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WPJET?2:
Material erosion, migration and dust

Marek Rubel , Per Petersson and JET2 Team
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Thanks ()

Many thanks to the Team

for excellent contributions.

In three JETDverviewtalks we shalltry to presenthighlights

A We havereceivedmanyslidesfor the overviewtalks.
A All contributionswill be addressed
A Sorryif not all slideswill be shown time constraints.

Marek Rubel| AM JET2-PFC, Zoom | November 9-10, 2020 | Page 2



Tools: Erosion-Deposition Diagnostics in JET-ILW =,
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Theaimisto havea complete overview of material migration and materiadamage not just anumber
(evenlarae) of analvsisnoints and isolatedfindinas
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WPJET2: 7 years

We work with PFCaind tokamakiumcontainingberyllium and tritium .

/
(i

A Laboratories12in EUand cooperationwith IFER®@ithin BroaderApproach
A Greathumancapital experienceand expertise
A Speciakquipmentand manydedicateddevelopments

A Over40different material characterisationtechniquesfrom nanoto macra
U Imaging
U Compositiorfrom the first nm to depth (crosssectioning
U Mechanicaproperties
U Opticalproperties

9 techniquedor deuteriumand hydrogenstudies
9 (10) techniquesapproachesn tritium assessmerind analyses

cC: C:

Originalscopeof WPJET?2 (2014) hasenvastlybroadenedby newprojectsoriginatingfrom:
A newfindings ownideas needsfor clarification
A ITERheeds(request3.

Marek Rubel| AM JET2-PFC, Zoom | November 9-10, 2020 | Page 4
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WPJET2: Materials analysed

{
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U Limiter tiles
U Divertortiles
u Wall Probes

U Dust and metal splashes

Comparisorof campaigns
ILW1:19.3h 150 GJ
ILW2:19.1h 201 GJ
ILW-3:23.6 h 245 GJ
U Exposurauringsinglecampaigns

U Exposurauringtwo or allthree campaigns

Are material migration effects additive (retention, depositio)f?

Marek Rubel| AM JET2-PFC, Zoom | November 9-10, 2020 | Page 5



Beryllium Handling Facility
Handling of beryllium

—

Marek Rubel| AM JET2-PFC, Zoom | November 9-10, 2020 | Page 6



Sectioning of JET tiles: (73

()

pre-requisite for definition of tasks and detailed studies
Segmented Be limiters Be-coated Inconel | Bulk W lamella, Tile ¢

A23 - Standard lamella

TILE 415

Temperaturecontrol: <\500C A Formicroscopy
A lonbeamanalyses

A Thermaldesorption

A Tritummeasurements
A Emissivity

A Metallography

C.Lungu C.Porosnicy IAP



Sampling/cutting & traceability/labeling (@)
Before ~

Samplig fdr:
SIMSmetallography SEM, FIB/TEM, EDXbeamIBA, TDS, etc.

JariLinonen VTT, Finland
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Erosion - Deposition pattern in three
campaigns

Divertor



Divertor: deposition from ILW-1 to ILW-3 (@)

—=— JET-ILW1 —s— JET-ILW2 —s— JET-ILW3|
. o Tile 0 1 3 4 o 6 7 8

Messages: S O T R T A A TR

o RN i Tame A AR ey ey
ualitatively similar i N m,,'r' e 7 L : ' {100

. . . . O o b | Ct : U

distributions in all 104 =——H e ! —
campaigns.

