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a b s t r a c t 

Morphology is a fundamental attribute when investigating voids and bubbles in UO 2 . This study uses 

molecular dynamics and Monte Carlo simulations to predict the lowest energy shapes for voids and bub- 

bles in UO 2 . The energies of the { 100 } , { 110 } and { 111 } surfaces have been calculated and used to predict 

the equilibrium void shape from Wulff construction. This equilibrium shape is compared to low energy 

faceted voids exhibiting different relative proportions of each family of terminating surfaces. It is found 

that the equilibrium Wulff shape does not represent the lowest energy morphology for nm void sizes 

at temperatures between 30 0 K and 120 0 K. Furthermore, the lowest energy faceted voids are slightly 

more energetically favourable than spherical voids, and as Xe is added, and bubble pressure increases, 

the faceted morphology becomes even more favourable than the spherical shape. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Fission and decay products are a consequence of the nuclear 

hain reaction and a significant proportion of these are accommo- 

ated in some way within nuclear fuel. Amongst these are the no- 

le gases Xe and Kr, which are both insoluble in the UO 2 lattice [1–

] leading to a strong thermodynamic driving force to form and 

row intra-granular bubbles [4] . Irradiation driven resolution from 

he bubbles sets up a transfer from bubbles back into the lattice 

hat leads to a flux of gas atoms to the grain boundaries, caus- 

ng inter-granular bubble formation. These inter-granular bubbles 

row, interconnect and lead to the release of gas from the UO 2 

uel pellet [5] . Important factors include the stability of bubbles 

nd their efficacy as gas atom traps both of which will be influ- 

nced by bubble shape. 

Intra-granular and inter-granular fission gas bubble formation 

re performance limiting processes since they degrade the me- 

hanical properties of UO 2 [6,7] leading to fuel swelling [6] . There 

s also a concern that the expansion of fission gas bubbles plays 

 part in fuel fragmentation and pulverisation during a loss of 

oolant accident [10,11] . Furthermore, fission gas release from the 

uel increases the plenum pressure and degrades the thermal con- 

uctivity of the fuel-clad gap [5,6,8,9] . These effects are likely to 
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ecome more prevalent as high burnups ( > 60 GWd / t ) become 

ore commonplace. 

A significant portion of the fuel’s fission gas inventory is ac- 

ommodated in bubbles with the remainder dispersed in the UO 2 

attice or in the rod free volume. As a result, to quantify the entire 

ssion gas inventory it is important to know the precise amount 

f gas in bubbles. This becomes even more important during acci- 

ents when fuel melting could lead to sudden gas release. Because 

hey are chemically inert, gases are more likely to be released to 

he environment than other species that are sequestered in a more 

table form in the fuel. Moreover, there are significant gaps in our 

nowledge of the properties and behaviour of fission gas bubbles. 

Lab grown single crystals of UO 2 exhibit faceted shapes [12] as 

 consequence of the low energy surfaces present in the crystal. 

ere we understand the surface energy to be the excess free en- 

rgy per unit area owing to the existence of a surface at equilib- 

ium. The polar plot of the surface energy as a function of surface 

ormal is known as the γ plot. The thermodynamic equilibrium 

hape of the crystal, also called the Wulff shape or crystal habit, is 

etermined through the Wulff construction from the γ plot. This 

s based on the concept that the crystal seeks to minimise its total 

urface energy subject to the constraint of fixed volume. A Wulff

onstruction is illustrated in Fig. 1 , where plane normals have been 

onstructed at the ends of the radius vectors corresponding to low 

nergy planes. These planes are known as Wulff planes and corre- 

pond to the particular crystal face. The equilibrium shape of the 

https://doi.org/10.1016/j.jnucmat.2020.152622
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Fig. 1. Schematic of Wulff construction in two-dimensions. The length of OA repre- 

sents a surface energy where the surface normal is proportional to it. Therefore OB 

and OC represent the surface energies of { 100 } and { 111 } , respectively. The Wulff

planes are normal to the respective surface energies where the inner envelope of 

all the Wulff planes give the equilibrium shape. 
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rystal is given by the inner convex hull of all the possible Wulff

lanes. The distance of each face from the center is thus propor- 

ional to the surface energy of that face [13] . Therefore, when the 

otal surface free energy for an isolated particle of a fixed volume 

n a homogeneous matrix is minimised, the equilibrium shape is 

etermined by the Wulff construction. Following this the question 

hen arises; if the crystals are faceted, why not the voids? 

Actually, some faceted voids are observed in UO 2 at the μm 

ength scale [14–17] . Applying the same underlying physics as 

bove, the inverse Wulff construction can derive or predict the 

hape of finite voids within crystals. In the case of UO 2 the sur- 

ace energies of { 100 } , { 110 } and { 111 } surfaces would dominate 

he negative shape construction. Here, the negative shape refers to 

he empty space in a crystal in its equilibrium form. However, the 

ssumption that these Wulff voids are the favoured morphology 

or faceted voids neglects some energy contributions, for example, 

he edges where two surfaces meet. These energy contributions 

ould be important, especially for small bubbles and at the atomic 

cale. Therefore, this paper used a molecular dynamics-Monte 

arlo method to investigate different possible faceted shapes in 

rder to establish a protocol by which faceted voids can be cre- 

ted. These voids were then compared to the equilibrium Wulff

oid predicted from surface energy calculations. Following this, the 

owest energy voids were filled with Xe to create bubbles, and a 

omparison was undertaken between the stability of faceted and 

pherical morphologies. 

. Method 

.1. Empirical potential for Molecular Dynamics simulations 

Molecular dynamics (MD) void and bubble simulations were 

arried out using LAMMPS [18] , while GULP [19] was used to cal- 

ulate slab surface energies and entropies. The interatomic forces 

or UO 2 were described using the Cooper-Rushton-Grimes (CRG) 

otential [20] . For interactions between the fission products and 
2 
he UO 2 lattice, a potential set derived for use with the CRG model 

as applied [21] . The interactions between fission products were 

eveloped previously by Tang and Toennies [22] . Coulombic inter- 

ctions were calculated using a Wolf summation with an α param- 

ter of 0.240 Å and a 12 eV cut-off. These parameters were cho- 

en from a convergence test and benchmarked against the particle 

esh method. 

