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STRUCTURE AND MECHANICAL PROPERTIES OF Al-Co-Cr-Fe-Mn-Ni-Si-V
HIGH-ENTROPY ALLOYS IN THE AS-CAST AND SPLAT-QUENCHED
STATE

The multicomponent high-entropy alloys of Al-Co-Cr-Fe-Mn-Ni-Si-V system in the as-cast and
splat-quenched state were investigated. Phase formation criteria for high-entropy alloys were
considered. Effect of the concentration of valence electrons in the alloy to form a solid solution
structure was examined. The as-cast alloys show a multiphase BCC+B2 structure, while the splat-
quenched - fully disordered BCC crystal structure only. The value of lattice parameters of the
investigated alloys suggests that the solid solutions are form on the base of Cr lattice, in view of its
higher melting temperature. All of the as-cast alloys display a typical cast dendritic structure with
various configurations and volumes of the interdendritic space. The positive influence of microstrains
level and dislocation density on the microhardness values of splat-quenched Al-Co-Cr-Fe-Mn-Ni-Si-V
alloys has been established. Improved mechanical characteristics are ensured by the strong distortion
of the crystal lattice due to the differences in atomic radii of the elements.
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JociigkeHo 6araTokoMnoHeHTHi BUcokoeHTpomiiiHi ciuiaBu cuctemu Al-Co-Cr-Fe-Mn-Ni-Si-V.
Po3rasinyTo kpurepii, 1m0 103BOJISIIOTH NPOrHO3yBaTH (hazoBmii ckiaja cmiaasiB. Po3risinyro BIIIMB
KOHIEHTpaNii BAJICHTHHX €JIEKTPOHIB B CILIaBi HA CTPYKTYPY TBePAOr0 PO34YHHY, 1[0 YTBOPIOETLCS B
HHX. BcTaHOBJICHO, 110 JIMTI CIUIAaBH MalOTh OaratoasHy CTPYKTYpY, B fKiii HasiBHi TBepai po34uHH i3
pewritkoro Tuny OIIK Ta BnopsiikoBaHi TBepAi po3uMHHM CTpPyKTypHoro tumy B2, B Toii yac, ik y
pPiAKo3arapToBaHUX CIUIaBaX, HasiBHi Juie HeBnopsiAkoBaHi TBepai po3uunu tunmy OLIK. 3HayenHs
napaMeTpiB pelliTkH BKa3ylOTh HAa Te, 10 B SIKOCTI OCHOBH 1Jis (h)OPMYBAHHsSI TBEPAUX PO3YHHIB CJIij
posrasigati peuritky Cr, sik ejieMeHTa 3 Hal0lIbII0I0 TeMIIepaTypolo NJaBjeHHs. BcraHoBieHo, mo
JOCJiZKeHi CIJIaBM MAalOTh THIIOBY JEHAPHUTHY CTPYKTYPY i3 pi3HMMH KoH(pirypauisMu Ta 00’emamu
MiZKAeHAPUTHOrO mnpocropy. Iloka3ano, mo 30inbHIeHHs1 piBHA MiKPOHANpPY’KeHb Ta TIyCTHHH
JUCIOKALIA NMPU rapTyBaHHI 3 piIkoro craHy cHpUSOTh NiJBHUINECHHI0 MEXaHIYHHX XaPAKTEPHCTUK
pociaimzkenux cmiasiB. IlinBuimmenHss MinHocTi BiA0yBaeTbesl 3aBASIKM 3HAYHOMY BHKPHBJICHHIO
KPUCTATIYHOI pelIiTKH BHACIIIOK BiIMIHHOCTi aTOMHHUX pajiyciB eJIeMeHTIB.

Kiro4yoBi cnoBa: BHCOKOEHTPOIIHHMK CIUIAaB, CTPYKTypa, MIKpOTBEPIICTh, TapTyBaHHS 3 PiAKOTO
CTaHy.

