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ISOCHRONAL ANNEALING OF ELECTRON-IRRADIATED TUNGSTEN
MODELLED BY CD METHOD: INFLUENCE OF CARBON
ON THE FIRST AND SECOND STAGES OF RECOVERING

The evolution of the microstructure of tungsten under electron irradiation and post-
irradiation annealing has been modelled using a multiscale approach based on Cluster
Dynamics simulations. In these simulations, both self-interstitials atoms (SIA) and vacancies,
carbon atoms isolated or in clusters, are considered. Isochronal annealing has been
simulated in pure tungsten and tungsten with carbon, focusing on recovery stages I and II.
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 slightly adjusted, without modifying the interaction character, on
isochronal annealing experimental data. The recovery peaks are globally well reproduced.
These simulations allow interpreting the second recovery peak as the effect of carbon.
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1. Introduction

Tungsten is one of the candidate materials for the plasma facing component of 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 electrical 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. To date, the physical
mechanisms governing the damage recovery of tungsten are still controversial. The next
progress in study of this phenomenon could be done by Cluster Dynamics (CD) and Adaptive
Kinetic Monte Carlo (AKMC) simulations. In our paper CD is applied to simulate the kinetics
of point defects in post-irradiation annealing tungsten after electron irradiation. Special
attention to effect of carbon is devoted.
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2. Discussion of model and input material parameters

The mean field isotropic model on the electron-irradiated and post-irradiation annealing
of pure tungsten and tungsten with carbon is applied. Because the distance between point
defects expected to be more great than size of them the frustration effect isn’t considered.
Hence, the CD model for becc iron with chromium and carbon [1] was modified to study of
tungsten with carbon system.

In additional, new CD code takes into account the conclusion [2] on the mobility of
vacancy dimmer, V>, vacancy cluster with size of three and four, V3 and V.

The lattice parameter of tungsten, ay, is taken of 3.1652 °A [3]; line dislocation density,
pa, of 10" m? [4]; grain size, d, of 50um; Burgers vector, b, of 2.74 °A [3]. Capture
efficiency for vacancy and (self-interstitial atoms) by dislocation net, Z, (Z; ) are taken 1(1.2)
as in [1]. Recombination radius for all pairs: vacancy-SIA, carbon-SIA, carbon-vacancy,
(vacancy-carbon)-vacancy, (vacancy-carbon)-carbon is taken the same and equal to 4.65°A
(7rec = 4.65°A) as in [1,5]. The migration energy of vacancy, En,, is taken of 1.5 eV according
to experimental data [6]. The migration energy of di-vacancy, Enpy, three-vacancy, Ensy, and
four-vacancy, En4y, 1s taken as 1.6, 1.7 and 1.8 eV, respectively. Vacancy pre-exponential
factors for vacancy clusters and SIA, Dyo, Davo, D3vo, Davo and Djy are assumed to be of 2*10°
® m?/s. The value of SIA migration energy, Emi, of 0.013¢V was calculated in [7]. In our study
Eni 1s taken as the fitting parameter to get the best reproduction of experimental data on
recovery of tungsten. Formation energy of SIA is taken of 9.466 eV according to [5].
Temperature dependence of carbon diffusivity into tungsten has been studied experimentally
and theoretically in [8-12]. Following to data [8-12], pre-exponential factor, D¢y, and
migration energy of carbon in tungsten, E.p, are taken in our study as 2¥10™ m*/s and 1.7eV.
Value of surface energy, 7, is taken of 3.119 J/m?, which is between calculated values [13]: ¥
=2.275 J/m” for the crystallographic plane (100) and 3.221 J/m” for the crystallographic plane
(110). Values of binding energy of SIA dimmer, Ey;, pairs SIA-carbon, Ey., vacancy-carbon,
Eye, (vacancy-carbon)-vacancy, Epyeyv, and (vacancy-carbon)-carbon, Epyee, are assumed to be
2.2, 1.15, 2.3, 2.3 and 2.3 eV, respectively. For comparison we present here some calculated
literature data:

Evi =2.12eV [14]; Evve = 1.93 eV [12] and 1.39¢V in [15].

