Development of Transient Tolerant

Plasma Facing Material

C.P.C. Wong?, B. Chenl, D.L. Rudakov?,
A. Hassanein3, and A.G. McLean?

lGeneral Atomics, PO Box 85608, San Diego, CA 92186-5608, USA
2University of California-San Diego, 9500 Gilman Dr., La Jolla, CA 92093, USA
SPurdue University, West Lafayette, IN 47907, USA

4Oak Ridge National Laboratory, PO Box 2008, Oak Ridge, TN 37831, USA,

Presented at

13t International Workshop on PFM and components for Fusion Application
1st International Conference on Fusion Energy Materials Science
Rosenheim, Germany

May, 9-13, 2011

*This work was supported in part by the U.S. Department of Energy under DE-FC02-04ER54698,
DE-FG02-07ER54917, DE-C52-07NA27344, and DE-AC05-000R22725.

ozo CENERAL ATOMICS



Abstract

Plasma facing material (PFM) is a critical element of the high performance

DT tokamak reactor design. Unfortunately, the commonly proposed material W
could suffer radiation damage from charged alpha particle implantation and
experience blistering at the first wall and the formation of submicron fine structure at
the divertor. Furthermore, it will melt under disruption and runaway electron (RE)
events. As a conservative engineering design, the first wall and divertor PFM for
steady state power reactor must withstand a few unanticipated disruptions and RE
events even when the disruption and RE mitigation techniques are fully engaged.
Using a low-Z sacrificial material, like Si, deposited on the W-surface could allow W
to withstand a few disruptions and RE events without serious damage while

retaining the capability of transmitting high grade heat for power conversion. An
eguivalent Si thickness of 10 u m is sufficient to form a vapor shielding layer during a
disruption that would protect the W substrate from serious damage. Accordingly,
transient tolerant PFM surface test buttons have been fabricated and initial results
have been obtained with exposure in the DIII-D divertor.
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Surface Material is a Key Item for Fusion Development

Surface material is critically important to next generation tokamak devices
e Plasma performance is affected by transport of impurities

= Surface heat removal, tritium co-deposition and inventory will have impacts on
material selection for devices beyond ITER

< Radiation effects from neutrons and edge alphas, material design limits and
component lifetimes will have to be taken into consideration

JET-ILW CTF/FNSF/FDF DEMO

C Mo W  Be/W/C C/W Be/W/C ? ?

(High neutron and edge alpha fluence)

Surface material options

C and Be will not be suitable for the next generation devices and DEMO
due to surface erosion and radiation damage. Presently W is the
preferred choice, but significant issues have been identified
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W Temperature & PMI are Coupled

~ 600 - 700 K

PISCES-B: mixed D-He plasma
M.J. Baldwin et al, NE 48 (2008) 035001

{a) Bright field image jundsr focussd mags) 1200 K, 4290 s, 3410% HE*;'rmz, 25 eV Het 26 % 100 Smi 0.8 % 108 /i
3.7 % 100 /mis 12% 102 /m's
1200 5 7200 5
2100 K 2600 K

NAGDIS-II: pure He plasma
N, Ohne et al., in T4EA-TM, Tienna, 2006
1250 K 36000 5, 3.5x10°7 He™im?, 11 el He™

B ‘__ 5 i | —
PISCES-A: D,-He plasma
M. Mivamoto et al, NF (2009) 065035
600 K, 1000 5, 2.0x10%* He?*/m?, 55 eV He?

