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Synthesis of oxide ceramics in a beam of fast electrons

The development of technology for obtaining high-entropy ceramic materials opens up new possibilities for
obtaining new heat-shielding materials. In this work, such a material is synthesized using aluminum-yttrium
garnet. The effect of rapid synthesis of high-entropy ceramics within a few seconds was achieved by using an
unconventional method of heating the initial mixture of powder reagents with a powerful beam of high-
energy electrons. The initial mixture of Y,03, Yb,O3, Lu,03, Eu,03, Er,0O3, Al,O5 oxides in a stoichiometric
ratio was subjected to a short-term action of a powerful beam of fast electrons under atmospheric conditions.
During the radiation exposure, the powder mixture underwent melting, which led to the synthesis of high-
entropy ceramics (Yq,YbgsLug2EuUg2Erg2)3AlsO1,. It was found that the melt has the form of drops with a
large number of pores. The efficiency of mixture melting depends mainly on the irradiation modes and to a
lesser extent on the modes of preliminary mechanical treatment of the mixture. A necessary condition for syn-
thesis is melting of the powder mixture.
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Introduction

Ceramics are the most promising material for creating thermal barrier coatings (TBC). Such outstanding
parameters as high melting point, high mechanical strength, resistance to aggressive environments, the abil-
ity to vary the coefficient of linear expansion depending on the composition most fully meet the require-
ments for TBC. The use of simple oxides as TBC is limited due to their high thermal conductivity, the pres-
ence of phase transformations and a tendency to destruction at high temperatures. Aluminum-ytterbium gar-
net (YbsAlsOy,) is free from the listed disadvantages inherent in simple oxides. This material is a promising
candidate for their replacement. However, it is not without disadvantages such as a relatively low coefficient
of thermal expansion and high thermal conductivity. One of the ways to improve these characteristics is to
create a high-entropy ceramic (HEC) material based on aluminum-ytterbium garnet. At present, the HEC of
the composition (Yq,Ybg,LugEUg-Erg2)sAlsO1, is considered as a material capable of improving the proper-
ties of YbsAlsOp,. In [1, 2], it is shown that this HEC is promising for obtaining TBC. The characteristics of
HECs can be varied over a wide range by selecting their composition. The emergence of HECs is largely due
to the successful development of the technology for obtaining high-entropy alloys [3, 4]. Recently, a large
number of types of HECs for various purposes have been created. For example, in [5], the production of
(Tip2Vo2Nbg2M0g Wy ,)Si with high hardness (11.8 + 0.4 GPa) and elastic modulus (387.2 + 46.8 GPa) is
reported. This material demonstrated excellent wear resistance compared to traditional single-phase ceram-
ics. In [6], it is reported about the creation of a high-temperature ceramic of the composition
(Ybg2Tmg 2L Ug 2SCo2Gdy »)2Si,0; for TBC. This material exhibits a surprisingly low thermal conductivity
(1.146 W m™ K™ at 1100 °C), which is even about 45.85 % lower than that of the most widely used YSZ
TBC material at 1000 °C. Seven types of thermal barrier coating materials (high-entropy rare earth tantalates
5RETaO,, RE= Nd, Sm, Eu, Gd, Dy, Ho, Y, Eu, Tm, Y) were synthesized in [7]. It was also shown there
that (Ndo2Dyo.H0,,Y2EU2)TaO, ceramics have low thermal conductivity and a suitable coefficient of
thermal expansion. The methods for synthesizing HECs are diverse. In [5], HEC was obtained by spark
plasma sintering, and in [6, 7], by solid-phase synthesis. In [8], HEC (Lag,Ndg2Smg,Eu,,Gdg 2),Zr,0; was
obtained by combining combustion synthesis and sintering at ultra-high pressure. In [9], zirconate rare earth
ceramic powders with high entropy and low thermal conductivity were obtained by a one-pot synthesis
method. In [10], HEC (La;;Nd,;Sm,;Eu,,Gd,;Dy,;Ho047),Zr,O; was obtained by reactive spark plasma
sintering. In [11], a dense oxide HEC (Lag.Y02SMg2EU,2Gdg2),Zr,07 with a relative density of 93.7 % was
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synthesized using the cold isostatic pressing method in combination with the pressureless sintering method.
This ceramic is intended for the creation of TBC.

