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1. The basic ingredients

|:> * Density Functional Theory
« Statistic Thermodynamics (Gibbs free energy)

2 . Thermodynamic models for vacancies
3 . Supersaturation and vacancy stabilization

4 . Discussion
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1. The Basic Ingredient

Density Functional Theory = — electronic energy

— Calculating the electronic energy of a system of electrons and nuclei

» Should be done using Quantum Mechanics

 Achieved through solving the Schrodinger equation

 Solutions not known, approximation, Hartree-Fock

» Limitation: the wave-function depends on too many variables
Y(ry, 1y, ..., 1y) for a system of N electrons

:> An alternative: the Density Functional Theory

 The electronic density p(r) only depends on three space variables

* The idea is to compute E[p]
» The question is how ?
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1. The Basic Ingredient

Density Functional Theory — total energy

|:> Eelec [P] = Ekin [,0] + Eelectron—nuclei[p] + Eﬁl%%é%()rlb—electron [p] [+ Eé(lgctron—electron [,0]

Classical terms

Quantum terms : Erinlp]l — Known for non-interacting electrons
xc L
Egioctron—electron [p] — approximation

eXchange-Correlation functional

Total energy: EDFT = pelec [P] + Epuclei-nuclei

Ground state energy

Does not include the Temperature
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1. The Basic Ingredient

Density Functional Theory — vibrational frequencies

At T = OK, only v=0 is populated.

C distance ( ) Then, energy levels v populated with increasing temperature.

frequency v / Bulk system of N atoms

\
\ /

\
v=0 I:> Vibrational energy depending on the temperature

v=3 3N - 3 frequencies v; (phonons)
2

Energy

Energy levels are populated with increasing temperature

—

ZPE

Distance

The energy of the system is made temperature dependent

E,,(T) = EPFT(0K) + E_vib(T)
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* Density Functional Theory
[ . Statistic Thermodynamics

2 . Thermodynamic models for vacancies creation
3 . Supersaturation and vacancy stabilization

4 . Discussion
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1. The Basic Ingredient

Statistic Thermodynamics — State function Energy
Large number of particles ~ 10%3
frequency v
Etot(T) = EDFT(OK) + Evib (T) + Ew + Etrans (T) + Erot(T) + .. 5 \ v=3
ﬁ v=2
Bulk materials Gas Phase V=1
v=_0
Two levels
Distance
[ ) L E2
b Nyib 1 1
Emean(T) = p1(T) E1 + p2(T) E, E (T; Vj) = Z th 5 + th
p1(T) Boltzmann statistic J=1 exp (1@7) —1
00000 E,
Emean(D) = ) by(D)-E) Evor(T) = ERET (0K) + Eyip (T)
J
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1. The Basic Ingredient

Statistic Thermodynamics — Toward equilibria

Criterion for stability ?

p1(T) > p,(T) p1(T) ? po(T)
1 (2) (N)
p2(T) ° o E, E, P20 _ P2 P20 p(T) = ¥, p9(T)
p,(T) 20806 E E, ®®eee p(T)

Because of the degeneracy, E, might be most populated depending on T

Is E the criterion for stability ?
Entropy S(T) = —kg Z p;j(T) Inp;(T)
J
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1. The Basic Ingredient

Statistic Thermodynamics — State function Entropy
/ Configurational entropy
frequency v
5 |\ v=3 Creating vacancies
E v=2
v N lattice sites
v=0
N_; atoms at lattice sites
ny vacancies at lattice sites
Distance N = Nat ny
N !
Number of configuration Q= (Nag+7y)!
S(T) = —ks ) p;(N) Inp;(T) Ng¢! ny!
J
Vibrational entropy Entropy (Boltzmann definition)
y N Nyib hV] 1 B B _hl
S b(T,V]) _kszl kBTeXp<£L’{1)_1 ln(l eXp< kBT>>] S(T) — kB In O
B
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1. The Basic Ingredient

Statistic Thermodynamics — Equilibrium conditions
Helmoltz Free Energy Gibbs Free Energy G minimization against n;
F(T) = E(T) = T . S(T) G(T) = H(T) — T.S(T) Potential
_ G
Bulk: F(T) ~ G(T) Combines criterion on energy and entropy
S
O

Conditions for equilibrium - system of N components

Gibbs free energy per particle for each j sub-system
DFT vib vib Equilibrium
gi=¢—1I.s; ej(T) = ¢ " +¢;77°(T) sj(T) = s (T) |