* Little morphology

* He nanobubbles form 100 aim {VPS W on €} (TEM) PRk O D BRSO
* Occasional blisters + Surface morphology

Doerner, UCSD, * Evolving surface

US VLT conf. call Jan. 2011 » Nano-scale ‘fuzz’
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Significant Issues Projected for W-surface Operation

SEM cross-sections of W targets exposed to PISCES-B pure He plasmas.
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Consistent He plasma exposures: T = 1120 K, T,.,= 4-6 =102 m-2s-, £, ~ 60 eV

uc PISCES
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When exposed to He at high temperature, W
surface showed growth of W nanostructure from
the bottom; the thickness increases with plasma
exposure time

Baldwin and Doerner, Nuclear Fusion 48 (2008) 1-5

Equilibrium thickness of fuzz is expected to
form in the erosion zone of a W-divertor,
erosion with lower sputter yield than bulk W

Doerner, UCSD, US VLT conf. call Jan. 2011

ITER disruption loading:
10-30 MJ/m? for 0.1 to 3 ms

Be _| disruption W

disruption

cracking homogeneous
roughening melting

melt ejection boiling and
droplet formation

ELMSs vertical displacement events / plasma disruptions

Irreversible surface material damage

M. Rodig, Int. HHFC workshop, UCSD Dec. 2009

We cannot eliminate unpredicted
disruptions even if disruption detection
and mitigation work perfectly
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Carbon Plasma Impurity Can Inhibit W Morphology

Change with D,-He with Carbon Discharges

PISCES e

E,=15eV, T, = 1100 K, Fluence = 1025 He+/m?,
nHe.+ 10°o Ne,/Ng < O 1% At = 3600 s
D,-He with ¢ Similar results were obtained
with Be and could be
projected for B and Si

layer

Imem 8147 UC PISCES

At E=15 eV, C deposited on W is not sputtered away
= W-C layers inhibit He induced morphology changes

v" PISCES UCSD Center for Energy Research

Baldwin and Doerner, PISCES, UCSD

ozo CENERAL ATOMICS



A Possible PFM Concept that Could Satisfy all Requirements

The concept: Si-filled W-surface
W-buttons

= Protect the W surface from He damage with
the presence of Si

v w\ r
= Exposed W will have a low erosion rate . .

e Transmit high heat flux, e.g. the W-disc can be about
2 mm thick and with indentations, thus retaining high W-butt
effective k,, of W layer, necessary for DEMO y-butions
filled with Si
= Should provide enough Si to withstand ELMs and a few disruptions
(modeling showed vaporized Si ~10 ym/disruption including vapor
shielding effect) “W-T_, at 3410°C, Si-T_, at 1412°C, Si-T; at 2480°C”

« Should be able to control tritium inventory at temperature ~1000°C

= Suitable real time siliconization could be used to replenish Si when and
where needed
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Vapor Shielding Modeling Geometry
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Divertor Surface Erosion and

Vapor Shield Protection from Disruptions

Disruption condition, ITER parameters:
Energy density E =25 MJ/m?
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Projected DEMO PFC FW and Divertor

Design Approaches

First Wall Temperatures & limits

One-sided Tokamak coating?
roughened

channel W-layer >700°C
Joint (TBD)

/ ODFS <700°C

T Joint (TBD)

RAFM >350°C
<550°C

Divert_or 8 MPa at ~350°C

Tile (W) — 7 WIWLAG * ARIES CS design
il brazed joint

DEMO module

\ Plasma side

=

§w

s

| {: .a-/-' / e
I}-\"‘-\-.\ ..:.".!- -y ..:.-' -'._'_.,.- ;
gl .' h}
L

Thimble
Armor Layer (W)

(W-alloy) Jet holes
. concept @
Conic sleeve | | 5 Cartridge (W-Allay)
| (Steel) - \WL10 / SthInt e Cap (W-Alloy)
Transition | (Cucastorbrazed)  Slof jet
== iece (steel) * ““EB seal welding Tube (W-Alloy)

T-connector (W-Alloy)

Cartridge
(steel)

Transition piece (Slices from W to Steel)

He impingement heat transfer
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Layered First Wall Design Could Handle up to 1 MW/m? with
2-D, 3-D One-sided Roughening of He Coolant Channels

Neutron wall loading at 3 MW/m? =
\\ 8 MPa @~350° C

Tmax-W, Kth at 25 W/m.K
(A conservative value)

1400

1200

He heat transf. coeff. enhanced
with 2-D, 3-D roughening

Tmax-ODFS, Kth at 20 W/m.k

T...FS, Kth at 20 W/m.k

200
—4=F5T,C AX=2 mm
=B-0DFS5T,C A X=4 mm Assumed thicknesses
0
WT, C A X=3 mm
0 0.5 1 1.5 2 2.5

Heat flux, MW/m?



