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EFFECT OF SPRAYING REGIME AND VACUUM ANNEALING ON THE MICROSTRUCTURE
AND WEAR RESISTANCE OF PLASMA-SPRAYED COCRFENIMN HIGH ENTROPY
COATINGS

Abstract: In this study, coatings based on a high-entropy CoCrFeNiMn alloy were deposited on 316L
stainless steel substrates using air plasma spraying with two different regimes. After spraying, the coatings
were vacuum annealed at 500°C. The aim of the work was to study the effect of hydrogen flow rate and
subsequent annealing on the phase composition, microstructure, and mechanical properties of the coatings.
X-ray phase analysis showed that a face-centered cubic (FCC) structure dominates in all samples, but after
annealing, especially in the regime APS 2, the formation of o-phase and oxide phases MnO and MnCr;0, is
observed. According to SEM/EDS data, a layered microstructure typical for air plasma sprayed coatings and
an increased oxygen content in the upper zone of the coatings after annealing were established. The highest
microhardness of 390 HV,., was recorded for the APS 2a coating, which is associated with the formation of
hard secondary phases. However, wear tests showed that the best wear resistance was observed in coatings
obtained using the APS 1 and APS la regimes, due to a more stable phase structure and a lower tendency to
oxidation. The results obtained emphasize the importance of comprehensive optimization of spraying
parameters and annealing conditions to improve the performance characteristics of HEA based coatings under
friction and wear conditions.
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Introduction

High-entropy alloys (HEASs), which typically include five or more major elements in equimolar
or near-equimolar ratios with high mixing entropy, are the subject of growing research interest each
year. HEAs have attracted considerable attention due to their exceptional properties, such as
outstanding mechanical characteristics [1, 2], ultra-high strength [3], high ductility [4], high corrosion
resistance, and excellent wear resistance [5, 6]. The development and study of HEA with high wear
resistance is of interest both for fundamental science and for critically important practical
applications. Among the various HEAs developed, the CoCrFeNiMn alloy, also known as the Cantor
alloy, is of particular interest. It forms a single-phase solid solution with a face-centered cubic (FCC)
crystal lattice [7]. However, according to data [2], CoCrFeMnNi and Aly.;CoCrFeNi alloys exhibit
increased wear rates relative to aluminum oxide at room temperature, which is due to the relative
softness of the FCC structure. The work [8] shows that the addition of 0.5 mol of Mn to the AICrFeNiTi
alloy leads to a decrease in wear resistance due to an increase in the wear coefficient.

To date, most HEAs have been obtained using traditional technologies such as melting,
casting, and powder metallurgy methods [4]. However, the use of thermal spraying opens up new
possibilities for the formation of HEA based coatings, allowing materials to be deposited on a wide
range of substrates at high speed and with good adhesion. At the same time, issues related to the
optimization of spraying parameters and ensuring stable performance characteristics of such
coatings remain unresolved.

In addition to varying the chemical composition, one of the effective ways to modify the
properties of HEA coatings (HEC) is annealing. In particular, vacuum annealing can significantly
improve the structure and properties of coatings. The work [9] shows that optimizing the annealing
parameters of high-velocity oxygen fuel (HVOF) coatings based on CoCrFeMnNi contributes to
increased strength. Studies [10-12] also confirmed that vacuum annealing after deposition
significantly reduces porosity, improves microstructural homogeneity, and increases the quality of
interphase bonding due to the intensification of diffusion processes. Elevated temperatures promote
phase redistribution and defect elimination, which ultimately leads to improved wear resistance of
the coatings.

A number of studies demonstrate the successful application of thermal spraying technologies
for the formation of coatings based on HEA. The work [13] investigates the evolution of phases in
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the CoCrFeNiMn coating after laser remelting. Coatings containing Ni, Co, Fe, Cr, Si, Al, and Ti
obtained by APS and HVOF spraying demonstrated high oxidation resistance at 1100 °C due to the
formation of a protective a-Al,O3 phase [14]. Similar results were obtained for coatings containing
Ni, Co, Fe, Cr, Si, Al, and Ti [15], where after annealing at 1100 °C for 10 hours, a significant increase
in hardness and resistance to grain growth was observed [16]. The wear resistance of the
CoCrFeNiMn HVOF coating was studied at different temperatures [9, 17]. Other works considered
isothermal oxidation and tribological behavior of AICoCrFeNi and FeCoNiCrMn coatings obtained by
cold gas dynamic spraying [18].

