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Processes of sputtering and surface modification of FeCrAl coatings deposited on steel by vacuum arc was stud-
ied under the influence of low-energy (500 eV) deuterium plasma with fluence (4-10**) D"/m” at room temperature.
It was determined the composition of coatings by an energy dispersive X-ray spectrometer allowed to establish that
the elements in the coatings are distributed more evenly when it coated in a nitrogen atmosphere. Results of erosion
studies indicated that the sputtering yields for deuterium on coatings are 1.3...0.45 at./ion and at least two-three
times less in comparison with initial alloys and published data for pure iron and chromium. For coatings deposited
in a nitrogen atmosphere found that the obtained sputtering coefficients are almost an order of magnitude smaller in
comparison with published data for pure iron and chromium and only 1.8 times higher compared to tungsten.

PACS: 52.40Hf, 28.52.Fa, 68.49Sf, 79.20.Rf

INTRODUCTION

Many candidate structural materials have been stud-
ied for developing a fusion reactor, such as ferritic/ mar-
tensitic, austenitic steels and various alloys [1]. Recent-
ly, however, FeCrAl alloys have been also considered as
a promising candidate for a fusion blanket application
[2] owing to their excellent formability, high strength,
and oxidation resistance at high temperature.

To assess the possibility to use the FeCrAl alloys as
plasma-facing materials, there is a need to examine a
behavior of these materials under plasma exposure.
Sputtering of plasma-facing materials due to interaction
with energetic ions (particularly hydrogen isotopes) is
an essential issue in magnetically confined fusion de-
vices because it is directly related to impurity generation
as well as to the lifetime of plasma — facing components
[3]. For a better understanding of the sputtering pro-
cesses on elements of FeCrAl alloys it is necessary first-
ly to know the sputtering of FeCrAl as whole.

The goal of this work is to experimentally determine
the sputtering yields and surface morphology change of
FeCrAl coatings exposed to low-energy, high-flux deu-
terium plasma and compares the obtained data of sputter-
ing yields with existing published data for Fe, Cr, and W.

1. MATERIAL AND METHODS

Experiments for coatings deposition were carried out
in a vacuum arc setup equipped with a plasma source
with magnetic confinement of the cathode spot [4].

The commercial Kanthal-type FeCrAl alloys were
used as cathodes with diameter 60 mm. The chemical
compositions of this alloy are specified in Table 1. The
arc discharge current in all experiments was 100 A. The
plasma source was mounted on a flange of a vacuum
chamber with a diameter and a length of 500 mm. The
coatings were deposited on polished stainless steel
(18Cr10NiTi) samples ©¥-20 mm, thickness of 3 mm,
which were placed on a substrate holder in the center of
the chamber at a distance of 250 mm from the cathode.

Typical nominal and measured compositions of Kanthal-type alloy FeCrAl Tuble !
Initial bar Concentration, wt. %
(commercial) Fe Cr Al Other elements
nominal bal. 22...24 5...5.8 Si-t00.5 | Ti-0.2-0.5 | Mn-to 0.3 | Ni-t0 0.6
measured bal. | 22.65£0.05 | 4.04+0.02 | 0.53+£0.03 | 0.21+0.08 | 0.28+0.06 | 0.13+0.06

Before deposition of coatings, the chamber was
pumped out by a diffusion pump to a residual gas pres-
sure of ~ 10™ Pa and the samples surface was sputtered
with metal plasma of the cathode material for 3 min at a
negative voltage on the substrate holder of 1300 V.
Coatings were deposited in vacuum of ~ 2107 Pa (series
F1) and at a pressure of nitrogen (series F2) in the
chamber ~ 0.05 Pa for 60 min. The rotation speed of the
samples during deposition is ~ 9 rpm. The negative bias
potential on the samples was -50 V, and the temperature
~450°C.

The thickness of the deposited coatings was measured
using an MII-4 optical interference microscope by the
“shadow knives” method and were ~ 20 um in all cases.

The specimens have been irradiated with deuterium
ions using glow gas-discharge plasma at 1000 V. The
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design and principle of operation of the gaseous plasma
source used for irradiation of the samples is described in
detail in [5]. The specimen temperature was measured by
the thermocouple and was (30£2.5)°C during irradiation.
The dominant ion component generated in the ion
source is D,". This ion was chosen as the bombarding
species to achieve higher particle fluxes. These molecu-
lar D," ions are considered to be identical to 2 individu-
al D ions impinging with the same velocity as the mo-
lecular ion. Breakup of the molecular D," ions on the
target surface results in emergence of two D atoms with
the kinetic energy of 1/2 experimentally applied ion
energy and the flux is two times the measured ion flux.
In our experiments the FeCrAl targets were sputtered
with atomic D' ions at the ion energy of 500 eV with
flux of 3.2-10° m s ', The maximum irradiation flu-
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ence was 4-10** m 2. The experimental ion flux and flu-
ence were calculated from the measured ion currents
and beam spot areas.

