PHY SICS AND CHEMISTRY OF SOLID STATE
V.19, Ne 1 (2018) P. 5-13
DOI: 10.15330/pcss.19.1.5-13

PACS: 621.039.531

OI3UKA I XIMIA TBEPAOI'O TUIA
T. 19, Ne 1 (2018) C. 5-13

ISSN 1729-4428

M. Kondriag, A. Gokhman

| sochronal Annealing of Electron-Irradiated Tungsten M odelled
by CD Method: 1D and 3D Model of SIA Diffusivity

Department of Physics, South Ukrainian National Pedagogical University, Odesa-65020, Ukraine,
marianna.kondrea@gmail.com, alexander .gokhman@gmail .com

The evolution of the microstructure of tungsten under eectron irradiation and post-irradiation annealing has
been modeled using a multiscale approach based on Cluster Dynamics simulations. In these smulations, both
self-interdtitials atoms (SIA) and vacancies, carbon atoms isolated or in clusters, are considered. Isochronal
annealing has been simulated in carbon free tungsten and tungsten with carbon, focusing on the recovery stages |
and Il. The carbon atom, single SIA, single vacancy and vacancy clusters with sizes up to four are treated as the
mobile pieces. Their diffusivities as well as the energy formation and binding energies are based on the
experimental data and ab initio predictions and some of these parameters have been dightly adjusted, without
modifying the interaction character, on isochronal annealing experimenta data. The both models with assumption
on 1D as well as 3D dimensionality of diffusivity of SIA are treated. The advantage of the model with 1D

diffusivity of SIA isfound.
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I ntr oduction

Tungsten is one of the candidate materials for the
plasma facing components for fusion reactors because of
its high melting point, high sputtering resistivity, and
high temperature strength. Numerous studies have
explored the recovery processes of radiation-induced
damage in tungsten. Residual dectrical resistivity was
commonly used as an index of the damage present in
materials for the damage recovery study, resulting in the
identification of the temperatures and activation energies
for different annealing stages. In thiswork, we gather the
information available from both experimental and
computational sides to clarify the dimensionality of the
SIA migration in tungsten. The main point is to
determine the dimensionality of the diffusivity of SIA in
tungsten. The next progress could be done by Cluster
Dynamics (CD) and object kinetic Monte Carlo
simulations. In our paper CD is applied to ssimulate the
kinetics of point defects in post-irradiation annealing
tungsten after electron irradiation. Special attention to
effect of carbon is devoted.

I. Computation model and
parameter esiation.

The mean field model on the eectron-irradiated and
post-irradiation annealing of pure tungsten and tungsten
with carbon is applied. Because the distance between
point defects is expected to be much larger than
dimension of the relaxation volume of point defects, the
correlated recombination is not considered in our modd.
The single vacancies, single saf-interstitial atoms (SIA)
as well as vacancy clusters (VC) with a size up to four
are considered as the mobile objects [1]. According to
the data obtained by high-voltage transmission electron
microscopy [2] and exhaustive kinetic Monte Carlo
simulations [2,3], SIAs in W perform 1D migration,
while vacancy and VC perform 3D migration. To reveal
the effect of dimensionality of SIAs migration, the
modified isotropic CD mode for bee iron with impurities
[4] is applied here to study tungsten doped with carbon.
Main set of parameters entering the modd is presented in
the Table 1.

For comparison we present here some calculated
literature data: Ep = 2.12eV [16]; Epe = 1.93 eV [14];
Epvc =2.0eV [16]; Ep =2.39%V [17], Epic =0.62eV [16],
Eyic =0.82eV [18]. Value of surface energy, g istaken of


