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Abstract

An embedded atom method (EAM) potential has been established for uranium mono-carbide. This EAM potential was fitted on
structural properties of metallic uranium and uranium mono-carbide. The formation energies of point defects, as well as activation ener-
gies for self migration, have been evaluated in order to cross-check the suitability of the potential. Assuming that the carbon vacancies
are the main defects in uranium mono-carbide compounds, the migration paths and energies are consistent with experimental data
selected by Catlow[C.R.A. Catlow, J. Nucl. Mater. 60 (1976) 151]. The insertion and migration energies for He, Kr and Xe have also
been evaluated with available inter-atomic potentials [H.H. Andersen, P. Sigmund, Nucl. Instr. and Meth. B 38 (1965) 238]. Results show
that the most stable defect configuration for rare gases is within uranium vacancies. The migration energy of an interstitial Xe is 0.5 eV,
in agreement with the experimental value of 0.5 eV [Hj. Matzke, Science of advanced LMFBR fuels, Solid State Physics, Chemistry and
Technology of Carbides, Nitrides and Carbonitrides of Uranium and Plutonium, North-Holland, 1986].
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1. Introduction

Uranium mono-carbide is envisioned as a potential fuel
for VHTR (very high temperature reactor) as well as for
GFR (gas fast reactor) nuclear power plants. Numerous
physical properties have been measured in UC [3], includ-
ing uranium and carbon self diffusion coefficients. But,
the knowledge of its behaviours under radiation (including
radiation resistance and rare gas induced swelling) is essen-
tially based on analogies with UO,. In order to tackle those
behaviours, a new EAM potential is established for ura-
nium mono-carbide.

First, the parameters entering this EAM potential were
fitted to the structural properties of metallic uranium and
uranium mono-carbide. Cell parameters, bulk modulus,
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and cohesive energies have been used as fitting parameters.
The formation energies of point defects as well as activa-
tion energies for self migrations are examined to cross-
check the suitability of the potential. The reaction of rare
gas atoms (He, Kr or Xe) embedded in the uranium
mono-carbide compound is modelled with well known
interatomic potentials [2]

2. Uranium carbides

The structure of stoichiometric uranium mono-carbide
is rock—salt (B1, space group 225). For high temperature
(>1400 °C) [4], the phase field is enlarged, and hence under-
and over-stoichiometric UC may be stable. For UC,y,
(x> 0) the over-stoichiometric carbon is simply stabilized
by substituting a single carbon, with two carbons. It forms
then a C—C dimmer, which is comparable to the one that
appears in the uranium di-carbide UC,.
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The electronic structure of the uranium carbides are
rather complex [3]. Following the general rules of Hill [5],
uranium compounds, where U-U distance is less than
3.54 A, exhibit metallic electronic structure due to the over-
laps of f-orbitals. This rule applies to uranium monocar-
bide, where the U-U distance is 3.50 A, as shown by
experimental measurements as well as ab initio calculations
[6,7]. For over-stoichiometric uranium carbides, the metal-
lic character does persist and the C—C bonds are covalent
[8], like in graphite.

3. Fitting empirical potentials

Experimental details on the electronic structure
described above lead to the choice of EAM potentials for
describing the U-U and U-C bonds for UC. Different
forms of potentials have been tested for » and m (see equa-
tion below) varying from 0 to 2 for the electron density
term, and the present one (n =m = 2) is found to be the
most suitable for the fit. No directional interaction has
been included in the potential as the present parameter
set of the potential is enough for UC description. These
potentials are composed of two terms: one repulsive two-
body term Buckingham-like form:

(D(r,-j) = Al] exp (- %) s
Y

and a N-body potential with the second moment approxi-
mation, defined as follow:

F(p;) = +/p; with p, = ZAH’Z- exp(—Bi(ry —ro)"),
%

where in both cases, r; is the distance between atoms i
and j, the other parameters being adjustable, and
n=m=2

