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EFFECT OF Al AND Si ADDITIONS AND COOLING RATES ON PHASE
COMPOSITION AND PROPERTIES OF CuFeMnNi ALLOY

The multicomponent high-entropy alloys of Cu-Fe-Mn-Ni system with Al and Si additions in the
as-cast and splat-quenched state are investigated. Electronic, thermodynamic, and atomic-size criteria
of phase formation in high-entropy alloys are considered. 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 CuFeMnNiSiys, 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 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 additions, thus improved mechanical characteristics are
obviously ensured by the strong distortion of the crystal lattice due to the differences in atomic radii of
elements.

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

Hocaimxeno 0araTokoMNnoHeHTHi BHcokoeHTpomiiiHi cmiaBn cuctemu Cu-Fe-Mn-Ni i3
aomimkamu Al m Si y auromy cranmi Ta npu rapryBanHi 3 piguau. Po3rasiHyTto BIUIMB
TePMOAUHAMIYHUX Ta PO3MIPHHUX MapaMeTpiB, a TAKOK NapaMeTpiB eJeKTPOHHOI CTPYKTYpH Ha
(azoBuii cki1ag BHCOKOEHTpPONIHHUX clIaBiB. BcTaHOB/IeHO, 110 CIJIABH, 3aTaPTOBAHi 3 PilMHH MAIOTh
ogHO(da3Hy CTPYKTYPY, B AKili HasiBHi MpocTi TBepAi po34unHM i3 rpaHeneHTpoBaHOoI0 KybiuHoio (I'IK)
peuitkolo. JIuTi cii1aBu Takox SABIsAIOTHL 00010 mpocti TBepai po3unnu tuny I'IK, 3a BUK/II04YeHHAM
criiaBy CuFeMnNiSiy s, y ikomy HasiBHI Tako:k iHTepMeTatiuHi (a3 3HaueHHs MapaMeTpiB pelriTKI
BKa3ylOTh Ha Te, 110 B IKOCTi OCHOBHU 1,151 GOPMYBaHHSI TBePAMX PO3YHHIB CJIil PO3rIAAaTH peliTKy
v-Fe, sik eseMeHTa 3 Hali0inbmIol0 TeMmepaTyporo miasjeHHsi. Iloka3aHo, mo 30inblIeHHs] PiBHS
MiKpOHanpyKeHb Ta TYCTHHH [IHCJIOKANili CHPHSIIOTh MiABHIIEHHI0O MeXaHiYHMX XapaKTepHCTHK
nociKeHux cniasiB. OTpuMaHi pe3yJbTaTH TAKOK BKa3yIOTh HA YiTKY 3aJ1€KHICTh Mi’K BeJHYHHOIO
mikporBepaocti Ta BMictoMm Al Tta Si. Takum ynmHOM, MiABHINEHHS MIDHOCTI BiAOYBa€TbCA 3aBIAKH
3HAYHOMY BHKPHBJIEHHIO KPUCTAIiYHOI pelliTKH BHACIIAOK BiIMiHHOCTI aTOMHHX pajiyciB ejleMeHTIB.

KmrouoBi cioBa: BHCOKOGHTpoONiHHMI cmiaB, cCTpykrypa, da3oBuil cKiaj, MIKPOTBEpAICTS,
rapTyBaHHS 3 PiIKOTO CTaHy.

