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Abstract

Formation of a MnFeCoNiCu high-entropy alloy by deto-
nation spraying of a powder blend followed by laser treat-
ment is reported for the first time. As the blend components
differ by the deposition efficiencies, the composition of the
deposited material may differ from the composition of the
feedstock powder. In the coating formed from an equimolar
mixture, the concentrations of iron and nickel are signifi-
cantly higher than in the feedstock mixture. The composition
of the feedstock powder is adjusted via decreasing the con-
centrations of nickel and iron to render the composition of
the deposited layer close to the desired composition. A mix-
ture containing 26Mn+11Fe+22Co+13Ni+28Cu (at.%) forms
a MnyoFesC02:NisCuz; coating. The laser treatment of the
deposited layer allows for producing solid solutions of face-
centred cubic structure. In the resolidified material, the inter-
dendritic space is enriched by copper.

INTRODUCTION

MnFeCoNiCu high-entropy alloys (HEAs) have been the
subject of recent studies owing to their interesting properties
/1-3/. In the production of cermets, MnFeCoNiCu HEAs can
be used as binders /1/. Nanoparticles of MnFeCoNiCu are
found to show a photocatalytic behaviour and are suggested
for use in water treatment systems /2/. The alloys have been
obtained by electrodeposition /3/, solution combustion syn-
thesis /4/ or induction melting, followed by annealing and
ball milling /2/. The phase composition of MnFeCoNiCu
HEAs depends on the atomic concentrations of the elements.
In the electrodeposited MnFeCoNiCu HEAs, the body-cen-
tred cubic (bcc) and face-centred cubic (fcc) phases are
found /3/. The crystalline structure of the alloy determines
its corrosion resistance. Thermodynamic calculations show
that, in the equimolar MnFeCoNiCu HEA, a secondary Cu-
rich fcc phase precipitates below 1000 °C /1/. It should be
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Kljuéne redi

« legure visoke entropije
« praSak

« eksplozivno nanosenje
« laserska obrada

Izvod

Formiranje MnFeCoNiCu legure visoke entropije eksplo-
zivnim nanoSenjem smese praska sa naknadnom laserskom
obradom se ovde iznosi prvi put. S obzirom da se kompo-
nente smeSe razlikuju u efikasnosti nanosenja, sastav nane-
senog materijala moze se razlikovati u odnosu na sirovinski
sastav praska. U prevlaci sacinjenoj od ekvimolarne mesa-
vine, koncentracije zeleza i nikla su znatno vece u odnosu
na sirovinski sastav. Sastav sirovinskog praska se regulise
smanjenjem koncentracija nikla i Zeleza kako bi se postigao
sastav nanetog sloja u bliskim granicama zahtevanog sasta-
va. Mesavinom 26Mn+11Fe+22Co+13Ni+28Cu (at.%) se
formira previaka MnoFe;sC0::NiisCuz:. Laserska obrada
nanetog sloja omogucava stvaranje cvrstih rastvora struk-
ture tipa kubne povrsinski centrirane reSetke. U prekristali-
sanom materijalu, medudendritski prostor je obogacen
bakrom.

noted that the microstructure of a HEA alloy formed via
liquid phase-assisted processing depends on the grain bound-
ary wetting phenomenon /5/. As the melt solidifies, the crys-
tals and liquid coexist for a certain period of time. The
remaining liquid can wet the grain boundaries of the solid
material to a different extent (complete or incomplete wet-
ting).

For broader applications of MnFeCoNiCu HEAs, the
possibilities of forming MnFeCoNiCu coatings with a con-
trolled composition should be sought. In this work, the for-
mation of a MnFeCoNiCu HEA by detonation spraying of a
powder blend followed by laser treatment is reported for the
first time. To compensate the losses of certain components,
the composition of the feedstock powder is adjusted to
produce a layer with a composition close to the target com-
position MnyoFe20Co20Ni20Cuz. The laser treatment is used
to homogenise the alloy coating to produce a solid solution
structure via melting and solidification processes.
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MATERIALS AND METHODS

The initial feedstock powder blends had a composition
of 20Mn-20Fe-20Co0-20Ni-20Cu (at.%). The mixture is pre-
pared from manganese (95 %), atomised iron (99.8 %),
electrolytic cobalt (99.5 %), carbonyl nickel (99.9 %), and
electrolytic copper (99.7 %) powders. The composite layers
are formed by detonation spraying on a computer-controlled
detonation spraying facility (CCDS2000, Novosibirsk, Rus-
sia) /6/. The O,/CoH> molar ratio was 1.0. Composite layers
are deposited on steel substrates. As the feedstock of the
selected composition could not produce a layer of the same
composition, compositional adjustments are made (Table 1).

