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Models have been developed to describe secondary hydriding phenomena. Thermodynamic models for
the Zr–H and Zr–O–H systems provide the terminal solubility of dissolved hydrogen and oxygen in the
a-Zr phase as a function of temperature and partial pressure. A simulation of the Sawatzky and Vogt
experiment, based on a finite-element kinetic model with the thermodynamic predictions as a boundary
condition, is further developed to describe the redistribution of hydrogen in a Zircaloy-2 sample placed in
a temperature gradient. This analysis confirms the hydrogen diffusion coefficient.
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1. Introduction

With the occurrence of a defective fuel element, coolant can en-
ter into the fuel-to-sheath gap. The coolant that flashes to steam in
the gap (due to higher temperatures near the fuel) may oxidize the
fuel and any areas of the inner layer of the sheath not covered by
ZrO2. These reactions, in addition to H2O (or D2O) radiolysis, lead
to hydrogen (deuterium) production in the gap. A sufficient build
up of hydrogen (deuterium) in the gap (i.e. a critical H2/H2O or
D2/D2O ratio), usually at locations far away from the defect, can
lead to sheath hydriding (deuteriding) [1–9]. The hydriding process
occurs through the following reaction (in the following analysis
only H2 and H2O are considered although a similar analysis can
be considered for the heavy water system):

H2ðgÞ þ ZrðaÞ ! ZrH2ðdÞ ð1Þ

Hydrogen diffusion through ZrO2 is very slow and, therefore,
hydriding is only likely to occur on a bare area of the sheath or
where the protective oxide has broken down. This exposure may
result from sheath thermal expansion and ZrO2 cracking during
online refueling processes in the CANDU reactor. The molar volume
of the d-hydride phase is 17% greater than that of the original phase
of zirconium (a-Zr) in the sheath [10]. A hydride blister eventually
grows in the ‘‘sunburst’’ shape shown in figures (A) and (B). The
increases in molar volume of the sheath make it brittle and can
lead to secondary defects (figure (B)) with associated fission prod-
uct release.
010 Published by Elsevier B.V. All

: +1 613 542 9489.

m.
2. Thermodynamic modelling of the Zr, H and O system

Both the Zr–H binary and Zr–O–H ternary systems were mod-
elled using Gibbs energy minimization calculations. The complete
details of this treatment are presented in Ref. [11]. These calcula-
tions determine the phase, or combination of phases, that has the
lowest Gibbs energy and is the most favourable to form thermody-
namically. The Gibbs energy of a phase (Fig. 2) can be divided into
contributions from each of the m components that make up the
phase /, described by the partial molar Gibbs energy property (G)
in Fig. 2. This property for each component i at a temperature T in-
volves: (i) a reference Gibbs energy (G0;REF

i ) defined by the standard
enthalpy (DH0

f ), absolute entropy (S0) and molar capacity (cp) and
(ii) the contribution to the Gibbs energy of mixing (D�G/

MIX;i) given
by an ideal partial mixing term (D�GI;/

i ) and excess partial mixing
term (D�GE;/

i ) (a term used to provide a faithful fit to experimental
data). Here X is the mole fraction for component i in a given phase.

The Zr–H binary system modelling was based on the experi-
mental data of the Bulletin of Alloy Phase Diagrams (BAPD) which
included experimental information on H2 partial pressures incor-
porated in the current thermodynamic model [12]. The partial mo-
lar Gibbs energies are provided for each component in Table 1.
Note that these properties are only valid for temperatures up to
550 �C.

The above table shows the component selection for each of the
phases modelled. Components are the formal way of specifying the
composition of a phase. The selection is best made so as to mini-
mize the need for an excess term. The components of Zr and ZrH
were chosen for the a-Zr phase since hydrogen is a very small atom
in relation to the Zr atom and has a high affinity for zirconium. This
selection respects Sievert’s Law which states that H2 gas dissoci-
ates on the surface of a-Zr and enters the metal as atomic hydrogen
[13]. The Zr–H model is shown in Fig. 3 which includes calculated
rights reserved.
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Fig. 2. Cornerstone equations to provide the Gibbs energy for an m component
phase.

