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Tritium Inventory in ITER

® ITER will investigate a burning deuterium-
tritium plasma
= Problem: Radioactivity of tritium (T)
> T-inventory in ITER is restricted to
700 g due to safety reasons
> Tisa precious resource = should not
be ,stored” in the wall
® ITER will use Be and W
as plasma-facing materials

®* Wis a candidate material for DEMO

= Need to understand T retention

mechanisms in W

Predicted edge plasma conditions:

® Wall: 800 m?, ~10%1 /m?s
surface temperature: ~450 K

® Divertor: <10 m?, ~10%4 /m?s

surface temperature: ~1000 K
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Tritium retention in tungsten W

H solubility in W is extremely low =

¢ lattice def vacancy dislocation
resence of lattice defects
P _ _ o 00000
determines H isotope retention in W O 00O
O000O0
® Intrinsic defects: 00000
Dislocations, impurities, 88 %g 8 §
grain boundaries, voids interstitial
® Jon- and neutron-induced defects: grain boundary void
. 0000000
Vacancies, vacancy clusters, g g g g g %3 o Ooo 000006
: : O
dislocation loops,... 000000, ~0q Sg gg
OOOO%)OOOOO 0O 00
: O
Features of H trapping by each gggg@ODoO o O000000
. 000oed 05 %0 0000000
type of defect are still unclear! 900 ~¥0¢ 0000000

= Dedicated experiments studying H interaction with different types of
defects in W are required
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Intrinsic defect density in W

® As received: 104 — 103 m. Balden et al. INM 452 (2014) 248
® Recrystallized: 2x10° — 10 m. Balden et al. INM 452 (2014) 248

® Single crystal: <5x10°

®* Depending on material grade and pre-treatment
® Scatter from sample to sample even from the same batch

= Experiments at low dpa levels require recrystallized W samples
or single crystals!
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Defect decoration by gentle plasma loading

Deuterium decoration of defects: PlaQ:

» Low-temperature ECR plasma:

- Energy: ,<5eV/D* (floating targets)
- lon flux: 5.6 x10%° D/(m?3s)
(97% as D3+, 2% as D2+, 1% as D+)

» Homogenous plasma: Five samples at once

> “Gentle” loading:

substrate
holder

- No additional defect creation
shutter

Ud,c,.bias

- No blistering

A. Manhard et al., Plasma Sources Sci. Technol. 20 (2011) 015010
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Dislocation-dominated samples W

Idea: Introduce dislocations by tensile deformation at temperatures above the
ductile-to-brittle transition temperature (DBTT)

® Tensile specimens of hot-rolled W with 99.97 wt.% purity
® Recrystallized at 1873 K for 1 hour in vacuum

® Tensile deformations at temperatures of 573 K and 873 K to strains
from 3% to 39%

® Samples (10x10 mm?) were cut from the gage section
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Dislocation-dominated samples: microstructure

undeformed ' : 39% def. @ 873 K

o'd

— . — 5 ’ . =
e X" SR to

dislocation density (p) calculated
using circle-intercept method:
p = 2N/Lt
N - number of intersections of a circle
with dislocations, L - length of a circle,
t - local thickness of the specimen

20 30
Strain (%)

(\IT'\
S
3
o
—
N—r
>
=
®
c
o
=
c
Q2
©
o
L=
Q
(@]

2017-06 IAEA CRP Damaged W M. Mayer et al.



Dislocation-dominated samples: defect density

® Positron annihilation Doppler broadening spectroscopy (DBS) shows almost

linear correlation of W vs. S with the amount of plastic deformation
= the nature of positron-trapping defects does not change with increasing

deformation

= higher deformation levels lead to higher concentration of positron-trapping

defects
0.0090 -

0.0085 A

0.0080 A

High momentum fraction W

0.0075 A

T T T . I X T

T T T T T T 1
- material containing open volume defects
= defect free material

° Undeformed

Intensity

5% def' 1 1 1 1 m
@ 873 K 503 505 507 509E”erz;1v‘kev513 515 517 519
3% def.

