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Abstract: a molecular dynamic simulation of Kr bulk diffusion in UO2 isolated nanocrystals is
conducted in the assumption of a strong krypton-oxygen bonding. Thecrystals consisted of 5460
ions.The modeling carried out by parallelizing the computations on the graphics processing units
of the CUDA architectures GK110 and GP102 using the NVIDIA GeForce GTX 780Ti and 1080Ti
video cards. The frequencies of the diffusion jumps and the values of the diffusion coefficient are
calculated at temperatures from 2325 K to 2800 K. The interstices surrounded by the eight closest
oxygen neighbors are shown to be the equilibrium positions of the krypton atom. The main observed
migration mechanism is movement of the atom between the interstitial positions via the anionic
vacancies. The values of the diffusion coefficient are from 5-10~7 to 2-10 2, and the diffusion
activation energy is Ep = (4.8 4+0.3) eV.
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Introduction. Radiogenic krypton is formed in reactor fuel as one of the products of nuclear
decay. The accumulation of radiogenic gases, particularly xenon and krypton, can lead to swelling
of the fuel and a decrease in its thermal conductivity. The release of the gases from the fuel pellet
creates excess pressure under the fuel cladding. The amount of krypton produced in a reactor is 7.5
times less than that of xenon [1]. The fraction of krypton atoms in the bubbles that the gas forms
together with xenon in the fuel bulk is also about 1:7 (the PWR reactors, [2]). These values, although
small, are not negligible. Therefore, it is important to study the radiogenic krypton behavior in order
to predict the changes in the nuclear fuel properties during operation and storage.

Similar to xenon, the main mechanism for krypton release to the surfaces of oxide fuel crystals
is the diffusion of single atoms through the bulk. The existing experimental data on this process in
UO2 [1, 3] diverge significantly both in the magnitude of the diffusion coefficient and in the activation
energy. Krypton transport mechanisms remain unclear. A comparatively small number of works have
been devoted to the computational simulation of the solution and migration of krypton in uranium
dioxide [4-6]. The studies were mainly focused on static first-principle methods. In a recent paper
[5], the mechanisms and values of the krypton diffusion coefficient were estimated using the DFT+U
approximation and the nudged elastic band method (NEB). Still, a quantitative correspondence
between the simulation results and experimental data has not yet been reliably established.

In works [4] and [6], the empirical pair interaction potentials of the Kr atom with uranium and
oxygen ions in UO o crystal were proposed, based on first-principles calculations. These potentials
are applicable for molecular dynamics simulation. Using the potentials 6], the diffusion of krypton
in isolated uranium dioxide nanocrystals was studied by the molecular dynamics method [7]. It
is important to note that the known empirical sets of potentials [4] and [6] do not imply strong
binding of the krypton atom to the environment. These potentials take into account the repulsion
of the overlapping electron shells, along with the dispersion attraction. Meanwhile, there are some
experimental and calculated data [8, 9| indicating the possibility of the formation of a chemical
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bond of krypton atom with oxygen ions. In [9], the Dmol method [10] had been applied to obtain
an interaction potential of the Kr—O 2~ pair, that was characterized by the depth of the potential
well equal to 1.1 e€V. In the present work, this potential [9] is used to simulate krypton diffusion in
UO 2 by the molecular dynamics.

The Simulation Technique. The systems studied in this work were model UO o nanocrystals
of octahedral shape, isolated in avacuum. Similar to [7], the crystals consisted of 5460 ions. At the
beginning of a computational experiment, a single krypton atom was placed in one of the central
interstitial positions. The krypton diffusion coefficient D was determined from the Einstein relation
<a?(t)> = 6D - t, averaging the mean squared displacement <a? (t)> over 20 computational exper-
iments at the temperatures from 2325 K to 2800 K. The displacements were limited by the crystal
size. Hence, the Einstein relation was used only at times much shorter than the characteristic time
required for the atom to reach the surface. In contrast to work [7], no release of the atoms from
the crystal through the surface was observed, due to the strong binding of krypton to oxygen. Still,
the surface could act as a source of vacancies assisting the migration of the Kr atom. Interaction
of the particles was modeled using the empirical pair potentials that included the Coulomb term,
the valence interaction of the electron shells in the Born-Mayer and Morse forms, and the dispersion
attraction (1):