mailto:marianna.kondrea@gmail.com
mailto:alexander.gokhman@gmail.com

M. Kondria, A. Gokhman

Tablel
Material parameters of tungsten doped with carbon
Materia parameter Symbol Vaue Refs.
Lattice parameter 2 3.1652 °A [3]
Line didocation density g 102 m2 [6]
Grain size d 50um (5]
Burgers vector b 2.74°A [5]
Capture efficiency for
vacancy (SIA) by Z,(Z) 1(1.2) asin[4]
dislocation network
Recombination radius for
vacancy-SIA, carbon-SIA,
carbon-vacancy, . .
(vacancy-carbon)- frec #O5A intaT]
vacancy,
(vacancy-carbon)-carbon
Vacancy pre-exponential
factors %108 12
for SIA, vacancy, Va, Vs, Dio, Dvo, D2vo, Davos Davo 210" m/s Assumed
\2
Migration energy of E 1.5eV [8]
vacancy ™ '
Migration energy of V, Erpy 1.6eV Assumed
Migration energy of V3 [ 1.7V Assumed
Migration energy of V, Ernay 1.8eV Assumed
Migration energy of SIA E. 0.013eV [9]
Formation energy of SIA E; 0.466eV [7]
Carbon pre-exponential %18 a2 .
frtor Dco 2*10° ms [10-14]
Migration energy of i
carbon in tungsten Ean Lrev Ho-14]
Surface energy 2.275 J¥m? Estimated
Binding energy of SIA Ey 2.0eV Assumed
Binding energy of SIA- E. 1.15eV Assumed
carbon be '
Binding energy of SIA- E 23V Assumed
vacancy e '
Binding energy of Eover 23V Assumed
(vacancy-carbon)-vacancy
Binding energy of
(vacancy-carbon)-carbon Eovee 23V Assumed

3.119 Jm?, which is between calculated values [15]: g =
2.275 Jm® for the crystallographic plane (100) and
3.221 Jm? for the crystallographic plane (110). In order
to obtain the best agreement between CD data and
experimental data [21], the migration energy of SIA is
considered as a fitting parameter in our study.

simulations.

. Master Equation of Cluster Dynamics

Master Equation for both eectron irradiation and
post-irradiation annealing of tungsten is written by the
system of ordinary differential  equations for
concentrations of vacancies (SIAs) and carbon - point
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Here G, is electron flux, which equal to ratio of

irradiation exposure (in dpa) to irradiation time for the
case of electron irradiation and zero for the case of post-

irradiation annealing, K, isequal to one for vacancy and
i) 0
zero for SIA, D,(D,) =D >exp§ (i) i is the
diffusivity of free vacancy
0

(SIA).D, =D, >exp§ B O s the diffusivity of free
& kil g

3
carbon atoms, W, =&

2
is the concentration of free vacancies
(SIAy), C. is the concentration of free carbon atoms,
Cuge is the therma equilibrium vacancy (SIA)
concentration, C, is the concentration of spherica
vacancy clusters (VC) clusters contain of n vacancies,

C,; is the concentration of SIA clusters (SIAC) clusters

is the atomic volume of

tungsten, Cyyg

contain of n SIA,, Cvc and C;. are the concentration of

vacancy-carbon and SIA-carbon pairs, C,. and C, are
the concentration of (vacancy-carbon)-carbon and
(vacancy-carbon)-vacancy complexes;
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Fig. 1. Temperature dependence of concentration of free SIA in post-irradiation annealing tungsten according to
CD simulations for model with 1D diffusivity of SIA.
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Fig. 2. Temperature dependence of concentration of free vacancies Cy,and free carbon C; in post-irradiation
annealing tungsten according to CD smulations for model with 1D diffusivity of SIA.
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Fig. 3. Temperature dependence of concentration of vacancy clusters C, and vacancy-carbon C, pairs according
to CD simulations for model with 1D diffusivity of SIA.

b Y0 and @ V(iZ' ) are the association and emission for the assumption on either 1D migration or 3D SIA
nv(i) i) migration;

rate coefficients of vacanciesV, Vs, V3 and V, (SIA) from 1D mode!:
VC (SIAC), which are calculated similar to [3] and to [4]
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Fig. 4. Temperature dependence of concentration of (vacancy-carbon)-vacancy C,.. complexesin post-irradiation
annealing tungsten according to CD smulations for model with 1D diffusivity of SIA.
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Fig. 5. Derivative versus temperature plot of theirradiation recovery data for post-irradiation annealing pure
tungsten and tungsten doped with 100 appm carbon according to model with 1D diffusivity of SIA.

bv - 4p (rnv + rkv)Dvc':lv

™ W is the association rate
coefficient of vacancy, V,, Vs, V, by VC (8)

. C.. +r.))2
b, = 2DG(p (r\r}‘\’/ ) Co is the association rate
coefficient of SIA by VC 9

+

b= 2 (1 Vr\ll")D"Cl" is the association rate
coefficient of vacancy, V,, Vs, V4 by SIA (20)

bi = 2DC, (p(ry +1,))*C,
n W
coefficient of SIA by SIAC
b = 2(p (ri + rc)z)2 (DI + DC)CC
IC W
Here, I, istheradiusof VC (SIAC) with size of

is the association rate

(11)

