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HeitrponHsie TuppaKkmuoOHHbIEC
HUCCJICI0BAHUSA YIIOPSAA0YCHHBIX CIIJIABOB
C THTAHTCKON MATHUTOCTPUKIUEH

CpaBHuTenbHO HemaBHO, B Hawanme 2000-x 1T,
A.E.Knapkom ¢ coaBropamu [1] B crumaBax Fe—Ga 0bu10
OTKPBITO HOBOE SIBJICHHE, TTOJYYHBIIICE HA3BAHUE «TUTAHT-
CKas MarHUTOCTPUKLU». ET0o CyTh COCTOUT B TOM, YTO IIPH
HEKOTOPOM KOJIHYECTBE TaJUTHSI MATHUTOCTPUKITUS CIUTaBa
Fe—Ga yBenmmunBaetcst mout B 20 pa3 1Mo CpaBHEHHUIO C
YHCTBIM >kene3oM u gocturaet 400 ppm. OTo O6bU10 MpU-
3HAHO TPOPHIBOM B MaTEPHAJOBEACHUU MarHUTOCTPHUK-
IMMOHHBIX MAaTCpPUaJIOB U BbBI3BAJIO HaCTOﬂHH/Iﬁ BaJl pa60T
10 U3Y4EHHIO IPUYUH OTKpbITOTO sBjieHus. Cremyer npu-
3HATh, YTO, HECMOTPS Ha y)ke mouth 20-IeTHHE YCHIIHA,
NPUYUHBL (POPMUPOBAHUS TUTAHTCKOW MarHUTOCTPUKIIUH
B cmiaBax Fe—Ga ocTaroTcsi B 3HAUUTEIBHOW CTENEHHU
3arajouyHsIMU. Ha Bompocsl, modemy HemarHWTHBIA Ga

CTOJIb paJJUKAJIbHO BJIWUACT HAa MAarHUTOCTPUKINIO, IMOYEC-
My B 3aBHCHUMOCTH KOHCTAaHTHl MarHUTOCTPHKIIHH OT CO-
JIepKaHWS TaJuIis HaOMIoAatoTes [Ba MakCUMyMa mipu 19
n 27 ar. %, — 4eTKoro oTBeTa 0 cux nop HeT. OaHOH U3
MPUYUH CIOXKHOCTEH B TOCTPOCHUH (PU3HYECKU 00OCHO-
BaHHBIX MOJIENICH SIBIISETCS HEAOCTATOK MH(popManuu 06
OpraHU3aIH CYOMUKPOCKOITNYECKOH CTPYKTYPBI (MUKPO-
CTPYKTYPbI) 9THX MaTepPHaJIOB, MO/ KOTOPOW MOHUMAETCS
HapylIeHHE MJCaJbHOTO KPUCTAIIMYECKOrO MOpsIKa Ha
aTOMHOM ypOBHE.

B npencrasiaennom B 2018 . Ha korkypc OVIAU mukite
padot «Koppensiusi cTpyKTypbl U (PU3UYCCKHX CBOWMCTB
B YIOPS/IOYCHHBIX CIUIaBaX Ha OCHOBE jKele3a» (BCero
ObUTO TIpeAcTaBICHO 9 cTaTel, OMyOIMKOBAHHBIX B Iie-
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Neutron Diffraction Studies of Ordered
Alloys with Giant Magnetostriction

Relatively recently, in the early 2000s, A. E. Clark and
co-authors [1] discovered a new phenomenon in Fe-Ga
alloys, which was called “giant magnetostriction”. The es-
sence of Clark’s discovery was that with a certain amount
of gallium, the magnetostriction of Fe—Ga alloys increas-
es by a factor of almost 20 in comparison with pure iron
and reaches 400 ppm. It was recognized as a breakthrough
in the materials science of magnetostrictive materials and
resulted in an upsurge of studies on the causes of this phe-
nomenon. It must be admitted though that, despite almost
20 years of efforts, the causes of the formation of giant
magnetostriction in Fe—Ga alloys remain largely mys-
terious. There are still no clear answers to the questions
why non-magnetic Ga so radically affects magnetostric-
tion and why in the dependence of magnetostriction con-
stant on the gallium content two maxima are observed at
19 and 27 at.%. One of the reasons for the difficulties in
constructing physically grounded models is the lack of

information about the organization of the submicroscopic
structure (microstructure) of these materials, which is un-
derstood as a disruption of the ideal crystalline order at the
atomic level.