The erosion yield was primarily evaluated by a
weight-loss technique. Before and after plasma exposure,
the weight of each target was measured by a microbal-
ance system, and the erosion rate was then calculated
from the weight loss and the total deuterium fluence.

Investigations of surface microstructure before and
after irradiation were performed using scanning electron
microscope JEOL JSM-7001F. Chemical composition
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Fig. 1. SEM image (a) and EDS mapping of FeCrAl coatings series F1 (b, ¢, d) in initial state

of the FeCrAl coatings was determined by energy dis-
persive X-ray spectroscopy — EDS.

2. RESULTS AND DISCUSSION

Fig. 1 shows an SEM image the surface microstruc-
ture of the coating series F1 in the initial state and ele-
ment maps. The corresponding elemental concentrations
of EDS scans are given in Table 2. It should be noted
that elements concentration given in the table as spec-
trum # 1 was determined by scanning over a sufficiently
large area (about 1 mm?) and as spectrum #2-6 at indi-
vidual “points” (size of 5...10 pm?).

d

Table 2

Measured compositions of FeCrAl coatings series F1 in initial state

Spectrum Concentration, wt. %

Element Fe Cr Al Si Ti Ni
#1 65.78 | 34.01 | 0.21 - - -
#2 7477 12082 | 3.11 | 085 | 0.22 | 0.23
#3 69.05 | 3045 | 0.5 - - -
#4 68.72 | 30.77 | 0.51 - - -
#5 65.98 | 34.02 - - - -
#6 65.75 | 34.25 - - - -

The surface of the coating’s series F1 in the initial
state was smooth with exhibit specific features as une-
venly distributed plates that are irregular in shape and a
wide range of sizes. EDS scan a sufficiently large area
(spectrum #1) and surface without plates (spectra # 5, 6)
indicates that coating is composed of Fe and Crwith a
minor amount of aluminum. Aluminum is mainly found
in some plates (spectrum # 2).

Fig. 2 shows an SEM image the surface microstruc-
ture of the coating series F2 in the initial state and cor-
responding element maps. The chemical compositions
for this alloy are specified in Table 3.
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A distinctive feature of series F2 coatings is their
more complex composition and almost uniform distribu-
tion of elements over the sample. It should also be noted
the presence of a significant amount of nitrogen and, in
some cases, oxygen. The surface morphology of the F2
series coatings is presented in the form of scales, plates,
and macroparticles with an irregular surface (see
Fig. 2,a). Concentrations of nitrogen, oxygen, titani-
umand zirconium for these structural elements of the
surface are differed (see Fig. 2 and Table 3).

191



d
Fig. 2. SEM image (a) and EDS mapping of FeCrAl coatings series F2 (b, ¢, d, e, f)

e f

Table 3
Measured compositions of FeCrAl coatings series F2 in initial state
Spectrum Concentration, wt.%
Fe Cr Al N (0] Si Ti Mn Zr
#1 62.73 23.35 3.43 7.61 0.06 0.17 0.16 0.38 1.84
#2 56.36 21.26 3.48 9.08 4.96 1.11 0.57 0.38 3.00
#3 56.26. 21.86 2.58 6.60 6.36 1.13 1.26 - 4.56
#4 65.79 22.14 2.89 7.39 1.79 - - - -

The evolution of the surface of coating F1 (Fig. 3,a)
due to the sputtering process after exposure to a high-
density deuterium plasma is shown in Fig. 3,b-d. Small
macroparticles were completely sputtered, while large
particles were reduced in size and, in addition, areas
towering above their surface were sputtered. EDS point

scan indicates that composition of surface and macro-
particlesis contained of elements which consistent with
the sputtering target (see Table 2). The details of the
surface at higher magnification (see Fig. 3,c,d) are
shown that in addition to sputtering the surface plates,
sputtering and expansion of cracks occur.

Fig. 3. Plan-view of the coating series F'1 before (a) and after sputtering (b).