3. Master Equation of CD simulations

Master Equation of CD simulations for both electron irradiation and post-irradiation
annealing of tungsten is written by the system of ordinary differential equations for
concentrations of vacancies (SIAg) (Egs. 1-3) and carbon - point defects complexes (Egs. 4-7):
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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

k,T

E
annealing, k, is equal to one for vacancy and zero for SIA, D, (D) =D, €Xp {—L@] is
B

3
the diffusivity of free vacancy (SIA), Q,, = %0 is the atomic volume of tungsten, C,, (C,l.) is

the concentration of free vacancies (SIA;), C]v(l.) is the thermal equilibrium vacancy (SIA)

concentration, Cnv()is the concentration of vacancy (SIA) clusters contain of n vacancies

(SIAg), C,, 1s the concentration of vacancy-carbon pairs, Cy.. and Cy., are the concentration of
(vacancy-carbon)-carbon and (vacancy-carbon)-vacancy complexes; ﬁ:ﬁél)) and (a;(vi()l.)) are the

absorption and emission coefficients of vacancies V, V>, V3 and V4 (SIA) from VC (SIAC),
which are calculated similar to [1].
The system of Equations (1-7) describes:
(1) formation of free vacancy and SIA due electron irradiation;
(2) vacancy - SIA recombination;
(3) trapping of vacancy (SIA) by dislocation net;
(4) trapping of vacancy (SIA) by carbon;
(5) vacancy (SIA) — recombination;
(6) absorption of vacancy (SIA) by vacancy cluster (VC) and SIA cluster (SIAC);
(7) emission of vacancy and SIA from VC and SIAC, respectively;
(8) absorption (emission) of VC with two, three and four vacancies by (from) VC;
(9) absorption (emission) of carbon or vacancy by (from) vacancy-carbon complex.
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4. 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 (1-7) is the typical problem of stiff 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 Differential
Equations [16] based on the backward differentiation formula method [17] has been taken as a
main program of computer code. Following to [18], 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 about 5 K, the time of annealing on each
step is taken 300 seconds for temperature below 450 K and about 600 seconds for temperature
from 450 K to 500 K. CD simulations have been done for the initial concentration of free
carbon atoms in tungsten about 100 ppm and for tungsten free from carbon.

It was found that electron irradiation of 0.0001 dpa during 43200 seconds at
temperature of 5 K results in formation of Frenkel pairs with concentration about 100 ppm in
both pure tungsten and tungsten with carbon. The increase of Ey,;, to 0.163eV provided the
quite good correspondence between experimental data [18] and simulation data in our study.
Calculated by CD temperature dependences of concentration of free and clustering vacancies
and SIAs; free carbon atoms, vacancy-carbon, SIA-carbon, VC-V and VC-V complexes in the
post-irradiation annealed tungsten are presented on Figures (1-3). For the temperature range
of isochronal annealing from 4.2 to 100 K (Stage I of the recover spectrum of tungsten [18]),
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 clustering SIA about 21
ppm (10.6 ppm) for pure tungsten (tungsten with carbon), no vacancies clusterization for both
pure tungsten (tungsten with carbon) in the temperature range from 55 to 100 K;

(2) formation of carbon-SIA pairs with concentration about 43 ppm and decrease of
free carbon atoms to value about 57 ppm for tungsten with carbon in the same temperature
range;

(3) no formation of vacancy-carbon, (vacancy-carbon)-vacancy and (vacancy-carbon)-carbon.
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Figure 1. Temperature dependence of Figure 2. Temperature dependence of
concentration of free vacancies (Cy), free concentration of SIA-carbon pairs and
SIA (Ciy), clustering vacancies into VC carbon in post-irradiation annealing
(Cy¢) and clustering SIA into tungsten.

SIAC (Cgiac) 1n post-irradiation
annealing tungsten.
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With aim to compare our CD results with experimental data [18], the differential
isochronal resistivity recovery has been calculated on Equation (8) according to [18,19]:
-p,)/ -ny)/
100% o L= P Py _ 100 o =) 1y ®
LnT — LnT; LnT — LnT,

Here p  andp, are the specific electrical resistivities; n and ng are the total number

of Frenkel pairs at temperatures 7 and 7p. It was found that our CD simulations reproduce
well the recovery peak centered at about 70 K (Fig. 4).

For the temperature range of isochronal annealing from 100 to 500 K (Stage II of the
recover spectrum [18]), is observed in CD simulations:

(1) decrease of the concentration of free vacancies to zero, no significant changes of
concentration of free SIA, clustering vacancies and SIA for the tungsten with carbon in the
temperature range from 360 to 500 K;

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

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

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

It was found that our CD simulations result in the recovery peak centered at about 420
K for the tungsten with carbon and no recovery peak for pure tungsten (Fig. 4).

