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Abstract

The conventional focus of nuclear reactor safety courses has been
predominantly on the reactor physics component. However real nuclear
accidents (like the recent one in Fukushima) demonstrate that a nuclear mishap
should be viewed using interdisciplinary tools. For example, as simulated in
our previous work, the fuel melts not only because of enhanced neutron flux
but also because its thermal conductivity degrades when it oxidizes. Here we
present the application of first principles calculations to evaluate the structural,
mechanical and thermal properties of traditional urania fuel and new,
inherently safer thoria fuel. We also present the application of density
functional theory (DFT) to assess changes in the properties of urania (UO5)
when it oxidizes to U3Og during a severe nuclear accident scenario. Knowledge
of the lattice constants for higher oxidation state oxides of uranium is important
in nuclear safety analysis, since the formation of U3Og in a defective fuel
element can cause cracking or split the fuel sheath after disposal, due to a net
32-36% volume increase. This contrasts with thoria fuel where such oxidation
does not occur during accident. Additionally we demonstrate from first
principles calculations that the thermal expansion of thoria is lower than urania
at very high temperatures for which there are no experimental data. The
comparison between these two fuels is provided with respect to reactor safety.
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Introduction

Recent tragic accident in Fukushima clearly illustrates the risks associated
with the present design of reactors based on uranium oxide fuel and justify the
research towards a safer fuel. Traditionally, safety protocols focus on reactor
physics to evaluate the behaviour of a nuclear reactor. However real nuclear
accidents (like the recent reactor failure in Fukushima) demonstrate that a
nuclear mishap should be viewed using interdisciplinary tools.

For example the fuel melts not only because of enhanced neutron flux but
also because its thermal conductivity degrades when fuel oxidation takes place
(Lewis et al. 2002). Another study (Szpunar et al. 2001) demonstrates that in
order to account for the observed fission product releases after completion of
cladding oxidation, it was necessary to assume a greater atmospheric exchange
due to possible cracking of the brittle oxide layer. The following First
Principles calculations and discussion provide complementary information
about the behaviours of nuclear materials.

First Principles Simulation of Properties of New Nuclear Fuel

The increasing cost of traditional urania fuel justifies consideration of
alternative fuels like thoria (Boczar et al. 1998) or recycled fuel of mixed
oxides that contain Pu (Boczar et al. 2010). It is also of interest to reduce
nuclear waste and burn Pu. The spent fuel of light water reactors (LWR)
contains about 0.9 wt% U-235 and 0.6% fissile plutonium, which exceed the
fissile content (0.7% U-235) of natural uranium. Therefore, such fuel can be
used in CANDU reactors and this technology was developed very early
(Sullivan et al. 1995). The recycled fuel from LWR is called DUPIC because it
does not require any enrichment. The oxidation and reduction cycle (OREOX)
was used to break fuel sheath due to increasing stress caused by the expansion
of oxidized fuel (U3Og). This process is also used to produce the powdered
uranium oxide for fuel pellet production. The expansion of oxidised urania fuel
will be discussed in the next section as it may have serious implications in
nuclear accidents.

Uranium-based fuel

Fresh urania fuel has a cubic crystal structure (Fm3m symmetry observed
experimentally) shown in Fig. 1 b. However the most stable uranium oxide is
U3Og and its structure is shown in Fig. 1c. UO, has a complex magnetic
structure (noncollinear triple-k antiferromagnetic ordering (Wilkins et al.
2006)), which is stable only up to Ty = 30.8K (Frazer et al. 1965), whereas the
experimentally available data on structural and mechanical properties are
measured in the paramagnetic state. In the paramagnetic state there is no long
range order, but, because 5f electrons are strongly localised, the local moments
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(1.74 pp (Faber et al. 1976, Lander 1980)) should not be affected much by
magnetic ordering. It is difficult to simulate the complex magnetic structure of
urania, therefore either a collinear antiferromagnetic structure or a
ferromagnetic structure is usually used. The assumption of collinear
antiferromagnetic ordering of the magnetic moments of U atoms lowers
symmetry to: P4mm and the respective unit cell of tetragonal structure of UO,
is shown in Fig. la.