Despite the accumulated experimental experience, the effect of vacuum annealing on the
microstructure and tribological properties of HEA based coatings obtained by APS remains
insufficiently investigated. The main mechanisms underlying the change in properties depending on
the annealing conditions are also unclear. Thus, an urgent task remains to improve the performance
characteristics of such coatings by optimizing technological parameters, including the consumption
of plasma-forming gas and the heat treatment regime.

In this work, high-entropy CoCrFeNiMn alloy coatings were applied to 316L stainless steel
substrates by air-plasma spraying and subsequently subjected to vacuum annealing at 500 °C. The
mechanical properties of the coatings were investigated using microindentation and wear resistance
assessment methods, which allowed the properties of the coating to be analyzed at various structural
levels. The results of the experiments provided a comprehensive understanding of the
microstructure, phase composition, and mechanical characteristics of the coatings, confirming their
potential for use under conditions of increased loads and wear.

Materials and Methods

The starting material for the coating, in the form of a CoCrFeNiMn powder alloy, was prepared
using an industrial high-pressure gas atomization method. Fig. 1 shows SEM and EDS maps of the
CoCrFeNiMn powder. EDS maps for each element (Mn, Co, Cr, Fe, Ni) demonstrated uniform
distribution across the powder particles with no visible segregation. Each element was present in
almost equal atomic proportions, confirming the homogeneity of the powder. As can be seen, the
particles have a spherical shape. This shape promotes uniform powder delivery during plasma
spraying. Particles ranging in size from 32 ym to 45 ym were selected by particle sieving.
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Figure 1 — Microstructure and elemental diétritgution of gas atomized CoCrFeNiMn powder

CoCrFeNiMn coatings were obtained by APS using an SX-60 plasma torch. Coatings were
obtained at two secondary gas (hydrogen, H,) flow rates of 1.7 and 1.9 L/min, respectively. The
other spraying parameters included: arc current — 500 A, main gas (Ar) flow rate — 45 L/min, powder
feed gas (N.) flow rate — 8 L/min, and spraying distance — 100 mm. AISI 316L stainless steel was
used as the substrate.

After APS spraying, the samples were cooled in air and then annealed in a vacuum furnace.
The vacuum in the furnace was created to a level of 5x107° Pa using a vacuum pump. The samples
were subjected to isochronous annealing at a temperature of 500°C. The duration of isochronous
annealing was 2 hours, with the heating rate maintained at 10°C per minute. After annealing, the
samples were cooled in a vacuum to room temperature. The coatings in their initial state, obtained
at hydrogen flow rates of 1.7 L/min and 1.9 L/min, were designated APS 1 and APS 2, and the
corresponding coatings after annealing were designated APS la and APS 2a.

X-ray diffraction (XRD) analysis of the powder and coating was performed on a PANalytical
X'PertPRO diffractometer with Cu Ka radiation (A = 0.154056 nm). The scanning range was from
20° to 90°, with a scanning speed of 0.02°/s. The obtained data were analyzed using HighScore Plus
software to determine the crystal lattice parameters and phase composition.
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The microstructure of the powder and the cross-section of the samples were studied using a
CIQTEK SEM3200 autoemission scanning electron microscope at an accelerating voltage of 15 keV
and a working distance of 10 mm. The chemical composition was analyzed using Bruker XFlash
730M-300 energy dispersive X-ray spectroscopy (EDS).

The microhardness of the HECs was determined using the Vickers method with a METOLAB
502 microhardness tester at a load of 200 mN and an exposure time of 10 s. The average thickness
of the coatings was about 100 pm. To increase the accuracy of the measurements, each coating
was tested six times; the measurement points were arranged in a 3 x 3 matrix, and the distance
between adjacent points was 40 um.

