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Mechanochemical synthesis of AICoCrFeNi powders via high-energy ball milling

AICoCrFeNi powders in equimolar ratios were synthesized by mechanochemical synthesis on a high-energy
ball milling machine (HEBM). The elemental and phase composition of AICoCrFeNi powders before and af-
ter mechanochemical synthesis were investigated by X-ray phase analysis and scanning electron microscopy
with EDS analysis. A preliminary mathematical calculation of the physical parameter responsible for the
phase stability of the solid solution valence electron concentration (VEC) showed that the fusion of this sys-
tem should form the FCC phase. However, the result of XRD analysis showed that during the synthesis a sol-
id solution with FCC and BCC phases was formed. The EDS mapping results of AICoCrFeNi powders after
HEBM showed a homogeneous distribution of elements without macro-segregation. The results presented in
this work indicate the formation of a high-entropy alloy of AICoCrFeNi system in a short time of mechano-
chemical synthesis. Continuous deformation, fracture and cold welding during mechanochemical synthesis
leads to increased diffusion of elements and accounts for the formation of the HEA alloy.

Keywords: high-entropy alloy, mechanochemical synthesis, high-energy ball milling, phase analysis, ele-
mental analysis, particle size distribution.

Introduction

During the last decades, the development of technologies in the field of new materials is moving to-
wards the use of multi-element alloys. This class of metallic compounds is called high-entropy alloys (HEA).
HEA consist of five or more elements in equiatomic ratios, where the composition of each element varies
from 5 to 35 at. % [1]. The main difference of HEA is the formation of stable thermodynamically stable solid
substitution solution mainly with FCC and/or BCC lattice [2]. HEA with a BCC lattice have predominantly
high strength and low plasticity, while materials with a FCC lattice have low strength and high plasticity.
However, this simple combination of solid solution phases is unlikely to provide the desired matching of
strength and ductility without adjusting the phase composition and microstructure. Few literatures mention
the effect of simultaneous biphasic (BCC + FCC) on material properties and sometimes the formation of sol-
id solution with HCP lattice. It has been shown that dual phase HEA consisting of FCC and BCC phases are
considered to be an effective way to balance strength and ductility.

Mechanical alloying is one of the most effective methods to obtain HEA [3, 4]. Varalakshmi S. and co-
authors [5] were the first (2008) to obtain HEA of AICrCuFeTiZn system exhibiting an BCC structure with
crystallite size less than 10 nm using ball milling. Since then, ball milling has become one of the most popu-
lar methods to obtain HEA. However, a long mechanical alloying process (usually more than 60 h) is re-
quired to obtain HEA powder. It should be noted that many of the apparatuses used in mechanochemical
synthesis are designed for milling of matter. HEA synthesis requires apparatuses that generate high energy
stress, i.e., a large amount of energy that the working body transfers to the processed substance in the course
of mechanical processing in the form of creating defects, to which solid-phase reactions are particularly sen-
sitive. The advantage of using a high-energy ball milling machine for HEA synthesis is in its ability to pro-
duce bulk quantities of materials in solid state at room temperature in a short time. In addition, an important
parameter in the mechanical synthesis of HEA is the change in temperature, which can determine the nature
of the final powder product. If the temperature is high, the associated higher elasticity (higher atomic mobili-
ty of atoms) leads to processes leading to reduction (and recrystallization). In such a case, a stable phase is
formed, for example, as an intermetallic phase. On the other hand, if the temperature is low, the recovery of
defects will be less, and an amorphous (or nanocrystalline) phase is formed [6].

The aim of the present work is to investigate the mechanochemical synthesis of AICoCrFeNi powders
in a high-energy ball milling (HEBM) for 2 h under a controlled temperature regime of 23 °C - 33 °C. The

76 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Mechanochemical synthesis of...

AICoCrFeNi system is one of the most widely investigated HEBM systems due to its distinctive thermome-
chanical properties such as high compressive strength and hardness [7-11].