® @573K
%o)
oA /;70 38% def.
%o, %, N\ ® @873K
/8'0/
/.
<e 37% def. -
® @573K

0.375 0.380 0.385 0.390
Low momentum fraction S
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Dislocation-dominated samples: D retention

undeformedl © = = ° 5% def. @ 873K . 38% def. @ 873 K

PlaQ: 10 eV/D
2.4x10%> D/m?2
370 K

® Increasing deformation level leads to increase in number density of blister-like
structures
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Dislocation-dominated samples: D retention W

= PlaQ: 10 eV/D 0 5 5 |PlaQ: 10 ev/D —— 3% def. @ 573K )
g 3- 2.4x10% D/m? - = 2.4x10% D/m* —— 5% def. @ 873K
N 370K Ia) 1 370K 1
= ~ 2.0 Undeformed |-
— o
c )
o 21 X I < 1.5 —
E 3% def. @ 573 K 2
= [
qc) \5% def. @ 873K _S 1.0 il
S 1 1 &
8 /undeformed 8 0.5 7
I (]
o = a
O T T T T T T T T T T 0.0 - I T T T T T T T T 1 ! 1
0 1 2 3 4 5 6 7 400 500 600 700 800 900 1000 1100
Depth (um) Temperature (K)

® Increasing deformation level leads to increase in D concentration
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Dislocation-dominated samples: D retention W

—
— |  36%def. @573K 1 —~ s ' ' ' [ ——3%def. @573K
e p36%def. @ PlaQ: 10 eV/D & 2.5 PlaQ: 10eViD 36% def. @ 573 K
T 31 2.4x10% D/m? | c | 2.4x10™ Dim
¥ 370K a 370K —— 5% def. @ 873K
Q ~ 2.0 —— 38%def. @ 873K
N o O
c 2 /38A) def. @873 K \‘_'_, Undeformed
= ] N i x 1.5 ]
E 3% def. @ 573 K 2
= ™~ c
qc) 5% def. @ 873 K o 1.0 7
2 11 1 a
8 /undeformed 8 0.5 - i
- - O
()
O T T T T T T T T T T 0.0 = I T T T T T T T T
0 1 2 3 4 5 6 7 400 500 600 700 800 900 1000 1100
Depth (um) Temperature (K)

® Increasing deformation level leads to increase in D concentration
® TDS spectra have a complicated multi-peak structure

® D depth profiles and TDS spectra seem to be affected by the presence of
blisters
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Dislocation-dominated samples: D retention W

10 T T T T T T T T 0 T T T T T T T T T
= PlaQ: 10 eV/D | @ 0.851 T deh @573k -
= 2.4x10%° D/m? c 1 5% def. @ 873 K 1
© 8 - 450 K . B 0.30+ © _
“’.’C) ™ 0.95 1 Undeformed ]
SN | 8% i
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= = | 2.4x10% DIm? :
-~ 44 . c 0.15- 450 K .
= = - ]
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g 2 ] - @) i
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a O . I\ur]defolrmeq | \5|% delf. @|873||< . | . 0.00 1 . . . . . ' . .
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Dislocation-dominated samples: D retention W

H
-

= PlaQ: 10 eV/D | 03517 2056 sgf.@@sgsKK |
o 2.4x10* D/Im® £ '

© 84 450 K 5 0.301 5% def. @ 873 K ’
0 1 —— 38%def. @ 873K 1
S S 0.25- .
~ 64 i \a) Undeformed

o x 0.204 PlaQ: 10 eV/D -
= = 1 2.4x10* D/m?

g 4 . c 0.154 450 K -
c 2 :

x 2 0.10- -
c 2 ,/38% def. @ 873K _ S ]

S 3% def. @ 573K % 0.05- i
a 0 I\unldefolrmecli | \5% delf. @.873|,< . | . = 0.00 - . . . - : -

0 1 2 3 4 5 6 7 400 500 600 700 800 900 1000 1100
Depth (um) Temperature (K)

®* Plasma exposure at 450 K does not lead to formation of blisters

® TDS spectra have high-temperature peaks, amplitudes increase with increasing
deformation level

= presence of trapping sites with high H binding energies (similar to vacancies and
vacancy clusters)

