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PEILIEHUE
XII MEXKAYHAPOJHOM KOH®EPEHIIUA
«BBICOKHUE JJABJIEHUSA - 2012.
OYHIAAMEHTAJIBHBIE U ITPUKJIAJJHBIE ACIIEKTBI»

C 23 no 27 cents6ps 2012 r. B TypUCTCKO-0310pOBUTEIBHOM KoMILiekce «Cy-
nax» r. Cymak AP Kpsim npoxoanna XII MexmynapoaHast koHdepeHuus «Bvico-
kue napieHus — 2012. @ynaamMeHTanbHbIEe U IPUKIIATHBIE ACTIEKTHD.

B kongepenmun npunsiin yuactue 115 ydeneix u3z Ykpauwnsl (73), Poccun
(41), lonpuu (1). Cnenano 11 muieHapHBIX AOKIAA0B, 34 CEKIIMOHHBIX 3BYKOBBIX
u 77 crennoBsIX. Pabota mpoxouia B paMKax 3 CEKIMH 3BYKOBBIX W CTEHIOBBIX
JIOKJIaJI0B:

— (u3HUecKkre CBOMCTBA TBEPABIX TEJ MO/ IaBICHUEM;

— UHTCHCHUBHBIE TNIACTUYECKHE ehopMalnu;

— TEXHOJIOTHH 00pa0OTKH JaBJICHHEM TIEPCIIEKTHBHBIX MaTEPHAJIOB.

Ha xondepeHunn ObUM TpenCTaBICHbBl HOBBIE PE3YyIbTAaThl HCCIEAOBAHUS
BJIMSIHUS BBICOKHMX JIaBJIEHUI B COYETaHUM C JIPYTUMH BO3JIEHCTBUSAMU (TEIUIOBBI-
MU, 1ehOpMalMOHHBIMU, dJIEKTPUUYECKUMH, MATHUTHBIMH U yIapHO-BOJHOBBIMH )
Ha CTPYKTYpPY M (U3UKO-MEXaHHYECKHE CBOICTBAa METAJIOB, CILIABOB, IOJHME-
POB, KEPaMUKH.

[IpennokeHbl HOBBIE MOAXO/bI K PACCMOTPEHUIO OOJIBIINX MJIACTHYECKUX Je-
dopMmaruii, OCHOBaHHbIE HAa CHUMMETPHH T€OMETPUUYECKUX MPEoOpa3OBaHMUIA,
YHEPTEeTUYECKUX TMPHUHIUIAX, ME3OCKONNYECKUX SIBICHUIX, BEIyIIUX K 00pa3o-
BaHUIO HOBBIX Je(exToB. OCOOBI MHTEPEC BHI3BIBAIOT HCCIEAOBAHUS CTPYKTYPHI
IpaHULl 36peH B 00bEMHBIX HAHOCTPYKTYpHBIX Martepuanax (OHM), noiayueHHbIX
METOJIaMU MHTEHCUBHOW Tutactudeckoii aedopmaruu (UI1J]). Otn uccnenoBanus
SBJISIFOTCSL OCHOBOM 3epHOrpaHudHOd uHxeHepun OHM s moBBIIIEHUST WX
CBOWCTB.

BozpacTaer unrepec k pa3paboTke criocoO0OB HampaBJIEHHOTO (OPMUPOBAHUS
OPUEHTALIMOHHOIO MOPsJAKA B MOJUMEPHBIX Marepuanax npu peanusauuu UII/,
co3ganuio ¢ ucnoap3oBanuemM MII/] mosmMepHBIX MaTepHaoB ¢ MOBBIILICHHBIMA
nedOpMaIMOHHO-TIPOYHOCTHBIMU ~ XapaKTEPUCTUKAMH, HHU3ZKOW aHU3O0TPOIHEH
CBOMCTB M 0COOBIMH (DYHKIIMOHAJILHBIMU CBOMCTBaMU. PaccMOTpeHO BIMsIHUE Ha-
NPsDKEHHO-N1e()OPMUPOBAHHOTO COCTOSIHUSA, 33/1aBa€MOT0 MapuipyToM aedopmu-
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pPOBaHUS NIPU PaBHOKAHAJIBHOW MHOTOYIJIOBOM 3KCTPY3UHM Ha CTPYKTYpY U CBOM-
CTBa KPUCTAJIM3YIOIIMXCS nosrMepoB. [loka3aHa BO3MOKHOCTh (pOPMUPOBAHUS
B 00paboTtanubix UITJ] kpucTanausyoomuxcs NoauMepax HHBapHoro 3¢gdexra.

BenyTcs mupokue uccie1oBaHus BIUSHNAS BBICOKMX JABICHUM HA DJIEKTPOHHBIN
Y MOHHBIN NEPEHOC B MHOIOKOMIIOHEHTHBIX KPHCTAJUIMYECKUX M CTEKII000Pa3HBIX
XaJIbKOT€HUIHBIX CUCTEMaxX. 3HAUUTENbHOE BIUSHUE YACTISACTCS NU3yUEHUIO CBOMCTB
YTJIepOIHBIX MaTepuanoB (rpaduta, HAHOTPYOOK, pynnepeHa, rpadena).

CyIecTBeHHO pPAaCHIMPWIICS CIEKTpP padoT MO HCCIETOBAHUIO (U3NICCKUX
CBOWCTB TBEPJOro TeJa Mo AaBieHueM. BriepBble Ha KOH(epeHLnU MPO3BYYaIH
JOKJIabl, TOCBAIICHHBIE N3YYEHUIO BIUSHUSA CBEPXBBICOKHMX JTABJICHUW HA JJIEK-
TPOHHOE COCTOSIHUE M MarHMTHBIE CBOMCTBA MarepuasioB. Takoro poga uccieno-
BaHUs UMEIOT O0IIePU3NIECKOE 3HAUCHUE.

bonbiioe 4ncino AOKIaa0B MOCBSAIIEHO NPAKTUYECKOMY NPUMEHEHHUIO PE3YIlb-
TaTOB UCCJIEIOBAHNM, BBINTOIHEHHBIX 110 MIIJ[ TMTaHa, THTAHOBBIX U aTOMHUHME-
BBIX CIUIaBOB. B 4acTHOCTH, NMPUBOAMINCH NPUMEPHI MPOMBIIUIEHHOTO IOJIyYe-
HUSl HAHOCTPYKTYPHOI'O TUTAHA JJI1 MEAULIMHBI.

CoxpaHeHa M TNpUyMHOXeHa reorpadus MpeacTaBUTEIbCTBAa JokianoB. Co
BPEMEHHM MPOLUION KOH(EpPEHIMH BO3POCIO YUCIO PabOT MOJOIBIX YUEHBIX.
Pacmupen cnekTp ¢pu3N4eCKUX METOJIOB MCCIEOBAaHUM, CIOIB30BAHUSA UX IPU
NOJy4YeHUH HaHoMaTepruanoB. OOCYXIEHBI JOKIAIbl O PA3BUTUU AHATUTUYCCKUX
METOJIOB 3JIEKTPOHHOW MUKPOCKOIIMH, B TOM YHUCIIE MIPSIMOTO Pa3peleHUs], METO-
JIOB TIOJTyY€HUS] HAHOMATEPUAJIOB, HAIIpUMEpP, KpUOTeHHOU iehopmaniveil, HaHOK-
pucTanau3anueid aMopQHbIX CIJIaBOB U Jp.

Y4acTHUKM KOH(EpPEHIMU OTMETWJIM XOPOIIYH OpPraHM3allMi0 Kak B YacTH
NpOBEIEHUs caMOl KOH(epeHLMH, TaK U B OTHOIIEHUM MPOKUBAHUS, MUTAHUA,
oOecrnieueHus 001IeHUs yueHbIX. Takke UMU ObIJI0O OTMEUYEHO YYacTHE pa3IudHbIX
(U3UUECKUX LIKOJI, YBEJIMYEHUE KOJIMUYECTBA MOJIOJIBIX YUEHBIX, BO3POCIIEE YUC-
JIO JOKJIAJIOB, BBIMOJHEHHBIX B PAMKAaxX KOOIEPALMU YYEHBIX PA3HBIX HHCTUTYTOB
Y OpraHu3alvii Kak B YKpauHe, Tak U B Poccun.

Y4acTHHKH KOH(pepeHI N NPUILIH K CleAyoIemMy

— B pamkax oOcyxaeHust pe3yapTaToB HEOOX0IUMO COCPENOTOUUTHCS Ha QyH-
TaMeHTabHBIX acriekrax WIT/], MexaHu3max miacTudeckoi nedopManuyd HaHO-
MaTepuasoB, BIUSHUU TONYYCHHBIX CTPYKTYp Ha (U3UYECKHE CBOICTBa MaTe-
pHAaNoB, a TAK)KE Ha TaKUX HAIPABJIEHUSX, KaK: METOJbl MOJIYUYEHHUsS] HAHO- U CyO-
MUKPOKPHUCTANINYECKUX MAaTEePHAIOB KOHCTPYKIIMOHHOTO M (PYHKIIMOHATHHOTO
Ha3HAuCHUs, MEXaHWKAa MaTepuaioB, obOecrieueHne OamaHca MEXaHMYECKUX Xa-
paKTepucTuK it Oonee >PPEeKTUBHOrO MPUMEHEHHUS HaHOMAaTEepUaJIOB, PACIIU-
peHue obyracTell X UCIOJB30BaHUS.

— B uvactu QyHgaMeHTaIbHBIX TEOPETUYECKUX U IKCIEPUMEHTAIBHBIX PadoT
HalpaBUTh yCWIMs Ha pacnpoctpaHeHue npenacrasienuit 06 WIIJ[ Ha pa3HbIx
MacCIITa0HBIX YPOBHSIX M TEM CaMbIM Ha CO3[aHUE OOIIel KapTUHBI HBOJIOLUU
CTpyKTyphI B ycnoBusax WUII/I.



®du3nKa U TEXHHKA BbICOKMX aaBJjiennii 2012, Tom 22, Ne 4

— Haubonee akTyalbHBIMU OCTaIOTCSl TaKue 00JACTH MCCIIEOBAHUI: BOIPOCHI
mexaHuku marepuainos npu UII/; maccomnepeHoc u anomanbHas 1uddys3ust mpu
UITM; xomOunupoBanue NI/l 1 TpaauimoHHBIX METOI0B 00paOOTKU MaTepHaioB
JIaBJIEHUEM; MHOTO(YHKIMOHAIBHBIE U HKCIUTyaTallMOHHBIE CBOWCTBA HAaHOMATe-
puainos, noixydyeHHsix merogamu UIJI.

— Ha xondepeHuun npencraBieHsl pabOThl IO TEXHUKE 3KCIEPUMEHTA, B KO-
TOPBIX OTPaKEHA TEHJCHIINS K UCIOIb30BAHUIO PA3JINYHBIX (PU3NYECKUX METO/I0B
WCCJIE0OBAHMS I10J JABJICHUEM: MAarHUTHBIX, PE3UCTUBHBIX, ONTHYECKHUX, PE30-
HAHCHBIX, MeccOay3poBCKUX U Jp. OHAKO 3TOT acleKT OTpa)keH MOoKa HeJlocTa-
ToYHO. HeoOxo1mumMbl 0030pHBIE TOKIIA B! IO TEXHUKE SKCIIEPUMEHTA.

— JIng mpakTUYeckoil peanu3alnuu 1eaecoo0pa3HO MPOAOIKUTh U aKTUBU3HU-
POBAaTh MUCCIIEAOBAHUS C IENBIO0 CO3aHUSI HOBBIX METOJIOB 00Pa0OTKU U TEXHOJIO-
I'Mid, a TaKXKe Pa3BUTHUSA TPAAULHUOHHBIX METOJOB Ul MOBBIIEHUS UX 3((HEeKTUB-
HOCTH, YMEHBIIEHHUSI c€0ECTOMMOCTH MPOAYKIuH. [IpuBiekars K y4acTuio B pa-
60Te KOH(EpEeHIIMH KOHCTPYKTOPOB M Pa3padOTUMKOB HOBOI TEXHHMKH BBICOKOTO
JIABJICHUS, IPOMBILIUIEHHUKOB U ITOTEHIIUAIbHBIX HHBECTOPOB.

— Ha crenyromux KoH(pepeHIMIX MpeasaraeTcs yBeIUYUTh KOJUYECTBO MpPHU-
TJIAIICHHBIX JOKJIAJ0B IO TEPCIEKTHBHBIM HANpaBICHUSM (DU3UKH U TEXHUKH
BBICOKUX JaBJICHHH, NPUMEHEHHUIO COBPEMEHHBIX MaTepHajiOB U METOAOB UX 00-
paboOTKHU B pa3IMUHBIX OTPACISIX TEXHUKHU. BBecTH KOpOoTKHE AoKiIaabl (2—3 cnai-
J1a) JJ1s1 MOJIOABIX YYAaCTHUKOB 3BYKOBOM CECCHUM.

— Kondepenus cunraer HeOOXOAUMBIM MPEANPHUHSTH IIard MO BKJIIOUEHUIO
KypHana «Pu3KMKka U TEXHHKA BBICOKHMX JaBicHMI» B nepedeHb BAK Poccun u
WH(POPMALMOHHBIE CUCTEMBI, CBSI3aHHBIE C WHACKCOM IIUTUPOBAHHUS.

Y4acTHUKM KOH(PEPEHLIMU BbIPA3HIN TAaKXKe KEJIaHUE U 3aMHTEPECOBAHHOCTD B
HNOAroToBKEe MeEXIyHapOoaHOM KOH(pEpEeHIMH 110 HaHOCTPYKTYpPHBIM MaTepHajiam
(Nano 2014) 8 MI'Y, Mockaa.
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A mechanism of perfect plasticity is suggested that implies the phenomenon under study
to be of ctitical nature. We consider that it is related to percolation transition in the net of
grain boundaries and with nonlocal intraction of fragments uniquely under simple shear.
Our point of view is substantiated by general reasoning, mainly of geometrical character,
and also by employing computational modeling and well-known experimental results.

The main hypothesis is: a collective deformation mode presents in metals under pressure,
starting from a definite value of simple shear y,. The consequences are saturation at
strengthening and anomalous fast mass transfer. The mentioned mode is determined by
slipping along high-angle boundaries, being composed by rotations of microscopic
blocks of the material subjected to small cyclic elastic and plastic deformations. This de-
formation mechanism is a characteristics of simple shear under pressure, being not real-
ized at elongation scheme of deformation. When y < y,, deformation of metallic materials
by simple shear follows the same mechanisms as in the case of elongation. Here both de-
formation modes have almost equivalent effect on metals with respect to deformation
strengthening and grain refinement.

