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ARTICLE INFO ABSTRACT

Phase field models are developed to study the gas bubble migration in uranium dioxide nuclear fuel in which a
large temperature gradient exists during the operation. In this work, thermal diffusion mechanism for nanosized
gas bubbles and vapor transport process for micron-sized gas bubbles are considered, respectively. In both cases,
gas bubbles migrate to the high-temperature area. Due to the velocity difference between leading and trailing
edges of the gas bubbles, nanosized gas bubbles are elongated along the temperature gradient direction when
thermal diffusion is dominated. Micron-sized gas bubbles are either compressed along temperature gradient
direction to form lenticular shape bubbles or elongated along temperature gradient direction, depending on the
location of the gas bubbles within the fuel pellet. Initial gas bubble radius has no significant effect on the gas
bubble migration velocity for both thermal diffusion and vapor transport mechanisms. We notice that the shape
change of the gas bubble due to vapor transport mechanism has no significant effect on the migration velocity.
Furthermore, the center cavity formation is also captured by our model which is due to the migration and
accumulation of lenticular gas bubbles at the center of the fuel pellet. The modeling results compare well with
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experimental observations and theoretical analysis in the literature.

1. Introduction

UO, fuels are widely used in current nuclear power reactors and
undergo extremely complex microstructure evolution during the op-
eration [1,2]. Gaseous species (Xe, Kr) and vacancies are generated due
to fission reactions and radiation damage, these gas atoms with ex-
tremely low solubility in the nuclear fuel tend to either combine with
vacancies and then precipitate into bubbles or release to the free vo-
lume in UO, fuel pellets [3-7]. Owing to the continuous generation of
fission gas bubbles and recrystallization in the UO, fuel, the thermal
conductivity becomes non-uniform and changes with time [8-10],
therefore, the temperature distribution becomes inhomogeneous, with a
large thermal gradient formed from the center to the outer surface of
the UO, fuel pellet [11,12]. Experimental results [13] confirmed that
large temperature gradient and high level power could cause the mi-
gration and morphology change of gas bubbles and formation of a
cavity in the center of the UO, fuel pellet which then behaves as a path
for gas release. The migration and redistribution of gas bubbles lead to
the formation of large columnar grains with inward orientation in the
UO, fuel pellet [14]. The performance and lifespan of the UO, fuel
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pellets are strongly dependent on the microstructure evolution espe-
cially the behavior of gas bubbles. Therefore, efficient utilization of UO,
fuel requires a better understanding of the gas bubble evolution me-
chanisms.

Gas bubble migration mechanisms have been studied both through
analysis [15,16] and experiments [17-19] for decades. The thermal
diffusion mechanism was first used to explain the gas bubble migration.
Because of thermal diffusion or so-called Soret effect [20], both heat
flow and mass flux can be driven by the temperature gradient. A new
migration mechanism was proposed when the movement of helium
bubbles was studied in metals. Barns and Mazey [21] first suggested
that the transport of matrix atoms via the vapor phase from the leading
to the trailing edge of the gas bubble would contribute to the migration
of gas bubble. Then, Speight [22] derived vapor transport velocity for
gas bubbles due to the large temperature gradient in UO, fuel pellets.
This mechanism is illustrated in Fig. 1, the up figure is an assumed
cubic gas bubble, the bottom figure is a simple temperature profile
which includes gas bubble and UO, matrix. The red dotted line re-
presents the unperturbed temperature distribution in the matrix which
the temperature decreases along positive x direction, and the blue line
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Fig. 1. Illustration of vapor transport mechanisms. The blue line is the real temperature distribution in the gas bubble, the red dot line is the unperturbed temperature
distribution in matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

is the real temperature distribution in the gas bubble, which a larger
temperature gradient is expected in the gas bubble. Due to the vapor
pressure gradient caused by large temperature gradient, the UO, fuel
evaporates at the hot side (left hand side in Fig. 1) of the gas bubble and
then travels through the interior of the gas bubble and condensates at
the cold side (right hand side in Fig. 1) of the gas bubble, at the same
time the gas bubble moves to the left side where the temperature is
higher. However, from the experimental results, one can not tell the
precise migration mechanisms of the gas bubbles. Experiments showed
some characteristics during the gas bubble migration process such as
shape-change [19], small gas bubbles were emitted from micron-sized
gas bubbles along the migration path [23], and formation of a cavity in
the center of the UO, fuel pellet when the fuel undergoes high burnup
[13].

