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Influence of plasma exposures on tungsten behavior was sudied in QSPA Kh-50 facility and pulsed plasma gun PPA.
Plasma |cads were chosen either bdow the mdting threshold or resulting in pronounced melting. Evolution of residual
stresses and lattice spacing was studied for various number of hydrogen or helium plasma impacts. The value of residua
stresses depends on irradiation dose and kind of impact plasma. The non monatone change of latti ce spacing was observed
for melted surface. The damage of exposed surface was caused by cracks appearing.
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1. INTRODUCTION

One of the most important issues that need to be studied
experimentally in the ITER smulation conditionsis behavior
of divertor materids under the plasma ions bombardment
and hesat fluxes. Smulation experiments of ITER conditions
should be performed with multi-pulse ELM-like plasma
loads, which are bedow/close to the mdting threshold [1].
The effects of helium ions impact (blistering, flaking),
helium dynamics in surface layers, its influence on cracking
development in tungsten (helium retention in microcracks
volume) are dtill actud topics[2].

This paper presents the results of comparative studies of
evolution of tungsten substructure after exposures with
helium and hydrogen plasma streams generated by plasma
accelerators of quasi-steady state and pulsed types.

2. EXPERIMENTAL SETUP
AND DIAGNOSTICS

Non-textured rolled tungsten plates of Russian trade
mark of 40" 40" 1 mm® sizes were examined to check
evolution of structure and residual stresses in tungsten
exposed to a small number of hydrogen or helium plasma
impacts. The scheme of plasma exposures is described in
details elsewhere [2]. Before each exposure, the targets
were maintained at room temperature. For temperature
monitoring a calibrated thermocouple and an infrared
pyrometer were used. The targets were exposed to
perpendicular irradiation in powerful plasma streams
generated by QSPA Kh-50 or PPA.

The main parameters of QSPA Kh-50 hydrogen
plasma streams are as follows: the ion energy is about
0.4 keV, the maximum plasma pressure is 3.2 bar, the
plasma stream diameter is 0.18 m. The plasma pulse
shape is triangular with pulse duration of 0.25ms. The
surface energy load measured with a calorimeter was
chosen either 0.45 MJm?, which is below the melting
threshold, or 0.75 MJ¥m?, which resulted in pronounced
melting [4].

The pulsed plasma accelerator PPA generates plasma
streams with ion energy up to 2 keV, plasma density
(2...20)" 10" cm™, a maximum specific power of about

10 MW/cm? and plasma energy density varied in the
range of (0.05...0.40) M¥m?. Helium and hydrogen were
used as working gases [5].

X-ray diffraction (XRD) has been used to study the
micro-structural evolution of exposed W targets. J-2J
scans were performed using a monochromatic K, line of
Cu anode radiation. The analysis of diffraction peaks
intensity, profiles, and the angular positions was applied
to evaluate the texture, the macrogtrain and the lattice
parameters. Surface observations with optical microscopy
and SEM were performed al so.

Stress measurement has been performed employing
sinfy method of XRD. (321) diffraction with Bragg
diffraction at 21=131.2° for tungsten is studied to plot the
lattice spacing vs. sin“y curves in both positive and
negative y ranges [6, 7]. Detailed descriptions of sin“y
method of residua stresses determination can be found in
[7]. The absolute errors for the stress and the lattice
spacing measurements are + 30 MPa and +5 10" °nm,
respectively. Performed measurements demonstrate that
values of principal stressess;, s, and s; are within the
error range of the measurements, i.e. strain is symmetrical
[2].

3. EXPERIMENTAL RESULTS

3.1 INITIAL TARGETS STRUCTURE

Diffraction profiles of (321) peak for W targets are
shown in Fig. 1. Initial diffraction peak of the sample is
weakly broadened. The CuK, is a double line as far as it
represents spectral doublet K,; and K,,. Generaly, half-
width of the profile is proportional to the number of line
defects (dislocations) in the target [6]. Thus the samples
are characterized by lower number of line defects. Half-
width of the peak (i.e. width on half-height of diffraction
profile) is B » 0.37°. The tungsten lattice spacing and the
residual stress were evaluated from analysis of a-siny
plots. Example of the measured linear dependencies
a-sin“y is presented in Fig. 2. In initia state the residual
stresses in W targets were on the level of 20 MPa that is
usual for the grinding surfaces. The lattice parameter
a»0.31651 nmis close to the reference value.
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Fig. 1. Profiles of diffraction maximum (321): initial
state (1); exposed areas after 10 PPA pulses of 0.4 MJ/n?
hydrogen (2) and helium (3) plasmas
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Fig. 2. a-sin®y dependences for rolled tungsten: initial
state (1); after 10 pulses: hydrogen (2), helium (3) PPA
plasma of 0.4 MJ/n? and hydrogen QSPA plasma of
0.75 MJIn? (4)

3.2. STRUCTURE OF SAMPLES EXPOSED
TO PLASMA STREAMS

The XRD diffraction analysis showed that, there is no
material phases built of impurities in tungsten surface layer.
Thereare only W lines on the surface and in deeper layers.