Figure 1. Lattice structure of UO, (a) (P4mm), (b) (Fm3m) and (c) UsOs
(P 6 2m structure proposed by Loopstra (Loopstra 1970)). Uranium and oxygen
atoms are presented as spheres, where the larger blue spheres represent U
atoms

In urania, the electron density of states around the Fermi energy is
dominated by 5f uranium electrons. The commonly used density functional
theory (DFT) (Kohn et al. 1965) within the local-density approximation (LDA)
(Ceperley et al. 1980) predicts that urania is metallic while experiment has
observed it to be an insulator with a 2.1 eV band gap (Baer et al. 1980). To
address shortcomings of DFT that underestimate the influence of the strong on-
site Coulomb repulsion between the strongly correlated 5f electrons, we used
the Hubbard U correction (DFT+U scheme (Cococcioni et al. 2005)). Fig. 2a
illustrates the effect of the Hubbard U on the 5f electron density of states in
ferromagnetic urania using CASTEP (Segall et al. 2002) calculations with
LDA and LDA+U. The presented results are for the effective U value of 2 eV
and 3.5 eV. The latter value reproduces the best experimental optical band gap
of 2.1 eV (Baer et al. 1980). Fig. 2a demonstrates that the majority spin density
splits at the Fermi energy and unoccupied majority and minority spin 5f
electrons gain energy. The shift in energy and the width of the created gap are
proportional to the U value, as expected. We observed exactly the same energy
shifts and band gap (indicated by arrow) for two uranium atoms in
antiferromagnetic urania as illustrated in Fig. 2b for two uranium atoms sites
with antiparallel magnetic moment orientation.
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Figure 2. (a) The 5f partial electron density of states of uranium in
ferromagnetic UO,, calculated using LDA (thick grey line), LDA+U (U = 2
eV) (dotted-dashed red line) and LDA+U (U = 3.5 eV) (thick solid black line).
(b) For comparison the 5f partial electron density of states of uranium in UO.,
calculated using LDA+U (U = 3.5 eV) for antiferromagnetic ordering (dashed
blue line and dashed dot dot red line indicate two sites of uranium atoms with
opposite magnetic moment and are indicated as Uar) The 5f partial electron
density of states of uranium in ferromagnetic urania (Ug) is also shown (black
solid line) for reference. The Fermi energy is set to 0 eV and the band gap
(2.01 eV) in (b) is indicated by an arrow

Uranium in UO, ( 5f electrons; Ida versus Ida + U) Uraniumin UQ, ( 5f electrons; AF versus F)

6 a S lda+U(2ev) U, (center) ¢ b
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Density of States [electrons/eV]
o
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However, when applying the same values of the Hubbard U parameter
within the LDA + U approximation to the 5f electrons of uranium for
hexagonal (Fig, 1.c) U3Og, the band gap is zero, as shown in Fig. 3.

Figure 3. The 5f electrons density of states of uranium in hexagonal U3Os,
calculated using LDA (thick broken curve), LDA + U (U = 2 eV) (dotted dash
line) and LDA + U (U = 3.5 eV) (thick solid line) as a function of energy. The
Fermi energy is set to 0 eV. Note that, in contrast with Figs. 2, 4, there is no
band gap formed at the Fermi energy.