Experimental

Al, Co, Cr, Fe and Ni powders with purity of 99.7 % and particle sizes of 20-40 pum in equimolar por-
tions were used as starting materials. Mechanical alloying of the powders was carried out in an Emax high-
energy ball milling machine (Retsch, Germany) with water cooling for 2 hours at a temperature regime of
23 °C - 33 °C. The acceleration of the balls was 1500 rpm. The mass ratio of the balls to the mass of the
loading (powder) was 10:1. The powders were pre-mixed at a ball mill speed of 300 rpm for 15 minutes.

Phase analysis of the synthesized powders was carried out on an X'Per PRO diffractometer, using
CuKo-radiation. The microstructure and elemental composition of the synthesized powders were investigat-
ed on a TESCAN MIRAZ3 scanning electron microscope. The particle size distribution of the powders before
and after mechanical alloying was analyzed using a laser particle size analyzer (Winner 2005 A Laser Parti-
cle Size Analyzer).

Results and Discussion

To predict the formation of solid solutions in the AICoCrFeNi system, we used the basic parameters of
the HEA calculation [6] based on the Hume-Rothery rules, i.e., taking into account the composition-
weighted terms for differences in atomic radii (6r) and average valence electron concentration (VEC), using
data from Table.

The calculation formulas for the parameters are as follows:

§r = 100%+/Y c;(1 — 1;/7)?, (1)
where c¢; — content (at. %) i- th element in the alloy, r; — tomic radius of the i- th element in the alloy,
7 = Y. ¢;1;- average atomic radius of the alloy.
VEC = ¥, ¢; (VEC),, 2)
where (VEC)i is a valence electron concentration.

Table
Properties of the elements under consideration [7]
Elements Atomic number Structure Radius, pm Tm K VEC Pauling EN
Al 13 FCC 143.70 933 13 1.61
Co 27 FCC 125.10 1768 9 1.88
Cr 24 BCC 124.91 2180 6 1.66
Fe 26 BCC 124.12 1811 8 1.83
Ni 28 FCC 124.59 1728 10 1.91

The atomic size difference (6r) for our composition is 5.9 %, which is within the accepted range of
0<0dr=<8,5% [7]. VEC =9.2 enters the range of VEC=8, hence a single FCC phase is predicted [12].

X-ray diffraction patterns of equiatomic AICoCrFeNi powder before and after mechanical alloying are
presented in Figure 1. In the initial state (stirred for 15 minutes), diffraction lines corresponding to the ele-
mental composition of AICoCrFeNi powder are visible. According to X-ray phase analysis after 2 h HEBM,
BCC and FCC phases are formed after 2 h HEBM. The diffraction peak of Al at 26=38.46° disappears. The
dissolution of Co and Ni in each other results in the formation of FCC phase. According to the results of [13-
16] over 10 hours mechanical alloying at 200-300 rpm, the BCC phase prevails in the AICoCrFeNi system.
Also, in [14] it is reported that after 20 hours treatment B2 phase is formed and complete amorphization of
the structure occurs at 84 hours treatment.
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Figure 1. X-ray diffraction patterns of equiatomic AICoCrFeNi powder before and after HEBM

The chemical composition of the powder before and after HEBM was analyzed by EDS map-
ping (Fig. 2). The EDS mapping results of AICoCrFeNi powders after HEBM showed a homogeneous distri-
bution of elements without macrosegregation (Fig. 3). This indicates that the initial powders have completely
reacted with each other, and the BCC and FCC phases were successfully synthesized in the process. Proba-
bly, in the process of mechanical alloying, continuous deformation, fracture and cold-welding lead to in-
creased diffusion of elements, which accounts for the formation of the HEA.
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Figure 2. Elemental mapping results of AICoCrFeNi powders (a) mixed state; (b) after HEBM for 2 hours.
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Figure 3. Total EDS spectrum mapping of AICoCrFeNi powder after HEBM for a time of 2 hours

Figure 4 shows the results of the particle size distribution of the powders before and after HEBM. The
initial powder size ranges from 13 pm to 36 pm, and after HEBM the powder size varies from 27 um to
49 um. The increase in the average particle size is due to the predominance of the agglomeration process
over the fracture process. The particle size distribution data coincide with the results obtained using electron

microscopy (Fig. 2).
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Figure 4. Particle size distribution of AICoCrFeNi HEA particles (a) mixed state; (b) after HEBM for 2 h.

