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@ Tungsten as Plasma-Facing Material
* Low T-retention * Low dust formation
* High melting point e Low Z
eff
* Low erosion * High heat flux handling

Neutron Irradiation & T-retention

What will be the T-retention in reactor environment?



@ TER-India Neutron flux & PKA spectrum
for “ITER-like” reactor
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@ Even if only one D/T-atom was trapped at each defect ... ‘;@L

Machine Power I" FPY? O} PKAS FP% T atom -
(MW) (cm 1) (lifetime) (cm- 2) (cm™) (cm™)  trapped®*

ITER- 500 1.7x108 0.4 2x10%° 8x10¥ 8x10%Y 4x10%

like** (200 gm )

DEMO* 2000 7x 10" 14 3x10%% 1.2x10% 1.2x10** 0.6x10%

(30 kg!!h)

" DEMO based on ITER-like Assuming 20 years — 1.5kg/year

“* Surface area ~1000 m?

*1FPY =3x10"s Regulatory limit may force a de-tritiation/change

SPKA/Mn=0.4 . . L

$s FP/PKA — 1 From the pOlnt of view of trapplng 1t 1S

crucial to understand the nature of defect and
%4100 m* n-wetted area (OVT+dome+IVT) i relation to PKA
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Number of defects & defect cluster size increases
with PKA energy

Comparison with SRIM E, = 90 eV.

Recombination is significant

400

s
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1001

At lower PKA energies, (E, , <30 keV)
smaller defect clusters are formed

Number of FP
(g
=
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*—a MD
&—& SRIM

20 ps after irradiation

20

1 I 1
40 60 80
PKA energy (keV)

120

Interstitials in red, Vacancies in green

Atoms participating in the cascade ~1/2
ps have been superposed
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éi As PKA energy increases larger interstitial &
vacancy clusters are formed
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cascades limit the cluster size

2 separate 375 keV

@‘YA trajectory
1022 FP 1

Spatially & temporally interacting cascades 100 ps after bombardment

PKA trajectory

Vacancies leave the imprint of the cascade at room temperature
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So far:
Correlation between PKA and defect needs to be studied for estimating T-trapping

Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature — leave the imprint of cascade

Ion-Irradiation Experiments
Effect of PKA spectrum
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. . . . \4
Parameters of irradiation experiments R

Ions (m) Mean Fluence dpa Facility
Energy Range (cm?) E =90eV
(um)
D*(2) 0.6 5x 107 0.85 14 MeV
100 keV n- generator, IPB/
He" (4) 0.6 5x 105 0.02 LEIBF, IUAC,
250 keV Delhi
B3* (11) 4.5 1.3x 10| 0.001, 3 MeV Tandem
10 MeV 1.0 x 10% 0.01 accelerator,
Bilaspur .
Au’(197) 4.5 1.3 x 10" 0.22 15 MeV
80 MeV pelletron,
IUAC, Delhi

Sequential irradiation of Au + D, B+D, He+D, Au+He+D

,,,,,
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per projectile

0.001

0.0001k

wid,

1000

100

10f
0.1k

0.01F,

o0 10 MeV Li
o 10MeV B
0 80 MeVW
------- 2.3 MeV Cu
o 20MeVW
6 MeV Fe
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Recoil spectra for ions &
neutrons

v \d
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Energy loss mechanisms, depth of
penetration & heat

L
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PKA of low mass ions are closer to neutrons

Is the defect structure similar?
11



| WiTER-India Recrystallized W-foil samples

0.8 x0.8x 0.1 mms3
50 min at 1838 K in Ar+H

Positron bulk-life time;
T, = 107.3 £ 1.7 ps (70 %)
T, =237.3+5.6 ps (30% )

Multiple vacancies

Defect-free W: 105 £ 3 ps

Troev et.al., JPCS, 207 (2010) 012033

)
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» " 12
Annealing: S. Akkireddy et.al. EX/P4-12
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Defect clusters — TEM studies

13



. K . . pad
@ e Dpfgct cluster size of Au-irradiated samples is ‘@
similar to neutrons

. A
Image analysis by ImageJ software
I D A I I B A
10 MeV B 0.001 dpa
g 80MeV Au0.22 dpa
# mneutron 750 C 1.54 dpa- Tanno JNM 2009

