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Abstract. A non-equiatomic high-entropy alloy Annomayus. Ha mognoxxke us crnasa 5083 cdop-
(HEA) CoCrFeNiAl coating on the 5083 alloy substrate ~ MupoBaHO ITOKpbITUE 13 BHICOKOIHTPOIMITHOTO CIIA-
is produced by wire-arc additive manufacturing (WAAM).  Ba (B9C) CoCrFeNiAl HeaKB1aTOMHOTO COCTaBa METO-
It is revealed that microhardness changes significantly oM IpoBO/IOYHO-IYrOBOrO AAANTUBHOTO IPOU3BOACTBA
at the contact zone of the "coating — substrate” system.  (WAAM). YcTaHOBIEHO CylLleCTBEHHOE M3MEHEHNE
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The changes range from 7.6 GPa at the coating boundary
and the contact zone up to 1.6 GPa at the substrate boundary
and the contact zone. The coating and substrate have
the microhardness values of 6.3 GPa and 1.1 GPa, respectively.
The structural phase state, defective structure, and elemental
composition of the “coating — substrate” system are analyzed
using methods of modern physical material science. It is
shown that they depend on the distance from the contact
zone between the coating and substrate. Also, it is found out
that application of the high-entropy coating on the 5083 alloy
surface is accompanied by mutual alloying of the coating and
substrate. Creation of two types of submicro- and nanosized
particles is revealed in the study. Nanosize particles of AI203
and MgAIO oxides, Al and HEA subgrains form the first
structure. The second structure consists of nanosized HEA
subgrains, Al13Fe4 and (NiCo)3Al4 nanoparticles located
along the grain boundaries.
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Introduction

Attention of researchers in the field of physical ma-
terial science has recently been focused on creation and
application of so-called high-entropy alloys (HEA) [1-5].
It follows even from the name itself that the HEA alloys
have abnormally high values of the entropy of mixing
that exceed considerably the values for complex alloys.
A concept of the HEA realization, based on achievement
of the maximum entropy of mixing from five and more
elements in different atomic relations, specifies a forma-
tion of single-phase structures with a severe lattice distor-
tion and a difficulty of diffusion that, in its turn, ensures
a growth of strength properties and their stability in a wide
temperature range [6-10]. The HEAs, that had already
been created, are the perspective materials for applica-
tion in electronics, nuclear power-engineering, transport
machine-building, rocket-spacecraft and other branches
of industry [11-15]. An application of HEAs is not limited
to the above-mentioned fields, but it will extend as a de-
velopment of new compositions, and examination of their
properties is continued. Nowadays, the extensive infor-
mation on the methods of HEA production, examination
of their structural-phase states, defective substructure,
properties [16-17], is being accumulated and interpreted.

A variation in microhardness and structural-phase state
in a contact zone of the coating (HEA CoCrFeNiAl) — sub-
strate (5083 alloy) system has been analyzed in the pre-
sent research.
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MUKPOTBEPAIOCTY B 30HE KOHTAKTa CUCTEMbI «IIOKphITHE —
nopyioxkka». OHa usMenserca ot 7,6 I'Tla Ha rpanuiie moxpsl-
TUA C 30HON KOHTAKTa 710 1,6 IT1a Ha rpaHuIie OJJI0KKM C 30HOM
KoHTaKTa. [IokpbITHE MMeeT MUKPOTBEPHOCTD 6,3 I11a, MOA/10XK-
ka 1,1 T'Tla. Meroamu coBpeMeHHOTO (PU3MYECKOTO MaTepua-
JIOBefieHIsT [IPOAHATN3UPOBAHbl CTPYKTYPHO-(asoBoe cocTo-
sHKe, TedeKTHasA CTPYKTypa U 9JEMEHTHBI COCTaB CUCTEMBI
«TIOKPbITUE — TOfI0XKKa». [IoKkasaHo, 4TO OHY 3aBUCAT OT pac-
CTOAHMUSA OT 30HbI KOHTAKTa IOKPBITUA U MOJJIOKKM, a TaKXKe,
YTO HaHECEHNEe BBICOKOSHTPOIMITHOTO MOKPHITUA Ha MOBEPX-
HOCTb cItaBa 5083 compoBOXK/jaeTCsl B3aMMHBIM JIETMPOBAHN-
eM IIOKDBITH M HOATIOKKY. BbiaBieHo dopmmpoBaHme ABYX
TUIIOB CyOMUKPO- 1 HAHOPa3MepHBIX YacTuil. [lepBast cTpyKTy-
pa 06pasoBaHa HAaHOpa3MepPHBIMMU YaCTUL[aMIU OKcypioB Al203
u MgAIO, cy6sepramu Al u BOC. Bropast cTpyKTypa cOCTOUT
u3 HaHopasMepHbIX cy63eper BOC u nanougacrun (NiCo)3Al4
u Al13Fe4, pacrionosxeHHBIX [0 TPaHNULIAM CYO3epeH.
Knrwueevie cnoea: 30Ha KOHTAKTa, BHICOKOHTPONMITHBII
cmaB CoCrFeNiAl, mopmoxka, crmas 5083, cTpykTypa,
($as0BbIit COCTAB, 9/IEMEHTHBIIT COCTaB

Jna yumuposanus: Epumos M.O., VBanos 10.0., Ipo-
moB B.E., llnaposa 10.A., ITanuenxo M.A., Cemnn A.IL Ipa-
AVMEeHTbl MUKPOTBEPOCTU U CTPYKTYPHO-(pasoBbie COCTOS-
Hst 30HBI KOHTaKTa MOKpbITHs (BOC CoCrFeNiAl) ¢ mopmox-
kot (crtaB 5083) // VI3Bectyst ANTaiickoro rocyiapCTBEHHOTO
yHuBepcurera. 2024. Ne 4 (138). C. 11-16. DOI: 10.14258/
izvasu(2024)4-01.

