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JOCJIIXKEHHSI CTPYKTYPH TA MEXAHIYHUX BJIACTUBOCTEN
BATATOKOMIIOHEHTHHMX CIIJIABIB Cu-Fe-Mn-Ni I3 TOJABAHHAM
Al TA Si YJIUTOMY TA HIBUJAKO3AT'TAPTOBAHOMY CTAHI
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AHortauis. Mema. Jlany po0OoTy NPHCBAYEHO BCTAHOBJIECHHIO BIUIMBY CKJIagy Ta IIBHAKOCTI OXOJIO[UKEHHS PO3IIaBy Ha
MIKpOTBEepAICTh, (pa3oBuil ckiaa Ta mapaMeTpd TOHKOI CTPYKTYpH OaraTOKOMIIOHEHTHHMX BHcOKoeHTporiitHux ciuiaBie (BEC)
cucremu Cu-Fe-Mn-Ni i3 nomimkamu Al n Si B nuToMy Ta pinko3araproBaHoMy craHi. Memoouka. JIuti 3pa3ku CIuiaBiB Oyiu
OTpUMaHi 32 JOIOMOrOK Tedi TaMMaHna i3 3aCTOCYBaHHIM MiJHOT BIIMBHULI (LIBUAKICTS oxonomkents ~10% K/c). Taprysanus 3
pinkoro crany (3PC) mpoBommiocst 3a BiOMOIO METOIUMKOIO splat-oxonosmkeHHs. OIiHEHA 3a TOBIIMHOIO (OJIBTH MIBUAKICTH
OXOJIOJKEHHS po3iuiaBy cranoBuia ~100 K/c. PeHTreHocTpyKTypHuii aHalli3 IpOBOAMBCS i3 BUKOpHCTaHHAM Jidpakromerpa JJPOH-
2.0. MikpoTBepaicte BHMiproBajgacsi 3a jgomomoroio MikporBepaomipa IIMT-3. Ilinbip kommonentiB mocmimkenux BEC
3IiCHIOBABCS, BUXOMAMYM 3 MPHHHATHX Y JTepaTypi KpUTEpiiB KOMIIOHOBKH Ta OLiHKK (azoBoro ckmaxy BEC, ocHoBaHux Ha
00YMCIICHHI CHTPOMii Ta eHTanbIii 3MillyBaHHS, KOHLEHTpAlili BaJCHTHHX €JEKTPOHIB a TAaKOX pPI3HHI[I aTOMHHX pajaiyciB
KOMIIOHEHTIB. Pe3ynsmamu. BcranosneHo, 1o CIUIaBy, 3arapToBaHi 3 piiuHU MalOTh 0gHO(MA3HY CTPYKTYpPY, B SIKiif HasiBHI MPOCTI
TBEpAi pO3YMHY i3 TpaHeneHTpoBanoo Kyoidnowo (I'LIK) pemiTkoro. JIuTi crutaBu Takox sIBISIOTE COOOI0 IIPOCTI TBEPIi PO3UMHU
turry 'K, 3a Bukmouennsm crutaBy CuFeMnNiSios, y skoMy HasBHI Takoxk iHTepMeTaliuHi (a3u. 3HaUCHHS IMapaMeTpiB penriTku
BKa3ylOThb Ha Te, IO B SKOCTI OCHOBH Uil (DOPMyBaHHS TBEPAMX DPO3UMHIB CIiJ pO3risigaTH pemniTky y-Fe, sk ememenra 3
HaWOIIBIIOI TEMIIepaTypolo IuiaBieHHs. [lokazaHo, mo 30UIBIIEHHS pPIBHS MIKPOHANpY)KEHb TA T'YCTHHU IHCIIOKAIld CHPHUSIOTH
MABUIICHHIO MEXaHIYHUX XapaKTePUCTUK JOCITIPKeHUX CIIaBiB. OTpuMaHi pe3ysibTaTH TaKo)X BKa3yIOTh Ha YiTKY 3aJIeKHICTh MiX
BEJIMYMHOI0 MiKpoTBepaocTi Ta BMictoM Al ta Si. TakuMm 4MHOM, MiABUIICHHS MIIHOCTI BiAOyBaeThCs 3aBISKH 3HAYHOMY
BUKPHUBIICHHIO KPUCTAIIYHOI PELITKM BHACTIZOK BiIMIHHOCTI aTOMHHX pafiyciB eixemeHTiB. Haykoea noeusna. Y naiit po0ori
Oymu Brepuie orpumani i gocmimkeni BEC cucremn Al-Cu-Fe-Mn-Ni-Si y nuromy i piakosaraproBaHomy craui. Lli criaBu He
Mmictsate Co Ta Cr, siki 3a3Bnyail BukopucroByrotscs y BEC 1 pa3zoM i3 mokpamieHHsIM eKCIUTyaTalifHUX XapaKTePUCTHUK 3a3BHYail
3HaYHO 301NbHIyIOTH X BapricTe. IIpakmuuna 3nauumicms. BEC  xapaxkTepu3yloTbCsi YHIKQIBHOIO CTPYKTYPOIO Ta LiINM
KOMIUICKCOM BHHSTKOBHX €KCIUTyaTaIlifHUX XapaKTePUCTHK, TAKUX KaK TBEPJICTh, 3HOCOCTIHKICTB, CTIHKICTB 10 OKHCIICHHS, KOPO3il
Ta 10HU3YIOUNX BUIIPOMIHIOBaHb, BUCOKA TePMidHa CTaOLIBHICTh Ta 610JIOTIYHA CyMICHICTS.