A series of studies “Correlation of structure and phys-
ical properties in ordered iron-based alloys” presented in
the JINR Prize competition in 2018 (a total of 9 papers
published in 2016-2018 were submitted) sums up the
intermediate results of the research into these problems
carried out by JINR FLNP employees (A. M. Balagurov,
I.A.Bobrikov, S.V.Sumnikov) and specialists from the
National University of Science and Technology “MISiS”
(I.S.Golovin, V.V.Palacheva). In all studies of the se-
ries, a combination of macroscopic techniques and neu-
tron diffraction was used to analyze the unusual physical
properties of Fe-xMe alloys, where Me = Al, Ga, Ge, Tb.
It was neutron diffraction which made it possible to obtain
unique data on the atomic structure of alloys, their micro-
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puox 20162018 rr.) moaBeeHBI TPOMEKYTOIHBIE UTOTH
yeunuit  corpynuukoB JIHO® OMAU (A.M.banarypos,
U. A.Bbob6puxos, C.B.CymuukoB) n Hanmonansaoro wuc-
CJIC/IOBATEIbCKOTO  TEXHOJIOTMYECKOTO  YHHBEPCHTETA
«MUCuC» (U.C.Tonoun, B.B.IlanageBa) mo wu3yue-
HUIO 3THX BOIpocoB. Bo Bcex paboTax nukia s aHanu-
32 HEOOBIYHBIX (DPU3MUYCCKUX CBOWCTB cruiaBoB Fe—XxMe,
rme Me = Al, Ga, Ge, Tb, ucrnonbp30BaoCh COYETAHHE
MaKpOCKOITMYECKUX METOIOB M AM(PAKIUK HEHTPOHOB.
WNmenno mudpaknns HEWTPOHOB MO3BONMIA TOIYYHTH
YHUKaJIbHBIE JAaHHBIE MO ATOMHOW CTPYKType CIUIaBOB,
UX MUKPOCTPYKTYpE M MPOTEKAHHIO (ha30BBIX TEPEXOI0B.
Bce ncnonezoBanHbIe B paboTax IMKIa HEHTPOHHBIE JaH-
HbIE OBUTH TIOJTy4YeHBI Ha (Dypbe-ITu(paKTOMETpe BHICOKO-
ro paspemerns (OIBP), neiicTByromeM Ha UMITYIECHOM
peaktope UBP-2 B JIH® OUAN. Ocobennoctsasmu OIBP

ABIIAIOTCA BBICOKOE paspemenue 1o dy,, (Ad/d=0,0015)
U BO3MOXXHOCTh KOMOWHHMPOBATH €ro C HAKOIUICHHEM
J(paKIMOHHBIX JAHHBIX, IOJY4aeMbIX CO CPEIHUM
paspemeruem (Ad/d = 0,01), HO ¢ BBICOKOW CBETOCHIION.
VBenuueHHas CBETOCHIIA O3BONIMIIA OCYIIECTBUTE HElpe-
PBIBHOE CKaHMPOBAaHHE II0 TEMIIepaType C PerucTparu-
eif MaHHbIX Kaxayro muHyTy (real-time, in situ pexwm).
CootBerctBeHHO, DJIBP nanm BO3MOXHOCTH MOJyYHUTH
MHPOPMALNIO BEICOKOTO KaueCTBa O CTPYKTYpE, BBISIBUTH
TOHKHE JETall MCKa)XCHHH KPUCTAUINYECKOW PEeIIeTKH,
U3MEPUTH cllabble 10 MHTEHCUBHOCTH IU(PAKIHOHHBIC
MUK M B pPEAbHOM BPEMEHH IPOCIEANTh BapHAIHIO
CTPYKTYPbI 1 MHUKPOCTPYKTYPBI IPH TeMIIEpaTypHBIX (a-
30BBIX MIEPEXOAX.