Uranium in hexagonal U,0, ( 5f electrons; Ida versus Ida + U)

51 Ida + U (2 eV) Id;r U(35eV)
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There are about 67% more oxygen atoms per uranium atom in U3Og than
in UO,. In the P 6 2m structure all uranium sites are equivalent; therefore when
assuming the same symmetry for the electronic structure the simple valency
consideration leads to 5.33 noninteger valency of ions (1.33 valence increase
from quadri valent ionic state in UO,). Therefore as discussed previously
(Szpunar et al. 2013) there is no band gap formed for the Us0g compound
unless equivalency symmetry restrictions are removed and it is allowed for
uranium ions to have different valency (e.g. from simple model: two
hexavalent and one tetravalent state or two hexavalent and one pentavalent
state as indicated in Ref. (Yun et al. 2011)). Fig. 4 shows calculations for
orthorhombic LDA + U with U value equal to 6 eV (note: proposed before in
Ref (Geng et al. 2007) for urania) since it leads to the band gap value: 2.17 eV
comparable to the observed value in urania (Baer et al. 1980) as discussed
above. However this band gap value depends on the value of Hubbard U. There
are no experimental data available about this band gap width.

Figure 4. The 5f electron density of states of uranium in orthorhombic U3Og,
calculated using LDA + U (U = 6.eV) indicated by solid line. The projected 5f
uranium density of states of one (U;) uranium without magnetic moment and
two uranium sites (U,) with magnetic moment indicated by dashed and dotted
dash line, respectively. The Fermi energy is set to 0 eV. Note that, in contrast
with Fig. 3, there is a band gap (2.17 eV) formed at the Fermi energy
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In Fig. 4 one can also clearly see that while two U, uranium sites have
small magnetic moment (~1.26 pg), the moment on U; uranium (centrally
located as shown in Fig. 1c) disappears. The magnetic ordering in U3Og is not
known and the above calculations use ferromagnetic ordering.

The most important prediction of the first principles simulation is that
there is an increase in the volume of between 35-39% per uranium atom during
transformation from UO, to U3Og (Szpunar et al. 2013) and therefore cracking
and fragmentation of urania fuel occurs during oxidation as described in the
next section.
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Fragmentation

At intermediate temperatures (900-1200 °C), the large volume expansion
during oxidation of urania fuel may cause cracking and fragmentation as
illustrated schematically in Fig. 5. There is no volume increase when urania
oxidizes initially to U409 (small shrinking of volume as discussed in Ref.
(Szpunar et al. 2004)) and therefore cracking may occur when this oxide begins
to oxidize to U30s.

Figure 5. Schematic illustration of urania fuel oxidation and formation of
cracks as U3zOg expands by 35-39% to an enlarged volume

However, the process is very complex and only idealised examples will be
discussed here. Fragmentation causes significant increase of fuel surface area.

Using geometrical evaluation, it can be shown that the relative change in
the total surface area (Gfragmented/Cinitiar) IN the sample that breaks into n
fragments with the same shape is:

— 173
Gfragmented/cinitial =n (1)

where Gfragmented 1S the total surface area of the fragmented sample and Ginitial 1S
the surface area of the sample before fragmentation occurs.

Even larger increases in the surface area would be observed if a cylindrical
sample were to break into slices of cylindrical fragments with the same basal
plane as the original sample and have equal heights:

Ofragmented/Cinitial = 1+(N— 1)/(1+h/r) (2)

where r is the radius of the basal plane and h is the height of the sample before
fragmentation. For an equiaxial cylinder h = 2r and the relative increase in the
surface area is 1+(n-1)/3. For disks (h << r) the ratio is approximately equal to
the number of fragments (n). In Fig. 6 the relative changes in the surface area
of a sample are shown for various numbers of fragments (calculated using Egs.

(1-2)).

10
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Figure 6. The relative changes in the surface area of a sample as a function of
the number of fragments (as indicated: solid line for Eq. 1 and broken lines for
Eq. 2).
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As illustrated in Fig. 6, fragmentation may cause a significant increase in the
surface area and therefore further enhance fuel oxidation and fission product
release.

