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The local environment in an occluded region of a pressurized water reactor (PWR) depends on its geom-
etry, its access to the bulk and the nature of the electrode kinetics at the metal surfaces. In PWR-relevant,
oxygen-free, boric acid-lithium hydroxide solutions the dominant anodic and cathodic electrode

reactions are found to be hydrogen oxidation and water reduction, respectively. The hydrogen oxidation

PACS:
82.45

STP ccH,/kg.

reaction kinetics have been quantified using potentiostatic measurements — at 300 °C, under various dis-
solved hydrogen concentrations, for 1000 ppmB and 2 ppmLi. The reaction kinetics have been verified by
modelling of a crevice experiment performed in an autoclave at 300 °C for 1000 ppmB, 2 ppmLi and 25

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

One form of environmental degradation of in-core components
in light water nuclear reactors is irradiation-assisted stress corro-
sion cracking (IASCC). IASCC is a complex interaction between a
stressed material and its environment under the influence of radi-
ation [1,2]. In principle, it is a mechanico-electrochemical process
since both IASCC initiation and propagation depend on the stresses
and the local environment to which the components are exposed.
For boiling water reactors (BWR) it has been reported extensively
[3-5] that in cracks and crevices the local environment can deviate
significantly from the bulk environment. This deviation is brought
about by the occluded region’s geometry and the nature of the
electrode kinetics. In pressurized water reactors (PWR) boric acid
and lithium hydroxide are added to the primary coolant. The for-
mer is added for reactivity control whilst the latter is added for
pH control, resulting in a substantial buffering of the solution. In
order to evaluate the buffering effect in occluded regions [2] the
electrode kinetics for 316 stainless steel under PWR-relevant con-
ditions have been studied and then applied to an autoclave crevice.
In a first instance potentiostatic electrochemical measurement
have been performed to identify and quantify the dominant elec-
trode reactions on 316 stainless steel in PWR-relevant, oxygen-
free, boric acid-lithium hydroxide solutions. Then the quantified
electrode kinetics have been used to compute the electrochemical
conditions inside an autoclave crevice. Last the calculated results
have been compared to experimental measurements inside an
autoclave crevice.
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2. Polarisation curve measurements

The electrodes used for potentiostatic and potentiodynamic
electrokinetic measurements were in the form of cylinders of
5 mm diameter and 15 mm height and were made of 316 stainless
steel. These working electrodes were suspended in an autoclave
connected to a circulation loop and their potential was measured
against an internal reference electrode (IRE). The IRE is an yttrium
stabilised zirconium (YSZ) electrode [7]. Experimental potential
versus current density data for the 316 stainless steel in a nominal
boric acid-lithium hydroxide solution of 1000 ppmB and 2 ppmLi
at 300 °C corresponding to a pHr=6.95, are given in Figs. 1-5'
for various dissolved hydrogen concentration. Each of the figures
contains various curves. The small dots represent a potentiodynamic
scan from the cathodic to the anodic part at a scan rate of 10 mV/min
(0.1667 V/s). The large dots represent potentiostatic data points at
various applied potentials in the anodic region. The other curves in
the graphs will be labelled later, as they are the result of calculations
detailed further on. The electrochemical measurements have been
performed using a Gamry potentiostat system.

3. Autoclave crevice set-up

The autoclave crevice device (Fig. 6) is developed from the
Schneider et al. device [6]. The crevice is formed by two parallel,
circular surfaces of about 50 mm diameter. The top wall of the cre-
vice is formed by a 316 stainless steel disc which is inserted into a
Teflon, insulating holder. The disc is electrically connected to the

! For interpretation of colour in Figs. 1-5 and 13 the reader is referred to the web
version of this article.
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Nomenclature

Faradays’ constant (C/mol)
universal gas constant (J/mol/K)
temperature (K)

hydrogen concentration (mol/m?>)
electrode potential (V)

current density (A/m?)

field strength in oxide (V/m)
charge transfer coefficient (-)
reaction rate constant

diffusion coefficient (m?/s)
charge number (-)

solution potential (V)
concentration (mol/m?)