Kniouosi cnosa: BHICOKOSHTPOTIHHUIA CILIaB; rapTyBaHHS 3 PiIkoro cTany; Gpa3oBuil CKiam; CTPyKTypa; MiKpOTBEPHIiCTh

U3YUEHUE CTPYKTYPbl U MEXAHUYECKHNX CBOVCTB
MHOTI'OKOMIIOHEHTHBIX CIIJTABOB Cu-Fe-Mn-Ni C TJOBABJIEHUEM
Al TA Si BJIMTOM U BBICTPO3AKAJIEHHOM COCTOAHUU
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AnHotauus. IJens. Hacrosmas pabora ImOCBSIIEHA YCTAHOBJICHUIO BIMSHHS COCTaBa M CKOPOCTH OXJAXKIEHHS pacIulaBa Ha
MHKPOTBEPJOCTh, (pa30BEIi COCTaB U IMapaMeTpsl TOHKOH CTPYKTYpHl MHOTOKOMIIOHEHTHBIX BBICOKOIHTPOIHMHHBIX ciuiaBoB (BOC)
cucrembl Cu-Fe-Mn-Ni ¢ nob6aBkamu Al u Si B IUTOM U )KHIKO33aKAJICHHOM COCTOSIHUSX. Memoouka. Jlutbie o0pa3sipl CIUIaBOB
ObUIM TIOJTYYEHBI IIPY MIOMOLIHM Tleun TaMMaHa ¢ MCIOJIb30BaHMEM MEIHON U3JIOKHHULEI (CKOpocTh oxakaenus ~10% K/¢). 3akanka
n3 xuakoro coctosiaus (32KC) npoBoannacs o U3BeCTHOM Metoauke splat-oxmaxaenusa. OueHeHHas Mo TONIIKHE (OJIBIU CKOPOCTh
oxIakaeHus pacmiasa coctaBiusia ~l0°K/c. PeHTreHOCTPYKTYpHBIA aHanm3 MPOBOAMICA C HCIOIb30BAHUEM IU(PPAKTOMETpa
JIPOH-2.0. MukpotBepnocTh u3Mepsulack Ha Mukporseppomepe IIMT-3. Tlonbop kommoHeHTOB wHccienoBaHHEIX BOC
OCYIIECTBIISIICS, NCXOAS U3 IPHHATHIX B JINTEPAType KPHUTEPHEB KOMIIOHOBKH M OIEHKH (ha3oBoro cocraBa BOC, ocHOBaHHBIX Ha
BBIYHCIICHUH SHTPOIMH W SHTAIBIINY CMEIINBAHMS, KOHIICHTPALUH BaJEHTHBIX JIEKTPOHOB a TaK K€ PAa3HMIIBI aTOMHBIX PaJiyCOB
KOMIIOHEHTOB. Pe3ynsmamepl. YCTaHOBICHO, 4YTO >KHJIKO3AaKAICHHBIE CIUIABEI HMMEIOT OIHO(A3HYyI0 CTPYKTYpy, B KOTOPOI