= Formation during deformation or during plasma exposure (e.g. nucleation of bubbles
on dislocations)?
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Creation of radiation damage W

| . 1 MeV electrons ®
® Simplest radiation defects - Frenkel T=60eV

pairs O

1 MeV protons
T=200¢eV \/\

MeV heavy 1ons

]
T=5keV

l_MeV neutrons
T=35keV

G.S. Was, Fundamentals of Radiation Materials Science, Springer
Berlin Heidelberg, 2007.
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Creation of radiation damage W

| . 1 MeV electrons ®
® Simplest radiation defects - Frenkel T=60eV

pairs O

1 MeV protons
T=200¢eV \/\

® Can be created by irradiation with
electrons and light ions (p)

MeV heavy 1ons

1
T=5keV

I_MeV neutrons
T=35keV

G.S. Was, Fundamentals of Radiation Materials Science, Springer
Berlin Heidelberg, 2007.
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Creation of radiation damage W

| . 1 MeV electrons ®
® Simplest radiation defects - Frenkel T=60eV

pairs O

® Can be created by irradiation with
electrons and light ions (p)

1 MeV protons
\/ Low damage levels T'=200eV \/\

MeV heavy 1ons

1
T=5keV

I_MeV neutrons
T=35keV

G.S. Was, Fundamentals of Radiation Materials Science, Springer
Berlin Heidelberg, 2007.
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Creation of radiation damage W

| . 1 MeV electrons ®
® Simplest radiation defects - Frenkel T=60eV

pairs

® Can be created by irradiation with
electrons and light ions (p)

1 MeV protons
\/ Low damage levels T'=200eV \/\

v/ Low irradiation
temperatures (< 550 K for
W) — avoid vacancy 1 MeV heavy ions
mobility [1,2] I=5kev

I_MeV neutrons
T=35keV

[1] H. Eleveld, A. van Veen, J. Nucl. Mater. 212 (1994) 1421. G.S. Was, Fundamentals of Radiation Materials Science, Springer
[2] A. Debelle, M.F. Barthe, T. Sauvage, J. Nucl. Mater. 376 (2008) 216 Berlin Heidelberg, 2007.
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Creation of radiation damage

® Simplest radiation defects - Frenkel
pairs

® Can be created by irradiation with
electrons and light ions (p)

v Low damage levels

v/ Low irradiation
temperatures (< 550 K for
W) — avoid vacancy
mobility [1,2]

= Avoid formation of secondary
defects (vacancy clusters, pores,..),
which is typical at high damage
levels

[1] H. Eleveld, A. van Veen, J. Nucl. Mater. 212 (1994) 1421.
[2] A. Debelle, M.F. Barthe, T. Sauvage, J. Nucl. Mater. 376 (2008) 216

1 MeV electrons ®
T=60eV

1 MeV protons
T=200¢eV \/\

MeV heavy 1ons

1
T=5keV

I_MeV neutrons
T=35keV

G.S. Was, Fundamentals of Radiation Materials Science, Springer
Berlin Heidelberg, 2007.
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Vacancy-dominated samples W

ldea: Introduce mainly single vacancies T T T T T T T okevpow |
by damaging with protons or electrons £ 10 F=1x10%p/m? 4
<
. . S 0.8 .
® Samples: High-purity W (100) 5 _
single crystals @ O] 1
£ 0.4- .
® Damaged by 200 keV protons and g !
4.5 MeV electrons to low damage 2] c 90ey ]
levels (below 103 dpa,p) at 295 K T

. .. . Depth (nm
® Post-irradiation annealing of samples pth (nm)

in vacuum for 15 min at temperatures 45MeV e > W
1 2x10* e/m? 1

in the range of 550-1800 K
— study the annealing and clustering
behavior of single vacancies

Damage (10° dpa)
N

'_\
1

Damage calculated using the Monte-Carlo ElectronDamage code
L. Messina, Master Thesis; Politecnico di Torino, Kungliga Tekniska Hogskolan, 2010 0 0 ' 160 ' 260 ' 360 ' 460 ' 5(')0 ' 6(I)O ' 760 ' 300
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PALS measurements