RS

Uij(R) = Kg Q}ZJ + Ajje Bl 1o (e —28i5(R=Rij) _ =B (R—Ris)y _

(1)

For the pairs U-U, U-O and O-O, the parameters (1) belonged to the MOX-07 potential set [11]
obtained from the UO 5 and PuO s lattice constant dependence on temperature. The interaction
Kr-U was described by the ab-initio pair potential [6] based on the density functional theory. Non-
zero parameters of this interaction were A g,y = 8258.00 eV, B g,y = 3.53104 A1 , Crru =
18.0624 ¢V - A [6]. The pair potential Kr-O was taken from a Dmol calculation [9]. It described
the strong bonding of krypton and oxygen using the parameters ¢ g0 = 1.10 eV, 8 gro = 1.30
A- s Rm,xro = 2.42 A(the parameters not listed were taken to be zero).

All the particles moved according to the Newton’s equations of motion that were integrated by
the Leapfrog method using the time step A t = 3-10 ~'%s. The computational power required to
calculate the pair forces at each step was provided by parallelizing the computations on the graphics
processing units of the CUDA architectures GK110 and GP102 using the NVIDIA GeForce GTX
780Ti and 1080Ti video cards, respectively.
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FiGURE 1 — A time dependence of the squared displacement a 2 (t) of a single krypton atom in the model UO 5 crystal.
T = 2450 K
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Results and discussion. The mechanism of migration of the krypton atom in this work was
analyzed at a relatively low-temperature T = 2450 K, in order to avoid high thermal disordering
of the crystal lattice. A time dependence of the squared displacement a? (t) of a single atom at
this temperature is shown in Figure 1. The steps on the graph correspond to individual diffusion
jumps. The equilibrium krypton positions were the interstices, in which the first coordination sphere
of the atom consisted of eight oxygen anions. Figure 2 shows the time dependences of the x, y and z
Cartesian coordinates of the krypton atom when moving from an interstitial position with coordinates
(0.75, 0.25, 0.25) to a position with coordinates (0.75, -0.25, 0.75), the coordinates are expressed in
the units of the lattice constant. Despite the equality of x values at the beginning and at the end
of the trajectory, the atom changes x-coordinate during the jump as it passes near the point with
coordinates (1.0, 0.0, 0.5) that correspond to an anionic vacancy. The same travel mechanism was
observed for most other diffusion jumps.
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F1Gure 2 — The coordinates of the krypton atom during a jump between two interstitial positions. T = 2450 K

The mechanism of krypton diffusion by the interstices via the anionic vacancies was also obtained
in the case of non-chemical krypton-oxygen bonding [7]. In this work, krypton atom occupied the
vacancies for a very short time, compared with the time spent in the interstitial positions. Contrary,
in [7]| the residence times of the krypton atom in anion vacancies and in interstitial positions were
of the same order of magnitude. In [7], the oxygen ion was displaced by the krypton atom from its
site to an interstitial position. Here, the configurations of the vicinity of the atom in the anionic
vacancy were not determined, since the atom occupied these positions for too short a time. So,
the thermal mechanism of formation of the anionic vacancies assisting diffusion was not excluded.
At temperatures below 2550 K, averaging of the mean squared displacements for calculating the
diffusion coefficient was hindered due to the low frequency of the diffusion jumps. To control the
correctness of the calculation of the diffusion coefficient, we also monitored the frequency f of the
Kr diffusion jumps in the range from 2325 K to 2800 K and plotted its temperature dependence in
the Arrhenius coordinates Inf(1/T). The obtained graph is shown in Figure 3. It can be seen that
the values Inf(1/T) fell on a straight line with the activation energy E y — 4.8 £0.5 eV. The energy
obtained is overestimated in comparison with the experimental data [1, 3]. On the other hand, it is
lower than an ab initio calculation of the activation energy of the Kr interstitial diffusion in [5] (E 4
= 8.57 eV).

