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He exposure at 1600 K, then D plasma exposure at 550 K

D. Nishijima et al., J. Plasma Fusion Res. 81 (2005) 703.
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E.,=0.39 eV
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Q.,=1.04 eV
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H Very low solubility.

B Very fast thermal migration via interstitial sites (very high mobility
even at R. Temp.)

B Very deep trapping in a vacancy (Large E,B)
B Comfortable positions of He in W lattice:
empty sites such as vacancy, bubble, grain boundaries, dislocations
etc. € closed electron shell structure
B He enhances the formation of voids (bubbles) and dislocation loops
even above 1000°C =»hardening, embitterment
B He atoms can aggregate by themselves - He atoms can form clusters
once get in the lattice (E>ES) =% no need displacement damage

7 S -— ==
0.24 eV ~ “0‘ """" < annnna, . S -
(03-04) Erq £\

He ! : ‘
:ED ) Precipitation
s vV : of He platelets
S.0eV \ W =bubbles
R N
N e atoms drop in
W i V@Eapgy,ione after another }

surtace =>bubbles




Threshold Energy for Bubble Formation

Threshold energy for bubble formation is ~ 6 eV, which corresponds
to a surface barrier potential of W for He ions.

=

Fluence 2.6 x 1027 m=2 0.9 x 102" m=2 0.8 x 102" m?2 0.8 x 102" m=2
Temperature 2100 K 2600 K 2200 K 2950 K

ws ~5ev |l wa ~1ev
Surface | RSl a=tg S || oreze (1T .

Cross
section

D. Nishijima, et al. J. Nucl. Mater. 329-333 (2004) 1029.




The thickness of the nano-structured W layer
Increases with plasma exposure time.

PISCES ==

SEM cross-sections of W targets exposed to PISCES-B pure He plasmas.

RN02062007 (a) RN06182007 RN01222007 (c) RN09272005 (d] RN06152007 (e)

300 s 22000 s

SE kL D BEH At Uz FISCES

Consistent He plasma exposures: T= 1120 K, I',,.,= 4-6 x102? m=—=s-1, E_, ~ 60 eV

He+

PISCES ==
=UCSD | Mechanical and
Jacobs | Aerospace Engineering
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Above 900 K, W ‘“fuzz’ occurs.
Fuzz is approx. 95% space

PISCES —
e SEM used to profile ‘fuzz’ *  ‘Fuzz’ layer removed. Mass
layer thickness over sample change (D,,=0.87 mg £1%).
surface. o
T ' ' T T T ' T T T T H wi Layer
ol t=3600s e o

Eion =308V 1 T hzoK e
T=1120K t= 3600 s

He

SRW

wio layer

E..~30 eV L0
T~ 1120 K Juub

Cross sectional height (um)

Distance from center of target (mm)

* Geometric vol. of ‘fuzz’ layer | Comp. w/ pure W, (p = 19.25 x10° kgm3),
est. (7.8 x101° m3 £10%). ‘fuzz’ layer is 94 % porous.




O WH/BEDEREHIXIRIFASMITLE->TNS,

Summary of W fuzz formation

condition

) S
[ e

*Closed markers

with nanostructure
*open markers

without nanostructure

(a) 3000 {» > NAGDISHI, 2006 [11] « NAGDISHI (un-published) |
¥ ¥ PISCES-B, 2008 [4] = NAGDISHI, 2003 [14]
® O NAGDISHI, 2009 [7] © NAGDISHI, 2004 [13] S
& NAGDISJI, 2009 [9] Ol NAGDISAL 2007 [8] e
A A NAGDIS4I, 2008 [12] < NAGDISHI, 2005 [15]
2500 : T : — L il
-l e -
—_ / e - - ) S A - -y '
o SRR XK KRN KILLL
= Al S0 ORISR
13 2000 | vy t:‘&\. s '\;&;ﬁﬁ%ﬁ; }kﬁogﬁsa " ‘
“ ~1.5x 10775
a o rh et KX
E- : ."‘6.3::
3 Y H atatey nanostructure
3 1500 . % formation
g . W
- 35x10% R
1000
/,ﬂ v
(i) <
500 | ] | | |
0 20 40 60 80 100

incident ion energy [V]

[4] M. Baldwin NF (2008).

[7] W. Sakaguchi INM (2009)

[8] S. Kajita. NF (2007).

[9] S. Kajita. NF (2009).

[11] S. Kajita. J. Appl. Phys. (2006).

Surface Temp: 1000 K< T <2000 K [12]W. Sakaguchi. Proc. 18% Tnt. Toki Conf. (2008).
lon Incident Energy>20 eV

N. Ohno, 13" ITPA SOL/DIV meeting, San Diego 2009

[13] D. Nishijima. JINM (2004).
[14] D. Nishijima. JINM (2003).
[15] D. Nishijima, NF (2005).
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L1 Is this universal effect (at least in lab. exp.)? Yes

[l Formation conditions (Lab exp.) almost known
B Temperature, He flux, He/D ratio, energy, fluence

[1 Effects of fusion plasma environment Unknown

B High heat flux

[0 Two orders of magnitude higher than lab exp.(parallel heat flux)
B Lab. Exp: ~1 MW/m?, Tokamak : ~100 MW/m? (parallel heat flux)

B Impurities (wall material and extrinsic low Z gas)

[0 Mixed layer formation, creating damage, sputtering erosion of He
contained layer

B Pulsed heat (ELM)
[0 Does it suppress nano-structure formation?