Firg plasma pulses lead to defects creation and
structure degradation. The diffraction peak width of the
targets is increased up to B » 0.72° after 5 plasma helium
pulses of 0.4 MJIm?. Some slow diminution of peak width
(B»0.64% is observed when irradiation dose was
increased twice (see Fig. 1). There is the small change
(B » 0.46%) of diffraction profile as a result of hydrogen
plasma exposures of the same heat load. The repetitive
heat load below melting threshold affects diffraction peak
profile not strongly. This is due to crestion of lower
number of line defects.

The lattice spacing & in the stressfree section is
initially grows, but then it decreases with increasing
number of plasma pulses resulting in melting (Fig. 3).
Probably, thisis caused by the appearance of a melt layer
on the surface. In the molten layer the increasing
solubility promotes penetration of light impurities,
including hydrogen or helium, into the surface layer. The
& changes dightly as the result of hydrogen and hedium
plasma exposures below melting threshold.

Network of major crack is formed on tungsten
surfaces. Size of crack mesh is0.35...0.6 mm for helium
exposure and 0.25...0.7 mm for hydrogen plasma impacts
in PPA (Fig. 4). For QSPA exposures with hydrogen
plasma the size of major crack network is 0.5...1 mm.
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Width of major cracks is 4...6 mm for both PPA (Fig. 5)
and QSPA plasma exposures.
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Fig. 3. Lattice spacing in the stress-free section of rolled
tungsten targets versus the number of pulses of helium
(1-0.4 MJ/n? (PPA); 2 —0.2 MJ/n? (PPA)) and
hydrogen (3— 0.4 MJ/n?? (PPA); 4—0.75 MJ/nt (QSPA))
plasmas and reference value (5)

The growing crack width up to 5...10 mm is observed
under hydrogen plasma irradiation in PPA. There is
typical network of intergranular micro-cracks on surfaces
exposed by plasma pulses of heat load above melting.
Distance between micro-cracks is 15...20 nm. Width of
those cracks is achieved 0.5mm. The blister-like and
cellular-like structures appear on the surface exposed by
helium plasmas (Fig. 4, 5).

Fig. 4. Images of tungsten surface exposed to helium (a)

and hydrogen (b) plasma of 0.4 MJ/n?
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Fig. 5. SEM image of tungsten surface exposed to 10
helium plasma pulses of 0.4 MJ/n?

3.3. RESIDUAL STRESSES CREATED BY PLASMA
IRRADIATION

Symmetrical tensile stresses are created in thin surface
layer of tungsten target in result of plasma exposure. Main
residua stresses are caused by first plasma pulses. For
regimes with melting, residual stresses are mainly
attributed to re-solidification of melt layer. Similar values



of theresidual stresses are registered after the impacts of
helium plasma in PPA and hydrogen plasma in QSPA
(Fig. 6). High penetrability of helium into the tungsten
structure and, probably, formation of helium-vacancy
complexes may explain this result. Some decrease of
residual stresses is observed under the short pulse
irradiation sn PPA that agrees with observer grow of
cracks width.
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Fig. 6. Residual sressesin tungsten targets versusthe
number of plasma pulses of QSPA (hydrogen: 1 —
0.45 MJ/n?; 2 —0.75 MJ/n?) and PPA (helium: 3 —
0.4 MJ/In?; 4 —0.2 MJ/n?; and 5 — hydrogen 0.4 MJ/n).
Dashed line shows stress magnitude after 270 QSPA
hydrogen plasma pulses of 0.45 MJ/n?

4. CONCLUSIONS

1. Tungsten behavior under the repetitive plasma
exposures is studied in ELM simulation experiments with
multiple heat loads both below and above the melting
threshold in quasi-sationary plasma accelerator QSPA
Kh-50 and pul sed plasma accelerator PPA.