N

A CN U«Tsem-mE'~a>u‘n

Sub- and superscripts
a anodic (with i)

C cathodic (with i)

pas passive (with i)

act active (with i)

f forward (with k)

b backward (with k)

Pt platinum sensor (with E)

WE work electrode, disc-like specimen (with E)
ire internal reference electrode (with E)

she standard hydrogen electrode (with E)

HR hydrogen reaction

WR water reaction

j species number (Nernst-Planck equation)

working electrode input of the electrochemical measurement
equipment and electrically insulated from the autoclave body
and equipment. The bottom wall of the crevice is formed by a Tef-
lon, insulating holder. The relative distance between the top and
bottom walls of the crevice can be altered by the pull rod of the
autoclave’s slow strain rate device. The bottom holder contains
penetrations for various sensors and a central flow channel. Five
radially spaced platinum electrodes are installed flush with the
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Fig. 1. Potential-current density relation for SS316 in an aqueous boron/lithium
solution (1000 ppmB, 2 ppmLi) at 300 °C with no hydrogen. The large dots repre-
sent potentiostatic measurements. The small dots represent a potentiodynamic
scan at 0.1667 mV/s from cathodic to anodic. The longly-dashed and solid lines
respectively represent the calculated cathodic/anodic and total current density. The
dash-dotted curve represents the calculated film thickness. The shortly-dashed
lines represent the anodic hydrogen current on bare metal and on the film.

bottom, insulated crevice wall (Fig. 6(b)). They serve to measure
the radial potential distribution in the crevice. Below they are re-
ferred to as Pt1 to Pt5 where Pt1 is the innermost platinum sensor
and Pt5 is the outermost platinum sensor. They are spirally located
at radii of 7, 11, 15, 19 and 23 mm from the centre, respectively. All
platinum sensor potentials are measured against the internal
reference electrode (IRE). The IRE is an yttrium stabilised zirco-
nium (YSZ) electrode [7]. The open circuit potential (OCP) of the
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Fig. 2. Potential-current density relation for SS316 in an aqueous boron/lithium
solution (1000 ppmB, 2 ppmLi) at 300 °C with 17 cc/kg hydrogen. The large dots
represent potentiostatic measurements. The small dots represent a potentiody-
namic scan at 0.1667 mV/s from cathodic to anodic. The longly-dashed and solid
lines respectively represent the calculated cathodic/anodic and total current den-
sity. The dash-dotted curve represents the calculated film thickness. The shortly-
dashed lines represent the anodic hydrogen current on bare metal and on the film.
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Fig. 3. Potential-current density relation for SS316 in an aqueous boron/lithium
solution (1000 ppmB, 2 ppmLi) at 300 °C with 22 cc/kg hydrogen. The large dots
represent potentiostatic measurements. The small dots represent a potentiody-
namic scan at 0.1667 mV/s from cathodic to anodic. The longly-dashed and solid
lines respectively represent the calculated cathodic/anodic and total current den-
sity. The dash-dotted curve represents the calculated film thickness. The shortly-
dashed lines represent the anodic hydrogen current on bare metal and on the film.

specimen making up the top wall of the crevice is measured
against the IRE and potentials applied to the specimen are with re-
spect to the IRE. The electrochemical measurements are performed
using an HP 34970A Data Acquisition/Switch Unit. The data are
read by Agilent Benchlink Data Logger Version 1.4 from where they
are exported to a tab-delimited text file which can be read by MS-
Excel. Potentials are applied using a Wenking TG 97 Potentiostat/
Galvanostat. The crevice height is calibrated at temperature by
moving the top and bottom part of the crevice towards each other
using the autoclave’s pull rod and zeroing the crevice height when
the load cell’s measured force starts to increase upon contact.

4. Quantification of the reaction kinetics

The model to describe the electrode kinetics on 316 stainless
steel in a nominal boric acid-lithium hydroxide solution of
1000 ppmB and 2 ppmlLi at 300 °C is based on the mixed potential
model [8] and electron conductance through the oxide as per the
mixed conduction model [9] and the tunnelling of electrons [10].
The model is described in ‘Appendix A’. Another model, associating
the current density peak to anodic current density changes, has
been discarded. The peak in current density is too large when com-
pared to a visual inspection of the surface after exposure. Indeed,
there are no traces of the corrosion products that would normally
be associated with such large anodic current densities. Further-
more the peak current density increases with the dissolved hydro-
gen concentration. Hence, it is believed that the peak in the current
density is related to changes in the electron transport through the
film, of electrons associated with the hydrogen redox reaction.
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Fig. 4. Potential-current density relation for SS316 in an aqueous boron/lithium
solution (1000 ppmB, 2 ppmLi) at 300 °C with 26 cc/kg hydrogen. The large dots
represent potentiostatic measurements. The small dots represent a potentiody-
namic scan at 0.1667 mV/s from cathodic to anodic. The longly-dashed and solid
lines respectively represent the calculated cathodic/anodic and total current den-
sity. The dash-dotted curve represents the calculated film thickness. The shortly-
dashed lines represent the anodic hydrogen current on bare metal and on the film.

