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The formation of beryllium carbide from beryllium and graphite is here investigated. Using simple
models and density functional theory calculations, a mechanism leading to beryllium carbide is
proposed; it would be (i) first diffusion of beryllium in graphite, (ii) formation of a metastable
beryllium-intercalated graphitic compound, and (iii) phase transition to beryllium carbide. The
growth of beryllium carbide is further controlled by defects’ formations and diffusion of beryllium
through beryllium carbide. Rate limiting steps are the formation of defects in beryllium carbide,
with estimated activation energies close to 2eV. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809552]

. INTRODUCTION

One of the key issues for the successful development of
the fusion reactor ITER (International Tokamak Experimental
Reactor) is the selection of the suitable Plasma Facing
Components (PFCs) for the inner wall of the vacuum chamber
containing the plasma. PFCs have to fulfill many require-
ments such as lifetime and safety issues due to tritium reten-
tion. In the first stage of ITER operation, PFC will be made of
beryllium, tungsten, and possibly carbon in its graphitic
form." A lot of data have already been accumulated about
pure carbon, and the current focus is more about tungsten and
beryllium. Nevertheless, carbon is still scheduled to be part of
the first stage of ITER operation, and future use of carbon in
fusion devices cannot be excluded. In addition to pure materi-
als, mixed materials are also expected to form under operating
conditions. Erosion and depositions processes activated by
thermal load and particle fluxes will favor the formation of
these mixed compounds. In particular, beryllium in ITER will
be subject to strong physical sputtering. Deposition of beryl-
lium on carbon will lead to mixed Be/C materials to which
very little is known at the moment. Experimentally, the inter-
action of beryllium with carbon surfaces is very difficult to
address due to the high reactivity of beryllium with oxygen.
However, some clear evidences of beryllium carbide Be,C
are derived from XPS measurements in Laboratory experi-
ments, in which chemical reaction between beryllium and
graphite was shown to proceed from room temperature® to
623 K (Ref. 4) and higher temperature. The first wall and the
divertor area of the ITER vacuum vessel will be baked at
515K and 623 K,” respectively, in the range of temperature in
which beryllium carbide is expected to be formed. The forma-
tion of mixed Be/C materials was also investigated in the
PIESCES-B facility. Formation of mixed Be/C materials was
observed and shown to reduce the sputtering yield of pure car-
bon materials exposed to high plasma flows. These mixed
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materials were also evidence as beryllium carbide from XPS
measurements.®

From a theoretical point of view, very little is known
about the mechanisms of formation of beryllium carbide and
its properties. Molecular Dynamic (MD) simulations were
already conducted about the sputtering mechanisms of
Be,C.”! Simulations with the 3D Monte-Carlo code ERO
are also reported, with the aim to reproduce the mitigation
effect of sputtering properties induced by mixed Be/C mate-
rial.'"'? However, the mechanism of formation of Be,C
remains unknown; it is just parameterized in ERO as a char-
acteristic time tg,c for Be,C formation, which is fitted to
reproduce at best the experimental results.

Hence, the present paper is devoted to the understanding
of the mechanisms leading to the formation of beryllium car-
bide. The energy data here computed will be discussed assum-
ing beryllium atoms deposited on the graphite surface with
thermal kinetic energy. Nevertheless, if with higher energy,
beryllium atoms will be trapped in graphite bilayers and then
thermalized. Furthermore, if ionized, beryllium atoms will be
neutralized by contact with the © system of graphite. As a
consequence, only beryllium atoms can be considered to
understand the mechanism leading to beryllium carbide.