0.4

Fraction

0 15 20 25 30 35 40
Cluster size (nm)

Note: larger clusters in B-irradiation

Cluster-size decreases with fluence

(Renterghem JNM 477 2016, p 80)
TEM Studies: P. Sharma et.al. EX/P2-10
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let14 |
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=+ 80 MeV Au 1.3 x 10" ~ 300 keV.
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The reason for cluster size difference is related to ,‘(—%\'
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Spacing between recoils
within a cascade (>50 keV)
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B ~10 nm
Au ~ 0.2 nm
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Did others observe similar effects?

%)

m-

Fluence (c

Fluence Vs Energy * Au
1.00E+18 i
1.00E+17 i e > Kr
L
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1.00E+16 TS
mAr
- @
1.00E+15 PY -
' A
b H
1.00E+14 ® @ +Cu
o P
1.00E+13 o
+Si
1.00E+12 * @ [ ) -
1.00E+11 < ® Present Work (Au)
4 Present Work (B)
1.00E+10

1.00E+00 1.00E+01 1.00E+02 1.00E+03
Energy (keV)

1.00E+04 1.00E+05

wad,
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Ciupinski t. et al.
El-Atwani O. et al.
Grzonka J. et al.
HwangT. et al.
Jager W. et al.
Kim K.T. et al.
Mason D.R. et al.
Maya P.N. et al.

Ogorodnikova O.V. et al.

Oya. et al

Oya . et al.

Ran G. et al.
Sakamoto R. et al.
Sakurada et al.
Sakurada S. et al.
Snoeks E. at al.
Wang H. et al.

Watanable H. et al.

Xiaoou Yi et al.
Xiaoou Yi et al.
Zhang Z. et al.
Zhang Z. et al.
Zhang Z.X. et al.

Year

2013
2015
2014
2016
1975
1990
2014
2018
2014
2011
2015
2014
1995
2017
2016
1997
2013
2014
2016
2015
2015
2016
2016

Journal

Nuclear Instruments and Methods in Phy. Research B, 317, (159-164)

Materials Characterization, 99, (68—76)

Nuclear Instruments and Methods in Phy Research B, 340, (27-33)

Nuclear Materials and Energy, 9, (430-435)
Phys. Stat. Sol. (a), 32, 89

Materials Letters, 9,9, (295-301)

Journal of Physics: Condensed Matter, 26, 37

Journal of Nuclear Materials, 451, ( 379-386)
Phys. Scr. T145, (014050)

Journal of Nuclear Materials, 461, (336-340)
Journal of Nuclear Materials, 455, (320-324)
Journal of Nuclear Materials, 220-222, (819-822)
Journal of Nuclear Materials, 490, (242-246)
Nuclear Materials and Energy, 9, (141-144)
Applied Physics Letters, 71, 267

Journal of Nuclear Materials, 442, (189—194)
Journal of Nuclear Materials, 455, (51-55)

Acta Materialia, 112, (105-120)

Acta Materialia, 92, ( 163-177)

J. Plasma Fusion Res. SERIES, 11

Journal of Nuclear Materials, 480, (207-215)
Fusion Engineering and Design, 98-99 (2103-2107)
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@ T Heavy ion irradiation experiments show similar
cluster size independent of energy and fluence

0.4

0.3

Fraction
[en]
(3]

0.1

I L 05 o
10MeVB 1.3x 10"
@ 80MeV Au13x 10"
B 20MeVW3.7x10 " Grozonka 2014 _ 0.4+
B 23MeVCul6x 10" Watanabe 2014
6 MeV Fe 7.5 x 10 Oya 2015 03
1150 keV W 125 x 10 " Yi 2017 g
- - g
RT - 0.2
7 0.1
' % 10

20 40

Cluster size (nm)

I
10MeVB 1.3 x 10" RT
80 MeV Au 13 x 10" RT

20 MeV W 3.7 x 10 ' RT
neutron 1000 K

20 MeV W 3.7 x 10" 1000 K
12MeVW 1.8x 10 1000 K

20 30
Cluster size (nm)

TRIM calculations were also carried out and found that heavy ions produce
several PKA/particle close to each other over a small depth range