2. Symmetrical tensile stresses are created in W surface
layer in result of plasmairradiation. The maximal stresses
in plasma affected layer are formed after the first plasma

pulses. Diminution of residual stresses is observed with
increase of exposition dose and plasma pul se duration.

3. For regimes with melting, residua stresses are mainly
attributed to re-solidification of melt layer. Evolution of
residual stresses with number of pulses is similar for
hydrogen and helium plasmaimpacts.

4. Non uniform changes of both stressfree lattice
spacing and haf-width of diffraction maximum are
observed under heat loads above the tungsten melting
threshold. This result can be explained by introducing
light impuritiesinto the melt layer structure.

5. Formation of heium-vacancy complexes causes
change of lattice spacing and higher levd of residual
stresses under helium plasmaimpact.
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BJIMAHUE OBJIYYEHUS BOJOPOAHBIMUA U I'EJIMEBBIMHU ITIOTOKAMM I1JIA3MBbI
HA MOJUOPUKAIINIO CTPYKTYPbI BOJIb®PAMA ITPU MOIIHbIX TEPEXO/IHBIX HATI'PY3KAX

B.A. Maxnaii, H.E. F'apxywa, O.B. Buoipka, B.B. Yeoomapes, | .S. Landman, C.HU. Jlebeoes, C.B. Mansixun,
A.T. Ilyzaues, IL.5. Illeeuyk,

INoBenenne Bonb(hpaMOBEIX MUILIEHEH ITPH BO3/ICHCTBHIH IIIa3MEHHBIX TOTOKOB MccienoBano Ha KCITY X-50 u ummynbscHOM
wrasmMenHod mymke MITY. IlnasmenHple Harpy3kd ObUIM BBIOpaHBl HIDKE IIOpora IUIABICHHS M B YCIIOBHSIX,
00ecrieunBalomMX SIBHOE IUIABJICHUE. OBOJIOLMS OCTaTOYHBIX HANPSHKEHHMH M MapaMeTpa pPeIIeTKH HCCIIeZoBaHa Juls
Pa3IMYHOrO KOJIUYECTBA UMITYIbCOB BOJOPOJHON MITH TeIMEBOM Ia3Mbl. BennunHa OCTaTOYHBIX HANPSDKEHUM 3aBHCENa OT
JI03b1 OOITydeHnst W Buja OOydaromiedl ria3Mbel. HeMOHOTOHHOE W3MEHEHHE IMapaMeTpa pPeIeTKH HaOmoaanoch i
pacmiasieHHOH oBepxHOcTH. [ToBpexkeHne 00rydeHHOM TOBEPXHOCTH BBI3BAHO TTOSIBJICHIEM TPEILHH.

BIIJIMUB OITPOMIHEHHS BOJHEBUMM I TEJJIEBUMHU IOTOKAMHU HA MOJUPIKAIIIO
CTPYKTYPHU BOJIb®PAMY I AI€IO NIOTYKHUX NEPEXITHUX HABAHTAKEHb

B.O. Maxnaii, LE. I'aprywa, O.B. Bupka, B.B. Yeoomapuos, | .S. Landman, C.1I. JIebeocs, C.B. Manuxin,
A.T. IIy2auoe, IL.B. Illesuyx| B.1. Tepeuiun

[ToBeninky Bonb()paMOBHX MiIICHEH HpH BIUIMBI IUIa3MOBHX NOTOKIB mocmimpkeHo Ha KCIIIT X-50 i immynscHii
mwrazmoBiii rapmarti IIII1. [Ina3moBi HaBaHTakeHHS Oyn0 OOpaHO HIDKYE IOpora IUIABJIEHHS 1 B yMOBax, IO
3a0e3MeuyoTh sIBHE IUIaBIeHHs. EBOIONIS 3aIMIIKOBIX HAIPYXXEHb 1 TapaMeTpa PeIIiTKH Oya TOCHipKeHa st pi3HOl
KIJIBKOCTI  IMITyZIbCiB  BOJHEBOI abo remnmieBoi IUIa3Mu. BenmnumHa 3anMIIKOBHX HANpyKEHb 3ajexaia BiJ 03U
OIIPOMIHEHHS Ta BUAY IUTa3MH, IO ONpOMiHIOBaTa. HEMOHOTOHHA 3MiHA MapaMeTrpa PELITKH CrocTepiranacs s
posIutaBieHoi moBepxHi. [1omKomKeHHs OITPOMiHEHO] MOBEPXHI BUKJIMKAHO TTOSIBOIO TPIIIHH.
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