JudpaknoHHbIE CIIEKTPhI YIOPSJOYCHHBIX CIUIABOB
coJieprKar iBa TUIIa IMKOB — OCHOBHBIE H CBEPXCTPYKTYP-

Fe-27Ga

Puc. 1. Domronyst TUQpaKIMOHHBIX CHEKTPOB MpU
HarpeBanuu cocrasa Fe—27Ga oTr KOMHATHOH TeMm-
neparypsl 10 850°C, B xolne KOTOPOH MpPOHCXOIST
¢azoseie nepexons DOy — L1, — DO,y — A2. Un-
nekcsl Muiuiepa AMQPaKIMOHHBIX MHKOB YKa3aHBI
JUISL COOTBETCTBYIONIMX CTPYKTYpHBIX (a3. Ilukn
¢ h+k+1=4n ssustorcs ocuoBHbMH, TiKH (200),
(110), (311) — cBepXCTPYKTypHBIE

Fig. 1. Diffraction peak evolution for Fe-27Ga alloy
upon heating from room temperature to 850°C, during
which DO; — L1, — D0,, — A2 phase transitions
occur. Miller indices of diffraction peaks are specified
for the corresponding structural phases. Peaks with
h+k+1=4n are fundamental, peaks (200), (110),
(311) are superstructure ones

structure, and the kinetics of phase transitions. All neutron
data used in the series of studies were obtained using the
High-Resolution Fourier Diffractometer (HRFD) oper-
ating at the IBR-2 pulsed reactor at JINR FLNP. Among
specific features of HRFD are its high d,, resolution
(Ad/d = 0.0015) and the possibility of combining it with
the acquisition of diffraction data collected with medium
resolution (Ad/d = 0.01) but with high luminosity. The en-
hanced luminosity allowed continuous temperature scan-
ning with data recording every minute (real-time, in situ
mode). Thus, HRFD made it possible to obtain high-qual-
ity information on the structure, reveal fine details of crys-
tal-lattice distortions, measure weak-intensity diffraction
peaks, and to follow the variation of the structure and mi-
crostructure during temperature phase transitions in real
time.

The diffraction patterns of ordered alloys contain two
types of peaks — fundamental and superstructure ones.
The latter are of low intensity, since it is determined by the
difference in the coherent scattering lengths of Fe and Ga.

Nevertheless, in the case of neutron diffraction, they are
reliably resolved (Fig. 1) due to a sufficiently large contrast
between these values (in the case of X-ray diffraction, su-
perstructure peaks are hardly visible). Already in the first
study of the series [2], a variety of important new results
were obtained in real-time, in situ neutron diffraction ex-
periments in the analysis of the phase transformations and
ordering processes in Fe-27.0Ga and Fe-27.4Ga alloys
upon their heating in the temperature range from room
temperature to almost 1000°C; the results were correlated
with the data collected with other methods.

