–2.4 � 10�10 1.3–4.7 � 10�10

�11 0.6–0.9 � 10�10 1.5–2.3 � 10�10 4.6–21.1 � 10�10 7.9–12.9 � 10�10
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been made electrode potential, temperature and stress dependent,
the latter being a new development in terms of the FRDR mecha-
nism but based on literature [17]. Using such a modified FRDR
mechanism allowed us to model a consistent set of published crack
growth rates [10] and some other independently published crack
growth rates [26–27] on cold worked material. It also allowed us
to model various trends (Fig. 12) and sensitivities (Fig. 11,
Fig. 14). However, the decrease in crack growth rate with the
primary water dissolved hydrogen content does not seem to
correspond to experimental observations [28]. This leads us to be-
lieve that either one has to consider the effect of hydrogen on the
crack-tip strain rate, based on hydrogen induced plasticity [29], or
that a mechanism other than the FRDR is operative. This does
however not render the full model developed here obsolete. In-
deed, the full model is based on the calculation of the local
crack-tip loading, electrochemical and mechanical and a crack
growth rate mechanism. Altering the crack growth rate mechanism
does not affect the need to calculate the crack-tip loading. In terms
of the modified FRDR mechanism the crack-tip loading is
determined by the local electrode potential, the thermal activation
energy, the crack-tip stress (34) and the crack-tip strain rate (3).
Moving towards a crack growth rate mechanism where
grain boundary cohesion is determining crack growth rate one
could reason that various activation energies (a thermal activation
energy Ea, a mechanical energy Vmrtip and an electrochemical
energy aFEtip) affect cohesion and the associated crack growth rate,
i.e.

_a � exp
�Ea þ aFEtip þ Vmrtip

RT

	 

: ð36Þ

This equation still requires one to calculate local crack-tip condi-
tions. Here too an additional term could take into account the effect
of hydrogen. The cohesion mechanism might explain (1) why a
crack-tip opening displacement from LEFM, which is larger than
the experimentally observed sharp crack-tip [30], works with the
FRDR mechanism and (2) why, apparently, Faraday’s law is not
being observed in the empirical crack growth rate model used in
the PLEDGE code [31]. Indeed, if it are the freshly created side flanks
of a sharp crack that are repassivating then (1) the high LEFM crack-
tip opening reflects this freshly created surface area which is larger
than the experimentally observed sharp crack-tip opening and (2)
Faradays law has to be applied to material loss on the freshly cre-
ated side flanks and not to material loss associated with crack
advance.

A further thought might unify the crack-tip current associated
with the present implementation of the FRDR mechanism and
the cohesion model. Indeed, one could assume that the crack-tip
current’s role is to embrittle the grain boundary ahead of the
crack-tip and then expressions (34) also remains valid and would
yield a crack growth rate according to expression (36). Then one
could take the added affect of hydrogen into account by changing
expression (36) to read

_a � exp
�Ea þ aFEtip þ Vmrtip þ QH

RT

	 

ð37Þ

where QH, an activation energy for hydrogen pick-up and diffusion
into the grain boundary ahead of the crack, would take care of an
additional grain boundary embrittling agent, i.e. hydrogen.

Figuring out the exact nature of the crack growth mechanism is
subject of international research to which we hope to have made
some, be it a small, contribution by rigorously calculating with
one postulated mechanism (FRDR). Due to the complexity of crack
growth rate modelling one can only guarantee that the effect of
cold work has been implemented plausibly assuming the FRDR
mechanism – the additional implementation in the FRI-Shoji mod-
el giving further support. Most, but not all, data for the model have
been obtained independently. This too lends some support to the
full model. However, not all effects on the parameters have been
taken into account, e.g. the effect of electrode potential on m or
the effect of temperature on m and iMR. Given that we have used
data from various sources and sometimes approximate in the
development of the presented model, the agreement between pub-
lished and calculated results is reasonable and the developed ap-
proach could take care of new information about the exact
nature of the stress corrosion crack mechanism when and if it be-
comes available.

9. Conclusions

The developed CGR316BLi code allows one to calculate the
crack propagation rate (CPR) of a 316 stainless steel crack in boric
acid–lithium hydroxide solutions. The code is based on (1) the film
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rupture/dissolution/repassivation (FRDR) mechanism for stress
corrosion cracking, (2) the finite element calculation of the envi-
ronment and (3) an analytical expression for the crack-tip strain
rate. The FRDR model – a commonly used model for predicting
CPR under stress corrosion cracking conditions – has been ex-
tended to cold worked materials by making the bare metal disso-
lution current density function of stress, i.e.

i0 � exp
�Ea þ aFEþ Vm2:5ry

RT

	 

:

The code, using the extended model, has been calibrated against
literature-published CPR data. Trend calculations have been per-
formed to study the influence of crack length, dissolved hydrogen
content, boric acid and lithium hydroxide concentrations, stress
intensity, operational cycle, yield strength and work-hardening
exponent on CPR. Crack growth rate tests not used in the two-
parameter calibration were modelled and the calculated crack
propagation rates are in good agreement with the reported ones.

Although good correspondence has been obtained between the
extended model and literature published data, the extended model
does not proof or disprove the validity of the FRDR mechanism for
crack growth. The extended model is however a plausible one and
applicable to engineering calculations.
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