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MICROSTRUCTURE AND MECHANICAL PROPERTIES OF NEW
MULTICOMPONENT HIGH-ENTROPY ALLOYS

The multicomponent high-entropy alloys CoCrCuFeNiSn, (x=0,5;1) were investigated.
Alloys were found to have two-phase (FCC + BCC) structure. No intermetallic phase
formations were observed. The lattice constant of both the FCC and BCC phases increased
with increasing content of the Sn atoms. Furthermore, increase of Sn content led to formation
of BCC lattice-type phase B2 (ordered solid solution). Both of the alloys displayed a typical
cast dendritic structure. Energy dispersive spectrometry revealed a segregation of Cu and Sn
in the interdendritic space. Investigated alloys were found to exhibit high microhardness and
excellent resistance to anneal softening. Their microhardness after annealing at 1000°C for 5
hours and cooling in the furnace remained almost the same. It was established that increasing
of Sn content in the alloy has a positive effect on microhardness as by increasing the degree
of elastic deformation of the crystal lattice, due to the large size of substituting Sn atoms, and
by forming the ordered B2 phase.
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BnepBbie  mcciie 0BaHBbI MHOTOKOMIIOHEHTHBbIE€  BBICOKOIHTPONHIiHBIE  CIJIABBI
CoCrCuFeNiSn, (x=0,5;1). YcraHoBjeHO 4YTO0 cmiaaBsl uMeJdun aAByx(paszuyw OLK+I'IK
CTPYKTYpPY, HHTepMeTa/Limyeckue ¢a3pl He o0HapyxkeHbl. [lapameTpnl pemeTrkn kak B OLIK
Tak u B I'llK ¢a3ax Bo3pocrann ¢ yBeanyennem coaep:xkanusa Sn. Kpome Toro, ypeaundenue
cojep:kaHUA SN NPUBOAMJIO K (OPMHUPOBAHHIO YNOPHAJO0YEHHOIO0 TBEpPAOro pacTBOpa co
cTpyKTYpHbIM TUNOM B2 nHa ocnoBe OIIK ¢a3pi. M3yuenHble cnjaBbl JeMOHCTPUPOBAJIH
THINMYHYK NEHAPHUTHYI0 CTpPYKTypy. IIpM momMomu 3HeproaucnepcHOHHOr0 PEHTIEHOBCKOIO
cneKkTpoMeTpa o0Hapy:keHa cerperanust aToMoB Cu M Sn B MeXAECHAPUTHOE NPOCTPAHCTBO.
HccaepopanHbple cIIaBbl  JeMOHCTPOBAJHM BbLICOKHE 3HAaYeHMs MHMKPOTBEpPIOCTH H
YCTOHYHMBOCTh K CMATYeHHIO IyTeM OTHKHUIa. 3HAYEHUS] MUKPOTBEPAOCTH CILIAaBOB 0CTaBAIUCh
NMPaKTHYeCKH HeU3MEHHBIMH MOCJIe OTKHUra B TedyeHUH 5 yacoB nmpu temmepartype 1000°C u
nocJjielyloniero oxXJa:kJIeHusi B me4u. Y CTAHOBJEHO, YTO YBeJHYeHHe codep:kaHus Sn B cnjaBe
0Ka3bIBAJIO NO3UTHBHOE BJIHSAHHE HA BeJIMYHHY MUKPOTBEPIOCTH KaK 0Jiarogaps yBeJIH4eHHIO
cTelmeHU YNpPyroii aedopManuu KPHUCTANIHYECKON pemeTkH H3 3a 00JbIIOT0 pa3mepa
3aMellalIHUX aTOMOB Sn, Tak U 6.1arogaps GopMHUPOBaHHMIO yHOpsAAOYeHHOIH ¢da3pl B2.

KuroueBble c10Ba: BBICOKOIHTPONUNHEIN CIaB, CTPYKTYypa, MUKPOTBEPIOCTb.