Thus, the following viewpoint is substantiated in the paper: simple shear under pressure

is a two-stage process. The first stage (y < y.) is equivalent to elongation and the second
stage (y> y) is not.

Keywords: perfect plasticity, simple shear mode, percolation, couple stress, piecewise
isometric transformation

1. Introduction

At the present time it is reliably established that under sufficiently large defor-
mation of metals under simple shear mode and low homological temperatures, the
stage of perfect plasticity comes. That is, the shear stress reaches some fixed level
of saturation and does not increase any more during simple shear loading.

© Y. Beygelzimer, N. Lavrinenko, 2012
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P. Bridgeman was one of the first to reveal abnormally low hardening under
large strain in his classical high pressure torsion experiments [1]. Later, multiple
investigations (see, for example, [2,3]) confirmed that torsion test diagram exhi-
bits saturation. Finally, most convincingly perfect plasticity was detected in recent
investigations of high pressure torsion [4—7]. These studies did not only show that
torque was constant under given intensive shear strain, but also detected that the
microstructure of a specimen remained the same.

Perfect plasticity under large deformations indicates that qualitatively new state
of metals is observed. Hence, similarly to superplasticity, superfluidity, and su-
perconductivity, this phenomenon is of fundamental interest. It was the flow of
solid bodies «like liquids» that impressed A. Treska the most in his historically
pioneering investigations of plastic deformations [8]. However, situation devel-
oped in such a way that «perfect plasticity» for a long time remained just a
mathematical model for the scientists, while attention was attracted to elastoplas-
tic transition.

In connection with perfect plasticity phenomenon, two questions arise: what
causes it and whether it can be observed not only during deformation according to
simple shear scheme, but also under other schemes of loading?

There are no definitive answers on the posed questions hitherto. So, basing on
the results of experiments performed, P. Bridgeman supposed that abnormally low
hardening occurs only under simple shear deformation scheme. In order to justify
this idea, he suggested an idealized nuclear model for metal deformation. The
model illustrated fundamental difference between the simple shear scheme and the
stretching one [1]. The author [9] also considered that loading scheme affects
structure and characteristics of metals under large deformations.

On the other hand, according to [4], experimental results persuasively show
that, no matter what the deformation mode is, evolution of metal structure mainly
follows universal regularities. These regularities were established in [10] and [11].
That is the reason why the authors suggest that perfect plasticity phenomenon
should be common for different loading modes though it was experimentally
proved only during high pressure torsion. The problem was to achieve large de-
formations under other loading schemes. This point of view is shared by authors
of [5-7].

In this article, we suggest a mechanism of perfect plasticity under low ho-
mological temperatures. According to this mechanism, the phenomenon under
study is of critical nature. We suppose that it is connected with percolation transi-
tion in the net of grain boundaries and with nonlocal interaction of fragments
uniquely under simple shear. Our point of view is substantiated by general rea-
soning, mainly of geometrical character, and also by employing computational
modeling and well-known experimental results.

The article develops concepts [12—15], which are based on the hypothesis of
the first author that during large deformations according to simple shear scheme
turbulent flows in metals occur.

11
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2. Symmetry of simple shear and its relation with perfect plasticity

Simple shear is given by:

x=x! +yX2,
xQ:XZ, (1)
S=x3

where X’ and x’ are correspondingly initial and final coordinates of material point
(i=1, 2, 3); y is shear strain; X =0 gives a plane of shear deformation and the

direction of shear coincides with the X'axis.
= We will show if the pressure remains constant
under simple shear of the material, this material is

@ r necessarily perfectly plastic.

Let us perform a thought experiment. Imagine
a round disk of deformed specimen that is
clamped between two rigid anvils, the upper of
which is being twisted and the lower one is fixed
(Fig. 1). There is no slipping between the anvils
\ / and the specimen. In cylindrical coordinates sys-

tem (7, @, z), the velocity field with the following

Fig. 1. Deformation scheme for a
specimen material layer clamped
between two rigid anvils

components is realized: V,, = V, = 0, V, = rzo,
where ® =@ =const, and the dot over ¢ means
time derivative.

Under such conditions, simple shear deformation occurs at any moment of time
in a small neighborhood of any point of the disk. The stressed state is described
with tangent stress T and pressure p.

From dimensional considerations, it appears that p(r,y)=o(y)f(r,y), where
o(y) is the flow stress of the deformed material, f(r,y) is a dimensionless func-

tion of the shear strain y and the distance between the point and the z axis. Rela-
tion between the anvils pressing force P and p(r,y) is given by:

R
P(2) = [ p(r,y)dS = 2m0(y)[ / (r,y)rdr, 2)
S 0

where R is the disc radius.

Let us consider the system for two shear strain values y; and y,. As the system
i1s symmetric with respect to the rotation about axis z (see Fig. 1), it holds that
f(ry1) = f(r,y2). Then it follows from relation (2) that under constant anvils
pressing force P(y;) = P(y3), the yield stress of the material and pressure at any
point of the disc are also constant, that is o(y;) = 6(y2) and p(r,y1) = p(7,y2).

Thereby, we can conclude that simple shear under constant pressure should
pass without hardening of the material. It is a necessary condition. It follows from
the assumption that if simple shear is possible under constant pressure then such

12
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material has to be perfectly plastic. And when the material is hardening under de-
formation, it becomes necessary to increase the pressure continuously in order to
realize simple shear scheme. Simple shear mode under constant pressure is impos-
sible for a hardening material. This result was obtained for the first time in
[13,14], where the agreement of the result with experiments was also shown.

The principal property of the simple shear is that under transition (1), different mate-
rial points move in a parallel way relative to each other. It is this property that results in
invariance of the geometry of the considered system with respect to the rotation.

If we consider a thin layer of material along the motion direction in a neigh-
borhood of any point of the specimen, cross-section size of the layer does not
change under deformation. Owing to this fact, a stationary structure may be
formed in the material and such a structure results in perfect plasticity. Let us
show that if the deformation scheme does not possess this specified property then
stationary structure cannot emerge.

Now we consider a pure shear, i.e. flat lengthening deformation without change
in volume. This transformation is given by:

x! :le,
x?=k1x2, (3)
S=x3

where £ is the elongation coefficient along the X D axis.

We suppose that for some value k*, the cross-section size of the specimen
along the X° axis is equal to a and the average cross-section size of microstructure
fragments is d. We assume that starting from this moment, further deformation
does not result in microstructure changes (steady-state process).

Extending deformation, the elongation coefficient can be increased to some

value k >k*%. Then it follows from (3) that the cross-section size of the

specimen after deformation should become less than the average size of the mi-
crostructure fragments. But it is a contradiction. Therefore, stationary micro-
structure under flat lengthening deformation mode is impossible.

Certainly, because of a number of reasons (such as dynamical recrystallization, mi-
gration of grains boundaries, boundaries sliding, etc.), at some stages of deformation
process, the cross-section size of fragments may decrease more slowly than the cross-
section size of the specimen. However, our considerations imply that under lengthening
deformation scheme, the process of fragmentation has to recrudesce until the specimen
breaks or stretches to one-dimensional chain of indivisible fragments, atoms in the
limit. Consequently, lengthening deformation of the specimen and deformation of the
microstructure are similar, being reflected by the Polanyi—Taylor principle [16].

So we showed that under simple shear mode, there are all necessary prerequi-
sites for perfect plasticity and stationary microstructure emergence. How do they
emerge and sustain during the deformation? Do there just universal regularities
take place [10,11,17] or can there appear some new mechanism? In the next sec-

13
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tion we suggest a geometrical model for plastic deformation of metals that may
help to answer these questions.

3. Equivalent strain for simple shear and its symmetry

Considerable recent attention (see [18,19]) has been focused on equivalent
strain for simple shear. According to [18] it must be calculated from von Mises
relation, in contrast to this relation Hencky is substantiated in [19]. It is shown
below that only von Mises strain is governed by simple shear symmetry. That is
why von Mises strain must be used as the equivalent strain in this process.

The equivalent strain refers to scalar control parameter of deformation which is
specified from the outside and dictates the processes which proceed in material.

Let’s obtain the structure of an equation for the control parameter characterising
simple shear ¢(y) based on two obvious natural requirements it has to satisfy: (i)
invariance of simple shear with respect to the shift of coordinates origin along the
axis X' (the symmetry of simple shear), and (ii) additivity of this characteristic.
For this purpose, let consider two consecutive conditions / and 2 of a system that
correspond to the shear strain y; and y, with the control parameters g; = ¢(y;) and
q> = q(y2), respectively. Based on the requirement (i), the change of ¢ between the
conditions 1 and 2 is g1 = g(y2 — v1). According to the condition (ii), g2 = g1 + q12.
Hence, the function ¢(y) has to satisfy the condition g(y2) = g(y1) + g(y2 — v1). Des-
ignating Ay =y, — y1, we obtain g(y; + Ay) = g(y1) + g(Ay), viz. g(y) is a linear func-
tion. From compliance with the single stress-strain curve at low strain levels,

q(y) =er =%, which is equivalent to the eq. (2). Thus, the von Mises strain is

the geometrical parameter characterizing simple shear.

The derivation of linear equation for g(y)was just based on (i) the symmetry of
simple shear and (ii) the additivity of this characteristic. It is easy to show that the
same logic results in the derivation of logarithmic dependence of the same parameter
on a sample length in the case of pure shear or elongation. Indeed, the symmetry of
elongation is its scale invariance, which means parameter f characterising this process
should depend on the elongation ratio A = //ly where / and /y are current and initial
lengths of a sample. Let us consider two consecutive conditions of a system under-
going elongation, A; and A,. According to the additivity requirement (i), /> = f; + fi2.

From the scale invariance (i), fi, = f (};—2] Therefore, f(Ay)=f(A)+f (};—2]
1 1

From this equation we derive f (A +AL)— f(A;)= f[l +i—x] where AL =X, — A;.
1

When i—x<<l, from the latter equation we obtain Af(X)= f(1)+ /(1)
1

Taking into account that f(1) =0 and passing on to a limit when AA — 0, we de-

Ak

k'
(1

rive LA =f—(). Hence, f=f '(l)ln?». Thus, with the accuracy of an arbitrary

da A
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constant f '(1), the geometrical parameter characterising pure shear is the von

Mises strain.

In the resume to this Section, we underline that the von Mises strain is the only
legitimate geometrical measure of strain valid in both the cases of simple shear
and elongation. It is based on the symmetry of these processes.

4. Plastic deformation of metals as isometric transition with singularities

Real metallic specimens are large constructions with a huge number of at-
oms. Deformation of a specimen is related to change of atoms positions in space
and can be described by transformation of their coordinates:

m=G(M), 4

where M and m are the vectors of initial and end coordinates of atoms, corre-
spondingly.

Because of high dimensionality of the problem, it is practically impossible to
determine the transformation in (4) and relate it to the loading that was applied to
the specimen. That is why deformation process is usually considered at several
multi-scaled levels.

At the macro level, metals are modeled as solid continuous media, deformation
of which results in changes in lengths of material fibres and in angles between
them. This can be given by affine transformation:

dx = F(X)dX, (5)
where X and x are coordinates of a material point before and after deformation;

F(X)= dx is the deformation gradient tensor.
dX

Transformation (5) in fact represents transformation (4) at the macro level
without taking in regard micro-scale effects.
At the micro level, metals possess crystalline lattice that can bear only reversi-

ble elastic deformation with the order of magnitude not more than 10~ There-
fore, at the micro level, transformation (4) can be considered to be isometric, i.e.
without changes in lengths of segments. Such transformations include translation,
rotation, and symmetric reflection.

According to the theorem stated in [20], being near-isometric in the small neigh-
borhood of any point, continuous transformation is isometric in the whole region.
That is why transformation (4) can change lengths of segments at the large-scale
level only if it is isometric transformation with singularities (piecewise isometric
transformation) [21]. The latter represent surface of isometric discontinuity, owing
to which large values of derivatives in transformation (5) are achieved.

It can be seen that large plastic deformations in metals are realized only when
discontinuities in isometric transformations happen. Dislocations, grain boundary
dislocations, disclinations, and twins become bearers of such discontinuities. Sur-
faces that sweep the discontinuities under their motion form a set of singularities
of an isometric transformation (4).
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The fact, that transformation (4) belongs to the class of isometric transforma-
tions with singularities, gives a key to answer the questions we posed in the previ-
ous section. Let us demonstrate it.

We will employ a simple model (Fig. 2)
to see how singularities of isometric trans-
formations emerge.

If the point A4 shifts upright, OA4 segment
becomes longer and deviation from isome-
try occurs. When this deviation reaches its
critical value (point A4 reaches position 41),
ruptures at points x; (i = 1, ..., 4) emerge
and restore isometry at the small-scale
Fig. 2. «Lengthening» of the segment level, however allowing the whole seg-
OA by isometric transformation with ment to «lengthen». Further motion of
singularities point 4 upright will lead to subsequent re-

iteration of the process, that is deviation
from isometry superseded by local restoration of isometry due to emergence of
new discontinuities in the isometric transformation.

From our reasoning it appears that transformation (4) can be given in the fol-
lowing way:

' § Al

y

0O x X, X3 x, A x

G=]]AG,, (6)

where i is the deformation step,

AE; are affine transformations for a small elastic deformation of the crystalline
lattice; AP; are piecewise isometric transformations that bring parameters of the
lattice back to initial values and allow the representative volume of material to
accomplish large deformation.

Transformations AP; result in periodical relaxation of elastic stress at the micro
level because a set of discontinuities of isometry emerges, we will designate this
set D;. These are transformations that describe the structural evolution based on a
number of governing principles [10,11,17].

So the issue of stationary microstructure raised
in the previous section now can be connected with
the search for a stationary piecewise isometric
transformation AP that is a self-mapping of D. Its
repeated application will not enhance the surface
of discontinuity of isometry. Rotation of a circle
on a plane is such transformation (Fig. 3).

In the following section, we will show that sim-
ple shear in metals can be realized in a similar way
to certain conditions.

Fig. 3. Stationary isometric
transformation with singularity
on the circumference
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5. Percolation model of a stationary microstructure under simple shear
scheme

Let us consider schematically a grained refinement process. According to
[10,11,17], at the initial stage of deformation, weakly misoriented cells of the size
of about dozens of nanometers emerge, forming a fine-meshed net consisted of
small-angle grain boundaries. Starting from some moment, areas with high-angle
misorientations appear in the net and their number increases as deformation con-
tinues.

It is widely known that sliding along high-angle boundaries caused by defor-
mation is possible (even at cryogenic temperatures) [22,23]. In this case such
boundaries constitute the set of isometry discontinuities D. Sliding occurs by
movement of grain-boundary dislocations.