40

Cluster size increases with temperature

18
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PKA/projectile

Projectile Energy (MeV)

1000 £ IR BN £ ~_ =
i L 80 MeV Au 1
100 o O10MeVLLB.C 7
10 . o 250 keV He -
- O 100keV D .
2 i
- O neutron .
1 1 IIIIIII 1 | IIIIIII 1 1 IIIIIII | 1 IIIIIII 1 1 IIIIIII
0(}.01 0.1 1 10 100 1000

19
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Competitive capture of mobile FP by seed clusters 3(‘;‘3«,
and dislocation lines? R

b P
M

& 1 '\31

’Q

3.6 x 10%cm™

Mobile FP
agglomerate and
captured by fewer
seeds large scale
clusters &
branching of lines

Shorter lines (80-1100 nm)
Higher density - 1.9 x 10'°cm™
Sparse clusters - 9.3 x 10°cm™

4 Initial line density &%

Mobile FP —
captured by
several seeds
small scale
clusters and
lines & Long
lines

Long lines (400-3000 nm)
Lower density - 6.1 x 10®cm™
Dense clusters - 1.3 x 10'? cm™

20
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Irradiation with He (250 keV) & D (100 keV) ions

21



(1] ““4(
| |ITER-India | 1@‘
Cluster size of He Loops and network of dislocations

irradiated samples is clearly visible in D-irradiation
similar to Au-irradiation

_ Diffusion &
| agglomeration of
FP to form clusters

i i

115 Crn (02 dpa) 5x 10" cm™ (0.85 dpa)
Line density 1.05 x 10° cm™ Line density 9.7 x10° cm™
Length 40 — 1000 nm Length 120 — 1900 nm
Cluster density 5.6 x 10'° cm™ Loop density 1.4 x10° cm™ 22

Size 5 - 15 nm Size 50 — 100 nm
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So far:

Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature — leave the imprint of cascade

Interstitial cluster-size seem to depend only on the inter-PKA separation and hence on fluence

The capture of mobile FP by existing dislocation lines and existing clusters seem to explain
the observed cluster sizes

Vacancy Defects — Positron Annihilation Spectroscopy Studies23



JHITER India

Positron life-time in the lattice 7=1/(x ri n,c )

Counts

10"
0 1 short lifetime component
10" T long lifetime component ( Tyqgect)
10°
10°
\ Background noise
10°
10" Y
Y — | ! | !
201 10 (N K0 Lono 1200
Channel

1400

!

MF Barthe et.al, PFMC 2015
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The difference is good enough to distinguish
between single & multiple vacancies

Intensity (%)
Ln
<

N
o
T T

[\
<

wad,

Multiple vacancy for Au, Single for B ‘(@\1

| o0
o <
T T

(o))
<o
T

(U]
o
T

2168 ps

237 ps

T

RF

y A

Fast et— 22Na source

270 keV

Penetration depth ~ 16 um
Defect range ~ 5 um
Defect-freeW: 105 £ 3 ps

Troev et.al., JPCS, 207
(2010) 012033
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@ ITER-India SaturaFlon 1.nd.1cates dense vacancy clusters ;@\,
in Au-irradiation

Mean e implantation depth (nin)

0 24 77 153 249 354
LI ] LI 1 L 1 L ] LI 1 LI
5 j-ll-'-l'n"-i"_ﬂ‘n._ .. —
09 Y piL N Slow e*beam - 0.1 to 30 keV
9. ©--0 Unirradiated l .
0.58[=4R.A o a1 10" Doppler broadening of 511
Z hadd W14
% - %o Ay *4p" 13510 - keV'y
" " 3+ 15
2 057k 6q " A . """""‘B 1x10 -
g "o S S oy * S — e*-e- from valance electrons
" . ., *_‘_‘ -
(s ~ "h. R e
0.56f~ a. * - W — e+ e- from core electrons
- o, -
“a..
0.55F o--o.. =
...
" ‘ o“h i ‘ -
0.54 1 | 1 | 1 | 1 | l1°| ol 1
=70 5 10 15 20 25

Energy (keV)

similar effects: 20 MeV W, MF Barthe et.al 26
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@ Ty He & Au shows saturation of S-parameter, indicating 1@
saturation of vacancies in the e* penetration range