Table 1. Powder blends and deposited layers (non-adjusted and
adjusted compositions). Coating composition is determined by
EDS (average values and standard deviations are given).

Blend componentf Mn | Fe | Co | Ni | Cu
Non-adjusted
Conc. in the
feedstock, at.% 20 20 20 20 20
Conc. in the

coating, at.% 14.5+1.0{31.6+3.5|15.9£1.2{26.6+1.7|12.4+1.1

Adjusted
Conc. in the
feedstock, at.% 26 1 22 13 -
Congc. in the

20.4+1.8|17.1£3.7|22.3+0.8|18.0£1.6|22.1+1 .4

coating, at.%

For homogenising the deposited layers and producing a
HEA, laser treatment in an argon atmosphere is applied. A
FL-Clad-R-4 (IPG IRE-Polus, IPG Photonics Corporation,
Russia) unit equipped with an ytterbium fibre-optics laser
(wavelength 1065-1075 nm, power 4 kW) is used. The laser
speed is 25 mm-s™!. The laser power is 900 W. This treat-
ment mode allows forming of a HEA structure within a
layer 200-250 pum thick.

X-ray diffraction (XRD) patterns of the as-sprayed and
laser-treated samples are recorded using a D§ ADVANCE
diffractometer (Bruker AXS, Germany) with Cu Ka radia-
tion.

For the compositional adjustment, the analysis of the
deposited layers using an EVO MA1S5 (Zeiss, Germany)
microscope equipped with an energy-dispersive spectroscopy
(EDS) unit (Oxford Instruments X-Max 80 mm?, UK) is
applied. The spectra are collected from the polished surface
of the coatings, 10 rectangular areas 250x300 um? in size
are analysed and the average values of concentrations are
reported.

The microstructure of the alloys is studied on the pol-
ished cross-sections by scanning electron microscopy (SEM)
using an S-3400 N microscope (Hitachi, Japan). The back-
scattered electron (BSE) imaging mode is used. Analysis of
samples by elemental mapping is conducted on an EDS unit
(NORAN Spectral System 7, Thermo Fisher Scientific Inc.,
USA) attached to the S-3400 N microscope.

The porosity of the alloys is determined from the optical
images of sample cross-sections using OLYMPUS Stream
Image Analysis software, ‘Stream Essentials 1.9.1° (Japan).
The optical images are recorded on an OLYMPUS GX-51
metallographic microscope (Japan).
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Vickers hardness of the alloys is measured using a Dura-
Scan 50 hardness tester (EMCO-TEST, Austria) at a load of
0.3 kg on the polished cross-sections.

RESULTS AND DISCUSSION

Table 1 shows the composition of the feedstock powder
blend corresponding to the target composition of the alloy.
The changes in the composition of the coatings relative to
the feedstock powder have been previously observed in our
studies /7/. In the present work, the concentrations of the
elements in the deposited layer sprayed using an equimolar
blend are not fully preserved. In order to achieve the desired
composition, certain adjustments are made. Based on the
results obtained with the 20Mn+20Fe+20Co+20Ni+20Cu
mixture, the concentrations of iron and nickel are reduced
in the feedstock blend. The adjusted composition of the
blend and the composition of the layer formed by spraying
of this blend are given in Table 1.

