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By the method of quenching from the liquid state (splat-quenching), it is first revealed the formation of mixture of metastable
supersaturated substitutional solid solutions in the eutectic alloy Be-33at.% Si. Cast samples are obtained by pouring melt into a copper
mold. High cooling rates during liquid quenching are achieved throw the well-known splat-cooling technique by spreading a drop of melt
on the inner surface of a rapidly rotating, heat-conducting copper cylinder. The maximum cooling rates are estimated by the foil
thickness. The melt cooling rates (up to 108K/s), used in the work, are sufficient to form amorphous phases in some eutectic alloys with
similar phase diagrams, but it is found those rates are insufficient to obtain them in the Be-Si eutectic alloy. The X-ray diffraction
analysis is carried out on a diffractometer in filtered Cobalt K¢ radiation. Microhardness is measured on a micro-durometer at a load of
50 g. The electrical properties, namely the temperature dependences of relative electrical resistance, are studied by the traditional 4-probe
method of heating in vacuum. The accuracy of determining the crystal lattice period of the alloy, taking into account extrapolation of the
reflection angle by 90, is & 3-10 nm. It is found that even at extremely high rate of quenching from the melt, instead of the amorphous
phase formation, the occurrence of two supersaturated substitutional solid solutions, based on Beryllium and Silicon, is revealed. This
fact is established by the obtained dependences of their lattice periods values on the alloying element content. So, during the formation of
metastable eutectic structure, a supersaturated with Beryllium solid solution of Silicon has period a = 0.5416 nm, and a supersaturated
with Silicon solid solution of low-temperature hexagonal Beryllium has periods a = 0.2298 nm, ¢ = 0.3631 nm. The positive role of the
liquid quenching method in increasing the level of mechanical characteristics (microhardness and microstresses) in rapidly cooled Be-Si
films is shown. It has been demonstrated that the difference in the atomic radii of the elements significantly affects the distortion of
crystal lattices of the formed supersaturated solid solutions, and a significant value of microstresses (second-order stresses) in the Silicon
lattice supersaturated with Beryllium is estimated, which, of course, leads to a significant increase in the microhardness, namely: there is
an increase in microhardness in the Be-Si alloy under the conditions of applied method of quenching from the liquid state by more than
1.7 times compared to cast eutectic alloy and more than 6 times higher in comparison with the eutectoid cast Iron-Carbon alloy. The
obtained polytherm of electrical resistance of the alloy under conditions of continuous heating in vacuum confirms the metastable nature
of obtained new phases during quenching from the liquid state.

KEYWORDS: Splat-quenching, eutectic, highly supersaturated solid solution, microhardness, microstresses, temperature coefficient
of resistance

Currently, the following approaches are used to obtain new metallic materials with improved characteristics:

1) applying of modern methods of fast crystallization with cooling rates from 10% K/s (liquid quenching) to 102 K/s
(vapor quenching) [1-4]; 2) evaluation of properties of the crystal lattices at the atomic level [5,6]; 3) the development
of multicomponent high-entropy alloys [7,8]; 4) the use of practical experience in quenching methods improving [9].

The application of liquid quenching (LQ) method with cooling rates of up to 10% K/s allows one to obtain new
metastable states in alloys, including highly supersaturated solid solutions (HSSS) and intermediate metastable phases, in
particular, a solid amorphous state, with improved physical characteristics. When considering the effects that occur during
the LQ, it is necessary to take into account the type of state diagrams of alloys. Alloys of the Be-Si system have so far been
studied in the entire concentration range under standard crystallization conditions. The phase diagram of the Be-Si system
is characterized by the presence of simple eutectic at 33 at.% Silicon, with eutectic temperature 1090°C, and practically
zero mutual solubility of elements in the solid state [10-12] at room temperature. A feature of cast Be-Si alloys is their
significant brittleness, even with a small Silicon content in the alloy [10]. It should be noted that Beryllium alloys are
currently receiving special attention since Beryllium has a promising combination of many physical characteristics: high
specific strength, corrosion resistance, and low density. Therefore, Be-Si alloys in the form of thin films can be used in
some modern branches of technology: for example, in X-ray technology as strong foils due to the presence of phases based
on Beryllium and Silicon with distorted crystal lattices in the eutectic structure of the alloy due to supersaturation of solid
solutions. Beryllium-based alloys are widely used as Beryllium windows in X-ray tubes, allowing to pass the X-rays
coming out of the tube with a small loss in intensity and at the same time, due to its strength characteristics, maintain the
necessary high vacuum in the X-ray tube. Therefore, the improved strength characteristics of the Be-Si LQ-alloy can
contribute to a decrease in the thickness of protective foil with a simultaneous increase in the intensity of the rays emerging
from the X-ray tube, and, consequently, to an increase in its working power.

