Nano-cluster defects in W&W alloys:
Uncertainty quantification assessment
from multi-scale modelling

Duc Nguyen-Manh
Culham Centre of Fusion Energy, UKAEA
Supported by EuroFusion, FP7 and IFERC-CSC projects
2 ofmann, D. Mason, J. Wrobel, S. Dudarev

IFVieeting CCN4, Vienna, 29-31 July 2015

CCEFE is the fusion research arm of the United Kingdom Atomic Energy Authority.
This work was funded by the RCUK Energy Programme [grant number EP/1501045] .
Lo A A EFERTRES
FUSION ENERGYS




f@‘) EUROfusion WPMAT ]
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DFT -> Interatomic potentials -> plastic deformation

Origin of Brittle Cleavage in Iridium

Marc |, Cawkwell, " Duc Mguyen-Manh,”
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=
Microstructures in irradiated materi

Bubbles, voids, precipitates, solute segregation

SFT, dislocation loops

Grain boundary

Amorphization He cavities
(intermetallics and ceramics) Metwork dislocations

| | | | | ! | ! | ! | ! |
0 a1 0.2 0.3 04 0.5 (X3

Irradiation temperature (T/Ty)

S.J, Zinkle and L.L. Snead, Annu. Rev. Mater. Res. , 44, 241 (2014)
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Transmutation effect under neutron irradiation

e 5 fpy irradiation of pure W in most exposed region of the divertor
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\& Integrated modelling of fusion powek-
Systematic ab-initio data base of defect energetics

Using the available ab-initio modelling methods for modelling the degree of de-

cohesion at grain boundaries due to helium accumulation, and combining it with
neutron transport and transmutation rate analysis for evaluating the rate of helium
accumulation in an integrated multi-scale study of neutron-induced dpa,
transmutatlons gas product|on hehum embrittiement of fu5|on materials.
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M.R. Gilbert, S.L. Dudarev, DNM, S. Zheng, L.W. Packer, J.C. Sublet JNM 442 (2013), S755-5760
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= OUTLINE

« Systematic assessment from electronic level

* He clusters trapping by noble-gas impurities in W
vs. TDS measurements

 Lattice swelling & modulus changes in irradiated
W: XRMD & SAW vs. MM

* Nano-clusters of vacancies vs. TEM of high-
temperature annealing irradiated W

* Anomalous precipitation in self-ion irradiated V-
Re alloys vs. APT experiments
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Integrated view of materials in DEMO fusion

2 — EUROFER (9Cr-WVTa) 350-550 °C
- : —» ODS-EUROFER 350-650 °C

Blanket: <150 dpa/5 years, 2.5 MW/m?2

Reduced activation ferritic-
c steels, assuming

He cooled structure, liquid lithium or lithium-
ceramics for tritium breeding; -85 % power

Divertor: ~30 dpa/2 years, 210MW/m?2
Materials, cooling method: undecided

Power plant 0

An exceedingly challenging Operating temperature 350-1300 °C ?
materials science and
engineernng problem. Cooled tungsten shield to sustain direct impact of

He and other particles from plasma, absorbing
|mRrem2en | | 1505 of total fusion power

Divertor’s function is to extract heat, He ash and impurities from plasma
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DNM, D.G. Pettifor, V. Vitek, PRL, 85, 4136 (2000)
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lectronic level: challenge with bcc T
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Environmental dependence of bonding:
A challenge for modelling of intermetallics
and fusion materials

D. Nguyen-Manh **, V. Vitek ®, A.P. Horsfield ©

* EURATOM UKAEA Fudon Asscintion, (ubam Seience Centre, Abingdon, Oxford OXI4 308 UK
= Deprtment of Materialy Science and Engireering University af Penghania
FPhiladelphio, PA IS004-6257, US4
® Depur tment of Phopics and Astronesny, University Collepe London, Londeon WCILE 68T, UK

Abstract

Bridging the gap between electronic and atomistic levels plays a crucial rok in multi-scale mod-
elling of mechanical behaviour of materials, In this review, we summarise a methodology for inking
systemnatically these two lovels starting from the first-principles density functonal theory and pro-
ceeding via the screened tight-binding approximation to development of reliable and transferabk
many-kody interatomic bond-order potentials. We focus our investigations on material properties
related to the clectron-to-atom ratio. An immediate area of applcation is studies of the struocture
and properties of crystal defects in transition metals and intermetallic compounds based on transi-
tion metak, where the mixed character of covalent and metallic bonds represents a very challenging
=ue for understanding mechanical propertics at the engmecring scale, The need for environmenial
dependence of bond-order potentials as well as the mplcation of screening effects on bonding prop-
erties of alloys are discussed in connection with modelling of the core structure of dislocations in
materials with negative Cauchy pressuresand in body-centered eubic ( bec) trandtion metak. The lat-
ter are prime candidates as fusion power-plant materials. We discuss our current work on multiscale
modeling, the behaviour of boc materials under high-energy neutron rradiation, and emphasize the
mportance of gquantum-mechanics in constructing reliable intertomic potentinks for large scak
molecular dynamic simulations,