The wear tests of the HEA coatings were performed using the ball-on-disc method with an
Anton Paar TRB3 tribometer, where a 5 mm diameter 100Cr6 ball slid over the coating surface. The
tests were conducted at a normal load of 10 N, an oscillation frequency of 30 Hz, a stroke length of
5 mm, and a total sliding length of 100 m. The temperature during the test was 23 °C, and the relative
humidity was 62%. The amount of wear in the worn tracks was measured using an AMETEK Taylor
Hobson Surtronic S-100 Series profilometer.

Results and discussion

X-ray phase analysis was performed to analyze the phase composition of CoCrFeNiMn
coatings obtained under various air plasma spraying (APS) conditions and subsequent annealing.
The obtained diffractograms are shown in Fig. 2. The initial CoCrFeNiMn powder exhibits a single-
phase structure with a face-centered cubic (FCC) lattice, which is confirmed by the presence of
characteristic peaks at 26 = 43.5°, 50.6°, and 74.3°, corresponding to reflections from the (111),
(200) and (220) planes, respectively.
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Figure 2 — XRD patterns of CoCrFeNiMn HEA powder, coatings and annealed coatings

In all sprayed coatings, the FCC phase is preserved, but an oxide peak appears at 35.6°, which
intensifies after annealing, indicating an increase in the oxide content. MnCr,0, and MnO phases
were also detected. However, the nature and intensity of the additional peaks vary significantly
depending on the spraying regime used and subsequent annealing. APS 1 and APS 2 coatings
obtained without annealing demonstrate a stable FCC structure without pronounced secondary
phases. This indicates the preservation of a homogeneous solid solution in both spraying regimes.
After annealing at 500 °C, additional o-phase peaks are observed in the coating, especially in APS
2a. The o phase is an intermetallic compound formed as a result of phase segregation, mainly along
the chromium. Its presence may indicate the initial signs of solid solution decomposition. It should
be noted that in the APS 2a sample — i.e., after the spraying regime APS 2 and annealing — the
largest number of secondary phases was recorded, including both intermetallic and oxide
components. This indicates that APS 2a leads to enhanced phase transformations, probably due to
higher energy density or particle temperature. Annealing at 500 °C promotes the nucleation of the o
phase and oxides.

Figure 3 shows the microstructure of the coatings, clearly revealing the characteristic layered
structure typical of coatings formed by the APS method. In APS 1 coating (Fig. 3a), a relatively
homogeneous structure with clearly defined boundaries of flattened particles is observed. The
porosity is moderate, and the contact between the particle layers is dense. After annealing APS 1a
(Fig. 3b), the structure becomes more compact, and the number of pores decreases slightly, which
may be due to the activation of diffusion processes and partial recrystallization. In the case of the
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coating obtained under the APS 2 regime (Fig. 3c), a greater number of rounded pores and
irregularities are observed, and the particles themselves appear less melted compared to APS 1.
This may indicate differences in the temperature and velocity of the particles at the moment of
impact. APS 2a (Fig. 3d) has a more porous and heterogeneous structure, with pronounced
formation of oxide inclusions.

Figure 3 — Cross-sectional images with EDS maps of CoCrFeNiMn HECs:
(&) APS 1, (b) APS 1a, (c) APS 2 and (d) APS 2a

The distribution of the main elements (Co, Cr, Fe, Ni, Mn, and O) across the coating cross-
section is also shown in Fig. 3. In all samples, a fairly uniform distribution of Co, Cr, Fe, Ni, and Mn
is observed, which confirms the preservation of the chemical homogeneity of the original HEA.
However, in the samples after annealing, a significant increase in oxygen content is observed, mainly
in the upper part of the coating. This indicates the formation of oxide phases, which is consistent
with the results of X-ray phase analysis and may be due to either oxygen penetration during heating
or oxidation of unstable components such as Mn and Cr. In addition, areas of local enrichment of Cr
and Mn are visually observed in the APS 2 and APS 2a coatings, which may be associated with the
onset of solid solution decomposition and the formation of secondary phases, such as the o phase
or MnCr,0,-type oxides.
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Figure 4 — Microhardness of CoCrFeNiMn HECs and annealed coatings

The microhardness of CoCrFeNiMn HEC coatings obtained under various APS regimes, as
well as after annealing, is shown in Figure 4. Measurements were performed with a load of 200 g
(HV,.,) taking into account statistical error.