Brnepme gocaigkeni OaratokoMnoHeHTHiI BucokoeHTpomniiiHi cnmiaaBu CoCrCuFeNiSn,
(x=0,5;1). BcranoBieno mo cniaapu mMajau asopasny OLHK+T'IK cTrpykTypy, inTepMeTaniyni
¢a3n He BusBieni. [apamerpu pemritku sk B OHK Ttak i B 'K ¢asax 3pocraam 3i
30inpmeHHsaM BMmicty Sn. Kpim Toro, 30iabmeHHsi BMicTy Sn cOpUYHHAI0 (GopMyBaHHS
BHOPAJKOBAHOI0 TBEPAOr0 PO3YHMHY 3i cTpyKTypHuM TunoM B2 Ha ocnoBi OIK dasmn.
JocaigskeHi coaaBM  JeMOHCTPYBAJH THIOBY [JeHAPHUTHY CTPYKTYpy. 3a JA0NOMOroOH
eHeprofucnepciiiHoro peHTreHiBCLKOro cleKTpoMeTpa BHsBJIeHO cerperaniro aromis Cu Ta
Sn y mixaenapuTHuii mpoctip. JocaimxkeHi cmjaBu JAeMOHCTPYBaJHM BHCOKI 3HaYeHHH
MiKkpoTBepaocTi Ta CcTIHKOCTh A0 NOM’SIKINEHHS HWIJISIXOM BinamaJjy. 3HaYeHHs1 MiKpOTBepaOCTi
cIIaBiB 3alMmIaNMCh NPAKTHYHO HEe3MiHHMMH micas Biamaady BHpPoOAOBXK S roauH 3a
Ttemneparypu 1000°C Ta HACTYmHOro 0XoJIoJ:KeHHsl Yy miumi. BecranoBiaeHo, mo 30iibmeHHs
BMicTy Sn y cmjaBi Majio MO3MTHBHMII BIUIHB HA BEJHUYHHY MIKpPOTBepAOCTi SIK 3aBAAKH
30iJIbIICEHHI0 CTYIeHA NPY:KHOI Aedopmanii kpucTanidyHOl peiTKH COIPUYUHEHOI0 BeJIUKHMHU
po3Mipamu aToMiB 3aMilneHHs Sn, Tak i 3aBasiku GopMyBaHHI0O BIOpPsAAKOBaHoi ¢a3u B2.

Kuio4oBi cj10Ba: BUCOKOGHTPONIMHMI CIIaB, CTPYKTypa, MiKPOTBEPAICTh.
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Introduction

Up to present time, the traditional strategy for developing alloys is to select one or two
elements as principal components for primary properties and other minor elements
incorporated for definite microstructure and properties. In the 1960-1990's many
researchers have explored a wide range of bulk amorphous alloys based on at least three
different components with significantly different atomic radii [1]. However, the design
principles of the above alloys are still limited to the use of matrices containing a high
concentration of one or two elements. 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. Recently some studies have
developed a new thermodynamic approach to design alloys with multiprincipal metallic
elements [2, 3] As a result, a new class of materials known in the literature as
multicomponent high-entropy alloys (MHA) has been obtained. MHAs generally have at
least five principal elements with the concentrations of each of them between 5 and 35
at.% (equiatomic or near-equiatomic concentrations being better). Alloys with
multiprincipal elements tend to be thermodynamically stable because of their high
entropy of mixing. Due to the high mixing entropy these equiatomic multicomponent
alloys are observed to form solid solutions with simple crystal structures (FCC or BCC),
without detectable intermetallic compounds or ordered phases. MHA’s were first
explored by Yeh et al., the results were published in 2004 [2]. For the past few years, a
number of multicomponent alloys were obtained and studied. A unique structure and a
complex of promising properties, such as hardness, wear resistance, oxidation resistance,
corrosion resistance and high thermal stability [4-8] characterize these alloys. Improved
mechanical characteristics are ensured by the strong distortion of the crystal lattice due to
the differences in atomic radii of the elements. The higher the entropy of mixing, the
more pronounced these characteristics of the alloy. This thermodynamic approach to the
design of a multicomponent alloy allows to define a priori the number of elements and
their relationship, and partly to evaluate the phase and structural state after crystallization.
However, this approach cannot be a unique solution for the problem of choosing the
specific alloying elements to obtain required characteristics. For this reason, basing on
data like mixing entropy to assess MHA properties, it is need to specify the composition
of the alloy empirically. Most of MHA’s were designed with using such metals as Al, Ti,
Cr, Fe, Co, Ni and Cu. In this paper effect of the value of mixing entropy and composition
on the microhardness, phase composition and parameters of the fine structure of
multicomponent alloys CoCrCuFeNiSn, (x=0,5;1) in the as-cast (cooling rate of ~ 10° K-s™)
state has been firstly investigated.