For the purpose of further discussion, it would be convenient to represent
boundaries from the set D as a series of separatory rolls, rotation of which results
in relative shift of adjacent areas. We will consider only plane problems, so the
boundaries can be given as depicted in Fig. 4.

Rolls can rotate clockwise as well as counterclockwise. Easy to see that in the

.. ox
first case, they correspond to positive values of 8_ components of the deforma-

x2
2
. . . X
tion gradient and negative values for F components, contrary to the other case.
X
A The above introduced scheme of the

fragmentation process makes possible to
d describe it in percolation theory terms
(bonds problem) [24] as a consecutive
transformation of some lattice, resulting

CX 20X X XX )
////////////////////////////4 irll that more ind more of its parts become

X! Let us introduce relative part of the
lattice elements ©, belonging to the set D.
According to the percolation theory,
while ® << 1, such elements are individ-
ual random inclusions in the lattice. With
the growth of ®, they start to form interconnected groups (clusters). When ©®
reaches some critical value ©., qualitative change occurs, and so called percola-

b

Fig. 4. Model for the discontinuity boun-
dary in a form of chain of rolls, with rotati-
on resulting in relative shift of areas a and b

tion cluster (PC) emerges, penetrating through the whole lattice. ®. is named a
percolation threshold and depends on the type of the lattice. For example, for a
hexagonal lattice ®. = 0.65.

As percolation cluster penetrates through the entire lattice, it determines iso-
metry discontinuities emerging in the whole representative volume. From this
time on, transformation AP; in representation (7) can proceed mainly through
shear along the boundaries of PC. The latter has a fractal structure with loops of
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different scales [24]. Average crosscut size of the loops L equals the correlation
radius that is much larger than the cell size /. Therefore, at the scale of L, the loops
seem to be smooth. Value L near the percolation threshold can be written as [24]:

L=I|®@-0.", (8)

where v is the index for correlation radius. For two-dimensional problem, v = 1.33.
In Fig. 5 one step of simple shear under transformation (7) with percolation cluster

is described. The latter is schematically shown as hexagonal lattice with cells sized L.
1

According to (1), under simple shear, it is necessary to keep % positive. It means
X

that in the model from Fig. 4, the rolls rotate clockwise. Therefore, the areas boun-
ded by cells of the percolation cluster will rotate counterclockwise, as shown in Fig. 5.

a b
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Fig. 5. Scheme of the simple shear under transformation (7) with the presence of a per-
colation cluster: a — the initial state; b — AE transformation result (elastic deformation); ¢
— percolation cluster is outlined by dashed line; d — AP transformation result based on
shift along the boundaries of the percolation cluster
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It can be seen from Fig. 5 that in those areas, isometry sustains to the first ap-
proximation and deformation gradient of simple shear is achieved mainly by shifts
along the percolation cluster.

We considered only one step of simple shear. All further steps are similar, so
steady state of the proposed transformation is sustained (in statistical sense).

It should be noted that each step is related to the effect of its own percolation
cluster. The matter is that the motion of grain boundary dislocations along the
border results in the change of the grain boundary structure that may temporary
impede the next shift (stick-slip effect [25]). So, as a result of one step of trans-
formation (6), the percolation cluster may break in several points, so that at the
next step, another percolation cluster would be needed. It means that in order to
realize the suggested mechanism, there should be some reserve of lattice elements
belonging to the set D. In other words, shear percolation that started at ® = @,
would become stationary at ® = ®,; > O..

Let us specify the main properties of the suggested mechanism of simple shear.

(a) The suggested mechanism is not of local, but of cooperative character with
correlation radius L. At the scales of sizes less than L, percolation cluster is of frac-
tal nature; for the scales higher than L, it is homogeneous (crossover effect, [24]).
According to relation (8), the correlation radius sharply increases near the percola-
tion threshold. For L > H (where H is the thickness of the shear layer, e.g. distance
between anvils in high pressure torsion), percolation cluster may break in the direc-
tion of the shear. It means that for a regular percolation, that is for perfect plasticity,
the value of L has to decrease. According to (8), it requires an increase in ©. It ap-
pears that the percolation threshold ®.(H) in the layer of thickness H exceeds the
threshold ®, in the system of infinite scale. From (8) a simple relation between per-
colation thresholds for layers of thicknesses H| and H; can be derived:

©(H,)-0, _(ijv, )

0(H,)-0, | H

(b) It can be seen in Fig. 5 that sequential application of transformation (7) for
different percolation clusters results in stirring of the material. In [14], the upper
estimate for R mean-square shift of fragments under the mechanism is assessed:

_ U
R=\Z7. (10)

By substitution of (8), the following can be written:

Rzz\/%|®—®c|‘”2. (11)

So, fast mass transfer is a consequence of the suggested mechanism of simple shear.
(c) Under transformation (7), orientation of the fragments remains persistent
(Fig. 5). That is why, in the process of stirring, strongly disoriented and weakly
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disoriented fragments contact themselves. In the second case, they «stick» and
coarsen. The coarsened fragments then break again. All the above supports the
idea that under the suggested mechanism, orientation of fragments is dynamically
persistent, as well as their average size and distribution of sizes. Values of theses
parameters correspond to the ones at the beginning of percolation.

(d) The piecewise isometric transformation that was discussed in this section is
based on rotations of volume areas, bounded by percolation cluster cells. As the
latter have fractal structure at the scales less than L, so it is multi-scale rotations
that are in some way similar to the ones that emerge under turbulent liquid flows
[12,13]. However the reason for such rotations in solids differs from the reason
for turbulence in liquids.

In the next section we will state and substantiate a hypothesis that the driving
force for rotations is couple stresses emerging in the representative volume of
material under simple shear.

6. Couple stress as the driver for rotation

Classical theory of continuous media is based on a hypothesis of symmetrical
stress tensor. In the vast majority of practically important cases, this hypothesis is
consistent with experimental data. Significant deviations from experimental re-
sults arise when stress gradient is large. In particular, it is the case of polycrystals
[26] or grain media. Because of essential inhomogeneity, there arise sharp stress
drops which result in effects that symmetry theory cannot describe. To study such
materials nonlocal mechanics is employed [27].

From our point of view, such effects take place in metals during simple shear
mode near the described above percolation transition. They are associated with the
violation of the shear stress reciprocity law at the L scale. Vacancies emerging in
the border areas may become the reason for this law violation during simple shear.
Indeed, increasing number of vacancies causes an increase in volume of material
in the boundary area. Additional work needed to shift against the pressure results
in an increase in tangential stress [28].

Schematically, let the percolation cluster cell be a square of size L (Fig. 6,a).
We consider the forces that act on the square. Let the pressure along the z axis ex-
ceed the pressure along the x axis. Pursuant to the above reasoning, such a situa-
tion will lead to an inequality 1., > 1., that is, to the violence of shear stress reci-
procity law at the L scale.

From Fig. 6,a, it comes that the force moment affecting the square cell, which
is caused by tangential stress, is the following: M, = Lz(rzx — Ty;) (assume that the
thickness of the cell in the direction perpendicular to the xz plane is unit). Its small
rotation, caused by the moment, results in respondent elastic reaction of the sur-
rounding material. This reaction can be described by an inhomogeneous field of
normal stresses Acy, and Ac,, that creates a compensating moment M affecting
the cell. The case is presented in Fig. 6,a. A simple physical model in Fig. 6,b il-
lustrates the effect.
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Fig. 6. Model describes torque emergence under simple shear scheme: a — the scheme of
forces and torques applied to the PC cell; b — model with four rubbers between perspex
plates demonstrates how elastic torques emerge when the lower plate moves and gener-
ates frictional stress differential on the horizontal and vertical sides of rubbers

While the moments are equal, the cell is equilibrium. Under a certain threshold
value 1., conditions favoring stick-slip effect emerge (mentioned above). This
results in an imbalance between M; and Mg, causing a stepwise rotation of the cell

under the force moment difference My — M;. Then comes relaxation M and equi-
librium restores.

The aforesaid is explained by a mechanical model represented in Fig. 7.

A disc clamped between two parallel plates is fixed to the wall by means of a
elastic cylinder. Small shift of the plates in opposite directions generates a mo-
ment of frictional force applied to the disc. It causes a elastic response of the
twisted disc. It is known that due to sticking and slipping in the contact area be-
tween the disc and the plate, shifting the plates causes the so-called frictional self-
oscillation of the disc with periodical relaxation of the elastic moment of the disc
in the model [25].

Let us show that the above described
mechanism of stress relaxation is typical for

@ simple shear scheme only. Thereto, we con-

. sider loading of a mechanical construction

from the idealized model in Fig. 3.

The construction consists of a flat plate
of height H and width B, containing a cy-
lindrical inclusion of diameter D. Under
deformation of the construction, slipping
between the inclusion and the plate is pos-

Fig. 7. Mechanical model that ex- sible, but no gaps are allowed. At the bor-

plains the mechanism of deformation der between the elements holds the follow-
under simple shear ing:

21



®du3nKa U TEXHUKA BbICOKMX AaBJjiennii 2012, Tom 22, Ne 4

T<Ty+Wp, (12)

where t and p are correspondingly tangential stress and pressure along the border;
19 and p are the cohesion sliding resistance and friction coefficient between the
plate and the inclusion. Along the borders, where equality in (9) holds, slipping
between the inclusion and the plate occurs.

Condition (12) accounts for the above relation between the shear stress along
the high-angle border and the pressure affecting it.

The plate and the inclusion are made of the same material that is an isotropic
elastic body with elastic modulus £ and Poisson’s ratio v.

We numerically analyzed planar deformation of the system under simple shear
(loading 1) and under lengthening along the side B (loading 2). The following pa-
rameters were used: D = 1, H=10, B =100, v=0.3, 19= 510 'E, p=10". Lin-
ear sizes satisfy conditions H/B << | and D/H << 1 that exclude edge effects.
Values that were chosen for v and t¢/E are typical for metals, u was estimated
based on the relationship between the shear stress and pressure for metals [2,28].

In order to establish specifics of each mode of deformation, during the loading,
the same maximum shear y was achieved. Under the simple shear scheme, the re-
quired shift A of the upper plate relative to the lower one was determined by:

A=vH . (13)

Under the second loading scheme, the necessary lengthening of the plate AB
was given by the relation between maximum lengthening and maximum shear
[29]. As a result the following expression was derived:

AB=yB(1-v). (14)

Simulations were made for the shear range 0 <y < 0.005 employing ANSYS
package. The finite element PLANE183 is used. This element is defined by 8-
nodes having two degrees of freedom at each node: translations in the nodal x and
y directions.

In order to simulate the problem correctly , a contact analysis is used. For this
purpose, contact elements CONTA172 are placed along the matrix surface and
target elements TARGE169 are used along the surface of inclusion. For surface-
to-surface contact elements, the Lagrange multiplier method on contact normal
and the penalty method on tangential contact stiffness are used. This method en-
forces zero penetration and allows a small amount of slip for the sticking contact.
The amount of slip in sticking contact depends on the tangential stiffness.

Fig. 8 illustrates typical vector plot of displacements for deformation under two
schemes.

Numerical modeling showed that loading of the system under two schemes have
similarities as well as differences in the behavior of inclusion. Similarity is that
slipping occurs starting with deformation value y* ~ 10_3, along certain areas of
the border. When deformation increases the number of such areas, the magnitude
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Fig. 8. Typical vector plots of displacement for deformations under simple shear (@) and
flat lengthening schemes (b)

of the slip also increase. The difference between the loading schemes is that under
the lengthening scheme, slipping is rare and is of accidental nature, while under
simple shear, it is coordinated and lowers the shear deformation of the inclusion
(Fig. 9).

Inclusion is rotated and deformed in such a way that elastic energy of the entire
system decreases.

This result is easy to understand qualitatively. Shear deformation of inclusion is
2

is the volume of the

related with elastic energy given by W ~ VEyz, where V' =

inclusion (thickness is assumed to be unit). Correspondingly, an increase in elastic
energy is equal to AW ~ LzEyAy. Rotation occurs when the accompanying decrease
in elastic energy exceeds the work of the friction force A4 along the border of the
inclusion, which can be assessed as A4 ~ LzroAy. So the condition of the rotation is
y* ~ 1¢/E, which complies by the order of value with y* assessed empirically.

a b c

Fig. 9. The scheme describes directional nature of slipping along the border between in-
clusion and the plate under simple shear: inclusion prior to deformation (a), after simple
shear without slipping (b), after slipping along the border (c¢). Deformations are signifi-
cantly exaggerated for the sake of clearness
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7. Discussion

In previous sections we tried to justify a hypothesis that perfect plasticity at
low homological temperatures is a critical phenomenon, which is incident to met-
als only under simple shear. Starting from a certain stage of deformation, in the
grain boundaries, lattice percolation clusters emerges — they provide the simple
shear through the representative volume. Percolation is a collective effect, so it is
the cooperative mechanism that is responsible for perfect plasticity. As it was
shown in sections 5 and 6, it is a multi-scale rotation of the material blocks in per-
colation clusters cells.

Another, local, variant of perfect plasticity mechanism is suggested and ana-
lyzed in [5-7], where this phenomenon is connected with grain boundary migra-
tion. In this approach, deformation mode does not influence the evolution of metal
microstructure and perfect plasticity should emerge under any loading scheme. As
a direct argument in favor of their hypothesis, the authors of [5—7] give the results
of following experiment carried out by means of High Pressure Torsion (HPT)
method.

In a thin nickel disc, by high pressure torsion a stationary structure was created
that induced perfect plasticity. Afterwards, on the parallel to the axle crosscut of
the specimen, a squared grid was dashed by a high-energy ionic beam. Then the
disc was twisted once more so that the shear deformation in the crosscut was ~ 1.
According to authors, nearly homogeneous grid deformation testified against the
grain boundaries slipping and fragmentation at the stationary stage of deformation
stopped due to migration of grain boundaries.

From our point of view, the described experiment does not allow even to make
a conclusive implication whether the mechanisms of perfect plasticity at low ho-
mological temperatures are local. There are at least two factors that could in this
case result in that the grid did not spread out under deformation as it should be
according to property (b) in section 5.

The first one is that high-energy ionic beam could change the local structure of
the boundaries on the grid lines, so that slipping on them became impossible.
Hard influence of such beams on the material is documented in numerous works
(e.g. in [30]).

The second factor is that in the thin butt end of the disc with the crosscut, con-
taining the grid, deformation mode changed. Absence of pressure on the crosscut
surface resulted in flow of the material in radial direction. This fact, in turn, re-
duced the thickness of the disc in the crosscut area and, consequently, the pressure
of anvils on it. Eventually, the thin layer of the disc containing the grid turned into
a kind of sticker on the disc. Its deformation replicated the disc deformation, but
the mechanism of deformation did not correspond to the one for the stationary
stage of simple shear.

