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Abstract

Molecular dynamics simulations of Li,O were performed in the microcanonical ensemble at several different tem-
peratures in order to study the lithium diffusion process, and a preliminary exploration of the diffusion of tritium was
performed. Different Li/O molar ratios were used to investigate the role of non-stoichiometry in the Li diffusion
processes. The mechanism of lithium diffusion as a function of temperature is proposed based on the analysis of our
simulations and a model is proposed to explain the overall behaviour of the lithium diffusion coefficient as a function
of temperature. Our simulations suggest what is the role of hydrogen in the tritium release from breeder ceramic
materials. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

There are a variety of breeder ceramic materials that
could be employed in fusion reactors. All these materials
have lithium as a common element. Lithium may be
found as an isotope, °Li, in a concentration of 7.4 wt%.
When this isotope is irradiated with thermal neutrons,
the following fission reaction occurs [1]:

*Li(n,0)’H, E =4.8 MeV. (1)

In this reaction one tritium atom, *H, is formed and
could be used as fuel in nuclear fusion reactors through
a reaction between tritium and deuterium atoms pro-
ducing 17.59 MeV per tritium atom, through [1,2]

‘H4+’H —*He +n. 2)

Synthesis, characterisation, evaluation of radiation
damages, and lithium and tritium diffusion have been
studied in breeder ceramic materials considered for tri-
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tium production such as lithium oxide, lithium alumi-
nates, silicates and zirconates [3-11]. Experimentally the
diffusion coefficients vary between 5 and 6 orders of
magnitude, and this is caused by a variety of factors
such as host crystal size, morphology, purity of the
sample, and temperature [12-16]. Tritium release is
produced when the samples are purged with argon or
helium, and further favoured when the gas is enriched
with about 0.1% of hydrogen [10]. Even though all these
studies represent a great effort to understand the mech-
anisms of diffusion of these important species, the exact
mechanism by which tritium diffusion is activated and
blocked as temperature rises in the interval 300-1200 K
remains largely unknown. In sintered solid breeding
materials, tritium release is composed of a series of mi-
gration steps and they still remain to be elucidated.
Simulation techniques may be very useful to elucidate
the mechanism of tritium release [9]. However, some
important characteristics of the system are to be deter-
mined before one is able to properly simulate the be-
haviour of tritium in the Li,O lattice. As a first step
towards this end we present in this paper molecular
dynamics simulations of the Li,O structure in order to
study the role of non-stoichiometry in the temperature
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range 300-1200 K. This allows us to determine the
probable composition of the real breeder material. As a
preliminary exploration we introduced in the lattice a
particle representing tritium, and show its possible
behaviour.

2. Simulations

A good representation of the Li-O interaction for
molecular dynamics purposes is a Pauling type interac-
tion potential. This interaction law has been successfully
used in a previous work on LiAL,O [9] and is given by

qiq; 1 o +a;\"
V Vi = —+4 ) 3
(ry) ry n((fi+(7j)( rij ) )

where ¢ are the effective charges, and ¢ are the effective
ionic radii. In a number of previous works we have
chosen 7 to be equal to 9, since it has been determined to
be the best value to represent partially ionic systems [19].
Effective radii are well determined quantities; therefore
effective charges are the only parameters to be deter-
mined in order to represent the interactions Li-Li, Li-O,
and O-0O. We fitted the charges in such a way as to
obtain the heat of formation, AH®, of Li,Oy9s arranged
in a cubic box with periodic boundary conditions, ac-
cording to the structure reported by De Vita, et al. [20],
obtaining —598.1 kJ/mol whereas the experimental AH°
is equal to —596.1 kJ/mol [21]. This system consisted of
758 particles of which 512 particles correspond to lithi-
um atoms and 246 particles to oxygen atoms, assuming
that the system would loose oxygen upon heating. In
previous works we have studied the role of non-stoi-
chiometry in crystals. Realistic interaction potentials
cannot be obtained if perfect crystals are considered to
fit the interaction potential parameters since the melting
point of perfect crystals, which do not occur in nature, is
overestimated in molecular dynamics simulations
[17,18]. As we mentioned in the previous section, one
first step in the simulation studies of Li,O is to deter-
mine the probable composition of the real breeder ma-
terial. Therefore, as we shall see in what follows, we
considered three different systems with different stoi-
chiometries: Li,Og9s, Li,O, and Li;oO for which the
radii and charges are shown in Table 1. The charges of
the non-stoichiometric systems were determined fixing
the charge of lithium and changing the charge of oxygen
accordingly in order to obtain an electroneutral system.
This was done based on the assumption that upon re-
moval of either oxygen or lithium the resulting extra
charge would spread over oxygen atoms.

