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N3IrOTOBJIEHUE MOKPBLITHUS U3 BBICOKOHTPOIIUMHOI'O
CIINIABA AL-CO-Cr-Fe-Mn-Ni C UCIIOJIb3OBAHUEM
ITPOBOJIOYHO-IYTI'OBOM AJI/IMTUBHON TEXHOJIOTUH

OcuHueB K.A.1'2, KonoBaision C.B.Z, HBanoB IO.(I).3, I'pomos B.E.2,
Manvenko U.A.% BopooObesB C.B.2, BeccoHoB I[.A.z

"Camapckuii nayuonansnwiit uccnedosamensckuii ynugepcumem
umenu akaoemuka C. II. Koponeea, 2. Camapa, Poccus
2Cu6upc1<uﬁ 20Cy0apcmeeHHblil UHOYCMPUAIbHbLIL YHUGEPCUmem,

2. Hoeoky3neuk, Poccus
3HHcmumym cunvnomounou 3nekmponuku CO PAH, 2. Tomck, Poccus

Annomayusa. Llenvio 0anno2o ucciedo08anus A61sAemcs Uccied008anue MuK-
POCMPYKMYpPbl U MEXAHUYECKUX CEOUCME BblCOKOIHMPONUUHO20 NOKpbimus Al-
Co-Cr-Fe-Mn-Ni, uzeomoenennoco na noonosxcxke AA5083 ¢ ucnonvzoseanuem npo-
B0JIOYHO-0Y20801l A0OUMUBHOU mexHoao2uu. Pesyrvmamosl nokazaau ooHopoonoe
pacnpeoeiieHue 31eMeHmo8 8001b NONEPEeUH020 HANPasieHus 8 NOKPbIMuu, KoOmo-
poe umeem credyrowuil cpeoHul xumudeckuti cocmaeg: Al 8 am.%, Co 28 am.%,
Cr 13 am.%, Fe 33 am.%, Mn 3 am. .%, Ni 15 am.%. Ckopocmv uznawuiueanus
NOKPLIMUSL YMEHbUWUNACH 8 ~5 pA3 NO CPABHEHUIO C NOOJIOHCKOU, A MEepOOCHb No
Buxkepcy ynywwunace 6 ~3 pasa.

Kniouegvle cnosa. evicokosnmponutinvlil cnias, 2azoeas 0y208as C8apKd
Memaiid, nPoeoIoYHO-0y2080e adoumuenoe npouzeoocmeo, Al-Co-Cr-Fe-Mn-Ni,
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AnIOMUHUEBbI CNIA8, NOKpblmue, MUKPOMEEPOOCHb, CKOPOCHb USHOCA, MUKDO-
CTPYKTYpa.

FABRICATION OF AL-CO-CR-FE-MN-NI HIGH-ENTROPY ALLOY
COATING USING WIRE-ARC ADDITIVE MANUFACTURING
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Abstract The aim of this study is to investigate the microstructure and me-
chanical properties of the Al-Co-Cr-Fe-Mn-Ni high-entropy coating fabricated on
AA5083 substrate using wire-arc additive manufacturing. The results showed ho-
mogeneous distribution of the elements alongside the transversal direction in the
coating which has the following average chemical composition: Al 8 at.%, Co 28
at.%, Cr 13 at.%, Fe 33 at.%, Mn 3 at.%, Ni 15 at.%. The wear rate of the coating
decreased by ~5 times comparing with the substrate, while the Vickers hardness
improved by ~3 times.

Keywords. high-entropy alloy, gas metal arc welding, wire-arc additive
manufacturing, Al-Co-Cr-Fe-Mn-Ni, aluminum alloy, coating, microhardness,
wear rate, microstructure

1. Introduction

Replacing steel components onto lightweight materials, such as aluminum
and magnesium alloys, or composites is a crucial task for scientists and engineers
around the globe [1]. The main issue in the weight reduction is to retain strength,
durability, and other performance properties of machine parts. While aluminum al-
loys exhibit low density, high strength to weight ratio, good corrosion resistance
and relatively low cost, they suffer from low wear resistance, as well as low hard-
ness which restricts their applications [2].