.2. Surface energies from slab calculations 

The surface energies used to predict the equilibrium Wulff

hape were calculated from vacuum slabs in GULP. Corresponding 

ibrational entropies were also obtained from these slabs and were 

sed in the free energy calculations presented later. 

The surface energies and entropies were calculated for the 

 

110 } , { 111 } and { 100 } surfaces. These can be defined as Type- 

, Type-II and Type-III, respectively, using Tasker’s classification 

cheme [23] . A Type-I surface consists of neutral planes each with 

qual numbers of cations and anions. Type-II consists of charged 

lanes arranged into groups that give surfaces with no dipole mo- 

ent normal to the surfaces created by cleaving between these 

roups. A Type-III surface is charged and has a dipole moment 

ormal to the surface. For Type-III surfaces the most favourable 

urface termination identified by Abramowski et al . [24] was used 

hroughout. The surface energy can be described as the excess free 

nergy per unit area owing to the existence of a surface at equilib- 

ium and is calculated using Eq. (1) . 

 surf = 

(
E slab − E bulk 

) (
1 

2A 

)
(1) 

here E is the energy and 2 A is the total slab surface area (due 

o there being two surfaces as a consequence of the slab configu- 

ation). Similarly, the vibrational entropies for the surfaces, which 

rise from the configuration space occupied by vibrating atoms, 

ere calculated using Eq. (2) . 

 surf = 

(
S slab − S bulk 

) (
1 

2A 

)
(2) 

here the subscript slab denotes a supercell containing two sur- 

aces of cross-sectional area A, and bulk denotes a supercell of the 

ame size, shape and number of atoms but without cleaved sur- 

aces. 

The vibrational entropy of each supercell was calculated using 

 

vib = −k B 

3 N−3 ∑ 

n =1 

ln 

(
hνn 

k B T 

)
+ (3 N − 3) k b (3) 

here k B is the Boltzmann constant, h is Planck’s constant, T is the 

emperature, and νn is an individual phonon frequency. There are 

 N − 3 phonon frequencies at the gamma point of an energy min- 

mized structure. S slab and S bulk were then used within Eq. (2) to 

etermine the { 100 } A and { 100 } B surface entropies. It should be 

oted that the definition of surface entropy in Eq. (2) conserves the 

umber of atoms and, as such, the temperature dependence from 

q. (3) cancels out. 

For the { 100 } surface calculation, the standard UO 2 unit cell 

as used as the elementary structure and E bulk was calculated by 

nergy minimization at constant pressure of an 8 × 1 × 1 supercell. 

ubsequently, the supercell volume was extended by 20 Å in the x 

irection without adjusting Cartesian atomic coordinates, such that 

wo { 100 } surfaces were created. For this length of vacuum, sur- 

ace energies were found to be well converged. Two oxygen atom 

erminations were considered and are referred to as { 100 } A and 

 

100 } B in line with Abramowski et al . [24] . The surface supercell 

as then energy minimized at constant volume to ensure the sur- 

aces remained separated in order to obtain E . 
slab 
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Fig. 2. Pure { 100 } , { 110 } and { 111 } shapes used for facet construction. 
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Due to the impact of finite size effects on low frequency 

honons, the energy minimized supercells used to calculate E slab 

nd E bulk were extended five-fold in each direction parallel to the 

urface (y and z directions). The phonons of the { 100 } A and { 100 } 
 surfaces and perfect supercells were calculated at the � point. 

The same procedure was carried out for the { 110 } and { 111 } 
urfaces. However, the elementary fluorite cell was re-oriented 

uch that the surface of interest was always aligned perpendicu- 

ar to the x direction. A 6 × 1 × 1 extension of the elementary cell 

as used for the energy calculation of the { 110 } surface, which was 

hen extended four-fold in the b and c lattice vector directions for 

he entropy calculation. For the { 111 } surface a 3 × 1 × 1 extension 

as used to calculate the surface energy, and a four-fold extension 

n the b and c lattice vector directions for the entropy calculation. 

.3. Void simulations 

Voids were created using two different methods to obtain 

pherical voids and faceted shapes composed of different convex 

ombinations of { 111 } , { 110 } and { 100 } surfaces. 

Spherical void configurations were created by overlaying a 

phere on a perfect cubic UO 2 structure and deleting the atoms 

nside. Spherical shapes had diameters equal to 5, 10, 15, 20, 25 

nd 30 unit cell lattice parameters, corresponding to voids of di- 

meter 2.7, 5.5, 8.2, 10.9, 13.7 and 16.4 nm, at a temperature of 

00 K. Simply deleting atoms from a spherical envelope tends to 

roduce a charged system. In order to restore charge neutrality, 

xygen atoms were added or removed at random from the oxy- 

en sites on the sphere surface. As this process is likely to pro- 

uce high energy surface configurations, these under-went an op- 

imisation procedure to obtain a reasonable starting configuration. 

onte-Carlo simulations were performed to optimise the arrange- 

ent of surface oxygen sites by swapping the position of surface 

xygens between occupied and unoccupied sites on a static lattice 

sing the Metropolis-Hastings algorithm [25] . Following this opti- 

isation, the void was relaxed further using energy minimisation 

nd MD (described below). 

