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To optimize fission fuel and protect cladding integrity, this work investigates shadow corrosion in a one-fourth circular electrode
geometry. The anodic corrosion of Zircaloy-2 (Zry-2) was investigated in a circular geometry electrode configuration under
reactor operating conditions. The impact of gamma and neutron radiations on water conductivity and shadow corrosion was
examined under two different cathodes. This work also investigates the effect of current exchange density and the cathodic Tafel
coefficient on the cathodic current. Using COMSOL Multiphysics 5.2, the Laplace equation was solved to obtain the electrostatic
potential and current density distributions in the studied domain. When the distance d between the anode (Zry-2) and cathode
(platinum/nickel) is <0.5 mm, it was observed that a uniform oxide layer of thickness 20 pm grew on the smooth internal surface of
Zry-2 for corrosion lasting 1166 h. When d > 0.5 mm, the oxide thickness falls in a manner dictated by the degree of dissociation «
of the electrolyte. At a cladding gap of 0.08 mm, a radiation-enhanced uniform corrosion rate of 2.405 10~ mmpy was obtained for
Zry-2. This value is 142 times greater than that obtained at room temperature in the absence of radiation. It was also observed that
the corrosion rate falls at higher cladding gaps, and the rate of change depends on the degree of dissociation. Other phenomena
such as the dynamics of shadow corrosion under varying electrode separation and electrolyte conductivities, as well as extensive
evaluation of critical fuel cladding parameters, are presented in this work.

1. Introduction

Due to the increase in energy consumption, the task of
optimization of fission fuels, and the cumbersome nature of
producing new kinds of reactors, the longevity and integrity
of fuel cladding have become essential. The long-lifetime
achievement of this core component is retarded under ir-
radiation conditions. This is a result of corrosion/oxidation
degradation of structural materials when exposed to ionizing
radiations [1]. In general, unless electrons are transferred
from the metal to water and oxygen ions diffuse in the
opposite direction of electrons, the corrosion or oxidation
reaction in Zircaloys is unlikely to happen [1]. As a result,
oxygen ion diffusion and electron mobility are critical in

oxidation, with the slower traveling species acting as the
rate-controlling process. Several investigations with and
without irradiation have been conducted to better under-
stand the oxidation mechanism of Zircaloys. Placing the
specimens in molten salt, for example, revealed the complex
behavior of current in Zircaloy-2 oxides, with the electronic
and ionic currents following the Schottky emission and Tafel
relationships, respectively [2]. Both electrons and ions were
shown to be equally significant in the rate-controlling
process [3]. Shirvington discovered electron conduction that
is unaffected by oxidation environments in two types of
Zircaloy-2 oxides formed in oxygenated water under the fast
neutron flux of 1.5x10" n/cm” s with fluoride contami-
nation (in reactor oxide) and in the steam of a micro-
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autoclave (out reactor oxide) [2]. The effect of 29.2 Gy/s
gamma irradiation on electron transport in Zircaloy-2 ox-
ides was also discovered [4].

Shadow corrosion is a phrase used in the nuclear in-
dustry to indicate increased corrosion of Zircaloys in a
boiling water reactor (BWR) when it is near or in contact
with another metallic component that is usually nobler than
the Zircaloy [5]. The localized accelerated corrosion re-
sembles the form of the other noble component, which
resembles a shadow [5]. Due to the potential difference
between Zircaloys and the other metal component under
radiolysis in a BWR-type environment, shadow corrosion
(SC) has been hypothesized to be a particular example of
crevice corrosion. When SC is detected, however, the sep-
aration between Zircaloys and the dissimilar metal com-
ponent is not a crevice. The effect of SC, for example, can be
visible at gaps ranging from a fraction of a millimeter to a
few millimeters, whereas typical crevices are only a few tens
of nanometers wide. The electrochemical basis for the
accelerated corrosion is strongly suggested by the observed
potentials and short circuit currents, implying that galvanic
corrosion could be the cause. However, there is no direct
electrical contact between Zircaloy-2 and the other material
producing the shadow effect. Although the photoconduc-
tivity of the oxides and greater coolant conductivity have
been suggested as variables in the current flow between the
two metals, the specific mechanism for the enhanced cor-
rosion is yet unknown [3]. In his conclusion, Ramasu-
bramanian [3] stated that when Zircaloy-2 is near platinum
or nickel alloys under BWR conditions: (1) Shadow cor-
rosion is initiated by proton transport to Zircaloy-2, which is
aided by the potential difference between the two materials;
(2) coupling of the two materials is via ionic transport in the
coolant in the gap, which is aided by the potential difference
between the two metals, and the transport of species under
their concentration gradients; and (3) radiolysis is required
for the hypothesized electrochemical mechanism to func-
tion, as it ensures that a minimum concentration of ra-
diolytic species is present.