The model has been fitted to the potentiostatic data points, the
orange dots, in Figs. 1-5. The red, green and black lines in these fig-
ures, respectively, represent the calculated cathodic (5), anodic (6)
and total current density (3) as a function of the potential. The pur-
ple curve represents the calculated film thickness based on tunnel-
ling (14). The dashed blue lines represent the anodic hydrogen
current on the bare metal (11) and on the film (12) - the line with
the lowest current density being associated with the film.

In essence, the presented model, fitted to the potentiostatic
data, yields that the dominant anodic reaction is the hydrogen
reaction. Most of the current density is carried by this reaction
and the current density carried by anodic dissolution of the mate-
rial is negligible.

It turns out that film growth is important, but not because of the
contribution of the film growth processes to the current. For the
latter the ionic current associated with the film growth processes
is too small relative to the electronic current. However, film growth
is important for its capacity to let through electronic current and to
switch from electron transport by tunnelling to electron transport
through mixed conduction. This switching is needed to explain the
current density peak in the potential versus current density data in
the anodic region.

5. Modelling of the electrochemistry in the autoclave crevice

Six homogeneous reactions are associated with the aqueous bo-
ric acid-lithium hydroxide solution. The reactions and their rate
constants are given in the section ‘chemical reactions’ of Table 3.
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Fig. 5. Potential-current density relation for SS316 in an aqueous boron/lithium
solution (1000 ppmB, 2 ppmLi) at 300 °C with 31.5 cc/kg hydrogen. The large dots
represent potentiostatic measurements. The small dots represent a potentiodyna-
mic scan at 0.1667 mV/s from cathodic to anodic. The longly-dashed and solid lines
respectively represent the calculated cathodic/anodic and total current density. The
dash-dotted curve represents the calculated film thickness. The shortly-dashed lines
represent the anodic hydrogen current on bare metal and on the film.

The species involved in these reactions are listed in the section ‘ion
system’ of Table 3. Dilute solution theory [13] is used to model the
electrochemistry inside the crevice. This theory describes the
transport of ionic species due to diffusion, migration and convec-
tion in a dilute aqueous solution. The equations that mathemati-
cally describe this transport are called Nernst-Planck equations.
There is one Nernst-Planck equation for each species j in the
system
oG 5 F L
o D;v<C; + ﬁszjV(C,VU) +R;, V species j, (1)
where the subscript j refers to the species’ number, G is the concen-
tration, D; the diffusion coefficient, z; the charge and R; the produc-
tion rate for species j, U the solution potential and R, F and T have
their usual meaning. The Dj, z; and R; values are listed in the sections
‘ion system’ and ‘production rate’ of Table 3, respectively.

The solution potential used in the Nernst-Planck equations is a
field variable too and, hence, an extra equation - the electroneu-
trality condition - is used to solve for it.

> zG=0. (2)
species

Boundary conditions include symmetry at the centre of the axisym-
metric crevice and Dirichlet boundary conditions (fixed values) at
the mouth of the crevice (Fig. 8) for the concentrations (listed as
bulk concentrations in the section ‘ion system’ of Table 3) and po-
tential (zero). At the surface of the stainless steel specimen a Neu-
mann boundary condition (Butler-Volmer equation) is used. The
electrode reactions and their associated current densities are given
in the section ‘electrochemical reactions’ of Table 3.
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Fluid flow ™ Platinum
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leads

Specimen ™~

holder 3 rods fixed to
autoclave lid
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containing
sensors
Internal
reference
electrode

Fig. 6. Picture of the autoclave crevice device after the first testing campaign (ab-
ove) and location of the platinum sensors in the Teflon disc (below).

The system of simultaneous partial differential equations is
solved using Comsol Multiphysics. The specification of the system
that is modelled is given in Table 3. The environmental conditions
specified in the modelling correspond to those of the experiment
described above, i.e. 300 °C, 1000 ppmB, 2 ppmlLi and 25 cc/kg
(STP) dissolved hydrogen.