(12)

n, k=1, 2, 3, 4; r_radius of carbon atom

3D model:
bv(i? — 4p (rnv + rkv(i)) Dv(i)Clv(i)
nv(i) W
coefficient of vacancy, V,, Vs, V4 (SIA) by VC
b 2p (rni + rkv(i)) Dv(i)Clv(i)
W
coefficient of vacancy, V,, Vs, V4 (SIA) by SIAC
b- - 4'p(r| + r-(:)(D| + DC)CC

IC W

is the attachment

(13)
v(i) —

nv(i) — is the attachment

(14)
(15)

E,

v(i) — v(i)
& miiiy = iy _ka

& 0 . o

m vy EXP - - is the emisson from
e 9

cluster
The system of Equations (1-16) describes:
(1) generation of free vacancy and SIA due dectron

irradiation;
(2) vacancy - SIA recombination;
(3) sinking of vacancy (SIA) at dislocation network;

(16)
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Fig. 6. Temperature dependence of concentration of free vacancies (Cy,), free SIAs (Cy), clustering vacancies into
VC (C) and clustering SIA into SIAC (Cy) in post-irradiation annealing tungsten doped with 100 appm carbon
according to the moddl with 3D diffusivity of SIA.
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Fig. 7. Temperature dependence of concentration of SIA-carbon pairs Cic and carbon C, in post-irradiation
annealing tungsten doped with 100 appm carbon according to the model with 3D diffusivity of SIA.

(4) trapping of vacancy (SIA) by carbon;

(5) absorption of vacancy (SIA) by VC) and SIAC;

(6) emission of vacancy and SIA from VC and
SIAC, respectively;

(7) absorption (emission) of VC with two, three and
four vacancies by (from) VC;

(8) absorption (emission) of carbon or vacancy by
(from) vacancy-carbon complex.

[11.Cluster Dynamics simulations.

Because the evolution of point defect system in post-
irradiation annealed tungsten is the set of kinetics
processes with the different characteristic times, the
integration of the Master Equation (1-17) is the typical
problem of <iff ordinary differential equations. Stiff
equation is a differential equation for which classical
numerical methods for solving the equation are
numerically unstable, unless the step size is taken to be
extremely small. Hence, the FORTRAN subroutine
package, LSODE, the Livermore Solver for Ordinary

10

Differential Equations [19] based on the backward
differentiation formula method [20] has been taken as a
main program of computer code. Following to [21], the
electron irradiation exposure, irradiation time and
irradiation temperature are taken as 0.0001 dpa, 43200
seconds and 5 K; the temperature step of isochronal
annealing is taken to be 5 K, the annealing time on every
step is 300 seconds below 450 K and 600 seconds in the
range 450 K to 500 K. CD simulations have been done
for the initial concentration of free carbon atoms in
tungsten about 100 appm and for tungsten free from
carbon. To compare CD results with experimental
measurements [21], the differential isochronal resistivity
recovery has been calculated according to [21,22]:

100% "= "0)/To _ 30005 (1" )/ 1y
nT, LnT - LnT,

LnT - LnT,
Here I andr, are the specific eectrical

resistivity for given temperature T and the residud
resistivity, respectively; n and n are the total number of
Frenkel pairsat temperatures T and T,

(17)



Isochronal Annealing of Electron-Irradiated Tungsten Modelled. ..

Model impliesthe 1D migration of SIA.

It was found that electron irradiation of 0.0001 dpa
during 43200 seconds at temperature of 5 K results in
generation of Frenkel pairs with concentration about 100
ppm in both pure tungsten and tungsten doped with
carbon. The value of E,,; about 0.125eV provided the best
fit of CD simulation to the experimenta data [21].
Calculated by CD temperature dependences of
concentration of free SIA, free vacancies, free carbon
atoms, vacancy clusters, vacancy-carbon clusters and
(vacancy-carbon)-vacancy complexes in the post-
irradiation annealed tungsten are presented on Fig. (1-4).
Concentration of SIA decreases from 100 appm to zero
due to the annealing in the temperature diapason (55;
105) K (Fig.1). Concentration of free vacancies (C,;) and
free carbon atoms (Ccanon) 1S about of 100 appm in the
temperature diapason (5; 450) K; next increase of the
annealing temperature in the diapason (450; 500) K
results in the dight decrease of the concentration of C;
and Ceavon (Fig. 2). Vacancy clusters, vacancy-carbon
pairs and vacancy-carbon-vacancy complexes start to
form in the mentioned temperature diapason (Fig. 3,4).

The calculated differential isochrona resigtivity
recovery curves for both pure tungsten and carbon-doped
tungsten are presented on Fig. 5. The complete
agreement of the calculated and experimental position
and amplitude of the recovery peak in the temperature
digpason from 5 to 100 K (Stage |) was found. Some
agreement of the experimental and calculated recovery
spectrum is observed at the end of Stage 11 (100; 500) K.