002 T I T I T I T I T I T I
4 e WIB38K
| . e EHe 250 keV He
0.59 — 0018 o e EH 80 MeV Au -
. e ELFl1 10 MeV B
T e ELF2 10 MeV B
058 . 0.016} -
s 4
b
£ el i =
2057 —s W I838K 0.014 _
2,; +—= EH 80 MeV Au A
*—= FEHe 250 keV He
0.561 7 0.012} -
) - : e’
0.55- . 0oL No chemical change ]
I P U NI R I R R
osab—e 1 v 11 1T 054 055 056 057 058 059 06
0 5000 10000 15000 20000 25000 30000 S
Energy (V) No slope change with ion species
27

Similar observations: P.E. Lhuiller et.al, INM 433 (2013), Troev et.al.,NIMB 267 (2009)



@ Deuterium creates defects within 400 nm and D atoms ~(Q’.

are trapped in these defects(?)

o—o Annealed W
e—a 100 keV D irradiated W 7

0.59 % i
5 r® Defect .
208 rich zone i
o§ 0.57 e —
m f=

0.56+ —

0.55r -

. I . I . I . . . ]
0'540 5 10 15 20 25 30

Energy (keV)

No saturation is seen unlike Helium

W-parameter

0.02 T I 1 I T I T I T I T I
B §8 O Annealed W
|9 O 100 keV D irradiated W
0.018 %\(59
O\Q\
0.016 o\é\ m=-0.14 —
ORN
O~
O 014 — Q) \\\\ ]
O™
i o o g, O |
0.012 a %}D \\C\)\ o -
T O D
- m=-0.08 O "““~~~-.._,©\ o T
o B
0.01F MO
| I = R

1 1 1 I 1 I 1
0.54 0.55 0.56 0.57 0.58 0.59 0.6
S-parameter

Change in slope indicates
annihilation from different core

electrons than W 28



Il Most of the deuterium found to be less than 500 nm

0.002

0.0015

0.001

vacanciesfion

0.0005

-

0 200 400 GO0 800 1000
Depth (nm)

Vacancy profile

le+06
le+05

10000

1
Count (a.u)

1000

100

P I .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (s)

=D in wngsten —[¥iin Ais irradiated Lungsten

=D irn B irradiated tungitéen
10000 |

e [} irv Aip+ He irradiated ungEten

= f_:j% ERDA
* apoe 4 ‘ ‘——‘
k-4

300
Depthi nm)

7.3 MeV C&*

15 keV Cs* ions; 23°to normal
1s=0.5nm
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@ Deuterium depth profile in pre-irradiated tungsten ‘;@

B-irradiated sample seem to trap
more D than Au-irradiated sample.

— 100 keV D

le+06 [+ Au+D

— B+D(2)

. B ,
esosh i Smg}e vacancy Fraps more D than

AVN 3 multiple vacancies (Ahlgrene et.al,
10000 1z JNM 2012)

O

E It seems from PAS that B-irradiation
creates more single vacancies as
opposed to Au.

1000

100

1 I 1 I 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (s)

Ongoing investigations
30



So far:

Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature — leave the imprint of cascade

Interstitial clustering seem to depend only on the inter-PKA separation and hence fluence
The capture of mobile FP by existing dislocation lines and existing clusters seem to explain

the observed cluster sizes

Vacancy show the imprint of cascade and hence related to the PKA energy and their spectrum
T-trapping takes place predominantly at vacancies

31
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Conclusions & Outlook

Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature — leave the imprint of cascade

Interstitial clustering seem to depend only on the inter-PKA separation and hence on fluence
The capture of mobile FP by existing dislocation lines and existing clusters seem to explain the
observed cluster sizes

Vacancies show the imprint of cascade and hence related to the PKA energy and their spectrum
T-trapping takes place predominantly at vacancies

Accurate quantification of T-retention requires precise estimation of vacancies — using a
combination of surrogate ions with controlled fluence of different mass, energy and
temperature is urgently needed.