It should be noted that there is a number of convincing experimental evidences
about abnormally fast mass transfer in metals under simple shear [12—15] as it should
be according to suggested cooperative mechanism (property (b) in section 5).
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An additional point to emphasize is that activation energy for grain boundary
migration is considerably above the activation energy for grain boundary sliding
(e.g. in [22,23]). Grain boundary migration at low homological temperatures may
be a consequence of grain boundary sliding due to boundary steps.

Arguments in favor of suggested perfect plasticity mechanism are adduced by
some well known experimental results.

At the stationary HPT stage, the average fragments size, the size distribution of
the fragments and a part of high-angle grain boundaries do not change as defor-
mation increases. Values of theses parameters correspond to the ones at the termi-
nating of fragmentation [4,31]. This clearly demonstrates the property (c) of sug-
gested perfect plasticity mechanism.

HPT experiments with Fe specimens under von Mises strain e = 300 demon-
strated that material fragments on the perpendicular to the radius crosscut were
slightly extended and tilted at an angle to an anvil axis smaller than evident from
geometry one (70—80 degrees instead of 89.89).The real tilt of the fragments was
appropriate to deformation e = 1.6-3.3 [5]. Property (c) in section 5 offers a satis-
factory explanation of the observed fact.

It was apparent in recent reports on severe plastic deformation (SPD) under
simple shear scheme, that scaling effect exists. It lies in the fact that the average
grain size of submicrocrystalline structure undergoes a rise as the size of specimen
increases (at the same or other conditions). Scaling effect has come to light in the
examination of Equal Channel Angular Pressing (ECAP) [32]. It is also found in
Twist Extrusion (TE) experiments [33]. Within the context of suggested theory,
the property (a) in section 5 is associated with SPD scaling effect. From relation
(9), it is obvious that to enhance the part of high-angle grain boundaries at steady-
state phase of simple shear, the size of specimen should be decreased. It is not a
proof that perfect plasticity has percolation nature, so SPD scaling effect requires
further examination. But if the only distinctive structure scale is the average grain
size of order 100 nm then it is difficult to explain that the thickness of the shear
layer of four orders of magnitude higher has an impact on it.

Finally, we note that the proposed mechanism of perfect plasticity is imple-
mented by a relatively small elastic-plastic deformation of the volume of material
bounded by the cells of a percolation cluster. Moreover, these strains are cyclical
in nature. At this stage fragments get free of dislocations (they get beyond the
boundaries), microvoids formed at the early stages of deformation are healed. As
a result the ductility of the metal enhances [15,34].

8. Conclusion

This article attempts to explain the nature of perfect metal plasticity at low ho-
mological temperatures. There are reasons to assume that it is realized only under
simple shear and performed by cooperative mechanism due to percolation shift
along grain boundaries. Prior to some percolation threshold, metal deformation
under simple shear is realized by the same mechanism as under strengthening. In
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this case, both of these deformation modes make an equivalent impact on metal
hardening rule and grain refinement.
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A FO. Beticenvsimep, H.M. Jlaspinenko

IAEAJTBHA MIMACTUYHICTb METATIB NMPU NMPOCTOMY 3CVYBI:
FEOMETPUYHUI MIOX1A

3amponoHOBaHO MEXaHi3M ifealbHOI IUIACTHYHOCTI MPU MPOCTOMY 3CYBi NMPH HHU3BKUX
TOMOJIOTIYHHX TeMIepaTypax, 3TiJHO 3 SKHM L¢ SBHUIIE MAa€ KPUTHYHY MPUPOLY, 00y-
MOBJICHY TEPKOJISIIIHHIM MEPEX0J0M Y CITII IPaHHIb 3€pPEH 1 HEIOKATHHOIO B3aEMO/IIEI0
(parMeHTIB TUIBKH MPH MPOCTOMY 3CyBi. TOUKy 30py aBTOpiB OOIPYHTOBAHO 3aralbHUMU
MIpKYBaHHSMH 3 YpaxyBaHHSIM pe3yJbTaTiB YUCEIBHOTO MOJCIIOBAHHS M BIJOMHX €K-
CIIEPUMEHTAIBHUX JaHUX.

Karwu4oBi cioBa: ineanbHa MIacTHYHICTD, POCTUI 3CYB, EPKOJISAIIS, 130METPHYHI TIe-
PETBOPEHHS 3 PO3PUBAMU

A E. beiicenvzumep, HM. Jlagpunenxo

WOEANBHAA MIACTUYHOCTb METAJIOB NPU NPOCTOM COBUIE:
FEOMETPUYECKMI MOAXO[,

IIpemyioxkeH MEXaHU3M HICaTHFHOM IIACTUYHOCTH IPH MPOCTOM CABUTE MPU HUZKUX TO-
MOJIOTHUECKHUX TEMIIepaTypax, COTJACHO KOTOPOMY 3TO SBJICHHE MMEET KPUTHYECKYIO
MIPUPOJTY, CBSI3aHHYIO C MEPKOJSAIIMOHHBIM MIEPEXO0/IOM B CETH TPAHMUII 3€PEH M HEJIOKAIb-
HBIM B3aUMOJIeHiCTBHEM (parMEeHTOB MMEHHO IIPH MPOCTOM CABHUTe. ToUka 3peHHs aBTO-
POB 00OCHOBaHAa JOBOJBHO OOIIUMH pacCyXJIeHUSIMH (B OCHOBHOM TI'€OMETPUYECCKOIO
XapakTepa) ¢ MPHUBJIECYCHHUEM C 3TOH LENBI0 PE3yJIbTAaTOB YHCICHHOTO MOJAEITUPOBAHUS U
M3BECTHBIX OKCIIEPHMEHTAIBHBIX JaHHBIX.

KiroueBsle cjioBa: nujeanbHas IUNIACTUYHOCTD, IPOCTON CABUI, NMEPKOJISILIMS, U30METPU-
YecKue nMpeodpa3oBaHusi ¢ 0COOCHHOCTSIMH
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The magnetic susceptibility y of the FeSe and FeTe compounds, which form the simplest
FeSe(Te) system of the novel iron-based superconductors, is studied in the normal state
under hydrostatic pressure. A substantial positive pressure effect on y is detected at low
temperatures for both compounds. At room temperature, this effect is found to be also
strong, but it is negative for FeSe and positive for Fele. Ab initio calculations of the
pressure dependent electronic structure and magnetic susceptibility indicate that FeSe
and FeTe are close to magnetic instability with dominating enhanced spin paramag-
netism. The calculated paramagnetic susceptibility exhibits a strong dependence on the
unit cell volume and the height Z of chalcogen species from the Fe plane. The observed
large positive pressure effects on y in FeTe and FeSe at low temperatures are related to
considerable sensitivity of the paramagnetism to the internal parameter Z. It is shown
that available experimental data on the strong and nonmonotonic pressure dependence of
the superconducting transition temperature in FeSe correlate qualitatively with the cal-
culated behavior of the density of electronic states at the Fermi level.

Keywords: iron-based superconductors, FeSe, FeTe, magnetic susceptibility, pressure
effect, electronic structure

1. Introduction

The novel superconducting FeSe;_,Te, compounds have attracted extensive
attention due to the simplest crystal structure among the new families of iron-
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based layered compounds exhibiting high temperature superconductivity (see
Refs. [1,2] and references therein). This structural simplicity favors experi-
mental and theoretical studies of chemical substitution and high pressure ef-
fects, which are aimed at better understanding of a mechanism of the super-
conductivity, and also at modifying properties of the novel superconducting
materials.

For the FeSe;_,Te, compounds, a nonmonotonic behavior of the supercon-
ducting transition temperature with x was found, rising from 7c ~8 Katx=0to a
maximum value of ~ 15 K at x = 0.5. Additionally, a large enhancement of 7¢ up
to 35-37 K was observed in FeSe under high pressures P = 90 kbar, indicating
that FeSe is indeed a high temperature superconductor [3,4]. Similar pressure ef-
fects on T have been also reported for FeSeq sTeg 5 [1].

The parent compound FeTe is not a superconducting one, but it exhibits pecu-
liar magnetic properties. A drastic drop in the temperature dependence of its mag-
netic susceptibility y(7) with decreasing temperature was observed at 7' = 70 K,
which is related to the first-order structural phase transition accompanied by the
onset of antiferromagnetic (AFM) order [1,2]. Though the attempts to obtain a
superconducting phase in FeTe under high pressure appeared to be unsuccessful,
the superconductivity at 13 K was detected by applying tensile stress conditions in
thin films of FeTe, which involved in-plane extension and out-of-plane contrac-
tion of the lattice [5].

The tetragonal phase P4/nmm of FeSe undergoes a weak distortion upon cool-
ing to the lower symmetry orthorhombic Cmma phase [3,6]. This transition occurs
within a broad temperature range, about 70—100 K, depending on stoichiometry of
the FeSe;_, samples. Also, the tetragonal FeSe undergoes structural transitions

under high pressures (P 2 100 kbar) to the hexagonal non-superconducting
P6smmmc NiAs-type phase, and then to its orthorhombic modification (Pbnm,
MnP-type) [3,7,8].

Though a substantial increase of T¢ was observed in FeSe under pressure
[3,9—11], these studies did not detect any trace of magnetic ordering. How-
ever, recent NMR studies provided some indication of magnetic phase tran-
sition under pressure [12]. Recently, a static magnetic ordering has been ob-
served above P ~ 100 kbar by means of zero-field muon spin rotation (ZF pSR)
and neutron diffraction [13]. These studies indicated that as soon as magnetic
ordering emerges, the magnetic and the superconducting states coexist, and
both the transition temperatures grow simultaneously with increasing pres-
sure.

Also, it was found that upon applying a pressure, the increase of 7¢ in FeSe;_,
appeared to be nonmonotonic and exhibits a local maximum at P =~ 8 kbar, which
is followed by a local minimum at P = 12 kbar [9,10,13]. Thus, there is still a
controversy regarding an interplay between electronic structure, magnetism and
superconductivity in FeSe(Te) compounds. In order to elucidate the role of ex-
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pected spin fluctuations in superconductivity, it is very important to investigate
the nature of magnetism in FeSe and FeTe and its evolution with temperature and
pressure.

Here we report results of detailed experimental studies of the effect of hydro-
static pressure on magnetic susceptibility of FeSe and FeTe compounds in the
normal state. The experimental investigations are supplemented by ab initio cal-
culations of the electronic structure and magnetic susceptibility of FeSe and FeTe
within the density functional theory (DFT).

2. Experimental details and results

The single crystals of FeSe;_, superconductor were grown in evacuated quartz
ampoules using the KCI/AICI; flux technique at stationary gradient of tempera-
ture. The energy dispersive X-ray spectroscopy revealed the FeSep 95 composition,
labelled in the following as FeSe for simplicity. The FeTe single crystal was
grown by a slow-cooling self-flux method [14] and polycrystalline FeTeg 95 was
prepared by a conventional solid-state synthesis. The tetragonal P4/nmm structure
was checked by X-ray diffraction technique.

Magnetic properties of the samples were tested at 7 = 4.2-300 K by using
SQUID magnetometer. For FeSe, the superconducting transition is detected in the
range of 6—8 K. The magnetization dependencies of the samples in magnetic field
up to 5 T appeared to be close to linear, indicating that concentrations of ferro-
magnetic impurities are negligibly small.

The temperature dependence of magnetic susceptibility ¥(7) of the FeSe single
crystal, measured in magnetic field around A =1 T, is shown in Fig. 1. As is seen,
a substantial growth of susceptibility with temperature was revealed in the normal
state of FeSe, as well as large magnetic anisotropy. The figure also shows the y(7)
dependence for the FeSe sample, which includes about 50 small arbitrarily ori-
ented single crystals. This sample, further called as «polycrystalline» FeSe, was
used for study of the pressure effect on the magnetic susceptibility. In Fig. 2 the
measured temperature dependencies y(7) are shown for the FeTe single crystal
(H|c) and for the polycrystalline FeTe( 95s. The data exhibit a distinct peculiarity at
T = 70 K, which is presumably related to simultaneous structural and magnetic
transition [2].

The study of magnetic susceptibility under helium gas pressure P up to
2 kbar was performed at fixed temperatures of 78 and 300 K by using a pen-
dulum-type magnetometer placed directly in the nonmagnetic pressure cell
[16]. High level of hydrostaticity of pressure is essential to obtain suffi-
ciently precise pressure dependencies of y, because FeSe and FeTe have in-
homogeneous compressibilities associated with the layered structure. The
measurements were carried out in the field # = 1.7 T and their relative errors
did not exceed 0.5% for FeSe sample and 0.2% for FeTe one. The experi-
mental pressure dependencies y(P) at different temperatures are shown in
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Figs. 3 and 4, which demonstrate a linear character. The obtained pressure
effects on magnetic susceptibility dlny/dP for the FeSe and FeTe compounds
are compiled in Table 1.
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Fig. 1. Temperature dependencies of magnetic susceptibility in the normal state for the
single-crystalline sample FeSe and the «polycrystalline» sample FeSe (dashed line). Data
for the single crystal corresponding to magnetic field directions HLc axis and H|c are

denoted by o and A symbols, respectively

Fig. 2. Temperature dependence of the magnetic susceptibility for the FeTe single crystal
(o) and the FeTe( 95 polycrystalline sample (A)
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Fig. 3. Pressure dependencies of the magnetic susceptibility, normalized to its value at P =0,
for the «polycrystalline» FeSe compound at temperatures 78 (/) and 300 K (2). The solid
lines are guides for the eye

Fig. 4. Pressure dependencies of the magnetic susceptibility, normalized to its value at P =0,
for the single-crystalline FeTe (solid line) and the polycrystalline FeTeq 95 (dashed line)
compounds at temperatures, K: 7 — 55, 2-78, 3 - 300
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Table 1
Pressure effect on magnetic susceptibility diny/dP for the FeSe and FeTe compounds
-1
Method T.K dlny/dP, Mbar
FeSe FeTe
Experiment 78 10+3 23+1.5
P 300 —6.5+1 13+1
Theory ~10 ~12 ~20
Theory* ~10 ~8 ~

*Present calculations with structural parameters from Ref. [15].

3. Computational details and results

Ab initio calculations of the electronic structure and paramagnetic susceptibil-
ity were aimed at the pressure effect on magnetic properties of FeSe and FeTe
compounds in the normal state. At ambient conditions these compounds possesses
the tetragonal PbO-type crystal structure (space group P4/nmm), which is com-
posed by alternating triple-layer slabs. Each iron layer is sandwiched between two
nearest-neighbor layers of chalcogen atoms, which form edge-shared tetrahedron
around the iron sites. The positions of layers are fixed by the structural parameter
Z, which represents the relative height of chalcogen atoms above the iron plane.
The structural parameters of FeSe and FeTe were determined by means of X-ray
and neutron diffraction and given in Refs. [1-3,6,8,17,18].