Thoria versus urania fuel

Thoria fuel presents an attractive alternative to traditional urania fuel. It is
widely discussed that thoria is not only four times more abundant but also that
nuclear reactors based on thorium would be safe, with the risk of reactor core
melt-down eliminated due not only to higher thermal conductivity but also a
much higher fuel melting temperature (3390 °C versus 2865 °C for uranium)
(Belle et al. 1984). However it is seldom discussed that thoria does not oxidize
to the higher oxidation states like urania. Therefore it has the further benefit
that cracking and fragmentation would not occur as happens with urania.
Additionally its thermal conductivity does not deteriorate due to oxidation as
with urania, which is discussed in the introduction and our previous work
(Lewis et al. 2002).

In our recent research we have studied the mechanical, structural,
electronic and optical properties of thoria (Szpunar et al. 2013, Szpunar™ et al.
2013). The crystal structure of thoria is cubic Fm3m, like urania (Fig. 1b), but
it is nonmagnetic. In the following two sections we discuss our preliminary
studies using DFT to compare thermal expansion and melting temperatures of
thoria and urania.

11
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Thermal Expansion

In order to examine the thermal expansion of thoria, we performed
preliminary first principles molecular dynamics simulations using an
Andersen-Hoover barostat (Andersen 1980, Hoover 1985). We made the
calculations for selected temperatures (starting at 273 K) and constant pressure
(Nosé 1991) (1 atm). Figs. 7 and 8 respectively show the running averages of
the lattice constants and relative (versus the calculated room temperature value)
change of the lattice constant of thoria, simulated by CASTEP (WC) molecular
dynamics as a function of temperature. We used unit cells eight times larger
than shown in Fig. 1 c. 96 total number of atoms with periodic boundary
condition is still small and therefore we observed large thermal fluctuations at
higher temperatures.

Figure 7. The calculated lattice constant of thoria as a function of temperature
(solid spheres) versus experimental data (squares) (Mathews et al. 2000). The
solid line shows the parabolic fit (@ = 1.1936308343x/0°T? +
4.1181273242 x10°°T + 5.5737164326, R? = 0.996)
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The calculated lattice constants of thoria agree well with experimental data
(Mathews et al. 2000) and with the parabolic fit shown in Fig. 7. We also used
this parabolic fit to calculate the relative change of thoria’s lattice constants,
which is more commonly used in experimental data presentations
(Anthonysamy et al. 2000, Wachtman et al. 1962, Geller et al. 1945, Ohnysty
et al. 1964, Bhagat et al. 2012, Bakker et al. 1997) as shown in Fig. 8.

12



ATINER CONFERENCE PAPER SERIES No: PHY2013-0527

Figure 8. The calculated (squares) relative, linear thermal expansion versus
experimental measurements (Anthonysamy et al. 2000, Wachtman et al. 1962,
Geller et al. 1945, Ohnysty et al. 1964, Bhagat et al. 2012, Bakker et al. 1997.

4
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We note that CASTEP calculations using WC functional predict slightly
larger linear thermal expansion above 900 K than experimentally reported.
However in the region above 2400 K it predicts that thermal expansion of
thoria is lower than urania as evaluated in Ref. Popov et al. 2000) by Fink and
shown by a solid red line in Fig. 8. This is an important result since there are
no experimental data available above 2755 K (the highest measured value
4500°F (Ohnysty et al. 1964). In our previous preliminary calculations
(Szpunar et al. 2012) using LDA, we found better agreement with experiment
for the relative linear thermal expansion, but the lattice constant of thoria was
underestimated (e.g. at room temperature: 0.5539 nm versus 0.5599 nm
(Mathews et al. 2000)) while in current calculations the absolute value of
0.5583 nm at room temperature agrees better with experiment (Mathews et al.
2000). Our results agree well with the recent measurements for thoria slightly
diluted with urania (3.75%) (Bhagat et al. 2012). The new experimental results
(Bhagat et al. 2012) also indicate lower thermal expansion for thoria than for
urania (Popov et al. 2000).