N
G(T,p,ny,ny, ...,ny) = Zjnj-gj(T) — T .5 (T) -
Minimization
. _ Provides n;?,n3?, ..., ny!
u; chemical potential
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1. The basic ingredients

2 . Thermodynamic models for vacancies

> «The model

* Results of the model
» Chemical potential and flux

3 . Supersaturation and vacancy stabilization

4 . Discussion
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2. Thermodynamics model for Vacancies

Defects

Electronic structure DFT calculations

Molecule H, Interstitial H; Vacancy V VH; withj=0-12
e BT e BT eprr eDh

X Vibrational frequencies DFT calculations 3
sz Z Vk Z Vk
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2. Thermodynamics model for Vacancies

Defects

gj =€ — T. S G(T’ P, My, My My, Ny gy ""nVH12) = Zj nj'gj(T) —T _Sconf(T)

0 P

H, Gas ideal gas Gu, = G, + kpTIng
gn, = (eRT +efl +e[2t + el + PV) — T(sp? + sp2t + s,t79")
High pressure : Tkacz and Litwiniuk, J. Alloys Compounds 330-332 (2002) 89-92

The minimizing against  ny_,ng, ny, nyy, ..., Nyy,,
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2. Thermodynamics model for Vacancies

Composition of the system at equilibrium

Reservoir u ) 12 12
H; H G =5 NH_nint_Zjnj UH, + Nint Gint + Zjnj gj | = T Scons
2 ]:O ]:O
VH;
Minimization
gu, — M . . The chemical potential defines
xy; (T) = y exp [— T] H at interstitial - The fraction of H interstitial
 The fraction of VH; vacancies
. gvh; —J M _ _
XVH, (T) =~ wjexp |— kT H in VH; vacancies Reversely H, defines

» The the chemical potential

1 * The fraction of VHJ- vacancies

1 . P
un= EQHZ = E(gHz + kgT In ﬁ) Chemical potential H, ideal gas

High pressure : Tkacz and Litwiniuk, J. Alloys Compounds 330-332 (2002) 89-92
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1. The basic ingredients

2 . Thermodynamic models for vacancies

 The model

:> * Results of the model

» Chemical potential and flux

3 . Supersaturation and vacancy stabilization

4 . Discussion
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2. Thermodynamics model for Vacancies

Formation of vacancies induced by interstitial H atoms

N. Fernandez, Y. Ferro, D. Kato, Acat Mater 94 (2015) 307-318

10”7 s
~ 10°f R 10 H; H
SIS 2
Z 10" - VH;
= —X J
g 10-15 - '\"lll
g 2 “vH2
E_ 10_19 T Xvm
g 10 _x\'lN
§ 10-21 _x\lli gH J— ”
107  vue xy, (T) = yexp [— ‘—]
107 L . . . kpT _
300 600 900 1200 1500 9vh; —J H
Temperature (K) xVHj (T) ~ Wjexp | — koT
B
Fig. 8. Fractions x; of vacancy type VH; in tungsten at thermodynamic
equilibrium for a total fraction of hydrogen x; = 10".
Interstitial H atoms impose a high chemical potential High temperature entropy favors interstitials

This induces a high fraction of VHj vacancies -> Vacancies are depopulated
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2. Thermodynamics model for Vacancies

Driving forces for the formation of Super Abundant Vacancies

SAV in Pd under High pressure

Sites Energies (eV) )
Y. Fukai and N. Okuma, PRL 73 (1994) 1640
eint 0.93
eo 8s
el 2.99 | i
e 2.73 :
|
e;3 2:57 S 6 I
es 2.54 e :
es 2.57 2 VH; more stable than V,, ! H;
qc) 5 4 | HZ
es 2.83 S :
£ .
es 3.48 s, : VH;
e 4.08 SERA
- et R
el 5.60 '
el 6.58 0 2 4 6 8 10 12
Number of H atom trapped
en 7.20
E. A Hodille et al. PRMat 2 (2018) 093802 Formation energy of VH; is lower than empty V up to j=6
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2. Thermodynamics model for Vacancies

Pioneering works on Mg and Al - Ismer et al. PRB 80 (2009) 184110

Aluminium Magnesium

A ' Reservoir u
H,

“Hiot, CH

¢ Htot’ s

VH

o

- PR T | | - 1 | T NI NSV NI | o
1002701 0 01 02 03 04 05 06 07 08 1092
b, V)

