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The structure and mechanical properties of high-entropy CoCrFeMnNi (equiatomic) and Co,oCrasFeygMnygNiy, alloys, which differ
significantly in the stacking-fault energy, are studied. The structure of the alloys was investigated in three states — as-cast, after
homogenizing annealing at T = 1000 °C for 24h and after annealing at T =850 °C. It was found that in the cast state and after
homogenizing annealing at 1000 °C both alloys are single-phase solid solutions with a FCC lattice. Annealing at 850 °C preserves
the single-phase state in the equiatomic CoCrFeMnNi alloy, but leads to the appearance of a c-phase in the CoyCrysFe,gMnyoNiyy
alloy. The mechanical properties of these alloys were studied in a single-phase state by uniaxial compression tests and hardness
measurements. It was discovered, that both alloys in a single-phase state had high plasticity and tendency to force strain hardening.
The behavior of hardening coefficients in the area of true strains ¢ = 0.05 — 0.17 vary considerably. This may be due to a significant
difference in the stacking-fault energy of the investigated alloys. As a result, in Co,oCrygFey0MnyoNiy, alloy along with dislocation
deformation mechanism there is a high probability of implementation the twinning mechanism.
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BJHUSTHUE COCTABA 1 MUKPOCTPYKTYPBI HA OCOBEHHOCTH MEXAHUYECKNX CBOMCTB
BBICOKOHTPONUIHBIX CIIJTABOB CUCTEMBI Co-Cr-Fe-Mn-Ni
A.B. .JIeBeHeu', H.B. Konounﬁz, H.B.Bepemﬂaﬂz, 10.C. JIunoBckast’
! Dusuro-mexnuyeckuii paxynvmem, Xapurosckuii nayuonanshoii ynugepcumem uvenu B.H. Kapasuna
nn. Ceoboowt 4, 61022 Xapovkos, Yrpauna
’HHI] "Xapwkosckuii usuxo-mexmuyeckuti uncmumym'""
yia. Akademuueckas 1, 61108 Xapvkos. Yrpauna

HccnenoBanel CTPyKTypa H MEXaHHYECKHE CBOWCTBAa BBICOKOIHTPONMUHHBIX crulaBoB CoCrFeMnNi (9kBHAaTOMHBIN) U
C0y0CryFeygMnygNiy4, KOTOpbIE 3HAYUTENBHO OTIMYAIOTCS dHEprued nedekroB ymakoBku. CTPyKTypa CILIABOB HCCIIEIOBAach B
TpEeX COCTOSHUSAX — MOCNE OTIMBKH, IOC]e roMorenusupytomero orkura npu T = 1000 °C B TeyeHun 24 4acoB U OCNE OTXKUTA IPU
T =850 °C. bbu1o 00HapyXeHO, UTO B JIUTOM COCTOSIHUM M MOCIIe ToMoreHn3upytomero orxura npu 1000 °C o6a criaBa sSBISIOTCS
onHodasHbpMu TBepabiME pacTtBopamu ¢ ['TIK-pemerkoit. Omxur nipu 850 °C coxpansieT 0JHO(PAa3HOE COCTOSHHUEC B SKBHATOMHOM
crutaBe CoCrFeMnNi, HO PUBOAUT K MoOsiBICHUIO 6-(a3bl B cruiaBe CoyCrygFe,gMnygNijy. MexaHuuecke cBoicTBa ITHX CIUTaBOB
U3Yy4aluch B 0HO(DA3HOM COCTOSIHHU C MOMOILBIO HCIBITAaHUI Ha OJJHOOCHOE C)KaTHUe M M3MEpEeHHe TBepAOCTH. bbputo oOHapyxeHo,
4710 00a cIulaBa B OJHO(GA3HOM COCTOSIHUH 00JIaJar0T BBHICOKOW IIACTHYHOCTHIO U CKIIOHHOCTBHIO K CHJIBHOMY Ae(hOPMAIHOHHOMY
ynpouHeHuto. [Ipu 3ToM noBeaeHne K03QPUIMEHTOB yIIpOYHEH s B 0071aCT HCTHHHBIX aedopmaruii ¢ = 0,05 — 0,17 cymecTBeHHO
pasnugaeTca. OTO MOXKET OBITH OOYCIIOBICHO 3HAYUTENBHBIM PA3IHUUEM DHEPIHH AC(PEKTOB YIAKOBKU B UCCIEIYyEMBIX CIUIaBax, B
pe3ynbrate dero B cmuiaBe CoygCrygFeg)MnygNijy Hapsimy C IHCIOKAIlMOHHBIM MEXaHH3MOM JedopManuu BelHKa BEpOSTHOCTH
peann3anuy MexaHU3Ma JBOHHUKOBAHUS.