In subsequent studies of the series, we performed a
comparative analysis of the structural, mechanical in-
elastic and magnetic effects in Fe-25Ga and Fe-27Ga
compounds, and studied the effect of addition of small
amounts of Tb and almost stoichiometric Fe3Me composi-
tions, where Me = Al, Ga, Ge, on the structural and phys-
ical properties. Besides, a new interpretation of the orga-
nization of their microstructure was proposed. For Fe;Al
it was shown that the bulk of the material is occupied by
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Hble. [locnenHne MMEOT Mallyl0 MHTEHCHBHOCTb, I10-
CKOJIKY OHa OIIPENeJsIeTCsl PasHOCTBIO KOTEPEeHTHBIX
JunH paccestaust Fe n Ga. Tem He MeHee B ciydae angpax-
MU HEUTPOHOB OHU YBEPEHHO perucTpupyrorcs (puc. 1)
BCJIC/ICTBHE JOCTATOYHO OOJIBIIOTO KOHTpAacTa MEIy
STHMU BEJIMYMHAMH (B cllydae AU(HPaKIUK PEHTTCHOBCKUX
JTy4ell CBEPXCTPYKTYPHBIX ITHKOB IOYTH HE BHIHO). YKe
B TIepBOH paboTe nukia [2] ObLI0 MPOAEMOHCTPUPOBAHO,
KaKUe HOBBIE B)KHBIE PE3YJIBTAThl MOTYT OBITH HOJIyYEHBI
B real-time, in situ HeliTpoHHBIX JU(PAKIINOHHBIX YKCIIE-
pHUMeHTax Ipy aHaan3e (Pa30BbIX PEBPAIICHUH U ITporec-
coB ymnopsioueHus B cocraBax Fe—27,0Ga u Fe-27,4Ga
IIPY UX HarpeBaHUM B JIaIla30He TEMIIEpaTyp OT KOMHar-
vHoOi 1 moutu 10 1000 °C, 1 ycTaHOBJICHA UX KOPPEIALINS
C TaHHBIMHU, IMOJTYUYCHHBIMU APYTUMH METOJaMU.

B cnenyromux paborax nukia Oblil BBIIIOJIHEH CpaB-
HUTEJIBHBIA aHAIN3 CTPYKTYPHBIX, MEXaHHUYECKHX HEy-
NPYyruX W MarHUTHBIX 3¢ ¢exToB B cocraBax Fe-25Ga
u Fe-27Ga, uccnenoBano BIMsHNE HA CTPYKTYpHbIE U (U-
3WYECKHe CBOICTBA MabIX J100aBOK TepOMS ¥ IMOYTH CTe-
XHUOMETpHIECKHX cocTaBoB Fe;Me, rne Me = Al, Ga, Ge.
Kpome Toro, Obuta mpeiokeHa HOBask MHTEPIpPETalus
OpraHM3aIH MUKPOCTPYKTYPBI CIUIABOB. A UMEHHO, JUIS
Fe;Al Oputo mokasano, 4To OCHOBHOW 00BbeM Marepuana
3aHST HEYNOPsI0YeHHOH (a3oii, mpencrasisitoeii coooi

a disordered phase, which is a matrix in which clusters of
the ordered phase are dispersedly distributed (Fig.2). The
cluster sizes are mesoscopic (i.c., at the level of hundreds
of angstrom) and depend on the preparation and annealing
procedures and can increase several times after heating
and slow cooling of the alloy. This model predicts an in-
creased width of superstructure peaks, which is observed
in the experiment (Fig. 3). Subsequently, these results were
generalized to the microstructure of Fe—Ga alloys, which
allowed us to relate its changes with the physical proper-
ties of the alloys.

Characterizing the performed studies as a whole, it
can be said that the combination of high-resolution neu-
tron diffraction with real-time, in situ mode proved to be
an exceptionally powerful method for analyzing structural
transformations in ordered iron-based alloys, which al-
lowed us to obtain a large set of results of interest from the
viewpoint of materials science, as well as of fundamental
interest.

Part of the studies of the series was carried out with
the financial support of RFBR, projects 18-02-00325 and
17-52-44024.