Latter confirms the hypothesis of [18] on the role of impurities as traps for point defects
on the Stage I1.
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Figure 3. Temperature dependence of Figure 4. Derivative versus temperature
concentration of vacancy-carbon pairs, ve-c ~ plot of the irradiation recovery data for post-
and vc-v complexes in post-irradiation irradiation annealing tungsten.

annealing tungsten.

5. Discussion

The first-order process attributed to recombination of a particularly close SIA-vacancy
pair and the second-order process attributed to extensive diffusion of one of these defects,
presumably SIA are discussed in [18] to reveal the physical nature of the peak centered about
70K at the Stage 1. The conclusion on the mixture of the both first-order and second-order
processes with dominating of the second-order process is done in [18]. It corresponds to the
recombination of SIA-vacancy pairs and to self-trapping of SIA (formation of SIAC;) and to
trapping of SIA by impurities and some immobile sinks but the nature of them is not revealed
in [18].

Let’s consider the results of our CD simulation, which complement data [18]:

33



ISSN 2076-5851. Bicuuk Yepkacbkoro yHiBepcutery. Bumyck Nel. 2017

(1) All point defects are immobile under post-irradiation annealing in the temperature
range from 5 to 50K

(2) Values of Cy; and Cj; are about of 53 and 0 ppm, respectively, for annealing
temperature of 100K. Concentration of free vacancies fall downs slowly than SIA at the Stage
I. It shows that recombination of SIA-vacancy pair isn’t alone process and hence the first-
order process doesn’t attribute to this Stage.

(3) Values of concentration of SIA clustering into SIACs and SIA-carbon pairs about
10.5 ppm and 43.0 ppm, respectively, for annealing temperature of 100K. With taking into
account that concentration of Cy; decreases on 47 ppm, it means that at least 7.5 ppm C,; are
trapped by immobile sink, which is dislocation net.

There is a set of observed experimental small recovery peaks [18], which are not
reproduced in our CD simulations. The possible reason is the paucity of data points in any of
the apparent peaks in the Stage II region, which prohibits meaningful speculation concerning
the shape of these peaks [18].

Next CD simulations will describe the stage II1 of recovering tungsten [18] need in new
set of material parameters for the corresponding temperature diapason: 500-1000K.

6. Conclusion

1. We have shown how CD simulations reproduce well Stages I and II of the
isochronal resistivity recovery experiment of electron-irradiated tungsten.