The coating obtained under the APS 1 deposition regime demonstrates an average
microhardness of about 280 HV,.,, which corresponds to the characteristic level for high-entropy
alloys with a BCC structure. However, after annealing, a decrease in microhardness to ~250 HV,.,
is observed. This may be due to recrystallization, a decrease in residual stresses and possible grain
growth, as well as partial decomposition of the solid solution.

The highest microhardness values were recorded for the APS 2a coating — about 390 HVy..,
which significantly exceeds all other samples. This increase may be associated with the formation
of secondary phases (o-phase, MnO and MnCr,0, oxides) detected in X-ray phase analysis. Their
presence contributes to strengthening through the mechanism of dispersion hardening. The APS 2
coating also demonstrates high hardness — about 350 HV,.,, which is probably due to the higher
kinetic energy of the particles and the dense structure formed during spraying in APS 2.
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Figure 5 shows the results of abrasive wear tests, expressed as the specific wear rate for
coatings obtained under various APS regimes, with and without subsequent annealing. Coatings
formed under APS 1 and after APS 1a annealing show the lowest wear rates — about 3.3x107™
mm3N~'m™ and 3.1x10™ mm3N~""'m™" respectively. This indicates the high wear resistance of these
coatings. A slight decrease in wear after annealing may be due to improved cohesion between the
coating patrticles, reduced porosity, and increased density due to diffusion compaction.

Wear rate (X104 mm3N-'m)

APS1 APS1a APS2 APS2a
Figure 5 — Wear rates of CoCrFeNiMn HECs and annealed coatings.

In contrast, coatings obtained under the APS 2 regime and after annealing APS 2a show
significantly higher wear rates — 7.0x10™ mm3N™"'m™ and 6.8x10™ mm®H™'m™, respectively.
Although the APS 2a sample showed the highest microhardness, its wear resistance was lower than
that of all other samples. This may be due to increased brittleness, the formation of oxide phases
(MnO, MnCr,0,), and o-phase interphase boundaries identified in XRD analysis, which together
contribute to the destruction of the coating during friction.

Conclusion

This work presents a comprehensive study of the influence of air plasma spraying regimes and
subsequent annealing at 500°C on the phase composition, microstructure, and mechanical
properties of coatings based on a high-entropy CoCrFeNiMn alloy. It was found that all coatings
retain the main FCC phase, but in the APS 2 spraying regimes and APS 2a annealing, the formation
of secondary phases — o-phase and MnO and MnCr,0O, oxides — is observed.

SEM/EDS analysis showed that annealing contributes to an increase in oxygen content in the
upper zone of the coating and may be accompanied by local enrichment of Cr and Mn. The highest
microhardness was recorded in the APS 2a coating, which is associated with the formation of
strengthening phases. However, the wear resistance of this coating was lower than that of APS 1
and APS la coatings, which is explained by increased brittleness and the development of phase
heterogeneity.

Thus, the best balance between microhardness and wear resistance is achieved when using
the APS 1 spraying and annealing regime. The results obtained emphasize the importance of
optimizing spraying and annealing parameters when designing coatings based on high-entropy
alloys for tribological applications.
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MINA3SMANbIK TO3AHOATY 94ICIMEH AlNblHFAH COCRFENIMN >KOFAPbI QHTPOMUANDbI
XABbIHOAPAbIH MUKPOKY¥PbIJIbIMbIHA XXOHE TO3YfA TO3IMAINIINHE TO3AHAATY
XOHE BAKYYMAbIK KYWAIPY PEXXUMIHIH SCEPI