HcenenoBanbl MHOTOKOMIIOHEHTHBIE BbICOKOIHTponuiinbie cniaBbl cucrembl Cu-Fe-Mn-Ni ¢
po6askamMu Al m Si B JHTOM M IKHAKO3aKaJeHHOM cocroanusix PaccmoTpeno BiausiHme
TEPMOJUHAMUYECKHX U Pa3MePHBbIX NMAapaMeTPoOB, a TAK:Ke NMAapaMeTPOB YJIEKTPOHHON CTPYKTYpPblI Ha
(a3oBblii cocTaB  BBICOKOIHTPONMITHBIX CIJIABOB. YCTAHOBJIEHO, YTO KHIKO3aKaJIeHHbIE CIUIABbI
HMeIT 0JHO(A3HYI0 CTPYKTYPY, B KOTOPOH NPHCYTCTBYIOT MpOCTbie TBepAble PACTBOPHI C €
rpaneneHTpupoBanHoii kyoudeckoii (I'IIK) pemerkoii JInTble cniiaBbl Tak:Ke NMPeACTABISIIOT CO00i
npocteie TBepable pactBopbl THna I'IIK, 3a uckiawdyennmem cmiaBa CuFeMnNiSips, B koTopom
NPUCYTCTBYIOT TaKKe MHTepMeTaiinyeckne a3pl. 3HAYeHHS] NMAPaMETPOB KPHCTALIMYECKOMH
pelleTKH YKa3bIBAalOT Ha TO, YTO OCHOBOiH [1Js (pOPMHPOBAHUS YKA3aHHBIX TBEPABIX PAcTBOPOB
siBiasieTcs pemerka y-Fe, kak ssnemenTa ¢ HanGoabiedi TemnepaTtypoii miasjenus.. Ilokasano, 4ro
NMOBBIIIEHHE YPOBHSI MHKPOHANPSIKEHH M TJIOTHOCTH JHCIOKAIMI CHOCOOGCTBYIOT IOBBILICHHIO
MEXaHHYECKHX XapaKTePHUCTHK HCCJIeJ0BAHHBIX cIJaBoB. IlosydeHHble pe3yJabTaTbl —TaKiKe
NMOKA3bIBAIOT YETKYI0 3aBHCHMMOCTbL MeKAy BeIMYMHOH MHKpPOTBepAOCTH M cojepxanHuem Al m Si.
Takum o00pa3om, NOBBILIEHHbIE  MPOYHOCTHbIE  XAPAKTEPUCTUKH  OOYCJIOBJEHBI  CHJIBHBIM
HMCKaKeHHeM KPHCTAUINYECKOi pelleTKH BCJeJCTBHE Pa3JH4YHil B aTOMHBIX PaJuycax 371eMeHTOB.

KioueBble cjioBa: BBICOKOSHTPOIHIHBIN cCIiaB, (a30BbI COCTaB, CTPYKTypa, MHUKPOTBEPIAOCTb,
3aKaJKa U3 KHUJKOTO. COCTOSHHUS.
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1. Introduction

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 [1]. 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 purposefully selection of the HEA components an alloy comprised of
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 [2,3]. 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 [1,4].

This paper is devoted to 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.

2. 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 Ka
monochromatized radiation. The patterns were processed using a MAUD software [5].
The microhardness was measured with a PMT-3 microhardness-meter at a load of 200g.

3. Results and discussion
3.1. Electronic, thermodynamic and atomic-size criteria of phase formation in high-
entropy alloys

High-entropy alloys usually characterizing by 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 atomic-size difference which is described by the
parameter 6, 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 [1]. 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
[6].

Recently it has been established that the difference in atomic sizes affects the
topological instability of atomic packing [7]. 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 og and highest ®; sizes were chosen [7] to describe the effects of the atomic
packing in HEA’s quantitatively.
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)

(2)

n
Here ryand r, are the atomic radii of smallest and largest atoms respectively, 7 = Zciri ,
=1

r, — the atomic 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.
_ Oy

i 0, 3)

As pointed out in [7], 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 [7].

In [8] a new approach for the phase selection in HEA’s, which takes into account
both enthalpy and entropy terms of the competing phases, was proposed. If the enthalpy

AH,,, and the entropy AS,,, of formation for intermetallic compounds are related with
mixing ones

AH,, =kAH,, , 4

AS;y =kAS, )

then the thermodynamic condition for the formation of a solid solution phase at a
temperature 7 from the Gibbs equation [8] is

AH,. —TAS . <AH,, —TAS,, . (6)

n n
Here AH,, =ZZ4AH éM ce; . AH ;M are enthalpies of formation of binary
i=l j>i

intermetallics.

Thus by considering the parameter

TAS,,
K (T)=1-=—mx (1~ k, ),
(T) H (1-k) ()

the condition for suppression of IM phases at a temperature 7 can be defined as
k“(T) >k, for HEA’s with negative values of AH,,; andk“ (T) <k, for HEA’s with
positive values of AH, ;..
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Using the data from [9-12], the set of above mentioned parameters are calculated for the
listed in Tab.l HEA’s of Cu-Fe-Mn-Ni system with Al and Si additions, namely,