Faceted voids were created by a similar method. Faceted voids 

ere created by the intersection of three base shapes, as shown 

n Fig. 2 . By varying the size of the three base shapes, different

aceted volumes are created. The size of the shapes were chosen 

o be commensurate with the interatomic spacing of UO 2 . Atoms 

ithin these shapes were deleted to produce unoptimised faceted 

oids. However, rules must be applied to obtain sensible terminat- 

ng surfaces. For the Type-III { 100 } surfaces, half the oxygen atoms 

re deleted from the surface, according to the low energy config- 

ration established by Abramowski et al . [24] . The Type-II { 111 } 
urfaces are based on groups of two oxygen layers above and be- 

ow a layer of uranium atoms. To avoid a surface dipole these neu- 

ral three-layer groups must be preserved. The shape is cleaved 

etween the adjacent O planes, so that this grouping of stoichio- 

etric and neutral layers is preserved. The { 110 } fluorite surface is 
3 
ype I, so does not need any special treatment. Finally, the edges 

f the faceted shapes are optimised using a similar procedure de- 

cribed above. As the surfaces are already charge neutral, oxygen 

toms were only added and removed to the edges. These edges 

ere then Monte Carlo optimised to create the final void structure. 

waps were performed until the algorithm had converged, which 

as defined as when the energy of the system did not vary more 

han 0.02 eV over a 50,0 0 0 atom swap window. An example of 

ne of these configurations is shown in Fig. 3 , where the oxygen 

nd uranium atoms are represented by blue and green spheres, 

espectively. The edge oxygens that can be swapped during the 

onte-Carlo run with vacant sites are marked using gold and pur- 

le spheres, respectively. 

To ensure a sufficient sample size was considered to allow re- 

iable inferences to be drawn from the data, a series of faceted 

oids were generated for three different sizes, a 10 × 10 × 10 , a 

5 × 15 × 15 and a 20 × 20 × 20 supercell, which defines the ba- 

ic dimension of the void shapes as described above. Each negative 

aceted shape was then surrounded by 10 UO 2 cells in each direc- 

ion. This allows a brute force approach to search across a large 

umber of shapes and sizes with the intention to capture the en- 

rgy landscape for a range of shapes beyond that predicted by the 

ulff construction. As will be revealed below, this is important as 

tomic scale effects mean that the lowest energy shape is not gov- 

rned solely by surface energy concerns. 

The resulting supercells containing voids (spheres or faceted 

tructures) were energy minimised at constant volume, then pre- 

quilibrated at the target temperature for 10 ps using a velocity 

escaling algorithm with an initial time-step of 0.001 ps, and fi- 

ally equilibrated for a further 300 ps using a Nos ̧E -Hoover ther- 

ostat with relaxation time of 0.1 ps. All equilibrations were car- 

ied out at constant volume, with the lattice parameter of the per- 

ect UO 2 lattice at the target temperatures (300 K and 1200 K as 

redicted from our MD simulations). The total internal system en- 

rgy (potential energy) was calculated as an average over the last 

 ps of the simulation. 

.4. Bubble simulations 

To create bubbles, the voids described above were filled with Xe 

n randomly generated positions at a density defined as the ratio 

f the number of Xe atoms to the number of UO 2 formula unit 

acancies to create the void (Xe: UO 2 ) of 1:1.25. 

The Xe atoms were added to the void with an initial 3 Å off-

et between the Xe and lattice atoms (to avoid unphysical inter- 

ctions due overlap of Xe and lattice ions). A variable time-step 

VE simulation was then performed on the Xe atoms in the sys- 

em (the U and O atoms remained static) with a soft-repulsive po- 

ential to provide a crude form of energy minimisation to move the 

e atoms apart and further prevent atomic overlap. A cosine pair 

otential U(r i j ) was chosen as the soft potential for this step and 
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Fig. 3. This figure shows a slice through a Wulff void in UO 2 and the outer oxygen atoms of the projected Wulff void. Gold atoms are surface oxygens that can be swapped 

during the Monte-Carlo run with the vacant sites marked in purple. Uranium and oxygen atoms are marked in green and blue, respectively. The image on the left shows the 

hollow shell of edge atoms without the surrounding bulk. The transparent panes show the different plane types. 

a

U

w

t

P

i  

r

t

i

s

p

a

e

w

h

t

c

a

t

U

w

σ
c

o  

t

t

w

v

t

b

N

Table 1 

Ratios and corresponding 

pressures used for RDF. 

Xe: UO 2 Pressure (GPa) 

0.1 0.006 

0.2 0.011 

0.3 0.020 

0.4 0.059 

0.5 0.158 

0.6 0.444 

0.7 0.937 

0.8 1.875 

0.9 3.388 

1.0 5.537 

1.05 6.785 

1.10 7.366 

1.15 8.316 

1.20 9.136 

1.25 9.943 

l

e

s

(

b

c

o  

s

P

c

t

v

T

f

t

cted between all pairs of Xe ions: 

(r i j ) = A 

[ 
1 + cos 

(π r i j 

r c 

)] 
, r i j < r c (4) 

here r i j is the distance between two ions i and j, A establishes 

he strength of repulsion between the ions and r c is the cut-off. 

arameters of A = 1 eV and r c = 1 . 4 Å were used. 

Using a variable time-step the Xe atoms were assigned veloc- 

ties for a temperature of 10 K, and for the first 5 ps of the MD

un, the velocities were scaled at every time-step to maintain this 

emperature. Then, the temperature was reduced from 10 K to 0 K 

n 5 ps ensuring the gas atoms were static for the final step. The 

oft cosine potential was then switched off and the Tang-Toennies 

otential, mentioned in Section 2.1 , was applied to the Xe atoms. 

Again, velocities were assigned for a temperature of 10 K and 

n NVE MD run was performed for 500 steps. Keeping the NVE 

nsemble and using a fixed time-step of 0.002 ps, the Xe atoms 

ere gradually heated to a high temperature of 1500 K for 4 ps, 

eld at this temperature for 4 ps and ramped back down to the 

arget temperature (300 K or 1200 K) over a 4 ps period. Initial 

alculations introduced a repulsive wall between the UO 2 lattice 

nd the Xe atoms, described by Eq. (5) , which was removed once 

he Xe had equilibrated. 

(r i j ) = ε
[ 

2 

15 

(
σ

r 

)
9 −

(
σ

r 

)
3 
] 

(5) 

here r is the separation between the atom and the region surface, 

controls the distance over which boundary-particle repulsion oc- 

urs and ε controls the strength of the repulsion. Parameter values 

f 1 Å and 1 eV Å 

−2 were use for σ and ε, respectively. Following

his, both the UO 2 lattice and the gas were equilibrated for 8 ps at 

he target temperature. 