The results of the calculations are pictured in Figs. 9-12. The
lines in Fig. 9 show calculated polarization curves for crevice
heights of 250 um, 500 pm, 1000 um and 2000 um. Fig. 10 shows
the calculated radial pH profile along the active and non-active
parts of the crevice wall for a crevice height of 500 um. Four curves
are shown, corresponding to the experimental conditions of OCP,
OCP +100 mV, OCP +200 mV and OCP + 300 mV. The distance on
the abscissa is measured from the centre of the crevice outwards,
0.025 corresponds to the radius of the disc-like specimen and
0.0275 is the radius of the crevice. Between 0.025 and 0.0275 the
wall of the crevice consists of an insulator. Fig. 11 shows the calcu-
lated radial electrode potential profile along the active part of the
crevice wall for a crevice height of 500 um. Four curves are shown,
corresponding to the experimental conditions of OCP,
OCP + 100 mV, OCP+200 mV and OCP +300 mV. Fig. 12 shows
the calculated radial hydrogen concentration profile along the cre-
vice wall for a crevice height of 500 um. Four curves are shown,
corresponding to the experimental conditions of OCP,
OCP + 100 mV, OCP + 200 mV and OCP + 300 mV.

The following conclusions can be made based on the calculated
results presented in Figs. 9-12:

e The calculated OCP is about —760 mVyy,. for all crevice heights.

e The calculated crevice current decreases with the crevice height
at all applied potentials. This corresponds to the increased inter-
nal resistance of the crevice to current transport.
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Fig. 7. Picturing the electron transport into the substrate: ionic and electronic contributions. Reactions according to [6].
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Fig. 9. Calculated (lines) and measured (symbols) crevice current versus applied
potential for various crevice heights. The environmental conditions are 300 °C, 1-
000 ppmB, 2 ppmLi and 25 cc/kg (STP) dissolved hydrogen. Modelling information
is given in Table 3.

e The radial pH profiles correspond to the conventional thinking
with regard to acidification inside crevices. The higher the
applied potential, the greater the acidification. There is no obser-
vable acidification at OCP where the crevice current is negligibly
small.

500 micron crevice

7 IWEVVET VST A = S H Grimehmmin
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Fig. 10. Calculated pH profile in a 500 micron crevice at various applied potentials
(OCP, OCP + 100 mV, OCP + 200 mV, OCP + 300 mV). The environmental conditions
are 300 °C, 1000 ppmB, 2 ppmLi and 25 cc/kg (STP) dissolved hydrogen. Modelling
information is given in Table 3.

e The radial potential profiles correspond to the conventional
thinking with regard to a potential drop into the crevice and a
largest potential gradient close to the mouth of the crevice.
The higher the applied potential the greater the potential drop
into the crevice and the greater the potential gradient close to
the mouth of the crevice. The centre of the crevice is close to
the so-called limiting conditions. There is no observable poten-
tial drop at OCP where the crevice current is negligibly small.

6. Comparison of measurements and calculation

In Fig. 9 the calculated and measured crevice current are plotted
against the applied potential. The solid lines correspond to the
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Fig. 11. Calculated electrode potential profile in a 500 um crevice at various applied
potentials (OCP, OCP + 100 mV, OCP + 200 mV, OCP + 300 mV). The environmental
conditions are 300 °C, 1000 ppmB, 2 ppmLi and 25 cc/kg (STP) dissolved hydrogen.
Modelling information is given in Table 3.
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Fig. 12. Calculated hydrogen concentration profile in a 500 um crevice at various
applied potentials (OCP, OCP + 100 mV, OCP + 200 mV, OCP + 300 mV). The envi-
ronmental conditions are 300 °C, 1000 ppmB, 2 ppmLi and 25 cc/kg (STP) dissolved
hydrogen. Modelling information is given in Table 3.

calculation and the symbols to experimental measurements. The
calculated crevice currents increase with the crevice height. This
has to be understood as meaning that the resistance of the crevice
interior to current transport is decreased as the crevice height in-
creases. The calculated crevice currents lie above the measured
ones and this is believed to be due to the fact that the external
environment - and hence its resistance to current transport —
has not been modelled. However, the agreement is reasonable,
given that we have used data from various independent sources
in the modelling and given the accuracy of the experimental
measurements.

