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j[ Outline

* Overview of panned activities with DIFFER
* He damage on SPD W samples

* Low-Z coating (Li) effects on retention of D/T

http://cpmi.uiuc.edu
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][ Collaboration with FOM-DIFFER (Dutch Institute for

Fundamental Energy Research)

DIFFER

‘: e i AR Cascaded arc source — — = = =
Coils
3 cathodes (W/LL,
Plasmahrce ' : ' : ' ’
A Laser beam (TS)

& \ ;
> 2 11 _I \ I |
2 . _
— Plasma : Water cooling
I Ca tors /

X W — T T T I T I T

Power supply I
 I—  I— | I  I—  I—

Anode IR camera Visible camera

« Three lines of research: 1) high-flux irradiation (quiescent + transient) of nano-
structured W and Mo, 2) Surface morphology and chemistry of nano-structured
Low Z coatings on W and Mo, 3) temperature-dependent erosion studies of
nanostructured W and Mo irradiated w/ D plasma

Collaboration with G. De Temmerman, DIFFER

http://cpmi.uiuc.edu The Allain Research Group e e

Center for Plasma-Material Interactions Radiation Surface Science and Engineering Lab ﬁ




Rich surface morphology driven by irradiation-induced

instabilities at the plasma-material interface
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O. El-Atwani et al, Nucl. Fusion 2015

» Both system temperature of W and irradiation fluence of He particles can generate
a complex morphology on the surface that is limited to penetrating depth of about
100-nm. This interface in the plasma can influence H retention and erosion

http://cpmi.uiuc.edu The Allain Research Group e e

Center for Plasma-Material Interactions Radiation Surface Science and Engineering Lab ﬁ



][ Nanostructure and morphology evolution on SPD-W

» Surface nanostructuring in

multiple scales; evidence of He
bubble emission at surface

* Crystallographic dependence of
irradiation-driven surface
patterning: implications for
hydrogen isotope interactions

SEM SEM e-Backscattering

Collaboration with G. deTemmerman (DIFFER) Colormapped on the crystallographyc orientation

http://cpmi.uiuc.edu Radiation Surface S Ll A"a'g :es_earcrf Grtug [ Yo'
Center for Plasma-Material Interactions Feldn S SEEiEe A Eiizatie Ly ||

RSSEL



’j[ SEM and TEM micrographs of the ultrafine grained tungsten sample

irradiated with 30 eV He patrticles to a fluence of 1x10'° cm? at 900 °C

« Irradiation ultra fined grained W sample

v,

vy - g ! ) o> . -
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« SEM micrographs suggest that surface nano-structuring appears at elevated
temperatures under low-energy He irradiation on ultra fined grained W sample

The Allain Research Group

http://cpmi.uiuc.
WeR eI L Radiation Surface Science and Engineering Lab
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SEM and TEM micrographs of the ultrafine grained tungsten sample
irradiated with 30 eV He patrticles to a fluence of 1x10'° cm? at 900 °C

20:nm 20 nm

« TEM micrographs showing (a),(b) eroded grain leaving stone-shape
nanostructures; (c) high resolution of one stone-shape nanostructure; (d)

region of a nanostructures grain (pinholes) and (d) eroded grain leaving fiber-
form nanostructures

http://cpmi.uiuc.edu

The Allain Research Group ana
Radiation Surface Science and Engineering Lab

RSSEL
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][ SEM and TEM micrographs of the ultrafine grained tungsten sample
irradiated with 30 eV He patrticles to a fluence of 1x10'° cm? at 900 °C

—
20 nm

—
20 nm

O. El-Atwani et al, To be submitted 2013, J. Nucl. Mater.

The Allain Research Group ana
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Early and latter stages of damage observed with in-situ TEM

™

2 keV He+ ion irradiation of W at 950°C

* (a) nanocrystalline (1) and ultrafine (2 and 3)
grains before irradiation

« (b) at a fluence of 8x10'8 jons.m=2 and greater
He bubble nucleation (bubbles indicated by
yellow arrows)

* (c) after irradiation to a fluence of 1.2x1019
ions.m=2 showing point defect cluster formation
(indicated by red arrows) occurred
preferentially in grains 2 and 3