Once at temperature, NVT dynamics were performed on the 

hole system for 70 ps using the Nosé-Hoover thermostat (at a 

alue of 0.1 ps) with the total system average potential energy 

aken over the last 1 ps. As the system is heterogeneous a global 

arostat would not describe the system correctly [26] . Thus, an 

VT ensemble was used, and care was taken to use the correct 
4 
attice parameter for the UO 2 matrix surrounding the bubbles at 

ach simulation temperature. 

From the equilibrated bubbles structures an 8 nm diameter 

pherical bubble was chosen and filled with different Xe: UO 2 ratios 

 Table 1 ) to understand the radial distribution and the phase of the 

ubbles by calculating the radial distribution function (RDF). The 

orresponding hydrostatic bubble pressures, shown in Table 1 is 

ne third of the sum over all Xe atoms i of the trace of the atomic

tresses: 

 = 

∑ 

i 

(σ i 
11 + σ i 

22 + σ i 
33 ) 

3 

(6) 

To calculate the stress term, the LAMMPS compute stress/atom 

ommand was used. This produces values from the atomic stress 

ensors which are multiplied by volume. Thus, to obtain the stress 

alues used in Eq. (6) , they were divided by per-atom volumes. 

hese were calculated as follows: the centre of the bubble was 

ound and the Voronoi tessellation [27] were computed. Using this 

o identify nearest neighbours, the atoms surrounding the bubble 
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Table 2 

Surface energies γ and surface vibrational entropies S v ib from the present study and data from several other MD 

studies [24,33–39] . A and B refer to the different terminations of oxygen atoms of the Type-III { 100 } surface [24] . 

Where previous work report multiple slab sizes, the largest slab size was chosen. 

Surface (J/ m 

2 ) γ Other studies [24,33–39] (J/ m 

2 ) γ CRG This work (J/K/ m 

2 × 10 4 ) S v ib CRG This work 

{ 111 } 0.861.71 1.07 1.30 

{ 110 } 1.052.38 1.65 0.95 

{ 100 } A -0.262.99 2.00 1.54 

{ 100 } B 1.913.47 2.25 1.91 
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Fig. 4. Equilibrium Wulff shape (pure { 111 } ) created using the surface energies 

from Table 2 shown as a configuration made up of atoms and as surfaces. 
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3  
ere identified and a polyhedron was calculated from the con- 

ex hull of these boundary atoms. The volume of the convex hulls 

olyhedron was then calculated to give the total volume of the 

ubble. This was then divided by the number of Xe atoms giving 

n average atom volume. 

.5. Energy and entropy calculations 

Both formation and free energies were generated for the anal- 

sis of voids and bubbles. The energies were normalised with re- 

pect to their corresponding volumes, which can then be reported 

s energy per UO 2 formula unit vacancy. The total formation en- 

rgy of the void per missing UO 2 formula unit ( E f 
void 

) is given by

he following equation: 

 

f 
void = 

(
E void −

(
N void 

N bulk 

E bulk 

))(
1 

N V UO 2 

)
(7) 

here N void and N bulk are the number of atoms in the void and 

ulk structures and N V UO 2 
are the number of UO 2 formula unit re- 

oved to form the void. E void and E bulk are the potential energies 

f a UO 2 supercell containing a void and a bulk UO 2 super-cell, 

espectively. 

At finite temperature the free energy governs stability and en- 

ropy must be added to Eq. (7) . To include this, the vibrational en-

ropy per unit area for each surface was multiplied by the tem- 

erature (i.e. 300 K or 1200 K) and area of corresponding surface, 

ummed, normalised by the number of UO 2 formula units needed 

o make the void and subtracted from the total formation energy 

alculated in Eq. (7) . This is represented in Eq. (8) , 

 

f 
void = E f void −

((
S vib 

100 A 100 + S vib 
110 A 110 + S vib 

111 A 111 

) T 

N V UO 2 

)
(8) 

here G 

f 
void 

is the free energy of formation, S vib is the surface en- 

ropy taken from Table 2 and A is the area of the surface. 

. Results 

.1. Surface energies 

The equilibrium Wulff shape was predicted using the surface 

nergies. As mentioned earlier, the low energy shape for voids and 

ubbles should mirror the equilibrium crystal shape. All calculated 

urface energies and vibrational entropies are presented in Table 2 . 

In this work the CRG potential predicts that for UO 2 , the { 111 } 
urface has the lowest surface energy followed by { 110 } and then 

 

100 } . The energy ratio between the { 100 } and the { 111 } surfaces 

s 1.87 (or 2.1 using the { 100 } B surface). It should be remembered 

hat features such as steps in the surface, not calculated in most 

urface energy models, may contribute to the surface energy ra- 

io [16,37] . Using surface energies from the present calculations 

eported in Table 2 , the positive equilibrium Wulff shape (equilib- 

ium shape of a crystal) of UO 2 is pure { 111 } (see Fig. 4 ). 

Using experimental techniques surface energies can be found, 

owever, to the best of our knowledge only studies on poly- 

rystalline UO have been carried out and values are reported 
2 

5 
ith large degrees of uncertainty [28] . As it is difficult to accu- 

ately measure the energy of each surface plane, measurements 

or the { 100 } 
{ 111 } ratio have been reported as: 1 . 19 ± 0 . 01 [29] , 1 . 27 ±

 . 067 [30] and 1 . 42 ± 0 . 05 [16] . Although the ratio differs between

ifferent studies, the { 111 } surface is consistently lower energy 

han the { 100 } . This ordering is also supported by observed faceted 

oids in UO 2 , which are dominated by the { 111 } surface [14–

7,31,32] with smaller expressions of { 110 } and { 100 } . 
.2. Voids and bubbles 

To compare the predicted equilibrium Wulff shape against the 

aceted voids created by the process outlined in Section 2.3 , it is 

mportant to know the relative energies of voids with different 

mounts of surface and identify which void configurations are par- 

icularly high or low in energy. Ternary plots provide a convenient 

ay to visualise these large amounts of data and are presented for 

he 20 × 20 × 20 base void dimension in Fig. 5 and 6 for E f 
void 

and 

 

f 
void 

respectively. Energies in these plots are reported per missing 

O 2 formula unit. For each ternary plot, the lowest energy void 

tructure is marked with a red point. The voids were analysed at 

00 K and 1200 K (typical centreline fuel pellet temperature) to 

etermine if temperature affected the preferred void morphology. 