AS,...AH,. ., AH,, 5, VEC,Q, a,v, k, and k" (Tab. 2).
Table 1
Nominal chemical compositions of investigated HEA’s, at.%
Alloy Al Cu Fe Mn Ni Si
CuFeMnNi - 25 25 25 25 -
Alj 44CuFeMnNi 10 22.5 22.5 22.5 22.5 -
CuFeMnNiSig 5 - 23.53 23.53 23.53 23.53 5.88
CuFeMnNiSiy s - 2222 2222 22.22 22.22 11.12
Table 2
Thermodynamic, electronic, and atomic-size parameters of investigated HEA’s
Alloy AH iy, kJ/mol | AHyy;, kJ/mol AS ixs & |VEC| Q Y k; | k7(300)
J/(mol- K)

CuFeMnNi 2.75 -2.77 11.52 3.68| 9.0 [6.72[1.104|-1.01| 0.50
Alj 44CuFeMnNi -2.54 -15.69 13.07 4.72| 84 |7.89]1.158|6.17 | 1.62
CuFeMnNiSig s -5.26 -10.88 12.7 4.11[8.71 |3.88]1.174| 2.07 | 1.29
CuFeMnNiSiy s -11.57 -17.23 13.14 4421844 11.48]1.175] 149 | 1.14

It should be noted that, in accordance with the calculated values of AS, . the majority of

the alloys studied in this paper formally must be attributed to medium entropy alloys [1],
however, taking into account the evaluation of the minimum entropy of mixing for the
HEA’s AS,, = 11 J/(mol-K), given in [13], many researchers consider such alloys as

high-entropy [14].

3.2. Structure and mechanical properties of Cu-Fe-Mn-Ni system HEA’s with Al
and Si additions

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 CuFeMnNiSips one, have similar reflections of simple FCC solid
solutions. This is consistent with the results of [14] for the CuFeMnNi alloy. The
CuFeMnNiSiy 5 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 4H,,;, 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. As for the thermodynamic k; and k” parameters,
according to a ratio between them (Tab. 2), in all studied HEA’s the formation of
intermetallic compounds might be expected. At the same time nominal chemical
compositions of all investigated alloys were chosen so that their VEC values were favored
to the formation of a FCC phase. These factors put together leads to the formation of a
mixture of FCC and intermetallic phases in CuFeMnNiSiys alloy only. Yet taking into
accounts the thermodynamic criteria [8], in all investigated HEA’s annealed at
T~0.6Tmerine together with non-equilibrium phases decomposition one should expect the
formation of ordered intermetallic phases. 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 [15].
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Fig.2. XRD patterns of splat-quenched HEAs of Al-Cu-Fe-Mn-Ni-Si alloy system: 0-FCC.

72



0. 1. Kushnerov, V. F. Bashev

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 thin 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 y-Fe lattice (a = 0.3572 nm

[16]), in view of its higher melting temperature.
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™ Ada/a H,, MPa
As-cast _ 103 12 5.9-10-3

Al 1,CuFeMnNi FCC (a=0.3645 nm) 142 5.9-10 2.6-10 20004200
SQ foil _ 103 ol | 24103

Al ,,CuFeMnNi FCC (a=0.3619 nm) 30+3 2.4-10 6.3-10 1600£100
FCC (a=0.3660 nm)+ 1842 16-102 2.3-10-3

As-cast CuFeMnNiSiys | FCC (a=0.3620 nm)+ 18:2 2.3.10° ’ 33004200

FeSi + FeSi,

SQ foil CuFeMnNiSiys | FCC (¢=0.3646 nm) 303 | 2.0-10° | 610" | 2.0-10-3 | 2200+200

As-cast CuFeMnNiSigs | FCC (a=0.3642nm) | 1622 | 4.5-10° | 2.2-107 | 4.5-10-3 | 3000£200

SQ foil CuFeMnNiSiy,s | FCC (¢=0.3634 nm) 3243 | 25107 | 5.5-10" | 2.5-10-3 | 25004200

As-cast CuFeMnNi FCC (a=0.3641 nm) 2042 | 4.4-10° [1.35-10"2| 4.4-10-3 | 1400£100

SQ foil CuFeMnNi FCC (a=0.3632 nm) 3143 23107 | 5.6-10" | 2.3:10-3 | 1000100

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 is in a more equilibrium state, with
the presence of hard and brittle intermetallic compounds, while highly non-equilibrium
SQ alloys yields 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.

4. Conclusions

We found that all the as-cast alloys except the CuFeMnNiSi, s have simple single-
phase FCC structure while CuFeMnNiSiy s 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 HEA’s.
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