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Performed studies of plasma-surface interaction include measurements of plasma energy deposited to the material
surface and determination of tungsten cracking threshold during repetitive ITER ELM-like plasma exposures in QSPA
K h-50 with plasma pulses of energy density up to 2.5 MJ¥m? and duration of 0.25 ms. The energy threshold for tungsten
cracking development is found to be ~0,3MJm? The Ductile-to-Brittle Transition Temperature (DBTT) is
experimentally estimated for ITER relevant tungsten grade. Major crack network (cells size up to 1.3 mm) forms only
in cases of initial target temperatures below DBTT. Intergranular micro-cracks network (size of cells corresponds to the
grain size) appears under heat loads after melting threshold.

PACS: 52.40.Hf

1. INTRODUCTION

Divertor armor response to the repetitive plasma
impacts during the transient events in ITER and DEMO
remains to be one of the most important issues that
determine the tokamak performance. Erosion of plasma-
facing components (PFCs) restricts the divertor lifetime,
leads to contamination of the hot plasma by impurities
and can produce a substantial amount of the material
dust [1]. The present-day experimenta investigations of
plasma-surface interaction under conditions simulating
ITER trandent events are aimed at determination of
erosion mechanisms of plasma facing materials, dynamics
of erosion products, the impurities transport in the plasma,
the vapor shield effects and its influence on plasma
energy transfer to the material surface [2-8].

This paper presents recent results of ELM-simulation
experiments with the quasi-stationary plasma accelerator
QSPA Kh-50. The experiments include study of plasma-
surface interaction under inclined plasma impact, the
cracks anadysis and the results of residual stress
measurements for tungsten targets with elongated grains,
which isITER reference W grade.

2. EXPERIMENTAL SETUP
AND DIAGNOSTICS

Experimental simulations of ITER ELMs (Edge
Localized Modes) impacts were performed with quas-
steady-state plasma accderator QSPA Kh-50 tha is
largest and most powerful device of thiskind [2, 5-8]. The
main parameters of QSPA Kh-50 hydrogen plasma
streams were as follows. ion impact energy about
0.4 keV, maximum plasma pressure 3.2bar, and the
plasma stream diameter 18 cm. The plasma pulse shapeis
approximately triangular, pulse duration 0.25 ms and the
heat |oads varied in the range (0.2...2.5) MJm?.

A deformed W grade sample delivered from Plansee
AG, was used for the plasma load tests. Cylindrical shaped
specimens had been a diameter of 12 mm and a height of
5 mm [4]. An éectric heater wasingtalled at target’ s back-

side to keep the target temperature in the range
To=(200...600) °C before plasma pulse. For temperature
monitoring a calibrated thermocouple and an infrared
pyrometer were used. All targets were exposed to
perpendicular plasma stream. The energy density in
plasma stream and surface heat load measured with a
caorimeter.

Surface anaysis was carried out with an optical
microscope MMR-4 equipped with a CCD camera and
Scanning Electron Microscopy (SEM) JEOL JSM-6390.
The so called ‘J-2J scans with X-ray diffraction
technique (XRD) of exposed targets were performed
using a monochromatic K, line of Cu anode radiation [7].
Diffraction pesks intendgty, their profiles, and their
angular positions were anayzed for estimation the
macrostrain and the latti ce parameters.

3. EXPERIMENTAL RESULTS

3.1. FEATURES PLASMA-SURFACE
INTERACTION IN QSPA Kh-50

In our previous experiments it was demonstrated that
tungsten melting threshold under QSPA Kh-50 exposures
is (0.56...0.6) MJ¥m?. The evaporation onset is estimated
as 1.1 MJIm? [2]. For combined W-C targets the melting
and evaporation was not achieved under the plasma
exposures with fixed energy density. Enhanced
evaporation of carbon (carbon evaporation threshold
(0.4...0.45) MIm?) results in additional shielding of
tungsten surface by C cloud. It protects W surface from
the evaporation even for essentially increased energy
density of impacting plasma[6].

Calorimetric measurements demonstrate that even for
plasma exposures, which not result in the tungsten
melting, the absorbed heat load is not more 60% of the
impact plasma energy. The stopped plasma layer, formed
from the head of the plasma stream, ceases to be
compl etely transparent for subsequently impacting plasma
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ions [2, 6]. This layer of cold plasma is responsible for
decreasing part of incident plasma energy which is
delivered to the surface. In recent studies for inclined
exposure of the different targets, diminution of energy
density delivered to surface has been observed with
decrease of incidence angle (Fig. 1).
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Fig.1. Heat load to the target surface vs. incidence angle
of impacting plasma sream Plasma stream energy
density is 2.4 MJ/n?