Conclusion

The elemental, phase and particle size distribution of AICoCrFeNi powders before and after mechano-
chemical synthesis in a high-energy ball mill (HEBM) for 2 h under a controlled temperature regime of
23 °C - 33 °C were investigated. According to the results of XRD analysis, a solid solution with BCC and
FCC structure is formed after mechanochemical synthesis. The formation of intermetallic and oxide com-
pounds was not detected. EDS mapping results of AICoCrFeNi powders after HEBM showed homogeneous
distribution of elements without macro-segregation. The particle size distribution of the powder after HEBM
ranged from 27 pm to 49 pm.

The conducted study is the first step in the development of a method for obtaining HEBM of the AlCo-
CrFeNi system mechanically activated in an Emax high-energy ball milling machine. The results presented
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in this work indicate the possibility of synthesizing AICoCrFeNi HEA in a short time of mechanochemical
synthesis.
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E.E. Kam6apos, A.b. Kenecoekos, XX.b. Carnonauna, /[.b. byiiTkeHoB
Korapsl 3neprusiiibl mapJasl guipmene AlICoCrFeNi yHTakTapbIHBIH

MEXAaHOXMMUAJBIK CHUHTEe3I

OxBumodstpibl KarbiHacTarsl AICoCrFeNi yHTakTapbl )KoFapbl SHEpPreTUKAJIbIK mapibsl auipmentin (KOILT)
KOMETIMEH MEXaHOXMMHSIJIBIK CHHTE3 apKbUIbl CHHTe3enai. PeHTrenmik ¢asaibik Tannay sxone KK ranga-
ybI 0ap CKaHepJIEYII AEKTPOH bl MUKPOCKOIIHS 9/liCTepiMEH MEXaHOXHUMHUSJIBIK CHHTE3Te JeHIHT] JKoHe OJ1aH
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keiiinri AICoCrFeNi yHTaKkTapbIHBIH 3JIEMEHTTIK jKoHe (a3ajblK KypaMbl 3epTTeii. BaneHTTik anekTpoHaap
KoHIeHTpanusiceiHaarsl (BKD) karTel epiTiHaiHiH (a3asblk TYpaKTBUIBIFBIHA Kayarn OepeTiH (U3UKabIK ma-
pameTpre ajIblH-ajda MaTeMaTHKAJIBIK €Ce KYPTi3iual, sFHu Oy sxyie OanxeiTeurrad ke3zne LIKT (I'LHK) da-
3aCBHIHBIH Iaiiia 00Nyl Kepek eKeHIH KepceTTi. Anaiina peHTreH(asanblk Tajnay HOTHKECI CHHTE3 Ke3iHpe
IIKT »xone KI[T dazanapst 6ap karthl epitinai Ty3inreni 6epinren. JXOI/I-nen keitin AICOCrFeNi yHTarbiH
kapTara tyciprenge EDS HoTmkenepi Makpo cerperanysichl3 3JIeMeHTTepIiH OipKelKi TapaaraHbIH KOPCEeTTi.
Byt sxyMmbIcTa YCHIHBUIFAaH HOTHDKEIIEPIe MEXaHOXUMISUIBIK CHHTEe3/iH Kbicka yakbITeiHIa AlCoCrFeNi xo-
Fapbl SHTPONMSAJIBIK KOPBITIIA KYHECIHIH TY3UIreHi aUTbuiFaH. MeXaHOXMMHSAJIBIK CHHTE3 Ke3iHJe Y3MIKCi3
nedopManus, JeCTPyKLHs KOHE CYBIK JIOHEKepIiey dNeMEHTTepAiH AU(GY3HACBIHBIH KOFapblIayblHa JKOHE
JKOK Ttysimyine okeneni.

