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Abstract

Tungsten is a primary candidate material for plaga@ng components in fusion reactors.
Interaction of plasma components with the matésiahavoidable and will lead to degradation of
the performance and the lifetime of the in-vessemponents. In order to gain better
understanding the mechanisms driving the matereggratiation at atomic level, atomistic
simulations are employed. In this work we studgnaiion, stability and self-trapping properties
of pure helium and mixed helium-hydrogen clustarsungsten by means of molecular dynamics
simulations. We test two versions of an embeddemmatnodel interatomic potential by
comparing it withab initio data regarding the binding properties of He chsstBy analysing the
trajectories of the clusters during molecular dyitsnsimulations at finite temperatures we
obtain the diffusion parameters. The results shbat the diffusivity of mixed clusters is
significantly lower, than that of pure helium cleit. The latter suggest that the formation of
mixed clusters during mixed hydrogen helium plagxposure will affect the helium diffusivity

in the material.
1. Introduction

Tungsten (W) is chosen as a divertor armor matésralhe International Thermonuclear
Experimental Reactor (ITER) and is a candidateHerfirst wall material for DEMO reactor [1].
During the operation of a fusion reactor, the plasating material will be exposed to hydrogen
(H) isotopes (deuterium and tritium) and helium XHbarticle fluxes as well as high energy
neutron irradiation. Thus, both H and He will begent in the material either coming directly
from plasma or from the transmutation reactionsugadl by the neutrons. Understanding the

effect of the presence of these elements on theficaitbn of the material's properties and the


https://core.ac.uk/display/55854159?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

physical mechanisms guiding the undergoing prosesseof great practical and theoretical
interest.

Both experimental and modelling efforts were domaumderstand the interaction of H
with W under ITER relevant exposure conditions [2{7was demonstrated that exposure to H
(deuterium) plasma in doses up to ZID/nY leads to the formation of blisters on the surfate
the material and accumulation of H (retention) agganied by the bubble formation in the
material's subsurface. Bubble formation occurred aepth of severalm, which exceeds the
implantation range by an order of magnitude (~ &0.rAt the same time, experiments involving
He implantation demonstrate the presence of He Ibaldnd ‘fuzz’ formation in a subsurface
region at a length scale comparable to the impimalepth [8, 9]. Atomistic modelling [10-13]
revealed a significant difference in the behaviollH and He atoms in tungsten. The binding
energy of two H atoms in tungsten is negative (66@&V), meaning that H atoms do not cluster
together in a W lattice unlike He atoms. This atseans that accumulation of H in W will be
governed by diffusion and trapping on lattice defesuich as vacancies, dislocations and grain
boundaries [14, 15]. In contrast, He atoms exhslibng attraction (~1.0 eV) and do cluster
together and can even push out a W atom from ugilequm lattice site (to form self-interstitial)
once the He cluster reaches a certain critical Jikes mechanism is called self-trapping and it is
believed to be responsible for the bubble and ‘fi@anation under He implantation.

Ab initio studies of He-H interaction [16-18] showed tharéhis an attractive interaction
between He clusters and H atoms suggesting symergiects under mixed He-H plasma
implantation. Suppressing of blistering, confirnigdexperimental studies [19, 20], is one of the
effects seen under simultaneous H and He exposLinessuppression of blistering was attributed
to a decrease of H permeability through the subserfregion due to He bubble formation.
Another remarkable effect was a detection of nanomeéle bubbles at a depth significantly
larger than the He implantation range [20], notnsee pure He exposures. However,
comprehensive physical mechanisms leading to thgsergetic effects are so far not clear.

To contribute to the understanding of the He-Hrextgon in a W lattice, we perform
atomistic simulations using molecular static (M8 anolecular dynamics (MD) computational
techniques. In this work, we assess the interactibide-H clusters of different sizes and
chemical morphology. The obtained MS results ampared with availabla@b initio data to

validate and substantiate the application of céfrae interatomic potentials for the studied



problem. By means of MD simulations, we study ttigugion and thermal stability of mixed He-
H clusters to gain an understanding of the mechanisausing the above mentioned synergetic

effects under mixed He-H implantation conditions.