byn 3epmmeyde xofapbl sHmponusinsbl CoCrFeNiMn Kopbimnace! HezidiHOeai xabbiHdap 316L mom
b6acnaltimbiH 6onamman XacasfaH meceHilwmepae eki mypni pexumde aya-nnasmarsik mosaHoamy apKbifibi
XarblnObl. TozaHOamydaH keliH xabbiHOap 500°C memnepamypada 6akyymObiK Kyldipyee yuwbipadsbi.
XKymbicmbiH Makcambl cymeai afbiHbIHbIH XbliidaMmObifbl MeH KeliHai KyUudipyOiH »abbiHHbIH ¢ha3arbiK
KypambiHa, MUKPOKYPbIIbIMbIHA XOHE MeXaHUKaslbIK KacuemmepiHe acepiH 3epmmey 60510bl. PeHmeeHOik
¢pasanbik manday 6apnbik ynainepoe epaHeueHmprieHzeH Kyomoik (LK) Kypbinibiv 6ackbiM eKeHiH Kepcemmi,
bipak KyudipydeH kedliH, ocipece APS 2 pexumiHde o-¢haszacsi meH MnO xeHe MnCr204 okcudmik
¢pasanapbiHbiH my3sinyi 6atikandsl. COM/OPC Jdepekmepi 6olibiHwa aya-nnasmarsnbslK mo3aH0amymMeH
mo3aHOambiriraH xabbiHFa maH Kabammbl MUKPOKYPbISIbIM XoHEe Kbi30bipydaH KeliH abblHHbIH XXOfapfbl
alivarbiHO0a ommegiHiH Xofapbinaybl aHbikmandbl 390 HVO0,2 eH xorfapbl MukpokammbinbiK APS 2a
XabbIHObICkI yWiH mipkendi, 6y kammbl eKiHwinik ¢pasanapdsiH natida 6onysiMeH balinaHbicmel. [JeceHMeH,
mo3syra chiHaynap kepcemkeHoel, eH xakcbl mo3dyra mesimoinik APS 1 xaHe APS 1a pexumdepiH KondaHa
OmbIpbIn anbiHFaH xabbiHOapOa balikandbl, elmKeHi ¢hasarbiK KypbiibiM mypakmbipak XeHe mombifyra
beliimdiniei a3. AnbiHraH HemuxXenep ylkesic XoHe mo3y xardalibiH0a XKOK HeeziziHOeai xabbiHOapObiH
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natidanaHy cunammamanapbiH XakKcapmy yWwiH mo3aH0amy napamempriepi MeH Xymcapmy wapmmapbiH
KeweHOi oHmadunaHObipyObiH MaHbI30blbiFbIH KEpcemeoi.

Tyliin ce3dep: xofapbl IHMPONUSIIbIK Kopbimnanap, xabbiH, aya-rna3marnbsik 6YpKy, MexaHuKasblK
Kacuemmep, MUKPOKYPbISbIM.
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BIMUAHUE PEXXUMA HANBINTIEHUA U BAKYYMHOIO OT)XXUIA HA MUKPOCTPYKTYPY
N USHOCOCTOMKOCTb BbICOKOHTPOMUUHBLIX MOKPLITUA COCRFENIMN MONMYYEHHbIX
METOAOM MJIASMEHHOIO HAMbIJIEHNA