In the recent years, with the development of high performance
computers, numerical methods such as Potts Monte Carlo [24], mole-
cular dynamics [25], phase-field method [26-29] and engineering-scale
finite element simulations [30] have been applied to study the void
migration process. As a mesoscale simulation approach, phase-field
method is successfully used in studying the microstructure evolution in
UO, fuel pellets [31-33]. Vance [27] and Zhang [26] considered the
void migration by adding a flux term which is dependent on the tem-
perature and temperature gradient in the diffusion equations. Zhang

[26] successfully coupled thermal conduction with phase field model,
but failed to choose the right migration mechanism for void with a
radius of 10 um and did not capture the void shape change during the
migration. Vance [27] found the shape change of voids during the
migration, however the voids had unrealistic size (radius of 15 pm)
which are unusual in real UO, fuel pellets. Hu and Li [28,29] im-
plemented the thermal diffusion mechanism by using a temperature
dependent free energy function, however, their models did not capture
the shape change of voids during migration which was observed in the
experiments and analytical studies. In addition, the above phase field
models only considered voids without gas atoms, and can only handle
very high vacancy concentration in the order of 107! to 103, which is
also unrealistic in real UO, fuel pellets.

In this report, we propose two phase field models which could in-
corporate with thermal diffusion and vapor transport mechanisms, re-
spectively, to simulate the migration process of gas bubbles with dif-
ferent sizes from several nanometers to several microns. A more
physics-based free energy functional with realistic vacancy and gas
atom concentrations in the fuel material is used. These models suc-
cessfully capture the gas bubble shape-change during migration and
center cavity formation process. Thermal diffusion mechanism is con-
sidered for gas bubbles in nanometer size, while the vapor transport
mechanism is applied for gas bubbles in a size of a few micrometers. In
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both cases, gas bubbles are found migrating up the temperature gra-
dient.

2. Model description
2.1. Gas bubble migration models

Both temperature and concentration gradient can be the driving
force which lead to the movements of gas bubbles. Mass flux can be
caused by temperature gradient even when there is no concentration
gradient, and the mass flux can cause heat flux at the same time. Due to
the temperature gradient in the UO, fuel pellet, gas bubbles have a
preferential motion direction related to the direction and magnitude of
the heat transport. Speight [22] suggested that the mechanisms of gas
bubble migration due to the temperature gradient are dependent on the
gas bubble radius. For example, at 2000 K, thermal diffusion is the main
mechanism when the bubble size is below a critical radius of 1 pm,
otherwise, vapor transport plays the dominant role for larger gas bub-
bles. In this study, we consider thermal diffusion and vapor transport
mechanisms for gas bubbles with different radii.

For the thermal diffusion process, according to the assumption of
irreversible thermodynamics and Onsager relations, Olander [34] de-
rived the force acting on the gas bubble by calculating the heat flux and
mass flux caused by the large temperature gradient in the UO, nuclear
fuel and gave the following expression:

47R3 Qy (dT)
F, = v
3V, T A

dx @

where Fj, is the force acting on the gas bubble, R is the radius of the
gas bubble, V, is volume transferred per atom, Q, is the heat of trans-
port and the subscript b means the temperature gradient in the gas
bubble, T is the absolute temperature. Due to the low thermal con-
ductivity of gas, we have (dT/dx), > (dT/dx),, where subscript m
means the temperature gradient in the matrix. Here we assume
(dT/dx), = 2.2(dT/dx),, [26] for gas bubbles containing Xe gas atoms.
Then according to Nichols’s derivation [35], the velocity due to the
thermal diffusion may be given as:

Vi = MpF, (3]

where M, = 3VD,/(47nR%3T) is gas bubble mobility, D is the dif-
fusivity. Here, we assume this diffusivity equals the diffusivity of va-
cancy [36]. According to the Eq. (1), if the heat of transport (Q,) has
positive value, the mass flux will flow down the temperature gradient,
and the heat will flow from hot area to cold area. In this circumstance,
the force on the gas bubbles is in the opposite direction to the tem-
perature gradient, therefore gas bubbles will migrate up the tempera-
ture gradient, moving to high temperature area (the center of the UO,
fuel pellet).