2 206 Elsevier Ltd. All rights reserved.
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Systematic studies of electronic structure (group 5B vs. 6B)
effects for radiation damage
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C. Diomadn of ai., Phys Rov B65, 024103 [(2001);
C.C.Fu, F. Wilisime, P. Ovdajon, Phys. Rev. Lett
92, 175503 {2004]: C.C. Fu ef al,, Nature Materisls
4, 6B (2005 D. Hgupon-Manh er al Phys, Rev,
BT, 020101 [2006); S.P. Fitzgerald, [. Nguyen.
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\‘Crowdion motion: Frenkel-Kontor

(s = ) = V() )

“Spring constant”
(along string)

Displacement of nth atom from position na

Periodic potential, period a
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In situ TEM observation of 1D nanometer-size SIA loops

Observation of the One-Dimensional .z o vss (s
Diffusion of Nanometer-Sized g e

Dislocation Loops ekt e

contimuously mives in a di- RO [N . "_I,

1 3 T T 1 mtion parallel o s Burg- % — - s
K, Arakawa, ™ K, Ona,” M. lsshiki,” K, Mimora,” M, Uchikoshi,” H, Man s vactar, - 18018 3 -.w.u;;
Dislocatlons are ublgubious Hnesr delects and are respansible for many of the praperties of \ 3 §-1s £
crystallime materials, Studies on the glide process of dislacations in bulk materials have mastly \ 04 e ot 4 W
facused an the resparse of dislacatiors with macroscapi engths to external laading or unkaading. 50 nm 011]  #[T00)
Usirg in shiu transmission electron microscopy, we haw that nanomeber-sized |oaps with a Burgers T—
wactor of 120111} in a-Fe can undergo one-dimensional diffusion even in the absence of siresses _%‘[ﬁ“
that are effective in driving the loaps. The loap size dependence of the laop diffusivity obtained is [011]

eiplaimed by the sochastic thermal fuctuation n the numbers of double Kinks

Science, 318, 9t Nov. 2007 12
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Induced damage

*Fast neutrons lead to the formation of large amount
of He and H via the nuclear transmutation reactions
giving rise to radiation swelling and grain boundary
embrittlement. So far, most of investigation has been
focused on He atoms behaviour in the radiation
environment of fusion reactor systems

*Multi-beam ion implantation experiments promote
new ideas to consider He co-implanting with other
inert-gas ions (Ne, Ar, Kr, Xe) to simultaneously get
dpa damage and dissolved noble gases. A question
arises as to whether inert-gas atoms would be a good
analogue for He?

*The effect of inert gases incorporation in bcc
transition metals has not been systematically studied
even though the agglomeration of noble gas atoms is
important in understanding swelling in fission reaction
(Xe atoms are is produced in the reaction with
uranium and trend to coalesce into bubbles in uranium
dioxide). Traditional view is that there is a similarity
between He and other inter-gas atoms because of no
chemical interactions and only local distortion
increases from He to Ne, Ar, Kr, Xe.
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Interaction of injected He with lattice defects
E.V. Kornelsen, Rad. Effects, vol. 13 (1972) 227

He* ionsscm®

HELIUM DESORPTION RATE

[ 1 { A P 1 RS ! ]
=) 8 2 s 20 249
T (100°K )
FIG. 2. The general effect of h:::avy—ion bombard- St — o — e
ment on the entrapment of helium. In both cases R -
the injected He+ dose was 2.4 x 10'? jons/cm? at b (rooT =
FIG. 4. IDesorption spoectra for the varisowas injocted

250 eV: {a) no prior bombardment; (b) prior helicm doses iodicatcd.  The damaming bombard-

damaging bombardment: 2.4 = 10/cm®* 5 keV Kr+.

* Heinjected into W as 250 eV ions does not itself produce any observable damage
* But Heis trapped in that created the prior heavy ion bombardment (Kr, for example)

* TDS shows that He is bound with several discrete energies
* Correlation of binding states with temperature, He doses and the mass of damaging ions
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Systematic study of electronic structure effects

Noble gas atom in a vacancy

f—
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For noble-gas elements in bcc-W: DNM, S.L. Dudarev, NIMB, 352 (2015) 86-91
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Partial DOS for inert-gas (IG) impuritiestrA*
role of p-electrons in 1G-v bindina eneraies
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=7 apping of a Helium atom by inert-qas defects:
Difference between DFT and Experimental data is small

oFT__ exp

4.5 -
463 46  __
S
311 31 &
247 2.3 &
@ 3
193 1.9 o |
an
1.66 1.5 S 2
124 12 £ .
! .
mDFT
oS - 3
W EXP o -

Hev He+Hev He+Nev He+Ary He+Krv He+Xey
DNM, S.L. Dudarev, NIMB 352 (2015) 86

Experimental data are taken from LANDOLT-BORNSTEIN, vol. 25 (1991)
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= ermal desorption spectrofaetry
Attachment of He atom to 5 impurity traps: HeV, Ne, Ar, Kr, Xe in bcc-W

2000 1 I 1 T 1Trrrrrt ' 1 T | L I I
| 1 I T I 1
- 4-103 2
| [ : HeV |300 - P -~
= o= - sz
s 1600 | T N
= F x —
o 1400 + T )
E ol L
= -
o X
ﬂ = | 200 . ¥\K\ — -
é L Q. \:\“ —_ N
§ g IOOO — v N ‘c’,_‘- g- 5 H e V -
o- —
a R - OO o= 8 v Ne
8 o 800 - /D o/ o Ar 7]
. #
a a} o O a Kr
o5 - 600 - .
o Xe
o l |
o = 1 L1 1ttt [ N | 1
L | - | 1 " " 1 N N | 400 | 10 100
3 6 o 12 IS5 18 ;
T (100 K) :
Fig. 1. Desorption spectra from five different trap nuclei. The Fig. 7. Peak temperatures for the six trap nuclei as a function
Incident: He dass m"=1X $0%3jom®, sl we avosage of the number # of helium atoms they contain. Above i = 10,
number of trapped He atoms per trap (/) was about 0.17. . & . TP
The vertical marks on the individual spectra indicate the peak the bars indicate aPPl'Oleﬂte ranges of the mUItlphCltY i
temperatures and the deduced values of the multiplicity 7. involved in peaks at the indicated temperatures which are the

same for all the nuclei.