-}

| 1

PR PR [PV RO NPU P R |
01 0 01 02 03 04 05 0.6 0.7 08

Dotted lines xg,

CHiot, “H

. . 12 ..
Bold lines xy, , = Xy, +X7Z¢ ] } XV H;

PR T [ T L P O s £ ) I ETSTE AT i A AT ETET e B PRRd | aaa s lag Loy
10707772000 4000 6000 8000 10000 12000 10767772000 4000 6000 8000 10000 12000
(a) p (MPa) (b) p (MPa)

Ismer et al. PRB 80 (2009) 184110

Chemical potential from Sugimoto & Fukai, Acta. Metal. Mater 40 (1992) 2327
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2. Thermodynamics model for Vacancies

VHj formation in W

Lu Sun et al. J. Phys: Condensed Matter 26 (2014) 395402
T T T T T 2 IO“ H|

10"

E Formation and rapid growth of H-V complex ; H 2
= 1 :
= 4 :
= s F K p o L — i .5
w10 % ; A {10 VH,;
- N . | concentrati? Y
= P o ore . ommems ; :
g Rt | | ;
g ]O-lu ; ! | : lo-m .
: !r'/" | No H-V complex formation : ReserVO"" ”
g !' E -15
2 10" / 10
?& r : 2
= E (a) (b) ] Dotted lines xg,
0 F i i L =20
I()'»“ - 1 1 1 1 1 1 L | 1 1 10° . _ 12 .
0 2 4 6 8 10 12/300 400 500 600 700 800 900 Bold lines xy,,, = Xp;+2j20) i Xy,
Pressure (GPa) Temperature (K)

Chemical potential from Sugimoto et Fukai, Acta. Metal. Mater 40 (1992) 2327

H Supersaturation & V Stabilization, 11-12 April 2022 19



1. The basic ingredients

2 . Thermodynamic models for vacancies

 The model
* Results of the model

I:> « Chemical potential and flux

3 . Supersaturation and vacancy stabilization

4 . Discussion
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2. Thermodynamics model for Vacancies

Chemical potential fixed by the flux in the sub-surface

E. AHodille, N. Fernandez, Z. A. Piazza, M. Ajmalghan, Y. Ferro et al. PRMat 2 (2018) 093802

XHi
xlr}liax (t) ______

1—71)-¢;

( ) - ion xll‘};‘lx
<¢su1‘/(t) I ¢bulk(t) >
Surface ‘
R, Ratty 9P
Implantation depth Migration depth

Steady state Flux balance

Experimental conditions

— R . (1—2).Pin 1
w = Ry A1) oD

!

TRIM - depends on Ei,,, DFT

t—
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2. Thermodynamics model for Vacancies

Chemical potential fixed by the flux in the sub-surface

E. AHodille, N. Fernandez, Z. A. Piazza, M. Ajmalghan, Y. Ferro et al. PRMat 2 (2018) 093802

Atomic fraction of VHj vacancies in the 10 nm the sub-surface The flux fixes Hi,; ...
H,.: fixes the chemical potential...
- ... and the fraction of VH; vacancies
= Pion 1
e XH; = Rp (1 T) ow  D(T)
£
: ) u
2 xy. (T) = -
: n (1) =y exp| = = —
< e gve; —J K
XVH: ~ w;exp|—
VH; wWj €Xp kgT

300 400 500 600 700 800

Temperature (K) . . . )
Vacancy depopulation with increasing temperature

Incident flux ¢, = 101°m=2s~1

Incident ion energy E;,. = 500 eV/ion.
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2. Thermodynamics model for Vacancies

Chemical potential fixed by the flux in the sub-surface

FIUX 0.001 | i
¢ion 1 T -
xg. =R, - 1-—-7) — - —— 5 E 02 O T R RE
H; P ( ) pw D(T) - 10° L )
&
: -
e
> 107 |
ﬁ .
0t @ = i Dotted lines x;,
H/D Sl — H; E 9 1020 :
o o= ! S 107 F Bold lines
.— ‘— n 1019 — +212 .
o— VHj = - XHor = XH;Yj=0) - XVH;
u S 1oL 108 i
=
| finc = 107m~257
10'13 ] ]