Gas bubble migration velocity due to vapor transport was first de-
rived by Speight [22], then Sens [23] modified Speight’s equation. In
Speight’s derivation, the internal pressure of gas bubbles is balanced by
the surface tension. Under this circumstance, the migration velocity is
linearly dependent on gas bubble radius:

dT
h=A ®)
where r is the gas bubble radius, A is a prefactor. According to
Speight’s derivation, it was assumed that the internal pressure is always
balanced by the surface tension which requires the gas bubble keeping
the spherical shape during the migration, whereas the experimental
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results showed that gas bubbles changed morphology during the mi-
gration. Therefore, Sens’s derivation begun with the assumption that
the internal pressure of the gas bubble is independent of surface tension
and gas bubble radius, and only determined by the local temperature in
the UO, fuel pellet. Sens gave an expression for the vapor transport
velocity for gas bubbles as a function of temperature and temperature
gradient:

3
. 5 AH\(dT
Vo= J,Q = T T3 AHp, exp — - |( 25
=T a(za ) Lo (4141

i=0

4

where J, is the UO, molecule flux, Q is the volume of a UO, mo-
lecule, aand q; are prefactors, AH is the enthalpy of vaporization of
UO,, py is the pressure prefactor which has something to do with the
pressure and pressure gradient, and these values can be obtained from
[23]. The vapor pressure in UO,, fuel pellet equals to p, exp(—~AH/RT).

2.2. Phase-field model for gas bubble migration

KKS model [37] is used here to study the movement of nanosized
gas bubbles. The total free energy of the system with vacancies, gas
atoms and gas bubbles is given as:

2
F=N [, (1= hGf™ (el ef) + h(nf* (el ) + wg () + - 1VPdv

(5)

where 7 is the order parameter, which equals to zero inside the UO,
matrix and unity inside gas bubbles, h(n) = n*(6n* — 151 + 10) is the
interpolation function which describes the volume fraction of the gas
bubble phase, and changes smoothly from h(0) = 0 to h(1) = 1 in the
interface between the UO, matrix and gas bubbles. g(n) = n*(n — 1)? is
a double well potential which has two local minima (i.e. = 0 in the
matrix phase and n = 1 in gas bubble phase), and it only contributes to
the chemical free energy at the interface (0 < 5 < 1). w = 3my,/4 is
the height of the double well potential. a, is a constant which is de-
pendent on the definition of the interface thickness, and it is set to 2.2
in the simulation [37]. 2\ is the interface thickness.
% = 0.85 — 1.4 x 10~4(T — 273)J/m? is the surface tension [38], T is the
absolute temperature. x = ,/6y,4/a; is the gradient coefficient. N is the
number of lattice sites per unit volume of UO,. V is the total volume of
the system.

f™ and f® are chemical free energy density of UO, matrix and gas
bubble, respectively. Since the nanosized gas bubbles are in solid or
liquid state [39], the regular solution model is used in the configuration
of the system free energy. Chemical free energy density of the matrix
and gas bubble are given below, the detailed derivation can be found in
Appendix A.

m m m
m(em oMy = k. T mli mlci 1- m_mll—CV—Cg
fme ) = kgT| e In— + ¢f'In — + ( ¢y =g In ———>
Cye Cge 1—cp— Cge
(62)
b b b _ b
c, 1-—c ¢ Cg) Cg
foed, cé’):kBT cvbln—‘;+(1—cf)1n—‘;+c§ln—i+(cgm— é’)ln & i
ve — Cye Cge Cgm — Cge
(6b)

where kg is the Boltzmann constant. ¢," and ¢;* are the vacancy
concentration and gas atom concentration in the matrix, respectively.
cim = exp(—EJ/ksT) and clp = exp(—E]/ksT) are the thermodynamic
equilibrium vacancy concentration and gas atom concentration in the
matrix, respectively. EJ and Eg are the vacancy and gas atom formation
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Fig. 2. (a) Assumed parabolic temperature file (top) in the radial direction of the fuel pellet, (b) vapor pressure (red line) and vapor pressure gradient (blue line) in
the UO, matrix, (c) the vapor transport velocity profile according to Sens’s derivation [23] . The negative vapor transport velocity means the gas bubble will move
from the outer surface to the center of a fuel pellet. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

energy, respectively. c?,

and cé’e are the thermodynamic equilibrium
concentrations of vacancy and gas atom in the bubble, respectively. c’,
should be a value very close to 1 (100%), physically. It is set to 0.99 in
this model. This is due to the fact that nano-sized gas bubbles are in

solid or liquid state [39] and the UO,, particle is considered as one unit

lattice point in this work. Some UO, particles may be inside the bubbles

mixed with gas atoms due to irradiation cascade or diffusion.
b o_ Q . . .