SI-W Surface Development

= 2008: started with BW-mesh , but the presence of |
C formed B,C, WB, W,B, W,B.,, WC, and W,C,
thus braking up the mesh

= 2009 changed from mesh to plate, but B fill fell
out of the holes

Damaged W-mesh

= Switched to Si due to much better match in the
coeff. of thermal expansion between Si and W

= High melting temperature of Si can form low
melting point W-Si compounds

= DIII-D boronization confirmed B coating thickness

of <1 um W-disc B-coating

= 2010: Drilled indentations on W-button and they

r
were filled with Si in powder form with binder and o
sintered 0 _

= Sifilled W buttons exposed in DIII-D

W-buttons W-buttons with Si
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Initial Results of Transient Tolerant Si-filled W-buttons

®®

Si filled W-buttons

W-buttons
with 1 mm dia.
indentations

Sample exposed Exposed in After one additional disruption
To 4 LSN discharges DillD iowat divertor shot without thermal dump on DIMES
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Plasma Shot #142706, with Relative Stable Plasma Shape

3E+14

2.5E+14 $

Langmuir probe 23
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Data on electron density, #/cm3
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SE+13

0

-5E+13
Time, ms

105 ms

Plasma evolution

Added neutron beam
injected at 2000 ms,

plasma ended with disruption

~ 3100 ms but migrated upward,
no thermal dump on DIMES

Langmuir probes

DIMES
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Mostly CII/CIII Emission Measured During Discharge and

Disruption (387, 392, 407 nm), Additional CI (375 nm) in Disruption

0

Ocean Optics USB2000, DIMES-viewing chord,DIII-D shot 142706 920474464

183.9461742

Vertical lines for nearby Cl, Cll, CllI, and CIV lines from Atomic Line List 569 s0rotth

100 =552.8450518
-736.8259305

~828.8103673
~920.7991363
1013.765403
1105.830689
1197.753128
1289.717633
1381‘769153
1
1

80

473.732188
566.664314
=1750.644254
1934.602541
60 2026.593523
2119.562277
2211.541129
-2303.653308
=2395.727711
- 2487.489549
-2579.483738
-2671.478768
-2764.515326
=2048.407949
-3040.414544
- 3132.383737
-3224.420321
=3317.378137
3409.317018
-3501.370387
-3593.282451
-3685.277853
3777.269003
-3870.233504
3962.239233
=4146.231109
-4330.145148
-4422.138292
-4515.101847
=4607.100539
-4699.102729

Digitizer counts over background

370 375 380 385 390 395 400 405 410 415 420
Wavelength (nm)

Emission lines from the Atomic Line List
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Detalls Show Melted Si but Minimal Transport

C-button

f" ¢ 20KV X13 imm 26/JULM10
}i:l il E o ? ._ S .
& W-button with

indentations

20kV X13 1mm 26/JUuL/10

W-button with
indentations

C-button

Mostly W, but Si.and W lines

: Mainly C a little Si & O
are close ;K

W-surface
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SI-W Buttons Summary

= As expected, surface Si on the W button readily got removed during discharges,
at least from the first 4 shots (B; = 1.88 T and |, = 1.08 MA); Si melting could have
occurred during these shots

e Favorable result was that much of the Si is retained in the indentations even
under additional exposure (142706) (B;=1.7Tand I, = 1.2 MA); the radiation is
mainly from carbon

< Retained Si could demonstrate the vapor shielding effect to protect the W-button
surface from melting under disruption and RE events, but this needs to be
confirmed

< W-buttons were not damaged, observed cracks could be due to drilling of the
indentations

 New samples have been fabricated and will be exposed to disruption and RE
events during the 2011 DIII-D operation campaign
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