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The stainless steel surfaces coated of tungsten have been alloyed and modified with powerful QSPA Kh-50
plasma streams. The plasma streams exposures result in modification of steel-based materials and formation of re-
solidified layers. The changes of substrate texture were also registered. Phase characterized by body-centered cubic
lattice appeared due to recrystallization of affected material. Thus, the favorable conditions were created for
penetration of tungsten into the stainless steel bulk. Growth of lattice parameter was observed as result of plasma
irradiation of coated samples. It's indication of tungsten penetration into the depth of substrates.
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INTRODUCTION

Reduced-activation steels are considered now as
structure materials for nuclear and fusion devices due to
their high swelling resistance and low irradiation creep
rate (the slow change in dimensions of a material due to
prolonged stresses, caused by X-rays, p-rays and
neutron irradiation, amongst others). In particular, those
steels could be a possible option for plasma-facing
material of DEMO first wall surfaces [1-3].

The main drawback of steels for their application as
plasma facing materials is high sputtering rate under
influence of energetic ions (particularly hydrogen
isotopes). It is directly related to impurity generation as
well as to the lifetime of plasma- facing components [3,
4]. One of the promising ways for improvement of steel
properties is alloying of their surface layer with refractory
elements [3]. For example, plasma species can be
considered as a source of alloying elements to be
introduced into a modified layer structure [5]. Another
possibility of alloying under the pulsed plasma processing
is mixing of previously deposited thin (hea < hmer)
coatings of different predetermined composition with the
substrate in the course of melting driven by powerful
plasma impacts [6, 7].

Alloying of surface layer in result of the coating-
substrate mixing allows achievement of desirable
chemical composition in surface layers [5-9].
Nevertheless, modification processes in plasma facing
materials that induced by repetitive plasma impacts and
synergetic effects from different influencing factors are
still not understood well to make reasonable predictions
for steels behaviour during the reactor operation. All
mentioned issues require comprehensive studies of
prospective steel materials with different powerful
plasma devices-simulators and coordinated activities
that will address relevant issues associated with the
impact of intense heat and particle loads on plasma
facing materials.

Analysis and comparison of experimental results on

materials behavior under irradiation with steady-state
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and high-power pulsed plasma streams generated in
different plasma devices with various specific heat loads
and different particle fluxes gives the unique possibility
to understand an important common features of surface
damage in extreme conditions, to investigate the
peculiarities of surface modification for reduced
activation steels and possible erosion mechanisms in
dependence on the plasma parameters and the impacting
load.

1. EXPERIMENTAL DEVICES AND
DIAGNOSTICS

Samples of Cr18Nil0Ti (analog of stainless steel
SS 321) austenitic steel used in experiments were
20 x 20 x 1 mm. High quality tungsten coatings were
created using PVD technique [7] in a Bulat type facility.
Coatings with thickness of about 3 um were deposited
during 3min in argon of p=(4...5)x10* Torr.
Parameters of arc discharge are as follows: current of
arc l,.=230 A and biasing voltage of U,s = 140 V.
Before deposition of coatings, ionic cleaning of the
surface (etching duration 2 min, U = 1.5kV and
lare = 100 A) was applied.

Surface modification by powerful pulsed plasma
treatment was carried out with the use of the quasi-
stationary plasma accelerator QSPA Kh-50 [10]. Main
parameters of QSPA plasma streams are as follows: ion
impact energy was about (0.4...0.6) keV, the maximum
plasma pressure up to 0.32 MPa, and the plasma stream
diameter of 18cm. The power load shape is
approximately triangular, and the pulse duration of
0.25 ms [10-12].

The energy density in free plasma and surface heat
load were measured by the local calorimeters. Surface
analysis of exposed samples was carried out with an optical
microscope  MMR-4, equipped with CCD camera.
Measurements of weight losses and precise
measurements of the surface roughness with the
Hommelwerke tester T500 were also performed.
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X-ray diffraction (XRD) has been used to study
structure, sub- structure and stress state of targets. 9-29
scans were performed using a monochromatic Cu-K,
radiation [11-13]. Computer processing of the
experimental diffraction patterns was performed using
the new profile 3.5 software package [12].
Comprehensive analysis of diffraction peaks intensity,
profiles, width (B), angular positions was applied to
evaluate texture, coherent scattering region size [12].
Changes of phase state on the surface were evaluated
from XRD spectrum analysis. Residual macro-stresses
() and the lattice parameter in the unstrained state (ag)
were determined using a- sin®y-plots [11, 12].

2. EXPERIMENTAL RESULTS

The initial microhardness and roughness of
Cr18Ni10Ti samples were 350 kg/mm? and R, < 0.1 zm
(Rmax= 0.1 um) respectively (Fig. 1). Only lines of y-Fe
phase are observed on the initial surfaces (Fig. 2,a).
Lattice spacing in stress free state is measured as a,.re ~
0.359 nm. It should be mentioned that face centered
cubic lattice is attributed to y-Fe.