2. The carbon doesn’t effect on the position of the recovery peak centered about 70K
(Stage I) in tungsten with carbon.

3. The taking into account of the carbon presence needs to reveal the reason of
recovery peak at the Stage II in tungsten with carbon.
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Anorauis. 'oxman O., Tepenmues /l., Konopa M. I30xponnuii gionan eiekmpoHnHo-
ONPOMIHEH020 601bPpaAMy, MOOENIV6AHHA 34 MEMOOOM KIACMEPHOT OUHAMIKU: GNJIUG
eyaneuto Ha nepuiy i Opyzy cmaoii 8ionoenenus. Esonoyis Mikpocmpykmypu 01bdpamy nio
BNIIUBOM €NeKMPOHHO20 ONPOMIHEHHS ma NiCsi ONPOMIHIOBAHO20 30XPOHHO20 8IOnaAy Oyia
0ocniodceHa 3 BUKOPUCMAHHAM MYIbMIMACUMAOHO20 Ni0X00y, AKUL 0a3yemvbcs HaA
MOOEN0BAHHI MemOOOM KIACMEPHOI OUHAMIKU. Y yux CumMyniayisax po3ensoaromuvcs GilbHi
MmouKkosi Oegekmu (MIdC8Y3eNbHI AMOMU MA BAKAHCII), Kiacmepu mMOYKO8UX OedeKkmis 3
posmipom 0o 10000 monomepis, a maxodc Kiacmepu, SKi CKIAOAOMbC 3 AMOMIE BYeaeyto
ma moukosux oOegexmis. 3mina OepexmHOi cmpykmypu y npoyeci i30XpOHH020 8i0nany
sobpamy be3 domiwkie ma onvhpamy 3 eyaneyem O0CHIONCYEMbCA HA Neputiti cmaoii
(memnepamypa i30xponnozo gionany 6i0 5 0o 100 K) ma opyeiu cmadii (memnepamypa
i30xponnoco gionany 6io 100 oo 500 K) gionosenenusn. Amomu 6yeneyio, GilbHi MidHc8)3€nbHI
amomu, GLIbHI 8AKAHCII MaA BAKAHCIUHI Kiacmepu 3 pPO3MIPOM 00 UYOMUPLOX BAKAHCIU
PO3210A0MbCA K PYXomi 00’ ekmu, Oughy3is aKux 8i00y8acmvcs y mpboOXMipHOMY NPOCMOPI.
Knacmepu mixceysenvnux amomis, 6akaucitini kiacmepu 3 posmipom n’samv ma Oiibule
8AKAHCIl, a MAKOHC KIACMeEPU, AKI CKIa0aromscs 3 amomie gyeiieyto ma moykosux oegexkmis,
POo32n0aomvbcsi AK Hepyxomi 00 ’ekmu. Bubop napamempie mooleni, a came, 3HaAueHHs
Koeghiyienmis oughysii, enepeii hopmysanns ma enepeito 368's13y6aHHA MOUKOBUX Oedhekmie ma
MOYKOBUX Oeghekmie 13 amomamu Gyeleyro 2PYHMYEmMbCsi HA OAHUX eKCNepuMeHmy ma
pe3yibmamis po3paxyHKie 3 nepuux npuHyunis. /leaxi napamempu mooeni oyiu 000amrKo8o
CKOPEeKMOBAHI HEe3HAUHUM YUHOM Ol OOCACHEHHs HAUKPAWj020 Y3200CEeHHs OaHUX
MOOeN0BAHHS MeMOOOM KIACMEPHOI OUHAMIKU Ma eKCNePUMEHMAIbHUX OAHUX OO0 GNIUBY
[30XpOHHO20 6I0NANy HA BGIOHOBNEHHA OepeKmHOI cmpYKmypu enekmpoHHO-ONpOMEHEHHO20
sonvppamy. Excnepumenmanvuuil nik 6ionoenenHs npu memnepamypi 70 K na nepwoi
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cmaoii' y yinomy 0o0ope 8i0meopHeEmMbCs y MOOEMOBAHHI MEMOOOM KAACMEPHOI OUHAMIKU 5K
ons eonbghpamy b6e3 domiwkie, max i 011 8onvppamy 3 eyeneyem. Excnepumenmanvri niku
BIOHOBNEHHA Ha Opy2oi cmaodii GIOHOBIEHHA OeeKmMHOI CcmpyKmypu 80oabphpamy
dopmyromoecs, 32i0HO 3 HAWUM OOCHIONCEHHAM, 3A80SKU B3AEMOOIL MOUKOBUX Oehekmie ma
amomis gy2neyio.
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BEHAVIOR OF MATERIAL WITH A MEMORY OF FORM AND
PSEUDOELASTICITY UNDER NONSTATIONARY LOADING OF THE BODY

A nonstationary thermo-elastic-plastic problem is examined for pseudoelastic bodies. The
key feature of theory consists in that the diagram of tension of deformations appears as a three-
unit broken line and can have a falling down segment. Thus the characteristic points of the
diagram depend on the material’s temperature and phase state. Such character of the diagram
leads to the discontinuous  solutions and as a result to the moving boundaries of phase
transitions. The example of thin stripe at uniaxonic tension is considered. It is shown that
deformation is not homogeneous through the stripe and its development depends on the material’s
properties. The got results confirm an idea that front of races change of deformation spreads with
permanent speed that depends only on mechanical properties of material.

Keywords: thermo-elastic-plasticity, pseudoelasticity, form memory, phase transitions.

1. Introduction

The list of alloys that exhibit pseudoelasticity includes Ni-Ti alloys and various copper,
iron, silver and gold-based alloys. Pseudoelasticity is the ability of a material to accumulate
deformations upon loading at a high temperature regime and then return to its original state
after unloading (through the hysteresis loop). The mechanism of this reduction is the
transformation from the martensite phase to the original austenite phase.

Such alloys as NiTi, CuZnAl, CuAINi, AuCd and others can restore deformations up to
3%. Important characteristics of some of these materials are internal damping,
pseudoelasticity and high yield strength. It is noted that the amount of experimental data of
high quality of macroscopic behavior of NiTi remains limited.
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