SC has been adjudged as a phenomenon peculiar only to
BWRs [6], and the results of experiments at the Massa-
chusetts Institute of Technology (MIT) support the galvanic
coupling paradigm as the cause of SC [7]. SC develops only
when a counter-electrode (CE) consisting of a nobler metal
than the Zircaloy is used, and the thickness of the oxide layer
formed decreases as the distance between electrodes rises.
While aluminium oxide successfully separates the cladding
from the CE, this layer cannot be termed insulating because
it is thin (a few millimeters) and its electrical conductivity
increases when exposed to light due to a photoconductivity
effect [8, 9]. The MIT experiments have been used as a
reference standard of validation for studies involving SC in
commercial reactors [7]. The experiments revealed that with
a 0.5mm gap between Zircaloy-2 (anode) and platinum
(cathode), an oxide layer of 20 um was developed on the
surface of Zircaloy-2 for corrosion lasting 1166 hours.
Factors impacting shadow corrosion in a BWR environment
with platinum as the CE were explored using the MIT
standard in a modeling study of the galvanic coupling
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process in a BWR environment [7]. It was shown that re-
gardless of the nature of the CE, the same oxide thickness
could be achieved as long as it was made of a metal nobler
than Zircaloys. More recently, the precise control of proton
flux and estimated hydrogen peroxide concentration, as well
as comprehensive oxide thickness measurements, were used
to develop an empirical model for shadow corrosion under
neutron irradiation [10]. These studies, however, are limited
as they considered only the plane electrode geometry, which
is rarely the case in the real world. Furthermore, previous
studies failed to address the effect of ionizing radiations on
the electrolyte conductivity.

To address the limitation with the state of the art, and to
turther optimize fission fuel, the current work investigates the
effect of ionizing radiations on SC that may occur at the
cladding gap of a cracked fuel pellet in a BWR, where
platinum/nickel alloys are used as a surrogate fuel (the
cathode). The crack creates an avenue for water ingress into
the cladding gap. In order to make the computational time
smaller and to ensure an angle of 90° between two crack
locations, a portion (one-quarter) of the actual circular do-
main is chosen for study in this work. First, to validate the
model used in the current work, the MIT standard is
implemented through SC simulation in a % circular electrode
geometry in other to establish the referenced oxide thickness.
Second, using this as a benchmark, a new model is developed
that considers the peculiarities of a cracked fuel pellet where
the radiation field impacts the conductivity of the coolant
water in the cladding gap. The distribution of electric po-
tential and current in the investigated geometry is carried out
using the electrochemistry module of COMSOL Multiphysics
5.2. This work advances the state of the art by (1) developing a
new galvanic coupling model in a BWR environment with
circular geometry and cracked pellet; (2) investigating the
effect of ionizing radiations on the electrolyte conductivity
and shadow corrosion under two different cathodes: plati-
num and Alloy 718 (referred to as the nickel alloy or nickel
subsequently); (3) establishing the relationship between the
cladding gap, the rate of change of corrosion, and the elec-
trolyte degree of dissociation for different fuel geometries;
and (4) presenting the differences between shadow corrosion
in plane and one-fourth circular geometries.

Furthermore, this work also investigates the effect of the
density of current exchange at the cathode and the cathodic
Tafel coefficient on the cathodic current. The experiment was
done by running two parallel simulations with two different
cathodes (platinum and nickel) while keeping the anode
(Zircaloy-2) constant, and the result is presented in this
paper. This work is useful in understanding the similarities
and differences between the shadow corrosion in one-fourth
circular and plane geometries. Although the UO, fuel is a
ceramic material, a parametric study was also carried out
using the electrochemical properties of UO, fuel in order to
obtain practical results in a BWR environment.

2. Materials and Methods

2.1. Model Geometry and Boundary Conditions. The system
geometry adopted in this work is fashioned after Lysell’s
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electrochemical mechanism of SC where a platinum CE is
electrically connected to a Zircaloy anode via an electrolyte
[7] as depicted in Figure 1. The electrolyte occupies a dis-
tance d between the two opposing electrodes.