In Fig. 13, calculated and measured electrode potential profiles
along the crevice are compared. The solid lines correspond to the
calculated electrode potential profiles. These are plotted as calcu-
lated. The symbols indicate the measured platinum sensor poten-
tials. These are plotted after correction. The corrections for
Fig. 13 entail a pH correction, a conversion to the standard hydro-
gen scale (SHE) and a correction for IR-drop as detailed in Appen-
dix B. The colour coding is blue for comparison at OCP, green for an
applied potential of OCP + 100 mV, red for an applied potential of
OCP +200 mV and black for an applied potential of OCP + 300 mV.
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Fig. 13. Comparison of calculated (lines) and measured (symbols) electrode pote-
ntial profiles in crevices of various heights (500, 1000 and 2000 pum), at various
applied potentials (OCP, OCP + 100 mV, OCP + 200 mV, OCP + 300 mV). The envi-
ronmental conditions are 300 °C, 1000 ppmB, 2 ppmLi and 25 cc/kg (STP) dissolved
hydrogen. Modelling information is given in Table 3.
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The measured crevice current and an Ohmic resistance of 5000 Q
are used in the IR-drop correction. Given that we have used data
from various sources in the modelling and given the corrections
needed, the agreement between measured and calculated potential
profiles is reasonably good.

7. Conclusions

e Experimental electrode kinetic measurements have been
performed on 316 stainless steel cylinders exposed to PWR-rel-
evant conditions: 1000 ppmB, 2 ppmLi, 25 STP ccH,/kg at 300 °C.
Fitting of the potentiostatic data yielded the following electroki-

netic expression for the hydrogen oxidation reaction
(H, — 2H" + 2e7) under long-term steady state conditions

. 0.20FE

ing = 1.682[H,] exp ( RT >

e Autoclave crevice experiments have been performed under the
same bulk conditions. The experimental measurements have
been interpreted and evaluated using finite element computa-
tions of the electrochemistry in the crevice using hydrogen oxi-
dation and water reduction as dominant electrochemical
reactions.

e The relatively good agreement between the platinum sensors’
potential measurements on the one hand and, the computa-
tional electrochemistry-calculated potentials on the other hand,
indicates that the electrokinetic equations for hydrogen oxida-
tion and water reduction are valid under the given operating
conditions.
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Appendix A. Electrode kinetic model

The mixed potential model [8] states that the total current den-
sity at an electrode is the sum of the anodic and cathodic current
densities, i.e.

itotal(E) = ianodic (E) + icathodic (E) (3)

The open circuit potential can be derived from this equation by set-
ting the total current to zero, i.e.

ianodic(ocp) + icathodic(ocp) =0. (4)
The cathodic current density can be expressed as
icathodic = icei%fa (5)

when assuming only one cathodic reaction.
The anodic current density is the sum of the ionic and electronic
current densities as shown in Fig. 7, i.e.

lanodic = lionic + lelectronic- (6)

According to the point defect model [11] the ionic current density is
given by (Fig. 7)

fionic = fcve + iave + icip. (7)

The subscripts, respectively, refer to cation vacancy consumption,
anion vacancy production and cation interstitial production (Fig. 7).

The electronic current density is associated with the transport
of electrons produced by the charge transfer reactions at the film/
solution interface and subsequently transported to the substrate
through the oxide film as shown in Fig. 7. When the film is thin
the electrons can be tunneled [10] through the film and the resis-
tance of the film is relatively low. However, when the film be-
comes thicker, electrons are transported as in semi-conductors
[9] and the resistance of the film is relatively high. The change
in transport mode can be described by the tunnelling equation
[10]

i=ige . (8)

The final Egs. (9)-(12) are similar to a previously described Weibull
transition between the active and passive state [12].

lelectronic = W - i:Ct +(1-w)- igass, 9)
1 E< Eﬂadm

w= ,(E Eﬂade)" (10)
e Escale E > Eﬂade,

ACtF
5 = (37 [HaJe ™, (11)
XSQSSF
e = e (12)

The correspondence between the empirical Weibull and the scien-
tific tunnelling approaches can be derived by comparing Egs. (8)
and (10). One obtains

pL= KEE—OI) . _fr“)Eo] {(1 fga)Eo <E iﬂade)"} 3

where Ej is arbitrary taken as 1 V. Assuming the following relation
between potential and film thickness (14), which is a slight modifi-
cation of the linear potential versus thickness relation given in [11]

L= (5 (14)

one gets the anodizing constant as

1= () = -

The value of Eq has not been experimentally verified but could be on
the basis of film thickness, « and ¢ measurements. The value of n
could be simultaneously obtained from a potential dependence of
the film thickness. Since Eq. (14) is only used for illustrative pur-
poses, to get an estimate of film thickness, and, hence, does not af-
fect other conclusions, the authors can pick up the issue in future
research.