Fig. 5 a shows the potential energy of formation, given by 

q. (7) , at 300 K. The lowest energy void consists of 63% { 111 } with

he remaining 37% made up of { 100 } surface. It is worth noting 

his is different from the equilibrium shape predicted using Wulff

onstruction (marked with a black square), a point that will be dis- 

ussed later. 

As temperature is increased to 1200 K the energy landscape 

hanges, as shown in Fig. 5 b. The lowest energy structure at this 

emperature is made up of 55% { 100 } surface, 44% { 111 } surface 

nd 1% { 110 } surface. Thus, the higher temperature results in an 

ncrease in the proportion of { 100 } and { 110 } at the expense of 

he { 111 } . 
Fig. 6 a includes vibrational entropy terms presented in 

able 2 and therefore, represent the free energy of formation at 

00 K calculated by Eq. (8) . In Fig. 6 a, the lowest free energy of
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Fig. 5. E f 
void 

plotted against the percentage amount of { 111 } , { 110 } or { 100 } surfaces 

at (a) 300 K and (b) 1200 K. The red circle indicates the lowest energy structure for 

each ternary plot and the black square indicates the predicted morphology from 

Wulff construction using the surface energies. 
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Fig. 6. G f 
void 

plotted against the percentage amount of { 111 } , { 110 } or { 100 } surfaces 

at (a) 300 K and (b) 1200 K. The red circle indicates the lowest energy structure for 

each ternary plot and the black square indicates the predicted morphology from 

Wulff construction using the surface energies. 

Fig. 7. Shape of lowest energy void structures given in the ternary plots. The 

colours blue, green and red correspond to the { 111 } , { 110 } and { 100 } surfaces, re- 

spectively. 
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ormation structure (marked with a red point) is the same as the 

owest potential energy of formation structure, shown in Fig. 5 a. 

urthermore, in Fig. 6 a, the energy difference between the min- 

mum energy structure and the other structures bounded by the 

.18 eV contour is small. The largest energy difference between the 

inimum energy structure and the other structures in this region 

s 0.009 eV. Those low free formation energy void configurations at 

00 K are made up of ∼ 15% − 60% { 100 } , ∼ 40% − 90% { 111 } and 

 20% { 110 } . Therefore, it is reasonable to say these structures con- 

ain mostly { 111 } surfaces followed by { 100 } and then { 110 } termi- 

ations (if any). 

At 1200 K, the lowest free energy of formation void, shown in 

ig. 6 b, is the same as the lowest potential energy of formation 

oid. The free energy of formation difference between the low- 

st energy structure and those in the region 0.13 eV is low (up to 

.009 eV). Thus, as Fig. 6 b shows, the preferred amount of surface 

t 1200 K is ∼ 50% − 60% { 100 } , ∼ 40% − 50% { 111 } and a small 

mount of { 110 } < 20% . The lowest energy void structures at 300 

 and 1200 K are represented in Fig. 7 . 

As the potential energy of formation landscape for the voids 

n Fig. 5 is not greatly affected by the vibrational entropy term 

shown in Fig. 6 ), an assumption is made that only the potential 

ormation energy is required for further analysis. Next, the facet 

oid morphology was compared against spherical void morphol- 

gy to identify if shape bias exists. This was achieved by plotting 
6 
he potential formation energy per UO 2 formula unit (as was done 

n the ternary plots) against the number of UO 2 formula unit de- 

ects needed to create a void. In addition, these voids were filled 

ith Xe atoms to see if bubbles influence shape. As defined by 

q. (7) , the potential formation energy per missing UO 2 formula 

nit is calculated as the total energy of the configuration contain- 

ng a void or a bubble minus the energy of an equivalent number 

f atoms in bulk UO 2 (for the bubbles this includes the Xe-Xe and 

e- UO lattice interactions). 
2 
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Fig. 8. A log 10 − log 10 plot of the energy (for the bubbles this includes the gas-gas and gas- UO 2 interactions) per UO 2 formula unit against the number of UO 2 formula units 

to create the void. The lines represent the fit to the data using the functional form in Eq. (9) . The voids enclosed in the transparent purple ellipse used for further analysis 

in Fig. 10 . 
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Table 3 

Fit coefficients ( a 1 , a 2 ) and a coefficient of determination ( R 2 ) for 

Eq. (9) shown in Fig. 8 . 

Temperature (K) Type Shape a 1 a 2 R 2 

300 Void Facet 4.088 0.328 0.994 

300 Void Sphere 5.799 0.344 0.995 

300 Bubble Facet 4.297 0.181 0.972 

300 Bubble Sphere 5.443 0.183 0.930 

1200 Void Facet 4.816 0.363 0.971 

1200 Void Sphere 5.560 0.340 0.938 

1200 Bubble Facet 3.516 0.165 0.958 

1200 Bubble Sphere 4.191 0.162 0.960 
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Fig. 8 shows a log 10 − log 10 plot of the potential energy of for- 

ation against the number of UO 2 formula unit defects for voids 

nd bubbles of different shapes at 300 K and 1200 K. For clarity 

he plot only shows the lowest energy void structures. These were 

hosen by calculating the convex hull of the potential energy of 

ormation as a function of the number of UO 2 formula unit de- 

ects for voids from every faceted shape simulated in this study 

319 structures). For large faceted void configurations (three struc- 

ures containing ∼16,0 0 0, 26,0 0 0 and 57,0 0 0 UO 2 formula unit va-

ancies) only the equilibrium Wulff shape was considered, com- 

osed entirely of { 111 } surfaces due to performance limitations of 

unning MD simulations for large number of atoms. The main fea- 

ure of Fig. 8 is to compare faceted shapes with spheres. Therefore, 

ven if void structures lower in energy than the { 111 } Wulff shape 

o exist, it does not change the prediction that these voids have a 

ower energy than the spheres. These low energy voids were then 

lled with Xe atoms at a Xe: UO 2 of 1.25:1 to create the bubbles. 

