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PLASMA LOADS

S.S. Herashchenko'?, O.V. Byrka!, V.A. Makhlaj*?, M. Wirtz®, N.N. Aksenov’,
I.E. Garkusha®?, Yu.V. Petrov?, S.V. Malykhin®, S.V. Surovitskiy*, S. Masuzaki®, M. Tokitani®,
S.I. Lebedev!, P.B. Shevchuk!

! Institute of Plasma Physics NSC “Kharkov Institute of Physics and Technology”, Kharkiv, Ukraing;
2\/.N. Karazin Kharkiv National University, Kharkiv, Ukraine;
*Forschungszentrum Julich, EURATOM Association, Julich, Germany;

*National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine;
*National Institute for Fusion Science, Oroshi 322-6, Toki 509-5292 JAPAN

E-mail: gerashchenko@kipt.kharkov.ua

The cracking thresholds were evaluated for tungsten samples with different microstructure in the course of
QSPA Kh-50 repetitive plasma loads. No damage has been observed on the exposed surfaces under 0.1 MJ/m?.
Nevertheless, cracks were detected in the bulk of irradiated tungsten (with longitudinal grain orientation). Increasing
heat load up to 0.2 MJ/m? caused the damaging of all types of tungsten targets. The observed cracks propagate to the
bulk mainly transversely and parallel to the irradiated surface. The effect of the subsequent exposure with LHD
divertor plasma on the tungsten samples was analyzed. The obtained results are discussed.

PACS: 52.40.Hf

INTRODUCTION

Tungsten is now considered as a primary material
for the armor of plasma facing components in the
divertor region of fusion devices like ITER and DEMO.
The development of advanced tungsten grades requires
thorough testing and qualification of material in extreme
fusion relevant conditions, including both high heat and
particle fluxes (H isotopes, He and neutron) [1, 2].

Experimental simulations of high-energy fluxes
expected in fusion reactors are carried out in presently
available fusion devices such as ASDEX Upgrade, JET
or Large Helical Device (LHD) [1, 3]. Furthermore,
simulation experiments are also performed using linear
and e-beam facilities, pulsed plasma guns, powerful
quasi-stationary plasma accelerators (QSPA) as test-bed
facilities [4-13].

For pure tungsten as well as for tungsten-based
composites the surface cracking has been extensively
studied within the linear plasma devices and e-beam
facilities [11-13]. The obtained results showed different
kinds of damage appeared depending on the loading
sequence, power density, microstructure of the samples,
and their base temperature. W samples with transversal
grain orientation exhibited the weakest damage
resistance and the increase of their base temperature
could not compensate for the detrimental impact of
deuterium. It is shown that transient heat load led to the
appearance of surface crack meshes, while consecutive
steady-state load induced tensile stresses and opened
existing surface cracks [13].

Incident helium ions might also have a strong impact
on the surface evolution, with the formation of
dislocation loops and bubbles [1, 12]. These changes at
the material surface might promote the hydrogen

retention in the structure, which is one of the major
concerns for next generation devices. Therefore,
understanding of the microstructure changes and its
consequences are of primary importance. Microscopic
damage and helium depth profiles in metals bombarded
by helium atoms have been studied during LHD helium
discharges. From TEM observations, a considerable
amount of dislocation loops and helium bubbles of
about 1...2 nm size are identified [3, 14].

The observation of micro-crack networks in
experiments involving QSPA Kh-50 was attributed to
the surface melting and subsequent re-solidification [5,
15]. It was found that due to the material degradation.
the increasing number of repetitive exposures shifts
down the energy threshold for the crack onset up to 50
percent [15-17]. Even the loads, which are twice less
than the melting energy threshold led to the appearance
of fatigue cracks already after 100 plasma pulses. In this
case, the cracks initiation could be caused by an
accumulation of the stress-induced lattice defects which
harden the material in plasma-affected thin sub-surface
layer [7-9]. Analysis of experimental data confirms that
the origin of crack formation could be attributed to the
plastic deformation of surface layers by the twinning
mechanism. The twinning mechanism is reinforced by
the interaction of twins with hydrogen-filled micro-
pores [8, 9].

Thus, experiments with sequential transient and
stationary heat loads have shown quite a strong
influence of combined impact on plasma facing
materials. Therefore, further evaluation of damaging
thresholds for tungsten in conditions of combined heat
loads relevant to fusion reactor is necessary. This paper
presents the first results on sequential moderate pulsed
plasma loads from the QSPA Kh-50 plasma accelerator
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and following exposures of as-received and pretreated
samples by ions and charge-exchange particles within
the divertor fluxes in the Large Helical Device.