In the current study, the CE is chosen as platinum in the
first scenario and Alloy 718 is taken as CE in the second
scenario. The chemical compositions of Alloy 718 and
Zircaloy-2 (Zry-2) are provided in Tables 1 and 2, respec-
tively. Both electrodes are separated by a gap occupied by
coolant water of variable width d.

The model considers % of a fuel pellet where a 1° crack
leads to the ingress of coolant water into the cladding gap.
For simplicity, the effect of the crack beyond water ingress
into the cladding gap is not considered in this study. The CE
has a radius of 4mm, and the anode has a thickness of
0.65 mm. The entire geometry subtends an angle of 90° at the
center; hence, the lengths of the arcs (electrode surfaces) at
the boundaries are known (Figure 2).

The model geometry used in this study is shown in
Figure 2. A counter-electrode (platinum/nickel) is posi-
tioned opposite Zry-2 (the anode). Both electrodes are in
electrical contact via irradiated water in the cladding gap
with variable width d. Points on the inner surface of the clad
(site of oxidation) are identified by the one-dimensional
coordinate along the x-axis. The following assumptions are
made for this simulation:

(i) The total area of the CE is less than that of the anode
(geometry dimensions chosen to ensure this
condition).

(ii) The CE is nobler than the anode (i.e., the anode
corrodes preferentially to the cathode).

(iii) The thickness of the oxide layer at the initial time
(t=0) is negligible.

(iv) The effect of irradiation on oxide conductivity
during oxide growth is negligible.

(v) The electrolyte (water) conductivity o, at the initial
time (before water ingress into the cladding gap) is
constant (3-107*S/m). After water ingress, electro-
lyte conductivity ¢ is influenced by gamma and
neutron fluxes through the phenomenon of
radiolysis.

In the model shown in Figure 2, the water
electrolyte occupies a distance d between two opposite
electrodes. The Laplace equation in the electrolyte domain is
given as

Vg =0, (1)

where ¢ is the electrostatic potential in the electrolyte. The
current distribution is determined by

j=0Ve, (2)

where j is the current density and o is the electrolyte con-
ductivity [7].

The mesh and boundary conditions used in the model
are as shown in Figure 3. The three boundary conditions
used in this model are enumerated as follows:

(i) Beyond the electrodes, the boundaries are consid-
ered insulating, which can be expressed by
7 - j = 0, the so-called Neumann conditions (7],
with 7 being the normal outward vector and j
being the flux across the boundary.

(ii) At the cathode, the current density follows a Tafel-
like law [7]:

V-V
ic = —i? eXp<—b—0C>, (3)

c

where i is the density of current exchange, b, is the
Tafel coefficient, V. is the potential of the O,/H,0
couple, and V is the electrode potential. A constant
0

i, supposes a constant concentration of dissolved

oxygen in the electrolyte.

(iii) For the anodic oxidation of zirconium, an experi-
mental polarization curve was obtained for Zry-2 at
295°C by Cox [7]. The result obtained by Cox is
fitted with the following function:

i,= ig(l - exp(—iv _bVO“>>. (4)

The parameters i, b,, and V, are the density of
current exchange at the anode, the anodic Tafel
coefficient, and the potential of the O,/H,O couple,
respectively, while V is the electrode potential.

(iv) The common potential of Zry-2 and the CEs was
arbitrarily set to zero and thus does not appear
explicitly in the equations.

(v) The minimum and maximum element size of the
mesh in Figure 3 is chosen as 2.92107° and
1.456 > mm, respectively.

2.2. Model Calibration. The present model is calibrated
using data from the SC of Zircaloy cladding in a BWR [7],
which agree with the results of the MIT experiments. In
contrast to the reference model that is a plane geometry
without crack or geometric imperfection, our model is a %
circular geometry with cracks as described above. Essen-
tially, an oxide layer thickness of 19.98 ym is grown on the
Zry-2 surface for corrosion lasting 1166h with a 0.5 mm
distance between the electrodes when the electrolyte con-
ductivity was set to a constant value of 3-107*S/m. The
electrochemistry module of COMSOL Multiphysics 5.2 was
used to compute the total electrode thickness change as well
as the electrolyte current density. The difference in oxide
thickness with respect to the reference standard (20 ym) is
due to the nature of geometry. The electrode properties and
other parameters used for this study are listed in Table 3.

2.3. Dose Rate Estimation on Cathode Surface. For all sim-
ulations in this work, it is assumed that the cathode surface is
made up of a mixed field of neutron and gamma radiations
during normal reactor operation, and the fast neutron flux
on the electrode surface is 9.5-10"® n/cm?*.s [13]. The dose rate
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FIGURE 1: Lysell’s electrochemical mechanism explaining shadow
corrosion [7].