All known methods of HECs synthesis are characterized by high temperatures, durations and their im-
plementation requires special efforts to obtain a given phase composition of the resulting material. In this
regard, a new method based on the treatment of a powder mixture of the initial components with a powerful
beam of fast electrons (PBFE) is of great interest for the synthesis of HEC. The high efficiency of this meth-
od is confirmed by data on the synthesis of phosphors [12—14], zirconium corundum [15]. A feature of this
method is the radiation heating of the powder mixture of the initial oxides to the melting temperature with
simultaneous ionization of the mixture components by high-energy (more than 1 MeV) electrons. In this
case, the synthesis of ceramics in the liquid phase occurs at an enormous speed. lonization contributes to the
acceleration of synthesis. Its stimulating effect on the synthesis of a number of ceramic materials has been
convincingly proven in [11, 16-20]. To date, it has been established that synthesis under the influence of
PBFE occurs in a short time with high efficiency, provided that the melting temperature of at least one of the
components of the initial powder mixture is reached [15]. At the same time, the influence of sample prepara-
tion, in particular the modes of preliminary mechanical treatment, the parameters of the electron beam, espe-
cially its energy, is practically not presented in the literature.

In this work, the synthesis of HEC (Y., Ybg L ug2EUq2Ers2)sAlsO1, Was carried out by heating the initial
powder mixture with a PBFE. The regularities of melt formation depending on the conditions of mechanical
treatment of the initial powder mixture of oxides and the parameters of the electron beam during irradiation
and the influence of all the listed factors on the efficiency of melt formation were established.

Materials and experimental methods

Commercial powders of Y,0s, Yb,03, Lu,Os, Eu,03, Er,03, Al,O3; (HK MOS-INTERNATIONAL
COMPANY LIMITED, China), the purity of which was 99.9 %, were taken in accordance with the stoi-
chiometric ratio: 3Y,0; + 3Yb,O; + 3Lu,O; + 3Eu,0; + 3 EnO; + 25AL,0; =
10(Y.2Ybg,Lug2EUg-Erg2)sAlsO1,. The powders were thoroughly mixed by the wet method in a planetary
mill. Two processing modes were used — 500 rpm, mixing time 30 minutes (mixture 1) and 300 rpm, mix-
ing time 90 minutes (mixture 2). The dried powder mixture was poured into the volume of a massive copper
cuvette and exposed to PBFE. The value of the mass thickness was selected depending on the magnitude of
the accelerating voltage, based on the condition of complete absorption of electrons in the volume of the
powder mixture. Electron processing was carried out on an electron accelerator (Unique scientific installa-
tion “ELV-6 Stand”, INP SB RAS, Novosibirsk) at an accelerating voltage of 1.4 MeV, 2 MeV and 2.5
MeV. The efficiency of synthesis was determined by the ratio of the mass of the synthesized ceramic product
to the mass of the powder poured into the cuvette for subsequent electron processing. During irradiation, the
cuvette was moved in the plane of incidence of the electron beam with the help of a movable table at speeds
of 1 cm/s and 0.5 cm/s. In all cases, the beam was scanned at a frequency of 50 Hz across the width of the
recess in the cuvette. Scanning electron microscopy (SEM) was carried out on a TESCAN VEGA 3 SBU
electron microscope (TESCAN, Czech Republic) equipped with an OXFORD X-Max 50 attachment for X-
ray fluorescence energy dispersive analysis (EDS) with a Si/Li crystal detector. X-ray phase analysis (XRD)
of the initial powder mixture and the synthesized ceramic product was carried out on an X’TRA X-ray
diffractometer (ARL, Switzerland).

Results and Discussion

Figure 1 shows photographs of the powder mixture of the initial oxides before processing (Fig. 1 a) and
after processing with PBFE with an energy of U=1.4 MeV (Fig. 1 b), 2 MeV (Fig. 1 c¢) and 2.5 MeV
(Fig. 1 d).
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Direction of movement
under the electron beam

Figure 1. Effect of beam energy on melting results:
a — initial powder mixture: b — U=1.4 MeV; ¢ — U=2.0 MeV; d — U=2.5 MeV. Beam current I=12 mA

It is evident from Figure 1 that as the accelerating voltage increases, the size of the droplets of the syn-
thesized HEC (Yo2YbgLlugEug2Er2)sAlsOy, increases. The characteristic decrease in the droplet size in
each case as they move under the beam is explained by the end effect of energy accumulation. Regardless of
the value of U, the droplets are a highly porous product (Fig. 2). The pore size increases as U increases.

Figure 2. Optical images of transverse cleavages of droplets of synthesized HEC (Y, Ybg oL ug 2EUg-Erg2)sAls01; at
different values of accelerating voltage

The influence of mechanical treatment of the powder mixture of the initial oxides and the PBFE param-
eters, as well as the speed of movement of the cuvette with the powder mixture under the beam, are illustrat-
ed by the optical images of the synthesized HEC, presented in Figure 3. The PBFE parameters provided the
same amount of input power. From the examination of Figure 3 it is evident that mechanical treatment af-
fects the average size of the HEC droplet product. In this case, droplet formation strongly depends on the
speed of movement of the cuvette with the powder mixture under the beam. The amount of powder product
that did not participate in the formation of ceramic droplets, i.e. the efficiency of synthesis, depends on these
same parameters.

