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Executive Summary

This report summarizes efforts within NEAMS to investigate the mechanisms that govern fission
gas behavior in UO;. In particular, the focus is on understanding how fission gas behavior causes
transient fission gas release and fragmentation/pulverization of high burnup structure (HBS) in
UQO;. HBS forms in the periphery of the pellet where temperatures are relatively low. Previously,
MD simulations were performed to determine the reaction energies for various Xe and U defects
with bubbles, as a function of Xe to vacancy ratio or, equivalently, pressure. As had been shown
in FY22 [1], it was found that the unmodified version of the Simple Integrated Fission Gas
Release and Swelling (SIFGRS) model within BISON greatly over-predicted the number gas
atoms per vacancy in the bubbles in the outer rim of the pellet (a ratio of > 1 million). This was
due to slow grain boundary vacancy diffusivity and not accounting for the pressure-dependent
reaction energy for Xe interstitials with bubbles. The application of the pressure dependent
reaction energies was able to restrict Xe to vacancy ratios to 2:1, which is far more realistic than
those originally obtained from SIFGRS.

Using new atomic scale insight, SIFGRS has been updated in this work to better capture the
physics of bubble pressure evolution throughout the pellet but with a particular emphasis on
mechanisms that are important in the cooler periphery of the pellet. Modifications to SIFGRS
have been made to account for i) the number of (or lack of) vacancies that arrive along with each
Xe atom with pressure dependent reactions energies, ii) a new equation of state from Yang and
Wirth [2], iii) a better description of bubble volume based only on the number of vacancies per
bubble, and iv) the use of a fracture threshold for grain boundary bubbles [3] allowing bubble
growth through micro-cracking. Currently, dislocation punching has been omitted, as in the
colder region of the fuel, where significant bubble overpressurization occurs, dislocation creep
rates are extremely low and it is unlikely the kinetics of dislocation punching are sufficiently
high. However, this assumption will be explored in more detail in the future.

Following implementation of the new equation of state and updates to the definition of bubble
volume, bubble pressures were still extremely high in the outer region of the pellet: on the order
of 100 GPa. It is unfeasible that such high pressure can occur without the bubble fracturing
the grain boundary. Therefore, a fracture threshold derived from MD simulations [3] was im-
plemented. The bubble volume was assumed to immediately increase in response to the bubble
pressure exceeding this threshold. This gave reasonable pressure predictions under steady state.

The model was tested under a temperature transient showing an increase in bubble radius in
response to the increase in bubble pressure. The increase in bubble radius (assuming the bubble
shape does not change) was not sufficient for interconnection. However, if the same volume was
assigned to cylindrical cracks of radius 10 nm (an assumption to be tested later) they would be
long enough to interconnect. A path forward to test these assumptions and implement a model
that allows cracks to grow and shrink has been proposed for future work.
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1 Introduction

For decades, UO, has been the dominant fuel material used in commercial light water reactors
(LWRs). In an effort to improve economics, LWR operators are attempting to extend the burnup
of UO, fuel. However, the fuel experiences extreme irradiation damage and accumulation of fis-
sion products, resulting in significant microstructural changes during burnup. Limited annealing
of radiation-induced defects and limited fission product release at the low temperatures in the
periphery of the pellet, lead UO, to undergo a restructuring forming the so-called high burnup
structure (HBS), characterized by a reduction in grain size and the formation of micron-sized
bubbles [4-10]. The reduction in grain size is due to the formation of two types of sub-grains,
as identified by Lozano et al. [11]: i) polyhedral grains (0.8 um) and ii) round grains associated
with pores or large bubbles (0.1 um). Coarsening of fission gas bubbles to micron-sizes is typical
of HBS and has been widely observed [5-8, 12]. In addition to the the large bubbles, in some
studies sub-grain boundaries were found to be decorated with nm-sized bubbles [4, 8]. Sonoda
et al. [8] used TEM to observe such bubbles at sub-grain boundaries in the range of 3.5-8 nm in
size.

The formation of HBS creates a number of uncertainties for fuel performance and reactor op-
erations as the material properties are dependent on the microstructural changes. For example,
thermal conductivity of the fuel has been measured to recover as a results of HBS formation [13],
which has been attributed to a drop in Xe concentrations within the lattice [14, 15]. Another key
impact of HBS on fuel behavior, and by far the most important for extended burnups, is the frag-
mentation and pulverization of the HBS regions of the pellet during transient conditions [16].
Although associated with the formation of HBS, pulverization has also been seen to occur else-
where. Pulverization, as a opposed to fragmentation, has been defined as disintegration to mostly
micron-size particles. Alternatively, fragmentation results in particles of >1 mm. In the review
of experiments carried out under the NFIR program, Turnbull et al. [16] showed that pulveriza-
tion typically resulted in particles of 20-200 um in size. They defined pulverization thresholds
for the local burnup of 71 MWd/kgU (related to the onset of HBS formation) and peak transient
temperature of 918 K (related to the fracture mechanism itself). It was suggested by Turnbull
et al. [16] that, during the temperature ramp, the expansion of over-pressurized bubbles causes
fragmentation/pulverization.

In studies of mechanisms that govern a range of nuclear fuel performance behavior, atomic
scale simulations have proven a useful tool. Much of the atomic scale work done on UO; has
focused on intrinsic and irradiation-enhanced fission gas diffusion [17-25]. Other fission gas be-
haviors that have been investigated include molecular dynamics (MD) simulations of resolution
from bubbles under irradiation [26—-28], bubble formation [29, 30], and enhanced Xe diffusion
and nucleation of bubbles at dislocations [31]. A cluster dynamics framework that accurately
captures irradiation-enhanced U and Xe diffusion in UO, has been developed by Matthews et
al. [32,33] by considering a wide range of U and Xe defects. In particular, the diffusion of



mobile bound anti-Schottky trios had to be included. In a previous milestone [34] it was shown,
using cluster dynamics, that the irradiation-enhanced diffusion of bound anti-Schottky trios was
able to significantly over-pressurize bubbles at low temperatures, such as those in the periphery
of the pellet, where HBS forms. For a project funded by EPRI [35], we used MD simulations to
examine the impact of nm-size inter-granular bubbles (similar to those observed by Sonoda et
al. [8]) on the fracture stress of grain boundaries. It was found that bubbles with similar pressures
to those predicted by cluster dynamics in FY20 under NEAMS, caused a significant degradation
in grain boundary strength. This was due to the stresses imparted by the bubbles on the grain
boundaries when exposed to a temperature ramp. In an FY21 milestone for NEAMS [36], the
interaction of Xe-containing defects with bubbles as a function of bubble pressure was deter-
mined and implemented in the cluster dynamics code Centipede that was developed to simulate
irradiation-enhanced diffusion in UO, [32, 33]. It was found that intra-granular bubble over-
pressurization resulted in higher U interstitial concentrations, which, through recombination
with vacancies and kick-out of Xe substitutional defect, increased the Xe interstitial concentra-
tions to such an extent that Xe interstitial diffusion was dominant at low temperatures. In sum-
mary it was shown that Xe diffuses via a i) thermal equilibrium di-vacancy mechanism at high
temperature, ii) irradiation-enhanced tetra-vacancy mechanism at intermediate temperature, and
iii) interstitial diffusion at low temperatures. In FY22, the reaction energies for specific defects
with bubbles (as a function of bubble Xe-vacancy ratio) were implemented in the SIFGRS model
in BISON. It was found that Xe interstitials still drive bubble over-pressurization in the cooler
outer region of the pellet, however the pressure dependent reaction energy ensured that the num-
ber of Xe per vacancy did not exceed 2. This is a far more physical number than that obtained
previously; however, it is still expected that other pressure relief mechanisms would activate be-
fore that. For example, the micro-cracking threshold studied using MD in another milestone last
year [3], which is also thought to be the mechanism responsible for transient fission gas release
and, if dramatic enough, pulverization. Dislocation punching could be an active pressure relief
mechanism; however, the low temperatures where overpressurization occurs means that dislo-
cation creep rates are very low. Emission of interstitials and dislocation punching was seen as a
pressure relief mechanism by Yang and Wirth [2] in MD simulations, even at low temperature,
but only for Xe to vacancy ratios of greater than 3:2.

In this work, we implement in SIFGRS new atomic scale data for the equation of state for
Xe in UO; derived by Yang and Wirth [2] and the MD-informed grain boundary bubble fracture
threshold from Galvin et al. [3]. Additionally, we explore an alternative formulation of the flux
for the vacancies to the bubbles due to deviations from the equilibrium bubble pressure. The
results are discussed in the context of bubble pressure and size evolution under steady-state and
a temperature transient.



2 Methods

2.1 General BISON details

To test changes to the fission gas behavior model accounting for insight from the atomic scale,
a BISON simulation of the IFA-677.1R5 Halden test was selected [37]. This test was selected
as the temperature profiles are similar to that in a LWR and because on-line measurements
of pressure, centerline temperature, and fission gas release were taken that can be later used
to validate the model. The test was carried out on Rod 5 containing doped UO; fuel pellets,
irradiated between January 2011 and May 2015 in the Halden Reactor [37]. The specifications of
the fuel performance simulations carried out in BISON are shown in Table 2.1. Figure 2.1 shows
the applied average linear heating rates, where a) is the true linear heat rate of the IFA-677.1R5
Halden test and b) is a simplified constant linear heat rate that was used to test modifications to
the Simple Integrated Fission Gas Release and Swelling (SIFGRS) model.

Table 2.1: Fabrication characteristics of IFA-667.1 rod 5 simulated in this work [37].

IFA-716.1 Rod 1
Cladding material Zircaloy-4
Fuel material UO,+Cry,0O3+Al,03
Fill gas He
Total active fuel stack length (mm) 403.5
Drilled active section length, top (mm) 111.0
Drilled active section length, bottom (mm) 111.1
Pellet inner diameter, drilled sections (mm) 1.8
Pellet outer diameter (mm) 9.13
Diametral gap (um) 170
Cladding thickness (mm) 0.725
Cladding outer diameter (mm) 10.75
Free volume (cm?) 5.26
Fill gas pressure (MPa) 1.35
Fuel Cr,O3 content (ppm) 500
Fuel Al,O3 content (ppm) 200
Fuel U-235 enrichment (%) 491
Initial fuel density (kg/m?) 10700
Fuel average grain radius (um) 22.5

Due to the small concentration of chromia dopant in UO; fuel, many standard undoped UO»
properties are expected to be readily transferable to doped UO,. Arborelius et al. measured the
thermal diffusivity of fresh fuel, noting only a small change due to doping [38]. It is expected
that this small difference will become negligible after some burnup, as the degradation in thermal
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Figure 2.1: The power profiles used in BISON when testing the modifications to the SIFGRS model.

conductivity will be dominated by the accumulation of fission products and irradiation induced
defects. The larger grain size of doped UO; is expected to have a negligible effect on thermal
transport, given that molecular dynamics (MD) simulations indicate grain size must be on the
sub-micron scale to have a noticeable impact [39]. Therefore, the Halden thermal conductivity
correlation for undoped UQO;, as a function of burnup (as documented in [40, 41]), is used for
simulations of the Halden tests in this study. The specific heat capacity of doped UO; has been
noted to be within 3% of that for undoped UO, [38]. As such, we have applied the Fink data for
undoped UO, [42] to doped UO,. Arborelius et al. note that Cr+Al doped UO, has the same
thermal expansion as undoped UO, [38]. Therefore, the standard BISON UQO, thermal strain
model [43] will be adopted here for Cr-doped UO,. In BISON, the grain growth of standard UO,
due to the high temperatures experienced in-reactor is described by the model from Ainscough et
al. [44]. Although this model is also applied here for doped UOs, it does not result in significant
grain growth due to the large initial grain diameter of doped UQO, (40-70 um). This behavior
is expected due to the stability of the large grains. During irradiation, nuclear fuel undergoes
further densification beyond the beginning of life sintered density. Observations during the
Halden Reactor Project [45] showed that a densification of 0.1-0.2% occurred for Cr-doped
UO, fuel rods. Therefore, the standard UO, densification ESCORE model [46] was used for
doped UO, but with the maximum densification set to 0.15% in the simulations of the Halden
tests. Densification information is not available for the Framatome ramps test, hence the standard
value of 1% for undoped UO; is applied to doped UO,. Such small additions of dopant are not
expected to influence the uncracked elastic behavior and, as such, typical elastic constants for
standard UO; are applied. Larger grains can reduce the fracture strength of UO, [47]. However,
in the absence of a specific model for Cr-doped UQ;, the isotropic softening model for fuel
cracking from Barani et al. for undoped UO; is used [48]. The creep rate is treated using the
MATPRO correlations for standard UO, [43]. A creep model has not yet been implemented for
doped UO; but is being developed in a separate milestone.



2.2 Intra-granular fission gas behavior

The fission gas behavior model for oxide fuel in BISON [49] incorporates the fundamental
physical mechanisms for fission gas release (FGR) [40,50]. The diffusion of fission gas from the
bulk to grain boundaries is governed by the unperturbed diffusivity of single gas atoms through
the UO, lattice (D), trapping at intra-granular bubbles (g), and resolution from intra-granular
bubbles (b). Transport from within a spherical grain (as assumed in this model [50]) to the grain
boundary can be described by:

JdC;y b

= —DV?C, 2.1
ot b+g ¢ B @D

where Cj, (atoms-m~?) is the intra-granular gas concentration, g (s~!) is the trapping rate, b
(s™!) is the resolution rate, D (m2s~1) is the unperturbed diffusivity, and (atoms-s~1) is the
source term for the generation of gas atoms through fission. The effective diffusivity can be
described as [51]:

b

Dets = D—— 2.2
eff btg (2.2)

The trapping and resolution parameters, g [52] and b [53], are given by:

g =4nRND 23)
b =3.03Fnls(R+Z) (2.4)

where [y = 6 x 107° m is the length of a fission fragment track, Zy = 10~2 m is the radius of
influence of a fission fragment [53], and F is the fission rate density. The bubble radius and
bubble density, R and N respectively, are solved for during the BISON simulations using the
model described by Pizzocri et al. [54].

The fission gas diffusivity for doped UO; is given by a lower length scale informed model de-
rived by Cooper et al. [55] as an enhancement to the empirical undoped UO, model of Turnbull
et al. [56,57]. The model accounts for the impact of doping, fission rate and temperature.

2.3 Unmodified inter-granular bubble model (SIFGRS)

The SIFGRS model accounts for the evolution of inter-granular bubbles, the associated gaseous
fuel swelling, and the eventual saturation of the grain boundaries, resulting in FGR to the fuel
rod free volume. Swelling due to intra-granular bubbles is not considered in the present work,
as it is generally less important than that due to inter-granular bubbles in UO, under normal
operating conditions, at least for burnups below 45 GWd/t [58]. A detailed description of the
fission gas model can be found in [40,50,59]. Here we describe some key features of the model,
paying particular attention to components of the model that we will modify to account for low
temperature irradiation-enhanced defect processes that cause bubble over-pressurization.

As Eq. (2.1) is solved, the number of Xe atoms arriving at the grain boundaries is determined
for each time step. By assuming all Xe atoms arriving at the grain boundary are accommodated



immediately within inter-granular bubbles, the rate of change of gas atoms per bubble, dz;“’,

is calculated. When defining the bubble pressure in SIFGRS, it is assumed that Xe arrives as
single atoms, or interstitials (i.e., unaccompanied by vacancies). Therefore, for the pressure of
the bubbles to be relieved, vacancies must diffuse along grain boundaries to the bubbles. The
rate of arrival of vacancies at the bubbles, based on the model of Speight and Beere [60] for the
growth of grain boundary voids under an applied tensile load, is given by:

dn, _ 2m[v]D,d,

_ ~ e 2.

n, = number of vacancies per grain-face bubble

t = time (s)

[v] = vacancy concentration in the grain boundary (per site)
D, = vacancy diffusivity in grain boundaries (m~2s~!)

kg = Boltzmann constant (JK~1)

T = temperature (K)

p = bubble pressure (Pa)

Peq = equilibrium bubble pressure (Pa)

The bubble volume is described by:

Voubble = bxenxe +Qyn, (2.6)

Q, = volume per vacancy (m?>)

bx. = the atomic volume of Xe from the van der Waals constant (m~>)

nx. = number of gas atoms per grain-face bubble as determined by solving Eq. (2.1) for the
intra-granular behavior.

This treatment of the bubble volume, in Eq. (2.6), effectively assumes that gas atoms, as
well as vacancies, contribute to the free space that makes up a void/bubble. This assumption is
questionable and will be probed in this work.

The pressure of a bubble, p, in BISON is in theory determined from the simple (excluding the
a gas constant) van der Waals equation of state:

nxekBT
P Viubbie — bnxe @7
A consequence of combining Eqgs. (2.6) and (2.7) is that the equation governing the pressure of
a bubble reverts to the ideal gas law:

o kBT nxe
P= Q, n,

(2.8)

The equilibrium bubble pressure, which, when combined with p, provides the driving force
for bubble swelling, is given by:

2y
e = — 2.
Deq Rgf (7" 2.9)

Peq = €quilibrium bubble pressure (Pa)



Y = surface tension (Jm~2)

R, = radius of curvature of grain-face bubbles (m)

o5, = hydrostatic stress (one third of the trace of the stress tensor) (Pa)

In summary, the arrival of gas from the grain raises inter-granular bubble pressures (see
Eq. (2.8)), increasing the driving force for vacancies to diffuse to inter-granular bubbles via
grain boundary diffusion (see Eq. (2.5)).

2.4 Lower-Length-Scale informed Modifications to Inter-Granular
Bubble Model

2.4.1 Equation of state for fission gas

The original version of SIFGRS uses the simple van der Waals equation of state for Xe to de-
scribe the pressure of bubbles in UO; as a function of the number Xe atoms and vacancies that
comprise the bubble, and the local temperature. This equation performs well for the gas under
small to moderate pressures. However, it is possible that extremely high pressure bubbles occur
at the low temperatures in the periphery of the pellet where the fuel becomes susceptible to pul-
verization. Therefore, an equation of state derived from atomic scale simulations by Yang and
Wirth [2] has been implemented in BISON. In this equation of state, the pressure of the bubble
is given by:

p = pkgT (1+Bp, +Cp; +Ep;) (2.10)

where p, = p/p. is the reduced gas density and p. = 5.06 nm—>. Wirth and Yang also derived a
radially-dependent term accounting for contrainment by the UO, lattice, which has been omitted
here, given that it was shown to only be significant for nm-size bubbles (smaller than the bubbles
that form at grain boundaries).

B, C, and E are dependent on the reduced temperature 7, = T /T,, where T, = 290 K, such
that:

by by
B=by+—+—= 2.11
0+ T + 72 (2.11)
c1
= —+ = 2.12
C=cy+ T + Tr2 ( )
el (%)
E= —+ = 2.13
ey + T + Trz ( )
where b;, ¢;, and ¢; are fitted constants:
by = 0.261323
by = —1.132763
b, = 0.028564
co = 0.318315
c1 = —0.038613
¢y = —0.248067
ep = —0.003885



e; =0.069736

e» =0.18356

In this work, we treat the only source of free space for the bubbles as being due to vacancies,
while fission gas atoms occupy this space increasing p and p. We have, therefore, defined the
bubble volume as n,Q, and p = ny,/(n,Qy).

Using this new version of the equation of state for Xe, the pressure can more accurately be
defined for a given T, and ny,/n,, which will enable a better description of the driving force for
various pressure release mechanisms, such as that described in Eq. (2.5) for fracture.

2.4.2 Revised reaction rates for vacancies with grain boundary bubbles

In this section, we describe an alternative to the linear approximation for the flux of grain bound-
ary vacancies to bubbles to relieve the bubble pressure. A similar approach to that of Matthews
et al. [32], which was used to describe the rate of change of bulk vacancy concentrations due to
reactions with intra-granular bubbles has been used.

The change in the energy of the bubble due to the addition of a vacancy is accounted for by
dE = —PdV, where the increase in the bubble volume is equal to the volume of one vacancy, as
such:

Go = _Gf,v - (p - peq)-Qv (2.14)

where Gy is the reaction energy for a vacancy being incorporated within a bubble of pressure p.
Gy, 1s the formation energy of the vacancy, which controls the equilibrium vacancy concentra-
tion in the grain boundary,

—Gy,
[v]:exp< kg; ) (2.15)

The intersect between an intergranular bubble and the grain boundary makes a cylinder with
the same radius as the bubble and a height equal to the grain boundary thickness. The surface
area that defects can flow through to enter the bubble is, therefore, A = 275Rgf5; whereby & <<
R, r. The flux of defects into a grain boundary represents a very similar problem geometrically
to that of defects to a dislocation, which is given by [61, 62]:

dey,  2mDycypy
dr Ry
ln (E)

where R, is the capture radius and 2%, is the separation between dislocation cores. py is the
dislocation line density in m/m?, such that Pa = cqly , where ¢, is the number density of dislo-
cations and /; is the dislocation length. ¢, is the concentration of vacancies. This can written in
terms of the rate of vacancies arriving at a single dislocation as:

(2.16)

dn, 2mDyc)l,

== @ 2.17)



Therefore, considering that a bubble intersecting a grain boundary represents fundamentally the
same geometric problem as for a dislocation, except that the length over which the grain bound-
ary vacancies and the bubble react is the grain boundary thickness, rather than the dislocation
length,

dn, _ 2D, )3

a1, (Rﬂif)

However, the above reaction assumes that it is always favorable for bubbles to absorb vacancies,
which is only true if the bubble pressure exceeds the equilibrium bubble pressure. Using the
same driving force relationship described by Matthews et al., the reaction rate can be written as:

dn, 2nD,d AGO)}
_ 2.19
dt Qln (7Ri> |:[V] P <kBT ( )

By substituting Eq. (2.15) into Eq. (2.19) and assuming that vacancies within the grain boudnary
are always at thermal equilibrium one obtains:

dn, 2m[v|D,d [ ((Peq —p)< >}
2 il I Meq P77V 2.20
@ o <%) exp il (2.20)

The dependence on inter-granular bubble concentration comes from &, which is the separation
between the centers of the bubbles and is calculated within SIFGRS based on the areal density
of the bubbles.

(2.18)

2.4.3 MD-derived reaction energies

In a previous milestone [34], the average energy of a Xe atom in a fission gas bubble based on
0 K static atomic scale simulations was found as a function of %, as follows:

8 7 6
%bble—Evoifl:A<”m> +B<m> +C<nxe>
nxe ny n, n,

5 4 3 2
o) e () ol () o
n, ny ny My v

A =0.02210eV

B=-0.3282eV

C=1.950eV

D= -5.858¢eV

E =9.189eV

F=-7.091eV

G=3.372eV

H = —1.033 eV where 7%« is the Xe to vacancy ratio of the bubble. MX_W"’ was found to be
broadly independent of bubble size, at least for the small bubbles tested, and is only dependent
on ”,jff, allowing a single polynomial to be fitted for W that describes all bubble sizes.



This energy relates to the static mechanical gas-gas and gas-UQO, interactions, which can
become important for extremely large bubble pressure. For example, it has been shown that if
interstitial Xe or U atoms arrive at fission gas bubble they will increase the bubble pressure until
“%c becomes so high that further increases in the bubble energy (as described by Eq. (2.21)) Wlll
prevent further incorporation of interstitial defects; thereby, resulting in an upper limit in “Xe
As described in previous milestones the change in the energy of the bubble due to reaction w1th
a given cluster can be combined with the defect energy of that cluster as follows.

By multiplying Eq. (2.21) by nx. and then differentiating with respect to n, the change in
energy of the bubble due to one vacancy being added was determined.

9 8 !
AE, = a(Ebubble EVOld) — _8A (nXe) —7B (nXe) —6C <nXe>

on, n, n, n,
(nXe>6 <nXe>5 <nXe>4 (nXe>3 <nXe>2
—-5D —4E —3F —-2G —H (2.22)
ny ny ny ny ny
Similarly by multiplying Eq. (2.21) by ny, and then differentiating with respect to ny,, the
change in the energy of a bubble due to the addition of a single Xe atom was determined [36].

8 7 6
AEy, = a(Ebubble Evotd) — 94 (nXe> + 8B (nXe> +7C (”Xe)

anXe ny ny ny

5 4 3 2
+6D (”Xe> +5E <”X) +4F <”X) +3G <”X> +2H (”X> (2.23)
n, n, ny, ny ny
Therefore, the reaction energy of a defect containing a certain number of Xe atoms and va-
cancies with a bubble can be expresses as:

Edefect—bubble = —Edefect + (v, —ny,)AE, + nx.AEx, (2.24)

where Ey.fecr 18 the formation energy of the defect cluster. ny,, is the number of U vacancies in
the cluster, ny, is the number of U interstitials, and nx, is the number of Xe atoms. For example,
if the Xe-containing cluster is {Xe : 4Vy : 3Vp }, then ny, =4, ny, =0, and ny, = 1. By assuming
stoichiometric growth of the bubble (assisted by rapid diffusion of oxygen defects), the reaction
energy is not sensitive to the number of oxygen vacancies [34]. These "n—)f dependent reaction
energies will be used in modifications to SIFGRS to determine reaction rates that account for
both the composition of the defect and the bubble pressure.

2.4.4 Accounting for vacancies that assist gas diffusion

At a given temperature, gas can diffuse though the bulk lattice via one of several mechanisms. It
was show in previous work, that it diffuses via a i) thermal equilibrium di-vacancy mechanism at
high temperature, ii) irradiation-enhanced tetra-vacancy mechanism at intermediate temperature,
and iii) interstitial diffusion at low temperatures. Therefore, as gas arrives at inter-granular bub-
bles it is accompanied by a differing number of vacancies depending on the temperature. This
can be seen in Fig. 2.2, where the number of vacancies accompanying each gas atom at a given
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temperature is shown. This was based on the relative diffusivities of different Xe-containing
defects predicted from cluster dynamics simulations, where the only the most dominant defect
were included:

2DXe2U + 4DXe4y

ny = (2.25)
Xe YDXei + DXezy + DXe4U

where Dy,,;,, Dxe,,, and Dx,, are fitted to the data from [36]. Y accounts for the change in the
driving force for Xe interstitial incorporation into inter-granular bubbles as a function of 7x<:

AGo xe;

1 —ex ( ) if Go xe, < 0,
Y = PUTTT 0.Xe (2.26)
0, otherwise

where Gy x., s the reaction energy for a Xe interstitial with a bubble as a function of the "X‘ of
the bubble, as described by Eqs. (2.23) and (2.24). Analogous Y terms for the Xe,y and X eqy
defects are always one so are not shown in Eq. (2.25).

Vacancies per Xe atom

O T T
700 1200 1700 2200

Temperature (K)

Figure 2.2: The number of vacancies per Xe atom arriving at inter-granular bubbles, ny., based on Cen-
tipede simulations where intra-granular bubble pressure is evolved, such that Xe interstitial
diffusivity dominates at low temperatures.

The rate of arrival of vacancies by assisting gas diffusion is given as:

dn, dnx.
2V 2.27
dt xe dt ( )

2.4.5 MD-derived cracking threshold

In a previous milestone [3], MD simulations were performed to examine the pressure at which
inter-granular bubbles induce micro-cracking along the grain boundary. The MD simulation
supercells contained a grain boundary with a void centered upon it. Bubbles of radius 5 nm
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and 20 nm were examined. For a given void radius, gas atoms were inserted, creating a bubble.
The number of gas atoms was increased, causing a rise the bubble pressure. Eventually the
bubble pressure was sufficient to cause a micro-crack to extend from the grain boundary-bubble
intersection. This provided additional volume for the gas, thereby, lowering the bubble pressure
and reducing the energy of the system. An MD-informed fracture threshold was defined based
on the bubble pressure at which the micro-crack occurred. This is shown in Fig. 2.3, as a function
of bubble radius. The following expression was fitted to that data for implementation in BISON:

Perack = 2.11 X 10°R, % (2.28)

where p..qcr 18 the bubble pressure in Pa at which a crack occurs, as a function of bubble radius,
Rgr, in m. The simulations used to parameterize this expression were carried out at 600 K.
No dislocation punching occurred in these simulations before cracking occurred. Additional
simulations are being carried out at different temperatures as part of another work package this
FY but until those new simulations are complete this behavior is assumed to be independent
of temperature. Having said that, the above is expressed in terms of pressure, which is itself
temperature dependent through the equation of state.

10000 ki 8

T
(]
(1]

®  MD cylinder

L ©  MD lenticular
P crit

1000 = P dis

Peq

P thresh MD

P (MPa)

100¢=

| L L]
1 10 100
d (nm)

Figure 2.3: A plot showing several pressure thresholds, as a function of bubble radius, that can result in
pressure relief from bubbles in UO;. The red line shows the equilibrium bubble pressure,
the green lines shows the dislocation punching threshold based on the experimental shear
modulus. The shaded blue band represents the range of cracking thresholds estimates using
an analytical expression, while the dashed orange line indicates a fracture threshold derived
from molecular dynamics simulations by Galvin et al. [3].

If the pressure of the bubbles (defined by Eq. (2.5)) exceeds the MD-derived fracture threshold
given by Eq. (2.28) the volume of the bubble was assumed to immediately increase through
cracking to provide the volume required, AV, to lower the pressure back to the fracture threshold.
We have assumed that, through surface diffusion, cracks that have extended from bubbles are
able to rapidly reconfigure so that their volume becomes incorporate into the bubble and the
bubble maintains its lenticular shape. In a given time step, the increase in bubble volume due to
fracture is defined as:

dv

AV = (P - pcrack)dip (2.29)
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where % is defined using a first order finite difference approach applied to the equation of state
described in Section 2.4.1:

dP _ p(V)—p(V +8V)

2.30
dv % (2.30)
The change in the number of vacancies per inter-granular bubble is therefore:
AV
An, = — 2.31
=g (2.31)
dn, _ An,

whereby, 7+ = = and Ar is the timestep. The reverse of this process is never permitted to
occur and An,, from Eq. (2.31) can never be negative. The use of Eqgs. (2.29) to (2.31) inherently
assumes both that cracks can occur immediately in response to the bubble exceeding p.rqcr and
that the bubble can immediately return to its ideal lenticular shape. The former assumption is
justified given that brittle crack propagation occurs at the speed of sound, which is effectively
instantaneous. The latter assumption is based on the fact that surface diffusion occurs much more
quickly than the other diffusive processes. The validity of this assumption will be discussed
based on the results presented here.

Yang and Wirth also derive a term to account for constraint due to the surrounding lattice.
This was shown to only be important for nm-sized bubbles, such as those within the grain, and

is omitted here due to the relatively large size of bubbles at the grain boundary (> 50 nm).

2.4.6 Combined modifications

The total rate of change of vacancies in a single bubble due to the various mechanisms discussed
above can be expressed as:

dnv _ (di’lv > pressure N <dnv > Xe N (dnv > crack (232)
dt dt dt dt

The three terms represent the arrival of vacancies due to bubble-pressure induced diffusion by
equilibrium vacancy concentrations, ii) the vacancies that inherently assist Xe diffusion, and
iii) the increase in volume due to grain boundary cracking. These processes are, respectively,
described by 1) Eq. (2.20) or Eq. (2.5), ii) Eq. (2.27), and iii) Eqs. (2.30) and (2.31). In the fol-
lowing section the results of introducing these modifications sequentially along with alterations
to the equation of state described in Section 2.4.1 will be discussed.
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3 Results and Discussion

3.1 Unmodified SIFGRS

As a baseline, the results of bubble evolution with the unmodified version of SIFGRS are shown.
The primary metrics of interest are the bubble size and pressure evolution, as well as the ratio
of the number of gas atoms per bubble to the number of vacancies per bubble. These are shown
as a function of time for the IFA 677 rodelet case described in Section 2.1. For simplicity and
more rapid simulation times, the constant power case was used. Figure 3.1 shows the results as
a function of time at three radial positions in the pellet: i) inner position of the pellet (red), ii)
mid-way between the pellet center and the periphery of the pellet (green), and iii) the outer edge
of the pellet (blue). All positions are located at the axial mid-point of the rodlet.

It can be seen that in the periphery ’% greatly exceeds any value that would be considered
reasonable. This is due to the immobility of grain boundary vacancies in the cooler periphery of
the pellet, see Fig. 3.1d. Conversely the higher temperatures at the mid-point and the inner part
of the pellet mean that highly mobile vacancies can relieve the bubble pressure.

The assumption that the bubble volume consists of both the volume of the vacancies and the
gas atoms (Eq. (2.6)), when used in the simple van der Waals equation (Eq. (2.7)), returns the
ideal gas law (Eq. (2.8)). Hence, bubble pressures in the range of several GPa are obtained,
whereas for "% on the order 10 million, far higher pressures would be expected. Before ad-
dressing the i 1ssue around the assumptions of the bubble volume and gas equation of state, the
fact that gas atoms can diffuse by vacancy-assisted mechanisms should be addressed.
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Figure 3.1: Prediction from the unmodified SIFGRS model in BISON for inter-granular bubble behavior
at three positions in the fuel pellet for the IFA-677.1RS5 case with a constant power applied.
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3.2 Including vacancies that assist Xe diffusion

In a previous milestone, we demonstrated that, by accounting for vacancies that assist Xe diffu-
sion and, in particular, the fact that the driving force for Xe interstitials to become incorporated
into bubbles tends to zero as the bubble pressure becomes high, ny,/n, values should not be
greater than 2. This phenomenon has been implemented in SIFGRS and the results are shown
here as a benchmark, see Fig. 3.2, against which to see the impact of the new physics imple-
mented this year. Figure 3.2a demonstrates that ny,/n, in the center of the pellet and at the
radial mid-point are not affected by including the number of vacancies that assist diffusion of a
Xe atom (Eq. (2.27)). This is due to to the high operating temperatures at these locations and the
correspondingly mobile grain boundary vacancies that dominate pressure relief. On the other
hand, ny,/n, in the cooler periphery of the pellet saturates at about 2, as had been seen previ-
ously. However, the use of the bubble volume assumption in Eq. (2.6) means the van der Waals
equation becomes the ideal gas law and results in much lower pressures that would be expected
for such a high ny,/n, (an average of two atoms occupying the space previously occupied by a
single vacancy). Similarly, by accounting for the volume of both the vacancies and the gas atoms
in the total bubble volume, it is expected that the bubble radius is overestimated. Both of these
things are important, given that intergranular bubble pressure and separation (governed by the
size and number density) have been shown to be key characteristics that impact the likelihood
for grain boundary fracture during temperature ramps [3]. For comparison, the threshold for
micro-cracking around grain boundaries, based on the MD simulations of Galvin et al. [3], is
also shown in Fig. 3.2b. Although the bubbles pressures are below the threshold for all of the
results shown in this case, changes to bubble equation of state may alter that conclusion.
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position in the fuel pellet for the IFA-677.1R5 case with a constant power applied. nyx./n,-
dependent reaction energies have been applied.
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3.3 Updated equation of state and volume

While more physical values for ny,/n, were obtained by using MD-informed reactions energies
to described the lowering of the driving force for Xe interstitials to continue to increase bubble
pressure as ny,/n, approaches 2, there remain issues with the predictions of bubble radius and
pressure. Both of these are important for later predicting the transient fission gas release and
pulverization. Only when high pressure bubbles are near enough to each other (of sufficient
size and number density) can the creation of microcracks during a transient be sufficient to
interconnect bubbles leading to gas release or grain boundary decohesion.

To address these issues, we have, first, removed the contribution of gas atoms to the free
volume of the bubbles. Instead only vacancies can grow bubbles and the gas atoms, instead,
occupy this free spaces and increase the pressure. As discussed in Section 2.4.1, the gas density
is nx./(Qyn,) and was used in the equation of state derived by Yang and Wirth [2]. By compar-
ing Figs. 3.2a and 3.3a it can be seen that these changes have only a minor impact on ny,/n,.
However, the impact of replacing the ideal gas law with the equation of state from Wirth and
Yang has a profound effect on the bubble pressures in the periphery of the pellet, increasing them
from a few hundred MPa to around 100 GPa, see Figs. 3.2b and 3.3b. The new equation of state
has a much smaller effect on the pressure of the inner and mid-point bubbles, where the ny,/n,
remains low and the ideal gas law is expected to perform reasonably well. Comparison of the
predicted bubble pressures in the outer region of the pellet with the fracture threshold derived
by Galvin et al. clearly shows that fracture of the grain boundary should be active as bubble
growth mechanism, even for steady state conditions. This will be addressed in a later section.
An interesting point to note is that, due to Xe being in the solid state for such a high ny,/n,,
the bubble pressure is essentially temperature independent and no further increase in pressure
would be seen for a temperature ramp.

As well as updating the equation of state, the new formulation of the bubble volume was
applied and, as expected, it resulted in a reduced bubble radius in the outer region of the pellet,
see Fig. 3.3c. Only a small impact was seen on the bubble radius in the hotter regions of the
pellet (inner and mid), given that, even with the old assumption, the low ny,/n, means that the
vast majority of the bubble volume in those regions was already accounted for by vacancies
rather than atoms.

18



10°
o 4 .
10 102 4
=3 E
g 2 1014
T g .
g 5 [~ e rmr NN EEsssssrrEEEsseaan

10 9 ¢

g g 1004 et araErssramanmag,
3 s R L I T I
I3 v .

; 5 1p-14 = = equil_pressure_inner
> 2 — -

~ 2 == = equil_pressure_mid
g 1072 § B 10-2 4 = = equil_pressure_outer
E 2 = pressure_GB_inner
=3 o —

o 5 1031 ~——— pressure_GB_mid

= 5 e e s = pressure_GB_outer
£ : &

1073 4 = atoms_to_vacas_GB_inner £ == = fracture_threshold_inner
= atoms_to_vacas_GB_mid 1074 4 =+ fracture_threshold_mid
= atoms_to_vacas_GB_outer = = = fracture_threshold_outer

T T T T T 10~% T T T T T
] 100 200 300 400 500 0 100 200 300 400 500
Time (days) Time (days)
Nxe 1
(@) ;%= ratio (b) Pressure
vaca
§ 10° {
w
=
E
c
o
]
=)
=
Q
g o1
= 1071
c
c
>
s
]
£ .
=== pubble_radius_GB_inner
=== pubble_radius_GB_mid
10-2 4 === hubble_radius_GB_outer
o 100 200 300 400 500
Time (days)
(c) Radius

Figure 3.3: Prediction from the SIFGRS model in BISON for inter-granular bubble behavior at three
position in the fuel pellet for the IFA-677.1RS case with a constant power applied. An updated
equation of state has been applied.
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3.4 Updated rate equation for vacancy flux

Another benefit of the improved description of the bubble pressure based on the new equation
of state is that the driving force for grain boundary vacancy absorption by bubbles is better
captured. We have also implemented a new equation for the rate of vacancy absorption based
on a similar formulation that used in cluster dynamics, such as that described by Matthews et
al. [32]. In this case, the reaction energy between a vacancy and bubble is described as a function
of the deviation from the equilibrium bubble pressure and is used to define the driving force.
Additionally, the pre-factor has been derived based on the grain boundary bubble intersecting the
grain to create a cylindrical capture region with radius equal to that of the bubble and thickness
equal to that of the grain boundary. The cylindrical assumption is based on the fact that the
bubble radius is much larger than the grain boundary thickness. This is described in more detail
in Section 2.4.2. The results using this new form of rate equation for vacancy absorption are
shown in Fig. 3.4. Only small differences are seen compared to the previous linear assumption
for this mechanism. Virtually no difference is seen in the outer periphery of the pellet as this
mechanism is essentially completely inactive anyway due to the immobility of grain boundary
vacancies at this temperature.

Nonetheless, we did notice that smoother increases in all three of ny, /n,, pressure, and radius
occur at the mid-point and inner regions of the pellet. We believe that this is because the new

formulation, see Eq. (2.20), fairly quickly reaches a maximum value of gg&%’? as the bubble
®

pressure exceeds p.,. This means that bubbles hit a steady growth rate that is limited by the self-
diffusivity at the grain boundary, [v]D,. The original linear approximation shown in Eq. (2.5)
means that there is always feedback between the bubble pressure and the vacancy flux, which
we could cause the jumps in bubble characteristics shown in Fig. 3.3, compared to the relatively
smooth increase with the updated rate equation shown in Fig. 3.4.
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Figure 3.4: Prediction from the SIFGRS model in BISON for inter-granular bubble behavior at three
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21



3.5 Cracking added

It can be clearly seen in Fig. 3.4b that the bubble pressures in the periphery of the pellet are well
in excess of the expected fracture threshold derived from MD. This is due to the low diffusivity
of grain boundary vacancies at low temperature being insufficient to relieve bubble pressure.
Therefore, we have implemented a cracking growth mechanism as described in Section 2.4.5.

Figure 3.5 shows the bubble ny,/n,, pressure and radius as a function of time. The bubbles at
the inner and mid points of the pellet are unaffected by the addition of this cracking mechanism.
This is expected given that cracking can only be activated for bubble pressures that exceed the
cracking threshold, which does not occur in these regions of the pellet.
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Figure 3.5: Prediction from the SIFGRS model in BISON for inter-granular bubble behavior at three
position in the fuel pellet for the IFA-677.1RS5 case with a constant power applied. A cracking
bubble growth mechanisms has been applied.

Figure 3.5a shows that in the periphery of the pellet ny,/n, settles at about 0.9. This corre-
sponds to a convergence of the bubble pressure to the fracture threshold, as shown in Fig. 3.5b,
which is now the limiting mechanism for bubble pressure. Naturally there is a corresponding
increase in the bubble radius, as can be been by comparing Fig. 3.5¢ with Fig. 3.4c. For example,
at the end of the simulation the bubble radius in the periphery of the pellet now reaches 162 nm,
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whereas without cracking enabled it only reached 102 nm.

One significant outcome of the outer bubble pressure being limited to the cracking threshold
of about 3 GPa is that it ensures the bubble is in a regime of the equation of state where the
bubble pressure is temperature dependent. This is a pre-requisite of a temperature transient being
able to cause a rise in bubble pressure, which in turn is a pre-requisite for transient-induced
micro-cracking or pulverization via a bubble mechanism. If the bubble pressure is at around
100 GPa, as is the case without micro-cracking growth during steady state (see Fig. 3.4b), the
equation of state does not exhibit any temperature-dependence in the bubble pressure and could
not contribute to a rise in bubble pressure during a transient. This highlights the importance of
cracking as a growth mechanism even during steady-state. Next we will examine the response
of the system to a temperature ramp.
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3.6 Temperature transient

As a test, the same simulation was modified so that at 253 days the coolant inlet temperature was
increased from 506 K to 1200 K over 1 minute. Simultaneously the power was dropped to zero.
The objective of this exercise was to probe the qualitative response of the bubbles to something
approximating LOCA conditions, rather than to do a true evaluation of a LOCA.
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Figure 3.6: Prediction from the fully modified SIFGRS model in BISON for inter-granular bubble behav-
ior at three position in the fuel pellet for the [FA-677.1R5 case. Mock LOCA conditions were
applied after 253 days.

Figure 3.6a shows the change in the temperature at different positions in the pellet. The initial
rise in the temperature can be seen as the coolant temperature begins to increase. Following the
initial rise, the temperature begins to fall as the power is shut off. Eventually all locations in the
pellet settle on the new inlet temperature of 1200 K.

During the rise in temperature, there is an increase in the radius of the bubbles in the outer
location of the pellet, see Fig. 3.6b. This is driven by an increase in the bubble pressure and an
immediate corresponding increase in the volume to account for the cracking growth mechanism.
The radius increases by about 5 nm. This is clearly insufficient to cause interconnection and
transient fission gas release. For example, just before the deviation from steady-state, the bubble
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areal density is 1.23 x10'> m—2, which approximately corresponds to a separation of bubble
centers of 284 nm. Therefore, the bubble radius would need to reach half that (142 nm) for
interconnection to occur.

However, as discussed previously, we have assumed that all of the volume needed to alleviate
the pressure increase is evenly distributed within the bubble so that it maintains its shape. This
assumption is based on surface diffusion occurring very rapidly and on shorter timescales than
the other processes. This is an acceptable assumption for steady-state conditions; however, it
may not be valid during a transient. On short timescales, it is more accurate to assumed the
volume increase can be attributed to cylindrical cracks emanating from each bubble. If we
assign the number of vacancies that the bubble must increase by to relieve the pressure (see
Fig. 3.6¢) entirely to six cylindrical cracks of radius 10 nm, the crack length would be 54 nm.
At the beginning of the transient, the separation between the bubble surfaces is about 52 nm.
Despite the significant assumptions that have been applied, this estimate indicates a promising
path forward to mechanistically describe transient fission gas release and pulverization with a
direct connection to the fission gas bubble evolution.
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4 Future work

As discussed in the previous section, when we combine atomic scale informed models for i) a
description of the diffusion mechanisms of fission gas to the bubbles, ii) a new equation of state,
and iii) a fracture threshold for grain boundary bubbles, there is the potential for a mechanistic
understanding of how micro-cracking occurs and can lead to bubble interconnection during a
transient. For complete implementation of such a description, the model must be extended to
allow cracks to propagate on short timescale and several assumptions must be tested:

If the fracture threshold is exceeded, rather than assign the volume needed to relieve bub-
ble pressure evenly to the whole bubble volume (allowing it to maintain its shape), we
should assign that volume to cracks that protrude from the bubble. A rate equation will be
implemented that will then allow the crack volume to be reassigned to the bubble volume
based on the diffusion of vacancies along the bubble surface. It is expected that this rate
equation will allow cracks to grow on short (transient) timescales but on longer timescales
they will not be able to grow fast enough before they become incorporated into the main
bubble volume and shrink. During the transient or LOCA, if the cracks are longer than the
distance between bubbles, they will be considered interconnected and will result in fission
gas release.

The cross-sectional area of the crack will impact their length during a transient. The crack
geometry should be investigated using MD simulations that are currently on-going in a
separate milestone.

The number of cracks per bubble and the arrangement of bubbles on a grain boundary sur-
face is not well known and should be studied using either MD or phase field simulations,
or some combination of both.

Any temperature dependence in the MD-informed fracture threshold should be studied.

Dislocation punching has been omitted from this study. However, the bubbles in the outer
region of the pellet do exceed the pressure needed for the onset of dislocation punching.
We have assumed in this work (based on the creep rates begin extremely low in UO;
at these temperatures) that dislocation punching does not occur. However, further work
should be done to either revise or justify this assumption. It is possible that dislocation
punching could reduce bubble pressures during steady-state operation.

Nothing in this model so far accounts for the change in microstructure associated with
the formation of high burnup structure. Efforts at INL to understand HBS formation and
implement those findings in BISON are on-going. Ultimately, these models should be
integrated to allow a better description of pulverization.
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* Both micro-cracking, which contributes to transient fission gas release throughout the
lifetime of the fuel, and complete grain boundary fracture leading to pulverization are
thought to be associated with the thermal expansion of over-pressurized bubbles during
a temperature excursions. Future development of this model should seek to resolve dif-
ferences between these phenomena and, where appropriate, identify common underlying
mechanisms.

The above points are beyond the scope of this milestone but should form the basis of future work
to develop and implement a mechanistic model of pulverization and transient fission gas release.
Efforts at INL and LANL are continuing to investigate this behavior at different length scales
and can be coordinated to address some of the points suggested here for future work.
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5 Conclusions

Results from atomic scale simulations and cluster dynamics simulations have been implemented
in the fuel performance code BISON. As shown previously, the over pressurization of bubbles
reduces the driving force for Xe interstitials to arrive at grain boundary bubbles as Xe to vacancy
reaches 2:1. However, the previous equation of state and assumptions regarding the bubble
volume were insufficient to describe the bubble pressures and radii in the cooler periphery of
the pellet. To address this, a new equation of state from Yang and Wirth was implemented,
as was the fracture threshold from Galvin et al.. Both of these models were derived from MD
simulations.

The new equation of state allowed a better prediction of bubble pressures, which allowed
the fracture threshold as a function of radius to be used to indicate the onset of micro-cracks.
We have assumed that bubbles can grow via this fracture mechanism and that the cracks are
immediately reincorporated in to the main bubble volume. This became the dominant growth
mechanism for bubbles in the outer region of the pellet under steady state conditions. When
a temperature transient was applied after 253 days, we found that the growth in bubble radius
through cracking was insufficient to allow interconnection of bubbles and release of gas.

However, if one assumes that cracks cannot be incorporated back into the bubbles on short
timescales and instead protrude from the bubbles, it appears that it is possible for cracks to
interconnect. This may be able to explain transient fission gas release and potentially pulver-
ization. A significant number of assumptions still need to be tested and a time dependent crack
growth/shrinkage model implemented before final conclusions can be made, but a path forward
to achieve this has been proposed.
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