Materials and methods

Cast ingots of the alloys with multiprincipal metallic elements were polished and
electrochemically etched for observation. The microstructures of the as-cast samples were
studied using an optical microscope and scanning electron microscope (SEM) REMMA -
102-02. The chemical compositions of these cast alloys were analyzed by SEM energy
dispersive spectrometry. X-ray diffraction (XRD) was carried out on a DRON -2.0 in
monochromatic copper radiation. The microhardness was measured on a PMT-3
microhardness-meter at a load of 200 g. Selection of the components for investigated
alloys was performed basing on the following considerations.

In accordance with the Gibbs equation

AGm[x = AI—Imix - TASmix : (1)
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Here AG,, - the Gibbs potential, AH , - the enthalpy and AS , - entropy of
mixing, which is determined from the equation

AS,.=-R> ¢Inc, 2)
i=1

¢, is an atomic fraction of the i-th component, R is an 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 » is the number of
components maximum mixing entropy is when they are mixed in equal atomic fractions.
However, in practice, is not always possible to achieve the desired alloy properties by
simply mixing the components in the equiatomic ratio. In this regard, additional criteria
have been developed for carrying out selection of alloy elements [9,10]:

1. The value of the entropy of mixing should not be less than 12 J/(molK)).
2 . Enthalpy of mixing should be in the range from -15 kJ/mol to 5 kJ/mol. Too high
enthalpy of mixing leads to the segregation of the individual components of the alloy, too
low leads to the formation of complex structures and intermetallic compounds. The value

of AH ,

X

is determined by the formula

AH,. = IZ Q,cc, 3)
i=l,i#j

where the regular melt-interaction parameter between i-th and j-th
elements (), = 4AH A5

> and AH :ﬁ - mixing enthalpy of binary liquid AB alloy.

3. Alloy components should not have large atomic-size difference. It is necessary for the
formation of simple substitution solid solutions (8 < 4,6, where 0o- parameter
characterizing the difference in atomic radii of the alloy components). For the ordered

solid solutions, d is required to be in the range of 4.6 <6 < 6.5.
n r 2
§=100 ;ci(l—%) (4)

where 7 = Z ¢7;, 1. - the atomic radius of the i-th element.
i=1
Mixing enthalpies and atomic radii of charging elements and their concentration in
the alloys investigated in this paper are shown respectively in Tab.1 and Tab. 2. Values of

AH ., AS . and §, calculated using the equations (2) — (4) for alloy CoCrCuFeNiSnys
are: AH,, =4.23kJ/mol, AS . =14.69 J/(mol'K), 5 = 7.08. For alloy CoCrCuFeNiSn;:
= 4.89 kJ/mol, AS, . = 14.89 J/(mol'K), & = 8.95. Thus, the parameter  for the

AH mix
alloys exceeds the recommended limit, but, as pointed out in [12], this criterion appears
to require some clarification.

The significantly larger atomic radius of tin should have a positive impact on the
value of microstrains and mechanical characteristics of the materials (in particular, the
microhardness H,). The value of microstrains is evaluated from the degree of distortion of
the crystal lattice (Aa /a). In this paper, the level of microstrain and the value of the
dislocation density were estimated from the broadening of the diffraction peaks.