Model impliesthe 3D migration of SIA.

Aswell as for the model on 1D diffusivity of SIA, it
was found that electron irradiation of 0.0001 dpa during
43200 seconds at temperature of 5 K resultsin generation
of Frenkel pairs with concentration about 100 appm in
both pure tungsten and tungsten with carbon. The value
of E, about 0.163eV provided the quite good
coincidence on the experimental position of first
recovery peak [21] and simulation data. Calculated by
CD temperature dependences of concentration of free
and clustering vacancies and SIAg free carbon atoms,

vacancy-carbon, SIA-carbon, VC-V and VC-V
complexes in the post-irradiation annealed tungsten
doped with carbon are presented on Fig. (6,7).

For the temperature range of isochrona annealing
from 4.2 to 100 K (Stage | of the recover spectrum of
tungsten [21]), we observe:

1) decrease of the concentration of free vacancies
to value about 29 ppm (57 ppm) for pure tungsten
(tungsten with carbon) and of free SIA to zero for both
pure tungsten (tungsten with carbon), formation of SIA
clusters (SIAC) with concentration of SIA in clusters
about 21 ppm (10.6 ppm) for pure tungsten (tungsten
with carbon), no VC formation for both pure tungsten
(tungsten with carbon) in the temperature range from 55
to 100 K;

2) formation of SlA-carbon  pairs  with
concentration about 43 ppm and decrease of free carbon
atoms to value about 57 ppm for tungsten with carbon at
the end of first stage;

3) no formation of vacancy-carbon, (vacancy-
carbon)-vacancy and (vacancy-carbon)-carbon.

For the temperature range of isochrona annealing
from 100 to 500 K (Stage Il of the recover spectrum
[21]), we Observe:

(1) decrease of the concentration of free vacanciesto
zero, no significant changes of concentration of free SIA,
formation of vacancy-carbon and Sl A-carbon pairsin the
temperature range from 360 to 500 K;;

(2) decrease of the concentration of SIA-carbon pairs
to zero, increase of concentration of carbon atoms to 100
appm, for the tungsten with carbon in the same
temperaturerange;

(3) no significance change of concentrations of point
defects for pure tungsten;

(4) very low concentration of vacancy-carbon,
(vacancy-carbon)-vacancy and (vacancy-carbon)-carbon.

The calculated differential isochrona resigtivity
recovery is presented on Figure 8.

Modd on 3D diffusivity of SIA reproduces in CD
simulations the position of experimental recovery peak at
the Stage | centered about 70 K for both pure tungsten

—— CD dataon 3D nodd without
12001 carbon _
< —— CD dataon 3D nodd with carbon
fa)
<\£ 800 - experimental data[21]
()]
=
g 400
(5]
()]
0 T T T — ‘\ !
0 100 200 300 400 500

Temperature of post irradiated anneding
tungsten, T/K

Fig. 8. Derivative versus temperature plot of theirradiation recovery data for post-irradiation annealing pure
tungsten and tungsten with 100 ppm carbon according to model with 3D diffusivity of SIA.
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and tungsten doped with carbon but calculated amplitude
(about of 500) more large than experimental one (about
of 200). Moreover, the calculated recovery peaks at the
end of the Stage |1 are not observed in experiment [21].

V. Discussion

The position of the first experimental peak of
differential isochronal resistivity recovery of tungsten
[21] is reproduced well by the CD simulations according
to both models with 1D and 3D SIA migration. The 1D
diffusion model provides the complete agreement of the
calculated and experimentally-measured amplitude of the
first recovery peak. While the 3D diffusion model
overestimates the amplitude of the peak by a factor of
two compared to the experimental value. The addition of
carbon up to 100 appm has no influence on the cal culated
position and amplitude on the first recovery peak. Similar
effect is found by atomistic kinetic Monte Carlo
simulations in [22], where the effect of the copper on the
recovering spectrum of electron irradiated Fe-Cu aloys
has been investigated. To achieve the best agreement
between CD simulations and experimental data [21] the
value of E, of 0.125eV has been taken in CD
simulations according to 1D mode diffusivity of SIA. It
is less than E,; of 0.163eV found for 3D modd of
diffusivity but far from E.; of 0.013eV calculated in [9].
Hence, the value of SIA migration energy of 0.125eV
could be considered as the effective one. The reason of
the divergence this value from data[9] can be the use of
mean field model in CD simulations while 1D migration
of SIA is spatially correlated [2].