Fig. 1. (A) Early stage of sunburst formation in fuel sheath. (B) Crack propagation through sunburst hydride region [3].
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partial pressure H2 isobars. The ZrH component is a fictive species
introduced to fit the known data in Fig. 3. JANAF values are used for
the H and H2 gas species for the computation of the hydrogen gas
partial pressures in Fig. 3 [11]. Table 1 also shows that only ideal
mixing of these components is necessary, where no excess mixing
parameters were required. The complete methodology for the
modelling of the phase diagram by Gibbs Energy Minimization
and component selection is detailed in Ref. [11].

This treatment specifically provides a computational means to
reproduce the phase diagram quantitatively for a more general
multi-component analysis (with the added ability to predict H2

isobars, solubilities, etc.). Specific points along the a-Zr terminal
solubility line (a/a + d phase boundary) of the Zr–H binary system
provide the critical boundary conditions for the kinetics model for
sheath hydriding (Section 3). Fig. 4 shows good agreement be-
tween the Zr–H model (dotted) with experimental data of [12].
Table 1
Thermodynamic properties of Zr–H binary system at and below 550 �C.

Phase Component DH0
f ;298K (J mol�1) S0

298K (J K�1 mol�

a Zr 0 38.87
ZrH �55,220 51.27

d ZrH �86,640 33.00
ZrH2 �172,800 35.04

e ZrH2 �184,300 32.62
The Zr–O binary system was also modelled using Gibbs energy
minimization techniques. The properties for the partial molar
Gibbs energy for each component in each phase of the system
are outlined in the subsequent two tables where R is the ideal
gas constant.

The thermodynamic properties of Tables 2 and 3 provide the
Zr–O model of Fig. 5, shown with respect to phase boundaries de-
fined by the experimental data used to model the system below
1200 �C from Ref. [14]. A large negative excess Gibbs energy is re-
quired for O in the a-Zr phase to provide for the high O solubility as
well as the very negative Gibbs energy of the formation of ZrO2. For
the current application, where the hydriding experiments of Swat-
zky in Section 3 are only conducted up to 750 K and for typical
cladding temperatures which arise in normal operating fuel ele-
ments, it is not necessary to consider the non-stoichiometry of
the ZrO2�x phase that only becomes important above 1525 �C.

The Zr–O model is used in conjunction with the Zr–H model to
give a Zr–O–H ternary system. The importance of including oxygen
in the thermodynamic modelling of hydriding is evident from:

Zrþ 2H2O$ ZrO2 þ 2H2 ð2Þ

At an approximate sheath inner layer temperature of 300 �C, the
change in Gibbs energy for the reaction in Eq. (2) is �
�1000 kJ mol�1 whereas the value for the zirconium hydriding
reaction at the same temperature is only � �100 kJ mol�1 [15].
This shows that thermodynamically, sheath oxidation is largely fa-
voured when zirconium is in contact with both oxygen and hydro-
gen. It is important to include oxygen in the analysis of the
thermodynamics of hydriding phenomena.

The thermodynamic properties of Tables 1–3 were combined to
develop the isothermal Zr–O–H ternary diagram illustrated in
Fig. 6.

The a-Zr(O,H) phase field cannot be seen in Fig. 6 since the con-
centration of hydrogen is extremely low. The Zr corner of the ter-
nary diagram is therefore expanded and placed on the plot in
Fig. 7 to show these phase regions. Note that the at.% hydrogen
on the x-axis is on a log scale and the equilateral triangle of
Fig. 6 is replaced by a right scalene triangle in Fig. 7.

The critical partial pressure conditions required to form d-
hydride in the presence of water vapour (the conditions in the
1) cp (J K�1 mol�1) DGI;/
i (J mol�1) DGE;/

i (J mol�1)

25.20 RTlnXZr 0
43.80 RTlnXZrH 0
43.80 RTlnXZrH 0
30.95 RTlnXZrH2 0
30.95 RTlnXZrH2 0
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Fig. 3. Zr–H binary model with H2 partial pressure isobars.

Fig. 4. Zr–H model superimposed (dotted) on experimental data of [12].

Table 2
Thermodynamic properties of Zr–O binary system.