E.V. Kornelsen and A.A. Van Gorkum, JNM, 92 (1980) 79
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Dissociation energy of a He trapped
by (n-1)He-IG-v clusters in bcc-W

o XeV
N ErY
mArY

N MNeV

Binding energy (eV)

m HeW
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Experimental measurement of lattice swelling and

modulus change under irradiation vs. MM validation

@ Available online at www.sciencedirect.com
Cosiark ScienceDirect %J’\Cfﬂ MATERIALIA

Acta Materialia 89 (2015) 352363

www.elsevier.com/locate/actamat

Lattice swelling and modulus change in a helium-implanted
tungsten alloy: X-ray micro-diffraction, surface acoustic wave
measurements, and multiscale modelling
F. Hofmann,*" D. Nguyen-Manh,b‘“ M.R. Gilbert,” C.E. Beck.,® J.K. Eliason,” A.A. Maznev. W. Liu.°
D.E.J. Armstrong, K.A. Nelson” and S.L. Dudarev"*

*Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, UK
bYCCFE. Culham Science Centre, Abingdon OX14 3DB, UK
“Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK
4 Department of Chemistry, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
“Advanced Photon Sowrce, Argonne National Lab, 9700 South Cass Avenue, Argonne, IL 60439, USA
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Measurements of elastic properties and lattice swelling

Surface Acoustic Wave Measurements:

Measuring elastic properties of the He-implanted layer:
* Transient grating (TG), A = 2.75 um, made by overlapping two

pump beams: 515 nm, 60 ps, 1.75 Wl /pulse, spot: 500 um [9].

* TG generates two counter-propagating surface acoustic waves
(SAWSs). Probe SAWs by scattering of a quasi CW probe beam:

532 nm, 10 mW, spot: 300 pum.
* SAW velocity: unimplanted material: 2679 £2 ms?!
He-implanted material: 2621 +7 ms? (-2.2 %)
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Synchrotron X-ray Micro Diffraction:

Measuring lattice swelling of
the He-implanted layer:

* Polychromatic (7-30 keV) (a)

and Monochromatic (AE/E ~
104) DAXM
=> depth-resolved full
strain tensor [10].

* Beam size: 0.6 (h) x 0.4 (v)
um?.

* Depth resolution: = 0.5 um. ®)_wo*

* In-plane strains =0
=>no bubbles.

* Swelling of He-implanted
surface layer:

£ v E
£, =—+2 =
T 73 T(1-v) 3
e =(1550+120)x10"®
= (2620+200)x 10

3100 apmm He implanted
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“From continuum elasticity to atomic-le

A defect in an isotropic elastic medium ( tungsten is elas-
tically isotropic) generates a field of atomic displacements
of the form [54],

(2) _ 4]

where R, is the position vector of a defect and P,” is the
defect’s dipole tensor, corresponding to the density of

forces of the form f,(r) = —P(;",;—:‘&(r}‘ For an ensemble

of defects the density of forces is given by the sum over
all the defects in the material

Fi(r) = =) P 500 —R,). (A2)

Ga(r — Ry), (AT)

The elastic stress tensor satisfies the equilibrium condi-
tion [76]:
d +F,(r)=10 (A3)
— T i —
a—xj I I el
and is related to the elastic strain tensor &; through the
equation [76]:

E r
7 =15 (o + 7o) o

The accumulation of anisotropic defects in the implant-
ed layer could give rise to non-vanishing x, ¥ components of
force in the plane of the surface. In the absence of direct
experimental evidence for such forces, we only consider
the z-component of the density of forces:

Fi(r) = F(z) = =) _n"PD(3(z) - §(=— L)

_ _%znmmp.gf”}{a{z} —d(z—L)). (A8)

The use of trace of defect dipole tensor stems from the
fact that defects adopt random orientations in the implant-
ed layer. The formula can be simplified if we note [536] that

Tr{PJE;”] = £-0 where Q! is the relaxation volume of a

defect of type A.
The elastic equilibrium conditions have the form [76]:
o i)
Eﬂ'ﬂ"— F:{ZJ = 0; EETE — Eﬂ'ﬁ = (. {AQJ
At the free surface:z = () we supplement them with the
traction-free boundary conditions
delz =0) = g,(z=0) = g-(z = 0) = 0 and find,
a 1 7
5%="73 gnlﬂJTr{Pg. Nd(z) — b= — L)), (A10)
| .
= I e P (B — B
o= 3 LA TP O() (= - 1) (Al1)
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=4 UQ: From DFT to Experimenta

