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" Deuterium tungsten interaction was simulated using classical molecular dynamic methods.
" Low energy deuterium atoms tend to affix to high temperature tungsten surface.
" Tungsten substrate temperature barely affects the low energy deuterium implantation depth.
" Deuterium bubble formation resulting from near surface super-saturation was predicted.
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a b s t r a c t

The interaction between plasma particles and tungsten as plasma facing material is one of the critical
issues in successfully using tungsten in Tokamak reactors environment. The deuterium bombardment
of monocrystalline tungsten was modeled by molecular dynamics simulation using LAMMPS code and
Tersoff type interatomic potential. The deuterium trapping rate, implantation depth, and the stopping
time in tungsten at several temperatures ranging from 600 to 2000 K bombarded by 5–100 eV deuterium
atoms were simulated. Deuterium bubble formation at near tungsten surface was also studied. Irradiated
monocrystalline tungsten became amorphous state prior to deuterium cluster formation, and gas bubbles
were observed in the 600, 900, and 1200 K tungsten samples. The formation of gas bubbles were caused
by the near surface deuterium super-saturation region and the subsequent plastic deformation induced
by the local high gas pressure.

Published by Elsevier B.V.
1. Introduction

Tungsten as a potential candidate for plasma facing materials
(PFMs) in Tokomaks has several distinct advantages. Tungsten
has a very high melting point (3400 �C), conducts heat away effi-
ciently, and can withstand high plasma particle and heat fluxes.
Because hydrogen usually does not chemically bond with tungsten
atom, there is no chemical sputtering when bombarded by hydro-
gen isotope ions. This results in very low overall tungsten erosion
rate [1]. In addition, tungsten is a high Z material, therefore the
physical sputtering yield is low, and requires incident ion with
higher energy to cause significant sputtering (e.g. sputtering rate
10�4 for 250 eV deuterium ions [1]). Therefore, tungsten dust gen-
eration during the operation is assumed much lower than other
PFM such as carbon fiber composites (CFCs) and Be. However,
hydrogen atoms are highly mobile in tungsten, and they tend to
be trapped at the crystallographic defect sites to form cluster, bub-
ble, or blister [2,3]. The burst of blisters may eject tungsten dust
B.V.
and macroscopic particles into the plasma [4]. Because high Z dust
and debris will quench the plasma energy and cause plasma col-
lapse/disruption, hydrogen retention and bubble formation are
critical issues in using tungsten as PFM and such effects are still
not well understood.

The classic molecular dynamic (MD) simulation is a numerical
simulation tool of physical movements of atoms and molecules
whose trajectories are determined by Newton’s equation of mo-
tion. The MD simulation has been used for investigating various
phenomena in the field of plasma material interaction. Helium
cluster, bubble, or blister formation processes on tungsten surface
[5–7] or liquid lithium [8] has been recently studied, while others
investigated the low energy (�100 eV) deuterium implantation on
tungsten carbide with or without impurities (i.e., C, W, He, Ne, or
Ar, etc.) [8–12]. More recent work [13–19] has been done in study-
ing various impact of tungsten bombarded by hydrogen and deute-
rium. In this work we use MD simulation to model the trapping of
deuterium in tungsten and as a result, conditions of bubble forma-
tion. The deuterium retention rate, implantation depth, and stop-
ping time were calculated. Possible mechanisms of deuterium
bubble formation at tungsten surface were also discussed.

http://dx.doi.org/10.1016/j.jnucmat.2012.10.045
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http://dx.doi.org/10.1016/j.jnucmat.2012.10.045
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