1. EXPERIMENTAL SETUP AND
DIAGNOSTICS

Plasma-heat load tests of tungsten with energy
density, pulse duration and particle loads relevant to
ITER transient events have been carried out in a
QSPA Kh-50 quasi-stationary plasma accelerator [5, 6].
Samples of pure tungsten with the longitudinal (L) and
transversal (T) grain orientation and in the recrystallized
(R) state were used for the experiments [13]. Samples
have sizes of (12 x 12 x 5) mm®. All specimens were
polished to achieve a mirror-like surface. The samples
were supplied by Plansee AG, prepared and delivered
from Forschungszentrum Julich.

The main parameters of the QSPA Kh-50 plasma
streams were as follows: ion impact energy ~ 0.4 keV;
maximum plasma pressure up to 0.32 MPa; the plasma
stream diameter 18 cm. The plasma pulse shape is
triangular with pulse duration of 0.25 ms [15]. The heat
loads onto the exposed surfaces were selected to be
rather moderate: 0.1 MJ-xm? (heat flux factor
Fue~6.3 MW-s*>m?) and 0.2 MJ:m
(Fur=12.7 MW-s">m™) to operate below the tungsten
cracking threshold for a small number of plasma pulses
[15]. Before each plasma pulse, the surface temperature
(Thase) Of one series of tungsten targets was kept near
room temperature (RT). The second series of the
samples was preheated before the exposures t0 Tpase=
400°C with a special heater [5, 16]. The maximum
number of irradiation plasma pulses was 200.

The induced damages have been analyzed by SEM
and laser profilometry after 100 and 200 the QSPA
pulses. Subsequently, the cross sections of the samples
have been investigated by metallographic means to
analyze the crack propagation into the bulk material.

As the second step, an irradiation of both pre-loaded
and original W targets was performed by deuterium
plasma fluxes (average ion flux of 3.7-10% m?s?, heat flux
of <10 MW/m?) at the divertor region within Large
Helical Device (LHD) at the National Institute of Fusion
Science [3, 14]. The samples were exposed to the
divertor plasma fluxes for 2s. Subsequently the
irradiated samples were analyzed using SEM+EDS, and
TEM (transmission electron microscopy).

2. EXPERIMENTAL RESULTS

2.1. TUNGSTEN SAMPLES EXPOSED WITH
HEAT LOAD TO 0.1 MJ/m?

Samples of pure tungsten (longitudinal (L) and
transversal (T) grain orientation and in the recrystallized
state (R)) were exposed to 100 and 200 QSPA plasma
pulses with heat load 0.1 MJm? (heat flux factor
Fur ~ 6.3 MW-s"5m?).

Plasma irradiation after 100 QSPA pulses with a
surface heat load of 0.1 MJ/m? does not cause damages
on the exposed surfaces of all tungsten samples
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independently on their microstructure (Fig. 1). Only
slightly increasing surface roughness is observed
(Ra< 1.2 um). The metallographic analysis shows the
cracks penetration to the bulk of exposed tungsten
sample with longitudinal orientation (Fig. 2). The cracks
propagate to the material in parallel to the sample
surface. The maximum crack depth is about 200 um.

FZJIEK2/2017 EHT = 15.00 K

Signal A = SE2 —
Fig. 1. SEM image of L sample surface exposed with the
QSPA plasma load of 0.1 MJ/m? at Tyase = 400°C

WD = 7.0mm

200 pm

Fig. 2. Optical microscope image of the crack
penetration in the metallographic cross section of L
sample exposed with the plasma load of 0.1 MJ/m? at
Thase = 400°C

20 ym

FZJIEK-2/2017 EHT = 1500 kV/ Signal A = SE2 WD = 7.0mm

Fig. 3. SEM image of R sample surface after the QSPA
exposure with heat load of 0.2 MJ/m? at Tpaee = RT

An increasing number of QSPA plasma exposures
up to 200 pulses does not significantly affect the
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samples’ surface morphology. The metallographic
analysis results are completely identical in both cases.

(Fur~ 12.7 MWxs**xm™) leads to surface modification
and cracks appearing on affected surfaces.

Fig. 4. Light microscope image of the metallographic
cross section of R sample irradiated by the QSPA
plasma load of 0.2 MJ/m? at Tpae = RT

20 pm
FZJ IEK-2 /2017 EHT=1500kV  Signal A =SE2 WD = 7.0 mm a

FZJ IEK-2/2017 EHT = 15.00 kv Signal A = SE2 WD = 7.0 mm

e b

20 pm
WD = 7.0 mm
— C

FZJIEK-2/72017

Fig. 5. SEM image of surface of T (a), L (b) and R (c)
sample after the QSPA exposure with heat load of 0.2
MJI/m? at Tyase = 400°C