3.2. CRACKING THRESHOLDSANALYSIS

Cracking development is characterized by measured
threshold load and threshold target temperature, which
determine the existing region of W performance without
cracks. The energy threshold for tungsten cracking
development is found to be ~0.3 MJ¥m? for QSPA Kh-50
pulse. The Ductile Brittle Transition Temperature
(DBTT) is experimentally estimated. The Ductile Brittle
Trangtion (DBT) occurs in the temperature range of
200°C <Tperr<300°. For initid temperature
To>300°C no mgjor cracks are formed on the exposed
surface.

Major cracks network forms only in cases of initid
target temperatures below DBTT. Mesh of cells of major
crack network is achieved (0.8...1.3) mm for near the
center of the spot (Fig. 2).

], x50
Fig. 2. SEM image of major crack network on tungsten
surface after 5 pulses of 0.45 MJ/n¥, To = 200 °C

Intergranular  micro-cracks appear after plasma
expodstion with heat load above melting threshold.
Typica cell sizes of intergranular micro-cracks network
are 10 to 80 um. Most of cells are within (10...40) pm,
which corresponds to the grain size of this W grade
(Fig. 3). The micro-cracks propagate along the grain
boundaries completel y surrounding the grains. The typical
width of intergranular cracks is not exceeded 1 mm. Fine
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cracks are developed in rather thin surface layer
~(5...10) mm. Magjor cracks are much deeper (Fig. 4).
Appearance of pores in some regions of surface layer can
be caused by expansion of macro-cracks mesh and losses
of tungsten grains in result of plasmaimpacts.
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Fig. 3. SEM image of micro cracks network on tungsten
surface after 5 plasma pulses of 0.75 MJ/n, T, = 600 °C
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Fig. 4. Cross-section of tungsten target preheated at
To = 200 °C and exposed with 10 pulses of 0.75 MJ/n?

3.3. RESIDUAL STRESSESIN TUNGSTEN
AFFECTED BY PLASMA STREAMS

The XRD diffraction analysis has confirmed absence
of materia phases built of impurities. Only W lines on the
surface and in deeper layers were observed. This is
important indication of plasmaand target purity.

Plasma irradiation results in a symmetrical tensile
stress in thin subsurface layer. Rather weak dependencies
of residual stresses on the initial temperature and the
irradiation dose were obtained for plasma exposures with
heat load of 0.2MJm? The values of residual
stresses » 160...180) MPa

The residua stress of 314 MPa appears in the surface
preheated to To =200 °C and exposed by single plasma
pulse of 0.45 MY, If T, overcomes the DBTT point the
stress drops down to 250 MPa. Increasing the number of
plasma pulses leads to some saturation of residual stress
which does not depend on T, (Fig. 5).

Single pulse irradiation of W surface preheated at
200°C with the heat load above the melting threshold
0.75 MJIn? led to the absolute maximal residual stress
390 MPa. Prehesating of tungsten at the temperature larger
than 400 °C causes the saturation of the residual stressin
tungsten on the level of 300 MPa. In the course of 5
plasma pulses the residud stress linearly decreases from



362 MPa down to 200 MPa with rising of initial surface
temperature from 200 up to 600 °C (see Fig. 5).
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Fig.5. Residual stressesin tungsten targets exposed with
five QSPA plasma pulses of 0.45 MJ/n? (1) and
0.75 MJn7(2) versustheinitial bulk temperature

4. CONCLUSIONS

1. Features of tungsten erosion under repetitive plasma
heat loads up to 1.1 MJm? lasting 0.25 ms, which are
relevant to ITER Type | ELMs, has been investigated.

2. Influence of target inclination and neighborhood W and
C as divertor components on the material response to
the repetitive plasma heat loads was analyzed.

3.The energy threshold for cracking development is
found to be ~0.3 MJm? for plasma pulse of 0.25 ms

5.Maor cracks network forms only if initid target
temperature is below DBTT. The intergranular micro-
cracks network appears under heat loads above the
melting threshold.