The thermal expansion coefficient of thoria can be evaluated either from
the available data on lattice constant (Mathews et al. 2000) as a function of
temperature or the respective linear thermal expansion results using Eq. 3:

o(T) _1[&} _ 1 o(AL/L:) @)
" L\aT ), @+AL/L;) oT .

We used the parabolic correlation to fit the calculated linear thermal
expansion. As a result, the calculated thermal expansion coefficient shown in
Fig. 9 has linear temperature dependence similar to the values of the coefficient

13
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calculated from the recently published (Bhagat et al. 2012) parabolic
correlation for a linear thermal expansion of thoria with 3.45 wt. % UO, for
temperatures up to 1473 K. In contrast the other two correlations for linear
thermal expansion that are available in literature used higher order polynomials
(Tyagi et al. 2002, Bakker et al. 1997) and the calculated respective thermal
expansion coefficients are shown in Fig. 9 (grey and pink solid lines as
indicated). The estimated average values of the thermal expansion coefficient
of thoria for temperatures up to 4500 °F (Ohnysty et al. 1964) are plotted as
solid spheres and the values are much lower at higher temperatures than
calculated.

Figure 9. The calculated (squares) thermal expansion coefficient of thoria
versus experimental prediction: calculated from fitted correlations (Bhagat et
al. 2012, Tyagi et al. 2002, Bakker et al. 1997), direct derivatives of lattice
constants (Mathews et al. 2000, Anthonysamy et al. 2000) and average
estimated values (Ohnysty et al. 1964) as indicated

Linear thermal expansion: thoria versus urania

30 . i Fink
@ CASTEP GGA (WC) linear fit (ThO»)
@® Ohnysty et al.,avrages, ThO,
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We also calculated the thermal expansion coefficient using finite
differences (Eq. 3) for the available experimental data in Ref. (Anthonysamy et
al. 2000 , Mathews et al. 2000) and they are plotted using triangle symbols.
The values are scattered and the average values are respectively 10.7x10°® for
data from Ref. (Anthonysamy et al. 2000) up to 2363.5 K and 9.5x10° for
temperatures up to 1473 K (Mathews et al. 2000). Our predicted (within WC
formalism) thermal expansion coefficient is higher than estimated from the
experimental data but above 1800 K it is lower than recommended by the Fink
thermal expansion coefficient of urania (Popov et al. 2000).

14
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Minimal thermal conductivity

The phonon contribution to thermal conductivity decreases with
temperature (see e.g. for urania Ref. (Lewis et al. 2002) and it is of interest for
reactor safety analysis to estimate the minimum thermal conductivity that
according to Ref. (Cahill et al. 1994) is proportional to sound velocity v:

v=,/B/p 4)

where B is bulk modulus and p is density. Since thoria and urania have the
same structure, the ratio of the minimal thermal conductivity is equal to the
ratio of sound velocities and it can be expressed in the previously evaluated
(e.g. in Ref. (Szpunar et al. 2013, Szpunar* et al. 2013)) bulk moduli (B),
lattice constants (a) as:

Tho Tho 3 3
Kpin. _ Vs © _ Brio, (Ay +2A0)ar, _ 270B,6, 8740,

KU T TAB L (A +2A0)a%, || 264Byo a%, ©)

min S

where Agiement are atomic masses of the indicated atoms.

Table 1. The ratio of the minimum of the thermal conductivity of thoria versus
urania as evaluated using Eq. 5

Method Brhoz atho2 Buo2 ayoz Kimin
[GPa] [nm] [GPa] [nm] (ThO/UOy)

LDA 213.4 0.553 229.1 0.533 1.03

GGA/WC 203.0 0.556 221.7 0.535 1.02

LDA+U/B3LYP 196.2 0.559 212.5 0.546 1.01

Experiment 208 (av.) 0.560 208.9 0.54582 1.05

(Clausenet (Mathewset  (Fritzet (Wyckoff
al. 1987, al. 2000) al. 1976) et al.
Macedo et 1963)
al. 1964)

The calculated ratio of the thermal conductivity of ThO, versus UO,
(phonon contribution) at 1800 K as used in Refs. (Bakker et al. 1997, Lewis et
al. 2002) is 1.02 and compares well with the estimated values in Table 1 for
various functionals (LDA (Ceperley et al. 1980), WC (Wu et al. 2006),
LDA+U (Cococcioni et al. 2005) (urania), B3LYP (Becke 1993) (thoria) and
experimental data).