300 400 500 600 700 800
Response of the sub-surface

Temperature (K)
dH; — H

kpT _ Incident fluxes ranging from ¢, = 101’m™%s7! to ¢, = 102*m2s71
9vh; —J R Incident energy of E;.. = 500 eV/ion.
kgT The fraction of hydrogen interstitial sites is plotted in dotted lines

xp, (T) ~ y exp |-

xvh; (T) = w;j exp [—
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3 —Super-Abundant Vacancies

Gao et al., Nucl. Fus. 57 (2017) 016026

xVHj (T)

W sample

Perfect W

Defective W

No Impact of E,
Nishijima et al. NF 61 (2021) 116028

Concours Poste 986-987 Pr 46-3

Phase Diagram Temp. / Flux

Incident flux [m'2 s'l]

Perfect W |

H trapping at
"rterstitial sites i

—E _inc=70eV -
—E_inc =500 eV

250

> 6O

3(I)0 3%0 4(I)0 4&0 S(I)O 5%0 600
Temperature (K)

No SSL — S. Kapser et al., NF (2018)

SSL— A. Manhard et al., NME (2018)

SSL—-S. Kapser et al., NF (2018)

SSL - Gao et al., NF (2017)

SSL - Alimov et al., JNM (2005) 224



1. The basic ingredients

2 . Thermodynamic models for vacancies

3 . Supersaturation and vacancy stabilization

> « Super Saturated Layers
 VVacancy Stabilization

4 . Discussion
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3. Super-Saturation and Vacancy Stabilization

Super-Saturated Layers

SSL forms within 10 nm Mechanisms for vacancy stabilization ?
215 eV/D+ or 415 eV/H+
5eV/W at., well below 9eV/W at. (displ. Thr.) E. AHodille et al. PRMat 2 (2018) 093802
T a3 1 & & 5 L T3 T 7T 5 a7 7 1.0)(1022 3
L 40,1
R Y:yyieldofHssL | 1% | 7 :
Sigmoid fit of Y i 2 & I
250 | —e— D contentin DSSL | 012 = S a <6 :
/ : 1 -3 P 2 I
200 P 1 = 2 E S
o {000 § %% 3 2 .| VH,; more stable than v,
= - © c ] 1
©u 150 1 = 2 =
= do0s 3 {4000 8 E :
100 8 g = '
: o 5 = Vo VHGI
i aas, - | 21 O Y | o — 00— 0——ne—or—ac—n—c
% 4003 T 20x10" g .. :
I ] - - I
1
I 1’2 T 15 18 SO 0 é : ° ° 10 2
Number of H atom trapped
Depth in W (nm)
L. Gao et al. NF 57 (2017) 016026 Hydrogen stabilizes vacancies

L. Gao et al. Acta. Matter 201 (2020) 55-62
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3. Super-Saturation and Vacancy Stabilization

Super-Saturated Layers

SSL forms within 10 nm

Mechanisms for vacancy stabilization ?

Y (cts/uC)

215 eV/D+ or 415 eV/H+

5eV/W at., well below 9eV/W at. (displ. Thr.)

T T T T T T T T T T T T T T T

300

Sigmoid fit of Y

200 @

Y: y yield of HSSL

250 —o— D content in DSSL

T T T

150

100

Y

50

olb— v v, @

0 3 6 9 12 15
Depth in W (nm)

L. Gao et al. NF 57 (2017) 016026

18

Y

L. Gao et al. Acta. Matter 201 (2020) 55-62

0,15

0,12

0,09

0,06

0,03

0,00

E: (VHg+SIA) =121 eV
0.6 eV smaller than E; (VH;) + E; (SIA)

1,0x10%

< 8,0x10”

)

Kato et al. NF 55 (2015) 083019

6,0x10°'

4,0x10%"

H / D concentration (at. fr

2,0x10”'

H / D concentration (atoms / cm'a)

Crowdion-SIA (and others) stabilizes vacancies
Prevent them from recombining

Hydrogen stabilizes vacancies
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3. Super-Saturation and Vacancy Stabilization

Super-Saturated Layers

SSL forms within 10 nm

Mechanisms for vacancy stabilization ?

Y (cts/uC)

215 eV/D+ or 415 eV/H+

5eV/W at., well below 9eV/W at. (displ. Thr.)