From a fundamental point of view, the interaction of be-
ryllium atom with the surface of graphite'*'* and nanoribbons
of graphite'® was previously investigated by density func-
tional theory (DFT). Beryllium was shown not to significantly
bond on the graphite surface; this is the opposite to what hap-
pens in the bulk of graphite, where a tendency to beryllium
clustering was established.'® In the continuity of this work
and also using DFT, the diffusion of beryllium in perfect and
defective graphite is here investigated, and the impact of
defects on the diffusion process and chemical reactivity of
graphite is assessed. An upper bond to activation energies
related to these mechanisms is proposed, and mechanisms
leading to the growth of Be,C at the interface between beryl-
lium and graphite as experimentally observed”’ are estab-
lished. The focus of the present paper is eventually to provide

© 2013 AIP Publishing LLC
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nuclear fusion science with mechanisms that could open the
way to comparison with MD calculations, and fundamental
data to be integrated in simulation codes based on Monte-
Carlo or rate-equations techniques.

Il. COMPUTATIONAL DETAILS

The Quantum Espresso code'® developed in a plane-
waves basis set was used with the ultra-soft pseudo-poten-
tials'” and energy cutoffs of 35 Ry (476eV) and 200 Ry
(2720eV) for the truncation of the plane-wave expansion of
the wave function and the electronic density, respectively. In
a number of previous worl<s,14’15 the interaction of beryllium
with graphitic systems was investigated by DFT with the PBE
functional.'® In line with these authors, and including the van
der Waals interaction in graphite according to the work of
Barone et al.,19 all the calculations were performed with the
Perdew-Burke-Ernzerhof generalized gradient approximation
of the exchange and correlation functional, complemented by
the Grimme correction DFT-D2.*° The same methodology
was carried on in a previous study.'? Minimum energy path
and the corresponding saddle-points were investigated using
the nudged elastic band (NEB) method.?!*?

The surface and the bulk properties of graphite were
modeled by a single graphene layer (64 carbon atoms) and a
graphite bilayer (128 carbon atoms), respectively. A
4x4x1 pseudo 2D supercell in which each image is
repeated every 20 A along the z axis was used as in Refs. 13,
23, and 24. The dimensions of the unit cell were optimized
toa=b=2.463A and subsequently used in all the calcula-
tions. The interlayer distance of the bilayer was set to its ex-
perimental value in graphite, i.e., 3.35 A. All the atoms were
allowed to relax during the geometry optimizations, except
those at the border of the working-cell in order to simulate
the constraints imposed by the infinite layer(s) on the cell.
The Brillouin zone related to the 4 x 4 x 1 supercell was
sampled in a 6 x6x 1 mesh using the Monkhorst-Pack
scheme,25 which is equivalent to a 24 x 24 x 1 mesh in the
unit cell. Other carbon structures are further investigated,
such as nanoribbons and beryllium carbide; they will be
described later in the corresponding sections.

lll. RESULTS

It was theoretically shown that beryllium does not react
at the surface of perfect graphite; it just physisorbs on it,
with adsorption energies of about a hundred meV.'*'>-26-7
Thus, in case of beryllium evaporation and redeposition on
graphite, the first step leading to beryllium carbide would be
beryllium diffusion in graphite, then beryllium clustering,
followed by a phase transition. As a consequence, we first
start to investigate different models for beryllium diffusion
into perfect and defective graphite.

A. Diffusion of Be in perfect graphite

A beryllium atom coming from the gas phase was first
considered. In that case, beryllium has to penetrate into
graphite by crossing the first graphene layer of the surface.
Then, once in graphite, beryllium has to diffuse into the bulk.
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FIG. 1. Potential energy surface of a Be atom from infinity crossing the
layer surface of the graphite bilayer at d =0 A. The interior of the bilayer is
shown in gray. The full curve is given in inset.

1. Across the graphene layers

Figure 1 displays the potential energy curve of a beryl-
lium atom from the gas phase crossing the first graphene
layer; the surface is at the origin of the distance axis. A
87meV depth physisorption well was found at 3.120A from
the surface. This result confirms the weak interaction of be-
ryllium with the surface of graphite. The main characteristic
of that curve is a huge activation barrier at 17.5eV when be-
ryllium lies in the graphitic plane. Such a barrier would pre-
vent any diffusion mechanism to happen within the range of
temperature considered here (from room temperature to
623 K). Of course, such a result was highly predictable, since
it was shown experimentally®® and confirmed theoretically*’
that helium is not able to diffuse that way, as even was shown
for the small hydrogen atoms.>* However, once in the bilayer,
beryllium chemisorbs with an energy of E,q4s=—1.03¢eV, at
1.56 A below the surface.