Puc.2. Cxemarnyeckoe MpeacTaBIeHUE KIACTEPOB CTPYKTYpHO
ynopsanodeHHoi ¢assr (D), aucnepcHO pacnpenereHHBIX B Ma-
TpHILIE HEYTIOPsIoYeHHOH (a3l (M)

Fig.2. Schematic representation of clusters of structurally or-
dered phase (D) that are dispersedly distributed in a matrix of
disordered phase (M)

Puc. 3. [locrpoenne Buibsmcona—Xomia st mmpuH audpax-
LMOHHBIX ITHKOB coctaBa Fe—27Al (d — MexXIIockocTHOE pac-
CTOSIHHE). DKCIIEPUMEHTANBHBIC TOYKN C YETHBIMH HHACKCAMH
Munepa (200, 220 u T. 4., THKA OT MaTPHUIIBI) JOKATCS Ha (T10Y-
TH) JINHEHHYIO 3aBUCHMOCTb, TOT/Ia KaK TOYKH C HEUETHBIMH HH-
nexcamu Mmutepa (311, 331 u T. 1., CBEepXCTPYKTYpHBIC ITUKU OT
KJIACTEPOB) JIOXKATCS Ha MapaboIMdecKylo 3aBHCHMOCTB, COOT-
BETCTBYIOIIYIO pa3Mepy KOTEPEHTHO PacCeHBAIONIMX O0OmacTel
oxono 230 A. Hikass muaus — ¢ynkius paspemenns OJIBP
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Fig.3. Williamson—Hall plot for the widths of diffraction peaks
for Fe-27Al (d is interplanar spacing). The experimental points
with even Miller indices (200, 220, etc., peaks from the matrix)
fit a close-to-linear dependence, while points with odd Miller in-
dices (311, 331, etc., superstructure peaks from clusters) follow
a parabolic dependence corresponding to the size of coherently
scattering domains of about 230 A. The bottom line shows the
resolution function of HRFD




Marpuiyy, B KOTOPOH JIUCIIEPCHO pacmpe-
JINICHbl KJIacTephl YIOPsA04eHHON (asbl
(puc.2). Pasmepsl KiacTepoB — ME30CKO-
ITUYECKHE, T. €. Ha YPOBHE COTEH aHICTPEM,
3aBUCST OT NPOLEIYp NPHUTOTOBJICHUS W
TEMIIEPaTypHBIX OT’KUTOB M MOTYT YBEIIH-
YMBATHCSl B HECKOJIBKO pa3 Iocje Harpesa
CIUlaBa M MEJIEHHOTO OXJIXKJCHUs. OTa
MOZIENb  IPEACKA3bIBACT  YBEIMUYCHHYIO
HIMPUHY CBEPXCTPYKTYpPHBIX IHKOB, 4TO
U HaOIomaeTcss B 3KcIepuMeHTte (puc. 3).
Briocnencreun atu pesysbrarsl Obutn 00006-
LIeHbI Ha MUKpOCTpyKTypy Fe—Ga cruiaBos,
Ha OCHOBAHMH 4ero Obljla pacCMOTpEHa Kop-
persiiysl U3MEHEHUH MX MUKPOCTPYKTYPBI
1 pU3NYECKNX CBOMCTB.

XapakTepusysl BBIIOJHEHHbIE pabOThI
B LIEJIOM, MOKHO CKa3aTb, YTO COYETaHHE
JU(paKIud HEHTPOHOB BBICOKOTO paspe-
HIeHus ¢ pexxumoM in Situ — real-time oxa-
3aJI0Ch UCKJIFOYUTEIILHO MOIIHBIM METOIOM
aHajiM3a CTPYKTYPHBIX TpaHcdopmanuii B
YIOPSIOYMBAIOIIUXCS CIUIaBaX Ha OCHOBE
KeJe3a, 4To IMO3BOJIMIIO TIOJIYYUTh OOJIBIION
Ha0Op Pe3yNbTaToB, MPEJCTABISIOMNX KaK
MarepuaioBeYecKuil, Tak M (QyHIaMeH-
TaJIbHBIN UHTEpEC.

Yactp pabOT LMKJIA BBIIOJIHEHA IPU
¢uHaHcoBol noxaepxke PODU, npoekTts
18-02-00325 u 17-52-44024.
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