« (d) after irradiation to a fluence of 2.0x10"°
ions m=2, a higher areal density of point defect
clusters and small dislocation loops evident in
grains 2 and 3 while grain 1 demonstrates a
uniform distribution of bubbles and a " ..
significantly lower areal density of defect ‘. : gV
clusters and dislocation loops. : ‘°°.""j

O. El-Atwani et al, In-situ TEM observation of the response of ultrafine- and nanocrystalline-grained
tungsten to extreme irradiation environments, Sci. Rep., Nature Publishing group 4, 4716 (2014)

The Allain Research Group ana

http: mi.uiuc.
e OIS e 1] Radiation Surface Science and Engineering Lab

Center for Plasma-Material Interactions

RSSEL



v He clusters at grain boundaries of SPD tungsten

* Observation of defect formation
and bubble accumulation on
nano crystalline grains of
different size

» Nano-crystalline grains of size
<60 nm evidence less damage
and defect formation; no
dislocation loops observed

* Nano-crystalline grains of size
between 60-100 nm evidence
more defect density and
appearance of dislocation loops

» Ultrafine grains (>100 nm) has
the larger density of defect
formation, dislocation loops,
clusters, etc.

« >>|ess damage on the smaller
grains >> grain boundaries play
a big role in the dynamics of
interstitial defects and
vacancies

Nanocrystalline grains
<60 nm

Nanocrystalline grains

Ultrafine
> 100 nm

O. El-Atwani et al, Sci. Rep., Nature
Publishing group 4, 4716 (2014) 50 nm

The Allain Research Group ana
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He clusters at grain boundaries of SPD tungsten: comparisons to
atomistic modeling
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Work by F. Sefta, Lin Hu and B. Wirth et al. open up understanding of self-driven mechanisms

for He cluster formation and role of grain boundaries

How do we couple impurity-driven surface structuring and defect evolution in irradiated
materials? How do we close the gap in space and time between models and diagnosis?

F. Sefta et al., Nuclear Fusion 53 (2013) 073015
Lin Hu et al., J. Appl. Phys, 115 (2014) 173512

The Allain Research Group e e
Radiation Surface Science and Engineering Lab
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] He clusters at grain boundaries of SPD tungsten: comparisons to

atomistic modeling
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F. Sefta et al., Nuclear Fusion 53 (2013) 073015
Lin Hu et al., J. Appl. Phys, 115 (2014) 173512
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I| Comparison with literature (fuzz formation)

PISCES En=60 oV

T~ 1120 K
Smaller grains on t= 3600 s

PISCES lead to a o
lower threshold for g
the fuzz formation RN 12122007

DIFFER

: e - e - oo W
, » . & 500nm
o 1 F e &Q*'W a - i = i

SPD samples (UFG) have higher fuzz formation fluence thresholds,
however fuzz thickness growth rate is faster

Svinrm b

O. El-Atwani et al, Nucl. Fusion 2015

The Allain Research Group ana
Radiation Surface Science and Engineering Lab
RSSEL
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T Summary of studies of low-Z coatings on

irradiated tungsten with D/He plasmas

« Re-deposited coatings on irradiated tungsten can have significant
consequences on both surface damage and fuel retention

 Li and Be has similar oxygen surface reactivities and hydrogen
retention, up to <50% of retention of H in Li [Allain et al. Nuc Fusion
2002]

« Synergistic effects between D and He have been demonstrated to
enhance fuel retention at the surface

* High heat-flux D plasmas seeded with He can help elucidate
mechanisms that drive D retention in region of He-induced damage

« Low-Z coatings can help “mimic” re-deposited particles that may
impact fuel retention

A. Neff et al, J. Nucl. Mater. 2015

http://cpmi.uiuc.edu The Allain Research Group

Center for Plasma-Material Interactions Radiation Surface Science and Engineering Lab -



1] w-Li Experiments

« Tungsten discs were made of polycrystalline tungsten:
Diameter = 10 mm and Thickness = 3 mm

» Surface temperature varied from room temperature up to 1100 C

* Li layer thickness was 500 nm (measured

« Sample biased to -35 V and exposed to D, He, and He seeded D

plasmas.