32
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Goal 1- Estimation of D- Retention in W, in
presence of He & Alloying elements

>
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Goal 2- Damage studies, defect and

microstructure of irradiated W & alloys
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Backup slides
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In a given cascade

0.5 1 I T | T | T T
- — 10MeV B - _
— 80 MeV Au Crowdions have the
041 7 highest mobility and
: - formation energy
203 — - : .
= Mobility of interstitial
§ : - clusters are limited
£ o2t _
0.1 _
0 , | ! | 1 | 1 | 1
0 2 4 6 8 10 12

Distance (nm)



The reason for difference lies in the PKA spectra

le+13

le+12

le+11

le+10

le+09 &= —

le+08 &
.

T |||||Ir|.| TTIT

1(:‘:+07E—II |

10MeVB 1.3x 10 " <FT
80 MeV Au 1.3 x 10" <FT
10 MeV B 1.3 x 10" ~300 keV

-+ 80 MeV Au 1.3 x 10" ~ 300 keV

10 MeV B 1.3 x 10" > 300 keV
80 MeV Au 1.3 x 10" > 300 keV

10

100

Depth (nm)

depth (nm)

-1000
-2000
-3000
-4000 |

5000 §

Spacing between recoils
within a cascade (>50 keV)

80 MeVAu  +
10MeVB @

5000 trials

0 500 1000 1500 2000 2500 3000 3500
r{nm)

B~ 10 nm
Au ~ 0.2 nm
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04 T I T I T I

0 10MevB13x10"
B 30MeV Au13x10"
0.3

Fraction
(e
o

0.1

0

0 0 20
Cluster size (nm)

* Line density - 1.9 x 10" cm™
* Line length — 80 — 1100 nm

* Cluster density - 9.3 x 10°cm™

* Loop density — 6.9 x 10° cm™
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Depth Profile of Point Defects

Mean e’ implantation depth (nm)

24 77 153 249 354 0.02 T T T T
1 L 1 L 1 L 1 L 1 &
° [ ]
- I b DorslS No chemical change
- rrl.n.l' &---.- _l_n"l‘- ° J
. @--® Unirradiated
o584k N N 500161
3 "mo oy PP i4 )
: L ¥, B 13110 2
ST b "\‘ ‘-‘B'l 10 — s
g 0.57 ] . :,i:__:-‘; X £01014_
;- L X "‘-\_’_#-#."‘ =
0.561— “-‘ . -
L ‘0., . 0.012 =
‘..
0.55/— “o--e.. -
et 0.01
00 9. o , W= -
05qb——»=~L L 1 . | bk (— P DU SRR B B B
0 5 10 15 20 25 0.54 0.55 0.56 0.57 0.58 0.59

Energy (keV) S Parameter

e Saturation of S - Au irradiation
similar effects: 20 MeV W, MF Barthe et.al

e Fewer defects in Boron

* Vacancy clusters/loops



Au & N-irradiation Produce Small Clusters

AT 1 T T T 1
10 MeV B 0.001 dpa
B 80MeV Au0.22 dpa
neutron 750 C 1.54 dpa- Tanno JNM 2009
0.3 n

Fraction
=
2

0.1

0o s 10 1s 20 25 30 35

0.4

0.3

Fraction
o
[\*)
T

O |

Cluster size (nm) 0.5
0.4+

Similar defect size
distribution for heavy
ions at 300 K and
neutrons at 1000 K

0.3

Fraction

<o
)

10

I ' I
10MeVB 13x 10" RT
80 MeV Au13x 10" RT

20MeV W3.7x 10 "' RT
neutron 1000 K

20 MeV W 3.7 x 10" 1000 K
1.2 MeV W 1.8x 10 * 1000 K

20
Cluster size (nm)

40

I ' I ' I
10MeVB13x 10"
B 80MeVAul3x10"
B 20MeVW3.7x10 " Grozonka 2014 _|
B 23MeVCul6x10" Watanabe 2014
6 MeV Fe 7.5 x 10" Oya 2015
B 150 kevV W 1.25x 10 7 Yi 2017

T AR .
Cluster size (nm)

] At high temperature
| heavy ions produce

clusters similar to 300 K

| boron irradiation



(b) . :‘- - Fr
4 keV He*, 3x10 X Tm;
1 keV DY, 102%¢cm= -

20MM o, o=
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