1
1074 : 1107

10-2: Be ii

v {10°

A\/Iaximum deposition
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Deposition rate [10'® atoms/(cm?s)]

on Tiles 0, 1 A A
c 2 a 0" | | i i - i i T i
: " S o] g e in | mae L P P t L e
/&ngher depositionon  §" -ﬁg“-ﬁa% :ﬁ'l“: : | fﬁ ' i oman
. . g | At . " L TR e
Tiles 4, 6 in ILV¥ «1C i ' - MH L " J10°
and ILW3 Eaf il {1 | stikepointposionsi | 1 i s
= o] L ¥ n i '
g 0 500 1000 1500 2000

S-coordinate (mm)

S.Krat, Phys Scr T171 (2020) 014059




Divertor: deposition from ILW-1to ILW-3 )

Depositedmass(g)
ILWA1 ILWA2 ILWAS
D 09 07 09
Be 53 60 46
C 13 7 6
Messages:

77
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Depositedmassrate (ug/s)

ILWA1 ILWF2  ILWA3
13 10 11
771 877 544
189 102 /1

Concentration(at.%o)
6.0 4.6 7.4
146 7.7 8.3

U More or less constant deposition rate of D.

U Slowly varying deposition rate of Be.

U Decreasing deposition rate offif©om ILW1 to ILW3.

S.Krat, Phys Scr T171 (2020) 014059
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Divertor: Tile 5, Bulk W lamellae Q)

L
—

(b)

Sample \?b,,,

tandard lamellae; lines 3, 14, 23
Marker coated lamellae 6 tm Mo/6 ptm W

LI

Plasma operatiomainlyon Stack C and D.
Lamella€el-3: In theshadowof the adjacenttile
Lamellael2-14: central partof the assembly
Lamellae20-24: mostexposed



Divertor, W bulk lamellae: Depth profiling with ERDA

102

Atomic content (%)
o

ILW-2, lamella C3(sample 55)

1

——W(183.8)
——Be(9.0)

| |——c(12.0)

——0(16.0)
H(1.0)
——H(2.0)

200 400 600 800

Depth (1 0'° atomslcmz)

Deuterium contentp§ p T 8

Hydrogen contento& p Tt 8

More Hydrogen tharDeuterium
(End of IL\A2 campaign in hydrogen.)

1000 1200 1400

(77
ILW 1+3, Lamella C2 (sample 104)
102 ‘ ' ‘ ‘ ' ‘ ‘
| — — —_—
10" | =
|
_I_
10° ‘ : ‘
200 400 600 800 1000 1200 1400

Depth (1 oS atomslcmz)

Deuterium:o® p T _8

Hydrogen: p® p Tt 8

More Deuterium than Hydrogen

Other speciescontentsin 10 cnr2:

Be

ILW 2 ILW 1+3
24 14
14 13
6.5 3.4
13 17
-- 4

C
N
O
Ni

L. Dittrich, P.Petersson VR



Carbon on W lamellae: Deuterium NRA on top surface{é?})

[c1a —standard lamelia | [LW2 e~

o
(N

0.11

1 (ILW2) C14, 67

0.0

0.2

0.1

Carbon Concentration (at%)

0.0
0

5 10 15

Depth (108 at/cm?)

I C14 — Standard lamella I Il_Wl 6mm |
e

L | ol

Experiment

20

I A23 — Standard lamella I

C

Lamella Sample No Carbon Deposition
Period (107 at/cm?) thickness
(10 at/cm?)
A23 ILW 3 93 3.25 9.4
A23 ILW2 51 1.53 8.7
A23 ILW 1 1 5.34 13.8
Cl4 ILW 2 67 3.38 7.5

T. Lagoyannis P.Tsavalas D.Mergia, NCSRD, Greece
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IA23 (ILW3) — Standard lamella I ILWE

10mm

(ILW3) A23, 93

(ILW2) A23, 51

~
~
_‘ ~h‘

T

NS
(ILW1) A23, T ~~a

~ A23 —Standard lamella I ILW2

10mm

5 10 15
Depth (10* at/cm?)