Cepusa «dusnkar. 2024, 29, 4(116) 29



S.A. Ghyngazov, V.A. Boltueva, I.P. Vasil'ev

Figure 3. The influence of electron beam parameters (a, b — U=2 MeV, I=4 mA,
V=0.5 cm/s, ¢, d — U=1.4 MeV, 1=12 mA, V=1.0 cm/s) and mechanical treatment
(a, ¢ — mixture 1; b, d — mixture 2) on the formation of melt droplets

According to SEM data (Fig. 4), the outer surface of the ceramic droplets has a structured appearance with a small
number of through pores (Fig. 4 a). The surface of the internal large pores in the volume of the droplet has a layered
appearance with clearly defined boundaries (Fig. 4 b). On the transverse cleavage of the droplet, the crystalline structure
is not traced in the interpore space, but the structure itself has a characteristic block appearance (Fig. 4 c).

20k 30um 50014 Ho 20k 0um 50010

Figure 4. SEM image of a drop of synthesized HEC (U=2 MeV, 1=12 mA):
a — outer surface; b — inner pore surface; ¢ — transverse cleavage surface

Weight measurements showed that the melt formation efficiency weakly depends on the conditions of
mechanical processing of the initial powder mixture of oxides. At the same time, the efficiency significantly
depends on the value of U and the electron beam current (Fig. 5). According to the data in Figure 6, the
highest melting efficiency is achieved at U = 2 MeV.
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Figure 5. Dependences of the melting efficiency of mixture 1 and mixture
2 at an accelerating beam voltage of 1.4 MeV and 2 MeV on the beam current
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Figure 6. Effect of electron energy on the melting efficiency of powder mixture

2 at a beam current of 12 mA and a feed speed of 1 cm/s

Regardless of the mechanical processing conditions of the initial powder mixture and the PBFE pro-
cessing modes, the melt droplets are HEC (Y2YbooLugEUg2Erg2)3AlsO4,. This is evidenced by the XRD

data presented in Figure 7.
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Figure 7. Diffraction patterns of the initial powder mixture of oxides and the high-entropy ceramic product
(Yo.2YbgoLug 2EUg oErg 2)sAls01, synthesized in a powerful beam of fast electrons

Conclusions

It is shown that short-term treatment of the powder mixture of Y,0s;, Yb,0s, Lu,Os, Eu,O3, Er,0s,
Al,O; oxides with a powerful beam of fast electrons leads to the synthesis of HEC
(Yo2YbgaLlug Eug2Erg2)sAlsO1,. A necessary condition for the synthesis is melting of the powder mixture.
Melting leads to the formation of a highly porous ceramic product mainly in the form of drops. Preliminary
mechanical treatment of the powder mixture has little effect on the melting process. The melting efficiency
mainly depends on the electron energy, beam current and the speed of movement of the cuvette with the
powder mixture under the beam. Regardless of the modes, the droplet ceramic product formed is high-
entropy ceramics. Thus, treatment in a powerful beam of fast electrons is a new promising method for the
synthesis of high-entropy ceramic materials.
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KpL11am 3J1eKTPOHIAP HIOFBIPbIHAAFbI OKCHATI KEePAMUKAHBIH CHHTE31

JKorapel SHTPONHUSITBI KepaMUKAIBIK MaTepHaIIapIsl ally TEeXHOJIOTHSCHIHBIH JaMybl JKaHa IKbUTYIaH
KOPFaWTBIH MaTepHanaap/bl alyIblH XKaHa MYMKIHIIKTepiH amaael. Makanaga MyHIail MaTepuai alloMH-
HUH-UTTPUIl Tap-TOPBIHBIH KOMeTiMeH CHHTe3Jeseldi. bipHelne CcekyHa IIIiHAe J>XOFapbl SHTPOIMHSIIBI
KepaMHUKaHBIH JKbUIIAM CHHTE3iHIH ocepi YHTaK peareHTTepiHiH 0acTamKbl KOCIACHIH JKOFAaphl HEPIHUSIIBI
ANEKTPOHAP/IBIH KyaTThl MIOFBIMEH KbI3IBIPYIbIH JICTYPIi €MeC 9[iCiH KOJNIAaHy apKbUIbI KOJ JKETKi3imi.
Y203, Yb203, Lu203, Eu203, Er203, Al203 okcuarepiniy 6acTamksl KOCHACHl CTEXHOMETPHSIIBIK,
KaThlHacTa aTMoc(epalblK JKaFmainapaa JKbUIIaM dJIeKTPOHIAPIbIH KyaTThl IIOFBIHBIH KBICKa Mep3iMii
ocepiHe ymibIpagpl. Pafuanusiblk ocep €Ty Ke3iHae YHTaK KOCMAchl OajKymaH oTTi, OyJl JKOFapsl
sHTpomsUIbIK  KepamukaHblH (Y 0.2Yb0.2Lu0.2Eu0.2Er0.2)3A15012 cunTe3iHe okennmi. bamkeiMaHBIH
KeyeKTepi KeIll TaMIIbuiap TypiHAe OonaThiHbI aHbIKTaNAbL. KocmaHbel GajKbITyIbIH THIMIUIINT Heri3iHeH
CoyJIeNIeHy peXKUMIEpiHe )KoHE a3 Adpeke/ie KOCTaHbl aj/IbIH ajla MEXaHHKAJIBIK OHICY peXUMepiHe Oailna-
HbICThl. CHHTE3/IiH Ka)KETTi IapThl YHTAK KOCHACHIH OaJKbITY OOJIbIN TabbLIaIbl.