Cee = pgtsan s 1S derived based on Van der Waals equation of state, the
detailed derivation can be found in Appendix B. cg, = Q/b is the

maximum gas atom concentration in the gas bubble. For Xe gas atoms,
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b = 0.085 nm®/atom, Q = 0.041 nm>/molecule for a UO, molecule.
Following KKS model, the concentration of vacancy and gas atoms
are written as:

e =(1—h@)e) + h(n)c’ (72)
¢ =1 —h@)e + h(n)c} (7b)

The Cahn-Hilliard diffusion equations with thermal diffusion terms
[40,41] for vacancies and gas atoms under temperature gradient are:

% _ v ag,voE 4 M&sQigy

ot e, T (8a)
d M,

% _ V. MgVa—F + ﬁVT

ot dcg T (8b)

where, M, and M, are the mobilities of vacancy and gas atom, re-
spectively, and have the form M, = D,/kgT and M, = Dg/kgT, respec-
tively, Q* is the heat transport and Q* = Q. Here, D, and D, are the
diffusion coefficients of vacancy and Xe gas atoms, respectively.
D, = Dy exp(—E;"/kgT) and D, = Dy exp(—Eg'/kpT), where E;" and E;'
are the migration energy of vacancy and Xe gas atom, respectively. D,
and Dy are the prefactors of vacancy and Xe gas atom diffusion coef-
ficients, respectively. The second term in right hand side of Eq.(8a) and
(8b) are the thermal diffusion terms due to the temperature gradient.
The Allen-Cahn equation [42] for gas bubble evolution is written as
follows:
an _ _L5F

a o ©
where L is the interface mobility.
For micron-sized gas bubbles, since the bubbles are in gas state, a
simple chemical free energy density is assumed:

few ) = ale, — e (cg — cgo)* + bley — ) (cg — cpe)? (10)

where a and b are pre-factors. To simplify the simulation, a and b are
assumed to be 1. Then the total free energy is written as:

— Keg 2, Ko 2
F= j; [f(cu, &) + SE (Ve + —2(Vey)? |dV an
where x,, and x,, are gradient coefficients of gas atom and vacancy,
respectively. Then Cahn-Hillard diffusion equations with advection
terms [27] are used to solve for the dynamic evolution of micro-sized
gas bubbles:

S _ V(MVVE—F) — V-(Vsey)

ot éc, (12a)
a

o = V~(MgV5—F) — V-(Vheg)

ot Ocg (12b)

A few assumptions are made in deriving the above models for nano
and micro-sized bubbles. First, we did not consider the elastic strain
energy in the system, and the system is under stress-free state. The
influence of elastic strain energy on gas bubbles evolution can be found
from our another work, which is only effective in very short distance.
Second, there are no newly generated vacancies or gas atoms in the UO,
matrix, which is corresponding to the out of pile thermal annealing
process. The effect of irradiation on gas bubble migration cannot be
found in literature, however the effects of irradiation and defect

Computational Materials Science 183 (2020) 109817

Table 1

Material parameters used in the simulation.
Parameter Value Ref
Ef 3.27 eV [46]
Ef 3.27 eV
EM 2.4 eV [47]
B 24ev [47]
Dyo 2.0 x 107 [47]
Dyo 5.0 x 107 [471
Q 4.0 eV [26]
AH 6.35 x 10° J/mol [23]
Inp, 35.8130 [23]

generation on voids and gas bubbles growth have been studied else-
where [43,44].

The Eq.(8a), (8b), (9), (12a) and (12b) are solved by finite differ-
ence method. Two-dimensional simulations are performed. For thermal
diffusion process, our focus is on nano-sized gas bubbles. In this case, a
uniform rectilinear grid with 40 X 70 nodes is used for discretization,
the grid size is Ax = Ay = 5 nm, therefore the simulation domain is
200 nm X 350 nm. Three constant temperature gradients, VT = 1 K/
um, VT = 0.8 K/um and VT = 0.4 K/um are applied respectively in the
y-direction of simulation domain which corresponds to the radial di-
rection in the fuel pellet. The temperature is set as 2000 K at the bottom
(y = 0) of the simulation domain and increases from the bottom edge.
Time step is set as At = 1.0 x 10 s. For vapor transport process, the
concerned gas bubble radius is in the order of microns. Therefore, the
grid size is set as Ax = Ay = 0.1 um, and simulation domains are
10 ym x 100 pm and 51.2 pm X 51.2 um, respectively. In this case, a
parabolic temperature profile [27,45] is used with the fuel pellet center
temperature of 2800 K, decreasing from the fuel center to the outer
surface of the fuel pellet, according to the distribution of temperature in
UO, (Fig. 2 (a)), the vapor pressure [23] is also given in Fig. 2 (b).
Vapor transport velocity profile is shown in Fig. 2 (c), the negative sign
means that the gas bubble will migrate along the radical direction from
the fuel outer surface to the fuel center. When comparing Fig. 2 (b) and
Fig. 2 (c), the vapor transport velocity has the same tendency as vapor
pressure gradient in the UO, matrix.