In order to test the interaction potential we deter-
mined the simulated melting point exploring the be-
haviour of AH® vs temperature of Li,Ogs. Fig. 1 shows
this plot where there is a clear discontinuity of the

Table 1
Interaction potential parameters
System Lithium Oxygen
o(@mm) g o(@mm) g
Li,Og.96 0.073 0.86 0.124 —1.789
Li,O 0.073 0.86 0.124 —1.720
Li; 4O 0.073 0.86 0.124 —1.634
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Fig. 1. Variation of the heat of formation, AH, as a function
of temperature for the Li;Ogg¢ system.

straight line between 1660 and 1715 K, which means
that at this point there is a phase transition. In this case,
the transition corresponds to the melting point of the
non-stoichiometric system, which we estimate to be at
1687 K in excellent agreement with the experimental
melting point of 1700 K.

The real composition of lithium oxide in breeding
experiments at high temperature has not been deter-
mined experimentally, although it is to be expected that
the system would be non-stoichiometric as a conse-
quence of heating and thermal neutron irradiation.
Therefore, in order to perform realistic simulations this
composition had to be approximately determined based
on known properties of the system, which would depend
on the type of deficiencies leading to non-stoichiometry.
Tritium release is known to be enhanced in the tem-
perature interval 500-700 K and it has been suggested
that it is intimately associated to lithium diffusion [8].
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Therefore the system we chose to study is that which
presents diffusion of lithium in the same temperature
range as the experimentally tritium release enhancement.
To determine the composition that leads to non-stoi-
chiometry we set up three different systems: First, the
perfect crystal; second, a system with a lithium defi-
ciency of 2 wt%; and third, a system with an oxygen
deficiency also of 2 wt%. The first system was consti-
tuted by 768 particles, 512 represented lithium atoms
and 256 oxygen atoms with a Li/O ratio of 2. The second
system consisted of 758 particles of which 512 repre-
sented lithium atoms and 246 oxygen atoms in a crys-
talline structure with a Li/O ratio of 2.083 corresponding
to a non-stoichiometric compound Li,Oy g4, obtained by
randomly removing 10 oxygen atoms from the original
perfect system. The third system was constituted by 743
particles of which 487 represent lithium atoms and 256
oxygen atoms with a Li/O ratio of 1.90 corresponding to
Li; 9O. In this case 25 lithium atoms were randomly
removed from the original system.

Simulations were performed at temperatures of 300,
600, 900 and 1200 K. At the beginning of every calcu-

lation a thermalisation run was performed rescaling the
velocities of all particles every time step for 5 ps. Then a
run of 2.5 ps without temperature control in order to
relax the system to ensure thermodynamic equilibrium.
Finally a run of 7.5 ps in which accumulation of the
relevant quantities was carried out to calculate the final
statistical averages. The integration of the classical
equations of motion was carried out using standard
techniques and long range forces were calculated with
the Ewald summation method [22].