HccaenoBanbl MHOTOKOMIIOHEHTHbIE BbICOKOIHTpoONHiiHble cmiaBbl cuctembl Al-Co-Cr-Fe-Mn-
Ni-Si-VB JaMTOM M KHIKO3aKAaJeHHOM  COCTOSIHMM. PaccMOTpeHBl KpUTEPHH, TO3BOJISIOINE
MPOrHO3HPOBaTh ()a30BbIli  COCTAB  BBICOKOIHTPONMIfHBIX cIUIaBOB. PaccMoTpeHo  BiMsSIHHE
KOHIEHTPALUUH BAJIEHTHBIX 3JIEKTPOHOB B CILUIaBe HA CTPYKTYPY 00pa3yIollerocsi TBEpAOro pacrsopa.
YcTaHoB/IEHO, YTO JIMTbIE CINIABBI MMEOT MHOro(ha3Hylo CTPYKTYpy, B KOTOPOil NPHCYTCTBYIOT
TBepable pacTBOpbl ¢ pemeTrkoii THna OIIK u ynopsiioueHHblie TBepAble PacTBOPbI CTPYKTYPHOIO
THHA B2, B TO Bpemsi, KaKk B KMIKO03aKAJEHHBIX CIUIABAX (PMKCHPYIOTCS TOJbKO HEYNOps10UYeHHbIE
TBepable pacTBopbl THNa OLIK. 3HayeHnsi mapaMeTpoB KPUCTANINYECKOH peIleTKH YKa3bIBAlOT HA
TO, YTO OCHOBOW 1151 (POPMHPOBAHHSI YKAa3aHHBIX TBEepPABIX PAacTBOPOB siBisercs pemerka Cr, kak
3J1eMeHTa ¢ HauOoJbLIell TeMIepaTypoil mJaBjieHHs. YCTAHOBJICHO, YTO U3Y4YCHHbIC CILIABbI HMEIOT
THIUYHYIO IEHAPUTHYIO CTPYKTYPY € Pa3jH4YHbIMH KOHPHUIYypauusiMH ¥ 00beMaMH MeKIeHIPUTHOrO
npocrpaHcTBa. Iloka3aHo, YTO NMOBbILIEHHE YPOBHS MHKPOHANPSKEHUH M INIOTHOCTH JHCJIOKALMIA
NMpH 3aKaJKe U3 KHIAKOI0 COCTOSIHHSI CIOCOOCTBYIOT MOBBIIIEHHI0 MeXaHHYECKHX XapaKTepHCTHK
HCC/IeIOBAHHBIX CIUIaBOB. IloBbILIEHHBIE NPOYHOCTHBIE XAPAKTEPHCTHKH O0YCJIOBJIEHBI CHJIBHBIM
HCKaKeHHeM KPHCTANIMYECKOli peleTKH BCJIeACTBHE Pa3n4dii B aTOMHBIX pagmycax 3JeMeHTOB.

KnroueBble c10Ba: BEICOKOIHTPONUHHEIN CIUIaB, CTPYKTYpa, MUKPOTBEPIOCTD, 3aKaJlka U3 >KHIKOTO.
COCTOSIHUS
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1. Introduction

The conventional development of new alloys is based on one or two elements as major
constituents, and some other minor elements for the optimization of final properties. Recently a
new class of materials known in the literature as multicomponent high-entropy alloys (HEA’S)
was obtained [1]. High-entropy alloys are defined as solid solution alloys that contain more than
five principal elements (usually from five to thirteen) in equal or near equal atomic percents.
The basic principle of HEA’s is a stabilization of solution phase by the significantly higher
configurational entropy of mixing AS,,,, compared to conventional alloys. The configurational

entropy of mixing during the formation of regular solution alloy can be determined as
i=1

¢, is an atomic fraction of the i-th component, R is the universal gas constant. An increase of

mixing entropy reduces the Gibbs free energy of the alloy and improves the stability of the
solid solution. The mixing entropy reaches a maximum at equal atomic fractions of mixed

components (for alloy with n components). The value of AS_, is in the range of 12-19