Parameters used in this study are listed in Table 1.

3. Results and discussion

Gas bubbles with different initial shapes (circular or ellipse shape)
are implanted in the simulation domains. For the thermal diffusion
process, the temperature is set as 2000 K at the bottom of the simulation
domain and increases from the bottom to the top of the domain. Nano-
sized gas bubbles are often found in circular shape in UO, nuclear fuel
pellets, therefore a circular gas bubble has an initial radius of 25.0 nm
and is located at x = 20Ax, y = 10Ay. Fig. 3 (contour of order para-
meter 7) delineates successive snapshots of this single gas bubble as it
migrates in the domain under a temperature gradient of 1 K/um. Ty-
pically, the temperature gradient in UO; fuel pellet is around 0.1-0.6 K/
um. Oldfield used a laser image furnace to get a temperature gradient of
3.9 °C/um [13], and Whapham reported a temperature gradient of 10°
°C/cm by using Pulse-anneal technique to study the migration of fission-
gas bubbles in irradiated UO, [48]. As expected, the gas bubble mi-
grates toward the hot side of the simulation domain. It is noteworthy
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Fig. 4. Comparison of gas bubble migration displacement between phase field
simulations and analysis solution of Eq.(2). Symbols and solid lines represent
the simulation and analysis results, respectively.

that this circular gas bubble is elongated in the y-direction and com-
pressed in the x-direction, and the morphology changes from a circular
to an ellipse shape which was also observed in experiments [23] in
Fig. 3 (e) (bubbles are marked by blue circles). Fig. 3 (e) came from a
used UO2 fuel sample which underwent irradiation. The gas bubbles
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Fig. 5. Displacement of gas bubbles with different initial radii in the tem-
perature gradient of 1 K/um.

were generated continually when it was under irradiation, and the
newly generated gas bubbles are usually smaller and have a circular
shape. Some bubbles generated earlier in the UO2 fuel pellet (usually
bigger in size) had migrated under the temperature gradient and
changed shape. Fig. 3 (e) shows older bubbles with elongated shape and
newly generated bubbles with circular shape at the same time in the
sample. According to Eq.(2), the migration velocity depends on the gas
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bubble mobility. The leading edge of the gas bubble is in the high-
temperature side which has higher mobility than the trailing edge. As a
consequence, this velocity difference causes the gas bubble morphology
to change from circle to prolate shape. This gas bubble continues
moving along the y-direction where the temperature is also increasing.
However, the difference in velocity between the leading and trailing
edges become smaller when the bubble is close to the center of the fuel
pellet. Therefore, it is expected that the shape will change back from
prolate shape to circular shape when the bubble reaches the center of
the fuel pellet.

To make a quantitative comparison of phase field modeling with the
analytical solution of Eq.(2), three different temperature gradients are
applied respectively, and the displacements within 70 s at different
temperature gradients are depicted in Fig. 4. As can be seen, the phase
field modeling results agree well with analytical results. The out of pile
thermal annealing experiments showed that nano-sized gas bubbles
have migration velocity of 4 nm/s which agrees well with the simula-
tion results when the temperature gradient is set as 1 K/um [49]. Ac-
cording to Eq.(2), the gas bubble migration velocity has nothing to do
with the gas bubble radius. To confirm this analysis, gas bubbles with
different initial radii are used in the simulation. Fig. 5 shows the dis-
placements of single gas bubble with different initial radius changing
from 15.0 nm to 25.0 nm. As being expected, there is only slight dif-
ference found in the displacements. The simulation results confirm the
prediction of Eq.(2), and the gas bubble radius has no significant effect
on the migration velocity. Similar conclusion was reached in Baker’s
experiments in which no clear dependence of nano-sized bubble mi-
gration velocity on bubble radius was found [49].

In the second case, the migration of micron-sized gas bubbles is

Computational Materials Science 183 (2020) 109817

Fig. 6. Single gas bubble migration under
the conditions given in the region I of Fig. 2
(c). (a) to (e) correspond to 0 h, 200 h,
400 h, 600 h and 800 h, respectively. The
bottom of the domain corresponds to the
center of the fuel pellet where the tem-
perature reaches the maximum value. (f)
Experimental observations of gas bubbles
with lenticular shape moving towards the
fuel center (at the bottom of the photo)
where the temperature is the highest [23].