* Flux: 1.4-5.3 x 1023 m-2s1

* Fluence: 1 x 102 m-2

« XPS was used to characterize the surface chemistry

« Surface morphology was characterized with SEM*

Target Source
chamber chamber

Target manipulator

Magnum-PSI il Z ) M _'..IM,.*" '_/ i

lﬁl'::l

Plasma source

system
pumps

A. Neff et al, J. Nucl. Mater. 2015

Heating chamber

The Allain Research Group ana
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Surface Morphology of Low-Z re-deposited layer on W

™

« SEM micrographs indicate a low-Z coating
persisting after high-fluence irradiation

 Possible cracking is evidenced

- The patterns formed on the surface could
also be driven by the compositional
variation during exposure

« Additional high-fluence and high-
temperature irradiation confirm effect on
surface morphology and XPS retention of D

10.0kV 11.6mm x1.50k YAGBSE
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Surface Morphology of Low-Z re-deposited layer on W

™

« SEM micrographs indicate a low-Z coating
persisting after high-fluence irradiation

 Possible cracking is evidenced

- The patterns formed on the surface could
also be driven by the compositional
variation during exposure

« Additional high-fluence and high-
temperature irradiation confirm effect on
surface morphology and XPS retention of D
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Future work on irradiated tungsten with D/He plasmas

™

* We received ITER-grade samples from Julich in April 2015 and
began TEM sample preparation for in-situ TEM irradiated W work at
DIFFER and Huddersfield

« Synergistic effects between D and He will be conducted in facilities
there to look at effect of He-seeded D plasmas at high temperature
with re-deposited low-Z materials (e.g. Li)

 Also looking at in-situ surface chemistry effects on D retention by
oxygen impurities on surface

* In-situ TDS (at MRL) coupled to environmental XPS and TEM
system planned for 2016

The Allain Research Group
Radiation Surface Science and Engineering Lab
RSSEL

http://cpmi.uiuc.edu

Center for Plasma-Material Interactions



Final Remarks: two new experimental facilities at lllinois

relevant to the CRP on irradiated W

HIDRA : Hybrid
lllinois Device for
Research and
Applications

Helicon Source for
lon irradiation on W

+ MORI 200, HH 13.56MHz
Antenna and Automatic
Matching Network

+ “RFPP RF 30S” RF Generator

 EMS 7.5-13-2-D-1159 Magnet
Power Supply (0 - 500Gauss
at center tube)

» Experiments performed at 5

mTorr
cm
cm
N
L ] sem
13.8 cm cm
163
| | 18.8 | |
Ab : Schematic of S Shwg|
Dimensions an d Locat f A |
M rement:

The Allain Research Group

http: mi.uiuc.
gl g Lic 2l Radiation Surface Science and Engineering Lab

Center for Plasma-Material Interactions



][ Direct time-resolved observation of tungsten
. nanostructured growth due to helium plasma exposure
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P. Fiflis, D. Curreli, D.N. Ruzic, Direct time-
resolved observation of tungsten
nanostructured growth due to helium plasma
exposure, Nucl. Fusion 55 033020 (2015)

http://cpmi.uiuc.edu S The A"a'; :es.eamh. Grtus %
Center for Plasma-Material Interactions adiation Suriace Science and Engineering Lab s



Direct time-resolved observation of tungsten
nanostructured growth due to helium plasma exposure
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»

aligned SEM micrographs of

the same area over time
*P.Fiflis, D. Curreli, D.Ruzic, Nucl. Fusion,
(accepted), 2015
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j[ HIDRA: Hybrid lllinois Device for Research and
Applications
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HIDRA': Hybrid lllinois Device for Research and

Applications
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Poincare Plot of HIDRA Vacuum Field
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Development of In-situ Material Diagnostics, HIDRA-MAT

™

* MAPP consists of 3 mian analysis
techniques:

1. X-ray photoelectron
spectroscopy (XPS)

2. lon-scattering and Direct
Recoil Spectroscopy (DRS)

3. Thermal Desorption
Spectroscopy (TDS)

» Furthermore, MAPP also includes
local Langmuir probes and has the

NSTX-U

capability of quartz-crystal
microbalance technology for dust Ll |_I E E'J L' 'JLI'J

transport and erosion-redeposition

ime

StUdieS Aer [ E] [ ] [ ] [ E ] [ g ]
« Originally developed by Prof. JP Snamber s s g S—
Allain and tested on LTX & NSTX = e

The Allain Research Group ana
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,, 1| HIDRA: Assembly at University of lllinois (Nov/Dec 2014)
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