T T T T T T T T T T T T T
10° 4 200 keVp > SCW 5
: 1x10% p/m? (10”° dpa, )
10" - E
ﬂ : undamaged
% 3 as irradiated
S 10°4
O
10° 4
10" 4

360 | 3':I'>O | 460 | 41-ISO | 560 | 51%0 | 600 650
Channel (1 ch. =12.45 ps)
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PALS measurements

P

I ' I ' I ' I
200 keV p > SCW
1x10*° p/m? (10° dpa

undamaged

as irradiated

annealed @ 600 K

360 | 3':I'>O | 460 | 41-ISO | 560 | 51%0 | 600 650
Channel (1 ch. =12.45 ps)

@)

i "‘\m M M“'“' il
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PALS measurements W

T T T T T T T T T T T T
10° - 200 keVp > SCW 4
5 1x10% p/m® (10° dpa,,)
: annealed @ 700 K -
10 - E
ﬂ : undamaged
- o
g 103 i as irradiated i
U annealed @ 600 K
10° 5
- VRS
101 __'l ' ‘1 lm:’\i‘ A.‘\h AMH .

3(30 | 3':I'>O | 460 | 41-ISO | 5(30 | 5[—%0 600 650
Channel (1 ch. =12.45 ps)
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PALS measurements W

T T T T T T T T T T T T T
10° - 200 keVp ->SCW 4
: \ 1x10%° p/m? (10° dpa,,) :
. annealed @ 700 K
10* ; annealed @ 800-1200 K E
(dp) undamaged ]
v .
= as irradiated
= 3 irradi
@) 10 E E
O annealed @ 600 K
10° 4 E
: it e i i
1 N\ M T M
101 __'l ' ' ‘1 'lm :M | ‘\ h‘ﬁMJ'ﬂ A

360 | 3':I'>O | 460 | 41-ISO | 560 | 51%0 600 650
Channel (1 ch. =12.45 ps)
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PALS measurements W

T T T T T T T T T T T T T
10° 4 200keV p > SCW 4
: \ 1x10%° p/m? (10° dpa,,) :
1 \ annealed @ 700 K
10* ; \ annealed @ 800-1200 K E
(7)) undamaged /
E ey \ annealed @ 1300 K -
= 3 as irradiate
S 10°4
O annealed @ 600 K
10° 4
- I A [,
ot e

360 | 3':I'>O | 460 | 41-I'>O | 5(30 | 5&%0 600 650
Channel (1 ch. =12.45 ps)
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PALS measurements

T T T T T T T T T T T T T
10° - 200keVp »>SCW 4
: 1x10%° p/m? (10° dpa,,) :
. nealed @ 700 K -
10" - E
ﬂ : undamaged
-
> 3
S 10°4
U annealed @ 600 K
10° 4
] | [ ‘ ]
: A o
1ot dul kit

360 | 3':I'>O | 460 | 41-I'>O | 5(30 | 5&ISO | 600 650
Channel (1 ch. =12.45 ps)

2017-06 IAEA CRP Damaged W M. Mayer et al.

25



PALS measurements W

— T T T T T ‘' T T~ T T T T T T T
10° - ‘ 200keVp >SCW 4
: \ 1x10%° p/m? (10° dpa,,) :
1o4é
ﬂ i undamag
-
> 3
3 10°%-
U annealed @ 600 K
10° 4
: L on e
101 _m - : : i 4 r.."‘l” .:’J" | l\“(, ‘ :'l .\Jl

360 3':I'>O 460 41-I'>O 5(30 | 5&ISO 600 650
Channel (1 ch. =12.45 ps)
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Vacancy-dominated samples: Annealing of vacancies W