: . R Modulus change calculations:
Density Functional Theory Modelling: ge ,
* Calculate elastic constants for different defects.
*+ Central defect in 4 x 4 x 4 tungsten BCC supercell => 128 atoms. * Estimate SAW velocity change due to He-
* Periodic boundaries, free to expand. implantation: predicted (-1.8%) experimental (-2.2%)
- => excellent agreement; no free parameters.
Lattice swelling - Relaxation volume calculations: € i P
Cyi (GPa) | Ciz(GPa) | Cas (GPa) A
* Estimate relaxation volume: Q,(dEfECt) = ()(defect)— Q{Perfe{:t) Pure W experimentalat | 5228 2035 160.7 1.01
i 1 (1+ V} M) 298 K [12-14]
* Esti i ing: &=3nQ
Estimate lattice swelling: ’ ;n‘ " and e, = =3 (-v z PureW | fromDFT | 5374 1882 153.7 0.88
* If we assume 1 He per V: predict €,, (HeV) = 2654 x 10® =>~ twice experimental €,,.
wesia |fromDFT | 5125 | 2125 | 1414 | 094
* Consider clustering [11]: 1555 appm He,V complexes & 1555 appm SlAs: predict rescaled | 4986 | 2298 | 1478 | 140 |
£,, (He,V) = 1493 x 10° => very good agreement with experimental €, strain. WiHey fromDET_ciss | léal LiLz SIS
resealed | 5048 2034 | 1478 0.98
Relaxation volumes for vacancies and self-interstitial .
v V2(INN) [V2(2NN) [Va(3NN) [Va(INN(Z)[<111>SIA| Frenkel Cirmet = (1-128(ng, + 1, , NCF +128ng,C* +128n, ,CJ=
+2NN)
037 002 79 076 108 T68 131
034[] 065 |074[a] |0.69 [ A, | Elcka) (E(GE) | ElGRa] [ imn
e Pare W 101 | 3099 | 1803 | 4101 | 09
Relaxation volumes for interstitial helivm dusters —— M e i
He (tetra) | He (octz) | Heg (tetra) | Hes (tetra]| Hes (totra] | Hes (tetra) W+1555 appm He;V+ | 102 | 310.6 | 1545 | 397.5 | 0.287
1555 appm SIAs i i P i |
0.36 0.37 0.80 116 1.65 2.03 . g
; ¥ 4 Predicted SAW velocitie
033(c] 034 ] " £111> SIA ™ He, V _ = : S .
Relaxation volumes for helium - vacancy clusters i mm/s e direct from DET: Skpenihents
eV Hev HesV [HesV Hev  [HesV HeaV Calculation details: _ . Voigt | Reuss | voigt | Rewss
; A - Perdew-Burke-Ernzerhof electron exchange-correlation functional fle S Rl
2:;:1 f;;l:] {_t;:;:] E.L-HLW] E?&—d] E.L;ln] (1‘.;;“] within generalized gradient approximation. Projector augmented wave Perfect W .W m 2680 2675 2679
{PAW) pseudopotentials implemented in the Viennz Ab-initio A '_ ; ]
[a]  KatoD, lwakiri H,Marishita K Journal of Nuclear Materials 2011;417:1115. Simulaﬁgn Package (VASP). 400 eV plane wave cutoff enargy and 4% 4 W+He,V+5las aﬂg_ m}! 2636 2628 2621
(b]  Heinola K. Ahlgren T, Nordlund K, Keinonen |. Physical Review B 2010;82:094102. % 4 k-point mesh with 015 A spacing, Periodic boundary conditions e
[e]  ZhouHB, Jin 5, Sho XL, Zhang ¥, Lu GH, Liu F. EPL [Europhysics Letters) 2011:96:66001. | with expansion in all directions allowed. Change -1.7% | :Qﬂ 4 -1.7% | -1.8% -2.2%
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Micro-structural evolution in W&W alloys under irradiation

Evidence of vacancy
loops in irradiated
tungsten (2 MeV
W+, T=300" C,
1014 W+*/cm?)
Xiaoou Yi (2004)

High-temperature
recovery in W after
neutron irradiation
(Stage IVand V ???)
L.K. Keys et al. Phys.
Rev. 176 (1968) 851

Lijard s, by, ek o - B
L - - " "
e " u =

)

Fin. 4. Issc al aslivily rvssery of tzoo-ircadiabed,
cadrnizeryabizkiod mnd mrabichiod, neryatalling] g = s
lenctlon of ancealing orsp=Traios.

o ] . ow b > Micro-structural
Irqh ] Mg evolution associate witl
EE Formation of vacancy
D%{“‘m: == AR cluster, stable
ey | ; w.| configurations, binding
036 et e —————2l  epergies, activation

Vacancy clusters
& He-vac interaction
and W, Fe & Fe
alloys (PAS, NRA, TEM)

Low momentum Fraction
(=] (=] : =
5 B S

Annealing temperature (K) Higth momentum Fraction W energies o f tranSi tion
M-F Barthe et al., I d [3.4] migration process at ’
>423 K clustering due to V migration [3.4 ] ]
May 26th 2015 >623K and < 1123 K no change is detected . 3 P
>1123 K vacancy clusters concentration decreases, dissociation? hi g h te mperature
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Neutron irradiation in Tungsien

Irradiated in JOYO

Arc W (Void lattice)
Void Void Precipitate
Precipitate Prempltate 3.

