DOI 10.31489/2023PH4/76-81

UDC 669.017.15:621.793.02

Y.Y. Kambarov?*, A.B. Kengesbekov?, Zh.B. Sagdoldina®, D.B. Buitkenov®

D. Serikbayev East Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan;
2Plasma Science LLP, Ust-Kamenogorsk, Kazakhstan;
3 8. Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan
*Corresponding authors e-mail: yedilzhan@gmail.com

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 a

ter mechanochemical synthesis were investigated by X-ray phase analysis and scanning electron micros

with EDS analysis. A preliminary mathematical calculation of the physical parameter respopsi

phase stability of the solid solution valence electron concentration (VEC) showed that theﬂjix this s
h

tem should form the FCC phase. However, the result of XRD analysis showed that during the'Synthesisfa s
id solution with FCC and BCC phases was formed. The EDS mapping results of AlCo i ders after
HEBM showed a homogeneous distribution of elements without macro-segregation,

this work indicate the formation of a high-entropy alloy of AICoCrFeNi system iy short timé’of mechano-
chemical synthesis. Continuous deformation, fracture and cold welding durin nochemical synthesis
leads to increased diffusion of elements and accounts for the formation of the lo

Keywords: high-entropy alloy, mechanochemical synthesis, high-energyb illing, phase analysis, ele-
mental analysis, particle size distribution. °*

ompounds is called high-entropy alloys (HEA).
HEA consist of five or more elements in equiatom , Where the composition of each element varies
from 5 to 35 at. % [1]. The main difference of §EA is the formation of stable thermodynamically stable solid
substitution solution mainly with FCC andéor BCC lattice [2]. HEA with a BCC lattice have predominantly
high strength and low plasticity, whilemate with a FCC lattice have low strength and high plasticity.
However, this simple combinatign of % solution phases is unlikely to provide the desired matching of
strength and ductility without a ingythefphase composition and microstructure. Few literatures mention
the effect of simultaneous bip + FCC) on material properties and sometimes the formation of sol-
id solution with HCP lattice. en shown that dual phase HEA consisting of FCC and BCC phases are
considered to be an effectige alance strength and ductility.

Mechanical alloy of the most effective methods to obtain HEA [3, 4]. Varalakshmi S. and co-
authors [5] were the figst 2008) to obtain HEA of AICrCuFeTiZn system exhibiting an BCC structure with
crystallite size les§than m using ball milling. Since then, ball milling has become one of the most popu-

A. However, a long mechanical alloying process (usually more than 60 h) is re-
A powder. It should be noted that many of the apparatuses used in mechanochemical
gned 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
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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 MIRA3 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 € Laser Parti-

cle Size Analyzer).
To predict the formation of solid solutions in the AICoCrFeNi system, we u Ns parameters of
t 'the composition-
C

Results and Discussion *

the HEA calculation [6] based on the Hume-Rothery rules, i.e., taking i
weighted terms for differences in atomic radii (6r) and average valence elect 0 ration (VEC), using

data from Table.
The calculation formulas for the parameters are as follows: @
(1)

jus of the i- th element in the alloy,

1 G(VEG);, (2)

7 = ), c;1;- average atomic radius of the alloy.
VEC =
where (VEC)i is a valence electron concentration.

Table

Properties of the elemen er consideration [7]

Elements Atomic number Structurwadius, pm Tm K VEC Pauling EN
Al 13 FCC .70 933 13 1.61
Co 27 125.10 1768 9 1.88
Cr 24 124.91 2180 6 1.66
Fe 26 124.12 1811 8 1.83
Ni 28 124.59 1728 10 1.91

The atomic size r) for our composition is 5.9 %, which is within the accepted range of
0<or<85%I[7].V enters the range of VEC=8, hence a single FCC phase is predicted [12].

X-ray diffragtion patterns of equiatomic AICoCrFeNi powder before and after mechanical alloying are
presented i ure he initial state (stirred for 15 minutes), diffraction lines corresponding to the ele-
mental ¢ of AlCoCrFeNi powder are visible. According to X-ray phase analysis after 2 h HEBM,
BCC and F es are formed after 2 h HEBM. The diffraction peak of Al at 26=38.46° disappears. The
dissolution of €@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 AlICoCrFeNi powder bﬁl er HEBM
%a analyzed by EDS map-

The chemical composition of the powder before and after H
ping (Fig. 2). The EDS mapping results of AICoCrFeNi powders afte owed 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 sufegss synthesized in the process. Proba-
bly, in the process of mechanical alloying, continuous de tioh, fracture and cold-welding lead to in-
creased diffusion of elements, which accounts for the fermation ofghe 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 @im
Figure 4 shows the results of the particle size distribution of the powders be N r HEBM. The
initial powder size ranges from 13 um to 36 pm, and after HEBM the powder(si 11€s from 27 pm to