The purpose of the present calculations was evaluation of the paramagnetic re-
sponse in an external magnetic field and elucidation of the nature and features of
magnetism in the FeSe and FeTe compounds. The electronic structure calculations
were performed by employing a full-potential linear muffin-tin orbital method
(FP-LMTO, code RSPt [19]). The exchange-correlation potential was treated
within the local spin density approximation. The calculated basic features of elec-
tronic structures of FeSe and FeTe are in a qualitative agreement with the results
of previous calculations (see Refs. [15,20]).

To evaluate the paramagnetic susceptibilities of FeSe and FeTe, FP-LMTO
calculations of the field-induced spin and orbital (Van Vleck) magnetic moments
were carried out within the approach described in Refs.[21,22]. The spin-orbit
coupling was incorporated, and the effect of an external magnetic field H was
taken into account self-consistently by means of the Zeeman term:

H, :pBH(2§+i). (1)

Here pg is the Bohr magneton, § and 1 are the spin and orbital angular mo-
mentum operators, respectively. The induced in the external field of 10 T spin and
orbital magnetic moments provide the related contributions to the magnetic sus-
ceptibility, yspin and yorb.

It is found that magnetic response to the external field is very sensitive to the
unit cell volume, as well as to the internal parameter Z. The calculated dependen-
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cies of susceptibility of FeSe as functions of the volume and parameter Z are
given in Figs. 5 and 6, respectively. The similar but more pronounced dependen-
cies of susceptibility as those in Figs. 5 and 6 were also obtained for FeTe.
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Fig. 5. Calculated paramagnetic susceptibility of FeSe as a function of unit cell volume. Z
is taken to be 0.26. The arrows indicate the theoretical (/) and experimental (2) equilib-
rium volume values

Fig. 6. Calculated paramagnetic susceptibility of FeSe as a function of Z for the experi-
mental unit cell volume

4. Discussion

Above T, a substantial growth of susceptibility with temperature was revealed
in the normal state of FeSe up to 300 K (Fig. 1). This fact apparently indicates the
itinerant nature of electronic states of Fe near Er, however the scale of the effect
is larger than might be expected. It is presumably related to a fine structure of
DOS N(E) at Ep, but one should expect that FeSe system is driven far from the
ground state at room temperatures. As is seen in Fig. 2, in FeTe y(7) exhibits an
anomaly at 7 = 70, which is in agreement with the literature data [1,2] and appar-
ently associated with the magnetic and structural transitions.

In order to analyse the experimental data on x(P) in FeSe and FeTe, we used
the calculated paramagnetic contributions to susceptibility, xspin and Xor. The or-
bital yo term amounts to about 15% of the total paramagnetic susceptibility for
FeSe and FeTe. The ab initio calculations of the paramagnetic susceptibility of the
tetragonal FeSe and FeTe compounds revealed that these systems are in close
proximity to the quantum critical point and magnetic instability (see Figs. 5 and 6),
and this nearness can result in strong spin fluctuations.

In fact, for FeSe the calculated paramagnetic contribution yspin + Xorb has to be
substantially compensated by a diamagnetic one in order to conform with the ex-
perimental data in Fig. 1. From comparison of the calculated paramagnetic suscep-
tibilities in Figs. 5 and 6 with the experimental dependence of yexp(7) in Fig. 1, one
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can estimate a diamagnetic contribution to magnetic susceptibility of FeSe to be
about —1.5-10" emu/mol. This diamagnetism is comparable in absolute value with
the paramagnetic contribution, and presumably comes from conduction electrons.

The observed large pressure effects on magnetic susceptibility of FeSe and
FeTe are intriguing and require examination. Firstly, as can be seen in Fig. 3 and
in Table 1, there is a striking sign difference for the pressure effects on  in FeSe
at low and room temperatures. Also, the absolute value of this effect is substan-
tially larger than that observed in strongly enhanced itinerant paramagnets [22]. In
FeTe the observed pressure effect on y appeared to be even larger and positive at
low and room temperatures (see Fig. 4 and Table 1).

In order to clarify mechanisms of the behavior of y(P), we carried out field-
induced ab initio calculations of paramagnetic susceptibility for FeSe in the range
of 0—10 kbar, based upon the pressure dependent structural parameters obtained
and listed in Ref. [15]. The corresponding calculated Z(P) are in agreement with
the experimental data [3,6,8,18], as is seen in Fig. 7. As a result, the calculated
values of dlny/dP for FeSe appeared to be in a qualitative agreement with the ex-
perimental low temperature data, see Table 1.

Fig. 7. Calculated pressure behavior of the

0.28 internal chalcogen structural parameter Z
for FeSe (taken from Ref. [15], solid line).

N Experimental data on parameter Z in FeSe
0.27 for the tetragonal phase at 7= 190 (A, [6]),
295 (o, [17]) and 300 K (¢, [18]), and for

the orthorhombic phase at 7 = 16 (o, [3])

026 and 50 K (e, [6]). The dashed line is a

guide for the eye

0 2 4 6 8 10

In order to elucidate the main mechanism of the experimentally observed
strong increase in the magnetic susceptibility of FeSe and FeTe under pressure,
we have also analyzed the pressure effect in terms of the corresponding change of
the volume and Z parameters by using the relation:

dlny Olny dan+8lndeX
dP olnV dP  0Z, dP

2)

The required values of the partial volume and Z derivatives of y were estimated
from the results of ab initio calculations (as those presented in Figs. 5 and 6 for FeSe),
and were found to be Olny/OlnV = 8 and Olny/0Z = 65 for FeSe, and Olny/olnV = 40

and Olny/0Z = 350 for FeTe. The value dinV/dP = -3 Mbar ' is taken for the com-
pressibility of FeSe and FeTe, which agrees closely with the experimental values
reported in Refs. [4,6,7]. Also, the optimized value dZ/dP = 0.55 Mbar ' [15] was
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adopted for evaluation of Eq. (2). As is seen in Fig. 7, this value of dZ/dP at lower
pressures is in agreement with the experimental data of Ref. [6]. The experiments of
Ref. [3] were basically focused on the higher pressures (up to 120 kbar), and have
not provided detailed data for the lower pressure region.

As far as all parameters entering Eq. (2) are estimated, the first term in (2) re-

sults in a large negative value of about —24 Mbar_l, whereas the second term ap-
pears to be large and positive: Olny/0Z x dZ/dP =~ 36 Mbar . The both terms in

Eq. (2) taken together yield the theoretical estimation dlny/dP =~ 12 Mbar ' for
FeSe, which is qualitatively consistent with the low temperature experimental data
and results of our direct ab initio calculations of y(P) (see Table 1).

In the absence of reliable data on dZ/dP for FeTe, we can fit the experimental
pressure effect dlny/dP ~ 20 Mbar ' for FeTe in PM state within Eq. (2) by setting
dz/dP = 0.40 Mbar_l, which provides a large positive value of the second term in
Eq. (2), Olny/0Zx x dZ/dP =~ 140 Mbar . Actually, the above choice of the dZ/dP
derivative is consistent with the available data on the pressure dependence of Z
parameter for the related FeSe compound, as is seen in Fig. 7.

The above estimations allowed to shed light on the nature of the observed hydro-
static pressure effect on y in FeTe and FeSe (at low temperatures) by separating ef-
fects of change in structural parameters /" and Z. Based on results of the ab initio
calculations, shown in Figs. 5 and 6, it is found that the pressure effect on y for
FeSe (and also for FeTe) can be represented as a sum of two large in size and com-
peting contributions, related to the pressure dependence of the structural parameters
J and Z. Therefore, the large positive values of the pressure effect diny/dP are de-
termined by a change of Z under pressure, which plays a substantial role in Eq. (2),
taking into account the calculated strong dependences of susceptibility on Z.

The nature of this large positive pressure effect on y in FeSe is similar to that
for FeTe compound. However, in the case of FeTe, such effect is twice more pro-
nounced, and also takes place at room temperatures, whereas for FeSe dlny/dP is
found to be negative at 300 K (see Table 1). The grounds of this difference are
unclear. At the present stage one can presume, that the negative sign of dlny/dP
derivative is probably related to the nature of the observed anomalous growth of
x(T) up to room temperatures (Fig. 1), which is not the case for FeTe.

Basically, the observed positive pressure effect on yx in FeSe at low tempera-
tures correlates with the calculated behavior of the density of states at the Fermi
level N(Ef) at low pressures (Fig. 8). At higher pressures, one can see non-
monotonic variation of N(Ef) in Fig. 8 which clearly exhibits the consecutive
maximum at 5 kbar and the minimum at 22 kbar. It should be noted, that the pres-
ently calculated behavior of N(E¥) under pressure is qualitatively consistent with
the reported experimental dependencies of 7¢(P) in FeSe (the corresponding
maximum and minimum of 7¢(P) were observed at ~ 8 kbar and =~ 13 kbar, re-

spectively [9,10,13]). This correlation of pressure dependencies of N(Er) and T¢
might be considered as an indication of BCS-like pairing mechanism in FeSe.
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Fig. 8. Calculated pressure dependencies of
the density of states at the Fermi level for
FeSe (in states/eV/f.u.). The pressure de-
pendent structural parameters, including
lattice constants and atomic positions, were
taken from the optimization of Ref. [15]
(O) with the small upward shift AZ =
=+0.004 to start from the experimental
value of Z (see Z(P) behavior in Fig. 7).
The solid line is a guide for the eye

— —
~ ~
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N(Ey), states/eV/f.u.

5. Conclusions

The intrinsic magnetic susceptibility of FeSe compound is found to rise sub-
stantially with temperature, which points to the itinerant nature of the electronic
states of Fe. The origin of the observed about twofold increase of y in FeSe up to
300 K 1is puzzling. The precision measurements of magnetic susceptibility were
carried out under hydrostatic gaseous pressure and the strong positive pressure
effect on y is revealed for FeTe and for FeSe at low temperatures, whereas at
room temperature for FeSe the pressure effect is found to be also strong, but
negative.

Ab initio calculations of the paramagnetic susceptibility of FeSe and FeTe re-
vealed that these systems are in close proximity to the quantum critical point, and
this nearness can result in strong spin fluctuations. Paramagnetic susceptibility of
FeSe and FeTe indicates a strong sensitivity to the unit cell volume V" and the height
Z of chalcogen species above the Fe plane. It is found that the observed large posi-
tive pressure effect on y in FeSe at low temperatures and in FeTe is related to con-
siderable sensitivity of the paramagnetic susceptibility to the internal parameter Z,
determining the dominant positive term in Eq. (2). At higher temperatures, the
anomalous growth of y(7) in FeSe is apparently reduced by applied pressure, how-
ever the grounds of the negative sign of dlny/dP derivative at 300 K are unclear.

The present calculations demonstrate that for the FeSe compound, the behavior
of superconducting transition temperature with pressure correlates with the den-
sity of electronic states at the Fermi level. This fact indicates a possibility of reali-
zation of the BCS-like pairing mechanism in this system. In general, our results
suggest that the itinerant magnetism approach within the DFT-LSDA methods is
relevant to describe the paramagnetic normal state of FeSe and FeTe.

This work was supported by the Russian-Ukrainian RFBR-NASU project 01-
02-12 and 12-02-90405, by NASU Young Scientists Grant 3-2012, and by a grant
of the President of the Russian Federation for State Support of Young Russian
Scientists (MK-1557.2011.5).
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I'.€. I'peuncs, A.C. llanghinos, B.O. /lecuenxo, O.B. @edopuenxo, I.11. JKypasnvosa,
C.JI. I'namuenxo, B. L{ypxan, /[.O. Yapees, O.C. Boaxosa, O.M. Bacunves

BM/MB TUCKY HA ENNEKTPOHHY CTPYKTYPY N MATHITHI
BJTACTMBOCTI HAAMNPOBIOHWKIB FeSe(Te)

MarniTHy cipuiHATIUBICTD ) crionyk FeSe 1 FeTe, sixi yTBOpIOIOTh HAUMPOCTINIY CHCTE-
My FeSe(Te) HOBHX HAANMPOBINHWKIB Ha OCHOBI 3alli3a, BUBYEHO B HOPMAIEHOMY CTaHi
i €0 TiIPOCTaTUIHOTO TUCKY. 3HAYHHWHA TO3UTHUBHUN €(PEKT THCKY Ha Y BH3HAYCHO
NpU HU3BKHUX TeMIeparypax s 00ox cnoiyk. [Ipu kiMHaTHINA TemiepaTypi uei edekr
BUSIBIIIETHCS TAKOX CHJIBHUM, ajie HeraTuBHUM — st FeSe 1 mosutuBHuM — s FeTe.
Po3paxyHKy 3 mepmmMx NPHHIUINB 3aJE€KHOCTI €NEeKTPOHHOI CTPYKTYpH M MariTHOI
CIPUHHATINBOCTI Bifg THCKy mokasamu, mo FeSe i FeTe Omm3pki 10 MaritHOl
HECTIMKOCTI 3 TepeBaKaHHSIM OOMIHHO-TIOCHUJICHOTO CIIHOBOTO mapamarHetu3my. O0-
YHCclIeHa NMapaMarHiTHa CIPURHATINBICTE MPOSBIISAE CUIBHY 3aJI€XKHICTh Bill 00’eMy eje-
MEHTapHOI KOMIPKHU i BHCOTH Z Iapy XaJIbKOTeHY HaJl IUTONIMHOK0 3aji3a. Benuki mo3u-
TtuBHI edextn THCKY Ha ¥ B FeTe i FeSe, siki cmocrepiramucs mpu HU3bKUX TEMIIEpPAaTypax,
MOB’sI3aHl 31 3HAYHOK YYTJIMBICTIO MapaMarHeTHU3My 0 BHYTPILIIHLOIO Tapamerpy Z.
[Tokazano, 110 HasBHI €KCIIEPUMEHTANbH] JaHi PO CUJIbHY i HEMOHOTOHHY 3aJICKHICTb
TEeMITepaTypHOTO HAIIPOBIIHOTO MEPEXO0Iy Bi THCKY B FeSe sSKicHO KOpEIoTh i3 po3-
PaxoBaHOIO MOBEIIHKOIO TYCTUHH €IEKTPOHHHX CTaHiB Ha piBHI Depmi.