The details of the surface (b) at higher magnification (c, d)
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In the case coating of series F2 (Fig. 4,a) after ex-
posed to plasma the surface plates were sputtered almost
completely (Fig. 4,b). Large “cauliflower” — like defects

) Y

The details SEM image of the surface coatings series
F2 (Fig. 4,b) at higher magnification shown in Fig. 5.
Can be seen the surface with a cellular structure (see
Fig. 5,a). In several places, the formation of structures
resembling an accumulation of microscale “barrels” was

Spectrum1 g urﬁ

Fig. 5. The details SEM image of the surface coatings series F2 (Fig. 4, b) at higher magnification:
site with almost completely sputtered plates (a) and structures resembling “barrels” (b)

a

Table 4
Measured compositions of FeCrAl coatings F2
after sputtering
Spectrum Concentration, wt. %
Fe Cr Al N [8)
#1 61.94 | 22.29 | 4.13 | 8.73 | 2.19
#2 9.26 |47.44 | 033 |3.63 | 39.35

As seen from Table 4 the corresponding elemental
composition for places with almost completely sputtered
plates (spectrum #1) almost coincides with measured
compositions of FeCrAl coatings series F2 in initial

Fig. 4. Plan-view of the of the coating series F2 before (a) and after sputtering (b)

also slightly sputtered but still retained their shape. No
cracks on the surface were noted.

recorded (see Fig.5,b). The corresponding elemental
concentrations of EDS scans for site with almost com-
pletely sputtered plates and “barrels” are given in Ta-
ble 4.

'S,pectrum& 2 ﬁ :

state (see Table 3). An elemental concentration of EDS
scans for site with “barrels” (spectrum # 2) shows iron,
aluminium and nitrogen depletion and chromium and
oxygen enrichment. The high chromium (47.44 wt. %)
and oxygen (39.35 wt. %) content in “barrels” indicates
the formation of Cr,0s.

As noted above in our experiment’s deuterium plas-
mas sputtering erosion of FeCrAl coating was obtained
using the weight loss technique. The sputtering yield
was then calculated from the weight loss and the total
deuterium fluence.
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Fig. 6. Experimentally determined sputtering yields of FeCrAl alloys and coatings series F1 and F2.
For comparison sputtering yields of Fe, Cr and W are shown [8]
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Fig. 6 shows the results for the sputtering yield of
FeCrAl coatingin comparison with FeCrAl alloy that
were used as cathodes [6] and published data of pure
iron, chromium and W sputtering yields determined
experimentally and by numerical simulation [7, 8].

As seen in Fig. 6, values of the experimentally
measured sputtering yield of the FeCrAl coatings series
F1 exposed to the D plasma are one and a half times
lower compared to Kanthal-type sample and its remelt-
ed version and three times compared to Fe and Cr. The
FeCrAl coatings series F2 have the sputtering coeffi-
cient 0.45-10° at./D which is almost an order of magni-
tude smaller comparison with published data for pure
iron, chromium. It should be noted that the sputtering
coefficients of the coatings F2 deposited in nitrogen are
only 1.8 times higher compared to tungsten. At present,
the sputtering coefficient of tungsten with hydrogen
isotopes is considered to be the lowest. FeCrAl coatings
with middle-Z admixed elements can been considered
as a candidate for armor materials of plasma-facing
components of tokamak devices.

CONCLUSIONS

Processes of sputtering and surface modification of
FeCrAl coatings deposited on steel by vacuum arc was
studied under the influence of low-energy (500 eV) deu-
terium plasma with fluence 4-10** D'/m” at room tem-
perature.

The structures that were firstly sputtered are the
flakes, plates and macroparticles with an irregular sur-
face that were deposited on the surface at construction
of coatings.

The sputtering yields for deuterium on coatings are
1.3...0.45 at./ion and at least two-three times less in
comparison with initial alloys and published data for
pure iron and chromium. For coatings deposited in a
nitrogen atmosphere found that the obtained sputtering
coefficients are almost an order of magnitude smaller in
comparison with published data for pure iron and chro-
mium and only 1.8 times higher compared to tungsten

Results reported in this work to be of interest for an
understanding of mechanisms of possible formation of

erosion structures on the FeCrAl coatings surfaces un-
der exposure to the deuterium plasmas and predicting
possibilities of using these coatings as of plasma — fac-
ing materials of fusion reactors.
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MOJIUPUKALIMA HOBEPXHOCTHU U PACIIBIJIEHUE FeCrAl-IIOKPHITHIT HA CTAJIU
MPU BO3JIEMCTBUM HU3KODHEPTETUYECKOM JENTEPUEBOM IJIA3MBbI

B.H. Boesooun, I /. Toncmonyuxaa, A.B. Hukumun, P.JI. Bacunenko, A.C. Kynpun, B.A. benoyc, B./l. Osuapenko