®

studied with only vapor transport mechanism. Here, the grid size is
increased to Ax = Ay = 100 nm. In the first part, the simulation do-
main with 100 x 1000 nodes is generated and the y-direction corre-
sponds to radical direction in the fuel pellet. First, gas bubbles near the
UO, fuel pellet center are first studied which correspond to the part I in
Fig. 2 (c). A single gas bubble with a radius of 2.0 pum is located
at x = 50Ax and y = 950Ay. Fig. 6 (contour of vacancy concentration)
delineates successive snapshots of this single gas bubble as it migrates
in the domain under the temperature and velocity profiles in Fig. 2. The
simulation domain corresponds to the region adjacent to the center of
the fuel, in which the bottom (y = 0Ay) of the domain is the fuel center
and the top (y = 1000Ay) of the domain is 100 pm away from the fuel
center, so that the temperature is increasing from the top to the bottom
of the domain. Gas bubble positions within 800 h are shown in Fig. 6.
The gas bubble migrates along the negative y-direction as expected and
migration velocity is decreasing when the gas bubble getting near to the
fuel center. More notably, the gas bubble is elongated perpendicular to
the temperature gradient and finally changes to lenticular shape, which
is consistent with experimental observations [13,23] shown in Fig. 6 (f).
Besides, from Fig. 6 (c), (d) and (e), the gas bubble velocity slows down.
This is because when the gas bubble gets closer to the fuel center, the
temperature is increased, while the temperature gradient is decreased.
Sens’s model which considered the gas bubble shape change is proved
to be true, while other previously suggested models did not consider
shape change during the gas bubble migration [22]. In contrast to the
velocity field in thermal diffusion case, the velocity of leading surface is
less than the trailing surface, therefore the gas bubble is compressed in
the y-direction (the direction of temperature gradient) and elongated
perpendicular to the temperature gradient direction during the
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Fig. 7. (a) gas bubbles migration with different initial radii, (b) gas bubbles
migration with different initial shapes.

migration. Sens modified Speight’s model [22] by removing the gas
bubble radius term from the velocity formulation with the assumption
that the internal pressure of the gas bubble is independent of the gas
bubble radius. To verify Sens’s assumption that initial gas bubble radius
has no effect on migration velocity, we only change the initial gas
bubble radius and keep other parameters unchanged during the simu-
lations, the result is showed in Fig. 7 (a). According to the simulation
results, the initial gas bubble radius only has minor effects on migration
velocity, and in this circumstance, Sens’s model still works. The micro
sized gas bubbles are found in many kinds of shapes in UO, fuel pellets.
As a consequence, gas bubbles with different initial shapes are also
studied, three different shapes, circular (with radius of 2 um), lenticular
(ellipse with x = 2.5 ym, y = 1.5 um) and cigar (ellipse with
x = 1.5 um, y = 2.5 um) shapes, respectively. The results are given in
Fig. 7 (b). Gas bubbles with different initial shapes have the same ve-
locity when migrate near the center of the fuel cell, this result is also
confirmed by Nichols [45].
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For gas bubbles which distribute in the region II in Fig. 2 (c), the
same simulation domain size is used. The single gas bubble is located
at x = 50Ax and y = 950Ay. Fig. 8 (a) to (d) gives the positions of the
gas bubble after 0, 200, 400 and 600 h, respectively. As the gas bubble
getting near to the fuel center, the migration velocity increases which
correspond to the conditions in Fig. 2 (c). The gas bubble is elongated
when it migrates towards the fuel center, which is consistent to the
experimental results given in Fig. 8 (e). From Fig. 8 (b), (c) and (d), the
gas bubble is first elongated and then separates into two parts, which
corresponds well to the gas bubbles marked by red circle in Fig. 8 (e).
Due to the relatively higher velocity at the front edge and a lower ve-
locity at the trailing edge, the initial spherical gas bubble is elongated
along the direction of the temperature gradient, and at last the gas
bubble breaks up into a line of small elongated gas bubbles, this is the
phenomenon confirmed in Nichols’s analysis [45].