Phase Component Reference component G0;Phase
i � G0;REF

i
a (J mol�1) DGE;/

i (J mol�1) DGE;/
i (J mol�1)

a-Zr Zr Zr(a) 0 RTlnXZr �523;730 � 4ðXa
ZrÞ

3ðXa
OÞ

2

a-Zr O O(g) �773,170 + 155T RTlnXO �523;730ð�3Xa4

Zr þ 4Xa3

Zr Þ
ZrO2 ZrO2 ZrO2(s) 0 RTlnXZrO2

Stoichiometric, no mixing

a The relationship between O in the gas phase (reference state) and in the a-Zr phase (solution phase) can be represented by OðgÞ $ OðaÞ and
DGOðgÞ$OðaÞ0 = G0;a

O � G0;gas
O = �773,170 + 155T.
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three phase region of Fig. 7) were determined using the ternary
model and are outlined in Table 4.

Table 4 indicates that, in principle, a virtually pure hydrogen
environment is required for hydriding to occur. This main conclu-
sion, that the water vapour concentration must be very low for
hydriding to pre-empt oxidation, resonates with the experimental
results of numerous other researchers [16–19].
The thermodynamic models also provide significant informa-
tion on the specific partial pressure of hydrogen required to form
d-hydride for a given temperature. This is of course dependent
on the given atmospheric environment as illustrated in Table 5.

According to the proposed Zr–H binary model (Fig. 3), a partial
pressure of 8.2 � 10�9 atm is required to hydride pure zirconium at
300 �C. When zirconium coexists with ZrO2 in an oxidizing



Table 3
Reference properties of components in the Zr–O binary system.

Phase Comp. Ref. comp. Reference properties

DH0
f ;298 K (J mol�1) S0

298 K (J K�1 mol�1) cp (J K�1 mol�1)

a-Zr Zr Zr(a) 0 38.87 25.20
a-Zr O O(g) 249,170 160.95 19:96þ 2:64� 10�4T þ 58654T�2

�3:70� 10�8T2 þ 20:95T�0:5

ZrO2 ZrO2 ZrO2(s) �10,97,460 50.35 94.62 � 584.84 T�0.5 � 1.204 � 108 T�3
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Fig. 5. Zr–O model shown with respect to BAPD experimental data [14].
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Table 4
Critical partial pressure conditions to form d-hydride in the presence of H2O at 300 �C.

Zr–O–H ternary (d-hydride, a-Zr and ZrO2 coexist)

PH2 ¼ 1� 10�3 atm
PH ¼ 2� 10�19 atm

PH2 O ¼ 3� 10�26 atm

Table 5
Partial pressures and activities for critical hydriding based on thermodynamic
models.

Temperature
(�C)

Environment
(1 atm total
pressure)

Thermodynamic
model used

H2 partial pressure
required to hydride

330 Reducing, no H2O Zr–H Fig. 3 8.2 � 10�9 atm
330 Oxidizing

(�10�24 atm H2O)
Zr–O–H Fig. 7 6.2 � 10�2 atm
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environment, the Zr–O binary model (Fig. 5) shows that a signifi-
cant amount of hydrogen (in excess of 25 at.%) is dissolved in the
metal. The model also implies that the activity of a-Zr and subse-
quently its capacity to acquire any hydrogen is reduced. This ac-
counts for an increased partial pressure of 6.2 � 10�2 atm
required to hydride zirconium (300 �C) in an environment with
even minute quantities of water vapour.

The oxide layer will inhibit secondary hydriding. It is believed
that only when this oxide layer is cracked or degraded that the
hydrogen can dissolve directly into the Zr-based sheath. When
the ZrO2 forms on the surface of the sheath, it is in a state of high
compression but adherent, and is therefore protective. The com-
pressive stress is due to the larger specific volume of the ZrO2. It
is so compressed that the oxide on the surface of the sheath resem-
bles a cubic structure and not a monoclinic one as predicted by the
Zr–O binary equilibrium diagram of Fig. 5 [20].



Table 7
Cornerstone equations for the kinetics model.