KJIIOUEBBIE CJIOBA: BricokodHTponuifHbIe crutaBsl, ciuaBbl Co-Cr-Fe-Mn-Ni, sHeprust 1e(ekToB yrnakoBKH, MEXaHHYECKHE
CBOWCTBA, 1e(OPMAIIOHHBIIN MEXaHNU3M

BILJIMB CKJALY I MIKPOCTPYKTYPU HA OCOBJUBCTI MEXAHIYHUX BJIACTUBOCTEM
BHCOKOEHTPOMNIAHUX CILIABIB CHCTEMH Co-Cr-Fe-Mn-Ni
A.B. Jlegeneus', I.B. Kouoaiii, H.B. Eepemuaﬂz, 10.C. JIunoscbka’
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Jlocnmi/pKeHO  CTPYKTYpPY Ta  MeXaHiuHi  BJIAacTMBOCTI  BHCOKOeHTpomiiHux  cmiaBiB  CoCrFeMnNi  (exkBiaToMHmii) i
C0,0CryFeygMnygNiyy, SKi 3HAYHO BIAPI3HAIOTHCSA eHepriero AedekTiB ymakoBku. CTPyKTypa CIUIaBiB JOCTIKyBaJach B TPHOX
cTaHax — MICIA BWIMBKH, MiCas roMoreHizyrouoro Biamary mpu T = 1000 °C npotsrom 24 roaud i micas Bignany npu T = 850 °C.
Byno BusiBneHo, mo B JIUTOMY CTaHi i micis romoreHizyrouoro Bigmany mpu 1000 °C obunsa criaBu € oaHO(Aa3HUMH TBEPIHMMU
posunnamu 3 I'LIK-pemritkoro. Bimmanm mpm 850 °C 30epirae omHodasHmii cran B ekxBiarTomHOMYy cruiaBi CoCrFeMnNi, aie
MIPHU3BOUTH JI0 TOsIBH G-(a3u B ciiaBi CoyyCrygFe,pMnygNijy. MexaHiuHi BIaCTHBOCTI CIUIaBiB BUBYANIACS B OJHO(DA3HOMY CTaHi 3a
JIOTIOMOTOI0 BUTIPOOyBaHb Ha OJHOBICHE CTHCHEHHS 1 BHMIp TBeppocTi. Byio BcranoBieHo, mo oOuaBa cruraBu B oqHO(A3HOMY
CTaHI MalOTh BUCOKY IUIACTHYHICTB 1 CXMJIBHICTH 0 CHIIBHOTO aedopManiiiHoro 3minHeHHs. IIpy npoMy noBeqinka koegilieHTIB
3MIlHEHHS B 00macTi aificaux nedopmariiii e = 0,05 — 0,17 icrotHO po3pisHsieThes. Lle Moke OyTH 00yMOBIICHO 3HAUYHOO Pi3HHIICIO
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eHeprii nedeKkTiB TMaKyBaHHS B JOCTI[DKYBaHHUX CIUIaBaX, B pe3ynabTari 4oro, B ciuiaBi Co,0CragFey)MnygNiy, mopsa i3
JUCTOKAI[IHAM MeXaHi3MoM IedopMariil Belrka MOBIpHICTS peastizallil MeXaHi3My JBIHHUKYBaHHS.

KJIFOUYOBI CJIOBA: BucokoentporiiiHi crasu, cmiaBu Co-Cr-Fe-Mn-Ni, eneprist 1eekTiB ymakoBKH, MEXaHiuHi BIaCTUBOCTI,
MexaHi3M aedopmarii

High-entropy (or concentrated multicomponent) alloys, actively studied in recent years, are of interest not only for
various technical applications [1,2], but also in terms of establishing the features of their structure formation and
mechanisms of various physical processes, in particular the plastic deformation processes. A typical representative of
high-entropy alloys (HEA’s) is an equiatomic CoCrFeMnNi alloy (Cantor alloy), which is a solid solution with a FCC
lattice [3, 4]. There are a number of works in which the mechanical properties of this alloy are studied, but opinions on
plastic deformation mechanisms vary greatly. For example, in [5] after the rolling deformation at room temperature the
presence of twins was detected at a deformation degree of more than 20%, whereas in [6] after the tension deformation
twins have been observed only at the largest deformations (near destruction). It is known that both the kind of loading
and certain "internal" features of alloy (in particular, the stacking-fault energy) significantly influence on the
deformation mechanism.

The aim of this work was to study the microstructure and mechanical properties of equiatomic CoCrFeMnNi and
non-equiatomic CoyCrysFeygMnygNiyy (in at %) alloys after the compression deformation. They have different stacking-
fault energy (19 and 3.5 mJm™, accordingly [7]).

MATERIALS AND METHODS

CoCrFeMnNi and CoyCrysFeyMnyNi4 alloys were melted in arc furnace in argon atmosphere. The purity of
initial metals wasn’t less than 99.9%. To ensure composition and microstructure uniformity ingots were remelted 5
times, turning them every melting. Before the investigations samples were annealed at 1000 °C 24 h, some of the
samples were also annealed at T = 850 °C.

Samples preparation for microstructural studies was carried out by grinding on waterproof abrasive paper with grit
from 300 to 1000 with subsequent polishing with diamond paste on the velvet. Final polishing was performed on pure
velvet with gasoline. For microstructure detection samples were etched in the following reagent: HNO; — 1 part, HF - 1
part, H,O — 1 part, H,SO4 — few drops. Etching time was 15+20 seconds.

X-ray diffraction analysis was carried out using DRON-4-07 diffractometer in a copper Cu-Ka radiation.
Mechanical properties were studied under uniaxial compression conditions at room temperature. Samples for
mechanical tests were prepared by spark cutting in a parallelepiped form size of 4x4x3.8 mm®, and following faces
grinding on a special device with the abrasive grit paper with grit from 400 to 2000. Compression test was conducted on
a universal testing machine 1958 Y-10 at a strain rate of 0.17 mm/min. After loading up to a certain value the samples
were unloaded, their geometric parameters were measured and on planes, perpendicular to the compression axis, the
Vickers hardness was measured on a universal instrument 2137 TY with a load of 20 kg. Then samples were subjected
to compression deformation again and yield strength and hardness were measured. This procedure was carried out
several times; the dependence of hardness and yield strength on the pre-compression deformation value was built from
obtained results.

RESULTS AND DISCUSSION
The microstructure
As-cast alloys have a typical dendritic microstructure (Fig. la). At the same time, as shown previously
[1], dendrites (marked as number 1) enriched with Co, Cr and Ni and the interdendritic space (marked as number 2) —
with Ni and Mn. After homogenizing annealing at 1000 °C, the alloys have a grain microstructure with a grain size of
several hundred micrometers (Fig. 1b).

100 pm.
a 0
Fig. 1. Microstructure of the samples after melting (a) and annealing at 1000 °C for 24 hours (b).
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The crystal structure

X-ray studies have shown that the equiatomic CoCrFeMnNi alloy in as-cast state and after homogenizing
annealing is a single-phase solid solution with a FCC lattice (a=3.602 A), which is in full accordance with the known
literature data [2]. Co,0CrysFey0MnygNiyy, alloy in the cast state is also a single-phase FCC solid solution. The structural
state of the Co,¢CrysFe;MnygNiy4 alloy depends on the annealing temperature.

Annealing at 1000 °C preserves the single-phase state of the alloy, the FCC lattice parameter is 3.583 + 1:107A.
After annealing at 850 °C the alloy is two-phase - along with the main FCC-phase the c-phase is present in the alloy
(Fig. 2). In this case, the lattice parameter of the FCC-phase is a =3.603=1-10"A and the lattice parameters of the o-

phase are a = 8,797A, ¢ = 4,557A.
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Fig. 2. Diffraction patterns of Co,oCrysFexgMnyoNiy, alloy
a - after annealing at T = 850 °C, b - after annealing at T = 1000 °C.

Mechanical properties
Typical technical and true strain curves of compressed samples are shown in Fig. 3.
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Fig. 3. Typical actual (a) and true (b) strain curves under uniaxial compression for CoCrFeMnNi (curve 1) and Co,0CrysFe;oMnyNijy
(curve 2) alloys
Recalculation of technical (actual) strain curves in true coordinates performed by standard formulas for

compression deformation:
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Ope=0(l1-¢), e=—In(1-¢),

where o, - true stress, e - true strain, o - actual stress, & —actual strain.

The hardness of both as-cast alloys was close and amounted to 1400-1500 MPa. Compression test also showed
that the yield strength 6o, was 262 + 2.5 MPa for the equiatomic CoCrFeMnNi alloy and about 204 + 8 MPa for the
C0,Cry6FesoMnyNiyy4 alloy. Both of these investigated alloys are plastic and do not break under compression rate more
than 50%.

Note that although the yield strength o, is slightly lower for annealed Co,(CrysFe,0MnyoNi;4 alloy than that for
the equiatomic alloy, after plastic deformation with € > 20% values o, are almost identical for both alloys (Fig. 4a), as
well as hardness (Fig. 4b).
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Fig. 4. Effect of the deformation degree on the yield strength (a) and hardness (b) of alloys. Circles - CoCrFeMnNi samples,
triangles - Co,CrasFey0Mn,Nij4 samples

The behavior of the material under deformation is characterized by a hardening coefficient doy,./de (Fig.5). As can
be seen from Fig.5, dependences of the hardening coefficient on deformation are essentially different for the
investigated alloys.
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Fig. 5. Strain hardening coefficient dependency on true strain for CoCrFeMnNi (curve 1) and Co,iCraygFey0MnyoNiy (curve 2) alloys

The behavior of doy,./de for an equiatomic alloy is typical for FCC metals — at the initial stage the coefficient falls
sharply and then it gradually decreases [6,8]. In the Co,iCrysFe,oMnyoNiy, alloy three phases of the hardening
coefficient change are observed: a sharp fall on the initial stage with a minimum at e = 0,05, a growth of do,./de up to
deformations of e = 0,15 — 0,17, and a further gradual decline. The greatest interest is the second phase, which can mean
the activation of a new deformation mechanism. A similar behavior of the hardening coefficient was observed in [6] on
the equiatomic CoCrFeMnNi alloy in the case of deformation at 77 K, when a twinning mechanism was activated at a
certain deformation stage. As it known, the low stacking-fault energy promotes twinning. So, it can be expected that a
critical twinning stress is achieved at a certain degree of strain hardening in non-equiatomic Co,yCrysFe,0MnygNiy4 alloy
that has very low stacking-fault energy (3,5 mJm™ [7]), even in the case of room temperature a twinning occures along
with dislocation gliding.
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Twin boundaries acts as an obstacles and delays the dislocations motion, which leads to the increasing of the
hardening coefficient. But further research is needed to experimentally confirm this assumption.

CONCLUSIONS

1. Equiatomic CoCrFeMnNi and non-equiatomic Co,iCrasFe,Mn,oNiy4 high-entropy alloys are single-phase FCC
solid solutions in as-cast state and after annealing at 1000 °C. Both alloys have a high plasticity and a significant ability
to deformation hardening.

2. Although the mechanical properties at room temperature (yield strength and microhardness) at high
compression strains are similar for both alloys, the behavior of the hardening coefficient in the range of true stress
e =0,05-0,17 is significantly defferent. This may indicate the implementation of various deformation mechanisms in
these alloys at certain deformation stages, which caused by the difference in the stacking-fault energy.
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