Prec_ (=)

750°C / 1.54dpa

=110

-

Precipitate

538°C / 0.96dpa

[?]
[oj

# Void lattice were observed in pure W. ( pure W — W-1.5Re-0.050s after 1.5dpa)

# Void formation was drastically suppressed in WW-Re and acicular precipitates were
observed above 5%Re.

T. Tanno, A. Hasegawa
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'
“SIA loops loss and void formation at hi

(b)

(@)

(f) (c) 14

¥g. L Demmgs moenemicnm m (s s B aecradeed smge (4 dpm, 2MEV W S0 1) and pos s adacns smated srmms oo Fig. 6. Example micrographs of imaged voids at 800 “C and 1400 °C. The defocus was 1000 nm.
com i om o (o) SN B | B () 80 S o 1 B, | T e |, (8 1R T B | B AN e o e g chow 0 (10 1], wak

= (20 e, The s ow i owcd mec g R own fe dwcson of S porosion {51 wesk-bram dack-Acid iy -3¢, &1 prb-ap e ddacsm

oo e o f vy wral ina g, 1-2 o ) aad (0] s e o namated G te-fekd g

F. Ferroni, Acta Mat. 90 (2015) 380; Isothermal and isochronal annealing of
2MeV irradiated W, 500C-1200C, 10714 W+/cm?2
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\= e
Surface effects for exchange & correlation (XC)
energies in first-principles modelling

« An apparent inability of DFT within LDA and GGA to describe vacancy
formation energy accurately not only in bcc metals (recent DFT data
3.0-3.3 eV w.r.t cell sizes, k-points ...whereas experimental values are
3.5-4.0 eV in bce-W) but also in fcc metals such as Al...

« Theoretical treatment of electronic surfaces — i.e., strongly
inhomogeneous electron density is the weakness of popular functionals.

"= |, Vitos et al., PRB 62 (2000) 10046;
z=0 R, Armiento, A.E. Mattsson, PRB, 72

3333

«» (2005) 065108 (AMO5): treatment

5051 . .
.. Of electron gas at surface and interior

" Region. Could AMOS be better than
"™ LDA and PBE for solids (J. Chem.
e Phys, 128 (2008) 0847147

Density parameter: electron radius r_s
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AMOS calculations for vacancy clusters

TABLE 111, Formition energies (E ) and binding enerizes (£5),
in eV, of vacancy clusters in tungsten. Positive values of the binding
energy indicale attraction belween the vacancies, leading toclustering
of vacineies, whereas negative values indicate repulsion,

a M. Muzyk, DNM, K.J.
Kurzydlowski, N.L.
Baluc, S.L. Dudarey,
PRB, 84, 104115
(2011)
O Cross checking
empirical potentials
calculations (Ref. 71)
T. Ahlgren et al. JAP

PBE  PBE-AMOS ~ PBE  PBE-AMUS
Cluster E E E, Ey

I 130 1,368
2{{1}) 6.624 7.1 0.029 0.007
200 659 13 -0 -9

PRERE
DRERE

] ol 1045 0260 0250

107(2010) 033516 f DMl BB L6 08T
O DFT predicted a ; 14,664 16 103 | 0 Ri':
lower energy 5- SRLT  ISTH 172N 0800 0610
vacancy cluster f 1847 19457 L3 | 430

Conﬁgurat|on FIG. 12. Tungsten vacancy cluster configurations (N, = 2—6)

investigated in the present study.

* |.Ventelon et al. INM 425 (2012) 16: SIA and di-vacancy in bcc TMs
* D. Kato et al., Nov. 2014 IAEA-ICTP Conference: Multiple H trapping by vacancies in W
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—
= Surface effects implemented in cO
Ackland-Thetford (AT) potentials for bcc-W

« The potential has been re-fitted to better reproduce known
vacancy clusters (1-6) in tungsten. In particular it reproduces
surface energies and small vacancy clusters (di-vacancy and
tri-vacancy) reasonably well in a comparison with DFT data.

« The AT embedding functional is corrected at the low electron
density region

« Electron, phonon entropies and thermal conductivity at finite T
are investigated by D. Mason

* Repulsive pair potentials are also modified to avoid
discontinuous second derivatives (fitted to higher-order
polynomials)
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Corrected AT potential prediction for nano-cluster of vacancies

Formation energy: corrected AT vs . _
DFT * Number of different possible

25 ¢ configuration (M) that number of
vacancies (n) can be arranged in N
lattice positions increases for large
cluster: M=N*(N-1)*...(N-n+1)/n
b  The procedure to generate
* vacancy cluster is based on a
# Combcia AY simulated annealing search
i  DFT calculations were performed
® for vacancy cluster configurations
2 | generated by corrected AT
potentials

20

I
+3

Fprmation energy (eV)
=]
*

Presentation title / date
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Formation energies for 1-10 vacancy clusters in bcc-W

DFT wvs. corrected AT potentials

25

DFT farmation enegy (eV)
o
\
2

10w

o = 10 15 20 23 30
Corrected-AT formation energy (eV)
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=

Low-energy configuration prediction (1-15)

Formation energy: corrected AT vs. DFT

¢ .
35 | E | = |
]
30 ! b ot !
: e T |
*5 '
-
I | - [ | & Corrected AT
Fin ] t . ' | =
g | T | o=
= 15 1 ! 1 1
| i | |
10 'L | | |
5 & g i
, | | | |
o ¥l B B B 110 12 - 16

