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Bulk and surface controlled diffusion of fission gas atoms

David Andersson
Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Introduction

Fission gas retention and release impact nuclear fuel performance by, e.g., causing
fuel swelling leading to mechanical interaction with the clad, increasing the plenum
pressure and reducing the gap thermal conductivity. All of these processes are
important to understand in order to optimize operating conditions of nuclear
reactors and to simulate accident scenarios. Most fission gases have low solubility in
the fuel matrix, which is especially pronounced for large fission gas atoms such as
Xe and Kr, and as a result there is a significant driving force for segregation of gas
atoms to extended defects such as grain boundaries or dislocations and
subsequently for nucleation of gas bubbles at these sinks.

Several empirical or semi-empirical models have been developed for fission gas
release in nuclear fuels, e.g. [1-6]. One of the most commonly used models in fuel
performance codes was published by Massih and Forsberg [3,4,6]. This model is
similar to the early Booth model [1] in that it applies an equivalent sphere to
separate bulk UO2 from grain boundaries represented by the sphere circumference.
Compared to the Booth model, it also captures trapping at grain boundaries, fission
gas resolution and it describes release from the boundary by applying time-
dependent boundary conditions to the circumference. In this work we focus on the
step where fission gas atoms diffuse from the grain interior to the grain boundaries.
The original Massih-Forsberg model describes this process by applying an effective
diffusivity divided into three temperature regimes [3,4,7].

D, =1.09-10"7exp(-0.57/k,T)m*/s T >1650K

D, =2.14-10""exp(~1.97/k,T)m*/s 1381<T <1650K (Equation 1)

D, =151-10" exp(-0.82/k,T)m*/s T <1381K

In a later publication [5] they replaced the earlier model with a revised version
derived by Turnbull [8-10].

D, =7.6-10"exp(-3.04/k,T)m*/s T >1650K

D, =4x141-10% xFexp(-1.20/k,T)m*/s 1381<T <1650K (Equation 2)

D, =4x2-10"Fm*/s T<1381K

Here F is the fission rate. Obviously, there are significant differences between these

models (especially the pre-exponentials and the activation energies). In this report,
we will not necessarily focus on the differences between these models, but it is



worth noting that the differences exist (and the implication is that there is an
opportunity to improve the manner in which fission gas behavior is modeled in fuel
performance codes). Rather, in his report, we revisit the original data which these
models were derived to fit, and attempt to provide important interpretations of the
different diffusion mechanisms dominant in three different regimes by comparing
the data to DFT. In the Turnbull model [8-10], the three temperature regimes
correspond to A) athermal diffusion (below 1381 K) where transport is caused
directly by irradiation damage (Ds3), B) irradiation enhanced diffusion (D),
presumably due to increased concentration of vacancies (for 1381<T<1650 K), and
C) intrinsic diffusion controlled by thermally generated defects (D1) (for T>1650 K).
Fig. 1 illustrates the diffusivity as function temperature according to Turnbull’s
model. For the intrinsic regime (denoted by the red line in Fig, 1), Turnbull used the
diffusivity determined by Davies and Long [11]. However, there are uncertainties
associated with this experimental number, as evidenced by the fact that Matzke
suggested a significantly higher value (3.9 eV compared to 3.09 eV) for this regime
[12]. The DFT calculations should enable us to better interpret the physical
mechanisms that are responsible for the diffusivities determined by Turnbull.
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Figure 1: The in-pile fission gas diffusivity as function of temperature according to Turnbull [8-10]. The
figure is reproduced from Ref. [8].



In this report we present results from density functional theory calculations (DFT)
that are relevant for the high (D3) and intermediate (D) temperature diffusivities of
fission gases. The results are validated by making a quantitative comparison to
Turnbull’s [8-10] and Matzke’s data [12]. For the intrinsic or high temperature
regime we report activation energies for both Xe and Kr diffusion in UO2,x, which
compare favorably to available experiments. This is an extension of previous work
[13]. In particular, it applies improved chemistry models for the UOz:x non-
stoichiometry and its impact on the fission gas activation energies. The derivation of
these models follows the approach that used in our recent study of uranium vacancy
diffusion in UO2 [14]. Also, based on the calculated DFT data we analyze vacancy
enhanced diffusion mechanisms in the intermediate temperature regime. In
addition to vacancy enhanced diffusion we investigate species transport on the
(111) UO; surface. This is motivated by the formation of small voids partially filled
with fission gas atoms (bubbles) in UO: under irradiation, for which surface
diffusion could be the rate-limiting transport step. Diffusion of such bubbles
constitutes an alternative mechanism for mass transport in these materials.

Activation energies for Xe and Kr diffusion in UO,,_,

In our previous study of Xe diffusion in UO2:x [13] we calculated the relevant defect
formation energies, binding energies and migration barriers needed for estimating
the activation energy for diffusion. These values are summarized in Table 1. The
activation energies were obtained by using the point defect model that was
originally derived by Matzke [12]. This model assumes that the non-stoichoimetry (x
in UO24) is fixed and that it does not change with temperature. In order to fulfill
these conditions in experiments, the oxygen partial pressure must be controlled and
varied with the temperature. The change in non-stoichiometry is important since it
directly controls the concentration of uranium vacancies, which is key to fission gas
transport in these materials. However, the experiments due to Miekeley and Felix
[15] that were used to validate the simulation results did not employ such an
elaborate setup, but rather the oxygen partial pressure was controlled by the
chemistry of the carrier gas and for this reason the nonstoichiometry was a function
of temperature even within the UO2.x, UO2 and UOz.x regimes separated out in their
analysis. In order to compare directly with these experiments a point defect model
is required that correctly captures the chemistry. Such a model was derived for
uranium diffusion in close to stoichiometric UO2 in our recent study [13]. Here we
apply a similar model for Xe and Kr diffusion and derive corresponding models for
UO2-x and UOz:x.

In [13] the following expression was derived for the activation energy for diffusion
of U vacancies:

E;/U = 2E0, + ES - 2Eeh _ZEFPO + El’oz + E'ZU (Equation 3)

Here, E, is the UO: oxidation energy (interstitial formation energy), E is the
Schottky energy, E,, is the electron-hole pair formation energy, E,, is the oxygen



Frenkel pair energy, E, is the activation energy controlling the oxygen partial

Po
pressure and E) is the uranium vacancy migration energy. The corresponding
expression for Xe (or Kr) diffusion is obtained by adding the binding energy of U
vacancies to the Xe trap site ( £,) and replacing the U migration barrier by the

barrier for intra-cluster migration of the U vacancy that is bound to the Xe trap site (
E)€) [13].

Eje = 2EO, +Es-2E, _2EFP0 + Epoz + ErZU,C — E (Equation 4)

Based on previous results we assume that Xe prefers the Vyo (one U and one O
vacancy bound together) trap site near stoichiometric UO2. The binding energy and
migration barriers in the above equation should be adjusted accordingly.

It is reasonable to assume that reduction of UOx occurs via

U +0) <2+ V) + %02(g) (E1) and from this we derive the following expression

for the activation energy in the UO2 range:

E
EX = Eg+ ;02 —%+ E"C E; (Equation 5)

a m

For UO2« Xe atoms occupy the Vyoz (one U and two O vacancies bound together)
trap site [13] and the binding energy and migration barrier in the above equation
must be consistent with this characteristic. Similarly, in the UOz.x range we assume

that oxidation occurs via %Oz(g) +2U) +V* < 0, +2h" (E2) and the corresponding

activation energy for Xe diffusion can be written as:

E
Efe =FE - 2E1:P0 - 2(% - %) * E";U‘C — E} (Equation 6)

In this regime Xe occupies the Vy trap site [12] and the migration barrier and
binding energy should be defined accordingly.

The parameters entering the above equations are summarized in Table 1. They were
all obtained from density functional theory (DFT) calculations according to the
methodology outlined in [13,14,16]. Most of these parameters were already
published [13], however the E)* barriers for the Vyo and Vyoz traps sites are new.
In previous work we assumed that all three E'"“ barriers were identical to the Vy
case, which, according to the results in Table 1, does not seem to be an accurate
assumption. It is interesting to note that the lowest intra-cluster barrier refers to the
case without any oxygen vacancies associated with mobile Xe cluster, which may
appear slightly counterintuitive. The Xe activation energies obtained from the UO2.,
UOz and UO2:x models above are listed in Table 2 together with available
experimental data from Miekley and Felix [15]. The agreement between the



calculations and experiments is rather good and overall it is improved compared to
the prediction in [13], which applied the old chemistry model for the oxygen non-
stoichiometry.

Using the same models as for Xe above we have also calculated the activation
energies for Kr diffusion. The Kr trap site preference is assumed to be identical to Xe,
which implies that the active diffusion mechanisms for Kr should be similar to Xe.
The corresponding binding energies and migration barriers are listed in Table 1.
The activation energies for Kr diffusion are summarized in Table 2. The Kr
activation energy is slightly higher than for Xe, though the difference is rather small.
The migration barrier for intra-cluster diffusion of the second U vacancy ( E!"“) is
smaller for Kr than for Xe. The difference is the largest for Xe/Kr occupying the Vy
trap site. This can be explained by the smaller size of the Kr atom compared to Xe.
Interestingly, the decrease of the migration barrier is offset by decreasing binding
energy of the second U vacancy to the fission gas atom trap site (Eg). The net effect is
higher Kr activation energy. Experimental measurements on stoichiometric UO>
samples confirm that Kr has a slightly higher diffusivity [8-10].

The high-temperature range (T > 1650 K) in Turnbull’s model refers to intrinsic
diffusion dominated by thermal vacancies, which thus corresponds to the activation
energies summarized in Table 2. We note that for Xe the calculated data agree better
with Matzke’s (3.9 eV) than with Turnbull’s model (3.0 eV). Turnbull relied on
experiments due to Davies and Long [11]. The activation energy for Kr in this
stoichiometry range is even higher. Nevertheless, the agreement is quite good and
allows for a more detailed interpretation of the experimental data than was possible

in the absence of these DFT results.
Table 1: Parameters entering the Xe and Kr activation energy models for fission gas diffusion in UOz-,

UO2 and UO:z+x (see above). The second value for E":’U < (VUOZ) represents binding of a Vuo:z cluster as

mobile defect rather than Vu as assumed for all other cases. This is meant to correspond to irradiation
conditions, see text for details. All units are in eV.

Eo, E; E, EFPO Pos E, E,
Xe |-0.60 7.65 1.91 4.13 5.10 8.125 -1.60
Kr |-0.60 7.65 1.91 4.13 5.10 8.125 -1.60
E,‘;U < (VU) E;U’C (Vuo) E:(/’C(VUOZ) Ey, (Vu) EB(VUO) Ey (Vuoz)
Xe |3.40 5.20 5.48/3.7 | -0.64 -0.81 -3.71/-2.31
2
Kr |2.84 4.90 5.14 0.01 -0.33 -2.88

Table 2: Calculated and measured [15] Xe and Kr activation energies. All units are in eV.

E (UO,.,) E,(UO,) E,(UO,,,)

Xe Calculated 5.70 3.86 1.52

Xe Experimental [15] | 6.0 3.9 1.7

Kr Calculated 6.37 4.04 1.61




Analysis of vacancy enhanced diffusion mechanism

The intermediate temperature range between 1381 and 1650 K was rationalized by
irradiation-enhanced diffusion and from experiments the activation energy was
determined to be approximately 1.2 eV [8-10]. Fission gas diffusion was assumed to
be controlled by uranium vacancies and, using the experimentally determined
migration barrier of 2.4 eV, the irradiation enhanced activation energy for fission
gas transport was derived as:

D,=5J,V

Jv x exp(—%) (Equation 7)

B
V=V, =K'1]Z

Here sis the atomic jump distance, K’ is the fission rate, J, is the vacancy flux
(under irradiation), V is the vacancy concentration and V, is the irradiation-
induced vacancy concentration and Z is the number of sites around a point defect
from which recombination is inevitable. This yields an activation of 1.2 eV, which
seemingly agrees well with the value obtained from in-pile experiments.

This derivation deviates slightly from that used above for thermal diffusion. If we
assume that the same diffusion mechanism is active for vacancies produced by
irradiation as for thermal vacancies the activation energy should be expressed as:

2
D, =sJ,V
Xeyyo _ EXeU20

T P(?
B

V=V, =+K'1],Z

E"
J, xexp|-——=*

(Equation 8)

Here E,}f"z" is the intra-cluster U vacancy migration barrier, Ege"z" is the binding

energy of a U vacancy to the V,, Xe trap site and E,Z“Z is the migration barrier for U
U divacancy clusters, which dominate diffusion in irradiated materials [13]. Using
the DFT data in Table 1 we obtained activation energy of 3.17 eV, which is
significantly larger than the experimental value in the intermediate temperature
regime (1.19 eV, blue line in Fig. 1). This poor agreement strongly suggests that
there is another diffusion mechanism responsible for the measured activation
energy in the intermediate temperature regime. The first option that we
investigated was formation of mobile clusters consisting of Xe occupying the Vyo:
site and an additional Vyo2 defect acting as the mobile defect. The existence of such
defects under irradiation is motivated by the high concentration of oxygen defects



and the strong binding between oxygen vacancies and U vacancies as well as
between oxygen vacancies and Xe trap sites. The oxygen vacancies would eventually
annihilate since they are not thermodynamically stable (except for UO2), but it is
not unreasonable that they exist bound to other defects long enough to enable the
larger clusters to diffuse. For this cluster we calculated a barrier of 3.72 eV and a
binding energy of 2.30 eV. Applying these numbers we obtain activation energy of -
0.03 eV, which is much lower than experiments. However, if the concentration of
irradiation-induced vacancies is assumed to be a constant rather than having the
1/J, dependence postulated above, we obtain 1.27 eV in rather good agreement
with the experimental data. Additional work is needed to motivate using a constant
value for the irradiation induced vacancy concentration. The 1/J, dependence
originates from the time-dependence of the vacancy annealing process; however
since Xe atoms would effectively act as sinks it is not immediately obvious why this
term should be included in the calculation of vacancies available for clustering. A
related mechanism would be for Xe to occupy the Vyoz trap site, while binding a
single U vacancy. This yields activation energy of 0.38 eV.

Another possibility is that, due to the strong interaction between fission gas atoms
and vacancies produced by irradiation they will form extended clusters filled by Xe
atoms. These clusters may diffuse via random walk or along a gradient such as
concentration or temperature. The rate-limiting step for this process will depend on
the size of the cluster. First we tried to calculate the internal vacancy migration
barrier for clusters containing one Xe atom and at least three U vacancies. However,
this approach was not very successful due to the complexity and limitations of DFT
for large supercells. The results that we obtained suggested that the barrier was
strongly dependent on the cluster configuration and there were no indications of
barriers lower than that for Xe in a single U vacancy (V,). However, these
conclusions should be treated with some care since the simulation setup was
reaching the limit of what is possible with DFT.

Below we investigate surface diffusion of U atoms, which could be the rate-limiting
step for bubbles that has reached a certain size. Additional work is required to
establish the limits for this mechanism.

Surface controlled motion of fission gas bubbles

The most stable UO; surface is the (111) surface. It is consequently reasonable to
assume that voids and fission gas bubbles formed due to irradiation would be
terminated by (111) UO surfaces. Both voids and fission gas bubbles could move
their centre of mass (diffuse) by moving U atoms from one side to another. This
process may take place either by subsurface diffusion of U vacancies or surface
diffusion of U ad-atoms, possibly coordinated with oxygen vacancies (for sub-
surface vacancies) or ad-atoms (for U ad-atoms). We simulated both of these
possibilities by using a using a periodic slab of UO2 ([0.5 0.0 -0.5]Fiorite, [-0.75 0.75
0.0]F1uorite, [1.0 1.0 1.0]Fiworite) Separated by vacuum along the third dimension. This
setup is illustrated in Fig. 2. The barriers for subsurface diffusion of U vacancies or



clusters of U and O vacancies are about 1 eV lower than the corresponding bulk
barriers (3.4 eV compared to 4.8 eV for bulk vacancies). The migration of U ad-
atoms or a neutral cluster of one uranium and two oxygen atoms was calculated to
have a barrier of 1.01 and 1.25 eV, respectively. The corresponding migration
pathways are shown in Fig. 2. Both of these numbers are very close to the measured
activation energy in the intermediate temperature regime of Turnbull’s model [8-
10]. If this agreement is accurate, it indicates that Xe transport may be controlled by
small fission gas bubbles or extended clusters rather than by bulk diffusion via
vacancies produced by irradiation. For this to be possible enough defects must be
generated to create fission gas bubbles and the ad-atoms or ledges responsible for
surface diffusion. Fission gas bubbles are formed during in-pile conditions and then
destroyed by resolution via collision with fission fragments. This means that the
conditions for surface controlled bubble diffusion may exist. Additional work is
required to determine whether Vyo: cluster diffusion or bubble diffusion mechanism
is responsible for the in-pile activation energies for fission gas diffusion in the
intermediate temperature range.

We have reported density functional theory (DFT) calculations of the activation
energy for Xe diffusion in bulk UOz+x, which included an improved model for the
impact of chemistry on the UOz:x non-stoichiometry and new data for intra-cluster
diffusion of U vacancies. Good agreement was found with available experimental
data. A similar analysis was performed for diffusion of Kr, which was predicted to
behave very similar to Xe but generally with slightly higher activation energy. Based
on the DFT data for Xe and U vacancy diffusion we have analyzed the existing fission
gas release models due to Massih-Forsberg and Turnbull. Since the DFT data hinted



at some inconsistencies with available experiments, we investigated alternative
mechanisms for irradiation enhanced fission gas transport. In particular we
calculated the rate limiting steps for U surface diffusion and for diffusion mediated
by bound Schottky defects. In the first case we obtained a migration barrier in good
agreement with the experimental activation energy and in the second case we also
obtained activation energy in good agreement with experiments if the irradiation
induced vacancy concentration is approximately independent of temperature.
Future work will elucidate these mechanisms in more detail and try to determine
their validity.
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