The krypton diffusion coefficient D in this work was calculated using the Einstein relation at
temperatures from 2325 K to 2800 K (Figure 4). Its values are in the range from 5-10 =7 to 2-10 ~°
cm? /s. These numbers are very high in comparison with both the extrapolation of the experimental
data to the model temperatures and the estimate of the interstitial diffusion coefficient from [5]. The
divergence from the experiment may be due to the trapping of krypton in real crystals by cationic
vacancies and vacancy clusters, or to a change in the main transport mechanism with increasing
temperature. Compared to the dynamic model with no significant bonding of krypton to oxygen |[7],
the diffusion coefficient decreased by an order of magnitude.
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Ficure 3 — The frequency of the krypton atom diffusion jumps depending on temperature
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FI1GURE 4 — The calculated krypton diffusion coefficient depending on temperature

The interstitial diffusion coefficient and the frequency of jumps f are theoretically linked by the
relation

1 1 B
Dinterstitial = 6 : a% - f= 6 . a(z) “fo-e Ep/kT (2)

were a is the effective length of the jump and f( is a preexponential factor relatively independent
of temperature. In this model, the diffusion activation energy ED coincides with the slopes of the
lines describing the dependence of both frequency and diffusion coefficient on temperature in the
Arrhenius coordinates Inf(1/T), InD ;pierstitiar (1/7T).

The calculated effective diffusion activation energy of krypton is Ep = (4.8+£0.3) eV (Figure
4). This value very accurately coincided with the activation energy of the diffusion jumps E y =
(4.8 +£0.5) eV corresponding to the plot in Figure 3. The experimental value of the activation energy
of krypton diffusion should lie somewhere between 1.4 eV [3| and 3.2 eV [1]. In the absence of strong
Kr-O interaction, the calculated activation energy of interstitial diffusion was (1.00 £0.03) eV [7].
Thus, the weakening of the model chemical krypton-oxygen bond could bring the diffusion activation
energy into line with experimental data. However, additional studies are needed to compare the
model and real mechanisms of krypton diffusion.
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Conclusion. The results demonstrate that the equilibrium positions of the krypton atom in
the model UO 5 nanocrystals under the condition of strong krypton-oxygen bonding are interstices
surrounded by the eight closest oxygen neighbors. A migrating atom passes from one interstitial
position to another through an anionic vacancy. Qualitatively, the mechanisms of solution and
transfer of krypton are unchanged compared to the model |7], where the krypton-oxygen attraction
was limited to the dispersion force. At that, the diffusion activation energy increased from 1.0 eV to
4.8 eV, and the diffusion coefficient decreased by about an order of magnitude. The time spent by
the krypton atom in the anionic vacancies has been substantially reduced. In order to compare the
results with the experiment, it is necessary to simulate the trapping of krypton atoms by cationic
vacancies and vacancy clusters.
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A.d. CeuroB, K.A. Hekpacos, A.4d. Kynps>xkuxa
Pecetioin, Tyneviw IIpesudenmi B.H. Eavuun amundazor Opan pedepandv. yrusepcumemsi, Examepurnbype, Peceti

Kymri kpunrou-orrekTi 6aitsianbicbinaarbl UO o -aeri kpunton auddysusacel. MoJieKylianblK, JUHAMUKA
Moeibaeyi