There are several techniques which work well to fabricate hard coatings on
Al alloys: hard anodizing [3], physical vapor deposition [4], thermal spraying of
hard coatings [5], plasma electrolytic oxidation [6], and laser cladding [7]. For ex-
ample, Al,0O5 coating deposited by hard anodizing on AA6063 exhibited enlarged
hardness by 5.7 times [3]. Laser cladding of Ni-WC coating onto AA5083 in
creases hardness of the alloy by about 12 times, while wear resistance rises by 2.5
times [7]. Cold spray deposited WC-CoCr coating followed by friction stir pro-
cessing reinforced AA5083 matrix and increased the average hardness by 540%
over the as-casted alloy [5].

Weld overlay cladding is a well-known technique in gas and mining indus-
tries that can provide thick coatings (up to 6 mm) by joining via welding a protec-
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tion material to a base metal. This method is cost-effective because the deposition
occurs at high rates (up to 8 kg/h) and the feeding material is a wire which is
mainly cheaper than the powder used, for example, in laser cladding or thermal
spraying [8]. Wire-arc additive manufacturing is a promising technology, but it
has not yet been applied to fabricate high-entropy alloy coatings. Since HEA coat-
ings obtained by other methods revealed excellent mechanical properties such as
high hardness, wear, corrosion resistance, etc., a study of the application of wire-
arc additive manufacturing to weld overlay HEA coatings can greatly expand this
field and lay the groundwork for future research.

The aim of this study is to fabricate Al-Co-Cr-Fe-Mn-Ni HEA coating onto
non-heat-treatable AA5083 substrate. Hardness was used to evaluate its mechani-
cal performance, as well as scanning electron microscopy was carried out to inves-
tigate microstructure and distribution of chemical elements.

2. Materials and Methods

AA5083 plate with the chemical composition (wt.%) of 4.4-4.8 % Mg, 0.05-
0.15% Cr, 0.6-0.9% Mn, 0.1% Cu, 0.25% Zn, 0.15% Ti, 0.4% Fe, 0.4% Si and Al
— balanced (according to ASTM B209) and a size of 350 mm x 350 mm X 5 mm
was selected as a substrate. The surface of the substrate was hand-held grinding
wheel grinded until the surface showed a metallic luster.

According to the previous studies the following wires were selected for
stranding into a cable-type wire: pure Co wire (Co 99.9 at.%, @ 0.47 mm); Autrod
16.95 welding wire (Fe 65.3 at. %, Cr 19.6 at. %, Ni 7.3 at. %, Si 1.6 at. %, Mn
6.2 at. %, © 0.7); Ni80Cr20 wire (Cr 22.5 at. %, Fe 1.5 at. %, N1 72.1 at. %, A1 0.8
at. %, Si 2.9 at. %, Mn 0.2 at. %, @ 0.4 mm). The wires were stranded using spe-
cial stranding equipment. The average diameter of the combined cable wire was
1.2 mm, with the lay length of 10 rm

To deposit a single-layer coating, we used metal inert gas (MIG) automated
setup with the following parameters of overlay cladding: wire feed speed 10
m/min, amperage ~100 A, voltage 22 V, inductance 3 H, travel speed 200, layer
length of 100 mm. The gun moved with the drag travel angle of 10°. Argon (99.99
%) was used as a shielding gas.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) of the cross-sectional view of the obtained samples was performed
by «LEO EVO 50», Carl Zeiss equipped with a dispersive energy analyzer INCA
Energy. Microhardness tests were carried by Vickers microhardness tester with the
indenter load of 0.5 N and dwell time of 10 s.