In this work, we investigate the influence of the phase diagram type and the method of rapid quenching from melt
on the features of the formation of metastable states and on the improvement of some physical properties, in particular,
the microhardness of eutectic Be-Si alloy.
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The Be—Si phase diagram is identical in appearance to a simple eutectic Au—Si phase diagram, in which the mutual
solubility of elements at room temperature is also practically absent, however, the eutectic temperature is 720 K lower
than the eutectic temperature in the Be—Si alloy.It should be noted that in the Au-Si eutectic alloy, along with the Pd—Si
system, amorphous phases were first obtained by quenching from the liquid state [13]. Therefore, it is of scientific and
practical interest to study also the influence of features of the eutectic-type state diagram on the propensity of alloys to
form metastable states in them under the conditions of LQ.

MATERIALS AND METHODS

High cooling rates during LQ were achieved by the well-known splat-cooling technique by spreading a drop of
melt on the inner surface of a rapidly rotating, heat-conducting copper cylinder. The maximum cooling rates estimated
by the foil thickness were ~10% K/s [13,14]. The as-cast samples were obtained by pouring the melt into a copper mold.
X-ray diffraction analysis (XRD) was carried out on a URS-2.0 diffractometer in filtered cobalt Ko radiation.
Microhardness was measured on a PMT-3 microhardness meter at a load of 50 g. The electrical properties, namely the
temperature coefficient of electrical resistance and the temperature dependence of electrical resistance were studied by
the traditional 4-probe method of heating in vacuum. The accuracy of determining the period of the crystal lattice of the
alloy, taking into account extrapolation of the reflection angle by 90°, was + 310 nm.

RESULTS AND DISCUSSION

As a result of studying the effect of the LQ method on the tendency to form metastable states in a Be-Si eutectic
alloy, it was found that even at extremely high (up to 108K/s) rate of quenching from the melt, in contrast to the Au-Si
system, instead of the amorphous phase formation, the occurrence of two supersaturated substitutional solid solutions
based on Beryllium and Silicon was recorded. This fact was established by the obtained dependences of the values of
their lattice periods on the content of the alloying element. So, during the formation of a metastable eutectic structure, a
supersaturated with Beryllium solid solution of Silicon has a period @ = 0.5416 nm (the tabular value of the Silicon
lattice period is a = 0.5431 nm), and a supersaturated with Silicon solid solution of low-temperature hexagonal
Beryllium has periods a = 0.2298 nm, ¢ = 0.3631 nm (tabular values of the periods of the Beryllium lattice [15] are
respectively: a = 0.2287 nm and ¢ = 0.3583 nm). Due to the absence in the literature of the established dependences on
the influence of alloying elements on the periods of the crystal lattices of solid solutions of the substitution type in the
Be-Si system, it is difficult to evaluate the composition of supersaturated solid solutions obtained during liquid crystal
cooling.