KuarouoBi cjoBa: HaanmpoBigHUKN Ha OoCHOBI 3amiza, FeSe, FeTe, marniTHa cripuifHAT-
JIUBICTh, €(EKT TUCKY, CNIEKTPOHHA CTPYKTYpa

I'E. I'peunes, A.C. Ilangpunos, B.A. [lecnenxo, A.B. @edopuenxo, U.JI. I namuenko,
B. Lypran, /].A. Yapees, E.C. Koznaxosa, O.C. Boaxosa, A.H. Bacunves

BIIMAHWE OABIEHNA HA SJIEKTPOHHYIO CTPYKTYPY
N MATHUTHBIE CBOVICTBA CBEPXIMPOBOJHMKOB FeSe(Te)

MarnuTtHas BOoCIpHUMYHMBOCTE | coenHeHuit FeSe u FeTe, kortopeie 0OpasytoT mpocreii-
myto cucteMy FeSe(Te) HOBBIX CBEpXIPOBOIHHUKOB Ha OCHOBE JKeJie3a, N3ydeHa B HOPMaJlh-
HOM COCTOSTHHMHU TIOJ JCHCTBHEM THIPOCTATHUCCKOTO NABJICHUS. 3HAUUTEIHHBIN IOJIOMXKH-
TENBHBIA 3(D(EKT BIUSHUS JaBICHUS Ha } 0OHAPYKEH NPH HU3KOM TeMreparype it 00omx
coenuHeHUA. [Ipy KOMHATHOH Temreparype 3TOT 2P@EKT OKa3hIBACTCS TAKXKE CHIIBLHBIM, HO
orpunatensHbM — A1 FeSe u nonoxkurensHeiM — a1t FeTe. Pacuetsl u3 nepBbIX MpUHIM-
TIOB 3aBUCHMOCTH JIEKTPOHHON CTPYKTYpHI U MarHUTHOH BOCIIPHUMYHBOCTH OT JIABJICHUS
nokasay, 4yto FeSe u FeTe Onu3ku Kk MarHUTHOW HEYCTOMYMBOCTH C ITPeoOJialaHueM 00-
MEHHO-YCHJICHHOT'O CIIMHOBOT'O TTapamMarHeTu3Ma. BerauciieHHas mapaMarHuTHasi BOCIIPUHM-
YHBOCTH MPOSIBIIET CHJIBHYIO 3aBUCHMOCTD OT 00BbeMa 3JIeMEHTapHON SIMeWKH M BBICOTHI Z
CIIOSl XaJIbKOTEHa HaJ| TUIOCKOCTHIO Kene3a. Habnmromaemple GOJbIIE MOJOKHUTENBHBIE (-
(hexth! naBienus Ha ¥ B FeTe u FeSe npu Hu3kux temmeparypax CBsi3aHbl CO 3HAYUTEITBHON
YyBCTBUTEIHHOCTHIO TTApaMarHeTu3Ma K BHyTpeHHeMy mapametpy Z. [lokazano, 9To nMmero-
Hecs SKCIEepHMEHTAIbHBIE TaHHbIe O CHJIBHOW M HEMOHOTOHHOW 3aBHCHMOCTH TeMIIepa-
TYpHOTO CBEPXIPOBOMALICTO Mepexoaa oT aaBieHust B FeSe kauecTBEHHO KOppEemupyroT C
paccYMTaHHBIM TIOBEICHUEM TUIOTHOCTH AJIEKTPOHHBIX COCTOSHUN Ha ypoBHE Depmu.

KiaroueBble cjioBa: CBepXIPOBOJIHUKN Ha OCHOBE kene3a, FeSe, FeTe, marautHas Boc-
MPUUMYHUBOCTE, 3Q(EKT MaBIeHNUs, ICKTPOHHAS CTPYKTYpa
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The state of deformation and stress in the sealing elements is of high importance for the
projecting of the sealing rings on the electronic covers in a plane. Modeling is required in
order to predict the pressurization in cabins during a flight. In this study the influence of
parameters on the characteristics of materials was investigated. Because of the non-linearity
caused by different geometry and high deformation, the analysis of mutual effects between a
sealing ring and a gutter is a very complex three dimensional problem. Experimental testing
of the sealing ring was performed as an investigation of compression, which was mostly used
for the analysis of an elastomer. Numerical analysis of the behavior of a sealing element was
performed using the finite element method with a variant of basic tension and states through
the material. Because of the present friction between the sealing element and the gutter, a
friction coefficient was involved in the numerical analysis of the present deformation. The
obtained experimental and numerical values were compared. The best agreement between
the experimental results and numerical analysis was reached for an application of the input
set for the basic states of the elongation tension and volume compression.

Keywords: straining, volume compression, hyperelasticity, contact bond, tire, finite ele-
ment method, load, deformation

1. Introduction

It is known that the most of technical structures contain different types of the
mechanical bonds of two different bodies. Therefore a determination of the ten-
sion-deformation state of particular parts for different load is of the most impor-
tance during construction of some architecture. In the contact zones, the friction
was formed between contact surfaces of bodies resulting in an increase of tension.
According to the previous mentioned in this study, an analysis of tension state of
sealing ring as one contact problem will be performed. Because the tire belongs to
the hyperelastic materials with high nonlinear characteristics and very small com-
pressibility, the numerical analysis is very complex. Therefore a definition of cho-
sen material is of the most importance for an application in aircraft industry.

After the analysis of the closed part during exploatation the most important tar-
get represents the influence of the compression nature of the chosen elastome on

© D. Petrovié, O. Cabarkapa, Z. Burzié, S. Stopic, 2012
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the stress distribution in the tire. The numerical analysis of the sealing element
was performed using the initial values of tightening and volume compression for
the modeling of the materials characteristics.

2. Theoretical background

The analysis of mutual effects between a sealing ring and a gutter is a very com-
plex three dimensional contact problem, which includes nonlinearity from different
geometry and high deformation. Complete sum of loads contains an effect of a plate 3
on the sealing ring 2 and has mutual effect on a gutter /, what is shown in Fig. 1.

~J

™~

[

Fig. 1. Sealing element situated in a
gutter down by a plate: / — the gut-
ter, 2 — the sealing ring, 3 — the plate

The basis conditions along the surface
contacts prevent an overlapping of materials
forming the contact forces, which act along the
contact zones. These forces are equal and op-
posite. The normal forces are responsible for
the formed pressure. The tangential forces act
according to the forces on the friction.

The structure analysis requires decomposi-
tion on the basic parts and its separated investi-
gation. Therefore in this analysis, a sealing ring,
gutter and cover are involved (as shown in Figs.
2 and 3). According to dimension on the Fig. 2,
the analysis of a sealing element in a gutter un-
der pressure of the cover was performed ex-
perimentally with using of the numerical
method on the clip (segment) of a sealing ring.
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Fig. 2. Segment of a sealing ring
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Fig. 3. Segment of a gutter
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3. Experimental analysis

The experimental analysis of the sealing ring was performed as an investiga-
tion of compression, which was mostly used for the analysis of an elastomer. The
experimental results were compared with ones by numerical analysis. Because of
present friction between the sealing element and the gutter, friction coefficient
will be involved in the numerical analysis of the present deformation in order to
decrease the difference between numerical and experimental analysis. According
to the previous mentioned, a friction coefficient can contribute to the increase of
the shearing deformation.

Experimental analysis was per-

i formed on the samples of the sealing
% element according to dimensions shown
4 in Fig. 2. Look of samples and plate
- with an cutting gutter was shown in

< Fig. 4. The gutter on this plate has a

form and dimensions shown in Fig. 3.

In order to investigate the compres-
sion of a sealing ring, which is closed
during an application, the device «In-
stron» was used, as shown in Fig. 5. During the compression test, the plate with a
cutting gutter was situated on the working part of the instrument, while the upper
surface of device presses on a sealing element.

Investigated samples were done by two different types of tire with the hardness
values of 55 and 59 Shore, respectively. The results of the analysis are given in Fig. 6.

Fig. 4. The plate and the investigated samples

Ot o
0 02 04 06 08 10 1214 16 138
Al, mm

Fig. 5. The plate with the sealing element situated on the working table of the device for
the investigation

Fig. 6. Compression curve of a sealing element: —e— — 55 Shore (experimental), -m— —
59 Shore (experimental)
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4. Model by Mooney—Rivlin

In order to define the material of the sealing element, three parameter model
by Mooney-Rivlin was applied. Potential deformation energy was presented in
the following form according to two parameter model by Mooney—Rivlin, as
shown with

W= 4 Vol (1)

If the volume is constant, the function for deformation energy for the three dimen-
sional system is given by

oW = e (T, =3)+cor (T =3) + a1 (T -3)(1, -3), ()

whereby: ¢, co1, c11 are the constants for materials; 1_1 , 1_2 are the main invari-

ants of deformation tensor (volume is constant).
While the volume part is given

WW:%@@ﬂfnﬂ 3)

whereby: A1, Ay, A3 are the main elongations; d is the parameter of material non-
compressibility.

5. Numerical analysis

The main aim of numerical analysis was to predict the behaviour of a seal-
ing ring via mathematical model. In order to form a precise mathematical
model a physical prototype of a gutter and sealing ring was proposed and
shown in Fig. 7.

Physical and mechanical parameters of modl materials have the following val-
ues for the gutter/cover: Young’modulus of elasticity £ = 7390/21000 daN/mmz;
Poisson’ coefficient v = 0.3/0.3.

During numerical analysis of behaviour of a sealing element pressured in gutter
via cover and pressure between the gutter and the plate, the finite element method
was used. In this consideration, the contact problem was involved. In order to
analyse the compressive nature of sealing element, friction coefficient of u = 0.3
was assumed. The coefficient of friction of 0.3 was chosen based on previous
studies of compression of these materials in the range of 0.02 to 0.3, where the
best consent of experimental and numerical results was obtained with the coeffi-
cient of friction of 0.3 [13].

Because the model and load are symmetrical, the half model was used in the
analysis (Fig. 8). This is also possible, because the load and support are symmet-
rical.
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Fig. 7. Proposed 3D-model of a sealing ring and gutter
Fig. 8. Half 3D-model

Table 1
Constants of materials for a tire with hardness of 55 Shore
. Constant of Mooney—Rivlin
Basic states of stress d
€10 €01 Cl1
Elongation 0
Elongation and volume compression —0.059284 | 0.13674 | 0.011473 27.589
Table 2
Constants of materials for a tire with hardness of 59 Shore
. Constant of Mooney—Rivlin
Basic states of stress d
€10 €01 C11
Elongation 0
Elongation and volume compression —0.047221 ] 0.10954 1 0.0093815 27.702

Fig. 9. The Misses’ tension

During the analysis of deformation
and tension behaviour for a sealing ring,
the model by Mooney—Rivlin was ap-
plied with different inputs related to the
basic states of stress: an elongation and
volume compression. Experimental val-
ues are presented in Fig. 9.

The Mooney—Rivlin constants are
shown for two input sets: elongation,
elongation and volume compression.

The support was defined according to
the experimental part without any move-
ment of the plate with the gutter in all
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directions. The load was considered as a movement of the cover, so that the cover
makes a pressure on the sealing element and fills the gutter.

Two contact bonds are identified in this analysis: 1) between the surfaces of
contacts of sealing ring and the plate; 2) between the sealing element and the gut-
ter with a friction coefficient of p = 0.3.

6. Analysis of the obtained results

The Misses’ tension values in the sealing ring, gutter, an plate are shown in
Fig. 10. As expected, the highest values of stress in the sealing element were
found on the contact places with the plate and the gutter.

Tr . 7 L"
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Fig. 10. Diagram of load vs deformation for the tire with hardness of 55 Shore (@) and 59

Shore (b): -- -- — experimental, —m— — simple tension (numerical analysis), --- A--- —
simple tension and volume compression (numerical analysis)

As previous mentioned, the most important aim of this analysis was to test an
agreement for the experimental and numerical analysis. In Fig. 9 the stress-
deformation diagrams are shown concerning to the experimental and numerical
analysis. The friction coefficient between the sample and the gutter amounts 0.3.
The comparative analysis between the experimental results and numerical analysis
offers the following datails of the process.

The best agreement between the experimental results and numerical analysis
was done for an application of the input set for the basic states of the elongation
tension and volume compression;

Using the input for an elongation in numerical analysis the calculated force for
the compacting of a sealing ring of 1.3 mm was three times higher than the real
value.

An application of the input set for elongation and volume compression
shows deviation about 20% between the experimental results and numerical
analysis.
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7. Conclusion

Such as confirmed in this study the modeling of hyperelastic materials using
the finite element method is of big importance for the consideration of the real
closed construction. Therefore the values of obtained elongation for a compres-
sion analysis shall be not particularly used, but also combined with other set val-
ues obtained from volume compression. Although the real value of friction was
established, the friction coefficent has to be used in order to perform precise
analysis. The obtained results help the constructor to choose the input set (elonga-
tion and elongation and volume compression) in order to better define hyperelas-
tic materials, which are under pressure in the closed part of a device during an ap-
plication. Especially, this analysis can serve for the projecting of the sealing rings
on the electronic covers in an aeroplane in order to prevent penetration of humid-
ity. Concerning to the cabin of the battle plane, this study might be served for the
providing of required pressurization in cabins during a flight on the high heights.

We would like to thank the Ministry for Science and Technological Develop-
ment of Republic of Serbia for the financial support on the project: Research and
development system of unmanned aircraft in function surveillance of transport
infrastructure (registration number of contracts: 36050 MNT RS).
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. I[lemposuu, O. Yabapkana, XK. Bypowcuu, C. Cmonuy

YNCENbHUN AHANI3 AE®OPMOBAHWX | HAMPY>KEHMX CTAHIB
B YLWINTbHIOBAIIbHNX ENNIEMEHTAX

AHari3 geraneil, BATOTOBJICHHUX 3 HAANPYXHUX MaTepialliB 3 TOJATKOBUM IOKPUTTSIM, €
CKJIaJJHOIO MPOLEAYPOIO, IJUTIO SKOI € MPOrHO3yBaHHS JESIKNX Ae(OPMOBAHHX 1 HAmpy-
JKEHHUX CTaHIB B YIIUIbHIOBAIbHOMY €JIEMEHTI CHCTEMH O€3IMiJIOTHOTO JIiTaka, BUKOPUCTO-
BYBAHOTO IS CIIOCTEPEKEHHS 32 TPAHCIIOPTHOIO iHPPACTPYKTYPOIO. 3 METOIO BCTAHOB-
JICHHS! TOYHUX 3HA4YeHb HAINpY>KEHHs 1 AeopMalii B yIIiJIbHIOBaJHHOMY €JIEMEHTI BHUB-
YEHO BIUTUB HAHOUTBII 3HAYYIIMX MTapaMeTpiB Ha XapakTepUCTHKHU MaTepiami. [IpoBeme-
HO YHCETHHUHN aHali3 MOBEAIHKH YIIUIPHIOBATHLHOTO CIIEMEHTY, STKHI OITUCY€E MaTepiai 3a
JIOTIOMOT'OI0 METO/Y KIHIIEBHX E€JIEMEHTIB MPH Pi3HUX OCHOBHUX HANpyKeHHX i aedop-
MOBaHUX CTaHax (pO3TATYBaHHS i KOpo3is 3 00’€MHHUM cTHCHEHHsM). IlpenctaBieHo
MOPIBHSHHS OTPUMaHUX EKCIIEPUMEHTAIIbHHUX JTAHHUX 1 PE3YJIbTATIB PO3PAXYHKY.