3. Results and Discussion

Fig. 1 (a) shows a fragment of the Al-Co-Cr-Fe-Mn-Ni high-entropy alloy
coating fabricated via gas-metal arc welding. The microstructure of the coating
represents various areas with the different tonality: darker and brighter, which
might be attributed to the inhomogeneous content of the chemical elements in
these local regions and, correspondingly, different phases. The overall chemical
composition of the coating is quite uniform, according to the Fig. 1 (b). The stand-
ard deviation from the average content of each component is not more than 1.4 %
(for Al which reveals the highest deviation). This might be related to not complete
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solid solubility of the main element of the substrate in the crystal lattice of the
coating. The amount of Al atoms increases when approaching to the substrate, and
in the beginning of the transition zone between the coating and the substrate
reaches its maximum value of 32 at. % (Fig. 1 (d)). After the distance of 160 pm
its value sharply drops down to 11 at.%, and gradually increases as the distance
from the transition zone increases. The concentrations of Fe and Co slightly rise at
160 um and after this distance steadily decrease with the following complete dis-
appearing at 730 pm.
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Figure 1 - (a) SEM of the Al-Co-Cr-Fe-Mn-Ni HEA coating, (b) the results of
EDS analysis accomplished fromthe top of the coating, (¢) SEM of the transition
zone between the coating and the substrate. T he distances from the top of the tran-
sition zone in which EDS analysis was carried out are marked on the axis, (d) the
results of EDS analysis alongside the axis indicated in (c)

The thickness of the obtained coating is around 4.5 mny its average Vickers
hardness equals to 294 + 53 HV, which is higher than the hardness of the substrate
by 3 times. Comparing to the casted AlysCoCrFeMnN alloy [9] whose hardness is
175 HV, the hardness of the coating obtained in this study is relatively higher (by
about 1.7 times); however, it is by about 1.2 times less than in the conventionally
sintered AlosCoCrFeMnNi HEA, which is probably due to the higher density of
the sanple, attributed to the simultaneous combination of pressure and tempera-
ture during the compaction of the powders [10].

In the area adjacent to the coating, the hardness of Al-Co-Cr-Fe-Mn-Ni
reaches the highest value of 1010 + 80 HV. This value is comparable with the
Vickers hardness of Al;sCoCrFeMnNi HEA fabricated by high-frequency induc-
tion heat sintering (HFIHS) (830 HVy3) because the sanples sintered using the
HFIHS method exhibit higher densification than the conventional sintering
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(Fig. 2) [10].

Then as the distance from the beginning of the transition zone into the depth
of the sample increases, the hardness rapidly drops downto 232 + 9 HV and levels
to the values of the substrate of 107 + 8 HV.
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Figure2 - Variations of Vickers hardness values across the coating
and the substrate

4. Conclusions

In this study we fabricated Al-Co-Cr-Fe-Mn-Ni high-entropy alloy 4.5 nm
thick coating on the AA5083 substrate using wire-arc additive manufacturing. The
following results could be drawn:

1. The obtained coating has larger hardness (294 + 53 HV) than that of the
substrate (107+ 7 HV) by ~3 times. The highest hardness (1010 + 80 HV') was ob-
served in the transition zone between the coating and the substrate.

2. The chemical composition of the coating is homogeneous, while in the
transition zone there are areas enriched with the Al atons.

3. The results show an applicability of wire-arc additive manufacturing
technique for fabrication of a thick high-entropy alloy coating on Al-Mg alumi-
numalloy.
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Annomayun. B cmamve npusooamcs pe3yibmamsl UCCIe008AHUS HA Ka-
BUMAYUOHHYIO CMOUKOCMb 2A300€MOHAYUOHHO20 NOKPLIMUS, HANBLIEHHO20 U3
CBC nopowxa, cocmaea 64 % Ti + 36 % Al no mac. %. Hanvinisiemviti nopouiox
8apbuposancs no GpakyuoHHomy cocmasy. Bwiseneno, umo ocHosnas yoOwib
NOKpbIMUsi Om  YIbMpAa3gyKo8o2o 8030eticmsusi npoucxooum Ha nepgvix 30
MUHYMAX, a 3amem NPOUCXOOUM MHO2OKpamHbulli cnad Yowoiiu Ha 60 u 90
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