Previously, numerous experiments have established criteria that contribute to the formation at LQ of amorphous
phases in eutectic alloys, which, in particular, include the temperature criterion: the criterion of “deep eutectic”. An
analysis of this criterion showed that if for an Au-Si eutectic alloy, a drop in the liquidus temperature by 1 at.% of
the alloying element for the left (on the Gold side) and right (on the Silicon side) branches of the phase diagram is
23K/at.% and 15 K/at.% respectively, then for the studied Be—Si eutectic alloy, this drop is respectively 6 K/at.%
(from the Beryllium side) and 5 K /at.% (from the Silicon side). The lower slope of the liquidus lines for the Be-Si
alloy and the higher temperature of eutectic reaction naturally lead to the realization of lower value of supercooling
of this melt achieved at LQ, which, in turn, does not allow, due to the relatively high viscosity under the indicated
temperature conditions of supercooled melt, transfer the Be-Si melt to a solid amorphous state at LQ. At the same
time, the level of supercooling achieved was sufficient for the formation of a Be-Si eutectic alloy in the structure due
to a change in the corresponding distribution coefficients at the crystallization front of two supersaturated
substitutional solid solutions based on Silicon and Beryllium (the atomic radii of Silicon and Beryllium are
respectively: a = 0.117 nm and @ = 0.113 nm). The indicated difference in the atomic radii of elements, as it's turned
out, significantly affects the distortion of crystal lattices of the formed supersaturated solids, for example, the
magnitude of microstresses Aa/a (second-order stresses) in the Silicon lattice supersaturated with Beryllium,
estimated according to the proposed expression in the approximation method [16] (Aa/a = B / 4-tg®, where B — is the
integral half-width of diffraction line; ® — is the angle of reflection from the line (531)), has a significant value
which is equal to Aa/a = 3.45-103.This fact, of course, naturally leads to a significant increase in the microhardness
(Hy), so if for a cast eutectic alloy the value Hy = 4100 MPa, then for the Be-Si LQ-alloy this value already averages
6900 MPa, i.e. an increase in microhardness in this alloy is observed under the conditions of the applied LQ method
by more than 1.7 (Fig.1). This makes it possible to classify the Be-Si LQ-alloy within the reduced microhardness
Hy/p (p — is the alloy density) to very hard metal alloys: for example, in a eutectoid cast Iron-Carbon alloy, such
microhardness is more than 6 times lower.

The metastable nature of supersaturated solid solutions obtained is also confirmed by the results of the heat
treatment when heated to 973 K, namely: the crystal lattice period of a supersaturated Silicon-based solid solution
increases to 0.5422 nm due to its decay and, therefore, less supersaturation of Silicon lattice with Beryllium, and with a
corresponding reduction in the degree of tension of Silicon lattice up to Aa/a = 2.79-107. Unfortunately, it is very
difficult to obtain experimentally such dependencies of microstresses at large reflection angles for the lattice of a
supersaturated solid solution based on Beryllium due to the low reflectivity of X-rays from Beryllium and “shading” of
adjacent reflection lines from the Silicon lattice on the X-ray diffraction pattern.
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Figure 1. The dependence of microhardness value Hy on
magnitude of microstresses Aa/a

Additional confirmation of the metastable nature of phases obtained at LQ is the received temperature dependence
of electrical resistance of the alloy under conditions of continuous heating in a vacuum (Fig.2). It can be seen that only
at a temperature of 860 K, an inflection is observed, associated with the decomposition of a supersaturated Silicon-
based solid solution, indicating a high temperature stability of the metastable state of the Be-Si alloy that appeared
during the LQ. It should be noted that the temperature coefficient of resistance (TCR) of eutectic Be-Si LQ-alloy is
characterized by a significant decrease: for example, if for cast Beryllium and Silicon samples it is 6.6:103 K*!' and
(-1,8)-107 K'! respectively, then for the Be-Si LQ-alloy after annealing, the TCR is in the range of ~2-10° K-'. It
should be noted that, in comparison with the cast state, the metastable structure of eutectic Be-Si LQ-alloy is
characterized by a slight increase in its ductility, which is expressed in the possibility of plastic deformation of LQ-foils.

CONCLUSIONS

It is established that, as a result of quenching from a liquid state of eutectic Be-Si alloy, the spectrum of obtained
metastable states expands in comparison with the traditional method for producing cast alloys.