When fitting the above model to the experimental potentio-
static polarization data shown in Figs. 1-5, the constants shown
in Tables 1 and 2 are obtained. The cathodic parameters (i. and
oc) where obtained from previous fitting of the cathodic part of
polarization curves. Here, the parameters of the anodic parame-
ters (i2°, o2t i and »%%) and the Weibull parameters (Eqade, Es.
cale and n) have been fitted to the anodic part. On the basis of the
tunnelling current the anodizing constant g (15) has been ob-
tained and is given in Table 1. It is interesting to note that data
pertaining to various dissolved hydrogen concentrations could
be fitted in one go - only the transition potential E.,s had to
be varied with the dissolved hydrogen concentration (Table 2).
The transition potential Ei.,s is shown in Table 2 as a function
of the dissolved hydrogen concentration. The film thickness L
has been calculated on the basis of Eq. (14) and it is also shown
in Figs. 1-5.
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Table 1
Summary of the various parameters and properties as used or obtained by modelling
the experimental potential-current density data for 316 stainless steel in a nominal
boric acid-lithium hydroxide solution (1000 ppmB, 2 ppmLi and 0-31.5 ccH,/kg) at
300 °C

Cathodic ic (A/m?) 6.47 x 1078 (from previous work)
o (=) 0.90 (from previous work)
Anodic Active i2%(A/m2)  2.00 (fitted in this work)
0dt (=) 0.35 (fitted in this work)
Passive 2P (A/m?)  0.05 (fitted in this work)
of® (=) 0.20 (fitted in this work)

Weibull transition(e~ Efiade (Vshe)
tunnelling— e~ mixed Escate (Vshe)
conduction) n(-)

& (V/m) 108 (assumed)
o (=) 0.25 (assumed)
B (/m) 1.3 x 10" (calculated from Eq. (15))

f(H,) - see Table 2
0.100 (fitted in this work)
3.00 (fitted in this work)

Film thickness

Table 2

Variation of the fitted transition potential, Eg.qe, as a function of the dissolved
hydrogen concentration for 316 stainless steel in a nominal boric acid-lithium
hydroxide solution (1000 ppmB, 2 ppmLi and 0-31.5 ccH,/kg) at 300 °C

[HZ] ( cc/kg) Eﬂade (Vshe)
315 —0.570
26 —0.580
22 —0.650
17 —0.700
None (2) —0.700

Appendix B. Corrections to potential measurements
B.1. Conversion to the standard hydrogen scale (SHE)

The platinum sensor (Pt) and specimen (WE) potentials are
measured against an internal reference electrode and, hence, have
to be converted to the standard hydrogen scale. The bulk pH at
300 °C for a solution containing 1000 ppmB and 2 ppmli is 6.95.
At 300 °C and a pH of 6.95 the conversion is —730 mV [7], i.e.
EMYWE(Vge) = EPYWE 4 Eite — EPYWE(measured) — 0.730V1¢ (16)

she ire she ire she

The specimen potentials at OCP are in the range —20 mVj. to
—40 mVj., and, hence, yield about —750 mVe to —770 mVgpe On
the standard hydrogen scale. This OCP value is close to the finite
element calculated OCP (Fig. 9).

B.2. pH correction

The platinum sensors measure a potential which is pH depen-
dent. Hence, experimentally we cannot measure potential and pH
separately. However, the modelling results give us the pH values
at the respective platinum sensor locations. These can be used to
pH-correct the measured platinum sensor potentials as follows:
F— E;‘:?eeasured

ire correction

+ Eshe

E = B 4 (~0.730VE) + (230301 (pHE — pH)

where pHer = 6.95
The factor 2.303 & comes from the pH dependence of the redox
potential for the hydrogen reaction
H +e = 1H
— 2 2,

which takes place at the platinum sensor surfaces. The factor can be
derived from the Nernst equation for the hydrogen reaction, i.e.