Single-phase a-Zr
dN1
dt ¼ �r � Ja

JaðxÞ ¼ �DaðTÞðrN1ðxÞ þ Q�aN1ðxÞ
RT2 rTðxÞÞ

DaðTÞ ¼ D0
ae�Qa=RT , K ¼ rTðxÞ ¼ dT

dx

Two-phase (a + d)-Zr

G. Bruni et al. / Journal of Nuclear Materials 409 (2011) 33–39 37
3. Simulation of the Sawatzky and Vogt experiment

Since the early 1960s, the experiment performed by Sawatzky
has been frequently cited in relation to the transient distribution
of hydrogen in a Zircaloy-2 sample [21]. The experimental data
were originally interpreted by Sawatzky and Vogt analytically
[22,23]. The Sawatzky and Vogt analysis has been considered in
other numerical treatments where the hydriding rate in the two-
phase region is approximated by assuming an equilibrium between
the solid solution and the terminal solid solubility with only diffu-
sion in just the dominant component of the second phase [24,25].
In particular, these latter treatments are only valid for: (i) intersti-
tial solutes and cases in which the second phase is not dominant,
and the mobility of the solute is much greater than that of the sol-
vent, and (ii) where there is local equilibrium in those regions in
which the solubility limit is exceeded [24]. The current work in-
volves a re-modelling of the experimental results [21] by finite-ele-
ment numerical methods in COMSOL Multiphysics, accounting for
the more rigorous treatment of Sawatzky and Vogt [22,23]. The
complete details of this work are given in Ref. [11]. This approach
does not require the mathematical simplifications involved in
arriving at an analytical solution. The result of this model will con-
firm the diffusion coefficient of hydrogen in a-Zr.

In the Sawatzky experiment, a Zircaloy-2 sample was annealed in
a hot hydrogen environment in order to initially provide a homoge-
nous hydrogen profile [21]. The sample was then exposed to air in or-
der to oxidize the outer sheath surface and prevent escape of
hydrogen. The final result was a uniform distribution of d-hydride
in an H saturated a-Zr matrix. Next, a temperature gradient was ap-
plied by holding one end of the sample at a cold temperature and the
other end at a hot temperature. The gradient is assumed to be linear.
The sample was left at this condition for several weeks until post-
experiment examination could be performed to measure the tran-
sient hydrogen distribution. Hydrogen concentrations in the final
sample were measured in 0.1 cm-thick disks by a hot extraction
method [21]. The conditions of the experiment are shown in Table 6.

For the given initial experimental conditions, the sample con-
tains both an a-Zr region and a two-phase (a + d)-Zr region
(Fig. 8). This occurs because the initial concentration of 130 ppm
by weight (1.16 at.% H) cuts the a-Zr terminal solubility line, Na,
(given by Sawatzky and Vogt [22]) at around T0 = 590 K). This
Table 6
Experiment conditions used in analytical modelling of [22] and the COMSOL model.

Length of Zircaloy-2 sample 2.5 cm
Diameter of Zircaloy-2 sample 1.2 cm
Initial homogenous hydrogen concentration No 130 ppm by weight
Temperature at cold end of sample TCold 403 ± 3 K
Temperature at hot end of sample THot 750 ± 3 K
Linear temperature gradient K 138.8 ± 2.4 K cm�1

Redistribution time in temperature gradient 34 d

403K

Jα+δ = (N2 -Nα)⋅  -J

-Zr phase, N2

N2 = b

LINEAR TEMPERATUR

0 cm x 1.34

Fig. 8. Sawatzky and Vogt experiment simulation with bou
initial interface temperature corresponds to a distance of 1.34 cm
into the sample as a result of a linear temperature gradient with
slope K. The diffusion of hydrogen is only considered along the
length of the sample (x direction) and this one-dimensional model
is outlined in Fig. 8, with cornerstone equations and constants used
in the model shown in Tables 7 and 8, respectively. In the derived
model, N1 is the hydrogen concentration in the single-phase a-Zr
region, N2 is the total hydrogen concentration in the two-phase
(a + d)-Zr mixture region, which is the sum of hydrogen in the sat-
urated a-Zr portion of the phase and that in the d-hydride portion
of the mixture. In addition, Nd is the d-hydride saturation line, J is
the hydrogen flux with respect to the fixed boundary at x = 0 in
Fig. 8, v is the moving-boundary interface velocity and D is the
hydrogen diffusion coefficient. Following the model of Sawatzky
and Vogt, Aa and Ad are the fractional areas occupied by each com-
ponent at a cross section normal to the flux, where the areas are
taken as equal to the relative amounts of a- and d-phases present
at each temperature based on the assumption that the densities of
the a and d phases are equal. At the moving boundary, the hydro-
gen concentration is fixed at the terminable solubility Na with a
continuity of flux into the two-phase region in Fig. 8.

