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3BTEKTUKA HA PYBEXE ThICAYENETUNA
1O.H. TapaH

HauuoHanbHan Metannypruyeckasa Akazemms

r.JuenponeTpoBck, YKpanHa

MepBast HAy4HO-TEXHU4ECKAst KOHEPEHUMA Mo Teopun W
TEXHOMOMMN SBTEKTMHECKMX CHMABOB COCTOANAacL B [HEenponeTpoBcke B
1979 roay

OuepefHas, nsras KoHdepeHUMs no SBTEKTUYECKUM criiaBam
nposoauTca [HenponeTpOBCKON SBTEKTUYECKOW LiKomoi B 2000-m roay.,
T.6. B NocnefHeM rogy 3asepuuatollerocs XX seka.

Jaxe B camom obuweM BuAEe TPYAHO OXxapakrepusoBaTb TOT
IPOrPECC B HAYYHOM MO3HAHUN MUPa U 0a3UPYIOLLIEMCS Ha HEM pa3BuUTuu
06LLEeCTBEHHOr0 NPOU3BOACTBA, KOTOPbIA Obln JOCTUIHYT B ABaguaTom
Beke. BaxHelwne Hay4HO-TEXHUECKUe CBEPLIBHMS 3TOTO BEKa U npexie
BCET0 KOMMbIOTEPHASI PEBONIOLMA COBPEMEHHOCTU HepaspbiBHO CBSi3aHbl
C pa3BuUTHUEM MaTepnarioBefleHus, B YacTHOCTU, C WU3y4eHWem pocta
KpuCTannoB B pacrinasax. M3BecTHO, CKOMNb NI0JOTBOPHbLIMU OKasanucb
uccnenoBaHus HanpasneHHo oaHodasHon Kpucrasnnmsauuu.
 PesynbTaTbl 3TUX UCCNENOBaHUHA NOCNYXWNM OCHOBOA Npn paspaboTke
TEOPUM U TEXHOMOTUM 3OHHOTO PaPUHUPOBAHMA, METOLOB BbIpalLMBaHus
BesnedekTHBIX KPUCTaNIIOB U, B KOHEYHOM cyeTe, 06ycnoBunu passurue
COBPEMEHHON 3MEKTPOHUKM U BasupyloLIMXCa Ha Helt oTpacnei HOBO#
TEXHUKM. '

Pa3ssutne Teopum CNNABOB B 3aBEPLLAIOLEMCA CTONETUM BHECHO
© BECOMbI BKNag W B usyyeHume MHOTOMa3HON KpUCTannusauuy, B TOM
uucne auddysnoHHOro pacnaja pacrnnaBos ¢ 06pasoBaHUemM IBTEKTUK -
ToHKoANphEPEHUUPOBAHHbBIX MHOroasHbix CTPYKTYPHLIX

COCTaBMAOLLUX CANABOB.

©Eutectica-V




3BTeKTUKaA V

Cnoxmas  apxuTeKTOHMKa  9BTEKTUK  ANIMTENLHOE  BpeMsi
3aTpyfHAna Co3fjaHue ajeKkBaTHOM MOAErnM 9BTEKTUYECKOTO 3epHa.
FMyGoko M  BCECTOPOHHE BOMPOCHI feHesuca M MopdhOroruu
9BTEKTU4ECKOr0 3epHa Obinu paspabBoTaHbl BO BTOPOIA MONOBUHE Beka
YKPauHCKOM meTannorpatuyeckoi LIKONOR, OCHOBAHHOM B
Axenponetposcke K.M.ByHuHbIM. M3yueHune 4yryHOB M nepnebypuTHbIX
cTaneil, CUNYMMHOB W Jiopanei, 3BTEKTUMECKMX CMNaBOB HA OCHOBE
cepeGpa, Meau, TWTaHa, UWHKA, CBMHLA, neETPOrpacduueckux u
OPraHU4ecKUX CUCTEM BLISIBUMMW 06LUME 3aKOHOMEPHOCTH (hOPMUPOBAHMS
9BTEKTUK.

-O6obujas  pesynbTaTbhl  3TMX  OGLUMPHLIX  MCCNENOBAHMWIA,
lOH.Tapan u B.M.Masyp paspaGotanu ofLyi0  KOHLENUMIO
9BTEKTUUECKOTO TpEBpALleHUss B CNNaBax, KoOTopas W3MOXeHa B
OCHOBONoOnaraoilen MoHorpaduu "CTpyKTypa SBTEKTUYECKMX CNNaBos”
(Mocksa, w3a-so "Metannyprus”, 1978) M NOCTOSHHO NOMNOMHSETCH
HOBbIMW ~ MaTepuanamy, OCBEeUaeMbiMM B HAY4YHO-TEXHWYECKOH
nepuoauke, B Tpyaax KOHEpPeHUUn U CUMNO3NYMOB.

MoXHO KOHCTATUPOBATb, YTO GYHMHCKOM HAYYHOW LLUKONONW BO
BTOpOV nonoBuHe XX Beka Npo#feH NyTb OT NEPBOHAYANLHO LUMPOKO
pacnpoCTpaHeHHOro BOCNPUATUSA 3BTEKTUKM KaK MESIKOKPUCTANNMYECKOM
MexaHu4yecko cmecu a3 A0  adeKBaTHbIX  NPeACTaBEHMil,
Keanuduumupyoumx nsoﬁnyto SBTEKTMKY KaKk npoOAYKT napHoro
KoonepaTUBHOIO PoCTa AEHAPUTOB, B XOAE KOTOPOTrO BO3HUKAIOT KPYMHbLIE
' TOHKoan)mepeHuMposaHHble 3epHa, 4acto UMEHYEeMble IBTEKTUYECKUMH
KONOHUsMMU,

K coxaneuno, npeacTtaBneHusi 06  3BTEKTUKAX, Kak o
MEXaHUYECKUX MENKOKPUCTaNIMYEeCkux cMecax a3 u B HacTosilee
BPEMS pacnpoCTpaHeHbl B Monofpa¢>mquKoﬁ 1 B y4ebBHOU nureparype.
Hanpumep, MwuHucrepcteom o6pasoBanus Poccuiickoit  depepauum
pPEeKoMeH0BaH ans CTYAEHTOB MeTannyprmquKMx 7]

©Eutectica-V
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MalUMHOCTPOUTENbHLIX By30B  y4eOHMK MO MarepuanoBefeHuio,
BbIMYLLEHHLIN u3aaTenscrsom MUCUC B 1999 roay. YueBGHuk HanucaH
MEXAYHAPOAHLIM KOMIEKTUBOM aBTOPOB B COCTaBe ABYX POCCUIACKWX
' (t0.N.ConHues, E.U.Mpsxux) u nonbckoro (®.BoiiTkyH) npodeccopos u
TPAKTYeT 3BTEKTUKY Kak MEXaHUYECKYI0 METKOKPUCTasNUYECKyo CMECh.

Mexay TeM, BEpHOE TMOHUMaHUe MEeXaHusMa MW KUHETUKM
9BTEKTMYECKOTO CTPYKTYpoOOpa3oBaHust NO3BONAET HE TONbKO BHOCHUTH
BKNag B AarbHeiillee pasBuTUE TEOpWM CNNAaBOB, HO M A06UBATHLCA
BECOMbIX PE3yNbTaToB B CO3JaHMW W NpPaKTUYECKOM UCNONb3oBaHuu
HOBLIX CMMaBOB 3BTEKTUMEckoro Tuna. [ipumepom TOMYy CRyXar
MHOFOUKUCIIEHHbIE  TEOPEeTU4EeCKUe U NpaKTMYecKkue  U3bICKaHuA,
M3NOXEHHLIE  MCcrefoBaTensMyu  PasnUyHbIX  HAy4HblX  LIKON  HA
HacTosALllen kompepeuu,mm.

MpuseTcTByA YYaCTHUKOB KOHpepeHuuu ot UMEHN
OpraHu3aLnoHHOTO KOMUTETa S BbIPAXKAID HAZexay, YTO AUCKYCCus no
. MHOTMM Y3rIOBbIM BOMPOCaM TEOpUM U MNPAKTUKU SBTEKTUHECKOro
npespaLleHusi NOABEAET UTOTM MNPOAAEHHOMY B XX CTONETUM, HaAMETUT
NepernekTUBHbIE HanpaBneHns AanbHeiux WCCNefoBaHMn U Takum
06pa3om BHECeT CBOIl BKnaa B pa3suTue oblleii Teopum MHorocasHow

Kpucrannm3auuu.

©FEutectica-V
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EUTECTIC ALLOYS OF THE Cr-Nb-C SYSTEM

0. I. Dovbenko, A. A. Bondar, T. Ya. Velikanova,
‘N, I. Tsyganenko, M. P. Burka, O. O. Bilous, and L. V. An‘}}ukh

1. M. Frantsevich Institute for Problems of Materials Science

Kyiv, Ukraine

In earlier-investigations of the Cr-Nb-C system the isothermal
sections at 1050 [68Fed] and.1350 °C [65Ras] were constructed. The

data on melt range of the system are not known.

Crystal data for the phases involved by the present work are

given in Table 1. The phase diagrams of the binary systems were used

according to Massalski’s handbook [90Mas]. For the temperatures of

invariant equilibria:in the Cr—C system the data of [87Yer] were preferred.

Table 1. Crystal structure for phases involved by the present work.

Phase Pearson Space Prototype
symbol group
Cn cl2 Im3m W
Cro3Cs CF116 Fm§ m Cr2305
~yNb,C hP3 P6&ymmc sFesN
NbC1 cfF8 Fmt’:—m NaCl
A1{BNDCry) hP12 P6ymmec MgZn,
Xz(BNbCf‘z) cF24 Fd§ m MQCU2

The Cr-Nb-C alloys were prepared in an arc furnace with a non-

- consumable tungsten electrode on a water-cooled cooper hearth in a

- ©Eutectica-V
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gettered argon atmosphere. The composition of the alloys studied are
presented in Fig. 1. The initial materials were: electrolytic chromium
refined by annealing in hydrogen (~89.9 mass % Cr), small bar niobium
(99,7 mass % Nb), and atomic graphite ( 0.05 mass % ash, 0.023
mass%sS ).

As-cast alloys and alloys annealed at subsolidus temperatures
(for 30 min at about 15-40°C just below solidus, followed by quenching)
were investigated by metallography, powder X-ray diffraction, and
electron probe microanalysis. Phase trénsformation temperatures were
determined by the Pirani-Alterthum method and differential thermal
~ analysis.

The phase (NbC) forms equilibria with all other ones, except for
(Nb), and in the all three two-phase regions with congruently meiting
phase there are the folds of maximal temperatures on the ruled solidus
surfaces, corresponding to quasi-binary eutectics.

The phase diagram in the vicinity of quasi-binary eutectic

(Cr)+{NbC) were examined in detail (Fig. 1). The tie line correspondihg to

(NBCYHCr,Co)HCrC)
A\

e\ CrsCs (¢)

q
1618 \

W = .
< Nb 8/5 e 1620 °C Cr

at. %
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sBrTeKTHUKaA V

Fig. 1. The phase diagram of the Cr-Nb-C system in the vicinity of -
quasi-binary eutectic (Cr)+(NbC). Circles show the
composition of examined alloys.

this quasi-binary eutectic is located in the section CrggNby-NbCo.

The alloys based on eutectic (Cr)+(NbC) should be of interest in
practice as "in situ" composite with chromium matrix and fine structure.
The measurement of high-temperature Vickers hardness up to 1000°C
brings in evidence of high level mechanical properties. Up to 500°C the
values were about 4500-5000 MPa. The hardness slowly droped higher
600°C, reaching 3000 MPa at 800°C and 1000 MPa at 1000°C.

65Ras: H. Rassaerts, F. Benesovsky, H. Novoiny, Planseeber.
Pulvermet., 3 (1965) 199.

68Fed: T.F. Fedorov, N.M. Popova, L.V. Gorshkova et al., Poroshkovaya
Metallurgiya; 3 (1968) 42. ,

87Yer: V.N. Yeremenko, T.Ya. Velikanova, A.A. Bondar, Poroshkovaya
Metallurgiya, 5 (1987) 70; Soviet Powder Metal. Metal Ceram.,
26 (1987) 409.

90Mas: T.V. Massalski, P.R. Subramanian, H. Okomoto, L. Kasprzak
(eds.), Binary Alloy Phase Diagrams (2-nd ed), ASM
lntemational Materials Park, Ohio (USA), 1990, 3 vols.

@ 0. I. Dovbenko, A. A. Bondar, T. Ya. Velikanova, N. L. Tsyganenko, M. P. Burka, O. O.
Bilous, and L. V. Artyukh , 2000

10 -
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3BTEeKTUKa V

ON THE CORRECTNESS SOME BINARY DIAGRAMS WITH NON-
VARIANT EQUILIBRIUM

V. Mazur

National metallurgical Academy of Ukraine

Dniepropetrovsk, Ukraine

Historically phase equilibrium diagrams have begun to be
created as the diagram of meltability. According to used technique of the
thermal analysis on a plane .c-T rendered a position of critical points
found on experimental curve of cooling of alloy. Thus at cooling of alloy
the geometrical place of the most high-temperature point appropriate to
the beginning of solidification, was determined as a liquidus line. A
geometrical place of point appropriate to the end of solidification — as a
solidus line etc. Received areas on the diagrams of meltability were
indicated as areas of existence of the quite certain phases.

Rough development of geometrical thermodynamics which has
followed after works of J.Gibbs has resulted that the diagrams of
meltability began convenient to treat as the phases equilibrium
diagrams. It has made possible effectively to apply a Gibbs rule of
phases, rule of pieces, has resu!ted in necessity to distinguish stable and
metastable phases and phase equilibrium for the given system and so
on. .

Such simple substitution of concepts has resulted in a serious

consequence: the lines of a beginning and end of phase transition on the

11
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mBTeKTHUKaA V

diagram of meltability have begun to be identified with lines describing
parameters phase equilibrium-in the given system.

For expired more, than 100 years a technique of construction
of the phase diagrams were essentially advanced and the borders of
phase areas on them really have began to describe the parameters of
phase equilibrium. However interpretation of the diagrams phase
equilibrium in a lot of cases is still at level of the diagrams of meitability.
Let's give an example of this. The statement, that liquidus temperature is
a temperature of beginnings of solidification of cooled meit is widely
popularized not only in educational [1], but also in encyclopedic [2]
literature. In other cases the liquidus temperature is defined as
«theoretical temperature of solidification» [3] (see page 45). Meanwhile
by definition the phase equilibrium and the phase transformation are
mutually excluding concepts. At phase equilibrium there is no
thermodynamic stimulus for phase transition, hence last one is
theoretically impossible. Therefore in accordance to thermodynamics of
equilibrium states the diagrams of phase equilibrium essentially can not
be applied tq the description of phase transitions kinetics.

After development of thermodynamics of irreversible processes
[4], generalising the concepts of classical thermodynamics and known
laws of irreversible processes, it began possible strictly enough to prove
an opportunity a technique of application of the phase equilibrium
diagrams to the analysis not only tendency, but also some quantitative
characteristics of phase transformations [5,6].

The application of a principle local equilibrium for the analysis of
evolution of system in a field of temperature gradient allows to define

thermodynamic stimulus of transformation i.e. gradient of concentration

12
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D BTeKTMUMKa V

in the given phases and not only to specify a tendency of process and to
reveal its limiting part, but also to test a correctness of the given phase
diagram as a whole,

Let’s illustrate it by discussion of three types of the diagrams
phase equilibrium with non-variant eutectic, peritectic- and ekstectic
equilibrium - fig.1.

To cause three-phase transformation in given system it is
necessary to remove it from non-variant equilibrium state. In other words
the concrete alloy is necessary overcool below temperatures - of

equilibrium by value AT.

Fig.1. The phase diagrams with eutectic (a), peritectic(b), and

ekstectic (c) equilibrium.

According to a principle local equilibrium of irreversible

processes in spite of the fact at change of temperature the equilibrium in

13
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system as a whole is broken, in small volumes on interphase bound the
local equilibrium of phases is quickly established.

Hence in all fhree alloys overcooled by AT lower of non-variant
equilibrium temperature the following local concentration of phases will

be established:

phase phase boundary concentration
o of B o
p . pla ' ¢
o o/l Cs
p piL Cq
L L/o Cs
L L/p Cs

The concentration of a liquid phase far from front of phase

" transformation remains the same that was at tree-phase equilibrium, i.e.

¢; .The distinction of concentration on various phase bounds in the same
phase will cause a concentration gradient & / & , being thermodynamic
force stimulating diffusion fiows of atoms of components and phase
transitions.

'|n a case of eutectic transformation in an alloy 1 before front of
solidification of o- and p-phases a liquid is simultaneously supercooled
by atoms of A and B components by value of pieces 7-5 and 6-7

accordingly, that stimulates simultaneous solidification of both eutectic o

14
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and p- phases .During solidification of peritectic Il and ekstectic Hi alloys
the liquid phase before solidification fronts of both crystal phases
appears supersaturated by component A by value 5-7 and 6-7
accordingly, that should stimulate growth of both these phases. Actually,
as is known, in both systems at overcooling AT the low-temperature o-
phase grows, high-temperature p- phase dissolves. However analysis by
method of thermodynamics of irreversible processes shows that in
peritectic and ekstectic systems diffusion flows in a liquid phase should
interfere with dissolution high- temperature B-phase.

It is possible to try to explain this process by action diffusion flow
in a solid B-phase caused by distinction of its equilibrium concentration
on bounds with a liquid (c4) and with o-phase (c,).However in a peritectic
case C4>C; (stimulus for B-phase growth), and in ekstectic system c,<c,
(stimulus for B-phase dissolution), nevertheless in both systems the B-
phase dissolves.

‘It puts a question on a correctness of specified diagrams phase
equilibrium.

The application of a method of isothermal solidification of
peritectic alloys has allowed to study influence of temperature of initial
heating on the laws of phase transitions.

As it shown in [7] in system Al-Si after insignificant overheating
(830 °C) of melt above a point of liquidus typically peritectic
transformation L—>L+ x —L+ o realize. However after overheating
900°C in interval of isothermal specified time 15-100 s the nuclation and

growth of solid x-phase occur but at the further increase of time

15
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endurance the primary X -crystals complete dissolve L+ x— L. Itis

| significant to note that during dissolution of high-temperrature »x-phase
the low-temperature w-phase is absent. Hence there can not be speech
about peritectic transformation.

The jumps of prope'rties are disclosed on the polyterms of
density and viscosity of the same liquid alloy at temperature 870-880°C
[8,9] and that is treated as an attribute of structural reorganization of a
liquid phase. Therefore it is possible to assume that the distinction of
phase transformation kinetics at various initial melt overheating is
caused by distinction of initial liquid phase structure.

Thus high-temperature »-phase can be in equilibrium with high-

temperature liquid phase L, while the low-temperature =-phase can be in

endurance at the presence of high-temperature »x-phase the high-
temperature liquid phase L, turns to low-temperature liquid phase L, the
phase equilibrium is broken on the boundary = / L, also x-phase
dissolves.

Therefore both analysis of phase diagrams by irreversiblie
processes by thermodynamics method and experimental data on the
kinetics of phase transformation (for peritectic systems) allow express a
doubt about correctness of diagrams with peritectic and ekstectic
equilibrium. By all the phase equilibrium with changing liquid phases is
reflected at each diagram. If it is so those two diagrams are incorrect
because assume four-phase equilibrium <ol L, Well known that
it contradicts to Gibbs phase rule. Apparently here is pertinently to
consider two diagrams imposed one on another — stable and metastable.

As the temperature border of metastability is close to peritectic or

16
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3BTeKTUKaA V

ekstectic horizontals it is clearly that for high-temperature area the low-
temperature part of diagrams is metastable and vice versa.

Thus there is problem of graphic interpretation of equilibrium
phase diagrams with structural transformation in liquid phase caused by
change of temperature. In contrast to systems where the strutural
transformatipn in liquid phase are caused by changes of concentration
(with monotectic and sintectic equilibrium) and which are investigated
full enough the problem of geometrical thermodynamic of peritectic and

ekstectic equilibrium is put obVioust for the first time.
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ONPEAENEHWE KOHLIEHTPALIMOHHO-TEMMEPATYPHbIX
NAPAMETPOB 3BTEKTUYECKOIO NMPEBPALLEHUA

L < o-Al + Mg,(SixGes.x) B YETLIPEXKOMIMOHEHTHOWN
CUCTEME Al-Mg-Si-Ge

O.M.Bapabaur’, lO.B.MunbmaH”, M.B.Bocxob'oUHuﬂ, H.H.Kop)xoeab,
T.H.[lezkast®

a) WHctutyT metannodusuku HAHY

r. Kues, YKkpauna

b) WHctutyT npobnem matepuanosenesns HAHY

r.Kues, YkpauHa

BhinonHeHo  9KCNepUMEHTanbHoe  NOCTPOEHWE  AMarpammibi
ANaBKOCTU B AMIOMUHWUEBOM YNy YETBEpHOH anarpammbl CocTosHus Al-
Mg-Si-Ge. Ocofoe BHUMaHME YAENEHO M3YYEHWMIO KOHLEHTPALMOHHO-
TemnepatypHod  obnactm  cnnaBoB, B KOTOPbIX  NPOMCXOAMUT
(POPMUPOBEHUE IBTEKTUHECKOMN CTPYKTYPb! L <> a-Al+Mgy(SiGey.).

MeTtogamu Tepmudeckoro, andepeHLnansHOro TEPpMULEcKoro
Metannorpaduyeckoro aWanuaa  6binu M3y4eHbl  Chnnaebl B
KOHLIEHTpaumoHHoM  TeTpasgpe  Al-Mg-Si-Ge, coctasnl  KOTOpbIX
pacnonoXeHbl Ha cedeHuax ¢ obumm pebpom Al-Mg v pasnuylbiM
CoOoTHOLIeHneM Si:Ge, pasHbIM 0.2, 1 1 5. B kaXaoM u3 Tpex ceuenumii
6bina nocTpoeHa NUHKUS MOHOBAPUaHTHOTO 3BTEKTUYECKOr0
npespauieHus L < o-Al + Mg (SikGesy). Ha OCHOBaHMM NORyYeHHbIX
A3HHbIX MOCTPOEHA MOBEPXHOCTb JBTEKTMUECKOTO MpPeBpalleHuss B
4ETLIPDEXKOMMOHEHTHON  cucTeme. 3Ta  NOBEPXHOCTb  MPaKTUYECKU
nuHeWHa B ceveHusx, napannenbHbiX pebpy Si-Ge, U npegcrasnser
coboit napaGony B ceyeHusix ¢ obumm peGpom Al-Mg. B nocneaHem
cny4yae coCcTaB 3BTEKTUKU C MAKCUMANbLHOW TeMIiepaTypoii nnasneHlus He
COoBNajfaeT co CTexnomeTpuyeckum paspesomM Al-Mg,(SisGes.,) u cmeulen

OTHOCUTENbHO HEero B CTOPOHY MarHUeBOro yria auarpaMmmbl COCTOAHUS.
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NSt KaXOOro M3 9TMX CEYEHWH Obinu Onpefenelbi rpannibl o6nacty
aByxdasHbix npu kpucrannusaumm o-Al¥Mgs(SiGesy) cnnasos. 3Ta

obnactb CmeuleHa B CTOpOHY MarHuesoro yrna, 4vo oﬁycnosneHo

" 3HAYuTEnbHO BGONblLUEH, YeM Y KPEMHUA ‘U TEPMaHUS, pacTBOPUMOCTbLIO

MarHusi B anioMUHUM.

[BoiiHas 9BTEKTUKA YEThIPEXKOMMOHEHTHON cuctemst Al-Mg-Si-
Ge OTHOCWTCA K OrpaHeHHO-HEeOrpaHeHHOMy KNnaccy, POCT KOTOpOW
HauuHaetrcs ¢ oOpasoBaHust U JanbHEMLero pocta  KpPUCTansuka
uHtepmeTanmmga Mgx(Si,Ge,). 3atem U3 ero BEepuwmH NOABNAKTCA
OTPOCTKM ¥  pa3BUBAETCA COOCTBEHHO  SBTEKTMYECKAs  KOMOHUS.
Mopchonorusi 3BTEKTUMECKON CTPYKTYPbI 3aBUCUT OT COOTHOLLeHUs Si:Ge
1 M3MEHSIETCH OT YMCTO BOMOKHUCTOM B TpoWHOM cucreme Al-Mg-Ge ao
nnacrvHyaroi 8 cucreme Al-Mg-Si.

U u [loka3aHo, 4YTO. TeMneparypa MraBfieHns: TPORHOM 9BTEKTUKM
Al+Mg,(SixGe1.)+MgsAlg npakTudecky He MeHseTcs B 3aBUCUMOCTM OT
cooTHOLIeHUs Si:Ge. OTciopa cnegyet, “uTO B KOHLEHTPAUMOHHOM
teTpasape Al-Mg-Si-Ge B cedeHusx ¢ obwmum pebpom Al-Mg u B
rpaHUuHbIX  TPOiHbIX  cuctemax Al-Mg-Si u Al-Mg-Ge  nunus
MOHOBApWaHTHOrO  3BTEKTMYECKOTO MpeBspalleHus umeet - Gnuskue
TemnepaTypHo-KouueHTpauuoHHme napameTpht. Temnepartypa
nriaBneHusn TPOWHOM 3BTEKTUKM Al+Mg,(SiyGe 1)+ (SikGeq.y)
HeaHatheano yMEHbLUAEeTCa BNAOTh A0 COOTHOweHus SiGe=1:1, a
NOTOM pPEe3KO CHIDKAETCH C YBErMYEHWUEM KOHUeHTpauuu -.Ge - no
TeMnepaTypbl ANaBnexust TPoiHoI aaTexTuku Al+Mg,Si+Si (555°C).

MonyyeHHbie  pe3ynbTarbl  NO3BONAKT  onpeAenuT B
YeTbIPEXKOMMOHEHTHOW cucteme Al-Mg-Si-Ge coctasbl  ABYyx(asHbix
CNNABOB, WUMEIOLMX MAaKCHMANbLHYI Temnepatypy W MuHUManbHbIA
WHTEpBan MNaBREHusi, U WCMOMb30BATh WX Kak OCHOBY Asist: pa3paboTku
HOBBIX HaPOMPOYHLIX KOHCTPYKLIMOKHHBIX Marepuanos.
©® O.M.Bapa6aui, }0.B.Munbman, W.B.BockoGoitHux, H.I.Kopxosa,: T.H.Jleexasn, 2000r.
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TEMNEPATYPHO-KOHLUEHTPALIMOHHLIE OBNACTU
METACTABMIILHOCTU KAPEMHA M703 B CMCTEME Fe-C-Cr
J1.10. UoHoea b
HauuoHanbHas MeTanmnyprudeckas akaznemus YKpahhbl, “
r.JHenponeTposCcK, YKpauHa

B nocneaHee spems nomaTquo MHOr0 :BHMMaHMﬂ yaenseTcs
BMUSHUIO NEPEXOAO0B MeTaCTaﬁuanblx ¢das B cTa6uanoe COCTOSIHUE Ha
- KOHEYHYIO CTPYKTYpY CnnaBos. B erou cBAM npe,chaBnﬂeT nHTEpecC
TpowiHas cwm‘ema Fe-C-Cr, KOTOpaﬂ CRYMAT OCHOBOIA [MISt 3HAYUTEMLHO
yactu copTameHTa Oenbix W3HOCOCTOWKMX 4yryHoB. LUupokomy
WCMONB30BAHNIO BbICOKOXpOMMCTle YYFrYHOB ¥ CINAaBOB cnodchréyeT
Kpumannusauuﬂ 3BTEKTUK Ha 6Gase [ABYX CreuuanbHbIX XpOMMCTbIX
kap6unos: kyGudeckoro kapbuga M,3Cs W TpUroHansHoro kapouga M;Cs.
Moatomy onpeaenenne  YeTKux rpaHuy TemnepaTypHo-
KOHUEHTpaunoHHbIx obnacrei, B KOTopbrX ‘BO3M0)KHa 'Tpchcpopmau,uﬂﬂ
MeTacTabunbHbLIX NPOMEXyTOuHbLIX a3 B crabunbHble n‘pe,qc;TaBnﬂ‘eT
npakruqecxwﬁ MHTEpEC. - o R

Cyu.;ecfsyer BONbILOE  KONMYECTBO BapMaHTos ‘ TpOI‘/'I.HO'VI.
avarpammel Fe-C-Cr, KOTOpble MOXHO pasgenuTb Ha CTabunbHbie M
meTacTabunbHbie. Ha puc.1 npuae,qené cTabunbHas Auarbamma 'FéQé-Cf
[11, cornacuo KoTopoi obnacrtb Kpmcrannwsaunw nepsquoro
KyﬁuquKoro kapbuga focruraet obnactu KpucTannuaauwn ayCTeHMTa
OgaHako J'IMTaﬂ crpymypa ccbopmuposaHHaﬂ NPU  TPAAWLIMOHHBIX
CKOpOCTAX oxnamuenuﬂ, He codTBeTcréyeT CTabunbHoil anarpamme
pPaBHOBECUSA. "

ﬂpu STOM TPUTrOHASbHbIA kapbua, a Takke SBTEKTUKA HA ero
6ase, CbOpMMpyIOTCFI B CMNaBX Takux cocTasos, B KOTOprX COrnacHo
crabunbHoOMy BapMaHTy nmarpaMMbl ,qomKeH 6oin Obl  npu

38TBepAEBaHMM BbIAenﬂTbCﬂ KyﬁW-IeCKTM Kapﬁw,q
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‘Puc.1 Usorepmuueckas npoekuus crabunsHo
avarpammel Fe-C-Cr
MpuBoaumble B nurepatype MeTacTabunbHbe BapUaHTh! B
3aBUCUMOCTN OT Hanuuusa unm oTcyTcTBus oBnactu MK+MyCs Tawke
MmoryT ObiTh nofdenexsl Ha ase rpynnbl. COGCTBEHHHbLIE UCCNE0BaHUS
NO3BONAIOT OTAATL NPeAnouYTeHne MmeTacTabunsHoMy BapuaxTy Lesdyka
J1.A.[2], cornmacHO KOTOpOMY Ha guarpamme QTcchTByéf nByxdasHas
obnactb XX+M»3Cg, B KOTOPOK nponucxoaunt Kpchahnméa'uMﬂ CTPYKTYPHO
cB0BOAHBIX KpUCTannoB Kybuueckoro kapouaa, a o6paadaanme 3IBTEKTUKU
. Ha Gase TpuroHanbHoro Kapbuja BO3IMOXHO AAXE NPV OTCYTCTBUM
Keresa,T.e. B ABONHOU cmcfeme Cr-C.
Hanuuue CTabunbHOrO M METACTAGUNBHOTO  BapUaHTOB
AunarpaMmbi npegonpenenseT Hanuuue o6RacTteil, B KOTOPLIX TNpH

Tepmuueckoil 06paboTKe WM OXMaXAEeHuWW rocne 3aTeepaeBaHus
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npoucxoaut  npubnukeHue Kk cTabUNbHOMY  PABHOBECUIO  Kak
npomeXxyTouHo# hbasbl, Tak UM TBEpAoro pacteopa. CpaBHeHue
U30TEPMUYKCKOA npoekuun cTabunbHoi  hasosoit  agmarpammel ¢
BbIOPaHHLIM - MeTacTabunbHbLIM - BapUaHTOM  NO3BOMISIET  ONPEAEnnTb
obnacTu BO3MOXHbIX NEPEXOA0B MeTacTabunbHbix a3 B crabunbHble.
MockonbKy  BKMaa  kapOuAHbiX  bas, BeyLMX  IBTEKTUYECKYIO
Kpucrannusaumio, 8 POPMUPOBAHUE CTPYKTYPbl U CBONCTE CNNaBoB
Oonee Becom, bnporHo3mposaHMe obnacreit asoBoro nepexona
metactabuneHoro kapbupga M;C; B cTabunbHuiii  kapbug  MyCe
NpefcTaBnsAeT NPEeMMYLLLeCTBEHHbIA MHTEPEC.

‘Do cux nop Bce McCcneaoBaHMS Tak HasblBA@MbIX KapOuAHLIX
npeapameﬂwﬁ,‘ MOA  KOTOPbIMU  aBTOPbI no,qpaaymeaak)'r nepexon
METacTabUNbHBIX IBTEKTUHECKUX kapbuaos B CTabunbHOe COCTOAHWE B
cucremax Fe-C-kapbupgoobpa3sylowyuit aneMeHT, HocaT nubo xapakrep
HECKONLKUX eAMHUYHbLIX Pa3pO3HEHHbLIX NOMUTEpPMUYECKHX “TPoKonos”
AuarpaMM CoCTosiHust (T.€. paccmaTpuBaloTCA 2-3 OTAENbHbLIX COocTaBa),
nmbo  cBOAATCA K NOCTPOEHWUID "CTPYKTYPHLIX" Auarpamm, Becbma
NpUBNMKEHHO XapakTepusyloLLmx CTpyKTYpOooOpasosanue npu
3aTBepoeBaHMM € KOHKPETHbIMM, 4aiue Bcero  Gnuskumum K
NPOMBILLIIIEHHbIM, CKOPOCTAMU oxnaxaeHusi. Mexay TeM, obnact Bcex
¢a30BbLIX NpesBpaLieHuit - U KapObuaHbIX, B 4YaCTHOCTW, BCerga uMeroT
YETKME TEMAEPATYPHO-KOHUEHTPALMOHHbIE [paHuubl  Ha  a3oBbIX
AvarpammMax paBHOBECHUSI.

CornacHo [3] meTactabunbHble asbl MOTYT ObiTb NOgENeHsl Ha
HOBbLIe (OTCYTCTBYIOLIME HA CTabunbLHOW Auarpamme paBHOBECUS)
asbl ¢ orpaHuUveHHon metacrabunbHocTbio. TlocneaHue (Mmeroluecs
Ha cTabunbHOWM AuarpaMme) B ONPEAENEeHHbIX  TeMMepaTypHo-
KOHUEHTPALMOHHBIX 00nacTax SBRAKTCA CTabWnbHbIMWM, HO B Tex
obractax, 3a C4YeT KOTOPbIX OHM pAaCLMPAIOT Npefensl CBOEro

CYW|eCTBOBAHMS, 3TU (pasbl OKa3bIBAOTCSH METACTABUIILHLIMK. HeTpyaHO
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BUAETb, YTO OFPAHNYEHO MeTacTaburbHbIE NPOMEXYTOUHbIE dhasbl MOTYT
gectu ceba aBoAko npu Tennosow o6paboTke: NpeBpaLlUsATLCA B
cTtabunbHble UNKU NONHOCTLIO WM 4acTuMHO. Bece 3aBuouT OT TOroO, B
Kakux oﬁnacfﬂx Tpo#iHon cTabunbHO auarpammel  obpasyetcs
orpanquHo MeTaCTaﬁanHaﬂ ¢daza. Ecrm oHa opmupyetca B
o6nacTAX ¢ MHLIM TUNOM Kapbuaa, TO MX MOXHO Ha3BaTk obnactamu
nonHon MeTtacTaBunbHOCTK, T.K. NPy COOTBETCTBYIOLMX YCNOBUSAX BCE
100% MetactabunbHOi kapbuaHoi asbl nNpeBpaTaTes B CTabUNbBHYIO.
Ecnu meTacrabunbHaa dasa popmupyetcs B o6nacTax ¢ ABYMS TUREAMM
kapbuaos, TO TOMbKO BHOMHE ONpPeAerieHHas 4acTk OrpaHUYeHHo
MeTacTabunsHoro kapbuaa oxaxeTca cnocoOHON NPeBpaLlaTbCs B UHOM,

cTabunbHbIA kapbua npu Tepmudeckoi obpaboTke. TosToMy TFakue

- obnacrtu MOFYT ObiTh Ha3BaHb! obnacramu YaCTUYHOH

meTacTabunoHocT. [lpyraa 4acte STOr0 ke Kapbuga sBnsercs
CcTabuUnbHON U HEe MOXET TPaHCHOPMUPOBATLCA B Kapbug UHOro TUNa npu
BbICOKOTEMMEPATYPHBIX Bbiepxkax Noboi creneHu AnuTensHOCTH.

B cucreme Fe-C-Cr orpaHuyeHHo MeTacTabunbHOM
NpoMeXyTOuHON ha3oil sensietcs kapbuag M;Cs. B 3asucumocTy ot TOro,
3a cyeT Kakux obnacrei - coaepxawmx no crabunsHoik Anarpamme nNULLb
oaMH TUN Kapbuaa (MxsCe), Mnu xe 00a BBICOKOXPOMUCTHIX Kapbupa (1
M,Cs u MxnCe - kapbug M;C; pacwupser obnacte CBoOero
CyLLEeCTBOBAHUS, BO3MOXHA nubo mnonHas, nubo vacTuyHas ero
Tpanchopmaumsa B cTabunbHbli kapbug MasCe.

O6nacTu, B KOTOpPbIX N0 cTabunbHOMY BapuaHTy AuarpaMubl

~ BOSKeH BhlgenaTbca Tonbko kapoug M.sCs, @ npu KpucTannusauuu

obpasosancs Kapbug M;Cs, oyayT obnacramu NoHOMN

metacTabunsHoctn. Takumu obnactamu  senswTca:  yHK+M;3Ce;

y+M33Cs; a+Mo3Cg; arty+Ma3Co; HtatM23Cs; X+My3Cs (pHC.2).
Obnactu, B Kompblk no crabunbHOM auarpamme BO3MOXHO

Cyl|ecTBOBaHne o06OoMX TUNOB Kapbuaos, a npu 3aTBEPAEBAHUU
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obpasoBanca Tonebko kapbua M;Cis, MOXHO oOTHecTM Kk obnacram

YaCTUYHOW MeTacTabunbHOCTBYU. B HUX TPaHCHOPMUPOBATLCA B

HK+a+M,,C,

o+y+M,,C,

Puc.2 O6nactv nonHoit metacrabunsHocTu kKapbuaa M;Cs

©Eutectica-V
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crabunbHblll KyGuueckuii kapGua Byaer Tonbko dactb kapbuga M;Cs, a
Apyras ero 4actb OCTaHervcs TakoW, Kakom cdopMupoBanach B
pesynbTare kpucrannusaumm. Takumu obnactamu Gyayr: MsCe+M;Cs;
MW+MpzCe+M;Cs; y+M23CetM;Cs /puc.3/. Konuuecrso npespaui{eHHoro
kapbuaa moxer 6biTb NOACHNTAHO B HUX MO U30TEPMUYECKUM CEHEHUAM

cTabUNbLHOM ANarpaMMbl 4515 KSKLOF0 CNNaBa OTAENbLHO.

_

¥+M.CetM,C,

__________________

M,,.Co+M,C,

K+ MCoet MC,

Puc.3 ObriacTy yacTuyHoi metactabunbHocTy kapbuga M;Cs
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EHTANbMT 3MILLIYBAHHSA B CMIABAX MOTPIMHOI CUCTEMM
Ge — Mn -~ Al B OBNACTI KOHLIEHTPALII, 3BAFAYEHUX HA
FEPMAHIN

B.lybuna, O.benobopodosa, T.3iHesuu, J1.PomaHoea

* KniBcbkui HauioHanbHuii yHiBepcuTeT iMeHi Tapaca LLieBueHka

M. Kuie, Ykpaina.

HocnifpxeHHa  TepMOAMHAMIMHMX  BNACTUBOCTEN  NOTPIHUX
anioMiHi-eBUX cUCTeM 3 repmaHieM Ta 3d- meTanamMu € BaXMMBUM y
3B'A3Ky 3 BMBYEHHAM npoueciB amopdisauii nig yac weuUAKoro
OXONOMXKEHHA PO3Nnasib.

B Aaniii po6GoTti MeTogoM BMCOKOTEMNEPATYPHOT izonepuboniuHoi
kanopumeTtpii [1] npu 1750 K BnepLue gocnigkeHo napuianssi enTansnii
3MiLLYBAHHA anioMmiHilo B NOTpiiHiA cuctemi Ge-Mn-Al ans cnnasis
NPOMEHEBUX Mepepisis i3 cTanuM CNIBBIHOLLUEHHAM ATOMHUX 4acTOK
repmaHilo Ta MaHraHy Xge/Xmn = 0.85/0.15 ,0.7/0.3, 0.6/0.4 1a 0.5/0.5 .

Hocrnigy nposogunucs B atmocdepi aprody. B po6oTi Bukopuc-
ToByBanu repmatin Mapku M3 — 1 (99.999%) , MaHraH enexkTponiTu4HUi
(99.99%), anoMiHii cnekTpanbHO 4YMCTWA. $IK  €TaroHHy pevyoBUHY
BUKOPUCTOBYBaNu Bonbgpam knacy A2 (99.96%).

BCTaHOBNEHO, W0 KOHLEHTPALiiiHA 3anexHicTb napLjianbHux
EHTanbi anioMiHilD ANA QOCMIAXEHUX CMNaBiB Pi3HUX NPOMEHEeBUX
OTUCYETHCHA TAKUMU NMORIHOMAaMU :

ANs nepepisy 3 Xge Xun =0.85/0.15

AHa =(1- X4 )(-6,013521-20,18618x,) (1)
ANs nepepisy 3 Xge Xy =0.7/0.3 ‘

AHp =(1- X ))(-11,86626-20,27033x,+31,74412 xAlz) 2
Ans nepepisy 3 Xge Xun =0.6/0.4

AHa=(1- Xa)(-16,42492-11,99031x,+1 2,92627XA|2) (3)
OnA nepepisy 3 Xge /Xvn =0.5/0.5
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AHAE(1- Xa)(-19,98937-18,59239x+21 ,09367xAI%) 4)

_IHTerpaani eHTanbnii  3MillyBaHHA 6yno po3paxoBaHO i3
napujianbHux ans  anomidio  3a  metogom [apkeHa B obnacti
KOHUEeHTpauin Big xa = 0 A0 xy = 0.6. HeoGxigHi 4ns pospaxyHky
3HAYEHHS iHTerpanbHOi eHTanbNil 3MillyBaHHA B NOABIAHIA cuctemi Ge-
Mn 6yno B3sTo 3 poBotu [2]. B gocnigxyBaHiii 06nacti KOHUEHTpauii BC
CNnaBsn  XapakrepusyloTbCa  Bifi'€MHUMM  3HAYEHHSMU iHTerpansHux
eHTanbniii aMillyBaHHA, SKi 3@ aGCONIOTHUM 3HAYEHHAM 3POCTaloThL i3
3GinblUeHHAM BMICTy maHrady (puc.). [lokasaHo, wo Ans BinbLUOCTI
BUBUYEHUX MEPEPI3IB 3 Xge Xun = CONSt ek30TepMiuHi Tennosi edekTu
CMNaBOYTBOPEHHSA i3 AOAABAHHAM asoMiHil0 OCTYNOBO 3MEHLUYITHCS,
npu 4omy 6Ginbl pi3ke MagiHHA cnocTepiraeTbCs nNpu X > 0.3. Taka
TepMoJMHamiyHa MOBeZiHKAa CBiAYMUTL NpO Te, L0 OCHOBHWI BHECOK B
TepmoauHamiky pigkux cnnagie cuctemu Ge-Mn-Al B ofnacri
KOHLEHTpaLlii, 36ara4eHnx Ha repMaHiit, BHOCUTb B32EMO/ist KOMITOHEHTIB

B rpaHuYHIi noaBiitHiik cuctemi Ge-Mn.

MTEPATYPA
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CBOWMCTBA XWAKUX pacTBopos cucrembl Ge — Mn //M3e. AH CCCP.
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Pyc. 3anexHicTb iHTErpanbHOl eHTanbnii 3MillyBanHst  BiA aToMHOT
YacTku anwMiHilo B posnnasax NoTpiiHoi cuctemu Ge — Mn — Al nipu
1750 K fns nepepisy 3 Xge/Xyn=const : 1 — 0.85/0.15; 2 - 0.7/0.3;' 3 -
0.6/0.4; 4 - 0.5/0.5.

© B.[Jy6una, O.Benobopodosa, T.3iHesuv, J1.Pomarnosea, 2000r.

29

©Eutectica-V




3BTeKTHMKaA V

- CTPYKTYPHO-®A30OBbIE COCTOSAHNA 3BTEKTUYECKOW
CUCTEMbI ANIIOMUHWUA - KPEMHWUIA

B.®.5enoé’, A.W. Tpouar’, A.W.Mozopenoe’, B.3.KucyHsko®

a) UMM HAHY. r.MakeeBka. -YkpauHa

b) QouMLIM. r.JoHeuk. - YkpauHa

[uarpamma coctosHuit (OC) cuctembl Al - Si, u3BecTHas u
* HEW3MeHHas € Hayana XX BeKa, OTHOCUTCH K MpOCTbIM 3BTEKTUYECKUM
(Tes = 575 9C, Si, = 11,7% ). TPOMbILINEHHLIE CNNABLI - CUIYMMUHbI
ABNAITCA [09BTEKTUMECKUMU ( Sime = 12,0%), B MOAEnbHLIX cnnasax
KOHUEHTpaLust kpemHus gocruraet 20,0 - 30,0%.

C fOMOLLbI0 HOBOTO rpach0-aHanNUTUYECKoro MeTofa nocTpoeHa
nonuronanbHas puarpamma coctostusi (MAC) aBTekTudeckoro Tuna
CUCTEMB! aNKOMUHUIN-KPEMHWIA.

Ona nocrpoeHnss [C uCnonb30BaHbl UCCNEA0BaHUS BU3MKO-
XUMMYECKMX ¥ (PU3UKC-MEXAHUUYECKMX CBOWCTB UMCTBIX anioMuHUS,
KPEMHMS W MX CNNaBos - B TBEPAOM W XMAKOM  COCTOSIHUSIX
(XapakTepucTU4eCcKUe TEMNEPATYPL!, KMHEMATUYECKas BASKOCTL, pasmep
3epHa, NNAacTUYHOCTb U NPOYHOCTE NONUKPUCTANNIOB).

.. - Kputudeckue -TouKu (°C) TBepAbIX ¥ HUAKNX ANIOMUHMS

A1(350) — Ax(660) — As(750) — As(900) — As(1050) — As(1200) — A7(2300) n
“KpeMHUS;

K1(350) - Ko(700) — Ks(800) — Kq (900) - Ks(1350) — Ks (1420) — K7 (1500)
—> Ks (1650) — Ko (2600).

Teopus acCOLMMPOBAHHON ¥MAKOCTH NO MOAENM rapMOHUYECKUX
cTpyktyp (MIC-chasbl) AUCKPETHbIE 3HAYEHUS HA MONUTEPMaXxX BA3KOCTH

UMCTOro aniMuHUA B UMHTEpBane Temnepatyp nnaBleHus (660°C) ]
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‘Kunenus (2300°C) paccmarpusaeT Kak Me3omopduaM - KrnacTepos
KyOU4eCcKon CUHIOHUM C Pa3nNUyHLIM TUNOM ynakoBku MUK — OLIK —: MK
NONMIOPUYECKUX W MONUIOHANBLHLIX  CTPYKTYP, MNepexomsumx B8
NOJIUTrOHaMNbLHBIE UMW PasynopaO4eHHbIE CTAaTUCTUMECKUE NPM BbICOKNX
neperpeeax Hag TeMNepaTypoi nnasnexus. CTPyKTYpHbIE NpeBpauleHns
B YACTOM aniOMWHUW OKA3bLIBAIOT BRMSIHWE HA ycnoBus 06pasoBaHus u
06nacT roMOreHHOCTH CUMMLMAOE ANIIOMUHUS BrOThb [0 SKBMAaTOMHOIO
coctaea. [ina Kpucrannudieckoro kpemuusi (a0 1350°C) kputuueckue
TOUYKM  ABRAOTCA  CNEACTBMEM  KOHUEHTPAUUOHHBIX  CTPYKTYPHbIX
npespawieHns B pesynbrare obpas3oBaHus MHTEpMmeTannuaos. B
KpUTMYECKOW To4yke = Ks MPOMCXOAWMT  TEPMUYECKOE  CTPYKTYPHOE
npespawjenne Tuna MUK — OLUK, conposoxpaioujeecs U3MEHEHUsIMU
TMNA XUMUYECKOW CBSISU OT KOBANEHTHOM K MeTannuueckoir. [lpu
nNasneHnn YUCTOro kpemHusi obpasyercsi MONUIAPUHECKAA HKWUOKOCTh
OuK - CTpYKTypr, KOTOpast COXPaHAETCR [0 KPUTUYECKOH Touku K
(150000) M nepexoauT B nonuroHanbHyiw OLK-xugkocte 00 Toyku Kg
-(1650°C), Korga ofBpasyeTcs pasyrnopagoyeHHasn TOTarnbLHas
cTrarucTMyeckasl KMAKOCTb. M3nOoMbl  Ha  nonuTepMax ., BASKOCTH
CUNYMWHOB  OTBEYalT TeMmnepatypaMm  [OfIMTEPM  TOMOIEHHOGCTH
pacnnasoB CUNMUMAOB anioMuHuA. [inst cninasa Al+21,5 % Si, Hanpumep,
obpasyouieroca Ha 6Gase cunuumpa anioMuHus AlsSi, o6HapyxeHbl
yeTsipe NpespatleHus, YTo xopotuo cornacyercs ¢ MNAC.

MepeuyHas  npomexyTouHas ¢aza -  CUNIMKOESIIOMUHMIA
" oBpasyerca Ha 6ase MHTepmeTannMAa AlsSi npu 350°C (Si = 25,7 %),
KOTOpbIN COCYLIECTBYeT Npu STOW TEeMnepaType ¢ arnioMuHueM u
KpemHueM u pasaenaet cuctemy Al-Si Ha aBe keasucuctemMbl: Al-AlsSi u
Si-Al;Si. 3sTekTuka mexay Al u AlsSi (T,= 575°C, Si, = 11,5 %) oTBevaeT
COCTaBy CTEXMOMETPUYECKOro XMMUYeckoro coegmHeHun AlgSi, oGnactb

FOMOrEHHOCTM KOTOPOTO B >XUAKOCTU OrpaHU4eHa JMHUER NUKBUAYC
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mexagy Toqxarvm-nnasﬁenmn'amomwﬁuﬂ (660°C) U unTepMmerannuaa AlsSi
(640°C), B TBEPAOM COETOSHUM - KOHHOA 0/ 350°C.

B cucreme Al-Si cyulectsyer nocnegoBatesibHbil pan TBEpAbiX
pacTsopoB Ha 6ase XMMM4YECKUX coefuHennit AlSi — ALSI —» AISI —»
AlSi; — AlSiz — AISiy; — AlSig ¢ WH- U KOHIPYSHTHbLIMU TOYKaMK
NMasneHus, KOTOPble COOTBETCTBYIOT TeMneparypaMm CTPYKTYPHbIX
npespaLLeHn xuakoro anomuumns (750 — 900 — 1050) ana cunuumugos
anwMUEMA A0  3KBMATOMHOIO  CTEXMOMETPUYECKOr0  COCTaea.
MHTepMeTannuabl 3a3KBMATOMHOrO COCTaBa (aniOMMHUABLI  KPEMHUSA)
OTHOCATCA K XUMMWYECKMM COEAUHEHWAM C WHKOHTPYSHTHONW TOYKO#M
nnasnexdusa (kpome AlSis).

Onsa nutbix cnnasos Tuna AK7 nocne tepmudeckoit obpabotku B
MUOKOM COCTOSIHMM Npi NeperpeBax BbilLE JUCKPETHbLIX Temneparyp (15-
20 0C) NOBLILLAKTCH MEXaHWYECKne CBOWCTBA NMONMKPUCTANNOB. npeaen
npouHoct no 215 Mfla (B ucxogHom - 150 MIla), oTHocuTenbHoe
yanuHenue Ao 3,2 % npotus 1,2 %, OAnvHA Uronb4aToro KPemHus B
MUKPOCTPYKTYPE TMONUKpUCTansos cHwkaetcs Ao 150 Mkm npotus 500
MKM B UCXOHOM COCTOSIHUM.

MonyyeHHble pesynbTaThbl NoKasbiBaloT BO3MOXHOCTb
" UCNOSb30BaHUA NONUroHanNbHLIX  Anarpamm COCTOSIHUS Kak
TEXHONIOMMUYECKOH KapTbl ANt BbINMABKM M TepMUYEckoi 0BpaboTku
CUNYMUHOB 33[@aHHOIO COCTaBa G LEeNblo NONyYeHust 3aaHHOI0 YPOBHS

hU3UKO-MEXAHNYECKUX CBOICTB.
© B.®.Benos, A.U.TpoyaH, A.U.lNozopenos, B.3.Kucyrbko, 2000r.
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O NPUMEHEHWU NEPBONPUHLUMAHOIO NCEBHONOTEHLIMANA K
WCCNEAOBAHUIO CMIABOB LLENOYHbLIX METANNOB B
TBEPAOM U XXUAKOM COCTOSAHUAX

B.A.KpawaHuruH, H.3.[y6uruH

. Uneruryr metannyprumn YpO PAH

r.Ekarepuubypr, Poccus

PaccmaTtpusatotcs cnnasbl LLEMOYHbIX MEeTannos,
ABNAIWMecn aarelcmqecxuw cucremamu. B pabore [1] Hamwu
npeanoxeHa obulasn cxema MWKPOCKOMUYECKOro pacyera
Tepmomuaqueckux CBOWCTB MHOFOKOMMOHEHTHBIX HEeYROPSAOHEeHHbIX
TBEPAbIX PACTBOPOB, UCNOSb3ysl METOA Bapuauuy knacrepos. Mpu aToM
cB0O0AHAsA HEPrUsA CUCTEMLI UMEET BUA

F= éijj“'szys Z Uis m((l% ) (1)
J=1 s el i

rae UWHZAEKC s HyMepyeTr Knacrepbl, B KOTOPbIX Y4YUThbiBAETCH

. B3aumogaeiicTeue, I, - MHOXECTBO KOH(pUrypaLmuin KMacTepoB Tvna s, i -

HyMepyeT KoHdurypauuu knacrepa, Qs - 405 KnaCTepoB KoHurypaumm

i cpefin BCexX KnacrepoB TUNA s, T);s ~ KPATHOCTb BbLIPOXAEHUA Kracrepa

TMna is, y, - koadbduumueHTsl XumaHca u ge bypa, k - nocrosHHas
Boneumana, T — Temneparypa, J ecTb YUCIO NONHOCTLIO YNOPSA0UYEHHBLIX

. cTpyktyp (T1YC), sHepruu cBasn E; KOTOpLIX HEoOX0AMMO 3HaTb Ans
NPOBEAEHUS PacyeToB, Y; - KOShMULUEHTbI, CBA3AHHLIE C BENUYUHAMMU
Olis TNUHEAHBIMA  COOTHOWEHUAMU. He3aBUCUMBIMU  NEPEeMEeHHbLIMYU,
Xapakrepusylowmmy CTPYKTYpY TBEPAOTO pacTeopa sIBNAIOTCH BENUYUHbI
Y. Yucno ux 8 obLuem cnyvae 3Ha4YMTENbHO MEHbLUE YeM YUCNO BENUYUUH

o. Mpy 3TOM UKUCNO BHEPreTUYECKUX NapameTpoB E TOXE 3HAUYUTENbHO

" MEHblLLUE Y4WCNa aHanoru4yHbIx napamMeTpoB B TpaaulIMOHHOM MeToae

33
©Eutectica-V




sBTeKTHUKA V

BapuauuM KracrepoB, KOTOPbIMW B HEM RABNATCA 3D PEKTUBHBIE
gHepruM CBA3W Knactepos. Cneayer OTMETUTh, 4TO Bblpajcenue (1)
Nony4YeHo TOYHO B paMKkax MeToaa Bapuauuu Kracrepos. B cootseTcrauu
¢ 9Tmm npegnaraetca  cnocod  BoiGopa [YC, HasbiBaeMbiX
HE3aBUCUMbBIMUI, XaPaKTEPUCTUKU KOTOPLIX MOXKHO f1erko (N0 CPaBHEHUIO C
3HEPrUsiMM CBSA3U B KNACTepaX, HaXOAALMXCA B KpUCTarnne) BblMUCAUTL
MNU  U3MEpUTL  3KclepumenTanbHO.  [laHHas  cxema  pacyera
TEPMOAUHAMUYECKUX CBOWCTB MHOTOKOMMOHEHTHBIX HEYMOPSiAO4EHHbIX
TBEpAbLIX PacTBOPOB MOXeT ObiTb NpuMeHeHa K nwGoMmy Teepaomy
pacTBOpY C NPOU3BONBHOM KPUCTANIUUECKOH PELUETKOM.

B kauyecrse npumepa paccMaTpuBaloTcsi GuHapHbie TBepabie
pacTsopb! wienoyHbix mertannos Li, Na, K u Rb. 3xepruv ux MYC
paccuuTLIBAIOTCA B MNPEANOXEHHOM  HaMu  BapuaHTe  metoja
ricesonoTeHUMana u3 nepsbLIX NPUMHUMNOB [2], B KOTOpOM pacuyer
sKkpaHupyoLmMx 3pdeKToB NPoBOAUTCA C WUCMONbL3OBAHMEM MCTUHHBIX
BOMNHOBbIX (PYHKLMIA SNEKTPOHOB fIPOBOAUMOCTU. ITO  NO3BONUIMO
MCKMIOYMTL M3 pacCMOTPEHWs Takue MOoHATUA Kak 3ddekTmsHas
BaneHTHOCTb ] OpTOroHanNu3auUMoHHast  Ablpka, BblUMCIIEHUE
pacnpefeneHusi NNOTHOCTW 3apsfa KOTOpoit Bbi3biBaeT Gonbiune
TPYAHOCTH, @ TAKKE BbIMUCNUTL COBUIU 3HEPIUIA OCTOBHLIX 3NEKTPOHOB
3a CuveT B3aUMOAENCTBUS C HEOAHOPOJHOW 4YAaCTbIO pacnapefeneHust
ANOTHOCTU  3MEKTPOHOB  NPOBOAMMOCTH. MpoeeneHHble  pacyeTsl
cB06GOAHON BHEpruM u CBOGOLHOI JHEPruu CMEeLLeHUst 3TUX TBEpAbiX
pacTBOPOB MO3BOSUIIM NOCTPOUTL MX AMArpaMmbl COCTOSHMA. Tlpu 3ToM
Anst cuctembl K-Rb B TBEpAOM COCTOAHWUM PACHET AaeT HEOTPaHWYEHHYIO
pPacTBOPUMOCTb.

MpuBnekarentHoM BbITNAANT uaes NocTpoeHus
NepeONPUHLMNHOK  Teopun  Ana KONIMYECTBEHHOTO nsy4eHus
pacCMaTPUBAEMBIX CUCTEM TAKKE U B XMAKOM COCTOsIHUU. C 3TOM Lenbto

ana pac4yera TepMmopmuHaMu4ecKnx CBOWCTB Takux cucrem
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MPEANOXEHHbI  BapWaHT MeToga MceBgonoTeHuwana W3 NepBbiX
NPUHUUAOB  UCNONBL3YeTCH  COBMECTHO C  BapMauyMOHHbIM  METOL0M
TEPMOJMHAMUYECKOW Teopuern BO3MYLLEHMA. PacyeTs! NpoBOASTCS B
npubnuXEeHUM napHOro B3aMMOAENCTBUA, KOTOpPOE OnuChbiBaeTcs B
npubnmkeHnu TEOpUN ncesgonorexHyuana. Mpumehenue
TEPMOAMHAMUYECKON TEOPUM BO3MYLLEHMH [3] CBA3EHO C BO3MOKHOCTBIO
UCKNIOYEHUA  NpUBOAALWMX K  GOnbWOA  WUTOrOBO  MOrpeLUHOCTM
BbIMUCAIEHMA aTOMHMbIX (DYHKUMIA paguanbHOro pacnpegeneHust w3
NapHbIX MOTEHUWANoB NyTeM TEeXHWUKNM WHTErpanbHbiX ypasBHEHWn. Ito
0DYyCnOBNEHO TeMm, 4TO B TEPMOAUHAMUYECKOW TEOPUM BO3MYLLEHUNA
CUnbl NPUTSDKEHNSt MeXy aTOMamu paccMaTpUBalOTCS Kak BO3MYLLeHue
OTHOCUTENbHO CUN  oTTankueaHus. Toraa CTPyKTypa uccnefyembix
pacnnaBoB MOXeT ObiTb OnMcaHa uJepes HEBOSMYLIEHHYID 4acTb
CUCTEMbI, TO €CTb CMCTEMY CpaBHEHWS, 32 KOTOPYID B BapWaLiMOHHOM
MeToAe NpUHUMaeTca cucteMa Teepabix cdep. PacyeTbl nogobHoro
TMNAa WHTEHCMBHO TNPOBOAMUMUCL paHee, OAHAKC C A&HHLIM BUAOM
NCeBAONOTEHUMAna Takoi pacyeT nPOBOAMTCS BrepBbie. [JOCTUIHYTO
yny4lleHUe pesyrbTaTos A0 CPABHEHUIO C pe3ynbTaTamMu, Nory4eHHbIMU
paHee [4] aHanornyHbiM cnocoGoM NpPWU UCNOMbL3OBAHUWU MOAENBHOFO
ncesponoTeHuuana Axnmany-XeiiHe. [MonydeHo xopolwee cornacue ¢
SKCTMEPUMEHTANbHbIMY AaHHbLIMU.

Pa6ota BbinonHexa npu guxaHcoBoi nogaepuke POdU (npoekt
Ne99-03-32317)

TIMTEPATYPA
1. B.AKpawanuuud, KIO.lLyHse, A.H.Meus. W3s. AH CCCP,

Metannb!. 1988, Ne.6, ¢.61-66.

2. B.A.KpawaHuHus. Pacnnaebl. 1999. Ne4. ¢.3-15.
3. W.Zwanzig. J. Chem. Phys. 1954. V.22, Ne8. p.1420-1426.
4. H.3.0y6unuH, H.A.Batonuh, A.A.IOpbes. Pacninaebl, 1994, Ne2.

.. c.9-14, -
©B.A.KpawanuruH, H.3.[Qy6uruH, 2000r.
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PA3NMMVYHLIE TEOPETMMECKME nogxodbl K OMNWUCAHUIO
CTPYKTYPHbIX ®AKTOPOB BXATUA - TOPHTOHA BWMHAPHbIX
3BTEKTUMECKNX CUCTEM LWWEJNIOYHbBIX METAIOB

H.3. ybuHun, K.1O. LyHsies, U.B. borndaperko, B.J1. Jlucux

UuctutyT metannypruv YpO PAH

r.ExaTepunbypr, Poccusa

OCODEHHOCTLIO 3BTEKTUMECKUX CUCTEM B JKMAKOM COCTOAHWYU
SIBNSIETCA, KaK MPaBUNoO, HanM4IMe TEeHAEeHUMM K paccnoeHnio. OgqHuM n3a
cnocoBoB BbIABMNEHMST TAKON TEHAEHLMMN ABMNSETCH aHanus 3aBUCUMOCTU
ANWHHOBONHOBOIC npefAena. napuuanbHoro CTPYKTYpHOro dhakropa
Bxatna — Toputoda [1] "koHueHTpauma — KoHueHTpauus” Sg(0) ot
cocraBa cmecu. JanHasa BenMuMHA MOXeET ObiTb onpejerneHa AByms
cnocoGamu: HanpaAMyIo - U3 napumanbHbIX CTPYKTYPHbIX dhakTopos S;(q),
MW KaKk BTOPaA nMpou3BoAHas cBoGoAHOW 3Hepruu [uG6ca no
KOHUeHTpaumy. pu TeopeTuieckoM ONUCaHWM MEpBbI NYTb BO3MOXEH
TONLKC B pamkax npubnuKEeHWA, OCHOBaHHLIX Ha CTPOrol Teopuu
WUOKOrO  cocTosiHus. BTopoil  nyTb  OCYLIECTBMM  Takke  Mnpu
MCMONbL30BAHMKM  Pa3NUYHBIX TMONySMNUPpUUEeckux Metoaos. Ha Haw
B3rNsA, NPeLCTaBMNAETCH MHTEPECHLIM OLEHUTL BO3MOXHOCTHU 3TUX OBYX
NPUHLKITNASILHO pasnuyHbIX NnoAxoaoB B KONMUYECTBEHHBIX
nccnenoBaHusax Sq(0) GuHAPHLIX MeTanmnMyeckux pacrinasoB. KBaHTOBO
— CTaTUMCTUYECKUIt pacyeT OCYLUEeCTBMAETCS Hamy TPaguLUOHHbLIM
cnocoboM  COBMECTHOTO  WCMONb30BAHWA  TEXHUKM  MOLENLHOro
NceBLoOMOTEHLUMANa € BapuMauUOHHLIM METOLOM TEePMOAUHAMMHECKON
Teopun BO3MylUeHWA. W3 6Gonbuwioro pa3HooOpasuA  CyLECTBYIOLMX
MIONySMIMPUYECKUX METOA0B Mbl BbiOpanu Ans MCNONb30BaHWS paHee
npeAnoXeHHblit Hamu U xopowio ceba 3apeKkOMeHAOBaBLUMIA BapuaHT
MOJEnnM WAEeansHOro AacCOMMPOBAHHOTO  PacTeopa, coAepkallero
KOMNNEKCLl pasHoro pasmepa u dopmel. B kadectse o6nekra
nccnefosanna Guinu B3siTbl 3BTEKTMYECKNE cucTeMbl Na — K, Na — Rb un
Na — Cs, LUMPOKWA KPyr TEPMOAWHAMMYECKUX CBOWCTB KOTOPbIX Obin

paHee OCTaTOMHO AeTanbHo U3y4deH BblLUEHA3BAHHDBIMWU METOAAMN.
1.Bhatia A.B., Thornton D E. //Phys. Rev. B, 1970, V. 2, Ne 8, P. 3004-3012.
©H.3. Qy6uruH, K.10. lllyrsea, U.B. Bordapetko, B.J1. lucu, 2000r.
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TEPMOOAVWHAMWYECKUE CBOWUCTBA PACMRBABA  Na-K-Cs
3BTEKTUHECKOIO COCTABA

T.B. Tpecpunosa, H.3. flybuHuH, H.A. BamonuH, A.A. KOpkee

HHcTuTyT metannyprun YpO PAH

r.Ekatepunbypr, Poccus

Pacnnagbl LLEMOYHbIX METANOB BbI3bIBAOT 0COOLI UHTEpec
uccrienoBareneil no ABYM MPUYMHAM: C TEOPETUYECKON TOUKU 3PEHUS -
NOTOMY. 4TO OHW B CUMY NPOCTOTHI CBOEr0 aTOMHOTC W 3MEeKTPOHHOro
CTPOEHUS, MO CPABHEHWUIO C APYTVMU METanamu, senaioTCcH UieanbHbiM
06BbEKTOM ANA TECTUPOBAHUS W COBEPLUEHCTBOBAHWA  PA3NUYHbIX
KBAHTOBO-CTATUCTUYECKUX METOAO0B KOSIMYECTBEHHOIC ONMCAHUS XKUIKOro
METaIUYECKOro COCTOAHNSA; C NPaKTUHECKOW ~ NMOCKONLKY UCMONb3YIOTCS
B NPOMBLILLMEHHOCTY B KauecTBe TenrnoHocutenen. MpuknagHoi uHrtepec
B Hawbonbwed  creneHu  NPOSBNAETCA MO OTHOWEHUs K
MHOFOKOMMOHEHTHBIM pacnnaeam, obsiafalowmM, B OTNMYKE OT YUCTHIX
METannos, psigom cneunduyeckux TEeXHONOIMYECKUX CBOWCTB. Tem He
MEeHee KONMU4eCTBO MMEIOLIEeNca 3KCnepuMeHTansHoi MHdopMauuu o
H33BaHHbIX CUCTEMAaX CYLLIECTBEHHO YMEHbLLAETCA C YBENUYEHUEM Yucna
KOMMOHEHTOB B cnnase. B CBS3M G 3TUM TeOpeTUYecKMe UCCnenoBaHua
MHOFOKOMIIOHEHTHBIX CUCTEM  WIEAOYHbIX MeTannos npuobperaoT
JONONHUTENLHYIO 3HaYMMOCTL, B HacTosiwel paGoTte ¢ ucnonb3osaHuem
MoANDULMPOBAHHOTO HaMy MOKaNbHOrO MOENIbHOFO NCeBAONOTEHLUaNa
AHumany-XeiHe usyvyaetcs cucrema Na-K-Cs SBTEKTUMECKOro cocTaea
(Cna=0.139, ck=0.435, Ccs=0.426), nns KOTOPOM UMEtoTCH
3KCMEePUMEHTANbHbLIE 3HA4YEeHUs TEnnoThl CMELUEHMs Ha WHTepBsane
Temnepartyp 400 —~ 1200 K. JocTurHyTo xopollee cornacue pesynsyaros
pacuera AaHHOW XapakTepucTUkM C IKCriepuMeHToM. UsydeHb! Tak xe
Apyrve CBOWCTBA paccMaTpuBaemoro pacnnasa, Afg  KOTOPbIX
SKCNIEPUMEHTANbLHBIE JAaHHbLIE OTCYTCTBYIOT.

Pabora BbImonHEHA Npy noagepxxe Poccmiickoro GoHaa GyHOAMCHTATBHEIX
uceneroBaumi (mpoekt Ne 99-03-32317a).
oT.B. Tpecpuﬁoaa, H.3. Qy6unun, H.A. BamonuH, A.A. FOpses, 2000r.
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TEPMOIOMHAMIKA PIAKWUX CIMNABIB CUCTEMU Aj-Cu-Si
. Kauibonoubkutl, O. Benobopodosa, B. Cmykano, H. Komoea,
T. 3iHesu4

KuiBCbKMIA HauioHanbHWi yHiBepcuTeT iMeHi Tapaca llesyeHka

M.Kuis, YkpaiHa

Cnnasu  cucrtemn  Al-Cu-Si  XxapakrepusyioTbCa  LiHHUMM
NMBAPHUMMN, TEXHOMOrYHUMY, MEXaHIYHUMU i . isnuHuMu
BNacTUBOCTAMU. BUCOKa pIAKOMMHHICTL Ta BIAHOCHO Mane nidiliHe
yCaZ)keHHs [03BOfIIE OTPUMYBATM 3 LMX CNNaBiB cknagHi pedpucTi
getani Ans ABUFYHIB BHYTPILUHLOrO 3ropaHHs.

Y pauit po6oTi Gynu BUBYEHi TEPMOAMHAMIUHI BNACTUBOCTI
pinkux cnnagie cuctemn Al-Cu-Si  MeToaamu BMCOKOTeMHepaTypHoT
isonepuGoniuHoi kanopumMeTpii npu 1750 K Ta enekTpopyLUiiHuX cun B
inTepeani Temneparyp 1070-1255 K. Kpim Toro Gynu pospéxosaHi
iHTerpanbhi eHTanbnii Ta Hagnuwkosi exeprii TGOca 3miyBaHHs' 3a
meTooM BoHbe-KaBo i3 BUKOPUCTaHHAM niTepaTypHux [epen ans
rpaHNYHNX NOABIMHUX CUCTEM i EKCMEepUMEHTanbHUX BEenn4uH AH ansa
cnnagis Al-Si [1].

Cucrema Al-Cu-Si Gyna snepule aocnigkeHa Hamu y 1997 p.
kanopumeTpuuHuM MeToaoM [2]. OgHak [04aTKoBi  [OCHIAKEHHs
posnnasis Al-Si i NOBTOPHI eKCMEPUMEHTU AN NOTPIAHUX CnnasiB
[O3BOAMAM W0 YTOYHWUTM  XiA i30MNiHIA iHTerpansHoi eHTanbnii
3MiLLYBaHHSA.

MpoTe KanopUMETPUYHUI EKCTIEPUMEHT He [ac MOXIUBOCTI
OTpUMATK TaKi BaXMBI ANS  3aCTOCYBAHHA CNMaBiB BENUYMHU 5K
TepMoauHaMiyHa  akTuBHicTe,  eHeprin  Ti6Gca Ta  eHTponis

crnnaBoyTBOpeHHs. ToMy Ans  BUBYEHHA 8 NOTPIAHWUX  Cnnasis,

pO3TaLLOBaHUX Ha NPOMEHeBUX nepepisax X, /xS,- =0,70/0,30 Ta
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3BTeKTukra V

0,85/0,15 (é x,;=02; 04,06 1a 08) 6yno 23acrocoBaHO ~MeToq
€MeKTPOPYLUIMHUX CUIT 3 PiAKMM ENEKTPONITOM AN KOHLUEHTPALiNHKUX
enemMeHTIiB BUAY: '

~W|Alpiac | posnnae KCI+NaCl+AICI;| Al-Cu-SijW+.
OTpuMaHi faHi HaBeaeHi B Tabnuwj,

ExcnepuMeHTanbHi OOCRifXKeHHA TEPMOANHAMIYHUX
BNACTUBOCTEN MOTPINHMX METanNIYHUX CUCTEM € AOCUThL TPYAOMICTKMMM.
ToMy ocobnuBe 3HAYeHHss Mae PO3PAXYHOK TEPMOAUHAMIUHUX
XapaKkTepucTUK Y BCbOMY KOHLIGHTPaLiRHOMY TPUKYTHUKY 33 AaHUMU AnNs

rpaHnyHmnx noasiiHux cuctem. Hamm 6yno pospaxosaHo senuuvun AH i

AG" %" 3a Mmetogom BoHbe-Kabo. Lle#i mMeTon BUMKOPUCTOBYETLCH Y
| BUNAAKy, KONW ogHa 3 rpaHuyHuUX NOABIMHMX CUCTEM 3@ BMACTUBOCTSMM
HabnuxaeTbca no perynapHoi (Al-Si), a y A4BOX iHWMX cnocTepiracTbes
3HAYHa B3AEMOZ st KOMMOHEHTIB,

Tabnuuys
TepMoguHaMiyvHi BRAcTUBOCTI piakux cnnasis cuctemu Al-Cu-Si
npu 1173 K
nepe- Xcy /xS,- =0,70/0,30 Xy, /xSi =0,85/0,15
pis
Xar | aar | Y (AGTASE| Qar | Yar | AR | AR
kI mons oximonsK Kiwmons Dx/monk-K

02 | 0,046 | 0,299 | -1435( 0,44 | 0,019 | 0,096 -22,88 5,32

04 | 0173|0432 -820 | 3,52 | 0,159 | 0,396 -9,03 3,49

06 | 0409 | 0,831 | -1,80 | -0,21 | 0,462 | 0,669 -2,56 0,46

08 | 0,763 | 0,854 | -0,46 | -0,26 | 0,755 | 0,944 -0,57 -0,07
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OTpuMaHi [a&aHi y3TOMKYIOTbCA 3 eKCNepuMeHTanbHuMu, Lo
CBigUMTE Npo BigcyTHicTb B cuctemi Al-Cu-Si 3HayHuUX nNOTPINHKUX
B3aEMOJIN.

Cucrema Al-Cu-Si xapakrepu3yeTbC Bii' SMHUMU BIAXUMEHHAMMU
Bin igeansHocTu. HaitmeHwi Big'emui Benuumin  AH i AGH o
CMOCTEpIraloThCa B rpaHuuHiin noasiiHin cuctemi Al-Si, WO HanexwuTe A0
CHCTEM NPOCTOro eBTeKTVNHOTO Tmny. B cucremax xe Al-Cu ta Cu Si mae
Miclle 3Ha4yHo GinblLIa B3aEMOZIA MK KOMMOHEHTaMu, ska i Bmsnaqae

TepMO,U,VIHaMI‘-IHy I"IOBEAIHKy NOTPIAHNX cnnasis. BianosigHo y ﬂOTpIMHIVI

CMCTeMi CROCTepiracThCs 36iNbLUEHHS Big'eMHUX 3HaueHs AH | AG” aor

npu nepexoai Big CTOpoHu Al-Si 00 MIAHOTO KyTa KOHL|EHTpaUiiHOro

TPUKYTHUKA.
NMTEPATYPA

1. BenobBopoposa E. , KauuGonoukun [., 3unesuu T., Korosa H.
TepMOogMHAMUYECKUE CBOVCTBA XUAKUX CTIABOB AMIOMUHUA C KDEMHUEM.
- B kH.: Esrektuka V. Haykosi npaui. MixHapoaHa KoHgepeHuis. -
JxinponeTtpoBcbk, 1997. - C. 80.

2. Beno6opoaosa E. A., 3uxesuu T. H., Kotosa H. B., KanuGonoubkuit [,
C., Ll.l,épﬁakos B. V. KanopumeTpuyeckoe ONpeAeneHue SHTanbnui
cMeLuenus B TPONHoi cuctem Si-Cu-Al // Mpoueccs! nutba. - 1997. - Ne 2.
-C. 3-9.

© 4. Kanibonoubxuii, O. Benobopodoea, B. Cmyxarno, H. Komosa, T. 3irnesud, 2000r.
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MOﬂEhI-OBAHHFI TEPMOOUHAMIYHUX BNACTUBOCTEMN
PO34YMHIB B KBA3INOABIMHUX CUCTEMAX TiB,—B,C (TiC, C)
B.l". KydiH, B.A. Makapa, B.C. Cy0asyosa

KuiBcbkuit yHisepcuter iMeHi Tapaca LLleBueHka

M.KuiB, Ykpaina

Cnnaeu i cnonykn, w0 MictaATe GOp, B OCTaHHE AECATMPIHYS
3HaX0AATb LUMPOKE 3aCTOCYBAHHA AK Xapo-, KOPO3iMHOCTINKI, Tyronnaski
Ta HagTBephi marepiann.B 383Ky 3 UMM MeTol poGoTH € PO3pPaxyHOK
TEPMOAMHAMIYHUX BMNACTUBOCTEN NoABINHMX poannaeis cucrem: TiB,—
B4C (TiC, C).

Hiarpamu ctany umx xBasinoABiMHUX CUCTEM BUBYEHI | BifHOCATLCS
- [0 EeBTEKTMYHOro TUNY. ToMy My crnpobyBanu pospaxyBaTu aKTMBHOCTI
KOMMOHEHTIB CUCTeM B PiOKOMY CTaHi.

Biaomo, wlo BuCHOBKM npo xapakrep MiX4acTKOBOI B3aemogil
MoxHa 3pobutn i3 TepmoauHamiuHux (T) BnacTueocTen posunHie. Ane
TH snacTueocTi posnnasis cucrem TiB,—B4C (TiC, C) 40 yporo yacy He
BMBYEHI, OCKINMbKM OCTa@HHI BiAHOCATLCA QOO0 cCknagHux o6'ekTis
OocrigkeHHa. ToMy Mu npOrHo3yBanu axkTUBHOCTI KOMMOOHEHTIB 3 1X
Aiarpam cTaHy aekinskoma sigommmu cnocobamu.

Hamu Oyrno BscraHosneHo, wwo ans obnacri pisHoBaru Teepauit
KOMAOHEHT -po3nrnaB Halkpawum Ans  oOYUCNEHHSs  akTUBHOCTei
KOMMOHEHTIB € piBHsAHHA LUpeaepa:

AGF‘-AS nn (T"T nn),

ae ASn, T nn — edtponisa i TemnepaTypa nnasneHHst i-ro
KOMNOHEHTY, a T ~ TemMneparypa nnaBneHHs posnnasy.

Tak sik CninbHUM B YCiX PO3rNAHYTUX cucTeMax € AUGOPUA TUTAaHY,
TOMY MU B NEepLLy Yepry 0BYUCTNIM aKTUBHOCTI LibOro KOMIMOHEHTY.

Ane eHTanbnii NNaBNeHHs POSTNAHYTUX TYFONSIABKMX CMOMYK He

BUBYEHI, TOMY MM CMoOvaTKy po3paxyBanu EHTanbhild  MNaBneHHs
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anbopnay TMTaTy No apAuTMBHOMY 3aKOHY,BUKOPUCTOBYIOHUM AaHi Ans
MPOCTUX PEYOBMH. BUABUNOCK, LLIO EHTPONIA nnasfexns guéopuay TiTaHy
popisxioe 6 h/monk-K.

B _ obnacri pisHOBar C-po3nnas aKTMBHOCTI TiB,
npoekcrpanonsosanu. Lle 403Bonuno BukopucTaTtu ix Ans iHTerpyBaxHs
pisHsiHHs Ti66ca-Jorema. OfepxaHi Takum YMHOM akTBHOCTI TiB; B yCin
obnacti cknagie anpokcuMMyBanu ROniHOMamu Ta BwKop"uCTahﬁ ans
uucenbHO-aHaNITUMHOrO IHTErpyBaHHA piBHAHHA [i06ca-fiorema. Ha
PUCYHKY Npe/CTaBneHo 06YMCReHi aKTUBHOCTI KOMMOHEHTIB  PiAKMX

poannagis cucremuTiB,—C.

B4C

1,0 10— ———
AN T
0,8 0,84 g
\\ \>(’
0,6 0,64 \K
®© «
0,44 0,44
0,2 0,24 N
0,0 0,0 T — : T
0,0 0,0 0,2 0.4 0,6 0,8 1,0
XTIC
1 '0 T - / 1 !0 ''''' -y =
i S ,—/“’/ )
\\ T Ea /
0,84 0.8- \\ o //
0,6 0,6
w
0,41 0,41 AN
/! AN
0.2- 02 // \ \
0,0 ; . . y 0,0 - " T
! 0,0 0,2 0,4 0,6 0,8 1, 0,0 0,2 04 0,6 0,8 1,0
: X Xrose
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AKTUBHOCTI KOMIROHEHTIB po3Nnasis kBasinogsifHux cuctem TiB,—C (TiC,
B4C, TiCos)

_ BUKOPMCTOBYIOYM OTPUMEHI aKTMBHOCTI BYINELIO | KOOPAMHATY NiHiT
nixsi,qyc Alarpamu ctaHy cuctemn TiB,—C, pospaxyBanu eHTponito

nnasnexHsa syrneuio (9 bi/mone-K). BeraHosneHo, wo Mix TiB, i C B

piAKOMY CTaHi nepepBa)kae B3aeMOAIA MK OAHOTURNHUMM YacTKaMu. Lie

MOJXXHA NOACHUTY PO3MIPHUM (haKTOPOM.

Aani 6ynu pospaxosani eHTanbnii Ta eHTponii nnasnenus TiC. Le
- AO3BONUNO OTPUMATHU aKTUBHOCTI KOMMOHEHTiB B po3nnasax TiB,—TiC,
AKi  HasegdeHi Hmice., AHanorivHo OynM po3paxoBaHi  aKTUBHOCTI
KOMMNOHEHTIB B posnnasax cucrtem TiB,—TiC i TiB,—B4C (prcyHok).

BuaHO, WO aKTUBHOCTI KOMMNOHEHTIB XapaKTepuayloThCH MO3UTUBRUMM
BIAXUNEHHAMYM Big 3akoHy Payns. OpepxaHi gaHi csigyats npo cnabky
TEHAEHL0 [0 MDKMACTKOBOT B3aeMOAil Yy PO3MMSAHYTMX CUCTeMax, Lo
AO3BONSE 3pOBUTU BUCHOBOK NpPO BiACYTHICTE MOTPIMHWMX CMONYK B LMX
cucTemax y pifkomy CTaHi.

Takox Oynu pospaxoBaHi akTUBHOCTI MeTanis B noABiAHUX
cuctemax 3d-metan—Gop B obnacti  eBTEKTUYHMX  piBHOBAr.
BcraHosneHo, o Ans noasinHux cuctem Ti(W)—B xapakrepHi HesHauHi
Bif'eMHi BiAXuNeHHs Bin 3akony Payns, a cuctemm Mo(C)—B 8 pigkomy

cradi Gnusbki Ao igeanbHux. Lle CBiAYMTbL NPo Te, WO B 3a3HauYeHUX
| crinaeax Ha ocHosi Mo abo B He npoAsnsieTLCA CUMbHa MiKYaCTKOBA
B3aEMOJist, XapakTepHa 4Ns CepefHbOro KOHLEHTPaLiMHOro iHTepBsany.

Itak, AnAa nporHo3yBaHHA MOBEAiHKM pO3NNaBiB NOABINHUX |
KBa3iNOABINHWUX  EBTEKTUMHUX CUCTEM  [AOLISIbHO  BUKOPUCTOBYBATM
koopAuHaTi niHik nikeigyca i pisuanHa Llpenepa. Kpim Toro, i3 ymx
AaHUX MOXHa pO3paxyBaT TEPMOAUHAMIYHI XapaKTepucTukm npouecy

_ NNaBNEHHS TYFONNaBKUX CNONYK i eneMeHTIB.
©B.I", Kydin, B.A. Makapa, B.C. Cydaeyosa, 2000p.
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®A30BI PIBHOBATY TA TEPMOJIHAMIYHI BJIACTUBOCTI
KBA3INOABIMHUX CUCTEM MPO5-CeP304 (M-Li,Na,K,Rb,Cs)
B.B.JlicHsik, B.C.Cydasyosa, M.C.Crio6005HUK
Kuiscbknil YHiBepcuT imeHi Tapaca LLlesyeHka

M.KuiB, YkpaiHa

BUBYEHHS  TEPMOAWHAMIYHMX  BRACTUBOCTEN PiSHOTUNHMX
nyxHodocaTHX  CUCTEeM  npejcTaBnAe  Ha csoronHi 3HAYHWA
npaKquHmw Ta TEOPUTUUHWUIA iHTEpeC, B 3B A3KY 3 iX BMKOpVICTaHHﬂM B
AKOCTI TEXHIYHMX hriocis ANS CUHTE3y MOHOKpMCTaJ'IlB TyronnaBKnx
oKCMAHWX MaTepianis. [ins BU3HAYEHHs 0COBNMBOCTE (ha30yTBOPEHHS B
cucTeMax MPO,;-CeP3;0q (M-Li,Na,K,Rb,Cs) npoBeleHO AndhepHuinHo-
TEepMiYHU aHanis OTPUMaHux a3z ta nobyaoeaHo AiérpaMM cTaHy

KBa3incABIMHUX CUCTEM.
Puc. 1 Jfiarpava crany cncremu KPO-CeP30p
T°C

g
1200 B 1,.‘-/‘

10007 » 880°C

800w,

KCe(POys

1 v i 1 N T

KPOs 02 04 06 08 CePs0s

[ns npuknagy Ha puc.l HaBefeHo jiarpamy CTaHy CuUcTemu
KPO3-CGP309
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BcraHosneHo, wo npu B3aemMogil ekBiMOMbHUX CniBBifHOLLIEHDL
meTadiocpaty  nywHOro  Merany  Ta Tpunonicocpary  uepiio
YTBODIOIOTbCSt ~ CRONYKU  CKnagy MCe(POs)s, 10 iHKOHrpyeHTHO

nnasnatees npu 970, 870, 880, 892 Ta 890 °C, BianoBiaHoO.
Tepmnepatypu posknaay HaBeAeHWX Crnonyk CBiguyarhb npo Ix 6nuabky
TepMiuHy CTabinbHiCTb. [N NpoBEAEHHR MOEentoBaHHS Xxapakrepy
MDKYACTKOBOT B3aeMOAIT B po3nnaBax HaBeneHux CUCTEM, PO3paxoBaHo
aKTMBHOCTI dhoccpatis nyxHux MeTanis Ta Tpunonicocdary uLepio B
obnacti eBTeKTUYHUX piBHOBAr. Po3paxyHKu NPOBEAEHO 3rigHO piBHAKHA

Lpenepa: A Gi=ASnif Tra=Tinn), D€ ASpy. 78 Typ eHTPONiA Ta
Temnepatypa nnaBneHHA Cnonyku, T, Temneparypa nnaeneHHs

posnnasy. EHTponii nnaBneHHss wmetacocdatis NyXHUX MeTanis
cuctemax MPO; ne M - Li, Na, K, Rb, Cs, Bigomi 3 niTepatypu ta

cTaHOBNATL: 23,86, 19,2, 16,94, 42,25, 41 [br/mornb XK, BianosiaHo. nns
Tpunonicocarty uepito eHTponis NNAaBreHHS PO3paxoBaHa 3a JAHHVUMM
ANs BIANOBIAHUX OKCMAIB MO aAUTUBHUMY 3aKOHY. BukopucroByroun aaHi
no TemnepatypaM TOMMEHHA po3nnasiB  kBasiGiHapHUX  cuctem
po3paxoBaHO  aKTUBHOCTI  MmeTadocdaTtie  nyxHux MeTanis  Ta
Tpunonicpocaty uepilo. B o6nacti eBTEKTUYHWX pIBHOBAr (UUCTWH
KOMMIOHEHT - po3nnaB) Ans  kanii- Ta pyGiginBMiCHUX cucTem
CNOCTEPIraioTeCAl HEeBENWKi Bif'eMHI BIAXWUNEHHS BiA 3aKOHY Payns.
3HaueHHs akTuBHOoCTEe MPO; (M-Li, Na, K) conbosux po3nnaBis
. PO3rNAHYTUX CUCTEM MiAKOPsOTHCA 3akoHy Payns. HaiiMeHbluoo
MiDK4aCTKOBOIO B33EMOJIEI0 XapakTepUSyIOTLCS MITIABMICHI posnnasu, 1o
00yMOBNIEHO  PO3MIpHUM  (DaKTOPOM  (BENMKOI pisHuLiero  aToMHuX
paaiycis nitito Ta Uepito). 3a koopguHaTaMu. NikBiAycy oGnacri pisHoBar
posnnas-CePx0q pospaxosaﬁi akTuBHOCTI Tpunonicocdaty uepilo ki
npoekcTpanonioBan  Ha BeCb  KOHUEHTpaUiliHwiA  iHTepean Ta
BUKOpUTCANU ANs iHTerpysBaHHa pisHanHs Ti66ca-[orema. Beranosunu,
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o aKTMBHOCTI KOMMOHEHTIB BCIX BUBUEHMX CUCTEM XapaKkTepu3yloTbCs
BenM'KYMMM BilEMHUMU BIAXMNEHHAMM BiA ifeanbHUX pO3UMHIB B
cepe;iHbomy KOHLUeHTpauitHoMy iHTepBani. [Ons npuknagy Ha puc.2
npuseaeHi Apani  ANA  aKTUBHOCTEH KOMMOHEHTIBE B  po3nnasax
kBasinogBintHoi cuctemn KPO3-CeP3;0y. Ha OCHOBI ofepaHux AaHux
po3spaxoBaHo exeprii [i60ca 3millyBaHHs po3nnasiB B LUMPOKOMY

Hapn

KOHLeHTpaUiiHomy iHTepsani {Tabn.). MiHimymu -AG™" npunaparwTs Ha

eKBiaTOMHi ckrag BCIX BuBYEHMX cucTeMm. lMpu HEBENUKUX neperpisax
BULLE Trnae CIOCTEPIraETLCS CUINbHA MKYACTKOBA B3AEMOAISA B PIAKOMY

CTaHi.

Tabnuus

Eneprii smituexHs Io6ca ans posnnasis cuctem MPO;-CeP30q e M- Li,
Na, K, Rb, Cs,

Cucrema LiPO;- NaPO;- KPO;- RDbPO;- CsPO;-
CeP;0, CeP;,Og CeP309 CGP309 CeP;0,

AG™ 2.1 6,37 10,37 11,77 8,59
KDK/MOnNb
AG 10,23 14,5 18,5 19,9 16,72
k[bx/mMonb

©B.B./lichsax, B.C.Cydaeyosa, M.C.Cno6odsnux, 2000p.
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TEPMOAWHAMUYECKUE CBOUCTBA XKUOKUX CNITABOB
CUCTEM Fe-Nb(Ta,W)

B. Cydasyosa, H.Boskompy®6, B. KyduH

Kuesckuin yHuBepcuTeT uMeHu Tapaca LLlesyeHko

r.Kues, Ykpauna

Crinasbl Ha OCHOBe >enes3a, 0CODEeHHO MHOTOKOMMOHEHTHLIE,
NoNy4uny LIMPOKOe NPUMEHEHWe B PasnuyHbix obnactax TexHukn. Ons
COBEPLUEHCTBOBAHMSI CXEM FETMPOBAHNA CTAMel 1 CBAPOUHbIX NPOBOSIOK,
METOA0B TMOMYYEeHUs  MartepuasioB  LenecoobpasHo KUccnenosBarb
TepMoauHaMKUIEecKne CBOIMCTBA CNNaBoBs, BIM3KUM MO COCTaBy K CTansMm.

Bnepebie meTogom 3SOC B uHTepBarne KoHLUEHTpaumin 0,85 < xp. <
1,0 npu 1854, 1843,1870 K uccnenoBaHbl aKTUBHOCTM KOMMOHEHTOB B
Hugkux cnnapax cucrem Fe-Nb(Ta,W) ¢ noMOLIbI0 KOHLEHTPALMOHHbIX
ueren suaa:

W-WO,/ZrO,-Y,04/ Fe-Nb(Ta,W), M,O,

WO, cuHTesuposanu no MeToAuKe M3 MOPOLUKOB BOMbMpamMa u
- WO;3; PaBHoBecHble 3Havenus S[C ueneii ycraHasnmMBanuce B Teuenne 30
MUHYT ¥ BOCAPOU3BOAWNUCL OT OfbITA K OMbITY € TOYHOCTLIO 0,3%.
MonydeHHble 3HaueHnss SC u akTuBHOCTEH Bonbhpama B pacnnasax

CUCTEeMb! XKeneso-sonbdpam nipu 1870 K npuBeaeHbl HUXKE:

Ko E .103, B ay ay*
0,068 70,8 0,1724 0,1479
0,0188 58,9 0,2317 0,2221
0,0298 445 0,3313 0,3098
0,03541 321 0,4507 0,4162
0,1209 27,7 0,5027 0,3829
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BhiMucHesne axTuBHocTel Bosfbdpama OTHOCUTENbHO TBEPROro

BONbG)paMa NPoM3BOAUNM COTMACHO M3BECTHOMY COMMALLEHWIO:
ayw = exp(-4FE/RT)

MepecdeT Ha ApYroe CTaHAApTHOE COCTOSIHME, & MMEHHO XHUAKWi

MepeoxXnaXaeHHbii Bonbpam, BbINOSHANN MO YPaBHEHMIO!
din ay/ dT= - HW/RT>

YCTaHOBREHO, YTO aKTUBHOCTU BONb(ppama cnnasoB cucTeMbl Fe-W
XapaKTepuayloTCA O4YeHb OOrbLUMMKU NONONUTESIbHBIMU OTKITOHEHUsIMU OT
uaeansHbIX  PACTBOPOB,  KOTOpble G MOHWXKEHWEM  TeMrepaTtypel
yMeHbLATCS.  [MONyYeHHbIe Hamu  [aHHbIe XOPOLUO  COrfacylTea ¢
aKTMBHOCTSIMM BONbA)pamMa, onpegerneHHbiX MeToaomM sddysuu.

MNepexoa ot BOC 3TOrO 3neMeHTa K 3MeMeHTam C anekTposamu

cpaerenns Nb-Nb,Os, Ta-Ta,05 BbinonHex yepes G o6pa3oBaHus 3TUX
OKCUAOB.

[IuarpamMmsbl cocrosiius fABOAHbIX cuctem Fe — Nb(Ta) wumetor
obnacre  9BTeKTMHeckoro paeHoBecus  Teepabt  Nb(Ta)-xuaxue
pacTBopbl. Mcnonb3ys KOOPAMHATHI  NUHWUKM  nKUKBMAYyCa BLIYUCTINIMN
aKTUBHOCTHM, NapLmarnbHble SHTanbNuu u sHTponun cMmewweHus Nb v Ta no
pa3spaBoTanHoOii Hamu MeToauke. B cuctemax Fe — Nb(Ta) oGpasyiores
MO OJHOMY KOHIPYSHTHO nnassuemy coeaunennio (FeNb, FeTa).
MoaToMy B 06NnacTu paBHOBECUIt TBEpAOe COBAMHEHNE-XMAKUA pacTeBop
Mbi MCMOMb30BanNu YCOBEPIUEHCTBOBAHHLIA MeTo[ Xaydde-BarHepa.
BbIYUCNEHHLIE U SKCNEPUMEHTASBbHO YCTAHOBNEHHbIE akTUBHOCTU Nb u

Ta Xxopowo KoppenupylT Mexay coboi. 370 Aano BO3MOXHOCThb
3aBUCMMOCTH In Yranum= fOX2) NpeacTasuTb B BUOE MOSMHOMOB BUAA:
In Yra= 0,07531 ~ 0,04076 Xg. + 0,8465 XPre — 2,7901 Xr,

In Yno= - 0,08853 — 1,2691 Xg. + 0,3068 X?ee + 0,8930 X
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M  NpPOBECTM HYUCENbHO-aHaNUTU4eCKoe WHTEerpupoBaHne ypaBHeHUA

['wB6ca-dorema. MNonyyeHHble HAMU daHHbIE NPUBEAEHbI HUXE:

Fe-Ta Fe-Nb

Xz 020| 040| 060} 080| 020| 040} 060 0,80

are 007| 025| 055| 085 0,13 0,29| 044 0,8

a 082| 062 034| 017 067} 037| 019| 06

AKTUBHOCTM Kene3a v Huobua B »UOKUX CriraBax aSTMX CUCTEM
ofHapy»mBaior Hebonblume OTpuLiaTenbHble, a aKTMBHOCTM TaHTana —
3HAKONEPEMEHHbIE OTKNOHEHWA OT MOBEAEHys UAeaNbHbIX PacTBOPOB, YTO
KOppenupyer ¢ AaHHbiMM Ans TBepablX cnnaeoB. Habniopgaercs cornacue
Mexay NOsIYYEHHbIMU HaMU U FMTEPATYPHbIMKU SaHHbLIMK 01181 aHANOFUYHON
. cucrembl Fe-V. BuaHo, YTo akTUBHOCTYM enes3a B cuctemax Fe — Nb(Ta)
NPOSIBASIOT HE OYEHb DOMbLUME OTKNOHEHMA OT HAealbHbIX PACTBOPOS.

Ans oueHku 3Heprun B3anMOAENCTBUSI CrSIABOB ABOWMHLIX CUCTEM
Fe — Nb(Ta, W) u Fe-W-Al usyunnu TepMoxuMmyeckue CBONCTBa Npu
1900K MeToAOM KanopuMeTpuu U paccuuTanu MetoaoM BoHbe us
AaHHbIX ANS ABOMHBLIX TPAaHUYHbIX cuctem aAna Fe-Nb(Ta,W)-Al.

MokasaHo, YTO BBEJEHWE anlOMUHWA B pacnnasbl Hxenesa
Bbi3bIBAET M3MEHEHUA S3HTamNbMWA CMELUEHUS] B CTOPOHY YBEMUYEHUS
aksorepmudeckux aphektor  cnnasoobpasoBaHust.  MuHUMYM  Ha
MOBEPXHOCTSAX JHTANbNMUA CMELUEeHMA BCEX CMCTEM MNPUXOAUTCH Ha
Xenes3o-anioMUHUBLIE CMIaBhbl.

COBOKYMNHOCTb NOSTYHEHHbIX TEPMOAWHAMUYECKUX CBOWCTB XMMAKUX
cnnasos cucrem Fe-Nb(Ta,W), Fe-Nb(Ta,W)-Al cBuaerenbCcTBYIOT ©
BAUSAHUK  Pas3SIMUHbLIX METansoB Ha AaKTUBHOCTM KOMMOHEHTOB M

sHepreTuky o6pasosanusa pacTBOpPoB, BRKM3KUX NO COCTABY K CTansaM.
©® B. Cydasyosea, H.Bosxompy6, B. KyduH, 2000r.
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O METACTABUNbHbLIX ®A3AX B CUCTEME AL-SI
B.M. Mazyp, A.B. Masyp, A.fO. LLinopmbko
HaumonansHas MeTannypruueckasi Akagemmst YkpauHsl
r.[HenponeTpoBCK, YKpauHa

13BECTHO, 4TO B 3aBUCMMOCTY OT NPEALICTOPUN CNITasa B AaHHOoM
cuctemMe C TOW MMM MHOR  CTENEeHbi0  BEPOATHOCTH  MOTYT
peanu3oBbIBaTLCA 4BA TUNA (Pa3oBbIX PABHOBECHA: cTabunbHOe W/nnu
MeTacrabunbHoe. TUMUUHLIM YU XOPOLLO M3YYEHHbLIM NMPUMEDPOM CRYXUT
cucrema Fe-C. 3pech  YrnepoaHbIi ~ KOMMOHeHT oBpasyeT nubo
crabunbHyto asy - rpaur C  KOBANEHTHO-NONIAPU3ALIMOHHbLIMU
MEXATOMHbIMU CBA3AMM  nuBo MetacTabunbHylo asy — LEMEHTUT
(FesC), xapakTepusyLlycs reTepogeCMMqulmw MEXKaTOMHbIMU
CBAI3SIMU CO 3HAUWUTENbLHOW AOTEN UX METaNu3aLmMu.

.Cucrema Al-Si B cywHocTy siBnsieTcst 6nuskumM pU3NKo-XMMU-
UECKUM aHanoroM cuctemst Fe-C: xene3o W anoMuHMiA — TUMUYHO
METannuueckne  KOMMOHEHTbl, YINepoa U KpeMHuii  obpasyioT
KoBaneHTHole Teepabie (asbl. 03TOMY BO3IMOXHOCTL METaCTabunbHbIX
ha3oBbIX paBHOBECUIA B CUCTEME Al-Si anpuopu He ABnseTcs
HEOXUAGHHOW.

BeposTHO, Bnepeble MeTacTtabunbHble dasbl B cucreme Al-Si

Guinu oBHapyweHsl B [1]. B npoayktax  BbiCOKOCKOPOCTHOW
KpUCTaNnM3aLmmu 3T1 asTopbl 0GHAPYXUNY Hapsay C pasHoBECHBIMU OL-Al

" B-Si Takke ABE HepaBHOBECHbIE (ha3bl: NEPECHILEHHbIR Cl-TBEPAbIN

pacteop u cunuuma (Al Si) KyOuyeckol CUHIOHUM C RapameTpom

a=6,9891A , HasBaHHbIN X - (ha3oii.
LLIupoKMit NOMCK MeTacTaBunbHbIX a3 B cnnasax cuctemst Al-Si
c Bapuaumeit koHuextpauum Si or 6 a0 40,56%, npoBefeHHbIn B

nabopartopun astopos K./.Y3noBbIM, BCKPblT [OCTATOYHO CROXHYIO
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CUTyauuio. CrlﬂaBbI, NPUroTOBMEHHBIE N3 YUCTbIX KOMMOHEHTOB, npun
KOMHaTHO TemnepaTtype [AeMOHCTPUPOBAamnM BeCcbMa CrOXHbIi Habop

MOPMONOTMM  KaK NEePBUYHBLIX, TaK W IBTEKTUYECKUX CTPYKTYp, HO

HeusmeHHo apyxdasHblii (OL+Si) coctas. U nuwb peHTreHodhasosbiit
aHanu3 B uHTepeane temneparyp 77 K - 293 K BCKpbIn 3aKOHOMEPHOCTU
NOABMEHUs, B3aMMHOTO TMpeBpallieHuss U nocregylollero pacnaja
MeTacTaburbHbiX (a3, BbI3BAHHLIX  MOBLILIEHUEM Temneparypsl

uccnefoBannA. HalaeHs! Be HOBble, paHee Heu3BeCTHble, hasbi:
 opropoMmBuyeckas TMnNa CUNUMMaHWUTa N (a=7,4770 A, b=7,663 A,

c=5,759 A) n rekcaroHanbHast ) - cpasa ( a=5,0597 A, ¢=11,0225 A).
MocTpoeHa runoTeTuyeckasi cxema AuarpaMMbl  METAcTabunbHbIX
pasHoBecuit B cucteMe Al-Si [2]. B cBsisau ¢ arum Oblna nocraeneHa
3ajava u3yuuTb 3aKOHOMEPHOCTU W3O0TEPMUYECKOW KpUCTanmnuaaLmu
crrasa OKON0IBTEKTUMECKOTO COCTaBa C NPUMecsMu xenesa ( Mac.%) Al-

10,28i — 0,3Fe. OGHapyxeHbl meTacTabunbHble 3BTEKTUKM, (DA3OBbIN
COCTaB KOTOpPbLIX MEHSETCH B 3aBUCMMOCTU OT feperpesa: (X+n) "

(0+(®). WHTepecHo, 4TO B MPUCYTCTBMWM MPUMECHOrO HKeneaa
MeTacTabunbHbie hasbl 0BHAPYXUMM NOBLILLEHHYIO YCTOMYUBOCTb, YTO
MO3BOMUIO TPOBOAUTL PEHTTEHOBCKYI0 CbEMKY YXe TNpU KOMHATHOW
. Temneparype [3].

B cBA3n ¢ TeM, uto MeTactabunbHbie hasbl TUMNA CUANLKAOB C
Hanbonblue BEPOSTHOCTLIO BCTPEYAIOTCA B CrfiaBax 3a3BTEKTUMECKOro
cocrasa, B naboparopuum aBTOpoB ObINM  TLLATENBHO  U3Y4YeHbI
3akoHoMepHocTy obpasoBanus u pacnajga 9tux as. MeTtoguky
U30TEPMUYECKON  KPUCTannus3auumu YCOBEPLUEHCTBOBANU C  LIENbiO
YMEHbLUEHMA  BPEMEHW  CMeHbl  Temnepatypbl  ofpasya  or

- nepeoHavanbHOro Harpeea 40 TeMnepaTypbl M30TEPMUYECKOR BbiAEPXKKK.

MoaTBepxaeHo nosisnieHne X, T} u ® has u oBHapyxeHa HOBasI, paHee
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HEeM3BeCTHas TeTparoHanbHas & - dasa (a=3,695 A, c¢=7,160 A,

c/a=1,937). YTouHEHa M pacliMpeHa Anarpamma  MeTacTabunbHbIX
paBHOBECUM  (aniOMMHUEBLI  Yron), OMNpeaeneHbl  TemnepaTypHo-
BPEMEHHbIE MHTEpBaIbl YCTOMYNBOCTYU XNAKON (basbl B CyONMKBUMAYCHON
obnactTy M TemMnepaTypHO-BpeMEHHble  WMHTepBarnsl  NNaBNeHus
meracTabuneHbix a3 B 3aBUCHMOCTW OT TEMNEpaTtypbl HayanbHOro
" HarpeBa [4]. B aroit paboTte Bnepeble CAeNnaH MPUHUUNUANLHO BaXKHLIA
ANA MOHUMAHWS KPUCTannu3aumm cUnyMMHOB BbIBOJ O ncesgomopdose
NEepBUYHBIX KPUCTAsNOB KpeMHUs B COOTBETCTBUM C MOpdonoruen
KPUCTANNOB pacnaBlUMXcs MeTacTabunbHbIxX as.

Menonbaoeanue AcnaHoseim X.C. B naBopatopuu asToOpOB
METOANKN TPaHCMUCCUOHHON BNEKTPOHHOMN MMUKPOCKOMUU 7]
MUKPOAUPPAKLMU TOHKUX GbICTPOOXNAXKAEHHBIX MrIeHOK cnnasa Al -
18,68Si noaveepaunc  obpasoBaHMe B HUX  AEPEeYUCAEHHbIX

meTacTabunbHbix a3 M NO3BONMNO OOHApYyXWUTb HOBYIO, paHee
HEM3BECTHYI0 \J-(hbady, MMEIOLLYI0 TETParCHanbHyl pelerky ¢

napameTtpamu a=4,500 A, c=8,199 A. Mepuctuie kpuctannbl \Y-gasb
MONHOCTBIO pacnafanuch Noj SEKTPOHHLIM MYUKOM B TEYEHNE 4 MUHYT,
ogHako gobaskn 0,05% Sr 3aMeTHO NOBbILLIANN €€ YCTOWUNBOCTbL, YTO
N03BOAMUNO nposectm u obcrosTensHoble PEHTIEHOCTPYKTYpPHbIE
UCCreAoBaHNs, NOATBEPAUBLUME BbIBOALI 3NEKTPOHHON MUKPOCKOTINN [5].

BnuaHue ANUTENbHOR BbIGEPXKA NPU Temnepa'Type 20 °C Ha
YCTOMYUBOCTL MeTacTabunbHbIX (has  3aKaneHHbix nneHok crnasa Al-
- 10,6Si ‘usyqanu B fnaGopatopuu aBTOPOB C MOMOLUBK OPUIMHANLHOW
HU3KOTEMMNEepPaTypPHON KaMepsl PEeHTreHoBCKoro audpakrometpa [OPOH-
3M. MNoka3aHo, 4TO BLIAEPKKA 3aKareHHbIX NMEHOK B Tedexue 70 muy, 48
yacoB # 144 4acoB NPUBOANT K pacnany NepechILieHHoro TBepaoro OuK
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pactsopa M MeTactabunbHO# 1] - hasbl U YMEHbLIEHUIO CTENeHu
TeTparoHanbHocT1 M - chassl [6].

HecMOoTps Ha To, YTO MMENMCh AOCTATOYHO HAAEXHbLIE JaHHbIe
no napaMeTrpaM peLllieTok MeTacTaburnbHbIX d)az' B8 cucreme Al-Si,
fonyyeHHble pasHbIMWM  aBTOpamMu, BOMPOC O CTexuoMeTpun ¢as
' OCTaBanCH OTKPbIThIM.  3TO BHI3LIBANO ONpEAeNEHHbIE COMHEHUN
OTHOCUTEIIbHO KOPPEKTHOCTYM MOCTPOEHUst AuarpaMMbl METACTEaOUMNbHBIX
(has3oBbIX paBHOBECHII B MCCReayeMol cucTeme. BaxHbit war Gbin
coenan Psaboson H.C. B nabopatopuu aeTopoB. OHa Brepsbie
npumMeHuna Ans 3TuX Leneid npsaMble M3MEPeHWs KOHLeHTpaumu Si B
cunwuuﬁublx BETBSIX 9BTEKTUIECKUX AEHAPUTOB € NOMOLLLIO BOTHOBOIO U
SHEpreTMYecKOro  CMeKkTPOMETPOB,  YCTAHOBNEHHbIX HAa  npubope
"CAMEBAKS", ¢ uenbl0 W3MEpeHUst WUHTEHCUBHOCTM PEHTTEHOBCKOro
na3ny4yeHus npu TOKe 30HAa 107107 A. PesynsTaThl
pEHreHoCnexTpanbLHoOre  MUMKpOaHasnuia COMOCTaBNSNW € [aHHbLIMM
PEHTFEHOCTPYKTYPHOTO ~ aHanu3a. YTOUHeHbl napameTpsi  PeLleTok
MeTacTabunsHbix has. HanpeHa Hoeasi TeTparoHanbHas P - cbasa ¢
napameTpamu peweTkn a= 4,487 A, c= 5160 A, c/a= 1,45 [7]
KoHueHTpaumu meracTabunbHbiXx (pas M uMX  CTEXMOMETpPUYECKUe
hopMynbl NpUBEAEHLI B Taﬁnﬁue.

Takke yTO4YHEHa BbICOKOTEMNepaTypHasi obnacTb Auarpammbl
mMeTacTabunbHeix hasoBbIX paBHOBecuit B cucteme Al-Si U HaHeceHbl

0611aCcTh roMOreHHOCTU MeTacTabunbHbix ¢as (CM. puc.).
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Tabnuua
KOHLIeHTpaLmMsa 1 CTEXMOMETPUS MeTacTabuIbHbIX NPOMEXYTOUHBIX ha3
MeracTabune-| Tun kpucrannu- CopepxaHue BeposTxasn
Hast NPOMEXY- | HECKOIN CTPYKTY- KOMMOHEHTOB, cTexuomeT-
TouHas aza pbi art.% pudeckasi
dopmyna
Al Si
X Kybuueckas 91,5-93,0 7,0-8,5 AlgSi
n pombuueckas | 82,0-85,0 | 15,0-18,0 Al,Si
© rekcaronanunas | 68,0-71,0 | 29,0-32,0 | AlSis
2 TerparoHansHas | 61,5-62,5 | 37,5-38,5 Alg>Siss
W TeTparoHansHas | 55,0-58,0 | 42,0-45,0 Al;Si,
p TeTparonansHas | 48,0-49,0 | 51,0-52,0 Al Si

KR

800 I ﬁo

400
x+M N+@ @+ N
1 L 1 ;m-'.w L w +p
Al 10 20 30 40 50 SiMac.%

Puc. MunoTeTudeckas gmarpaMMa MetactabunbHbix pasoskix

paBHosecui B cucteme Al-Si
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B3AMMOJENCTBMVE ABOWHbLIX 3BTEKTUK B CUCTEMAX
AL-Zn-Ca (Sr, Ba)

W.H.laHued®, X.M. Hazapoe®, M.M. Xakdodoe® , H.U. Manueea’

a) HeTuTyT xumumn um.B.U. Hukuruna AH PecnyGnivky TagxuKkucTaH
6) MHCTUTYT npombitinerHocTy PecnyGnukn TaaxmukucTan

r.Jywanbe, Pecny6nuka TagxnkucTaH

Juarpammei cocrosnus cuctem Al-Zn-Me (rae Me -Ca, Sr vnu
Ba) MOCTPOEHbI c npusnequﬂeM pexTreHoasoBsoro,
- autbpepeHuManbHO-TEPMUYECKOTO U MMKPOCTPYKTYPHOTO  METOA0B
uccnepnoBanmns. B cuctemax oBHapyXeHbl LECTb TPOHHbIX COEAUHEHWH
coctaBoB MeAlLZn, un MeAlZn, Haxo4AWWMXCA B paBHOBECUW MEXAY
co6oit U ¢ uHTepMeTannmgamm 6okoBbix cuctem. B obnactu 0-33,3 at.%
Ca, Sr u Ba ycraHOBReHb! cnegylolme AByxca3oBbie PaBHOBECHS: ZN-
MeAl,, MeAl,-MeZn, Zn-MeAlZn, MeAlZn-MeAl.Zn;, MeAlZn-MeZn;s,
- MeAl,Zn,-MeAly, Zn-MeAly,, yacTb us3 KOTOPbIX ABNAIOTCS
KBasnbuHapHbiMn,

Paspessi  MeAlZn-MeAlLZn,, MeZn,-MeAlZn, CaAl-CaAlZn,
CaAlZn,-CaAlL, CaAlZn-CaZns, CaZny-CaAlZn, MeAlZn-MeZnys,
MeAlLZn,-MeAl;, OTHOCATCA K CUCTEMam  3BTEKTUYECKOro  Tuna.
3BTekTudeckoe npespalyeHue B cucteme MeAl,Zn,-MeAlZn nipotekaet
no peakumm XeaMeAlZn+MeAlZn. Temnepatypa 9BTEKTMHECKOro
npeepauleHust B cuctemax MeAlZn-MeAlZn, u MeAlZn-MeZn, npu
yBenudueHun sapsaaa sgpa Ca, Sr v Ba pacrter, a B ABOWHbIX cucTeMax
MeAlZn-MeZnqs, MeAl,Zn,-MeAl; HaBniogaertcs o6parHas 3aBUCUMOCTE.
KoOpAMHATbI 3BTEKTUUECKIUX NPEBPALLEHUA NPUBEeHbl B Tabnuue.

Metannorpacuyeckuit aHanua cnnasos paspesa CaAlZn,~CaAl,
nokasan BO BCEM AMana3oHe KOHUEHTpauuit Hanuyue [BYyX CTPYKTYPHbIX
COCTABMNAWLWNX — MEPBUYHO 3aKPUCTANNMU3OBABLUNXCA MnacTud assl

CaAl,Zn, u CaAl, Ha doue aBTektukn (CaAlZn, + CaAly). Temneparypa
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3BTEKTUHECKOR TOYku coctaensier 983K, Paspesz CaZns-CaAlZn Tarke
npeacrasnsetr coboil KBasMOMHAPHYIO CUCTEMY SBTEKTUUYECKOro Tuna.
3BTEKTUKA 00pa3yeTCcsi NPU COOTHOLLEHUM KOMITOHEHTOB 46 Mon % CaZns
u 54 mon. % CaAlZn u nnasutca npu 653K (TemHas asa).
MukpocTpykTypa N09BTEKTUHECKOrO CMNaBa COLEPKWT 3epHA NepBUYHO
3akpucTannu3osasLuerocs coeguHeHnsi CaAlZn B OKPYXEHUN 3IBTEKTUKM
(CaAlZn+CaZns), a B 3a9BTEKTUUECKOM CNMaBe COCTOMT W3 MEePBUYHO
BbINABLUNX KPUCTANNOB COeAUHEHUSI CaZns U IBTEKTUKM .

Ha kpuBbIX OXnaxgaeHus BCeX UCCReOBAHHbIX CMaBoB paspesa
CaAl,—=CaAlZn obHapyxeH TennoBoit  3heKkT, CBA3aHHLIA C
HOHBApUaHTHLIM MpespatieHueM npu Ttemnepatype 1123K. Cocras
3BTEKTUHYECKON TOYKM — 51,5 at.% Al, 15,2 aT.% Zn 1 33,3 ar.% Ca.

Mertannorpaduyeckoe uccnenosanne CnnaBoB KBasubuHapHOro
paspesa CaZny~CaAlZn cBMgeTenbLCTBYET © TOM, YTO BO  BCEM
AnanasoHe KOHUEHTpAauuin CTPyKTypa COCTOMT ©3  [BYX da3 -
NepBUYHLIX KpucTannoes coeauHenun CaZnqyy n CaAlZn u aBTekTUKM,
KOTOpas UMeeT uronb4yaTylo CTPYKTypy. TemnepaTtypa HOHBAapUAHTHOro
npespaujeHun cocrasnsaet 883K, cocras asrekTvkn 32 mon.% CaAlZn u
68 mon % CaZny.

M3 u3ydeHHLIX 3BTEKTUYECKUX CMNaBOB, CAMbLIM NErkonnasKuM
ABAETCA 9BTEKTUKMIA cnnaB cocTaea: 7,6 at.%Al; 59,1 ar. % Zn u 33,3
at. %Ca, KOTOopbIiA nfasutcs npu 648 K.

PacreopvMoCTb  TpoWiHOro  uHTepmeTannuaa CaAlZn B
coeuHennn CaZn, npu 3BTEKTUKOW TemnepaType HeaHayuTenbHa, U
npononmKaeT YMEHbLLIATLCH c MOHWKeHUEM TeMneparypsi.
MukpocTpykTyph! CrinaBoB kBasubuHapHoro paspesa CaAlZn—-CaAlZn,
nogTBEPKAa0T pe3ynbTaThbl TepMU4ECKOro aHanusa. Ons
© MUKPOCTPYKTYPbl  CNNABOB  XapakTePHbl Talkke [Be  CTPYKTYpPHble
cocTaBnAlwWme - nepBuyHble BoigeneHuss CaAlZn (temHble 3epHa), nubGo
CaZn; (csetnblie nnacTuxbl) u agTekTuka (CaAlZn + CaZny).
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KoopanHaTh! HOHBAPUAHTHBIX PABHOBECUIA KBA3MOUHAPHBIX
IBTEKTUMECKUX CEYEHUI TPOMHLIX cucteM Al — Zn ~ Me

KBaanbu- CocTras 3BTEKTUKM, Temnepa

HapHas PasHosecue ar.% -Typa

cucrema HOHBapu-
aHTHOrO
paBHOBE-
cusa, K

Al Zn Me

CaAlZn- Mo« CaAlZn+ CaAlZn, | 36,4 | 36,4 | 27,2 923

CaAl,Zn,

SrAlZn- MW >« SrAlZn + SrAl,Zn, | 38,0 | 38,0 | 24,0 928

SrAlLZn,

BaAlZn - | XX >« BaAlZn+BaAl,Zn, | 38,4 | 384 | 23,2 1033

BaAl.Zn, :

CaAlZn- MW ¢ CaAlZn + CaZny; | 116 | 72,8 | 156 883

CaZnq,

SrAlZn- X >« SrAlZn+ SrZnys 216 [ 54,4 | 24,0 873

SrZnys

BaAlZn- X >« BaAlZn+BaZn; 10,0 | 76,0 | 14,0 763

BaZn,

CaAlZn- M »>¢ CaAlZn+ CaZn, 7,6 59,1 1 33,3 648

CaZn,

SrAln- X >« SrAlZn+SrZn; 52 61,5 | 33,3 653

SrZn,

BaAlZn - | XK >« BaAlZn+BaZn, 13,3 | 53,4 | 33,3 943

BaZn,

CaAlZn- X 5¢ CaAlZn+ CaAl; 51,5 | 152 | 333 | 1123

CaAl,

CaAl,Zn,- | XK »¢ CaAyZny+ CaAl; 488 248 | 26,4 983

CaAlz

©MWU.H.larues, X.M. Hazapoes, M.M. Xaxkdodos, H.W. anueea, 2000r.
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ATOMHAA CTPYKTYPA
OBTEKTUYECKUX
PACIJIABOB

ATOMIC STRUCTURE OF
EUTECTIC MELTS



-

3RTEeKTHMKa 1V

MEXXCTPYKTYPHOE PACNPEQENEHUE NPUMECHbIX

SNEMEHTOB B METAJNIMYMECKUX PACNINABAX

U.A. Hosoxamckuif’, 5.®.6enos’, B.3.Kucyrbko®, A.W.Mozopernos’
a)OITlY, r.Ogecca, Ykpauua

b)MM HAHY, r.Makeeska,YkpauHa

c)doHWLIM, r.loneux, YkpauHa

C LenbIo BbISICHEHUS npupoabl XUMUUECKON
MWUKPOHEOAHOPOAHOCTM B METANMYECKUX  KMOKOCTAX  U3Y4EeHO
rnosefeHue aromMoB BTOPOr0 KOMMIOHEHTa, BBOAWMLIX B pacnnasbl
YUCTbIX  METannos. HecopasmepHo  Gonblume  3hdhekTs 7}
CREeUMMUUHOCTL BAUSIHUA Manbix [06aBoK Ha 00beMHble CBOWCTBA
MUAKMX METANNOB, Ha HECKOMbKO ROPAAKOB MNpeBbluaioie  ux
BO3MOXHbBIE afAuTUBHbIE BKNagb!, No3BonsAwT aonyckarb
HepaBHomepHo'CTs. pacnpeaenesuss  atomos  gobGaBok  Mexay
CTPYKTYPHBIMW COCTaBMAIOLMMM | KnacTepamu W pasynopsiioueHHoi
30HOM / XMOKOCTY - SIBNEHUE BHYTPEHHeW aacopbuun B pacnnaaax.

- MexCTpyKkTypHOe pacnpeaenesue B GUHapHLIX pa3baBfieHHbIX
pacnnaBax KONMWYECTBEHHO MOXeT ObiTb 33AaHo  cheunarnbHbIM

koaduumentom /K,/ pacnpeaeneHus

(Cz) pas

(CZ)m

e (Cpas M (Con - KOHUEHTPALUUM PA3YNOPSAOYEHHOW 30HBI U
KnacTepoB XMAKOCTM cooTseTcTBeHHO. Mpu /K,/ > 1 nobaeku oTHOCHATCS
k ropocpunbHbiM, Apy /K, /<1 - k ropocpobHbIM, B cnydae /K, /=1 nobasku
ABNSAOTCA  WHAKTUBHbIMW.  JOHEpreTMdeckumu  crumynamu  Ans

pacnpeneneHuss  NMPUMECHBIX  YaCTWL  MEXOY  CTPYKTYPHbIMM
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COCTaBNAOWMMN XMAKON (Dasbl ABAAIOTCA PasNiuyus B napumanbHbIX
3HEPIUAX B3ayMOAENCTBUS PA3HOMMEHHBIX YaCcTUL, B PasynopsaoueHHo
30HE U KfiacTepax.

Paspaboranb! KONWMYECTBEHHbIE KPUTEPUW ANA onpeaeneHus
TMAA  MEeXCTPYKTYPHOro pacripeeneHnss go6aBok: N0 [JaHHbIM
ANdY3HBIX  XapakTepueTuk, Mo BenMduHaM KO3 dULMEHTOB
pacnpegeneHns pobasky B cucTeme  “kpuctann-pacnnas’ M C
ucnone3oBaHueM aguarpamm asosbix pasHoBecuil. lNMpepnonaraemele
MeToabl TecTUpoBaHusA [06aBOK K XKUOKUM KENe3y, arnoMUHNIO U Meau
AOCTaTOUHbI MPOCTLI, AAI0T XOPOLLee COBNajeHKe pe3ynbTaToB U MOTYT
6biTh MCMONBL30BaHbLl NPU aHanu3e XapakTepa pacnpefeneHust Manbix
npumecei B pacnnasax.

BbInonHeHa aKkcnepumeHTansHas npoBepka pacYeTHbLIX METO/0B
TECTUPOBaHUA MEXCTPYKTYPHOIO pacnpefeneHus rnyreM Ucnonb3oBaHus
acbcpekta MCKaXKEHUs] CTPYKTYpbl pacnnasa B MPUCTEHOUYHON 30HE
o0pa3sLos B Kanunnapax us-3a knactepHol agcopbumn. C nomoLyblo
PEHTTeHOCNEKTPanbHOre MUWKPO30OHAA B 3AKarleHHLIX M3 XMOKOro
© cocToSHUSA obpa3slax aHanusupoBanuchb pacnpegenenue ao6aeku y
CTEHOK Kanunsipa un B ero ueHtpe. CyleCTBEHHOE YyMeHbLUeHUe
KOHLeHTpauun xpomMa B obpasuyax Fe-Cr B6nu3au xanunnsipa npu
NONOXUTENLHON KNACTEPHOR afcopOuun Ha Mexda3Hoi rpaHule “Fe,-
ALO3" cBugetenscTeyeT 00 ero ropoUNbEHOCTU B XKMAKOM HKerese.
MokasaHo, 4TO € pOCTOM Temneparypol BenuuuHa adpcpekTa
MEXCTPYKTYpHOro  pacnpegenenuss ao6aBkM  yMEHbLUAETCH, 4TO
CBUAETENLCTBYEY O CYU|ECTBEHHOM pasynopsaOdeHMM pacnnasa W
Gonee pasBHOMepHOM pacnpezenexun npuMecu B o6veMe pacnnasa.

PaspaboTanbl MeToAbl  3KCNEpMMEHTanbHOro  onpeseneHus
KOHLIEHTPALMOHHDBIX rpaHuL, obnacreil TPexXCTPYKTYPHbIX pacnfnaBoB ¢
ucnonb3osaHuem asoseiX AuarpaMm U KU3OTEPM HUNKO-XUMUHECKNX

CBOWUCTB pacnnaBoB B 06nacT MamnbliX COAEPXaHUA  BTOPOro
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KOoMnoHeHTa. Bropoii MeToa anpoGupoBaH Ha pacnnasax cuctem Al-Mg,
Al-Cd, Al-Fe, Al-Sr, Al-Bi, Al-Sb (cm.Tabnuuy).

Cucrema | t'C Cs, pac. %
nov nod CpenHee 3HaueHue
Ai-Mg | 675 0,4 - -
750 0,5 0,5 0,50
825 0,6 - -
900 0,7 - -
Al-Cd 675 0,090 - -
750 0,095 0,090 0,0925
825 0,100 - -
900 0,105 - -
Al-Fe 675 0,175 - -
750 0,180 0,260 0,22
825 0,190 - ' -
900 0,195 - -
Al-Sr 750 0,055 0,065 0,060
Al-Bi 750 0,015 0,023 0,019
Al-Sb 750 0,10 0,06 0,08

YCTaHOBNEHO, 4TO Manble 106aBku BTOPOTO KOMMOHEHTa He
W3MEHSIIOT B CYLIECTBEHHOW CTEMEHW COOTHOWIEHWE OTHOCUTENbHbLIX
OONeit  CTPYKTYPHbIX — COCTaBRSIOLLMX B OKMAKMX — MeTannax -
pacTeopuTEnsx, a 3pheKT ux BAMAHUS NPOABMSETCH, B OCHOBHOM, B
BO3[EACTBUM Ha napuwaanQe CBOMCTBA CTPYKTYPHbIX COCTaBMSIOLLUX

KUAKOCTEN.
© M.A.Hbeoxamckuﬂ, B.®.Benos, B.3.Kucysbko, A.U.IMo2openos, 2000r.

6l

©Eutectica-V




sBRTerTUKaA IV

STRUCTURE AND PROPERTIES OF THE EUTECTIC Sn-Pb LIQUID
ALLOY

U.Dahlborg ®, M.Calvo-Dahiborg °, P.S.Popel ® and V.E.Sidorov °
a)L.aboratoire de Science et Génie des Matériaux Métalliques, CNRS
UMR 7584, Ecole des Mines, 54042 Nancy Cedex, France

b)Ural State Pedagogical Institute, Cosmonavtov
Ave.26,620119,Ekaterinburg, Russia

The possibility of struktural changes occurring in metallic melts has
been discussed since long time and was recently confirmed in theoretical
model calculations [1]. It was shown that after melting a
microheterogeneous melt is formed which can be considered as a
metastable non-equilibrium microsuspension of disperse particies |
enriched in one of the components, surrounded by a molten matrix of
different composition. These particles are thus inherited from the initial
material. When heating the melt to a temperature, which is characteristic
for its composition, the thermodynamic equilibrium between the particles
and the melt matrix is destroyed and the system irreversibly transforms
into a true solution state, thermodynamically stable at all above-liquidus
temperatures. This transformation may be sharp but can also take place
via several steps even in simple binary systems [2 ].

In order to get a more direct evidence of the existence of "particles"
of different sizes in molten alloys, experimental investigations of a Sn-Pb
melt have been undertaken. Because of its simple eutectic phase
diagram, Sn-Pb can be regarded as a model system from which general
conclusions on the microstructure of metallic metls may be drawn.

A series of density measurements was thus carried out on the
eutectic alloy Sn;39 Pbys ¢ [3]. The sample was melted at a temperature
considerably exceeding the eutectic point, T, .=183°C. After relaxation the
density-temperature dependence was determined on cooling. No
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peculiarities were registered for the density curve, p(T), for temperatures
down to T.. The situation completely changes after crystallization of the
sample and its remelting. On reheating the alloy, irregularities are
observed and a dissolution and branching temperature, T4 and T, , can
be defined. At temperatures higher than the dissolution point, T4 , the
values of the measured values of the density start to decrease. At
temperatures higher than the branching point, T, , the measured values
of the density agree with the ones obtained on the first cooling as well as
with those measured during subsequent thermal cycling of the melt. Ty
has been attributed to the start of the dissolution of the
microheterogeneities inherited from the initial ingot and T, to the point
where the melt has reached the state of true solution, i.e. totally mixed.
For Sn73¢Pbys 1, Ty is at about 400°C and Ty, about 750°C.

In order to get a more substantial estimation of the sizes of the
inhomogeneities, small angle neutron scattering experiments were
performed at five temperature in one cycle, during heating at 250, 350
and 650°C and during cooling at 350 and 250°C [3]. The signal is at all
temperatures quite strong and it unambiguously shows that the sample
contains "particles” with a very wide size distribution. By "particles” is
meant regions in the liquid having a different composition than the
environment. From the shape of the measured curves it is concluded that
at least two different kinds of. particles with different size distribution are
present in the melt. The total intensity can be described by a sum of two
independent contributions, below denoted "particle set (1)" (large
particles) and "particle set (2)" (small particles).The following conclusions
can be drawn:

i) The composition of particle set (1) is only slightly affected by the heat
treatment of the melt.

i) The composition of particle set (2) is unaffected by the heat treatment
but it is irreversibly changing size during the heat treatment. Assuming
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- that the particles have spherical shape the average particle radius is
decreasing from about 11A at 250°C to about 9A at 650°C. The cooling
from 650°C does not affect the particle size.

iii) The number of particles of both sets is decreasing during heating and
no recombination is taking place during the subsequent cooling.

The results confirm that molten liquid metallic alfoys during heating
undergo a number of'structural transformations ranging from an initial
microheterogeneous state to a true solution state. It is conjectured that
the observed effects would have been even more accentuated if higher
temperatures, i.e. above T,=750°C, would have been reached in the
SANS investigations.

References

1. P.S.Popei, O.A.Chikova and V.M.Matveev, High.Temp.Mat.Proc. 4
(1995) 219, and references therein.

2. P.S.Popel and V.E.Sidorov, Mat.Sci.Eng. A226-228 (1997) 237.

3. V.E.Sidorov, M.Calvo-Dahiborg, U.Dahtborg, P.S.Popel and

S.Chernoborodova, J.Mat.Sci.,in press.
© U.Dahlborg , M.Calvo-Dahiborg, P.S.Popel and V.E.Sidorov, 2000r.
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BITMAHWUE KINACTEPHOW
CTPYKTYPbl PACINJIABA HA
KUHETUKY 3BTEKTUYECKOW
KPUCTANNU3ALNN

INFLUENCE OF CLUSTER
STRUCTURE OF MELTS ON
THE KINETICS OF EUTECTIC
SOLIDIFICATION



5BTeKTHUKaA V

BNUAHWE COCTOSHUS PACIIABA HA MPOLECC
KPUCTANNMU3ALIMA CUAYMUHOB

E.E.Bapbiues, T.K.Kocmuna, I".B. TaeyHos, b.A.baym
YpansLCKuii rocy4apCTBEeHHbI TEXHUUECKUA yHuBEepcuTeT

r.EkaTepunBypr, Poccus

MpOMbILLNEHHbIE fIMTENHbIE  arnioMUHUEBbIE CNNaBbl AOGIDKHbI
obnanate  BbICOKMMMU SKCﬂnyaTauMOHHbIMM u  cneyuanbHbiMu
uamyeckumu CBONCTBaMU. M3BECTHO, YTO OAHUM U3 3(PHEKTUBHbBIX
cnocoBoB YryuLLeHNs CTPYKTYPbI U NOBbILIEHNS CBONCTB METasinu4eckux
MaTepuanoB SBISIETCA npeABapuTerbHas NOATOTOBKA WX PAcnnaBoB K
kpuctannuaauun. Ans 3Toro HeoGxoAMMO U3ydeHUe TemnepaTypHbIX
3aBUCUMOCTEN CTPYKTYPbl M (PM3WHECKMX CBOWCTB >KMAKOTO MeTanna,
B3aUMOCBSI3U CTPYKTYPbl W CBOWCTB XWUAKOr0O ¥ TBEPAOr0o COCTOSIHMA,
ripouecca Kxpuctannusaumu.

Ons  wccnepoBaWust BbIOPaHb! MPOMBILUTIEHHbIE CMNasbl Ha
OCHOBE CUCTEMbI anioMMHUA - KpeMHuuit: AIN32, AN30 u AK21,
© COOTBETCTBEHHO [09BTEKTUYECKOro, 3BTEKTUYECKOIO U 3a3BTEKTUYECKOTO
COCTABOB.,

MonuTepMbl KUHEMATUUECKOA BSI3KOCTU WM3YYEHHbIX CUMYMWNHOB
nogoBHbI M WMEIOT BUA, XaAPaKTEpHbil s aroMUHUEBBIX CIIABOB.
Harpes pacrinasa npuBOAUT K MOHOTOHHOMY CHWKEHUIO 3HA4YeHWH ero
_ BaskocTU. [lpu 9Tom He3HauMTeNnbHbIA Meperpes pacnnasa Bobllue
Temneparypbl NMMKBUAYC He AaeT ructepesuca nonurepm v(t) npu narpese
n oxnaxaenuu. [lpu yBenuyeHun nepepesa Ha  3asucumoctu v(t)
HabrmogaeTca M3noMm.  TemriepaTtypy, COOTBETCTBYIOLUYIO MNOABMEHUIO
nanoma, obo3HaumMMm kak t,1. MNocnegywouwiee oxnaxaeHue npusoauT K
BeTBreHWo nonutepm, Tlpu aTom BONU3W HEKOTOPOW TemnepaTyps,
Ha3BaHHOW 1y, BSI3KOCTb CKa4kooOpa3HO yBEnUUMBAETCA #M BNNOTb A0

| KpUcTannusauunm  UMMeeT MEeHbLuMe 3HadeHus, Yem npu  Harpese.
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AHOMANUW Ha MONUTEPMAaX BA3KOCTU M TMCTEPE3NC CBUAETENbCTBYIOT O
Hanu4yuMu CTPYKTYPHBLIX MpeBpalleHuid B xuakom  corrase. CpaBHeHue
: nonMTepM v Xuaknx cnnasos Al32, AN30 u AK21 no3sonumo BbISBUTH
TeMnepaTypHbie MWHTepBasibl CTPYKTYPHbIX MPEBpaLLeHUA B HUX NpU
Harpese (t31) U oxnaxaeHuu (t).

Flpouecc 3areepaeBaHust CANasoOB u3ydeH wmetogom [OTA.
AHanu3 nony4veHHbiX pesynbTaToB MOKasan, 4YTOo COcTaB chnfaea
onpeaenseT npouecc kpucrannusauuud. Mo xapakrepy 3arsepaeBaHus
M3y4yeHHble Cniasbl MOXHO pasaenutb Ha 2 rpynnsl. K nepeoi otHocaTcs
nosBTekTudeckuin cnnas All32 u 3assTekTudecku cnnas AK21: ko
BTOPOW rpynne — aBTekruyeckuin cnnas Af30.

pu 3aTBepaeBaHMM CNaBoOB NEPBO rpynnbl HabnoAATCA 4BA
da3oBbIX npespalleHus.  Kpuctannusaums HaumHaeTcs ¢ BblAeneHus
nepeuY4HON hasel (Ana cnnasa Al132 310 TBEpAbi pacTBOp Ha OCHOBE
anomuHua, ans cnnasa AK21 - nepBUYHLIA KPEMHUN) W 3aKaHYUBAETCH
(QOPMUPOBAHNEM 3BTEKTUKKU. CNOXHbLIA BUA MaKCuMyMa Ha kpuBbix OTA
C HanNALIBaMU KaKk Ha NpaBoM, Tak U Ha NEROI BETBAX CBUAETENLCTBYET O
(bOPMUPOBAHUN HECKOIILKUX TUMOB 3BTEKTUK. MOXKHO NpeinonoXuTe, YTo
OCHOBHOWM NUK Ha kpusow [TA apaer 3BTEKTUKA HA OCHOBE AniOMUHUSE U
KpeMHUss, a HannbiBbl — 3BTEKTMKM Ha Dase anioMuHus #u
uHTepmetanmaHeix pas (FeMnCu)sSizAlys, FeSiAls, CuAl,.

3aTBepAeBaHne CRnaBoB BTOPON FPYNMbl NPOMCXoAuT no Bonee
ApOCTOMY MexaHu3Mmy. B CBS3M C TeM, 4TO XMMWYECKWIA COCTaB Ccnnasa
AN30 6nu3oK K 3BTEKTUYECKOMY, HABMOAaeTCA TOMbKO 3BTEKTUMEcKoe
npespalieHune. Takke kak u B cnnasax AN32 n AK21, B cnnase AN30
BbIAENSEeTCA HECKONbKO TMNOB 3IBTEKTHK.

O6obujas pesynbraTel aHanu3a kpuebix OTA ans scex Tpex
CrMNaBoB OTMETUM, YTO MpeaBapuUTEnNbHbIR HarpeB pacnnaBa Bbllle ta

NpUBOAUT K CYXXEHUIO TeMNEPATYPHOro “HTEepBana Kpucrannusayun, a B
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‘ crniydae Ao- U 3a3BTEKTUHeCK1UX cnnasos c__o_npoaoxqqaeTcn yMEHbLUeHUEeM

TeMnepaTypHOro MHTEPBara BbleneHus nepeuaHoin asbl.

PaccMoTpuM, Kakum 06pa30M‘ coérosmme pacnnaea MOXer
BAMSITL HA NPOLECCH CTPYKTYpooGpasoBaHus npyU Kpuctanimsauuu,
Hanpumep, B cnnaee Af130. Cpasy nocne pacnnasnieHus B >XMAKOM
MeTanne CyWecTBYIOT  MUKPOTpYRnMpOBKW, HAacnepylolne  4eprhl
TBEpAbIX ¢has. OT0 MoryT ObiTb 0Gnactu C ONUKHUM  NOPSAAKOM,
nogoBHLIM  ANIOMUHMIO, MUKDPOTPYNNUPOBKM Ha Gase KpemHua o
uitepmeTannunos. Kpucranmmsauus cnnasa  AN30  HaumHaetcs C
BbiieneHus 5BTekTUKA. Ba3oBoil a3oii B IBTEKTUYECKOR CUCTEME
anOMUHWIA  —  KPEMHWI  SIBAAIOTCA  KPUCTansnbl  KpeMHus, U
KpucTannusauust HauyumHaeTcs ¢© oﬁpésoBaHMﬂ 3apopbiiet  KpeMHua.
MoykHO norarath, YyTC CyLUEeCTBOBaBLUME B pacnnase HepaBHOBECHLIE
MUKPOTPYNMUPOBKK KPEMHUS Npu ONpejeneHHLIX Temnepatypax (to)
SIBNAIOTCS 3apOoAbiluamMmu KPUCTannu3auuyu v MHULMNPYIOT 3BTEKTUYECKOe
npespatleHue.

C noBbllUeHMEM TemnepaTypbl Harpeea pacnrnasa Bbllie ta

MPOUCXOANT HeoBpaTUMLIA pacnaj HepasHOBECHLIX MUKPOTPYNMMPOBOK.

" Mpy NOCNEAYIOWEM OXNIENASHUN B PABHOBECHOM Pacnnase BO3HUKAIOT

MMKPOTPYNMMPOBKXA HECKOSILKO MHOTO COCTaBa, CTPOeHus u pasmepos. Kak
fipaBuno, B TakOM pacnnase (DOPMMPYIOTCS  MUKPOTPYRMUPOBKYU
MEHbLUEro pasmepa. Kpome TOro, KnacTepb! Ha OCHOBE KPeMHUsi, Tio-
BUAUMOMY, YK€ HE MOIYT HanpaMmyil0 CnyuTb  3apobiliamu
KPUCTANAM3auMM, Tak Kak MX CTPOEHWE OTNU4YAETCH OT  CTPYKTYpbI
KPUCTaNnMUeckoro KpemHusi, u Tpebyetcs nepectpoiika ux GrkHero
nopsaaka. B pesynbrare Temnepatypa 00pasoBaHusi  3BTEKTUKM
ATIOMUHUI — KPEMHUII MOHWKaeTCs, 4To M HabniopaeTcs Ha onbite.
BbiCKasaHHble NPeanonoXeHUst NPUMEHUMbI U ANS APYTUX CUIYMUHOB.

© E.E.Bapbnues, T.K.Kocrmuna, I'.B.TazyHos, B.A.BayM, 2000r.
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BIMUAHVE CTPYKTYPHbIX U3BMEHEHUIN PACTIIABA HA
NPOLIECC KPUCTANNMUSALIMKN HEKOTOPbBIX YKAPOMPOYHbIX
HUKENEBbIX CMJIABOB

- A.I. TaeyHos, E.E. baprnues, b.A. baym, T.K. KocmuHa

YpanbCckui rocyaapcTBEHHbIN TEXHUUECKNA YHUBEPCUTET
r.EkatepuHbypr, Poccus

BawHblii  pe3epB  ynydweHusi  cAyXeDOHbiX  XapakTepucTuk
KAPONPOYHbLIX HUKENEBLIX CNABOB 3aN0XKEH B IOATOTOBKE UX pacrnsiaBos
K npoL;eccy KkpucTannusauuu. WM3BecTHO, 4TO 4Yem Bbile CTeneHb
paBHOBECHOCTM pacnnaega nepeg KpucTannuaauyuein, Tem Bbille U
ctabunbHee KavyecTBO NUTLIX udgenui. Llenbio Hacroswen pabothl
ABNSIETCA U3ydeHMe BRWSAHWA TeMnepatypHoii o6pabotku pacnnasa Ha
NPOLIeCcC KpUCTaNIU3aLmUn XaponpodHbix cnnasos XKC36 u XKCBY.

Panee B Hawwux pabotax [1,2] Obinu u3yveHbl TeMNepaTypHble
3aBMCUMOCTU (bu3nuecknx CBOWCTB cnnasoB KC36 n XKC6Y B xuakom
" COCTOSHMM U onpegerneHbl TeMnepaTypHble WHTepBanbl nepexoaa
pacnnasoB B TOMOTEHHOE W MUKPOOAHOpPOAHOE cocTosiHMe. [ns cnnaea
MC36 arot uHTepsan 6bin (1550-1 800)°C, a pna cnnaea XC6Y-(1450-
1670)°C '

MeTtoagom avddbeperumanbHoro TEPMUYECKOTO aHanusa
U3y4yanoch BIIMAHWE COCTOAHUS pacnnaBoB UCCHEAYEMbIX XKapPONPOUYHbIX
HUKENEBbLIX CAMAaBOB HA NPOLECC UX KPUCTanmnu3auum v Temnepartypbl
thazoBbix npespaweHuit. AHanu3 [TA-kpuBbIX oxnaxaeHua obpasuos
cnnaso YKC36 u XKCBY, HarpeTbiX B XMAKOM COCTOSIHUM OO0 pPasHbiX
TeMneparyp, nNO3BONAET YCTaHOBUTL TemnepaTypy fAuKBuayc (tL,OC),
TeMnepaTypbl Hayana obpasosaHus kapbugos TMna MC (tMC,OC) "
3BTEKTUKM HA OcHoBe v+ (t, °C), Témneparypy commayc (ts,°C)
TeMmnepatypy Havyana BblAeneHusa BTOPUYHOR y'-hasbl (tsow,OC).

Ha puc.1A nokasaHbl 3aBucumocty i, t,, ts, tsoy OT TEMnepaTypsl
MaKCUMAanbHOrO HarpeBa pacnnaBa (tya, C) cnnasa >KC36. Cnepyert

68
©Eutectica-V




ey

3BTEeKTHUKA V

- t
1300 ts ~ H——'\\.\//.
t

3aMeTUTb, Y4TO MpY TEMNEPATYPE MaKkCUMarbHOIO Harpesa pacnnaea,

. KOTOpas COOTBETCTBYET TEMMepaType KOHLa MpeBpalleHui B KULKOM

COCTOSIHMM, (DUKCUPYETCA MaKCUMyM nepeoxnawaenus, Haubonee
HU3KWe 3Ha4YeHus TeMmnepartyp JIMKBUAyc U conuayc w MUHUMANbHBIA
TeMnepaTypHbiil MHTepBan KpucTannuaaumm.

Kpome TOro, nocne Harpesa pacnrnasa B UHTEpBan temnepatyp
(1 550-1800)°C, Ha kpuBoi [TA npu nocneayiowen KpUcTannusauum He
oBHapy¥eH Tepmudeckuil adpekT, CBA3AHHLIR C  3IBTEKTUYECKOM
peakuuei. Ecnu e Harpes pacnfiasa He coBnajan ¢ TeMnepaTypHbiM
[OWAnNasoHoM MpeBpAaLLEHU, TO TemnepaTypa BblJeneHus 3BTEKTUKM Ha
AOTA-kpuBo# chukcupoeanacb. 3TO MNOATBEPXKIAET MPEANONoXKeHus,
BbIIBUHYTHLIE Hamu paxee [1,2], 0 TOM, YTO Harpee A0 3TUX Temneparyp
nepeBoAUT pacnnas B romdreHHoe, MUKPOOZAHOPOAHOE, PaBHOBECHOE
cocTosiHue. 3TO NPUBOAWT K MOHWKEHWIO TEeMNepatypbi nukeuayca
crnasa, YMEHbLUEHMIO WHTEpBana KpuUCTannu3auuu, a TaKke
NOBbILLEHUIO cTeneHu nepeoxnaxgaeHus pacnnasa nepea

KpucTannmaauuei.

t W tuc
1300

tsoLy

1200 .
| ! | i

12001 4
1500 1600 1700 1800 taaxC M tooy

1 | 1 Il 1
1400 1500 1600 1700 1800 tmax-C

Puc.1.. Bnuaune temneparypbl MakCUMarnbHOro Harpesa
pacnnasa Ha Temnepatypbl (hasoBbiX MpeBpalleHuid npu
KPUCTannn3auuu M3ydaembix XKaponpouHbixX cnnasos, A —
MWC36; b -~ XKCBY.
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PaccMoTpuM  BMUAHME TeMmrepatypsl Harpesa pacnnasa  Ha
U3MEHEHMe napameTpoB Kpuctannusauuum crnnasa XC6Y. MoBbiteHne
TeMmnepaTypol Harpeea pacnnasa nNpaKTUMECKM He W3MEHSIeT ero
NEPEOXNDKAEHNA NPU KPUCTANNM3aLuu. Bmecte ¢ Tem, yBenuuenme ty.,
MOCTENEHHO CYXAeT MHTepBan Kpucrannusauun 3a CHeT HEKOTOpOro
- NOBbILUEHUS TeMnepaTypbl conuayc (puc.16). Mpu Harpese pacnnaea fo
TeMmneparypbl OKOHY@HUS CTPYKTYPHbIX TMpeBpallieHui B KUOKOM
COCTOSIHUM  DUKCUPYETCH MUHMManbHbLIA WMHTEpBan KpUCTannMaauuu.
HanbHeiuiee yBenuueHne TeMOepaTypbl MakCUMarnkLHOro Harpesa
pacnfnasa yXe He u3sMeHseT ero. Takke nocne Harpesa A0 9TON
TeMnepaTtypbl  MOBLILLIAETCA  Temneparypa Havana oGpa3osaHus
IBTETUKM, @ TeMnepaTypa Havana BbiAesieHust kKapOuioB MakcUMarnobHo
npudbnmxeHa K t,,

Takum 06pasom nNokasaHo, YTO NOBLILIEHNE TeMinepaTypbl Harpesa
pacnnasoB XaponpoyHbIX HUKENEBLIX CMITABOB MPUBOAUT K YBEINUUYEHUIO
BEMUYMHBLL MX  NEPeoXNaX4eHus Mpu  KpuUcTaniusauuu, npu  STOM
yMeHbLIaeTca  Temnepatypa  NMKBUAYC, cyxaetcs uHTepBan
KpUcTannu3aumMn W MOBLILAETCH TeMmnepatypa BblgefieHnss OCHOBHON
ynpounsiowen y'- dasbl. MakcumanbHoe nepeoxnaxaeHue, Hanbonee
Hu3kas  Temnepatypa NWKBMOAYC WM CaMblit  Y3KMW  MHTepBan
KpucTannusauuy BO3HWUKAIOT NPU 3aTBEpAeBaHuW, ecr pacnnaB 6win
npeaBapuTensbHO HarpeT A0 TEMNEpaTyp KOHUA CTPYKTYPHBIX U3MEHEHUN
U nepeg  Hayanom  Kpucrannusauuu  WMMEen  paBHOBECHOE M
MUKPOOLAHOPOAHOE GOCTOSIHUE, YTO B Haunyuile#d creneHn noenuano Ha
X0/ npouecca 3aTBepAeBaHus MeTarna.
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B3AMMOCBA3b CTPYKTYPHOIO COCTOAHNUA TBEPLLIX 1
XUOKUX CMNABOB Al-Co

E. B. PoxuyuHa®, O. A. Yukosa®, 1. C. Monens®, Y. T. Bpodoea”
a) YpanbCkuii roCyapCTBEHHbIN NEeAarorM4eckuit yHuBepeuTer
r.ExatepunOypr, Poccus.

b) Ypanbckoe otgeneHue PAH, uHCTUTYT chu3nku meTannos

r.Ekatepunbypr, Poccus.

WHtepec wuccnegosatenei# Kk cnrasam cuctemel Al-Co ¢
cocTaBoM 6nmskum K aeTekTuyeckomy - Al-1Bec.%Co obbAacHAeTCs uX
BO3pacTaloLleit TEXHUYECKOW 3HAUUMOCTLI0. VI3BECTHO, Hanpumep, 4TO
BBEEHUE B anioMuHuil kobansTa MOBLILLAET NPOYHOCTL U YNPYTOCTb
cnnasoB. [ns  onpefeneHus  ONTUMAnNbLHOTO  PEXUMa  BbiMNIaBku
yKasaHHbIX PacnnaBoB akTyansHa WHpopMauust 0  CTPYKTYPHOM
COCTOSTHUU XUAKOTO U TBepuoro MeTanna n ux B3aMMOCBS3N.

ABTOpamMu Hacrosigeit pafoTbl B KayecTtBe  CTPYKTYPHO-
quTBMfeanoﬁ xapakrepuctuku pannasos Al-Co BbiOpaHa BA3KOCTb.
MpoBEeAEHO BWUCKO3UMETPUYECKOE MUCCNeaoBaHue JKWOKWUX ChiaBoB
cuctemst Al-Co ¢ cogepxanvem Co 0,2; 0,5; 0,7; 1,0; 2,0;5,0;7,0 u 10,0
BeC.%, a .TakKe M3ydeHue BIMAHWA neperpesa pacnniasa Ha
MUKPOCTPYKTYPY NMUTOro Metanna.

Bs3KkOCTb U3MepsAnacb MEeTOAOM  3aTyxalowWuxX KPYTUNbHBIX
koneGaHuit TUINA C pacnnasoM B pexuMe HarpeBa W MOCNeAYHOLIero
" oxnaxgaenus obpaslos. Bce onbIThl MPOBOAUNUCH NPY PA3PEXEHUN HIKE
1 TMa. Cnnasbl NpeABapuTENbHO rOTOBMIIUCEL MyTEM nieperpeea Haj
NUKBUOYCOM Ha 100-150°C B MHAYKUMOHHON neun. MCXOAHBIMM
marepuanamy npy LUMXTOBKE CRY>XUMM anioMUHUA mapku A-999 u
kobanbT mapku K-0 ¢ coaepwaHueMm OCHOBHOTO KOMMoHeHta 99,98%.
HenocpeacTBEHHO Mepes U3MepeHuem BA3KOCTW B ycTaHoBke obpasey
Harpesanca Ao 900°C C Uenblo yaaneHuMs OKCUAHOW  AneHku.
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VisoTepMuyeckme BbIREPXKKM B TOMKaxX OTCHETa COCTaBNANu He MmeHee 30
MUHYT. CriyyaiHas norpeLHocTs ONpeaereHns BA3KOCTU He npesbiiliana
3%.

CpasHutenbHein MeTannorpacMueckuit aHanms MUKPOCTPYKTYp
NPOBOAWICS  TPAgULMOHHLIMW  MeTogamu. BnusHue Temneparypsi
Harpeea pacnnaBa Ha CTPYKTYpy Teepao# hasbl Obifio M3yyYyeHo Ha
npumepe Tpex o6pasLoB, UMEIOLLINX pasHbIe XuMUYeCKe coctassl — 0,5;
1,0 u 10 Bec.% CO W OTHOCAWMXCA K CRnaBaM [03BTEKTUYECKOTO,
9BTEKTUYECKOr0 K 333BTEKTUYECKOrO0 TWUMOB, COOTBETCTBEHHO. Bce
‘ o06pa3upl 66INK 3aKpPUCTanNU30BaHbI NPY OLHO| CKOPOCTH OXNAMKAEHUs —
B TWUMMe BWCKO3UMETpa, TemnepaTtypa HarpeBa pacniasa CoOCTaefsAna
t+100°C u t,+1100°C.

B pesynstate BMCKO3MMETpMYECKOro uccneposaxus  Al-Co
oGHapY)X€HO BETBfIEHWE NOAWTEPM Harpesa M oxnaxiaewus Aand
obpasLoB A03BTEKTUYECKUX COCTaBoB. Hayano BbICOXOTEMNepaTypHOro
COBNAJaOLWEero yyacTtka nosuTepm OTBEYaeT WHTEPBany TeMmnepartyp
980°-1000°C. OtTMeueH u3NOM Ha TEMMEPATYPHbIX 3aBUCUMOCTSIX
BA3KOCTU PACMNNABOB 9BTEKTUYECKOTO M 333BTEKTUUECKUX COCTaBOB,
COOTBETCTBYIOLMA YBEMUYEHWIO NpPUMEPHO B [Ba pasa  sHepruu
aKTVBALMM BS3KOTrO TeueHus B6nusu 950° C.

BnuaHue neperpesa pacnnaBa Ha CTpyKTypooOpasoBaHue
u3ydeHHbix 06pa3LoB oOHapyeHo Ha [OIBTEKTUYECKOM cocrase. B
YacTHOCTH, nocne neperpesa YMEHLLUKUIIOCH KONM4ecTBO
fICEBAOMNEPBUMHBIX KPUCTANMOB amoMuHuaa KobanbTa nUKBALWMOHHOTO
APOUCXOXAEHUsSt U cTana Gonee AMCAEPCHOW CTPYKTypa 9BTEKTUkU. B
CTPYKTYpPax ChNaBOB 3BTEKTUYECKOT0 M 333BTEKTUMECKOr0 COCTaBOB
U3MEHEHUN npakTUYecKn He oBHapyxeHo. OTMEYEHO NULLIL, YTO nocne
neperpesa 6Oonee npeanoyTUTensHon hoOpMON pocTa  KPUCTarinos

amoMuHnaa kobansTa CTaHOBUTCA OKpyrniast hopMa, a camMu KpUCTanmbi
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npuoBpeTaloT AeeKTHOE CTPOSHUE N COAEPXAT MHOXKECTBO TPELUH U
nop. '

ABTOpbl  OBGCYXA@I0T NOMyYeHHbIE pesyNbTarbl € NO3ULuM
KONMOWAHOW MOAENM  MUKPOreTepOr€HHOro  CTPOEHWA  pacnnaBoB.
COrnacHo 3TUM MpefCcTaBNeHnsM, Npy NnaBneHuy 4ByxctasHoro cnmrka
obpasyeTcs pacnnas, COCTOSWMA U3 OUCTEPCHbIX 4acTull #
LMCMEPCUOHHON CPeabl PasNUUHbIX XUMUHECKUx coctasoB. CornacHo
craburnbHOM anarpaMme cocTosiius cuctembe! Al-Co ripu nnaeneHmm
" M3y4eHHbIX 06pasLioB 3TH a3kl 06pa3yloTCs Kak Ha OCHOBE NEPBUYHBIX U
IBTEKTUYECKMX  KpUCTanmnoe  anbda-asebl, Tak W HAa  OCHOBE
uHtepmerannmaa AlgCo,. B nonb3y 3Toi runoTessi CBUAETENbCTBYHOT
MHOFOYUCINEHHBIE SKCMEPUMEHTANBHLIE JaHHLIE N0 TEPMOAUHAMUYECKUM
CBOMCTBAM, MIOTHOCTM, BSI3KOCTM W TOBEPXHOCTHOMY  HaTSKEeHUIo
pacnnasoB CUCTEMbI Al-Co. BeTBneHue nonuTepM BA3KOCTW B ONbITax ¢
pacnnaBamm 403BTEKTUYECKMX COCTABOB MOXHO CBSI3aThb C HeoBpaTUMbIM
paspyLUeHMeM  [AMCMepCHbIX qacmu; 06pa3oBaHHbiX Ha OCHOBE
nepsUYHbIX KpucTannos anbda-chassl. B pesynetare 3TOro npouecca,
No-BMOMMOMY, BO3POCNO NepeoxnaxieHue Ha (poHTe kpucTannusauuu,
yYTo M MPUBENO K YKA3aHHbIM BLILIE M3MEHEHUSM FTATOM CTPYKTYpbI.
MarioMb! Ha nonuTepMax BSA3KOCTH, - OTMeYeHHble BOMM3N  TOUKM
nnaéneHwﬂ MHepMeTannMué AlgCo, B >OﬂbITaX ¢ obpasyamu
9BTEKTUMECKOTO 1 3a3BTEKTUYECKOr0  COCTaBOB, NpU  OTCYTCTBUMM
BETBNIEHNS KPUBLIX Harpesa W OXNaXEeHus MoryT GbiTh  BbI3BAHb!
06paTUMBIMW  CTPYKTYPHBIMU  N3MEHEHUAMMY, NPOMCXOAALLMMK  NPU
HarbeBev C dacruuyamm, 6nm3KMMM no cocrasy K yxasaHHo_My
uHTEpMETANNUAY. Bcne,ncﬁwé nx ofpatumocTu He Habnoaaercs
paanuquﬁ MMWKPOCTPYKTYp 0Gpa3iioB 3BTEKTUYECKOTO U 3a3BTEKTUYECKUX

COCTaBOB, BbIMJIaBJiEeHHbIX NMPU pasfIM4HOM reperpeee Hag JIMKBUAYCOM.
©E. B. Poxuuuna, O. A. Hukosa, I1. C. lTonens, Y. I'. Bpodoea, 2000r.
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ANOMALIES OF MECHANICAL AND PHYSICAL PROPERTIES OF

Feg:Bs; EUTECTIC AMORPHOUS ALLOY CAUSED BY SPECIAL

ELECTRONIC AND ATOMIC STRUCTURES OF ITS NANOCLUSTERS

V. Bengus °, A. Beznosov °, V. Desnenko °, P. Duhaj ®, V. Eremenko 2,

" E. Fertman ? E. Tabachnikova °

a) B. Verkin Inst. for Low Temperature Physics & Engineering of NASU,
Kharkov, 61164, Ukraine

b) Institute of Physics of SAS, 84228, Bratislava, Slovakia

INTRODUCTION

The main property of an eutectic melt - its least temperature of
solidification in comparison with nearby compositions - evidences the
maxmum stability of liquid state of eutectic alloys regarding
crystallization. In the framework of notions on tetrahedrally coordinated
nanoclusters of metallic melts [1, 2] this indicates the highest average
binding energy per atom of eutectic nanoclusters in comparison with
noneutectic ones [3] and must result in extremum in “composition-
properties” plots at the eutectic composition [4]. Such extremum have
been really detected, e.g. for the Fe-B melt [3, 5].

Knowledge of the atomic structure and properties of tetrahedrally
coordinated eutectic nanoclusters is of a key importance for the further
development of materials science and physics of eutectic alloys. Such
knowledge couid be obtained experimentally by the study of atomic
structure not only of a liquid state but also of amorphous alloys which
inherit nanoclusters of the melt under its rapid quenching [6]. But existing
methods of the structural analysis give mainly averaged information
(radial distribution functions) about structure of non-crystalline solids and
so far are ineffective for establishing precise atomic structure of
nanoclusters in amorphous alloys [7].

_ At the same time according to the hypothesis of W. Hume-
Rothery and E. Anderson eutectic nanoclusters in binary metallic alloys
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are noncrystalline aggregateé of icosahedra that have been effectively
explained definiteness of compositions of liquid binary eutectics in nature
[8l. Indirect information about atomic structures of these eutectic
tetrahedrally coordinated nanoclusters can be obtained from the analysis
of “composition-properties” diagrams of amorphous alloys that may give
criteria [9] for choosing probable geometric models of the nanoclusters. it
is worth noting that similar to the best stability of eutectic melts regarding
crystallization under cooling, eutectic amorphous alloys has the best
stability regarding the crystallization under heating (e.g. in the Fe-B
amorphous alloys it is evidenced by measurements both of the
crystallization temperature [10] and of the activation energy [11]).

This paper up-dates anomalies of mechanical and physical
properties of the FegsB4; eutectic amorphous alloy considered to be a
consequence of the highest binding energy per atom of its nanoclusters
(and the most disordered intercluster boundaries [12]) and demonstrates
new observations of the anomalies in the Fe-B amorphous alloy system
at the eutectic composition which evidence the most stability of atomic
and electronic structures of nanoclusters in the FegBy; eutectic
amorphous alloy.

MATERIALS AND METHODS

FeiosBx (X = 14, 16, 17, 20) amorphous alloys were
manufactured by planar flow casting [13] as 6 mm width ribbons with
nearly 30 um  thickness. _Concentration dependences of numerous
properties of these ribbons were studied: the critical shear stress o; in
tension - according to the methods described in [13], low temperature
thermal expansion o (according the method described in [14]), light (sp)
~ conduction electrons density n, (was obtained from the measurement of
surface and volume energy-loss functions Lg, in the three-parameter
Drude model through the Eq. (1) for plasma frequency w,

no=ma’/4ne, 1)
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m, e - the electron mass and charge accordingly) - with an optical ellipso-
metry technique (in the spectral range 0.5-4.2 eV) for chemically polished
(just before optical study) ribbon surfaces [9], saturation magnetization M,
and g-factor - from the ferromagnetic resonance measurements [13],
initial and maximum magnetic permeabilities 4, and um., effective
magnetic susceptibility y, and the stress sensitivity of some magnetic
characteristics under uniaxial tension and compression (in an elastic
region) were measured by the pulse-induction technique or with the
SQUID magnetometer [15].

EXPERIMENTAL RESULTS

Concentration dependences of some studied properties of the Fe 0By
amorphous alloys are shown in Figures 1 - 2. It can be seen that the
lowest values of the critical shear stress or , sp-conduction electrons
density ny (calculated from ellipsometry measured plasma frequency w,)
and the Lahde factor g, of spectroscopic splitting are obtained for the
eutectic amorphous alloy FegBi; (x = 17). Average derivatives of
magnetic remanenc B, and effective dc susceptibility y with respect to a
tension stress o or a compression pressure P are shown in Figures 3 - 4
. for different compositions, temperatures and elastic stresses. 1t can be
seen that the eutectic composition FegsBs; has the lowest values of
,{1 diny/dP at 30, 70, 100 K (and practically at all studied temperatures)
and AB, /Ac (at 300 K) and is the least sensitive to changes in
temperature and stress. Also it has the lowest thermal expansion
coefficient ¢, initial 4, and maximum g, magnetic permeabilities, and
saturation magnetisation M [15, 17].
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DISCUSSION OF RESULTS

Data of present paper (Fig. 1-4) show that all up today measured
physical properties of the FegB4; eutectic amorphous alloy (including
recent microhardness measurements [18]) demonstrate anomalies
(singularities). Existence of these anomalies had been explained by a
supposition about the most stability of nanoclusters of the eutectic
composition which were supposed to have the highest average binding
energy per atom [12, 14].

Such a supposition is firstly corroborated experimentally in the present
paper due to measuring of the stress sensitivity of B, and y (Fig. 3 and 4).
We can see that the eutectic amorphous alloy has the least changing of
magnetic properties under the stress application or lowering the
temperature. This indicates evidently on the most stiffness of
nanoclusters of the eutectic amorphous alloy in comparison with nearby
noneutectic ones. ,

The least density of sp-conducting electrons in the eutectic amorphous
alloy (Fig. 2) correlates well with this conclusion since more electrons
must occupy localized 3d - shells of Fe-ions for intensifying their covalent
bonding with boron for increasing the stiffness of icosahedrai
nanoclusters of the eutectic alloy. Thus, electronic structure of the Feg:By;
nanoclusters can be characterised quantitatively by the n, = 0.67 sp-
conducting electron density (though the atomic structure of these
nanoclusters still waits for its solving).

According to the polycluster model of amorphous solids [19]
intercluster boundaries offer a lower resistance to plastic shear as
compared to that in the bulk of the clusters. This resistance to plastic
shear is mainly determined by the atomic structure of intercluster
boundaries [13], namely, by the concentration ¢, of coinciding sites at
these boundaries and by the distribution of local critical shear stresses o,
at these sites due to internal stresses. The smaller the number of
coinciding sites at the boundary between clusters, the smaller the
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resistance offered by the boundary to plastic shear along it. Figure 5
shows schematically a two-dimensional polycluster with an intercluster
boundary containing coinciding and noncoinciding sites of two
neighbouring locally regular clusters as well as the corresponding
potential relief along the intercluster boundary [13]. Non-coincident sites
are evidently carriers of plastic deformation (a kind of analogs of mobile
dislocations in crystals) moving along intercluster boundaries under the
action of shear stresses.

The critical stress o, of plastic shear along an intercluster
boundary in the absence of thermally activated rearrangements is
defined as follows [13, 20]):

op=(<0e>-0:/2) Cc , @
where <o.> is the average local
critical stress at coinciding sites on the
intercluster boundary, 3./ 2 is the half-
width of the distribution of the values
of ., and ¢, is the concentration of
coinciding sites at the intercluster
boundary. o, is close to the critical
stress of for the catastrophic plastic

shear o, ~ or and it is assumed that it

=

as the same concentration

dependence as ;. Values of ¢, still

cannot be measured experimentally by
direct methods of high-resolution
Fig. 5. Scheme of two- electron microscopy or ion-field

dimensional polycluster with the ™Microscopy. Therefore it is interesting
intercluster boundary (signed by to estimate a ratio of concentrations of

potential  relief  along  the boundaries of amorphous alloys of the

intercluster boundary (b) [13].
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eutectic and nearby compositions. Let us denote by opmi" . S and
c™ the quantities appearing in (2) for the eutectic composition and by

X max max
Gp ", Goer and e

the same quantities for the nearby compositions.
It can be shown [13, 20] that
CCmin / Ccmax < (Gpmin /Gpmax) (3)

gives an upper estimate of the relative decrease in the fraction of
coinciding sites ¢,™" / ¢, owing to the formation of eutectic (“strong”)
nanoclusters. Estimating of this value from Fig. 1 for FeigosBy
amorphous alloys of eutectic and nearby compositions gives 0.9.
Consequently, intercluster boundaries in amorphous alloys of the eutectic
composition contain approximately 10% lower number of coinciding sites
than amorphous alloys of nearby compositions. This difference in atomic
structure of intercluster boundaries gives a microscopic explanation of the
critical stress singularity of the eutectic amorphous alloy.

Thus, the FegsB4; eutectic amorphous alloy not only posses anomalies
of a number of physical and mechanical properties but also exhibits the
most stability relative to the elastic stress application and temperature
lowering (down to 10 K). This is considered as an indication of the most
stability of atomic and electronic structures of its nanoclusters. Such
properties correlate well with the smallest viscosity of eutectic melts [5],
smallest surface tension etc. The least sp-conducting electron density
(0.67) and the 10% smaller number of coinciding atomic sites at
intercluster boundaries in this amorphous alloy (than in nearby alloys) can
be considered as quantitative characteristics for selecting probable
geometric atomic models of eutectic nanoclusters.
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AHOMAIBHOE NEPEOXNAXOEHUE 3BTEKTUUYECKOM
XKNAKOCTU B CITNTABAX HE3SBTEKTUYECKOI'O COCTABA
B CUCTEME PTYTb-TENNYP

B.M.Ina3sos, J1.M.Masnosa

MHCTUTYT 3NEKTPOHHOMN TEXHUKM (TEXHUYECKUIA YHUBEPCUTET)

r. Mocksa, Poceus

AuarpaMma COCTOSIHMSE CUCTEeMbl PTYTb-TeNllyp A0 HacTosiLLero
BpeMeHu usyveHa B psge pabor (cm. obG3op [1]). Pesynbrarthl 9THX
ncecnezoBannii B npegenax owmBoK aKCnepMMeHTa A0CTaTOMHO XOPOLLO
cornacyiotcs mexay cobow. OgHako aTv pesynbtaThl [1] Haxoasitcsi B
NPoOTUBOPEYUK C JAaHHLIMU paﬁom [2], B koTopoi npwu Temnepatype
664+2K oOHapyxeHO MoOHoTekTudeckoe TpexcdasHoe paBHOBECUE W
‘ coomefcrsyroman eMy oGnactb paccnamMBaHusi XUOKMX PacTBOpPOB B
nHTEpBane KoHueHTpauui ot 0.528 po 0.555 aTtomHbIX fgonein Tennypa.
YuutbiBasi NpOTUBOPEUUBOCTE MMEIOLMXCA pesynbTatoB O XapakTepe
thasosbix pasHoBecwit B cucteme Hg-Te, Mbl pewUnM  NPOBECTH
AONORHUTENLHOS UCCNEAOBAHUE ANArPaMMbl COCTOSIHUS 3TOW CUCTEMBI C
UCAONbL30BaHMEM COBPEMEHHBLIX METOA0B (PU3NKO-XMMUYECKOro aHanunaa.
Ha HeoOxoauMocTb uccnenosaHun ¢asoBbIX PABHOBECWIA B  STOW
| cuCTeMe YKasbiBAT Tawke pesynbTatel paboTel [3], B KOTOPO
NpoBeAeHO COrfacoBaHWe TepMOAMHAMUMECKMX CBOWCTB  KUOKUX
pacteopoB Hg-Te ¢ AaHHbIMU O (ha30BLIX PABHOBECUAX M 0OHAPYKEHO
Hanuyne YEeTKO BbIPAXKEHHOIO MUHUMYMAa Ha KPUBLIX KOHLIEHTPaLUOHHOI
3aBUCUMOCTM  M3OLITOMHOA 3HTanNLNUM U U3OLITOYHOW  BHTPOMMU
cMmelleHa Ha cocrase 60 ar.% Tennypa, YTO HABOAMT HAa MbICHbL O
BO3MOXHOCTU CYLLECTBOBaHMA accoumara Hg,Te;. [na pelueHus
MOCTaBMNEHHOW 3aaa4n Obliv  NpUroTOBNEHB! CNNaBbl B Npejenax
yacTHoi cuctembl HgTe-Te. [ina npuroToBNeHWs cniapos UCNOMNb3oBanNu

TENnypua  PTYTH, 3apaHee CUHTE3UPOBaHHbLIi M3  MaTepuanos
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| NONyNpPOBOAHMKOBOA YMCTOThI (C CoflepKaHUEM fipuMecen He 6onbLue,
uem 10°% o macce ) u TOT xe Tennyp.

MaroToBneHHble cnnasbl  ObiMM  MccnenoBaHbl  METOAaMU
MMWKPOCTPYKTYPHOTO, PEHTFEHOCTPYKTYPHOr0 W TEepMUYEeCKOro aHanusa.
PaccMoTpeHMe NoMyveHHbiX CANaBoB MOA MUKPOCKONOM MoKasasno B
obwemM Ty Xe KapTuHy hasoBbiX PaBHOBECUW, KoTopas cnepyet u3
aHanusa a3oBoit Auarpammel, npuseaeHHon 8 [1].

B cnnase, coaepxauieM 60 ar.% vennypa, OTYETNMBO BU[HBI
NepBUYHbIE KPUCTANIb TEMYPUAA PTYTU W BLIAENEHNS 3BTEKTUYECKOM
CTPYKTYpHO# cocTasnsioyeil. B cnnase, coaepxaluem 88 ar.% tennypa
(NpeanonoOXuTensHO — 3BTEKTUYECKOM),  3BTEKTUYECKas  CTPYKTypHas
cocrasnAlowan 3aHMmaeT NPakTU4eckn Bce None 3peHust B MUKpoOCKone.
OAHAKO NO rpaHuLliam 9BTEKTUYECKUX KOTMOHUW  BUAHBI  TOHKUE
BbiENEeHUst, NO-BUAUMOMY, CYAs NO OKPAacKe, TeNnypuaa pryTu, KoTopble
NPUCYTCTBYIOT BBMAY HETOYHOrO MONafaHua 3TOre cnnaesa B COCTaB
aBTekTHKM. Hakowen, B cnnase, cogepxaiemM 93 ar.% Tennypa
(3a3BTEKTUYECKOM), BUHLI NEPBUYHbIE KPUCTarubi TBEPAOTO pacTeopa
Ha OCHOBE Ternnypa 1 Ta Xe 3BTEKTUYECKasa CTPYKTYPHas cocTaBnsatolas.
* PeHTreHoa3oBblil aHanu3 B 06LEM NOATBEPKAAET ONUCAHHYIO KapTUHY
a3oBbIX paBHOBecMA B uJacTHoW cucteme HgTe - Te. M
npoaHanusaypoBany COCTaB NEPBUYHLIX KPUCTANMOB W IBTEKTUUECKUX
BblAEMNEHUA B CNNaBax pasfiyyHOro cocraBa METOAOM PEHTIeHOBCKOro

BHEPrOAUCTIEPCUOHHOT0 aHanmaa'. COCTaB -MEPBUYHBIX  KPUCTAnfoB

tennypuaa prytu konebancsa 8 npeaenax 0.5 at.% Te, 4To MOXeT BbITh
CBA3AHO C MEPEMEHHOW pacTBOPUMOCTHIO Tennypa B COEQUHEHWMM, a
taKke ¢ oumbkamyu skcriepumenta. CocTas 3BTEKTUKM OT cnnasBa K
cnnasy NPakTU4ECKN HE u3meHanca. OAHaKo pesynbTaTbl TEPMUYECKOFo

1 MiccrienoBaHna cocTaBos OTAENbHLIX CTPYKTYPHLIX COCTaBNAOLUX NPOBOAKIMK
Ha annapaType SEM-515 cupmbl Philips ¢ npuctaskoi LINK-AN-100.
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aHanuM3a npuMBEnKM K BbiBoAAM, O KOTOPbLIX B NUTEpaType HWYEero He
coobwanoce.

Tepmudeckuin  aHanus  MpPOBOAMIICA C  MCNOMb30BaHUEM
NEeKTPOHHOW annapartypbl, NO3BONAIOLLER UMETb CTPOro 3afjaHHbIf Xoz
U3MEHEHUA Temneparypbl BO BPEMEHH, ¥ yoUnuTens CurHana,
nofasaeMoro 0T AartduKka TeMnepaTypbl, YTO NO3BOMSANO CYUIECTBEHHO
NOBLICUTL UYYBCTBUTENBLHOCTL MeToga. Mcnonb3oBanuch  XpoMeEsb-
anioMenesbie TepMmonapel. 3anuck TepMOrpaMM NPOU3BOAMNACL Ha
ABYXNEPLEBOM caMonuwyliemM npubope B KoopauHaTax Temneparypa-
BPEMS U Pa3HOCTb Temnepatyp obpasya v atanoHa - BpemMs. B kayecTee
- gTanoHa MCcnonbL3oBanu okcua anioMuHus (AlLbOs;) BBLICOKONR CTeneHu
YUCTOThI.

Ha KpuBbIX OXNaXAEHUs!, CHUMABLUUXCA npu ckopocTu 3-4 K/MuH,
3acbuKkCUpOBAHO ABa TENNOBbIX 3heKTa - NepBbiit OTBEYAET NEPBUYHON
KpucTannusauum Tennypuiaa prym nubo TBepaoro pactBopa Ha OCHOBE
Tennypa. 3t adeKTbl NPaKTUYEcKU COOTBETCTBOBANKU TEMRepaTypam
nuKBnayca, npuBoOAMMbLIM B nuTeparype. Tennoson e apdekT, KOTopbii
OOMMKEH COOTBETCTBOBATL IBTEKTUUECKOMY NpespalleHmnio, Habniogaetcs
Ha KPUBBLIX OXNaXAEHUs nNpy Temnepatypax npuMepHo Ha 100 K Huke,

yeMm 00 atoM coobuLianoch B nuTeparype. B TO Xe BPeMsi Ha KpUBbIX

Harpesauusi Habniopaetrca addekt npu Temnepatype ~407K, yro
npUMEpPHO COoOTBETCTBYET npuBogumon B [1] (411K). 3Tu paHHbie
NO3BONAOT YTBEPXOATh, YTO MXWAKOCTb IBTEKTUYECKOrO CoCTaBa B
YKa3aHHOM pexume oxJiaxgeHus noasepraercs rny6okum
NepeoxnaXaeHussM He3aBUCMMO OT cocTaBa. cnnaea. C aTUM
3aKnioyYeHMeM CBs3aH BbIBOA O TOM, YTO MEPBMYHLIE KpUCTannbl He
OKa3biBAIOT KATaNnU3npyoLero BO3g4eHCTBUA HA NPOLECCHl 3apOXKaEHNa u
pPOCTa 3BTEKTUYECKMX KOMOHWUNA.

Ha Ttepmorpammax, MONMYYEHHLIX B pPEXUME OXNaXgeHust co

" cKopocTbio 3-4 K/MUH., W B cChnnaBe 3BTEKTMYECKOro coctaea (~88ar.%
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Te) u B 333BTexTMHecKoM cnnase (93 ar.% Te) sBTEKTUYHECKAS KUOKOCTL
nepeoxnawgaercs npubnusutensHo Ha Te e 100 K, yto # B
[O3BTEKTUHECKUX crnasax. Habnwogaemas kapTuHa COBEPLUEHHO He
xapaKkTepHa ANs CUCTEM I3BTEKTUMECKOro TUMa W CBMAETENbCTBYeT 06
0COBOM COCTOSIHUM TETEPOreHHON CUCTEMBbI MEPBUYHBIE KpUCTaNmbl -
IBTEKTUYEcKas XuaKocTs B noacucreme HgTe-Te.

I/IHepTHOCTb nepBUYHbIX KpUCTannos B OTHOLLIEHUU
MHMLMMPOBAHUS KpucTannusamu SBTEKTUYECKUX KOJTOHMIA
NPEACTaBMsSETCA Mano NOHATHOW, YYUTHLIBAs, YTO 3BTEKTUKA COAEPHMUT
KpucTannel Tex ke a3, KOTOpble KPUCTANAU3YIOTCA NEPBUHHO
COOTBETCTBEHHO B A0 - W 3adBTEKTUYECKMX CnnaBax. Mpuuuna takoro
aHOMAaINbLHOro NOBEAEHUS JBTEKTUYECKOW XUAKOCTY B 4yacTHoW cucteme
HgTe-Te cBssana, Ha Hatl Bsfnﬂn, C 0CO6EHHOCTAMU MEXYACTUYHOTO
B3auMOAENCTBUA B faHHON cviCTeme.

B 3700 cBA3W Hamu Gbin nposedeH TEpMOANHAMUYECKUA aHanu3
BaammoheﬁCTBuﬂ B cucrteme HgTe-Te Ha  OCHOBE Mo,aehm
aCCoUMaTUBHBIX PABHOBECHUNA. _ |

Ha OCHOBaHMM MOMYYEHHbLIX PE3ynbTaros Mccnenoaahuﬁ
¢ha3oBbIX PABHOBECUW B PaccMarpuBaeMoi CUCTEME MOXHO cuuTars
TBEPAO YCTAHOBNEHHbIM  HanWunMe TONbKO  OAHOr0  KOHTPY3HTHO
nnasauweroca coeguHenus HgTe. OaHako HanuuMe MUHUMYyMa Ha
KPUMBbLIX  KOHLEHTPAUMOHHO#  3aBUCUMOCTW  M3OLITOYHBIX  CBOWCTB
(8HTaNbMUW 1 SHTPOAMM CMELIEHUsT) NO3BONSAET CAeNaTk NPeanonoxeHue
0 BO3MOXHOCTU ofpa3sosaHus accoumara ngTeg B XUOAKUX pacTBopax
cuctembt HgTe-Te. C y4eTOM 3TOro AOMYLIEHUA MOXHO Nonararth, 4To B
XuOKUX pacTBopax cuctembl HgTe-Te npucyrcTByloT gpa copra
accouuaros: HgTe u HgoTes.

‘BbINKU PacCMOTPEHbl peakuun TEPMUYECKON AUCCOLMALMK  STUX
ACCOLMATOB U OLIEHeHbl WX 3HEPreTudeckue napameTps:. OKa3anock, 4710

KoHUeHTpauus accouuator Hg,Tes cpaBHUTENbHO HEBEMUKa, HO TEM He
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MEHee OHK MPUCYTCTBYIOT NPaKTU4eCku BO BCEeM  UHTepeBane
KOHLIEHTpaLM YacTHoi cuctemsbt HgTe-Te. MNoaToMy MOXHO JONYCTMUTD,
YTO Ha OCHOBE accoumatoB Hg,Te; BO3MOXHO 00pA30BaHUE KPYMHbIX
MONMaHUOHOB  COrMacHo pesynbtataM pabotel [4], B  KOTOpO#
obcyxpaercs ux crpoeHue. BepoaTHO, NPUCYTCTBUE B pacnnase 3Tux
nonuaHuoHos, cnocobHbIX OPMUPOBATL LIEMOYEYHbIE W CeTyaTble
CTPYKTYPb!, U AENAET SBTEKTUHECKYIO KUAKOCTb MHEPTHOW K NPUCYTCTBUIO
NepBUYHLIX KPUCTANNOB Kak Tennypuaa pTyTy, Tak U TBEPAOTro pacTBopa
Ha OCHOBE Tennypa, B pe3ynbTare 4ero BCA CUCTeMa NepBuYHbie
KpUCTanns!l - SBTEKTUMECKas XUAKOCTb npuobperaer yCTOMYMBOCTh
CTPYKTYPUPOBaHHOW CMCTEMbI Tuna  Konrouaworo pacrtsopa  [5],

cnocoBHoi rnyboko nepeoxnaxaarbes.
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O CTPYKTYPE 3AKANEHHbIX MNEHOK CMJIABA AlI-10,6Si
A.10. Llinopmbko
HauuoHanbHas Metannypruieckas Akafaemust YkpauHbi

r. lHenponeTpoBCcK, YKpanHa

TpaHCMUCCHMOHHOE  3NEKTPOHHO-MUKPOCKONU4EeCcKoe uccne,qoéa-
. HME TOHKWX MNEHOK, MOSYYEHHbLIX BLICOKOCKOPOCTHON KpMcTannmaauueit
pacnnasa, HeCeT OnpeaeneHHyIo MH(POPMALIMIO 0 MUKPOHEOAHOPOLHOCTH
XKUAKOW hasbl.

TOHKME TMIEHKM JKUAKOIO Chnaea, YyAepXUBaemble cunamu
MOBEPXHOCTHOIO HaTAXKEHUs Ha pamke, 3aTBepaeBanu Ha BO3AyXe
Vo = 10%..10° 0C/c) M nNpuM  3aKkanuBaHuM B XONOOHYHO BOAY
(Voxn=105 0C/c) [1]. Nony4veHHbIe NIAEHKU NPUroaHbE ANsA UCCNEA0BaHNA B
3MEKTPOHHOM MMKpOcKone 6e3 AOMONHWUTENbLHOTO YTOHeHus obbekra -
9T0 BECbMA BAXHO [ANS W3YYEHUS MONHON, HEUCKaXKEHHOW KapTuHsbl
KpUCTannM3aumu, T.K. Bce MOpdoNornyeckne aneMeHTbl a3 CoxpaHeHs!.
Pacnnas TepMocTaTupoBanu npu Temnepartypax 740, 760, 780 °C.
O6pasisl AMaMETPOM 3 MM  BbIPE3anUCh W3  YYacTKOB MJIEHOK
TontuHon He Gonee 0,1..0,2 MM, rae oGpasoBbIBANUCE KFMHOBULHbIE
y4acTku, Mpo3payHbie 4Nsi 3MEKTPOHOB NPU YCKOPSIOLIEM HanpsHKeHun
100...125 «B. Wcnonb3osanu 93feKTPOHHOEe MUKpousoBpaxeHue B
CBETIOM U TEMHOM nonsiX B cBeTe u3bpaHHoro pedrekca das. Mepen
pacLuMcpPOBKON INEKTPOHOTPaMM OMpenensnin NoCTOAHHYI MUKpockona
MO CTaHAAapTHON MeToauke [2]. ' R

.flpn ckopoctu oxn-amp.'en'mn 10° ',,‘jC/c aBTekTu4yeckue asbl
anioMURNUIA U erMHuﬁ Kpm__c,Ténnm‘anyTc;l B AB_wae fIONN3PUHECKNX 3EPEH.
MeTonom MMKponm'q)paK'umm YyCTAHOBMEHO, YTO JIMHWUKM CpacTaHuA
HEeCKOMNbKMX MOfIM3APOB anioMUHMA (C OCblo 30HbI [114] W C OChio
30HbI[116]) hukcupytoTcs cybrpaHuueir. KpemHuit kpucTannusyetcs B

COOTBETCTBUU CO CBOEMN KPUCTAmnIOXMMUYECKON npupoaon: obpasyloTca
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BbIGOKOYIMOBbIE  ABOWHUKOBLIE OPWUEHTUPOBKM C OCbLIC 30HBbI [211]
marpuubl (puc. 1). 3adukcupoBaHbl TIPOAYKTHI  Pacrnafa XvuMU4eckoro
coeauHeHua WUnu  NepecuileHHOro TBEpAOro pacteopa. MeTtogom
MUKPOAKUDPAKUMN NIEHTNDULIMPYIOTCA  amtOMUHWIA C OCbIO 30HbI [001] 1
KpEMHMUIA.

Puc.1. NM3M: a — x3900; 6 — anekTpoHorpaMMa; B — TEMHOMNOMbHOE
n3obpaxeHue
Mpu noBbILLEHUN ckopocTu oxnaxaenust 4o 10° °Cl/c suisBnena

AEHAPUTHAs CTPYKTYpa o- TREPAOro pacTBOpa C CUCTEMAMM AWUCHOKALA

U Merkue Kpucranib! BTOPUYHOIO KPEMHUS, BbIAENSAIOWMECH Ha CThIKax
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OEHOPUTHLIX BeTBed . B TOHKo nfeHke, w3 KOTOPOW ryTeM
W36MpaTensLHOro TpaBneHus - 6bin yAaneH SBTEKTUHECKUA anioMUHUKA,
TOHKONEPEMEXKAIOLMECS BETBY KPEMHUA C 0CbI0 30HbI [110] 1 antomuHus
o6pa3syloT CTPYKTYpY G BbICOKOW CTEMEHbK KOOMepaTuBHOCTU. JTO
CBW/IETENLCTBYET O MAroi CTEeNeHW MUKPOreTeporeHHOCTM AaHHOro
pacnnasa (puc. 2).

a 6
Puc.2. M3M: a — x1600; 6 - anekTpoHorpaMmma

.TIp¥ M3MEHEHUM TeMNEpaTypbl NEPErpeBa Had NUHUENR NUKBUAYC
(TepMOCTATUPOBAHUE B [aHHOM  TEMMEepaTypHoM  MHTepsare)
KAUECTBEHHbIE  XApPAaKTePUCTUKM  CTPYKTYPHBIX  COCTaBMALMX  He
NIMEHSIOTCA.

C nosbilenuenm ckopocTi oxnaxaenus (10° °Cic ... 10° °Clo),
fpY YBENUYEHUM NEPEOXNaKAEHUS Pacnnasa, NoNUSAPUYEcKue 3epHa
CMEHSIIOTCS [EHAPUTaMU.

B  MCCreayeEMOM  TEMNEpPaTypHOM  WHTepBane  pacnras
XapaKTepU3yeTCs Marnoi CTEeneHbio MUKPOTETEPOTeHHOCTH, YTO MO3BONUT
NONyunTb B  TBEPAOM  COCTOSIHUM  TOHKOAWMDMDEPEHLMPOBAHHYIO
SBTEKTUKY.
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3BTeKTUKA V

FORMATION OF ORDERED GAS-SOLID
STRUCTURES VIA GAS EUTECTIC REACTION

V.1 Shapovalov

State Metallurgical Academy of Ukraine,

Sandia National Laboratories, Department of Energy, USA

Introduction

Phase diagrams were constructed [1-4] for the systems Al-H, Be-
H, Cr-H, Cu-H, Fe-H, Mg-H, Mn-H, Mo-H, Ni-H, Ti-H, W-H, Fe-C-H
displaying gas eutectic equilibria in the melting range.

Simultaneous formation of solid and (hydrogen) gas from the
liquid takes place in M-H alloys having‘gas-eutecﬁc compositions. This
reaction was named gas eutectic reaction.

An ordered combination of phases termed gasarite may arise from a gas
eutectic reaction. It is comprised of a polycrystalline solid matrix and
continuous oriented ellipsoidal pores filled with hydrogen.

The gasarite forms at solidification velocities ranging from 0.05 to
5 mm/s. Its morphological characteristics are largely determined by the
* hydrogen content and the gas pressure over the solidifying melt.

Short-range order of pores with a coordination number of about 6
is observed in a plane normal to the direction of solidification.

The pore size distribution is dependent on gasarite formation
conditions and is nonuniform, because concurrent growth of large and
small pores is possible.

As the solidification front advances, the average pore diameter is
increased and neighboring pores may coalesce now and again. No
branching of pores ever occurs.

A pore may have periodic necks over its length.
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Pore growth arrest and nucleation of new pores may occur all
through the solidification.

No gasarite pores are nucleated on the mold surface. A nonporous metal
skin 0.05-5 mm thick forms first.

The principal morphological parameters of gasarite are the
average pore diameter d, the average pore length L, the average pore
aspect ratio g, the void fraction P, and the pore areal density n defined as
pore number per 1 cm?of a section normal to pore direction.

These characteristics were found to have following variation
ranges:

d L g P n

10 [m to 10 mm | 100 pimto 30 cm | 110300 [0.05t00.75 ] 1to 10° cm™

Gasar is the name coined for a material whose structure includes gasarite
[1]. The word is an acronym of Russian expression meaning "gas-
reinforced."

Diverse pore morphologies and/or alternating porous and
nonporous layers can be produced by tailoring the process variables,
such as hydrogen pressure, inert gas pressure, solidification velocity and
pouring temperature [1,2,5]. Thus the pore diameter may be varied over
the aforementioned range from 10 ym to 10 mm and the void fraction
from 5 to 75%. '

“In what follows, an attempt is made to explain mechanisms of
phase nucleation and growth in gas eutectic reaction on the basis of
experimental data.

2. Pore nucleation
it is believed that nucleation of a gaseocus phase in a liquid is

heterogeneous, i.e. occurs on existing discontinuities in the liquid bulk or

at the liquid/solid interface [6]. The discontinuities may vary in nature, like
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e gas bubbles entrained from the atmosphere during melt
pouring or stirring, o

« bubbles formed in passing a gas through the melt,

o small bubbles caused by cavitation,

« small pits on the surface of high-melting particles suspended
in the melt,

s small pits on the mold walls,

*  regions where the liquid does not contact the solidification front.

Following explanation of pore nucleation in gasarite is possible. A
nonporous skin forms directly after pouring the melt into the mold. As the
skin grows, the liquid ahead of the solidification front becomes
increasingly supersaturated with hydrogen. Microsco‘pic bits are always
- present on the surface of a growing sblid due to the Very nature of
solidification. A pit may have such a curvature that the liquid will loose
contact with the solidification front. A cavern filled with hydrogen and
metal vapor will form here. Should the cavern size be greater than or
equal to certain critical radius Rp, a hydrogen bubble capable of growth
will hucleate.

The radius R, can be estimated assuming that the surface energy
" of a bubble is equal to its bulk energy, '

pv=0S ¢
P = pcab + phydr + pch

where p is the pressure within the bubble, pe,, the capillary pressure,
Pryar the hydrostatic pressure, pgh the gas pressure in the chamber, V the

bubble volume, © the average of the specific surface energies of the
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gas:liquid and the gas:solid ihterface, S the total area of bubble contact
with the melt and the solid.
Assuming a spherical bubble, one gets from (1)
(4/3)TR,’°p = 4TRSC )

On rearrangement,

PRy =30 3)
Hence the pressure dependency of the critical radius is

Ry = 3c/p (4)
Taking into account that the bubble is not spherical and the specific
surface eneigies are different, we obtain

Ro = (OoLKL + OcsKs)/Kyp  (5)

where Gg_ is the surface energy at the gas:ligiud interface, cgs is the
surface energy at the gas:solid interface, K. and Kg the coefficients
accounting for the relative areas of the gas:liquid and the gas:solid
interface, Ky the proportionality factor used in the equation for the volume
of a nonspherical bubble, V = KyR;’.

It is seen from Eqgs (4) and (5) that increasing the pressure will
appreciably reduce R, Thus ever smaller discontinuities at the
solidification front will be able to act as gaseous phase nuclei. To put it
differently, increasing p will increase the number of hydrogen gas nuclei.
This behavior is indeed observed in reality. The gas pressure above the
solidifying melt is the major parameter that determines the number of
pores per unit area.in a plane normal to the growth of a gasaritic
structure. :

One also can assume that the bubbles originate on high-melting particles
floating in the melt ahead of the solidification front. The bubbles are next
engulfed by the advancing front and the gas eutectic reaction sets in [6].

Let us consider this case. A buoyancy force Fa= (4/3)nR3d (R being the
bubble radius, d the specific weight of the liquid) will act on any bubble,
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inducing it to rise in the melt. According to the Stoke's law, the velocity of

. the bubble's upward motion
v=2R*d/9m ®)
where 1 is the coefficient of viscosity of the liquid.

Following relationship was obtained for the Cu-H system at 1100 °C (v is
in centimeters per second):

v = 600R? )
In experiments on Cu-H alloys, the gasarite forms in the éeiidification

velocity range of 0.05 to 5 mm/s. At its maximum veIocrty of 5 mm/s the

solidification. front thus can only engulf bubbles up to 100 um m srze
These estimates support the idea of Russell et al. that hydrogen bubbles
nucleation may take place ahead of the sohdtf catron front [6]
Furthermore the above comments ‘about the mfluence of pressure on
nucleation at the solidification front also hold for the nucleation on
suspended particles. ' |

Two mechanisms of gas nucleation in gas eutectic reactions have
thus been suggested. The question of how large their relatrve
contributions are is highly important for scientific and practical purposes.
To answer it, carefully planned experimentation on reasonably pure melts

is needed.
3. Gasarite growth

In the gasar process, solid metal precipitates from the liquid
simultaneously with gas. No decrease in pressure is necessary for this to
happen. Moreover, increasing pressure is commonly needed to produce
an ordered structure. ‘

“The recent suggestion [7] that the pore growth proceeds through
a mechanism described earlier [8,9] cannot be accepted either. The idea
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was that the advancing solidification front "stretches" gas bubbles already
present in the liquid.

One should not overlook, however, that a diameter down to 10
m is sufficient for a bubble to rise fast enough not to be engulfed by the
solidification front. Note that gasars may have pores 10 mm and more in
diameter. A bubble as large as that will rise very rapidly, at about 100
mm/s. :

One should also keep in mind that a crystalline solid grows
concurrently with the gas in any gas eutectic reaction. Yet the
experimentation by Kiiia and Sokolova [8] involved combinations of non-
interacting items like oil drops in solidifying boric acid, which preclude
diffusion phenomena.

Steady-state growth in which all process variables are constant
should result in a structure comprised of a nonporous matrix containing
regular cylindrical channelways. In this situation the growth of the solid
and the gas’is sustained through transverse diffusion of hydrogen ahead
of the solidification front. This process is possible due to hydrogen
concentration gradients developing in accordance with the M-H phase
diagram, Fig. 1.

Figure 1. Hydrogen concentration distribution in a liquid ahead of the gas
eutectic reaction front (left) and a portion of metal-hydrogen phase
diagram near eutectic point (right).
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Hydrogen diffuses in the liquid along the solidification front,
providing both solidification of the metal and growth of the gas
channelways. |

Hydrogen diffusivity in metals is high enough to allow rather long
spacings between gas channelway axes (up to 10 mm), so diffusional
self-adjustment of structure hardly plays any significant part in gasars.
For this reason, it is not supercooling, but rather nucleation conditions
and pressure in solidification that determine structural characteristics of a
gasar as contrasted to a solid-solid eutectic.

Even under constant external conditions, however, the gasar
structure departs from ideal, as has been found from numerous
experiments. Growth arrest, coarsening, nonuniform size and irregular
shape of pores were observed. For practical purposes, it is highly
important to understand these phenomena.

3.1. Pore growth arrest

Multiple nucleétion of the gaseous phase at the solidification front
is believed to be among the causes of channelway growth arrest.

Hydrogen concentration in the liquid ahead of the growing gas-
eutectic colony is nonuniform, see Fig. 1. The supersaturation with
hydrogen is at its highest at points lying farthest from the gas
channelways (C, in Fig. 1). When an active gas-liberation site originates
here, it will attract a rapid influx of hydrogen that may be followed by
emergence of a new pore. Should that happen, the growth of neighboring
pores will slow down or stop.

Another cause of pore growth arrest is conceivably a unique
mode of heat removal from the solidification front. in formation of a gas-
solid structure, thermal radiation into gas channelways can contribute to
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transfer of heat from the front alongside with the common heat transfer
processes observed for nonporous alloys, see Fig 2.

The melt above a bubble becomes thereby supercooled, and a
solid dome forms above the bubble, locally terminating the growth of
gaseous phase. This happens only when the gas channelway is long
enough. The amount of radiant energy absorbed by a channelway can be
written as

Q=ZA(TYTY (=1,2, .. n)
where n is the number of beam reflection events in a pore, A the
proportionality factor depending on the channelway wall surface texture,
To the temperature of emitting melt, T; the temperature of walls at the ith

reflection point.

~——— snp11os WOy JUEISI

r4

Temperature -

Figure 2. Schematic description of melt thermal radiation into a pore.

The number of reflection events n is inversely proportional to the
diameter and directly proportional to the length of the channelway. The
minimum surface temperature of channelway walls (at its bottom)
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declines as the channelway grows. Therefore, the growth arrest is to be
anticipated for channelways with a certain aspect ratio. This conclusion is
' general'ly corroborated by experiment, although in some cases
abnormally long or short pores develop.

Yet another cause of growth arrest is constituted by gas pressure
decline in a pore. As a pore grows, the average temperature T of the gas
contained in it decreases, so the hydrogen pressure will be diminished in
accordance with the Boyle'siaw

o p = (N/VKT,*

N being the amount of gaseous substance in the pore, V the pore volume,
k the Boltzrﬁann constant.

For this reason, the gas growth will stow down and the liquid at
the liquid:gas interface will freeze. This is confirmed by the fact that at the
onset of gasar formation, when the temperature .gradient is high, the
pores are ‘sﬁhor{(‘er than at later '-$tagesﬁ th?bly, this fact also favors the
two preceding hypotheses. ‘ ‘

All three mechanisms are believed to contribute to gas growth

arrest in varying degrees.

3.2. Coarsening

Two ways in which coarsening may develop during gas eutectic
- growth are deemed possible.

(1) As mentioned above, a pore may be terminated for some
reason. A new pore may or may not nucleate next. If not, the neighboring
pores will consume the hydrogen that otherwise would have been used
for continued growth of the extinct pore. In consequence of this, the
diameters of the neighboring pores will increase while the total number of
pores will be decreaéed, Fig. 3a. This phenomenon may be termed
wedging. It is observed mainly in low-porosity gasars (up to 30%).
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(2) At higher void fractions exceeding 40 %, pore coalescence
becomes prominent. If a hexagonal arrangement of pores is assumed,
the void fraction P will be determined by the pore diameter D and the

ligament thickness x,

P = \3RDY6(D + x)

Figure 3. Pore coarsening de wedging (a) and coalescence (b).

Clearly, the ore spacing is relatively small at void fractions
exceeding 40 %. Hence, the appreciable statistical possibility of contact
between growing pores, Fig. 3b. Following a contact, the tips of the two
pores will coalesce to form a wider tip advancing to continue the growth
of one larger pore that replaces the two smaller ones. Repeated
~ coalescence is possible that leads to progressive coarsening of the
structure. This mechanism is especially important for M-H systems where
hydrogen solubility differs greatly for the liquid and the solid metal (M =
Fe or Ni).
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3.3. Changes in diameter of a growing pore

These phenomena manifest themselves in pores having
increasing or décreasing diameter or a wavy wall profil_e. Some flaring
pores may result from wedging (Fig. 3a), while méssfve flaring is
associated with monotonously decreasing pressure in solidification.
~ Flaring pores are not infrequently dbserved at an initial stage of gasar
growth, dire(ifiy after nucleation of first pores.

Some t_apered pores may result from wedging, Fig. 3a. They
appear in great numbers when the solidification pressure is increased.

Corrugated pores result from periodical variation of gas pressure
above the solidifying gasar. The wider portions of a pore correspond to
lower, and the narrower portions to higher pressures.

internal pressure fluctuations within a pore also may cause
repeated widening and narrowing. They take place when the volume rate
of gas formation is greater than that of the solid. The tip of a growing pore
in this situation will bulge to a diameter exceeding that of the channelway.
. A bubble is eventually detached from the channelway and rises to the
surface, Fig. 4a. This cycle may be repeated many times. The pressure in
the pore is increased as the bubble expands but drops once the bubble is
released. The increasing internal pressure has the same effect as
decreasing the pressure above the melt. Consequently, the pore diameter
will increase during the bubble expansion and decrease following the

bubble release.
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Figure 4. Mechanism of widening and narrowing of a growing pore (a)
Pore orientation changes caused by a nonplanarity of the solidification
front (b).

3.4. Pore orientation

The growth velocity vector is always normal to the solidification front at
the pore inititation site. Therefore, any misalignment of pores is
associated with local nonplanar areas of the solidification front, Fig. 4b.

4. Major conclusions

1. The gaseous phase nucleation in formation of ordered gas-
solid structures may occur at the solidification front or on high-melting
particles suspended in the liquid ahead of the front. The first mechanism
would seem more viable.

2. The critical radius of bubble nuclei is shown to hyperbolicaily
decrease with pressure. The bubble nucleation rate is increased

accordingly.
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3. Gasar pore formation follows a mechanism distinct from that of
evolution of gas in carbonated beverages or bubbling in a boiling liquid.
Furthermore, the ellipsoidal pore growth cannot be ascribed to stretching
of gas bubbles by the advanci'ng solidification front.

4. The gasar pore growth proceeds by hydrogen transverse
diffusion ahead of the solidification front and concurrent advancement of
the solid and the gaseous phase into the melt. When the growth rates of
the two phases are equal, an "ideal" structure including cylindrical
channelways in a nonporous matrix should form.

5 Unlike in solid-solid eutectics, the gasarite pore spacing is
determined not only by diffusional self-adjustment. Rather, it is a function
of the nucleation conditions and the solidification pressure.

6. A pore may be terminated by any of the following causes:

e nucleation of a new pore in a space between the growing

pores,

« supplementary removal of heat from the bubble tip via thermal

radiation into the channelway, and

o pressure reduction in the pore due to the gas average

temperature declining as the pore extends.

7. Pore coarsening in growth of a gas eutectic may be caused by
wedging or pore coalescence. Wedging is mainly observed at low, and
coalescence at high void fractions.

8. Some conical pores result from wedging while their massive
formation is due to pressure changes in solidification.

9. Corrugated pores may form due to periodical changes of
pressure above the melt. Similar effects are caused by repeated
detachment of bubbles from the solidification front.
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10. Pore orientation in gasarite is determined by the shape of the
so||d|f|cat|on front, because the growth vector direction of a pore is
always normal to the front at its locatlon ‘
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FA303BTEKTUYECKOE nPEBPAu.lEHME B CMNABAX
HA OCHOBE CUCTEMbI XXEfIE30 — A30T

A.B. PabuHosud, I".H. Tpezybenko, M.W. Tapacbes
HauuoHansHas MeTannyprudeckas Akagemus YkpanHbl

r. [lHenponeTpoBcK, YKkpauHa

OaHUM U3 HaubBonee nepcnekTUBHLIX HaNpaBneHui B 3Hepro- u
pecypcocbepeskenuyy npu NpoU3IBCACTBE CrIUTKOB CMOKOMHLIX CcTanei
SBNSIETCA yMEHbLUEHUE TONOBHOMA 06pean. CHuwkeHue ronosHoit o6pesu
He meHee, yem Ha 10 % mMoxeT OblTb AOCTUIHYTO 3a CYeT BBOAA B
pacnnas asoTa, KOTOpbWA NpY KpucTannuiauuu Bbiaensetcs B Buae
nysbipen u obecneunBaeT B CNOKOMHOA NO XUMUYECKOMY COCTaBy cTanu
CTPYKTYPY, XapakTepHylo [Afifi MONyCNOKOWHOro MeTanna. pu 3TOM
rasosBTEKTMYECKOE - fipeBpalleHune Gyaer npoucxoaunTb npu
3aTBEpAEBAHUN pPachiaBa, MMEIOLEro CoAepXXaHue asoTa Bblle ero
npenensHoi  pacTBOPUMOCTM B TBEPAOM MeTanne, # BbI3BAHO
cHwkeHuem abcopbunonHoi cnocoBHOCTU chnnaea npu nepexoae w3
YUOKOTO COCTOSIHUA B TBEPAOE.

[ns  TEepMOAMHAMWYECKOro  aHanu3a  ras’odBTEKTUHECKOro
npeepalleHnsi B CnNaBax Ha ocHoee cuctembl Fe — N rpu aaBneHuax
a30Ta, HEe BbI3LIBAIOLMX OTKMNOHEHWIA OT 3akoHa CwuBepTca, MOXHO

MCRONbL3OBAaTL cneayloulee ypasHenue [1]:

(I[Nl _aH[ 1 1)
1-[Nlx R |Try Ty

rae [N} 1 [N]x — conepxaHue asota B TREPAOM U XMAKOM MeTanne, % ;
AH — ckpbiTas Tennora nnaenenus MetTanna, [Ipk/mons; R — yHusepcans-

Haa rasoBas nocrosHuasn, 8,31 Iw/(monb-K);, T., — Temnepatypa
ra303BTEKTMHECKOTO paBHoBecuA, K; T~ Temneparypa Kpucranausauuu
mertanna, K.
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Onsa  pacyeta no ypaBHeHuio (1) Heob6xoouMO  3HATH
TemnepartypHo-6apuyeckue 3aBMCUMOCTM pacTBOPUMOCTM a3oTa B
TBEPAbIX U MMAKMX  MHOFOKOMITOHEHTHBIX CUCTEMAaX, ONUCHLIBAIOLLNX
BbICOKOA30TUCTbIe cTanu. PacTBOpMMOCTb a30Ta B KUAKOM MeTanne

MOXHO pacCUUTbIBATbL NO YPaBHEHUIO [2]:

lg[N]K——lgPN2~—2TE—366 [?—081)2 NIRI- (-Sﬁ—ms) Y RIRP ,@

- tae Py, - nasneune asota, MNa; e% nr§ - napameTpbl B3aUMO-

AENCTBUS a30T — NMEerupylolMin ANeMeHT NepeBoro M BTOPOTO nopsakos
npu temneparype 2073K; [R] — conepxaHnne nerupyollero snemeHTa s
crinase, %. ,

[aHHbie no pacTsopUMOCTH asora B TBEPAbIX
MHOTOKOMMOHEHTHBIX CUCTEMAX Ha OCHOBE >Kere3a npu  BbICOKUX
Temrneparypax BecbMa oOrpaHuyeHbl. [losToMy Ansa  onpegeneHws
MONOXeHU NIMHUK CONKMAOYC Ha auarpamme cocTosHua Fe-N-R;, Hamwu
npoBeAeHbl  3KCNEPUMEHThl [0 M3YYEHMIO  TepMOoauHaMUIECKUX
38KOHOMEPHOCTEH  B3aWMOAEWCTBMA  a30Ta C  LUMPOKMM  KPYrom
0COBOHU3KOYTNEPOAUCTbIX aYCTEHUTHBIX W (DepPUTHLIX cranei npu
1473-1623K 1 napumansHom JasneHun asota 10 - 101 «MNa.

PesynbTarbl 9TUX WCCNEA0BaHUIA MO3BONMUMM NOAYYUTH  CrieayloLue

ypaBHeHUs:
18[NT, e = llg P, + 380 4305- (_- 3862, 0,1539)[Cr] (- 5258 o 2447)[V]
2° M T T
558 324 , 103,5
- (- 0 00238)[Mn] (T - 0,0056)[N1] - (— - +0,044)[Mo] - @
(IOT 2 -0 0054)[C P (0 ‘;,93 -0 000208)[Mn] - (—«1 -0 000325)[( w1l Mn] -

- [- 98731 + 0,000104)[Cr][Ni] - (~ % +0,001 166)[Mn][Nz‘]
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1g[ N1, m:% Py, _1320 554 (—2%2-+0,05416)[Cr1 (—§;—9+03047)[V]—
4
0.0 @

T

—( 67TS )[Mo] (i;l—oozz)[cr]2

.BBOA B COCTaB HM3KOSErMpoBaHHbIX BbICOKGA30TUCTLIX craneu
cunbHbIX HUTpuaooBpasyloumx snementos (Ti, Al, V, Nb) nossonser
3HAYUMTENLHO YNY4LLMTL CBOMCTBA roTOBOrC npokara. Kak noxasbiBaet
TEPMOAUHAMUYECKUIA  aHanus3, npu  OObIYHbIX  COAEPXKAHUAX  STUX
3NeMeHTOB B MeTanne npu TeMmnepartype rasodBTEKTUKU  MOTYT
CYyLLECTBOBATL TOMBKO HUTPMALI TUTaHa. [puHMMas BO BHUMaHue, 4TO
NPy ONTUMANbHbLIX COAEPXAHUAX TUTAHA B BbICOKOA3OTUCTBIX CTanAX
(< 0,05 Mac.%), OH NPaKTUYECkU NOMHOCTLID HAXOAMTCS B HUTpMAE U
YUMTBIBAS CTEXUOMETPUHECKOE COOTHOLLEHUE 3MEMEHTOB B TiN , MOXHO

3anucarthb:

[NJUSOT =[NIET, +0,29[Ti] . ()

rme [N]IZST u [N]ST, - rasossrekTMvecKan KOHUEHTpaUus a3oTa B

TUTAHCOAEPKALLMX U OBLIUHBIX CTaNsX COOTBETCTBEHHO, %.
Takum 06pa3oM, Ha OcCHoBaHUM BbipaxeHud (1)...(5) MoxHO
paccuyuTbiBaTL  NapaMeTpbl, XapakTepusylowme rasoIBTexkTudeckoe

npespatlieHue B cnnasax Ha OCHOBE CUCTEMbI xKeneao — asor.
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MODELING OF THE STRUCTURE CHANGES IN EUTECTIC GRAIN
OF DUCTILE IRON

E. Fras, W. Kapturkiewicz, A.A. Burbelko ®, H.F. Lopez ”

al)University of Mining and Metallurgy, Reymonta 23, 30-059

Krakow, Poland

"Univesity of Wisconsin-Milwaukee, PO Box 784 Milwaukee, Wi 53201,
USA

A model of the process and a simulation program were
developed to trace the cooling of a nodular graphite iron casting from the
beginning of solidification till the ambient temperature. The model
considers the nucleation and growth of eutectic grains, the heat transfer
- and mass diffusion equations. The kinetics of graphite and ferrite growth
controlled by carbon diffusion under the conditions prevailing at the
respective interfaces was taken into consideration. The possibility of
pearlite precipitation was assumed using a relationship of Avrami type,
based on the general empirical data. The developed simulation program
enables determination of the kinetics of growth of graphite, austenite,
ferrite and possibly also pearlite on the casting cross-section as well as
grain density related to boundary conditions of the casting cooling. The
computed values of the temperature of a plate casting poured in sand
mold, of the volume fraction of graphite, ferrite and pearlite, and of the
grain density on the casting cross-section were compared with the
experimental results. A simulation program was developed and the
~ results of computer simulation were compared with the experimental
results obtained for a plate casting made from nodular graphite cast iron.
In Fig. 1 the kinetics of growth of the individual phases is shown. A very
distinct difference in final phase volume fraction on the casting cross-

section, especially as regards pearlite and ferrite, is visible. The informa-
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tion of the kinetics of graphite growth is given in Fig. 2. Three typical pe-
riods are distinguished: A - B - solidification, B - C - graphite growth from
austenite, C - D - eutectoid transformation.

Fig. 3 shows the distribution of volume fractions of the individual phases
combined with increasing grain density on casting cross-section. A ten-
dency towards the increasing ferrite volume with respective decrease in
pearlite volume at the casting surface is observed, while the volume of
graphite remains practically stable. A change in the dimension of graphite
nodules is visible in Fig. 4. A decrease in graphite radius at the casting
surface combined with increasing grain density is observed. The points in
Figures 3 and 4 mark the values that obtained in an experiment referred

to volume fractions of each phase and grain density.

0.8 . - - . 0.12

R O S SO SO

i j i i i i
600 800 1000 1200 800 1000 1200
Time, s Time, s

Figure 1: Kinetics of growth of the Figure 2: Kinetics of graphite volume
volume fractions of graphite, ferrite fraction growth

and pearlite in the plate casting

(line 1: middle, 10: surface of casting)
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Figure 3: Distribution of volume Figure 4: Distribution of graphite and
fractions of ferrite, pearlite and ferrite radii and eutectic grain

graphite on casting cross-section densities on casting cross-section

A computed change of concentration of carbon in ferrite and
austenite in a grain in the middle of casting is visible in Fig. 5. The
significant and changeable gradient of concentration is observed in the
austenite shell during its decreasing in time.

' The structure of an experimental casting is shown in Fig. 6a,b.
On the casting border (a) the grains are observed to be finer and the vol-
ume fraction of ferrite is greater compared with areas in the casting inte-
rior (b).
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Concentration, Ca, Cy, %

Radius, um

Flgure 5: Carbon concentratlon in a grain in middle of casting
' (sumulatlon)

F|gure 6: Microstructure of castmg etched with Nital: in the middle (a)
and at the surface of the 11 mm thick plate casting {b)
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MOLENNPOBAHUE KPUCTANAUSALIMN U
MUKPOCTPYKTYPbI OTIIMBOK

A.A. Bypbernko

l"opHo-MmeTannyprudeckas akapemus
r.Kpakos, Monkiua

MporHoanpoBaHue MUKPOCTPYKTYpPhI NUTENHBLIX CNAAaBoOB B
OTNUBKax U3aBHA ABASETCA LENbIO uccnegosatenei. TpaavLMOHHLIR
noaxon  Anst  4yryHoB, Hanpumep, 3akniodaetca B paspabotke
IMMAUPUYECKNX HOMOIpaMM, KOTOpbIE HA OCHOBAHUW MokasaTenei xumu-
4ECKOro cocraBa M napameTpoB OXMaXAEHWs, NO3BOSIAOT OLIEHUTH
CTPYKTYpY, & nHorga u MexaHuyeckue CeoicTesa Matepuanos [1].

PasguTe MaTemaTMyeckoro MOAENMPOBAHWA W  YUCNEHHbIX
METOAO0B pelleHna C ucnonb3oeaHmem 3BM nossonser cerogHs
none3oBatbCs ABYMst MeTOAaMU MOAENUPOBAHUA MUKPOCTPYKTYPbI:
TexHUKoW knetouHoro astomarta (cellular automata) [2,3] U TexHukoit
nocrnpoueccunra [4,5,6].

O6wmm Ans MaTeMaTU4eckux METOAOB SBASETCH COBMeCTHOE
MOAENMpoBaHue NPOLECCOB Tennonepeaayn 8 maciirabe Maxpov (ans
cuctembl Metann - opma) U HasoBbIX MpeBpaLLEHMi B cnnaee Ha
ypoBHE MUKPO (Ha YypOBHe 3epeH CprKTyprlX cocraensaowmx). C srtoi
Lenblo UCNOMb3YETCA ypPaBHEHUS] TENNONPOBOAHOCTH C WCTO4HUKOBBLIM
4reHoM: : o K

I v % (1

ot Cy
rae: T — Temnepartypa, T — BpeMs, a — KoadPULMEHT Temneparyponpo-
BOAHOCTU, Qs — CKOPOCTb BbIAENEHUS TENNOTb! (DA30BbIX NPEBPALLEHWI,
Cy— obbeMHasn yAernbHaa TennoeMKocCTb.

B mMoaensx, ucnonb3ytoLmx anroputM KNeTo4HOro aBToMara, B npo-
CTpaHCTBE, B KOTOPOM pacTyT 3epHa, CTPOUTCS perynsipHas kybuueckas
ceTka. BenuuuHa anemMeHTOB CeTKM AOMKHA BbiTh 3HAYUTENLHO MeHbLue
pasMepoB 3epeH. Kawabil U3 aTMX 3nNeMeHTapHbiX 06LEMOB B MOAENM
MOXET npeGblBaT B ¥MAKOM, TBEPAOXMAKOM MIM TBEPAOM COCTOSHUM. WX
Nepexos 13 XMOKoro COCTOSHUA B TBEPAOE PACCUNTLIBAETCA HA OCHOBAaHUU
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(hU3NUECKMX 3aKOHOB 3apoXKaeHUs U pocta. Kaaoe 3epHO TBepAoH hasbl
"cTpouTcA" U3 KyOMKOB anemeHTapHoﬁ CeTKM, 8 KaKabliA KyOUK, B KOTOPOM
y)Xe nossunack Teepaan asa, NpunnCHLIBAETCH K OAHOMY U TONLKO OAHOMY
u3 sepeH. CKOpOCTY 3apOXIEHUS U POCTa CBA3aHb! C NONeM TeMNepaTypbl ¥
uanueckumu  CBOICTBaMM pacnnaea. Beigenenne TennoTbl (PasoBbix
npespatieHuit (Qs) B CBOIO OYepeab BO3AEMCTBYET Ha none Temneparypbt.
Bbiop A0CTaTOMHO MENKOW CeTKM nossonsier YCreLuHO MOAEenupoBaTh thop-
My AEHAPUTOB W CTPYKTYPY 30HbI CTONGYATON KPUCTANM3auuu. Ophako Ans
paboTbl anropuTMa KNEeTOYHOro asTomara Heobxoaum Gonbluon obbem
naMaTU Y BbICOKAs BbiMMCNUTENBHAA MOLHOCTE OBM, Tak Kak KonM4ecreo
3NEeMEHTOB CETKM B TUIUYHbIX 3af1a4aXx CoCTasnsaeT npuMepHo 10’ - 108 [2].
B anropuTme NOCTNPOLIECCUHTA 3a3a4a JEervTca Ha ABa arana. Ha
nepsoM 3Tane MOAenupyetcs (Takke B Macwrabe MUKPO-MaKpo) MyTb Kpu-
cTannu3aLmn. PaccuuTbIBAIOTCS U3MEHEHWSI NONA TeMneparypel, napamer-
pOB COCTOsIHUS >KMAKOW (paskl ¥ napameTpos MUKPOCTPYKTYpbI. Ob6bem
TBEpAO# (hasbl paccUMTLIBAETCS NPy NOMoLLM ypasHexus Konmoroposa [7]:

V,=l-exp(-Q) @

rne €) — TaK HasbiBaeMbIit "npo,uon»(eHHbl“" obbem 3epeH, paccunTbiBa-

eMblM Hanpumep, ANns chepuyeckux sepeH ‘no cneayouiein Gopmyne:
3

=% ja(t) Iu(r)dr da @3

roe o — BEPOATHOCTb 06pa3oBaHmus 3apoabiLua, t' — BpeMa 3apoxaeHus, u
— nuHeRHan CKOPOCTbL POCTa. BennuuuHbl oo U U paccunThiBaloTCA Ha OCHO-
BaHUM PU3MYECKUX 3aKOHOB 3apOXKAEHMS U pocTa. ‘

Cucrema, BKNIONAIOLIAA YPABHEHUR (- (3) a Take ypaBHEHUA
q)usuqecmx 3aKOHOB 3aPOXK/IEHUA W POCTA, PELLIASTCA BbIGPaHHbIM Pas3HOCT-
HbIM METOAOM HA ceTke. Pasmep aneMeHTa CeTky B faHHOM anroputme 4on-
»eH BbITb B HECKONLKO pa3 GonblLe, YeM BENUUMHA 3epHa, NOSTOMY Konuuye-
CTBO 3fIEMEHTOB CETKU B TUNMUYHLIX 334a4ax COCTaBIIAET NPUMEPHO 10°.

Ha BTOpOM 3Tane MOo4enMpoBaHus AaHHbIe, NOMy4eHHbIE Ha NepBOM 3Tarne,
UCMONb3YIOTCA ANs NOCTPOeHnA u3obpaxeHus crpy:crypbl. Cnoco6 Takoro
NOCTPOEHUst onucaH B baﬁo're [4].
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N -

MpuMep MoaenuposaHus

CTPYKTYPbI FpaHuLy

9BTEKTMYECKUX 3EPEH B LIEHTpe

UMNUHAPUYECKON YYTYHHOM

otnusky & 30 MM B xMAKO-
TBEpaOM (a-c) u Teepaom (d)

| cocTosHMU, X 25:

a— 25 % teeppoi caswi, 105 c;

b -~ 50 % TBepaoi dasbl, 118 ¢;

¢~ 75 % TtBepnoi dasnt, 123 c.
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OBPA30OBAHUE METACTABUNbHBLIX ®A3 B CMIABAX
SBTEKTUYECKOIO COCTABA CUCTEM Pb-Te, Sn-Te P
CBEPXBBICOKMX (10° - 10° KIC) CKOPOCTSIX OXNAXAEHNA
PACTNABOB -

B.M. lNasos, K.b. lNospkos

MOCKOBCKWIt MHCTUTYT INEKTPOHHON TEXHUKU

(TexHuueckuii yuusepeuret), Mocksa, Poccus

Hacroswas pabota nocBsilleHa WCCNEAOBAHWUIO CTPYKTYPHBIX
ocobeHHOCTel CnrnaBoB NonynpoBofHuKoBbix cucteM Pb-Te, Sn-Te ,
nonyueHHsIX nipu ceepxabicokux (10° — 10° K/c) ckopocTax oxnamgaenus
pacnnasos. WUccnepoBanuio  Obifiv NOABEPrHyTbl  CNNaB.bl B
KOHUEHTPaLMOHHOM AauanaszoHe o1 10 ao 95 ar.% Te . OcobenHo
noapo6GHO MCCneaoBaHa CTPYKTypa CrnaBoB OKOOIBTEKTUMECKOrO (CO
CTOPOHLI Tennypa) coctaBa. O6pastbl ObICTPOOXNAKAEHHBLIX CNABOB ,
NONy4EHHbIE . B BUA4E NMNEHOYHLIX (PparMeHToB, TOMNWMHOMK OT 2 ao 20
MKM, - . NPWrOTaBNUBANNCL C WUCTIONb3OBAHWEM - ABYX -METOAUK:
CXNONbIBAHUA  Kannu pacnnaea Mexiay ABYyMs ABWKYWMMUCA BO
BCTPEYHOM HanpaBnNeHWU TENMOOTBOAALLMMM LUTOKAMW U pa3Ma3sbiBaHus
Kannu pacrnaBsa Ha BHYTPEHHEN NOBEPXHOCTU ObICTPOBpALLAIoLErocs
MeaHOro uunuHapa.

PeHTreHOCTPYKTYPHbLIA aHanu3 ObiCTPOOXNaXOEeHHbIX CN1aBoB
nposoaunu Ha audpakromerpe D-501 «Siemens» C UCNonb3oBaHueM
CuKa-uany4veHus. Ana ncecneaosaHuna orbupanu NIEeHKU
rpubnnanTensHo OAWHAKOBOW TONWMHBL, 3T0 NO3BONSAET AONYCTUTH, YTO
OHM OXNaXaAanucs ¢ NPMBNM3NTENBHO OQNMHAKOBO CKOPOCTLIO.

Jins  OUEeHKM BO3MOXHOCTY npoTekaHus 6e3auddy3noHHoN

KpucTannusauuu CnnasoB C UCrnonsL3oBaHnem Moaenm cyGperynapHoro

pacTBOpa NPOBEAEH PACYET MOMOXKEHUS NUHUN T | (X) - PaBHbIX 3Ha4YEHMIA
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ceoboanon sneprun Mub66ca TBepaoit U xuakoi das, Ha Avarpammax
¢ha30BbIX PaBHOBECUIT STUX CUCTEM.

YcraHoBneH 3g ekt CyLecTBEHHOr0 pPaCLUMPEHWs rpaHuLibl
pacTBOPMMOCTY CBMHLIA #1 ONI0Ba B TENNype, YTO CBA3AHO C NPOTEKaHUeM
Ge3andPy3MoHHON KpUCTaNNU3aLmMn B COOTBETCTBYIOLUMX AN KaKGOik
CUCTEMBI KOHUEHTPALMOHHBLIX AManas3oHax. JTor adphekT NOMHOCTLIO

COTNAacyeTcs C MOMOMEHMEM BbIYMCAEHHON AMHUM T,(x). Hanbonee

BbIPA3UTESIbHO CTPYKTYpPHbie ‘acpq)éncrsn, CBSi3@HHbIE CO CBEPXBbICOKUMM
CKOPOCTAMU OXNaxaeHusi, npossnsioTcs B obnactu asTeKquécxoro
cocraea (80-86 ér% Te ). CeepxbbICTpoE OXNaw/eHue pacnnaBos 3THX
COCTaBOB NpUBOAMT Kr hopMUPOBaHMIO 0AHOMDA3HLIX MATEpUanoB C
OARHUM U TeM Xe TUNOM KPUCTaNnnNU4ecKom CTpykTypel (7 -cbasbl). Ons

KaXaoi  CMCTeMbl  npoBeAeHa  WUAEeHTU(MKAUMS  3TOi  HOBOM
mMetacrabunoHomn dassl.

Mpu 3akanke  pacnnaBoB CO 3HAUUTENBbHO 6OMNEE BbLICOKMX
HavanbHbIX Temneparyp HabniopaeTcs oBpasoBaHue
cTeknokpucTannuyeckoro  marepuana. lMonyyeHHsle audpakuUOHHbIE
kKapTuHbl  CO  BCEA  OYEBMOHOCTBbIO  [JEMOHCTPUDYIOT  BRUSIHUE
CBEPXBbICOKWX CKOPOCTEN OXNaXAeHUst Ha npouecc (pazooBpasoBaHust u
3HaUMTENbHYD  PONib  MPEABapUTENLHOrO  neperpeBa  PacnnaBos.
MokasaHa CBA3bL BNUSAHUA TemnepaTypbl NPeABapUTENLHOTO Neperpesa

pacnnasa ¢ BeNnu4uHoit ero nepeoxnaxgexHus.
©B.M. nasose, K.b. Mosipxoe, 2000r.
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MOP®OJIOMA U MEXAHU3MbI . POCTA KPUCTANROB
KPEMHUA B BbICOKOKPEMHUCTOM
SNEKTPOTEPMUYECKOM CIJIABE AL-SI
H.C.PomaHosa

locynapcreeHHas Metannypruyeckas Akagemusi YKpauHb!
r.QHenponeTpoBCcK, YKkpanHa

Investigated objects were massive ingots and granules that
were got from Al - 35% Si electrothermal alloy produced by
Zaporozhe aluminum plant. Considerable  voluminous part of
primary silicon crystallized by forming H - shape plates.
Morphological analyses was revealed existing of the three kinds of
H -shape silicon crystals. It was designed models of those crystals
using electronic-graphic and stereomorphological analysis of the
data. All kinds of H - shape crystal were considered as different
types of band crystals those have a diamond-type crystal lattice. A
growth mechanism is being discussed.

3assTexTuyeckue crnnasbl cuctembl Al-Si (cunymuHer) ©
cogepxaHuem  kpemuua  35-40%  oTHOCATCA K KaTeropuu
M3HOCOCTOMKUX U TEPMUYECKM crabunbHLIX Matepuanos C HU3KUM
yp,eanbIM ‘BecoMm. B Hacrosiulee Bpemsi HaﬁmonaeTcn TeHneHuun
MCNOMbL30BaTh CUAYMUHbI C BbICOKUM COAEPXAHMEM KPEMHMS Ans
NPOU3BOACTBA MOPLUHER TSDKENOHArpy>XXeHHbIX q>opcnpoé'aHHb|x
Aunsenei. Mpu cogepxannn kpemHusi 35-40% UX U3HOCOCTOWKOCTL B
1,5-2,0 pasa BblLue, 4YeM Y BbICOKONErMpoBaHHHbIX ayCTEHUTHbBIX
HYryHOB TUna Hupesucr a Ko3a(pHULMEHT NUHENHOTO pacu_mpenma
.qocmraer BENUYMHBI NOPAAKA oosn - 13,1 - 14 5x10 K[1]
Flpuqu C . pOCTOM COAEPXaHUS KpeMHUS noaumaeTcg Kak
TepMuyeckas CTaﬁuanocn chinaea, Tak u ero. uauococrowkocn a
yAenbHbIA - Bec: nanaer. [Mpu Kpuc:Tannusauuu Takux rnyboko
3a3BTEKTMUECKMX  CUNMYMMHOB oOObemHas [ONSA  NepBUMHBIX
KPUCTannoB kpemxus gocturaet 30%, YTO HEM3BEXHO NPUBOAUT K
pe3koMy OXpynuuBaHMIO.-Cnnasa. MosbilUEHUE yAAPHON BA3KOCTW U
TPELMHOCTONKOCT 6e3 CHukeHuss O0ObLEMHOW [ONA NepBUYHLIX
KpUCTanioB KPEMHUA B CniiaBe BO3MOXHO 3a CYET BapbUpOBAHMA
ero CTPYKTYPHbIMU napamMeTrpamu, B YACTHOCTU Mopdonornen u
AUCNEePCHOCTLI0. B CBA3M € 3TUM  aKkTyanbHbl MCCNeaoBaHus
MopcponoruM 1 MEXaHU3MOB pPOCTa HEpPBUYHBLIX KPUCTannos
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KpEMHUA B BbLICOKOKPEMHMUCTBIX CUNYMMHAX nNpU  PasnuyHbiX
YCNOBUAX KPUCTANNU3auUUM U, B YaCTHOCTM, MPU  Pa3fIN4HbIX
CKOPOCTAX OXMaXEeHus. oo
OBBbekToM MCCriefloBaHNA CNYXMAW ‘MAaCCUBHbLIE CAUTKM M
rpaHyrbl, NOMyYeHHble M3 dnekTporepmuyeckoro cnnasa Al-35%Si
nNpou3BOACTBA 3anopoXCKOro amoMuHuesoro kombuHata. Cnnas
nony4vyanu MeTofoM NPsMOro BOCCTaHOBMEHUS U3 OKCUMAHOW LUUXThI
B PYROBOCCTAHOBUTENbLHLIX 3neKkTpoayroBbix neyax OKB-6012
MOLHOCTLIO 22,5 MBA. CnnaB copepxan TexHONnorudyeckue W
NpupoaHbie NnpuMecHbie komnoHeHTbl Fe, Ti, Cu, Ni, u Cr oGuwas
CyMMa KOTOpbIX He npesbiana 7%. TexXHonorus rpalynmpoBaHmns ¢
LEHTPOBEXHLIM  PACAbINEHUEM pacnnasa B BOAY NO3BONSET
fIPOBECTU KPUCTANNU3auUIo CNiaBa CO CKOPOCTAMU OXNaXAEHWs
nopsaka 10>-10* K/c. [1] :
~ CTpyKTypa MacCMBHOTO CIUTKA WM TPaHYn WCCMEnyeMoro
cnnasa npeacvaBneHbl Ha puc.1. T[lepBuuYHbLIN  KPEMHMIA B
MECCUBHbIX OTNIMBKax (YyLUKax) KPUCTanNnU3yeTcs B BUAE LUMPOKUX
H-06pasHbix NNacTuH, a SBTEKTUYECKUI KPeMHMIt BXOAUT B COCTas
MHorobasHoi ToHko audchepeHUUpoBaHHoil 3BTekTukM. LLinpuHa
nnactuH konebnercs B npegenax 20-40 MKM, a ANMHA COCTaBASieT
oT 200 go 400 MKm.,

Puc.1. MukpocTpykrypa CnoxHoNnerupoBaHHoOro
3a3BTEKTUHECKOTO CUNYMUHA &) YYLLIKOBbLINA crinas, x200 ;
6) rpaHynupoBaHHbIit cnnas, x200.
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MquOCprlcrypa rpaHyn npeacrasneHa Ha  puc.16.
Habnogaioren aHanoruyHsie nnactunuyareie - H-o6GpasHbie
KpucTannbl, ToNbko Honee MenkoaucnepcHele.

OnuceiBast Mopconoruyeckue OCoOGEHHOCTH H-06pasHbix
KPUCTAmMMoOB KPEMHUA, MOXHO BblIAENUTb TPpU Pa3HOBMAHOCTY,
KOTOpble MpeACTaBNeHbl Ha PuC.2 B BUAE MUKPOCTDYKTYP W CXEM.
310 ABYTaBpPOBblE KPUCTamNMbl C  KOCOW NEpembIMKOW MEXay
nnactuHamu, ¢ NepneHAUKYNsSpHOR MEPeMBINKON U KpUCTannel ¢

GOKOBLIMA OTPOCTKAMU HA NEPrEHANKYNAPHOI NEpeMBbIHKe.

Puc.2 MUKpoCTpYKTYpbI FpaHyn cnnasa Al-35%Sic. . .
pa3nuyHbIMKU MOPONOriecKMMI PasHOBUAHOCTAMYU H-..
06pasHbIx (ABYTaBPOBLIX) KPUCTANNO0B NEPBUYHOIO KPEMHUA

a) G KoCoi nepembliukoit 6) nepneHAUKyNApHONR NepemMbivkon

¢) ¢ GOKOBLIMM OTPOCTKAMMW Ha NEPNEHANKYNAPHON NepeMbIuKe.

3nekrpoHHorpacguyeckuit aHanus GbLICTPO  OXMaMXAEeHHbIX
nneHok u3 pacnnasa Al-35%Si nokasan, YTo NEpBUYHbLIA KPEMHUH
npu 'cronb BLICOKOM €r0 OGbEMHOM COAEPKAHUM WHTEHCUBHO
aBoiHukyeTcst. Ha puc.3 MOKa3aHO CBETMONONLHOE M306paxKeHue
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ydactka NNeHKW G NEepBUYHLIM  KPUCTANSIOM  KPEMHUSI W
cooTeeTCTByIOLan eMmy wMmukpoaudpakuma. [peacTaeneHHas Ha
puc.3  KapTMHa  MuKpoaucpaKLmMm COOTBETCTBYET BbIXOY B
oTpaxatoLlee NOMOXEHME XapakTepHOW y3nosoii CeTkn pedriekcos
Si, npuHanneSKamux 30He oTpaxatoLux nnockocrei [110].

v
_ OCb ABOMHUKOBAHMS

Puc.3  3nexktpoHHble  MukpodoTorpadum | 6bicTpO
OXnaxaeHHbiX nnexok cnnaea Al-35%Si a) ceetnononsHoe
usobpaxenune x15000; 6) kapTuHa Mukpoaudpakumm or
MEPBUYHOTO KPUCTAnna KPEMHUs;  B) COOTBETCTBYlOLEE
MHUKpOAUMDpaKLUMKM pacyeTHoe ceueHne oBpaTHOi peleTku no
niiockoctu (110) u ockio  asoitHukoBaHus [171], acpdekTwt
ABOWHOW AucpakuWUK BbIAENEHb! CBETNOMN 3anUBKOIA.

B pexume mukpoamdpakumu NpUCYTCTBYIOT peddriekchbl, KOTOpble
CBA3aHHble C ABOWHWKOBAHUEM KPUCTaNNMYECKOWN peweTkn Si.
PacnonoxeHne pecnekcoB 0T ABOMHUKOB COOTBETCTBYET OCHU
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ABOMHUKOBaKUA [1'1'1]. Ocb [OBOMHMKOBAHUA NEXWUT 8 NMOCKOCTU

o6partHoit peLweTku (110). CornacHo npeacTaBneHHbiM
pe3ybTaTaM3nNeKTpoHorpaguyeckoro aHanusa nepBuYHbLIE
Kpuctannsl KpeMHus uccneayemMoro BbICOKOerMHMCTOFO

snencrporepmuqecxoro cUnymuHa nsouumxyrorcn 1o nnocxocm

(171), T.e. no LUMMHEneBomy 3ax0Hy '

O6cv>meHwe pesyniTatos
“AHanu3 nUTepaTypHbIX AAaHHbLIX foKasan, uTo H obpasHble

KPUCTanNNBl" NepBEMYHOrO KPEMHUS B CUNMYMUHAX He BbIAEASIOT B
cneunanbHyio rpynmy, OTCYTCTBYET OfMcaHWe OCOOEHHOCTER 3Toro
MOPdONOrMYeckoro TUna M MexaHu3mMoB ero pocra. WM3secTHo
onMcaHue NNAcCTUHYATBIX KPUCTANmMOB KPEMHMS, Kak HaubGonee
6nu3koro  aHanora  H-o6pasHomy  Tuny.  nacTMH4aToCThL
obbsicHsaeTcA XOpoLio U3BECTHbLIM dhakTom CNOUCTOCTH
anmasonofobHbLIX CTPYKTYp B Hanpasnesum Tuna <111> [2]
O6bACHEHUE MNAacTUHYATONW MOPOMOrMM CrIOUCTOCTLIO CTPYKTYphI
KPEMHUA, UMEIOLLEero anmMasonoAolbHyl0 pelleTky, He A0CTato4Ho
KOPPEKTHO, NOCKOJSIbKY CMOMCTOCTL NPORBAATEL cels MOXeT BO BCex
BOCbMM , Hanpaenexusx Ttana <111> ABNSASCL  XapakTepHOM
CTPYKTYPHOM OCOGEHHOCTHIO KPUCTANNNHECKON PELUETKU KPEMHUA 1
AOIDKHA NPUBOAMTL CKOPEE K OKTasapuieckum popmam pocTa, a He
K NnacTuH4aTbiM. [pyroe oGbscHeHWe NNacTMHYaTbiM popmam
paxo B paborax [3, cTp.377, 4-13]. B atux pabotax nnactuH4arbie
KPUCTArNbLl KPEMHUR TPAKTYIOTCA Kak NEHTOYHbIe, KOTOpbie
06pa3y|oTcn Ha 6ase NONIUCUHTETUHECKUX [ BOMHUKOB
anmaaono,qoﬁuux crpykryp. [pu 9aTOM ABOMHMKOBaHMG BHOCUT
OPUEHTALIMOHHbIE UIMEHEHWS B Npouecc pocTta KpMCTa.HHOB aToT
NOAXOA aBTOPY CTaTbk NpeacTasnseTcs Gonee 060CHOBAHHBIM.
MexaHnam pocTa NEHTOYHbIX KPUCTamNMoB  KpPemHus,
onucaHHbM B [3] npepgnonaraer, Yro hopMupoBaHue NAacTMHYaToro
KPUCTAnna NPOUCXOAMT B PE3yNbTaTe aKTMBHOFO pocTa BAOML
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NOCKOCTY ABONHMKOBAHUS B HanpaBneHuax Tuna <211>, AKTUBHbIN
pocT B HanpaBneHuu <211> BAONL MAOCKOCTYU ABOMHUKOBAHUS,
0BG LACHAETCS HanMuMeM He 3apacTaloLLe CTYNEeHu pocTa Ha rpaHsix
BXOAsLUEro yrna, KkoTopblii oBpasyeTcsi npu MOMUCUMHTETUYECKOM
ABOHUKOBAHUM B NPEANONIONKEHUN OKTA3APUYECKOI MOJENU pocTa
KPEMHUA. JTOT MexaHuaM Obin  npeanoxeH [aMUNLTOHOM WU
BarHepoM Ans kpucTannoe co CTPyKTYpoii Tuna anmasa [7.8].
QnHaKo. o6bsicHAs B oBwMx 4yeprax npouecc BblnonamusaHuﬂ
NEHTOYHBIX Kpucrannos, MeXaHU3Mm FamunbTOoHa-BarHepa
npomsopeqm'pﬂny BKCNepUMEeHTanbHbLIX faHHbIX. B 4YacTHoCTH,
pacnonoxeHue Crnoes pocTa B HanpaBneHuu <211> NEHTOYHbIX
KPUCTANMOB repMaHus, aHTUMOHWAA WHAMA U apcenuaa rannusi
(xpucransos co CTPYKTYpPOW TWMa anmasa), kak OTMEYaloT MHorue
uccneposatenu [4,9,11], He COOTBETCTBYET nNpeaCTaBMEHUAM O
pOCTe Ha rpaHax BXOASALUMX yrros. Kpome Toro, us AByX U3BECTHbLIX
TUNOB JIEHTOYHLIX Kpuctannos <211> u <110> [10,14], sToOT
MEXAHU3M B NpUHUMNE OOBLACHSET POCT TOMLKO B HANPaBlEHUM
<211>. nMpouecc dopMUpoBaHUS H-06pasHbix  Kpucrannos
KPEMHUS,, MNPEeACTaBMEHHbLIX HA puc.2, TaKKe HEeBO3IMOXKHO
0GBACHUTB C NOMOLLBIO 3TOT0 MEXaHU3Ma.

AnbTEepHaTUBHLIA NOAX0A K OMUCAHUIO. MeXaHWiMa pocra
JNIEHTOYHBLIX KPUCTaAnNNoB CO CTPYKTYPOW TUAE anmasa WU3NoXeH B
pa6otax Merposa O.A. u ByxaHoBaoi A.A. [12,13], rae koHuentus
BXoAsulero yrma noaBEprHyTa KpuTMKe Ha npuMepe pocTa
NEHTOYHBLIX KPUCTANIIOB TepMannA. B HassaHHbIX paBoTax pa3suTbl
npeacTaBneHuss 06 aKTUBHOM LeHTpe (nape) pocta NEeHTOUYHOro
Kpuctanna. Slapom pocra ABNAETCA CABORHUKOBAHHbI TeTpasap Ha
fase BxopsLWero  [ByrpaHHoOro yrné. ‘Bbixon  nnockoctu
ABOWHWKOBAHMA Ha MOBEPXHOCTL KpuCTanna topmupyer pebpo
BxoAsiuero yrna. [loiHukosanne no nnockoctu (111) npusogur
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copmupoBaHitio NOJIOXKUTENBHOTO COBOWHUKOBAHHOTO
TeTpasapudeckoro  sapa  pocta, a  ABOMHUKOBAHWE no
aHTUnapanfenLHoi  NMoCcKoCcTU (371_) K dopMUpoBaHKIO
oTpULIATENBHOTO ferpas,upuqecxbr’o sapa. Pasnuuve  mexay
ABOMHUKOBLIMK nnockocTAMKU (111) m (ﬁf) nerko ycmorperb u3
aTOMHOM pelueTkun anMasa. COrnacHo  3KCAEPUMEHTAmNbHbIM
AaHHbIM, MOMOMUTENLHLIM W OTpUUATeNnbHbie TETpasapuyeckue
LUEHTpLl pOCTa MEHTOYHOro Kpuctanna obnanalT pa3nuuHoil
Mopcponorue. ‘B 4acTHOCTW, OTpUUATENbHOE TeTpasapuieckoe
SOPO  pa3pacTaeTcs BAOMb  MIOCKOCTH [BOAHUKOBAHMS, T.e.
paspacrtaeTca  napannenbHo  NIOCKOCTAM BLINONAKUBAHUS
nexHToyHoro kpucranna [12]. FonoxurencbHoe TeTpasgpuyeckoe
AP0 pPacTeT HOPMAanbHO K MMOCKOCTM [ABOWHUKOBAHUA U He
cnocoberayeT BbINONAXNBAHUIO OCHOBHbIX NoBepxHOCTEN
neHTouHoro  kpuctanna [13]. Pacnonoxenue CrioeB  pocTa
NEHTOMHOro Kpuctanna repMmanus B ceueHun (211) npencraénéHo
Ha puc.4. B pamkax MexaHu3ma pocTa NEHTOUHOro Kpucrasna no
Metposy [LO.A. u bByxaHosohn A.A. W B COOTBETCTBUM C

JKCMEPUMEHTANbHLIMKU AAHHLIMU NO PACNONOXEHUI0 CNOEB pocTa B

paGoTte [4] nocTpoeHa MoAenb CevYeHWsa NEHTOYHOro Kpucranna -

aHTUMOHUAA UHAOMA nnockocTelo (211). 3T1a moaens npeacrasneHa
Ha puc.5. Ha puc.4 u 5 xopowI0 NPOCMaTPUBAETCHA ABYTABPOBas
dopMa NEHTOUHbLIX KPUCTANNOB B ceveHun (211). YuuTtbiBas nonHyio
KpMCTannOXMMW-IéCKytO aHaANOrUID MEeXAy Kpuctannamu KpemHusa u
repmanusi, a Takke nogoGue  KpUCTaNNUUECKUX  PeLueTok
AHTUMOHUAA MHAUA U KPEMHUA MOXHO cAenatb npeanonoXeHuwe o
ToMm, yTo Mopdonorudeckme Tunbl H-o6pasHeix  kpuctannos Si,
nonyyeHHsle B cnnase Al-35%Si (M B uywkax ¥ B rpaHynax),
ABASIOTCA NEHTOuHbIMM  Kpuctannamu. [lpu  arom  Gokoeble

OTBETBNEHUA TPAKTYIOTCA B CXEMe pocTa aHTUMOHuAA uHAus [4]
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repmanmns [11], kak passuTue NMOCKOTPEHHOrO fAeHApPUTA Ha 6ase

CABOWHMKOBAHHOIO TETPAdPUYECKOro sApa pocTa.

Puc.4 CeueHue
TNleHTodHOro KpucTanna
repMaHus NIoCKOCTLH,
nepneHfuKynapHoi
HanpasreHuto pocta

<211> [13]

A(111)

(1) 1) Puc.5 CeueHye NeH-TOUHOMO

Kpuctanna aHTUMOHNga nHANS

011\\\ \ ////////(m) ; MNOCKOCTbIO, NeprieH-

(1

(111)

W A R

pocta <211> [4]

B (111)

MonucunteTnyeckne  ABOMHMKM,  niexalime B OCHOBe
NEeHTOYHOro  Kpucranna xapaKTepusy}OTcsl Kak  KONU4YEeCTBOM
napannenbHbiX NMOCKOCTEW [ABOWHUKOBAHMA B MNakere, Tak W
B3aUMHbIMMK paccToaHusiMn MeXay HUMMN, CornacHo
uccneposanmam [10] npu TonumHe ABOMHMKOBLIX NMACTUH MeHee
2MKM (DOPMUPYIOTCA NEHTOYHbIE KPUCTanIbl repmanus Tuna <110>,
a npu TonumHe Gonee 2mMkM  Habniogaerca poct NEHTOYHBIX
Kpucrannoes Ttuna <211>. AHanua cxeMbl NOAUCUHTETUYECKOro
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[AVBEAN

[ABOMHUKA KPUCTANNOB C anmas3onogoGHOW PeLieTkon U YETHbIM
UUCHOM NNOCKOCTEN ABONHUKOBAHUA NOKA3aH Ha PUC.6.
1 i .u

Puc.6 Cxema nonucHMHTETUYECKOrO ABONHUKOBAHUS C pasnuny-
HbIM}K PACCTOAHMAMU MeXay NNMOCKOCTAMMU [ABOMHMKOBaHUA

pUCYHKE  NOKasaH  CABOWHWKOBAHHLIN  KpucTann
owraa,qpu'qec}kof -.faﬁwTyca C ABYMS NNOCKOCTAMU fABONHMKOBaHUA (1
n {l cpnedbl . NAOCKOCTEA [OBOMHUKOBAHWUA MeprneHavKynapHble
MNOCKOCTW = pucyHka).  MOBEpPXHOCTU  NMEHTOYHOrO  KpucTanna
neprnexauKynsipHe! nndcxbcm' pPUCYHKA U UX CeYeHUs NpeaCcTaBneHsl
B Buae nuHui AB u CD. Tlpu yMeHbUIEHUM PacCTOAHUA MEeXay
ANOCKOCTAMM [BOWHMKOBAHWUSI B3AUMHOE pPACnOfIOXKEHUE MeXay
OCHOBHLIMK YacTamu kpuctanna GyaeT COOTBETCTBOBATbL CABUrY,
napannensHOMYy NOCKOCTAM [BOMHUKOBAHUS U, KaK CIEACTBME, 3TO
ﬁbnae,qu K ¢OpMMUPOBAHMIO  KOCOW  MEepeMbldkn  mexay
NOBEPXHOCTAIMM RNEHTOYHOro Kpucranna. [IByTaBpoBbie KpucTanibl
KPEMHMSt C KOCOM nepeMbitKoii XOpOowWo BUAHLL Ha puc.3a.
Onupasch Ha npeanaraemyio MoAenbHyio cxemy (puc.6), ‘Kompan
onuceiBaeT usMeHeHne GopMbl  ABONHUKA ovcraanpmecxoro
raburyca, nNpuW YMEHbLUEHUM PACCTOSHUS MEeX4y MNOCKOCTAMU
ABOWHUKOBAHUS, MOXHO NpeAnonoXUThb, 4yTO ABYTaBpOBLIE
KpUCTanbt KPEMHUA C KOCOW NEPEMbIYKON OTHOCATCA K NEHTOYHbLIMY
kpuctannam Tuna <110> 8 nnockocTu cevenus (110).
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Ha ocHoBe npoBeaeHHOr0  CTEPeOoMOPEONOrMYEcKoro
aHanusa  6onbwWOro  KOMUUYECTBA  COWNMU(OBOK  NEPBUYHBLIX
KPUCTAINOB  KPEeMHUS xapaKTepHoﬁ OBYTaBpoBON  (POPMb!,
NOCTPOEHbLI ABE CTEPEOMOAENU NEHTOUHbIX KPUCTAfMOB KPEeMHUSA
(cm.puc.7). B paMkax MexaHU3Ma KPUCTANMM3aUuUN NEHTOYHBIX
KpucTannoB ¢ pewerkoi Tuna anmasa no [etposy [.A. u
ByxaHoBo# A.A. U, onupasick Ha AaHHbIE BNEKTPOHOrpadUyecKoro
aHanuaa, noaTeepxaawuue JBOAHUKOBAHUE NepeUUHLIX
kpucrannos Si B cnnasax Al-35%Si, H-o6pasHbie KpucTannb MOXHO

TPaKTOBaTh Kak NIEHTOUHbIe KpUCTannbi Tuna <211> u <110>

<110> T

a 6
Puc.7 CrepeomMoaenu NeHTOYHbIX KpMCTanndB a) Tuna <211>  ©)
Tuna <110>
BuiBoab!
Mo OaHHbIM crepeomopdmnomqeckoro 7

AneKTpoHOrpau4eckoro aHanw3oB, a TaKKe MCXOAA W3 aHanuia
MEXaHU3MOB POCTa NEHTOYHbIX KPUCTANNIOB CO CTPYKTYpOii anmasa
MOXHO caenarb cnejayioiwme sbisofb! 1) ONUCaHHbIE H-06pasHbie
KpUCTannsl NepBUYHONO KPEeMHUST B a‘neKTp'OTepMquckux cnnasax
Al-35%Si npencTaBnslT coBoil CEYEHUN NEHTOYHBLIX KpudTannoa
Thna <211> u <110>; 2) xapakTepHas asyrasposasi copma
NEPBUYHBLIX  KPUCTanNNOB  KpeMHUA B  cnnaBax  Al-35%Sj
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noaTBepXOaeT  MEexXaHusM. pocTa  JIEHTOYHbIX  KpUCTansos,
npeanoxenHslii MNetposbiM [ A. u Byxanosont A.A. OTOT MEXAHU3M
OCHOBBLIBAETCR HA KOHUENUuu HOPMUPOBAHKA TeTpas3apuyecKkoro
Aagpa pocra Ha 6ase BXOAALWEro ABYrPaHHOTO yrna, KOTOPbIU
o6pasyeTca npu 4BOMHUKOBAHUK. [1py 3TOM ABOWHUKOBAHWE BHOCUT
OpUEHTALMOHHBIE  U3MEHEHUSI .B MPOLECC pocTa KpucTanios U
ofecneunBaeT KpUCTannu3auwio BAOSL MSIOCKOCTW ABOWHUKOBAHUS
c chopmupoBaHnem B obem Buae H-06pa3Horo
MOpCONOrMYEeCcKoro. TUna B  CEYEHUSAX  NeprneraukyNsipHbIX

HanpasneHuio pocra.
JINTEPATYPA

1. . B.C.Casenbes, H.C.PomaHoBa, B.A.Ma3yp  BnusiHue
»upakochasHon  o6paboTku Ha CTPYKTYDY 7 CBONCTBA
329BTEKTUUYECKOr0 CNOXHOMerupoBaHHoro cunymuna, Haykosi npauji
EBTEKTUKA IV, w™ikHapogHa koxcdepeHuis, [HINpoOneTpoBChK,
Ykpaina, 1997 ,

2. KpeGc I'. OcHOBEI KpMCTanﬁoxvnMMu HEOPraHU4ECKMX COeAUHEHU.
M.: Mup, 1971. -304c. _
3.M.dnemMuHrc Mpoueccsl 3aTBepaesanus, “‘Mup”, M. 1977,

4., M.A. Dawesckuit, A.H.Morepyxun O wMexaHusMe pocta
NEerupoBaHHbIX AEHAPUTOB aHTUMOHUAA UHAKUA U pacnpeaeneHun B
_HUX npumecen, Heoprannyeckue marepyans!, Tom IV,1968, Ne9

5. C.A.Ctpoutenes O aByx Tunax AEHAPUTOB MONYNPOBOAHUKOB U
MexaHusme ux pocra, HeopraHuueckue marepvansi, Tom 1V, 1968,
1411-1415

6. 3.A.lembsHoB, B.B.CmupHoB, C.A.Crpoutenes O pocTe
NNacTUHYaThIX W OEHAPUTHBIX  KPUCTannoB TMpuM  Maccoson

126

©Eutectica-V




SBTeKTUKaA V

Kpuctannusauyuu HeopraHuueckue marepuanss, Tom 1V, 1968, 1416-
1419

7. R.D.Hamilton, R.G.Seidensticker, J. App‘l.Phys.', 31, Ne7,1165
(1960);

8. R.S.Wagner, Acta Metallurgica, 8, Ne1, 57 (1960);

9. A.AMlerpos K Bonpocy o MexaHuame AEHAPUTHOTO pocTa
KpUCTannos ¢ anma3sHon cTpyktypoit, JAH CCCP, 1967, Tom177,
Ne5

10. A.A.ByxaHosa, A.A.Netpos Poct aeHgputoB <110> repmanus,
dusuka Teepaoro rena, AH CCCP, 1.6., Bbin.8, 1964r.:

11. A.A.Netpos, A.A.ByxaHoBa O KoOHLenLuu BXOARALUIEro yrna B
NPUMEHEHUN K POCTY AEHAPUTOB C anmasHol CTPYKTypoii, dusuka
TBepaoro tena, AH CCCP, 1.6., Bbin.11, 1964r.,c1p.3331

12, [N.A.Metpos, AADByxaHoBa O  MexaHusme pocra
6e30BOMHMKOBLIX  AeHAPUTOB  <001> ¢ OAQHOABOMHUKOBBIX
AeHApuTOB <112> repmanus, HeopraHuueckue marepuansi, Tom 1V,
1968, Ne9, 1433-1436

13. I.AMeTtpos, A.A.Byxanosa O MexaHusme AeHApUTHOro pocTa
KPUCTansoB repMaHusi. C [ABYMA U TpeMA  [BOWHUKOBLIMU
naockocrtamu, Heopranuyeckue Matepuans:, Tom |V, 1968, Ne9,
1439-1444.

14. A.A.ByxaHosa, [1.A.Merpos Poct geHgputos repmManus B Tak
Ha3bIBAEMbIX «TPYAHbIX» Hanpasnexusx, duamka TBEPAOrO Tena,

AH CCCP, 1.6., BLIN.8, 1964r.
© H.C.Pomanoea, 2000r.

127
©Eutectica-V




sBTeKTMKaA V

NPOrHO3UPOBAHWE HAMNPABNEHHOCTH KPMCTAHHM?:ALMM
PACMNINABOB nEPMTEKTMqECKMX CMCTEIGI ‘B TEPMUHAX
TEPMOAVNHAMUKU HEOBPATUMbIX MPOLIECCOB.

U.M. Manywko, FO.H. TapaH

HauyunoHanbHaa MeTannypruueckas Akagemus YkpauHb

r.JHenponeTposck, YkpavHa

B - .npeacraenaemoit Mmonpenu paBHOBECHOE cocrosiHue
ONMUCLIBAETCS KAHOHMYECKUM . pacnpegeneHyuemM, Kotopoe, cneays [1],

MOXHO 3anucaTb B BuAe:
P=exp[po (1, BV)exp{B[RC-EQ©D (1

roe & - o0606ueHHbIN TepMOoaAMHAMUYECKUI noteHumarn,
IpUHUMAOWLMA B COCTOSIHUM  paBHOBECMS  CBOE  MUHMMarnbHoe
3HayeHue; L — xumudeckuit notenyuan; f =1/(kgT), ks~ nocroaHHas
BonbumaHa u T — abconioTHass Temnepartypa; E — BHYTpeHHas
aHeprusl, 3aBucAUlan OT C-COCTaBa XMAKOCTM B NEPUTEKTUYECKOM
pacnnase, a TaKkke OT KOOPAMHAT, WMAYNbLCOB U BHYTPEHHUX
JHepruii YacTuy B pacnnase.

W3 Bolpaxennss (1) nyteM CyMMWpOBaHWA fl0 KoopaWHaTam,
MMNYNbCAM WM BHYTPEHHUM  COCTOSIHUAM  HacTUlL B KMGKOCTH
NepuTeKTUYECKOro  pacnnapa, 3aknioveHHoi B obbeme V, MOXHO

HaTK pacnpeaenexue seposTHocTM ans C:
P(C)=8B I p {dr} {dP} = B exp [B(® + uC)] exp [ BE (C)] {dr} {dP},
rne B - HQpMMpOBOH‘I»i.bIﬁ. .MHO;KMTeJ'Ib, a p- nnomoc%n;_’ ‘whxocvm

NEPUTEKTMYECKOT0 pacnnasa npu  TemnepaTtype NepUTEKTUYECKO
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ropusoHTanu  Tn. . [lockonbky WHTErpan no  KOOpOMHATaM U
uMmnynscaMm  cBaA3aH co  cBobGoaHoi  3Hepruen F (C, BV,
COOTBETCTBYIOLEH = [AHHOMY 3HAYEHUIO NEepemMeHHoM C, = MOXHO

3anucarsb:;

P(C) =Bexp {B[® (KL BV)+nC -F(C, BV} (2

B [1] ormeuaeTcs, UTD UCNONL3yeMass B TePMOAMHAMUKE 8 KauecTee
cBOGOAHONA 3HEPIMU hyHKUMA F ornuuaetca or senuyunHsl F (C, B,V)
B BbipaxeHun (2). Tlepeas cBsA3aHa € TePMOAUHAMUUECKUM
noteHunanoM & CooOTHOLIEHUEM

¢ = E-—pa

rae C — nabniogaemoe B cucreme Makpockonuyeckoe 3HauyeHue C u
F= F(5). B cuny 3Ttoro coOOTHOWEHMs (2) NpuHMMaeT BUA:

P(C) =Bexp{-BF~F~pn(C-C)]) ©)

Ecnu  npumennts Kk F  u3BECTHbIE  TepMOAWMHAMMUYECKUE

TOXAOEeCTBa, TO MOXHO 3anucarthb:
(AF) v = F=F=p(C-C) (4)

ByaeM cuutatb, 4TO paBHOBECHLIF COCTAB JKMAKOCTM Ha
nepuTekTuyeckoi ropusontanu CL cootsercrsyer MaKpOCKONUYECKOMY
3HAYEHUIO 6, Te.C = 6, a 3Ha4veHuss nepemMeHHoOn BenuuuHbl C = Cp
~ PaBHOBECHOMY COCTaBy NepuTEKTUYECKOW hasbl.

TepMoanHaMuueckas BepbﬂTHocn obpazosaHus
KOHUEHTPALMORHbIX (bniokTyaumii coctasa Cp B ¥MAKOGTM COCTaBa
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C., onuchiBaembix B TEPMMHAxX MpoLeccoB poxaewus — rubenu,”
CBOOMTCA = K  T[ayCCOBOMY  pacnpefeneHvio 1 onpeaensietcs

cneayilowmM BolpaxkeHueM [11:
W = (2nC)°° exp [-(Cp — C1)* / 2C1)] )

Ecnu 3aHauvenue Cp 6nusko k C, To W Bo3pactaeT u YMECTHO
npeanonoXeHue o0 TOM, MTO XUAKOCTb XOpOLo noaroToBneHa K
pacnagy. B He#t  MOryr  BO3HUKaThL  arOMHble  accouuauuu
(no3apoabiluM)  neputexTudeckoi  asbli € BLICOKOW  CTEMeHbio
cuMmMmeTpun. 3TO NPUBOAMT K TOMY, 4TO pasaenutensHas ancdysus
Npu . pocTe KPUCTanmnos NEPUTEKTUIECKOW pasb! OCYLLECTBNSETCA No
KpPaTYamLiMM MyTsIM; CKOPOCTb MX. .pOCTA MOXET- 0ka3aThCsi Gonbluod
(cywectBeHHo . -Bonbuie CKOpPOCTM = pacTBOPEHUsA NEPBUYHBIX
KPUCTanmoB), AaXe B YCMOBUSIX HE3HAUYUTENbHbIX NEePeoXnaxaeHuu
pacnnaea Hwxke Tq.

AHanusupysa. BblpaxeHue (5),  MOXHO NpeanonoXutb, Y10 B
nNepuTeKTUYECKMX CUCTemMax cnnasos, fae pasHocte Cp ~ CL - Mmana,
NpenMyLIecTBEHHOe pa3BUTUE NONYYUT pasfiensHas. Kpuctannusauus
da3, a B nepurexTudeckux cucremax, rge -Cp  3HAUMTENbHO
otnuyaetrca or C,, MpeuMyLecTBEHHOe - pasBUTUE  MOonyuuT
neputektudeckas peakuus. CKNOHHOCTb  CUCTEMbl K Pa3BUTHIO
NEPUTEKTUYECKOH PEeaKUMU KaYeCTBEHHO MOMXHO OLUEHUThL C NOMOLLBIO
KOHLIEHTPAUUOHHOTO  KpUTEpPWUSA  NEepUTEeKTMYEecKkoW  peakuun (2],
oTpaXkalouiero BO3MOXHOCTb KOHKYPEHTHOM KpucTannusauuu
NepuUTEKTUYECKO ha3bl MO paBHOBECHOW auarpaMMe COCTOSIHMA U B

xoAe pasfensHod kpuctannusauuu das

K=(Cp-C)/(Cs—Cp) = 1
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3peck Cs — paBHOBECHLIN cocras nepBu4HOIMA ;basbl Ha
NepUTEeKTUYECKON TOPUIOHTAanNMW. |

MNpu K>1 B cucteme BO3MOXHA nepuTekTUYECKas peakumus; npu
K<1 NPeMMyLLeCTBEHHOE passurue nonyvyaer pasaenbHas
Kpuctannusauma a3 [3]. 3HaueHue Ké1 CBA3aHO C TeM, 4TO B
noAaBnAIoLEM 6onbluMHCTBE anarpamm COCTOSIHUSA c
NepUTEeKTUHEeCKUM  paBHOBecuemM coctaB Cp  pAacrionoXeH  Ha
NepUTEKTUYECKOA [OPM3OHTanNM nu6o 6nuako K cocrapy C., rnu6o
6nusko K coc7aay C.

‘0603HaUUM yepes

A=—(AF) =-p(Cr-C)  (6)

u Oynem Hassmam '3Ty BENWYNHY CPOACTBOM NEPUTEKTUYECKOMN
peakuun. CpoaCTBO NEPUTEKTUYECKOR peakuuu SIBNAeTcs Mepon ee
YAAneHHOCTM OT COCTOSIHUA PaBHOBECUS B YcrioBusx ucuyesawule
Manbix nepeoxnax(exuit pacnnasa Hwke Tn M urpaer ponb
060GLYEHHBIX CUM, BbLI3LIBAOLMX PA3BUTUE PEAKLMOHHLIX noToKOB B
COOTBETCTBUU C PABHOBECHOM auarpaMMOM COCTOSIHUS. Kax cnenyet
u3 d)OpMyan (6), cpoACTBO nepUTEKTUYECKON peakuuu A BospaCTaeT
C YBENUYEHUEM pa3HOCTU Cp—C,_.

MokakeM B3aUMOCBA3L cpoacnsa NEpUTEKTUYECKON peakuuu A
C  COOTBETCTBYIOLMMM  noTOKamu, onpe,aen;uoumw _paéaume
nepuTeKTquCKoﬁ peaxuuu B‘ coorBevctBMM € [1] nnoTHOCTL
NpoU3BOACTBA SHTPONMA B 3aKPLITOM CUCTEME MOXHO 3anucaTbh B
Buae:

c=-ZjiV/ M+ (A/T) .

AHanu3 Bbipaxenua (7) npu T = const NokasbiBaeT, YT0 o NUHENHO

3aBUMCUT OT BENUYUH j; U o, KOTOPbIE MOXHO CYMTaTb NOTOKaMM,
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CBA3aHHbIMK c HeobpaTumbiMu npoueccamu B xoae
nepuUTeKTUYECKOi KpucTannuiauum. "3peck ® — CKOpPOCTb
nepuTeKTU4eCcKon peakuuu, onpeaenseMas Kak npousab,qhaﬂvabtxo,ua
hepu'rexmqecxoﬁ peaxuum (é) ‘0 BpeMmenu. BenuuuHa o TaKkKe
JSIMHEAHO 3aBUCUT OT BEeNUYMH Vig/T) wm (A/T), KOTOpbi€
MO)l‘(_HOV paccmanuéaTb kak obobwenHsle cunbl Xi, Bbi3blBalOWMe
aTH vhb'rioxu. TaKuM"'oﬁpaaoM, .

0= LK (®)
Jime=ip o Xiamp==V /T, 1t2))
J peary =0+ - Xopeary = A/lT, (10)

CootHoweHua (9) BblpaxaloT. oGoOuWieHHble Cunbl U NOTOKK,
cBA3aHHblie ¢ (OpMUpPOBAHUEM NEPUTEKTUHECKUX KpUCTannos B
npouecce pasfenbHoit  Kpuctannusauuu das. CootHowenusi (10)
nokasbigaloT 0006UlEeHHbIE -CMNBI U MOTOKW, . COOTBETCTBYIOLLME
peanu3auun NepuTeKTUHECKON peakumuu.

Mockonbky paccMaTpuBaroTest ycrnosus, 6nun3kue K
PaBHOBECHbIM B CWUCTEME, WU3OTPOMNHOW OTHOCUTENIBHO  CKOpOCTH
NepUTeKTUYECKOH KpUCTannusauuu, T.6. K KUHETUYEeCKOMYy pexmmy,
KOraa CKOPOCTb MEPUTEKTUHECKOTo npéapamenuﬂ He nUMUTUpYETCs
aundhdyavent depes o6onouky nepuTekTUYEcKOn  haskl,  MOXHO
cuuTath, YTO npouecc uaer B o6GnacTM nuHeRHOCTU HeobpaTumbIX
fpoueccoB M 3anucarhb:

ik=ZLu X, (11)

Matpuua deHomeHonoruyeckux  koappuumeHToB L B
COOTBETCTBUU C COOTHOLUEHMEM B3auMHOCTU OH3arepa CUMMETPUYHA:
Lwu=Ll.
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"AHanus BbipaxeHuit (10) u (11) nokasbiBaeT, uTO CKOpOCTb
NEepUTEKTUYECKON ~  peakuum - o nponopyuoHansHha cpoacTey
nepuTekTu4eckon peakumm A. B TOM cnyuae, korga Cp HaMHOrO
Gonbwe C., CyuWecTBEHHO Bo3pacTaeT A W COOTBETCTBEHHO
Bo3pactaeT o . [lOTOK jpeay Npeobnanaer Hag nOTOKOM j anp- Mpwm
Manod pasHuye Cp — C_ BenuuuHa A HesHauuTensHa. B 3TOM
cnyvae  j aup > j peary, M NPEUMYLUECTBEHHOE pa3BUTHE nonyyaet
pasgensHas kpucrannusauusa doaa.

B COOTBETCTBUU c M3MOXKEHHbIMU MOAEMbHBIMU

npegmaanenuﬂmu MpY KPUCTANIM3auMM pacnnaBoB MEPUTEKTUYECKUX
CUCTEM € KpUTEpUEM nepuTexTUYeckon peakuymu K>1  pgomkHa
peanu3oBatbCsA NepuTEKTUYECKas peakuusa, Tak Kak B 3TUX CUCTemax
pasHocTe Cp — C| cyujecTtBeHHa | OHM JoMmkHbl oBnajath 6Gonbiumm
CPOACTBOM neputekTudeckon peakumn. B cuctemax ¢ K<1 pasHocts
Ce - CL Hesenuka. Takue cuctembl  oGnagaior HE3HAUMTENbHBLIM
CPOACTBOM NEPUTEKTUIECKON peakuyunm o MpM X KpucTannusaumm
NPEVMYLIECTBEHHOE  pa3BUTME  MOXET  MONyyuTb  pasgernsHas
KpucTannusaums d)aa. _' "
V _CobeTBeHHblE WM nUTEpaTypHble  [aHHbIe  MCCIEAOBaHMUI
MexaHmma Kpucrannusayum BOCEMHAALATH CUCTEM NEPUTEKTUMECKUX
cnnasoe  cBuAaeTenscTBYlOT 06  apekBaTHOCTM  nipeanaraemoit
TePMOAUHEMUYECKON MOJenu.

TINTEPATYPA
1. Hukonuc I"., Mpuroxun U. Camoopranusauus B HepaBHOBECHLIX CUCTEMaX.
M.: Mup, 1979. 512 c.
2. Tanyuiko .M., Tapan KO.H. Jokn. Ax YCCP. Cep. A. 1979, Ne 9, c. 765,
3. Tanywko N.M., TapaH O.H., Knenuna C.9., fiucuya E.M. Use. AH CCCP.
MeTannsl, 1980, Ne 2, c. 199.
©HN.M. Manywnxo, FO.H. Tapan, 2000r.
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MEXBY®A3OBAA CETPErALIMA U HECTALIMOHAPHASA
3BTEKTUKA B NEPUTEKTUYECKNX CTANAX

A.U. Auerko, HU. Penuna, .4 Ipywiko

NHCTUTYT Y€pHON MeTanHypruu HAH YkpauHbil,

r. [lHenponeTpoBCk, YkpavuHa

Kpucrannuaauusi  MHOTMX - Fe-cnnaBoB  fpoMcxoAuT  no -
NEepPUTEKTUYECKOMY MEXAHUIMY X —al(d)+ XKoom (Ot XKoem — V.
Memquaaéhblm pacn‘peneneHneM KOMhOHeHToa X ea(d), X Y,
afé) ¢ Y W pasBuTMEM nuKsauum B XKMAKOCTH U TBevaO(:ba3H0171

cerperaumn. ®as3oBbIi TUN KPUCTANNU3aLMM MOXET ObiTb MOCTOSIHHbBIM,
nmbo uaMmeHsieTcA B cBA3M ¢ 00pasoBaHuMeM  NUKBALMOHHLIX

(HepaBHOBECHBIX) q)aaiﬂ)x > aS)F Kocm,, a(S) + Koem é—»‘ Y+ iKnuk + Knuk
« No. Tak, B cnnaee Fe-C-M, npu HU3KOIK KoHUeHTpauuu C u M, Xoom —
v, NP1 HU3KO KonueHTpauwu'C U Bblcokon — M (M, = crabunusarop Fe,)
BOSMOXKHO Xoue —> o(S); PN BLICOKOH KOHUEHTpaLuu C n M BeposTeH
nepexofj 0T NEPUTEKTUMECKOW K IBTEKTUYECKON KPUCTANNN3ALMN: Ky —
¥+ K (K - xapbua Fe, M) unun X, — a(6)+N® (NP — unerpmerannua Fen
M,, Fen M, -C). Cerperauus a5) <> ) N0 NHTEHCMBHOCTU COU3MeEpUMa C
NUKBAUMENR U MOXET TakK Xe BNUATL Ha (Pa3oBO-CTPYKTYPHbLIE N3MEHEHUA.

Mbl uccneaosanu KpUCTannusauuio YrAepPOAUCTbLIX
NEepPUTEKTUYECKMX  CMNaBoB  (TMNA  KOHCTPYKLUMOHHLIX  cTanew),

NerMpoBaHHbIX ¥ - Unu .« - ctabunusatopamu (M,=Mn, Ni, Cu; M, = Cr,
Mo, Si, Al, P). Tpouecc, B OCHOBHOM, ABYCTanuiHbIi. Ha nepsoi cranum

06pa3syeTca nNepeudHbIA PEPPUT afS) BEHAPUTHOTO CTPOEHUA (K—> a(d)+
Koom), HA BTOPOW — NEPUTEKTUYECKUA ayCTEHUT ¥ BOKPYr U BHYTpU
DEHAPUTOB, KOTOPbIA PacTET B XUAKOCTb (Koem —* ¥) ¥ B peppuT (a(d) —

), no 060AKOBOMY MEXaHU3MY Npu ABYX(PA3HOM KOHTaKTe wyu Y alé).
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B cnnasax ¢ M,=Si, P npu M/J/C >> 1 cOXPaHAETCs YaCTUYHBbINA
TPEXasHbIN KOHTAKT W/ Y/ a(F).
KoHuenTpauma M, yBenuuuBaetcs B asax ofS)— Yy = X

koHUeHTpauus M.- ¥ — af6) —» x. Tlo3ToMy npu nepuTeKTUYEcKoi
KpucTannusauuu nuksauus M, no HanpasneHuto Npsamas — o MUHUMYMA
B OCM BETBM A0 Makcumyma B MexayeerBun. KoHueHTpauus M, B
ayCcTeHUTHOM oboake MOXET GbiTb HWxXe, 4YeM B OCeBOi 30HEe W B
MexgyseTsun, a nuksauua noaromy asoiHas. Mpamas nukeauus Mn u
Ap. He BnusieT Ha MEexXaHu3M KpMCTannuaauuvi OCTaTOYHON HKMAKOCTY

(Kocm — ¥), NOBLILLIAS TONBKO YCTOWYMBOCTL ayCTEHUTA, nuksauus Cr, Mo

Bbl3biBaeT o0pasoBaHue KapOWUOHON IBTEKTUKN (Koo — Yy + K), a

nuxsaums Si, Al, P - o6pasoBarne MHTEPMETANMUAHbLIX 3BTEKTUK (Knue —

¥ + FenSi (A)y Cy, X — ¥+ FesP (FeP) nnn Xuue — Ko '+ of6)
Ko ' >+ of8) + Fe,P ). Y4acTku 3BTEKTUKM B AEHAPUTHBIX
MEXAYBETBUAX pa3aesibHbl UM 06pa3yioT CNNOLUHYIO MOTPaHUYHYIO
CeTKy.

NuksaunoHHast  HEOQHOPOAHOCTL  MOXET  COYeTaTbCA ¢
cerperauuen 8 npouecce oboAKOBOrO pPocta aycreHuTa. YBenuuyeHue B
HEM KOHLeHTpauuu M, nOBbILIAET NPAMYIO NUKBALMIO, @ YBENMYEHUE B
HenpespalléHHoM deppute KoHUEHTpauuu M, ycunusaer aggekT

ABOWHOI NuKBauuu. B 3aBucMMOCTU OT ha3oBOro CocTasa, CKOPOCTH a(d)

— J npeBpallenrust n BHyTpupasoBoi Auddy3un B NnorpaHNYHON 30He V4
/a(5) BO3IMOXHBI ANHAMUUHBLIE KOHUEHTPALMOHHbIE W3MEHEeHUst. 3TO
MOXET BNUATL Ha nokanbHyt0 YCTOMYMBOCTL OAHOM wunu obeunx
KOHTakTupytouux das. PaccmoTpum, Hanpumep, ABa  BapuaHTa
KOHUEHTPALMOHHO-CTPYKTYPHbLIX U3MEHEHWIA npu cerperauum M,.

1. B ycnosusix nepepacnpenenexus mexay dasamm afs) <» I

ckopocTb Andbdysuun M, B heppute gocratouHa ans oteoga usbeitka M,

135
©Eutectica-V




»BTeKTUKa V

oT Mexda30Boi rpaHvLbl U NpeaoTBpaLLeHUs KOHLIEHTPaUWUOHHOTO nuka,
obecneunBass NOCTEMEHHbI npUTOK M, B OCTaTouHbIi  depput U

NOBLILLAA €ro yCTOWYUBOCTL B OCEBbIX 30HaX AeHaputa. [1o3ToMy B HUX

nubo npeBpaweHve a8} > ) TOPMO3UTCSH, nubo _obpasyetcs
ManoyCTOMYMBLIN  AyCTEHUT, KOTOPbIW NPU  OXNAKAEHUW  NErko
npeepawaeTca B pepput, ¥ 4.

2. CkopocCTth ombp,a M, HepocraTodHa Ans npeaoTBpalleHus
Hakonneumns 86nuan pouTa ¥ /a(d) n 06pa30BaHNA KOHLIEHTPALMOHHOTO
MaKciiMyMa: - BenuduHa KOTOPOFO MOXET 3aBUCETb OT ° CTEneHM
npespalieHus, a MosoXeHue — OT MPOABKEHUA (PpOHTA, TECHALLEro
KOHLIEHTPALMOHHYIO BOfIHY M, OT - NOBEPXHOCTU BETBU K OCH. [Mpu
06pa30BaHUM KOHLEHTPALIMOHHOIO NUKa B Croe (heppuTa oTAaNEHHOM OT
OCH, €ro yCTOMYMBOCTb yBEnuumsaetcs. Tora B ayCTEHUTU3UPOBAHHON
MaTpuue MOrYT  COXPaHATLCA ~ Y4acTKU  OCTaTouHoro  peppura,

PaCNOMOXEHHbIE BAONb FPaHuULbt ‘a(5) /Y, BOKPYr «CepALeBUHbI» BETBU
UX OKPY)XaeT ayCTEeHUT MNEepUTEKTUYECKOTo NpOoUCXOXAeHus, a ¢
BHYTPEHHEWX CTOPOHbLI PACMONOXEeH ayCTeHUT, o6pasoBaBLWIMIACA MO

nonUMOpPMHOMY MexaHu3My npu oxnaxaeHun (a8 —» ) u3 depputa ¢
HEI0CTaTOMHO BLICOKOI KOHUEeHTpauvei M,. B cnnasax ¢ Si, Si+Cr, P+Si
U AP. MOXHO OGHapy¥UTb (heppUTHbLIE KOMbLA B FETEPOreHHOM ayCTeHuTe

(puc. 1).

Haubonee cnoxHas o6CTaHOBKA, BEpOATHO, BO3HMKaeT B
BbICOKOGOCHIOPUCTLIX ~ CANaBax Npu  PoOCTe ayCTEHUTHOTO Cnos u
CO31aHMM B NOFPaHUYHOM cnoe depputa ycnosuit Ans oGpasosaHus
srHodenHuid  dochuaa (BOIMOXHO TaKkKe — arperaros FesP-FesC).

Bsaumogeicteme KOMNNekca  «maTpuua - BblAE€neHus»  npu
Temnepatypax afd) —»' ), Bbille 3BTEKTMYECKOrO ' MUKBUAYCA, MOXET
NpUBECTU K NOKaNsHOMY KOHTakTHOMY NNaBfieHuio afd) + Fe3P - x unu

a(s) + y + FesP — . [lockonbky BHYTPUAEHOPUTHOE NJiaBrieHne
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NPOUCXOAUT NpPY  HE3aKOHYEHHOW KPUCTAaNNU3auunm MeXAeHAPUTHOM
NUKBALIMOHHON  XMAKOCTM, BO3MOMXHBI  PA3NUUHbIE BApUaHTLI  3TOro
npouecca. ‘

1. Tlpu pocre nepuUTEKTUYECKOr0 aycTeHuTa BOKpyr ¢eppura

HaCTU4HO COXPAHAETCA KOHTAKT X/ Y/a(d) v rpanuua Ya(s) coobujaercs ¢
HUAKOCTBIO B MEXAYBETBUAX. IJTO MOXET ob6neryutb NOrpaHuUYHOE
noannasneHne u cnocoGCTBOBATL €ro NPOAOIMKEHUIO Ha 4aHHOI CTaguu
NPeBpaLEHUR, C COXPaHEHUEM CBA3N HOBOW M NUKBALMOHHOI XUAKOCTU
{puc. 2).

2. BHyTpeHHee nnasneHue Ha rpauuue Yo wHauuHaetcs
@BTOHOMHO, HO 3aTéMm CNMOLHOCTL AYCTEHUTHOrO CIIOA HApyLIAeTcs M
yCTaHaBnnBaeTCa KanunnapHas CBA3b «NOAKOPKOBOW» MEXIEHAPUTHOM
xuakoctu. Mopdonorus cTpykTypbl 1o o6oum BapuaHTaMm cxoaHas.
Mnasnexne conposoxpaerca 06pa3oBaHUEM  HOBbIX KaHanos,
pacTBopeHMemM KW HapaluBaHueM nepembiiek. TIpy OXNaXaeHWU OHO
3akaHumuBaeTca obpasoBaHMeM y4acTkos (POCHUAHON SBTEKTUKM BHYTpU
' AEHAPUTHOW BETBM, U3ONUPOBAHHBIX UM COOBLLAIOLMXCS C asrekmxoﬁ B
MEXAYBETBUAX.

3. Mpouecc nnaBneHus Ha BCex aranax 3apoXaeHus u pocra

XMRKOCTM B 30HE NOABIKHOW TPaHULIbI J/a(S) NPOUCXOAUT NPU NONHOM
OTCYTCTBUM KOHTAKTa C HAPYXKHOMN >XMIKOCTbIO. DOpMa U PaCnonoXKeHue
y4acTkoB pOCPUAHON IBTEKTUKM, BNMOTL A0 OCK BETBYU, ONPEAENSIOTCA
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ycnosusmn e& apeiicba npu nepemelyeHun ¢poHTa NpespaleHus
npochunem storo cpoHTa (puc. 3,4).

puc. 3 puc. 4
Takum o6pa3som, B nepsUYHOH CTpyKTYpE “‘cranei
NepUTEKTUYECKOTO  TURa  BO3MOXHbLI  JhdpeKThl TBépaodiasHoro
nepepacnpefenéHs 3NeMeHToB W TBEpPAOPACTBOPHOI ~Cerperauuu.
Pesynst4ToM  3TOf0 B ONPEAEnéHHbIX  KOHLEHTPaUWUOHHbIX U
TEPMOKMHETUHECKUX YCNOBUAX MOXET ObiTb BHYTPUKpUCTaNnndeckoe

MNaBfeHne B MEPBUYHBIX (PEPPUTHLIX AeHapuTax npu a6 — }
npespaiwgeHdun, ¢ obpasosaHueM  MOABWXKHOIO  CRoA  XXUAKOCTU
3BTEKTMYECKOTO COCTaBa BHYTPU AEHAPUTOB Hapsagy C NIUKBALIMOHHOM
XKUAKOCTBIO B MEXAYBETBUAX.

©A.M. Sluenxo, H.W. Penuna, .4. Mpywxo , 2000r.
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B3AUMOCBA3b NEPUTEKTUYECKOIO N 3BTEKTUYECKOIO
NPEBPALUEHUN B TEMIOCTOMUKUX CTANSIX

E.[1.KanunywxkuH, B.B.KosaneHko

HauuoHansHaa MeTtannypruyeckas Akagemusi YKpauHbl,

r.HenponeTpoBck, Ykpauxa

CTpyKkTypa OTNUBOK U3 TENNOCTONKMX CTaneil 3aBUCUT OT MHOIUX
TepPMOKUHeTUUEeCKUX (DaKTOPOB ONPeaensioLUUX YCNOBUS 3aTBepAeBaHUA
3TUX cTanen.

B nopasnsioweM - GonbluMHCTBE ..Criyyaes  3aTsepaesatue
paccmanuBaeMblx'CT'a'neﬁ npouncxoauTt no cnefywolyeii cxeme. Ha
nepsom arane KpMCTannuéau,um NPOUCXOAUT BLIIENEHNE KPUCTARNOB &-
deppura. [Mocriepyoujee f{npespamenue v'_SécpeppuTa :“I{I' HUOKOCTU B
ayCTEHUT MPOMCXOAWT C BLICOKMMYU CKOPOCTSIMM W COMpOBOXAAETCA Ha
nepsoi ctagun o6pasoBaHUEM pPa3BETBMEHHOIO NPepbLIBUCTONO 0604Kka
ayCcTeHuTa Ha rpaHuue s-eppuT / XXWAKOCTL, 3aTeM (BOPMUPOBAHMEM Ha
MedxxdasHoit rpaHuue pasagena d-chepput / ayCTEHUT TOHKOI MPOGHOAKU
XnOKon pasel , COOBLIAOUERCA  C OCHOBHLIM €€ KOMMYEeCTBOM
NOCPEeACcTBOM KaHamoB. Hanee npoucxoiut o6pasosanve pa3BeTBIEHHOI
;ie“,qunoﬁ 'CTPYKTYpb! NEpUTEKTUYECKOTO aycTeHuTa. HeoTbemnemon
4epTON NEPUTEKTUYECKOW peakuun B UCCREeayemblX CTansx SBASeTCS
Hanu4me HenpepbIBHOW NPOCHIONKK XuaKoil hassl Ha rpaHuLe d-ceppur /
aycTeHuT. CKOpOCTb M CTEneHb 3aBEpLUEHHOCTM NEepPUTEKTUYECKOro
MPEBPALUEHNS 3ABUCMT OT XUMUYECKOFO COCTaBa CTanu (konu4yecrea
beppuTo- 1 aycTeHUToCcTabunnlaTopoe), TeMnepaTypbl Harpesa cranm
nepea kpucrannusauwed ( crenedn romoreHHoctu OLK  GnwkHero
fiopsfka pacnnasa), CKOPOCTH OXNAKAEHUA NPU KPUCTANNU3aLmn.

MpU U3MEHEHWMN CKOPOCTM OXNAKAEHWA NPU KPUCTANMU3ALMM
TeMnepatypHbii nHTEpBan NepuUTeKTU4ecKoro npespaLyeHuns
HaknagblBaeTCa Ha TeMNepaTypHbii UHTEPBAn IBTEKTUUYECKOro, TaKkuMm
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06pa3oM, CKOpPOCTb M 3aBEPLUEHHOCTb NEPUTEKTUYECKON  peakuuun
HENOCPEeACTBEHHO BNUSIET Ha 06LEM W MOPMOMOTUI0 IBTEKTUHECKOM
COCTaBNsIIOLLEN. Mpu BbICOKOM coaepXanumn
aycTeHuTOCTabuNMaupyioLmx aneMeHTos B cranu 4X5M®A crenehb
3aBEpPLUEHHOCTH NEPUTEKTUIECKON peakuuu npyu  KBa3MpaBHOBECHOM
3aTsepaeBaHuu Boicoka (6nuska k 100 %) v asTekTU4eckoe npespaljeHne
B XuAKodasHbix NPOCnonkax ¥ kaHanax, o6pasoBaBLUMXCS B pesynbrare
nepuTeKTUYECKO peakiuu, OCYLIeCTBNSeTcA ¢ oBpaszoBaHueM TOHKOro
KoHrnomepara ¢as. PasBeTBneHHbI (PPOHT KPUCTANNU3ALMU ayCTEHUTa
1 COOTBETCTBEHHO AUCNEPCHOCTbL IBTEKTUUECKUX kKapbuaos cnocobeTeyer
o6pa3oBaHUi0O  OQHOPOAHOM  CTPYKTYpbl.  YCKOopeHue  npouecca
kpucrannusauum cranu  4XSM®CA  cnocoGCTByeT MOsABNEHUIO B
CTpyKTYpe OCTaTO4HOro d-cpeppura. Takum o6pasom, u3IMeHeHve
CKOPOCTU KpuUcTannusauum cnocoGCTByeT W3MEHEHMI0 COOTHOLLEHUA
o6beMOB a3, ydvyacTBylOWMX B NEPUTEKTUHECKOM npespaujeHun. B
HaweMm cnyyae 3a cyeT o6pa3osanusi Gonee pa3BETBNEHHOrO (PPOHTA
KpUcTannm3auun yBeriMuMBaeTcs  HeobxoauMbIi Ans peanusauuu
peakuum o6bEM dXuAKOro pacnnasa, npu 3Tom obujee KonuyecTso
XKUOKOH hasbl C UBMEHEHMEM CKOPOCTU OXNaXAeHUs npu 3aTsepaesaHnm
M3MEHSIETCSt HE3HAUMTESBbHO.

[na craneit Tuna 3X3M3 npu Hanuumn GonbLUEro Konu4ecTsa
chepputocTabunu3aTopoB xapakrepHo obpasoBaHue 3BTEKTUKM Ha Gase
xap6uaa Mo,C. YckopeHHOe oxna)geHue B UHTepBane nepuTekTU4eckon
peakLuy CnocoOCTBYET pacLUMPEHUIO ee TeMmnepaTypHOro MHTepsana,
NOBLILLEHUIO CTENEHW €€ 3aBepLUEeHHOCTH, M3MENbYEHUIO 3EpeH U
yBENUYEHWIO OObeMHON [OonMu  BHYTPUKPUCTANSIMYECKON  KUAKOCTHM,
y4yacrByiollelt B NpeBpalleHuu, 4TO B CBOIO oOYepenb onpeaenser
obpa3osaHve Gonee AUCNEPCHLIX 3BTEKTUYECKMX KapOuaos, paBHOMEPHO
pacnpepensiowmuxcs B marpuue, u  dopmuposasmio  Gonee
fNErMpoBaHHOIo TBEPAOTO PacTBopa.
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HecMmoTpst Ha BMMAHWE CKOPOCTM OXMAXAEHUS HA KUHETUKY
neputTexkTn4eckoro npespatljeHus, MexaHuim peakyun ocraercsa
HEU3MEHHBLIM U 3HAYUTENbHAsA 4acTb pacniiaBa 0Ka3blBAETCA B OCEBbLIX
yyactkax nepBudHbIX 3epeH,. (POpMUPYys TOHKME MNPOCHOHKM 4
cheprueckue MUKPOOBNACTU. STO OKa3bIBAET 3HAYUTENLHOE BIUSHUE HA
AuCneprupoBaHne nNepeBUYHON 3epeHHOW CTpykTypbl. Pa3sBeTsneHue
HK1AKOPA3HBIX NPOCNOEK U CBA3AHHOE C 3TUM YMEHbILEHNE MX TOMLWHGI
6naronpusTHo Bnusier Ha mMopdonoruo 3a3BTEKTUYECKOM
cocraBnsiiouieil, kotopas 4acto OpMUPYETCS MO MEXaHM3My TOHKOro
KOHrnomepara cas.

Takum 06pasoMm, MOXHO OTMETWUTL, UTO pacluupeHue nubo
CY)XeHMe TeMnepartypHOro UWHTepBana nEepPUTEKTUYECKOW  peakuun
Gnarogapa BO3AEACTBUIO TEPMOKMHETUYECKUX (HaKTOPOB CnocoBCcTRyeT
U3IMEHEHUIO TeMNEPaTYPHOro MHTepBana IBTEKTUYECKOrO NpEeBpaLLeHus.
Mpu arom B cranu 4X5MOA npu. BbICOKOW CKOPOCTM M Y3KOM
TeMnepaTypHoOM WHTEepBane nepuTeKTUMEecKOTo NpPeBpaLieHns MOXHO
HabnoaaTe NpaKTU4ecKoe BbIKNMHUBAHUE 3BTEKTUUYECKON peakuuu C
obpa3oBaHuem B kaHanax TOHKOAUCREPCHO KBA3UIBTEKTUKM UM TOHKOTO
KoHrnomepara cas.
©E.f.KanunywkuH, B.B.Koeanexko, 2000r.
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BIVISIHVE NEMVPOBAHVS XENE3OM M KUCNIOPOLOM HA
KWHETUKY U3OTEPMUUECKO! KPUCTAIIMZALMM - -
CTINABA Al — 22%Si .

A.B.Masyp '

HauumonanbHas MeTannyprudeckan Akanemns YKpauhbi,

r.[lHenponeTpoBcK, YKkpauHa

1. BeegeHune

BocrpeGoBaHHOCTL MeTanu4yeckux KOHCTPYKUMOHHbBIX
MaTepuanoB COBPEMEHHOR MPOMBLILIIEHHOCTbIO 3aBUCUT, B MEpByio
oyepeAb , OT COOTHOLIEHWS YPOBHA uX CryXeOHbIX = CBOWCTB W
KOHOMMYECKMX  floKasaTteneit - NPOM3BOACTBA  u3Jenwi U3  3THUX
marepuanos . OnNTumanbHas CTPYKTypa ChjiasoB U KOMMO3ULMOHHBLIX
matepunanos obecneumBaeT HeoGXOAUMbBIA YPOBEHb MX CIY>KEOHbIX
CBOWCTB , OAHAKO TEXHONOTUYECKUE NPUEMbI MO AOCTYDKEHUIO 3aAaHHOH
CTPYKTYPb! NO-NIPEXHEMY OCTalOTCA BECbMa AOPOrOCTOALMMU W
3a4acTylo , 9KONOrM4Yecku BpeaHsiMu. B YacTHocTy, 3a nocnegHue 15 net
HW Ha OQHOM U3 NPEANPUATUNA, NPOU3BOASLLNX OTSIMBKU U3 CUITYMUHOB U
APYrUX CMMaBoB Ha OCHOBE aniOMUHUA (38 WCKMIOYEHUeM 3aBoAa
«MopweHb», r. AnNMa-Ata) He 6bin BHEAPEH HOBbLIA TEXHONOrMYecKui
npouecc, KoTophit Gbl oBecneunBan ynydlWweHUe Ka4ectTsa usgenui u
cHwKeHne Opaka npu OJHOBPEMEHHOM YAEUIeBreHuW npoUsBOACTBA.
HexoTopbie 3aBOAbl OTKA3LIBAIOTCA OT MPUMEHEHUS AOPOroCTOALIUX U
ANOBUTLIX MOANDUKATOPOB, HAHOCA yuiepb KayecTBy usaenun.

B TO ke BpeMA HaMeTUAUCHL OfnpejeneHHbie JoCTkeHua [1] no
YCMEWHOMY BHEAPEHWO 3KOHOMWYHOW TEXHOMOru, OCHOBAHHOW Ha
TemnepatypHoi o6paboTke pacnnasa. HoBble TEXHONOTUYECKUE NPUEMbI.
paspaGoTaHbl Ha 06ase 3aKOHOMEPHOCTEN BRWAHUA TEMMEPaTypbl
pacnnasa Ha NepecTpoikv ynopafoqeHHbIX CTPYKTYP B XMAKOIH dase u
3aBUCUMOCTM OT HuX (pa30BOr0 COCTaBa, MEeXaHu3Ma W KUHEeTUKU
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Kpuctannusaumn u  TBepaodasHbix npespauieHnin. IOtu  hakTopbi
onpegensioT cnyxebHble ceoCTBA OTNUBOK. OCHOBHBLIE HayyHble
MONOXEHUA PaboTbl NOATBEPXAEHLI HE3ABUCUMBbIMU WCCAEAOBAHUSIMM
[2].

B Hacroswei paGote wuccnenoeaHo BnusHue Haubonee
pacnpoCTpaHeHHbLIX NpuUMecein kMCnopoga M Kenesa Ha YCTOWUMBOCTL
M3OLITOMHLIX KPUCTannoB MeTacTabunbHbiX 71- M o -ba3i W “HA
nocneaoBsaTeneHOCTs  (PasOBLIX  MNEPEXO/IOR  NPU  U3OTEPMUYECKON
Kpucrannusayuu 3agsrekrudeckoro cnnasa Al-Si.

, +.. .2, Matepuarnst U MeToauka P

Marepuanom uccrnenoBaHus crnyxun cnnas cuctembl Al — Si,
U3rOTOBMEHHbLIV NyTEM CRnasnexHns anioMmHua A99 (FOCT 11069-74 ) u
kpemuust (FTOCT 19658-81 ) Xumuueckuii cocras cnnasa ( Macc. % ) : Si A
- 22,0 ;Fe<0, 018; Ti <0, 001; Cu < 0, 002 ; Zn < 0, 0015 , npouue
npumecu < 0, 001.

B kauectBe nnasunbLHOIO arperara u TEPMOCTaTa UCMOMb3OBANY
nedu CONPOTMBITEHUST C BHYTPEHHUMU - KOpriycamMuW W3 MarHeaura |
HUXPOMOBbLIMU HarpesaTensmMu , U30NUPOBAHHLIMU OT BO3AYLUHOM Cpeabl. »
XpoMenb-anioMenesbie Tepmonapbl & 0, 2 MM B TOHKMX anyHaosbIx
yexnax ObiiM BKAKYEHbI B  KOHTPONLHO-M3MEPUTENLHbIE nvpuﬁo_p.pl;
nmelline co6CTBEHHYI0 norpéLuHOCTb namepeHunt < 0, 01 %. BpemeHHoi .
WHTEPBAN W3MEHeHWs . TemnepaTtypsl pacnnaBsa npyu  U30TEPMUYECKON
BbiAEPXKE 1 Kxpuctannusayum © = 4,0 c. v

Turnn BbICOTON 15 MM | BHYTPEHHUM AWaMeTpOM UMnMHApa
2,5MM, TOMLLUMHOMA CTEHKM 0, 25 MM M3roTOBUNK M3 CIEKTPANbHO YUCTOrO.
rpacduta. OB6pasys UCCreayemMoro  CUNyMuHa - FONHOCTLIO  3aMoNHANM
BHYTPEHHME npocTpaHcTea Turneil. Mocne 3arpysku..o6pasua KaKa b,
TUrenb 3aKpbiBanu rpauToBO KPLILLIKOA. S

‘PaGouelt cpegoi TepmocTara cnyxan pacnnas TOro e Cocrasa,
4TO M wuccnedyemsiit cunymuH. Macca - paBoueit .cpenbt. TepMocrara
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' NPeBoCxoAnna - CYMMapHylo Maccy uccneayemMoro obpasua, TMMA W
AOrPY>XEHHYIO B T@PMOCTAT YacTb NOABECKU TUrNA 6onee, yuem B 100 pas,
4TO MO3BONWUMO MWUHUMM3NPOBATL TennoBule konebGaHusi, BO3HUKalOLne
npu BeeaeHuu Gornee ropadero oGpasua B pabouylo cpeay TepmocTara.
Bpemsa ‘TpaHcnoptupoBku ofpasya u3 neun HavanbHoOro Harpeesa B
TepMocTaT, a 3areMm B 3akanouHyl cpedy ( Boaa CO RbAOM ) He
npesbitwano 0,5 ¢. Buixoa Temnepatypbl o6pasiia npu TpaHCNoOpPTUPOBKE
13 uHTeprana Tua -Tusoropw. sua  TAKUM 00pa3oMm, Obin MCKNIOYEH.

BpeMeHHble MHTEPBans! U30TEPMUYECKUX BbiAepXKeK BbiGUpany B
cooTBeTcTBUM € [3] NO COOBpaXeHMAM Haunyullei COnoCTaBUMOCTU
pesynbTaToB. MHTepBarbl BoigepKek cocrasnanm (¢ ): 35 5, 7, 15; 20 ;
37. TeMnepartypHblit UHTEPBAn n3oTepMU4ECcKUX Boigepkek 510 — 750° C,
war usMeHeHMﬂ'Temneparypbl 10°. HavanbHylO TeMmnepaTypy Harpesa
pacnnasa 830 oG ‘BbiBpanu ¢ y4eToM 3aBOACKOW MPOU3BOACTBEHHOM
npéicrnm. Cnnas BbiAepXuBanu He meHee 30 MuH npu Temnepartype
HAYANBHOTO Harpesa C Len.io ero TepMoAnHamMu4eckon crabunusauum.
Mc"é‘n’enbaanuﬂ MUWKPOCTPYKTYPbI 06pasLioB NpoBoAnIiK N0 CTaHAAPTHLIM
METOAVKAM Ha ontudeckom npuGope «Nedphot-32» M pacTposOM
3MEeKTpoHHOM Mukpockone « JSM-35».
o Nerupyoume 3rIEMEHTH! BBOAWNN B PACHIIaB B BUAE MOPOLLKOB.
MpUMEHANN  XUMUYECKN uncroe weneso u SiO, ( B kauecTse
kucnopogocoaepxalyein nuratypet ). Mocne neruposanus Gasosoro
CUMIlyMMHa NOAyu4unu fABa cnnasa C XUMCOCTABOM ,OTNMYAIOLUMCA OT
coctasa 6a30B0ro CNnasa : B NEPBOM Cry4ae cnnae cogepxan 2 macc.%
Fe 1 8o BTOpOM 2 Macc.% 0.

3 . PesynbTarbl 9KCNEepUMEHTa

Mpu  uccnenoBaHWM  MUKPOCTPYKTYpe!  0Gpasuos  nocne
M30TEPMUYECKON KpucTannuaauuu OoOGHapyXeHbl Te JKe - CTPYKTYpHble
cocrasnsioiiue, qfo nw B pabore.  [3]. Ocrasuwasca - nocne

M30TEPMMUYECKOW BbIABPXKM KMAKas (hasa HE npeBpaulaeTca B
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KBA3WIBTEKTUKY, @ PACnajfaeTcs Ha OrPaHEHHbIE NEPBUYHBLIE KPUCTANNbI
“ ToHkoguddepeHMpoBaHHLIe 3BTekTUKkM. Mopdonorust u oﬁye,Mﬂbl,e
AONYM  3BTEKTUYECKMX  COCTABAAIOLMX BECbMa  pasnuyawTIca B8
3aBMCMMOCTM OT YCNOBMI npurotosnexus o6pasyos. . Pashuua B
CEYEeHUsX  3aKanouHbIX  M3OLITOMHLIX  KPUCTANMOB. W : ., KPUCTAINOB
M30TEpMUYECKOro pocta pocturana 8-10 pas. 3T0. NO3BOASNO 4ETKO
UAEHTU(DULNMPOBATL KX 3apOXAEHWE B. pacnnaBe W OnpeaenvTb
AnutensHocTb uHkyGauuoHHoro nepuona. Tak xe, kak u 8 pabote [ 3 1,
obHapykeHbl u3bbITOUHble KpucTannul Tuna K1, K2 u K3, usHavyanbHo
{npun U30TEPMUYECKON BblEPIKKE) npeacrasnssilne cobon
meTacTabunoHble  NPOMeXxyTouyHble ¢hasbl  TMNa  CUNUMUUAOB G
PacTBOPEHHBIMU B HUX NPUMECHBbIMM atoMamu Fe u O, Ha KOTOPbIX B
npoyecce oxnaxgeHuss ChopMUpOBanuch kpuctannsi Si. OHu siBRAIOTCS
nceBAoMOpPdI030i KPEMHUA MO KPUCTANNaM 3TUX metacrabunbHbix das.
OGHapy>XeHbl TaKke U BCE nokasaHHble B [ 1 ] Mopcponqmqecmewrlunyl
NONUKPUCTANAUTOB W KOHITIOMEPATOB COBMECTHO  PacTylmx as.
KoHTpacTHbiX pasnuuuit B8 Mmopdonornu U3BLITOUHLIX KPUCTannos W
NONUKPUCTANNUTOB B 00pa3sLax, NermpoBaHHbIX Fe'n O, u B 6asosoM
cnnase He Habnwpaanu. S

B pesynsTate uccnenosanus cnnasa, nerupoeaHHoro 2 macc.%
Kncnopoaa nocTpoexa auarpamma M30TEPMUYECKOW kpuctTannusauum -

puc.1, cnNowHblie NUHUN.

ol
&=
600 —
Puc.1 Quarpamma
550 - n3oTepMudecKon .
KpucTannusayuv
cnnasa Al-Si-O.
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MYHKTUPHBIMM  NUHUAMKU  HAMEYEHbI Kpuéble Hayana u OKOH4YaHuA
kpucrasnnuaauuu 6asosoro cnnasa [1]. Beiwe 730°C, kak u B cnyyae [ 3],
coxpaHsieTcsi XuakodasHas o6nactb, yCTOFN‘MBaﬂ BO BCEM BpeMeHHom
uHTEpBarne uamépmmqecxux 'Bbm.ep»cevlg. HM.)K(-.B 730°C Haquaefcsi
Hu3koTemnepatypHas obnacrte 3abo»<neHun 7 poCTa NepBUYHbLIX
KpucTannos meractabunsHoit casbl. MHKyGaLUuoHHbIA nepuoa ot 0°C no
Hayana 3apoxaeHus Teepaon assl no CPaBHEHMNIO C HEeNerupoBaHHbIM

6a3oBbIM crinaeom cokpatunca ¢ 10 ¢ go 5 ¢ . N3BeITOUHBIX kphcrannoe
B-Si, n3omopdHbIX NEPBUYHLIM KpUcTannam m-q)'aau, B MCCNEen0BaHHOM
BpEeMEHHOM MHTepBane He Haﬁmonanw. '

B uHTepBane Temneparyp 570-580°C Habnioaanu
OTHOCMUTENbHDLIA POCT YCTOWYMBOCTK w,dxoﬁ cpéabl. ﬁépsble KpMCTannb!
n—-dassi 3gech 3apo>l<,uanuc$ Qépea 15 ci-noc‘:n’e HéQana N30TEPMUYECKON
BbIAEPXKU ripn 570°C.

B . wuHTepBane 570-540°C pesko YMEHbLLIAeTCs
NPoACIHKUTENLHOCTE Nepuoaa 3apo>|<,t1eHwﬂ TBEpgoi hasbl. Hanpumep,
npu 550°C nepBuqHbIe KpMéTannbl obpasylotcs yxe 4vepes 3 ¢ nocne
Hayana BblAEPXKKW, B TO BPEMS, KaK B HENErMpoBaHHOM crjiase — vepes 7
c. B ofpasuax nocne 3akankm B BUAE W3OLITOMHLIX KpUCTannoe
o6Hapy»mnu Tonbko B-Si u3oMopdHbi m-chase, HO kurae He Gbino
06HapyXXeHO W3DObITOUHBIX KPUCTanioB W3oMOPcHbIX w-chase. Takum
06pa3oM, «OCTPOBOK» YCTOWYMBOCTM m-pasbl B HENErMpoBaHHOM
6a30BOM Cnnaee npeepatuncs B nonHomacwrabHyio obnacre npu
neruposaHumn cnnaea 2 macc.% O, npu 3TOM MOMAHOCTLIO NOAABAANOCH
3apoXKaeHne KOHKypupytowen metactabunsHon o-ass!.

Mpu 530°C onsATb yBenuuuBanacs yCTOM4MBOCTb XMWAKOW passl,
nocne 20 C U3OTEPMUYECKONA BhIAEPXKKN OBHapYXMBanu cBuaeTenbcrea
OHOBPEMEHHOTO 3apoXaeHus un 6ypHOro pocTa NepBUYHbIX KPMCTannos
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un KoonepaTusHo pacTyuimx KpUCrTannutoB IBTEKTUYECKOTO 1]
nepuTeKTU4ecKoro reHesuca. |

Taxum o6pasom, B cnnase, JfIErMPOBAHHOM  KMCIIOPOZOM,
nepsoHa4anbHO Harpetom o 830°C, B uHTepBane 750-510°C 3a spems
A0 37 C BKMIOYATENbHO MPOMCXOASIT  Chejylouime  Npoueccsl
M30TEPMUIECKUX NPEBPALUEHWIL:

750 — 730° C: XK K yoroduean
720 — 590° C: M yay —> MK +n
580 - 570° C: Xyau. = XK noguwyer. > XK+
""560 530°C : W oy 3K+ 1 K+ 1%+ a + (1 +oc):.,—->
)k+n+oc+(oc+[3)e—)a+ B+(o¢+B)3+(oc+AIFeS|)3
rlpu MCCHEAOBaHMM “trinasa;’ neruposaHHoro 2 macc % Fe,
npotece’ crpylcrypooﬁpasoaauuﬂ PN U3OTEPMUYECKIIX BbIAEPXKAX Taloke
nien 6 mecraeHHble omuqvm oF npouecca B 6aaosom cnnasé - puc.2.

g

<
E_:‘ I L i
600
Puc.2 Ouarpamma
0 u3oTepMuyeckoit
KpucTannusaymu
i cnnaea Al-Si-Fe.

Mpu Temnepartypax M3oTepMUYECKUX Bbigepek oT 750 o 700°C
Xugkast hasa yCTOMYMBO CyLUECTBOBANA BO BCEM UCCreaoBaHHOM
BpeMEHHOM uHTepsane. [lepsbie U3GbITOMHBIE KpucTannbel PB-Si- B
3akaneHHblx — obpasuyax,  yKkasblBalOLWe  NOMOXEHWE  NEPBUYHBLIX
KPUCTannos w-gpasbl M M3OMOPMHbLIE UM , MOSIBUSUCHL NPU YCMOBUSX

n3oTepMu4eckoit soiaemkkn: 700°C, 37 ¢. Co CHUXeHueM TeMneparypbl
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BbIAEPXKN MHKYBALMOHHBIN Nepuoa 3apoXAeHns o- KpucTanios ObiCTPO
ymeHbwaetcs #u  npu  580°C  nepsuyHbie  KpUCTanibl w-hasbt
obHapyxuBanu yxe depes 5 ¢ nocne Haudana BblAEPXKW. B 6asoBoMm
cnnase B TemnepatypHom uHTepsane 750-580°C HauGonee paHHue
o-KpUCTannbl nosiBnsAnuck yepes 7 ¢ npu 580°C. Takum oGpa3om, npu
neruposannm HKybaLMoHHbIA Nepuos yMeHbLuaeTcs.

B uKkTepeane 580-570°Cv YyCTOWYMBOCTb XMAKON (hasbi BO3poCna,
nepBudHbIE KpucTannbl w-dasbl 3apoxaanucs nocne 15 ¢ Boipgepxkn. B
MHTepséne 560-540°C MHKYGaUMOHHLIA Nepnos 3apoXaeHusi o-¢gasbl
onsThL cokpaTunca Ao 5 ¢ npu 550°C. Mpu 530°C ycTOMUNBOCTbL XKUAKOCTH
onstb Bo3spocna. Yepes 37 C M30TEPMUUECKOW BbIAEPXKKU NPH aTon
Temnepatype Habnmioganu crniefbl OAHOBPEMEHHOTO 3apOXAEHWUA U
OypHoro poOCTa NEPBUHHBIX KPUCTansoB # KPUCTAnnuToB COBMECTHO
pacTyLuux das.

B oTnuyue OT CUTyaUuu B ClifiaBe, NErMpoOBAHHOM KUCMOPOAOM, B
cnnase, NermMpoBaHHOM XKENE30M, He NPOUCXoanno NofHoe nojasnexHue
06pa3soBaHUs  NEPBUUHBLIX  KPUCTannos OCHOBHOM  KOHKYPUPY!OLLE/
meTacTabunbHOI n-cp'aabl,“' OHAKO ANMTENLHOCTE WHKYGALMOHHOTO
nepuoaa A0 HAuYana 3apOXAEHUSt T-KPUCTANNOB MO CPAaBHEHUIO C
npotleccom B 6a30BOM HenernpoBaHHOM Cnnaee BO3pOCna. Tak hpu'
600°C uHKYGALMOHHbI Nepuoa Ans m ysenuuuncs ot 7 ¢ Ao 20 ¢, npu
550°C - 0T 5 ¢ 40 15 C COOTBETCTBEHHO. ‘ h

Takum obpasom, B cnnaée, nerupoBaHHoM 2 macc.% Fe,
nepeoHayankHo Harpetom o 830°C , B WHTepsane Temnepatyp
7_5.0-510°C npyM M30TEPMUYECKUX BblAEPKKAX OT 3 C ‘po 37 ¢
BKMIOYMTENLHO NPOUCXOANT CrEAyioLMe MPOLecChl U30TepMUecKux
peakuu'ﬁ': - .

750 -700°C: X;iau — XK yerommsan
700 — 680 °C : XK o = W + ©
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680 —-590°C : XK gy > XK+ >XK+o+q
580‘570 oC:)KHaq —)>Kn05b|uj_yc‘r'_)>*<+m“‘>>K+0)+n

560 -530°C: XK ygu>XK+to+n->XK+n+(o+n),

770

Puc.3 [uarpamma
N30TepMUYECKOil
KpUcTannuaauum
cnnaea Al-22Si .

4. OBeyxneHue pesynbTaToB SKCNEPUMEHTa

MeTtactabunsHbie hasbl, 06pasyloOWMEcs NepBLIMU B NPOLIECCE
KpucTannusauuu cnnasa, CoAemKaT HEeKOTOPOE KOSIMHYECTBO 3MEeMEHTa -
crabunusaropa, 6e3 KOTOpOro WX TEPMOLUHAMMYECKAS YCTOMYUBOCTL
BECbMa CYLLECTBEHHO CHUKAeTCsl, UM He SBMIAETCS AOCTaTOYHON Ans
0Gpa3oBaHus NEepBUYHLIX KPUCTannoB. n-hasa SBASETCH TBEpPAbIM
pacTtBoOpoM Kkucnopoga B cunuuuge, copepxawem 18,5 macc.% Si.
CunnuMaHuT ¥ n-cunuuma  moryT oGpasosbiBaTh Mexay coBoit
HENpPepbIBHbIA PAA TBEPALIX PACTBOPOB, T.K. UX PELUETKM U3OMOPMHLI U
umMeloT 6rmMskue napamerpei.

Q-thasa, crabunusupyemas nNpPUMECHBIM IKene3oM, UMeeT
reKkcaroHanbHyio KpuCTannuueckyio petuerky. >enesoanioMUHUEBbIN
cunuuma FesSiAly; (a-pasa) usomopdeH w-thase [ 4 |. CneposaTtensHo,
MEXOY HUMU TaIoKe MOXET pacnonarathCs HenpepbiBHbIA Psia TBEPAbIX
pacTBOpOB, pasnuyaloLmxca cogepxanmem Si,

Bpemst »u3Hu 1 cTeneHb MeTacTabunbHOCTH - U ©- a3 3aBucaT

0T coaepxanus anemeHTa - crabunusatopa (O Ans n- u Fe ans o-¢asbl)
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8 cnnaee. B BbLICOKOMNCTBIX ABOMHLIX cAnasax Al~Si 3T NpoMexyTouHble
chasb! WMEIOT ~ BECbMa  Manyio creneHb cTabunbHOCTY n
€caMOrpou3BoOnbLHO  pacnafalTcs BCIEACTBME MASIOro ~ ‘COAepXanus
cTabunuaupyiowmx anemeHTos. BeicTpoTa camonpoussonsLHOro pacnaaa
He nossonuna 3adWkcupoBaTb 3T (ha3bl B ApeablayLinX paboTax.
fpsamasn perucrpaums mMetacTabunbHbIX tas METOO0M
peHTreHodasosoro awanusa B paGorte [1] u nocneaylowux crana
BO3MOXHON TOMBLKO ~ nochie ‘Aonycka B uUccnenyemsie - Cnnaebl
Q0CTaTOYHOTO KONUYECTBA 3EeMEeHTOB-CTabunNM3aTopos. '

He BbI3bIBAET COMHEHWIA, UTO AaHHbLIA pesynbTaT MOXeT HaiTh
npsimoe npOMblwneHHoe"npumeueﬂme. Hanpumep, obbemHyio [oMo
oxpynuusatootieit  asrekTukn  (a+AlFeSi)  MOXHO  perynmpoBartb
TEXHOMOTMYECKUMU  MeponpusTuamMn  ctabunusaumm  o-chasbl  nytem
BapbMPOBaHUs TEMNEPaTypbl Ha4anbHOTO HarpeBa U pasnueky pacnnasa
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BIVUAHUE NEFTMPOBAHUA ANIOMUHUEM U _
KAPBEMOOOBPA3YIOLIMMU OBABKAMU HA SBTEKTUYECKYIO
KPUCTANNN3AUUIO BENbLIX YYI'YHOB

M.O.Mameeeea, I".E.benali, B.H.Becnansko, T.A.Cokonoea
HauvoHanbHast Metannypruueckas Akagemust YkpauHbl

r. AHenponeTpoBck, Ykpaunb!

floBbilueHue akcnnyaTayuoHHLIX CBOUCTE M3HOCOCTOMKUX YYTYHOB
Ha TIPOTSHXKEeHUM ANUTENBLHOIO BPEMEHW OCTaeTCs aKTyanbHoit 3agadeit.
BbICOKOE Ka4eCTBO OTNMBKM 0GECTEUMBAETCS, B OCHOBHOM, O4HOPOSHO-
CTLIO CTPYKTYpbl U CBOICTB MaTpuubl cnnasa, a go6Gaska MHOKYNUpyio-
Lero MoauukaTopa anioMUHUA, Kak W3BECTHO, MHULMUPYET 3apoxae-
HUe rpaduTa Npu KPUCTANIM3aLUmM YyryHa.

OTi 3aKOHOMEPHOCTU MOATBEPXKAEHBI KOMMNEKCHBIMU UCCrieao-
BaHUSIMW CTPYKTYpPbi OTIIMBOK U3 JOIBTEKTUYECKUX YYTYHOB CMeayloLlero
xumuueckoro cocrasa (% no macce): yrnepop 2,8-2,9; mapranel] 0,40-
0,45; kpemnuit 0,70-0,75; xpom 0,09-0,10: BaHa,qv_lﬁ 0,29-0,30; P3M 0,25.
Coaepxanue anioMuHua U ynbTpagucnepcHoro nopowka (YOM)
kap6uaoobpasyiolero sBapbupoBanu B UHTepBasne: anioMUHKUIA oT 2,0 ao
6,0%; yOn or 0 go 0,1%. B KaquTée kapbupoobpasywiero YA
“cnons3oeany kapGoHUTPUA TUTaHa. |

I _ TemnepatypHsie napameTpbi KPUCTannn3aumm onbiTHbIX YyryHoB
UcCneaoBan METOAO0M BbICOKOTEMNEPATYPHOro AuddepeHLMansHOr
aHanusa. O6paboTka NonyyeHHbIX AaHHLIX NOKa3ana, 4to 3aBMCUMOCTL
TeMnepaTypebl Ha4ana U KOHLj@ 3BTEKTUHECKO KpucTanmmsauum To, U To
OfUCbIBAETCA YPaBHEHUSIMU:

Ton = 1074+14,91P3M+5,97Mn-30,36Cr-57,62V+60,83TiCN
Tox = 1057+40,61P3M+6,79Mn-27,09Cr-51,25V+62,08 TiCN
Brnusiume crenenn neruposaHusi Ha uHTepBan Kpucrannusauum

UMEEeT 4YeTKO BbIPaXEHHbI 3KCTpeManbHbIi xapaktep. HauGonbluee
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BIMSAHWE HA napaMeTpel Kpuctannusaumu Genoro 4yryHa oOkasbiBaer
nernposaHue saHaguem v KBpGOHMTpMAOM TUTAHA.

OT Mevanna kawgon nnaeku oTbupanu obpasupl  ANA
mMeTtannorpacuyeckux uccrneaosaHui.

MeTannorpaduueckui aHanua 0TOBpaHHbIX obpasuos

CBMAETENbCTBYET, YTO nernposaHue 4YyryHa amnoMuHuem cnocobcTByeT

ocylyecTsrienunio peakuun XK —> A + [ 1 B CTPYKType BCEeX OfbITHbIX
nnasok Habnoaanu oGpa3oBanue BKITIOYeHui rpachura (puc.1 a,n).
Beepnenue B cnnas kapbugoobpasyowmx YA npusoaut Kk obpa-
30BaHMIO KapOWAHOI 3BTEKTUKM U NOBLILUEHHOMY COAEPXaHuio KapBuaos
B METannuyeckon marpuue udyryHa (puc.2 a,0). 3BTencrow;|H5m pacnaj
aycreHuTa ans Bcex',v!ccnenyeMblx NNaBoOK NPOXOAWN, B OCHOBHOM, C
o6pasosaHuem nephﬁTa, 1 NWLLb B HEKOTOPbIX Y4aCTKaxX 3BTEKTONAHbIA

Puc.1. CTpykrypa yyryHa ¢ 2% anomunus (a), 6% aniomunus (6)
x 100
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Puc.2. Ctpykrypa uyryHa ¢ 2% Al n 0,1% YON (a); 6% Al u 0,1% YAr (6)
x100

Puc.3. CTpykTypa uyryHa ¢ pasnuuiHoi CTeNeHbIo
. XUMUYECKOW OQHOPOAHOCTU
x250
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pacnag OCyLLEeCTBMANCA no peakuyum A —> @ + I, xak No HopManbLHOoMY,
Tak 1 N0 aGHOpPManLHOMY MEeXaHu3my.

Takum o6pasom, metannorpaguyeckuit aHanus o6pasuos uccne-
AYEMbIX YYryHOB MoOKasamn, 4TO MMKPOCTPYKTYpa OTMMBOK COAEpXUT
kapBuaHyio a3y, rpadut, peppuT, nNepnut, a TaKke MenkoaucnepcHbie
kapbuaol KapﬁoHquu,qbl nermpy»oumx M NPUMECHbIX SMEMEHTOB.
Bnunauune nerwpywmwx snememos Ha l-Mcno BKJ'I}O‘-IeHMM Ha 1 MM (h) 1)
paamep (d) MO)KHB ribe.qmaamb ypaBHeHMﬂMM
h = -0, 84 11,2Mn- 44 1V-1 7Cr+197 95T|CN 5 9P3M (LUT/MM )

d=2,4-1 2Mn 3, 9V-1 4Cr+29 3T|CN 8, 4P3M (MKM) )

OpaHaKo KONMYECTBEHHOE COOTHOLLEHNE a3 n CTeNeHb XuMU4ec-
Kdﬁ OAHOPOAHOCTM 3TUX cpaa pasnuuHa (puc.3). B oTtnuBkax C HU3KUM
co,aep»(aHueM aI'IIOMMHMﬂ ao 2% KONM4YecTBO kapbuaHon dasbl BEJINKO U
cocraanﬂeT npumepHo 50 60% OHa pacnonaraeTc;i B MEeXAyBeTBUsIX
p,en,qﬁmuux KPUCTanIos aycreuTa. Mosbilwenme COAepXaHUs asniomu-
HUA 5 uyryHe Ao 6% I'IpMBOAMT K U3MEHEeHWNIo Xxapaktepa NUTON CTPYK-
Typbl cﬁﬁmaercn KONM4eCTBO kapbuaHoin q)asbl ao 35 40% v yMmeHblUa-
ercs pasmep ee axmoquwu pacnonox(enwe KOTOPbIX CTAHOBUTCS Gonee
paBHOMEPHLIM. AHaNMW3 MUKPOCTPYKTYPbl 06pa3sloB cBuaeTenbCTByeT o
TOM, YTO K MOMEHTY Hayana 93BTEKTOMAHOIO Pacnafa ayCreHuT Xumu-
yecku HeodHOpoaeH. M3-3a CUNLHOW fMKBaLUK, NO-BUAMMOMY, aniomMu-
HUS, NPOAYKTL!I €r0 pacnaga MoryT UMEeThb pa3snuyHoe CTpoeHue: nepnut
MOXeT cofepxaTts uemeHTuT (FesC) unu cnoxmbtit kapbun Tuna FesAIC,.
Takoe pasnuuue B MUKPOCTPYKTYPE 4yryHa MCCfieyembiX Nnnasok A0f-
XHO OKa3sblBaTh BNUsIHME, Kak Ha obBwMi ypoBeHb CBOCTB MeTarnna
OTSAIMBOK, TAK M HA YpOBEHb CBOWCTB OTAENbHLIX CTPYKTYPHbLIX COCTaB-

NAIOLLMUX.
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AencreutensHo Npu NOBbLILLEHUK COAEPXKAHUA aniOMUHUS C 2 10
6% MUKPOTBEPAOCTL MPOAYKTOB pacnana aycTeHuTa noBsilaeTcs Gonee
yeM Ha 20%, 4To MOXeT ObiTb CBSI3aHO C nepepacnpeaeneHueM
OCHOBHbIX M MPUMECHbIX 37IEMEHTOB B ayCTEHUTE.

Ho6aska kapbupoobpasywowmx YN cnocobeTeyeT NOBbILEHUIO
MUKPOTBEPAOCTY Kak kapbuaHon basbl, Tak U IBTEKTOMAA NPUMEPHO Ha
10-15%.

MonyueHHble NaHHble XOPOWO COFNAacylOTCA C pelynbTatamu
MUKPOCTPYKTYPHOTO aHanu3a W NO3BONSHOT CAenaTh BbLIBOA, 4TO
“3MeHeHue pacnpejeneHuss ¢opmel M pasMepoB KapOGuaHOW dasbl B
OTAKUBKAX C NOBbLILUEHHLIM COAepXaHUeM anioMnHus (6%) GnaronpuaTHo
BNUAET Ha CBOWCTBA 4YIYHA: COXPaHAA AOCTATOMHO BbICOKWI O6LLMil
YPOBEHb MEXaHW4ECKUX XapakTepUCTUK, B YACTHOCTU MUKPOTBEPAOCTM,

CBOWCTBA OTAENbHbLIX CTPYKTYPHBIX COCTABNSIOLLMX BbIPABHUBAIOTCS.

@M.O.Mameeeea, I.E.Benail, B.H.Eecnansxo, T.A.Coxonoaa, 2000r.
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MOD,EJWIPOBAHME POCTA KPVICTAJIHOB B OHEHb Y3KI/IX
KAHA.I1AX

AM. Oepyuxuu nr. PaCUH

uHenponeTposcmw rocyHMBepcuTeT

r.AHenponeTpoBCK, YKpawHa

N3BecTHO, q‘TdrlMopd)onormn IBTEKTUYECKUX KONOHWUIA CBA3aHa C
dopmamy pocTa nepeuYHbIX Kpucrannor. CornacHo npasuny [bkekcoHa
XaHTa[1], perynapHas crpykrypa o6pasyercs, ecnu Ana OAHOW u3 thas
xapaktepHa rpaHHas dopma pocTa, a-ans Apyroi - okpyrnas. OpHako
6bIBAIOT Criydaun, Korga ase a3kl ¢ rpaHHoN PopMoil pocTa NepBUUHbIX
KpucTannos o6pasyioT perysisipHble BTEKTUKY BMECTO CTPYKTYpbi rpyboro
koHrnomepara [2]. FpaHHas copma pocTta MOXeT ObiTh yTepsHa npu’
YBENUYEHWN NEPECHLILEHUs] BCNEACTBME  Pa3BUTMA  KMHETUUECKoM
epoxoBaTocTn [3]. M3BECTHO Tak e, YTO rpaHHas Qopma MOXeT
nepeiTM B OKPYIMYIO NpWU YMEHbLUEHUM TONLIWHLI Kpuctanna, T.e.
BCReACTBME BNUAHUE pasMepHoro dakropa [4,5].

‘Pe3aynbTaTtel MOAEMMPOBAHWUSE POCTA  SKCTPEMAMNMBHO  ManbiX
kpuctannog metogoMm MonTe-Kaprio [6] ceuaeTenncrByioT O BaXXHOM
pOMN° 1 - Pa3MepPHOTO (PaKkTopa, W KMHETUUECKOH LuepoxoBaTtocTu. Yem
MeHbLUE pasmep Kpuctanna, Tem Gonbiie caswika Mwb66ca -ToMCOHa,
HeobxoaumMass AnA obecneveHuss €ro paBHOBECUS C OKpyxaiolied
cpenoit. B cBasm C 'yBehwquMeM nepechilLeHns paCTéT aToMHasn
LuepoxosaTocrb noaepxnocm pasgena u B peayanaTe nonyrpaHHaﬂ
chopma CTaHOBMTCﬂ Bce Gonee okpyrno.

Mot npoaenu MOHTe Kapno MonenmpoaaHMe pocta KpMCTannOB B
KaHanax c paanmqnblmw Ce'-leHMHMM Mcnonbsoeancn CTaHAAPTHBIN
MeTo4 MoAenupoBaHus kpuctannos Koccensi. PaccmatpuBanuch KaHanb
c pasmepom cedenust 80x80 u 40x160 (B aroMmHbix eauHuuax). Ha
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pasMepbl KpUCTanna B HanpaBMeHUMW PpocTa He HakKnagbiBanock
orpaHu4eHun.

Mo peayrsTaTamM "MoaenMpoBaHWs ~paccuMThiBANNCL npodnnu
NOBEPXHOCTU KPUCTANNOB, YCPeAHEHHble 3a 04eHb BonbLIoe KONM4ecTBO
uuknos cyeta. Ha pucyHke 1 nokasaHO CEYEHMEe «PABHOBECHOIO»
kpuctanna (npu o4eHb Manoit CKOPOCTU pOCTa) B KaHane C KBafpaTHbIM

ceuennem (sutponusi nnasnewms AH/RT..=5.8, rne AH- monsipHas

Tennota nnaeneHus, R - razoBas NOCTOsIHHAS). Ha pucyHke 2 rnokasaHa
«paBHOBecHas» dopMa B npﬂmoyfoanOM Kanane (AnNWHHOE cedveHue).
XoTs NNowaamn ceHeHni kaHamnos o,qMHaKosbl B NepeoM cnyyae umeer
MeCTO nonyrpaHHas dopma pocra, Bo m‘opom - oxpyrnaﬂ Bo BTopom
cnyqae TOMCOHOBCKas CABMKKA OTHOCMTeanOI'O nepecumenm (cm.
no,qnwcu K PUCYHKaM), Bbillie 4aCcToTH! anCOEAMHeHMH M OTpbIBA aTOMOB,
BblILUE U KUHETUYECKas LEPOXOBATOCTb.

' Mpu MogenupoBaHuMM, TaK e Kak U 1 B 3KcnepumeHTax
HaﬁmoAanOCb yBenu4enue OTHOCUTENLHOTO pasmepa rpaHn npu
HEBOMbLIOM yBENUYEHUM nepechileHns (pocte KpMCTanna) Bonble
TOro, OTMEe4anocL NOSIBNEHUE rpaHu NpuU Temneparype, NpesbilLAIoLLEeN
M3BECTHbIE OLEHKM [ANA  TOYKU paaynopn,qo%’sa»omero nepexogaa,
NOAYYEeHHbIE METOO0M Monrte-Kapno.

n= ] 7 p i

Puc. 1 Ceuenue «paBHOBeCHOI‘O» KpuCTanna B KaHane 80x80

AH/ RTnn =6, c o 055
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Puc. 2 Cedenue «paBHOBECHOIO» Kpucransna B kanane 40x160

AH/RT,, =6, 6=0.066

Puc.3 BepxHue 4 nnockoctu kpucranna B kaHane 80x80

AH/RT,, =5.3, 6=0.046

CornacHo pacyetam B.B. Boponkosa, paBHOBECHas rpaHb B ABa
pasa npesbllaeT pasmep QNYKTYUPYIOWEro Ha Hel KPUTUHECKOro
3apopbitia. Okasanocb, YTo ' dbnykryauuu 3apoabiiia 0MeHb CUITbHO
BIUAIOT Ha ycpeaHsiemble npochunu 86nn3n Touku nepexona. fns Gonee
TOUHOTO OnpeaeneHus ycnosuii nepexoaa or NonyrpaHHon K OKpyrrnon

dopme Ans paskbix AH/RT,, oOnpesensnuch 3aBUCUMOCTY pasmepa
rpaHu ‘M pasmepa KPUTUUYECKOTrOo 3apoabllia OT nepechbillieHus. 3a
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PaBHOBECHbIt pa3Mep rpaHu NPUHUMany Takow, Npu KOTOPOM OH B 2 pasa
npesbilan pasMep Kputudeckoro 3sapoabiwa. Ha puc. 3 nokasaHsl
YeTblpe BEPXHME AaTOMHble NMOCKOCTU KpUcTasina, BKoYas ABYMEPHbINA
3apoabit (Benbiil), ANA cnyyas pocra € ManoW CKOpOCTbIO, Koraa
paamep rpaHu HeMHoro 6onblle pPaBHOBECHOrO. YBENUYEHUEe rpaHun
HabniogaeTca nNuWb 40 HEKOTOPOro nepechileHust, NOTOM  rpaHb
HaUMHAET YMEHbLLIATbLCH, 4YTO CBA3AHO C  Pa3BUTUEM KUHETUYECKOW
LIepOX0BaTOCTU. «PaBHOBECHbLIV» pa3Mep rpaHu, u pasmep KpUTUYECKoro

sapogapita ymenblatorcs npu ymenswennn AH/RT .. Annpoxcumanms
33BUCMMOCTH paamepa kputuueckoro 3apoabiwa ot AHRT,,, k paamepy

,qaymepHoro Knacrepa c pa60Tou o6pasoBaHus| nopsaka KT n03BONNIO
y'rquuTb TOURY pasynopﬂ,qoqmaalou;ero nepexona ,D,nn KpMCTanna

8ox80 AHRT,, =5. 3+o 1

Takum o6pasom, paBHOBECHast (OpMa TOHKMX KPUCTAMNOB -
nonyrpaHHas. YemM MeHbLUe SHTPOMKA NNAaBNEHUA, TEM MeHblue pasmep
rpaHy Ha pasBHOBeCHOW <popme. PasmepHoin 3ddext cBsAzaH ¢
pasBuTUEM KMHETUYECKOA LLEPOXOBATOCTH, HO B TOXEe BpeMs 3TO
«paBHOBECHaA» LlepoxoBaTocTk (Kpuctann He pacreT). W3meneHue
pasMepa Kpucranna u opmbl MexdasHbiX rpaHul Npu yBenudeHuu
NEePecILLEeHUs MOXET BAUATL HA MOPKONOIMI0 IBTEKTUHECKUX KOITOHUA.
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UNIDIRECTIONAL SOLIDIFICATION OF AL-SI EUTECTIC
Edward Guzik,. Dariusz Kopycmsk: S
Facuity of Foundry Engmeenng Umver5|ty of Mmmg and Metallurgy
Poland 30 059 Krakow, Reymonta 23

The paaér présents iresults of the research on' unidirectional
cryst'allization'df. a(A})-Si alloys. Relation between interlamellar spacing A
and “g'rd_wth rate'v‘lhas bfe'e’n established by the use the Bridgman type
devicé for unidirectional crystallization. it has been observed that the
increase on growth rate v results in the decrease of value of parameter ).
The shape of the crystallization face of o(Al)-Si eutectic and the
protrusion of a(Al) by the leading crystal Si are also presented.

In order to achieve the assumed aim a specialized device for
unidirectional crystallization of Bridgman type with vertical temperature
gradient has been assembled. The method is based, roughly speaking, on
melting of entire volume of metal in a form and subsequently on
continuous pulling the form out of the furnace into the cooling medium.
The device for unidirectional crystallization consists of electrical
resistance furnace, cooler and drive mechanism. In addition it is equipped
with the freezer of samples and the microprocessor that stabilizes the
high temperature with accuracy up to 2 °C and assures required speed
range of crucible with liquid metal movement in the furnace.

During the unidirectional crystallization the speed of the sample

translatlon was in the range of V= 2 7810° + 1.8110° cm/s, what was -
m f:rst approxnmatlon- equlvalent to .the ..eutectic growth rate. The
measurements of the temperature distribution in the specimen enabled a
deteérmination of the temperature gradient in molten metal just before the
solid liquid interface (solidification front). The temperature gradient in the
liquid at the solidification front G equals 105 K/cm.

Due to the unidirectional crystallization of Al-Si eutectic alloy and
«freezing» of solidification front what was shown in Fig.1a,b. Results of

160

©Eutectica-V




sBETerTUKaA V

metallographic quantitative analysis, interlamellar spacing A and
protrusion of the leading phase / as a function of the growth rate v.

c)
1,00£-02
Inter- [
lamellar
spacing A
and .
protrusio | g0z
n/, cm o
_ em\.
¢ {cal for @=89 deg.
: W [ cal for ©= 85 deg.
1,00E-04 +
1,00E-05 1,00E-04 " 1,00E-03

Growth rate v, cnm/s

Fig.1. Shapes of solidification front and structure - a,b) and relationship
between of interlamellar spacing parameters A and | of Al-Si
eutectic and growth rate v — c¢) e

Assuming the protrusion / of the faceted phase to the non-faceted type
phase in the form of relation [1]:
161
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2 )
= 7Gk2f1;?240r‘9 [[mﬁ;nv (Mg = fi‘“ Gfﬁ;ioﬂsz M %:_x(‘g@ﬁ +sin G)ﬁ)jll ®
where: mg-liquid slopes, C.,-concentration difference («length») of eutectic
tie-line, I - Gibbs-Thomson coefficient, ®-wetting angle, f-volume
fraction, m-weighted liquidus slope, IT,P-function of volume fraction, D-

diffusion coefficient in liquid

This parameters has been calculated for Al-Si (Fig. 1c). On the
basis of observations of the frozen shape of Al-Si eutectic solidification
front has been stated that the faceted phase, which, in our case, is
formed by silicon crystals protrusion second o(Al) wet phase in the
crystallization process. Faster crystallization results in srhaller protrusion
value of silicon crystals phase a(Al) while phenomenon of «overfreezing»
or effect — «halo» [2] (Fig. 1b), of one phase on another is obServed at
high speed. It should be noticed that ’trﬁe phenomenon of protrusing of
non-faceted phasé (austenite) by wall phasé (graphite) has been clearly
exposed on the basis' of éxample of irregular graphite eutectic in the Fe-C
alloy [1]. Also Al-Si alloy protrusion phenomenon of the phase by another
has been clearly revealed by Major and Rutter [3].

Summarising..the results, of the modelling of irregular eutectic
growth and unidirectional solidification of Al-Si eutectics, we can state,
that a good agreement has been obtained between the theory proposed
(1) and experimental results.
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DIRECTIONAL SOLIDIFICATION OF GAS-EUTECTIC ALLOYS IN
CONTROLLED KINETIC CONDITIONS

J. Wolla®, C. J. Paradies® and L. Boyko °

a) Naval Research Laboratory, Washington, DC, USA

b) Northrop Grumman Corp., New York, NY, USA

c) National Metallurgical Acader'r'\y'bf Ukraine, Dnepropetrovsk, Ukraine

(This work relates to Department of the Na\}y Grant N0O0014-99-1-4009
issued by the Office of Naval Research International Field Office -
Europe. The United States has a royalty-free license throughout the
world in all copyrightable material contained herein.)

Directional solidification of gas-eutectic alloys has the potential
for producing unique porous structures. A process for producing porous
structures from a hydrogen-saturated melt, called GASAR casting [1, 2},
has been modified to aliow direc'tli'onal soiidification. Recent experiments
have shown that highly elongat’e'd pores \céh be cast into an otherwise
solid structure using controlled GASAR,,directional solidification. The
directional solidification rates are much higher, at least hundreds of
centimeters per hour, than the rates of solidification for coupled eutectic
growth of solid, two-phase coupled eutectics. The high rate of casting
makes directional GASARs potentially practicable for production of
unique structures with elongated pores that can be either continuous or
discontinuous in the direction of casting. ‘

During GASAR solidification, the metal ~atoms arrange
themselves into an ordered crystal structure. For most metals and their
alloys, this causes the solubility of gases within the solid to decfe'ase
compared to the solubility in the liquid phase. A supersaturation develops
at the solid-melt interface, causing heterogeneous nucleation on the solid
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"phase or at solid inclusions in the melt and subsequent growth of a gas
bubble. The bubble grows, being confined only by the solid surrounding it.

Typically the GASAR process uses a pressure vessel to contain
gases, at least one of which is soluble in a molten metal, the molten
metal itself, and a mold. After saturating the melt with the soluble gas, the
molten metal is poured into the mold, where the moiten metal is
solidified. Somewhat elongated pores can be achieved by controlling the
temperature gradients within the mold. using a means for cooling such as
a liquid cooled chill, but controvl over the direction of solidification, rate of
solidification and temperature gradients within the melt are limited. For
commercially pure, lightly alloyed or eutectic metals, the underlying
directionally solidified microstructure at these growth rates s
predominantly columnar or columnar-dendritic. The gas phase grows as
‘pores between the columnar or columnar-dendritic solid, and are defined
by the shape of the underlying structure. More highly alloyed metals
solidify with a more dendritic microstructure, resulting in more complex
‘pore shapes. Nevertheless, highly elongated pores are possible even in
‘these more highly alloyed metals.

If the bubbles hold fast to the solid, eventually the bubbles will
become trapped within the solid, creating a porous structure. During
directional solidification, bubbles generally have a free path for expansion
in the direction of crystal growth. Therefore, elongated pores are
common. If the gas bubbles grow at a rate equal to the growth rate of the
solid, then bubble growth is coupled with the growth of the solid and
highly ‘e‘longated pores are possible. The axis of elongation of the bubbles
is parallel to the direction of heat transfer. If the advancing free surfaces
" of the bubbles do not advance as rapidly as the dendrites or columnar
crystals, then the gas bubbles will be encircled by solid eventually,
leaving discontinuous pores. On the other hand, bubbles that advance
more rapidly than the solid lead to pores that have an increasing
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diameter. These bubbles extinguish the growth of neighboring columnar
dendrites as they grow ahead of the mushy zone. This causes the
diameter of the pore to increase.  Then, the number of hydrogen atoms
required to extend the pore incrementally in the growth direction
increases because the incremental volume of the pore is greater (area of
-bubble cross-section x incremental length). Therefore, if the total amount
of hydrogen available for pore growth remains constant, the distance
between pores must increase and the mean diffusion distance of
hydrogen to a pore must increase. This has a stabilizing influence on the
bubble growth rate because the rate of bubble growth is directly related to
the mean diffusion distance. Eventually, the rate of advancement of the
bubble equals the rate of advancement of the dendritic or columnar
crystals, leading to steady coupled growth.

The schematic in Fig. 1 shows the gasar processing facility
modified to enable directional solidification. The furnace consists of two
main parts: the melt chamber and the module for directional solidification.
The GASAR furnace was supplied to the Naval Research Laboratory
(NRL) by the National Metallurgical Academy of Ukraine. Northrop
Grumman Corporation designed and fabricated the module for directional
solidification. Final integration of all the components and operation of the
facility has taken place at NRL.

The procedure for producing a directionally ‘solidified gasar
material works as follows. After the charge metal or alloy is placed in the
crucible, the melt chamber is sealed and a vacuum drawn. The metat is
heated in an argon-hydrogen mix to a specified temperature, melting the
metal or alloy. Then, the melt is poured into the mold by rotating the
entire chamber 90 degrees. The melt passes through a funnel and fills
the mold located inside the DS furnace, which has two heated zones, an
insulated zone and a chilled zone. The cylindrical mold is joined to a
steel adapter that is connected to a stepper motor. The stepper motor
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withdraws the mold assembly from the DS furnace at a prescribed rate
moving the mold through the heated, insulated and chilled regions.

Fig. 1 — Schematic of the directional solidification furnace.

1 - Copper jacket: 2 - cooling coil (water cooled); 3 - insulated heating
zone 1 (75 mm); 4 - steel mold; 5 - insulated heating zone 2 (25 mm);
6 - insulating layer; 7 - O-ring seal; 8 - copper chill (water cooled),

9 - adapter to stepper motor
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A computer process control and data acquisition system is used to control
the processing facility. Some of the variables that can be controlled are
pressure of hydrogen and argon inside the chamber, melt and crucible
temperatures and speed of heating, DS furnace temperatures, and the
speed and timing of the withdrawal of the filled mold through the DS
furnace. Thermocouples inside the mold directly measure the
temperature gradient in the meit throughout solidification.

All the operations described above can be completed with any
ratio of inert and soluble gases, as long as the total pressure does Bot
exceed 30 MPa. The parameters are user selectable and can be varied
to examiné the effects of each parémeter on pore growth in a éystematic
manner. All _§e‘>tt_ings and data for each run are stored on the computer for
subsequent analysis. This facility has allowed the gathering of new
results about the mechanism of pore nucleation and growth during
directional solidification in GASAR materials.
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Directional solidification at controlied rates of migration of the
solid/liquid interface enables improvements in the microstructure and
directional propeities of binary materials that solidify by a eutectic
reaction. The materials that form a eutectic through a gas/solid reaction
are referred t0 as «gasars.» The solidification process for gasars is
capable of producing porous solids with controlled Iongitddinal, cylindrical
pores that are important for a variety of applications, such filters and heat
exchanger elements. During the gas-eutectic solidification process, two
phases - crystalline and gaseous - precipitate from a liquid simultaneously
[1]. A feature of this reaction is that gas does not have its own shape and
6écup‘ies space between growing crystals. It is necessary to maintain
equality of growth rates for the crystal and gas (bubble) for gasar
produétion with longitudinal, cylindrical pores. However, the rates of
solidification and the pattitioning of the gas at the solid/liquid interface,
the latter controlled by the diffusivity of the gas in the liquid, could differ
significantly. For example, if the growth rate of gas bubbles exceeds the
groWth rate of directional solidification the cooperative phase formation is

disrupted, resulting in a random distribution of pores.
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-The purpose of this work was to study the directiona! solidification
features of magnesium alloys charged with hydrogen. In particular, the
goal was to identify and devélop the basic technological parameters to
control the mechanism of gas bubble initiation and growth. A Mg-Al-Zn
alloy (AZ-31F) was chosen for this study because of its industrial
importance and the compatibility of this alloy with the gasar process.

The experiments were carried out using the specialized gasar
facility located at the Naval Research Laboratory that has been described
previously [2]. The formation of longitudinal pores during directional
solidification as a function of the processing parameters such as melt
temperature, mold furnace temperature, hydrogen partial pressure, speed
of mold withdrawal from the mold furnace, and total pressure during
solidification were investigated (fig.1). it was revealed that.increasing the
hydrogen pressure from 0.15 MPa to 0.65 MPa during solidification
increased porosity and pore density, but the pore structure became more.
ellipsoidal in shape. Increasing the total pressure during solidification up
to 0.5 MPa resulted in decreased porosity, while pores became more

elongated. Increasing melt temperature during hydrogen saturation

resulted in an increase in porosity, but destroyed the cooperative growth
of gas and solid phases during solidification. Directional solidification of
metal-gas structure for this alloy is observed in a mold. furnace
temperature interval of 790-820 °C. Variation of the speed of withdrawal
strongly influenced the final pore structure. It was determined that the
process of longitudinal pore formation is very sensitive to the processing
parameters and requires precise control of the variables to obtain a state
where the speed of solidification equals to-speed of bubble growth. The
best results are obtained in an interval from 3 to 3.5 m/hour.
Metallographic analyses of the specimens revealed distinct
microstructural features at the terminal end of the pores (fig.2). These
variances in microstructure resulting from the solidification of the alloy
are suspected to contribute to the stoppage of pore growth. The
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": a gbeedotﬁa&‘ldmwailf gmi
Fig. 1 Porosity dependence in AZ31-F magnesium alloy on processing
parameters: a - solidification pressure, Ps; b — partial hydrogen
pressure; Py; ¢ — melt temperature, T,; d — speed of withdrawal

b

Fig. 2 Solid crust and small bubble precipitation ahead of the pore at
the terminal end of the pore. a-100x; b — 50x

© L. Boyko, J. Wolla, B. Rath, 2000.
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mechanism by which this microstructure forms is not clear and requires
further investigation. However, these results provide insight for

developing a model for pore growth.
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3BTEKTUMECKUE CNMNABb!I HA OCHOBE EOPMﬂdB
10.5.IMadepHo, B.H.lMadepto, B.5.duriunnos
UHCTUTYT npoBnem matepuanoseaerust HAH Ykpautbl

r.Kues, YkpauHa

B nocnefHee BpeMs MartepuanoBefyeckas Hayka yaenser

GOriblIOE BHUMAHUE CO3aHUI0 KOMNO3ULMOHHLIX CUCTEM, B KOTOPbIX MO-
ryT BbiTh peanu3oBaHnb Honee BbICOKMe cbuauxo-mexaumecme Xapak-
TEPUCTUKM, HEM Y (bopMMpyroumx WX MHAMBUAYANbHBIX KOMNOHEHTOB.

nepCl‘leKTMBHbIM NyTeM B Pa3BUTMM KOMMO3ULIMOHHOM TEXHOMOrUK
SBMAETCA HanpaBMeHHas KpUCTannuaauus IBTeKTUYeckux cnnasos. B
3TOM cny4ae, NOCKOMNbKY CTPyKTypa komnosuTta opmupyetcs “in-situ”,
YEeM UCKMIOYATCH TPYAOEMKME Onepaumy nonyvyeHus BOJOKOH M
NOCNeayouero BBEACHUS MUX B Marpuiy, TeXHONOTM4eCcKuii npouecc
npeacrasnsieT coboil eUHYI0 OMepPaLIo.

OcoBblit MHTEPEC NPEACTaBNIOT KOMNO3ULMK, B COCTAB KOTOPbIX
BXOAAT TOMBbKO HEMETannuMyeckue BEewecTBa, TaK Kak WMEHHO B HUX
BO3MOXHO  COXPAHEHWE  MPOYHOCTHLIX  CBOWUCTB  MPU  BbICOKMX
TemnepaTypax KCrayaTaLum.

Ons KksasubuHapHbix cuctem GopuaHbix a3 peako3emeribHbIX
Me'Bs u nepexoaHbix Me'B, MeTansios xapaKrepHbl 3BTEKTUMECKUI TN
B3aUMOZENCTBUS N NPAKTUIECKOE OTCYTCTBME B3aUMHOI PAacTBOPUMOCTH
KOMTMOHEHTOB B TBEPAOM COCTOSIHWM, YTO OBecneunpaer CTabUNLHOCTL
ha30BOr0 COCTABA CMNABOB W, CNEAOBATENbHO, CBOWCTB B LUMPOKOM
TeMNEepaTypHOM AnanasoHe.

Takas cneuuduka s3aumoaencrens 6opuaHbix das Me'Bs u Me''B,
OGLACHAETCA Pa3nMUMAMU B CUMMETPUM 3MEKTPOHHLIX oBonouek d-u f-
METanmnos, a CNneAoBaTENbHO, U PasnNUUUAMM B Xapakrepe XUMUYECKOH

CBA3N 1 CUMMETPUI KPUCTANMNOB COOTBETCTBYOLIUX has.
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SBTencmqecmu T™n Baaumo,qeucrauﬂ aTUX 50pM,QHbIX da3 u
0CcOBEHHOCTH  UX Cprl(Typr obecneunnyu B npouecce COBMECTHOM
kpuctannusauun o0pasosaHue [AByX B3aUMHO NPOHUKAIOLMX TUMOB
KpUCTarnuTos, npuyem KybBuueckas rekcabopugHas dasa
KpUCTanNU3yeTca B BUAE KPYNHBLIX KPUCTaAnNnoB, a reKkcaroHanbHas
AvbopuaHas - B BUAE MroNbYaThbIX. YCTaHOBneHo YTO NpU COBMECTHOM
KpucTannusaumm atux cas nponenﬂe'rcﬂ SaKOHOMepHOCTb nofobHasn
npuHUuny OpMEHTauMOHHOFO " pasmepnoro COOTBETCTBUS, OAHAKO
peanusyromancn He B OTHOLUeHMU NapameTpos CTpykTyp obeux a3 B
LIENIOM, KaKk 3TO 0GLINHO UMEET MECTO B Cllydae MEeTannuYeckux CUCTEM,
a TOMbKO B OTHOLLIEHMN CYBCTPYKTYPHLIX SNEMEHTOB U3 ATOMOB 6opa.

MNpu KOMMIEKCHOM 3NEKTPOHHO - MMWKPOCKONU4YECKOM
ncenenoBaHun 5Lmo YCTaHOBNEHO, 4YTO B npouecce HanpasneHHO
KpucTannusauuu pacnnasa cmecu pas  Me'Be-Me'B, crenews
cosepmencréa crpylcrypbl B OCHOBHOM ONpEJEnsieTcs KaK COCTABOM
Matepuana, Tak U YCNOBUAMMU KpMCTannwséuuu. Bo Bcex cnyuasx
hopMupyeTcs MaTpuuHas (B. npenéhe MOHOKpucTannuyeckas) dasa
rekcaGopuga P3M, B KOTOpOM baBHomepHo pacnpepeneHbi, TaKke
MOHOKpMCTannhqecxue, BONokHa pAuGopuanoi pasbl. Opuentayus
BOJIOKOH COOTBETCTBYET HanpaeneHwio TennootTsoaa. Pasmepb! BOMOKOH
06bI4HO COCTé‘BanT 0,4-0,6 mkM B guameTpe npu OTHoweHMM ANUHBLI K
,qhamerpy He MeHee 500-1000, 4to BROMHE COOTBETCTBYET KpUTEPUAM
6riTuMM3auum MeXaHU4eCKUX CBOMCTB 3aPMUPOBAHHBLIX KOMNO3UTOB,

YCTE@HOBNEHO, YTO PErynsipHOCTb CTPYKTYPbl KOMIIO3MLMOHHBIX
marepuanoB Ha OCHoBe BOpuAOB CYLUECTBEHHO 3aBUCUT OT CTEreHu
OTKMOHEHUS] OT 9SBTEKTMHECKOTO COCTaBa. 3TO MO3BONSIET AOCTATOMHO
4eTKo onpeaensTe 3BTEKTUYECKUI cocras U3y4aeMbiX CUCTEM.

 YCTaHOBNEHO Ha npumepe ncesnocnnasoe cucrembl LaBs-ZrB,

CYL|ECTBOBAHUE  NPAKTUMECKW  NUHERHOW  3aBUCUMOCTY Mexay
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.KOMUYECTBOM BONOKOH apMUpyIoLLEeH 6ophnHoﬁ tdaset 8 1 oM u
.CKOPOCTL10 Kput:Tannuaauuu.

[MosepxHOCTb paspyileHna paspaboTaHHbIX CamMoapMUpPOBaHHLIX
KOMMO3ULIMOHHBIX MAaTepuarnos XxapakTepusyertcs HanuWuuem kKak cnepos
BbIpbIBA, Tak M BbICTYNAKOWMX OTPE3KOB BOMOKOH. .PacnpocrpaHeHue
TPeWyHbl NPOUCXOAUT . G- MHOFOYUCAIEHHLIMU  CMELLIEHUAMKU  BAOMb
BOMOKOH, 4TO  HAarnoMuHaeT  TUNWYHBIA  “ApeBecHbin”  U3NOM.
Baaumopeiicteue poOHTa TpewinHbl € AUCHEPCHbIMU  HUTEBUOAHLIMU
KpUCTaramMn ConpoBOXIAETCA BbITATMBAHUEM BONOKHA U3 MATPULIbl, NPy
3ToM obecneuynBaeTca Ux CTPOro O4HOOCHOE HaNnpsHKeHHOE COCTOAHME.
Takol xapakrep paspyweHus Tpebyet J0NONHUTENbHbIX HEPreTUIECKUX
3aTpaT M S\BASETCA  NPUYMHOA  3HAYUTENLHOTO  1OBbLILLEHUA
TPELYMHOCTONKOCTH U NPOMHOCTU MaTepUaros.

Kpome Toro, MoHoKpucTannuueckue AubopuiHbIe BONOKHA,
obnafaloLine BLICOKO! CTEMNEeHbl0 COBEPLUeHCTBA peanbHonl CTPYKTYpb
W, CNenoBaTernbHO, . MOBLILUEHHOR MPOYHOCTLIO HA pPacTAXeHue, YTo
NOATBEPXAAETCH, B YAaCTHOCTK, Hanuuuem “lIerku” B MECTe paspbiBa
BOSIOKOH, BHOCAT [ONOMHUTENbLHbLIA BKMaA B NOBbILLIEHWE MPOYHOCTHLIX
XapaKTepUCTUK paspaboTaHHBIX KOMMNO3ULUOHHLIX MaTEpUarnos.

MexaHuueckne CBOWCTBA KOMMO3UTOB 3HAUYUTESLHO NPEBOCXOAAT
aHanoruyHble XapakTepuCTUKM. UHAMBMAYanNbHbIX a3, Martepuansl,
COOTBETCTBYIOLME 3BTEKTUYECKOMY cocTaBy, obnapair HaubonsLMmu
3HAYEHWUAMM TPOYHOCTHLIX CBOWCTB: uX - ahdPeKkTuBHaAA  BASKOCTb
paspywenus (Ki;) cocrasnser Ao 25 MH/M3'2, npeaen NpoYHOCTU Npu
narnbe - 1000-1200 MMa, oHu oBnagalT BLICOKOW TEPMOCTOMKOCTbLIO,
4YTO MO3BONAET BLIITU HA KAYECTBEHHO HOBBIN ypoeegp"--‘.csoﬁcm,
HeoOXoaAuUMBIA ANS UX NPUMEHEHUS B KayecTse BbICOKOTe_MH‘e'pa.lTyprIX
DYHKUMOHANbHbLIX N KOHCTPYKUMOHHBIX MaTep1anos. K

Perynspnas Cpricrypa Ha,_,ﬁmo,qaerc;l;vm B martepuanax, B KOTOPbIX
avwbopugHasa da3sa cq:opM'M’ppsé'Ha Ha~ OCHOBE B3aUMHbIX TBEpAbIX
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pacTBopoB AnGopuaoB meTannos IV rpynnbl NEPUOANMECKON CHCTEMBI
ONfieMEeHTOoB. MHTepeCHO OTMEeTUTL, 4YTO B STUX cny4yasax cTeneHb
COBEpLUEHCTBA CTPYKTYpb! U, CNeoBaTesibHO, MEeXaHW4eckue CBOWCTBA
HE TaK YyBCTBUTESIbHLI K ManbiM U3MEHEHUAM COCTaBa KOMMO3NLMI KaK B
cnyyae uHAUBUAYaNbHbIX nu_ﬁbpwuos, yTOo céﬁaaHo C pacwmpeHunem
o6nacreii CyLLLECTBOBAHNS IBTEKTUKN B MHOIOKOMIMOHEHTHbLIX CUCTEMAX.
Uccnegosanue cTpykTypbl KOMMO3ULMIT Ha OCHOBE 6opuaHbIx has
APYrUX. pefKko3eMenbHbIX METAnnoB N0Kasano, YTo, Hanpumep, B
3BTEKTUYECKUX CUCTEMax Ha OCHOBE rekqaﬁopwna eBponus  ¢c
AuBOpUAaMM  UMPKOHUS 1 radpHma  hOPMUPYETCS  aHanNOrMyHas
BOMOKHMCTast CTPYKTYpa.
' Takum 00pasom, nonyyeHue martepuanoB Ha OCHOBE reKca-
bopupos peakozemMernbHbIX METANNoB NyTeM HanpasnesHon xpucran-
nn3atini cnnNasoB 3BTEKTUHECKOIO COCTaBA C MUCMOSIb30OBAHUEM B KayecT-
B€ apMMpyIOWEro KOMMOHeHTa ANGOPUAOB NepexoaHbIX METannos noa-
BONMIO CHOPMUPOBATL HOBBIA  KNACC KOMMO3ULMOHHBIX camoapmu-
POBAHHLIX KepaMuU4eckux, B 4aCcTHOCTH, 3DEKTUBHBIX TEPMOSMUCCUOH-
HbIX MaT€pUanos, OTIMYHAIOLUMXCS NOBLILLEHHON TePMOCTONKOCTbIO.
PaspaboTaHHaa TexHonorusa u ucnoneL3osaHHoe oGopynosaHue
Nno3Bonunu nony4ars HanpaeneHHo-3aKpUCTaNU3oBaHHbIE BONOKHUCTO-
YMIPOUHEHHbIE CTEPXKHU SBTEKTUHECKMX 6opu,qu_|x KOMMNO3KLUIA KPYrnoro
U1 OBanbLHOro cedexusi guameTpom Ao 14-16 MM ¢ anuHon go 150-200
MM. OAHOPOAHOCTL CTPYKTYPb! M BbICOKAS MNPOYHOCTb CO30aHHbIX
Marepuanos noaaonéloT W3rOTOBNATL U3  HUX M3Oenus  Manoro
nonepeyHoro cequuh (o1 0.2 MMm? npu TonuuHe He Gonee 0.2 MM) #
6on|;w0171 AnuHel (o 80 - 100 MM), KoTopbie MoryT  ObITb
HEMOCPEACTBEHHO  UCNONb30BaHbl B YCTPOWCTBAX  COBPEMEHHON
BbICOKOTEMNEPATYPHOW TEXHUKM B KayecTBe (YHKLMOHANbHLIX W
KOHCTPYKUMOHHBIX SMEMEHTOB.
© F0.B.Madepro, B.H.MadepHo, B.B.®ununnos, 2600r.
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Mo aneULIMPOBAHUE CMNABOB HA OCHOBE AJTIOMUHUA
B.3.Kyuosa
HauuvonanbHaa MeTtannypruyeckas Akagemus YKpauHbi

r.QHenponeTposck, YkpaunHa

O630p cOBpeMEHHbIX Teopui MoauULIMPOBaHUS CNNasoB Ha
OCHOBE anioOMWHMA NOKa3an, YTo MexXaHW3M 9TOro ABMEHUA 40 CUX nop
OCTaeTca AMCKYCCMOHHBIM. HecMoTps Ha -o0unue runotes, HU ogHa #3
HUX He AaeT UEeNnbHOW KapTuHbI, MWASIIGCTPUPYIOLLEH - MHOrooGpasune
SIBNEHUIK, HabnwaaeMbix npu MoaudULpoBaHUKM CNNAaBoB Ha OCHOBE
aANIOMUHMS, KaK NUTERHLIX, TaK U AedOopMUpYEMbIX, XOTS B KaKAOW U3
HMX ©CTb paLMoHanbLHoe  3epHo. OTCyTCTBME €AWHOro nogxoga K
npoueccy MoauMULMpOBAHUA BECLMA 3aTPYAHSET npOrHo3MposaHue
HOBbLIX CMNaBoB M BbIGOp AnA Hux 3PDEKTUBHLIX MOANUGUKATOPOS.
JleTanbHoe MCCnefoBaHWE 3aKOHOMEPHOCTE! CTpykTypoobGpasoBaHus U
a30BbIX NpeBpaLleHnii B CUNYMUHAX ¥ AegOopMUpyeMbIX CriaBax Ha
OCHOBE anMoOMWHMA [0 W nocne MOAMMULUPOBAHUA NO3BOAMIO
BoipaBoTath 00WMI noaxoa K- npoueccy MOANMMDUUMPOBAHMS  3TUX
CNNaBOB C €AUHbIX NO3ULNIA (PUSUKO-XMMUYECKUX OCHOB PaLMOHANLHOMO
nermposanus. 310 npeanonaraer y4etT ocoGeHHOCTel 35EKTPOHHOTO
CTPOEHUA CMNAaBOB W €ro M3MeHeHuW B npouecce MoanduLUpoBaHus, a
TakKe BblgensieT ¢rakTop pacTBOPMMOCTH aneMmeHTa:-mopudukaropa B
drasax cnnasa Kak O4uH U3 onpeaensiowux B 3ToM npouecce.

Mpu mMogutmumposaHuu CUNYMUHOB BbISIBNEHLI cliegyiolne
3aKOHOMEpPHOCTY CTPYKTypoobpasosanus [1-2]:

e usMeHeHue opMm  pocTa  IBTEKTUYECKOrO U - NEPBUYHOIO
KPEMHUEBOTrO TBEPAOro pPacTeOpa 34 CHET Pa3BeTBfIEHUS BMfOTb A0
CUMLHO PAa3BETBMIEHHLIX MIOCKOFPAHHLIX, - CKEMETHbLIX ¥ ' OKPYrNbIX
neHaputos u chHepokpucTannos,
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* CMeLleHue Temnepatyp pasoBbiXx paBHOBECUA U NpeBpalieHuii ¢
COXpaHEeHNEM nx nocnenoBaTenbLHOCTH, npucyilen
HEMOAUMDULIMPOBAHHOMY CNNAaBY;

*  U3MEHEeHWe TEMNEPaTypPHO-KOHLUEHTPALMOHHBIX obnacreit
CyLL|eCTBOBaHUS NONUMOPMHLIX MoagUUKALIMI KpEMHUS BNNOTb A0 KX
BbIKNTMHUBAHUA U cTabunuaaums npu KOMHATHOM TeMnepatype a3 Ha
OCHOBE BbICOKOTEMNEPAaTYPHbIX METannM3npoBaHHbiX MoaUMUKaLUi;
= u3meHeHue . (ha3oBOT0 COCTaBa CNMNasa npu  TNPEeBbILEHUH
ONTUMAaNBHLIX KOHUEHTpauui Moaudukaropa, noaenexve ¢as Tuna
AISiX (X - aneMeHT MogudukaTop).

C noMouibI0 METOAMKN (DUINKO-XMMUYECKOrO MOAennMpoBaHus
npoBefeHa KOoNMuUYecTBEHHas OUEHKAa BNUAHWMSA MOAUMUKATOPOB Ha
‘MEXaTOMHOE B3auMOAeWCTBUE KOMITOHEeHTOB B cuctemax Al-Si n Al-Si-
Fe-Mg-Mn. ¢ yqeTom HeusBexxHOro npucyTcTBust B CUCTEME U B peLseTke
KPEMHUSt  aTOMOB KMCNOpPOAA. AHAaNU3 COOTBETCTBYIOMX MaAPHbIX
B3auMoeicTeun (Si-X, 0O-X) nossonun NPor403upoBaTh
MOAUMULIMPYIOLLYIO  CROCOBHOCTL TOFO WAM WHOTO SnemMeHTa Ans
CnnaBoB KOHKPETHOro cocrasa. Haubonee achdekTusHbIMM B KayecTee
MOAUMUKATOPOB 3BTEKTUKKM Al-Si M NEepBMYHBLIX  KPUCTAnsioB B-Si
SIBNAOTCA  Te ' 3NEMEHTbl, KOTOpble O00EeCcrneynBaldT MUHUMANbHYIO
cTeneHb HanpaejiieHHOCTU napHbix csasen Si-X, O-X U BO3MOXHOCTb
MeTannusauuu 3a CYeT 3TOro CBA3EN B TBEPAOM paCTBOPE HA OCHOBE
Kpemuus  (B-Si). PesynbtatoM MOAUMDULMPOBAHWUS NEPBUYHOIO M
SBTEKTUYECKOr0 KpemHus sBnseTca passeTBneHue 3Tux pas  (ux
M30TPONHLIA POCT), BCREACTBUE METANNM3aLUM CBR3eli B KpeMHUEBOM
TBEPAOM pacTeope. Pa3BeTsfieHMe KPUCTaNNOB KPEMHUEBOrO TBEPAOro
pacTBopa B - npucytcteMM  MOAMMUKATOPOB MPU  OAMHAKOBOM
NEpPEOXnaxneHnn CBA3AHO C PacTBOPEHUEM aTOMOB MOAUGUKATOPOB B
peLueTke TBEpPAOTo pacTBOpa Ha OCHOBE KPEMHUS, CNesCTBUEM KOTOPOFO
ABNAETCA  yMeHblueHWe AS,, MeTannusauuss cBs3edl 3a  cyeT
obpasosanus nap Si-X, O-X, a Tawke paclumpeHue TeEMnepaTypHo-

177

©Eutectica-V




s3BTeKTHUKA V

KOHLEHTPAIMOHHOro MHTEpBAana CyLLeCTBOBaHNA e-TBEPAOIO pacTBopa Ha
OCHOBE BucoKOTemnepaTypHoﬁ rekcaroHansHoin moaudbukauum  Si,
BMMOTe A0 cTabunusauuu ee npu KOMHATHOW Temneparype. BaxHyio
ponb B npouecce MOANMDULUPOBAHMA  KPUCTASIOB  KPEMHUEBOro
TBEpAOro pacrsopa urpaloT rasoobpasHsie npumMecu. Kucnopoa
NPenAaTCTBYET pa3BeTBNEHWUIO KPUCTANIOB TBEPAOIO PAcTBOPa Ha OCHOBE
KpemHus, o6pasys B peleTke c-TBepAoro pacrsopa uenouku Si-O-Si ¢
APKO BbIPAXEHHBLIMKU HanpasneHHbIMK CBA3sMU. Boaopod, HanpoTus,
CTUMYNMpYeT pPa3BeTBIEHUE KPUCTANMOB e-TBEPAOro pacTeopa, obpa3sys
komnnekcsl Si-H u O-H, ocrnabnser nnu paspyLiaeT LIenoyku Si-O-Si #
paclumpsieT,  Kak  SJieMeHTbl-MOAU(UKATOPL!,  TemnepaTypHo -
KOHLEHTPALIMOHHLIN UHTEPBAN CYLIECTBOBaHUA s-TBEPAOro pacresopa.

Ctpykrypa aedopMupyembix cnnasos cuctem Al-Mg-Si-Cu u Al-
Cu-Si-Mg. cdopmupyetca B pesynbrare LEnoro psaa IBTEKTUHECKUX,
NepUTEKTUUECKUX U NEPUTEKTUKO-IBTEKTUYECKNX NPEBPALLEHUIA, KOTOpbIe
UMEIOT B 3aBUCMMOCTM OT YCNOBMA OXAKAEHUS ONPEAENEeHHYI0 CTeneHb
3aBEPLUEHHOCTHU.

MoguduumposaHue necdopmupyembix CNNaBoB Ha OCHOBE
amnioOMHUHUA  NPUBOAUT K cneayouum 0cOBEeHHOCTAM
cTpykTypoobpasosanus [3,4]: )

- NepBUYHbIE KpUCTaNbI o Al TBEpgoro paCTBopa npu BBEAEHUM
3NEeMEeHTOB- MOﬂMd)MKaTopOB He MeHsioT GOopmMy pocTa U paCTyT B BUAE:
OKpYIIbIX AEHAPUTOB C TOW MMM MHOI CTEneHbio paSBeTBHEHHOCTM u
PasnNUYHbIM CEYEeHWEM BETBEW;

- nocnefoBaTtefnbHOCTL ha30BbIX NPEBpPaAUISHUA, XapakTepHasa Aans
NCXOAHOro Hemohmqmumposannoro cnnaBa, COXPaHAETCs, N3MEHSIOTCS
Uil UX  TemnepaTypHo- KOHLI,eHTpauMOHHbIe oﬁnacm peanuaauun‘
BNAOTH [0 UX BBIKNUHUBAHUA;

- Npu NpeBbiIEHUMM ONTUMANbHLIX KOHUEHTpauun Moaudukartopa
nogsnaiTca ¢asbt TMna AlpX, BoccraHaanBaéTc;i ucxoaHaa
HeMoauUUMpPOBaHHAaA CTPYKTYPA;
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- U3MeHseTCA (Da3oBblii COCTAB CMMaBa, TUM M KONMUYECTBEHHOE
COOTHOLIEHUE UHTEePMEeTannuAHbLIX as;

- Méabconepxalue UHTepMeTannuaHbie hasbl MeHsaoT hopMy pocta
Ha . CUNbHO pasBeTBNEHHY!O .OKpYyrnylo, o6pasys TOHKO
AudbdepeHUMpoBaHHbie  3BTEKTUKM, TMBO pacnonaraiTcs B BUaE
Npocnoek 8 MeXAyBeTBUAX o- Al TBEpPAOro pacTeopa;

- Kepesocoaepxalime MHTEPMETANNUALI HE3HAYUTENLHO Pa3BETBNSA-
0TCAA, MEHAETCHA UX CTEXMOMETPUST U KOMNMYECTBEHHOE COOTHOLLEeHMEe B
cnnase;

- o6pa3soBaHue marHuiicoaepaLmx pas nofaBNAeTCs;

AHarnorus 3akoHOMepHOCTER NMpPoLeccoB cTpykTypooBpaszosaHus
B NUTEAHbIX M AedOpMUPYEMbIX ChfaBax Ha OCHOBE AanMiOMUHUS
NG3BONACT NPEANOXUTL E€AMHBIA MEXaHu3M MoauMULMPOBAHUS 3TUX
CNNaBoB, KOTOPLIN GasupyeTcs Ha NpPecTaBneHusax O PacTBOPUMOCTY
9/IEMEHTOB-MOANMUKATOPOB B  TBEPALIX  PACTBOPax, W3MEHEHUW
MEXaTOMHOTO B3aUMOJENCTBUA B CNnase, B pe3ynsTate o6pa3oBaHus
NapHbIX CBA3EA n-x (r4e N - KOMMOHEHT ChnaBa, X - 3MeMeHT-
moaudukatop, Hanpumep Al -X, Si- X, O - X u 1.43.) u, Kak cnencraue,
U3MEHeHue TemnepaTyp asoBbIX paBHOBECU U MpPeBPALUEHUd ©
paspeTeneHue KpUCTannoB TBEP/bIX PACTBOPOB ¥ UHTEPMETANNUIO0B.
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M3MENBbYEHUE 3EPHA CMNJIABOB CUCTEMbI AL-SI
K.B. Muxanerkog u [].®.YepHeza
‘HauioHansHbin TexHudecknini YHUBEPCUTET YKpauHb

r.Kueg, YkpauHa

‘Cnnassl Ha ocHoBe cuctémsbr Al-Si sgrsioTcs OCHOBHBIMM
marepuanamu npu fonydyeHuu OTAKBOK M3 anioMUHUA M KOMMeEp4Yeckoe
aHaueHue 3TOM rpynnLl MaTepuanos NOCTOSHHO Bo3pacTaet. OgHako, us-
3a NpUCYTCTBUSt B CTPYKTYpe CUIYMMHOB CpaBHWUTENbHO ©GOMNbLLOTO
0BLEMHOIO COAEPXKAHUA XPYIKOW KPEMHUEBOW SBTEKTMKW, NNACTUYHOCTL
STUX CNMaBoOB ABMSETCA HEBbLICOKOW (OTHOCUTENLHOE YANWHEHWE Ha
ypoBHe 3-5%).

MaBecTHo, yto AobGaBka Na unu Sr B NOSBTEKTUYECKME CNNasbi
cucTembt Al-Si npuBoauT Kk nosiBreHuto apdexra MoanuLMpoBanus T.e.
uaMeHeHnsa Mopdonorum aBTEKTUYECKOro kpemuus. Tak, seeaeHue 0.01%
Sr B cnnae Al-7%Si no3sonsieT KapavMHansHbiM-06pa3som W3IMEHUTL ero
CTPYKTYPY, NpWAaB KPEMHUEBOW 3BTEKTUKE [ROBYNspHLIA BUA, uTO
NOSMOXUTENLHO CKA3bIBAETCS HA 3HAYEHUAX OTHOCUTENbHOTO YANUHEHUS
MaTtepuana.

CyujecTByeT eule psia (pakTopos, KOTOPbIE HEMOCPEACTBEHHLIM
obpasoM BNUsOT Ha CTpykTypooGpasosanue mMetanna. B nepsyto
ouepenb, 3TO €ro CKOPOCTb oXnaxaeHus. YBEnuueHue CKOpOCTH
KpUCTanNnu3auuu 3a CYeT [JOMONHUTENbHOTO OXNaXKAEHUS  (POpMbl
coKpauiaeT BpeMs - ANA  pocTa  9BTEKTUHECKUX- -KOMOHUA W,
COOTBETCTBEHHO, npueOAUT . K OPMUPOBARUID. . - 4ACTUYHO
rnoBynapu3MpoBaHHON 3IBTEKTUKU. YMEHbLUMTL BpeMs 3aTBepAeBaHua
MeTanna  BO3MOXHO ¥ ApyfMM  nytem - BBEAEHUEM B
npeggpmqannwsaun‘qunbm Nepnoa UHOKYNUPYOLUX n06aBoK, KOTOpble
6narofapsa NpUCYTCTBUIO B UX CTPYKTYpe Y)ke NOATOTOBNEHHbIX MOANOKEeK

AN 33pOXAEHUs  AeHapuToB  o-hasbl  YBENUUMBAIOT  CKOPOCTb
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Kpuctannusaunu. OCHOBLIBAsiCb Ha TakOM TPEANOfiOXKEHWN, aBTOPaMMu
6bino BbINONHEHO uccnegosaHune BANSAHWA pasnnvHbLIX
3epHOM3MeEnbUaoLLKUX A00aBOK HA MOPGONOMUI0 KPEMHUEBON 3BTEKTUKM
U pasmep 3epHa a-haskl cnnasa Al-7% Si-0.35% Mg. B kavecTse
uamenouuTenen 3epHa Gbinu UCNONb3OBaHbI: (i)-ABOMHAs nuratypa Al-
6%Ti u Ti, BBeaeHHbIN 13 hropTUTaHaTa Kanus; (i))-TpoiiHble NUraTypbi
AITi5B1 u AITICO.1; (iii)-dbTopumpkoHaT kanus; (iV)-mexaHudeckue cMecw
conen K;TiFs+KyZrFs (cmeck1) u conn K,ZrFg ¢ yactuyamu TiCN (cmecs
2) aucnepcHocTblo 0.3-0.6 MKM.

PesynbTaTthl  3TUX- SKCMEPUMMEHTOB  M3BONAIOT  3aKMOYUTH
criepyloulee:
a). Bce wuccnegoBaHHble fUAraTypbl HE OKasbIBAKOT CYLLECTBEHHOIO
BMUAHMA HU Ha pasmep 3epHa - o-pasbl, HU Ha QOPMY MNACTUH
KpeMHUeBOW 9BTEKTUKM. Beegenue AéoﬁHoﬁ nuratypst Al-6% Ti u
TpoiHon AITi5C0.1 npakTUHecku: He OKa3biBAET HMKAKOTO BAMAHWS Ha
pasMep mMakposepHa cnnasa. JTOT NoKa3aTenb UIMEHSETCA oT 2530 MkM
Ans ucxogHoro metanna o 2380 mkm nocne BBoga 6 kr/t nurarypst Al-Ti
unu Ao 2150 mkm nocne pgobaBky nuratypst ¢ kapbwuaom TuTaHa.
Mopdhonorust kpeMHUEBOit IBTEKTUKM Takke ocTaeTcsi 6e3 UIMEeHEeHuH,
4TO XapakTepusyercs 3HaueHusMU dakTopa hopMbl, KOTOPLIA paseH 8.5
ANsi UCXOAHOTO CrNaBa W HEeCKONbKO CHWXAEeTCA nocne [06asku O HOM
M3 3TUX nuratyp Ao yposHs -6.5. Iuratypa AITi5B1 okassiBaetr Gonee
OLLYTUMOE BNUAHNE Ha pasmep MaKpo3epHa cnnaea, cHumkas ero Ao 1900

MKM nocnie sBoaa 4.5 kr/t. Tlpu aToM MOpPQONoOrus 38TEKTUKM OCTaeTcs
npakTU4eckn HeusmeHHoi. Mexanuyeckue cBoOliCTBa cCnnasa - o, U 9,
COOTBETCTBEHHO CTPYKTYpe, MW3MEHSIIOTCH HesHauutenoHo. [locne
BBeneHus 4.5 kr/t nuratypsl AITi5B1 o, cnnapa HaxOIMNOCh Ha YPOBHE

292 MMa, 4T0 OTNUUAETCA OT MCXOAHOMO METanna Bcero Ha 5MMa. Takas

PasHULA HE MOXeT TPAKTOBATLCS KAK CKOMbKO HUBYAb 3HAYUTEMbHOE
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HOBbILLEHWE NPOYHOCTH METANNa. CXOAHbIE PeaynbTaTh 6binn NONY4EHb!
m gns S. ' : .
6).BBenenue B Cnnas cConei unu ux cMecen ¢ AUCNEPCHbLIMYU yacTuuamm
TiCN npuBOAWT K 3HaAYMTENLHOMY M3MENBYEHMIO 3epeH o-assl, a B
HEKOTOPbIX CRy4asax [eMOHCTpupyeT Mmoauduumpylowmin  addexT,
nepeBoast BbIAENEHUS 3BTEKTMYECKOr0 KpeMHuUs u3 MNacTMHYaToro B
rno6ynspHoe. Beeaenne 50 xr/t K;TiFg, 4TO COOTBETCTBYET 0.29% Tis
MeTansie NpUBOAKUT K YyMEHbLUEHUIO pasMepa makposepHa A0 900 MKm.

Takas ‘06paboTka nNPUBOAUT K MOBBILIEHUIO TemnepaTypbl Ha4ana
KpucTannmaaumu a-cassl Ha 4-5°C 1 CBUAETENLCTBYET O CHMBHOM
3epHouamenbyaroLem adpdexre. Mpu sTOM fémnepaTypa 3areepaeBaHun
SBTEKTUKM OCTAETCS Ha ypOBHE MCXOOQHOrO MeTanna. 311 faHHble
CBWAETENbLCTBYIOT O BbICOKOW CNOCOGHOCTW TUTAHA K W3MENbYEHUIo
seped  o-hasbt U HEBO3MOXHOCTM C €ra MOMOLIbIO TNOBMUATL HA
MOPChOMOTHUIO . KPEMHMEBOW 9BTEKTUKKW. BeeaeHne cmeceit -1..unu 2
MO3BOMSET [OCTUYL KOMMnekcHoro adekra, koraa HabGnopaetca
cUnbHOE  u3amenbueHue - 3epeH  o-hasbl  npu  OAHOBPEMEHHOM
moaucduumpoBanun aBTekTUkK. Tak BBOA CMECH 2 B KonmyecTtee 25 Kr/T,
YTO COOTBETCTBYET copepxanuio B Mertanne Ti-0.11% wu Zr-0.35%,
npuBOAUT K NOHWKEHWMIO TEMINEPATYPbl 3aTBEPAEBAHUS IBTEKTUKM Ha 5-
6°C. 970 CBMAETENLCTBYET O NOsBNEHUM achdekTa MOANPULMPOBAHNS
3BTeKTUKM. OJHaKo, NPU CTOMb BLIFOAHOM CTPYKTYPHOM COCTOStHUM
BonLWKMHCTBO 00pa3suos, nocne o6paboTku cMeckic 1 unv 2 nokasanu

COBEPLUEHHO HEY[OBMETBOPUTENbHLIA YPOBEHb CBOWCTB (Hanpumep oy -
153 MMa u 6-18%), uTo CBMAETENLCTBYET O NEpecTapuBaHun meTanna u

Bbi3biBaET HeoBXOAUMOCTb CYLLIECTBEHHOW KOPPEKTUPOBKM  pexuma

tepMmoobGpaborku cnnasa.
© K.B. MuxaneHrkos u [].®.YepHeza, 2000r.
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K BOMPOCY O MEXAHU3ME MOAVOULIMPYIOLLEFO
BO3AENCTBUA OABNEHUSA HA CTPYKTYPY AMUTbIX
METANNOB U CMNIIABOB

I.I1.Bopucos; A.1.Cemenyerko; T.B.Cmacs
DUINKO-TEXHONOTUHECKUIA MHCTUTYT METAMNOB U CN1ABOB
HAH Ykpanbi,

r. KMéB, YkpauHa

3 nMTepaTypsl uaseéTeH daKT U3MenbYEHNA NUTON CTPYKTYpSI
noag BoO3geicTBveM faBneHus. OAHAKO A0CTUraeMmbli apcpekt no
[AaHHbLIM pasnuqnblx aBTOPOB CYLLECTBEHHO PAa3HUTCA. Bo MHOrOM 3Tu
Pa3HOTNACUS BLI3BAHI TeM, 4TO JaBrieHne B npoLecce popMUpPOBaAHMS
OTNUBKM  BbICTYNAaeT B ABOWHON  ponu:  kak HenocpeaCTBEHHO
TEepMOAUHAMUYECKUI napametp, KOHprnmpyloLuMﬁ " npouecc
KpucTannusaumm, u kak pusndeckuin haktop, KOCBEHHO BO3AEHCTBYIOLLMIA
Ha 3TOT npouecc nyrvem uHTeHcudMkauuu TennoobMeHa B cucreme
oTnuska-topma.

KonuyectBeHHan oueHka AONU. KaXQOro M3 3TMX athchexToB B
KOHEYHOM U3MEenbyeHUM nUTON CTPYKTYPbI npeacTaBnser cobol He
TONbLKO TEOPETU4ECKUIM, HO U NPAKTUHECKUI UHTepec. OfHAKO BbLINOAHWUTL
TaKyt0 OLEHKYy noka He y[aBanocb W3-3a OTCYTCTBUSI METOJMKM,
nossonsioLtienn 6onee UnNu MeHee YETKO Pa3rPaHNYUTL PONb YNOMSIHYTbIX
(pakTOpOB NyTeM WUCKMIOYEHUS AENHCTBUS OJHOTO M3 HUX B npouecce
(pOpPMUPOBAHNA NUTOM CTPYKTYPSI.

Ona pewenusa 3ton 3agaun Bbina paspaﬁoTaHa METoAMKA,
Mo3BONAIOLWAS peanu3oBaTh <§qucrbu7|» SKCNEPUMEHT ANA OLIEHKK pOonu
AABMNEHUS KaK TEPMOAWHAMUYECKOro thakTopa B KpUCTaANNM3aLUOHHOM
npouecce npu 3aTeBepAeBaHUM OTIIMBOK U3 aNIOMMUHWEBBLIX CNMAaBOB B
YCNOBUAX COXPAHEHUS MOCTOAHHON MHTEHCUBHOCTU MX OXNaMAeHus
HE3aBUCHUMO OT BENINYUHLI [ aBrIeHUS.
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Mpu 3aTBepaesaHuy OTNUBKK B NUTENRHON (PopMe uMeeT MECTO
nocnepoBarenbHoOe passuTue npoulecca BCnefCcTBUE HEpPaBHOMEpPHOro
‘oxnaxgeHuss Mertanna ot nepudepun K ueHTpy. B STMX YCnoBMAX
HEBO3MOXHO * YCTPaHWTL  CONyTCTBYOUMA  3pdekT  BO3NENCTBUS
JaBNEHWsS HA KUMHETWKY KpuCTannusauuum B pesynbTaTe MOBbILUEHUs
CKOpPOCTH OXMaXAeHUs OoTnuBku. [10STOMY BRMSHME AABMEHWst Ha
cbopMupOBaHUE NUTON CTPYKTYPbl U3ydanu B YCNOBMAX BCECTOPOHHEro
COKATUS NPW ManoW UHTEHCMBHOCTM OXNAaXAEHWA OMbITHbIX 0BNWUBOK Ha
YCTaHOBKE BbLICOKOTO Fa3oBOro gasnexusi. Mccnepoeanus npoBoAunu B
AvanasoHe BenuuuH aasnesns o 400Mna. OnbitHbie oTnuskn 320 #
sbicoToN 90MM hopMMpOBanNUCL MYTEM OXNaKAEHUS MeTanna B Turne
NAAaBUALHOrC 6noka 8 ycnoeusix, 6nn3kux kK 06 beMHOMY 3aTBEPAEBAHMIO,
TeMnepaTypa neperpesa pacnnasa B MOMEHT MPUNOXEHUS [aBNeHns
coctagnsna 90+5°C. M3MmeHeHueM  TemnepaTypbl  Harpesavens
nnasvuneHoro 6noka perynvpoBany TENNOOTBOA C NOBEPXHOCTU OTAMBKM
M UCKMIOYanu Takum o6pasoM BNuUsHUE [OaBNEHUs Ha UHTEHCUBHOCTb
OXPaXAEHUs 3aTBepAeBalolieil  OTnMBKM.  [lapamerpsl CTPYKTYPbI
MeTanna onpegensnu B NpoAONbHOM OCEBOM CeuyeHuM M3rOTOBNEHHBIX
06pa3LoB. A

YCTaHOBMEHD, YTO CpedHAs naowanb ceveHus MaKprépéH
ONLITHLIX OTAVBOK U3 anioMUHUst W cnnasoB Al-4%Si u Al-4%Cu B
UCCne0BaHHOM AMana3oHe BeNnuuuH OaBreHus yMmeHswaetcs B 2,3-2,5
pésa'. 'ﬂpu 3TOM Xapaxrep 3aBWCMMOCTW pa3amepa Makposepna ot
BeNUUMHbLI 4aBREeHUss CBUAETENLCTBYET O TOM, YTO Ha4uHas ¢ 200 MMa
3 PEeKTUBHOCTb BO3AEHCTBUA AABNEHUA HA NOBLILIEHNE AUCAEPCHOCTU
AIUTOM CTPYKTYPb! HEMPEPBIBHO BO3PACTAeT. o

MpunokeHue  AaBReHUS B YCIOBMAX 0AMHAKOBOI
UHTEHCMBHOCTM  Oxnaeins  OTAMBOK  oBecneuMBaeT  Takke
H3MENbUYEHUE MUKPOCTPYKTYPhI NUTOTO MeTanna. Paccrosne Mexay

Pt

ocaMU BTOPOro Nopsaka aeHapuToB O-TBEpPAOro pacTsopa B OTNKUBKax U3
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cnnasa Al-4%Si ymeHbwaetcs B 1,25-1,45 pasa, a u3 cnnaea Al-4%Cu —

B 1,42-1,55 pasa npu Hanoweuuu pasneHus 200 u 400 Mla

COOTBETCTBEHHO, B . anmomuHuesbix oTnuBKax - AMCNEPCHOCTb

MWKDOCTPYKTYPbI B 9TUX YCROBUAX Bo3pacTaeT B 1,22 u 1,35 pasa.

Pe3ynbTaTthl AAHHOr0 UCCNEAOBAHUSI NO3BOMSIOT CAENATH BLIBOJ

0 TOM, yTo Goriee 3HauuTENLHOE BO3AENRCTBME Ha CTPYKTYPY OTNMBOK B
' AvanasoHe UCnoNb3yeMblX B MpaKTUKe BENUYUH JaBfIEHME OKa3biBaeT B
pedynbTate MHTEHCUUKALMUM TENNOOTBOAA B CUCTEME oTnumska-chopma.
Tak, B otnmekax u3 Al-Si cnnasos, 3aTBEpAEBLUMX nNpu HanoXeHnu

AaBNEHMs N0 CXeMe MUTbA MOJ HWU3KUM [JaBMEHUEM, aHANOIMUYHOE
NOBbILUEHNE ANCNEPCHOCTY CTPYKTYPbI IMTOTO MeTansia OCTUraeTcs yxe

B AnanasoHe senuyuH aasnexdns ao 3 MMa. Ewe Gonee sHauntensHoe

obnaropaxkuBaHume nMTOM  CTPYKTYypbl Habniogaercs B cny4ae

NPUNOXEHMA K 3aTeBepieBalouiert OTNUBKe AaBMEHUS B COMETaHuU Co

CABUrOBbIMM  Harpyskamu. Tak BbICOKAst CKOPOCTb OXMaXAEHWUA W

WHTEHCUBHOE [ABWKEHWE 3aTBEpAeBaloOLIero MeTanna B YCIoBusix

NyaHCOHHOIO MEeToAa nNpeccoBaHua 0GecneynBaeT yMeHbLUEHNE cpeaHeit

nnowann ceveHUss makposepHa B OTnMBKax u3 crnaea AK7 Gonee yem B

10 pas yxe npu aaBneHun npeccosanusi 50 Mna. Mpu atom konuyecrseo

UrnooGpasHbIX BKINIOYEHUA WHTEPMETANNUAOB JXene3a B NAOCKOCTY

Lunuqaé cHwkaetcs ¢ 4,85 10 2,85% ¢ OQHOBPEMEHHLIM YMEHbLUEHNEM

UX NpOTSXKEHHOCTM B 1,2 pasa, a cogepxauue 6Gonee KOMMNAKTHBLIX

nepornudoobpastbix BKMIOYEHUE WHTEPMETANNMAoB Bo3pacraeT ¢ 0,2

ao 1,95%.

Takum ob6paszom, BNepebIe peanusoBaH npoiecc
Kpuctannusauuu wmetanna nod BbICOKMM [fAaBfiEHUEM B YCROBUSIX,
06€eCneyuBsaloLnX NOCTOAHCTBO PEXUMA OXNANKAEHUSI ONLITHBLIX OTITMBOK
HE3aBUCUMO OT BeNU4YMHb! AaBneHus. BbinonHeHa konuvectBeHHas
oueHka adbdexta MOAUPUUNPOBAHNA NUTOM CTPYKTYPbI AaBNEHUeM A0
400 MIa kak TepMOAMHAMUYECKUM NApPaMETPOM.
® .M.bopucos; A.N.CeMeHyeHKO; T.B.Cmacs, 2000r.,
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'O MEXAHU3ME MMKPOHEI’VIPOBAHVIH aBTEKTM‘-IECKMX"
‘cnnaBos
B.3. KucyHbKo W.A.Hosoxamekuil’, 6.®. Benoe

a) oHWLIM,  r.Joneux, Ykpauna

b)OrflY,  r.Ogecca, YkpanHa

c) 2l HAHY, r.Makeeska, YkpauHa

ﬁpoauanuéupoeaubl np06neM'b| U runotesbl MOAUPULIMPOBAHUS
YUOKMX METannoB M ChNasoB  MarnbiMu noﬁaBKaMM BeinonxeHa
Knaccmpmxauuﬂ npoueccoa Mo,qucpwuuposanm Bbmenenbl Tpu TUNa:
FOMOTEHHOE, reTeporeHHoe n aBToreTeporeHHoe ChenaH BbIBOA, yTo
BoiGop Moauduympyloumx  gobasok MOXET GbiTb BbINOMHEH C
VCNONb3OBAHUEM KpUTEpUeB, cnoco6os 1 MeToaoB Tecfuposaﬂwﬂ B
pamkax npeaCTaBMNeHUn O MEXCTPYKTYPHOM pacnpeaeneHun Manbix
npumeceit B pacnnasax

PaccMOTpeHbl KOHLEHTpaUUOHHble 3(PdeKTel BRUAHMS MafbixX
[06aBOK Ha CBOWCTBA XMAKUX METASINOB 1 NOy4aeMoro W3 HUX TBepaoro
/nuToro/ Metanna. 3akfioyeHo, YTO onTUMU3aUuio cogepxauusa aobasok
B MeTannax M crnnasax Haubonee uenecoobpasHo MpoBOAUTL NyTeM
MPeLUU3MOHHOTO U3MEPEHUS U CONOCTABMEHUA 3aBMCUMOCTEN CTPYKTYpHO-
YYBCTBUTESLHBLIX CBOWCTB PAcnrasoB U TEXHOMOMMHYECKUX U CRyXeGHbIX
XapakTepucTuk AUTOro MeTanna. MeToa ucnbiTaH Ha MogenbHbIX
cnnasax Al-Cd, Al-11,68 %Si-Cd, npombiwnexHbix cunyMmmuHax AKBM3 ¢
kagMuem U wenesom, AK11M2 co crpoHumuem u cypbmon, AK5SM2 ¢
UuMHKOM 1 AK7 C MarHuem.

MpeanoxeH mexaHuam moauduumpylouiero addexra BRUAHUA
manbix 406aBOK NPU hOPMMPOBAHMI NONUKPUCTAIIOB, 3aKMNIOYAIOLLMIACS
BO BIIMSIHMU NPUMECH HA pa3mep KIacTepos, a B NPOLIECCe OXNaxIeHus -
Ha uX poCT, accouualmio, o6pasoBaHue U pocT 3apoabillei. 3akmo4eHo,
yTo BRAMAHME Manbix A06aBok  Ha  knacrepooGpasoBaHuMe U
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3apoabitueobpasoBanne ckasbiBAETCA Ha npouecce Kpucrannusauuu,
thopmupoBaHuu Ha3oBOTO COCTABA, Makpo- U ‘MMKpOCprKTypr n B
KOHEYHOM C4eTe, Ha COOTHOLUEHMU TEXHOMOrMYecKUXx u ¢VI3MKO-
MEeXaHU4YeCKuX XxapakTepucTuk nuToro Meransna.

MoguepkHyTo, 4To - Tpebyetca  nepecMoTp,  ycrapesLuux
KOHLIeNuuA 06 - 0AHO3HAYHO - YCTAHOBNEHHOM  BSIMSIHUM  HEKOTOPbIX
anemeHTos / TonbKko BPeAHOM HAKN TONbLKO nonesnom/, B Y4acCTHOCTYH,
nUTUA, Kanblus, Xenesa, 0noBa, BUCMYTa, Tennypa, UuHka u psaa
ApyriMx B cnnaBax Ha  OCHOBE  aniOMMUHMS. Heobxoaumo
3KCMEpUMEHTanbHO yCTaHaBNUBaTL M- pasrpaHWyuMsath 06NacTm ux
BpEAHOro u NONes3Horo BO3Ael7|CTBVI$I, YTO 0COBEHHO BaXKHO Anga cnnasos,
BbiNNasnsaembiX U3 BTOPUYHOIo CbipbA.
© B.3.KucyHexo, N.A.Hoeoxamcxuil, 6.®.6enoe, 2000r.
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A NEW ASPECT OF IMPROVING FORMABILITY OF LOW-
DEFORMABLE ALUMINUM BASE ALLOYS

V.I. Mazur, YU.N. Taran, N.S. Romanova

National Meta.li(urgical:._Acagemy of Ukraine .
Dnepropetrovsk, Ukraine

ABSTRACT

- o it was shown that formability of low-deformable Al-Si composite
alloys may be enhanced by improving theplasticity of the reinforcing
phase comprased by crystals of the eutectic silicon. It was secured by
combination of two methods. The first one is.reducing of silicon crystals
size via icreasing of a cooling rate in atomization of liquid alloy. The
second one is ensuring of a compact or a.nonfaceted growth form of -
silicon crystals via additional metallization of Si- Si bonds by passing
electric current through the liquid alloy. This processes secure perfect
formability . The examples such as extrused bars and tubes and press

forged pistons was given.

INTRODUCTION
- The alloys hardened by second phases like carbides, nitrides,

oxides, intermetallics etc. outperform the respective base metals in many
service properties, such-as strength, hardness, wear resistance, thermal
expansion and so on. However, the hardening induced by the second
phases leads to a comparatively poor formability that poses problems in
making semiproducts like sheet, coil, tubes and pipes by hot or cold
working. - S

This is also true of aluminum: base alloys, deformable ‘and cast
alike, and especially of eutectic type Al alloys.

A eutectic aluminum alloy includes a metal matrix constituted by
a solid solution of alloying elements in aluminum, and a hérdening phase
whose grains are shaped as fibers, complex-shaped:rods or globules. The

S T URPEE SEVE R P
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two phases solidify simultaneously during the eutectic reaction in the
liquid. 'I_‘he eutectic type alloys can thus be regarded as in-situ _
composites, since they are structured like composites and their composite
structure develops spontaneously. .

As is well-known, the strength o of a composite is a function of
the matrix strength, o, the second phase strength, «, and the volume
ratios of the two phases, ¢, and o; o= G + o [1].

" The composite will show improved strength when o; > opp,; for this
to hold, proper selectioﬁ of the second (reinforcing) phase is necessary.
The reinforcér may be an intermetallic like CuAl,, a silicide (MgSi,) or a
covalent phase (Si). Furthermore, eutectic alloys offer an additional way
to enhance their performance. It stems from the exceptional simplicity of
control over the thickness of the reinforcing fibers, rods or lamellae that
can be effected by changing the sblidiﬁcétion velocity V. Assuming A; and
Am as the lamellae thickness of the reinforcer and the matrix respectively,
one gets the eutectic spacing 1= 4 + A, A2 = k/V. As the solidification
velocity V is increased, the thickness of reinforcing rods or lamellae is
decreased, resulting in a dramatic improvement in the reinf'o'r'cer‘strength
[2]. This is accompanied by improvement in the plastic properﬁes of the
reinforcing fibers due to a drastic reduction in the dislocation denSIty and
sometimes to formation of dlslocatlon free fibers.

- ltis thus seen from the theory of composites that one solution to
the problem of improving formability of hard-to-form eutectic aluminum
alloys lies in the development of processes that would reduce the
thickness of the reinforcer grains to a minimum. '

The papef also addresses one other‘Way to improve the strength
and plasticity of composite alloys, namely providing metastable
metallization in a reinforcer with directional covalent bonds. Here, the
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“metallization” is understood as reduced localization of the valency

electron cloud density in the bond direction.

MATERIALS AND METHODS
Aluminum alloys of following compositions were studied: 28.1-
42.1 % Si, 1.47-26.00 % Fe, 0.46-0.98 % Ti, 0.23-1.48 % Ni, 0.04-6.35 %
Cu, 0.20-0.25 % Zr, 0.06-1.04 % Cr. Each alloy was made by concurrent
reduction of its components from their
oxides in the arc zone of a 22.5 MVA three
phase arc furnace having graphite
electrodes. Upon removal of the surface
slag layer, the melt was poured into a .
crucible about 1 m® in volume where three‘
phase electrié‘.‘current was passéd"thrp_ugh
the alloy. The current density on the -

graphlte electrodes was varued upto 5><106 ' E A ”
A/m The melt temperature was g " Figure 1. Atomized

maintained in the range 1150-1300 °C. powders of Al-Si alloys,
Followihg an electric current treatment 10 to 20x.

15 min long, the melt was atomized by a jet

of inert gas. The melt particles were directed into a water-cooled
solidification chamber to cool at 10° to 10° K/s. The powder particles thus
produced are shown in Fig. 1. Those belonging in the size range from 63
to 400 um and having a bulk density of 2.14 g/cm3 were used as a -
starting material. The hydrogen content of the dried powder ranged from
3.5t04.2cm® per 100 g. On screening and degassing, the powder was
compacted usmg a vertuca! hydraulic press and aluminum containers. The
briquets thus made were strlpped of the.aluminum shell and hot extruded
to bars 70 or 150 mm in diameter or to tubes with an outer diameter of
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150 mm and a wall thickness of 25 mm. The bars were turned and cut to
pieces that were next pressed to diesel engine pistons.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

Cooling heavy ingots at low rates about 100 K/min gives rise to
formation of coarse grains of‘silicon, intermetallics and silicides as seen
in Fig. 2a. This results in severe brittleness, making the alloys unsuited
for forrhing. The microstructure of an atomized powder alloy is quite
different, especially as regards the dimensions and shapes of the
hardening phase grains. In particles about 1 mm in size, small proeutectic
silicon crystals appea‘r that have dendritic morphology, Fig. 2b.

Figure 2: AKSi alioy microstructure in a heavy ingot (a, 200x) and in granules produced friom
an unprocessed mett (b, 400x) and a mett electically reated at 0.75x10° Aim? (c, 400).

They are responsible for the poor
formability even at the compacting step. The
briquets often ruptured when pushed out from
the hydraulic press container, see Fig.3. In
order to improve the alloy formability, it was
necessary (1) to reduce the volume fraction
of nonmetallic phases and (2) to suppress

formation of faceted dendrites of silicon Figure 3. Rupture of an
atomized powder briquet.
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through favoring a nonfaceted or at least a compact growth form.

The first task is best done via partial freezing of silicon and other
alloying elements in the aluminum solid solution. This can be effected by
achieving higher temperatures of the melt prior to atomizing and by
increasing the cooling rate in solidification. The change in crystal growth
form is governed by Jackson's entropy criterion K; = 2R/AS which takes
into account the degree of interatomic bond rearrangement when an atom
passes from a liquid to a solid phase [3]. According to K.A. Jackson,
faceted crystals grow in the covalent substances, 4S > 4 cal/(mol-K),
while the metals (4S < 4) display nonfaceted growth [3].

1.V. Salli suggested a more general criterion [4],
Ko 2R
* T AS-Ac, AT/T

The Salli number incorporates the melt supercooling 4T, a
process variable that can be used to control the crystal growth form. It
should be noted that Ks~ 2R/4S = K as the supercooling tends to zero.
At large supercools AT and wide differences 4c, between the heat
capacities of the liquid and the solid, nonfaceted crystal forms are
possible even with high entropy substances. Since increasing the starting
melt temperature prior to solidification results in deeper supercooling, one
can expect that higher superheating before atomization will facilitate both
the solid solution supersaturation with the alloying additions and the
transition from faceted to nonfaceted growth of silicon and silicide
crystals. '

However, overheating the melt results in poor heat economy and
reduced atomizing nozzle life. This makes the approach questionable. l

_ For these reasons, a method to preserve the high-superheat melt
structure at low, near-liquidus temperatures was developed.

Ii was demonstrated previously that a microheterogeneous liquid
forms in Al-Si melts that is made up of Si atom clusters held together by
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directional interatomic bonds and of an intercluster medium, a metallic-
bonded liquid solution [5-7]. The cluster size is a function of the melt
temperature and the heat conditions, Fig.4. As the temperature is
increased, the cluster size is decreased. It was found more recently that
passing electric current through the melt further reduces the cluster size
[8]. It may be said that a condition similar to that of a high-temperature
melt is achieved in a low-temperature melt under these conditions.

Figure 4. Silicon grain size in Al-Si
foils solidified at 10° to 10° K/s as a
function of temperature. The Si grain

d.
mkm

0.2

size is assumed to be approximately
equal to the Si cluster diameter.
o Curve 1 - The melt in oxide

atmosphere; Curve 2 - The melt in

s vacuum; Curve 3 - Oxide

; —4

800 1000 1200 TK atmosphere with passing electric

v current through the melt. v
This thepry was validated by an industrial-scale experimeht in
which the méli viscosity was found to decrease and its fluidity to improve
after 10to 15 min'pass:ing of the electric current, although no temperature _
change was o.bserVed. This enabled a higher yield of the desired particle
size.

The powder microstructure displays compact faceted and
nonfaceted grains of silicon and silicides, together with alpha aluminum
solid solution, Fig.2c. | | .

Aside from a reddction in the most probable size of proeutectic
silicon gfains in thve gfandles, see Fig.5, increasing the current density
results in sup.evrsa_turétion_' of the major phases silicon and alpha with the
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alloying elements as manifested by the decreased lattice constants of the

two phases, Fig.6.

P %

Pl [ s

0 3o amxm 4 19 20 3 &, mium

[ +

Figure 5. Influence of current density on silicon proeutectic crystal size in
atomized powder. a: o - no current, s - 0.75x10° A/m?; b: o - 1.0x10°
A/m?; e - 1.5x10° A/m?,

a, A @, R
4,050 5,430
4,048 \ v 5,420
4,048 5410
o 1 2 3 4 110 Am? 0 1 2 3 3 )10 Am?
a) b)

Figure 6. Influence of current density on lattice constants of Al base (a)

and Si base (b) solid solutionis, e - equilibrium lattice spacing.
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As the granules are heated for degassing and subsequent hot
compacting, the supersaturated solid solutions decompose partly or
completely, producing submicron grains of silicon, silicides and
intermetallics in the metal matrix. "

A study into effects of briquet temperature before extrusion in the
range from 350 to 500 °C revealed that an alloy with less than 32 % Si
reaches a maximum formability in the working zone at 440 °C when the
container temperature ranges from_ 400 to 430 °C. With 32 to 40 % Si, the
formability reaches its maximum at 490 °C.

No inner or surface defects were observed on the extruded bars
or tubes that exhibited fairly high material properties, see Fig.7 and the
Table. The test results were satisfactory enough to recommend the
material for forging truck diesel engine pistons.

Table
Physical and mechanical properties of Al-35Si sintered alloy

Test temperature, °C

20 100 200 300 400

Tensile strength, | 203...24 {190...205|154...175[100..115| 4558
MPa 0

Proof stress 215 200 160 105 50
(0.2), MPa

Elongation, % 18..20124.26]32.366,4..87[182.21,0

Brinell hardness | 110...14 - - - -

Thermal expan- 11,5...15 16,4 171 17,3
sion, 10° °.C™ 4

Density, g/cm® 2,62 - - - N
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The pistons were forged in closed dies on an 830 t hydraulic
press. When the workpiece was heated to 490 °C and the dies to 250-
300°C, the pressed forgingl showed - satisfactory surface quality and
internal structure, Fig.8. The pistons were hardly any different from the
hot-extruded bars either in microstructure or phase constitution.

Figure 7. Extruded bars and tubes Figure 8. Press forged piston
of Al-35Si atomized powder alloy. blanks.

The finished pistons performed well during standard tests in
KAMAZ-7403 260 HP augmented turbocharged diesels. The powder
metallurgy alloy was thus found to be a good candidate for diesel

engines.

CONCLUSIONS

The formability of Al-Si composite alloys may be enhanced by
improving the plastic properties of. the reinforcing phase comprised of Si
grains. This was effected through a combination of two approaches,
namely . L
« reducing the size of silicon proeutectic crystals via increased cooling

rates in atomization, and
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¢ providing a compact or a nonfaceted growth form of silicon proeutectic
crystals via additional metallization of Si-Si bonds by passing electric
current through the starting melt.

U The process of atomization of low-deformable Al-(35-40%)Si

alloys thus develc')ped' enables hot extrusion of semiproducts like bars and

tubes and pressing these using conventional commercial equipment.
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THE LOWERING OF EUTECTIC SULPHIDE AND PHOSPHATE
HARMFUL EFFECT ON MECHANICAL PROPERTIES OF STEEL BY
MEANS OF HIGH TEMPERATURE HOMOGENIZATION.

V.1. Bolshakov, G.M Vorobyov

Pridneprovsk state academy of building and architecture

Dnepropetrovsk, Ukraine

Any amount of sulphur is widely known to form ferrous sulphide
(FeS) ‘with iron, which is the part of easily smelting eutectic Fe + FeS,
forming at 4 temperatre 988°C. This eutectic turns into Fe + FeS at a
temperature below 911°C The position of these brittle eutectics at the
grains limits increases the-steel brittleness at a temperature above
800°C(red shortness). The phosphorus segregation on grains limits leads
to steel embrittlerment at a low temperature (cold-shortness).

The harmful effect of these elements on mechanical properties is
so great, that their concentration has been the base of steel classmcatlon
according to the quality.

In general—purpose steel (of ordinary quality) the sulphur
concentration should not exceed 0,055 wit% and phosphorous -
0,045wt%. In quality steel the limit sulphur content goes down to 0,04wt%
and phosphorous to 0,04wt%, and in high — quality steel, accordingly, to
0,035wt% and 0,035wt%. In super high - quality steel the maximum
sulphur and phosphorus content should not exceed 0,015 and 0,025wt%.

The use of continuous casting requires receiving steel with the
increased sulphur and phosphorus purity in companson w1th the
traditional casting into ingot-molds.

In micro-alioyed steel the increase of low temperatures vnscosnty
is seen even at the lowered sulphur content under 0,01%.

In the meanwhile the reduction of the permissible phoS‘phorus
and sulphur content is attended by the considerable steel cost increase.
That is why the development of such methods of manufacture of steel
articles, which would make it possible to obtain the required high
mechanical steel properties with the generally accepted standards of the
detrimental impurity content is of the practical and scientific interest.

The steel articles production practice, covered by the Russian patent
was used in the work [1]. The steel articles lot of the A12 steel was
processed on the basis of this technology. According to GOST 1414-75
the phosphorus and sulphur content in this steel is equal to 0,08...0,20
and 0,08...0,15 wt% correspondingly. That is to say, such steel is spoiled
by the sulphur and phosphorus content on the Ievel of the requurements
lmposed for the standard steel
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However, the processing of the free-cutting steel with the actual
sulphur and phosphorus concentration correspondingly 0,09 and 0,11 wt%
according to the patented process, permitted to obtain the mechanical
properties on die level of the high-grade steel. In the meanwhile the
processing on the basis of the standard technology has shown tile
ordmary low properties, which are typical for the A12 steel.

"~ The most essential property of the patented process is the
exceptlon of possibility of the coding of metal being processed below the
experimentally determined level. Such requirements are based on the
expediency of the sulphur and phosphorus quantity conservation in the
solid solution.

High-temperature homogenization of sled 110131 appeared to
be very effective for increasing the rate of toughness without cooling it
down certain level. The considerable rate of toughness was obtamed for
this steel.

it can be considered advisable to avoid the heating of bars and
slabs in heating wells before hot rolling. The heating of steel for
homogenization, for getting homogeneous distribution of adds, is least
effective. The additions of admixtures in many cases don't dissolve while
reheating. The formation of pores also occurs in places of dissolved adds
or on borders of not fully dissolved adds. It's more effective to use heat of
melted steel for the purpose of homogenization, especially for alloyed
steel. In this way heating in wells can be fully expelled - it's kind of fuxury
at'present. Besides the use of thin-walled heat-instillation covered moulds
and thermos-moulds in combination with the use of different kinds of
refrigeration can provide full homogenization in a process of slow cooling
of bar in a mould after fast crystallization by means of cooling and speedy
removal of warm for heating the walls of a mould.

After the bars rolling keeping the needed heat of smelted steel in bars
is advisable ‘either to inject it to hot rolling or to insulate heat for the
process of homogenization before hot rolling. Such method of bars and
slabs treatment allows to keep heat of smelted steel in the same way as
the method of continuous casting of steels and to get better
homogenization of metal in comparison with present know-how of casting
bars in to moulds to say nothing about continuous casting. High rate of
homogenization will allow to use cheap charge without additional cleaning
of harmful admixture to get the desired mechanical properties. The use of
different ways of cooling in moulds allows to get bars plated or reinforced
inside for making composite steel items. Besides the use of cooling can

increase the life term of moulds.
© V.I. Bolshakov, G.M Vorobyov, 2000.
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MNOAYMEHUE MHOMOKOMMOHEHTHbBIX TUTAHOBbLIX CMJIABOB
TUNA"TUKAL” METOAOM 3NEKTPOHHO-NTYYEBOM NNABKU C
MPOMEXYTOYHOW EMKOCTbIO B
C.A ®iiptmos.?, B.M.Ma3yp °, A.H.Kanuniok °, /1.[4.Kynak ©

a) UHETirTyT npobnem marepudnosenenns uMm. U.H.dpaHuesmya
r. Kuée Vkpaina ot ‘ e
b) HavuloHanbHas MeTannyprisieckas Akajiemus YkpauHbl
r.[JnénponeTposck, Ykpauna T -

¢) WcrityT anekTpocsapku uM.E.O.Matoka

r.Kues, YkpaurHa

'CrinaBbl Ha oOcHoBe TuTaHa "TUKAL" cuctembl Ti-Al-Si-Zr
OGHAPYKMBAIOT BLICOKME TIPOYHOCTHBIE CBOWCTBA, OAHAKO ofnapaiot
ManbiM 3anacom nnacTuYHoCTH (4o 1%). o

' DaHHasi paboTa nocssleHa pas3paboTke cnnaBoB U TEXHOMNOMMM
UX MOTYYEHUS, KOTOPbIE COXPaHANY Gbl BLICOKUE NPOYHOCTHbIE cBOjicTRa
u o6naganu 6bl 4OCTATOYHOR NNACTUHHOCTLIO. ' o o

Monyyanu Cnnasbl U3 YUCTbIX LUNXTOBBIX MATEPUanos METOA0M
3NEKTPOHHO-NYYEBO nnaeku ¢ APOMEXXYTOYHOW EMKOCTLIO.

_CTaTUCTMKA TNPOBEOEHHBIX XUMMYECKUX aHannW3oB CIUTKOB
"TUKAL" OJIME nokasana  Xopowyio  BOCNPOU3IBOAMMOCTE ¢
NOBTOPAEMOCTbL pe3yribTaToB.

WccneposaHus MEXaHUYECKMX CBOWCTB Meranna
cBupeTenbcTByioT, yto cnnae JJME nocne Aaedopmauun Ha 80%
oBHapyXu1BaeT  3aMETHYI0 NAACTMYHOCTL  Y)Xe Npu . KOMHATHOIA
Temnepartype - 00 1,5%, npu nondnnmenbnom omxure (GOOOClM 7000C)'
NNacTUUYHOCTL cnnaBa nosbiaeTcs o 2,5-3,0% He cHuxkana ero npegena
Texky4yecTu U npouHoctu (800 MIMa n 850 MIa COOTBETCTBEHHO).
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Takum 06pa3omM, Ha OCHOBAHWUW MPOBEAEHHbIX WCCMES0BaHMI
MOXHO cfienaTh BbIBOA O NEPCAEKTUBHOCTU MOflyYeHUsl CANAaBOB TuNa
"TUKAL" metogom JME.

U OnBT NPaKTUYECKOTO MPUMEHEHUA SNEKTPOHHO-SIYYeBoil nnasku
C NPOMEXYTOUHOMA EMKOCTbIO (SNME) pns sbINnaBkuM  LIMPOKOrO
COpTaMeHTa CNUTKOB U3 OTXO/0B KaK HENEerMpoBaHHOrC TUTAHAa, Tak U ero
cnnaBoB, HakonnewHot B U3C um. E.O.MaroHa B Teyewne 10 ner,
ABUNCSA OCHOBOW ANs” pa3paboTku TEXHONOrMKW NONYYeHUs CrNABOR
cuctemsl Ti-Al-Si-Zr, koTopasi u ofecneynna BbINONHEHUE NOCTABEHHbLIX
3agau.

OKCnepuMeHTanbHble'  UCCNeAOoBaHUsl,  OTPaBOTKY  TEXHUKM
LUMXTOBKM PAcX0Qyemoil 3aroToBKW, TEXHONOMMM MNaBOK NpoBOAUNYN Ha
ONbITHO-MPOMBILLNEHHOW YCTaHOBKE 3MIeKTPOHHO-NTyYEBOr0 nepennasa
¥3-208. Ha ocHOBaHUW aHaNU3a TEXHOMOIMYECKOH CXeMbI U pes3ynbLTaTos
SKCNEPUMEHTanNbHbLIX NIIAaBOK ONTUMU3NPOBAH COCTAB  PACXO[YEMbiX
3aroToBoK. OnpejeneHbl 3aKOHOMEPHOCTM NOBEAEHWS NErupyIoLLEro
3NeMeHTa C BbICOKOW YNpyrocTbto napa-anoMuHns, Apyrx Nermpyowmx
(Si,Zr) n npumeceir (Fe,O,H,N) B 3aBUCUMOCTM OT COCTaBa LWMXTbI U
TexHonornyeckux  napamerpos  JJIME. WccneposaHo — BnusiHue
TEXHOMOrMYEeCKMX nNapaMeTpoB npouecca Ha XUMUYECKMA COCTaB
nony4aembix CnnaBos.

lMokazaHa  BO3MOXHOCTL  MONYYEHUS  MHOTOKOMMOHEHTHbIX
TUTAHOBLIX CMIaBOB 3a3A4aHHOr0 COCTaBa METOAOM SN1EKTPOHHO-MY4YEeBON
NN3BKU C MPOMEXYTOYHOW emKkocTbio (SMME) B3ameH TpaauuUMOHHOrO

MeTOoAa - BaKyyMHO-4yroBoro nepennasa (BAMM).
© C.A ®upcmos., B.U.Ma3syp, A.H.Kanussox, J1,0].Kynax, 2000r.
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BB KOPO3IMHOIO CEPELOBULUA | TEMMEPATYPU
HA UMKITIYHY TPILUMHOCTIMKICTb METANIOKEPAMIK
CUCTEMM Ti-Si _ R

6.4. Bacunie ?, O.11. Ocmauw ®, B.I. Ma3syp°, A.4. leacuwun ®,
C.B. KanycmHikosea °

a) dianko-mexanivHui IHCTUTYT iM. .B. Kapnenka HAH Ykpaiuu,
r.JleBiB, YKpaiHa .

b) HauionanbHa MeTanypriiiHa Akagemin YKkpaitu,

M. [lHinponeTpoBCcbK, YKpaiHa

IHeHepHi martepianu, Taki K KOMNO3WUTW 3 METanesoio MaTpu-
Liel0, BCE LUMPLUE 3aCTOCOBYIOTHCH ANSA BUTOTOBAEHHS KOHCTPYKLIRHWUX
erneMeHTiB Cy4acHUX BUCOKOSEKTUBHUX EHEPreTUYHMX MPUCTPOiB (raso-
BUX TYPOiH, ABUTYHIB BHYTPILUHLOTO 3ropSIHHS TOLLO), & TAKOX IHLIMX Npu-
naais i Mau.mbH,‘ [0 SKUX CTaBNATLCA BUMOTY LL{O10 BUCOKMX NMUTOMOT Mill-
HOCTI, )Xapo- | KOpPO3iRHOT CTIKOCTi, ONOPY 3aPOAXKEHHIO i POCTY BTOMHUX
TpiluH. OaHaK pe3ynbTath JOCNIAMEHb ONOpPY METAanoKepaMmiyHux Kom-
nosutis Ti-Si 3apOAXEHHIO | POCTY BTOMHMX TpIlMH € OBMEXeHuMM.
MpakTUuHO BIACYTHI pe3ynbTaTh BNAUBY KOpo3iHoro pobodoro cepepo-
BULLA Ha LUKNIYHY TPILMHOCTIMKICTL X maTepianis.

Y faHiit poGoTi nogaHo pesynbtatu BUNpobyBaHb Ha UWKIiYHY
TPILMHOCTIAKICTE METanokepaMiyHOrO KOMMO3UTa Yy BMXIGHOMY CTaHi
nicna enekTpoayroBoro nepennasy (craH A1) Ta UbOro >k marepiany
nicnst TepmogedopMauiiHol 06pobku (cTan A2).

Ha migcrasi excnepumeHTansHux AaHuX noGyaoBaHi KiHETHuH
ApiarpaMyu BTOMHOrO PYHHYBaHHS (KOBP). ins marepiany y BUXigHOMY
cradi (A1) BCTaHOBMEHO, um‘ #ioro noporosi 3HaveHHA . AKjy, € HA piBHi
KOHCTPYKLIMHMX antoMiHieBux Ta TUTaHoBUX cnnasis (puc. 1 a). Koposiixe
CeREe/IOBULLE AELLO 3HIKYE XapakTepucTuku OMnopy pOCTYy TPilUHu B

UbOMY; KOMIIO3UTI.
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HoCnimKeHHs  WBWMAKOCTI POCTY BTOMHOT TPILLMHU (UJF’T) B
matepiani A2"nokasano, Lo BiH Mag BULLMIA ‘ONip POCTY TPILLMHY, - HIXK
suxigHuit A1 (puc. 1°'b), ocobnuso y BUcoxoamnnitygHin obnacri. Le
MOB'A3aHO, B MNeplwy 4epry, 3i CTPYKTYpHUMM 3MiHaMu Martepiany
BHacninok repMoaedopmMauiiHol 06po6ku.

MoripwieHHss xapakTepucTuk LMKNIYHOT  TPILMHOCTINKOCTI MaTe-
pianis Ti-Si y kOpO3iliHOMY cepeioBULLj 3B'A3aHE 3 HASBHICTIO B KOMMO3HU-
uisx sik nerysansHux enemenTis (Al, Zr), TaK i CKNagHUX CUNiLUaHUX Ta
iHTEpMeTaniaHux das, ki MaloTb Pi3Hy KOPO3iliHY TPUBKICTD.

10° 10°
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. ® -3%p-n - [ 1o}
10° NaCl . I 10° &°
- of° - ° o&
210'7 - o 107 3 ~.O
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Puc. 1. KOABP Metanokepamik A1 (a) i A2 (b) Ha nosiTpi Ta B 3 %
p-Hi NaCl.

Ha niacrasi enekTpoxiMiuHUX AOCNIAXeHb KOMNO3UTIB i3 pi3HUM
CniBBIAHOWEHHAM ha3 BCTAHOBMEHO, WO iX NacuBauiitHi napameTpu y
NOPIBHAHHI 3 YUCTUM TUTAHOM Ha NOPSAAOK ripwi. [ns uux marepianis xa-
paKTepHe nonerweHe NPOTIKaHHA AK aHOAHOIO, TaK i KATOAHOTO NPOLECIB.
MokpatleHHs KOpOo3iftHMX napameTpiB (MNiABULLIEHHS NONAPU3ALIAHOMO
Onopy Ta 3HWXKEHHs nacuBauifHUX CTPYMIB) MOXXHA QOCATHYTU 3aBASIKM
36iNbLIEHHIO ANCTIEPCHOCTI kKepamivHoi dasu (matepian A2).
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Buacnigok  BunpobysaHb  Mmarepiany A2 Ha  LMKIYHY
TPiLMHOCTIAKICTE B Aiana3oHi Temnepatyp 20...700 °C BinsHaueHo 3poc-
tanHst LWUPT B cepepnHiit ginadui . KOBP (AK = 5,0...12,5 MMa VM) npu
Temneparypi -noHaa 500 °c (puc. .2). 3i 3pocTaHHAM TemnepaTtypu 3Ha-
yeHHs AKy newo 36inbyeTscst, a AKy, SMEHWYETLEA.

Ha nigcrasi gocniiyKeHs BCTAHOBMEHO, L0 ONA MeTanokepamik
cucremu Ti-Si ONTUMANBHOIO 3 TOUKM 30pYy CNYXGOBUX BNacTUBOCTEN €
CTpyKTypa 3 asocasHolo (o + ) maTpuLielo ANcnepCcHNX 3epeH TuTaxy,
CKYNYEHHS SIKUX OTOYEHi KOMOHIAMU ApibHUX cuniuupis T1a iHTEepme-

tanigie tuny (Ti, Zr)sSi; # yTBOPIOIOTL MiLjHMI "kapkac”.

AKX, MIlaym

Puc. 2. Bnnus Bucokux Temnepartyp Ha KABP matepiany A2.
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CniscTaeneHHs kepamiuHux i MeTanokepamiyHux marvepianis 3a
xapatcfepuc*rMKaMM MiL;HOCTi i TPILWHOCTIAKOCTI noxasano CyTTEBY nepe-
Bary MeTtasnokepamiku, ska 3yMOBSIEHa BUCOKOIO B'SI3KICTIO METANIYHOT 0C-
HOBYM Ta MILHICTIO BHACMIAOK apMyBaHHsA KepamiuHoIlo ¢a3oto. [poTe no-
PIBHAHO 3 BUCOKOMILHMMU CTanNAMHM, arMOMIHIEBUMU | TUTAHOBUMM
cnnasamu, MeTanokepamikv npu 3afoBinbHUX Noporoux (AKp) MawTh
HU3bKi  KpUTUYHI  (AKy) XapakTepuCTUKM LMKMIYHOT TpiLunHocﬂﬁKocﬂ
(10...20 MIMa YM ans kepamik i meTanokepamik npotu 50...100 MMMa Vm
Ans craneit | TuTaHoBUxX cnnasis). ToMy anst HOBUX MaTtepianis Tany Ke-
pamik i meTanokepamMik ponb KiIHETUMHUX diarpam BTOMHOFO PYWHYBaHHS
(oTpMyBaHUX Ha CTagil POCTy MaKpOTPILUMHU) SIK PECYPCHUX XapakTe-
pPUCTUK CTae NpoBneMaTu4HOO, TYT HeobXigHi HoBI q)iswxo-mexaHqui'ni,q-
X0AaW, NOB'A3aHI 3 OLHKOIO NOLIKOAXYBAHOCTI B APOLIEC] 3aPOXKEeHHS no-
4YaTKoBOro MakpogedekTy.

© B.4]. Bacunis, O.11. Ocmaw, B./, Masyp, A.4. leacuwun, C.B. KanycmHikoea,2000r.

CONTROL OF STRUCTURE AND PROPERTIES OF CR-NI-N
EUTECTIC ALLOYS

A. Kazakov

St.-Petersburg State Technical University, Steel and Alloys Dept.,
Basseynaya 37-49,

St.-Petersburg, Russia

Cast chromium alloys of system Cr-Ni-N were studied in a wide
range of variation of chromium concentration (35-54%) and nitrogen
concentration (0.002-1.080%), ensuring the formation of various
structures from pure nickel-chromium austenite to two-phase alloys with

predominant content of w-phase.
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" ““THe experimental data were processed and br-eséﬁtyed“in‘;fOrm' of
corresponding space topographies illustrating the effect of nitrogen and
chromium on alloys structure and properties. From the analysis of these
results it was revealed, that the nitrogen austenites the alloys structure
ensuring the significant improvement of their strength properties at
900°C. The increase of nitrogen concentration from 0.002 to 0.8% in
single-phase austenité alloys results in doubling of R, at 900° C, and the
monbfbnibally increasing nature of this relationship allows to recommend
meltirig of these élloys at the nitrogen pressure above the atmospheric
pressure. For the ballobys containing more than 45% of chromium, the
relationship Ry, (900 °C) = f([N]) is of the extreme pattern. Thereforé, the
optimum nitrogenbcohcentra.tions (0.2;0.7% in function of the chromium
content of 54-45%, respeétively) are sufficiently high to suppress the
decomposition of y—sovlid solution, but they aré limited by the progress of
the eutectic crystallization process. Thus, the contribution of nitrogen to
the ‘f_orm‘ation of structure and properties of high chromium alloys is
crucial, and the revealed regularities in this element effect on the above
mentioned alloys specifications allow to justify the selection of melting
conditions, . ensuring the optimum alloying with nitrogen and high
mechanical properties of alloys with different chromium content.

The determinant contribution of nitrogen in formation of structure
and properties of eutectic high nickel-chromium alloys was shown and the
limits of optimum alloying with nitrogen for these alloys were: justified; in
particular, for the two-phase alloys the optimum nitrogen contents should
be significantly high to suppress the decomposition of g-solution and to
austenitize the structure, however, they are limited by the development of
the process of eutectic crystallization.
© A. Kazakov, 2000, -
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EUTECTIC ALLOYS FOR SEMI-SOLID FORMING TECHNOLOGY

A. Kazakov o :
St.-Petersburg. State Technical University, Steel and Alloys Dept.,
Basseynaya 37-49, .

St.-Petersburg, Russia

The semi-solid forming (SSF) technology is based on the
peculiarities of rheological behavior of semi-solid materials (SSM). In
turn, the rheological characteristics depend on alpha solid-solution
morphology. Therefore, the characterization and control of alpha solid-
solution morphology at each stage of SSF technology are of prime
importance for a su.ccessful realization of this technology. We developed
Thixomet software, which offers direct visualization and measurement of
complex structures and 3D relationships. Thixomet performs a total
quantifative description of 2D and 3D S8M structures, including 3D
parameférs of the skeletén structure and the real morphology of the alpha
grains. This Study revealed that the SSM structure has been total.ly
skeletonized. A multiply connected skeleton of the structure is a key
attribute of SSF technology and is an inherent characteristic for all SSM
suppliers. Many of SSF technology problems can not be solved without
an understanding of the nature of skeleton structure formation and its
evolution at ali stages of SSM production '

The fraction liquid-temperature relationship provides the
fundamental basis for the design of alloy compositions for SSF
technology. Therefore, a search for new SSM compositions, as well as
physicochemical understanding of the SSF technology processes, is
impossible without analysis of the temperature dependence nature of the
liquid fraction. This information is obtained from differential scanning
calorimetry (DSC) aided by thermodynamic modeling. The estimated
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results in the current study were obtained using the commercial program
ChemsSage 4.1 and.the thermodynamic database SGTE.

The physicochemical composition selection criteria for alloys
produced by SSF technology have been developed. The database of
critical points for the "fraction liquid-versus-temperature” curves for the
commercially important aluminum alloys has been created on the basis of
thermodynamlc modehng and DSC experiments. The numerical values of
the crm\c,al pomts from the “fraction liquid-versus-temperature" curve can
be usvé‘cihto optumlze the chemical composition of the alloys produced by
SSFtechno!ogy.
© 4_.' Kazakov, zédo:"
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OCOBEHHOCTW TA303BTEKTOUOAHOM
PEAKUWU B TMOPUAOOBPA3YIOWMX METANIAX
B.FO.Kapnios

HauuoHanbHas Metannypruueckas Akagemus YKpauHst,

r.iHenponeTposck, YkpauHa

Kak paHee Gbuio ycranoeneHo [ 1 ], nonumopgHoe npespatueqme
B psoe wmerannoB B ApUCYTCTBUM BOAOpOAA conpoBoXgaercs
ra303BTEKTOMAHOW peakyuen ( ANA Xenesa: ayCTeHUT HACHILLEHHDI
BogopoaoM ( A ) pacnagaevcs Ha tepput ( ® ) u Bogopon ( H ).
3apoxaeHue rasosoit basbl B CMNIOWHOM MeTasnfe 3aTPyAHEHO, 4To
npuBoanT K 06pa3soBaHuio Ha MexdasHoit rpaHuue ocoboro cros
metanna ( H-crnos ) [2] nepecbilweHHOro 80A0pPOAOM. WMEHHO
obpasosBaHue asToro H-crios nexuT B OCHOBE psga athbexTos:
CamMonpou3sonbHON AedopMaLiMmM Xenesa, CHKEHUSt €ro NPOYHOCTU M
Apyrux. WccrnegosaHna nonuMopdHbIX ruapuaooBpasyiowmx MeTanmos
( Zr, Hf, Ti ) nokasanu CyLUEeCTBEHHOE OTAIMYNE MEXAHU3Ma nporekaHus
Fa303BTEKTOMAHOW peakuuu B 9TUX MeTannax. MepBuivt 3Tan NpoTeKarus
peakuuu — Havano f-o. NONMMMOPCHOro NpeBpalleHnst (3apoXKaeHue o-
asbl ) TaK e CONPOBOXAAETCA repechitueHnem MexdasHoM rpaHunubl
BOAOPOAOM, KOTOPLIN He ycnesaeT auddyHauposats B rnybs MeTanna.
Beicokne koHUEHTpauun Boaopoaa NpuBOASAT K AehOpMaLMM PELLeTKN u
yBENUYEHUIO ee aedekTHOCTU. Kak TONLKO KOHLeHTpauus BOAOPOAE Ha
rpanuue AByx d)a3 AOCTUTHET BENUYMHBI, JOCTATOUHON ANs 06pa3oBaHus
TMaprAa, NpoucXoanT XuMU4eckas peakuusi u Ha PPoHTe NpeBpaLleHUs
nossnseTca Hosas ¢asa — ruapua metanna. Mpu 3TOM nepecbilieHue
poHTa B-o. NONUMOPGHOTO NPEBPALLEHUS BOAOPOAOM B 3TOM y4acrke
Pe3Kko CcHWXaetTcs M CuHTe3 ruapuaa npekpaujaetcs. HanbHeliwee
ABwxeHue (PpoHTa nonuMopdHoro npespawieHns B rmybb Mertanna

MHOFOKPaTHO NOBTOpAET 3TOT npouecc. B  pesynsTate, nocne

207

©Eutectica-V




PRI

3BTeKTHUKa V L T T R LT R

npoxoxaeHust (poHTa nonuMOp@HOro npespaliieHns no  oobemy
MeTarnna, Mbl MMEEeM METansIM4ECKYl0 o-MaTpully C  BKpParuieHMAMM
rMAPMAOB PA3NUUHOrO CTEXMOMETPUYEcKoro cocraega. McnonbsosaHue
storo scpdpekra No3BONsieT BECTU NMAPUPOBAHUE METanna rno scemy ero
o6bemy, d He TOMLKO C NOBEPXHOCTH. [MApPUALI UMEIOT MEHbLIYIO
NNOTHOCTL M Gonbluyio TBEPAOCTL, YEM METan, NOSTOMY, Koraa npoLece
MOPUPOBaHMA MAET C-MOBEPXHOCTU o6pa3uia, BHYTPEHHUI U-HaPY>XHbINA
0bbem oﬁpaaqa UCNLITLIBAET 3HAUKTENbHLIE HANPMKEeHUA, HTO NpusoANUT
K ofpasoBaHMi0O TpewwmH. [pu NOBTOPEHUM TEPMOUMKNOB Mapuabl
MeTanna pacryT NOCTEeNeHHO U BeCb MeTanin paBHOMEpHO Nepexoaut B
XUMUYECKOe coeauHeHue. 3TO NPUMBOAMT K NOAYYEHWIO ruapuaa
OOHOPOAHOTO COCTaBa C MENKOKPUCTARNMUYECKOW CTPYKTYPOR U HU3KUM
YPOBHEM . BHYTPEHHUX  HanpsbkeHuih.  OCHOBHOE  OOCTOUHCTBO
ucnonb3oBaHust atoro 3adpchekra - HU3KOE [AEBAEHUME HACLILLEHUA
BOAOPOAA MO CPABHEHUIO C Tpa,qwuuouuo MCNOMb3YyEMbIM. DTO BO3MOXHO
B CNEACTBUE OYEHL CUSILHOTO ( B COTHY pa3 )‘nepecumeuun BOAOPOOOM
H-crnos no cpasHeHul0O C paBHOBECHLIM COAepXaHWeM BOAOpoJA B

MeTansne npu gaHHbIX TEpMOBapU4ECKUX YCIIOBUSX.
. ﬂ‘VITEPATYPA

1.. lanosanos B.W., Kapnos B.1O. flBneHne BO3HUKHOBEHUA NOABMKHLIX
'BOZIOPO/IOHACHILLEHHbIX MeTacTabunbHbIX 30H npU MONMMOPGhHOM
npespaujeHun metannos.// B.U. - 1986. - Ne31.-C.1.

2. Wanosanos B.U., Kapnos B.1O. O np_mpogé AHOMasbHOW CNOHTaHHON
Aedopmauuu xenesa B NPUCYTCTBUN BOAOPOAA. /I du3nka metTannos
n merannoeegenue. —1983.- T.55.-Bbm.4.-C.805-81 1.

© B.10.Kapnos, 2000r.
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PONb QABNEHUA BOAOPOJA B POPMUPOBAHUN CTPYKTYPbI
FA303BTEKTUYECKMX CINNABOB.

H.I1. Cepdiok

HauuoxansHas MeTtannyprudeckas Akagemus YkpauHbi

r.lHenponeTpoBck, YkpauHa.

Bnusuue  pasnexus Bo,ziopoqa Ha  cTpykTypoobpasoBaHue
ra303BTEKTUMECKUX CINaBOB NPOSIBASETCS cnegywowum obpasom. Kak
TepMoAuHaMMQecxuﬁ chakrop, ‘naBneHue (BCcecTOopOHHEE  CXaTue
CUCTEMDI) CNoco6Ho BO3A4€eNCTBOBATL HA ocuoam;re napaMeTpesl npouecca
KPUCTannu3auMy pacnnaBoB, W3MEHSS TemMnepatypy fnaBneHus,
KOHUEHTpaLmio, 06bem, MNOTHOCTL M Ap. C APYroit CTOPOHLI, AaBneHne
Bonopo‘nab aMécre C Temrnepatypoii onpeaensior PacTROPUMOCTH
Bonlo'po,qa B pacnnase, MaMeHmbLuero TemnepaTypy Kpuctannmsaumu u
ﬂsnnmmhvt;ﬂ MaTépManom rasoBbiX KaHanos npu (HOpMUPOBAHUM
ra3’03BTEKTUHECKOM CTPYKTYphI Cniaea MeTann-soAopoa. B To xe Bpems
AasneHue  BOAOpPOAA  KOCBEHHbIM  00pasoM  BO3AeNcTBYET  Ha
KpuUcTannuaaumio pacnnasa nocpeacTBoOM TennomaccoobmeHa
3aTBEpAEBalOLLEN OTAIMBKN C OKPY>KaloLleii ee ra3oBoin Cpeaoii.

Mpu  MccnenosaHuu  BRvsiHWS  4aBREHUs  BOAOpOAA  Ha
pacTBOpMMOCTL MeTarnia Gelno o6HapyxeHo, yro ana Ni, Co, Cr u Ti npu

onpefeneHHbIX napamerpax B6IM3M TeMnepaTypbl NNaBNeHUs 3aKOH

Cuseprca (Sy = f J})—m ) ‘He cobmopaerca. [lMoareepwaeHuem

OTPULIATENbHOrO  OTKMOHEHWS OT 3akoHa CuBEpTCa npu  BLICOKUX
TeMnepatypax ABNATCA pe3ynbTaTbl IKCMEPUMEHTOB NO. BAWSHMIO
BOAOPOAA Ha TEMNEPATypy NNaBneHus meranna.

AHanu3 BEMUYMHbLI CMELLEHUN KPUTUYECKUX TOMEK MeTanna nog

BNAUAHWEM JaBneHust BOAOPOJa rOBOPUT O TOM, YTO OCHOBHOE BAWSHUE
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Ha STOT NOKA3aTeNb OKa3LIBAIOT BEMUYMHbI pacTBOpUMOCTH BOAOPOAA U B
MEHbLIEN Mepe — TUN KpUCTannUYecKkon peLleTkn meranna.

Ha 0CHOBAHMM NOMYYEHHbIX IKCNEPUMEHTANbHBLIX AaHHbLIX Obinu
NOCTPOEHbI AharpaMMbl COCTOAHUS MeTansi-soaopoa, BKmoq’aioume
rasoasrektnyeckue pasHosecus (Ni-H, Co-H, Cr-H, Cu-H, Mn-H, Mg-H,
Ti-H, Al-H), kaKk B [ABYXKOODAWHATHOM, Tak ¥ B TPEXKOOPAWHATHOM
n306paxeHUsx. '

Haubonee  asddexTuBHO ~ pone  nNpunaraeMoro  aasneHus
NPGABNAETCS B npoueccax, NPoTeKaloWwmux ¢ uIMeHeHneM obbema, 1.e. B
npouecce  KPUCTannu3auuu  HAChLILLEHHbIX BOAOPOJOM  Pacnnasos,
CBS3aHHOM C NEpexoAcM MeTanfa U3 XXUAKOro COCTOSHWA B TBEpAoe.
OCHOBHbIM NOKa3aTesfleM 3TOro nepexona ABSAETCA pasHuLa yaenbHbIX
o6bemoB, cocTosillasl, B OCHOBHOM, M3 06beMa rasoBbiX KaHaros #
NycToT B OTNUBKE. B naeanusnpoBaHHOM NOHATMU AaBrieHMe BOAOPOAA B
KaHanax nopuctoro Meranna s fpouecce Kpucrannusauu pacnn‘aBa
pPaBHO [aBNEHWIO rasoBOi CPeAbl, OKpyXatoluei OTNMBKY. OAHAKO Ha

npakTUKe 3TOT napaMmeTp NpUHUMaeT Jpyroe 3HayeHue.

Hy - e He—o "y HE
) P..xx. - Poxpcp. + Pep.pmd + P(ﬁxp.
‘ . _ H 2 . JK:‘AJ‘::I o - ‘ ) .
rgoe P:,;.".Poxp.rp’P:p.paso,’Pq).xp. A[AaBneHue Boaopoaa 8 ra3oBbiX KaHanax,

haBneHue rasa B cpeAe, OKpyXawouweid OTNMBKY; . COMPOTUBIIEHUE
NOBEPXHOCTHOTO CNOS OTNMBKA Ha rpaHuue pasgena »MAKuin pacnnas —
rasoBast cpefa BO3AENCTBUIO CUCTEMb! MOPUCTBIA METaNN — XMAKOCTb;
CONPOTUBNEHNE XWAKOro pacnnaea y (PpoHTa KpucTannusaumm pocty
rasoBbIX KaHanos.

TennooOMeHHble MPOLEeCCH! MeXAy OTNUBKOW, ra3oBOR CPefoci u
KpUCTannu3atopomM nocne 3anuBku pacrnnasa 8 opMmy CTUMYNIUPYIOT
peskoe cr‘mmle‘Hw‘e' mnkmexyqecm Ha rpaHule pasgena otniMBka -—

rasoBas cpeaa ¢ obpasoBaHWeM KOpku 3atBepaesluero metanna. Mpu

STl tn e R R
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J9TOM 3Ha4deHue P:vc—e pacrer. OﬂHOBpeMeHHO npoaomkarLiascs
: 2p.pasd. . .

Kpucrannusayusi HacbleHHOro BOAOPOAOM pacnnasa CcnocoBCTByeT
BblAENEHMIO ra3oobpa3HoOro . BOAOPOAA M POCTY ra3soBbiX KaHasoe
nopucToro Metanna. 370 NPUBCAUT K BGbICTPOMY MOBLILLEHUIO AABAEHUS
B cCuCTeMe NOpUCTLIN MEeTarnn — XuAkWiA pacnnas. B onpegenexHblii

MOMEHT BpeMEHW 3TO AaBlieHue NpeBbICUT P”“’ , MTO npuBeaer K
: ) 2p. pasd.

AeopMmauun KOpkM MeTanna, a 3aTeM paspbisy C NOCREAYIOLUM
pasnuBOM pacnnasa Hag NOBEPXHOCTbIO OTnMBKW. [pu 3TOM 3HAYEHUe

P’”‘;o , 4 Take faBneHua B cucreme ﬂOpMCTbIﬁ MeTann — Xuakun
ep.pasd.

pacnnas pes3ko cHmkaeTcs. B xope Kpucrannusaquu OTNMUBKU 3TOT
npoLecc MOXeT MHOIOKpaTHO NOBTOPATLCA.

Bce HU3IMEeHEHUs 3HaYeHunnA P yepes
P-paso. R

HE3aKpUCTannu3oBaBLIMWUCA  pacnrias  OTPaXalwTCA Ha  CTpykType
NOpUCTOro MeTanna, NPUBOAST K MHOTOKPaTHBLIM U3MEHEHUAM auameTpa
KaHana B npotiecce Mx pocra, a TaKke Kk 06pasoBaHnid rohpPUPOBAHHON
(hopmbl NoBepxHOCTY KaHanos. Mpu 3TOM CTENEHb U3MEHEHUS CTPYKTYpbl
| B Npouecce ras’odBTEKTUYECKOro npeBpalleHns B cucTeMe Metann —
BOAOPOA B. OCHOBHOM Ofpeaenserca TemnepaTypon pacnnasa,
BpeMeHeM 3aTtBepAeBaHWA OTNUBKW, OAaBNEHWEeM W COCTAaBOM Fa30BOM
pasbl yCTAHOBKM, — T.e. CTENEHbIO MHTEHCUM(UKALMN TENNOOGMEHHbIX
Nnpoueccos Ha rpaHuue pasgena oTnuMBka — rasosas .cpega. [lpu

onpepeneHHbIX yCroBUsIX 3aTBEepAEeBaHUA OTNMBKK, 3HAYEHNE P-"‘" a,

op.pasd. |
CNEefoBaTEnbHO, W NABNEHUSI B CUCTEME NOPUCTBLIN METann — XUOKWA
pacnnae, [AOCTWraéT onpedeneHHoro Ans [aHHON TemnepéTypsl
NOpOroBOTO  3HAYEHUsi,  CrIOCOBGHOF0  BLI3BATL  MEpPeOXNaAKAEHue
OAHOBPEMEHHO BO BCEM 06beMe He3aKkpuCTannu3oBaBLIErocsi pacnnasa
C nocriegywoujeid  obbeMHOi  kpucTannusaumen. 310 ABNEHWE

XapaKrepu3yeTcs MOSHbIM Pa3ynopsAoYUBAHNEM CTPYKTYPbl NOPUCTOrO
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MeTanna — OHa HanNoOMWHAaeT . CTPYKTypy rpy6oro koHrmomeparta. Ons

CHVXKEHUA HeratusHOro BNUAHUA P"“’ -+ B npouecce 'KpMCTaﬂnMZ!aLIMVI
2p.pasd.

fnopucToro mevanna s mecre pésnwsa ‘pacnnaaa Haj NOBEPXHOCTBIO
OTNUBKKA NPOU3BOAAT [OONONHUTESIbHLIA MOAOIPEB UAU  NPUHMMAIOT
Apyrue Mepbl B 3aBUCUMOCTH OT KOHAIMrypaLium u CTpyKTypbl OTAMBKN.

ConpoTuBNEHUe XMAKOro pacnnasa y (PpoHTa KpUCTaNIn3aLmmn
pocTy kaHanoB Pgy HaxoouTcs 8 MNPSMOW 3aBUCUMOCTM OT BSA3KOCTH
pacnnaaa M ABNAETCH YCPEAHEHHON BEfWYUHOW, TaK Kak npu
Temneparypax 6nu3xux K TemnepaType KpMCTannusauuM pacnnasa,
cornacno Kaaaunonwxpumannuqecxou MOJEeNK CTPOHUA, ero CTpykTypa
npeacraenset coboy coueTaHue KNacTepoB U pasynopsAoYeHHbIX 30H C
Gonee prXﬂblM pacnono»(eHMeM yacruu, ﬂoaromy, B XxoAe pocra
raaoBble KaHarnb! OKa3bIBalOTCH B HGOAVIHaKOBbIX YCroBUsX: KaHanbl,
Bpacra»ou.me B MNOTHbiE TPYNMUPOBKK, CHUXKAIOT AWaMETp U MOryT
3axnonHyT|;cg, a KkaHanbi, ppacﬁranomné B PbiX7ylo CTPYKTYpY pacnnasa,
yBENUYMBAIOT AUaMeTp ll"i.__lMMGIOT Gonbuuyio npbmxceHHoch. Ons
CHIDKEHWS! HEraTUBHOTO BNUSHUSI HEOQHOPOAHOCTM pacnnasa y tpoHTa
KpucTannuaauum Ha poct KaHanos HeoGXxo4MMO CO3/aTe OnpeAeNieHHble
TEPMOKWHETUYECKUE . YCNOBUA Kpucrannusauuy pacnnasa,
3aKrnovaioLmecs, npexxae BCero B TOM, YToOb! NOBLICUTL TEMNEpaTypy U
CKOpOCTL OXNIaXAEHUs pacnnasa.
© H.[fl,: Q_epﬂ:ox, 2000r.
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OCOBEHHOCTY ®OPMVPOBAHMS CNNTABOB
FASO3BTEKTUUYECKOIO TUNA NPU HAMOPAXKMBAHUU B
HAI'lPABJ‘IEHI/M CUnbI FPABMTALMM o
A.l". Tumyerko |

l"ocynapcreeHHas MeTannypruyeckas VAKa,CIEMVIH prav‘mbl‘,‘
r.JlHenponeTposck, YKpauHa |

B ocHoBy >p366Tbl nohomeHbl pesynbfé*rbl Mccne,qoaéHuﬁ
rasoaarelcr'uqe'cxbﬁ KpubTannuaauuu B cucTeme .MeTann-Bonopo,a,
npoBo,qumux 8 [ocynapcTBeHHON MeTannyprmecKoﬁ Axagemuu
YKpauHbl ¥ NO3BONUBLUNX nonytme HOBBIN MOPUCTLIA KOMMNO3ULMOHHBI
matepuan (rasap). ‘ -

MNonydeHue  rasapoB  BKMIOYAET HacbileHue  pacnnasa
BOAOPOAOM U NOCNEAYIOLYI0  KPUCTannu3aumio B YCAOBMSAX
HanpaBneHlHoro Tennootsofa. M3BecTHble cnocobbl He NO3BONSIOT B
NOMHOM Mepe packpbiTb 3aKOHOMEPHOCTU KPUCTANNM3aLMK ChaBoB
ra3o3BTEKTUHECKOr0 TUNa KM3-3a (PaKTOPOB, HEe NOAAAIOLMXCH KOHTPOMIO
MHTEHCUBHOIO  NEepeMelmBaHus  pacnnaBa npu  pasnueke, ero
NpeXAeBpeMeHHOro oxnaxaeHuss Bo scem ofbéMe, 3axeara TBepAbIX
BKITIOMEHUH, OTPbLIBA Ta30BbIX My3bIPbKOB C MOBEPXHOCTH (PPOHTA
KpucTannuaayuu.

Ons  nposefeHUs  9KCIEPUMEHTOB  CMNPOEKTUPOBAHA W
N3roTOBNEHA nabopaTtopHas ycTaHOBKa, nNpeacTasnsawowWwas coboi
aBTOKNaB BbICOKOIO AABMEHWUSA, B HWKHEW 4acTh KOTOPOro NOMeELeHa
MAaBUMbHaA nevb, B BEpPXHEX - YCTPOMCTBO, C NepemMelialolmumcs
X0noAunNbHUKOM. MeTann Hacellanu BOAOPOAOM U3 ra3oBoi hasbi B
AnanasoHe aasnexun 0,01-10 MMa. TemnepaTypy pacnnaea UaMepany ¢
TOMHOCTHIO Ao + 5K. OkcnepuMmeHTanLHO onpefeneHa onTuManbHas
CXemMa HaMOopaXKUBaHUA B HANPaBlieHWN CUfibl FPaBUTaLMKU, NO3BONMBLIAS

NOBLICUTL YCTOMUINBOCTb Fa3oBOM hasbl HA (PPOHTE KpuUCTannusaumu,
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N3GEXaTh WHTEHCMBHOMO MEpeMeLUMBAHWA pacnnasa B  MOMEHT
COMPUKOCHOBEHUA MocCnejHero ¢  XOMOAUNbHWUKOM,  perynuposatb
MeTannOCTaTuqeckoe AaBneHue Ha poHTE KpUCTannusauumn, Hapywarb
M BO3OGHOBRATbL KOHTAKT XONOAMIbEHMKA C pacnnasoM B npouecce
Kpuctannusauuu. {lokazaHo BnusiHue Mopdonoruu bpoHTa
KpucTannusauuv Ha popMUPOBaHME FA30KPUCTANIMYECKNX CTPYKTYP npy
peanusauuu ras’odBTEKTUYECKOro MPeBPaLieHusl, B YacTHOCTW, Ha
BOZMOMWHOCTE NMOPO0BPA30BAHUS, MUHUMANLHLIN pasmep, GopMy U
fOBEPXHOCTH MOp.

MNpoBefeHsbl cucremaTmyeckue uccnegosaHus BIUSHUA
AaBMeHusi rasa, TemMnepaTypbl pacnnasa U WHTEHCUBHOCTM TENI00TB0AA
Ha  TreoMeTpUi0 U CTPYKTYpY  FasoKpuCTannu4eckmx KOMOHMI.
YCTaHOBMEHO, YTO TeMrieparypHast 3aBUCUMOCTL FIOPUCTOCTU HaXoaUTCA
B XOpOWEM COOTBETCTBUM C TemrepaTypHOM KPWBOW . pacTBOPUMOCTU
sogopoga B MeTanne. [lony4eHO KOCBEHHOE  MOATBEPXAEHUE
CyW|eCTBOBaHUA  npouecca  “kunewus” Ana ycnosuin  0GbIMHON
KPMCTannmM3aumuu CUCTEMb! Merann-sofopod.

~ Mpepnoxeno 0G0CHOBaHUE JUCKPETHOrO pocra razoBbiX KaHanoB
rasapoa, OGHOBAHHOE Ha Nepexofe OT HeCTAUUOHAPHOTO pacnpeeneHus
Bofiopoga BONM3M POHTA KPUCTaNnM3auuu K CTauMoHapHOMy, Mfpu
KOTOpPOM Cpenuﬂﬂ ‘nbpom»(eHHocn; nob ApAMO  NpPONOPUUOHAaNLHA
BPEMEHN peanu3auuu YKasaHHOro nepexoaa, ysenuuusatoulerocs ¢
yMeHbmeHmeM' AaBneHus Bogopoda W ' nOBQImeHMeM CKOPOCTH
kpucTannusaumm. ' S _

MpeanoxeHa wmogenb Mexanusma obpasosanus rodpa Ha
noéerHocm rasosbiX KaHanos, BKIIO4AIOLLARA nym:ééumo ra3oBoro
fy3blpbka Ha q)pome KPUCTASINU3aLMK, NO3BONNBLLAS ccbopmynnpoaarb
YCITOBUE MONYYEHUs Fa3apoB C MaKPOCKOMMUUECKU FNaaKo noaepxnocn:lo
nop. ' o
© A.I". TumyenKo, 2000r.
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FA303BTEKTUYECKAS KPUCTANNU3ALIMA = OKCUOHbLIX
PACMNABOB. ' B

B.KO.Kocmeips, 10.®.Kocmeipa

Hauuo}-{anbﬂaﬂ Me'rannypruqecxaé AKane‘MMﬂ YkpauHs!

r. IHenponeTpoBCk, YkpauHa.

3BTEKTUYECKoE | npeBpameHue,‘ Haﬁnb,qaemoe npu
Kpucrannusaymmn cucrem “metann-sogopog” [1], aHanormyHo npovekaer
“ B OKCUAHBIX cucTemax [2]. OaHako, rasoHackiLLeHue U KpucTannusauus
OKCHMAOB WUMEeT CyuU|eCTBEHHbIE OTNUYMUA, KaK MO KMHETUKE, Tak U no
MOponoruM  NOYy4aeMoro nnasneHo-nMToro nopucroro crurtka. B
4YacTHOCTU, B CHCTEMax “OKCUA-BOAOPOA” OTCYTCTBYET - BOZMOXKHOCTL
00Gpa3oBaHus ruapnaos [3]; BpeMs “XMBYYECTM” OKCMAHOTO pacnnasa u
BbICOKAs KMHEMaTuyeckass BA3IKOCTb KPUCTANNU3YIOLMXCH OKCUAHbLIX
CUCTEM HEe NO3BOASIOT MOJSIHOCTLIO 3aMKCUPOBATL B CMUTKE rA30BYIO
a3y, - H YCKOPEHHbLIM OXNAXAEHUEM, HU gecopmaumeit TBEpAeloLero
pacnnasa [4].

- B nanHon paGote Hamu uccnenoBaHsl U YCTAHOBMEHbL! OCHOBHbIE
aTansl NopoobpasoBaHuUs NpU KPUCTANNIM3ALMN OKCUAHBIX CUCTEM MgO-
ALOs3,  AlbO3-ZrO.u CaO-AlO;, ob6pabotaHHebix H,, Ar, CH; u ux
cMecAMU. ONbITHLIE CIIUTKN BbINNABNSAMNUCH U3 GPUKETUPOBAHHON LUMXTbI
B 04HOMA3HOW  AYyroBOW  3MeKTPOneYn  MOWHOCTBIO 150  KBT.
FasoHacbieHne pacnnasa npoBOAMNOCE NPU  pa3nueke yepes
rpadutosbIi hunbTp-npobky. Pacnnas pasnuBanu . B
TENNOU3ONUPOBAHHbBIE TPAUTOBbLIE MINOXKHULBI Pa3NU4HON hopMbl. U3
CNMTKOB BbIPE3anu NNacTUHbI, Ha KOTOPkIX UCCNeaoBanace Mopdonorus
AOp u CcTepeonorust UHIPEAWEHTOB CTPYKTYpbl. YCTaHOBNEHO, u4TO
OCHOBHO# BKnaj B )OpMUPOBaHUe NOPUCTOr0 aHCAMBNA ra3o-OKCUAHbIX

9BTEKTUK BHOCUT KpMCTannu3auuoHHas gaedopmauusi, BbI3BaHHAst Kak
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[laBNeHWeM HacbIleHus, Tak W U3BbITOYHBIM JasneHuem
KpUCTannusayuMm BCRNEACTBUE MNOBbIWEHUST MNOTHOCTU U BA3IKOCTU
TBEpAEIoulero pacnnasa.

AHcambne nop B ONbITHBIX  CAWTKax  npepcrasned
ripeMMyLeCTBEHHO TpeMsi MOpPAONOrUYeckUMY - TUNaMu nop: KONOHUU
uunuHapudeckoin’ opmbl, obpasosaBlmeca B nNepudepunHon  30He;
ny3sipbkosbie 'cpeponuTol, (hopMupyloLMECS B OCEBOM 30HEe; NOPpbl B
BUOE PaABHOCTOPOHHWNX TPEYronbHUKOB, MONYYEHHbIE B CAUTKAxX npu
HacbiL{eHuun pacrnasa pasnarawoujencs rasoBow CMEeChi0.
PacnpeaeneHne w . mopdponiorust nop nNOBTOpAeT xoa  (ppoHTa
KpucTannusauim W oTpaxaer  Xxapakrep Tennoorsoga - or
KpUCTaNNU3yloLWerocss ~cnutka. 3apoxiaeHwe nop npoucxonut npu
TEMMNEepaType OKOIo 2900°C, o6bemHan ycajka pacnnaBa OTCyTCTBYeT U
¢hopma rasoBbIx MNy3bIpLKOB GNM3Ka K naeanbHoii. Mo Mepe 4OCTIKEHUS
pacnnaBoOM KPUCTANNu3alMOHHO - TMAPOCTATUHECKOrO PaBHOBECUS MOpPbI
npuoBpeTaloT OKpYImylo (Lunuuapudeckyto) GopMy, COPUEHTUPOBAHHYIO
f0. HaNpaBneHUIo TENNOOTBOAA C YIFIOM OPUEHTALUKN LIMIMNHAPUYECKUX
oceit koopauHar - 120°. Mpu ~2500°C ny3bipeku pasamepom Mexee 0,2 -
0,3 MM BCneacreune 06bEMHOro  30HaNbLHOTO YNNOTHEHUA
“sararuatoTcs” pacnnasoM. a3z npu 3TOM cerperupyeTt B nokarnbHble
MUKPOOGbEMbBI, UHULUMUPYS NPOLECCHE KoanecueHuMn U cpepouaunsatmun,
HeoOxoaumble Anst o6paszoBaHWMA Ny3bipbKOBLIX fOp - CHeponuTos.

Cynepnosuumst rPaBUTALMOHHBIX CUST ‘M CUI  KPUCTanSIU3aLMOHHOM

aedopmauyu - - npuBoauTt K obpasoeanuio  "po&s"  rasoBbiX
HECTIOLIHOCTEN, - dOpMa - KOTOPbIX onpegensieTca  CTENeHbio
nepeoxnaXaeHus pacnnasa W HanpasneHnem AeicTeus cun

aedopmMayuu. Flo Mepe 3aTBepaeBaHust pacnnasa Nocrne NPoXoXKAeHUs
3BTEKTMHMECKOr0 MHTEepBana TeMmnepaTyp Hapsagy C MEenkuMu nopamu

dopmupyeTcst  GonbLIOe  KOIMMECTBO  MPOTSKEHHBIX  CKBO3HbIX

IO SN
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KanunnsApHbLIX KaHANoB, BEMWYUHA KOTOPbIX BO MHOTO pa3s TpeBbilliaeT
pasMepb! NePBUYHLIX KPUCTANMOB LUNUHENHN, UTo co3aaér ApeanocLINKU K
DOPMUPOBAHMIO 30H MNOPOB3AUMOAENHCTBUS. 3TO MOXHO OBBACHUTH
AENCTBMEM CUN  HaBeJeHHOW aedopMaLMn npu  nepeoxnaxgeHun
CIMUTKOB B WUHTepBane Mexay WHUAMKU CONMAYC W  fIUKBMAYC -
M3bbITOMHOE naBrieHne ra3oHacbiLLleHUs ApUBOAUT K 06pa3oBaHWIO
‘AeOpMaLMONHBIX BUXPEN”, HapyLUaloWMX MOKANbLHYKD CNMOWHOCTL
pacnnaesa W umHUUMUPYOWMX nopooBGpasoBaHue Mo~ KanumnAapHbIM
kaHanam. WHTEHCMBHOE YNNOTHEHME pacnnaBa NPOMCXOAUT OKOMO
Temnepapsbt 1800°C, oH craHoBuTCA KonnongHsiM, o6nacrm Bo3aencreus
KpucrannusaumoHHon — gedopMmauuM  AUCKPETUIUPYIOT Ha ero
MUKPOOOBLEMBI, CBA3aHHBIE MeXAY cOBO0Ii KanunnsapHeiMKU Kavanamu. Mpu
TemnepaTtype Huwxke 1500°C nopbl npuobpeTaloT ' HanpagneHxylo
MOPAONOrMiI0  “KONOHNANLHOIO” TUMA, WX BENWMUHE HE3HAYUTENbLHO
BO3pacTaeT C YyBENUYEeHWEM BpEMEHUW HaxOXOEHMs ' pacnnasa B
MEXKPUTUHECKOM MHTEpBarne Temrnepatyp v faBfneHus ra3oHachiLeHNs,
npu4yem 3aBMCUMOCTb MEXAY BPEMEHEM BbIEPXKKM U AMaMeTpoM nop —
nuHeRHass, a MexJly [JaBfeHMeM M AMaMeTpoM - BO3pacraloilas,
runepbonuueckas.  XapakTepHoii  0COGEHHOCTBIO ~ KPUCTAnnM3aLmu
uccnegyemsix raaoapMuposanHelX pacnnasos sensievcsi hopMUpoBaHue
YepeayoLuxcs NOPUCTO-MOHOMNUTHLIX CNOER NPEeUMYLLIECTBEHHO BOMUaU
0CEeBOW 30HbI cruTka. Mocne 06paboTkn pesynbLTaTOB 3KCNEPUMEHTA Ha
3BM no METONY KOHEYHbIX Pa3sHOCTeN nonyvyeHa nUHeRHan
3aBUCUMOCTb, CYLIECTBYIOLLAA MEXAY BHEWHUM KPUCTANMM3ALUMOHHLIM
AasnewneM u  Mopdonoruedt  HOPMUPYIOUIMXCS FIOp, TpudeM ¢
yBenu4eHneM BpeMeHn rasoHackILLeHUst 3aBMCUMOCTE npealpasyeTcsi B
rapmMoHuky. PaBHOMEpPHO pacnpeaeneHHas nopucTas  CTPyKTypa
hopMUpyeTca ¢ napameTpaMu, U3MEHSIOLMMUCA No Napabonuyeckomy

3aKOHY, U He 3aBUCUT OT BPEMEHU ra3oHacCbiLYeHus.
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BbiBOAbI:

- ApK ra3osBTeKTUUYECKON Kpucrannuaaymm OKCUZHBLIX pacnnasos
copMUpyeTCa YNopsSAOYEHHbI NOPUCTLIA aHcamMGnb, COCTOAWMA U3
YepEAYIOMXCH MOP M NOPOBLIX KAHAMOB ' PasnUuHGH “Woptonorum,
KoTopas OnpeAenseTcs xapakTepoM TeénnooTBoas; “¢TpoEWIE  rop
onpenensieTcs, NPUMEHUTENbLHO K Aa30apPMUPOBAHHLIM - OKCUAHbLIM
cUCTEMaM, BA3KOCTLIO Pacnfiaea, a TakKe Xapaktepom xofa poHTa
KpUCTaNnu3auun 1 cyneprnosnumein CTOKCOBCKUX u KPUCTANSIN3aLMOHHO -
rpaBUTaLUOHHBIX CUAl.

- YCTaHOBNEHa BO3MOXHOCTL peryninposaHusi-mopdonorun nop -
nepesosa ux U3 cthepuueckoit GopMbt B NPEBUNbHYIO TPEYronbHylo npu

‘HaebiLEeHNU pacnnaBa pasnaraioweincs ra3oBoi CMECHIO.
NNTEPATYPA
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HEKOTOPbIE OCOBEHHOCTU CTPYKTYPb! BblCOKOME,ﬂMCTbIX
YYI'YHOB C U.IAPOBMﬂHl:ﬂM rPA¢MTOM

0. Bobpo, 4.A.Tycaqyk, Y. O. ﬂapd)eHmbeea

Nyukmit rocy1apcTBEHHbII TeXHUMECKWi ):(HusepcuTeT,

r.Jlyuk, YkpanHa

B nocneanue ronpbl B UCCMEAOBaHUSIX 0co60e BHUMAaHWe
YOENSANOCh CUHTE3Y nNUTENHbIX KOMMO3UTHBLIX MaTepﬁands (MKM) ¢
MMKporeTeporéHHon "Crpykfyplbﬁ.' 'Paspaﬁowa TaKoN rpynnel  JIKM
CBA3AHA C MCMOMNbL30BAHNEM cepblx n Genbix l4yryHoxa coaep»(aumx Meab
B KOJIMYECTBAX, BLIXOAAWMX 33 npenensl eé pacrsopumocm 8 Fe-C
cnnasax.

B ocHoBy HayuHbix npunHuMnoB cospanus JIKM sanoxeH psg
cneacTauii, BbITEKAOLUX n3 MHTEerpayuu HepaBHOBECHOM
TepMoAuHaMMm n cunepretuku [1]. Beog B YyryHsl Megu B KonuyecTeax
6...10% mac, CONpOBOXZAETCH CYLLECTBEHHBIM U3MEHEHuEeM
hnyKTyauuMoHHo#W cutyauMm B pachnnaeax. B ceow oyepensb,
agcmauéwpye'rcn npouecc camooprahwsauwu HOBbIX AWMCCUNATUBHLIX
COCTOsIHMIA. 3TOT nmpouece, cocronumﬁ 13 6OnbLUIOrO YUCna AUCKPETHbLIX
nepexoaos npu 3aTBep;1eBaHMM npuao,qm K oBpasoBaHuio HOBOI no
CBOEW NpUpoAe BbICOKOMEAUCTOi ¢hasbl, M3BECTHON Kak s-thasa [2]. Mo
Aa@HHbIM DEHTTeHOBCKOro MukpoaHanusaropa IXA-733 B BbicokoMeauc-
TOl hase MOrYT pacTBOPATLCS MPAKTUMECKU BCE KOMMOHEHTHI YyryHOB,
KpoMe yrnepoaa. » .

B Teoperudeckux M NPUKNAagHbIX AaCheKTax paapaborku JIKM
onpeaenéHHbiA yerex AOCTUIHYT NpU UCNONb30BaHUM B KAYECTBE OCHOBbI
ANA KUX CO3AaHUA YYTYHOB C LUAPOBUAHBLIM rpaq)mdM [3]. Ocobwiit
UHTEpeC npegcTaBnsieT MUKPOCTPYKTYpa Takux CNaBoB, CBA3aHHAas G

MOpdhOnorvein BbICOKOMEAUCTON hasbl. B 9KCrepuMeHTax yCTaHoBNEHO,
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4YTO B CTPYKTYpe OTNMBKW BbiCOKOMEAUcTan asa opmupyetcst kak
060mouKa BOKpYr rpacUTHBIX KPUCTANMUTOB.

W3BecTHbi [4] mexanuam o6pa3oBaumsi rpacpuTHON IBTEKTUKM U
eé paccnoeHme B8 cnabo  3a3BTEKTUYECKMX  ChiMaBax  MOXeT
OTCYTCTBOBaTb, MOCKONbLKY rpatuTHLIE KPUCTaMNNUTbl B BLICOKOMEAUCTLIX
4YyryHax He CNnyxaT MoAnoXkow Ans rpadurusauun. o cywecrsy B
BbICOKOMEAUCTLIX 4YyryHax C LWAapoBuAHbIM rpadurom pesynsTaroM
_.aBT;eKrnﬁecxoro npeppaweHnsa ABNAETCA o‘6paaoBaHne negeﬁypma, Y10
nomaepmeuo B 9KCMEPUMEHTAX.

Takum 006pasoM, NPeanoKeHHbIn MEexXaHu3M KpucTannuaauuu
Bb]COKOMeAMCTbIX YYIYHOB C LUAPOBUAHBLIM rpaduToOM MOXeT NpONUThL
caeTU ﬁal M3BECTHOE CneuuanucTaM [ABOWCTBEHHOE BMSAHWEe MeAu Ha
npouecc rpaduTM3ALMN: MPU HU3KMX M CPEAHNX €& KOHLEHTpaumsix
(no 2,0% Mac.) - kak rpacuTU3aTop, a npu coaepxaHuu csbille 6,0%
Mac. - kaK [j0BaBka, NpuBOAALLAs K oTGeny.

CnoxHocte  ABneHus, onpeaensiiowero MEXAaHU3M
hopMUPOBAHUA CTPYKTYPH! B BLICOXOMEAUCTBIX UYYIYHAX C LHAPOBUAHLIM
rpachutomMm, ocTtaérca Ao KOan He BbLIICHEHA W CINYXWT NpeaMeToOM Ana

NOCTaHOBKY AanbHeNLnX nccrnejoBaHuni.

TMTEPATYPA

1. XakeH . Cudepretuka. M.; Mup. - 1980. - 383 c.

2. Tyapemon 3. CneuuanbHbie cTanu. fep. ¢ HéM.. - M.: Mertan-
nyprusgar, 1959. -952 c. | '

3. Bob6po 10.1., Omutpuiok HB lycauyk [1.A., BbICOKOMEAUCTbIE YYrYHbI
€ WapoBUAHbIM rpaQ)MTOM /I fureftiHoe np-Bo. -1997. -Ne 10. -C. 9-11

4, Bynun K., Manvmoqxa AH., TapaH kO H. OCHOBbI Me'rannorpaq)nu

eTannyprMﬂ 1969 416c.
© 10.r.Bo6po, f].A.l'ycadyx, U.0.MNapenmneaa, 2000r.
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MOP®OJNIOTTNA ®OCPUOHbIX 9BTEKTUK
N.M.CnupudoHosa, - H.B.BymeHko
[lHenponeTpoBCkuit roCyHMBEPCHUTET,

r.QHenponeTpoBck, - YkpauHa

B paborte wuccnegosanu crpykrypoo6pasosaHue IBTEKTUK B
cnnasax cucrem Fe-P, Fe-P-B u Fe-P-Mo." MayyeH dbasosblit u
CTPYKTYPHBIN COCTaB CNNaBoB 3TUX CUCTEM.

B cucteme Fe-P Habrionanu 3BTEKTUYECKOE npespaLyexue
X—->y+FesP. B npouecce kpucTannusaumm 3a3BTEKTUMECKOrO CMnasa
NnosyyeHsl hepBMquue Kpuctannel docduna FesP (puc.1a), B go-
SBTeKTMHeCKOM bnnaae AEeHOPUTbI 'TBepnoro pacrsopa Ha ocHose vy -Fe.

4 B cucreme Fe-P-B B usyueHHbix crinasax KpubrannwsyeTca TpU
MOHOBépMaHTHblx IBTEKTUKU ¥ +Fe3Bg 9P 71 (puC.16), v + Fe,B ny +

FesBo,esPos7(e1) (puc.1n). B 3aBucumocTu oT cocraea cnnasa B ponu

S L %

%3
N

a) 6) ' B)
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r) )1¢)
Puc.1

NepBUYHLIX KpUCTanmoB BuiaenaoTces dasbl FesBo,0Po 71, €1 unu FeB.
B uccnenosaHHOM KOHUEHTPAUWOHHOM Auana3soHe B8 cucreme Fe-Mo-P
HabniopaloTca ABe  ABOWHblE 3BTEKTMKM C pasnuyHON  CTEMeHbIo
OKMCIIEHUS MUKPOCTPYKTYPbI NPU TEMNOBOM TpaBneHuu: y +FesP u y +
MoP (cm.puc.1r). 3pgeck NpuCYTCTBYET Taioke TPOWHas 3BTekTuka y +
+FesMo,+MoP (puc.1B). B 3aBucMMOCTM OT cocTasa chnnasa, B PoOniu
nepBMUYHbIX KPUCTANNOoB BbiCTyNaloT daswl FesP, y unu FezMo,.

Bce 1BOIHbIE 3BTEKTUKM B AaHHbIX CUCTEMAX, 8 UMEHHO, v +FesP,
y + FesBo,ePo71, v *e1, ytFe:B m y +MoP umeloT crepxHesoe
MMKPOCTpOEHMe. DBTEKTUYECKME KONOHUM Hacneayiot copmy 6asoBbix
KpucTannos. fiByxdasHoe 3epHo v +FesP umeer dpopmy pocra docdhuaa
FesP, 6ukpucrann y + Fe3Bp,0Po71 uMeer chopmy pocta e-hasbi.
PacteopeHne 6Gopa 8 docdhuge xeneza FesP  ymelblwaer

andepeHLpoOBKY KONTOHUIA B COOTBETCTBUY C BbIpaXKEHUEM: '
Si o1
[ < O

. a
61+6; y+E 81+62 y+FesP ‘
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Tpoinass  a3BTektMka 7y +FesMo,+MoP  umeer CNOXXHYIO
Mopdionoruio,

U3mepanacb MUKPOTBEPAOCTb NEPBUUHLIX ha3 U  IBTEKTHK.
YCTaHOBMEHO, YTO 3BTEKTUKA y + & MUMeeT GORbLUYI0 TBEPAOCTb, Yem
aBTekTuka y +FesP(Ha ZOOKFIMMZ) M .cpaBHuUMa C y + 'FesBo,G3Pg‘37.
Muxpomep,qocri:’" "OBTEKTUKMU .y +Fe,B HesHauuTenbHo Bbile, QeM y
3BTEKTUKNM v +Fe;P. ' ' ' '

[TposeaeH aHanuTUYecKui aHanus KUHETUKU pocta
3BTEKTUHECKUX KOJIOHWI B TPOWMHLIX CrnaBax, MMEetoLLMX NAAcTUHYaToE U
CTepXHeBoe CTpoeHue. 3KCnepuMeHTanbHo nokasaHa
NpeumyLLecTBeHHass 3aBUCUMOCTL AU PepeHUMPOBKU Pas B KOMOHUSIX
OT yAenbHbLIX NOBEPXHOCTENR Ha rpaHuLax ¢as ¢ pacniasom.

MocTpoeHa mogens MexaHU3Ma 0GPa3oBaHNS TPOIHBIX IBTEKTHK.

© U.M.Cnupudonosa, H.B.Bymetro, 2000r.
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OCOBJ/INBOCT! YTBOPEHHA BAFATOKOMNOHEHTHUX TBEPOUX
PO34MHIB 3MILLAHOIO TUMY.

I.M. CnupudoHosa, A.Jl CUMOHOGX

nHinponeTpOBCbKuﬁ OEepPXaBHUIA yHiBEpCUTET,

r.AHinponeTpoBchk, YkpaiHa

Mpy BUHWUKHEHHI posqhHiB 3aMilLuaHoro Tuny NOEAHYIOTLCA cutyauii
3aMilLeHHs aToMmis PO34MHHMKE 3 npoHvikHeHHﬂM PO34MHEHOro aToMa Mix
By3anaMu. AHasis MOXIMBOCTEN YTBOPEHHR Takmk poéqmuia Ha ©asi
deputy, aycreHiry, bopuais, kapbuais Heo_ﬁxi,qnlo nouYnHaTH 3 06’emHoro
rpakropy. A | ‘ »

3MiHn B nepioai KpMCTaniQHO'I'\ rbéTKu Npu YTBOPEHHI TBEpAUX
PO34MHIB  NPOHUKHEHHS-3aMillieHHs Momjhso nofartu  HaCTYNHUM

PiBHAHHAM:

N
Amp, =ay+2- z[k,-’ (1 —r)-C + & (5 —040r)-CH + K -0,291r,-)-(1—(‘.‘/ - ’)]

i=]

Ae a, a - nepios rpatky TBEPAOro PO3YUHY Ta POSYUHHUKA;
ri, F> - pagiycu atomis po3uUMHHUKA Ta PO3UNHEHOTO KOMIMOHEHTY;
k', k", k""" -koedbiuieHTH, siKi BPaxoByIOTL B3AEMOZIIO; -

N - KiNbKICTb KOMNOHEHTIB B TBEPAOMY PO3YUHI.

OpHoYacHa NPUCYTHICTb Y PO3YMHI ABOX MeETanoigHux aromis
BHOCUTL KOPEKTUBW Y CMiBBIAHOWEHHA, AKE BU3HAYae NOABY 3aMillleHHs
aToMiB pO34YMHHUKA. Hanpuknag, posunHeHHs Gopy y heputi i aycTeHiTi
NOBMHHO CYMNPOBOMAXKYBATUCA - 36iNbLUEHHAM KiNbKOCTI akTiB 3aMilieHHs.

ATOM BYrneuto, kUi 3animMae mixey3ni dyae sutuckysatn atom Bopy Ha
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no3uyii 3anisa. 3HauHa pisHMUs y posMmipax aTtomis Gopy ‘i 3anisa
[7Fe — 1B :(0,124~0,073)] HM cTBOpIOE popatkoBuii of'em agns
NPOHMKHEHHA aToMiB MeTanoigy abo 3amilLeHHS NEeryiouum efnemMeHToM 3
pagiycom OGinbwmM papiycy atoma 3anisa. Tomy And ROTPIAHMX i
~ 6araTOKOMIOHEHTHUX TBEPAUX PO3YUHIB rPAHMYHE CRIBBiIHOLIEHHA, SKe
3a60pOHAE MPOHUKHEHHS aTOMIB METanoigy MOBUHHO nepesuwlyBaty
nokasHuk 0,59. MoxnusicTe komnencauii o6'eMHuUx edexTiB, K
BMHUKAIOTL NpU OAHOYACHOMY PO34MHEHHI rpaHuyi Gopy Ta Byrneuwo
BaraTOKOMNOHEHTHUM  NeryBaHHSM MEPEBIPANU  LWNAXOM  NiApPaxyHKy
koediUieHTy KOMNAKTHOCTi TeTparoHanbHoi rpaTku 6opuay Fe,B.

CymicHe nerysaHHa GopoMm Ta Byrfieuem yTBOpIOE YMOBM ANS
BararokomnoHeHTHoro nerysanHa Cr, Mn, Si, Al. Mpu UbOMY J0LiNbHO
YABUTU ICHYBAHHA MEBHUX YIPYNoBaHb B pO3TalLYBaHHI aTOMIB,
Hanpuknaja, atoM asnioMiHilo Gyne oToueHwt atomamu Gopa, 33 SKUMU
OyayTe poO3TalLOBYBAaTUCSI aTOMU XPOMY. PiCT LUBUAKOCTI OXONOMKEHHS
36inblye sk 4Mcno samiujeH, B—Fe Tak i cTBOpoe MOXIMBOCTI 4ns
NigBULLEHHS PO3UUHHOCTI Y rpaTLi Neryioynx enemMeHTiB.

YTBOpeHHs1 6araTOKOMNOHEHTHUX TBEPAWX PO3YMHIB Ha Basi
Gopupa Fe,B NIATBEPAXKYETLCA BUMIpaMu X  MIKpOTBEpAOCTi Ta
MIKPOKPUXKOCTI.

Ak BUAHO, 36iNbLIGHHA MIKPOTBEPAOCTI MOXE NOECAHYBATUCH 3i
3HMKEHHAM MIKPOKPUXKOCTi. Ane npu uUbOMY 3MiHy napameTpy rpatku

CrocTepirany TinNbKK y BUNaaKy NiaoBULLEHOTO BMICTY XPOMY.
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© LM. Cnupudonosa, A.Jl. Cumoros, 2000r,
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MCCHE,!J,OBAHVIE 3BTEKTUYECKNX COCTABARAIOLLNX
B KOHTAKTHOW 30HE (Fe-B-C)/N62

N.M.Cnupudonrosa, E.B.Cyxosas, C.5.[lunsesa
JHenponeTpoBCKuiA roCyHUBEPCUTET

r.[lHenponerpoBck, YKpauHa

‘Cnnasb! Fe-B-C  HaxoAsiT npuMeHeHne B  KadecTse
HaNONHUTENEeN KOMMOIULIMOHHLIX MATEPUanoB. OCHOBHHM TpebosaHuem
K KOMNO3MUMOHHbIM MarepuanaMm siBnsercs TpeGoBaHue npoUYHON
8Are3uOHHON CBA3M Ha MeXasHbIX rpaHuuax pasgena. Mockonbky B
npoueccax  KOHTakTHOTO  B3aUMOAENCTBMS  aKTUBHO  y4acTBYIOT
3BTEKTUYECKHe cocTapnsioume cnnasoB Fe-B-C, aktyanbHeiM siBnsiercs
UCCNENO0BAHUE NOBEAEHWUSI UMEHHO 3TUX COCTABNAIOLNX NPU KOHTAaKTE
TBEPAbIX HAMOMHUTENEN C PAaCNaBeHHOM CBA3KOIA.

Cocrasbt N3YYEHHbIX HanonHurenemn Haxoaunuch B
KOHLeHTpaLUuoHHLIX nipenenax 1,5-10,0%B; 0-0,4%C, 0-10,0%Cr, Fe-
ocranbHoe (B BeC.%). CKOPOCTb OXNaXKAEHUA HAMONHUTENEH COCTaBAANA
100 K/c. B kayectee cnnasa-CBA3KM UCNOMBL3OBANM NaTyHb J162.

MukpocTpykTypa KOMMO3ULIMOHHBIX Marepuanos
XapakTepu3yeTca  HanuuMeM 4acTULl  HanofHWUTens, PpPaBHOMEPHO
pacnpegeneHHsix B Matpuue. Ha mexdasHbiX rpaHuuyax Co CTOPOHb
naTyHy OTCYTCTBYIOT BUAUMLIE M3MEHEHWA CTPYKTYPLl. O4HAKO, METOA0M
MPCA yCTaHOBNEHO NOBLILLEHHOE COAePXKAHWE >enesa B MaTpuue
86nu3n rpaHuybl pasgena.

Co cropoHbl HanmonuuTeneit Fe-4C-0,5B u Fe-10Cr-4C
obpasyerca 6o cnnowkHoit o6ofok; nuBo oTAenbHule KpuUcTannol B
BUAE rnobynen, uMEIOLLMe NEPNUTHYIO CTPYKTYPY, NerMpoBaHHbie Zn #u,
He3HauuTenbHo, Cu. Kpome TOro, ' M3MeHsieTcsl cCoCTae ayCTeHuta B
aBTekTukax y-Fe;(C,B) u y-(Fe,Cr);C us-3a paCTBopeHim B HMX Zn u Cu.

MpuyeM, B oTAenbHLIX MecTax ofpasua ¢ Hanonuutenem Fe-10Cr-4C
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BMECTO . aycTeHura. B 3sTekTuke v-(Fe,Cr);C Habniopgaerca TBepAablii
.pacreop-Fe-Zn-C-Cu.: -+
' :Ha rpaHuyax pasaena.c Hanonuutenamu Fe-5B8 u Fe-4,7B-1,5C

KpUCTaNNbI. C: MEPRNUTHOM - CTPYKTYPOIi npaktudecku He obpasytotcs. B
-o0pasue ¢ HanoaHuTeneM Fe+5B B KOHTAKTHON 30HE BMECTO 9BTEKTUKU y-
Fe,B.Hnabniopaerca koHrnomepatr Tpex ¢a3: a3kl Ha OCHOBE Xenesa,
hasbl C NepRuTHON. CTPyKTypoit n Gopuna Fe B.

OcoBeHHOCTLIO CTPYKTYpL! TPaHuy pasgena ¢ HanonHutTenamu
Fe-10B: - u. . Fe-10Cr-10B-0,2C ashaserca - - hopMuUpoBaHue
nepekpuTannn3oBaHHOro cnos, OTNVHAIOLLEroCsl -~ MOBBILLEHHBLIM
COAEPKaHUEM " Kene3a N0 CPaBHEHWIO € WCXOAHbLIM CRNaBoM ¢
npucytcteuem Zn u Cu. 3srektuka y-Fe,B B o6pasue ¢ Hanonkutenem
Fe-10B..0TAM4aeTcs 0T UCXOQHOW COCTAaBOM aycTenuTa u Gonee kpynHowH
anddepeHUUpoBKoit.- XOTSH. N0 .aHanoruu ¢ obpasLioM, YNPOUHEHHLIM
yactulamu cnnasa Fe-5B, MoxHO:6GbiN0 Bbl Take OXWAATH BbICOKOH
MHTEHCUBHOCTY .. NPOLIECCOB - KOHTAKTHOTO B3auMOLEWCTBUA.. B -MECTax
PacrnonoXeHus .- 3BTEKTUKU - y-Fe,B, 370 npeanonoXeHue. -~ He
noaTeepxnaetca. B oOpasue ¢ HanonHutenem Fe-10Cr-10B:0,2C
NPOTEKaloT NPOLECcChl KoanecueHuuu, npusoasuine Kk eule Bo6nbluemy
paznenexuio, paz rpyboro. koHrnomeparta y+Fe,(B,C),: u nocne f1iponutku
no .. rpaHuuam. 3epeH... Fey(B,C). npucyTCTBYET TOMLKO-.. QYCTEHUT,
NEerMpoBaHHbLIA LUHKOM U, HE3HAUNTENLHO, MeAbHO.
. s B CTPyKTYpe aBTekTuky C-Fep(B,C) B 0bpasue ¢ Hanonuutenem
Fe-9B-2C npaktu4yecku He NPOCXOAUT N3MEHEHUI.
.., . ..Takum 0oBpasom, u3yyeHHble IBTEKTUHECKME COCTaBrsioLue
Mo_ryjr(;ﬁggrl_; PacnonoxeHsl B CMeAylOWUiA psa B Nopsiike BO3pacTaHus
WHTEHCUBHOCTU NIPOLECCOB KOHTAKTHOTO B3aUMMOAENCTBUS C UX y4acTuem:
C-Fey(B,C)—>y-Fes(B,C)—y-Fes(C,B)—>y-(Fe,Cr)sC—y-Fex(B,C) »y-Fe,B

OnucaHHbLIe CTPYKTYPHLIE U3MEHEHUSI MOXHO ODBACHUTL TeMm,

4To npu nponuTke Hanonuutenen Fe-B-C pacnnasneHHOl naTyHHON
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CBA3KOW NPOUCXOAUT OMNaBMeHne aycreHuTa, BXOAALUEro .B C€OCTaB
9BTEKTUK.  CHIKEHUe TemnepaTypel NnasneHuss aycTeHuta Ao
Temneparypel nponutku (1100°C) BebisBaHo audbdbysuen umHka. 3artem
npy nocneaywuleM OXNakIeHWy 3a CYET SNEeMEHTOB, Nepelelnx B
pacnnas, Ha He paCTBOPMBLUMXCH y4acTkaxX HamMonHUTEnsi HapacTaeT
CMITOLLHOW/HE CNIIOWHOW NepekpUcTaniu3oBaHHbIi CrON. Mockonbky npu
nponutke kapBuaHas dasa, BxoAsLAs B COCTaB nepebyputHbIX
3BTEKTHUK, He PACTBOPAETCH, NEPeKPUCTANNU3OBAHHLIA CMNOH OTHMYaeTCS
COCTaBOM (ha3bl Ha OCHOBE Xene3a u HacnegyeT MopdONoOrvI0 NCXOAHOM
3BTEKTUKN C Bornee kpynHou AuddepeHUMpPOBKOIA.

AycTeHUT B BopokapOuaHon 3BTekTuke y-Fes(B,C) pacTeopsiercs
B MWHMMAnNbHON CTeneHu, a B OOpPULOHON SBTEKTUKE v-Fe;:B —~ B
MakCMManbHOR. 3TO BbI3BAHO TEeM, YTO GOpUAHAs IBTEKTUKA OTAMYAETCS
Gonee  BLICOKMUM  coaepxaHue xenesa u  bBonee KPYnHO#®
Ancbdeperymposkoit.  Mpu  nNponuTKE  NPOUCXOAWT  OMAABAEHUs
apTeKTU4EeCKON hasbl Fe,B B Mecrax ee KOHTakta ¢ ayCTEHUTOM u
nocneaywowan ee nepekpucTanin3auus Ha NepBUMHLIX KpucTannax
Fe,B.

CHWKEHNE MHTEHCUBHOCTH PACTBOPEHUS ayCTEHUTA 3BTEKTMK ¥-
Fe,B u y-Fey(B,C) B 0obpasuax ¢ Hanonuutensmu Fe-10B u Fe-10Cr-10B-
0,2C cBA3aHo ¢ TeM, UTo 06bLEM ayCTEHUTA B 3TUX o6pasuyax He_ﬁonbg.uoﬁ,
a8 CnenoBaTesibHO, KOHLEHTPauusl PacTBOPEHHbIX B y NpUMECeil —
BbICOKasi. 3TO, C OAHOW CTOPOHbLI, 3ATPYAHSET Ancbdysuio u,uvﬂxa B
ayCTEHUT, &, C APpYroi CTOPOHbI, NOBLILLAET TEeMNepaTypy asTeKmqecono.
npespawleHus L — vy + Fe,B.  [peanoxeHHbiii  MexaHuam
CTPYKTypooGpa3oBaHusi B KOHTAKTHLIX  30HaX noaTBepKaaeTcs
OTCYTCTBMEM U3MEHEHUN B CTpyKType 3BTeKTUKM C-Fe,(B,C) nocne

NPONUTKK.
© M.M.Cnupudonoea, E.B.Cyxoeas, C.5.Munseaa, 2000r.
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OCOBEHHOCTU 3BTEKTUYECKUX NPOLIECCOB B
KOMIIEKCHOJNEMNMPOBAHHBLIX BENbLIX YUYIT'YHAX
I.E.Benall, H.B.[]JeopHuxosa, M.O.Mameseesa
HaunoHanoHas Metannypruyeckan Akagemus YkpauHbl
r.[lHenponeTpoBck, YkpauHa

3HauuTenbHoe NOBbLILUEHUE 3IKCNSIyaTauMOHHbIX XapakTepucTuk
U3HOCOCTOMNKUX Genbix YyryHos npu 3HaJYUTEenLHOM CHUWXeHuu
coepPXaHMA nernpyroniux anemeroa BO3MOXHO NPy YNPOHHEHUM UX
HUTPUOHLIMK ¥ KAPOOHUTPUAHLIMKM BKMIOYEHUSIMM, NYTEM NEernposaHus
asotcoaepxawumy heppocnnasamm.

BnusHue nerupylolMx 3nEeMEHTOB Ha YCBOEHMEe a3ota M
npoueccel CTpykTypooGpasoBaHus B CnjaBax 3aBUCHT  OT  MX
WHAMBUAYANBHOTO ¥ KOMMANEKCHOr0 BIMAHMA HA aKTUBHOCTb MW
ko3 buumenTsl aktusHoctm [C), [N], koadduumneHTsl pacnpegenenus [C]
u [N] B XuAKOM U TBEpAOM COCTOsIHUM, KoadpuumenTsl Auddysun
nervpylowMx SnemMeHToB W WX BHyTpudhasHoe u  MexdasHoe
pacnpepenesue B TBepablx cnnasax. HauGonblwee 3HayeHue
napameTpoB B3aWMOAEWCTBUA NErmpyloumux aNeMeHTOB C as3oToM (e‘N)
umetor: Ti = - 060; V =-0,10; Cr = - 0,046; Mn = - 0,023 [1].
3nemeHTbl, o0najalowme TMOHWKEHHbIM CpOACTBOM K  yrnepoay,
KOHLIEHTPUPYIOTCA B SBTEKTUKE. 3nemeHTsl, 06NagaoLMe NOBLILIEHHBIM
CPOACTBOM K yrniepody, oborawyaioT, kak npasymo, uemeHTut (K™, > 1).
TuraH, XpoM 1 BaHagui CUNLHO yaehﬁ’ﬁneaior or6enusaemocts K; > 1.
Moauduuuposanme P3M nosbiiuaeT TBEPAOCTE U UZHOCOCTOMKOCTb
fenbix BAaNKOBbLIX YYIyHOB, WX (PU3UKO-MEXAHMYECKME CBOWMCTBA,
W3MenbuaeT CTPYKTypy mMatpuubl. Kpome ToOro, ana nonydenus
6uMeTannuUuUeckUux  BarikOB  BHYTPEHHIOW  30HY  nony4aioT U3
MOANDULMPOBAHHBLIX CEPbIX U NONMOBUHYATBIX YYrYHOB C LLUAPOBUAHLIM U
BEPMUKYNSpHbIM rpadutoMm [2]. Be3 npuMeHeHua moaunduuMpoBasus
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Genbix 4yryHoB B paboueM croe Henb3s obecrneunTs CBAPUBAEMOCTb
cnoes u3 6enoro u ceporo YyryHa.

B Hactosileit paboTte wccnenoBanu BAMSAHWE NErnpoBaHus
BaHagneM, TUTaHOM, a30ToM U Moaubumuposanus P3M Ha ocobBeHHoCTU
3BTEKTUYECKOR KpucTannmaaummn 8 6enbix YyyryHax.

Nerupoepanue V, Ti u N cospaer kapGoOHUTPUAHYIO OCHOBY ANs

3apoXKAEHUA NEPBUUHON CTPYKTYPL! (PUC.1). 3Ta O0OCHOBA  CRYXUT

Puc.1. MocnenoBaTensHOCTb 3apOXIEHUs NePBUYHON crpykrypsl, X 500
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© UEHTPaMu KpUCTannu3aLuu A5ist ayCTeHuTa u IBTeKTUKM. HUTpuaHbIE U
kapboHUTpuagHble dasbl NOAABNSAIOT Pa3sBUTHE NOTPAHUMHONR NUKBAUUK
npu pocTe NEPBUYHHOIO ayCTEHMTA, OTMEYAETCHA PE3KOE YBENMYeHue Mux
pacTBOpUMMOCTU B NEPBUYHOM aycTeHuTe. lepeuyHas asa yrnpovHsieTcs
pacrsopamu BHeapeHust (VN, TiCN wu pp.). [lpoagyktet pacnaga
NEpBUYHOrO aycTeHurta, ob60oraw|eRHoro yrnepooM ¥ HUTPUAaMMU,
OTNMYAIOTCS MOBLILLEHHON JUCNEPCHOCTLIO, TBEPAOCTLIO U NPOYHOCTLIO.
Mpu nermposaHun 6enoro asoTUPOBAHHOTO YyryHa BaHaLWeMm U
TUTAHOM nonyYeHo Haubonvulee KONUYECTBO YNpouHsiowmux a3, obuiee
nx Konuuyectso cocrasuno 0,065...2,110 06.%, cpeaHun pasmep

HuTpuaos 11...19 Mkm, KapGOHMTpMnda 2,0...3,0 mkm (Tabn.1).

Tabnuua 1

Brnusvue nermposanmns V, Ti, N u moanduumposanusa P3M Ha pasmep u
KONUYECTBO yripouHsiiowmux a3 B 6enbix uyryHax

Ne Vv Ti P3M | Copgep- Cpen- Yucno
nnas XaHue HUi BKJTIO-
KM BKAO- pasmep YyeHuin
YyeHua, BKMIO- Ha
% - YEHWA, 1 mm?
MM
cojepKaHue 3NeMeHToB, % KapboHUTPKUAbL! TUTAHA
2-1 147 | 0.191 0.264 - 1.917 0.002 2819
2-2 1.72 | 0.255 0.240 | 0.09 2.110 0.003 2021
2-3 1.71 0.205 0.236 | 0.18 2.048 0.003 2181
2-4 145 | 0.288 2.240 | 0.28 1.848 0.003 2251
cogep)KaHue anemedTos, % ’ HUTPUAL! TUTAHA
2-1 1.74 | 0.191 0.264 - 0.296 0.012 19
2-2 172 | 0.255 0.240 | 0.09 0.065 0.006 19
2-3 2.71 0.205 0.236°1 0.18 0.092 0.009 11
2-4 145 | 0.288 0.240 | 0.28 -0.063 0.009 37
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Puc.2. Ctpykrypa uyryHa Bankos ucrnonHexus TIXH60 (a,B) n
neruposaHHeiX V, Ti, N (6,r); a, 6 — x100: B,r - X500
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KomnnekcHoe neruposaHue BaHaaweM, TUTAHOM, a30ToM U
Monucbuwpoaaume P3M oﬁeéheqméééft M3MEHeHue MUKpPOTBEPAOCTH
yeMmeHTuTa Ha 8-12% u aycreHuta Ha 18-36%, muKpOTBEPLOCTL NepnuTa
U3MEHSIETCS! HE3HAUUTENbBHO.

MoanduumpoBaHUe KOMMNEKCHONErMPOBaHHbIX GeNbiX YyryHoB
P3M nNpuBOAMT K YMEHLLUEHWIO PA3MEPOB YNPOYHSIIOLMX HUTPUAHbBIX W
KapGOHUTPUAHBIX BKAOYEHMA, U Gnarojaps aToMy, OAHOPOAHOCTU
CTPYKTYPbI (PUC.2) U CBOWUCTB U3HOCOCTOMKMX MaTebwanoa. ‘

MposeneHHbIMU UCCreN0BaHUAMY yCTaHoBmeHa
nepcnekTUBHOCTL NPOMBILINEHHOTO nNpUMeHeHns KOMITTEKCHOTO
nernpoBaHuna u a30TUPOBaHUS AN ynqueHnﬂ t:prrcrypbl ¥ NOBbILEHUA

CBOWCTB BenbixX BaNKOBbIX YYryHOB.

NNTEPATYPA

Lhe

1. INunuesckuin 6.B. TepmoauHamuka 1 KMHeTHKa B3aUMoencTaus
rasos C xuakumu metannamu. — M. MeTtannyprus, 1986. — 222 c.

2. benaii I'E., Matseesa M.O. Viccnegosanue n 0CBOEHUE NPOLIECCOB
ueHTpobexHoro nuTbst BumeTannuyeckux 3arotoeok// [poueccs!
nutbs.- 1992.-Ne3.-C.72-76.

© I.E.Benatl, H.B.fleopHukosa, M.0.Mamaeeaa,2000r.
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bBPAsoBAHME CKOMAEHUM 3BTEKTUYECKUX
OKCUCYIIbdUNOB P33 B IOHHOW YACTU CIUTKA
T. Tumoea ®, A. Cmoenuenko °

a) UnctutyT yepHoii metannyprium HAH YkpauHs!

b) HauuoHanbHas MeTtannypruveckas Akagemus YkpauHsi

MHOrouncneHHeIMM NCCNEeaoBaHWsIMA, B TOM YMCNE aBTOPOB
{1.2]. ycranosneno Hanuune ckonnenuin P33-cofepxatux BKIAOYEHU B
LOHHOM KOHyCe Kpucrannos CNUTKOB CNOKOMHbIX cranen.
CocpeoToueHue Takmx BKIIOMEHUI (xapakTepHoe u ans okcunos AlL,O; B
CWUTKax CTanu packUCNEHHOW anioMuHUeM) cesidaHo ¢ obpaaoBaHnem u
ocefanuem rnobynsapHbix AerapuToB. MexaHuam 3TOro  (beHomeHa
ABNAETCA NpeAMeToM OGCYXKOEHWS M MHOTOYMCNEHHLIX [AUCKYCOUIA.
Bonbuioe 4ncno BbIABUHYTBIX K HAacTOSILLEMY BPEMEHU FUMOTE3 TOMbKO
NOATBEPXAAET HE3aBEPLUEHHOCTL pellerus npobneMsl.

Mpupongy P33-coaepxaliMx BKHOYEHUN MCCNenoBanu Ha
Metanne wu3 KOHyca ocawpaeHus, o6pasoBaHHOro rnobynsapHLIMK
AEHOPUTaMKU, COPTOBbLIX CNUTKOB Macco 4,3 T u 80 T U NNCTOBLIX
cnutkoe Maccoi 20,0 T. Bao)q'cpeppouepwﬂ OCYLUECTBIANK HA PasHbIX
aTanax 3areBepaeBaHus. OTMmeueHO  u3MensueHue  rNoGynAPHbIX
AeHApUTOB, 00ycnosneHHoe BnusHueM P33-cogepXawmx BKITIOYEHMIT.
MNoka3aHo, 4TO BO BCEX CRy4asX BKMOYEHUS ABNATCA ABYXMDA3HBIMU
3BTEKTUMECKUMU KOHIMIOMEPATAMU CNOXKHOW hOpMbI U PacnonoXeHol B
MexaeHApuTHbIX  yvactkax (Puc. 1a). Kawgas u3 oBpasyoumx
KoHrnoMepat a3, B CBOKO oyepeab, HEOAHOPOAHA U, NPU HaboAEHUN
noag  ONTUYECKUM  MUKPOCKONOM, npeactasnser coGoit  yyacTtku,
OKpallieHHble B Pa3fMuHble OTTEHKM CEPOro M opaHXesoro 1setos. Mo
AaHHbIM MUKPODEHTIEHOCTPYKTYPHOrO aHanu3a BKIIOYEHUS COCTOSIT U3
COEAMHEHUI TPOWHOU cucTembl P33-S-O ¢ pasnnyHbIM coaepKaHuem
Kucniopoga un cepol (Puc. 1 6).
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PucyHok 1. Mukpodpororpacus okcucyneugos P33 ( 500x ) B AOHHOM
KOHYCe KPUCTannoB (a) M anarpaMma XapaKkTepucTUUYECKOro U3nydeHust
(MMKPOPEHTeHOCTPYKTYPHbIN aHanus) (6). l

Kak npasuno, cesetno-cepas (npu BbICOKOM copepxannu P33 -
opaHxesasn) asa sABNAETCA MaTpuleil IBTEKTUKM M COCTOUT U3
cynschuaa P33 ¢ HeBONbLWMM COLEePXKaHMEM KWUCROPOAA, a TeMHas!
pa3BeTBNEHHas COCTaBNSIoLLas (scTpevaiowjasica u B Buie UabbITOYHbIX
BbIAENEHUA) ABNSETCA OKCUCYNbouaom P33. [lonyyeHHble Hamm
AaHHble 06 3BTEKTUHECKOI npupone BKITIOYEHUI okcucynbthuaos P33 u
PacrionoXeHun UX B MEeXOEeHAPUTHLIX NPOMEXYTKax He HaxoaAT
00BLACHEHUA, UCXOAR U3 UIBECTHLIX MPEACTABMNEHUN O COCPEOTOHEHUSX
HeMeTannmquKMx""‘\"Bkmoquuﬁ B -_,_,q'é"HHOM KOHyce kpucrannos. B
YacTHOCTH, ﬂMCKyCCMOHHb%M. ABNSIETCA MEXaHW3M [JOCTaBKM  3TUX
BKIIOUEHUI WUITM COCTABRAIOLLNX UX 3NIEMEHTOB K MECTY COCPEf0TOYEHUS.
B 10 e Bpems, pesynbTaTb! MpoOBEAEHHLIX UCCREAOBAHUI MO3BONSIOT
YTOYHUTL MEXAHU3M oﬁpaaoéaﬂvm CKOMNEHUA TakuxX BKMIOYEHHA [1-3],
NpeanoXeHHbIW HaMy paHee.

MepBuuHbie P33, coaepxalyve BKMOYEHUs1, 06pPasyloTcsi B
pesynbTaTte B3auMOAEWCTBUSI C PACTBOPEHHLIMU KMCSTOPOAOM U CEpoil U
cnyXxat ueHTpamu 3apoxaeHus rnoBynapHelX AEHOPUTOB, BMECTE C
KOTOpbIMM  AOCTaBNAIOTCH B [AOHHYI0 4acTb cnutka (3a  cyer
TPaBUTALMOHHBLIX CUMT U C MOTOKamMu). B TO e Bpems, K MOMEHTY BBOAA
P33 B »1AKOM pacnnase NPUCYTCTBYIOT BKknioueHus FeS, MnO, MnsS,
Al,O3, B X0TOpbIX P33 3aMelwlaoT metannsl. Hanuune 30Hb! BTOPUYHON
uupkynauun pacnnasa u 6Gonee BbLICOKAs CKOPOCTh 3aTBEpAEBaHWUs
NPUAOHHOTO ~ o6bema  AOMOMHUTENbHO  NPEnsTCTBYET  yAaneHuio
BKITIOHEHUN,

MosxHo nonarate, 4TO (hOPMMPOBAHUE OKOHYATENLHOFO COCTABA
7 chopMbl P33-copepxatumx BKITIOMEHWI npoucxoaut no
AnpDY3IMOHHOMY MEXaHU3MY B BbICOKOTEMNEPATYPHOM UHTEpBarne
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3aTBEpAEBAHNA U OXJTKAEHUM TBEPAOrO METanna 3Toi 30HLI. Tak, npu
Harpese o00pasuoe cranu, MoaudmiuposaHHoi P33, oToOpaHHbIX U3
KoHyca ocaxaeHnua, yxe ao 1430 °%C u MEeANEHHOM OXIaXaeHun [0
1330°C c nocrneayiowlen 3aKankoil, HEMETafNUYecKue BKIIOUEHUS
M3MEHRIOT COCTaB WM pacrnonaralTcs no rpaHuijam seped. MNpu Harpese
no 6onee BbICOKMX Temneparyp (1465°C) unu npu Gonee ANUTENbLHLIX
BbIAEPXKAX  NOABNSAIOTCA  BKMAOMEHUs,  COAEepXaluue  mapraHel,
ANpDYHANPYIOLLIMIA U3 NPUNETaOLLMX YYACTKOB MaTPULIbL.

Takum o6pasom, NpeAnoXeHHasn. Cxema No3BosfeT OOBLACHUTH
Kak pacnonoxeHwe ckonneHuit P33-copgepkawux BKMIOYEHWH o
OTHOLLEHUIO K SMEMEHTAM NEPBUYHOW AEHAPUTHON CTPYKTYpPbLI, Tak U

MexaHn3M ux OPMUPOBAHUS U OCTABKU B AOHHYIO 30HY CrnTKa.

TNTEPATYPA

1. Manusoudka fA.H., TutoBa T.M. KoHyC 0CaXAeHUs B CIIMTKaX CMOKOWHOW cTanu
/l Cranb.-Ne11.-1989.-C.26-31.

2. VaMeHeHWA BKITIOUeHWN, coaepxallux P3M, npu Harpese u npokatke cTanu/
ManuHouka A.H., Mpoceupun K.C., Tutosa T.M. n ap./ Ctanb.-Ne3.-1988 .-
C.81-86. '

3. 3A Stovpchenko, T. Titova, Yu. Pavlenko Mechanizm of formation of
nonmetal inclusion accumulation in bottom part of steel ingots//La Revue de
Metallurgie.-1999.-Numero hors serie.-p.137.

© T. Tumosa, A. CmosnyeHko, 2000r.
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®OPMUPOBAHVE MHOMO®A3HbLIX OKCUIOB NPU
KOMMJIEKCHOM PACKUCEHUU BAKYYMUPOBAHHOU
YFNEPOAUCTOW CTANU

Jl.A. Mouceesa

WuctutyT yepHon metannyprun HAH YkpauHsi

r.[Henponerposck, YkpauHa

OcBoeHne HOBLIX TEXHOROMMUM npouzsogCcTea Cranu, B YAcTHOCTH,
BHENe4Ho# 06paboTku, BKMIOYAIOLLEH BaKyyMMpOBaHWe, PacKuCreHue,
MUKposfiernposasue, MOAMMULMPOBAHUE, - NO3BONUIO  CYLIECTBEHHO
YMEHbLLUWTL Fa30HaCbILEHHOCTb UM 3arpsS3HEHHOCTL HEMETANNMUYECKUMU
BKSIHOYEHUAIMM YINepoaMCTOR KONEeCHOM cranu.

MosbilueHHbie Tpe6GoBanus notpebuteneit Kk 4yucToTe CTanu no
BKITIOYEHUSIM npeanonarawoT Heo6xoauMOCTh AanbHeiwero
MCCNEAOBAHNA NPUPOAbLI MHOTOKOMIOHEHTHBIX MHOFOA3HBLIX OKCUAHBIX
BKMIOYEeHWA, 00pasylolmxca B pedynbTaTe peakuuit KOMMOHEHTOB-
packucnuTeneil C pacTBOPEeHHbIM B MeTanne KUCRopoAoM. CRoxHbie
npoueccol  00pa3oBaHus  BKIIOYEHWUIt  AHANU3UPYIOT,  UCMOMb3ysl
TepMogUuHaMudeckue pac4eTbl 7 Gonee KOHKPETHbIE
MeTannorpauyeckMe UCCNEAoBaHWst BKNIOYEHWA B  3aTBEpAEBLUEI
cranu. CoBMelleHHe STUX PasNUYHbIX NOAXOA0B C WUCMONL30BAHMEM
COOTBETCTBYIOLUMX AMarpamM COCTOSHUS 03Bonsier 6ofnee nonHo
M3YYUTb NPUPOAY BKINIOYEHUIA B CTaMMN.

[na packucneHns BakyyMWUpPOBAHHONR KONECHOW cTanu UCNosnb3yioT
Al, FeTi, nopowxosuii SiCa, o6ecneumnsas nonyueHue obuwero
copepxaHus Al B konecHom Metanse Ha ypoeHe 0,008%, Ti 0,012%, Ca
0,001% u O, 0,004%. Mpu uccneaoBaHUU OKCUAHLIX BKMIOYEHWHA B
BaKYYMUPOBAHHOM CTanu, PacKUCMEHHOW NO pasnuyHbiM TEXHOMOTUSIM,
OKasanoce, 4TO B npegenax ogHoro obpasua u Tem Gonee B oBpasuax
PasnnyHbIX NnasoK 00pasyloTcA CMOXHbIE MHOTO(Aa3HbLIE OKCUAHBIE
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BkriodeHust. KoHueHTpauusi snemMeHTOB-pacKUCIIMTENEN BO BKNIOYEHUSX
onpenenanyu peHTreHocnekrpansHeiM METOOO0M. CRnoXHbi€ OKCUAHbIE
BKMIOUEHUS TuUMa anioMUHATOB KanbUWW-TUTAHA coAepXanu Takue
anemeHTel kKak Al,Ca,Ti, KOHUEHTpauus KOTOPbLIX OT BKIIOYEHUA K
BKNIOYEHUIO M3MEHANACH B LUMPOKuX npegenax, Al ot 40 no 96%, Ca ot 1
no 38%, Ti - ot 1 go 31%, 410, HECOMHEHHO, CBA3aHO C pas/iuyHbIM
COCTaBOM BKMIOYEHUA.

Mpupony MHoroasHbIX W  MHOTOKOMAOHEHTHLIX anoMWHaTOR
aHanuaupoBanu, nNPUBNEKass [HABOMHYI0 Auarpammy  paBHOBECHOTO
COCTOAIHUA B cucteme CaO - AlLO; M TPONHYIO Auarpammy COCTOSHUA
cucrtembt Cao -AlL,O; - TiO; (puc.1).

[poseaeHHbie pacyeTb! NoKasanu, UTo NpU Hanuuuy BO BKNIOYEHUSX
BbICOKOFO coaepxaHus Al - 80%, Ca - 10% u Ti - 5% no neputekTU4ecKon
peakiyuy obpa3yioTcs BKMOYEHUST TUNA rekcaanioMmuHaTta kansuyus CaO
B6Al, 0z U camocToATENbHLIE OKCUALI TUTaAHA TiO,. TuTaH MOXET TaKke
saMeLarte anoMUHUIA B rekcaanioMuHaTe, 00pasys BKIIOYEHUSA Tuna
CaOB(Al Ti),0O3. [MonyyeHHbie pacyeTHbIM MNyTEM TUMbl  BKNIOYEHUN
XOPOLUO COffACYOTCA € AAaHHbIMW  MHOTOKOMMOHEHTHLIX AMarpamm
coctosHusa (puc.1). B cTpykType Takve BKNIOYEHWSA BLIAENAOTCA B BUAE
ckonneHus menkux - ot 1 0o 10MKm - MHdrocba?.Hblx OKCMA0B.

Mpu ymeHbweHun coaepxaHus Al BO BkodeHusx fo 40%,
nosbitUeHUM koHueHTpaumm Ca go 20% u Ti 5% B COOTBETCTBMU C
OuarpaMMmoit  COCTOSIHWSE  pacdeTtbl  nokasanu, 4To  Hapsgy ¢
rekcaaniMyHaToM  kanbuust obpasyeTcs  AuWanioMUHaT  Kanbuus
Ca0,AlL0;. 3T gBa anioMuHaTa MoryT o6pasoBbiBaTh IBTEKTUKY Tuna
CaO 6(Al,Ti);03 + Ca0; Al,Os.

B crpyxTtype 3T uaMmeHeHus CBfA3aHbl ¢ o6pa3oBaHMEM Hapsgy co
CKONNMEHUSIMU  TEKCAANMOMUHATO8  KanbUus rnobynapHbiX  e4UHUYHbBIX
AvanioMuMHaToB  kanbuusA.  CrenedHs  rnolynspusaumu  BKIKIOYEHUN

nosLILLAETCA C  yBeJilYeHUem KOHUeHTpauuu Ca B MeTanne u,
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cooTBeTCTBeHHO, Ca0O Bo BKnIoueHusix. Flpu “‘cooTHoluernnn Ca/Al- mac,
pasHoM 0.5, npakTudecku sce obpasylolumecss anioMUHaThl Kanbuusa B
KOMECHOM MeTanne umenun rnodbynspHyilo ¢opMy u, COOTBETCTBEHHO,
HU3KYIO 3arpsA3HEHHOCTE CTanmn okcuaamu.

Wtak, onpoboBaHWe  pasnUYHbIX  PEXUMOB  KOMMIEKCHOro
packucnennsa konecHol crtanu Al,Ca,Ti npusoaut k ofpasosaHuio psiga
MHOTOIa3HbLIX ariloMMHATOB  KanbUus — 3TO  rekcaaniomuHatb! U
OVMAMIOMUHATRI KanbUuMA W UX CAOXHLIE coyeTaHua. TuTaH npu 3TOM
MOXET ((POPMUPOBATE - CAMOCTOATENbHBIE  OKCUALI € PasnMYHOR
BANEeHTHOCTbIO TUTaHa, MOXET coefuHaTec ¢ CaO, obpasys pag
okucnoB cucrembl CaO-TiO,, a Takke 3amewarb 4acrb anioMUHUA. B
anioMMHaTAax B COOTBETCTBUM C avarpammon Al,Os - TiO,.

. Kak cnegyeT u3 auarpammbl paBHOBECKA, AanbHenwee nosbilUeHNe
BO BKJIIOUEHUnX cogepxaHun Ca no 40% moxer npusectu Kk HauBGonee
61aronNPUATHOMY PACKUCINEHUIO CTany U 06pa3oBaHMI0 CAMOCTORTENbLHOM
Nerkonnaskol 3BTEKTUKM CO  cTexMomeTpudeckor ¢opmynon Tuna
CasAl,O3 + CasAlgOq4.
© J1.A. Mouceesa, 2000r.
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O BO3MO)XHOM CTPOEHUW BHYTPEHHUX MPAHUL B
HEMETANNUYECKUX BKIMOYEHUAX 3BTEKTUYECKOIO TUMA
C.U. T'ybeHko

HaumonanbHast Metannypruueckast Akagemms YKpauHbi

r. IHenponeTposck, YkpauHa

K  pacnpocTpaHeHHbIM MHOTopasHbIM HemeTannyeckinm
BKMOYGHUAM B CTansiX OTHOCATCS  MHOIOYMCTIEHHbIE  3BTEKTUKMU:
CynbuAHbIe, OKCUCYNbGhUAHLIE, OKCUAHBIE, CUAMKATHLIE, HUTPUAHLIE,
CynbhOCUNUKATHBLIE, OKCUCUMUKATHBIE. B CTPYKType Takux BKMIOHYEHMIl
BCneacTene  COBMECTBHOW  kpucrannausaumm ¢asz  Habmopaertcs
PErynsipHOCTL B UX PACMOfIOXEHMM, CBOWCTBEHHAs 3BTEKTMKaM (puc.1),
XO0TA BO3MOXHbI U KOHrnomepaTel ha3. B ssrekTuueckux BknroUYeHUsx
HabmoaaeTca 6onbluioe pasHooGpasue BHYTPEHHUX Mexda3HbIX rpaHnL,.

MexdasHasa rpaHuua BKNIOYEHME-BKIIOYEHNE MpeACTaBNSeT
coGoi 30Hy C OnpeaeneHHoN CTPYKTYPOii, KOTOPAst OMUCLIBAETCS CBOUMM
napameTpamMu.  NOBEPXHOCTHOE  HaTsKEHWe yp1g; M NNoOWagb
noBepxHocT#  Fgigr.  lMpumenenne  M6GGCOBOI  TepMoguHAMUKY
NOBEPXHOCTHLIX ABMNEHWH MO3BOMMNO NOKasaTb, YTo MoGoi napamerp
UnK CBOWCTBO CUCTEMBI B (hasax IBTEKTUUECKOTO BKMIOYEHUS UMEET CBOE
3HaYeHME Mgy U Mgy, @ HA rpaHULe BKMIOYEHNE-BKIMIONEHNE CYLLIECTBYeT
€ro CryleHUe unu noBEepXHOCTHbIN U3OLITOK Mgi.gy, OTAMYAOWMICS OT
3Ha4YeHus ITOro Napamerpa BAaNM OT FPaHULbI:

Mate2= M= (V1+Vey) Mp + £ (Vi + Vo )( Mgz — Mgy),
rie M — 3HauyeHue HEKOTOPOro SKCTEHCUBHOTO napamerpa; Vgi U Vgr —
06beMbl (has BKNIOYEHUS ; £ - NapaMeTp, OnpeaensioLuil NoAoKeHIe

Mexpa3Hoit rpaHuubL:

E=Vgi/ (Vg1 + Vp).
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TepMogUHAMUHECKNH meTroa uccnenosaHua nossonser
cdopmansHO  paccMaTpuBaTth  rpaHuLly  BKIIOUEHWEe-BKMIoYEeHue  Kak
ABYMEpPHYIO ha3y CO CBOEW 3aBUCMMOCTLIO XMMUYECKMX NOTEHLMaNos oT
Temrneparypbl, NOBEPXHOCTHOrO HATSDKEHUSA ¥ KOHLEHTPauuM 3NeMeHTOB.

PaccMOTpeHb!  ycriosusi (DOPMUDOBAHUS  [PaHUL,  BKIKOYEHMe-
BKIIOMEHME, ho’éaonmomwé NONyunThL Ha 3TUX rpaHuLax ohpehéﬁéi—iﬁble
opveHTUpoBku.  CTPyKTypa  BHYTPEHHUX  Fpaluy  onpeaensercs
napameTpOM HecooTeeTCTBUA f CONpsiraloWUXCa peLLeTok:

f=(aps — apy)/ a1 ,
rae agy M agy — NapaMeTpbl KPUCTANAM4eCcKux peLleTok pas BKNIoYEHus.

Npu f < 0,1 HaGniogaeTca mManoe HECOOTBETCTBUE pelueTok (as
M CTPYKTYpa TrpaHulbl BKAIOYEHUE-BKIIOYEHHE MOXET OoTBedvarsb
MeprMoauHHOGTH U3BECTHLIX rpaHudHLIX mogeneii Tuna PCY, MNMPH, P3C.
PacueT 3HayeHunii f npoBogMNU NO napameTpam PeleTok BKAYEHWUN
(rabn. 1). N3 MHOXeECTBA pacCYUTaHHbIX BapuaHTOB (pa3 IBTeKTUKM 43%
umelor f < 0,1. MMockonbky AN 3BTEKTUHMECKMX CTPYKTYP XapakTepHoO
OpMEHTALWOHHOE cooTBeTcTBMEe (pa3, BMOSIHE ECTEeCTBEHHO, uTO
CYLIECTBYET MHOXECTBO BApUAHTOB MONY4YEHUS Manbix 3Hadenun f no
MEXMNOCKOCTHLIM paccToanuuam pewetok ¢a3 (rabn. 2), fpuyem He
o6s13aTeNLHO C y4acTuem NAOTHOYNAKOBAHHbLIX NAOCKOCTEN.

Hanuuune HecooTBeTcTBUA f pewleTok dha3 IBTEKTUK npeanonaraet
passuTtue Ha Mexda3HbiX  rpaHuuax — BKMIOYEHUe-BKIoYeHue
KOMMEeHCaLUOHHBIX npoLieccoB, NpU3BaHHbIX cornacosarb
HECOOTBETCTBUE  conpsifalolmxcs  pewetok.  [poaHanuanposadsl
crnocobbl KOMAEHCALMM Ha TPaHMLAX BKITHOUEHUE-BKNIOYEHUE: KEecTKas
penakcauua 3a c4yer ynpyroin gedopmauuu pewietok a3 IBTEKTUKM,
o6pasosaHne MexdasHbix AUCHoKaLWA, ABYMEPHbIX 4e(EeKTOB YNakoBKu
UNu cneuuansHbiX ABYMEPHbIX AedekToB Tuna GOnbLLUEYIMOBbLIX rpaHuLy
coBnagamimx ysnos. OHEpreTuyeckue ycrioeus  cnocobersyloT
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BO3HMKHOBEHMIO  MeXa3HbiX ANCROKaUMiA B  CTPYKTYPE  rpaHu
BKNIOUEHUE-BKNIUYeHNEe ¢ NibbIiM HecooTeercTrBuemM f.

Tabnuua 1.
3Hauenun HecooTseTCTBUA f peLIeTOK )a3 IBTEKTUHECKOTO
BKIIOYEHMS (N0 napameTpaM peLeTok)

B4(a,b,c) B, (a,b,c) f
MnS (a) FeS (c) -0,080
FeS (c) Al,O3(a) 0,015
MnO Mn;0, (a) -0,227
Fe,0; (a) CaO Fe,O3(a) | 0,119
MgO Al,O; 2MgO AlLO3 -0,146
MgO AlLO; 2MgO SiO, (b) | -0,208
Ca0 AlILO; Ca0O 2A1L0; -0,036
FeO SiO, (a) MnO SiO, (a) 0,0123
TiN TiCN -0,0183
FeO FeO SiO; (a) -0,102
FeS (c) FeO SiO; (a) 0,183

Tabnuya 2.

3HaueHun HecooTeeTcTeuS f peLweTok (baz 9BTEKTUYECKOro

BK/IOYEHMA (N0 MEXNNOCKOCTHLIM PACCTOAHUAM)

B1(d) B2 (d) f
FeS (110) MnS (111) -0,012
FeS (311) MnS (311) 0,008
MnO (220) Mn304 () -0,0056
MgO AL,O, 2MgO SiO, -0,0089
311) (112)

MgO AL,O; MgO (111) 0,0021
311)

MnS (200) Mno (111) 0,0171
MnO (111) FeS (201) 0,019

TIN(111) TiCN (111) -0,027

©Eutectica-V
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Puc.1 Bx/iOUYEHUA CUNMKATHOW (a) 1 okcuaHon (6) asTekTuiu; x500
© C.Y. INy6erko, 2000r.
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CTPYKTYPHbIE ACMEKTbI PA3PYLUEHUA MATEPUATIA TUKAL,
B.U. Masyp, C.B KanycmHukosa., U.E.Kaaumupoea

HauuoHanbHas Metannypruueckan Akagemusi YkpauHbi
r.Axenponerposck, YkpanHa

MMeIOTCS  MHOrOUMCRIEHHLIE [JAHHLIE N0 M3YYEHUIO BA3KOCTM
Pa3pyLUEHUst  ANACTMHHLIX  KAPOMPOYHBIX — MAaTepuancs,  OAHaKO
KOHKPETHBIX YKa3aHWi 06 W3MEHEHWM MEeXaHU3MOB pa3spyLieHUs B
AvanasoHe paboumx Temmepartyp KpaiHe Mano u Tem 6onee Takue
MCCNE0BAHMS HE MPOBOAMNMCH HA METAMNIOKEPaMUYECKOM MaTepuane
cemeiictea TUKAL, { , W

Lensio  Hactoaweit = paboT

SIBNAETCH  WCCreaoBaHue

MUKDOCKONUYECKMX OCODEHHOCTEN pas3spylieHus ChnaBoB cemeiicTsa
TUKALlL B ycnoBusx BbICOKOTEMNEPATYPHLIX WUCNLITAHWIA HA WU3rME u
BIIMSIHME 3TUX 0COBEHHOCTEN HA NNACTUYHOCTbL U BSA3KOCTb Pa3pyLUeHUs.

MposeaeHbl naHopamuble gpakTorpaguyeckme KWccneaoBaHus
M3NOMOB  BCEW  MOBEPXHOCTM  00paslUoB  [OIBTEKTMYECKOTO U
3BTEKTUHECKOro coCTaBoB. OGbeKTaMu WUCCNEeAOBaHUA CHYXUNU NUTbie
06pasLipl, UCMbLITAHHBLIE NPU OJHOKPATHOM CTATUYECKOM HArpY>XEHUN UX
TPexToYeUHbiM U3rMGOM  Ha YCTaHOBKE ANS BbICOKOTEMNEPaTypPHbIX
ucnbiTaHit. TemnepaTypy WCMbITaHWA M3MEHsSNM B npegenax or
KoMHaTHOW 40 1000 °C.

Ha ocHOBaHMM STUX MUCCREROBaHWI  MOXHO npeacraesuTbL
CneaytoLLyio cxeMy paspylueHus axgnepuM:euTaﬁLHbrx Cnnageos.

Mocne Mc‘:hbrréiﬁuﬁ npu KOMHaTHO#  TemnepaType Bce
uccnegyembie  ofpasubl  paspywunucs  xpynko. B cnnasax
SBTEKTMYECKOTO Tuna npeobnafaloWMM MexaHW3MOM  paspyLIeHUs
ABNAETCA ckon . Hapapy c cbacetkamu ckona HaBriofaloTcs yqactku
TEppPacoBUAHOTO M3NOMA W XPYNKOTO MEX3EPEHHOro pa3pylieHus. B
AO3BTEKTUHECKMX Crnasax npeobnafawuuM sBRAETCS  MeXaHu3Mm
XPYNKOro MEX3EPEHHOro paspylUeHWs, YTO CBA3AHO C OCOBEHHOCTAMU
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MUKPOCTPOEHUS 3TUX CMNaBOB, & WMEHHO: paspyuieHue uaeT Mo
3BTEKTUUECKUM KOMOHUSIM CUNULUMAA TUTAHA, OKaliMnsiowuM beiswme B-
3epHa.

C noBbiLLIEHUEM TEMMNEPATYPLI UCNbITAHUA 40 600°C Tonorpadus
NOBEPXHOCTU W3MEHSAETCHA. Ha NOBEPXHOCTU Pa3pyuIeHWss NOSBNAIOTCH
3NeMeHTbl BR3Koro uanoma. B aBTekruyeckux cnnasax - 370
Mukponycrotbl pasmepom ot 0,0003 po 0,01 MM; oOkoHuaTenbHoe
PaspyLUEHNs y4acCTKOB C MUKPOMYCTOTaMu MPOUCXOAUT BhLITArUBaAHUEM
fiepemMbl4ek MeXay HuUMMU, T.e. BA3KO. B A03BTEKTUYECKMX crinasax o
NosBAEHUM BA3KOW COCTABNAIOWENA pa3spylueHus CBUAETENbLCTBYET
HabnopaaeMbii HA OTAENbHLIX YYacTKax M3NOMa SIMOYHbLI penbed.
OfHaKko, HECMOTPSt Ha NOSAB/IEHUE BA3KUX SfIEMEHTOB U3I0MAa, OCHOBHBLIM
MEXaHU3MOM paspylleHuss B cnnaeax o0oux COCTABOB NO-NPExXHeMy
ABNAETCA ckom; HabniopalTcs Tak Xe Apyrue 3NemeHTbl XPYRKoro
M3110Ma: OCTpLIE rpaHy CUNUUMAOB, haceTky ckona, rpebrun oTpbiBa.

Mocne uchbiTaHuin  npu  Temneparype 700°C o6pastp!
paspyLUMNKCEL ‘HEe MNOSHOCTBIO, YTO CBMAETENbLCTBYET O BO3pACTaHuy
NNacTU4HOCTM martepuana. B Oonblieid cTeneHn paspyLumncs o6pasey
crinasa 3ABTEKTUYECKOro cocraea: nepeu4Has TpeLuHa
pacnpocTpaHsiercsi B rny6b 3Toro-obpasua Ha 4 MM, a B o6pasue cnnasa
J[103BTEKTUHECKOro cocrasa Ha 2,5 mMm. OCHOBHasA TpeluuHa pacteT nyTem
paspyLieHus nepeMblvek Mexay oTAenbHLIMU BTOPUYHbLIMK
MukpoTpetumMHamn. CTPyKTypa, KOTopylo yaanock Habnioaars B rnybuHe
NepBUYHON TPELLUHbI, COCTOUT U3 (raceTok CKona, COOTBETCTBYIOLMX
XPYNKOMY pa3s’pyLUeHWIo, U Hepa3BUBULLUMXCA FAYGOKMX MUKPOTPEWUH ¢
BbICOKMMUW  BEpTUKANbHLIMM CTEHKaMW, KOTOpbIe SIBSIAIOTCA BHA3KOW
cocTaBnsiowWei paspywenns. Ha noBepxHOCTM 06pasLoB B 30HE
TOPMOXEHUA  MarMcTpanbHON  TpewwuHbl  HabmogalTca  nonock
CKONbXEHUA, Kak cneacrteBue nnacrudeckon pedopmauyuun. Monocamu
CKONbLXKEHUS KPUCTANMbl pa3fensiioTCA Ha OTAENbHbIE 4acTW - MNayku
CKOMbXKEHUA. 3TU YACTU HE TOMbKO CABUralOTCA OTHOCUTENbLHO Apyr
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Apyra, obpa3ysi CTyneHbku caBura, HO NO Mepe pasBUTUA AedopMaLuy
MNOBOPAYUNBRAIOTCA OTHOCUTENLHO [AEUCTBYIOLLENR Cunbl, uarubaloTcs u
BbITArMBalOTCH.  OAHOBPEMEHHO C TakuM MOBOPOTOM, M3rMBoM #
BBITSDKKOW NaueK CKOMbXEeHUS NPOUCXOAUT NOBOPOT W U3MME OTAENbHbIX
3epeH, NPUBOAALLNE B KOHEYHOM CUETE K BbITSMKE BAOMNb HanpaBneHus
Te4YeHust N0 Mepe passutus gedopmauun. [ns cnnasos oB6oux TUNOB
XapakTepeH CMeLaHHbI XPpYnko-BA3KMA MEXaHW3M paspyluenus. Ponk
MexaHu3Ma 00pasoBaHna 1 CRIUARUST MUKPOMOP BO3PAcTaeT, YTO O4HAKO
He obecneuuBaeT A[OCTATa4HOW NMACTUYHOCTM Marepuana npu SToi
Temnepatype. 370 CBA3aHO C HanW4MeM B CnaBe CTPYKTYPHbIX
3NEeMEHTOB, XPYNKO-BA3KMI Mepexos B KOTOPLIX oxugaetcs npu Gonee
BbLICOKMX TeMnepaTypax U ux npexjaeBpeMeHHOe XpYNKoe paspylueHue
BbisbiBaeT obujee paspywenve Matepuana. CTpykTypa usnoma
CBUAETENLCTBYET O BS3KOM paspylueHuu MaTpuUlbl B OCHOBHOM Mo
MexaHusMmy obpasoBaHMR W CIMAHWS  MUKPOMYCTOT M XPYMKOM
paspyLueHun CKOnoM CUnnuUnaHomn casbt

B unTepsane temnepatyp 800...1000°C (ans [03BTEKTUYECKUX
cnnasoB) u 900...1000°C (AN IBTEKTUMECKMX CMNaBoB)  Pe3sko
BO3pacyaer nnacTu4HocTe matepuana TUKAL, o 4yem ceupetenscreyet
HabnioaaeMoe sHaunTeslbHOe nnacTuyeckoe aedopMupoBaHue (nporud
ofpa3sua [03BTEKTUYECKOrO Crnasa, Hanpumep, COCTaBASieT ~ 90%.
Ob6HapyeHHbie B MecTe usrnba o6pasLoB HEMHOTOUMCIIEHHbIE Pa3PbIBbI
C OKpYrnbIMW Kpasmu, Merlkue ropbl 1 MUKPOTPEUMHbI HE NOMy4aioT
pasButua U TOPMO3ATCA B NPUNOBEPXHOCTHLIX CrHosX. Peskoe
BO3pacTaHue nnacTU4HOCTM CNMasoOB B WHTEpBane Temnepartyp
800...1000 °C moxer 6biTb 06GyCnoBneHo TeM, YTO Hapay € BA3KUM
paspyLieHMeM maTpulibl NPOMCXOAUT Mepexol OT XPYNKOro K BA3KOMY

paspywieHuio U CUNULKAOB TUTaHa. -
© B.A. Ma3syp, C.B KanycmHtikosa., ¥1.E.Kasumupoea, 2000r.,
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PRODUCTION OF GAS-SOLID STRUCTURES IN ALUMINIUM AND NICKEL.
GAS-EUTECTIC ALLOYS _ o -

J.M. Apprill**, W. Hammeftter* M.C. Maguire***, M.E. Miszkiel*,

V.I. Shapovalov*

*Sandia National Laboratories‘, **Univ. of Arizona, ***KomTek, USA

Abstract

Experimental data on directional and bulk solidification of
hydrogen-charged samples. of aluminum alloy A356 and nickel -alloy
Inconel 718 are discussed. The: solidification structure-of-porous zone is
shown to be dependent on- many process variables. .Of these, hydrogen
content in the melt prior to solidification, .and furnace: :atmosphere
pressure during solidification play the decisive role. Also important are
the furnace atmosphere composition, the solidification-velocity -and the

temperature distribution in the liquid metal inside the mold.
Introduction

It has been known that gas-eutectic equilibrium may occur in
metal-hydrogen systems of sufficient purity in the vicinity of meiting
temperatures [1]. This happens mainly in systems where no formation of
metal hydrides takes place at high temperatures, like Fe-H, Cu-H, Ni-H,
Al-H, Mg-H etc. When the metal is charged with hydrogen to a level near
the gas-eutectic concentration, its solidification involves decomposition of
the liquid to a solid and a gaseous phase. A variety of gas-solid structures
may develop in the reaction [2]. Around this reaction termed gas-eutectic
one, a process for synthesis of special-property materials was developed
which was named Gasar process [3]. Of particular interest is what is

called gasarite, a structure featuring an ordered porous region [2].
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Materials so structured, or Gasars display mechanical properties superior
to porous materials produced by other ways. While gasarite is more or
less readily obtained in binary metal-hydrogen systems, it may only form
under special conditions, if at all, in ternary or more complex alloys where
no explicit gas-eutectic equilibrium may be attained.

Yet making Gasars of complex high-strength alloys far
outperforming unalloyed metals in mechanical properties is of great
interest for commercial considerations. So far. no consistent
experimentation in this area was performed, the major reason being the
notorious difficulties of work with hydrogen at high temperatures.

In this context, a goal was set to study solidification structure
formation in a widely used aluminum alloy A356 and an important nickel
alloy Inconel 718 on charging with hydrogen. The basic data on
thermodynamics of hydrogen interactions with these alloys were obtained
previously [4]. Alloy A356 is especially popular in aerospace applications;
hence the desire to reduce its density by 40-50 % without appreciably
compromising its tensile properties. That this may be achieved was
demonstrated by previous work on copper and magnesium Gasars [5].
Alioy 718 is known to combine very high mechanical properties with
outstanding resistance to corrosion, particularly at high temperatures.
However, its high density (8.22 g/cm3) severely restricts its applications in
aerospace vehicles, so reducing the density of this alloy is even more
urgent.

Experiments and Resulits

Commercial alloy samples were used in the experimentation. The
composition of the alloy A356 cast bars was 5.86 % Mg, 0.13 % Ti, 0.2 %
Fe, aluminum the balance. The alloy 718 was supplied in 12 mm rolled
bars of chemical composition: 5.2 % Nb, 3.1 % Mo, 0.8 % Ti, 0.5 % Al,
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nickel the balance. Hydrogen and helium of commercial purity from
standard cylinders were used -as components of controlled atmospheres.

No special purification was carried out. A mechanical vane pump was

used at the roughing stage to provide a vacuum of 10 to 50 ptorr. All
experimentation was performed on a .unit described earlier [4] that
belongs to Liquid Metal Processing Laboratory of Sandia National
Laboratories, Albuquerque, New Mexico. The partial pressures of
hydrogen and argon were varied from 0.01 to 2.0 MPa. The temperature
was measured by a W-Re thermocouple. In experiments with A356 it was
protected by an alumina sheath and introduced into the melt. With Alloy
718, it was placed within the stopper rod at 50 mm off the crucible bottom
and backed up by a pyrometer. The melting process was monitored by an
outside videocamera while the mold was supervised with an internal
videocamera. A sample of liquid alloy weighed 2 to 5 kg for A356 and 4
to 9 kg for 718. A casting was subjected to density measurement by
hydrostatic weighing, then cut across its structural zones to determine the
local void fractions and pore morphology characteristics. In some cases,
microstructural characterization and chemical analyses were performed.
Two solidification modes were investigated, namely directional
solidification and bulk solidificaton.
The directional solidification route was as follows:
¢ heating and melting the chérge in a controlled atmosphere,
e 10 min holding the melt at constafit tempef%ture and partial pressures
of the gases,
e tapping the melt into a cylindrical mold 165-250 mm in diameter
having a copper base and ceramic walls, and
e solidification under controll'ed— varied or constant — pressure.
The velocity of directional solidification was varied by changing the
thickness of ceramic dressivng of the copbér base, the water flow velocity
in the copper chill, and the tapping temperature.
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The bulk solidification involved the following steps:
» heating and melting the charge in a controlled atmosphere,
e 10 min holding the melt under constant conditions,
* cooling the'alloy down to or slightly below its liquidus temperature,
o tapping the melt into a ceramic mold minimizing heat losses, and
. varying gas préssure above the melt at a preset rate during
solidification. '

The major process variables in this series of runs were the
pressure variation rate in solidiﬁcation, the solidification velocity, the
tapping temperature, and the rate of melt cool-down to liquidus.

Alioy A356

‘The directional solidification of A356 results in a macrostructure

featuring two zones, Fig. 1. Cdmpact spheroidal pores having relatitively
small diameters, 0.1 to 2.0 mm, occur in the bottom zone that adjoins the
copper’ba'se. Their diameter increases by a factor of 2 to 3 from bottom
to top. The pores show a uniform, although not ideal distribution through
the zone. At the casting top there is a zone of large gas holes whose
shape is replicated at the casting surface.

Figure 1. Schematic of directionally solidified A356 Gasar
macrostructure.
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Figure 2. Influence of solidification pressure on void
fraction of directionally solidified A356 Gasar ingots.
Hydrogen charging pressure 0.5 MPa, charging and

teen'iing temperature 900 °C.

) The vord fractlon values averaged across the castmg and wrthm
the ordered zone are mamly dependent on the hydrogen pressure the
holding temperature, and the gas pressure in solrdrflcatron A all other
process variables exert much less control. The solldlfrcation pressure has
an especially marked effect, Fig. 2." Yet the influence of pressure is
not uniform over its entire range. Above 0.04 MPa, its effects are hardly
observable. Conversely, even minute pressure variations within the range
from 0.005 to 0.01 MPa lead to dramatic' changes in the void fraction.
This a cause _the:broad scatter in the lower pressure range. Fig. 2 shows
an abrupt rise in Gasar void fraction as the pressure is lowered below
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0.02 MPa. However, the void fraction even in successful directional
solidification runs did not rise above 30 %.

The bulk solidification normally resulted in spheroidal pore shape,

although compact pores of complex shape also formed, Fig. 3, left. The
distribution of pores across the casting was much more intricate than in
directionally solidified ingots and was dependent on the temperature
distribution in the meit at the instance of pressure change. This factor was
found to be highly important because it determined conditions of
hydrogen bubble nucleation and growth. When some region was too cold,
the solidification lead the bubble growth, making the region low-porous.
When the local temperature was too high, the bubbles grew more rapidly
than did the solid, became large and floated up to the melt surface. As a
result, a low-porosity material formed in place of the overheated melt
region as well. Therefore, various macrostructures could develop when
no special measures were taken to equalize the melt temperature
throughout the casting, Fig. 3.

.“.' ® § e, .00 L ... by L
POCCIERT X B Bradray
Soradenee| |ViigUeRN
e .’»%.:. () ..c....' -...

N 21 9048,

Figure 3. General macrostructural types of bulk-
solidified A356 Gasar ingots. Left: uniform
temperature distribution in the melt. Rest: nonuniform
temperature distribution.

The overall and local void fractions alike were greater in bulk
solidified materials than in directionally solidified ones. The major factors
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affecting void fraction were the pressure difference between the hoiding
and the solidification step, the melt tapping temperature, and the rate of
melt cool-down to liquidus temperature.

The overall and local void fractions alike were greater in bulk
solidified materials than in directionally solidified ones. The major factors
affecting void fraction were the pressure difference between the holding
and the solidification step, the melt tapping temperature, and the rate of
melt cool-down to liquidus temperature.

Worthy of special mention are pore dimensions and shape. The
average pore size ranged from 0.5 to 10 mm, depending on the terminal
préssure and the starting temperature of pressure decline in solidification.
Titanium -additions “also- played a part, for they enhanced hydrogen
solubility in the -melt and- facilitated gas bubble nucleation. The latter
effect is associated with formation of fine particles of refractory
intermetallic TiAls. These have a very low surface energy and act as
bubble nucleation sites when the pressure is reduced. Microstructural -
characterization revealed that the TiAl; crystals have a plate-like shape
and predominantly are found at hydrogen bubble surface. The hydrogen
bubbles adhere to the aluminide particles rather strongly, so that the
thermodynamic impetus for and the rate of bubble coalescence are
markedly reduced. Also hindered is mechanical removal of bubbles frorh
the solidifying melt via upward floating. As a result, the final void fraction
is further increased. The maximum void fraction achieved by bulk
solidification was 78 %, the pores having a complex compact shape and '
an average size of 4 to 8 mm.

Inconel 718

The directional solidification of hydrogen-charged Alloy 718

results in a macrostructure generally featuring four zones. Similarly
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oriented pores normal to the copper bottom make a honeycomb structure
in the casting bottom section that contacts the water-cooled chill, Fig. 4. A
relatively shallow zone of coarse pores, sometimes coalesced to form
disk-shaped cavities, is found above the bottom zone. This type resuits
from coalescence of neighboring pores as these grow in the honeycomb
zone, so the region in question may be termed the coalescence zone.
Above this one, a zone of more or less compact pores having compiex
dendrite-like shape is revealed. Further, the top portion of casting is
where large subsurface bubbles (pores) concentrate. The overall void
fraction of the honeycomb and the coalescence zone was about the same
and ranged from 5 to 67 %, depending on the Gasar process variables.
The \/oid fraction was ‘p'rimarily affected by the hydrogen charging
pressﬁre and the argon pressure in solidification.

The absolute and relative dimensions of the zones also are
dependent on conditions of melting and solidification. It is possible to
produce castings having only one of the above zones or any combination
of two or.three of them. To do this, however, the mold shape and material
and the sample weight. sometimes have to be changed. For example, the
copper base was in some cases replaced by non-cooled slabs of graphite,
ceramics orsteel 25 mm thick.

Furthermore, «twin-plate» casting was performed using a couple
of similar or dissimilar plates spaced 1 to 25 mm apart. Following are the
most important findings of those runs. The cooling plate material affects
Gasar structure and void fraction fairly strongly. It is always possible,
however, to select the pressures of hydrogen and argon and the tapping
temperature so that a desired structure and void fraction (up to 65 %) will
be achieved in cast sheets up to 25 mm thick.
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Figure 4. Schematics of Alloy 718 Gasar ingot
macrostructure produced by directional (left) and -
_ bulk solidification (right).

In-situ production of sandwich constructions in Inconel 718 is thus
feasible. Such Gasar sheets 1 to 2 mm thick with an overall void fraction
of e.g. 45 % may consist of a porous core and two nonporous skins.

The bulk solidification resulted in formation of only two structural

zones, Fig. 6. The major part of the casting was occupied by a region of
fairly coarse dendrite-like pores. Practically no honeycomb zone was
found. The overall void fraction turned out to be just a fraction higher than
in directional solidification. Although somewhat surprising, this finding
lends itself to explanation. First, the surface energy of nickel is much
greater than that of aluminum, so the hydrogen bubbles are much more ‘
apt to coalesce in Alloy 718 than they aré-in aluminum. In this connection
it should' be remembered that the velocity of bubble emersion increases
with-the bubble size. Second, the buoyancy-force acting on a hydrogen
bubble of 'a given size in the nickel él'liiy is three times that in the
aluminum base alloy. The bubbles therefore tend to rise much more
rapidly and the hydrogen to escape the melt and/or the mushy zone more
quickly before the solidification is complet._'eq'vjin ‘the nickel alloy.

It should be noted that structure formatuon in bulk“sdlidification is
not completely understood. More in-depth studies are probably needed
into the effécts of such factors as the temperature at which reducing the
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pressure is started, the rate of pressure reduction, and the rate of
temperature reduction down to the liquidus. These issues, however, have
fallen outside the scope of the present study.

Conclusions

With the alloy A356, Gasars may be produced by directional and
bulk solidification alike. In both cases, however, the attempts to obtain a
honeycomb structure have not met with success. ‘
With no special additions, aluminum alloy Gasar§"c n only be

made by solidification under pressures below 0,1MPa.

Additions reducing the energy at hydrogen-solid metal interface
facilitate nucleation and individual growth of gas bubbles. This enhances
the void fraction, makes the results more consistent, and enables Gasar
synthesis via solidification at and above 1 atm pressure.

With Alloy 718, honeycomb type structures with void fractions up
to 65 % may be obtained in layers up to 25 mm thick by directional
solidification. No honeycomb morphology is observed in bulk solrdlflcatlon
which results in a peculiar dendrite-like shape of pores
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NEW TITANIUM BASED METAL-CERAMIC MATERIALS
V.Mazur, S.Kapustnikova
National Metallurgical Academy of Ukraine

Dniepropetrovsk, Ukraine -

One of the most critical problems in the production of state-of-
the-art engines is related to the improvement of the efficiency of
machines and units. The problem -can be solved both by the
implementation of engine power augmentation techniques and by
reducing heat losses in the cooling system. In this case the heat density
in the parts of the piston - cylinder group of internal combustion engines
is increased to such a degree that the ‘load-carrying capacity of
conventional structural materials has turned out to be exhausted. -

This has stimutated numerous attempts to solve the problem of
improving reliability and durability of augmented engines both by means
of purely design-oriented solutions (implementation of local cooling, local
strengthening), and by applying of reinforcing inserts made of wear-
resistant materials, such as austenitic cast iron of the Ni-resist type. Such
solutions make the article design and the production process more
sophisticated, and increase their cost.

The experience gained in designing engines of a new generation
with an operating cycle approximating an adiabatic one, in which the heat
losses are drastically decreased, has shown that such engines can be
manufactured only if principally new structural materials are to be
employed.

To make sure that these materials could provide for the
'previously not attainable temperature-power parameters of the unit's
operation, they should feature the following set of properties: high-
temperature strength, resistance to high-temperature gas corrosion, and
cracking resistance, low density, low thermal conductivity and thermal
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expansion coefficients. Two classes -of materials meet these
requirements most efficiently: structural ceramics and metal-ceramic
alloys.

In the world practice of engine manufacturing known are
developments of the new generation of engines in which ceramics are
used based on oxides, carbides, nitrides and more complex compositions
/1-3/. However, the level of mechanical properties of those materials, in
particular, their cracking resistance, is inadequate. This limitation, as well
as the high cost of the articles made of the latest ceramic materials,
hampers their wide use.

Among other things it is known that under the conditions of abrupt
temperature changes, metal-ceramic materials feature a higher
resistance to thermal shocks /4/, and which is of primary importance, a
higher resistance to dynamic loads as compared to ceramics. However ,
the. majority of the metal-ceramic materials used for manufacturing of
engine parts, have a high thermal conductivity and fail to provide
adequate thermal insulation of the combustion chamber.

Metal-ceramic materials are mainly produced by means of
powder metallurgy technology using rather sophisticated, expensive and,
quite often, explosion hazardous equipment which requires special
premises. The production technology features two critical parameters:
milling fineness of the metallic and ceramic ingredients, and quality of
their mixing. In the latter case close packing has to be provided so that
each particle of the ceramic component has to be surrounded by a certain
number of metallic particles, and vice versa. In such case the
technological compatibility of the ingredients should be taken into
consideration, i.e. their ability to dissolve the .atoms :of the other
component in the solid and liquid states, the probability of contact fusion.

All that makes the technological process more complex, and
increases the cost of the ultimate product.
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In view of this, the metal-ceramic structural materials of the
eutectic class are more advanced and technologically friendly. They are
manufactured using existent casting and foundry equipment, do not
require sophisticated and costly installations for milling and blending of
the ingredients. Dispersity of the phase components and their close
packing in the space are provided by the parameters of the melt
solidification process: linear crystallization rate, temperature gradient
concentration of technological and natural impurities.

The advantages of eutectic composite materials have been
implemented during the development of the compositions and technology
of a family of titanium-based metal-ceramic materials /5,6/ generally
identified as TICAD.

Table 1 shows the physic-mechanical properties of TICAD
materials in comparison to some most widely used ceramics. The table
demonstrates that alloys of the TICAD family comprise a new class of
structural materials which effectively combine the most valuable
properties both of metallic and ceramic materials /7,8/:

- low density, thermal conductivity, thermal expansion comparable
with relevant values for structural ceramics;

- hrgh strength characteristics at 700-830° C service temperatures
ceramlcs

- hlgh specmc strength within a wide temperature range, comparable
wrth 5|m|Iar values for commercial titanium alloys.

 The comblnatlon of such propemes whrch would be estnmated as

mutually mcompatlble for conventlonal materlals has become feasrble
due to the rmplementatlon of the eutectic mechamsm of strengthenlng
which was not reahzed earlier in conventional t|tan|um alioys.
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Table 1

Property (at TICAD Ti-6Al-4V SizNy
20°C) (Cast)
Maximum Use 800 500 1400
Temperature
¢c)
Density (g/cm”) | 4,58-4,63 4,40 2,40-3,40
Thermal 59-7,0 7,0 15-20
Conductivity(W/
m K)
Coefficient of 8,5-10,0 10,0 3-5
Thermal
Expansion (10°%/
°C) 20-800 °Cc
Hardness (Rc) 40-48 36-40 -
Young's 141-146 110-120 250-320
Modulus (Gpa)
Ultimate Tensile | 650-950 900-1000 150-450
Strength (MPa) |
Elongation (%) 0,3-0,5 5-10 0
Compressive 1650 1000-1250 -
Yield Strength
(Mpa)
Compressive 5 4-6 -
Relative
Deformation (%) _ '
Fracture 17-21 60-70 6-10
Toughness
(MPa/m'?)

Both structural components, i.e. the alloyed titanium matrix and
the lamellar or rod-like particles of the reinforcing phase are
simultaneously crystallized in the melt being cooled down, forming a
natural  composite. Depending on the concentration of the alioy
componenté we are able not only to obtain a large(up to 50%) volume
fraction of the basic TisSis reinforcing phase, but also crystals of other
intermetallic phases which additionally strengthen the alloy (Fig.1).
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Thus, depending on the alloying complex and on the production
process parameters, the materials of the TICAD family can be subdivided
into three groups:

- heat temperature resistant (HT)
- oxidation resistant (OR)
- fracture toughness resistant (HFT)

An analysis of the results of property tests and structure studies
has shown that the TICAD family alloys meet a wide range of
requirements set to the state-of-the art structural materials, thus allowing
to consider them as perspective materials for thermally-stressed ICE
parts.

Bench trials of diesel engines with the piston-cylinder group parts made

Fig. 1.Characteristic microstructures of the TICAD family alloys:
a-HT, b-OR, ¢-HFT, everywhere - x 200.

of the new materials have‘der'nonstrated their high reliability, durability in
the high temperature and corrosive environment of the combustion
chamber. Thé rﬁnning time during the tests of one of the experimental
engines according to an _gccelerated procedure at the PA  Vladimir
Tractor Plant ,;"x% eqlu,i_\‘./:alent to 10000 motor-hours. This allows to offer
the new TICAD metal-ceramic .materials for manufacturing of the
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following parts: piston body, piston head, cylinder head bottom, gas

turbine wheel, turbo-supercharger inlet, atomizer, connecting rod.
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NUTEVHbBIE 3BTEKTUYECKUE CMNABbI o-Al + Mg,Si

AnA BbICOKOTEMMNEPATYPHOIoO NPUMEHEHWUA

O.M. Bapa6auf’, H.I1. Kopxoea®, T.H. lTeekas®, O.B. CynbxeHko®
a) Unctutyt metannoduavku HAHY

r. Kues, YkpauHa .

b) UHcTutyT npobnem matepuanosegeHuns HAHY

r. Knes, YkpauHa

MepcnekTuBHbiMM AN pa3paboTkn  BbICOKOTEMNEPATYPHbIX
CNNaBOB - ABNAKTCA €nnaBbl TPOWHBLIX CUCTEM, B KOTOPbLIX WUMEIOTCSH
KBasubuHapHble CEeYEeHWUs MeXagy MeTarnoM K TYronnaBKkon W
TEpMOAUHAMUYECKU YCTOMUUBOW MHTEpMeTannuaHon dason {1]. K Takum
npuHagnexuT TponHasa cuctema Al-Mg-Si, asTekTnyeckune o-Al + Mg,Si
CnnaBbi KOTOPOW, PacChnoNiOXeHHbIe Ha KBa3ubUHAPHOM CedyeHun, UMEeKT
BLICOKYIO TEMNepaTypy. . nnaenenusi, . Gonbluyldo 0O0bLEMHYI0 [0SO
ynpouHsiowen dasbi M Xopowme nuTeiHble CBOUCTBA.

Pesynbrarsl TEPMOAUHAMUYECKOTO aHanu3a [2,3] "
BbiNOAHEHHOE IKcrepumeHTarnsHoe uccrniefosadve = guarpammbl
NNaBKOCTXM 93TOW cucTeMbl [4] nokaszanu, 4TO KOHoAa TpexdasHoro
IpTexTu4eckoro pasHoBecua L. < o-Al + Mg@,Si ¢ MakcuMmansHoOR
Temneparypon (597°C) ¥ HYNEeBbiM MHTEpBasnoMm nsiaBNeHUsl 3BTEKTUKK
CMeLLeHa OTHOCUTENbLHO CTEXMOMETPUUECKOr0 ceyeHus B obnactb
cnnaeos, oboraweHHbIXx mMarkueM. [1oCTpoeHue KOHLUEHTPaUMOHHOM
3aBUCUMOCTU TEMNEpaTypbl ¥ WHTEPBANA MNNABNEHUs 3IBTEKTUHECKOTO
npeBpaLlieHnsl NO3BONUIIO ONPeAenuTh rpaHnubl obnactu AByxdasHbix
npy ~ KPUCTaNnM3aumm 9IBTEKTUYECKUX CNMaBOB U COCTaBbI CNIaBOB,
ONTUMAnNLHBLIX - C  TOYKM  3pEeHUS  UX  BbICOKOTEMMNEpaTypHOro
NCAONbL30BAHNS.

K HepocraTkam 9BTEKTUYECKUX CMNABOB 9TOF0 KNACCA OTHOCUTCS

#MX OTHOCUTENbLHO HU3KAS NPOYHOCTb U NNACTUYHOCTb. NSt MOBbIWEHUA
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YPOBHSI MEXaHW4ECKUX CBOWCTB CMNaBOB U3Yy4YeHA BO3MOXKHOCTL
AOMNOMHUTENLHOIO YNPOUHEHWUS MaTPULIbI AUCNEPCHBIMKM YacTULaMK, He
B3aUMOJENCTBYIOLLUMMU C IBTEKTUYECKUM BOMOKHOM.

UssecTHo [5], 4TO nerupoBaHue CnNaBoB aniOMWUHUS Sc W Zr
NpUBOAUT K MOBBLILEHUID YPOBHSA MEXaHWYeCKUX CBOWCTB 3a cueT
00pa30BaHNA AMCMEPCHBIX KOrEPEHTHBLIX MAaTpULE 4acTul Als(Sci,Zry).
Bbicokasi Temnepatypa crapeHusi Ans BLIAENEHWA STUX YacTUL U Manas
CKOpPOCTb UX KoarynsiuMm obecnedyusaeT TEPMUYECKYID CTaBUNLHOCTL
CTPYKTYpbl. [inA Cnnasos 3BTEKTMMECKOTO COCTABa HaMu OMNpefeneHo
ONTUManbHOE CofepXaHue U COOTHOLLIEHWE 3TUX BNEMEHTOB, KOTOPOE He
npuBOAMUT K U3MEHEHMIO ha30BOr0 COCTaBa, NPaKTUYECKM He CHUXKaeT
Temneparypy NnaBNEeHNss U 3HAYUTENbHO YNPOYHSEeT cnnaé. MonobHble
nccnegoBaHus NpoBefeHbl AN APYrMX 3NeMeHTOB, TAKMX Kak Cr, Ti, Mn,
Cu u ap., nerMposaHne KOTOPbIMU NO3BOSISET peanu3oBaTh, Hapaay c
KOMMO3NUNOHHBIM, TBEPAOPACTBOPHBLIA W AWUCNEPCUOHHLIN MEXaHWU3MbI
ynpouHeHusi. BbIGpaHbl 1 ONTUMU3UPOBAHLI  PEXUMBI  TEPMUYECKON
bﬁpaﬁoﬂ(u KOMMMNEKCHO-NErnpoBaHHbIX IBTEKTUYECKMX CNNABOB,

MpoBeaeHHbi  MmeTannorpaduyeckuin  asanus nokasan, uTo
aBTeKTUKa o-Al+Mg,Si oTHocuTCs K orpaHeHHo-HeorpaHeHHomy Knaccy,
prcrannwaauwﬂ KOTOpOV HaYMHaeTCs C NOSBNEeHUA U pocTa 3aponblmem
MHTepmeTannM,quu q)asbl Mg.Si ¢ nocne,qyroumm passuTvem
3BTEKTUUECKUX KOMOHMIA. COBMECTHOE eseneuue CKaHauA u umpkonuﬂ B
6a3oBbiA  cnnas npuBoAMT K M3MeHeHMIO Mopcbonorvm nepaw-mux
,qu,n,puTos MeTannU4YecKoil (basbl N u3aMensyaer SBTeKTVI‘-IeCKy!O
CTPYKT)’PY ’

Crpyktypa u q)asoebm cocraB SBTeKTW-IeCKVIX cnnaeos
obecneunBaloT BbLICOKME 3HAYEHUS nokasaTesen uaHoca 00056HHO npu
TIOBbILUEHHBIX TEMNepaTypax B yCNOBUSAX AUHAMUYECKOro HarpymeHuﬂ, a

TAOKE XOpotuMe KOPPO3UOHHbIE Y INEKTPOXMMUYEcKue XaPKTEPUCTUKI.

267

©Eutectica-V




3BTeKkTHMKa V

MexaHu4yeckne UCNbITAHUA KOMMMNEKCHO-MIErMpoOBaHHbLIX CrlaBoB
IBTEKTUYECKOr0 COCTaBa B TeMnepaTypHOM uHTepsane 20-400°C
NOKasanu BbLICOKWA YPOBEHb MPOYHOCTHLIX CBOWCTB, NpuUYeM  UX
NPeumMyLllecTBO nepea  ApPyruMu  MUTEAHBLIMM  CNNaBaMu  artoMUHUA
BO3pacrtaer C yBEfMYEHMEM BPEMEHW BbIAEPXKM U Temneparypbl
UCMbITAHUS; B MHTepeane Temneparyp 250-400°C NPOYHOCTL

SBTeKTMQecxux CMINaBOB JOCTUraET PEKOPAHBIX 3HAUEHMA.
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APPLICATION OF THE NEW EUTECTIC ALLOYS FOR WELDING
AND BRAZING OF THE HEAT-PROOF MATERIALS

V.V. Kvasnitskyy, V.F. Kvasnitskyy, A.N. Vorobjev

Ukrainian State Maritime Technical University

Nikolaev, Ukraine

1. Introduction.

The major heat-proof materials in modern transport engineering
industry are: nickel-base age hardenable alloys, age-hardened composite
and non-metallic materials. When making the integral joints of these
materials a whole number of problems arises.

The heat-proof age-hardenable nicke! alloys, when using fusion
welding, show a significant tendency to a weld-area cracking both during
the welding process and during heat treatment. For the treatment of the
cracking it can be used the Eutectic Ni-Ni,B, as welding wire with B. At
present, Ni-Cr-B-Si alloy is generally used for brazing super alloys, but
some disadvantages appear in use. For example, B is easy to form block
brittle primary borides due to low solubility in super alloys.

It is known that brazing is made without melting of base metal at
the expense of brazing alloys in which some elements named
depressants, are introduced to fall the temperature. B, Si, Pd, Mn and
others are used as depressants for nickel-base super alloys. Last time Zr
and Hf are used. But they don’t descrease the complex of alloys abilities.
For increasing of lasting strength of alloys 2% (mass) of Hf is introduced
into the modern super alloys.

Creation of brazing alloys with Hf is complicated by the absence
of the phase diagrammes of Ni-Hf alloyed by elements which come into
the composition of nickel-base super alloys, in particular by Cr. Cr is the
most important element of the brazing alloys which provides their heat-
resistance.
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The information on system Ni-Zr-Cr is brought, but is on system
Ni-Hf-Cr it is not enough. Even the information on binary system Ni-Hf in
literature is very contradictory. That is why the aim of this work was to
study the low of influence .of the alloying elements on the phase
composition. and . properties -of system Ni-Hf, which determine the
effectivness of alloys and the quality of brazing alloys.

. Application. of Hf -as depressant based on the existence in Ni-Hf

syste‘m‘ of eutectic bétWée"n”y—Ni and intermetallic NisHf with melting point

1190 C AnaIySIS of Ilterature showed that eutectic concentration of Hf
determmed m a very wude mterval That is why the eutectic concentration
of Hf in bmary system and then in many components systems was
determmed at flrst
2, Expenmental procedure ,

In Ni angle of the systems Ni-Cr-Hf, depending on Cr and Hf

concentration two types of monovariant eutectics are brought out:

e' = Y-Nicy*NisHf cy; €° = Y-Nicy+NizHfcn.

Comparison of data for alloys with Hf and alloy with Zr alloying by
Cr confirms the analogy in their construction. The influence of Cr in
systems is identical and only the microhardness Ni;Zr, is lower than the
microhardness of Ni;Hf,. The microhardness of intermetallic Ni;(Hf, Zr),
changes accordingly at different correlation between Zr and Hf in alloys, if
they introduce into alloys in common. On the base of the received results
isothermal and polithermal series of sections was built for the system Ni-
Cr-Hf which show the character of phase equilibrium’'s and alloys
crystallisation that allows to construct new brazing alloys in depending on
their purpose and max temperature of heating of the base metal.

For brazing of nickel-base super alloys the most favourable are
brazing alloys of eutectic content with 5% Cr. This excludes the harmful
influence of the thermal cycle of brazing on the alioys peculiarities. It is
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necessary fo ﬁotice that Hf provides high heat resistance and resistance
against high temperature salt attack. That is why there is no necessity of
high concentration of Crin alloys.

Brazing alloys with 15-20% of Cr can be used for brazing of the
disperse strengthened alloys which are got by the methods of powder
metallurgy. Investigations of many components alloys at use of Hf and Zr
as depressant showed that Hf and Zr substitute each other completely.
Their chemical connections make up the infinite series of solid solutions.
In this case eutectic alloys are priority for brazing alloys. For the
determination of eutectic concentration of Zr and Hf was made a suppose
that they substitute for each other proportionally. It is confirmed by
experiments that this substitution is subordinated to the linear
dependence. As the eutectic with Zr has the melting point lower then
eutectic with Hf so the melting point of eutectic is fallen proportionally to
atomic concentration at alloying.

Conclusions ‘

1. The most suitable for the brazing of traditional nickel-based super
alloys are alloys of eutectic content of the system Ni-Cr-Zr and Ni-
Cr-Hf which contain, 9,6-9,8% at. Zr, or 9,4-10,6% at. Hf and Cr up
to 5% at. S

2. For the bra_zing of disperse strengthened alloys with are got by the

A ~methods of powder metallurgy can be used -eutectic alloys of the
systems Ni-Cr-Zr and Ni-Cr-Hf with more high content of Cr — up to
15-20% at.

3. The calculation of composed solder fractions, dense packing of filler

and using of solders with Hf and Zr allow to provide the properties of

restored parts on the level of base metal properties.
©® V.V. Kvasnitskyy, V.F. Kvasnitskyy, A.N. Vorobjev, 2000,
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®OPMUPOBAHUE CYBIPAHUUHOW 3BTEKTUKM B CUCTEMAX
HUKEJb-NAHTAHOW

B.E. OnswanHeuxuii, A.A. Mucapckul

3anopoXKCKWii roCyAapCTBEHHDBIN TEXHUYECKMIA YHUBEPCUTET

r.3anopoxbe, YkpanHa

SNeKTPOHHOONTUYECKUIA aHanu3 ,qeoﬁnbix c'iiic)rem Bblg,g;Kqucrblﬁ

Hukens (99,9999%) — mukpono6aska naHTaHouaa (Cé’, Lfa)‘ntixaaan', yTo
Np¥ He3HaYuTerNbHOM COAePKaHuu NocnefHeil, OAHAKO Npesbillaloem
HEKOTOPYIO KPUTUYECKYIO KoHLeHTpauumio (Gonee 0.8x10™ ar. aonei)[1],
Ha Aucnokaumax CyGrpaHMuHbIX CTEHOK OGHapyXMBAlOTCH MUKpOBbLIAE-
nexus BTopoit ¢asbl (Ce wnu La)Nis B BuAE “NYHKTUPHBLIX Lienovek
aBTekTMYeckux cybuacruy (puc. 1).
O6pa3oBaHne Takoro poaa “TOHKOM® IBTEKTMKWM MPOUCXOAUT  Npu
[OCTAaTOMHO BBLICOKO/ Temnepartype, kotopas aAna cuctemsl Ni-La
cocraensietr 1270°C, a ans cucrembl Ni-Ce — 1210°C. Tpu 3TOM Ha
6obLIeYINoBbIX rpaHuyax - npu coaepKaHuaX nadTaHovaa,
obecneunBaowmx, cornacHo pacdetam [1], nepecoiieHue MmoGbix
BHYTPEHHWX rpaHuy pasgena, BknioveHma Mmukpodactuy (P3M)Nis, e
HabniopatoTes. ‘

Mockonbky addekt opMMUpoBaHUA CyOrpaHU4HOR 3IBTEKTUKMN
Kacancsi TONbKO [AMCNOKAUUOHHBLIX CTEeHOK, MpPeAcCTaBnsano uHTepec
BbLISICHUTb YMCTO TEPMOAUHAMMNUECKNE MPUUKHBLE ITOTO SBNEHMA, a TakKe
YCTAHOBUTL KOHLEHTPALMOHHYIO 3aBUCUMOCTL YyIfia pPa3cpueHTUPOBKU
cybrpannLbl, HaYMHas C LOKPUTUHECKUX KOHLIEHTpauuA MuKpopobasku
naHTadouga, npu KOTOPbIX cybuacTuLbl 3BTEKTUYECKOrO
uHTepMeTannuaa ewe cebs Hukak He oGHapyxuBsaloT.

3kenepumenTbl (Mogenbhas cuctema Ni-Ce) nokasanu [2], uTo
yron pasopueHTUPOBKN CMEXHbIX Cy63epeH, pasaeneHHbix ANCNOoKaLnoH-

HOl CTEHKOW, W3MEHSETCH SKCTPeManbHO, O6Hapyxusas MakCUMyM
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UMEHHO npy Kpmmqecxom COAEepXaHnU pedKko3eMenbHOn Mukpogobasku.
Mpu 3axpquecxom co,qep»(anww LiepueBol MUKPORpUCaaKun pa3opueH-
TUPOBKa CMEXHbIX CyG3epeH HEeCKOMbKO YMEHbLUAeTCA M Mpu 3TOM
ukcupyetca Hanuume cyGrpaHuyHON “NYHKTUPHONM” IBTEKTUKM (puc. 1).

Puc. 1 “NyxkTupHas™ srexktuka Ni-(P3M)Nis Ha AMCnokaLuoH-

HbiX cTeHKax: a) cuctema Ni-Ce; 6) cucrema Ni-La, x30000
U3sMeHeHue yrna cyBrpaH4HOR pasopUeHTUPOBKN B (HYHKLMN COaEpXKa-
HUA MUKpoZo6aBKM (C McHesatoLe Manon pacTBOPUMOCTLIO B HUKENE Npu
no6bix Temneparypax) HeoBX0AMMO CBA3LIBATL TOMLKO € MEHSIOLENCS
CTPYKTYpO# OTAENBHLIX NEPUOAUYECKU NOBTOPSIOLMXCS YYACTKOB AUCIO-
KaUMOHHOW rpaHuubl pasgena. -

MocKoNbKY B YCNOBMAX 3aQaHHON OpUEHTaUuMW OCei JEeHAPUTOB pac-
CTOAIHME MEXAy AUCINOKAUMSIMU B CTEHKAX TakKe NOMHKHO COXPaHsTLCH
HEU3MEHHbIM, TO “BCrAneck’ pasOpPUEHTUPOBKM NPU KPUTUHECKOM CO-
AepXaHuu Uepusi (NaHTaHa) MOoXHO 00BSICHUTL hopMUupoBaHneM CTeHOK
M3  MHOTOKPaTHbIX  [AMCSIOKaUWN, “CripOBOUMPOBAHHOM”  HaNU4YMem
3HAYMTENbHOTO 4YuCna “u30bITOYHBIX"  aTOMOB * NaHTaHouaa B  Kpu-
cTannu3upylowmnxca ocrarkax xupkon dasel. Moaene oGpasosanus
MHOTOCTEHOMHOM TPaHWLbl, COCTaBNEHHOW MO CyLeCTBy M3 “cBepx-
AucCnokauun’, B AaHHOM Cny4ae sIBHO He FOAWTCS, T.K. (hOPMUPOBAHUE
Takux AWCNOKaUUMOHHBLIX frpaHuy Tpebyetr noaxoaa 60AbLIOTO 4ucna
“cBEXMX” AUCNOKALMIA U3 aKTUBHO AENCTBYIOUIMX “WCTOYHUKOB”, a 310 B
paccMaTpuBaeMoi CUTYaLn ABMNETCS COBEPLUEHHO HEpPearibHbIM.

PaccMoTpuM TeopeTuyeckyto BOIMOXHOCTb (hOPMUPOBAHUA YCTOMUUBBIX

rpaHuy CUMMETPUYHOrO HAaKMoHa, COCTaBfIEHHbLIX U3 MHOFOKpaTHbIX
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KpaeBbiX AWCNOKaLMi U CTabunM3anpoBaHHbIX aToMaMu naHtaHouaa (nx
nuHeiHbIMU  cerperaumamy). Cornacue TeopeTU4eckux OLEHOK YrnoB
pasopueHTUPOBKY cyb3epeH C AaHHbIMM - NPAMbIX  IKCMEPUMEHTOB,
Bkmoqaﬂ yrabl, NpU  KOTOPbIX  YXe H‘a6_mo,q'a‘f07c::ﬂ cybrpaHuyHble
MMUKPOYACTULIbl, CMOXET NOATBEPAUTL Kouuenumo BO3HUKHOBEHUA
“TOHKOI" IBTEKTUKN HA cxonnenuﬂx MHOTOKpaTHBIX KPaeBbix nucnoxauvm
3aBMCUMOCTL U3MEHEeHUA ynpyrou cso6oaHou 3Heprum, npw (bopMMpo-
BaHWW TaKOTO POAA CKOMNEHwii (CTEHOK) B q)inKvL,;gmalymg _pasopuen-

TUpoBKM & W hakTopa KpaTHOCTU AMUCNOKEUMIA CTeHkM ¢ B Halem

cnyyae Byaer onpeaenaTbea CNeflyiowM BhiDaXKEHUEM:

AY (6 ———‘-—C—Tb———- 08~ Ln@)- —-2— In

( ,q)—4”(1_v) ( p g

cd g(g-1) [87 1+v - s :| 6 )
+b2(1+g)A S A ~1_V-G8 r, —4Gerygq —bTA.Sd(c).

B naHHoW popMyne nepBoe criaraémoe  Xapakrepusyer
u3MeHeHue YAENbHONM 3Hepru AucnokaumonHon cTenkn (Ay(6.9)),
BTopoe — U3MEHEHUNE YNPYroil HEprun BCIIeACTBUE HANUYUA Cerperavui
npldl;/ieCHbIX atomoB (AU, (6,q)), a TpeTbe cnaraemoe OTpaxaer
M3MEHEHUE KOHCDUYPALIMOHHOW  IHTPONUY pacnpefenexuit  aToMoB
NPMMECH BAONL NIMHWA AUCROKaumit. Mpu atom. G - mopynb casura; b -
sekTop broprepca; v - Koacpqmuuem MyaccoHa; € - pa3meprm_ cpalcrop:
APUMECHOr0 aTomé; C - NuHelHasi KOHLIEHTpaUMA aToMoB npumecu
glg-n/2 - KOHUTYpaLMOHHbINA q)ak'rop , nonepequro
pacnpegeneHus aToMoB NPUMECH. o _
Mpu pacyetax npuxumany, 4to ¢ =1 u npenebGperanu OTHOCUTENLHO
cnabbiM BAUAHKMEM SHTPOMUIAHOrO chakTopa. Pe3ynbTaThl TAKMX pacHeToB
npuBeaeHb! H3 PUC. 2.

AHAnNW3 NonyJyeHHbIX YMCNEeHHbIX oueHok Ans ofeux cucrem nokasan,

YTO /JMCNOKALMOHHAA rpaHuua, COCTaBMNEHHas U3  TPexKpaTHbIX
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avcnokauun, HauynHaet obecneynsate TEPMOAUHAMUYECKUA BbIUPLILL C
pasopuentupoBku 6 =12...14' (puc. 2,6), uTo xOpolLO cornacyercsi ¢
KCMepuMeHTanbHbLIMK aHHbIMY, KACalLWMUMUCS BIUSIHUA Liepust Ha 3Ty
XapakTepucTuky. MockonbKy Npu pacHeTax yuyuTbIBanu MaKCUManbHYo
CTENeHb HAacCbILWEHMs  AUCNOKAUMA aTtomMamu JaHTaHouaa, Koropas
oTBevana KpuUTUYECKOM KOHUeHTpauuu, To nwboe nocnegyouiee
yBENUUYEHME COAEPKAHUSA MUKPOA0DAaBKM Uepusa (NaHTaHa), eCTECTBEHHO,
AOSLKHO BeIno nNpuBecTH k 0BpPa3oBaHMIO CyBrpaHuuHON 3BTEKTUKU U
HEKOTOPOMY YMEHbLUEHUIO pacYeTHON pa3opueHTpoBku cyBaepeH (M3-3a
BMUSIHUA (PakTopa KOHMUIypaLUVOHHOW 3SHTPOMNUM), UTO TAKKE HALINO

YAOBMETBOPUTENLHOE 3KCNEPMMEeHTanbHoe nogreepxaexue [1,2].

ﬁy,AY AU x 10 ‘llfx (g=3) AUg,xl(}*‘IbK
T Mg e
oz-/’—”-)”-"' fg
0 ’f S Af_@fz” -15
-20
-0.2 \éljl(ﬁ,q) _25
-0.4 -30 .

4 8 12 16 209 0 1 2 3 4 58,
e o :

PUC. 2  3aBUCHMOCTb  JHEPreTMYECKUX  MapameTpoB  rpaHulisl
CMMMETPUUHOTO HAKNIOHA OT HAUAMILHOMO yrna pa30pMeHTMpOBKM 6 nnﬂ

Moaeanou ‘cuctemsl Ni-La: a) npw paanqulx q , 6) npu q 3.

NIUTEPATYPA
1. Kosanb A.[l, Onbwaneukuit B.E. O6 aHOManLHOM W3MEHEHUM
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OCOBNNBOCTI CTPYKTYPOYTBOPEHHSA Y MIASMOBUX
NMOKPUTTAX '

E. A. Benbyikos, B.I". lllegyerko, O.B. €pwios.

3anopisbkuii fepxaBHUil TEXHIYHUNA yHiBEpCUTeT

M. 3anopixoks, YkpaiHa.

PospoBka B ranysi NOBEPXHEBOr0 3MIHEHHA KOHCTPYKUIMHUX
martepianie € OfHUM 3 HanpsMiB  pilleHHs npobnem MiaBULLEHHS
Ha,qiﬁuocfi‘.‘_.‘T'q\.“;'niggrp_giqhomi Bupob6iB MaLuvmoﬁyayBaHHﬂ.' 3oxkpema,
HaHeceﬁﬁﬂleé%anﬂéBM}x‘ 3aXMCHUX MOKPUTTIB fazoTepMiyHUMU MeToAamMu
[O3BONSIE 3HAYHO NiABULLYBaTH pecypc poboTu aetanei MaluMH, 1o
npaulolofb B yMOBax TEpPMOXIMiYHOT epo3ii Ta 3HOWyBaHHA (detani
ABUIYHIB BHYTPILLHBOTO 3ropaHHs, CKNOOPMYIOHOro IHCTPYMEHTY TOLLO).
MepcnekTUBHUM B LibOMY HANPSIMKY € MOKPUTTS EBTEKTUYHOTO TUMY.

C TepMOAMHAMIYHOI TOYKM 30pY EBTEKTUYHI KOMMO3ULIiTHI
matepian# BWUHATKOBO cTabinbHi. XiMi4Hi noTexuianu marpudi Ta
3MiLHIOI0MO0T (basK B TaKMX CUCTEMAX PiBHi, TOMY B NepLIOMY HaBNMKEHHI
B HMX BifICYTHS XxiMiuHa B3aemogiss MK KoMmnoHeHTamu. Cneuudika
mopdonorii  eBTEKTUYHUX MIKPOCTPYKTYP TaKOX BM3HAYaE TepMidHY
cTabinbHiCTb, 1 OTXe, BMCOKI MexaHiyHi BMacTUBOCTI Npu NiaBULEHUX
TemMneparypax.

3 yMOBM TEXHONOMYHOCTI W EKOHOMIYHOCTI 3Ha4YHWiA iHTepec
BMKMMKAIOTL  eBTekTu4Hi  nokputta  Fe-Cr-B-Si-C, W0 OTPUMYIOT
NnasmMoBO-AYTrOBUM HalWMeHHsAM i3 3aCTOCYBAHHAM NOPOLLUKOBUX APOTIB.
Taxi noxpwrrﬁ CKNajawTLCA 3 NNacTU4HOT CTaneéo'i' maTpuui, wWo
3MilHEeHa cknagHUMu xapbobopupamu pi3HoT crexiomerpii:
(Fe,CnNx(B,C)s, (Fe,Cr)(B,C), (Fe,Cr)s(B,C) ta (Fe,Cr);(B,C)sz Towpo.
Mopdonoris  yactuHok  kap6o6opuaHOi  NpUMpPoOAM  BU3HAUAETLCA

CriBBIAHOLLEHHAM KOMMOHEHTIB Ta ymOBaMu Kpuctanisauii. [lpuuomy

BUCOKI 3HAYEHHA LUBUAKOCTI OXOMNOAXEHHS (z105°C/c) po3nuneHoro
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Metany npw,_;gpu’gjanisa__lui]' MPUrHIYYIOTL PICT KPUCTanis eBTeKTukW, |
oTxe, aa6esnéqbe; by'ntsopem;m TOHKOAUCNEPCHOro  KOHrnomepary
(puc.1a).

Ane npu 3Ha4HoMy (3-4 %) BMIiCT GOpY Ta 3MEHLWEHHI LUBMAKOCTI
OXOMOAXEHHSA HaMUIEHOTO L3Py MOXe Math MiCUue YTBOPEHHS
kapGoGopuais ronkonopibHoi  chopmu (puc.16). Mpu nnasmosomy
HarnunNeHHi rpagieHT TennosiABEAEHHS, SIK NPaBUMO, € HOPMAaribHUM A0
nosepxni,’.’Luo BIIHOBNIOETLCA. Taki YMOBY POCTY KPUCTANIB 3MiLHIOOUOT
thasu e CnpuATNBMMY Ta NiABULLYIOTH 3HOCOCTINKICTL HAHECEHUX LLAPIB.

Puc. 1. Mikpoctpykrypa nokpuTTis cuctemn Fe -Cr-B-Si-C, x500.
a — ToHKkopgucnepcHui kowrnomepar; 6 - kapGoBopuau
ronkonogibHot chopmu.

BucokoTeMnepaTtypHuid Biinan nokpuTTiB Ha 3ani3Hiii ocHOBI 3a
pexuMoMm, sikuih 3abesnedye koarynsuiio a3 BTINEHHA, 403BONSE Y
LLIMPOKOMY Aiana3oHi 3MiHIOBaTW X TBEPAICTb Ta TEXHOMOFMHICTL npu
06pobui.

Ha niacrasi aHanisy npoeeaerux 40CriAKEHb BCTAHOBNEHO, LLO
eBTEKTUYHI MOKPUTTS 3 MNOPOLLKOBUX APOTIB CUCTEMM 33Ai30-XPOM—
KpeMHii—Gop—Byrneub He NOCTYNalTbLCA 3a CBOIMM XapakTepucTUKamMu
NOKPUTTAM 3 Mmartepianis Ha Hikesesiit ocHoBi. LLlo Takox o6ymosnioe

€KOHOMIYHY AOLINLHICTL IX 3aCTOCYBAHHSA.
© E. A. Benbuikos, B.I", LllegyeHro, 0.B. €puos, 2000r.
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