2. In between the graphene layers

The minimum energy path connecting two chemisorp-
tion sites in the bilayer was scanned. In the chemisorption
well, beryllium is on top of a carbon atom and below a car-
bon ring. The activation energy to the first nearest chemi-
sorption site is E, =149 meV as shown in Figure 2(a). It is
E,=68meV to the second nearest chemisorption site
(Figure 2(b)), which constitute the true minimum energy
path. This weak activation energy makes diffusion a very
easy process in the range of temperature considered here.

B. Diffusion of Be in defective graphite

Since diffusion of beryllium across the graphene layers
is impossible, a route for beryllium to penetrate inside the
bulk of graphite is to be found. The impact of defects on the
diffusion process was then investigated, and two different
types of local and extended defects were modeled: the
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FIG. 2. Minimum energy path (shown in
red) between two adsorption sites for be-
ryllium in a bilayer of graphite: (a) Path
to join the two first nearest neighbors’
sites; initial and final positions are shown
below the graph. (b) Path to join the sec-
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atomic vacancy and the zigzag and armchair edges of
graphite.

1. The atomic vacancy

a. The model. The atomic vacancy is the simplest
model defect in graphite and as a consequence was exten-
sively investigated by DFT;*'*? it was obtained by just
removing one carbon atom from the bilayer with a subse-
quent geometry relaxation. Several electronic and magnetic
configurations were found, each characterized by different
spin states. In order to select the electronic ground states, dif-
ferent spin configurations were investigated: singlet (S =0),
triplet (S = 1), quintet (S =2), and relaxed spin.

In the case of the singlet spin state, the symmetry is bro-
ken in order to allow for antiferromagnetic states with non-
zero absolute magnetization; however, no antiferromagnetic
configuration was found. The genuine electronic ground state
is triplet (S = 1) as shown in Table I. Both singlet and quintet
electronic states are 0.129 eV and 1.263 eV higher in energy,
respectively, and the relaxed spin case converged to S=1.
As a consequence, only the triplet is considered in the fol-
lowing. The atomic vacancy defect is, therefore, ferromag-
netic, which is consistent with experimental observations.?

b. Adsorption near the atomic vacancy. The reactivity
of the vacancy toward beryllium has first to be investigated.
Four different adsorption within the bilayer sites were

TABLE I. Atomic vacancies with S =0, 1, and 2. AE from GS: difference in
energy from the ground state, S = 1.

AE from Total Absolute
GS (meV) magnetization (ug) magnetization (ug)
S=0 129 0 0
S=1 0 2 3
S=2 1263 4 4.6

ond nearest neighbors’ sites; initial and
intermediate positions are shown below
the graph.

— _

selected close to the vacancy as shown in Figure 3. The equi-
librium geometries were obtained starting from the geometry
of adsorption in the perfect bilayer and then relaxed. The
corresponding adsorption energies are given in Table II.
Two sets of results can be drawn. Sites 1 and 2 exhibit the
lowest adsorption energies and consequently the highest sta-
bility. They belong to the nearest carbon rings close to the
vacancy. There, borders effects are expected to be most sen-
sitive* and to induce a high reactivity.35 Positions 3 and 4
belong to the second nearest carbon ring. While border
effects mitigate, the chemisorption well at the adsorption
sites remains above 0.5 eV below that in the perfect bilayer.

c. Diffusion through the atomic vacancy. The mini-
mum energy paths for atomic beryllium from the gas phase
to sites 1 and 2 are shown in Figure 4. Distances are given
from the coordinate of the missing carbon atom at the center

FIG. 3. Atomic vacancy in the upper layer of the bilayer modeling the sur-
face. Sites 1 to 4 are minimum energy geometries for Be in between the
bilayer and close to the vacancy. Sites 1 and 3 are below a carbon atom of
the upper layer and sites 2 and 4 are above a carbon of the lower layer.
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TABLE II. Energy of adsorption of a Be atom in a bilayer of graphite close
to an atomic vacancy. Sites are labeled according to Figure 3. Adsorption in
a perfect bilayer is also given as a reference.