The boundary conditions for the model are also outlined in
Fig. 8. The Zircaloy-2 samples used in the experiment were covered
with a ZrO2 layer that acted as an insulator to hydrogen transport.
Thus, the boundary conditions at the inner and outer surfaces of
the specimen are normally taken as a zero flux in the experiment
simulation [24]. Therefore, the boundary condition at x = 2.50 cm
is treated as a reflexive Neumann condition. However, in the cur-
rent analysis at x = 0 cm, in the a + d region, this boundary value
is pinned to the experimental value at the data point b. The reason-
ing for using this less general and more restrictive condition is
twofold: (i) no boundary with zero flux can exist for a two-phase
-Zr phase, N1

Jα = 0
α  

N1=Nα

750KE GRADIENT

2.50 cm cm

ndary conditions at t = 0 and N0 = 130 ppm by weight.

dN2
dt ¼ �r � Jaþd

Jaþd ¼ JS
aAa þ JdAd , Aa ¼ Nd�N2

Nd�Na
, Ad ¼ N2�Na

Nd�Na

JS
aðxÞ ¼ �DaðTÞðrNaðxÞ þ Q�aNaðxÞ

RT2 rTðxÞÞ

DaðTÞ ¼ D0
ae�Qa=RT , Na ¼ N0

ae�DH=RT , K ¼ rTðxÞ ¼ dT
dx

JdðxÞ ¼ �DdðTÞðrNdðxÞ þ Q�dNdðxÞ
RT2 rTðxÞÞ

Dd ¼ D0
d e�Qd=RT , K ¼ rTðxÞ ¼ dT

dx

Moving boundary a/a + d interface

v ¼ Jaþd�Ja
ðN2�Na Þ

Temperature
TðxÞ ¼ Tð0Þ þ Kx, T(0) = 403 K



Table 8
Constants used in numerical model.

Symbol COMSOL
name

Definition Value

D0
a

Dalpha0 a phase frequency factor 1.09 � 10�3 cm2 s�1

D0
d

Ddelta0 d phase frequency factor 1.09 � 10�3 cm2 s�1

DH H a phase heat of mixing 31,760 J mol�1

K K Linear temperature
gradient

138.8 K cm�1

N0 intN Initial hydrogen
concentration

130 ppm by weight

N0
a

Nalpha0 a phase saturation constant 85,000 ppm by
weight

Nd Ndelta d-hydride saturation line 16,000 ppm by
weight

Qa Qalpha a phase activation energy 34,670 J mol�1

Q�a Qalphastar a phase heat of transport 25,070 J mol�1

Qd Qdelta d phase activation energy 47,640 J mol�1

Q�d Qdeltastar d phase heat of transport 5430 J mol�1

R R Universal gas constant 8.3145 J K�1 mol�1

B B Experimental data point 192 ppm by weight

Table 9
Constants for the solubility line and associated frequency factor for a-Zr for the
experiment fitting.

Terminal solubility
model

Solubility constants:

Na ¼ N0
ae�DH=RT

D0
a to best fit

experimental data
(cm2 s�1)

N0
a (ppm by

weight)

DH
(J mol�1)

Zr–H thermodynamic
model constants

103,050 4115 1.63 � 10�3

Sawatzky and Vogt
constants

85,000 3820 1.09 � 10�3
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region, and (ii) a two-phase region will not exist at the boundary of
the sample but instead a single-phase region of d-hydride should
be present [22]. However, since the given concentration is insuffi-
cient to cause precipitation of this phase and the boundary is at the
cold end where hydrogen diffusion is slow, a simple approach was
used instead to just fix the concentration at the experimental value
of b (Table 8) [21].