2 X. Yang, A. Hassanein / Journal of Nuclear Materials 434 (2013) 1–6
2. Simulation method and configuration

2.1. Interatomic potential

The classical molecular dynamic LAMMPS code [20] was used in
this simulation to study the deuterium–tungsten interactions.
Determining an appropriate W–H interatomic potential is very
important in this MD simulation. In the past, the simple pair poten-
tials were usually used, such as the Morse potential [21,22] and the
universal force field potential [23]. Recently, with the increasing
speed of computers, empirical (analytical) many-body potential,
such as Analytic Bond-Order Potential (ABOP) became popular.
These potentials describe atom-binding states, and therefore are
able to describe the chemical bonding reactions with reasonable
accuracy. Among the available ABOP potentials with sufficient data
are the W–C–H potential [24] and W–H potential [25]. Kurtz [26]
compared two ABOP potentials (mainly the W–W interaction)
and shows that W–C–H potential developed by Juslin produces less
accurate point defect properties and underestimates tungsten
melting point. The W–H potential developed by Li has long cutoff
parameter that requires 3–4 times longer runtime, and it overesti-
mates the tungsten melting point. The W–H potential parameters
may not be correct, because the interstitial properties did not
reproduce Li’s values. To be consistent with the subsequent C
and H mixture bombardment modeling, the W–C–H ABOP devel-
oped by Juslin was chosen as the interatomic potential to describe
the interaction between tungsten and deuterium ions.

There is no direct ABOP implementation in LAMMPS, but the
ABOP formula can be transformed to the Tersoff implementation
in LAMMPS using the following formulation:
mLAM ¼ nLAM ¼ 1
bLAM ¼ x
kLAM

1 ¼ b
ffiffiffiffiffiffi
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where the letters with LAM superscript denotes the LAMMPS Tersoff
potential variables, while the others are the ABOP coefficients from
Ref. [24]. For a Tersoff potential that models three-body interaction
ijk, where the first element i is the center atom in the three-body
interactions which is bonded to the second atom j and their bond
is influenced by the third atom k, the n, b, k1, k2, A and B are used
for the two-body interactions, while the R and D parameters are
used for both two- and three-body interactions. The rest are used
in the three-body interactions. The parameters used for two-body
interaction that is converted from Ref. [24] according to Eq. (1)
are obtained from the entry where the second element is repeated.
For example, the two-body parameters of WHH entry in LAMMPS
will use the WH parameters converted from Ref. [24]. Using the
symmetric mixing rules, the two-body parameters of HWW are
identical to the WHH parameters. The parameters used for two-
body interactions in entries whose second and third element are
different, such as WHW, are not used and can be set to zero. There-
fore, a LAMMPS Tersoff potential file containing 27 entries describ-
ing the WCH ternary system is constructed. To validate the
converted Tersoff potential, the cohesive energy, lattice parameter
of the body-centered cubic tungsten; bond length, H–W–H bond
angle and cohesive energy of the WHx molecule are calculated using
LAMMPS and the results match the reference data well [24].

2.2. Simulation configuration

The crystal structure of the tungsten sample used in this simu-
lation is body-centered cubic (bcc) with a size of 8 by 5 by 55 lat-
tices. A lattice parameter of 3.165 Å was used to construct the
tungsten sample, because it yields the minimum potential energy
based on the bcc tungsten energy minimization calculation. The
top and bottom boundary conditions are non-periodic and fixed
(particles do not interact across the boundary and do not move
from one side of the box to the other; if an atom moves outside
the boundary it will be removed from the system), while all other
sides are set to be periodic. The bottom three layers of tungsten
atoms are fixed in the space: the force on those atoms is zeroed
out and the initial velocity of those atoms is zero. Prior to the bom-
bardment, the mobile tungsten atoms are assigned an initial veloc-
ity based on the desired tungsten temperature with a Gaussian
distribution. Then, the temperature rescaling is performed for
1000 steps using 0.01 ps as step size. During the bombardment,
two layers of the tungsten atoms above the fixed atoms and one
layer surrounding the side of the tungsten bulk is maintained at
the desired temperature using Berendsen thermostat. The temper-
ature is set to relax in a time span of 0.01 ps.
3. Simulation results and discussion