B daHHOM uccnedosaHuu noKpbIMuUsi Ha OCHOBE 8bICOKO3IHMporutiHoz2o crinasa CoCrFeNiMn 6binu
HaHeceHbl Ha rnoOnoXKU U3 Hepxaeerowieli cmanu 316L ¢ nomouwbro 8030yWHO-M1a3MEHHO20 HarblIeHUSs C
08yMs1 pasnuyHbIMU pexumamu. llocne HarnbineHuss NoKpbimusi bbiiu No08epaHyMbi 8aKyyMHOMY OMuKU2y
npu 500°C. Llenbto pabombi 66110 U3yYeHUE 6MUSHUSI CKOpocmu nomoka eodopoda u rociedyruezo
omiKkuea Ha ¢ha308bIl cocmas, MUKPOCMPYKMYypy U MexaHu4yeckue ceolicmea rnokpbimul. PeHmaeHosckul
gha3osnbili aHanu3 rnokasars, 4mo 80 ecex obpa3suax npeobnadaem epaHeuyeHmpuposaHHas Kybudyeckas (IF'UK)
cmpykmypa, HO riocsie omxuea, ocobeHHo 8 pexume APS 2, Habniwdaemcsi obpaszosaHue 0O-¢hasbl U
OKCUOHbIX pa3 MnO u MnCr,0,. o daHHbiM POM/OPC ycmaHosneHa crioucmasi MUKpOCmpyKmypa,
munu4yHas Ornd  Hafbl1eHHbIX 8030YWHO-MIa3MEHHbIM  pacrblieHUeM [OKPbIMuUl, U [08bILEHHOe
colepxaHue Kucropoda 8 gepxHel 30He roKpbimul rocne omxuea. Haubonbwas mukpomeepdocms 390
HV,,2 6bina 3aghukcuposaHa 0ns nokpbimusi APS 2a, umo ces3aHo ¢ obpasogaHuem meepObiX 8MOPUYHbIX
¢as. OOHako ucnbimaHusi Ha U3HOC roKasasnu, 4Ymo Hausydwas u3Hococmoukocms Habnwodanace y
MoKpbIMud, NofyYeHHbIX C ucnonb3osaHuem pexumos APS 1 u APS 1a, 6nazodapsi 6oriee cmabusbHOU
gaszosoli cmpykmype U MeHbwel CKIIOHHOCMU K OKucneHuro. lNonydyeHHble pe3ynibmamsi nodyepkugarom
8aXXHOCMb KOMIM/IEKCHOU OonmumMu3ayuu rnapamempos8 HarbiIeHUs U ycrnogul omxkuea 0715 yny4YuweHusi
3KcCrslyamayUOHHbIX XapaKkmepucmuk nokpbimul Ha ocHoge BOC 8 ycriosusix mpeHus u usHoca.

Knroyesbie cnnoea: 8bICOKO3HMPOMNUUHbIE Cr1/1asbl, MOKpbImMue, 8030YWHO-M/1a3MEHHOE Harlbl/IeHUe,
MexaHu4Yeckue ceolicmea, MUKpoCmpyKmypa.

Information about the authors
Yedilzhan Yerzhanuly Kambarov — Researcher at RC «Surface engineering and Tribology», S.
Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Republic of Kazakhstan; e-mail:
yedilzhan@mail.ru. ORCID: https://orcid.org/0000-0002-0838-6724.

ABTOpnap Typanbl ManimerTep
Epimxan EpxxaHynbl Kamb6apoB — «beTTik uHxeHepus xaHe Tpubonoruay» F30 fbinbiMu Kbl3MeTKepi,
C. AmanxonoB aTtbiHaarbl LbiFbic KasakctaH yHuBepcuteTi, ©ckemeH, KasakctaH Pecnybnuvkackl; e-mail:
yedilzhan@mail.ru. ORCID: https://orcid.org/0000-0002-0838-6724.

CBeaeHus 06 aBTOpax
EpnnmkaH EpxaHynbl Kamb6apoB — HayuHbii cotpygHuk HUL, «WHxeHepus noBepxHoOCTU wu
Tpubonorusiy, BocTouyHo-KasaxctaHckuii YHuBepcuteT uMeHu C. AmaHxonoBa, YcTb-KameHoropck,
Pecnybnuka Kasaxctan; e-mail: yedilzhan@mail.ru. ORCID: https://orcid.org/0000-0002-0838-6724.

Received 04.08.2025
Revised 14.08.2025
Accepted 18.08.2025

ISSN 2788-7995 (Print) [IIokopiM yHHBEpCUTETiHIH Xabapubichl. TexHukanbIk FeutbiMaap Ne 3(19) 2025 496
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 3(19) 2025


mailto:yedilzhan@mail.ru
mailto:yedilzhan@mail.ru
https://orcid.org/0000-0002-0838-6724
mailto:yedilzhan@mail.ru
mailto:yedilzhan@mail.ru
https://orcid.org/0000-0002-0838-6724