2. Computational details.

In this work, we used the interatomic potential fbe W-H-He system created in the
framework of the Embedded Atom Model (EAM) and psitkéd in [21]. There are two versions
referred to as "EAM1" and "EAM2" in [21]. Both poigals are based on the interatomic
potential for bcc W named "EAM2" from work [22]. &choice of the base W potential was
made on the basis of benchmark calculations inaghti9 up to date available EAM potentials
for W [23]. In the derivation of the EAM1 versioan emphasis was put on a quantitative
reproduction ofb initio data for the binding between H-H, He-He and H-lde9[21]. The off-
center position of a H atom in a vacancy as predidty DFT [24] was not considered, and
therefore both H and He are described by pair piaieronly. For the EAM2 potential, the focus
was made on the stabilizing H in an off-center pasi in the vacancy and therefore an
embedding function was added for the H-H and H-Weérgrction terms. Both types of the
potentials predict the tetrahedral position forrdl &#le atoms as the most favorable in bulk W.

MS and MD calculations were performed using the IMRE simulation package [25],
where the above-mentioned interatomic potentialgewenplemented. Simulations were
performed in bcc W. All MD simulations were perfagdhusing a classical MD algorithm in the
NVE ensemble, where the number of particles N, mallvV and total energy E in the system are
kept constant. Prior to the NVE run, each sample tharmalized and set to zero pressure using
the Berendsen algorithm [26]. A simulation timestdp0.1-1 fs was taken depending on the
simulation temperature and the total simulationetimaried from 5 ns for high temperature
simulations up to 25 ns for low temperature simatet. MS calculations were performed using a
conjugate gradient algorithm embedded in the LAMMRSkage with a relative energy change
tolerance between iterations of £0

The size of the crystallite used in simulations W8%10x10 & (& is the lattice constant
predicted by the potential: 3.14 A) and it contdi2©00 atoms before any point defect or cluster

was introduced. Periodic boundary conditions weiad in all three directions.



The incremental binding energy of a H or He atonatcluster is defined as the energy
difference between the state where the H or He asofar away from the cluster and the state
where it is part of the cluster. As such, the hiigdenergy between an atom A and a cluster B in
W is calculated as,

E,(AB) = E(A) + E(B) —~E(AB) — E (1)

Here E(X) is the total energy of the box containing defect X and & is the total energy of the
box containing no defects (bcc W in our case).his hotation, a positive value of the binding
energy corresponds to attraction between the defdtior to the static relaxation of the
considered atomic configuration a short MD run@@ & for 1 ps was performed after which the
system was quenched to 0 K. This procedure allbepossibility for the system to evolve out of
local minima and arrange itself into most stablefiguration.

In order to obtain the diffusion parameters of Hl dde clusters a number of MD
simulations were performed at finite temperatdreyaried in the range of 200 — 1700 K. The
main goal was to obtain the diffusion coefficiestafunction of temperature, which allows one
to extract the pre-exponential factDp and activation energ¥, using the Arrhenius type
equation:

— _ Em
D =D, ex;{ ks j (2)

In each MD run that lasted over a timespan 5 — 25 ns), the trajectory of the H atom

was followed and visualized. Then, the mean sqd'amlacement? of the position of the H

atom was calculated to obtain the diffusion coedfit using the well-known Einstein equation:

Dn(T):ET(T) )

wheren is dimensionality of the motion (i.en=3 for three dimensional bulk diffusion) amds
the simulation time.

To improve the accuracy of the diffusion coefficiegstimation, we employed the so-
called independent interval method (IIM) [27]. Tidea of the method is to decompose the full
time of the simulationt] into a number of independent segmeRjsa(th time length oft/k and

calculate the diffusion coefficient using equat{@h on each segment. After that, the mean value



of the diffusion coefficient is taken. This methaldo allows one to estimate the uncertainty of
the calculation by calculating the standard deoratof the meand) since the trajectory is
divided into statistically independent intervalsnd® the diffusion coefficient as a function of
temperature is obtained, the Arrhenius equatiomgegn 2) is fitted to extract the activation
energy and prefactor. Employing a weighted leasasgs method [28] for fitting and usingsd/
as the weights, the diffusion parameters togetlidgr sorresponding errors were obtained.

In case of simulations with mixed H-He clusterslydhe time and trajectories where the
atoms were clustered together was taken into a¢cc8ome weakly bound clusters have limited
stability at finite temperature and therefore tdegay quickly and bind back. By applying a post-
processing algorithm, we only consider a set ohs#p segments where the cluster was stable
and moved as a whole object. If the number of sndependent segments was higher than 10,
we used an average value of the diffusion coefiiciealculated over these segments. If the

number of these segments was lower than 10, themihod was applied to the longest time

segment. The average time length of the segmergs e cluster remains stabte,allows one

to calculate a decay frequency%. Having a set of data for decay frequency as atiom of

temperature, an Arrhenius expressios v, ex;{— kEd j was fitted to this dataset to deduce the
B

dissociation energykEq and pre-exponential factor. These values were compared with the

predictions from static calculations as welbdsinitio data.
3. Results and discussion
3.1 Molecular static calculations

As was said before, for our calculations we usetth BBAM1 and EAM2 potentials from
[21]. In this work both versions of the potentialsre tested to reprodued initio values of the
interaction energy of H-He, He-He and H-H pairporéed in [18]. It was demonstrated that both
potentials give qualitative agreement wéh initio data and quantitative agreement is achieved
by the EAM1 potential. In Fig. 1 we compare theulssfor incremental binding energy of a He
atom to a cluster of He atoms in bulk tungstendisted by both versions of the potential aid
initio values from [11]. As was shown in [21], EAM1 givestter agreement for the He-He pair

interaction and EAM2 underestimates the correspundiinding energy. However, as can be



seen from Fig. 1, EAM1 shows a rapid increase eflimding energy with increasing of the
cluster size, which is not in agreement with trendr coming fromab initio data. At the same

time EAM2 gives reasonable agreement regardingh®tinding energy function. Since in this
work we study the mobility of mixed He-H clustetee adequate reproduction of the binding
energy function is important to correctly describe thermal stability of the clusters during MD

simulations.
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Figure 1. Comparison cthe predictions otheincremental inding energy for He clusters obtained \
the EAM1 and EAM2 interatomic potentials aaol initio method in [11].

An important process that affects the diffusivitly lée clusters is the so called self-
trapping mechanism. After a cluster of He atomsaotertain size is created, it becomes
energetically more favorable to create a Frenk@lipaorder to release the stress created by the
interstitial He atoms. After the Frenkel pair igated, He atoms occupy the vacancy and become
immobile. Thus it is important to test the abililthe potentials to reproduce this mechanism for
reliable simulations of H-He clusters mobility. M&lculations were used to assess the energy
balance of a system containing a He cluster irdaaliW matrix and a system where the same He
cluster is placed in a vacancy close to a W se#rsgtitial atom (SIA). The same energy balance
calculations were also performed &l initio techniques in [12]. The results from this work are
compared with our MS calculations in Fig. 2. It d@nseen that both versions of the potential are
in good agreement with theb initio values. Regarding the threshold size of the Hetetuat

which the formation of a Frenkel pair becomes nfax®rable the potentials predict a value for



Npe between 5 and 6 atoms. Despite the significariergihce in description of binding of He
clusters in bulk tungsten (see Fig. 1), both versiof the potentials give very similar values for
the formation energy of Frenkel pairs. This obstovais explained by the fact that the bias of
EAML1 for the binding of He atoms in bulk is simil@r its bias for He atoms in a vacancy. Since
there is no difference between both EAM potentwith respect to the He self-trapping
mechanism; but the EAM2 potential describes thegaties of He clusters in the bulk W better,

we chose the EAM2 potential for the finite temperatsimulations.
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Figure 2. Comparison the predictions othe Frenkel pair formation energies in presence of ldsters
obtained by EAM1 and EAM2 arab initio method in [12]