TaBLE 1: Chemical composition of Alloy 718 [11].

Ni (%wt) Cr (%wt) Fe (%wt) Nb + Mo + Ti (%wt)
53 19 19 9

TaBLE 2: Chemical composition of Zry-2 [11].

Zr (%wt) Sn (%wt)
Bal. 1.32

Fe (% wt)
0.169

Cr (%wt)
0.108

Ni (%wt)
0.055

o
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|
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FIGURE 2: Model geometry used in this study.

D,, (Gy/s) due to neutrons at a particular point on the
cathode surface is subsequently estimated. For neutrons with
an average energy of 2 MeV, the neutron flux is converted to
the dose rate using the conversion factor 1.5120E-01 (mrem/
h)/(n/cm?s) [14] according to the following equation:

mrem

Dn(ZMeV) [T

] = 1.5120 10" [M]

2
n/cm” - s

(5)

Neutron flux [n/cm2 . s],
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where 1 (mrem/h) =2.7777E-09 Gy/s.

To account for the gamma radiation field, a "*’Cs
y-source with a half-life of 30.1 years and an average gamma
energy of 0.662 MeV is used in this study; hence, the con-
version factor 1.52E-06 (rem/h)/(g/cm>s) is applied to
convert y flux into dose rate Dy (Gyls) as follows [14]:

: - h
Dyos2men) [@] =1.52-10 6[%]
| h g/cm .S

(6)
-Gamma flux[g/cm, - 5],

where gamma flux = 9.76:10"* g/cm®:s at the point of interest
on the cathode surface [15].

2.4. Estimation of H" and OH  Concentrations. Under
normal circumstances, the conductivity of water at room
temperature is usually very low with a neutral pH of 7. This is
due to low concentrations of hydrogen (H") and hydroxyl
(OH") ions. However, the water chemistry condition used in
the present study is the standard pH-11, which corresponds to
the ionic product of water at 561 K and 10 MPa, which is equal
to 107" (mol/1). The neutral pH in this condition (reactor) is
5.5, which implies that the H" and OH concentrations are
both equal to 3.1623E-06 mol/l [7]. The density of water as a
function of temperature at the prescribed physical conditions
in this work is given as follows [16]:

pr,0 = 11207772, 560<T <1273, (7)

where py o and T have units of g-cm and K, respectively.
The data that generated equation (7) has an accuracy of
0.9873.

When water or dilute aqueous solutions are irradiated,
electrons, hydrogen, and hydroxyl radicals are produced. In
the radiation energy treatment of water, the number of free
radicals created by radiation and how it varies with pH and
dissolved oxygen are essential issues [17]. As a result of
irradiation, water undergoes radiolysis in the cladding gap,
thereby producing hydroxyl radicals. The G-value (mol/
100 eV) due to neutron and gamma irradiations is expressed
by equations (8) and (9), respectively [18],

G, = 0.99 + 0.006264, (8)

G, = 2.557 +0.01012g, 9)

where g is the temperature in °C. With known dose rates and
G-values for each of the considered radiations, the pro-
duction rate of OH™ is evaluated as follows [19]:

2 D, G,on -
Sr:Z OH™ " PH,0

—r ot “PH0 (10)
1.602-10" - N,

r=1

where r =1, 2 represents neutrons and gamma, respectively,
D, is the dose rate for a given radiation type r (Gy/s), Gron-
is the radiolytic yield for a given radiation type r (molecules/
100 eV), py, o is water density (g/ cm?), and N, is Avogadro’s
number. The product
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FIGUure 3: Mesh and boundary conditions used in computations.
Beyond the electrodes, the boundaries are insulating.

Srt=COH*, (11)

is a measure of the concentration (mol/dm®) of OH™ ions in
the cladding gap at time t. At the standard operating time
(t=1166h), the pOH of the electrolyte can be evaluated
using the result of equation (11),

pOH = — log,,Coy-- (12)

In turn, equation (12) is used to compute the pH and
then the concentration of H" in the electrolyte, knowing that
at the prescribed condition,

pH =11 - pOH. (13)

