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Experimental studies of surface modification of Eurofer samples have been performed with a quasi-stationary
plasma accelerator QSPA Kh-50. The heat load on the surface was near the tungsten melting threshold (i.e. about
0.6 MJ/m?). The plasma streams exposures result in modification of steel-based materials and formation of cellular
submicron structures in re-solidified layers. Phase characterized by body-centered cubic lattice appeared due to

recrystallization of affected material.
PACS: 52.40.Hf

INTRODUCTION

In the last few years, special steel grades have been
developed to fulfill strict long-term safety and environ-
mental requirements for wall materials in magnetic and
inertial fusion devices. These are reduced-activation
ferritic/martensitic = (RAFM)  steels with  about
8...11 wt.% chromium Cr. RAFM steels are proposed
as structural materials for fusion reactors due to their
high swelling resistance and low irradiation creep-rates
(i.e. slow changes in dimensions of materials exposed to
prolonged stresses, caused by X-rays, y-rays and neu-
tron irradiation, etc.). In particular, such steels might be
a possible option at the choice of plasma facing materi-
als for the first wall surfaces in Magnetic and Inertial
Fusion devices [1 - 3].

The main drawback of such steels at their applica-
tion as the plasma facing materials is their high sputter-
ing rate under influence of energetic ions (particularly
hydrogen isotopes). It is directly related with the gen-
eration of impurities as well as with a lifetime of the
plasma facing components [3, 4]. One of the prospective
ways towards an improvement of the steel properties is
the alloying of their surface layers with some refractory
elements [3]. Plasma ions can of course be considered
as a source of the alloying elements which should be
introduced into a modified layer structure [5]. Another
possibility of the alloying during the pulsed plasma
processing is the mixing of previously deposited thin
(heoar < hmey) coatings of a different pre-determined
composition with the chosen substrate in the course of
its melting driven by powerful plasma impacts [6 - 9].

Analyses and comparisons of experimental results of
research on RAFM steel behaviour under their irradia-
tion with high-power pulsed plasma streams, which can
be generated in plasma devices. They can give the
unique possibility to understand the important common
features of surface damages at extreme conditions, to
investigate the peculiarities of the surface modification
of low-activation steels and possible erosion mecha-
nisms in dependence on the plasma parameters and the
impact load.
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First results, was demonstrated that the modified
tungsten coatings delaminated from the steel substrates.
As results, spattering resistance of modified surface not
improved [9]. A possible way to improve the coatings
resistance might be the application of several cycles of
the plasma treatment.

This paper presents experimental studies of the
modification of the ferritic/martensitic Eurofer steel (Cr-
9.7%, Mn-0.7%, W-0.8%, Fe-89.6%) with some tung-
sten admixture introduced by the plasma-induced mix-
ing. There are also discussed studies of the sputtering of
the surfaces covered by tungsten and exposed to power-
ful plasma streams.

1. SAMPLES, EXPERIMENTAL DEVICES
AND DIAGNOSTICS

Samples of the Eurofer alloy (Cr-9.7%, Mn-0.7%,
W-0.8%, Fe-89.6%) were applied in the reported ex-
periments (Table). The samples had the size of
10x10x1 mm. All specimens were mechanically pol-
ished to the mirror-like surface.

Element content (wt. %) of Eurofer

Parameters Cr w Fe
Initial 9.7 0.8 base
W + QSPA (single) 1.3 85.8 base
W + QSPA (twice) 7.11 27.46 base
Ar-beam 9.9 1.3 base

Some samples were covered by tungsten coatings,
which were deposited with a PVD technique [7 - 9]
within a Bulat-type facility. Earlier such coatings were
applied for estimations of their performance as plasma
facing surfaces (in a comparison with monolithic tung-
sten targets). They enabled also an analysis of the adhe-
sion properties of the PVD coatings, and an investiga-
tion of the plasma facing components prospective for
the reactor first wall construction [8].

Surface modifications by powerful pulsed plasma
streams were carried out with the use of a QSPA Kh-50
quasi-stationary plasma accelerator [8]. The main pa-
rameters of the QSPA hydrogen plasma streams were as
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follows: ion impact energy was about 0.4...0.6 keV, the
maximum plasma pressure reached up to 0.32 MPa, and
the plasma stream diameter was about 18 cm. The sur-
face energy loads, as measured with a calorimeter,
amounted to 0.6 MJ/m”. The load pulse shape was ap-
proximately triangular, and the pulse duration was
0.25 ms.

The sputtering procedures were performed within
the DSM-2 stand described in an earlier paper [9]. An
ion source was the system based on a microwave dis-
charge in argon within a mirror magnetic trap, which
was operated at the electron cyclotron resonance (ECR)
frequency of 2.37 GHz. The plasma density 7, in this
system was about 10'° cm?, and the electron tempera-
ture 7, reached about 5 eV. The plasma ions were accel-
erated by a negative potential (-600 V) applied to the
water-cooled holder. The density of the ion current upon
the mirror surface was equal to 1.6 mA/cm’.

The energy density in free plasma and the surface
heat loads were measured by means of the local calo-
rimeters. Observations of plasma interactions with the
exposed surfaces were performed with a high-speed 10-
bit CMOS pco.1200s digital camera of the PCO AG
type. The surface analysis of the exposed samples was
carried out with a SEM. There were also performed
measurements of weight losses, as well as precise
measurements of the surface roughness with a Hom-
melwerke T500 tester. To study a micro-structural evo-
Iution and contents of elements and phases in the ex-
posed targets, the X-ray diffraction technique (XRD)
was applied [10, 11].

2. EXPERIMENTAL RESULTS

2.1. INITIAL STATE OF EUROFER SAMPLE
SURFACES

The morphology of the initial samples of Eurofer
steel did not have any significant features (Fig. 1). All
specimens were mechanically polished to the mirror-
like surface. The initial microhardness and roughness of
Eurofer samples were 200 kg/mm” and R,<0.01 um,
(Rinax<0.01 pm) respectively.

L 10pm NSC_KIPT

20.0kV SEI SEM

Fig. 1. SEM image of the initial Eurofer sample surface

WD 10mm

During XRD structural studies of the samples sur-
faces there were observed lines corresponding to the
o-Fe phase only (Fig. 2,a). It should be noted that to
that phase there was attributed the body-centred cubic
crystal structure.
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Fig. 2. Diffraction patterns (Cu-K,; radiation)
of the Eurofer sample measured in the initial state (a)
and after deposition of W-layer, modification by OSPA
plasma and sputtered by the Ar+ beam (b)

2.2. SURFACE MODIFICATION OF EUROFER
STEEL BY POWERFUL PLASMA

For stainless steel the melting threshold is experi-
mentally evaluated as 0.5...0.6 MJ/m*> for applied
QSPA plasma pulses. From this reason, the heat load to
the target surface was chosen to be on the level of
0.6 MJ/m” (i.e., in the vicinity of the tungsten melting
threshold). Irradiations of the Eurofer samples by
plasma streams within the QSPA led to the surface
melting and resulted in the development of re-solidified
surface layers, which are presented in Fig. 3,a.

The roughness of the initial surfaces was noticeably
increased due to the boundaries of the grains and forma-
tion of fine cellular structure of the surface layer, as
shown in Fig. 3,b. Typical size of the cellular structures
is 150...250 nm.

20.0kV SEI SEM
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Fig. 3. SEM images with different magnification
of Eurofer sample surface after the QSPA exposure
with heat load of 0.6 MJ/m’

2.3. MODIFICATION OF TUNGSTEN COATINGS
DEPOSITED ON EUROFER STEEL SUBSTRATES

The process of the steel-surface alloying consisted of
two stages. During the first stage the tungsten coating
was deposited upon the sample surface by means of the
PVD method. After the deposition of the tungsten coat-
ings on the Eurofer surfaces their roughness was slightly
increased. During the second stage the W-coated sam-
ples were exposed to plasma stream in the QSPA device
(10 plasma pulses with heat load 0.6 MJ/m’, fluence of
4-10%m™).

Surface modification led to penetration of tungsten
in affected layer. W phases are recognized together with
lines of Fe phase on treatment surfaces. Intensity of
tungsten lines is more at times in compare with intensity
of substrate lines. An increase in the tungsten concentra-
tion (up to several wt. %) was observed upon the modi-
fied surfaces (see Table).

The surface morphology is developed mostly by melt-
ing and re-solidification of a surface layer. Macro and
micro cracks appear also on modified surfaces. The rough-
ness of the exposed surfaces increased up to R, = 0.3 um
(Ruax = 3.4 um), microhardness — 260 kg/mm’. Due to
not very good adhesion of tungsten coatings and steel
substrate are observed some delamination of coatings.

Thus, two cycles of plasma treatment were used to
improve the stability of the coatings. Each cycle in-
cluded the application of PVD method of tungsten coat-
ing with a thickness of =~ 2 um and treatment with
5 plasma pulses.

Coatings delamination from the Eurofer surface was
not observed during the first cycle of irradiation by
plasma-streams. The tungsten concentration in the sur-
face layer reached 85.8% (see Table). However, some
delamination of these coatings was observed on the
Eurofer surface covered with W layers upon repeated
(second cycle) irradiation. The tungsten concentration in
the surface layer decreased to 27.5%.

2.4. SPUTTERING TESTS OF EUROFER STEEL

The sputtering tests of Eurofer samples were carried
out for the initial surfaces, as well as for those coated by
a W-layer and those modified by plasma-streams. The
exposure parameters were selected so that the total flu-
ence (plasma and/or sputtering procedure) was equiva-
lent to 4-10** m™” for each sample.
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The sputtering yield was evaluated by weight-loss.
The sample weight was measured before and after irra-
diation. The sputtering yield was then calculated from
the weight loss. The sputtering yield of samples modi-
fied by plasma and yield of samples in initial state are
differed negligibly. The roughness of the initial surfaces
was noticeably increased due to the sputtering of
boundaries of the grains (Fig. 4).

5/18/201
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Fig. 4. SEM image of the Eurofer surface coated
by a W-layer and exposed to 10 plasma pulses
and sputtered by the Ar+ beam

Another result was observed for tungsten-coated Eu-
rofer samples. W phases are recognized together with
lines of Fe phase on treatment surfaces. Intensity of
tungsten lines is more at times in compare with intensity
of substrate lines (see Fig. 2,b). The mass losses for
targets-coated samples and subsequently modified by
plasma streams were significantly less (up to 1.5 times)
than for pure samples.

SUMMARY

Experimental studies of surface modification of Eu-
rofer samples have been performed with a quasi-
stationary plasma accelerator QSPA Kh-50. The heat
load to the target surface was chosen to be on the level
of 0.6 MJ/m”. The preliminary tungsten coatings were
deposited by a PVD method. The sputtering tests of
modified surfaces were also performed with Argon ion
beam with energy of 600 eV and current density of
1.6 mA/cm’.

The possibility of alloying of Eurofer surfaces with
tungsten was demonstrated. Tungsten phase is recog-
nized together with lines of Fe phase on treatment sur-
faces. The concentration of tungsten has been achieved
several tens wt. % in surface layer up to 4 um. The
surface morphology is developed mostly by melting and
re-solidification of a surface layer. Formation of fine
cellular structure of the surface layer with typical cell
size of 150...250 nm has been discovered as result of
pulsed plasma exposures.

The sputtering yield of samples modified by plasma
and yield of samples in initial state are differed negligi-
bly. At the same time, mixing the previously applied
tungsten coating leads to the decrease of sputtering up
to 1.5 times.
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IPPEKTBI MOJUPHUKAIINHU U IETUPOBAHMSI CTAJIM EUROFER ITPH MOIITHBIX
UMITYJbCHBIX IIJIASMEHHBIX BO3JEUCTBUAX

O.B. buvipxa, C.C. I'epawenxo, B.A. Maxnaii, H. H Axcenos, H.E. I'apkywa, A.K. Mapuenko, A.I. Yynaopa,
K.H. Cepeoa, C.B. Manvixun, C.B. Coiposuyxuii

DKcneprMeHTaIbHbIE UCCIEeNOBaHUs MOAN(HUKAINN MOBEpXHOCTH oOpasnoB Eurofer mpoBoxunuchk Ha KBaswu-
cranoHapHoM 1ia3MenHoM yckoputene KCITY X-50. TemmoBas Harpy3ka Ha MOBEPXHOCTh ObUIa OJIM3Ka K TIOPOTY
TTaBIIeHHs BOIb(BpaMa (To ecTb 0kos1o 0,6 Mx/M?). Bo3jeiicTBIe MIa3MEHHBIX OTOKOB IMPUBOIHT K MOTH(DUKA-
uuu cranu Eurofer u ¢popMupoBaHuio CyOMHUKPOMETPOBBIX SUEHCTBHIX CTPYKTYP B IPUIIOBEPXHOCTHOM ciioe. Da3za,
KOTOpast XapaKkTepu3yercsi 00beMHO-IIEHTPHUPOBAHHONW KyOUYECKOH pEelIeTKOM, MOsBUIACh B PE3YJIbTaTe PEKpPHCTAI-
JU3anuy 00JIy4eHHOTO MaTepHara.

E®EKTU MOJU®IKAIII TA JJETYBAHHS CTAJII EUROFER ITPH ITOTYKHUX
IMITYJIbCHUX ITIVIASMOBHUX BIIJIMBAX

O.B. bupka, C.C. I'epawenko, B.O. Maxnaii, M.M. Axcvonos, 1.E. I'apkywa, I.K. Mapuenxo, A.I'. Yynaopa,
K.M. Cepeoa, C.B. Manuxin, C.B. Cuposuyvkuii

ExcniepumenTanbHi gociimkenHs Moaudikarii mopepxHi 3paskiB Eurofer npoBoguicst Ha KBasi-cTalioHapHOMY
mrazmoBoMy npuckoproBadi KCIIIT X-50. TerioBe HaBaHTa)KEHHS Ha MOBEPXHIO OyJI0 OJM3BbKE O MOPOTry ILUIaB-
neHns Bonbdpamy (To6To 6mmssko 0,6 MJ[k/M?). BIUIHB M1a3MOBHX MOTOKIB MPU3BOAMTE 10 Momudikaiii crami
Eurofer Ta ¢popmyBaHHs CyOMiKpOMETPOBUX CTIIBHUKOBUX CTPYKTYp Y HpHUIIOBepXxHeBoMy miapi. daza, sika xapak-
TEPU3YEThCSA 00'€MHO-I[CHTPOBAHOIO KYOIYHOIO PEIIITKOM, 3'SBWJIACA BHACHTIMOK PEKPHCTATI3allil OMpOMiHEHOIO
Marepiainy.

194 ISSN 1562-6016. BAHT. 2021. Ne4(134)