3.1. Deuterium trapping

To investigate the deuterium retention on tungsten sample, the
following non-accumulative bombardment simulation procedure
was performed for various tungsten temperatures and deuterium
energies. During the deuterium bombardment, each deuterium
atom was randomly placed two lattice parameters (6.33 Å) above
the tungsten sample and then directed toward the surface with
the specified energy. The step size during the bombardment was
set to 0.5 fs. For every 100 steps, we check if the deuterium atom
energy is lower than 0.5 eV or the deuterium atom escapes from
the upper simulation box boundary. If the deuterium energy is
lower than 0.5 eV, the deuterium atom barely moves and it can
be considered as an interstitial atom in the tungsten sample, and
the final deuterium location is recorded. The interstitial deuterium
is then deleted and a new deuterium atom is initiated. When the
incoming deuterium energy is slowed down to below 0.5 eV, the
system temperature is very close to the desired temperature, and
the low energy deuterium cannot displace tungsten atom (dis-
placement threshold: 940 eV [27]). The 5–100 eV deuterium
bombardment on tungsten does not cause any direct atomic
displacement. Therefore, the tungsten substrate does not require
re-equilibration, and it is ready for reuse right after the deletion
of the interstitial deuterium atom. If the deuterium travels outside
the simulation box boundaries, the deuterium atom is instantly de-
leted and the next deuterium will be directed towards the sample.
The total number of deuterium atoms created for each run is 5000.
The current simulation impinges deuterium atoms into 600, 1200,
1500, 1800 and 2000 K tungsten samples. The deuterium atom
energies are between 5 and 100 eV, and the incident angle is 25�
for all the simulations.

3.1.1. Deuterium retention rate on tungsten
The deuterium retention rate is defined as the total number of

deuterium trapped in tungsten divided by the total number of deu-
terium incident into the tungsten (5000 atoms). All other incident
ions either are directly reflected back at the surface or are bounced
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in the sample and then escape from the surface before completely
stop. Fig. 1a shows the deuterium retention rate for various deute-
rium energies and substrate temperatures. For higher deuterium
energies, the retention rate is almost the same for different tung-
sten temperatures. For lower tungsten temperatures (<1500 K),
the retention rate exhibits an increasing trend as function of the
deuterium energy, because higher deuterium energy has higher
probability to penetrate the tungsten surface instead of being re-
flected back or migrating to and escaping from the sample surface.
For higher tungsten temperatures (>1800 K), the retention rate of
low deuterium energy is much higher than the retention rate of
the low tungsten temperatures.

To investigate this effect, the atomic deuterium sticking coeffi-
cients were calculated. The deuterium atom was considered to be
stuck on the surface (absorbed) if the z coordinate of the final deu-
terium position is above �3.165 Å. This condition means that the
absorbed D atoms were required to be within one lattice parameter
of the surface. The sticking coefficient S is defined here as the num-
ber of D atoms stuck on the surface divided by the total incident
deuterium atoms. The sticking coefficients were plotted in
Fig. 1b. It shows that for higher incident deuterium energy, the
sticking coefficients are very low indicating that almost all trapped
deuterium atoms penetrate the tungsten surface. For the lower
energy deuterium, the sticking coefficient is relatively large which
results in higher retention rate for lower energy deuterium.
Henriksson et al. used MD simulation with the same interatomic
potential to calculate the sticking coefficients of deuterium with
kinetic energies in the range of 0.003–10 eV on 300 K tungsten
[19]. Similar trend was observed, i.e., incident deuterium with low-
er energy has higher sticking coefficient. The sticking coefficient of
5 and 10 eV deuterium on 300 K tungsten is about 0.03, which also
match the trend that lower tungsten temperature tends to have
lower sticking coefficient. The reason is assumed to be the rela-
tively soft surface of the high temperature tungsten, which may
serves as a cushion that helps the deuterium atom land on the sur-
face. If the deuterium energy is high, this effect becomes insignifi-
cant and the retention rate is dominated by the longer penetration
depth. It should be noted that the calculated retention rate is not
based on the accumulative bombardment. For the real case, the
trapped deuterium atom may migrate towards the surface due to
the diffusion or thermal motion. It may also be accelerated by
the subsequent atom impinging from cumulative bombardment,
and knocked out from the substrate. In addition, deuterium atoms
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Fig. 1. Deuterium retention rate (a) and sticking coefficient (b) for v
at the surface may form D2 molecules and leave the surface. There-
fore, the final deuterium retention rate could be much lower than
calculated, especially at elevated temperature [28].

3.1.2. Deuterium implantation profile
If the kinetic energy of the deuterium atoms is lower than

0.5 eV and the deuterium atoms are inside the tungsten sample,
the final position of such atoms is recorded. The average final
depth of such atoms is plotted in Fig. 2. Based on these simulations,
the tungsten temperature barely affects the average implantation
depth which is almost proportional to the deuterium energy. For
the case of 5 eV deuterium bombardments almost all retained deu-
terium atoms are on the surface. The W–H weak bond prevents the
deuterium on the surface from leaving. Substrate temperature pri-
marily affects the retention rate by affecting the reflection rate
(probability that the incoming deuterium will be reflected back
when the deuterium first contacts the tungsten surface). Tempera-
ture also affects surface recombination rate of D, which is not taken
into account in this study [29]. Fig. 2 only reflects the initial resting
positions of the implanted deuterium. In the cumulative bombard-
ment, the embedded deuterium may shift due to the collision with
the accumulated bombardment and diffuse deeper into the tung-
sten bulk. This could be the reason that some experiment shows
that the depths of deuterium accumulation are in the range of sev-
eral lm [6].

3.1.3. Deuterium stopping time
Fig. 3 shows the average time required for a deuterium atom

implanted in the tungsten to come to rest. Higher tungsten tem-
perature slows down the deuterium deceleration process, because
the deuterium energy loss from each collision is relatively lower.
Higher deuterium energy needs more collisions, thus more time
is required for the slowing down process. All the curves are roughly
linear beyond the deuterium incident energy of 50 eV.

3.2. Deuterium bubbles formation

To simulate deuterium bubbles formation in tokamak plasma
environment, the tungsten sample was repeatedly bombarded by
100 eV deuterium atoms with an incident angle of 25� until the
bubble is fully formed. For every 5000 steps, a deuterium atom will
be randomly created five lattice parameters (15.825 Å) above the
tungsten surface. The initial positions were far enough that when
(b)
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Fig. 3. Average deuterium stopping time for different tungsten temperatures.
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the bubble was fully formed and the tungsten swelled toward the z
positive direction, the deuterium initial position will still be above
the tungsten surface. During the bombardment, the step size was
also set to 0.5 fs resulting in an incident flux of 1.0 � 1029 m�2 s�1.
Fig. 4 illustrates the evolution of the deuterium bubble in 600 K
tungsten substrate. To enhance the visibility of the bubble outline,
only tungsten atoms in the region of 5 Å < y < 13 Å (about 2.5 lat-
tice parameters) are shown in the figure and denoted by the white
spheres, while all deuterium atoms are shown and denoted by the
red spheres.

For the 600 K simulation, the tungsten lattices gradually be-
came amorphous due to the repeated deuterium irradiation as
illustrated in Fig. 4a. Because the incident deuterium energy is well
below the physical sputtering threshold energy of 200 eV for deu-
terium on tungsten [30], and no sputtering was observed in these
simulations, the incoming deuterium does not cause either direct
displacement or sputtering.

The increase in the local high gas pressure gradually pushes the
tungsten atoms aside. The amorphous tungsten occurred in the re-
gion of �45 Å < z < �30 Å forms an amorphous sub-layer under-
neath the crystalline surface layer. This effect and the formation
mechanism are very similar to the experiments of nitrogen implan-
tation on stainless steel [31], where amorphous sub-layer formed a
few lm from the surface, underneath the crystalline surface layer,
due to high stresses introduced by the high density of nitrogen
atoms.
Later, a small region containing a visible bubble was formed at
about 38 Å below the tungsten surface after 1320 impacts, and it
began to trap more deuterium (Fig. 4b). This bubble grew rapidly
as shown in Fig. 4c–e. With the development and the growth of
the bubble, the bubble cap was finally separated from the sample
and blew away (Fig. 4f). In Fig. 4e, prior to the bubble cap separa-
tion, the upper portion of the tungsten sample swelled towards the
surface about 15 Å to form a surface blister. We have also simu-
lated bubble formation and growth in liquid metals and demon-
strated bubbles explosion as they reach the surface [8].