3. Results and discussion
3.1. Structure

The structural behaviour of the three ‘samples’
studied upon heating, Li,O, Li,Op9, and Li; 4O, was
analysed and the result is that the sample with a Li/O
ratio of 1.9 is the one that better represents the real
system. Fig. 2 shows the partial radial distribution
functions, g(rri1i), g(rLio) and g(roo), of the final
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Fig. 2. Partial radial distribution functions, at 1200 K for the three different systems: (a) Li,O; (b) Li;9O; (¢) Li;Ogg6-
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structures of the three different systems at 1200 K. As it
can be seen, Li;yO preserves the overall crystalline
structure whereas Li,Og9s losses the long range order.
The real system at this temperature is partially crys-
talline, even though the structure is damaged by
thermal treatment and by the exposure to thermal
neutron radiation. Since the temperature at which we
report the g(r) is around 500 degrees below the melting
point it is evident that Li; 9O has a behaviour closer to
that of the real system than the simulated Li,Opgs.
This is reflected in that both short and long range
order are essentially preserved in the simulated dam-
aged structure.

Fig. 3 shows snapshots of the final configurations of
the three samples after the run at 1200 K. Fig. 3(a) and
(b) shows the ideal crystalline configuration and the

simulated ideal crystal (Li,O), respectively. The few
differences between these configurations are due to small
displacements of atoms and to the effect obtained by
imposing periodic boundary conditions in the molecular
dynamics simulations; however, it is clear from these
figures that the structure remains unchanged. Fig. 3(c)
corresponds to the disordered structure of LiyOgos
whereas Fig. 3(d) is the one corresponding to Li; ¢O. In
the latter the order is obviously preserved and lithium
vacancies are hardly appreciated. A lithium vacancy is
indicated by an arrow in the corresponding figure. The
effect of having a Li vacancy is the generation of a local
dislocation of the neighbouring Li atoms, with the
concomitant displacement of the oxygen atoms in their
vicinity. This effect produces lengthening of the Li-O
and O-O bond distances as can be seen from Table 2

(*) Lithium vacancy (d)

Fig. 3. Snapshots of the final configurations for the different systems, at 1200 K: (a) initial configuration; (b) Li,O; (¢) Li;Oggs;
(d) Li;90O. In the snapshots the bigger and highlighted spheres correspond to oxygen atoms, and the dark and smaller spheres

correspond to lithium atoms.
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Table 2
Positions of the first three peaks of the partial radial distribution
functions for the three systems studied

g(r) Li,O (nm) Li; O, 9 (nm) Li; 9O (nm)
Li-O 0.198 0.206 0.206
0-0 0.329 0.314 0.332
Li-Li 0.232 0.236 0.232

were the positions of the first three peaks of the partial
radial distribution functions are shown.

3.2. Diffusion

Einstein relation between the mean square displace-
ment as a function of time, m(¢), and the self-diffusion
coefficient allows for the calculation of the diffusion
coefficient, D, of any species in the system through

2D :%<|r,-(t) — ri(O)\2>, (4)

where r is the position of the diffusing species, ¢ the time,
and the brackets indicate a time average. This relation
indicates that a diffusion process is occurring when the
slope of the long time tail of the mean square displace-
ment, m(¢), is different from zero.

Fig. 4 shows the mean square displacement of all
species for the three different systems at 300, 600, 900
and 1200 K. For the perfect crystal, there is no diffu-
sion of any species at any temperature, due to the
lack of mobility of species imposed by the lack of
vacancies.

Li,0y96 presents no diffusion at all of oxygen atoms
at 7 =300, and 600 K. At 900 K there is very little
motion of Li atoms. At 1200 K there is a change in
the slope of the m(r) vs ¢ plot at around 5 ps of
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Fig. 4. Mean square displacement plots for the different species in the three different systems, at 300, 600, 900 and 1200 K: (a) Li,O;

(b) Li; 9005 (c) LizO.6-
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simulated time for both Li and O, indicating a gen-
eralised motion of atoms. This result is in agreement
with the experimental fact that heating the sample in
an oxygen free atmosphere may lead to a structural
phase transition that, in turn, eventually leads to the
melting of the system. This has been observed in other
oxides with a much higher melting point, such as Y,03
[17,23].