Site E.as (€V)
1 —-1.77
2 —1.78
3 —1.51
4 —1.55
Bilayer —1.02

of the atomic vacancy. At a beryllium-surface distance of
about 1A above, the surface distorts toward vacuum, with a
corresponding deep minimum in energy (E.gs=—6.09¢V).
Another minimum is observed, corresponding to a symmet-
ric distortion toward the interior of the bilayer. This double
well indicates the possibility of a flip-flop for a Be atom
stuck in that potential well. The main characteristic of both
those curves leading to sites 1 and 2 is, however, the absence
of any activation barrier. Assuming an elastic process, the
beryllium diffusing through an atomic vacancy from the gas
phase is trapped within the bilayer, carrying 1.77eV of ki-
netic energy. In the case of an inelastic process, beryllium
would loose its energy in the graphene lattice and could be
trapped in the vacancy. This point will be discussed later on.

2. Zigzag and armchair edges

a. The model. Modeling a zigzag or armchair edge
involves ¢ bonds’ breaking. This induces some dramatic
modifications in the electronic structure of the graphene
layers, along with a dramatic increase in chemical reactivity.
Hydrogen is the prominent residual gas in low-pressure
experiments. Of course, other molecules are present in the

| —=—Site_2 ——Site_1

Potential energy (eV)

Distance to the vacancy (A)

FIG. 4. Diffusion of a beryllium atom across an atomic vacancy up to sites 1
and 2 inside the bilayer. Distances are given with respect to the missing car-
bon atom; positive values are toward vacuum, negatives values are inside
the bilayer (shown in grey). The molecular models display from the right to
the center of the figure: the beryllium atom 5 A and 1A above the surface
(minimum in energy), respectively. The final absorption sites 1 and 2 are
shown on the left in the inset.
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experimental conditions and can react with graphite.’®?’
Their concentrations are, however, significantly lower; there-
fore, it can be considered that saturation of the dangling ¢
bonds by H atoms is an accurate representation of the experi-
mental conditions. As shown in Figure 5, four nanoribbons
were piled-up with the same Bernal stacking as in graphite.
The cell dimensions are 19.0 x 8.532 x 20.0 A for the arm-
chair and 19.0 x 9.852 x 20.0A for the zigzag edge. The
unit cell contains 160 atoms in both cases. The Brillouin
zone was sampled using a 1 x 6 X 1 mesh.

Cutting an armchair edge in graphene does not produce
any perturbation in the © system, on the contrary to the zig-
zag edge where border effects are introduced.*®*" Scanning
tunneling microscopy is an efficient tool to reveal these
features.*' ™ Borders effects have an exponential decay
when going towards the bulk material.*® In addition to bor-
der effects, single-layers zigzag nanoribbons were calculated
to produce antiferromagnetic states;44 nevertheless, these
electronic states have never been observed experimentally,
and they are predicted to vanish at room temperature.*’
Anyway, the magnetic states disappear when zigzag nanorib-
bons are piled up as in the present case, as indicated also by
Lee et al.*® The non-magnetic state was confirmed in the
present case according to the following way: the symmetry
of the system was broken in order to allow for broken-
symmetry solutions, and the starting magnetization was set
to antiferromagnetic at the beginning of the calculation. The
calculation ran with no constraint on spin finally converged
to a non-magnetic electronic ground state.