2.5. Computation of the Molar Conductivity of the Electrolyte.
The quantity of ions in a given volume of a solution de-
termines its conductivity. Electrolytes are ionic conductors
(charge carriers are ions) unlike metals that are electronic
conductors (charge carriers are electrons). It has been noted
that the conductivities of hydrogen and hydroxyl ions are
unexpectedly high, being about 7 and 3 times that of the
average value for other ions, respectively [20]. Accordingly,
it is assumed that, apart from these two ions (H" and OH"),
the contribution of other ions to the electrolyte conductivity
is negligible. The Nernst-Einstein equation, which links
molar conductivity to diffusion coeflicients, can be written as

follows [21]:
2
) (peen o

where o is the intrinsic conductivity, ¢ is the molar con-
centration, F is the Faraday number, R is the gas constant, T
is the absolute temperature, « is the degree of dissociation of
the electrolyte, and D' and D~ represent the variable dif-
fusion coefficients (m®/s) of H" and OH~, respectively.
When the molar conductivity A takes a zero value, ions
cannot diffuse, i.e., =0 and o =1 imply that the degree of
dissociation is highest (complete dissociation). In this work,
A is computed by discretization of the degree of dissociation

a, between 0 and 1. The temperature-dependent diffusion
coefficients (D*) of the ions (H* and OH") are linearized in
the coordinates of the Arrhenius equation [22] according to
the following equation:

. E,
D* =D, - exp(—R—T), (15)

where Dy is temperature independent, R is the gas constant
(8.3145J/mol/K), T'is the absolute temperature, and E,, is the
diffusion activation energy. The values of D" and E, for H"
and OH"™ are obtained from the open literature [23]. In this
work, the value of electrolyte conductivity oo=3-10"*S/m
was adopted as the initial condition, while at a stipulated
time (t=1166h), the following equation was used to
compute the electrolyte conductivity:

0=0,+0, (16)

where
0, = (Ay+ - Cyp) + (Aon- - Con ) (17)

is the contribution of H" and OH" ions to the electrolyte
conductivity at a given time f. With the aid of the elec-
trochemistry module of COMSOL Multiphysics 5.2, the
current and potential distributions in the electrolyte sand-
wiched between two opposing electrodes are computed
using an electrostatic model adapted for the study of shadow
corrosion.

3. Results and Discussion

3.1. Effect of Irradiation on Electrolyte Conductivity. At
typical BWR working conditions (temperature of 561 K
and pressure of 10 MPa), the dose rates computed at a
given location on the cathode surface using equations (5)
and (6) are 39,900 and 4,108 Gy/s for neutrons and
gamma, respectively. With this information, the elec-
trolyte conductivity is evaluated by measuring the pro-
duction rate of OH™ and H" ions in the cladding gap. As
expressed by equation (14), Figure 4 depicts the electrolyte
conductivity, A, as a function of the degree of dissociation
of water, a.

As evident from Figure 4, conductivity increases
proportionally to the degree of dissociation a. A zero-
degree dissociation (i.e., «=0) corresponds to the initial
conditions where the electrolyte conductivity is 3-107* S/
m. As water undergoes radiolysis in the cladding gap due
to the action of ionizing radiations, water molecules are
split into constituent ions and the degree of dissociation
begins to rise. At complete dissociation (i.e., «=1), the
highest electrolyte conductivity is recorded as
10.375:10~* S/m.

3.2. Estimation of Oxide Growth for Plane and Circular
Geometries. To validate the model used in the current work,
the parameters used for the plane geometry in ref [7] were
first applied to develop a similar model. Then, the model is
adapted to develop a new model for the 1/4 circular ge-
ometry presented in this work. Figure 5 shows the
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TaBLE 3: Model parameters used in the simulation.
Present work
Variables Values used for Case 1 (circular ith ircul ith
calibration [7] : geometry wit Case 2 (circular geometry wit
a platinum cathode) an alloy 718 cathode)
Vo /SHE (V) -0.21 -0.21 ~0.20 [11]
b, (mV) 120 120 180 [12]
i (uAcm™?) 0.8 0.8 0.4 Ref [11]
Vo /SHE(V) -0.9 -0.9 ~0.9
i (uAcm™2) 10 10 10
b, (V) 0.1 0.1 0.1
T (K) 561 561 561
0o (Sm™) 3.107* 0=0y+0; 0=00+ 0
d (mm) 05 0.05-5 0.05-5

x10*
11 T

Electrolyte conductivity (S/m)
~

3 \ \ \ \ \ \
0 01 02 03 04 05 06 07 08 09 1

Degree of dissociation

FIGURE 4: Electrolyte conductivity versus degree of dissociation of
water in the cladding gap.

electrostatic potential in the electrolyte around a platinum
cathode at a cladding separation of 0.5mm. It can be seen
that the shadow of the counter-electrode is imprinted on the
anode with the implication of oxide growth in the opposite
direction. The arrow lines in this figure represent the current
density vector whose magnitude is the electric current per
unit area at a given point, its direction being that of the
motion of positive ions at this point. Contrary to a uniform
radial electrostatic distribution in an uncracked geometry
(Figure 5(b)), it is observed that the radial electrostatic
potential distribution has a peak character in a cracked
geometry with a value of 1.17V at the tip of the cracks
(Figure 5(a)). This is attributed to the tendency of charges/
ions to concentrate at sharp points.