The dramatic changes of gas bubble shape during the migration
raises a question: Does the shape change of the gas bubble have any
effect on the velocity during the migration? To answer this question, we
calculate the velocities of the gas bubble at different positions in the
simulation domain. To calculate the velocity of a bubble at a specific
time step during migration, we need to determine the center position of
the bubble at this moment. The center position of the bubble at a given
moment is determined by adding all x-values and y-values of the points
with the vacancy concentration larger than 0.6 (it means that point is
within the bubble), and then averaging all the x-values and y-values
respectively. With the positions of the gas bubble at different time steps,
we can plot the velocity of the gas bubble versus position in Fig. 9. The
red open circles are the simulation results as compared to the analytical
result (blue line) from Eq.(4). Even though the gas bubble shape has
dramatically changed, the migration velocity still matches the predic-
tion with Eq.(4) very well. Nichols suggested [35] that the shape of the
gas bubble has nothing to do with the migration velocity when vapor
transport mechanism is considered. This opinion agrees well with Sens’s
analysis [23].

Another phenomenon in UO; fuel is the formation of a cavity in the
center of the fuel pellet which could be the gas release path. This center
cavity is believed to be the result of the aggregation of lenticular gas
bubbles at high power level. In this case, we use a simulation domain
with 512 X 512 nodes with a 2-D temperature profile (see Fig. 10 (e),
temperature is high in the center and low on the surface). Four circular
gas bubbles with the same initial radius are put into the simulation
domain with center positions at (x = 20.5Ax, y = 20.5Ay),
(x = 490.5Ax, y = 490.5Ay), (x = 20.5Ax, y = 490.5Ay) and
(x = 490.5Ax, y = 20.5Ay), respectively. From Fig. 10 (a), (b) and (c),
one can find that gas bubble shapes changed (compressed shape in
radial direction). The four gas bubbles migrate along the radial direc-
tion towards to the center of the simulation domain. In Fig. 10 (c) and
(d), they first contact with each other and eventually merge into one
cavity in the center. An experimental observation of the center cavity
formation is given in Fig. 10 (f), which acts as a gas release path for gas
bubbles.

4. Conclusions

In summary, phase field models are developed to study the gas
bubble migration under the temperature gradient in UO, nuclear fuel
pellet, in which thermal diffusion mechanism for nano-sized gas bub-
bles and vapor transport process for micron-sized gas bubbles are
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Fig. 8. Single gas bubble migration under the conditions by region Il in Fig. 2 (c). (a) to (d) correspond to 0 h, 200 h, 400 h and 600 h, respectively, (e) Pores in region

I in Fig. 2 (c), pointing towards the center of the fuel (bottom) [23].

considered. In both cases, gas bubbles migrate to the high-temperature
area. Due to the velocity difference between leading and trailing edges
of the gas bubbles, nano-sized gas bubbles are elongated along the
temperature gradient direction when thermal diffusion is dominated.
Micron-sized gas bubbles are either compressed along temperature
gradient direction to form lenticular shape bubbles or elongated along
temperature gradient direction, depending on the location of the gas
bubbles within the fuel pellet. Initial gas bubble radius has no sig-
nificant effect on the gas bubble migration velocity for both thermal
diffusion and vapor transport mechanisms. We notice that the shape-
change of the gas bubble due to vapor transport mechanism has no
significant effect on the migration velocity. Furthermore, the center
cavity formation is also captured by our model which is due to the

migration and accumulation of lenticular gas bubbles at the center of
the fuel pellet. The above modeling results are consistent with experi-
mental observations as well as theoretical analysis in the literature.
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Appendix A
Derivation of chemical free energy density of the matrix

Assume that UO, are crystals consisting of UO, particles. A vacancy is a lattice site at which the UO, particle is removed. Gas atoms occupy
substitutional sites. There are n sites in total, which include n-n,-n, lattice sites, n, vacancy sites, and n, sites occupied by gas atoms in the system. The
total number of microstates in the matrix is

n!
ny!ng! (1 — ny, — ng)! (A1)

m:

Then, the entropy is

m _ m _ n!
s™ = kglnw™ = kBlninv!ng!(l—nv—ng)!

~ —nkgle) Ine)” + ¢f'lne” + (1 — ¢ — ¢) In(1 — ¢)" — ¢")] (A2)

where ¢;" = n,/n and ¢;' = ng/n, n = 1/Q, Q the volume of a UO, particle.