L B L A B L L A EL LA B N 0055 T 1 LA L AL B L N
Mean positron implantation depth 1.3 ® Undamaged @  1100K
i ® Asdamaged X  1200K
® 025
0551 . o 036um ’ 005 B 550K Mo 130K
e ® o ) 1105 ® 600K A 1400K
° o0 o e ' r Bulk 700 K v 1500K
o * 800K <4 1600K
@ T o @ = 7 = 900K >  1700K |
S I 412 & 8 I 1 1000K 1800 K ]
g | o 3 g
s 1 1 = £ 04l .
£ osp © E g ¥
= I 8 4115 = I ]
2 | % :
3 L ] 2 g
= I 5 g - & .
: | 411 § &
- 1 e ) = \V usters |
, ® ] Single vacancies acancy clusters
| @ 0.03| .
045} o 110 ! ]
: ® | 0.025
] e ]
[ 8],
O. 425 PR TR SR S (NN SRR SN TR SR NN ST SN TR SR SN ST ST SR T ST S T S S N YT S T TN NN SN SN SN T (NN SN S SN T (NN TN SN S T [ SR ST S S N
500 750 1000 1250 1500 1750 0.425 0.45 0.475 0.5 0.525 0.55
Annealing temperature (K) Low momentum fraction S

e Post-irradiation annealing at T > 600 K leads to sharp increase of S-parameter
— vacancies become mobile and start to agglomerate in clusters

e Same S-parameter after annealing between
800 K <T <1200 K = stable configuration of vacancy clusters

e Reduction of S-parameter after annealing at
T > 1300 K = partial annealing of vacancy clusters

e Complete recovery of the defects after annealing at 1800 K
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H interaction with vacancies and vacancy clusters in W W

® Use of W single crystals ~ 4.0

. . . y“— . I I I —— as implanted 1.2
(extremely low amount of intrinsic = 351 7 —annesled @ 1000K | |
< ] 200 keVp > SCW ’ <
defeCtS) S 3-0'_ ¢ 1x10% p/m? '0 8 i
* No D is detectable in non- S 277 Plag:5eviD |,
damaged single crystals i i 463 K e
" . S 104 8
= Minimal defect creation by 2 10 .
q - SRIM {902 B
plasma exposure S 051 ks
o 1 1 1 1 1 0.0 T T T T y T 0.0
Depth distributions of damage is in 0.0 05 10 L5
agreement with SRIM Depth (um)

® A good system for studying H
interaction with vacancies/vacancy
clusters
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MeV electron-irradiated samples: D retention W

10 T T T T T T T T T T T T T T T T T T T T T T T T
’: PlaQ: 10 eV/D 4.5 MeV e —» W (100) 0 4 | — e-damaged 3.3x10° dpa i
e 1 3.2x10%° D/m? ] NE —— e-damaged 6.6x10° dpa
= = ||=—0ed d 1x10* d
LOCG 81 450 K /1><10'4 dpa ] o) Enda;naggeedl ' >
o I ‘30 34 4.5MeV e — W (100) .
:L 6 | | —
c \></ PlaQ: 10 eV/D
= : =Py 3.2x10% D/Im? i
g 4 __| /6.6x10'5 dpa i - 450 K
o N 'g
<10 o
g 5 ] 3.3x10” dpa i ,6 1 _
o 7))
o O
= 0 ° 0
0 1 2 3 4 5 6 V4 400 500 600 700 800 900 1000 1100
Depth (um) Temperature (K)

® D concentration in undamaged sample ~5x10-° at.fr.

® Increase of D bulk concentration with dpa level

® The peak position on TDS spectra is located at unexpectedly high
temperatures (900 K) and broadens with increasing fluence
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MeV electron-irradiated samples: D retention W

Py 10 T T T T T T T T T T ! 6 T T T T T T T T T
o | PlaQ: 10 eV/D 45MevVe 5> W (100)_ o |
= 3.2x10% D/m’ 5.
mCG 81 450 K )/1><10'4 dpa } a |
o 1 S
) | S 4
- 6 - - :: ]
Q 5 34
§ 4 __| ,/66x10°dpa i D
qc:) | g 2
O ™\ 3.3410° dpa ol
c  2- . o 4.
o 0]
&) ] Q
D 4
D O O_I i I i I i T T T T T T T T T T I‘
0 1 2 3 4 5 6 7 300 400 500 600 700 800 900 10001100
Depth (um) Temperature (K)

® D concentration in undamaged sample ~5x10-° at.fr.
® Increase of D bulk concentration with dpa level