The values of crystal lattice periods of supersaturated substitutional solid solutions based on Beryllium and Silicon
are determined. The essential role of the temperature criterion of “deep eutectics” on the tendency of simple eutectic
alloys to form a solid amorphous or nanocrystalline state in them is confirmed. The positive role of the stressed state of
crystal lattices of solid solutions due to the difference in the atomic radii of Beryllium and Silicon by a significant
increase in the level of microstresses and microhardness in the Be-Si LQ- alloy, as well as some improvement in its
plastic characteristics, is noted.
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BILIAB 3ATAPTYBAHHA 3 PITKOI'O CTAHY HA ®A30BUI1 CKJAJ I BIACTUBOCTI
EBTEKTUYHOI'O CIIJIABY Be-Si
B.®. bames, C.I. Paoues, O.1. Kymnepnos, H.A. Kynesa, C.M. AuTponos
Kageopa excnepumenmanvnoi izuxu, /[ninposcokuii nayionansuuil ynieepcumem imeni Onecs I'onuapa
72 np. I'aeapina, [Juinpo, 49010 Yxpaina

MertozmoM rapty 3 piIkoro crany (splat-3arapTyBaHHs) BIIEpILE BUSBICHO yTBOPEHHS CyMillll MeTacTaOlIbHIX IEPECHIEHUX TBEPIUX
PO34YMHIB 3aMilllEHHs B eBTEKTHUHOMY ciuiaBi Be-33at.% Si. JIuti 3pasku oTpUMYIOTH LIIAXOM 3QJIMBKH PO3IUIABY B MiZHY (opmy.
Bucoki mIBUAKOCTI OXOJOMKEHHs IMiJ 4ac PiAMHHOTO 3arapTyBaHHsS [OCSTAIOTBCS 3aBISKH BiIOMiH TexHiui splat-0XoyiopKeHHs,
KOJIM KpaIulsl PO3IUIaBy pO3MOIUISETHCS HA BHYTPILIHIM MOBEpXHI LIBHAKO OOEPTOBOTO TEIUIONPOBITHOTO MITHOTO IMJIiHAPA.
MakcuMalibHi MIBUAKOCTI OXOJIO/KEHHS OLIIHIOIOTHCSI MO TOBLIMHI (osibri. BukopucroByBaHi B poOOTi MIBUIKOCTI OXOJIOHKEHHS
posmwiay (mo 10% K/s) mocrarmi mis yreopenss amopduux (as B J€IKMX €BTEKTHYHHMX CIUIABAX 3 aHAJIOrIYHUMH (a3oBUMU
niarpamMamy, aje BCTaHOBJIEHO, IO I IIBHAKOCTI HENOCTATHI A OTPUMAHHSA Takux (a3 B eBTEKTHYHOMY cImiaBi Be-Si.
PeHTreHOCTpYKTypHUH aHami3 TPOBOAWTHECS Ha AUPPAKTOMETpI y BiA(IIBTPOBaHOMY BHIIPOMiHIOBaHHI KkoOaimbTy K.
MIiKpOTBEpIICTh BUMIPIOETHCS Ha MikpoTBepaoMipi mpu HaBantakeHHI 50 I'. Enexrpudni BiacTHBOCTI, a came, TeMIeparypHi
3aJIe)KHOCTI BiJJHOCHOTO EJISKTPUYHOTO OIOpPY, BHBYAIOTHCS TPAaJHIIHHUM 4-30HJOBUM METOJOM HarpiBy B BakyyMi. TOYHICTBH
nepiofly KpHCTAIIYHOI PELITKM CIUIABy 3 ypaxyBaHHAM eKCTpamolsuii Kyta BimoOpaxenns ua 90° cranours + 310 mm.
BusiBnieHo, 1110 HaBiTh NPH HAJ3BUYAMHO BHCOKIH IMIBUAKOCTI rapTy 3 poO3IUIaBy 3aMicTh yTBOpPeHHs aMop(hHOI a3y BUSBISETHCS
HAsIBHICTh JIBOX IEPECHYCHHUX TBEPAUX PO3YMHIB 3amilieHHs Ha ocHOBi bepuiito i Kpemniro. [IpogeMoHCTpoBaHO, 110 Pi3HULIS B
aTOMHHUX paJiiycax €JeMEHTIB iCTOTHO BIUIMBA€ Ha CIIOTBOPEHHS KPHCTATIYHUX PELITOK MEePEeCHYECHHX TBEPAMX PO3YHHIB, IO
(bopMyIOThCS, 1 OLiHEHAa 3HAYHA BeMMYMHA MIKpOHANpPYr (Hampyr apyroro ponxy) B pewitui KpemHito, sika nepecudena bepumiem,
110, IPUPOAHO, i 0OYMOBIIIOE CyTTEBE 3pOCTAHHS BEJIMYMHN MIKPOTBEPOCTI, a caMe: CIIOCTEPIraeThCst 301IBIIEHHST MIKPOTBEPIOCTI Y
Be-Si crmaBi B ymMOBax 3acTOCOBAaHOTO METOAY 3arapTyBaHHS 3 PIAKOTO CTaHy OuTbmI, HiX B 1,7 pa3W B IOPIBHAHHI 3 JIUTHM
€BTEKTHYHUM CIUIABOM 1 OUIbII HIX B 6 pa3iB BHUIC B HOPIBHSIHHI 3 €BTEKTOINHMM JIMTHM cIulaBoM 3aiizo-Byriens. Otpumana
MoJiTepMa €JIEeKTPOOIopy CIUIABY B yMOBaxX O€3IMepepBHOTO HarpiBy HOro B BaKyyMi MiATBEpXKYE METAcTaOLIBHHI Xapakrep
copmoBaHuX HOBHX (ha3 MPH 3arapTyBaHHI 3 PiKOTO CTaHy.