EHT = 16500 kv Signal A = SE2

2.2. TUNGSTEN SAMPLES EXPOSED
TO 0.2 MJ/m?

Increasing heat load up to 0.2 MJ/m? causes surface
damage appearance for all types of tungsten targets. A
large.  number  of  repetitive plasma loads
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Fig. 6. Light microscope image of the metallographic
cross section of T (a), L (b) and R (c) sample after the
QSPA exposure with heat load of 0.2 MJ/m?
at Tpase = 400°C

A rather significant difference has been observed in
the morphology of tungsten samples that exposed at
room temperature. Metallographic analysis for the
recrystallized tungsten sample showed the formation of
a network of cracks on the surface (Fig. 3). Crack
propagation to the bulk along the grains boundaries is
also observed at depths up to 150 um (Fig. 4). For W
samples with the longitudinal and transversal grain
orientation, there were still no damages detected.

Small cracks were appeared on the surfaces of
exposed tungsten samples pre-heated to 400°C (Fig. 5).
The length of the cracks is varied from 30 to 80 pm.
Increasing surface roughness is observed for all samples
too.

For tungsten samples with transversal grain
orientation, single cracks propagate normally to the
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surface. They are observed in the near-surface layer at
depth of up to 50 um (Fig. 6,a).

Features of the pre-heated L tungsten samples need
to be discussed in more detail. As it is seen from the
metallographic cross section (Figs. 2, 6,b), QSPA
exposures with heat load of 0.1 MJ/m? and 0.2 MJ/m?
lead to crack propagation in the near-surface layer
parallel to the surface. Deep cracks are longer (> 1mm)
in both cases. The maximum depth of cracks was almost
200 ym for the heat load of 0.1 and 600 pm for
0.2 MJ/m?. All cracks originate in the near-surface layer
and further grow far into depth. Cracks change their
orientation during propagation deviating from their
initial path.

5.0kV x1.00k Mix(L) 50.0um

Fig. 7. SEM image of surface of R sample after the
QSPA exposure and plasma fluxes in divertor
region of LHD

2.3. TUNGSTEN SAMPLES EXPOSED TO THE
LHD DIVERTOR PLASMA

Three types of tungsten samples (T, L, R) were
further exposed to plasma fluxes in the divertor region
of LHD both in as-received state and after the pulsed
QSPA plasma loads (200 pulses of 0.1 MJ/m?) aiming at
analysis of possible effects from combined exposures.

Fig. 8. TEM probe of R sample surface exposed to
both QSPA plasma and divertor fluxes in LHD

The LHD divertor plasma exposures do not revealed
any synergistic effects on the surfaces of the samples.
Generally, no differences are observed on the surfaces
between initial samples and ones irradiated by the
QSPA Kh-50.
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Analysis of the surface morphology of the tungsten
samples indicates the absence of any extra damages.
The grains’ boundaries are clearly visible (Fig. 7).

After plasma exposures, microstructures of samples
were observed by means of TEM. Fig. 8 presents the
TEM probe from the R sample after the consecutive
combination of the QSPA exposure and plasma fluxes
in the LHD divertor.

It should be noted that LHD divertor fluxes resulted
in surface modification and formation of a sub-surface
layer of approximately 10 nm thickness for all exposed
samples. In this layer, so-called bubbles are routinely
observed (Fig. 9). Taking into account the sizes of
bubbles, these bubbles look to be attributed to
deuterium and helium bombardment effects within
LHD.

Fig. 9. TEM image of the cross section of R tungsten
sample after the QSPA exposure and divertor plasma
fluxes in LHD

CONCLUSIONS

Experimental studies of the damage features for pure
tungsten with different microstructure under the
moderate plasma loads have been performed with a
quasi-stationary plasma accelerator QSPA Kh-50. The
heat loads on the surface were below the cracking
threshold (for virgin material). The number of plasma
pulses was 100 and 200.

The repetitive plasma loads lead to surface
modification and cracks appearing on affected surfaces.
The influence of initial microstructure on tungsten
damaging is clearly demonstrated.

No remarkable damage was observed on the exposed
surfaces under 0.1 MJ/m? loads. Nevertheless, the
cracks are found to be propagating in the bulk of
exposed tungsten with longitudinal grain orientation.

Increasing heat load up to 0.2 MJ/m? causes the
damaging of all types of tungsten targets. Depending on
W material grade, the observed isolated cracks
propagate to the bulk transversely and parallel to the
exposed surface.

Except for some isolated cracks, no crack networks
are observed on the exposed surfaces under the
abovementioned plasma heat loads.

An effect of the LHD divertor plasma exposure on
the surfaces of the tungsten samples was analyzed. LHD
divertor fluxes are contributed to surface modification
and formation of the sub-surface layer of approximately
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10 nm in thickness for all exposed samples. In this
layer, bubbles are found to be formed. Analysis of the
sizes of bubbles suggests that these bubbles might be
attributed to deuterium and helium effects in the LHD
exposures.