Material and methods

In the samples of the ‘coating-substrate’ system,
a coating is the CoCrFeNiAl HEA of a non-equiato-
mic composition formed on the 5083 alloy substrate
by wire-arc additive manufacturing [7]. The material
hardness was determined by the Vickers scheme on
a microhardness tester PMT-3 at a load of 5 N. The stu-
dies of structural-phase states, defective sub-structure,
elemental composition were carried out by the methods
of scanning (instrument SEM 515 Philips with micro-
X-ray spectrum analyzer EDAX ECON IV) and trans-
mission electron diffraction microscopy on instrument
JEM 2100 [18-20].

Results and Discussion

A determined increase in microhardness in the lay-
er adjacent to the coating (Table) is due to its lamellar
structure which is indicative of a reciprocal alloying.
A micro-X-ray spectrum analysis of the layer adjacent
to the contract zone boundary from a coating side re-
vealed particles of second phase located in the HEA grain
wall and enriched in the Cr and Fe atoms. This indicates
a layering of the HEA solid solution. By means of TEM
analysis of such portions of a foil using dark-field ima-
ges and technique of indexing the microelectron diffrac-
tion patterns it is found that a composition of a second
phase is the AL Cr,.
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Variation in microhardness of the ‘coating (the CoCrFeNiAl HEA)-substrate (the 5083 alloy)’ system

Site of measurement Value HV, GPa
Volume of coating 6.3
Boundary of coating and contact zone 7.6
Midpoint of contact zone 4.0
Boundary of substrate and contact zone 1.6
Volume of substrate 1.1

In the contact zone itself the two types of structure
are observed: these have a monocrystalline (10-20 nm) —
(I*-type structure) and a subgrain (140-170 nm) —
(2m-type structure) constitution. The 2™-type structure
is more homogeneous in elemental composition where-
as in the 1*-type structure a distribution of chemical ele-
ments is non-homogeneous. Both regions of a lamellar
shape enriched in the Cr atoms and regions of a spherical
shape enriched in the Ni, Fe and Co atoms are discovered.
By means of the micro-X-ray spectrum analysis the ele-
mental composition of the 1*-type structure (at.%) is found:
10.2Mg-64.7A1-5.2Cr-0.9Mn-9.4Fe-2.3Co-7.3Ni and of the

2nd-type structure (at%): 61.1A1-7.0Cr10.6Fe3.8Co-
17.5Ni. Our attention has been engaged in substantially
higher concentration of the Ni atoms in the 2™-type struc-
ture and an absence of the Mg and Mn atoms.

The analysis of phase composition of the 1%-type struc-
ture of the contact zone of the coating and the substrate,
performed by indexing of microelectron diffraction pat-
terns and by using dark-field images, enabled one to find
reflections of aluminum oxides of the Al,O, and MgAIO
composition and reflections belonging to the HEA coa-
ting. TEM images in Figure 1 demonstrate a presence
of the MgAIO (Figure 1, ¢) and Al (Figure 1, d) phases.

Figure 1. The type 1 structure of the contact zone of the coating and substrate; (a) — a bright field;
b-a microelectron diffraction pattern; (c, d) — dark fields obtained in reflections [0-20]. MgAlO (c) and [222] Al;
the arrows on (b) indicate, reflections in which dark-field are obtained: 1 — for (c), 2 — for (d)
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Figure 2. The 2 type structures of the contact zone of the coating and the substrate;(a, b) — bright fields; c-a microelectron
diffraction pattern; (d—f) — dark fields obtained in reflections [210] HEA+[840] (NiCo),Al, (d), [620] Al Fe, (e), [111]
HEA (f); the arrows on (b) indicate reflections in which dark fields are obtained: 1 — for (d), 2 — for (e), 3 — for (f)

Figure 2 presents the TEM images of the 2 type struc-
ture of the contact zone and the substrate. The analysis
of the microelectron diffraction pattern depicted in Figure
2, ¢ showed that the foil portion is formed by the HEA
with a subgrain structure (Figure 2, d, f). The nanodi-
mensional particles (NiCo),Al, (Figure 2, d) and Al ,Fe,
(Figure 2, e) are revealed along subgrain boundaries.
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Conclusion

By the method of wire-arc additive manufacturing
the coating (the CoCrFeNiAl HEA) — substrate
(the 5083 alloy) system has been produced. A gradient
character of changes in microhardness in the contact zone
has been shown. The elemental and phase composition,
defective substructure of the HEA CoCrFeNiAl coating
depend on a distance to the contact zone of the coating
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and the substrate. In the contact zone [zone of mixing
(alloying) of the coating and the substrate] two types
of structure have been detected. First that of the struc-
ture formed by nanodimensional (10-20 nm) particles
of an oxide phase (the AL,O, and the MgAlO), Al sub-

grains and the HEA. Second, structure formed by the HEA
subgrains (140-170 nm), and nanodimensional partic-
les the (NiCo),Al, and the Al ,Fe, located at subgrain
boundaries.
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