15
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Melting temperature

Recent research (Sanati et al. 2011) demonstrated that empirical
correlation (Fine et al. 1984) between Ci; elastic constant and melting
temperature (Tn,) evaluates the latest in good agreement with experiment. Table
2 shows the evaluated melting temperature for urania and thoria. We used the
previously calculated (by us) Ci; using various functionals (Szpunar et al.
2013) and the empirical correlation (Fine et al. 1984):

T_[K]=553+5.91C,,[GPa] (6)

We note that this relation was tested for various cubic metals and
compounds and agreement was within 300 K.

The experimental value of the melting temperature of urania (31204 30 K
(Adamson et al. 1985)) is lower than that evaluated as the most accurate
(Bakker et al. 1997) value at exact stoichiometry (3651 + 17 K (Ronchi et al.
1996)) and other evaluated melting temperatures between 3323 and 3663 K
(Bakker et al. 1997). However as Table 2 shows the estimated melting
temperature of thoria is lower than urania and it is underestimated by more
than 300 K while for urania agreement is good for most functionals (except of
PBE).

Table 2. Cy; elastic constants and melting temperature evaluated using Eq. 6

Compound Functionals Cy [GPa] TwlK]
ThO, LDA (Ceperley et al. 1980) 385 2828.35
PBE (Perdew et al. 1966) 351.9 2632.729
PBEsol (Perdew et al. 2008) 370.9 2745.019
WC (Wu et al. 2006) 370.6 2743.246
B3LYP (Becke 1993) 373.1 2758.021
LDA+U 337 2544.67
Exp. 377 (Clausen et al. 1987) 2781.07
Exp. 367 (Macedo et al. 1964) 2721.97
UO, (AF) LDA+U 389.2 2853.172
uo, LDA+U 370.5 2742.655
LDA (Ceperley et al. 1980) 411.9 2987.329
PBE (Perdew et al. 1966) 318.2 2433.562
WC 398.0 2905.18
Exp. 389 (Fritz et al. 1976) 2851.99

We also performed calculations of a radial distribution function for oxygen
and thorium atoms in thoria at various temperatures as shown in Fig. 10.

16
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Figure 10. Radial distribution function of thorium and oxygen atoms in thoria
at 2400, 2700, 3000 and 3300 K temperatures as indicated

Radial distribution functions in thoria
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The sharp maxima and minima can be seen in Fig. 10 for thorium atoms
even at 3300 °K (indicated by thick solid line) while oxygen atoms show signs
of pre-melting between 3000 and 3300 K with the first minimum and second
maximum almost disappearing (solid blue thick line indicates 3300 K). This is
in agreement with the experimentally observed A-type pre-melting transition,
which was attributed to order-disorder transition in the oxygen sublattice
(Ronchi et al. 1996). The temperature associated with this transition could be
between 2500 K and 3090 K (Ronchi et al. 1996) as discussed in Ref. (Bakker
et al. 1997).

Conclusion

It is important to include multidisciplinary tools in reactor safety analysis.
First-principles simulations are useful in assessing the behaviour of nuclear
materials where there are no experimental data available. They are also useful
as a complimentary tool in reactor safety analysis. Our analysis indicates that
the main advantage of using thoria versus urania fuel is that it does not form
oxides during accident, therefore no undesirable degradation of a thermal
conductivity or changes in a structure and influenced by it modification of
properties should be observed.
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