The C-C bonds are described using a simple Stillinger—
Weber potential that was recently shown [9] to describe
properly the carbon bonds in diamond. It was chosen pref-
erentially to the Tersoff potential as it includes fewer
parameters for fitting: only very few data (carbon Frenkel
pair formation energy and activation energy for migration)
are available for the fit.

b\ By
D(ry;) = Ay exp (ru_jr ) o )
ij max ij

The fitting of the parameters of the potentials was per-
formed using a least-squares method (implemented in the
GULP code [10] we used) for minimizing the difference
between chosen experimental physical properties and cal-
culated ones. The parameters were fitted upon the bcc
phase of metallic uranium (y-U) in order to insure a rele-
vant description of the U-U metallic electronic structure.
The U-C interaction parameters were fitted upon the BI,
B2 and B3 phases of uranium mono-carbide. Yielding a
precise description of different coordination states since
uranium does have 6 carbon first neighbours in the Bl

structure, eight in the B2 structure and only four in the
B3 structure.

The fitted parameters have been reported on Table 1, the
calculated physical properties using this potential have
been reported on Table 2, and compared with experimental
data. The physical properties on which the fit has been per-
formed are indicated in italic. The other properties have
been calculated to assess the empirical potentials. Table 2
shows that the present potential reproduces the main prop-
erties of UC in its BI structure. The heat capacity at con-
stant volume for 300 K has been calculated using the
phonon spectra only. Nevertheless, the calculated value
(42.70 J/mol K), compares closely to the experimental
value (49.95J/mol K), when the electronic part (5.53 17
/mol K) [11] is added. The energy differences between the

Table 1
Empirical potentials parameters fitted to reproduce the physical properties
of uranium mono-carbide

Buckingham A (eV) p (A) Cutoff (A)
U-uU 668.546808  0.408333 - 12.0

U-C 30.885011  0.814952 — 12.0
Stillinger—Weber B (A“) Fmax (A)
c-C 1.10000 1.368 2.078 2.5257
EAM A (A3 BA™Y  r(A) Cutoff (A)
U 1.301894  0.668659  1.862363 6.5

C 33.446287 1.318078  1.512686 5.5

The A4 value of the Stillinger—Weber parameter published by Barnard [9]
for C-C interactions (19.1 eV) has been adjusted in order to reproduce
carbon Frenkel pair formation energy and carbon interstitial migration.

Table 2
Comparison between calculated properties using the EAM potential (see
Table 1 for parameters) and the corresponding experimental values

UC (Bl) EAM Exp. Ref.
Volume (A%) 121.46 122.07 [18]

B (GPa) 176 157.5 [19]

Cy, (GPa) 322 315 [19]

C)> (GPa) 104 79 [19]

Cus (GPa) 39 65 [19]
Cv300 k (J/mol K) 4270 49.95 [11]

S300 k (J/mol K) 59.2 59.6 [20]
LO(I) (cm™ ) 402 400 9]

a (107K 0.74 1.004 [15]
E.on(UC-B1) (eV) —14.34 —14.55 [21]
E(B2)-E(B1) (¢V) 0.43 0.5 Ab initio
E(B3)-E(BI) (¢V) 0.61 0.7 Ab initio
v-U

a (A) 3.539 3.532 [22]

B (GPa) 123 116 [17]
E.on(U) (eV) —5.42 —-54 [22]

Values in italic have been used in the fitting procedure. Note that the heat
capacity at constant volume has been evaluated using the phonon spectra.
Adding the electronic contribution Cyejectronic Of 5.53 J/mol K at 300 K
[11], the calculated heat capacity is very close to the experimental value.



Bl and B2/B3 structures are also close to the values
obtained using ab initio calculations [12].

The parameter A of the C—C interaction modelled by the
Stillinger—Weber potential was fitted to reproduce the car-
bon Frenkel pair formation energy and the carbon intersti-
tial activation energy. More details will be shown in the
following paragraph.