Table 3
Data used for modelling the autoclave crevice
Geometry Height Variable
Ic Radius Electrode 25 mm
t Outer 27.5 mm
o \Y‘Z\\V\\\‘l\\\\\\‘\\ T
i\\\\ electrode \\
PCRSSSSS insulator R
B e
Conditions
Temperature 300°C, 573K Pressure 150 bar
Density 711 kg/m> Flow None
Boron 1000 ppm, 65.77 mol/m>  Lithium 2 ppm, 0.20 mol/m?
pH 6.97 Conductivity ~ 0.0522 S/m
Ion system
Species Charge Diffusion coefficient Bulk concentration
(m?[s) (mol/m?)
1 Li* +1 516 x 1078 0.2026
2 LiOH 0 4.00 x 10°8 1.528 x 107>
3 LiB(OH), 0 4.00 x 1078 9319 x 105
4 B(OH); 0 4.00 x 10°8 65.57
5 B(OH), -1 529 x 108 0.1543
6 B, (OH); -1 450 x 1078 1.984 102
7 B3(OH)3, il 3.57 x 1078 1573103
8 H* +1 463 x 1077 7.6871 x 10>
9 OH™ -1 2.63 x 1077 2.695 x 1072
10 H, 0 8.21x10°8 0.793
Conductivity (S/m) K= %EizizD,-C,-
Electrochemical reactions
Reaction Equation/parameters E = Vi, — ¢
H,— 2H* +2e~ inr (A/m?) = 1.682[H,] exp (220FE)
2H,0+2e” - 20H +H, iwg (A/m?) = —6.47 x 10”® exp (— 290
Species No. Flux (injection is positive)
8 ing/F
9 ~iwr/F
10 —iwg/(2F) — iug/(2F)
Chemical reactions
Reaction ke ky, (for Keq (=k/ky, for
(for mol/m®) mol/m3)  mol/m?)
1 B(OH); + OH™ <= B(OH); 1 11.45 8.731 x 102
2 B(OH), + B(OH); <= By(OH); 1.960 x 1073 1 1.960 x 103
3 By(OH); +B(OH); <= B3(OH);, 1.210x 1073 1 1210 x 103
4  Li*+OH <LiOH 2789 x 1073 1 2.789 x 103
5 Li* + B(OH); < LiB(OH), 2982 %103 1 2.982 x 103
w  HyO&H'+OH- 1 482732 2.072 x 107
Species Production rate
number
1 (Kap - €2 — kag - €1 - Co) + (Ksp - €3 — kg - €1 - C5)
2 kag-€1-Co—Kkap - Ca
3 ksg-c1-c5 —Kksp - C3
4 (k1 - €5 — ki €4 - Co) + (Kab - €6 — Kaf - Ca - C5) + (K3b - €7 — K3t - Ca - C6)
5 (kif-Ca-Co—Kip - Cs5) +(ka - Co — Kar- Cq- Cs) + (ks b -
€3 — kst €1 - Cs)
6 (kat - €4 - €5 — kab - C6) + (K3b - €7 — k3t - C4 - C6)
7 kst Ca-Ce —kap - C7
8 (kwe — kwb - Cs - Co)
9 (kwt — Kwb - Cg - €o) + (Kab - C2 — Kag - €1 - Co) + (Kup - €5 — Kaf - €4 - Co)
10 0

The experimental environmental conditions are 300 °C, 1000 ppmB, 2 ppmLi and
25 cc/kg (STP) dissolved hydrogen.

Eng = Eo% _g In(H") = E% —2.303glogm(H*) =Ey +2.303¥pH.
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The reference pH value, pHyer, is subtracted from the calculated pH,
pH, for the EX2, value of —0.730V", already took into account a

pH of 6.95. The factor’s value at 300 °C is 0.1139.

B.3. IR-drop correction

The absolute values of measured (pH-corrected) and calculated
potential profiles differ when a potential is applied to the tested spec-
imen (i.e. OCP + 100 mV and OCP + 200 mV). This lead us to believe
that an IR-drop correction was needed. The finale correction then reads

__ pmeasured ire correction correction
E= Eire + Eshe + EpH + EIR ’

E = Emeasured 4 (_0.730V™) + [0.1139(pH™ — pH,)] + 1 - R,

ire she

where pH,ef = 6.95.

A value of 5000 Q has been used for the solution resistance
throughout all the experiments. The correction is tought to be
needed for/related to (1) the position of the IRE, which is away
from the crevice mouth and (2) neglecting the external environ-
ment in the modelling.
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