The results of Li; 9O are very clear. At temperatures
of 300, 900 and 1200 K the self-diffusion coefficient of
both species are very low compared to the one at 600 K,
as it can be seen from the m(¢) vs ¢ plots. Note that the
self-diffusion coefficient of lithium, proportional to the
slope of the straight line in the upper central panel of
Fig. 4, is about three times that of oxygen, and it is due
to steric repulsion (lower central panel). This result is in
agreement with the experimental observation that triti-
um release is enhanced in the interval 500-700 K. On the
other hand, it confirms that tritium may lag lithium in
the diffusion process [20], being lithium considerably
more mobile than oxygen. As we shall show in what
follows, lithium mobility is higher than tritium mobility,
as well.

These results become very clear in Fig. 5 in which
we have plotted the diffusion coefficients, D, of Li and
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Fig. 5. Self-diffusion coefficients of lithium and oxygen in
Lij 9O and Li,Og¢ simulated systems as a function of
temperature.

O for the two non-stoichiometric systems as a function
of temperature. In the case of Li; 9O both species show
a D maximum at 600 K, whereas Li,Og9 have an
increasing tendency with increasing temperature. Based
on these results and considerations our first conclusion
is that the real system has probably an important lack
of lithium atoms, although the lack of oxygen atoms is
not precluded. In any case our results strongly sug-
gest that the real system is non-stoichiometric. From
this point on, we will be referring only to the Li; 4O
system.

In order to understand the diffusion mechanism as a
function of temperature, a detailed coordination analy-
sis of all atoms was performed. Molecular dynamics
simulations allow for this sort of coordination number
analysis. The average coordination numbers of lithium
atoms at 300 and 600 K are 4.05 and 4.14, respectively,
as can be seen from Fig. 6, where we have plotted the
percentage of Li and O atoms against coordination
number. These values are in good agreement with ex-
perimental estimations that report a value of four [20].
The average coordination number of lithium increases to
4.86 and 4.83 when temperatures are raised to 900 and
1200 K, respectively. Average oxygen coordination
numbers go from 8§ to 9 when temperature increases
beyond 600 K.

The results of the calculation of the mean square
displacement and coordination numbers for different
temperatures, along with the fact that the original
structure has a number of tetrahedral Schottky defects,
strongly suggest that four coordinated lithium atoms
are preferentially diffusing by hopping from one tetra-
hedral vacancy to another. The activation energy of the
Li diffusion mechanism is reached only at around 600
K. Therefore there is no diffusion at temperatures lower
than this limit. Beyond 600 K the diffusion coefficient is
lower than that at 600 K due to the onset of a struc-
tural transformation of the system, indicated by the
increase of the average coordination number, which
inhibits diffusion by increasing bond energy of both
species. The populations of four coordinated lithium
are 465 and 436 at 300 and 600 K, respectively, whereas
at 900 and 1200 K are 131 and 153, respectively. On
the other hand the population of five coordinated
lithium atoms at 300 and 600 K are 15 and 33, as
opposed to 283 and 256 at 900 and 1200 K, respectively
(see Table 3). Diffusion of lithium is enhanced at 600 K
because tetrahedral vacancies are still available in the
structure and the activation energy of the process has
already been reached. Fig. 7 shows the partial radial
distribution function for the Li-O pair for the four
simulated temperatures. At 600 K there still is some
long range order, whereas at 900 and 1200 K there is
only short range order. This confirms the statement
that an order-disorder structural transformation of the
system starts beyond 600 K.
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Fig. 6. Lithium and oxygen coordination numbers, at the different temperatures, for the Li; 9O system.

