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PHASE COMPOSITION AND MECHANICAL PROPERTIES OF
AL CoCrFe,NiV HIGH-ENTROPY ALLOYS

The multicomponent high-entropy alloys Al,CoCrFe,NiV (x=1;2) were investigated. The criteria
to assess the possibility of formation of solid solutions, intermetallic compounds and amorphous phases
in the structure of high-entropy alloys were considered. Effect of the concentration of valence electrons
in the alloy to form a solid solution structure was examined. Investigated alloys were found to have a
structure with the mixture of BCC and B2 phases (the ordered version of BCC). The value of lattice
parameters of the investigated alloys indicates that the solid solutions are formed on the base of Cr
lattice, in view of its higher melting temperature. All the 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 multicomponent
Al,CoCrFeNiV alloys is 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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Hocaigsxkeno 6GaratokoMnoHeHTHi BucokoeHTpomiiini cniaBu cucremu Al,CoCrFeNiV (x=1;2).
PosruisinyTro kpuTepii, fKi J03BO/IAIOTL OLWIHMTH MOKIUBICTH (GOPMYBaHHS TBepAUX PO3YHUHIB,
iHTepMeTaJiyHHX 3’€IHAHb Ta aMOpHUX (a3 y CTPYKTYPi BUCOKOCHTpONiHMUX cIuiaBiB. Po3risanyTo
BIUIMB KOHIEHTpalii BaJICHTHHX eJeKTPOHIB Yy CINIaBi Ha CTPYKTYpPY TBepAOro PpO3YHHY, IO
YTBOPIOETHCSI B HUX. YCTAHOBJICEHO, 110 B CTPYKTYPi A0C/IiIskeHUX CIIaBiB NPHCYTHI HeBNOPAAKOBaHi
TBepAi po3uMHH, AKi MaTh pemritky Tuny OLIK, Ta BnopsiikoBaHi TBepAi po3uMHH, 110 HAJIEKATDH /10
CTPYKTYpHOro tTumy B2. 3HaueHHsi mapameTpiB pelliTkH BKa3ylOTh Ha Te, 0 B SIKOCTI OCHOBM JJIsI
¢opmyBaHHs TBepaMX PO3YHMHIB cJaix po3rasaaTd pemnitky Cr sk ejleMeHTY 3 HaiiOLIbIIOI0
TeMNepaTypolo ILIaBJeHHsA. BcTaHOBJeHO, M0 JoCTiTAKeHi CIIaBH MalTh THUNOBY ACHAPHUTHY
CTPYKTYPY 3 pisHHMH KOHQIirypauniamu i 00’eMaMu MiXKIeHAPUTHOro npocropy. JdociifkeHni cnjiasu
JEeMOHCTPYIOTh BHCOKi 3HadyeHHs MikporBepiocti. BceranoBieno, mo 30iablIeHHs piBHA
MiKpOHANpY:KeHb TAa TYCTHHHM JHCJIOKALiil CHPUSIOTH NMiIBHIIEHHI0O MeXaHIYHHX XapaKTePHCTHK
MOCTiIP)KEeHUX 0araTokoMmoHeHTHHX ciuiaBiB. IligBumenHss MinHOCTI BiI0yBa€Thesl  3aBASKH
3HAYHOMY BHKPHMBJICHHI0 KPUCTAJIYHOI pelliTKM BHACAiIOK  BigMiHHOCTI  aToMHuMX paaiycis
eJIeMEeHTIB.

Knro4oBi c10Ba: BUCOKOGHTPONIHHMMN CILIAaB, CTPYKTYpa, MIKPOTBEPAICTb.

