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Abstract. Microstructure, phase and element composition of nickel-based alloys NigsCo002Xo.2
(where X = Fe, Co, V) and CoCrFeNiMn alloy after compression plasma impact were investigated in
this work. X-ray, scanning electron microscopy, energy-dispersion X-ray microanalysis and
microhardness measurements were used as investigation techniques. Formation or enhancement of
(100) texture after plasma treatment was found for binary and triple Ni based alloys. Plasma impact
with Nio.sCo02Vo. alloy led to vanadium surface segregation and formation of V,0; oxide. Variation
of the alloys element composition resulted in the change of surface erosion intensity during plasma
treatment due to the influence on the viscosity and surface tension of the melt. NigpsCoo2Feo2 and
NiCoFeCrMn alloys possessed highest erosion intensity.

Keywords: high-entropy alloys, nickel alloys, compression plasma flows, microstructure, phase
transformations.

1. Introduction

High-entropy alloys with unique properties have attracted considerable attention of researchers
around the world [1]. Due to the unique physicochemical properties (corrosion resistance, high
thermal stability, wear resistance, increased strength and ductility, etc.), the application of this type
of alloy can be very wide [2]. Cantor alloy is one of the most famous high-entropy alloys, which has
excellent ductility and fracture toughness [3, 4]. Previous studies have shown that resistance of
CoCrFeNiMn alloy under He ions irradiation was higher than that of SS304 steel [5]. High
migration barrier of radiation point defects due to the local lattice distortions can be the cause of
this effect [5]. High radiation stability allows the application of these alloys in the nuclear industry.

Another key issue of materials application in nuclear and thermonuclear energetics is the
resistance of the material to high thermal loads. Quasi-stationary plasma accelerators are widely
used to test the resistance of first wall materials of the thermonuclear reactors to plasma disruption
events. [6, 7]. Studying the stability of the structure and mechanical properties of Cantor alloy when
exposed to high-temperature plasma flows was the aim of this work. Besides that a few binary and
triple Ni based alloys were investigated just to determine the influence of Cantor alloy components
on the effects observed during plasma impact.

2. Experimental

Binary and ternary nickel-based alloys NigsCo02Xo2 (wWhere X =Fe, Co, V) that contained
components of Cantor alloy as well as CoCrFeNiMn alloy were investigation objects. Alloys were
prepared in a vacuum induction furnace. Details of samples preparation can be found in [8].
Compression plasma flows (CPF) were obtained in nitrogen atmosphere using a gas-discharge
magneto-plasma compressor of compact geometry [9]. Duration of the plasma pulse was about
100 ps. Treatment was carried out with three pulses at the energy density absorbed by the surface
~ 12 J/em? per pulse. The phase composition of the surface layer was investigated by means of the
X-ray diffraction method (XRD) using the Ultima IV RIGAKU diffractometer in Bragg-Brentano
geometry with parallel beams in Cu Ka radiation. The surface morphology of the samples was
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studied using scanning electron microscopy (SEM) on a LEO1455VP microscope combined with
an Oxford X-ray detector for energy-dispersion X-ray microanalysis. The samples weight was
determined before and after CPF treatment by analytical balance RADWAG AS 60/220/C/2/N with
the accuracy of £0.05 mg. Vickers microhardness measurement was also carried out to characterize

mechanical properties of the surface layer.

3. Results
Treatment of metals by CPF in the used energy density range absorbed by the surface led to the

melting of the surface layer, appearance of convection processes in the melt and following
crystallization in conditions of high-cooling speed (up to 107 K/s). CPF impact with the surface of
nickel based alloys resulted in the change of their microstructure and phase composition. Fig. 1 and
Fig. 2 show the XRD patterns of alloys before and after CPF impact. In initial state the structure of
all alloys was a solid solution based on an fcc crystalline lattice. Analysis of the structural-phase
state showed that the intensity of the (200) diffraction line increased in all binary and triple alloys
after plasma treatment. This is especially noticeable in the NigcCoo.2Feo» sample (Fig. 1).
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Fig. 1. XRD diffraction patterns of binary and Fig. 2. XRD diffraction patterns of NiCoFeCrMn alloy before
ternary Ni based alloys before and after CPF and after CPF treatment.
treatment.

This behavior may be due to the following effect. It is known that under conditions of high
thermal and concentration supercooling, for example, under laser irradiation, the formation of a
cellular-dendritic structure during crystallization from the melt is possible. In metals with an fcc
crystal structure, dendrite growth typically occurs in the <100> direction, which coincides with the
direction of heat removal. This is caused by the thermodynamic condition under which the surface
elements of crystallites protruding in the melt should have a maximum growth rate. This condition
is realized in fcc metals if the dendrite axis coincides with the direction of the edge of the cube,
which is the axis of the pyramid formed by four densely packed {111} planes, that is, with a <100>
type direction [10].