90




O. I. Kushnerov, V. F. Bashev

Table 1
Atomic radii of elements and nominal chemical compositions of CoCrCuFeNiSn, alloys
Co Cr Cu Fe Ni Sn
Atomic radii, nm. 0.125 | 0.129 | 0.128 | 0.126 | 0.125 | 0.158
Composition of CoCrCuFeNiSny s, at.% 18.18 | 18.18 | 18.18 | 18.18 | 18.18 9.1
Composition of CoCrCuFeNiSn;, at.% 16.67 | 16.67 | 16.67 | 16.67 | 16.67 | 16.67
Table 2
Values of AH,,;;; (kJ/mol), calculated by Miedema’s model [12]
Element Cr Cu Fe Ni Sn
Co -4 6 -1 0 0
Cr 12 -1 -7 10
Cu 13 4 7
Fe -2 11
Ni -4

Results and discussion

The phase composition of the investigated CoCrCuFeNiSn, alloys, crystal lattice
parameters and the fine structure parameters (coherent scattering areas and
microstrains) were determined from the XRD patterns. The dislocation density (p)
was obtained from the profile of the first diffraction peak. XRD analysis allowed us
to establish what CoCrCuFeNiSng s and CoCrCuFeNiSn; alloys have two-phase (FCC
+ BCC) structure. With increase in Sn content increases the tendency to form a BCC
lattice-type phase B2 (CsCl).

Results of XRD analysis are shown in Tab. 3, from which it is seen that
increasing of Sn content in the alloy has a positive effect on microhardness as by
increasing the degree of elastic deformation of the crystal lattice, due to the large size
of substituting Sn atoms, and by forming the ordered B2 phase. The lattice constant of
both the FCC and BCC phases increased with increasing content of the Sn atoms.

MHA were also found to exhibit excellent resistance to anneal softening. Tab. 3
shows that their microhardness after annealing, even at 1000°C for 5 hours and
cooling in the furnace, remains almost the same.

Table 3
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 H,, MPa p, sm”

(after heat
treatment)

CoCrCuFeNiSngs | FCC (¢=0.3586 nm)+ | Lrcc=37+2 | 1.8:10° | 3500+£200 | 3800+200 | 4.2-10™
BCC (CsCl-type, LBCC:27:t2
a=0.2979 nm)

CoCrCuFeNiSn, | FCC (a=0.3600 nm)+ | Lpcc=19+2 | 2.3-107 4000200 | 3900+200 | 1.6:10™
BCC (CsCl-type, | Lgcc=21+2
a=0.2981 nm)

Fig. 1 is a secondary electron image of the as-cast CoCrCuFeNiSnys and
CoCrCuFeNiSn; alloys subjected to electrochemical etching. Both of the alloys
display a typical cast dendritic structure. Energy dispersive spectrometry revealed a
segregation of Cu and Sn in the interdendritic space (Tab.4). The interdendritic space
of CoCrCuFeNiSn, alloy can be divided into two phases of different composition.
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Fig.1.Microstructures of the CoCrCuFeNiSny s (a) and CoCrCuFeNiSn, (b) alloys

Table 4
Chemical compositions of as-cast CoCrCuFeNiSn, alloys
Element, %
Alloy

Co Cr Cu Fe Ni Sn
Dendrite 22.87 | 20.63 | 6.65 26.54 17.07 | 6.24
CoCrCuFeNiSny 5 Interdendrite 2.33 0.65 | 36.92 2.01 15.04 | 43.05
Dendrite 20.73 | 15.88 | 7.50 22.50 13.92 | 19.47
CoCrCuFeNiSn; . 1.56 024 | 42.14 0.76 9.14 | 46.16
Interdendrite 491 | 128 [ 10.63 | 248 [ 1897 ] 61.73

Conclusions

The investigated multicomponent CoCrCuFeNiSny alloys reveal the presence of simple
crystal structures, i.e. FCC solid-solution and BCC solid-solution phases. No intermetallic
phase formation has been observed in these alloys.

In CoCrCuFeNiSn, alloys revealed the presence of segregation microinhomogeneity
within interdendrite space.

For the investigated alloys increase of Sn content leads to formation of ordered solid
solution phase B2.

The alloy microhardness increase with Sn content increasing. Such a fact can be
explained not only by the increased strengthen effect of lattice strain caused by the lattice sites
occupation of Sn, but also by the ordering into the B2 phase. This conclusion is because the
microhardness increased with increasing degree of ordering in the solid solution.
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