Fig. 8 shows that at 300 K the faceted shape is energetically 

ore favourable than spheres for both voids and bubbles. How- 

ver, when the lowest energy voids from 300 K are heated to 

200 K (represented by purple circles in Fig. 8 ), they are no longer

he lowest energy structures. That is, the same void configura- 

ions are not lowest in energy at both temperatures. This is con- 

istent with the changing energy landscape depicted in Fig. 5 and 

 . In Fig. 8 the lowest energy voids at 1200 K (chosen by tak-

ng the structures lying on convex hull described by the 1200 K 

ata) are shown by green triangles. This indicates that voids would 

hange shape on heating, given enough time, transitioning from 

heir 300 K shape to their 1200 K configurations. 

The voids represented by the purple circles at 1200 K were 

hosen to be filled with Xe to create the bubbles modelled at 

200 K. Even though some spherical voids are energetically lower 

han these faceted voids (purple circles); once Xe is added this 

s no longer the case (i.e. the addition of Xe makes sub-optimal 

aceted bubbles more favourable than spherical bubbles). This sug- 

ests that along with the surface energy, the presence of Xe also 

a

7 
cts to stabilise the faceted shape, thus these effects are compli- 

entary. Once Xe is added at the pressure considered in this study, 

aceted bubbles are always favoured. It is important to keep in 

ind that this is a log plot, therefore, the energy difference be- 

ween the shapes is larger for a bubble than a void. 

The data in Fig. 8 has been fit with the following power func- 

ion where the fit coefficients a 1 and a 1 and the coefficient of de- 

ermination, R 2 are given in Table 3 . 

f (x ) = a 1 x 
−a 2 (9) 

An RDF of the Xe atoms for different Xe: UO 2 ratios of an 8 nm 

iameter spherical bubble at 300 K is plotted in Fig. 9 . At the ratio

f 1.25:1 the Xe atoms exist as a solid as shown by the charac- 

eristic peaks associated with a crystalline material. It is impor- 

ant to understand that at high enough pressures the bubble is 

 highly defective system exhibiting a close-packed structure con- 

aining many stacking faults and a number of Xe nano-crystallites. 

hese subtle changes in the structure of the Xe bubbles, as the 

as density changes, is apparent in the RDF. A small number of 

rystallites with low misorientation would give a well-defined RDF. 

owever, the peak heights can reduce depending on the amount 

nd orientation of crystallites. Above a Xe: UO ratio of 0.6:1 (this 
2 
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Fig. 9. A plot of the Xe RDF for different Xe: UO 2 ratios of spherical bubble.To normalise the RDFs an assumption is made that the volume of a sphere (for the void size) is 

calculated relative to the cell. Three slices have been taken through the equator of three bubbles in isolation from the UO 2 matrix with the Xe atoms represented by blue 

spheres. Each slice 0.05 nm thick and viewed along < 110 > . This corresponded with the normal of the most densely packed Xe atomic layers. 

Fig. 10. A plot of the energy difference between faceted and spherical bubbles, 

highlighted in Fig. 8 , for different Xe: UO 2 at 300 K. 
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as confirmed by visual characterisation) the bubbles contain var- 

ed amount of packed structures consistent with a solid struc- 

ure. However, the peak height changes in the RDF and may in- 

icate bubble Xe: UO 2 ratios that favour order of a Xe lattice (with 

arrower, taller peaks indicating lower variation between atomic 

nvironments and hence greater order). Fig. 10 shows a plot of 

he potential energy of formation difference 1 between a faceted 
1 The potential energy of formation per UO 2 formula unit of the faceted bubble 

inus that of a spherical bubble. 

p

s

t

t

8 
nd spherical bubble of similar volume against Xe: UO 2 . The two 

tructures used are highlighted by the purple transparent ellipse 

n Fig. 8 . There is a relationship showing that as Xe is added,

he energy difference between these two configurations increases. 

his suggests that faceted shapes should be observed for bubbles 

hat contain solid Xe. That is, the faceted morphology is more 

avourable than spheres for voids, but the potential energy differ- 

nce is small. When Xe atoms are added this difference in po- 

ential energy between the faceted configuration and the spheri- 

al configuration increases suggesting it becomes more likely that 

he Xe atoms would prefer to occupy a faceted shaped structure. 

s the pressure decreases in this bubble, the potential formation 

nergy difference decreases. When the pressure decreases further, 

nd there is no solid within the bubble, the energy difference con- 

erges to the same value as if the bubble had no Xe (i.e. a void).

ig. 11 shows the predicted pressure-Xe: UO 2 ratio relationship for 

 spherical bubble of 8 nm diameter. The blue dashed line in- 

icates the boundary where a solid phase is first identifiable in 

he bubble. This was confirmed visually (using OVITO visualisation 

oftware [40] ) and by the emergence of a small broad peak in the 

DF centred around an interatomic separation of ∼0.55 nm. This 

orresponds well with the interlayer spacing along < 100 > , mean- 

ng the peak position is equal to the lattice parameter of the Xe 

ssuming an FCC lattice. This was calculated as 4 r √ 

2 
= 0 . 54 nm, for 

 Xe atomic radius r = 0 . 19 nm, obtained from the position of the

rst peak in the RDF (which can be calculated as 2 r). The solid 

lue line in Fig. 11 indicates when the bubble becomes a more or- 

ered solid (characterised by sharper peaks in the RDF). Based on 

e phase diagrams [41,42] the Xe solid phase at 300 K is observed 

t a pressure of ∼ 0.51 GPa. This agrees well with our observa- 

ion of solid in the bubble seen above a pressure of 0.44 GPa. For 

ressures considered in this study no dislocation punching was ob- 

erved, however, a very small number of defects were created in 

he anion lattice at the interface between the Xe and the UO 2 ma- 
rix. 
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Fig. 11. The pressure as a function of bubble Xe: UO 2 ratio. The blue dashed line 

corresponds to where the bubble starts to become solid and peaks begin to appear 

in the RDF. The blue solid line represents where a more clearly defined RDF be- 

comes apparent and bubble is a more ordered solid. The y-axis has been scaled by 

log 10 . These are the corresponding pressures for each Xe: UO 2 in the RDF. 
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. Discussion 