Fig. 5 presents the number of deuterium atoms and deuterium
molecules in tungsten substrate as a function of time. The blue line
in Fig. 5 shows the number of deuterium atoms trapped in the
sample at different times. The deuterium slowly accumulated in
the sample with a trapping rate of �25% that is slightly lower than
the calculated temporary retention rate of �30% shown in Fig. 1
because the deuterium atoms may migrate to tungsten surface
and escape from the system. Assuming the D2 molecular bond
length is 0.74 Å, the number of D2 molecules can be counted and
plotted as shown by the red line in Fig. 5. After the bubble is
formed (after 1320 D impacts), the D2 molecule number rapidly in-
creases, because the D atoms have a much higher probability to
meet each other and recombine in the bubble region.

The gas pressure in the bubble region can be estimated in the
following way. After 1400 deuterium impacts, the gas bubble vol-
ume was roughly measured as 7.95 � 10�27 m3. There were
59 deuterium atoms and seven deuterium molecules in the bubble.
The average deuterium temperature in the bubble region was mea-
sured as 9839 K. The gas bubble pressure can be roughly estimated
using the modified Redlich–Kwong equation-of-state given by:

P ¼ RT
Vm�b� affiffi

T
p

VmðVmþbÞ

a ¼ 0:4275R2T2:5
c

Pc

b ¼ 0:26Vc

8>>>>><
>>>>>:

ð2Þ

where P is the gas pressure, T is the gas temperature, Vm is the molar
volume, a and b are constants, Tc is temperature at the critical point,
Pc is pressure at the critical point, and Vc is the critical molar
volume.

The calculated gas pressure is about 1.1 GPa. The pressure nec-
essary for the elastic deformation calculated by finite element cal-
culation based on continuum mechanics in the elastic assumption
shows that a gas pressure of �0.1 GPa is sufficient to cause elastic
deformation [32]. The calculated bubble pressure is far above the
pressure for elastic deformation indicating plastic deformation.
The gas bubble pressure is larger than the yield strength
(0.5–1 GPa) [32] and in the range of the ultimate strength (1.5
GPa) of W, leading to cause plastic deformation. Therefore, the
calculated result indicates that the tungsten sample could signifi-
cantly suffer large swelling, cracking, and exhibit exfoliation due
to the internal high gas pressure.

The same simulation was also performed for 300, 900, and
1200 K tungsten samples. No bubble was found in the 300 K tung-
sten after 5000 deuterium impacts. Similar vacancies were ob-
served in 900 and 1200 K tungsten substrates after 2339 and
1950 impacts, respectively, and bubbles were formed 34 Å and
87 Å below the surface, respectively. When the bubbles were fully
formed, the gas pressure is estimated to be 0.7 and 1.2 GPa, respec-
tively. Tokunaga et al. [33] found surface blister on 343 K single-
crystalline tungsten irradiated by 100 eV deuterium using a flux
of 1022 m�2 s�1, but not at 383, 623, and 1123 K. Alimov et al.
[34] showed that blisters were observed on the surface of single-
crystalline tungsten sample with a temperature in the range from
373 to 533 K, when irradiated by the 200 eV deuterium ions with a



Fig. 4. Snapshots of different phases of the deuterium bubble formation in 600 K tungsten sample bombarded by 100 eV deuterium atoms.

Fig. 5. Number of deuterium atoms and molecules in the 600 K tungsten sample.

X. Yang, A. Hassanein / Journal of Nuclear Materials 434 (2013) 1–6 5
flux of 1021 m�2 s�1, however blisters were not found on the 303 K
sample [34]. The high particle flux used in this simulation may ac-
count for the difference, since the flux used in this work is several
orders of magnitude higher than those experiments.