The introduction of vacancies and gas atoms into the matrix changes the enthalpy of the system. Because the vacancy concentration and the gas
atom concentration are very diluted in the matrix, the cross-interaction terms and the higher-order terms in enthalpy are omitted. Then, the enthalpy
is
H™ = Ahj'n, + Ahg'ng + Ahying = n[Ah)"e)” + Ahg'cd” + Ahy (1 — ¢ — ¢g")] (A3)

where A" = —kgTlncy;, Ahy" = —kzTIncg, and Ah,! = —kzTIn(1 — ¢y — cg,) are the formation energy of a vacancy, a gas atom, and an UO,
molecule in the matrix, respectively.
The chemical free energy density in the matrix is

fm = gm — TS™m

m m
1 —cye — cge

_ miyn S m Cén _ am _ .m 1—c5”—c§”
_kBT[cv ln@+cg lnc?"e’+(1 c, cg)lni] (A%)

Derivation of chemical free energy density of the gas bubble

We consider a bubble consisting of n lattice sites that has n, vacancies and n — n, UO,, particles. Thus, there are n,!/[n,!(n — n,)!] microstates due
to the vacancy distribution. Because Xe gas atoms can only be located at vacancy lattice sites, there are ng,!/[ng!(ng, — ngy)!| microstates due to the
distribution of n, Xe gas atoms in the space consisting of n, vacancies that can hold a maximum of ng, Xe gas atoms. ng,b = n,Q, ng, = n,Q/b, where
Q is the volume of a vacancy and b the volume of a Xe gas atom. Therefore, there are w? microstates in the bubble

|
b _ n! Ngm:

" nl(n — ny)! ng! (Ngm — ng)! (A6)

The entropy of the above distribution is

n! ngm !

ny!(n—ny)! ng!(ngm—ng)!

sb = kzlnwb = kzIn

Q

— nkp [cflnc‘ﬂ’ +(1 - cf) In(1 — cf) + CgmIncg, — cgblncé’ — (cgm — cé’) In(cgm — cg)] (A7)

where ¢ = n,/n, ¢ = ng/n and cg, = ngyn/n = Q/b.

In the phase-field method, a bubble or void is treated as a phase, and UO, vacancies are considered as a kind of particle. With only the linear
terms remaining, the enthalpy due to the interaction between UO, particles and UO, vacancies is Ahbn, + Ah,l,’, n,,, and that due to the interaction
between UO, vacancies and Xe gas atoms is Ah2n,, + Ahé,’ ng. The number of vacancy sites that are not occupied by gas atom is n,, = ng, — n,. The
enthalpy in the bubble is written as follows

HY = Ahln, + Ahfny, + Ahbn, + Ahlng
= Ahvbnv + Ah,’il (n—-ny,)+ Ah‘f’v (ngm — ng) + Ahﬁng
=n[AhPc? + ARL (1 — ) + AR} (cgm — cgb) + Ahgbcgb (A8)

where AR = —kgTInc),, Ah), = kg TIn(1 — cl,), Ah}, = —ksTIn(cgm — ¢f,) and Akl = —kgTInc,. Thus, the chemical free energy density in the
bubble is

fb — Hb _ st
=kgT cblni +Q-c)Hn 1o + cblnc—g + (cgm — cb)lnM
B v U\l))z v 1- L‘\l))z 8 C;l{)z em 8 Cgm — Cs?e (A9)
Appendix B
At very high pressures, the Van der Waals equation is written as:
Py =kgT/(v — b) (B1)

where b is the Van der Waals constant, which accounts for the repulsive component of the interatomic potential. Due to the high gas atom density
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in the bubble, the other constant in the Van der Waals equation that reflects the attractive portion of the potential is neglected. k is the Boltzmann
constant, T is the absolute temperature, and v is the volume occupied by one Xe gas atom in a bubble with radius r.

v = 47r3/3n,

(B2)

where n, is the number of Xe gas atoms in the bubble. Substituting the above expression into expression (B1), we get

_ 3nngT
87 43 — 3bn,
or
47r3Fy
ng =

3(kgT + Fyb)

There are m vacancies in the bubble.

m =

47r3/3Q

(B3)

(B4)

(B5)

Q is the volume of one molecule of UO,. Therefore, we can get the expression of equilibrium gas atom concentration in a bubble

b _
Coe =

n_ RO

m  ksT + Bb

(B6)

For the bubble surface under the mechanical equilibrium condition, the following relation exists:

F, +

Vs
Opp = —
bk R

(B7)

where oy is the stress in the bulk, R is the bubble radius, and v; is the surface tension of UO,. Under stress-free conditions, oy = 0, one can obtain
the pressure in the bubble, which can be rewritten as follows:

Py = 2y,/R

(B8)

This is a function of the surface tension and the radius of the bubble. Thus, under stress-free conditions, the equilibrium gas atom concentration in
a bubble can be written as follows:

b

Coe =

__ 2
RkgT/2y, + b
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