b. Diffusion. Figure 6 displays the potential energy sur-
face of a beryllium atom coming from the gas phase and pen-
etrating both the armchair and zigzag edges in between the
second and third layers of the model. The paths are shown in
Figures 5(b) and 5(c), respectively. Here again, these proc-
esses occur without any activation barrier; the mechanisms
leading to the center of the nanoribbons are exothermic with
gains in energy of 1.64eV and 2.16eV for the armchair and
zigzag edges, respectively. The adsorption energy at the bor-
der of the zigzag edge is of —3.47eV; it is —1.86eV at the
border of the armchair edge, which confirms the higher reac-
tivity of the zigzag edge. Border effects tend to vanish when
penetrating deeper into the bilayer; the adsorption energy
should tend to E,;s=-—1.03eV as in perfect graphite.
However, such mitigation is a long distance process, which
should be modeled by such a large system that it would be
out of our computing capabilities. As a consequence, the
adsorption energies remain well below —1.03 eV at the cen-
ter of both armchair and zigzag nanoribbons.

Finally, the main conclusion of this paragraph is that
both the atomic vacancy and the zigzag and armchair edges
display similar energy profiles characterized by zero activa-
tion barriers. As a consequence, assuming elastic processes,
these defects would promote beryllium diffusion into the
bulk of graphite. Otherwise, in cases where beryllium would
loose enough energy to get stuck into the defect, beryllium
would accumulate in the vicinity of the defects, which would
probably be the starting point for beryllium carbide forma-
tion as will be see later.
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C. The beryllium carbide formation
The following points were established up to now:

* beryllium penetrates freely into graphite through surface
defects,

 beryllium diffuses in between the graphene layers with
very low activation barriers.

Moreover, the tendency of beryllium to aggregate into
planar clusters in between the graphene bilayers was previ-
ously established.'® In the following, it is assumed that the
subsequent diffusion and aggregation processes lead to the
formation of complete layers of beryllium in the graphene
bilayer.

1. Lamellar Be/C structure

As a first step, a complete beryllium layer was built in
the graphene bilayer (Figure 7(a)). Such intercalated com-
pounds were already observed with calcium as CaCg;*"*®
these compounds have potential high hydrogen storage
capacity® and superconducting properties.”® Beryllium-
intercalated graphitic compounds BeCgy were also investigated

| =——=—zigzag === armchair |

Potential energy (eV)

6 -4 2 o0 2 4 6
Distance to the edge (A)

FIG. 6. Potential energy surface of a Be atom from vacuum penetrating the
center of the nano-ribbons. The origin of the x axis is on the edge (coordi-
nates of the H-terminating atoms). The shaded area represents the bulk
material.
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FIG. 5. (a) The 4 nano-ribbons model
containing 160 carbon atoms modeling
the edge of graphite. (b) Armchair edge
with a Be atom at the center of the nano-
ribbons. The path further investigated by
the NEB technique is shown by an
arrow. (c) Zigzag edge with a Be atom at
the center of the nano-ribbons. The NEB
path is shown by an arrow.

as hydrogen storage materials.”' In the beryllium-intercalated
graphitic compound represented in Figure 7(a), beryllium
atoms are on top of a carbon ring and below a carbon atom
(or vice versa), arranged in a hexagonal structure in its equi-
librium geometry. In that case, the unit cell contains 64 car-
bon atoms and 32 beryllium atoms. The formation energy per
Be atom is calculated according to the following equation:

1
AEB?n = ZT] (EBE,,C,,, - Ebilayer - NEBe)7 (1)

where N stands for the number of beryllium atoms in the
unit cell (here, N=32). The formation energy of Be,, Bes,
Beg, and Be; clusters in a bilayer of graphite has been eval-
uated in a previous work:"® AEge, = —1.042eV/Be atom,
AEg.; = —1.306eV/Be atom, AEg.c = —1.508 eV/Be atom,
and AEg.; = —1.653eV/Be atom. As shown in Table III,
AEg.co = —2.283eV/Be atom. These results emphasize the
capability of beryllium atoms to aggregate into planar struc-
tures up to completion of a beryllium layer.