The oxide growth due to SC was computed as the total
electrode thickness changes, which occurred for the pre-
scribed time period (t=1166 h). Figure 6(a) shows the result
for a plane geometry adapted from ref [7], while Figure 6(b)
is the result for this work in a 1/4 circular geometry, both
obtained under the same working conditions. In the former
case, shadow corrosion produced a bell-shaped oxide layer
that is localized with a peak value of 20 ym cast opposite the

center of the Zry-2 cladding. Since the cathode and anode
have respective lengths of 2 and 16 mm (equivalent to a
cathode/anode ratio of 0.125), it is obvious that the cathode
is localized in the SC field. Therefore, the localized bell-
shaped oxide profile observed in this case is largely due to a
localized cathode. In the latter scenario, the shadow cor-
rosion is not localized but uniform across the smooth in-
ternal surface of Zry-2 cladding with an oxide layer value of
20 um. This is expected because the cathode/anode ratio is
=1; hence, we have a distributed source giving rise to a
uniform oxide profile. It is further observed in this case that
the oxide growth is irregular around the vertices of the
anode, giving rise to a zig-zag oxide pattern that terminates
in a maximum peak. This observation is a result of an overlap
of the oxide growth at the vertices (Figure 7). The maximum
oxide peak due to the overlap at the anode vertices is
32.1 ym, whereas a uniform oxide layer of 20 ym is spread
across the smooth internal surface of Zry-2.

3.3. Dynamics of Shadow Corrosion under Varying Electrode
Separation and Electrolyte Conductivities. Among the factors
affecting SC are the separation between electrodes and
electrolyte conductivity. These two factors were investigated
by measuring the oxide thickness as a function of electrode
separation while keeping electrolyte conductivity constant.
Figure 8 shows the result obtained when platinum was used
as the CE. Compared to the experimental result reported for
a plane geometry in [7], the present work reveals that at 0%
electrolyte dissociation (corresponding to an electrolyte
conductivity of 3.10*S/m), shadow corrosion in a circular
geometry has an exponential characteristic similar to the one
obtained in a plane geometry. The values used for this
comparison are the maximum oxide layer peaks reported in
a plane geometry and the uniform oxide layer cast on the
smooth surface of Zry-2 at locations other than the vertices.
It is evident from Figure 8(a) that between 0 and 20%
dissociation of the electrolyte, the general exponential trend
of SC is conserved within electrode separation of 0.5-5 mm.
At higher degrees of dissociation (a>0.5), however, the
oxide growth is constant between the 0.5 and 1.5mm
electrode gap, and the graph begins to assume a fairly linear
shape after a 2 mm gap (Figure 8(b)). This suggests that the
electrolyte (water) is perhaps never completely ionized in the
gap under the reactor working conditions. It is also observed
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geometry [7] and (b) for Zry-2 in a % circular geometry.

from both graphs that irrespective of the degree of disso-
ciation, the same oxide thickness is obtained at a cladding
gap of 0.5mm for both plane and circular geometries. This
observation is in conformity with the experimental result of
[24] that reported the same oxide thickness for corrosion
occurring at a constant electrode separation whatever the
nature of the CE, provided it is made of a metal nobler than
the Zircaloy. The role of the counter-electrode is then es-
sentially that of a cathode and that shadow corrosion is
dominated by a mechanism of electrochemical character.
Furthermore, the result obtained in this work is in

agreement with the results from the test in the R2 reactor in
Studsvik [24] where radiolysis was identified to have an
important role for the formation of shadow corrosion.
Statistical data of the maximum oxide layer at selected
cladding gaps are presented in Tables 4 and 5. Table 4 shows
that at cladding gap d<0.5mm, the zirconia layer on the
smooth internal surface of Zry-2 is a constant value, ~20 ym,
irrespective of the degree of dissociation. Above 0.5 mm
electrode separation, the oxide layer begins to drop as a
function of d at constant a, while the oxide layer grows as «
rises at cladding separation beyond 0.5 mm. The situation is
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FiGure 8: Maximum oxide thickness for several distances between electrodes at (a) 0, 10, and 20 and (b) 50 and 100% degrees of dissociation.