CD simulations result in the strong peak of the
recovery spectrum at the end of Stage Il for model with
3D diffusivity of SIA but this peak isn't observed in
experiment [21]. Contrary, there is a set small recovery
peaks are observed experimentally in this temperature
range [21]. Note, this regularity isn't common for
recovery of irradiated materials, where only one peak is
on the each recovery stage (look, for example, [23]. The
paucity of experimental data pointsin any apparent peaks
for the Stage |1 mentioned by authors of [21] points out
on the necessity to carry out the additiona study of this
stage by resigtivity recovery as well as by positron
annihiliation spectroscopy and other methods. CD mode
with 1D diffusivity of SIA result in some coincidence of
the experimental [21] and caculated recovery spectrum
at the end of Stagell.

Conclusion

The comparison of CD results for the models with
1D diffusivity and 3D diffusivity of SIA with
experimental data on isochronal annealing of electron-
irradiated tungsten in tungsten [21] supports the
statement of the density functional theory simulations
[7], TEM study [2] and kinetic Monte Carlo simulations
[2,3] on the 1D diffusivity and consequently crowdion
structure of SIA in tungsten.

Kondria M.S. — PhD student of Department of Physics;
Gokhman O.R. — Dc. of Sci. in Physics of Metals, Prof.
of Department of Physics, Head of Department of
Physics.
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I30xpoHHUI1 BiANaJ eJIEKTPOHHO-ONIPOMiHEHOT 0 BOJIb{pamMy, MOJAEJTIOBAHHA
3a MeToI0M KJacTepHoi JuHaMiku: 1D ta 3D mogean audysii
Mi’KBY3€JIbHOI'0 ATOMY

ITisoennoykpaincokuii nayionanvhuii nedazoeiunuil ynisepcumem imeni K./J. Yuuncokoeo, eyn. Cmaponopmoghpanxiscoka, 26,
M. Odeca, 65020, Vrpaina, marianna.kondrea@gmail.com, alexander .gokhman@gmail.com

EBouronist MiKpoCTpyKTypu BOJIb(h)pamMy MiJi BIUIMBOM €JIEKTPOHHOTO ONPOMIHEHHS Ta IOCT-OIPOMiHEHOro
Biamaiy Oyna 3MOzie/IbOBaHa 3 BUKOPUCTAHHIM MYJbTiMacIITaOHOTO MiJXONy, SIKUH 0a3yeThCsl HA BUKOPHUCTaHHI
METOIy KJIacTepHOI TUHaMikd. Po3risimaeThesi KiHETHKAa KIIAcTepiB BaKaHCIl, MIDKBY3EIBHHX aTOMIB Ta aTOMIB
Byriemto. [IpoBoxurhess MozpenoBaHHA (opMyBaHHA Je(eKTHOI CTPYKTYpH Boib(pamy Oe3 Byryemro i
BOJIb(hpaMy 3 ByrieneMm IiiJI JI€0 IMOCT-ONPOMIHEHOro 130XpoHHOro Bimnany Ha ioro i Il cramisx. Bakanciiini
KJIaCTepH 3 PO3MIpOM JI0 YOTUPHOX BAKAHCIH, MIXBY3€JIbHI aTOMU Ta aTOMU BYIJICLIO PO3IIISIAIOTECA SIK PYXOMi
00’ext. Bubip y nocmigkeHHi 3HaueHb KoediuieHTiB audysii, eneprii GopmyBaHHs nedekTiB, eHepril ix
3B'SI3KiB TPYHTYETHCS Ha eKCIEPHMEHTAIBHUX JaHUX a00 pe3ynbTaTiB po3paxyHkiB ab-initio. eski napamerpu
JIOJIATKOBO KOPEKTYIOTBCS 3 METO JOCATHEHHS Kpalloi 3rogu JaHUX MOJEIIOBAHHA Ta JaHUX BUMIPIOBAHHS
€JICKTPUYHOr'O OMipy MPH 130XpOHHOMY Bifnani. Po3risiarorbest MOzei 3 NPUITYILIEHHSAM 1IPO Pi3HY BUMIPHICTh
madysii MbkBy3esnpHOro aromy. ITokaszaHo nepesary Mozeni 3 npunymeHHaM npo 1D nudysiro MikBYy3eIbHOrO
aToMy.

KorouoBi cioBa: kiacTepHa AMHaMiKa, €JIEKTPOHHE ONPOMIHEHHs, 130XPOHHMH BiJmall, PO3MIpHICTH
1(y3ii MIKBY3€JIbHOTO aTOMY.
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