As we study the mobility of He-H clusters, it isportant to first assess the binding
energy of He and H atoms in these clusters by M&uladions. In Fig. 3, the results for the
incremental binding energy of a H atom to He-H ®us are presented. It is important to note
that the He binding energy is higher than thatafét atom because of the strong He-He bonding
(1.03 eV), while the He-H bond strength is only 8\2 Thus, the stability of the mixed He-H
clusters will be determined by the binding enerfg &l atom as it has the lowest binding energy.
It can be seen from Fig. 3 that there is a rapttetese of the binding energy as the number of H
atoms in the cluster increases. Starting from thileatoms in the cluster, the binding energy
becomes negligible, indicating that the clusterdbees unstable. This result is in agreement with
ab initio data from [17] where low stability of clusters taining more than three H atoms was
demonstrated. The most stable atomic configurafionthe considered clusters are shown in Fig.
4.
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Figure3. Incremental binding energy a H atom to H-H clustersaspredicted bythe EAM2 potential.

These static calculations defined the configuratidhat should be studied by MD
simulations. The energy needed for He-induced Flep&ir formation becomes quite low (~2
eV) if the cluster contains four He atoms. Addihg fifth He atom results in the spontaneous
generation of a Frenkel pair. This means that thecping of a tungsten self-interstitial is also
possible for He-H clusters containing four He atamssufficiently high temperature, as was
actually demonstrated in [12]. Thus, we decidesttmly only clusters containing at most four He
atoms to avoid the transformation caused by s&dstitial punching. Fig. 3 shows that starting
from three H atoms in the cluster, the latter beeomnstable, meaning it will decay during MD
runs at finite temperatures. Thus for further MDdsts, the pure and mixed clusters containing
from one to four He atoms and up to two H atomseveensidered.
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Figure 4. The atomic configurations of mixed -H clusters corresponding to binding energy va

reported in fig 3. The visualization is done usigITO tool [29].

In this work we did not directly test other typddlme available interatomic potentials for
W-He-H system regarding He cluster formation engHg assisted Frenkel pair formation and H
and He mobility. However in [21] a Bond Order Pdi@n(BOP) from [30] was benchmarked
and validated by comparison witib initio data. The results of that comparison allow us to
estimate the relevance of the potential for oudgtBoth types of the potential (BOP and EAM)
predict the tetrahedral position as the most faabolgr for both H and He together with correct
ordering of interstitial formation energies, altghuEAM potentials show the best quantitative
agreement witlab initio. Both types of the potentials demonstrate goodergent in terms of H-
H, H-He and He-He pair interaction. With respecthe binding energy of a H-vacancy or He-
vacancy pair, EAM potentials reproduce thie initio values, while BOP underestimates and
overestimates the binding for H and He, respectiv@OP predicted binding energy of H atoms
to vacancy-H-He clusters is overestimated by aldfaictor two, but for He, on the other hand,

the values lay within thab initio range. These discrepancies would affect the enesgef the



He-H clustering behavior together with He assistezhkel pair, as treated by the BOP potential.
The migration energy for H interstitial is well repluced by all potentials, The migration energy
for He interstitial is well reproduced by EAM potetbs, but underestimated by BOP by a factor
three. Thus, we believe that qualitatively simwas using BOP potential would results similar
picture regarding the mobility of He-H clusters.w#ver, numerical discrepancies between BOP
and ab initio data in He migration energy and H binding energyacancy-H-He clusters
together with He assisted Frenkel pair formatioergy would lead to essential quantitative

differences in the results and EAM2 potential remeaur choice for dynamic calculations.
3.2 Molecular dynamic simulations