Kinm cesdep: »oOFapbl SHTPONUSIIBIK KOPBITIA, MEXAaHOXUMHUSIIBIK CHHTE3, KOFAphl SHEPT€THKANBIK IIApJIb]
IUipMeH, (a3aiblK Taaay, SIEMEHTTIK Taliay, FPaHyIOMETPHSIIBIK KypaMbl.

E.E. Kam6apos, A.b. Kenecoekos, XX.b. Carnonauna, /[.b. byiitkeHOB

Mexanoxummnieckuii cuaTe3 mopomkoB AlICoCrFeNi Ha BICOKOIHEPreTHYeCKOM
IAPOBOi MeJIbHUIIE

TTopomku AICOCrFeNi B 3KBUMOJISIPHOM COOTHOIIIEHUH OBUIM CHHTE3UPOBAHbI METOIOM MEXaHOXHMHYECKO-
TO CHHTE32a Ha BBICOKORHEPreTHIecKoi 1mapoBoii MenbHuIe (BOIIIM). MetogaMu peHTreHO(a30BOro aHajm-
32 ¥ CKaHUPYIOUIEH 3NIeKTpOHHOW MuKpockonny ¢ DJIC aHanmm3oM OBUIM HCCIENOBAaHBI AIEMEHTHBIA U (a30-
Bl cocraBel mopomkoB AICoCrFeNi o u mociie MexaHOXMMHYECKOTo cuHTe3a. [IpoBe/ieH MpeaBapuTeb-
HBII MaTeMaTHYECKUI pacdeT pU3ndeckoro mapamerpa, OTBEUAIONIHA 32 (a30BYI0 CTaOMIBHOCTH TBEPIOTO
pacTBOpa KOHIEHTPAIMU BaJICHTHBIX AJICKTPOHOB, KOTOPBIH MOKAa3al, YTO NPH CIUIABICHUU JaHHOW CHCTEMBI
nowkHa oOpasoBartbes ¢aza ['LIK. OmHako pesynsrar peHTreHO(ha30BOTO aHaIH3a CBHIACTEIBCTBYET O TOM,
9TO BO BpeMms CHHTe3a oOpasoBancs TBepablii pactBop ¢ [IIK uw OLK ¢a3amu. Pesynbrarst
EDS xapruposanus nopomukoB AICoCrFeNi mocne BOIIIM nokaszanu 0AHOPOAHOE pacrpesieiicHHe dIeMeH-
TOB 0e3 Makpocerperauny. [IpeacTaBieHHble B JaHHON paboTe pe3yibTraThl CBHICTEILCTBYIOT 00 0Opa3oBa-
HUU BeICOKOPHTponuitHoro cruiaBa cucreMbl AICOCrFeNi 3a kopoTkoe BpeMsi MEXaHOXHMHUUYECKOTO CHHTE3a.
HenpepriBHas nedopmanus, paspylieHre H X0JI01HAs CBapKa IPU MEXaHOXUMHUYECKOM CHHTE3€ MPUBOIAT K
MOBBIIIECHUIO MU QY3UH SIIEMEHTOB B 00yCIOBINBAIOT 00pazoBanue cmiaBa BOC.

Kniouesvie cnoea: BEICOKOIHTPONMHHBIHN CIIIaB, MEXAHOXUMUYECKHH CHHTE3, BHICOKOIHEPIeTHUECKas MIapo-
Basi MEJIbHUIIA, (Pa30BBII U DIIEMEHTHBIH aHAIN3, TPAHYJIOMETPHYECKUIN COCTaB.
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