Annoranusi. UO g - okumaynanran HaHoKpuctaagapaarbl Kr nuddy3usChbiHbIH MOIEKYIAIBIK JUHAMUKAIBIK, MOAEIbIALY1
KYIITI KPUIITOH-OTTEr]l GallyIaHbICHl TypaJibl YiFapbIMMEH JKy3ere achIpbliagbl. Mogenpaenren kpucrangap 5460 noHHAH TYpABL.
Mogenbney NVIDIA GeForce GTX 780Ti »xkone 1080Ti Bumeoxaprasapbin kosmana oreipbir, CUDA GK110 xome GP102
rpadUuKaJIBbIK, TPOIECCOPJIAPBIHIA [TapaJIIeIbIEI €CEIITeY aPKbLIbI XKy3ere achlpblIabl. JIuddy3usbik cexipicrepais xkuiikrepi
Men guddysus koadbdunpentinig monaepi 2325 K-gen 2800 K-ka geitinri Temieparypajia KapacThIpbLIbl. Kpucraagbik
TOP apaJjIbIKTapbl, CeTi3 OTTEriHiH €H >KaKbIH KOpIIijJepiMeH KOpIIaJfaH KPUITOH aTOMBIHBIH Telle-TeHJiK Kyiljiepi peTiHzae
kepcerinred. Herisri GaliKayiaTblH MUrpanusi MEXaHU3Mi — ATOMHBIH AaHUOHJBIK BaKAHCHUSAJIAD apPKbLIbl WHTEPCTUIIAAJIIB
MO3UTUsATAp apackiHaa Ko3ranysl. Judbdysus koadbdurmmentiniyg Mmormepi 5- 10 =7 mem 2-10 ~° cm ? /c geitin, an qudbdysns
akTUBTEHAIpy Heprusicel E p = (4.8 + 0.3) 3B xypaiinp!.

Tyiiin ce3nep: OKCHATI SIAPOJBIK OTHIH, ©3apa 9PEKETTEeCYy MOTEHIHANbl, auddy3us Kodp UIUEHT], KPUNTOHIBIK
nuddysus.

.. CeuroB, K.A. Hekpacos, A.4. Kynpsa>xkuxa
Vparvekuii gedeparvruti ynusepcumem umenu nepsozo Ilpesudenma Poccuu B.H. Eavuyuna, Examepunbype, Poccus

duddy3us kpunrouna B UO 2 B NpeaNoJIO>KEHUN CUJIBHOM CBSI3U KPUIITOH-KUCJIOpoL. MoJekyJisipHO —
OMHAMUYECKOe MOJeJIMPOBaHUe

AnHOTanus. MoJieKyIsapHO — IMHAMUYECKOe MOJeaupoBaHne oo beMHOi nuddysun Kr B n30/1MpoBaHHBIX HAHOKPUCTAJLIIAX
UO 2 mnpoBoguaoch B IPEIIIONIOXKEHUM HAJIMYHUS I[IPOYHONH KPHUITOH-KHUCJIOPOAHOW cBasu. Kpucramier cocrosmm u3 5460
MOHOB. MozenupoBanue MPOBOAWIOCH IIyTEM PAaCIapaJIe/IMBAHUS BBIYUACICHUN Ha rpadUUecKux MPOIEccopax apXUTEKTyDP
CUDA GK110 u GP102 ¢ wucnosnbzoBanuem Bupeokapr NVIDIA GeForce GTX 780Ti m 1080Ti. Paccumranbl 49acToThb
1uddy3UOHHBIX CKAaYKOB U 3HadeHusi kKoaddunmenrta muddysun npu temneparypax or 2325 K mo 2800 K. ITokasano, uro
MEK/JIOY3JIUsI, OKPY?KEHHBIE BOCEMBIO OJIMKAMIIIMU KHCJIOPOJHBIMU COCEISIMH, SBJISIOTCS IOJIOXKEHUSIMU DABHOBECHSI aTOMa
kpunTona. OCHOBHBIM HAOJIOJAEMBIM MEXAHU3MOM MUTPAIUH ABJISETCS IEPEMEIIEHUE ATOMa MEXK/LY MEXKY3€JIbHBIMY ITO3UIUAMUA
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Jyepe3 aHHOHHBIC BaKaHCHH. SHadeHusi Kodddunuenrta muddysun cocrapisior or 5-10 ~7 mo 2-10 =5 cm 2 /c, a sHeprus
aktuBanun quddysun E p = (4.8 £0.3) sB.

KuroueBble ciioBa: OKCHIHOE SIAEPHOE TOIIMBO, IMOTEHIMAJIBI B3anMOAeHcTBusl, Koaddumuent muddysun, nuddysus

KPUIITOHA.
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