4. Point defects in uranium mono-carbide

Point defect behaviour in UC has been extensively stud-
ied in the seventies, and Matzke [3] highlighted in his
review how complex the microscopic mechanisms are.
Experimental results obtained until now on point defect
formation energies in UC are controversial. For example,
the uranium vacancy formation energy has been evaluated
to be between 1.7 eV and 3.7 eV, while the uranium inter-
stitial migration energies are determined to range from
4.6 to 7.5¢V, depending on the experimental techniques
used (see [3] for all the data sets). These important differ-
ences may be due to the fact that samples are not stoichi-
ometric and contain some impurities.

Using the present potentials, we have calculated the
point defect formation energies and their activation ener-
gies for migration using a super-cell including 8 x 8 x 8 unit
cells, which involves 216 atoms. The Frenkel pair forma-
tion energies have been calculated using the standard fol-
lowing equation, which is the difference between two
cells, one cell containing one vacancy and one interstitial
and other being the perfect cell:

EFF(C) = E(UyCyyy) + E(UCy ) — 2kE(UC)

where k is the number of atoms in the simulation cell.
The experimental Frenkel pair formation energy for car-
bon is 2.24 eV [4]. This value has been used to adjust the
parameter A in the Stillinger—Weber potential. The calcu-
lated formation energy resulting from the fit is equal to
1.5eV. This is slightly lower than the experimental value
(see Table 3). In comparison, the calculated value for the
uranium Frenkel pair is very high 6.8 eV. The vacancy for-
mation energies for stoichiometric UC can be estimated [1]
as E(Vy) = E{(FP U)/2=3.4¢V for the U vacancy and
E{(Vc) =0.75 ¢V for the C vacancy. These values are very
close to the experimental values [3] which are 3.7 and
1.1 eV, respectively. This confirms that the present poten-
tial can describe structural properties for perfect UC and

Table 3
Calculated formation energies and activation energies for migration for
carbon and uranium in UC

(eV) Ep (Frenkel) Ep (AS)  Enjg (interstitial)  Enyg (vacancy)
Uranium 6.8 1.43 0.9 2.2
Carbon 1.5(2.24) 1.8 4.8

As sets for anti-site. Formation energy for carbon Frenkel pair (in italic)
has been evaluated from U-C phase diagram by Jeanne [4].
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also point defects. Structural considerations [1,3] confirm
that carbon dimmers, C-C, are present for over-stoichiom-
etry UC,, rather than uranium vacancies, which is consis-
tent with the calculated formation energies. The C-C
dimmer stabilizes in a 110 plane as observed in UC; [3],
with a distance between carbon atoms of 1.13 A. This
value is shorter than the value of 1.3 A measured in UC,
[3].

The anti-site formation energy is rather low, 1.4¢eV,
compare to the carbon Frenkel pair formation energy. Fol-
lowing Catlow [1], it will be considered as an alternative
path for uranium interstitial migration. Notice that the
activation energy for carbon vacancy migration (4.8 eV)
is close to what was determined by Li et al. [13] for ZrC
(4.9 eV). This value is higher than the interstitial migration
energy, unlike what is known in UO,.

Activation energies for migration of interstitials and
vacancies have been obtained using an eigen-vectors fol-
lowing method that checks the nature of the eigen-values
of the energy second derivatives matrix [10]. Results are
quoted on Table 3. Such values enter the diffusion coeffi-
cient, which is

D= DO exp(—(AEf + AEm)/kBT)

The pre-factor Dy and the entropy of formation, AS, and
of migration, AS,,, will not be considered here, while the
enthalpy AH of migration will be reduced to the internal
energy AE only.

Considering first carbon migration, we can evaluate the
migration energy as the sum of the vacancy (or interstitial)
formation energy E¢/2 and the activation energy for migra-
tion E, in the stoichiometric composition. Of course,
there is no need to create any interstitials for over-stoichi-
ometric composition, contrary to the under-stoichiometric
case if interstitial migration is considered. Activation ener-
gies for migration are lower (see Table 3) for interstitials
than for vacancies. Consequently, carbon migration is
caused by interstitial mechanisms. This is confirmed when
comparing the calculated values (see Table 4) with the
selected ones by Catlow [1]. The comparison is less
straightforward when values selected by Matzke [14] are
considered, and this is very true for over-stoichiometric
composition.