The concentration in beryllium atoms was further
increased by building successive layers of beryllium inside
the bilayer of graphite. The corresponding stoichiometries are
BeC, BesC,, Be,C, and BesC. Inside the carbon bilayer, be-
ryllium atoms packed together according to the same hexago-
nal structure as in bulk beryllium. An example of such a
structure is given in Figure 7(b) in the case of Be,C (four
layers of beryllium atoms packed in hexagonal structure). The
corresponding formation energies per beryllium atom as
defined in Eq. (1) are given in Table III for all the compounds.
High beryllium concentration compounds are favored and the

St
(c)

FIG. 7. (a) Intercalated BeC, compound. Be are at the minimum energy
position found for a single Be atom in between a bilayer of graphite: on top
of a C atom (lower layer) and in the middle of a carbon ring (upper layer).
(b) Intercalated Be,C compound. Starting from the configuration of BeC,,
Be atoms are arranged in an Acp configuration. (c¢) Beryllium carbide in the
thermodynamic stable fcc structure.
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TABLE III. Energy of interaction per Be atom. Reference compounds are
atomic beryllium and C (graphite). In all compounds, berylliums atoms are
intercalated in the graphitic structure, except reference compound Be bulk
and Be,C (fcc).

Compound BeC, BeC Be3C, Be,C Be;C  Bebulk Be,C fec

Energy (eV) —2.283 —3.148 —3.255 —3.273 —3.493 —3.880 —4.390

formation energy per Be atoms tends towards the limit of
bulk beryllium. As expected, the formation energy per Be
atoms tends to the limit of bulk beryllium. However, a most
stable compound exists with Be,C stoichiometry, which is
known as beryllium carbide and crystallized according to a
face centered cubic structure fcc (Figure 7(c)). The gain in
energy from Be,C in hexagonal symmetry (—3.148eV/Be
atom—rmetastable) to Be,C in fcc structure (—4.390eV/Be
atom thermodynamically stable) is 1.242 eV/Be atom.

As a consequence, once incorporated into graphite, be-
ryllium tends to form intercalated compounds, before a phase
transition toward the thermodynamically stable structure of
beryllium carbide takes place.

2. A proposed mechanism to beryllium carbide

The mechanism leading to the fcc beryllium carbide and
the related activation energy are addressed in the present
paragraph. Of course, a complete answer should only be
given by considering the dynamics of the system, which is
out of the scope of the present work, and would not be possi-
ble within the DFT framework on such large structures.
However, a plausible mechanism can be proposed, which
allows providing an upper limit to the activation energy
required for the phase transition from the intercalated com-
pound to fcc Be,C. The prerequisites for such a mechanism
are as follows:

(b)

FIG. 8. Distortion of the carbon atom network from the ABA hexagonal
structure (shown in (a) and (b() to the ABC staking of the fcc beryllium car-
bide. One of two carbon atoms is moved in each layers of the initial hexago-
nal structure. In the final cubic structure, the A layer is formed by the carbon
atoms left on the bottom layer, the B layer is generated by moving one of
two carbon atoms from the bottom layer to the intermediate space of the
bilayer, the C layer contains the carbon atoms left on the intermediate layer.
(a) Graphite unit cell only, for more clarity and (b) full structure with beryl-
lium atoms.

J. Appl. Phys. 113, 213514 (2013)

* the beryllium structure is metallic and, therefore, fairly soft
and can easily accommodate distortions of its environment,

* the carbon structure (graphene in its initial stage) is much
harder. As phase transition to a fcc structure requires C-C
bond breaking, the activation energy is likely to be driven
by the carbon network distortion on which we focused in
the following.

Carbon layers pile up according to an AB stacking
sequence in a hexagonal symmetry. In an fcc structure, the
carbon stacking is ABC according to the diagonal of the
cubic cell. The hexagonal structure is characterized by a cell
parameter a = 2.463 A and an interlayer distance of 12.453 A
when filled with beryllium. The fcc structure is characterized
by a cell parameter a :4.03101& (Aexp =4.342 A) and an
interlayer distance of 2.489 A.