A set of MD simulations was performed to obtainomfation on the diffusivity and
thermal stability (i.e. lifetime) of the He-H cless. As was described in Section 2, the Arrhenius
expression was used to fit the set of diffusionflfodents and decay frequencies obtained at
different temperatures from the MD simulations.Rig. 5, the decay frequency together with
Arrhenius fits for the He-H clusters is present@tie slope of the plot corresponds to the
dissociation energigiss The error bars correspond to 1.96 times the arandrror around the
average, which corresponds to the 95% confidenteviad of the mean value. Following the
standard assumption, the dissociation endfgy is a sum of binding energy and migration
barrier Eqgiss= Ep + E). The average discrepancy between the valugseaddissociation energy
Eqiss Obtained by fitting the MD data and the resutsthe static calculations for binding
energiesE, (see Fig. 3) is 0.2%0.03 eV. This is in excellent agreement with thenkgration
barrier (0.21 eV) in bulk W both predicted by thetgmtial and obtained witlab initio
calculations (0.2 eV) [18].
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Figure 5 Arrhenius plot of the decay frequenof He-H clusters with 1 to 4 He atoms in the clu:

obtained from MD simulations. The error bars repn¢95 % confidence interval around the mean..

As was said before, for obtaining diffusion paraenetof He and He-H clusters we used
independent interval method. However, another wagtttain diffusivity from particle trajectory
is to calculate the slope of the mean square dispiant (MSD) as a function of time. In 1IM
method the MSD dependence on time is not calculditedtly, thus we can validate the results
of the method by comparison with the theoreticgdathelenceViSD =6*t*D. This comparison is
made for He2-H1 and He3 clusters on the Fig. 6afal) (b) respectfully. It can be seen from the
figure that MSD data lies in the area defined bg ttalues of diffusivity the uncertainties
obtained by IIM method, which confirms the validdf/the method. The similar comparison was

made for other clusters showing the same result.
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Figure 6 Mean square displacement as a function of for 2He-1H (a) and 3H (b) clusters. The dash:
lines represent diffusivities obtained with [IM rhed; the colored areas represent the error fonglifity

as 95 % confidence interval.

In Fig.7, the diffusion parameters for He-H clustéa) and He clusters (b) are shown.
From Fig. 7(a) it follows that the slope of thesffor the clusters with 1 and 2 H atoms is almost
the same, while the prefactorg,@ecreases for the larger cluster. This meansthieatigration
energy is the same for these clusters, but thetefieattempt frequency is different. The latter
indicates a difference in vibrational entropy betwehe two clusters. Fig 7(b) demonstrates that

the migration energy of a He cluster increases itsthize.

It is important to note that for the Keluster an event of self-trapping was detected
during the MD run at 1700 K, which is in agreemeith the MS predictions as well as with the

MD results from [12].
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Figure7. Arrhenius plot of the diffusion coefficients fete clusterscontainingl to 4 He atoms obtaine
from MD simulations. The error bars represent 96d¥ifidence interval of the mean..

The diffusion and lifetime parameters were obtaibgditting Arrhenius equation to the
data. Having the uncertainty of the data availdtden 1IM method, we can estimate the validity

of the Arrhenius equation for the data. To do tme can use so called reduced Chi squared test,

e 2
where the following value needs to be calculajéd= %Z‘f (@) [31], where N is number

of data points, yand xis the data sety; — uncertainty of y f(x) is the expected function, in our
case it is Arrhenius equation, d — is a numbereagfrees of freedom of the data distribution. In
our casal = N — ¢, where N is number of data points and number of constrains. In our study
c equals 2 since we define 2 parameters for Arrlseaguation from the data. Valuesydfclose

to 1, or lower indicate high validity of expectadttion for the data [31]. Using 95 % confidence
interval for the uncertainty estimation of the datacalculated reduced Chi squared for diffusion
and lifetime data. Obtained values are reportedhie 1. As can be seen from the table, most of
the values are significantly lower or very closeltowhich confirms the validity of Arrhenius
equation for the data.

The migration energy of different He-H clustersaaedl as of pure He clusters obtained by
applying the above described techniques are sumethimn Fig. 8. It can be seen that indeed the
migration energy of He clusters increases withsilae of the cluster (black curve). If H atoms are
added to a He cluster, the migration energy ine®asmost by a factor of two and gets close to
the value of the migration energy of a single Hatdenoted by the green area in the graph. The

increase of the migration energy of the mixed etsstompared to pure He clusters is consistent



with the fact that it is defined by the slowest stitaent of the cluster, which is H atom. Hence,
the formation of mixed clusters will have a strangpact on the diffusivity of pure He clusters,

which migrate extremely fast in a H-free tungstattide. On the other hand, pure He and mixed
He-H clusters would act as trapping sites for fremigrating H atoms, which do not feature self-

clustering in bulk W. The obtained values for thignation barriers and dissolution energies are
summarized in table 1.