Messages
A The highestarbon deposition with the

largest thickness is observed in HIV¥amples|

A Central lamella in ILW1 presents the highest
carbonamount and larger thickness overall




Carbon on W lamellae: D micro-beam NRA on top surfacés)
| c3 - standard lamella |
(ILW1) C3,122) LW (7 Az standardtamels | g
Measured . Measured

o
o

(ILW1) C3,12 area 2

surface , surface
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-
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—

o
o

E

(LW1) C3, 12 area 1 2% 00 750 1008

o
(@ »)

I 1000 -
L _75; Lamella| Exp. ngﬁle C Amount | Deposition
" > Period |~ (107atiem?) | Thickness
0.0 > X (10* at/cm?)
' C3 LWl | 12(2) 24.8 10.7
0.6 2501 »
(ILW]') A2, T C3 . ILW1 12(1) 166 33
0.4 250 500 750 1000 19‘23 ILW1 ! 2.21 10

+*

Carbon Concentration (at%o)
I~

ILWl) A23. 7" Messages

S 1000+
02 \\ 8 A C3,12 during ILW1 presents strijje C deposition
I S| 750 having a width varying between ~16n (area 2)
0'00 ' 5 ' 1'0 ' 1'5 ' 2'0 ' 2'5 ' 3'0 ' B and ~250>m (area 1) and 2 to 3 orders higher C
Depth (1018 at/sz) 508 amount than other W lamella.
2597 A Carbon agglomerates wittiameter of~50>m in
A23,7

250 500 750 1000
T. Lagoyannis P.Tsavalas D.Mergia, NCSRD, Greece




W lamellae ILW-2: Deposition in gaps, Ui-NRA Q

0.4 mmwide gap toanotherlamella

Cl4Standard Sample63

1E19 4

c

L

(7))

&

ie)

3 1E18

c 1E184

O

©

= 1E174

8 Ll L

S 1E174 “‘ | —
O 0 1000 1500 2000 2500 O 1000 2000 3000 4000

"\\

M;)

1.5 mmwide gap to Stack D

Cl3Marker,Samplesl

1E19

Distance fromplasmafacing surface (um

Messages
A Depositionincreasesvith the gapwidth.
A Relativelyhigh Ccontent C/Be > 1.

A Coherencevith T depositiorpatternin gaps
betwéenstacks.

P.Petersson SW Moon, DDittrich, VRKTH

Tr|t|um dep03|t|on |n gaps

PSL (arb. unit)

PSL (arb. unit)

E 1

00 03 06 09 12 15 00 05 10 15 20 25 30

Hatand/.S. Lee, Toyama Univ., Japan



Roughness Ra [pm]
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Roughness Ra [pm]
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Tungsten lamellae; ILW-2, ILW-3, ILW-1+3 (@)

]
\.’
w2 w3 W43 x Reduced surface roughness for marker lamellae.

J | StacIA x__In-some lodations marker layer was fully eroded.

2 2 & S S 3
o o o o < <
& N & & B &
<< < << < < <
, Sample # 01.09.2020
ILwW-2 ILW-3 ILW-1+3
25
Stack C, cen
2
15
1
05 I I
0
9 3 2 ® 2 = o
52 3 3 e} o o ]
Q o © o 1) 15) 3]
Sample#
2
18 ILW-2 ILW-3 ILW-1+3
16 Stack C hot
14
12
1
08
06
04
0.2
0
~ 2 = & = 8 :
" - — 1— - -~ ]:\)UL‘"‘
N ] Q o o P < —
o © © 3] 3] 3 3

Sample # G.Pintsuk FZJ
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Beryllium limiters
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Atomic content (%)

)
/)
e

Beryllium Inner Wall Guard Limiters:ILW-1 and ILW-2 O
91 ILWAL, Samplel 68, RHving T ILWE2, Samplel 79, RHwing
80 . 80
60 - ——Be(9.0) :5 60 r
—0(16.0) £
——H(2.0) i
40 ——H(1.0) L 40
5
2

[N
o
|

ZOM ’ ’
R o n Iy = L Hﬂ-ljlltﬂ]—lﬂj—f{

500 1000 1500 2000 2500 3000 500 » 1006 . 1500 2006 - 25-00 3000
Depth (1015 atomslcmz) Depth (1 0'S atomslcmz)
8
. 8 . _
Deuterium contentt® p T — Hydrogencontent:p&  p Tt

No Deuterium onlLW:2
(The result of ILV2 campaign finish in |
Other speciescontentsin 10 cnr2:

Hydrogen content¢& p Tt _8

ILWA1 ILWA2
Be 226 220
C 14 14
N 5 11
O 45 32
Ni 10 3

W tracesat the deteCtK)n ||m|t L. Dittrich, P.Petersson VR
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Beryllium limiters:SEM/EDX Q)

IWGL 2XR14 sample 674 WOPL 4D1§ sample 754

Impurities from EDXmeasurements:

Elemen{ At. % Elemen] At. %
O 55.34 O 68.39
Cr 3.17 Cr 2.81
Fe 4.84 Fe 4.57
Ni 12.73 Ni 11.16
Cu 5.71 Cu 5.16
W 3.18 W 3.72

C.Lungu C.Porosnicy IAP, Romania




Photon counts

UXRF in Be limiter castellations and on dust

UXRF on Be limiters

624 sample
300 Ni Ka (7.47keV)
|
|
Fe Ka (6.39keV) |
250
\ —0C
200 [ < —1
. sl £ < 2
DS I D
L5 -1
s 25l = €5 &
100 2o %4 P S 2 5
2 Sal el g
o NS t hWZ X
50 i S v A\ >
(] ®] E ‘ Jw‘v | 1“‘1‘ Q
L O f | Wi LW
b ) ol
0 4 R IR

8

Energy (keV)

25

10

11

\
Z
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UXRF/XCT on dust
iig_ Cu (Ka) ——D5-1
— D5-2

Photon counts

1o
c
15
o
p—
1o
X
5}
1@
o
4 1
o
10,

Energy (keV)

Gompositionof inclusionsn dust particles(D5)

D51 (Wt.%) | D52 (Wt.%)

- 13.8+1.2 15.5+1.3
70.4+3.1 69.4+3.1
15.1+1.6

|. Tisuany IAP, Romania



Be limitersafter ILW:3: Xray diffraction (@)
IQOrO]er WaII Guard 2XR11 Outer POI0|dal 4D15
3 S JET 618 6000 e e S —— J,E,T%,74,6,,,,
s00{ e 8
5000 oo S e
3?:74000— """""""""""""""""" """"""""""""""""""""""""""""" g 3 3 3
3 R N R
% 30007 % 30004 rrrrrrrrrrrrrrrrrrrrrrr rrrrrr 8% rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
g 2000 7 i;) 2000 rrrrrrrrrrrrrrrrrrrrrrr rrrrrr é—é rrrrrrrrr rrrrrrrrrrr
1000 10004 % rrrrrrrrrrrrrr §§ % rrrrrrrrrrrrr g rrrrr
3 I & R 2
| 2] [aa]an]
04 0 T T T T T T T
200 CrystallinePhases: 40
U Be;BeO(bromellite)
Grainsize measured on Be 101 peak
U 13.48 nm(618)
Messages: U 11,83 nm(746)

A Nosignificant changes in crystalline phases observed on adiaimples.
A No other peaks correspondingdther elements (impurities) observed.

C.Lungu C.Porosnicuy IAP, Romania



Be limiters ILW-1 to ILW-3: Surface Roughness (@)
18 1LV : A: erosion zone Rouqhness:
16 ||« 1w B: deposition zone
S ILW3 ""f" Cirwp Pisie O"fL x Enhanced either by melting
1 \Ar : (dump plate) or in the
E12 deposition zones.
i x Hardly any effect for the
I erosion zones.
g x  For ILW-1 and ILW-3 almost
4 identical results.
2 x  Significantly increased
0 roughness on OWPL, ILW-2.
roof top
Messages

X

X

X

In ILW-3 areas with full or partial erosion of the Be top layer.
ILW-3: In contrast to ILW-1 and ILW-2 no areas with melting.

For the dump plate no relevant erosion nor melting of the roof top was found (specimen 462,
2B2C); 2B4C (not part of this investigation) shows heavy melting.

Metallographic results showed more or less full erosion of the marker layer in all the locations,
at least in the cross sectional micrographs no Ni-remains were found as it was the case for
ILW-1 and ILW-2.