This is the title of the slide and the date it was written
Slide 32




/’Q‘) EUROfusion WPMAT
\= )
Vacancy nano-clusters sta

from electronic structure calculations

Electronic density of states for 8-vacancy cluster configurations

250 LI 1 I LI 1 LI 1 LI 1 | LI 1 I LI 1 I LI 1 LI 1 LI 1 LI 1 LI 1 I LI 1

— 8w1
—— 8wv2

200

150

100

Density of states (states/eV/cell)

9]
o

g =

-5 -4 -3 -2 -1 0 1
Energy (eV)

8v1:23.426 eV (DFT) 23.429 eV (Corr-AT); 8v2: 22.958 eV (DFT) 23.467 eV (Corr-AT)

—_
=
=l

1
&
=1
>
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Surface effect of formation energies

& Corrected AT
0 DFT

—— Limear {Carrected AT}
= Limzar §IFT)

Formatlon energy (eV)
=
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Volume relaxation of vacancy CITSters

Formation volume of vacancy clusters Importance of defect

=]

| ] | | volume relaxation in
’ S W g understanding of
: T ™ " [mn swelling effect in He-
6 mgm "z | implanted tungsten
25 L me | oo | from multi-
B, | - | | «sv | scale modelling
g | =i ! | |mev
52 *‘I | | :;: F. Hofmann, DNM,
L I | |ee| M. Gilbert, C.E Beck, J.K.
= -— | | | (=]  Eliason, A.A. Maznev, W.
y . : , 5 : : x : : Liu, D. Armstrong, K.A.
Corrected-AT formation volime Nelson, S.L. Dudarev

Acta Mat. 89 (2015) 352
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Migration energies: DFT vs. corrected AT

Mono and di-vacancy migration energies

§

2.5
2
B 15
L
&
1]
g 1
-
0.5
u -
v zum ah.ruz zum ;wixa muusl zuns zu;nm 2’#‘2:4 :w:xn zum iu-m ]ﬁ!ﬁ-
WD 1.7564 ui ET 4'54' ﬁbﬁi"ﬁma 1717315753 169181 9798 :uai:lzij'i :inji 1 éi's.:ri 1.7925

I Cﬂrleﬁ:!‘d .ﬁuT I 51411 1 E'STE: 1 352'] 1.EEETI‘ !l 3-351 1..4?4].'-" 1. ‘.I.EEIE 1. 15'||'I| 1. EI‘E 1. .H-ES 1 5251 1. 31.'3:! 1. 35]"1:
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Tri-vacancy configuration changes

Trivacancy migration energies
25 T

i5
) I I I I I
0

Eh"‘.l.l:i' 3!.']"? 3\'113 1\"1!3 _'|-"|I'1'-"ﬁ 3'-'1H‘.1 3\'213 '-l'l.r?ﬂ 3!’255 3'#1"H5|?r'-'4:15 Fvdxd E'n'fmﬁ- 3\'5:1-15 Ee)
| F 1

= [T 11!6 1'5419 14[35 E.IL'I'QH 1&53-! 1%931.469.? 1&99313.!3?-1 lﬁgﬂ 1'5135]'1 HS-‘-‘I]" iEJIJ‘!ﬂIEi‘ 1?9 EDTE!.
IEnrrEEtEu:IA.T 1.4608; 1.593 !I.IE!IID‘.I.I-I!-‘.I. 12023 1,593 1!6311&15?11[!31 1&?591 IIEH-IE?S'E!EDIEISSEE ‘.I..#ZII 155’11

Migration energy (eV)

3v1 configuration has the lowest migration energy (DFT: 1.15 eV, corrected AT: 1.46 eV).

This tri-vacancy can migrate without dissociation and changing its shape
This is the title of the slide and the date it was written
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“Monkey” saddle point configuration of tri-vacancy cluster from DFT prediction



J

N a— o - W N S Y e W S am

[ WPMAT

EUROfusion

)

%\
=7

A. De Backer et al. (2015), unpublished
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Vacancy clusters: EAM-W vs. DF1

« EAM-W potential good for
vacancy structures

— Correct ordering of clusters
— Relaxation volume

— Formation energy

fractional error formation energy

0.1

=
L:_. 0.05
O
‘%-. [] * “MN[}“
= -0.05
E - B DND
E N CEA-4
2015 -
g
@ -0.2 = AT
—

-0.25

number of vacancies
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4-vacancy clusters

9-vacancy clusters

First frame is after 50 of kmc steps, corresponding to 240 first order moves, 42ms real time.
At frame 29, (10807 1%t order moves, 2126ms) a vacancy splits off the cluster.