Since under-stoichiometric UC results in carbon vacan-
cies rather than uranium interstitials, uranium migration in
this composition does occur through the carbon vacancies.
The calculated activation energy is 6.6 eV, close to experi-
mental value (6.7 eV, see [15]). The mechanism is identical
for stoichiometric composition, but the formation energy
for the carbon vacancy has to be added. The resulting value
is close to the experimental one, selected by Catlow [1],
showing the same trend. While these calculations confirm
the hypothesis proposed by Catlow [1] that the migrations
occur through the carbon vacancy, they are still in the
range of values recommended by Matzke [14], which makes
us rather confident in the high quality of the present
potentials.



Table 4

Migration energies of uranium and carbon in UC as a function of the stoichiometry calculated using values reported on Table 3

UC 4+ Migration energies (eV)

Migration x<0 x=0 x>0
Carbon

Vacancy Emig = 4.8

Interstitial E¢ (PF C)+ Ei, (C)=3.4 E; (PF C)/2+ Eppig (C) =2.6 Enig (C)=1.8
Exp. Catlow [1] 3.9 2.8 1.9-2.4
Exp. Matsui [23] 4.0 3.7 4.0
Uranium

Through V¢ Enig = 6.6 E¢ (PF C)/2+ Epip (U) =174

Exp. Catlow [1] 6.7 7.6

Table 5

Insertion energies of He, Kr and Xe in UC

Incorporation Ve Yy Interstitial ~ Interstitial migration

He 0.6 0.1 2.3 0.7
Kr 87 21 9.3 0.6
Xe 10.5 4.0 10.8 0.5

5. Rare gas incorporation and migration in uranium mono-
carbide

Helium, Krypton and Xenon insertions and migrations
have been simulated using empirical potentials available
in the literature [2]. Within these potentials, the rare gas—
carbon and uranium interactions are described using the
Buckingham potentials only.

Insertion energies have been calculated for a single rare
gas atom in the interstitial site, as well as in uranium and
carbon vacancies. Results quoted in Table 5 clearly show
that rare gases are more stable inside the uranium vacancy,
rather than in carbon vacancy or in interstitial positions.
The values for helium are close to what is seen in silicon
carbide, where the insertion energy is higher in interstitial
sites than in the vacancy site [16]. Conversely, the trend is
reversed in UO,, where the interstitial incorporation energy
is calculated to be lower than the vacancy energy [16].

Activation energies for migration have also been evalu-
ated and quoted on Table 5. The activation energies for
interstitial migration have values ranging from 0.5 to
0.7 eV. Notice that the last values compared well with the
experimental ones at 0.5 eV [3].

6. Conclusion

We have adjusted an EAM potential for the uranium
mono-carbide. The properties calculated at the equilibrium
show very good agreement with available experimental
data. In particular, the energy differences between the Bl
and B2/B3 structures are well reproduced. Point defects
formation energies have also been evaluated within this
EAM potential.

Results obtained show that the carbon Frenkel pair has
a lower formation energy than the uranium ones. This
result is in agreement with experimental evidence, and con-

firms that under-stoichiometric uranium carbide contains
carbon vacancies rather than uranium interstitials.

Activation energies for migration have also been evalu-
ated. The analysis of the different microscopic paths seems
to confirm the hypothesis assumed by Catlow [1]. Carbon
migrates through an interstitial path while the uranium
migration is possible through a carbon vacancy. Nervethe-
less, the calculated values for migration energies are in the
range recommended by Matzke [3].

Incorporation and migration energies have been calcu-
lated for He, Kr and Xe, in order to check the relevancy
of the inter-atomic potentials available in literature [2].
Values obtained show behaviours close to what was
obtained in SiC [16] rather than in UO, [17]. Nonetheless,
the activation energy for Xe is in very good agreement with
the experimental value.

In summary, the present EAM potentials and inter-
atomic potentials for He, Kr and Xe are suitable for molec-
ular dynamic simulation of rare gas behaviour in uranium
mono-carbide.
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