[l Evaluation of potential risks

B Enhanced erosion, Dust formation, Initiation of arcing, T
retention
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Be or C plasma impurities can inhibit morphology.

PISCES —
E..=15¢eV, T.,=1100 K, Fluence=10%> m-2 He* High Bias
He-D, plasma + Be He-D, plasma ) B
He*/D* ~ 0.1 He*/D* ~ 0.1 —E;%;plag?a (Ei0n=60 V)
fge=Nge* /N,< 0.005 fc=ns* /In,< 0.001 (=4200 S '

t=5000 s t=3600 s

RNOR312007

wm B147

« Surface layer composition determined by x-ray microanalysis (WDS).
» Be-W alloy and W-C layers inhibit He induced morphology..
Provided by M. Baldwin — PISCES, UCSD

==UCSD | Mechanical and
Jacobs | Aerospace Engineering
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Response to pulsed heat load

0 Disruption: pulse length 1~10 ms, heat load 1 ~ 100 GW/m2(ITER)

0 ELM's: pulse length ~0.2 ms, heat load 5 ~ 12 GW/m?(ITER)
[0 Raffray et al. J. Nucl. Mater. 313-316 (2003) 21.

B |s slight melting acceptable?
] Bridgirwnelt layer is serious, because it would cause fracture of cooling tube.

W3,R3, 20 exposures W3,R3, 100 exposures

Q= 1.0 MJim?

{mm
_—1 —

|| We,L3, 20 exposures

Q= 1.6 MJ/im!

E=1.0MIm2 At =500 us 100 pulses
Plasma Gun exp. (QSPA)

Fig. 1. The SEM view of the tungsten tile surface.

B. Bazylev et al., J. Nucl. Mater. In print (2009)



Thermal fatigue test - Below melting threshold 3

P'\/E ~ 6 -10 MWm-2s1/2 metallographic section
420 000 transient events

Cracking took place
by many heat pulses
even below melting threshold.

SFE 2Gpm Mag = ZOGX SzgnaiA QBSD Date :13 Nov 2007
WD = 26 mm EHT =15.00 kv Phote No.= 1723

}
N

Evenin ITER, ~108
pulses would be applied
In engineering phase.
(frequency 10 Hz)




Thermal shock resistance of W - grain size effect

intra-granual cracking
(cleavage of the single crystal)

top: coarse tungsten grade
single e-beam pulse at 5 ms below
melting threshold

left: deformed tungsten
ELM simulation in QSPA at 0.5 ms close to
melting threshold (E ~ 1.0 MJm™=, n = 100)

| TERO:‘ |~“/7“7\7‘->L3=3(-ré$
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Damage thresholds for CFC and W under ELM-loads

o I cracking of pitch fibres

B TERTL—F 2| PAN eros. | PAN erosion

U 2;3;; ;.% . a‘\*’q’ > 100 shots = 50 shots

0 0.5 1.0
\l | || I R T Y R T Y I
\\

energy density* E / MJm2
; @ |
negligible
damage

heat flux factor P VAt / MWm
|
|

i I T
' * At = 500
Double Forging Process [Z&A#ERAIMNITIEFAMEGW T _ 500 %s
.=

20 40 60
melting of
CFC: NB31
J. Linke, 13t ITPA SOL/DIV meeting, San Diego 2009 W: forged rod material

tile edges




Improved W grades: double forging process
transient heat load tests: 1.0 GW/m?, At =1 ms

. {ﬂ.-—; qu

100 cycles

4
= B .
A

Lo
100 pm 3

- 11000 éycles

risk of delamination
J. Linke, 13" ITPA SOL/DIV meeting, San Diego 2009
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Development of W alloys with improved ductility
Nadine Balac, CRPP

Possible Manufacturing Solutions

The numerous interfaces are
expected to act as sinks for the
irradiation-induced defects

W-Ta etc. : . :
Oxide dispersion

Nano-grained strengthened

W-base alloys

UEICHETS (ODS) materials

More ductile More radiation
resistant

Stabilization of
grain boundaries

Grain size increases upon thermal annealing, even for ODS

13th ITPA meeting on SOL & divertor physics, San Diego, December 14-17, 2009 Arne Kallenbach 38




UFG-W : high resistance to neutron irradiation
H. Kurishita, et al., J. Nucl. Mater. 377 (2008) 34.

] ;
Ly

. I L, i ! . .-I ,.o 4
- 'y \
’.‘ i = PRy [ j J' Y a1 |
L i g o = W
1 3TN e B o e n - . 4 " -
Fig. 7. TEM bright-field images of microstructures in (a) pure W, (b) W-0.5TiC-H, and (c) W-0.5TiC-Ar after neutron irradiation at 873K to 2 x 10%* nyjm” in JMTR. %

(@)
1200} 1164

W-0.5TiC- Ar

1000

goo } Before
n irradiation

Vickers Hardness (Hv)

i\;\i 1108
_ [
1039 * |

600 | .//4 618.6
520.8 ;

W-0.5TiC-H;

- (b)
|
1034
: After
n irradiation

Pure W

Fig. 9. Vickers microhardness number before and after neutron irradiation for pure

W, W-0.5TiC-H» and W-0.5TiC-Ar.

It also showed less neutron
induced damage (black dots
in photo).

UFG-W showed less
hardening than pure W by
neutron irradiation.

39
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