For the structures considered in this study, there is a clear 

rediction that voids and bubbles containing Xe favour faceted 

orphology. Although it has previously been assumed that, based 

olely on surface energy concerns, the equilibrium Wulff shape 

oid would have the lowest energy, this is not supported by the 

urrent study. The current results indicate that other energy terms 

re important. For instance the energy due to atomic arrangement 

ound at the edges where each surface facet meets its neighbours. 

he Wulff method is based on a continuum description of the ma- 

erial and does not account for discrete atomic effects. For macro- 

copic crystals it is likely that this edge energy is small in com- 

arison to the surface energy making it reasonable to ignore. At 

he nanometre length scales considered here, this assumption may 

reak down as energy contributions of edges may be much closer 

o those of surfaces due to the lower surface areas involved. There- 

ore, by sampling a large number of faceted voids and optimising 

he edges using Monte-Carlo swaps this study was able to compare 

aceted voids, which include this energy term, with the equilib- 

ium Wulff void predicted from surface energy calculations. Nev- 

rtheless, at greater sizes there will be other effects such as steps, 

hich are not simulated here [16,37] . 

The ternary plots in Figs. 5 and 6 show the energy landscape 

or simulated faceted voids. There are clearly regions containing 

oid shapes that exhibit lower energy than the predicted equilib- 

ium Wulff shape, which is pure { 111 } . Indeed, all of the faceted 

oids consisting of only one type of surface, { 111 } , { 100 } or { 110 } , 
re high energy structures. So the low energy morphologies con- 

ain a mixture of these surfaces and are temperature dependent. 

or example, at 300 K in Figs. 5 and 6 , the lowest energy structure

as predicted to be a truncated octahedron made up of 63% { 111 } 
ith the remaining 37% made up of { 100 } surface. This is consis- 

ent with what is seen in experiment [16] and by continuum com- 

uter simulation [43] . The lowest energy void at 1200 K, which is 

ore akin to the centreline temperature of a fuel pellet in a reac- 

or, consists of 55% { 100 } surface, 44% { 111 } surface and 1% { 110 } 
urface. 
9 
Comparing faceted voids with spherical voids, as was done 

n Fig. 8 , it is predicted that faceted voids are favoured. For 

arge length scales ( μm) faceted voids are expected at equilib- 

ium as shown by Castell [16] , Van Lierde [29] and Padden [14,15] .

oreover, ‘spherical’ voids viewed by electron microscopy of 

ractured surfaces of polycrystalline uranium oxide [31,32] have 

ell developed { 111 } , { 110 } and { 100 } planes on their sur- 

ace [15] . Furthermore, MD predictions by Chartier, Van Brutzel 

nd Freyss [39] found that voids in UO 2 with a diameter between 

.2 nm and 1.5 nm can be expected to be faceted. Of course, at 

ery small bubble diameters it is only possible to very roughly ap- 

roximate a sphere due to the need to accommodate the grid like 

tructure of the fluorite lattice; consequently the envelope of small 

ubbles are necessarily a patchwork of different crystallographic 

urfaces. The results presented in the current work consider some- 

hat larger voids and bubbles, from ∼3 nm to ∼16 nm, and clearly 

ndicate that a faceted morphology is favoured in this size range 

or the conditions considered. 

When the Xe atoms are added to these voids to produce 

ubbles, our results continue to predict that faceted shapes are 

ore favourable than their spherical counterparts. Indeed, as 

ig. 10 shows, the energy difference between a spherical bubble 

nd a faceted bubble of a similar size tends to increase as the bub- 

le pressure increases. That is, as more Xe atoms are introduced 

nto the void, the greater the difference in energy between the 

pherical and faceted shapes. Using the RDF in Fig. 9 and the cor- 

esponding pressure-Xe: UO 2 ratio curve in Fig. 11 , a solid phase is 

dentified for an 8 nm diameter void at Xe: UO 2 ratios greater than 

.6:1. Linking this to the energy difference between a spherical 

ubble and a faceted bubble of similar volume, shown in Fig. 10 , it

an be reasoned that when the Xe atoms are not in a solid phase 

he energy difference is the same as if the bubbles were voids. This 

s consistent with the smaller interaction expected between gas 

toms and the boundary imposed by the UO 2 matrix. When the 

ressure of the Xe atoms is sufficient and a solid phase appears 

n the bubble, the energy difference is larger than if the bubble 

ere gaseous or a void. Finally, when most of the Xe atoms are a 

olid and there are many Xe atoms occupying the available volume 

nd we predict the largest increase in energy difference, as more 

e is added this increase becomes more rapid. This could suggest 

hat when many faceted bubbles are observed experimentally the 

e atoms are at a high pressure (greater than 2.5 GPa) and are in 

 solid state. Even though faceted shapes are predicted to be more 

avourable for voids, it is important to bear in mind that the en- 

rgy difference between being a sphere or faceted is small. This 

s also true for when the Xe atoms are a gas. Thus, there could 

e a variety of shapes observed experimentally due to other local 

tress factors. For example, local strain effects might tip the bal- 

nce between different faceted morphologies, and thus across the 

uel pellet we should expect variation in shapes with the propor- 

ion of different surfaces being slightly or somewhat different. Of 

ourse, other influences like local stoichiometry might also influ- 

nce the balance and could be investigated in future. 