In addition, new diffraction peaks appeared in the Nig.cCoo2Vo2 sample that can be attributed
to the formation of V>0O3 oxide. This effect was observed due to interaction of residual atmosphere
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atoms (molecules) with the atoms of heated surface [11]. Formation of surface films should occur
due to diffusion of atoms from the bulk to the surface. The data of energy-dispersion microanalysis
showed that concentration of vanadium in the analyzed layer was increased up to 39 at.% while its
concentration in initial alloy was 20 at.%. Concentration of elements in the surface layer of other
alloys was not changed after plasma impact.

Analysis of XRD patterns of Cantor alloy before and after plasma impact (Fig. 2) showed that
(311) and (222) diffraction patterns were split after impact and have a “shoulder” on the left slope
of diffraction lines. Thus one could conclude that CPF treatment led to the formation of a new phase
with fcc crystalline structure and lattice parameter larger than that of initial alloy (0.3600 nm).

Surface morphology of alloys after plasma treatment is shown in Fig. 3. One can see that
surface roughness is strongly dependent on the alloy composition. Ni alloy with vanadium
possessed more developed surface roughness in contrast to the alloy containing iron and Cantor
alloy. Besides that a strong redistribution of elements at the surface was observed for Nip.sC00.2Vo.
alloy (Fig.3a). Brighter areas (due to the element contrast in back scattered electrons) were
enriched with Co and Ni atoms.

© - (d)
Fig. 3. SEM surface morphology of alloys after plasma impact: Nip.sC00.2Vo.2 (a), Nio.sCoo.4 (b),
Nig.6Coo2Feo (¢), NiCoFeCrMn (d).

CPF impact with Ni based alloys led to its surface erosion (Fig 4). The highest value of the
removed mass (2.22 mg/cm?) was observed for the Cantor alloy, the lowest (1.67 mg/cm?) for the
Nip.6C00.2Vo.2 alloy. The hydrodynamic flow of the melt during plasma impact was the main reason
of this effect. The study of this process, which occurs under the action of high-temperature plasma
flows on materials, is most relevant for studying the processes of plasma disruption and transient
processes in TOKAMAK type thermonuclear reactors. In particular, it was shown in [12] that under
the action of plasma flows generated by a quasi-steady-state plasma accelerator, a crater is formed
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on the tungsten surface, onto the edges of which the plasma spreading along the surface squeezes
the melt. A similar result was obtained on steel after exposure to compression plasma flows [13].
An increase in both the absorbed energy density and the number of pulses should lead to the growth
of the erosion intensity [13].

Thus, variation of the alloys element composition resulted in the change in surface erosion
intensity due to element composition influence on the viscosity and surface tension of the melt. In
particular, NipsCoo2Feo> and NiCoFeCrMn alloys with relatively smooth surface after plasma
impact (Fig. 3) possessed highest erosion intensity that can be possibly connected with low melt
viscosity. The lowest value of deleted mass for the NiopsCo00.2Vo2 alloy can also be explained by
formation of V20; surface oxide film with high crystallization temperature — 1967 °C, that hinder
hydrodynamic movement of the melt [14].
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Fig. 4. Mass deleted from the surface of Ni based alloys Fig. 5. Microhardness of Ni based alloys before and after
during CPF treatment. CPF treatment.

Formation of V203 oxide could also lead to microhardness increase after CPF impact from 253
to 477 Hv (Fig. 5). Microhardness decrease was observed for other types of alloys. Such behavior
can be explained by preliminary cold working of alloys surface during grinding and following
annealing after CPF treatment.

4. Conclusion

Treatment of Ni based alloys by three pulses of compression plasma flows at the density of the
energy absorbed by the surface layer 12 J/cm? per pulse led to the melting of the surface layer.
Formation or enhancement of (100) texture in the crystallized layer of NipsCo00.2Xo2
(where X = Fe, Co, V) alloys was found. Interaction of residual atmosphere atoms (molecules) with
the atoms of Nip.cCoo2Vo.2 heated surface resulted in the increase of vanadium concentration in the
analyzed layer up to 39 at.% and formation of V203 oxide. Concentration of elements in the surface
layer of other alloys was not changed after plasma impact. The findings showed that surface
morphology was strongly dependent on the alloy composition. Ni alloy with vanadium possessed
more developed surface roughness in contrast to the alloy containing Fe atoms and Cantor alloy.

CPF impact with Ni based alloys led to its surface erosion. The highest value of the removed
mass (2.22 mg/cm?) was observed for the Cantor alloy, the lowest (1.67 mg/cm?) for the
Niop.6Co00.2Vo.2 alloy. The lowest value of deleted mass for the NiosCoo2Vo.2 alloy could be explained
by formation of V,03 surface oxide film that hinder hydrodynamic movement of the melt.

Formation of V203 oxide could also lead to microhardness increase after CPF impact from 253
to 477 Hv. Microhardness decrease was observed for other types of alloys.
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