At frame 37 the monovac has found the cluster again, and at frame 45 it is off again.
Dissociation time is found from frame 29, the first time cluster does not immediately reform.
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\____"""
Dissociation times and temperatures
temperature (K)
1600 12001000 800 70O
1&12 [ ] 1 I E. 1 | 1Bnﬂ 1
1070 " s 1 T 1600 T
i a x ) e
! g My ft e 1§ 1400
§1nﬁ_ e a*E'ﬂ =1 2 [ T o
E 1w F a2 o "1 5 1200} . ]
8 02| gtds® . 2
§ T i% e s B ] o @
S 100 [ E;EGEHE‘ 1§ 1000t ]
102 B i ® -
4 . & B00r g g
10 " [ i o
1E—E i i I i i Enﬂ 1 [} ] ] [ I 1
06 0.8 1 1.2 14 0 2 4 6 8 10 12 14 16
inverse temperature (1 o? K/T) cluster size (N)

Mean inverse dissociation rate for fixed cluster sizes and temperature
Characteristic temperature at which dissociation rate = 1/s from Arrhenius plot
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dissoc time (s)

[ WPMAT ]

Effect of elastic relaxation

temperature (K)

1600 1200 1000 800

700

1 | 1

1D12 -

"4 (ri id;
10"

4 (flexible

.m-E E
10* | o
102 | 0
10° + P i
."TE L
10%
10° |

|
Lo
L

0.6 0.8 1 1.2
inverse temperature ( 10° K/T)
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Ion irradiation-induced clustering in W-Re,"W-Re-0s
e
3 !gﬁ{ Average Hardness at 125nm
A0 "4 1 QUnimplanted  @33dpa 573K B33dpa773
12 4
40 4
< 8
0 —5—
V] 6 1
1=
i
T4
7
0 .
Fig. 2. 4 nm thick sections from atom maps showing species distribu- W2Re W1Re10s

tion following W—ion irradiation in: (a) W—2Re at 573 K, (b) W-2Re

at 773K, (¢) W-1Re-10s at 573K and (d) W-1Re-Os at 773 K. W,  Fig, 5, Nanohardness measured at 125 nm indenter penetration depth
Re and Os atoms are shown in black, red and green, respectively

(Color version of figure is available onling,) ~ for W-2Re and W-1Re-10s at 573 and 773 K.

A. Xu et al., Acta Mat. 87 (2015) 121, APT and nano-indentation measurements
of 33 dpa irradiation at 573K and 773K
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On-irradiated vs. irradiated W-Re and W=

Ultimate Strength of Group VI Refractory Alloys

1400 — —— —— —— —— —— —— .
3200 M Dihta Srom Tisez & Wilson 1965, Ccrlnwsy 19345 Buckman |19-9~4, e
E- 120'] _‘. Gubbi 1996, ITEF. MPH, Aerospace Stmact L-IelalsH.ndhk ]969,]53;1'}55.11]9953 ]
% - - ~ W Filled symbols: Stress relieved o
— r ~ Open symbols: Recrystallized
= 2800 £ 1000 SEEN-:
(6] o - 4
s = t\ -
w g BDD L S x. -~ - B
o w r - o L ]
> ~ & (TEM)
E 2400 % 600 = — —_ ::'-dr -.q.h-n. W_15 Re ]
‘: S R l‘:: S = i — ‘-._‘h _ % ]
& 's 400 [ — kTN N ]
b = [y R ]
W O :
2000 E oo b IR e T el
= - ‘-1}_.._“_5__
1600 — I .
w 20 40 60 80 fe 0 200 400 600 800 1000 1200 1400 1600
WEIGHT PERCENT RHENIUM .
Temperature ("C)
L. Romaner et al., PRL (2010): Effect of Re on dislocation core structure in W
Re 30 B e nes |I'r'l'||'||'-':r.|*||||! ]
Wi E ] (L1l 1% 20
_In—DE-
T Bt
i e
Re By
s aary
N‘max‘;{- '::'*:P
10 xS
__________ L1 bt
e
___ s 00
=
s . o
30 20 10 s 3 % Il1q-n|l"|r.r

Tass o
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Methods: Genetic algorithms to predict cluStering from
solute/point-defect interactions based on QM Hamiltonian

So far there are only DFT calculations of single point defect interaction with solute atom in W

LS Ko of al { et Matialie 6 (04 72082 1 g_ ' ' ' ' ! ! N
r @@ Ta-Crowdion |
1.6 Bl v-Crowdion | ]
1.4 @—& Re-Crowdion | —
ik 12 -
ut s it -
it 08— —
(i g 0.6 -
1) o 0.4 -
E pik _§ 0.
% (]9 @ ol ]
it -0.4F -
; (114 -0.6 :— _:
i O8E | | | | | | | R
w af 1 3 7 = 0 1 2 3 4
i ALk Position along the <111= line
7 M FIG. 14. (Color online) Binding energy of a crowdion in-
E ' teracting with substitutional Ta, V., and Re atoms in bcc-W
“' lattice.
ﬁ- M. Muzyk, DNM, K. Kurzydlowski,

N. Baluc, S.L. Dudarev, PRB, 84 (2011) 041115;
Vhcimpoiton of the tlal sahive-vacanc biding energy o disortxon bk everyy s sectoni bnding snergy or e B 0 8T Syzudo et. a|_’ |V|S|V|SE, 22 (2014) 075006

Fig, 4,
P i
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ods: A complex interatomic interaction fro n
formalism for multi-component alloys including vacancies

AHcp(d) = Zmu.}w TN, ], are the effective cluster interactions
@ (T, (a)) are the average cluster functions.