As already highlighted, faceted bubbles are seen experimen- 

ally in UO 2 [44–47] . Miao et al . [44] presented STEM HAADF 

nd TEM BF images that show large ( ∼16 nm) faceted intragran- 

lar Xe bubbles alongside small ( ∼2 nm) spherical bubbles. These 

aceted bubbles have a morphology related to the shape predicted 

n this study (i.e. { 111 } octahedron truncated by { 100 } planes). 

imilarly, He et al . [45] show Kr bubbles ( ∼5 nm) in UO 2 that ex-

ibit facets that consist of { 111 } and { 200 } planes. Both these ex- 

eriments were carried out under ion irradiation. Further, in a pa- 

er by Baker [46] small ( ∼2 nm) intra-granular bubble morphol- 

gy in UO 2 irradiated in a reactor, at temperatures < 2070 K was 

ctahedral in shape with faces parallel to { 111 } and { 100 } . It was 

ssumed that these facets can cause bubble immobility [46] and 
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2 A repository https://www.atomsim.org/bubbles has been created containing 

faceted void structures 
t annealing temperatures greater than 1970 K, bubbles of diame- 

er 5-20 nm (where the bubbles are spherical) bubble movement 

as observed. Therefore, understanding the shape of these bubbles 

s important. Furthermore, in a paper by Wood [47] for irradiated 

U , Pu)O 2 fuel in the temperature range 1773-2273 K, there was 

 high concentration of small faceted gas bubbles with little evi- 

ence of bubble motion. Further evidence of faceted bubbles was 

onceptualised by Goodhew [48] who deduced that all bubbles for 

hich the growth is limited by the collection of vacancies, will 

end to become faceted onto low energy faces predicted by Wulff

onstruction. That implies that most gas bubbles which are large 

nough for their shape to be resolved appear to be faceted and 

pherical shaped bubbles are seen at temperatures where vacancy 

ransport is rapid and kinetic surface effects dominate. 

Other MD studies [39,49] have considered Xe and He faceted 

nd spherical bubbles. One of the key findings in those studies 

as that spherical bubbles of Xe in UO 2 with a diameter between 

.2 nm and 1.5 nm are the most stable shape compared to different 

orphologies. However, those faceted bubbles were either of pure 

 

111 } , { 110 } or { 100 } surfaces or a Wulff shape constructed from 

alculated surface energies. The results in this paper show these 

re not the lowest energy configurations. At this size, atomistic ef- 

ects matter. Furthermore, the previous MD studies found that He 

lled bubbles with diameters < 5 nm favour a truncated octahe- 

ron shape (i.e. a shape with { 111 } facets), whereas bubbles greater 

han this diameter are spherical (a 5 nm bubble roughly corre- 

ponds to a size of ∼1778 removed UO 2 formula units as by our 

lassification in Fig. 8 ). One essential difference between the previ- 

us MD work and the work presented here, other than the differ- 

nt species of gas atom, is that they started from a spherical con- 

guration. The facet shape obtained previously [39,49] for smaller 

ubbles formed as a consequence of MD equilibration. It could be 

he case that as the bubble diameter increases the timescale nec- 

ssary for the bubble to restructure to a faceted shape has be- 

ome too long. The kinetics of UO 2 could be too slow for an MD 

imulation to capture the change of morphology from spherical to 

aceted. Thus, the starting configuration matters. 

. Conclusions 

Void and bubble morphology is an important characteristic to 

onsider when investigating UO 2 fuel performance. This paper out- 

ines a method to create spherical and faceted voids, using Monte- 

arlo swaps to sample different combinations of atoms on the 

urface of spheres and at the edges of faceted voids where sur- 

aces meet to create structures with a low energy. These structures 

re available at https://www.atomsim.org/bubbles . Potential ener- 

ies of formation and free energies of formation of all the faceted 

oids were compared to find preferred shapes. It was found that 

he lowest energy structure at 300 K consisted of 63% { 111 } surface 

ith the remaining 37% made up of the { 100 } surface: at 1200 K 

he lowest energy structure was made up of 55% { 100 } , 44% { 111 } 
nd 1% { 110 } . These structures do not correspond to the equilib- 

ium Wulff shape calculated from surface energies, which in this 

tudy consists of only { 111 } facet. Therefore, we predict other en- 

rgy terms have an influence at the atomic scale, in particular at 

he edges where surfaces meet. 

The total formation energy of all the 319 faceted voids created 

n this study were compared to spherical shapes: it was found 

hat the faceted voids had a lower energy. However, the potential 

nergy difference between the two shapes was small ( < 0.05 eV), 

hich is consistent with the experimental observation of both 

aceted and spherical voids in UO 2 . Although temperature affects 

he make-up of the lowest energy faceted void, it does not change 

he result that faceted voids are lower in energy than spherical 
10 
oids at 300 K and 1200 K, the temperatures considered in this 

tudy. 

For both temperatures, spherical and faceted voids were filled 

ith Xe atoms to create bubbles at a Xe: UO 2 ratio of 1.25:1. Again, 

aceted bubbles provided the lower energy structures. Interestingly, 

or the bubbles the energy difference between a facet and a sphere 

as larger than for the voids. To investigate this effect, a spherical 

oid and a faceted void of similar volume were filled with Xe at 

ifferent Xe: UO 2 ratios. It was found that as more Xe was added, 

he energy difference between the two shapes increased in favour 

f the facet. By choosing a bubble morphology (in this case a 8 nm 

iameter sphere) and representing the different Xe: UO 2 ratios with 

n RDF, the behaviour of the Xe atoms was predicted. This revealed 

hat as more Xe was added to the bubble it a solid Xe phase could

e identified at Xe: UO 2 ratios greater than 0.6:1. Relating this in- 

ormation to the energy difference between the sphere and faceted 

hapes, it was seen that when the Xe atoms behaved as a gas the 

nergy difference was the same as if they were voids. It is not until 

he Xe: UO 2 ratio is greater than 0.6:1 that a larger energy differ- 

nce occurs, and this difference is at its largest when most of the 

e atoms are in the ordered solid state (Xe: UO 2 ratio greater than 

.1). 

The pressures corresponding to the Xe: UO 2 ratios are shown in 

he results section. From this pressure values can be applied to 

hat was already observed. For example, when Xe is in the solid 

tate it has a pressure of ∼5.5 GPa and over. Thus, a proposition 

an be made that when many faceted bubbles are observed exper- 

mentally at the nanometre scale, the Xe atoms are in a solid state 

nd at a pressure over 5.5 GPa. As well as outlining the shape of 

 void and bubble with size, this study shows that it is important 

o include low energy faceted voids and bubbles in future simu- 

ations 2 . Nevertheless, features such as steps in void and bubble 

urfaces as well as the interaction between lattice defects and the 

ubble must be included in future work. 
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