Figure 1(a, b) shows the general view and microstructure
of the MnyoFe 3Co2:NijsCuz; coating, which consists of
lamellae of different compositions. The XRD patterns of
the as-deposited and laser-treated coatings are shown in
Fig. 2. The coating formation is accompanied by partial
alloying between the metals (early stage of the alloy for-
mation). The porosity of the as-sprayed composite coating
was below 2 %. Upon laser treatment, the detonation sprayed
layer of composite nature transformed into a HEA consist-
ing of two fcc phases.

30.0kV 4.6mm x100 BSECOMP 500um

S = o W T

30.0kY 4.6mm X500 BSECOMP— * 100um
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ever, in a BSE image of the remelted zone (Fig. le), the
evidence of compositional non-uniformities is present at the
scale of the grain size (1 pm). Between dendritic grains, a Cu-
rich phase is formed, as confirmed by the point EDS. The
segregation effect in MnFeCoNiCu alloys is previously in-
vestigated in /8/. In that work, it is shown that non-equilib-
rium solidification of a MnssFesCo20NizCuz melt leads to
the formation of dendrites, while a Cu- and Mn-rich liquid
remains. This causes the formation of a grain boundary phase
differing in the composition from the grains in the fully solid-
ified material. The presence of XRD peaks from both phases
is observed in /8/, which agrees with our results. The Cu-rich
s phase (solid solution 2, Fig. 2) demonstrates reflections at
30,0k 10.2mm x100 BSECOMP lower 20 angles due to its larger lattice parameter compared
with that of the phase of the dendrites (solid solution 1).

+ + fcc solid solution 1
* fcc solid solution 2

laser-treated

Intensity, a. u.

o <Febcc ©Cu
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¥ ® 30.0kV 10.2mm x2.00kBEECQN _— 20.0um 26, deg.

Ry H Figure 2. XRD patterns of as-deposited and laser-treated
P : ' MnaoFe13Co22NiisCuz layer (solid solutions: 1-dendrites, 2-
interdendritic phase).
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Figure 1. a) General view, and b) microstructure of the composite
coating layer of adjusted composition (Mn20Fe1sC022Ni1sCuz2); ¢)
general view, and d), e) microstructure of laser-treated layer; d) a
dendritic non-polished region of the remelted alloy; e) polished
area of cross-section at higher magnification.

The mapping results of the as-sprayed coating indicate its 10 M [NiK] 10p 10 pm
composite structure (Fig. 3a). The general view and micro- S B S
structure of the remelted layer are shown in Fig. 1(c-e). The
laser treatment results in partial melting of the deposited
layer and its composition is homogenised through approxi-
mately half of its thickness. In the structure of the remelted

layer, dendritic structures are found (Fig. 1d). In terms of Figure 3. Elemental maps of MnFeCoNiCulaye desited by
composition, the remelted layer is rather uniform, as can be detonation spraying (a), and the remelted part of the layer after
inferred from results of the EDS mapping (Fig. 3b). How- laser treatment (b).
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The hardness of the composite coating obtained in this
work is measured to be 350 + 10 HV3. This value is close to
the hardness of the as-sprayed and spark plasma sintering-
treated coatings reported in /9/. The layer remelted by laser
treatment shows a diminished hardness of 226 + 10 HVy3,
which is explained by laser treatment-induced grain growth.
The porosity of the laser-treated layer is not determined as
melting resulted in the formation of macrodefects. Future
work should focus on optimising the laser treatment condi-
tions to eliminate the macrodefects in the structure of laser-
treated layers.

CONCLUSIONS

A MnFeCoNiCu HEA is obtained by detonation spraying
of a powder blend followed by laser treatment for the first
time. In order to make up for the losses of the blend compo-
nents during spraying, the composition of the feedstock
powder blend is adjusted to form a composite layer with a
composition close to the target composition. A mixture con-
taining 26Mn+11Fe+22Co+13Ni+28Cu (at.%) forms a coat-
ing MnyoFe 3Co2:NisCux (at.%). This novel approach has
been proven successful and is promising for multi-compo-
nent coatings of other compositions. The fact that the com-
posite precursor coating can be formed from a powder blend
with an adjusted composition eliminates the necessity of the
production of pre-alloyed powders with fixed compositions.
The laser treatment of the deposited layer allows for pro-
ducing solid solutions of fcc structure.
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