054 —&— Only NHe clusters R S

—0—NHe+1H i ‘
—A—NHe +2H
0.4 Single H atom R
E, A =0.22+-0.02eV
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Figure?. Migration energies for F-H clusters extracted from MD simulatio The error bars represe

the 95 % confidence interval.

Cluster typ¢ Migration barrier (eV) )22 for diffusion data| Dissolution energy (eV )?2 for lifetime data

1He 0.071+ 0.007 0.61 - -

2He 0.09+ 0.01 1.23 - -

3He 0.17+ 0.01 0.42 - -

4He 0.28+ 0.02 1.24 - -
1He-1H 0.21+ 0.03 0.08 0.52+ 0.02 0.50
1He-2H 0.25+ 0.03 0.02 0.51+ 0.04 0.13
2He-1H 0.23+ 0.02 0.12 0.79+ 0.01 0.23
2He-2H 0.25+ 0.04 0.07 0.77+ 0.08 0.11
3He-1H 0.40+ 0.03 0.67 0.98+ 0.09 1.17

Table 1. Migration barriers and dissolution enesdagether withg? values forHe and mixed He-
H clusters.



4. Conclusiveremarks

A set of molecular dynamics calculations at fintemperature was performed and
diffusion parameters for He-H clusters were obtdirferior to performing the MD calculations,
two versions of EAM potential from [21] were valtdd by comparison of the results of static
calculations on He-He, He-H and H-H interactionhwab initio data from [11, 12]. The most
adequate potential was selected and applied in Miblations. On the basis of the benchmark
MS calculations and results of finite temperatur® BMimulations, the following conclusions can
be drawn:

» The static calculations revealed a significantedéhce in the binding energy of
He in the He clusters as predicted by the EAM1 BAdN2 potentials. The pair
interactions of He-He atoms is better reproducedhgyEAM1 potential, while
EAM2 underestimates the interaction, as comparedh&ab initio results.
However, the EAM1 potential overestimates the iasesof the binding energy
with cluster size. The EAM2 potential, on the othand, shows better agreement.

» Comparison of the energy balance for He assistedkiet pair formation showed
that both versions of the potential demonstrateptedle agreement witb initio
prediction. The inaccuracy of the EAM1 potentiathuwespect to the prediction
of the He binding energy in the He clusters shdadcdconsidered as an important
drawback for the modeling of the diffusion proce$ghe small mixed clusters.
The EAM2 potential reproduces the binding energydefin He clusters in close
agreement witlab initio calculations.

* The binding of a H atom in He-H clusters becomagigile if the mixed clusters
contains three H atoms or more. Thus, stable mekesters contain no more than
two H atoms.

* On the basis of the diffusion coefficients of pute and mixed He-H clusters
deduced from the MD simulations, we conclude thatrhigration energy of pure
He clusters increases with increasing cluster sind;for the Hegcluster it is two
times higher than the migration energy of a Hersgtiigal (0.07 eV).

* Mixing of H atom(s) with a He cluster leads to timerease of the migration

barrier, so that the migration energy of the mixagsters are comparable to the



migration energy of an interstitial H atom (0.2 eVhis implies that the formation

of mixed clusters primary leads to the suppressiadhe He diffusivity.

The conclusions listed above were made based orariafsis of the results of MD
simulations using 3D periodic conditions relevamni the bulk material. In order to properly
study synergetic effects during mixed He-H impléota one has to perform a full scale
simulation of mixed beam exposure conditions takamgount surface effects. Unfortunately,
experimentally-relevant timescales are not reaeéhbplMD techniques and an upper scale model
such as rate theory is needed. Our work providiéssin and lifetime parameters together with

self-trapping energetics for He-H clusters beirgrlecessary input for such simulations.
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