The cycle of steel alloying consisted of two stages.
During first stage the tungsten coating was deposited on
the surface by PVD method. The surface roughness is
slightly increased after deposition of tungsten coatings
(Ra<0.1um, Ry ~0.9 um, Fig.1). At the second
stage the coated samples were processed with hydrogen
plasma streams in QSPA Kh-50 device.
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Fig. 1. Profiles of sample surface: initial (a) and after
W coating deposition (b), modification by 5 plasma
pulses of 0.6 MJ/m?(c)

In our previous studies of tungsten material the
melting (0.6 MJ/m?) and cracking (0.3 MJ/m?)
thresholds have been determined for QSPA plasma
pulses. The evaporation onset is estimated as 1.1 MJ/m?
[10, 14]. As result of plasma irradiation of surfaces
coated by tungsten with heat load below the melting
threshold a mesh of major cracks appears upon the
exposed target surface. Only few particles were ejected
from the exposed surface as registered by CCD
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imaging. In the case of plasma heat loads resulted in
pronounced surface melting the droplets emission
became dominant [14]. For stainless steel the melting
threshold is experimentally evaluated as
0.4...0.5 MJ/m? for applied QSPA plasma pulses. From
this reason, the heat load to the coated target surface
was chosen to be on the level of 0.6 MJ/m? (i.e., in the
vicinity of the tungsten melting threshold).

150 -
K
B 125
= —
a e
- 1004 |[%
: e
[7]]
c 75
Q
whd
= =)
— 501 . _ =
0 T T T T T T T T T T T
40 50 60 70 80 90 100 110 120 130 140
29, deg a
700
600 |5
Y500 | -
° S
3 &
a4004 | <
23004 |3/ 2 3
2 He geito E =
g200 |§ - gE ¥ SE £ 0§ 58
= S
—100-J ‘ . ' ;
0 T T T T T T T T T T T
40 50 60 70230 9&100110120130140
3, deg
)
b

Fig. 2. Diffraction patterns (Cu-K, radiation) of
stainless steel sample: initial state (a) and after
deposition of tungsten and irradiation of 5 plasma
pulses of 0.6 MJ/m? (b)

After irradiation of the sample surface with 5 plasma
pulses of above mentioned heat load molten and further
re-solidified surface layer is appeared (Figs. 3, 4). The
surface morphology is developed also due to generation
of both macro and micro cracks [15]. The roughness of
exposed surfaces increased up to R, ~0.1 um, Ry
~1.3 um (see Fig. 1,c.). The delamination of coatings
was not observed (see Fig.4). Microhardness of
modified surface was increased up to 400 kg/mm? due
to the stresses and quenching introduced by plasma
treatment [16].

o-Fe phase is recognized together with lines of y-Fe
phase and W on the treated surfaces. Intensity of
tungsten lines essentially exceeds the intensity of
substrate lines. The intensity of y-Fe lines increased
also. It indicates a re-crystallisation and improvement
structure of exposed surfaces (Fig. 2,b). Both a-Fe and
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tungsten are characterized by body-centered cubic
crystal structure. Therefore, presence of o-Fe phase
creates helpful conditions of tungsten penetration into
affected layer. It agrees with increasing of lattice
spacing of y-Fe from 0.359 nm till a,..e= 0.35943 nm.
Such increase of a, can be explained by increasing
tungsten concentration up to 2 atomic percent in
modified subsurface layer [13].

Fig. 3. Images of exposed area edge with different
magnification

Fig. 4. Images of exposed area with different
magnification
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Depth of tungsten penetration was estimated by means
of measurements of intensity of different lines (W, a-
Fe, y-Fe) in exposed and unexposed sides of sample. As
it was found, tungsten is concentrated near surface layer
of 0.38 um.

It should be mentioned that measured value of a,.r
is less than the vy-Fe reference lattice spacing of
0.3637 nm. For tungsten (0.31637 nm) and a-Fe
(0.28596 nm) lines, the lattice spacing also some less
than corresponding reference values (aw =0.3165 nm
and a,.r = 0.2866 nm) due to available surplus of
vacancies in the modified layer (Fig. 5). Symmetrical
tensile stresses of 269 MPa and about 880 MPa
registered from a-Fe and y-Fe lines, respectively.
Tensile stresses of 218 MPa registered from tungsten
line.
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Fig. 5. a -sin“y-plots from tungsten (a) and o-Fe (b)
line for exposed sample

CONCLUSIONS

Experimental studies of surface modification of
stainless steel samples covered by tungsten coatings
have been performed with a quasi-stationary plasma
accelerator QSPA Kh-50. Plasma heat load on the
surface was about 0.6 MJ/m? (i.e., near tungsten melting
threshold).

Therefore, melted, re-solidified layer is developed on
exposed surfaces. Modified layer included mixed
coating material with substrate. o-Fe phase is
recognized together with lines of vy-Fe phase and
tungsten on treated surfaces. Lattice spacing of y-Fe ina
stress free state is increased from 0.359 nm up to a,.r=
0.35943 nm. The concentration of tungsten is amounted
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to 2 atomic percent in modified subsurface layer.
Estimated depth of tungsten penetration into the
modified layer of steel sample achieved 0.38 pm.

The surface morphology is developed mostly by
melting and re-solidification processes in the course of
plasma treatment. Both major and micro cracks are
appeared on the exposed surfaces. However, any
delamination of coatings was not observed.
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JETUPOBAHME U MOJIU®UKAIIAA HEP)KABEIOIIEN CTAJIN
MOIIHBIMHU IMTOTOKAMM IIJTA3ZMBbI

B.A. Maxnaii, H H. Axcénos, O.B. boipka, A.I'. Yynaopa, C.C. I'epawienko, C.B. Manvixun, H.®@. Muxaiinos,
K.H. Cepeoa, C.B. Cyposuuxuii

IloBepxHOCTH W3 HEp)KaBEIOMIEH CTAalW C TOKPHITHEM W3 Bolb(pama OBUIH JIETUPOBAHBI W MOTUPHIIUPOBAHBI
MOIIHEIMU TIa3MeHHbIME ToTokamu B KCITY X-50. OOmydeHre MOTOKOM IUIa3Mbl HPUBOAWUT K MOAU(HKALIIH
MaTepHalioB Ha OCHOBE CTajieil U (HhopMUpOBaHHE MOBTOPHO 3aTBEPAEBIIETO CIOs. VI3MEHEHHS TEKCTYPHI MOJTIOKKH
ObUTH Takxke 3aperucTpupoBabl. daza, KOTOpas XapakTepu3yeTcsi 00bEMHO IIEHTPUPOBAHHON KyOUUECKOUN PEeIIETKOM,
TIOSIBUJIACH BCJIEJCTBHUE PEKPHCTALIM3ANNY O00Myd€HHOTO MaTepuana. Takum oOpa3oM, ObIITH CO3/1aHbl HEOOXOTUMBIE
YCIIOBUSL Ul TPOHMKHOBEHHUS BOJIb()paMa B HEPIKABEIOIIYIO CTajib. PoCT mapamerpa pemérku HaOMoAaIcs B
pe3yabTare MIa3MEHHOTO OOMydeHUs oOpas3loB ¢ MOKPBHITHEM. DTO YKas3blBaeT Ha MPOHUKHOBEHHE BOJb(pama B
TITyOMHY CyOCTpaTOB.

JET'YBAHHSA 1 MOJIUPIKAIISA HEPXKABIFOUYOI CTAJII
HOTY/ KHUMHU NIOTOKAMMU IVIAZMH

B.A. Maxnai, M.M. Akcvonos, O.B. bupka, A.I. Yynaopa, C.C. I'epawenxo, C.B. Manuxin, 1. @. Muxaiinos,
K.M. Cepeoa, C.B. Cyposuybkuii

IloBepxHi 3 HepkaBifouoi crTayli 3 MOKPUTTAM 3 Boib(pamy Oymu JeroBaHi i Moau}iKoBaHI MOTYXHUMH
mazmoBumu notokamu B KCIIIT X-50. OnpomiHeHHS TOTOKOM IUTa3MH NPU3BOIHTE 10 MoAM(iKaIlii MaTepiamiB Ha
OCHOBI cTajel 1 popMyBaHHS ITOBTOPHO 3aTBEPAITIOTO IMapy. 3MiHM TEKCTYPH MiJKIAAKHA OyJIH TaKOXK 3apeecTPOBaHI.
®daza, sKa XapaKTepU3YEThcs O0'€MHO IIEHTPOBAHOI KyOIYHOIO PENIiTKOI0, 3'SBHJIACS BHACHTIJOK PEeKpUCTaIi3aril
ompomiHeHoro Matepiaimy. Takum dYuHOM, OyNITM CTBOpPEHI HEOOXiTHI YMOBH JUII TPOHMKHEHHS BOJb(paMy B
HEpIKaBiIOUy CTallb. 3pOCTAHHS MapaMeTpa PENIiTKUA CIIOCTEePIiraBcs B pe3ynbTaTi MIa3MOBOTO ONPOMIHEHHS 3Pa3KiB 3
NOoKpuTTsM. Lle Bka3ye Ha MPOHMKHEHHS BOJIb(GpaMy B IITMOMHY CyOCTpariB.
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