J/(mol-K) usually in HEA’s. Due to the high mixing entropy HEA’s are solid solutions
having typically simple crystal structures (FCC or BCC), but to avoid the appearance of brittle
intermetallic compounds, complex microstructures and amorphous phases in the structure of
alloys, some phase formation criteria are required to be completed. According to [2, 3], the Q
parameter can be used to estimate the phase composition of HEA.
Q= TmASmix (2)
|AHmix|

where T, is the average melting temperature of alloy and AH ;, - mixing enthalpy

Tn =Zn:Ci (T)i » 3)
i-1
AH iy = i:;jQijCicj (4)

where the regular melt-interaction parameter between i-th and j-th elements Q; = 4AH AB

mix !
and AH /S - mixing enthalpy of binary liquid AB alloy. Alloy components should not

have large atomic-size difference, which is described by the parameter

=100 /izzl:ci (1—“F)2 (5)

where T = Zciri , I, - the atomic radius of the i-th element.
i=1
According to [2], the HEA’s for which Q > 1.1 and 6 < 6.6 can form the solid
solutions without intermetallic compounds and amorphous phases. However, simple (not
ordered) solid solutions form if -15 kJ/mol < AH, <5 kJ/mol and & < 4.6.
The other useful parameter is a valence electron concentration, VEC, which has been
proven useful in determining the phase stability of HEA’s [4, 5]. VEC is defined as follows

VEC = ici (VEC), (6)
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where (VEC), is a valence electron concentration (including the d-electrons) of the i-th

element. As pointed in [5] at VEC > 8.0, sole FCC phase exists in alloy; at 6.87 < VEC <
8.0, mixed FCC and BCC phases will co-exist and sole BCC phase exists at VEC < 6.87.

HEA’s possess many attractive properties, such as high hardness, outstanding wear
resistance, irradiation resistance, excellent high-temperature strength, good thermal stability
and corrosion resistance [1, 6-9]. Improved mechanical characteristics are ensured by the
strong distortion of the crystal lattice due to the differences in atomic radii of the elements.

In the work an effect of mixing entropy and composition on microhardness, phase
composition and parameters of the fine structure of HEA’s of Al-Co-Cr-Fe-Mn-Ni-Si-V alloy
system is discussed (Mn and Si are added as minor elements in order to improve mechanical
properties and corrosion resistance).

2. Experimental details

The samples of Al-Co-Cr-Fe-Mn-Ni-Si-V high-entropy alloys were taken from the
as-cast (cooling rate of ~10° K-s™) ingots, polished and etched for examining the
microstructure under an optical microscope Neophot-21 and scanning electron
microscope (SEM, JSM-6490LV) with energy dispersive spectrometry (EDS). The
quenching from the molten state (splat-quenching, SQ) was performed 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 the use of
DRON-2.0 X-ray diffractometer in Cu Ko monochromatized radiation. The
microhardness was measured on a PMT-3 microhardness-meter at a load of 200 g.

3. Results and discussion
Using the data listed in Tab.1 and Tab. 2., the following quantities are calculated for
the HEAs (as listed in Tab. 3): AS;, ,AH,,,, 6, Q and VEC.

The phase composition of the investigated alloys, crystal lattice parameters and the
fine structure parameters (coherent scattering areas and microstrains) (Tab.4) were
determined from the XRD patterns (Fig.1, 2). The dislocation density (p) was obtained

from the profile of the first diffraction peak (Tab.4).
Table 1
Atomic radii of elements and valence electron concentrations [4,10] of HEAs of Al-Co-Cr-Fe-Mn-Ni-
Si-V alloy system
Al Co Cr Fe Ni \Y Si | Mn

Atomic radii, nm. 0.143| 0.125 {0.129|0.126|0.125|0.135|0.118|0.137
VEC 3 9 6 8 10 5 4 7

The analysis of the XRD patterns allowed us to establish what the investigated
HEAs in the as-cast state have two-phase BCC + B2 (CsCl) structure. Indeed, from the
analyses of Tab. 3 it is seen that AH,x has a large negative value favoring the formation
of a compound. The low value of VEC favors the formation of a BCC phase. These
factors put together leads to the formation of a mixture of BCC and B2 phases (the
ordered version of BCC). Exception is the AICoCrFe; g;Mngo3NiSig1V alloy, for which
the value of VEC lies in the range where a FCC + BCC mixture is favored. But, as
pointed in [11], if the value of VEC is close to the boundary values, predictions of the
phase compositions sometimes does not work.

Meanwhile the XRD patterns of SQ alloys do not have a (100) B2 superlattice reflection
and, consequently, SQ HEA’s only contain a disordered BCC phase. In our opinion, the high
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cooling rate during the formation of thin SQ film should prevent it from possible separation
and hinder the appearance of structures and phases, typical for equilibrium as-cast states.
The values of lattice parameters of the investigated alloys suggests that the solid solutions
are form on the base of Cr lattice (¢« = 0.2884 nm), in
Table 2 yjew of its higher melting temperature.

Values of AH 8

mix

by Miedema’s model [10]

(kJ/mol), calculated

Table 3

Ele |[Co|Cr|Fe|[Ni|V]Si|Mn Values of AHiyx, ASmixs 8, VEC 1 Q for HEAs of Al-Co-
ment Cr-Fe-Mn-Ni-Si-V alloy system

Al [-19]-10]-11]-22]-16]-19] -19 Alloy AHpix, | ASmix, | & |VEC| Q
Co 41110 [-14]-38] -5 kJ/mol | J/(mol

Cr 17| 2|37] 2 _ K)

Fe _2 _7 _35 0 AICOCrFeoA87MnologleloAlv '1704 1552 518 676 16
N| _18 _40 _8 AICOCrFelg7Mn003N|S|01v '146 1518 496 694 184
V _48 _1 A|2COCrFEOB7Mnoo3N|S|OlV '1898 1507 578 622 13
Si 45 Al,CoCrFe; g;Mng o3NiSig;V|-16.81| 14.97 | 5.66 | 6.45| 1.48
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Fig.1. XRD patterns of as-cast HEAs of Al-Co-Cr-
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Fig.2. XRD patterns of splat-quenched HEAs of

Al-Co-Cr-Fe-Mn-Ni-Si-V alloy system: 0-BCC.

High microhardness values of Al-Co-Cr-Fe-Mn-Ni-Si-V HEAs 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 significant distortion
(da/ a) of the crystal lattice. Consequently the hardness of the alloys increases. As seen
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from Tab. 4, microhardness of the SQ alloys is higher than that of the as-cast alloys. This
result is not unexpected, since the microstructure and the phase composition of the as-cast
alloy after decomposition is in a more equilibrium multiphase state, while SQ alloys
yields higher level of microstrains and dislocation density.
Table 4
Phase composition, coherent scattering areas (L), the degree of distortion of the crystal lattice (Aa/a),
microhardness (H,) and the dislocation density (p) of the investigated alloys
Alloy Phase composition L,nm | dala | H,MPa [p, cm?
As-cast AICOCrFey g;MnggsNiSip;V | BCC + B2 (a=0.2888 nm) | 20+2 |3.2.10" | 6800+300 [1.6-10™
3

SQ film AICOCrFey g;MnogeNiSip.V | BCC (a=0.2882nm) | 34+2 | 3.8-10° | 6900+300 |2.6-107
3

As-cast AICOCrFe; g7MnggsNiSip;V | BCC + B2 (a=0.2882 nm) | 30+2 | 2.5-10" | 4800+200 [6.3-10™*
3

SQ film AICoCrFe; 5;MngosNiSig 1V BCC (a=0.2879 nm) 25+2 [2.8:10° | 6200+300 [6.8-10™
3

As-cast Al,CoCrFe, gzMno osNiSio,V | BCC + B2 (a=0.2888 nm) | 3522 | 1.6-10° | 6500+300 |4.6-10™1
3

SQ film AlL,CoCrFeg g;Mng,03NiSio 1V BCC (a=0.2887 nm) 33+2 [1.8-10° | 7500+300 [5.4-10™
3

As-cast Al,CoCrFe; g;MnggsNiSip;V | BCC + B2 (a=0.2886 nm) | 37+2 | 1.5.10" | 4600+200 |4.6-10%
3

SQ film Al,CoCrFe; 5;MnoosNiSip;V | BCC (a=0.2881nm) | 332 | 1.7-10° | 5600200 |5.7-107
3

Fig. 3 is a SEM micrograph of the as-cast HEAs of Al-Co-Cr-Fe-Mn-Ni-Si-V
system. All of the alloys display a typical cast dendritic structure with various
configurations and volumes of the interdendritic space. The EDS analysis made it
possible to reveal the dendritic segregation in alloys. The dendritic segregation area and
interdendritic segregation area are denoted as DR and ID respectively (Fig.3). Table 5
shows the chemical composition of different areas analyzed by EDS. According to that,
the bright DR area has a higher amount of Al and Ni than dark ID area, but the dark
section of interconnected microstructure enriched with Fe, V and Cr elements. In contrast
to the previous research [12], the addition of V element does not reduce segregation of

Al, Ni, Fe, and Cr elements. Obviously, it is managed by Mn and Si.
Table 5
Chemical composition of as-cast HEAs of Al-Co-Cr-Fe-Mn-Ni-Si-V alloy system
Alloy Elements, at. % _ _
Al Co Cr Fe [ Mn| Ni Si V

Dendrite  |20.13|17.25|14.77|14.03|0.29(19.64 | 1.07] 12.82
AICOCrFegg;Mny sNiSio;V | Interdendrite |10.30|16.14 [ 20.95[17.34]0.71]14.05 | 2.47 | 18.04
Nominal |16.67|16.67|16.67|14.49| 0.5 |16.67 |1.66|16.67
Dendrite  |15.71|14.08|13.91(26.23|0.42{15.48(1.19]15.38
AICOCIFe; g;MngsNiSig,V | Interdendrite | 11.46 | 14.37|16.71(27.85[0.47]13.81[1.61]13.72
Nominal |14.28|14.28|14.28(26.74|0.43|14.28 | 1.43] 14.28
Dendrite  |30.35|16.25/11.10{11.31(0.28(18.21[1.10(11.40
AlL,COCrFe,5;MnggsNiSio:V | Interdendrite | 9.28 [10.10[21.90(18.85[0.70] 8.10 [1.57(29.50
Nominal |28.58|14.28|14.28(12.44|0.43|14.28|1.43]14.28
Dendrite  |30.03| 11.8 |11.25(21.04|0.27(13.47|0.96 | 11.08
Al,CoCrFe; g7Mno0sNiSioV | Interdendrite | 9.97 | 15.8 |15.32]25.02[0.57 [10.63[1.49 [ 21.11
Nominal | 25 | 125 | 12,5 [23.37(0.38| 1255 [1.25] 1255
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Fig.3. SEM images of as-casted HEAs specimens: (a), (b) - AICoCrFegg;Mngo3NiSig 1V, (c),(d_) -
Alcochel_g7MnologNiSiO.]_V, (e), (f) - AlzCOCfFEO.WMnologNiSiO.]_V, (g),(h) - AIZCOCrFel_g7Mn0,03N|S|0,1V.
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4. Conclusions

The following conclusions can be drawn on the base of the investigations of the Al-
Co-Cr-Fe-Mn-Ni-Si-V HEA'’s produced in the as-cast and splat quenched state.
1. As-cast alloys have multiphase BCC + B2 structure, while SQ alloys exhibit only
disordered BCC solid solution structure.
2. The level of microstrains, dislocation density and microhardness of Al-Co-Cr-Fe-
Mn-Ni-Si-V HEA'’s increases with increasing a cooling rate.
3. The dominant role of the element with a higher melting temperature as the basis for
the formation of solid solution in the studied alloys is confirmed.
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