Recent experiments indicate that the diffusion process may play
an important role in the deuterium blister formation on tungsten
surface, since cluster of hydrogen and vacancies may diffuse deeply
into the bulk and form blisters beyond the range of the implanta-
tion depth [34,35]. However, the diffusion process does not play an
important role in the MD simulation described above due to the
short time scale of the simulation compared to the estimated time
scale for the blister formation of seconds to minutes. A review of
hydrogen bubbles in metals by Condon and Schober [36] suggested
one possible mechanism of void formation. The hydrogen super-
saturation can occur as a result of high flux of sudden hydrogen
ion implantation. If the hydrogen buildup at the near surface layer
has a rate, which is greater than the rate of surface desorption or
dissolution into the metal bulk, the hydrogen will nucleate into
small bubbles that grows with metal mechanical deformation,
yielding blisters. Due to the high flux used in the simulation, the
hydrogen has no time to diffuse into the bulk and then accumu-
lates near the surface layer. Therefore, the bubbles were formed
several nanometers below the surface instead of the micrometer
range. For the 300 K simulation, the trapped deuterium atoms
were migrating to deeper tungsten bulk or escaping from the tung-
sten surface compared to other cases that have higher substrate
temperatures. Therefore, deuterium concentration at near surface
layer may not reach the required super-saturation state, thus bub-
bles were not formed after 5000 deuterium impacts in low temper-
ature cases. Bubbles may form after more ion implantation, and/or
form deep in the bulk. Due to the required prolonged simulation
time, those phenomena are not investigated in this work. In addi-
tion, we have performed dynamic Monte Carlo simulation of D dif-
fusion in W and confirmed that is very low. One still needs some
diffusion of D to form and reach bubbles and bubble may not be
formed at very low temperature since the implanted D will be near
frozen in matrix [29].

4. Conclusion

The interaction of deuterium with monocrystalline tungsten
was simulated using classical molecular dynamics methods. A
Tersoff type interatomic potential was used in LAMMPS code to
simulate deuterium bombardment on tungsten as potential plasma
facing material in tokamak environment. Tungsten substrate at dif-
ferent temperatures of 600, 1200, 1500, 1800, and 2000 K was
bombarded non-accumulatively by deuterium ions with low ener-
gies of 5–100 eV and an incident angle of 25� to simulate fusion
conditions. The deuterium trapping rate, implantation depth, and
stopping time were calculated. For tungsten temperature higher
than 1800 K, the trapping rate of the low energy deuterium is high-
er than the rate of the high-energy deuterium due to the increased
surface sticking probability for low energy deuterium. This effect
does not influence the higher energy deuterium, since it penetrates
deeper into bulk positions. The tungsten temperature does not sig-
nificantly affect deuterium implantation depth which is propor-
tional to the incident deuterium energy, but affect the deuterium
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stopping time. Higher tungsten temperatures slightly slow down
the deuterium deceleration process.

Blister formation on tungsten surface due to the deuterium
cumulative bombardment was also studied. The 300, 600, 900,
and 1200 K tungsten substrates were repeatedly bombarded by
100 eV deuterium using a flux of 1.0 � 1029 m�2 s�1. The bombard-
ment lasted till the observation of the fully formed bubble or 5000
deuterium impacts. The simulated deuterium cluster results from
the super-saturation of the deuterium at the near surface layer
and the subsequent plastic deformation due to the local high gas
pressure that exceeds the deformation threshold value. The deute-
rium gas bubble was observed in the 600, 900, and 1200 K temper-
ature cases, but not for the 300 K case. This result matches previous
experiments. A possible explanation of not forming bubble in
300 K case is that the embedded deuterium atoms couldn’t move
much to locations where bubble nucleation takes place and there-
fore, super-saturation was not reached at near surface layers up to
5000 impacts used. Further studies are needed to better under-
stand bubble formation, cracking, and bubble explosion during
hydrogen isotopes interaction with tungsten as potential plasma
facing material.
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