As a consequence, the model was set up as follows:

* the working cell is a 1 x 1 x 3 supercell containing two
carbon atoms per layer and six carbon layers along the z
axis (three AB units),

* this unit cell is filled with beryllium atoms in an hexagonal
packing to achieve the Be,C stoichiometry,

e the carbon atoms are progressively moved from an AB
stacking to an ABC stacking as shown in Figure 8. The
final cubic structure is consistent with a 12 carbon layers
model (four ABC units).

This model allows us to build periodic cubic and hexag-
onal structures with the same number of carbon and beryl-
lium atoms. The hexagonal structure consists of three unit-
cells and the cubic structure comprises four unit cells. The
cell parameters are linearly fitted from the hexagonal to the
cubic structure.

| =— Free —— Linear |

1.5 ‘
E, jn=1.55eV

=0.71eV

E a_free

Potential energy (eV/Be atom)

Reaction coordinate

FIG. 9. Potential energy curve of the phase transition from the graphitic hex-
agonal structure of the lamellar Be,C compound to the fcc structure of beryl-
lium carbide. In red and triangle: the cell parameters are linearly scaled from
the hexagonal structure to the cubic one. In blue and round, the ¢ parameter
is left free to relax. The reference energy is graphite for carbon and atomic
beryllium. The energy of interaction is given in eV per Be atom.
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The resulting potential energy surface is shown in
Figure 9 (red curve). The activation energy of the phase tran-
sition is 1.55eV. Of course, this is an upper limit to the
actual activation energy, since all the carbon atoms are not
expected to move altogether, and the cell parameters are not
expected to move linearly.

We investigated another relaxation scheme: we relaxed
the ¢ parameter of the supercell. The resulting curve is shown
in blue in Figure 9. The corresponding activation energy is
lower than previously: 0.71eV; however, it is still likely to
remain an upper limit to the actual activation energy.

3. Diffusion of atoms and vacancies in beryllium
carbide

We here consider an interface between bulk beryllium
and graphite. Beryllium atoms spontaneously diffuse
through graphite defects to accumulate and form a beryllium-
intercalated graphitic compound. Then, a phase transition
takes place leading to beryllium carbide. In this scenario, a

0.2
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FIG. 10. Diffusion in fcc beryllium car-
bide. For more clarity, only the carbon
atoms of the fcc structure are displayed.
Beryllium atoms are located in all the
tetrahedral sites (Td). Paths and energy
profiles of (a) a carbon vacancy, (b) a be-
ryllium vacancy from a tetrahedral site
(Td,) to its next nearest neighbor tetrahe-
dral site (Td,), and (c) an interstitial Be
atom diffusing from an octahedral (Oh;)
site to its next nearest neighbor (Oh,).

E=1.29eV

Reaction coordinate

(©)

beryllium carbide film fills the interface between graphite and
beryllium, so that any further growth of that film would be
controlled by transport properties throughout beryllium car-
bide. The transport properties here investigated are summar-
ized in Figure 10. Diffusion of carbon through a carbon
vacancy involves E, =5.41eV (Fig. 10(a)), which is too high
an energy to happen in the range of temperature considered
here. On the contrary, moving a beryllium atom through be-
ryllium vacancies in tetrahedral (Td) sites or through intersti-
tial octahedral (Oh) sites requires much smaller activation
energies: 0.57eV and 1.29eV, respectively. It follows that
transport properties through beryllium carbide are driven by
beryllium diffusion.

Table IV reports the formation energies of defects in
graphite and beryllium carbide. Two formation energies are
lower than the other

» the formation energy of a beryllium vacancy in Be,C:
AE;=2.13 eV with bulk beryllium as a reference,

TABLE IV. Thermodynamic data. Related to graphite: (i) the cohesive energy per carbon atom of a graphite bilayer containing 64 atoms, (ii) the energy of for-
mation in eV of an atomic vacancy in the graphite bilayer, and (iii) the gain in energy for the substitution of a C vacancy in the bilayer by a Be atom. Related
to beryllium carbide: (i) energy of formation of a beryllium vacancy in beryllium carbide with bulk Be and Be,C as a reference, (ii) energy of formation of a
carbon vacancy in beryllium carbide, and (iii) energy of formation of an interstitial beryllium atom in beryllium carbide with respect to two different referen-

ces: from bulk Be,C and graphite, and from bulk Be,C and atomic carbon.