49 um. The increase in the average particle size is due to the predominancgfof lomeration process
over the fracture process. The particle size distribution data coincide with Its obtained using electron

microscopy (Fig. 2).
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Figure arficle 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 guipmense AlICoCrFeNi yHTakTapbIHBIH

MEXAaHOXMMUAJBIK cHuHTe3I

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 MUKPOCKOIHS 9/licTepiMEH MEXaHOXHUMHUSIIBIK CUHTE3Te JEHIHT] jKoHEe OllaH
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keiiinri AICoCrFeNi yHTaKkTapbIHBIH 3JIEMEHTTIK jKoHe (a3ajblK KypaMbl 3epTTeii. BaneHTTik anekTpoHaap
KoHIeHTpanusiceiHaarsl (BKD) karTel epiTiHaiHiH (a3asblk TYpaKTBUIBIFBIHA Kayarn OepeTiH (U3UKabIK ma-
paMerpre anjplH-aja MaTeMaTHKAJBIK €Cell XKYPri3iimi, sFHu Oy xkyite bankeiteutran ke3ne KT (LK) da-
3aCBHIHBIH Iaiiia 00Nyl Kepek eKeHIH KepceTTi. Anaiina peHTreH(asanblk Tajnay HOTHKECI CHHTE3 Ke3iHpe
KT »xone KI[T dazanapst 6ap karthl epitinai Ty3inreni 6epinren. JKOIIJI-nen keitin AICOCrFeNi yHTarbiH
kaprara Tycipreane EDS HoTmkenepi Makpo cerperanuschl3 3IeMEeHTTepAiH OipKelki TapaaFaHbH KOPCETTi.
Byt sxyMmbIcTa YCHIHBUIFAaH HOTHDKEIIEPIe MEXaHOXUMISUIBIK CHHTEe3/iH Kbicka yakbITeiHIa AlCoCrFeNi xo-
Fapbl SHTPOIMSIBIK KOPBITNA XYHECIHIH TY3UIreHi allThuiFaH. MeXaHOXMMHUSUIBIK CHHTE3 Ke3iHJAEe Y3IiKCi3
nedopManus, IeCTPyKLHs KOHE CYBIK JIOHEKepIiey 3MeMEHTTEepAiH AU(GY3HACBIHBIH KOFapbUIayblHA JKOHE
JKOK Ttysimyine okeneni.

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

E.E. Kamb6apos, A.b. Kenecoekos, XX.b. Carnonauna, /1.b. Byiitken

MexaHoxumudeckuii cuntes mopourkos AICoCrFeNi na Bbicokd® eTUICCKOT
IAPOBOi MeJIbHUIIE

Toporuku AICOCrFeNi B 5KBUMOISIPHOM COOTHOIICHHH OBLTH CHHTE3UPOBAHBI M oM OXMMUYECKO-
TO CHHTE32a Ha BBICOKOAHEpTreTHYecKol 1apoBoii MenpHuIe (BOIIIM). MeTonamu ¢HO(a30BOT0 aHAIH-
1 WEMEHTHBIN U (a3o-
BbIil cocrasbl mopoikoB AICOCrFeNi 10 1 mocie MexaHOXHMHYECKOTO G OBEJICH TpEIBAPUTEIb-
HBI MaTeMaTH4eCKUi pacdeT PU3MYECKOTO MapaMeTpa, OTBEYAIOIUI 3a CTaOMIIBHOCTh TBEPAOTO
PACTBOPA KOHIIGHTPAIIMH BAIICHTHBIX IEKTPOHOB, KOTOPEIT moK#ka CIIJTABIICHUU JAHHON CHCTEMBI
nomwkHa obpasoBarbes ¢aza ['LIK. OmnHako pesynsrar peHTreHOd JIH3a CBUACTEIBCTBYET O TOM,
YTO BO BpeMs CHHTe3a 00pa30BaJiCsi TBEPIBIA pPAacTB u OIK ¢asamu. Pesynsrars
EDS kapruposanus nopouikoB AICoCrFeNi mocne B, HOPOJHOE PacIpe/e/ICHUe IEeMEH-
TOB 0e3 Makpocerperauud. [IpeacraBieHHbIe B TaHHO e3yJbTaThl CBUJICTENILCTBYIOT 00 00pa3oBa-
HHH BBICOKORHTPOIHUIHOTO cIiaBa cuctemsl Al KOPOTKOE BpeMsi MEXaHOXHMHUYECKOTO CHHTE3a.
HenpepeiBHas nedopmarys, pa3pylnieHHe U XOII
TIOBBILCHUIO AU PY3UH HIIEMEHTOB M 00yCIOBIHBA

BaHue criasa BOC.

Kuiouegvie cnosa: BHICOKOAHTPONIUIHBIN cIIidB, MEXaHOXUMHUYECKUI CHHTE3, BRICOKOIHEPTeTHUECKas Iapo-
Basi MEJIbHUIA, (Pa30BBIA M SIIEMEHTHBIHN @HAJHG, TPAaHYJIOMETPHUECKHI COCTaB.
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