KirouoBi cjioBa: po3rsaryBanHs, 00’eMHE CTUCHEHHS, HAIIIPYKHICTh, KOHTAKTHUHN 3B’ 530K,
IIIMHA, METO/I KIHIICBHUX CJICMCHTIB, HAaBAaHTKEHHS, iehopMariis

. I[lemposuu, O. Yabapkana, XK. Bypocuu, C. Cmonuy

YMCNEHHbLIN AHANN3 OE®OPMUPOBAHHbIX Y HAMPAXEHHbIX
COCTOAHWMMN B YINNOTHUTENBHbLIX ANEMEHTAX

AHanu3 aetaned, U3rOTOBJICHHBIX U3 CBEPXYIPYTrHX MaTepHalIOB C JIONOJHUTEIbHBIM
MOKPBITHEM, TIPEICTABIISET COOOM CI0KHYIO MPOLEAYPY, UMEIOIIYIO HENbI0 TPOTHO3UPO-
BaHUE HEKOTOPHIX AePOPMHPOBAHHBIX M HANPSIKEHHBIX COCTOSHUN B YIUIOTHUTEIHHOM
JJIEMEHTE CHUCTeMBl OECHIJIOTHOTO caMoJieTa, HCIONb3yeMOTo Ui HaOMIoAeHHs 3a
TpaHCIOPTHOU MHPpacTpyKTypoid. C 1eIb0 YCTAHOBJICHUS TOYHBIX 3HAYCHUN HAINpPsOKe-
HUS U JlehopMallvK B YIUIOTHUTEIIBHOM 3JIEMEHTE U3yYEHO BIUSHUEC HaN0OJIee 3HAUUMBIX
napamMeTpoB Ha XapaKTEpUCTUKHU MaTepuasioB. [IpoBeneH YnCIeHHBIH aHAIU3 MOBEACHUS
YIUIOTHUTEIBHOTO 3JIEMEHTA, ONUCHIBAIOIIMKA MaTepual C MOMOUIbI0 METOJa KOHEYHBIX
3JIEMEHTOB TIPU PA3JIUYHBIX OCHOBHBIX HANPSHKCHHBIX U JIe()OPMUPOBAHHBIX COCTOSIHHSIX
(pacTspkeHHE W KOpPpO3usi ¢ OOBEMHBIM CxkaTheM). lIpencTaBieHo cpaBHEHHE IOYYeH-
HBIX PKCIIEPUMEHTAIBHBIX TaHHBIX U PE3YyJIbTaTOB pacyeTa.

KiroueBble cioBa: pacTsbKeHHE, 0OBEMHOE CXKAaTHe, CBEPXYIPYrocTh, KOHTAKTHAs CBS3b,
IMHA, METO/ KOHEYHBIX 3JIEMEHTOB, Harpys3ka, aedopmanus
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PACS: 62.20.Fe

KO.H. MNopgpesos., B.N. laHnneHko

®EHOMEHONOIMMA MOAYNA NMMACTUYHOCTH
CUNNbHOOE®POPMNPOBAHHbBIX MATEPUAJIOB

Wuctutyt npobnem matepuanosenexHms nm. N.H. dparHuesnya HAH YkpaunHbl
yn. KpxmxkaHosckoro, 3, r. Kues, 03680, YkpavHa

Cratbsi noctynuna B pegakumio 5 Hosbps 2012 ropa

B ocrogy ananuza 3axonoe ynpounenus npu 6orbuux 0eopmayusx noroAHcern noCmynam
0 JUHEUHOU CBA3U MeHCOYy UCMUHHBIM HanpsdiceHuem u oegopmayuei mamepuana. Ilo
aunanozuu ¢ ynpyaoi depopmayuei Kosgpuyuenm nponopyuoHarbHocmu 6 yacmo Haswi-
saemcs Mooyiem niacmuyHocmu. B oannou pabome obpaweno snumanue Ha pso 0co-
bennocmetl, Komopbvie He0OX00UMO VHUMBIEAMb NPU UCCACO0BAHUU IMO20 BANCHO20 (PU-
3uueckoeo napamempa. Paccmompeno énusiiue cxemvl 0ehoOpMUposanus u yCiogul no-
BMOPHO20 HASPYIHCEHUSI HA NAPAMEMPbL YNPOYHEHUSL.

KiioueBble ciioBa: YOPOYHCHUEC, 0OJIbIIINE )Ie(bOpMaL[I/II/I, MOAYJb IJTaCTUYHOCTHU

B ocHOBy aHanm3a 3aKOHOB YNIPOYHEHUS MPH OONBIINX JePOpMaLUAX TMOJI0KEH
MIOCTYJIAT O JIMHEHHOH CBS3M MEXAY NCTUHHBIM HaIpspKeHUEM | Jedopmanmeii Ma-
Tepuana. Takas CBsI3b KCIIEPUMEHTAILHO Ha0I0Janach MHOTMMU aBTopamu [ 1-6].
dopMasibHOE OTpeieNIeHHe TapaMeTPOB YIPOYHEHHS Ha CTaauu Oosbmmx aedop-
Maluii 3HaYUTETHHO MPOIIIe, YeM B Hayalie KpUBOW yrnpouHeHus. Ecnmu ans paHHuX
CTamuii, rae paboTaeT MapaboIMUECKOe YIPOYHEHHUE, pacdeT KOAIPPHUIMEHTOB H
nokazaresiell ynpoyHeHusi TpeOyeT mpeoOpa3oBaHus koopauHat [7,8], To mpu
OospImX eOopMaIisIX CBSA3b MEXIY HaNpsDKEHHEM U aedopMariueii mpeaaraer-
Cs ONKCHIBATH NPOCTHIM JIMHEHHBIM 3aKOHOM [1-4]: 6y = Opar + e, e oy — ucTun-
HOE HANPSHKEHUE, Gpyr — HANPSHKEHHUE B KOHIE MapaboInIecKol craauu, 0 — koad-
(GULMEHT JTMHEHHOTO YIpouHeHus, e — nedopmarys. [lo ananoruu ¢ ynpyroi je-
dopmanuent, rae TaKke HaOMI0IaeTcs JIMHEeHHAs CBsI3b MEX]y HaNpsHKEHUEM U Jie-
dopmarmeit, korphuIeHT 6 yacTo Ha3bIBACTCS MOIyJIEM IacTUIHOCTH. [Ipudrna
JMHEWHOTO 3aKOHA YIPOUYHEHHs, HECOMHEHHO, KPOETCSl B MEXaHM3Max IUlacTHye-
cKoif neopmaruu mpu OONBIINX €€ CTETEHIX, a BEIWMYHHA 0 3aBUCHUT OT YCIIOBHIA
dbopmupoBanus 1ehOpMaITMOHHON CYOCTPYKTYPHI.

K coxanenuto, gusmueckuii cMpicn kKo3((UIMEeHTa JTUHEHHOTO YIPOYHEHUS
MOKa JI0 KOHIIa HE BBIICHEH, K TOMY K€ CYIIECTBYIOT OIpe/ieJIeHHbIE POTUBOPE-
4y B METOAMKAX €r0 pacuera U MHTEPIPETALMU PE3YJIbTaTOB IKCIEPUMEHTOB. B
OJIHUX paboTax MOCTOSHCTBO CKOPOCTH YHNPOYHEHMs HAOIIOJaeTcsl Uil OTHOCH-

© 10.H. Mopapesos, B.W. laHuneHko, 2012
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80 | TEJIBHOTO CyKeHus y [3], B Apyrux —

7 I v JUIS. OTHOCUTENILHOTO YUTHHEHUS € [4]

60 HHH pe 1, HAKOHEL, B TPETbUX — AJI1 UICTUHHOU

e Priilcany nedopmarmu e [5,6]. B nanno# padote

§D4O vl ——/’ oOpallleH0 BHUMaHHE Ha Pl 0COOEH-

= / HOCTEH, KOTOpble HEOOXOIUMO YYH-

© 20 / , s ThIBaTh TNPHU HCCIEAOBaHUU KO3 DU-
[IMEHTA JUHEHHOTO YIIPOYHCHHUS.

0 H.H. {aBugenkoB u H.U. Cnupu-

0 20 40 60 80
W, %

100 nonosa [5] omauMu W3 mepBBIX 00Opa-

THUJIX BHUMAHHC Ha HHHeﬁHyIO CBA3b

Puc. 1. I'padux 3aBUCHMOCTH HUCTHHHOTO
HaANPsDKEHHsI OT CyXeHus: | — pacdeTHas
KpHuBas, 2 — C y4eToM IIONpaBKU Ha pac-

MEXIy HamnpspKeHUEM H aedopmMarueit
IpU OJTHOOCHOM pacTsbkeHuH. B kaue-
CTBE Mephl JedopMallui OHU BBIOpaIu

Mpe/iesieHne HanpsukeHnit B metike [S] OTHOCHTEJIBHOE Cy)KeHhe oOpasua (B

TOM 4YHCJI€ B 00acTH merkn) (puc. 1).
Yron HakJOHAa Ha JIMHEHHOM y4YacTKe 3aBUCHMOCTH MCTHHHOE HampshKeHHe—
OTHOCHUTEIILHOE CY)KCHHE aBTOPHI [S] BIEpBBIC Ha3BAIU MOJYJIEM TUIACTHYHOCTH.
XOTs WILTIOCTpAIHsl TUHSWHOTO YIPOUYHEHHS MPUBOIAMTCS s AedopMaliiu, or-
penensseMOil OTHOCUTEIIEHBIM CY>KCHHUEM, BEIIMYUHY MOJYJIS TUIACTUYHOCTH OHH
Mpeiaraiy OonpeessaTh B TepMHUHAX UCTHHHOU aeopManuu Dg = do/de. C yue-
TOM CBSI3U MEXJy HUCTHHHOHM nedopmanueil e 1 OTHOCUTEIHHBIM CY>KEHUEM VJ,
KOTOpasi onuchiBaeTcsi BeipakeHueMm e = In(1/(1 — y)), ObIJI0 TIOTy4EHO COOTHO-
HIeHHe Mexay Kod(QQUIMeHTOM JHHEeWHOTro ympouHeHUs do/dy u Momynem
TUTACTHYHOCTH

do do 1
_— = DG
dy (1-y)de 1-y

(1)
U

D, ==y, @)
Y

B cootBercTBUU C [5] MOAYNH MIACTUYHOCTH Dg 3aBUCUT OT CTENEeHU Aedopma-
1007078

JlunHeitHas CBA3b MEXKIY HANpsHKEHUEM cIBUTA T U JedopMaliueit ciBura y Ha
IV craguu ynpounenus (ctaauu GOpMUPOBaHUS HAHO3EPEH) MOCTYIUPYETCS U B
KUHETHYecKoi Teopuu ynpouneHus [3]. CTOpOHHHUKH 3TON KOHIICTIIIMU Yallle BCe-
T'O CCBUIAIOTCS Ha Pe3yJbTaThl paboThl 3exeTdayspa ¢ COaBT. [6], MOTyYEHHBIC B
JKcrepuMeHTax Ha kpydeHue. [lIupoko oOcyxmaercs cTaguiHOCTh KPHUBBIX YII-
pOYHEHUS, pACCUMTAHHBIX B KoopauHarax dt/dy—r (puc. 2).

Takue 3aBUCUMOCTH MONTYYAIOTCS MEPECUeTOM AHArPaMMBbl HAMPSHKEHHUE C/IBH-
ra—nedopmartus casura (puc. 3,a), rae aeopmanmst caBura 0epeTcs B yCIOBHBIX
KoOopAMHAaTax. B KWHETHYeCKOW TEeopuH YNPOUYHEHHUS OOBIYHO AaKIICHTUPYETCS
BHUMAaHHE Ha MMOCTOSHCTBE CKOPOCTH YIIPOYHEHUS NPU YBEIMYCHUN HANIPSHKCHUS
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Puc. 2. Kpussie ynpouHenus: B koopaunarax dt/dy—t aqroMUHUS, HCTIBITAHHOTO NPU pa3-
HBIX TeMIlepaTypax (@) ¥ IpHU pa3HbIX CKOpocTax (6) [6]
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Puc. 3. KpuBble ynpouHeHHsI aTIOMUHUS 110 PE3yIbTaTaM UCTBITAHHS HAa KPyYCHUE: a — B
KOOpIWHATaX T—Yy, 6 — B KoopauHatax dt/dy—t [6]

B oOnactu Gonpimx aedopmanwii (puc. 3,6). O4eBUAHO, UTO TO BO3MOMXKHO JIHIIIb
MpU yCJIOBUM JIMHEWHOW 3aBUCHUMOCTH HampspkeHus ot aedopmarnuu. Ocobo oT-
METHM, YTO IO CBOEH (PU3MUECKON M MEXaHUYECKOH CyTH MOHATHE OTHOCUTEIb-
HOM cIBUTOBOM JlehopMalivy MpU KPyUYEeHUHU OJIU3KO K MOHSATUIO OTHOCUTEIHHOIO
yaauHeHus. CornacHo [9] cBsA3b MEXIy 3TUMH BEJIMYMHAMHU ONMCBIBAETCS IpH-
OJIM>KEHHBIM COOTHOIIEHUEM € ~ 0.7y.