KJIIOYOBI CJIOBA: rapr 3 po3miaBy, €BTEKTHKA, MiKPOTBEPIiCTb, MEPECHUCHUI TBEPAMIl pO3YMH, MIKPOHAIPYTH,
TemreparypHuit koeQilieHT onopy

BJIMSHUE 3AKAJIKHA U3 )KAJTKOTO COCTOSHUAA HA ®A3OBBIA COCTAB U CBOMCTBA
SBTEKTUYECKOI'O CILIABA Be-Si
B.®. bames, C.H. Paoues, A.U. Kymnepes, H.A. Kynesa, C.H. AuTponos
Kageopa sxcnepumenmanvuou gpusuxu, [Juenposckuil nayuonanvhuiil ynugepcumem umenu Onecs I onuapa
72 np. I'acapuna, [nenp, 49010 Vkpauna

MetonoM 3akankd M3 OJKHUIKOTO cocTosHHSA (splat-3akanka) BHepBbIE BBIBICHO OOpa3soBaHME CMECH METAaCTaOMIbHBIX
HEePECHIICHHBIX TBEPbIX PACTBOPOB 3aMEILIECHUS B 9BTEKTHYECKOM cIuiaBe Be-33at.%Si. JIutbie 00pasibl MOTyYaloT Iy TeM 3aJIUBKH
paciaBa B MezaHyio (opmy. Bbicokue ckOpocTH OXJIaXIEHHS BO BpeMs XHMAKOCTHOTO 3aKalMBaHHUs JNOCTHIAlOTCS Ouiaromapst
W3BECTHOM TEXHUKe splat-OXJIaXIeHUs, IIyTeM pa3Ma3blBaHHMs KalUld paciilaBa Ha BHYTPEHHEH IIOBEPXHOCTH OBICTPO
BPAIIAIONIETOCs TEIUIONPOBOIIET0 MEJHOTO LHIMHAPA. MaKCHMalbHBIE CKOPOCTH OXJIAXKICHUS OLICHUBAIOTCS II0 TOJIIUHE
donsru. Ucnonssyemsie B paboTe ckopocTu oxnaxaenus pacmiasa (o 108 K/s) nocrarounst jis o6paszoBanus amopdusix Bas B
HEKOTOPBIX IBTEKTHUECKHX CIUIaBaX ¢ aHAJIOTMYHBIMH (ha30BBIMH AUAarpaMMaMy, HO YCTaHOBIICHO, YTO 3TH CKOPOCTU HEJAOCTATOYHBI
JUIL MX TOJy4eHUs B OBTCKTHYECKOM cIulaBe Be-Si. PeHTreHOCTpyKTYpHbBIH aHain3 NpoBoguTcs Ha audpakromerpe B
OT(GUIBTPOBAaHHOM U3IyueHUH KobanbTa Ko. MEKPOTBEpIOCT H3MeEpsAeTCs Ha MHUKpPOTBepaoMepe mpu Harpyske S0T.