Binary: T, (6) = 0,0; ...0)y, M component: T, (0) = y1,4(61)V2,m(02) - V|0 m(C|w))

4 3 1
AHp(3) =J® + 7" —3e) + J,‘Z“"Tr— (cc—ca)+ [ my DIV (1 4 3yAL — 6yAB — 6y/AC)

1 2.n

3 : 3 :
+%m%fﬁ’iz‘,'f’ — I 2 P R 2}*,?‘5}]

triples

i Z [%mg{;”.f;_':” s SF:AA + lly:"‘w + 12},:..-11: _ 63:;:‘35 _ Gy:BC B Ey:cc 4 },:?BB
n
_1_3}_:?31’: 3 3yfcc + y::cc] + %[méff.z‘i{',.”’ _l_mglil}iilﬂzn + mginj:fim}( | 4}',‘:""13 _'_4}__:.,-16
2 S S R e S i %(méf?}-f_{lfz’ +mS P00 + mEE I (— 25,8
_|_2y:EC . Zy:':c _|_ny3 _Ffﬂt’_" _ },fcc: + nyC} s ?m{ﬁ?}};fﬂ ra },HBBB + 3},:;&: _ 3},fcc: + y:.;:cc ]

TR (A3)
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By -
Application for W-Re-vacancy syStems

 DFT data base for W-vac systems as discussed

 DFT data base for bcc W-Re

* Focusing on new Re-vac (clusters, voids) data base in bcc-W
o

-0.01

-0.02

-0.03

-0.04

Hpyix (€V)

-0.05

®
e
o
.
3
o
-
8

-0.06

-0.07 | .

DFT -
CE Lo} |

0] 0.2 0.4 0.6 0.8 1
Concentration of Re

-0.08
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EH" d (eV per vacancy)

1.5

i
wn

[—

0.5

WPMAT

o—0 Vac x1

Gt Vae x2{2NN)
f—th Wac x2(3NN)
T Vac x2(4NN)
p—p Wac x2(5NN)

B—& Vac x2(1NN) [

G—e Vac x|

g Vac x3(2)
= WYac x3(3)
B—a Vac x3id)

Wac x3(6)

=t Vac x3(1) |

w—y Vac x3(5) ||

80— Vacxl

=0 Vac xd( 100 surh [

w— Vac x4(110 surf)
E—8 Vac x3NN)

G—e Vacxl

+—+ Vac xd(Void) |7

E—a Vac x8i{Void)
G—= Vac x15(Void)
% Vac x8(MC)

Re / vacancy ratio
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W-Re-vac: Effective cluster inte '

Effective Cluster Interactions (15p, 12t, 6q)

0.06
0.04

0.02
Ll

| 1. 1 .
;4}.0: lllllalnls 67 EIB:Lﬂ1-1lI:ﬂHﬁ*i’tﬁiﬂﬂﬂﬁlﬁﬂlhhgdﬂﬂ  pairs

2 004 m triples
2 006 u quads
008
01
012
0.14

* More than 300 DFT energy configurations have been used
 Mapping into CE Hamiltonian gives a very good cross-validation value of 5.3 meV
e Pair and triple clusters are dominant
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TABLE 1. Monte Carlo results as a function of Re and vacancy concentration for alloys quenched down from high temperatures.

MC simulations were performed starting from 2500 K. The alloys were cooled down with the temperature step of 100 K to the
temperature of 100 K with 3000 MC steps per atom at the thermalization and accumulation stages.

1% at. Re

5% at. Re 10% at. Re

0.05% at. Vac

'o'll- r_'i' prig
0.1% at. Vac &

0.29 at. Vac
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Results at T=2500K: dissociation of Re-vac clusters
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Ceonf(T ) '
Scont(T) = L — 4T, (23) WRe2Vac0.1
where the configurational contribution to the specific heat Ceonr :_T:T
is related to fluctuations of enthalpy of mixing at a given e
temperature [48,103] through aEiL
| Hysi(TP) — (Huix(D))? o
Conr(ry = Hn(TP) — BP0 B
T2 a1
o1l
where (Hpi(T)) and (Hpi(T)?) are the mean and mean e
square average enthalpies of mixing, respectively, computed e = T o o =
by averaging over all the MC steps at the accumulation stage TR
for a given temperature.
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MC simulations vs. AP
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Re-Vac clusters from atomic-level analysis
3
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AHp(@) = IO + 70 (1 = 3¢4) + JF}T (cc —cp)

pairs
_4Z(VHAB},:B+ VHAC}};?C _|_VRBC},£C)
<111> "

multibody

D (19)

015

0o |

B |

oo -

v {ew)

Ls |

040 -

15

This is the title of the slide and the date it was written

Slide 54



/"' .
{O) EUROfusion Conclusions [ WPMAT ]

=

» For the stage 1, DFT prediction of recovery of SIA & vacancy
recombination is in good agreement with experimental data (U low)

» DFT prediction of He trapping noble-gas impurities is also in excellent
agreement with the TDS measurements. U remains for trapping of He
clusters

DFT allows to evaluate U from lattice swelling and modulus changes

Surface-corrected DFT and inter-atomic potential produce a new insight
for vacancy nano-cluster treatments in Stage V. Systematic KMC
prediction of characteristic temperature of nano-cluster vacancy
dissociation corresponds with the temperature range of SIA dislocation
loop loos. U can be evaluated from hierarchy of multi-scale modelling

» Hybrid DFT/CE/MC method has been generated for alloy with for W-Re-
vacancy systems in order to explain experimental observation of
anomalous Re-cluster precipitation under self-ion irradiation in W alloys.
It opens a way to evaluate U for driven multi-component alloys

YV VYV
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