For the moving interface, a moving mesh was applied using an
Arbitrary Lagrangian–Eulerian (ALE) formulation [26] where the
internal boundary (interface) moved with a velocity v (see Table
7). At the moving boundary for the a-Zr phase, a Dirichlet condition
is chosen with the hydrogen concentration fixed at the terminal
solubility, Na. This arises from the definition of the terminal solu-
bility where Na is the minimum hydrogen concentration required
to form d-hydride. This value is specifically the initiation step for
the formation of the two-phase a + d region. The boundary condi-
tion at the interface in Fig. 8 for the d-hydride region is input as
a continuity of flux at the interface.
Tempera
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The COMSOL simulation for the experiment for 34 d is shown in
Fig. 9 with respect to the experimental data of Ref. [21] and the
analytical solution of Ref. [22]. Fig. 9 confirms that the numerical
solution is consistent with both the experimental data and the ana-
lytical solution of Sawatzky and Vogt. The numerical solution is
sensitive to both the diffusion coefficient of hydrogen in a-Zr and
the thermodynamic constants used to define the terminal solubil-
ity of a-Zr (a/a + d phase boundary). Table 9 shows the terminal
solubility line represented by constants determined by the Zr–H
model and those given by Sawatzky and Vogt. When the constants
of the current Zr–H model are used, the a phase frequency factor,
D0

a, can be re-fit to match the experimental data. The result of this
fit is shown in Fig. 9. Therefore, when the terminal solubility line
from the Zr–H thermodynamic model is used, the diffusion coeffi-
cient matches the experimental data when D0

a = 1.63 �
10�3 cm2 s�1.

In the Swatzky experiment, the given concentrations are insuf-
ficient to give rise to a pure d-hydride phase. However, as discussed
in Section 1, such hydride precipitation can give rise to massive
hydriding leading to the so-called ‘‘sunburst’’ effect observed in
defective fuel elements as shown in Fig. 1. The massive hydriding
will occur as a result of hydrogen migration arising from both con-
centration-gradient and temperature-gradient (i.e., Soret effect) ef-
fects (see Table 7). However, as observed with controlled in-reactor
experiments, once massive hydriding results, this localized area
can attract further hydride with continued irradiation despite the
ture (K)

Numerical model
Mesh size: 5e-05 m
Dα

0 = 1.09x10-3

ate (cm)
25 1.50 1.75 2.00 2.25 2.50

Sawatzky Experimental Data

600 650 700 750

Terminal Solubility Line                       
Model with own thermodynamic
constants. 
Dα

0 = 1.63x10-3

Sawatzky and Vogt Analytical
Dα

0 = 1.09x10-3

umerical solution.
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fact that a critical H2/H2O ratio is no longer present in the
fuel-to-sheath gap [9]. The secondary hydride can grow due to
the presence of a stress gradient field, which arises from the in-
creased molar volume of the d-hydride phase. In this case, the
hydrogen mass flux equation in Table 7 must be modified with
the addition of a driving force to account for hydrogen redistribu-
tion due to a stress gradient [25,27]:

J ¼ �D rN þ Q �N

RT2 rT � VN
RT
rr

� �
ð3Þ

Here J is the hydrogen flux (mol m�2 s�1), N is the hydrogen
mass concentration (mol m�3), Q� is the heat of transport due to
diffusion (J mol�1), r is the average normal stress (in the three
principle directions) and V is the volume transport due to diffusion
(m3 mol�1). However, in the Sawatzky hydride redistribution
experiment, stress is not an important consideration because the
hydrogen concentration is insufficient for a pure d-hydride phase
to form.

In summary, this work was carried out to provide a better
understanding of hydriding phenomena leading to the proposal
of a mitigation strategy for secondary hydriding now actively being
pursued [11].
4. Conclusions

1. Thermodynamic models of the Zr–H and Zr–O–H systems have
been developed. This treatment provides a calculation of the
terminal solubility and partial pressure concentrations required
to form hydride in the sheath. This analysis indicates that virtu-
ally pure H2 is required to produce secondary hydride.

2. A kinetic model based on a finite-element analysis using the
COMSOL multiphysics platform has been developed to describe
hydrogen redistribution under a concentration and temperature
gradient. The model has been benchmarked against the Saw-
atzky and Vogt experiment. This work provides a confirmation
of the hydrogen diffusion coefficient in a-Zr.
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