Table 3
Coordination number populations for Li in Li; O as a func-
tion of temperature

Coordination Temperature (K)
number 300 600 900 1200
3 - - 3 2
4 465 436 131 153
5 15 33 283 256
6 7 18 70 76
Average 4.05 4.14 4.86 4.83
16 T T
Li-O
12 - —— 300 .
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Fig. 7. Partial radial distribution functions, for the Li-O bond
in the Li; 49O system, at four different temperatures.

3.3. Tritium diffusion

In order to study tritium behaviour within lithium
oxide we introduced a particle with a mass of 3.006
atomic mass units, a charge of le, and a radius of 0.048
nm in a location determined at random in the Li; 9O
system. Fig. 8 shows the m(¢) vs ¢ for the three species
present in the system. Lithium and oxygen atoms pre-
sent the same behaviour as in the pure lithium oxide
system. in the sense that they have a maximum at 600 K.
However the relative value of the diffusion coefficient of
Li is around 30% lower than in the system without tri-
tium. Something similar happens for oxygen atoms.
Tritium atom quickly diffuses at very short times of
around 0.1 ps at all temperatures. After this short time,
the slope of the m(¢) vs ¢, is equal to zero for the systems
at 300 to 900 K, indicating that tritium atom does not
diffuse. At 1200 K the plot shows a different behaviour.
Apparently the tritium atom diffused quickly in the first
2 ps, but at the end of the 7.5 ps it returns nearly to its
initial position. Therefore the lowering of the diffusion
coefficient for both Li and O may clearly be ascribed to
the trapping of tritium. Fig. 9 shows a snapshot of the
local configuration around the tritium atom at the end
of the run. It is centred in a tetrahedron and is sur-
rounded by oxygen atoms located in the corners of the
tetrahedron. Evidently tritium is located in an already
existing lithium vacancy preserving the bond distances
of about 0.2 nm at all temperatures. The fact that triti-
um is trapped in a tetrahedral cavity suggests the reason
why the inert gas flux used to drag out tritium from the
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Fig. 8. Mean square displacement plots for the different species in the Lij 9O system with one tritium atom placed in a random

position, at 300, 600, 900 and 1200 K.

ceramic material has to be enriched with hydrogen in
order to enhance tritium release. The presence of hy-
drogen in the network would weaken T-O bonds fa-
vouring the release of tritium and lowering the
activation energy of tritium diffusion processes. The role
of hydrogen is expected to be very similar in all breeder
ceramic materials.

Apparently, the fact that trittum does not diffuse in
the same conditions in which lithium diffuses, is due to
the extra charge, which amounts to 30% more than that
of lithium. Tritium charge is large enough to hold it in
the tetrahedral cavity. Experimentally tritium release is
achieved by introducing an inert gas flux enriched with
hydrogen. The inert gas flux would impinge kinetic en-
ergy to tritium, and the high reactivity of hydrogen
would decrease the bond energy of tritium in the cavity,

upon the formation of OH species. These two effects
combined facilitate the release of tritium from breeder
ceramic materials.

4. Conclusions

We have performed molecular dynamics simulations
of lithium oxide with different Li/O molar ratios in order
to find out what is the role of non-stoichiometry in the
process of lithium and possibly tritium diffusion. This
was suggested by the experimental evidence that the best
conditions for the tritium release are in the temperature
range 500-700 K and a purge gas of argon or helium
containing 0.1% of hydrogen. Our simulations indicate
that when no oxygen or lithium vacancies are generated
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Fig. 9. Location of tritium in the final structure of Li; 49O at
1200 K.

there is not diffusion of any species. When the crystal
losses oxygen atoms the crystal structure rapidly
changes to an amorphous structure. The non-stoichio-
metric system Li; 9O does not undergo phase transitions
at high temperatures and allows for lithium diffusion,
behaving in a very similar fashion as the real system.
Our simulations show that the best temperature for
diffusion of lithium atoms is 600 K, in agreement with
experimental observations. Based on our simulations we
propose an explanation of the overall behaviour of the
lithium diffusion coefficient as a function of temperature.
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