Energy (eV)

Reference formula

Graphite
Ecohesive —7.90
AE¢ yvacancy 16.48
AEsub Be/vacancy —6.09
—2.34
Beryllium carbide
AE Be vacancy 2.13
AE¢ ¢ vacancy 4.93
AE; Be interstitial 6.35
2.60

Ecohesive = Ebilayer/64 — Ec atomic

AE vacancy = Evacancy + Ec atomic — Ebilayer
AEsub Be/vacancy — Evaca11cy+Bc - Evacancy - EBc atomic
AEsub Be/vacancy — Evacancy + Be T Evacancy - EBe bulk
EBe vacancy =E Be vacancy — (EBeZC - EBe bulk)

EC vacancy — E Be vacancy (EBEZC - EC gruphile)

EBe interstitial — EBeZC+Be - (EBeZC + EBe bulk)

EBc interstitial = EBCZC + Be T (EBCZC + EBc alomic)
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* the formation energy of an interstitial Be atom from the
gas phase, AE;=2.60¢eV.

We conclude that these are the two mechanisms likely
to lead to Be,C formation.

IV. DISCUSSION AND CONCLUSION

In this study, we conclude that high concentrations of be-
ryllium in graphite lead to the formation of beryllium carbide.
Beryllium carbide can be formed either by direct interaction
of vaporized/atomic beryllium with graphitic compounds, or
by deposition as bulk beryllium on top of graphite and then
diffusion. We have established a mechanism leading to beryl-
lium carbide from beryllium and graphite. The most impor-
tant results are summarized below:

e beryllium diffuses spontaneously through defects in
graphite,
e beryllium diffuses with a very low activation

(E, = 100 meV) energy between the layers of graphite,

* beryllium has a tendency to accumulate and to form inter-
calated compounds in graphite,

* phase transition from an intercalated compound to beryl-
lium carbide happens with an activation energy below
0.77eV,

e transport properties in Be,C are driven by beryllium diffu-
sion through vacancies (E,=0.57eV) or interstitials
(E,=1.29¢V),

« the formation energies of beryllium vacancies and intersti-
tials in Be,C are (i) AE;=2.13 eV for vacancies formation
at the Be/graphite interface and (ii) AE;=2.60eV for the
formation of interstitial with Be from the gas phase.

The kinetics of the last step (defect formation) was not
investigated; defects have to be created at the interface
between beryllium carbide and graphite or beryllium. This is
a too complex system, whose size brings the models out of
the capabilities of DFT methods. It would probably require
dynamical methods to be well accounted.

However, all the activation energies involving beryllium
are quite low as exemplified in the present paper. As a conse-
quence, the formation energies we get for vacancies forma-
tion and defects creation are probably not that far from the
activation energies driving the kinetics of the processes; they
are at least lower limit values.

Within this approximation, we can conclude that the ki-
netic of the beryllium carbide growth is controlled by trans-
port properties and creation of defects. If beryllium carbide
is formed at the interface between bulk beryllium and graph-
ite, the rate-limiting step is the formation of beryllium vacan-
cies in Be,C with activation energies of at least 2.13eV.
Then, beryllium is able to diffuse enabling the Be,C phase to
grow. If it is formed from vaporized beryllium, the rate-
limiting step is the creation of interstitial beryllium atoms in
Be,C with an activation energy of at least 2.60eV.

As a conclusion, mechanisms, thermodynamic and ki-
netic data were produced in this work to understand the for-
mation of beryllium carbide as experimentally observed.”™®
Beryllium carbide is one of the mixed materials likely to
form in tokamak conditions. These data are to be used and

J. Appl. Phys. 113, 213514 (2013)

compared with experiments; they are mainly to be used and
integrated in Kinetic Monte-Carlo, rate equations, and any
other codes allowing a multiscale approach to the modeling
of the walls of tokamaks.
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