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MIPUCYTCTBYIOT HPOCTBhIE TBEPABIC PACTBOPHI C ¢ rpaHeneHTpupoBaHHOH KyOuueckod (I'LIK) pemerxoit JIutele cmimaBel Taxke
MPE/ICTaBIIOT co00it mpocTeie TBepabie pacTBopsl Tma 'K, 3a uckimtouennem craBa CuFeMnNiSio.s, B KOTOPOM HPHCYTCTBYIOT
TaKOKe MHTEpMeTauTMYeckue (as3bl. 3HaUeHHs IapaMeTpOB KPUCTAUIMYECKONM pEIIeTKH YKa3bIBAalOT HAa TO, YTO OCHOBOM s
(GopMHpOBaHUS yKa3aHHBIX TBEPJBIX PAaCTBOPOB SIBISIETCS pemreTka y-Fe, kak syeMeHTa ¢ HanOObIIel TeMIepaTypol IUIaBIeHHS.
INToka3aHo, YTO TOBHIMIECHHE YPOBHS MHKPOHANPSDKCHUI M INIOTHOCTU AMCIIOKAIWIT CIIOCOOCTBYIOT IOBBINICHHIO MEXaHHYECKHX
XapaKTepPUCTUK HCCIIEIOBAHHBIX CIUIABOB. I10JIydeHHBIE pe3yNbTaThl TAakXKe ITOKAa3bIBAIOT YETKYIO 3aBHCHMOCTb MEXIy BEIHMYMHOI
MHKPOTBepA0CTH U conepskanneM Al u Si. Takum 06pa3oM, HOBBIICHHBIE NTPOYHOCTHBIE XapaKTEPUCTHKHA OOYCIIOBIECHBI CHIBHBIM
HUCKaXEHUEM KPUCTAIIIMUECKON PEIIETKH BCIEACTBUE pa3IMuUil B aTOMHBIX paauycax 3jeMeHToB. Hayunas noeusna. B nannoi
pabote Obutk BriepBbie MonydeHbl U uccinenoBanbl BOC cucrembr Al-Cu-Fe-Mn-Ni-Si B JIUTOM M KHIKO3aKaJCHHOM COCTOSHHH.
Otu crmaBel He cogepxkaT Co u Cr, KoTopble OOBIYHO HCTONB3yloTCsl B BOC u BMecTe ¢ ynydlleHHEM 3KCIUTyaTallHOHHBIX
XapaKTepPUCTUK OOBIYHO 3HAUUTENLHO YBEIMYMBAIOT MX CTOMMOCTb. [Ipakmuueckaa 3nauumocmo. BOC  xapakTepusyrorcs
YHUKQJIBHOW CTPYKTYpPOH M IENBIM KOMIUIEKCOM 3aMedaTelbHBIX OSKCIUIyaTallMOHHBIX XapaKTePHUCTUK, TaKUX KaK TBEPAOCTb,
HN3HOCOCTOHKOCTb, YCTOMIMBOCTD K OKHCICHHIO, KOPPO3UH M MOHU3HUPYIOIINM H3IIy4eHHsIM, BHICOKAsI TEPMUYECKasi CTAaOMIBHOCTD 1
OHoJIOTNYeCcKasi COBMECTHMOCTb.