G.Pintsuk FZJ
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Inner Wall Cladding



Inner Wall Cladding (@®)

0 20 40 60 80 100 120 140 160 180 IWC - 412(2011-16) cutting plan

o
‘ °
100 i DS
°
°
o
°

REGION A X REGION B

30
2 °
900 000000000000009
60

e

N
=]
QOO VVPVOO OO

Total IWCsurfacearea: ~9 m

Main questions:

A Erosion rate
A Fuel content

A Impurity content




Inner wall erosion: from ILW-1 to ILW-3 (@)

Data for Be/W Wallnserts

Inconel

Inner wall tile

Messages:

U Fairly homogeneous erosiol
rate in toroidal and poloidal
directions, both for Be & W.

U Variation of erosion rate
within factor 2 for all 3
ILW campaigns

row number

U Very small erosion rate
for W < 0.3 pm/s

M. Mayer, IPP

\=?
= ILW-1 = JLW-2 o [LW-3
= Be 2~ W 3%
" a 0.10-
Be o
£
S
2 0.05
o+ =) %
&
=  D.00-
o
©
—|E - = c
S
8  0.051
o
B
(e
- 0.10-
12 T T
0.00 0.05 0.10

net erosion rate (10'® atoms/cm?s)

2 'Y A
W P
£
o
. £
A A A 2
o
&
8 A A A 5
2]
o
5]
10+ ®
c
A A A

12 T T T Y

0.0000 0.0005 0.0010 0.0015 0.0020

net erosion rate (10"® atoms/cm?s)

0.0020

0.0015+

0.0010+

0.0005 -

0.0000

0.0005

0.0010+

0.0015-

0.0020-

Octant number
3X

7X
Octant number
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Inner Wall Cladding: ERDA and 3He-NRA )
Initial ILW-2, Tile 106
g SurfacecompositionERDA) g wny  SUrfacecompositionERDA)
2 Uss%f oas/ 035, Em‘: N| H Ni 015/ 011& om ODW
Messages:
NRA T whole layer analysis A Lowor no layererosion.
Sample  Thickness Impurity D gace Doonent A ProbablyBe deposition from
108 cm2 (um) % 107 e % erodedlimiters
Initial 112 (9.4 um) 4¢5 0 0 A Lowfuel retention,both at
L2 82-110 7-9  09-17 013co0p0 hesurfaceandin the bulk.
(106) (6.7¢9.3) A Total Dinventory:
- 1
LW13 125149  8-15  3-6  0.20c0.44 8 54x167(3c2lmg)
(412)  (10.1c 12.0) A Microscopyis needecdto

checktopography

P.PeterssonL.Dittrich, VR



Wall Probes
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Rotating Collectors

A 2 cyclesof exposure.
A Eachupto 3000shots

Bscratch indicating
lending point -2017 9
y

i

= |nner

3 = Outer

A Analysesompleted data ready fomodelling correlationwith operation modes.
A Contentsof metalsare veryon the 105%cm?level E. Alves, N. Catarino, IST, Portugal



4363
4364

4365

4366
4367

4368

Module 14 Inner 2= il
Louvre Clip ’

The cut o in the Louvre Clip
goes around this Vertical Cooling Pipe

Tile 3

Energy

Possible strike zone

Tile 4 O

K.Mizohata, VTT, Finland Time of Flight



Louvre clips ILW-1 to ILW-3: 7®)
Transport of Be and W to remote areas =
[ 1] —
Tt = G W content (10 cnr?)
217738.4 30.8 X & g
\ 22.0 40, : - 1;451;3 ILWA1
133 : 2y
17.437.0 017{3 16.6 I LVV-2

17.135.1

¢X 0 16.0 ILWL3

Energy

K - g &
Al | SRR S
S | . R R
¥ ¥ St 8
; f e
3 .1‘ - ’.ff .:
1 ] ] %
Time of Flight

Messageand main guestion(for modellers)
How do metals(Be, W)ravelto suchremoteareas, to alsurfacef the clips?
K.Mizohata, VTT, Finland
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Mirrors

Plasma -assisted cleaning
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Plasma-assisted mirror cleaning L

SEM before cleaning revealed needlelike
structures on JEHALW mirror exposed in

- cassettewith fins. No needlewithout fins.
\

From:

~ S.W. Moon, NME 2019

Aim:
To demonstrate cleaning
on mirror with needles.