T T T T T T T T T T T T T T T

T T T

300 |- Y: yyield of HSSL
Sigmoid fit of Y

250 |- —e— D content in DSSL

200 U

150 o

100

50 )
N T

0 3 6 9 12
Depth in W (nm)

L. Gao et al. NF 57 (2017) 016026

15

18

L. Gao et al. Acta. Matter 201 (2020) 55-62

0,15

0,12

0,09

0,06

0,03

0,00

—— DFT
——Eq. (3)
—— Spherical

llllllll

S
9
>
>
2 1,0x102 e
[}] L
o |
£
— s Of
- 8.0x10" ¢ = s
E b o \
- 7] 2F
L] - - |
c -6.0x10° S S
3 = o)
;=
£ ) < |
8 q440x10" £ of
& @
=) o
-~ 2 o
T 120x10” 5
I
Joo

10 20 30 40 50 60 70 80 90 100
Nanovoid size n

J. Hou et al.
Acta Matter 211 (2021) 116860

Binding energy of vacancies increases when vacancies grow

Crowdion-SIA (and others) stabilizes vacancies

Hydrogen stabilizes vacancies
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3. Super-Saturation and Vacancy Stabilization

Super-Saturated Layers

SSL forms within 10 nm Mechanisms for vacancy stabilization ?
215 eV/D+ or 415 eV/H+ 1
5eV/W at., well below 9eV/W at. (displ. Thr.) .
LS Y R A N SR R O R S S PR T . 015 n 1.0)(1022 2
S Y:yyieldof HSSL | | % VH, V, P
Sigmoid fit of Y daox10? -
250 |- —e— D contentinDSSL | 4012 =~ |~ a e
D : 1 = P Formation energy for creating V,
200 ] oop £ 7 60x10% 5
Q _1 2 = —— Formation energy for creating VH,
@ 150 —l £ S
;L-)’ -4 0,06 § -1 4|0)(10T| %
100 8 8 >
1 o § . .
. = 1003 = -20x10” o 0 1 2 3 Distant sites
I ] T
oL v v v v e 000 J00 . . . .
0 3 6 9 2 15 18 More energy is required to dissociate the

Depthin W (nm) Frenkel pair in the absence of Hydrogen

L. Gao et al. NF 57 (2017) 016026

Dynamic of the pr ?
L. Gao et al. Acta. Matter 201 (2020) 55-62 ynamic of the process
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1. The basic ingredients

2 . Thermodynamic models for vacancies

3 . Supersaturation and vacancy stabilization

« Super Saturated Layers

> -+ Vacancy Stabilization

4 . Discussion
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3. Super-Saturation and Vacancy Stabilization

SAV formation in damaged W — Defect Stabilization

M. Markelj et al., 59 (2019) 086050

25 e b b L e 4 0 4
1 Sequential W-D o
1 S e 300 K
| 2=t o e 450 K
2.0 . "' ~‘ é —600 K
- 1T o N og 800 K 10.3
o~ e 4 \ T
- 1 Pt ' = e 1000 K
m -
= 154 /l ‘ l v 2 . undamaged
R 1H7 '
© = . 40.2
E 'r‘.n .I
S 1.04 .
S j ﬁ "
(&) | ‘l
a i X H0.1
0.54 .
1 )
- | \ o
= . |
0.0 IL T T T 1 T T T T 1 T " T T T ¥ T T T v T T 00
0.0 0.5 1.0 15 2.0 2.5
Depth [um]

4h W irradiation followed by 39 h D ions

implantation

Damage dose [dpa, ]

=

D concentration [at.%]

Depth [um]
25 PRRT ST ST S NN TR AN TR SN SN SN S SHN SHN S SU S S S R S S S 04
1\ Simult. W/D-D
SR - — 450 K
] < — 600 K
2.0 - 2 800 K
1 > e 1000 K 0.3
= %
4 <o, ©
1.54] = &
| {02 2
4 ©
1.0 1 o
) ()
5
] 4010
0.5-
00 - 'L T T T T T T T T T T -‘\-;- T T T T T T *-l] 00
0.0 0.5 1.0 15 2.0 25

: L .Depthdu.m] :
4h simult. W irradiation + D implantation
followed by 35 h D ions implantation
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3. Super-Saturation and Vacancy Stabilization