Knrouesvie crosa: BLICOKO3HTp0HHI71HBII>i CILJIaB; 3aKaJIKa U3 )XKUJAKOI'0 COCTOSIHHA (1)330BI>II71 COCTaB, CTPYKTYpa; MUKPOTBEPAOCTH
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Abstract. Purpose. This work is dedicated to establishing the effects of the composition and the melt cooling rate on
microhardness, phase composition and parameters of the fine structure of multicomponent high-entropy alloys (HEA) of Cu-Fe-Mn-
Ni system with Al and Si additions in the as-cast and splat-quenched state. Methodology. As-cast alloy samples were obtained by a
laboratory Tamman furnace using a copper mold (cooling rate ~ 10> K/s). Quenching from a liquid state was carried out by a known
technique of splat-quenching (SQ). Cooling rate estimated by foil thickness was ~ 10° K/s. The X-ray diffraction analysis was carried
out with the use of the DRON-2.0 diffractometer. Microhardness was measured on the PMT-3 microhardnessmeter. Selection of
components of the studied HEAs was carried out on the basis of the criteria adopted in the literature for the HEA composition based
on a calculation of the entropy and enthalpy of mixing, valence electron concentrations as well as the difference between the atomic
radii of the components. Findings. Simple solid solutions with a face-centered cubic structure are obtained in all of the splat-
quenched alloys. The as-cast alloys also have a simple face-centered cubic structure, with the exception of CuFeMnNiSio.s, in which
the intermetallic phases are found. The values of lattice parameters of the investigated alloys indicate that solid solutions are formed
on the base of the y-Fe lattice, taking into account its higher melting temperature. The positive influence of microstrains level and
dislocation density on the microhardness values of alloys are established. The obtained results clearly indicate also a strong
dependence between the measured microhardness and content of Si and Al, thus improved mechanical characteristics are obviously
ensured by the strong distortion of the crystal lattice due to the differences in atomic radii of elements. Originality. At present work
were first obtained and studied HEAs of Al-Cu-Fe-Mn-Ni-Si system in the as-cast and splat-quenched state. These compositions are
free of Co and Cr, which are usually used in HEA and favor an increase in their operating characteristics but substantially increase
the alloy cost. Practical value. The HEAs possess many attractive properties, such as high hardness, outstanding wear resistance,
irradiation resistance, excellent high-temperature strength, good thermal stability, biocompatibility and corrosion resistance.

Keywords: high-entropy alloy; splat-quenching; phase composition; structure; microhardness

of the HEA components, an alloy comprised of the
Introduction simple solid solution with a high plasticity and very hard
and brittle intermetallic compounds (intermetallic phase,
o-phase, Laves phase) can be prepared. Also, the study
results concerning high-entropy metallic glasses and
alloys with shape memory are published [3,9]. HEA’s are
characterized by the unique structure and properties, such
as high hardness, outstanding wear resistance, irradiation
resistance, excellent high-temperature strength, good
thermal stability, and corrosion resistance [1-5].

In 2004, a new alloy concept, “multi-principal-
element alloys” (MPEA’s) or ‘“high-entropy alloys”
(HEA’s) was proposed and investigated through
increased experimental studies [5]. Such alloys usually
contain from 5 to 13 major elements in equiatomic or
near equiatomic concentrations (5 to 35%). Due to the
high mixing entropy, multicomponent alloys typically
consist of simple solid solutions with a BCC or FCC
lattices. At the same time, through a purposeful selection
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This paper is devoted to the investigation of structure
and properties of multicomponent alloys of Cu-Fe-Mn-
Ni system with Al and Si additions. In order to establish
the influence of the composition and the cooling rate of
the melt on the microhardness and phase composition,
the as-cast and splat-quenched alloys were investigated.

Experimental Details

The samples of Al- and Si- modified Cu-Fe-Mn-Ni
high-entropy alloys were prepared by a laboratory
Tamman furnace in the flow of argon and poured into a
copper mold (cooling rate of ~ 10? K-s™).

The quenching from the molten state (splat-
quenching, SQ) was performed with using the well-
known technique of melt spinning, i.e., spreading of melt
droplets on the internal surface of a rapidly rotating
copper cylinder. The rate of cooling as estimated from
the thickness of the obtained foils was ~10°~10°K/s. The
XRD studies were carried out with using a DRON-2.0
X-ray diffractometer in Cu Ko monochromatized
radiation. The microhardness was measured with a PMT-
3 microhardness-meter at a load of 200g.

Results and Discussion

High-entropy alloys usually characterizing by the
entropy of mixing AS, . and mixing enthalpy AH . .
But in order to describe the phase composition of
HEA'’s, some empirical criteria were proposed, namely,
an atomic-size difference which is described by the
parameter d, valence electron concentration VEC, and
the thermodynamic Q parameter, correlates the melting
point, entropy of mixing, and the enthalpy of mixing.
The definitions of these parameters were considered in
many papers [5]. But these empirical criteria for
prediction of phase composition were developed and
tested with using as-cast HEA’s, which often contain
non-equilibrium phases, so they are not always
conclusive [1,4].

Recently it has been established that the difference in
atomic sizes affects the topological instability of atomic
packing [13]. It was suggested that atoms with the
maximum and minimum radii play a crucial role in
determining the stability of the packing in high-entropy
alloys. The solid angles of packing for the atoms with
the smallest ws and highest ®; sizes were chosen [13] to
describe the effects of the atomic packing in HEAs
quantitatively.

(1

2

Here rgand r; are the atomic radii of smallest and

n
largest atoms respectively, 7 = ch.rl. , 1; — the atomic
i=1
radius, ¢; — atomic fraction of the i-th component.
Then, the normalized parameter of packing state was
defined as the ratio between the solid angles for the
atoms with smallest and largest sizes.

o,

v 3)

As pointed out in [13], the Hume—Rothery rule of
15% of the atomic size difference in binary alloys
corresponds to a critical value of packing misfitting of y
= 1.167. The critical value of y = 1.175 can distinguish
the simple solid solution alloys and alloys with
intermetallic compounds [13].

Using the data from [7,11], the set of above-

AH . .3, VEC, Q, a,7)

mix

mentioned parameters ( AS

are calculated (Tab.2).
It should be noted that, in accordance with the

mix *

calculated values of AS, the majority of the alloys

studied in this paper formally must be attributed to
medium entropy alloys [5], however, taking into
account the evaluation of the minimum entropy of
mixing for the HEA’s AS .= > 11 J/(mol-K), given in

[6], many researchers consider such alloys as high-
entropy [12].

mix

Table 1
Nominal chemical compositions of investigated
HEA’s, at.%
Alloy Al Cu Fe | Mn | Ni Si
CuFeMnNi | - 25 |25 | 25 | 25 | -
Alo44CuFeMnNi| 10 22.5 22512251225 -
CuFeMnNiSio2s| - 23.53 [23.53|23.53[23.53] 5.88
CuFeMnNiSios | - 2222 [2222]22.22]22.22|11.12
Table 2

Thermodynamic, electronic, and atomic-size
parameters of investigated HEA’s

Alloy AHmix, |  ASmix, d |VEC| Q Y
kJ/mol | J/(mol-K)

CuFeMnNi 2.75 11.52 [3.68] 9.0 |6.72|1.104
Alp44CuFeMnNi | -2.54 13.07 [4.72| 84 |7.89|1.158
CuFeMnNiSio2s | -5.26 12.7 |4.11]8.71 |3.88|1.174
CuFeMnNiSios | -11.57 | 13.14 [4.42|8.44|1.48]1.175

The phase composition of the investigated alloys,
crystal lattice parameters, and the fine structure
parameters (size of coherently scattering domains and
microstrains) (Tab.3) were determined from the XRD
patterns (Fig. 1, 2). The dislocation density p was
obtained from the profile of the first diffraction peak.

From the results of analysis of the XRD patterns, it
is apparent that all the as-cast samples, except the
CuFeMnNiSigs one, have similar reflections of simple
FCC solid solutions.
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Fig.1. XRD patterns of as-cast HEAs of Al-Cu-Fe-
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Fig.2. XRD patterns of splat-quenched HEAs of Al-
Cu-Fe-Mn-Ni-Si alloy system: O-FCC.

Table 3

Phase composition, size of coherently scattering domains (L), degree of distortion of the crystal lattice (Aa/a),
dislocation density (p) and microhardness (H,) of investigated alloys

Alloy Phase composition L, am. L, nm p, cm? da/a H,, MPa
As-cast Alo4sCuFeMnNi FCC (a=0.3645 nm) 14+2 59103 2.6'1012 5.9:10-3 [ 2000200
SQ foil Alp4:CuFeMnNi FCC (4=0.3619 nm) 3043 24:10% | 63-101 24103 11600100
FCC (a=0.3660 nm)+ 1842 L6101 2.3-10-3
As-cast CuFeMnNiSio s FCC (a=0.3620 nm)+ 23103 | 33004200
. . 18+2
FeSi + FeSi»

SQ foil CuFeMnNiSiozs FCC (a=0.3646 nm) 30+3 2.0-10% [ 610" 2.0-10-3 | 22004200
As-cast CuFeMnNiSio.s FCC (a=0.3642 nm) 16+2 45-103 | 22-107 4.5:10-3 | 3000+200
SQ foil CuFeMnNiSio.s FCC (a=0.3634 nm) 3243 2.5-103| 5.5-101 2.5-10-3 | 25004200
As-cast CuFeMnNi FCC (a=0.3641 nm) 20+2 4.4-103 | 1.35-10" 4.4-10-3 | 1400+100
SQ foil CuFeMnNi FCC (a=0.3632 nm) 3143 2.3-103 | 5.6-10' 2.3-10-3 | 1000+100

This is consistent with the results of [12] for the
CuFeMnNi alloy. The CuFeMnNiSios alloy has a
complicated phase composition, there two simple FCC
solid solutions together with intermetallic FeSi and
FeSi, phases are presented. This result is not unexpected
since from Tab. 3 it is seen that AH,;, for this alloy has
a large negative value favoring the formation of
intermetallic compounds. The parameter y also nearly
reaches the critical value of 1.175. At the same time,

nominal chemical compositions of all investigated
alloys were chosen so that their VEC values were
favored to the formation of an FCC phase. These factors
put together leads to the formation of a mixture of FCC
and intermetallic phases in CuFeMnNiSig 5 alloy only. It
should be noted that the study of the fine structure of as-
cast HEA’s by the methods of high-resolution electron
microscopy usually shows the presence of nanosized
intermetallic precipitates [8].
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Meanwhile the XRD patterns of SQ alloys do not
have superlattice reflections and consequently, SQ
HEA’s contain only disordered FCC phases. In our
opinion, the high cooling rate during the formation of
SQ foil should prevent it from non-equilibrium phase
decomposition and hinder the appearance of structures
and phases typical for as-cast and equilibrium states.

Taking into account the values of lattice parameters
of the investigated alloys, one can suggest that the solid
solutions are formed on the base of the y-Fe lattice (a =
0.3572 nm [10]), in view of its higher melting
temperature.

High microhardness values of Cu-Fe-Mn-Ni system
alloys with Al and Si additions can be explained by the
presence of the dissimilar atoms of elements with
different size, electronic structure and thermodynamic
properties in the crystal lattice. This leads to a
significant distortion (da/a) of the crystal lattice.
Consequently the hardness of the alloys increases. As
seen from Tab. 3, microhardness of the SQ alloys is
lower than that of the as-cast alloys. This result is not
surprising, since the microstructure and the phase
composition of the as-cast alloy after decomposition are
in a more equilibrium state, with the presence of hard
and brittle intermetallic compounds, while highly non-

equilibrium SQ alloys yield a lower level of
microstrains and dislocation density. The obtained
results clearly indicate also a strong dependence
between the measured microhardness and content of Si
and Al additions, with a positive trend of microhardness
as the Si content increases.

Conclusions

Based on the study of the Al-Co-Cr-Fe-Mn-Ni-Si-V
HEAs, produced in the as-cast and splat-quenched state,
the following conclusions can be drawn:

We found that all the as-cast alloys except the
CuFeMnNiSio s have simple single-phase FCC structure
while CuFeMnNiSios alloy has a complicated phase
composition, there two simple FCC solid solutions
together with intermetallic FeSi and FeSi, phases are
presented. All the splat-quenched HEA’s contain only
disordered FCC phases. With the increase of cooling
rate, the level of microstrains, dislocation density, and
microhardness of Al-Cu-Fe-Mn-Ni-Si HEA’s decreases.
The Al and Si additions have a positive effect on the
microhardness of Cu-Fe-Mn-Ni system HEAs.
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