similar around the vertices of the anode (Table 5) where
oxide growth due to overlap is fairly constant at d <0.5 mm.
At a cladding gap of above 0.5 mm, oxide growth at vertices
due to overlap is proportional to the degree of dissociation of
the electrolyte. This shows that the anode vertices are more
sensitive to shadow corrosion than the smooth surface.
Furthermore, it is observed that the size of elements that
make up the mesh influences the oxide characteristics at the
vertices; the smaller the size, the higher the overlap.

3.4. Comparison of Shadow Corrosion under Different
Cathodes. This section discusses the parameters i (density
of current exchange at the cathode) and b, (cathodic Tafel
coefficient) and how they affect the cathodic current, as
shown in equation (3). This experiment was done by running
two parallel simulations with two different cathodes while
keeping the anode constant. In the first case, the cathode was
chosen as platinum, while in the second case, nickel was
used. Figures 9 and 10 show the SC results for platinum and
nickel counter-electrodes, respectively. Figures 9 and 10
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TABLE 4: Variation of oxide thickness as a function of the degree of dissociation («) for an arbitrary smooth surface of Zry-2.
Oxide thickness (um) at various electrode distances d
o
d=0.08 mm d=0.5mm d=1.0mm d=2.0mm d=5.0mm
0 19.99 19.98 18.54 10.79 4.16
0.1 19.99 19.99 19.65 12.81 5.03
0.2 19.99 19.99 19.90 14.64 5.87
0.5 19.99 19.99 19.99 18.55 8.23
1 19.99 19.99 19.99 19.93 11.72
TaBLE 5: Variation of oxide thickness as a function of the degree of dissociation («) at Zry-2 vertices.
Oxide thickness (um) at various electrode distances d
o
d=0.08 mm d=0.5mm d=1.0mm d=2.0mm d=5.0mm
0 31.9 321 27.6 12.5 4.16
0.1 31.9 321 30.8 15.8 5.03
0.2 31.9 32.2 31.7 19.2 6.01
0.5 32.0 321 31.9 27.9 9.06
1 32.0 321 32.1 31.8 14.4
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were obtained at electrolyte conductivities of 3E-4, 3.7E-4,
6.7E-4, and 10.4E-4 S/m, corresponding to 0, 0.1, 0.5, and 1
degrees of dissociation.

From Figures 9 and 10, it is seen that regardless of the
cathode nature, the oxidation profiles are similar. Again, this
buttresses our earlier position that whatever the type of the
CE (provided it is made of a metal nobler than the Zircaloy),
the resulting oxide profiles are the same. From equation (3),
it suffices to say therefore that the parameter that determines
the oxide growth is predominantly the potential of the O,/
H,O couple (V) and not the density of current exchange at
the cathode (i%), neither is it the cathodic Tafel slope (b,). In
other to justify this finding, a third parallel simulation was
performed by keeping V. constant while increasing i and b,
by a factor of 5 and 3, respectively, for the standard case. The
resulting values of i (4 uA cm ™) and b, (370 mV) in this
parametric study correspond to the electrochemical char-
acteristics of UO, as a cathode as obtained in [25]. The

resulting oxide profiles for such a parametric study were
practically the same on the smooth internal surface of Zry-2
like those shown in Figure 9. For both electrode types in-
vestigated, the oxide layer is 20 ym for electrode spacing of
0.08, 0.2, and 0.5mm irrespective of the electrolyte con-
ductivity. When the spacing between electrodes reaches
I mm and beyond, the oxidation profile becomes largely
dependent on the electrolyte conductivity. This result
confirms that SC has a limiting minimum electrode sepa-
ration below which the oxide growth remains constant, and
for this work, the limiting value is 0.5 mm. At an electrolyte
conductivity of 3-107*S/m, the oxide layer on the smooth
surface of Zry-2 is 18.54 ym at an electrode spacing of 1 mm,
while the oxide peak at the vertices is 27.6um for the
platinum cathode. For the nickel cathode, the values ob-
tained at similar conditions are 16.56 and 22.9 ym. The
difference in oxide profiles for both cathodes is due to the
dissimilar potential of the O,/H,O couple (V).
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3.5. Corrosion Rate Prediction. The rate of corrosion, Cg,
occurring at the cladding gap can be calculated from current
density using Faraday’s law [26] as follows:

C M

R ™ zF P.]x’ (18)
where the Faraday constant F is 96485.34 C-mol™', the
atomic mass M is 123 and 91.224 g-mol ™" for ZrO, and Zry-
2, respectively [7], the density p is 5840 and 6510 kg-m,
respectively, for ZrO, and Zry-2 [7, 27] for the corroding
constituents, the electron number z is 4, the corrosion rate
Crisin ms™', and the current density j, is in Am . Figure 11
shows the current densities recorded at the cladding gap for
the two scenarios investigated.

Figures 11(a) and 11(b) show that the current density is
constant at a cladding gap of 0.08 mm for platinum and
nickel counter-electrodes. The value recorded is 0.21 A/m?,
and since this occurs at the typical cladding gap of a fuel
pellet, it implies that the corrosion rate is constant at the gap
irrespective of the degree of dissociation or electrolyte
conductivity. At higher cladding gaps, the corrosion rate
differs for both CEs. The difference could be attributed to the
cathodic exchange current density i and cathodic Tafel
coefficient b, that are different for both counter-electrodes.

Using equation (18), the corrosion rate of Zry-2 at a
cladding gap of 0.08 mm is 2.405-10~" mm-py (mm per year)
for both counter-electrodes. The Cy value obtained in this
work is high compared to the result of [28] that recorded a
corrosion rate of 1.693:10> mm-py. The difference is due to
the water chemistry condition in the latter work (temper-
ature =298 K, pH=6.8, and current density = 147310 A/
m?), which is different from those in this work (temper-
ature=561K, pH=5.5, and current density=2.1-10"A/
m?). When electrode separation >0.5mm, Cg becomes

largely dependent on the degree of dissociation of the
electrolyte. In the case of a platinum cathode (Figure 11(a),
at an electrode spacing of 0.5mm), Cy rises initially from
2.1759-10" mm-py at 0% electrolyte dissociation and attains
a stable value of 2.405-10"' mm-py at 20% electrolyte dis-
sociation. At d=1mm, the growth in Cr becomes more
sluggish, starting at 1.7178-10" mm-py for 0% electrolyte
dissociation and terminating at 2.1759-10 mm-py for 100%
electrolyte dissociation using platinum as CE. The situation
is similar for the nickel CE investigated (Figure 11(b)).
However, the electrolyte current density (which determines
the corrosion rate) exhibits an intermittent plateau character
in the course of radiolysis. This was observed at a 0.5 mm
electrode spacing for nickel CE and at a 1 mm electrode
spacing for both CEs. This observation suggests that the
accumulation of hydrogen (H") and hydroxyl (OH") ions
during radiolysis has a latent character.

4. Conclusion

This work shows that shadow corrosion in a % circular
geometry has similarities and differences with those ob-
served in a plane geometry. Like SC observed in a plane
geometry, the anodic oxide growth in this work obeys an
exponential law at lower degrees of dissociation («<0.2)
when the separation between electrodes is 0.5-5.0 mm.
Whereas SC is localized in a plane geometry, the situation is
different in a % circular geometry where SC is uniform on
the smooth surface of the anode with maximum peaks at the
vertices of the anode. It has also been established that below
0.5mm electrode separation, the oxide thickness on a
smooth surface has a constant value of 20 ym irrespective of
the electrolyte conductivity. A similar trend was observed at
the anode vertices where the oxide grows inversely to d,
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provided d” 0.5 mm. The above observations are the same
irrespective of the type of counter-electrode used. This work
has also revealed that on the surface of the UO, fuel pellet
where neutrons and gamma doses reach respective values of
39.9 and 4.1 kGy/s, the corrosion current density could reach
2.1-10"" A/m? in a cladding gap of 0.08 mm. This results in a
high corrosion rate of 2.405.10"' mm-py for Zry-2, a value
that is 142 times greater than that obtained at room tem-
perature in the absence of irradiation. The corrosion rate
falls at higher cladding gaps depending on the degree of
dissociation of the electrolyte.

The current work improves the understanding of the
similarities and differences between the shadow corrosion in
one-fourth circular and plane geometries. However, as a
limitation, further work is needed to reduce the model as-
sumptions made in this work, towards real-world applica-
tions. Nevertheless, this work serves as a useful foundation
for advanced research on fuel pellet optimization and the
protection of fuel cladding integrity.
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