Height Sensor 200.0 nm

220eV Helions are reducingthe amount of Be (393 nm to 37 nm)

—— 185 Rh Before ] but not removingthe final layer.
gm il —— 185 Rh After JET 1
200 X eeratazordeming 1 XPSshowsan enrichmentof W oxide that stoppedthe cleaning
EEE —— 185 Rh After 2019 Cleaning i
240_ Adding3 hin 2019(in comparisonto 23 h for 2017) is not reducing
£ 2. the Beamountasmeasuredby HIERDA

T T T T
500 1000 1500 2000 2500
Wavelength (nm)

A Furthercleaningexperimentsare delayeddue to the COVIDsituation. @

N
o
1

Reflectivitynot recoveredfor these steps,Ar gasis required.

=
o
1

< University

A Nextexperimentswill be performedat the beginningof 2021 L. Marot et al. ¢ Yiws
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M echanical properties of bulk W
Nanoindentation



Langmuir Probe (No 5, module 16IN,Tile 3, ILW-2)

(a) Hne Il

Areasof measurements

WUT_SUS8000 10.0kV 9.0mm x100 LM(L)

E. Fortuna, MSpychalskilPPLMWUT,Poland
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Langmuir Probe: Nano-indentation (®)
\N=
Young moduluss, GPa HardnessH, GPa
Average(E) SD(E) Error (E) | Average(H) SD(H) Error (H)
ZONE Il 257 42 12 15.37 2.68 0.74
TIP 261 25 6 5.18 0.72 0.19
SDLC standard deviation
Comparisorof force-depth curves for both areas.
12 [
10 /] .. . : o
_sL  Zonelll TiE)/"’ I,f U HysistronTi800triboindenter.
£ ' /
g e pd / (i Force 1anN.
g 4 -
, / U 15measurementsn eacharea.
okl A /.

0,00 50,00 100,00 150,00 200,00 250,00

Depth, nm

A Due to the large development of the surface, the surface was imaged in the SPM
(scanning probe microscope) mode before each measurement.

A Large differences in the hardness between the tip and Zone lII.

E. Fortuna, MSpychalskilPPLMWUT,Poland



Dust



Typeg Locations
VacuumcleaninglLW- all
Stickypads TilesO, 1
Stickypads Tile5
Stickypads Tile8

Sticky pads: Tiles B, C
Sticky pads: Be IWGL
Dust monitors: IL\2 and 3
Mirrors (FMT)

K¥6 Mirror ILW-1 and ILW2
Spatial blocks

QMB crystals

Messages

A Verysmallgquantity of loosematter in thedivertor.

1 g/lcampaign

Dust

Methods
Opticalmicroscopy
SEM

FIB

TEM, STEM

EDX, WDX, EPMA
UXRF/XCT

H-NRA

U-PIXE

U-RBS

HIERDA (dust monitors
ICROES

TDS:H,D, T

Full combustion: T
Radiography: T
Cameragsin discharges)

A Verystrong adhesiomf dust to thesubstrate

A No tungsterdroplets

\
)
z

/{/f—"
{
L=

(

Tile5, bulk Wlamellag, IWL=

Before sampling
R —

1+ I1LW3

-

ILW3-105W14N

Corner of sticker visible

After sampling

E. Fortuna)PPLMWUT



Dust: Inner Wall Guard Limiter 2XR11 ILW1-3 (C;},

20n

B
o]

co-deposit

WUT_SUB8000 10.0kV 15.1mm x800 PDBSE(CP)

10.0kV 15.4mm x1.00k SE(UL)

Messages

A Numeroussplashescodepositsandirregularobjectswith erriptyinterior.
A Strongadheranceof particlesto the substrate
E. Fortuna]PPLMWUT