Kinm ce3dep: >xofapbl SHTPONUSIIBI KEPAMHKA, TEPMUSUIBIK TOCKAYbLI >KaOBIHIAPBI, CUHTE3, 3JIEKTPOHIBI
coyrenep.
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CuHTe3 OKCUIHOV KepaMHUKH B My4YKe ObICTPBIX 3JIEKTPOHOB

Pa3paboTka TEXHONOTHH IIOJIYyYEHHs BBICOKOPHTPOIMHHBIX KEPaMHUYECKHX MAaTepPHAIOB OTKPHIBACT HOBBIC
BO3MO>KHOCTH JUISl TIOJIYYCHUS HOBBIX TEIUIO3AIUTHBIX MaTepUaloB. B craThe Takoil MaTepuan CHHTE3HpO-
BaH C HMCIOJb30BaHUEM aTIOMOMTTPUEBOTO rpaHara. ¢ deKT ObICTPOTro CHHTE3a BHICOKOAHTPOIUHHON Kepa-
MHKH B TCYCHHE HECKOJBKHX CEKYHJ ObLI IOCTHTHYT 3a CUET MCHOJIb30BAHUS HETPAJAULHOHHOTO METO/Ia Ha-
rpeBa UCXOJHOW CMECH IMOPOILIKOBBIX PEareHTOB MOLIHBIM ITyYKOM BBICOKOIHEPI€THUECKHUX AIIEKTPOHOB. Hc-
xojHast cMech okcuoB Y203, Yb203, Lu203, Eu203, Er203, Al203 B creXxHOMeTpHYECKOM COOTHOIIEHHH
HOJBEpranachk KPaTKOBPEMEHHOMY BO3/IEHCTBHIO MOIITHOTO IydKa OBICTPHIX JIEKTPOHOB B aTMOC(EpHBIX yc-
JOBHAX. B mporecce panuaniioHHOT0 BO3IEHCTBUS MOPONIKOBAs CMeCh NpeTepreBaia IUIaBIeHHe, YTO MpH-
BOAWIIO K CHHTE3y BbICOKOIHTpomuitHO# kepamuku (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3AI5012. YcraHosieHo,
YTO paciilaB UMEET BHUJ Kareib ¢ OOJIBIINM KOIUYECTBOM IOP. DPPEKTUBHOCTD IIABICHHUS CMECH 3aBUCHT B
OCHOBHOM OT PEXHMOB OOJIy4CHHUS U B MEHBILCH CTEIEHN OT PEKMMOB HPEIBAPUTEIBHOH MEXaHUYECKOH 00-
pabotku cMecH. HeoOX0AMMBIM YCIIOBHEM CHHTE3a SBJISICTCS IUIABJICHHUE NOPOIIKOBOI CMECH.

Knouesvie cnosa: BLICOKOSHTpOHPIﬁHa)I KE€paMHKa, TCIUIO3allIUTHBIC ITIOKPBITHA, CHHTE3, 3JIEKTPOHHBIC ITYYKHU.

Information about the authors

Ghyngazov Sergei Anatolyevich (corresponding author) — Doctor of technical sciences, Professor,
Leading Researcher, National Research Tomsk Polytechnic University, Lenin street, 30, 634950, Tomsk,
Russia; e-mail: ghyngazov@tpu.ru; https://orcid.org/0000-0002-2524-9238

Vasil’ev Ivan Petrovich — Candidate of technical sciences, Researcher, National Research Tomsk
Polytechnic  University, Lenin street, 30, 634950, Tomsk, Russia; e-mail: zarkvon@tpu.ru;
https://orcid.org/0000-0002-4077-7012

Boltueva Valeria Aleksandrovna — Candidate of technical sciences, Junior Researcher, National
Research  Tomsk  Polytechnic ~ University, Lenin street, 30, 634950, Tomsk, Russia;
e-mail: kostenkova@tpu.ru; https://orcid.org/0000-0001-8128-9042

34 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa





