OcobennocTH cTpyKTypbl ciiaBoB Fe — Ni ¢ conepkanuem Ni 3 - 20 at%.
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B wmarepuanoBeneHnn OMHApPHBIE CHUCTEMBI SIBIISIOTCS OOLIETPU3HAHHBIMH 0a30BBIMU
oObexkTaMu ucciieoBaHui. PU3NUYECKUE CBOMCTBA 3THX MATEPHAIIOB BO MHOI'OM OIIPEAEISAIOT
obusiacTh ux npumeHeHus. OJHOM U3 TaKKX CUCTEM sBisieTcs: cuctema Fe-Ni, teMoHcTpupyromast
pasHooOpa3ue CTPYKTYpPHBIX (pOpM, 3aBUCAIIMX OT TEMIEpaTypbl M KOHLEHTpAIMU. ITO
UHBapHBIC CIUIABBI M CIUIABBI C BBICOKOW MAarHUTHOW TPOHUIIAEMOCTHIO, KOMIIOHEHTHI
AyCTCHUTHBIX KOHCTPYKIIHOHHBIX CTaJIel U CIIaBOB ¢ 3 dexToM namsatu ¢popmsl. [losTomy u Ha
CEerOJHSALIHUN JIeHb MaTepuaibl Ha ocHoBe Fe-Ni ocrarorcs 0ObeKTaMU M3y4eHHS BO MHOTHX
pabortax. IlepBbIM mIarom Hamieil HCCIEIOBATENbCKOM padOThI ABISIIOCH HM3ydeHHE (ha3oBoii
JUarpaMMbl, TOCTPOCHHOI Ha OCHOBE JaHHBIX HPEIBIIYIIMX HE3aBUCHUMBIX HccleqoBaHuil. B
cupaBounuke Maccanasckoro [T. B. Massalaski, Binary Alloy Phase Diagrams, 2nd ed. (ASM
International, Materials Park, Ohio, 1990)], koTopblii B HacTOsIIEee BPEMs SBJISIETCSA OJHUM U3
HanboJsiee aBTOPUTETHBIX UCTOYHUKOB, auarpamma Fe-Ni moctpoeHa Ha OCHOBE JaHHBIX padoT,
BBIMIOJTHEHHBIX PA3JIMYHBIMU METOJIaMU ISl U3BECTHBIX PABHOBECHBIX CTPYKTYp. OJIHAKO B psne
6oee pannux pador [Jones et al., J. Iron Steel Inst. 163 (1949), H.Asano. J.of the Physical Society
of Japan, Vol.27, No3, (1969)] BHumMaHue yaeasuioch METaCTaOMIIbHBIM COCTOSTHHSIM CILIABOB, YTO
ABIISIETCS OTIENIbHOM Ba)KHOHM 3ajaueil mpu pabore ¢ pealbHbIMH 00bekTamu. B auamasone
koHueHrpanuit 3 - 20 ar% Ni npoMcXoauT Tak Ha3bIBAEMOE MAapTCHCHUTHOE IPEBpaICHUE
BoicokoTemneparypuoii I'IK-ctpykTypsl B HH3KOTemnepaTypHyro OLIK-ctpykrypy, kKoTopoe
COIIPOBOKIAETCS THUCTEPE3UCOM, HYTO yaaeTcss 3a(UKCHpPOBaTh pa3IMYHBIMH  METOIAMHU
UCCIeI0BaHus. DTH siBJIeHUs ObUIH 00HapykeHsbl eile B 40-x royax 20 Beka 1 BIIOCIEACTBUU ObLIN
00OCHOBAaHHO BKJIFOUEHBI B JHarpaMMbl, IOCTpOCHHbIe mpu wu3yueHun Fe-Ni-pa3 kak
kommoHeHToB mereoputoB [J. of Phase Equilibria, Vol. 17, No. 6, 1996]. Takoe noBeacHue
03HAYAET, YTO MPSIMOE U 00paTHOE MpEeBpaIlEHUs IPOUCXOAT IIPU Pa3IMUHbIX TeEMIlepaTypax, 1
Ha (a30BOM JUarpamMmMe JIOJDKHO OBITH JIBE JHMHHH, a He ojHa, Kak B [J.Phase Equilib. Diffusion
(2019) 40: 743-756]. DTO HECOOTBETCTBHE MEXIy IaHHBIMH pPa3JIUYHBIX JIUTEPATYPHBIX
MCTOYHUKOB 3aCTaBWJIO HAac IPOBECTH CAMOCTOSITEIBHYIO HCCIEI0BATENbCKYI0 paboTy ¢
UCIOJIb30BAaHUEM MOXOSIIUX IKCIEPUMEHTAIBHBIX METOAUK.

B kauectBe 00BEKTOB HCCIeIOBaHUN BBIOpaHBI 00pasipl ¢ coaepxanreM Ni ot 3 1o
20 at%. CrutaBbl ObUIH BBINJIABIIEHBI METOI0M MHAYKIIMOHHOM IIIaBKH B aTMocdepe aprona. s
MOJy4EeHUs] TOMOTEHHOI0 COCTOSTHUS 00pa3ubl oTxuranu B tedeHue 50 4y mpu T = 1100 °C B
BaKyyMe ¢ Hocienyroomeil 3akajkoil B Boay. ['oMoreHusnpoBaHHBIE 00paslibl MOABEPTaIMCh
npokaTke 710 TonumHel 0,1 MM, HarpeBanuck 10 Temrneparypsl 1100 °C ¢ nocnenyromieil 3akankoi
B BOJAY. OKCIEPUMEHTAlbHblE METOJUKH BKJIIOYAIM  PEHTICHOBCKYIO  JU(PAKIHIO,
muddepeHnManpHyo  ckanupytouryto kainopumerputo (JICK), TemneparypHble u3MepeHuUs
MarHUTHON BOCHPUUMYHUBOCTH U HaMarHU4eHHOCTHU. [lomyueHHbIe pe3ynbTaThl CPaBHUBAINCH C
JAHHBIMU J1a0OPAaTOPHBIX SKCIIEPUMEHTOB U C AMATPAMMOM, CHATON C METEOPUTHBIX OOBEKTOB,
KaK [10Ka3aHo Ha puc. 1.

BriBoa, cnenanHbli B HamuXx paboTtax, omyOJUKOBaHHBIX B [1, 2], TIacuT, 94T0 AMarpaMmMa
JUTST METacTaOWIIbHBIX COCTOSIHUM JOJDKHA OBITh TPEACTaBleHA B CIPABOYHUKAX HApAIy C
JUarpaMMON JJIsl paBHOBECHOTO COCTOSTHUSA.
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Puc.1 a) ®a3oBast quarpaMma METacTaOMIIBHOTO COCTOSIHUS CIIJIABOB C BBICOKHM COJICPYKAHUEM
)KeJsie3a, MOCTPOCHHAS 10 pe3yJsibTaTaM peHTreHoBcKoi audpaxuuu, JICK u usmepenuii
BOCIIPUUMYHUBOCTH. J[Jis CpaBHEHUSI TPUBEACHBI TaHHbIEC AUIATOMETPHUUCCKIX U3MEPEHUI U3
pa6otsl [Jones et al., J. Iron Steel Inst. 163 (1949)]. 6) ®a3oBas quarpamma, IIOCTPOECHHAs Ha
ocHoBe uccienoBanuii mereopuros [J. of Phase Equilibria, Vol. 17, No. 6, 1996]. 3enensiMu
CHMBOJIaMH 0003HAYEHBI Pe3yJIbTaThl U3MEPEHHI BOCIPUMMYMBOCTHY B Haleil padore [1].

Fig.1 a) Phase diagram of metastable state of the iron-rich alloys plotted using results of X-ray
diffraction, DSC, and susceptibility measurements. For comparison, data of dilatometric
measurements from [Jones et al., J. Iron Steel Inst. 163 (1949)] are shown. b) Phase diagram
constructed based on meteorite studies [J. of Phase Equilibria, Vol. 17, No. 6, 1996]. Green
symbols present results of susceptibility measurements of our work.

I'K-®a3a, o603Hayaemasi B pa3HbIX paboTax Kak o U 02, HCCIEI0BAIACH PEHTTEHOBCKUM
METOJIOM U METO/IOM 3JIEKTPOHHOM MHUKPOCKOINHHU Ha MakpoypoBHe. [lomyuenHas uHpopmanus
COJIEP’KUT HEKOTOPbIE MAJIOOOBSICHUMbIE OCOOEHHOCTH, HAlPUMED, YIIUPEHHbIE PEHTTEHOBCKUE
JIMHUM U aHOMAJIBHBIN POCT IapaMeTpa peleTku ¢ ypeiaudenuem conepkanust Ni [L. Zwell, D.E.
Carnahan, G.R. Speich, Metallurgical Transactions, 1970, v.1, 1007]. Kpome Toro, TpeOyrT
YTOYHEHMsI JaHHbIE KaK SKCIIEPUMEHTAIBHBIX, TaK M TEOPETHUECKUX pabOT, MOCBSILEHHBIX
KOHIEHTPAllMOHHOMY IOBEJACHMIO MAarHUTHOTO MOMEHTa cIulaBoB. [loaTomy mpoBeneHue
JIOTIOJTHUTEIBHBIX AKCIEPUMEHTOB MPEACTABIIOCH 1E1eCO00pa3HbIM, UYTOOBI BOCIOJIHUTH
CYIIIECTBYIOIIHE MPOOEIIHI.

Hammm skciepumMeHTs ObUTH MPOBENIEHBI HA 3aKalleHHBIX 00pa3iax, Kak OMHUCAaHO BBIIIE.
MarautHble U CTPYKTYpHbIE M3MEPEHMsI MOATBEPAMIJIM OMMCAHHbIE B MpeAbIAYHIMX padoTax
TCHACHIINU B IIOBCACHHNU KaK napaMeTpa peHIeTKI/I, TaK U MAarHuTHOIrO MOMCHTA. Hporpecc B
WCCJICOBAaHUM  OBUT  JIOCTUTHYT Ojaromapss TNPUMEHEHHI0 MeEToJla  MeccOaydIpOBCKOM
CIIEKTPOCKOITHH, TIO3BOJISIONIETO HMCCIIC0BATh CTPYKTYPHl HA YPOBHE JIOKAIBHOT'O ATOMHOTO
OKPYXCHHSI Ha PAcCTOSHUU JBYX TMapaMETPOB PEIICTKH. DTOT METOJ IO3BOJSET pPa3iinvarh
cocTosiHUs aTOMOB Fe, nMmeromux B OynkaiiieM oKpyKeHUH pa3IuyHOe KOJINYECTBO aTOMOB Ni.
Ha puc. 2 npuBeaeHs! MeccOay?pOBCKHE CIIEKTPHI U PE3YIbTaThl HX 00paOOTKU B PENOJIOKEHUN
HC3aBUCHUMBIX HapaMeTpOB, OITMCBIBAIOIIINX I/IH)II/IBI/I)IyaJ'II)HI)Ie KOOp)II/IHaHHI/I coceacTBa Fe.
O6H3py>KeHHBIe IMICSCTh HapI_H/IaJ'II)HI)IX BKJIaJ0B )IeMOHCTpI/IpymT HCTHUIINYHLIC 3HAUYCHUA



CBCPXTOHKOI'O II0JIsA, 3aBUCAIINEC, B IICPBYIO O0O4YCPEAb, OT BCJIMYMH MArHuTHBIX MOMCHTOB
COCCIHUX aTOMOB.

OObsicHeHHEe 3TOMY OBUIO HAWJEHO C TOMOIIBID TEOPETUYECKHX padoT, B KOTOPBIX
pa3IMYHBIC MTOIXO0/IbI TO3BOJIMIN YCTAHOBHUTD, YTO MPU YBETUYCHUN KOHIICHTpaAIuu Ni B CIuTaBax
pacTeT UMEHHO MarHMTHbII MOMeHT aromoB Fe, a He oOuIMii MarHUTHBIH MOMEHT CILIaBa.
CnepnoBarenbHO, NaplLMajibHble BKIAAbl B MeccOaydpOBCKUE CHEKTPbl C YBEIWYCHHBIMU
CBEPXTOHKUMHU MOJISIMH MOTYT OBbITh MPHUIKMCAHBI JIOKAIBHBIM KOH(MUTypalusM okpyxeHus Fe,
colepkaluluM Bce Oosbliee KoiuyecTBO atoMoB Ni. Takum oOpa3oMm, MOXKHO cJenath
MPUHITMITHATIBLHO BaXXHBIM BbIBOA: cTpykTypa ['TIK-(ha3sl npencrapiser coboit Habop obiacTeit ¢
pasnuuHoii KoHueHTparmeir Ni, T.e. sBisercs HeomHopomHoi [3]. Bo3moxnas mnpuunHa
CYIIECTBOBAHMS TAaKOH HEOJHOPOAHOCTU B KOHKYPEHUHUU AU(PPY3HOHHOTO U MAPTEHCHUTHOIO
MEXaHU3MOB, YIPABJISIIOLIUX Oy U Y-0, IPEBPALLECHUSIMHU.
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Puc.2 a) MeccbayspoBckue criekTpbl ciutaBoB Fe1oo-xNix: 9KCIEpUMEHT (CHMBOJIBI), PE3YJIbTAThI
onucaHus (TOJCTHIE JIMHUHU) C TIOMOIIBIO TTOJICTIEKTPOB (I[BETHBIC JIMHHH ), PA3HHIIA MEXKIY
HKCIIEPUMEHTOM M pacueToM (TOHKHE HIKHUE JTMHUN); b) I'padmku OTHOCUTENBHBIX TUIOMIA e
MOJICTIEKTPOB B 3aBUCUMOCTH OT BEJTUYHHBI CBEPXTOHKHX TOJICH.

Fig.2 a) Mossbauer spectra of FeiooxNix alloys; experiment (symbols), results of fitting (thick
lines) with subspectra (color lines), difference between experiment and calculation (thin bottom
lines); b) Plots of relative areas of subspectra versus hyperfine fields.

Ilyonuxkayuu:

1. Peculiarities of phase diagram of Fe-Ni system at Ni _concentrations 0 —20 at.% / N.V.
Mushnikov, A.G. Popov, V.S. Gaviko, A.V. Protasov, N.M. Kleinerman, O.A. Golovnya,
S.P. Naumov // Acta Materialia.— 2022.— V.240.— P.118330-1-9.

2. Calorimetric Studies of Phase Transformations in Fe—Ni Alloys / L.A. Stashkova, N.V.
Mushnikov, V.S. Gaviko, and A.V. Protasov// Physics of Metals and Metallography.— 2022.
—V.123, No. 10. — pp. 971-978.

3. Structural transformations of low-nickel Fe-Ni alloys probed by Mdssbauer spectroscopy /
N.M. Kleinerman, N.V. Mushnikov, A.V. Protasov, V.S. Gaviko, O.A. Golovnya, S.P. Naumov
/1 J. Alloys and Compounds.—2023.—V.962.—P.171132-1-8.

3



https://doi.org/10.1016/j.actamat.2022.118330
https://link.springer.com/article/10.1134/S0031918X22600907
https://doi.org/10.1016/j.jallcom.2023.171132

Peculiarities of structure of Fe—Ni alloys containing 3 -20 at% Ni.

N.M. Kleinerman, N.V. Mushnikov, A.V. Protasov, V.S.Gaviko, L.A. Stashkova, S.P. Naumov

In materials science, binary systems are all-recognized principal subject-matters of
research works. Physical properties of these materials largely specify the scope of their
applications. Among them is Fe-Ni system which demonstrates a variety of temperature- and
concentration-dependent structural forms that are responsible for pronounced inexplicable
physical effects. The very first step of such investigation works is studying of the phase diagram
of the system, which, in turn, is composed of the results of independent previous researches. The
data collected in the reference book after Massal’skii [T. B. Massalaski, Binary Alloy Phase
Diagrams, 2nd ed. (ASM International, Materials Park, Ohio, 1990)], which nowadays is one of
the most respectful sources, presents the Fe-Ni diagram based on information gained in many
works carried out by different methods for existing equilibrium structures. However, in a number
of earlier works [Jones et al., J. Iron Steel Inst. 163 (1949), H. Asano. J. of the Physical Society of
Japan, Vol.27, No3, 1969], attention was paid to metastable states of the alloys, which is a separate
important task when dealing with real objects. In the range of concentrations 3 — 20 at% Ni, there
occurs the so-called martensitic transformation of the high-temperature FCC structure into the low-
temperature BCC one, which is governed by a specific mechanism and, probed by different
methods, demonstrates a behavior called as hysteresis. These observations were reported as early
as in the 40ties of the 20" century and later were well-founded included in the diagrams
constructed when studying these phases as constituents of meteorites [J. of Phase Equilibria, Vol.
17, No. 6, 1996]. Such a behavior means that the reverse transformation takes place at other
temperatures than the forward one and in the diagram there must be two lines showing transition
temperatures rather than one as in [J. Phase Equilib. Diffusion (2019) 40: 743-756]. This
discrepancy between different literature sources made us set an independent research work using
appropriate experimental techniques.

As objects for experiments, samples with different Ni concentrations ranging between 3
and 20 at% were prepared by melting in induction furnace, homogenized at a temperature of 1100
°C with quenching into icy water and then subjected to rolling to a thickness of 0.1 mm, again
heated to a temperature of 1100 °C and quenched into icy water. Experimental techniques were X-
ray diffraction, differential scanning calorimetry (DSC), and temperature measurements of
magnetic susceptibility and magnetization. The results were compared with the data of lab
experiments and with the diagram taken from meteorite objects, as is shown in Fig. 1 (page 2).

The conclusion made in our papers published in [1, 2] says that the diagram for metastable
states must be presented in the reference books along with that for equilibrium state.

The BCC phase, designated in different works as o and a2, was investigated by X-ray
method and electron microscopy on a macrolevel scale, and information gained contains some
poorly explained peculiarities, for instance, broadened X-ray reflections and anomalous grows of
the lattice parameter with concentration [[L. Zwell, D.E. Carnahan, G.R. Speich, Metallurgical
Transactions, 1970, v.1, 1007]]. Moreover, data of both experimental and theoretical works
dealing with the concentration behavior of magnetic moment of the alloys need elucidating.
Therefore, additional experiments seemed timely to fill the blank gaps.

Our experiments were carried out on the quenched samples described above. Magnetic and
structural measurements confirmed the tendencies in the behavior of both the lattice parameter and
magnetic moment described in the previous works. The advances in the study were provided by
application of a method that can probe structures on a level of local atomic surrounding, at a
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distance of two lattice parameters, Mossbauer spectroscopy. This method allows us to differentiate
the states of Fe atoms having different number of Ni atoms in the nearest neighborhood. In Fig. 2
(page 3), the Mossbauer spectra and the results of their fitting under assumption of independent
parameters describing individual coordinations of Fe neighborhood are shown. Six partial
contributions detected demonstrate unusual values of the hyperfine field, depending in first turn
on the values of magnetic moments of the neighboring atoms.

Explanation was found with the use of theoretical works in which different approaches
served to claim that it is the magnetic moment of Fe atoms rather than the total magnetic moment
of the alloy that grows when the concentration of Ni in the alloys increases. Hence, partial
contributions to the Massbauer spectra with enhanced hyperfine fields can be ascribed to local
configuration of Fe neighborhoods containing increasing number of Ni atoms. Thus, the
conclusion of crucial importance should be made: the structure of BCC phase represents a series
of regions of different concentrations, i.e., is inhomogeneous [3]. Possible explanation can
supposedly be found in a competition of the mechanisms governing a-~y and y-a tranformations,
diffusion and martensitic ones.