HcciienoBanbl MHOTOKOMIIOHEHTHBIE BbICOKOIHTponuiinbie cmiaBbl cuctembl Al,CoCrFe,NiV
(x=1;2). PaccMoTpeHbl KpHUTepHH, I03BOJSIOIINE OLEHHTHh BO3MOXKHOCTH ()OPMHPOBAHMS TBEpPAbIX
PACTBOPOB, MHTEPMETANIMYECKHX COeIHHEHHMII 1 aMOPQHBIX (a3 B CTPYKTYpe BBICOKOIHTPOIMITHBIX
CIIaBOB. PaccMOTpeHO BiIMsIHMEe KOHIEHTPALIMM BAJICHTHBIX 3JIeKTPOHOB B CILIaBe Ha CTPYKTYpy
o0pa3ymolnerocsi TBepAOro pacTBOpa. YCTAHOBJEHO, YTO B CTPYKType  H3Y4YeHHBIX CILIABOB
NPHCYTCTBYIOT HeynopsiioueHHble TBepAable pacTBopbl ¢ pemerkoii Tuna OLK u ynopsinouennsie
TBepJble PacTBOPBI, OTHOCSIIHeCs] K CTPYKTypHomy Thny B2. 3HauyeHusi mapaMeTpoB pelIeTKH
YKa3bIBalOT HA TO, YTO B KayecTBe OCHOBBI JJisl (hJoOpMHPOBAHHMSI TBEpPAbIX PACTBOPOB BBICTYyHaeT
pemieTrka Cr Kak 3j1eMeHTa ¢ HAHOO/IbIIEH TeMNepaTypoii NJiaBjeHUus. YCTaHOBJIEHO, YTO U3yYeHHbIE
CILIABbI UMEKOT THIUYHYIO JCHIPUTHYI0 CTPYKTYPYy € Pa3JH4YHBbIMU KOHGUrypanusaMu U o0beMaMu
MEsKICHAPUTHOIO mpocTpaHcTBa. MccienoBaHHbIe CIUIABBI JICMOHCTPUPYIOT BBICOKHE 3HAYCHHA
MHKPOTBEPIOCTH. YCTAHOBJIEHO, 4YTO IOBbIIIEHHe YPOBHS MHKPOHANPSIKEHHWH W IJIOTHOCTH
JUCIOKALIUH  CIIOCOOCTBYIOT TOBBILICHUIO MEXaHHYECKHX XAPAKTEPHUCTHK  HMCCJIEI0BAHBIX
MHOTOKOMIIOHEHTHBIX CIUIaBoB. [IloBBbIlIEHHBbIE TPOYHOCTHbIE XAapPAKTEPHCTHKH 00YC/I0BJIECHbI
CHJILHBIM MCKajKeHHeM KPHCTAJJINYecKOil pelmeTKH BCIeACTBHE Pa3inyuii B aTOMHBIX paamycax
3J71€MEHTOB.

KuroueBble c10Ba: BHICOKOYHTPONUNHBIN CIUIaB, CTPYKTYpPa, MUKPOTBEPAOCTb.
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1. Introduction

Conventionally, the alloy design and alloy production are almost confined by one- or
two-element concept. This alloy concept seriously limits the degree of freedom in alloy’s
composition and thus limits the development of special microstructure and properties.
The main reason for limiting the number of basic elements is the expected formation of a
large number of brittle intermetallic compounds and complex microstructures in the
structure of alloys. However, in the last time increasing industrial demands for various
structural and functional metallic materials have stimulated the advent of new
technologies and the development of multicomponent alloys. The range of alloying
elements gradually widens and their fraction in the total mass of materials increases.
Recently some studies have developed a new thermodynamic approach to design alloys
with multiprincipal metallic elements [1]. As a result, a new class of materials known in
the literature as multicomponent high-entropy alloys (HEA) was obtained. 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 percent. The basic principle
of HEAs is that the solution phase is stabilized by the significantly higher configurational
entropy of mixing compared to conventional alloys. This stabilizing effect becomes even
stronger as increasing temperature and the number of components in the system. A direct
consequence of thermodynamic stabilization of the high-entropy phase is reducing the
thermodynamic driving force towards oxidation and phase transformation. Due to the
high mixing entropy, HEA’s are observed to form solid solutions with simple crystal
structures (FCC or BCC), without detectable intermetallic compounds or ordered phases.
It has been reported that 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 [2-6]. Improved mechanical
characteristics are ensured by the strong distortion of the crystal lattice due to the
differences in atomic radii of the elements. These properties suggest great potential in a
wide variety of applications. Thus, HEA’s have received significant attention in recent
years. In this work the effect of the value of mixing entropy and composition on the
microhardness, phase composition and parameters of the fine structure of
AlL,CoCrFe,NiV (x = 1; 2) high-entropy alloys is investigated.

2. Experimental details
The as-cast (cooling rate of ~ 10 K's™) ingots of Al,CoCrFe,NiV high-entropy
alloys were polished and electrochemically etched for observation. The microstructures of
the as-cast samples were studied using an optical microscope Neophot-21. The XRD
studies were carried out using a DRON-2.0 X-ray diffractometer in Cu Ka
monochromatized radiation. The microhardness was measured on a PMT-3
microhardness-meter at a load of 200g.
3. Solid solution formation criteria in Al,CoCrFe,NiV high entropy alloys
In accordance with the Gibbs equation,
A(;mi)c = AI—Imix - TASmix * (1)
Here AG,, - the Gibbs potential, AH, . - the enthalpy and AS, . - entropy of

mixing, which is determined from the equation

AS,.=-RY ¢ Inc,, (2)
i=1
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¢;- atomic fraction of the i-th component, R - universal gas constant. Increasing of

mixing entropy in accordance with Eq. (1) reduces the Gibbs free energy of the alloy and
improves the stability of the solid solution. For the alloy where n is the number of
components, the maximum mixing entropy is in the case when they are mixed in equal

atomic fractions. Usually in HEA’s AS, . value is in the range of 12-19 J/(mol-K). 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 [7, 8], the Q) parameter can be used to estimate the phase
composition of HEA.

ix

T AS .
Q — m mix , (3)
|AHmix
where 7 is the average melting temperature of n-elements alloy.
7:71 = Zci (7:71)1' 4 (4)
i=1
AH,. = > Qcc,, Q)

i=1,i#
where the regular melt-interaction parameter between i-th and j-th

elements Ql:]. =4AH*®

mix ?

and AH nfg - mixing enthalpy of binary liquid AB alloy.

Alloy components should not have large atomic-size difference, which is described

by the parameter
n 2
— _n
6—100\/20[(1 4} (6)

i=1

where 7 = Z ¢;7;, 1, - the atomic radius of the i-th element.
i=1
According to [8] the HEA alloys for which ©>11 and 6<6.6 can form the solid
solutions without intermetallic compounds and amorphous phases. However, simple (not

ordered) solid solutions form if -5 kJ/mol < AH <5 kJ/mol and 6<4.6.

The other useful parameter is the valence electron concentration, VEC, which has
been proven to be useful in determining the phase stability of high- entropy alloys [9, 10].
VEC is defined by

VEC =) c,(VEC), (8)
i=1
where (VEC), is the valence electron concentration (including the d-electrons) of the i-th
element. As pointed in [10], 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.
The data required for calculation are in Tab.1 and 2; calculated values are in Tab. 3.

4. Results and discussion

The phase composition of the investigated Al,CoCrFe,NiV alloys, crystal lattice
parameters and the fine structure parameters (coherent scattering areas and microstrains)
were determined from the XRD patterns (Fig.1). The dislocation density (p) was obtained
from the profile of the first diffraction peak (Tab.4).
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Table 1

Atomic radii of elements, valence electron concentrations [11] and nominal chemical compositions
of Al,CoCrFe,NiV alloys

Al Co Cr Fe Ni \Y
Atomic radii, nm. 0.143 | 0.125 | 0.129 | 0.126 | 0.125 | 0.135
VEC 3 9 6 8 10 5
Composition of AlCoCrFeNiV, at.% 16.67 | 16.67 | 16.67 | 16.67 | 16.67 | 16.67
Composition of AlCoCrFe,NiV, at.% 14.28 | 14.28 | 14.28 | 28.57 | 14.28 | 14.28
Composition of Al,CoCrFeNiV, at.% 28.57 | 14.28 | 14.28 | 14.28 | 14.28 | 14.28
Composition of Al,CoCrFe,NiV, at.% 25 12.5 12.5 25 12.5 12.5
Table 2
Values of AH,fg (kJ/mol),
calculated by Miedema’s Table 3
model [12] : Values of AHypiy, ASmixs 8, VEC 11 € for Al,CoCrFe,NiV high-
Element|Co | Cr | Fe | Ni | V entropy alloys
Al |-19]-10]-11]-22]-16 Alloy AH,, KJ/mol | ASyi, J(mol' K)| & [VEC] Q
Co 4 1-1]0 |-14 AlCoCrFeNiV -14.89 14.89 5.04]16.83 |1.76
Cr -1 -7 -2 AlCoCrFe,NiV -12.72 14.52 4.8416.99 2.02
Fe 2| -7 Al,CoCrFeNiV -17.29 14.52 5.67|6.28 |1.38
Ni -18 AL, CoCrFe,NiV -15.31 144 5.56| 6.5 |1.57
(110) .
AlCoCrFeNiV
Ordered (211)e
(100) © (200)¢ (220) ¢ (310) ¢

AlCoCrFe,;NiV

Intensity,

AL CoCrFeNiV

Al,CoCrFe,Ni1V

100 110 120

20,°

Fig.1. XRD patterns of Al;CoCrFe,NiV high-entropy alloys: 0-B2, ¢-BCC.
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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 Aa/a H, MPa p, cm™
AlCoCrFeNiV | BCC + B2 (a=0.2889 nm) | 192 | 3.2:10-3 | 6900+£300 | 1.55-10"
AlICoCrFe,NiV | BCC + B2 (a=0.2883 nm) | 30+2 | 2.5-10-3 | 4700+200 | 6.3-10"
AL, CoCrFeNiV | BCC + B2 (a=0.2889 nm) | 35+2 | 1.6:10-3 | 6400300 | 4.6:10"
Al,CoCrFe,NiV | BCC + B2 (a=0.2887 nm) | 36+2 | 1.5-10-3 | 4500+£200 | 4.52:10"

XRD analysis allowed us to establish that Al,CoCrFe,NiV alloys have two-phase
BCC +B2 (CsCl) structure. Indeed, from the analysis of Tab. 3 it is seen that AH,,;, 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 lead to the formation of a
mixture of BCC and B2 phases (the ordered version of BCC). Exception is the
AlICoCrFe,NiV alloy, for which the value of VEC lies in the range, where a FCC + BCC
mixture is favored. But, as pointed in [13, 14], if the value of VEC is close to the
boundary values, predictions of the phase compositions sometimes do not work. The
values of lattice parameters of the investigated alloys suggests that the solid solutions are
formed on the base of Cr lattice (a = 0.2884), in view of its higher melting temperature.

High microhardness values of Al,CoCrFeNiV alloys 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 (4a/ a)
of the crystal lattice. Consequently the hardness of the alloys increases.

Fig.2.Microstructure of the Al,CoCrFe,NiV alloy specimens: (a) - Al,CoCrFe,NiV, (b) -
Al,CoCrFeNiV, (c)-Al,CoCrFeNiV, (d) - Al,CoCrFe,NiV
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Fig. 2 is an optical micrograph of the as-cast Al;CoCrFe,NiV alloys subjected to
electrochemical etching. All of the alloys display a typical cast dendritic structure with
various configurations and volumes of the interdendritic space.

5. Conclusions

The leading role of the element with higher melting temperature as the basis for the
formation of solid solution in the studied high-entropy Al,CoCrFe,NiV alloys is
confirmed. The positive influence of microstrains level and dislocation density on the
microhardness values of multicomponent Al,CoCrFe,NiV alloys is established.
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