For the case of moderate transient loads applied, the
LHD divertor plasma exposures do not reveal any
synergistic effects on the surfaces of the samples, which
pre-damaged by the QSPA Kh-50. Influences of
stronger cracking damage and also melting and
resolidification effects from QSPA pulses on material
performance in the divertor region are planned to be
analyzed in our next step experiments.
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HOBPEXJIEHUS YUCTOI'O BOJIb®PAMA C PASHOM MUKPOCTPYKTYPOM IIPU
MOCJIENOBATEJIBHBIX IIVIASMEHHBIX HAT'PY3KAX B KCITY U LHD

C.C. I'epawenxko, O.B. Bvipka, B.A. Maxnai, M. Wirtz, H.H. Axcenos, H.E. I'apkywa, FO.B. Ilempos,
C.B. Manvixun, C.B. Cyposuyxui, S. Masuzaki, M. Tokitani, C.HU. Jlebeoes, I1.b. Illesuyk

BbuTH OlIEHEHBI TIOPOTH PACTPECKUBAHUS Il 00Pa3lioB BOJb(GpaMa ¢ pa3IHyHON MUKPOCTPYKTYPO B TpoOIIEcCe
noBTopsfommxcst  tasMeHHBIX Harpy3ok KCITY X-50. Tlpm Harpy3kax menee 0,1 MJx/M° Ha OTKPBITBIX
MOBEPXHOCTAX 00pa3loB BoJb(ppama MOBpeXIAcHNI He HaOmonaerca. Tem He MeHee TPEUIMHBbI HAOJIIONAIOTCS B
o0beme obydeHHOrO 00pasia Bonkppama ¢ IpoJOIEHON OprueHTanue 3epeH. [1oBbIeHne TeMI0BOH Harpy3KH 10
0,2 MJDx/M° NPUBOIMT K TOBPEKACHHIO BCEX THIIOB BOIb(PAMOBEIX MuIIeHeil. HabirogaeMple TpEIIMHBI
pacnpocTpaHsioTcsi B 00beME B OCHOBHOM IIONEPEYHO M  MapajuiebHO OOJydaeMOH ITOBEPXHOCTH.
[IpoananusupoBaHo BimsiHUE aAnBepTopHOH Masmbl LHD Ha moBepxHOCTh 00pa3noB Bonbppama. CpaBHUBAIOTCS
Ppe3yJIbTaThl BO3AEHCTBHS Ha 00pa3Ibl BOJIb(paMa ¢ pa3IMIHOH MUKPOCTPYKTYPOH.

MNOMKOAXXEHHA YNCTOI'O BOJIb®PAMY 3 PI3HOIO MIKPOCTPYKTYPOIO
IPU MOCJITJOBHUX IIVIASMOBUX HABAHTAKEHHAX Y KCIII I LHD

C.C. I'epawenko, O.B. Bupka, B.O. Maxnaii, M. Wirtz, M.M. Axcenos, 1.€. F'apkywa, I0.B. I[lempos,
C.B. Manuxin, C.B. Cyposuyskuii, S. Masuzaki, M. Tokitani, C.1. /Iebeoes, IL.B. Illesuyk

Byno ouiHeHO HOpOTM pPO3TPICKyBaHHS il 3pas3KiB BoJb(GpaMy 3 pPIi3HOIO MIKPOCTPYKTYpOIO B Hpoleci
NoBTOprOBaHUX Ina3MoBux HaBaHTaxkeHb KCIIIT X-50. Ilpu HaBanTaxkeHHsix MeHe 0,1 MJx/m%, Ha BiJTKPUTHUX
MOBEPXHAX 3pa3KiB BOJIb(paMy YIIKOJUKEHb He crocTepiraerbes. IIpore, TpilmmHM cHocTepiratoThCst B 00Cs3i
OIIPOMIHEHOTO 3pa3Ka BOJIb(paMy 3 I03/10BKHBOIO OpieHTali€0 3epeH. [1iABHIIeHHS TEeNI0BOro HaBaHTaXKEHHS 110
0,2 M]K/M? TIpH3BOANTE 0 MOMIKOKEHHS BCIX THITB BOTb(GPaMOBHX MimneHeit. TpilliHH MOMMPIOIOTHCS B 06CA31
B OCHOBHOMY TONIEPEYHO 1 MapajeabHo O ONPOMiHIOBaHOI OBepxHi. [IpoaHanizoBaHO BIIMB AiBEPTOPHOI MIIa3MH
LHD na moBepxHIO 3pa3kiB Boib(ppamy. [IopiBHIOIOTECS pe3yibTaTH BIUIMBY Ha 3pa3ku BOIb(pamy 3 pi3HOIO
MIKpOCTPYKTYPOIO.
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