6. Performed measurements demonstrate that the residua
stress does not depend practicaly on initia target
temperature and it significantly grows with increasing
thermal |oads.
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4.The Ductileto-Brittle Transtion occurs in the

temperature range of 200°C < Tpgrr < 300°C. For

initia target temperature Ty > 300 C no major cracks

are formed on the exposed surface.
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TECTUPOBAHUE MOIIIHBIMHA TIOTOKAMM IIVIA3MbI MATEPHUAJIOB IUBEPTOPA ITER
B YCJIOBUSIX, COOTBETCTBYIOIIUX ELM, HA KCITY X-50

B.A. Maxnan, H.E. I'apxywa, H.H. Axcenoe, H.B.Kynuk, H.C./lanoman, H. JTunke, A.B. Meosedes, C.B. Manvixun,
B.B. Yeoomapee, A.T. Ilyzaues ,

BrImoTHEHHBIE WCCIIEAOBAHUS IUIA3MEHHO-TIOBEPXHOCTHOTO B3aMMOZCHCTBHS BKIIOYATH HW3MEPEHHUS IUIA3MEHHON
SHEPIUH, JOCTHUTAIOMICH IMOBEPXHOCTH MATEPHAJOB, M ONpPENENCHHE MOpOora XpyImKoro pa3pymieHus BoIbppaMa Ipu
MEPUOINYECKHU TTOBTOPSIOIIUXCS TIA3MEHHbIX Harpys3kax, nogobusix ELM B ITERe, na KCITY X-50 mna3meHHbIMU
HUMITYJIbCAMHU C TUIOTHOCTBIO SHEPTUH B MOTOKE 110 2,5 M,Z[)K/M2 u jamurensHocThio 0,25 Mc. DHepreTHueckuilt mopor
XpYNKOro paspyiieHus Boib(pama cocrasiser ~0,3 M]Tx/M2. Temmeparypa Bsiskoxpynkoro mepexozxa (TBXII)
OKCIIEPUMEHTAILHO OIIEHEeHa JUTs copTa Bonb(ppama, Beiopanroro st | TERa. Cetka MakpoTpemmus (pasmep sSUeku 10
1,3MM) ¢opmupyeTcs TONBKO B Ciydasx, KOIJla HadaibHas Temreparypa wuirenn Hmwke TBXIL. Cerka
MEXTPaHyJIbHBIX MHKPOTPEHIHH (pasMep sSUeek COOTBETCTBYET pa3Mepy 3epHa) MOSBISIETCS TPU TEIIOBBIX HArpy3Kax
BEIIIIE TTOPOTA TUIABJICHUS.

TECTYBAHHS TOTYKHUMH IMIOTOKAMM I1JIA3MH MATEPIAJIIB IUBEPTOPA ITEP B YMOBAX,
[0 BIAMIOBIAAIOTH ELM, HA KCIIII X-50

B.O. Maxnait, LE. I'apkywa, M.M. Axcvonos, M.B.Kynux, | .C. Jlanoman H. Jlinke, O.B. Meogeoee, C.B. Manuxin,
B.B. Ueoomapuwos, A.T. Ilyzauoes,
BukoHaHI OCTIMKEHHS IIa3MOBO-TIOBEPXHEBOI B3a€MOJIii BKIFOYATIN BHMIPIOBAHHS CHEPTrii IUIa3Mu, IIO JOCITaE
MOBEpXHI MaTepiamiB, i BU3HAYCHHS IOPOTY KPHUXKOrO0 PYHHYBaHHS BONb(ppaMy IpH IDIA3MOBHX HAaBAHTAKEHHSIX
nonibaux ELM B ITEPI, mo nepiogndno nosroprorotsest, Ha KCIIIT X-50 rmazmoBuMy inyiabcaMu 3 TyCTHHOO €Hepril
B morowi 10 2,5 MJLk/M? i tpuBanictio 0,25 mc. EHeprernunnii mopir KpHXKOTO pyHHYBaHHS BOMb(MPaMy CKIAae
~0,3 MJIxx/m> Temreparypa B's3koKpuxkoro mepexoay (TBXII) excriepuMeHTanbHO OLiHeHa s COpTy BOMbdpamy,
Bubpanoro mis ITERy. Citka makporpimun (po3mip ocepenky mo 1,3 MM) GopMyeTbest TUTBKH y BHIAIKaX, KOJIH
moyatkoBa Temieparypa mimeni Hmwkde TBXII. Citka MBbKTpaHYTBHHX MIKpPOTpIlmuH (po3Mip OcepenkiB BimmoBimae
pO3Mipy 3epHa) 3'SBIETHCS IIPH TEIUIOBUX HABAHTAKCHHSIX BHUILE MOPOTY IUIABICHHSL
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