® The peak position on TDS spectra is located at unexpectedly high
temperatures (900 K) and broadens with increasing fluence

® Strong influence of heavy water (HDO, D,0O) due to low amounts of trapped D
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Damaging by different ion species W

Neutrons:

—_

narrow recoil energy spectra

lons: —  Different weighted PKA spectra
. 1.0 T | |
broad recoil energy spectra
_ Copper
0.8 | .
0.6 | .
gf Kr
0.4 | -
.. N
® Heavier ions are closer to neutrons neutrons
0.2 F N
® than lightions
[} 1 1 1
o' 107 100 10t 10 10° 107

T (eV)

Weighted recoil spectra W(T) vers recoil energy T for 1 MeV particles in copper from Gary S.Was: ,Fundamentals
of Radiation Materials Science*
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Damaging by different ion species (2) W

« 3 MV IPP tandem beam line “TOF”
*  Quadrupole triplet for beam focusing
 X- and y- deflection plates for beam scanning/spreading
«  Faraday corner cups for flux measurement
« Tungsten was damaged with different ion species
(D, He, Si, Fe, Cu, W) at energies
between 0.3 and 20 MeV to 0.04 dpay, and 0.5 dpayp
in the damage peak maximum
« Energies were chosen to get similar damage
range < 2um

samples

Cu sample holder

Mo masks
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Damaging by different ion species: D depth profiles W

—s— \W 0.04dpa

1.2- Cu 0.04dpa
| —s—Fe 0.04dpa
Small dpa level (0.04 dpa) o - —=— Si 0.04dpa

—s=— He 0.04dpa

] 4 —=—D 0.04dpa
i ‘ _-= - D profile before loading |

2} T

0.0 IF--'---I--;‘ T T T " T v \! ''''''
00 05 10 15 20 25 30 35 40
Depth (um)

High dpa level (0.5 dpa) 2.4 —=— W 0.5dpa

0] Cu 0.5dpa

00 —=—Fe 0.5dpa
* lIdentical for all heavy ions el ot —=—Si 0.5dpa

] —s— He 0.5dpa
1.6 49—

. ———=a
1.4
1.2 '
1.0+
0.8+
0.6+
0.4+

4 S
0.2 T
0.0- — .I . ‘

00 05 10 15 20 25 30 35 40
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® Comparable D concentrations
for all heavy ions

e
o

e
B
1

Concentration (at.%)
o
[@)]

® Somewhat smaller D concentrations
for light ions

o
N

I

® Somewhat different behaviour for He

Concentration (at.%)




Damaging by different ion species: TDS

Small dpa level (0.04 dpa)

® Comparable TDS spectra for all heavy
lons

¢ Systematic mass dependence for lighter
lons

High dpalevel (0.5 dpa)
® Identical for all heavy ions

® Different behaviour for He
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Damage rate dependence

average damaging dose rate (dpa, .*/sec)

10° 10" 10° 102
0.23 dpalevel B I B B A A
= 1a
° © 204 J
No damage rate dependence > o A A
©
8 15- -
o A A 205K
g e O 800K | |
©
'c -
® o5d e G S _
g
a
0.0 T lllllll T T lllllll T T lllllll T T lllllll
— 2.5 T T T T T T T T
2 b
8 20- 4
~ Y Ao
§ a
a 154 ) —
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PlaQ 290K, floating T2h; 300K A1534A (40sec), A1535A (43min), A1533A (16.5h) B00K: A3117A (50sec), A3118A (45min), A3116A (17h)



Conclusions W

Lack of reliable data on H interaction with different types of defects in W
= Samples with defined specific defects for fundamental understanding

® Dislocations by mechanical work at elevated temperatures
- Dislocations have only small influence on D retention at 450 K
- Mechanical damage faciliates formation of blisters

® Single vacancies by MeV electron beam or 200 keV proton irradiation
- Vacancy clusters > 600 K; Complete defect annealing > 1700 K
- Heavy water at low dpa levels

Samples damaged by different MeV ions
¢ Comparable results for all heavy ions (especially at high dpa)
® No damage rate dependence
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