OJeKkTpUueCcKUe CBOWCTBA, @ IMEHHO, TEMIIEPATyPHBIE 3aBUCHMOCTH OTHOCUTENILHOTO 3IEKTPHUYECKOTO COMPOTHUBIIECHHS, N3yYal0TCs
TPaAUIMOHHBIM 4-30HI0BBIM METOJOM HarpeBa B BakyyMe. TOYHOCTb ONpeeNeHHs EPHoia KPUCTAIINYECKOI PEIeTKN CIlaBa ¢
YYETOM SKCTpANoJsALMu yriaa orpaxkenus Ha 90° cocrapiaser + 3-10“ uM. OGHapy»eHO, UTO Aa)ke IIPU YPE3BLIYANHO BBHICOKOM
CKOPOCTH 3aKaJIKM U3 paciulaBa BMecTo oOpa3oBaHus aMopdHOH (a3bl 0OHapyKHBaeTCs HAIMYME JBYX IIEPECHILCHHBIX TBEPABIX
pacTBOpOB 3aMeleHust Ha ocHoBe bepmmms n Kpemuwms. IIpogeMoHCTpHpOBaHO, YTO pa3sHHIA B aTOMHBIX PaJHycax 3JICMEHTOB
CYIIECTBEHHBIM 00pa3oM BIMSACT Ha HCKAKEHHOCTh KPUCTALUINYECKHX PEIICTOK (HOPMHUPYIOMUXCS IMEPECHIEHHBIX TBEPIBIX
pacTBOpOB, M OIlCHEHAa 3HAUUTENbHAS BEIMYMHA MHUKPOHAINpPSDKEHMI (HampspDKeHHWE BTOpoOro poma) B pemerke Kpemnus,
nepecsIeHHol bepummem, 9To, eCcTeCTBEHHO, M O0YCIOBIIMBACT CYIIECTBEHHBIH POCT BEIMYMHBEI MHKPOTBEPJOCTH, 2 MMEHHO:
Ha0JI0AaeTCs yBeIMYEeHNEe MUKPOTBEPIOCTH B Be-Si criaBe B yClOBHAX NPUMEHEHHOT'O METOJA 3aKAJIKH U3 JKHIKOTO COCTOSHUS
6osee, ueM B 1,7 pa3a 10 CpaBHEHMIO C JIUTHIM 3BTEKTHYECKHM CIUTABOM M Gonee yeM B 6 pa3 BhIIIE B CPABHEHUHU C 3BTEKTOMIHBIM
muteiM crnaBoM JKeneso-Yraepoa. IlomydenHas monurepma 37I€KTPOCOMPOTHBIICHHS CIUIaBa B YCIOBHAX HEMPEPHIBHOTO HarpeBa
€ro B BaKyyMe HMOATBEPKIACT METaCTaOMIbHBIH XapakTep chOPMHUPOBAHHBIX HOBBIX (ha3 NPH 3aKAIIKE U3 )KHIKOTO COCTOSHHUSL.
K/JIIOYEBBIE CJIOBA: 3akanka M3 paclUlaBa, »5BTEKTHKA, IICPECBHILICHHBIA TBEpABIH PacTBOp, MHKPOTBEPIOCTb,
MUKPOHAIPSDKEHNS, TEMIEPATyPHBIH KO (GUIIMEHT CONPOTHUBIICHUS