IMponeccs! HaMbIIEHHUS 1 MOANGHKAIMN TTOBEPXHOCTH NMOKpHITHH FeCrAl, HaHeCeHHBIX Ha CTaNb BaKyyMHOM Jyroif, H3ydain
110/l BO3/IEHCTBHEM HU3KOdHepreTuueckoi (500 5B) masmsl eiitepus ¢ Gmoencom 4-10%* D'/m* npu komuaTHO# Temmeparype.
bb11 ompesienen cocTaB MOKPHITHI ¢ MOMOIIBIO SHEPTOANUCTIEPCHOHHOTO PEHTTEHOBCKOTO CIEKTPOMETpA: 3TO MO3BOJHIO yCTa-
HOBHUTH, YTO 3JEMEHTHI B MOKPHITUH PACHPENENIIOTCS Ooee paBHOMEPHO NMPU HAHECEHUH MOKPHITUS B atMocdepe a3orta. Pe-
3yJbTaThl 3PO3MOHHBIX MCCIIEIOBAHUH IOKa3alyd, 4YTO KOA(DGHIMEHTHl paclblICHUS ACHTEpUEM IOKDPBITHH COCTABISIOT
1,3...0,45 ar./uoH u, KaK MUHHMYM, B JIBa-TPH pa3a MEHbLIE [0 CPABHEHHUIO C UCXOAHBIMHU CIJIABAMHU M OIyOIMKOBAaHHBIMU JaH-
HBIMH IS YUCTOTO Kene3a U XpoMa. [l1st MOKPHITHii, HAHECEHHBIX B aTMOC(epe a30Ta, YCTaHOBJIEHO, YTO IIOIyIeHHBIE K03 hu-
IEHTHI PACIIbIICHHs TIOYTH Ha TOPSIOK MEHBIIE [0 CPABHEHUIO C OMYOJIMKOBAaHHBIMU JAaHHBIMU ISl YUCTOTO XKeje3a H XpoMa U
b B 1,8 pasa BEIIIE 110 CPaBHEHHUIO C BOJIL(OPAMOM.

MOJIUPIKANIA MOBEPXHI I PO3IMMUJIEHHS FeCrAI-IIOKPUTTIB HA CTAJII
IIPHU A1I HU3BbKOEHEPI'ETUYHOI JEUTEPIEBOI IVIABMHU

B.M. Boegooin, I /1. Toncmonyywvka, A.B. Hikimin, P./I. Bacunenxo, O.C. Kynpin, B.A. binoyc, B./l. Osuapenko

IMpouecn HamuaeHHs i Moaudikaii moBepxHi mokputTiB FeCrAl, HaHeceHHX Ha CTajb BaKyyMHOIO IYTO0, BUBYAIH Mif
BIIMBOM HH3bKOeHepreTndroi (500 eB) mmasmu aeiitepiio 3 pmoencom 4-10% D'/m? npu kimMHatHIl TemnepaTypi. Byno Bu3Ha-
YEHO CKJIaJ] MOKPHUTTIB 32 JOIIOMOIOK CHEProJUCIEPCiHHOrO PEHTICHIBCHKOIO CIEKTPOMETpa: Lie JO03BOJIMIO BCTAHOBHUTH, IO
€JIEMEHTH B TIOKPUTTI PO3IOAUIIOTECS OLTBII PiIBHOMIPHO IPH HAHECEHHI MOKPHUTTS B aTMoc(epi a3oTy. Pesynbratu eposiiianx
JIOCIIIKEHb MTOKa3allH, M0 KoedillieHTH PO3NMICHHS JSHTepilo HA MOKPUTTSIX CTAHOBIATH 1,3...0,45 ar./ioH i, sIK MiHIMYM, B
JIBa-TPH Pa3d MEHII B MOPiBHAHHI 3 BUXIAHUMH CIUIaBaMH i OMyOIiKOBaHUMH JaHUMH ISl YMCTOTO 3aii3a i xpoMy. [ist moKkpuT-
TiB, HAaHECEHUX B aTMoc(epi a30Ty, BCTAHOBIICHO, 110 OTPUMaHi KOe]illieHTH PO3MUICHHs Maike Ha MOPSAOK MEHIII B MOPiB-
HSIHHI 3 OMyOJIIKOBAaHUMH JTAHUMH JUTSl YHCTOTO 3ai3a i Xxpomy Ta Jiumie B 1,8 pa3u BuIlli B MOPiBHIHHI 3 BOJIb()PaMOM.
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