SAV formation in damaged W — Defect Stabilization

M. Markelj et al., 59 (2019) 086050 No help from the Thermo. Model
25 e e b e 104
| Sequential W-D o
_ -3 —d - « SSL are formed in the near surface
2.0 - Ao £ e 500 K 5
Bl — , [N © — r— . . . . . .
= . b s sk = « Vacancies annihilate with increasing T
- i ,' “ ° o . .
< 151) ‘ l v 2 undamaged = - higher mobility of the atom
o 11,/ . )
© 1 d | {02 8
€ by Y m " " . .
g 10l \ S » Decoration reveals the V remaining after damagin
c v £
38 ] ‘ I “, 8
& | S 4 0.1
0.5 4 \
1d ; |
0.0 1 R () ()
0.0 0.5 1.0 1.5 2.0 2.5
Depth [um]
4h W irradiation followed by 39 h D ions
implantation
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3. Super-Saturation and Vacancy Stabilization

SAV formation in damaged W — Defect Stabilization

M. Markelj et al., 59 (2019) 086050

25 e b b L e 4 0 4
1 Sequential W-D o
1 S e 300 K
| 2=t o e 450 K
2.0 . "' ~‘ é —600 K
- 1T o N og 800 K 10.3
o~ e 4 \ T
- 1 Pt ' = e 1000 K
m -
= 154 /l ‘ l v 2 . undamaged
R 1H7 '
© = . 40.2
E 'r‘.n .I
S 1.04 .
S j ﬁ "
(&) | ‘l
a i X H0.1
0.54 .
1 )
- | \ o
= . |
0.0 IL T T T 1 T T T T 1 T " T T T ¥ T T T v T T 00
0.0 0.5 1.0 15 2.0 2.5
Depth [um]

4h W irradiation followed by 39 h D ions

implantation

Damage dose [dpa, ]

=

D concentration [at.%]

Depth [um]
25 PRRT ST ST S NN TR AN TR SN SN SN S SHN SHN S SU S S S R S S S 04
1\ Simult. W/D-D
SR - — 450 K
] < — 600 K
2.0 - 2 800 K
1 > e 1000 K 0.3
= %
4 <o, ©
1.54] = &
| {02 2
4 ©
1.0 1 o
) ()
5
] 4010
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00 - 'L T T T T T T T T T T -‘\-;- T T T T T T *-l] 00
0.0 0.5 1.0 15 2.0 25

: L .Depthdu.m] :
4h simult. W irradiation + D implantation
followed by 35 h D ions implantation

H Supersaturation & V Stabilization, 11-12 April 2022 36



3. Super-Saturation and Vacancy Stabilization

SAV formation in damaged W — Defect Stabilization

M. Markelj et al., 59 (2019) 086050

> Depth [um]
a 25 PR S ST S Y ST ST SN SHN N SN S SN SH SN SN S S S S S S " 04
:g b) 1| Simult. W/D-D 0 450 K
® ] R 600 K
o 2.0 2 800 K
= = ] = e 1000K 0.3
3 % S ¢
© 1 © ©
2 = 1.54 = S
o S o
" © 402 @
VH, Interstitial H = 1 (-
. g 4.0 2
3 ' =
Temperature @) ] 3 1018
0541 If :
: : 11¢ "
Toward VHg eq. during D imp. + W damage ] \
Fluence not enough for reaching eq. 0.0 e s 0.0
- The near surface is more populated 0.0 0.5 1.0 1.5 2.0 2.5
- . . .Depth [um] :
After W damage, created V not filled are reveal 4h simult. W irradiatioe 5 implantation

followed by 35 h D ions implantation
With temperature, mechanism for V stab less and less efficient 37



3. Super-Saturation and Vacancy Stabilization

SAV formation in damaged W — Defect Stabilization

M. Simmonds et al., 59 (2019) 086050

HH ' T 3 W-D-AD-D ——————03
4l * WD : p—
—A—W-A-D =[=1-20 MeV W
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(a) Anneal temperature [K] (b) Anneal temperature [K] (a) Depth [pm] (b) Depth [pm]
Complies with the Thermo model To be discussed ...
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4. Discussion

« Mechanisms for SSL formation and V stab are probably the same
 Hin V would stabilize a V and prevent it to recombines with SIA

« Thermal V are created at the surface. W atoms bring enough energy to create additional
vacancies that would be stabilized with H. No need for collision cascade and Frankel pairs.

« The stress around VHj should be at shorter distance than around V. In addition, VHj is much
less mobile the V. The cross section for VHj+SIA recombination is smaller than V + SIA.

« SSL are formed in other metals like Mo, Fe, steel, not Cu that display higher Ef for V creation

« Hy SSL are formed at T=800K. Is it because of the flux that bring p so high ?
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Thanks for your attention ...

o ... and sorry for being that long.

(\) EUROfusion (Aix Marseille
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