O nuHeHO# cBA3M HanpsHKEHHUA U JAeOopMaIl TOBOPAT JaHHBIE €Ie OJHOMN
KJIaccuueckor pabotsl — ctathu JIsuTdhopna u Kosna [7], B koTopoii mipeacTasie-
HBl PE3yJIbTAaThl UCCIIEN0BAHUSA CTPYKTYPbl U MEXAHUYECKOTO TOBEIEHUS JKelle3a
npu Oonpimx aedopmanusix. Kpuseie ynpounenus (puc. 4), TOCTpOSHHBIE B HC-
TUHHBIX KOOpJMHATaX, JEMOHCTPUPYIOT JIMHEHHYIO 3aBUCUMOCTb MEXAY HaIps-
*KeHueM u nedopmanueir. OTMETUM, YTO UIMEHHO MCTUHHBIE 3HAUEHHS HAIPSIKEHUS
nedopmarin Haubojee TOUYHO XapaKTEepU3YIOT MEXaHMYECKOe IMOBeJeHue nedop-

MHUPYEMOro MaTepuaia B KaX/Iblii MOMEHT BpEMEHH.
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o OOHapy:xeHHoe aBTOpamu [7] mo-

¢/ f CTOSIHCTBO CKOPOCTH YNPOUYHEHUS MPHU

< ] OonpmMX AedopMalMsIX CBUAETENBCT-
% : ByeT O HEU3MEHHOCTH MeEXaHHU3Ma
o) CTPYKTYpHBIX TiepecTpoek. B 3Tom

[§S)
T

0.2
(i clly4ae €IMHCTBEHHBIM (PaKTOpOM, OT-
0 HAEENERIAE BETCTBCHHBIM 33 YIPOYHEHHUE TIIPH
0 1 2 3 4 5 6 pocte neopmanuu, SBISETCS AUCIIEP-

e
rupoBaHue cTpykrypsl. CoriacHo [7]

MOXHO 3alMCcaTh CIEAYIOLIEE COOTHO-
LIEHHUE Ul BEJIMYUHBI OTHOCHUTENIBHO-
ro KOJIMYECTBA siUeeK f B MONEPEYHOM CEUYCHUHU TpH JII0OOH 3alaHHOW CTETICHH

nedopManuu:

Puc. 4. Kpusas 1ehopMalilioHHOTO YIIPOYHe-
HUS JKeTie3a TP OONbIIHX AedopMarsix [7]

f=respl-e-e)l, ()
N;
rae N; — HayallbHOE YHCIIO siYeeK B eAMHMIIE IUIOMIAIN CeueHus, chopMHUpOBaB-
HIMXCS TIPU HEKOTOPOU HadanbHOU nedopMaiuu e;, N — 4UCIo SYeeK B €AMHUILIC
IUIONIA/IA CEUEHHUs IPU HEKOTOPOU TeKyIed aedopmanuu e. 3aBUCUMOCTh Mapa-
MeTpa f OT cTeneHu aedopMaIiy MpeaCcTaBiIeHa Ha pucC. S.

B ob6nactu manbix nedopmMaiuii mposBiseTcs Moaodue MexXIy pa3MepoM 00-
pasiia u pa3MepoM SUYCHKH, a B 001acT O0NbIIUX JedopMaluii — pe3Kkoe 3amei-
JIeHWe M3MEHEHUs pa3Mmepa siueek. JIuHeitHas CBsA3b MEXIy HANpsHKEHUEM U Jie-
dbopMmaruelt, ¢ 0JJHOM CTOPOHBI, U OOPATHO MPOMOPIUOHABHAS CBSA3b MEXIY Ha-
NpsDKEHHUEM U pa3MEpoOM 3epHa — C APYrou, IpeaonpeaenseT THIepOOTHIecKyIo
3aBHCHUMOCTH pa3Mepa SUeHKU OT CTeneHH AedopManuu s CHIbHOAEPOPMHUPO-
BaHHBIX MAaTEPUAIOB. JTa 3aBUCHUMOCTh XOPOIIO MOATBEPKIACTCS SKCIIEPUMEH-
TaJIbHO KaK JaHHBIMH [7], TaK U HAIIUMHU pe3yJIbTaTaMH, MOJIYYEHHBIMH Ha 00-
paslax >Kkenes3a, IOABEPTHYTHIX pPABHOKAHAIBFHOMY YTJIOBOMY IPECCOBAHUIO
(PKVII) (puc. 6). Ilpu Takoli MHTEpHpETAlUU PE3yJIbTaTOB MCYE3AET IMOHSITHE

1.0

0.1

0 1 2 3 4 5 6 7 0 10 20 30

Puc. 5. 3aBucuMOCTh apameTpa f oOT creneHu aehopmarivu [7]

Puc. 6. 3aBuCHMOCTE pa3Mepa sUeek OT crernenn nedopmanun: / — mpokatka, 2 — PKVII,
3 — nanHble [7]
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MUHUMAJIBHO JIOCTIKMMOTO pa3Mepa siueikd, KOTopoe OyIeT OrpaHHYMBaThCS
cTerneHblo nedopmanuu. [IpuBeaeHHBIN MPUMEp TOKA3bIBAET, YTO pacueT MOy
IUTACTUYHOCTH JaeT BaXKHYIO0 HH(POpMAIIMIO 0 MeXaHU3Max JedopMalui U CTPYK-
TypooOpa3oBaHHsL.

Kak BUIHO U3 MPUBEICHHBIX MMPUMEPOB, UIMEETCS 3HAUYUTEIBHOE Pa3HOUYTCHUE
B METO/IOJIOTUH OTPE/eNICHHs BETUUMHBI KO3(pPHlneHTa TMHEHHOTO YIIPOYHEHUSI.
Bonee Toro, onucanHble BbIIIE Pe3ylbTaThl B 3HAYUTEIHLHOW MEpe MPOTUBOpEYAT
npyr npyry. Ecinu cornacHo [5] uCTUHHOE HamnpsiK€HUE JIMHEWMHO CBS3aHO C OT-
HOCHUTEIIbHBIM CYKEHUEM, TO BBUIY TOro, uTo ¢ = In(1 +€), a e —y — ey =0, HU
yAJUHEHHE, HU UCTUHHAS JedopMalis IMHEHHYIO CBA3b C UCTUHHBIM HaIpspKe-
HUEeM UMeTh He MoryT. To ke kacaercs naHHbIX 3exeTOayspa [6]: eciu IHMHEH-
HO€ YIpOYHEHHE HAOII0AAaeTCs Ha JuarpaMMme Harpy>XeHHs B yCIOBHBIX KOOp-
JIUHATaX T—Y, TO B ICTUHHBIX KOOPAMHATAaX TaKas CBs3b HAOMIOAATHCS HE OyIeT.
OtmeTnM, 4TO paccuuTaHHas B [6] BenumunHa Kod(pUIUMEHTa JTUHEHHOTO Y-
POYHEHUS 3HAYUTEIBHO HUXKE, ueM nojydeHHas B [5,7]. CornacHo [6] oTHOIIe-
HUEe KOX(PUIIMEHTa YIIPOYHEHHs K HANpPSHKCHUIO TEUEHUS B Hadaje JMHEHHOU
craauu coctapiser 0.05-0.1, Torna kak mo JaHHbBIM [7,8] 3Ta BEJIMYHMHA COCTaB-
et 0.3—0.5. OOHapy>keHHasi pa3HUIlA B 3HAYCHUAX YIEILHOIO MOMAYJS IuIa-
CTUYHOCTU — CJIEJCTBHE TOTO, YTO CKOPOCThH YIPOUHEHHSI, paCCUMTaHHASI HOP-
MHUPOBKOW Ha OTHOCHTEIBHOE YJIMHEHUE NpU OONbIIHMX AePopMalusix, 3HaUU-
TEJIbHO MEHbIIIEe, YeM pacCUMTAaHHAs HAa €JUHUIly UCTUHHON nedopmanuu. Ta-
KM 00pa3oM, OTMEUEHHBIC pa3udus B METOAOJOTHUU pacuera KodIPPHUIIMEeHTA
JUHEHHOTO YIPOYHEHUS BIHUSIOT HA MHTEPIPETALHIO PE3yIbTaTOB, B 0COOEHHO-
CTH TIPH COIIOCTABIICHUU YHCJICHHBIX 3HaUC€HUH KOI(PPUIIMEHTOB yNPOUYHEHUS,
MOJIYYEHHBIX B Pa3HBIX SKCIEPUMEHTAX.

OOpatuM BHMMaHHUE, YTO UCTHHHAs KpUBas NePOPMALMOHHOTO YNPOYHEHUS,
npeJcTaBiIeHHas Ha puc. 4, MOCTpPOEHa METOAOM IMOBTOPHOTO HArpy>KeHHS e-
¢dopmupoBaHHBIX 00pa3ioB. B paboTax [7,8] cyMMapHyr0 KpUBYIO HanpsHKEHHE—
nedopMarus moxydalid Kak CYNepro3UIIMI0 Pe3ybTaTOB UCHBITAHUN Ha OJJHOOC-
HO€ pACTSDKEHHE HECKOJIbKMX OO0pa3IoB JKEJIE3HOW WIIM CTabHOW MPOBOJIOKH,
npoaepOpMUPOBAHHBIX 0 PAa3HBIX cTENeHeH aedopmaruu.

[IpumeHeHre cxeM MOBTOPHOTO HATPY>KEHUS TAK)KE€ MOXKET OBITh MCTOUHHKOM
HETOYHOCTEH IpU pacdyeTe MOIYJIS TUIACTUYHOCTH. Vcronp30BaHne 3TON METOAUKH
JUISL ICCTIEIOBAaHMSI YIIPOYHEHHUS B CHIIbHOAE(hOPMUPOBAHHBIX MaTepHaiax MpPaKTH-
Yeckl Hen30eXHO, MOCKONBKY JOCTHraeMble cyMMmapHeie nedopmarmu (e ~ 10)
3HAYUTEIBHO IMPEBOCXOAAT JIedOopMaIMi, OCTUTAEMbIe B XOJE HEMPEPHIBHOTO
HarpysxeHus. [Ipm 0THOOCHOM pacTsKeHUU TpeebHble nedopMaluy orpaHuye-
Hbl MOMEHTOM pa3pyILUEHUs U, KaK MPaBUJIO, HE MPEBBIINIAIOT BEJIUYUHY e = 1.5.
[Ipu cxatuu orpaHUYEHUE CBSI3aHO C HAIMYMEM TOpIieBoro TpeHusi. KoppekTHsIit
pacueT KpHUBBIX YIPOUHEHHSI TIPU OJTHOOCHOM C)KaTHH BO3MOXKEH 10 ehopMariuii
e = 1.2 [4]. HauOonpine 3HaueHus nedopMannu ObLIM TOCTUTHYTHI IPU UCIIBI-
TaHUSX Ha Kpy4deHue 9ucThix MetauioB (Al, Cu, Ag) [6]. 3aech B JrydieM ciaydae
OBLIH MOJTY4YeHBI OTHOCUTENbHBIE Aeopmarnnu ciBura y ~ 6—12, 94To B mepecyere
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Ha BEJIMYMHY UCTHHHOW nedopmaruu coctapiser 1.5-2.5. K coxanenuro, 3tu
UQpPHI, KaK MPaBWIO, JTOCTUTAIOTCS JIMIIb B CaMBIX IUIACTHYHBIX MaTepHaiax,
o0ajaroIuX HU3KMMHU TapaMeTpaMy yIIPOYHEHUSI.

Jns noka3arenbCcTBa KOPPEKTHOCTH NMPUMEHEHUs CXEM IMOBTOPHOIO Harpy-
KEHHSI UCIIOJIb3YEeTCSl U3BECTHBIN MOCTYJIAT MEXaHUKH, COIVIACHO KOTOPOMY IpHU
MOBTOPHOM Harpy»eHuu oOpaslia IOJHOCTbIO BOCIPOU3BOJUTCS IE€pPBUYHAs
KpuBasi HarpykeHus. Torna MCTMHHas KpuBas yNPOYHEHHUS MOXET ObITh pac-
CYMTaHa IPSIMBIM CYMMHPOBAHUEM MUCTUHHBIX KPUBBIX, IOJIyYEHHBIX B HECKOJIb-
KHUX MOCIIe0BaTeNbHbBIX 3KcnepuMeHTax. OqHaKko, Kak ObLJIO MOKa3aHO HaMU B
npeapaymux padorax [10], 3To MOI0KEHUE XOPOIIO BBITIOIHSICTCS JUIS MaJIbIX
U CpeHUX CTeneHer aedopManuy 1 3HaYUTEIbHO XYyKe — MpU OOJIBIIMX CTere-
HsX. Hambonee HarmsqHblii IpUMEp — MCIIBITAHUE OJTHOTO M TOTO ke oOpasia C
MIPOMEXKYTOUHOU pa3rpy3Kou.

Ha puc. 7 npuBeneHsl pe3yJbTaThl HALIUX HMCCIEIOBAaHUN MCTUHHBIX KpHU-
BbIX /1€()OPMALIMOHHOTO YIPOYHEHHS aJIOMUHHUS, OJyUYEHHbIE NIPU UCTIBITAaHU-
X Ha OJIHOOCHOE ckatue. Kak BUaUM, IpU MOBTOPHOM HAarpy>kK€HUU MaTepHall
JEMOHCTPUPYET U Oojiee HU3KUM Ipesies TeKyuecTH, U 0onee HU3Ku ko3 du-
LUEHT YIIPOUHEHUS.

Amnanornysslie 3QQexTs! OblIM 00HApYyKEHbl HAMU TaKXe IPU UCIBITAHUAX Ha
OJIHOOCHOE PACTSDKCHHE MAaJIOJICTHPOBAHHOTO THTaHA. UTOOBI MPUOTU3UTHCSA K
CHJIBHOJE(OPMHUPOBAHHOMY COCTOSIHHMIO, pacTATrUBaJId 00pa3lbl, KOTOpbIE Mpe.-
BapUTEJIbHO ObUIM MpOKaTaHbl 10 AedOopMalMU ey = 1.2, Te eyo)] — UCTUHHAs
nedopMmarust ipu npokarke. OnuH oOpaszer; AeGOopMHUPOBAIH HEMPEPHIBHO [0
MOMEHTa pa3pylleHus,, BTOPOH — HECKOJBKO pa3 pasrpyskajlu, U3Mepsuld Morie-
pedHOe CeYeHHre, 3aTeM OCYIIECTBIISUIA MOBTOPHYIO Aedopmannio. HoMuHanbHbIe

U MCTUHHBIE KpUBBIE YIPOYHEHUS,

67 paccuuTaHHbIE C YYE€TOM HW3MEHEHUS

MONIEPEYHOT0 CEYCHMs, NPEICTABICHBI

=k ] 5 Ha puc. 8,a4,0 COOTBETCTBEHHO (OTMe-

g TUM, YTO JUIl UCTUHHOTO HaNpsDKEHUS

S 47 ﬁ HE JIeJlaJId MONpaBKa Ha MEPEKOHIIEH-
o .

S 12//3 TPAaLUIO HANpsDKEHWs B IIeiike, mO-

637 CKOJIBKY 3Ta IOIpPABKa HE MPEBBIIIAET

10%). CpaBHEHHE HCTHHHBIX KPHBBIX

2- YIOPOYHEHHUS MOKa3bIBAET, UTO KPUBBIE,

MOJyYeHHblE MHOTOKpPAaTHBIM Harpy-

1 ————————7——  JKCHHEM, pACIIONaratoTCsi HECKOIBKO

0 02 04 06 08 1.0 Huxe (puc.8,0). OTHomEeHUE KO3 Pu-

€ [IUeHTA YNPOYHEHUS K HAMPSHKCHHIO

Puc. 7. Kpusblie 1e)OpMaMOHHOrO ynpo4-  TEUCHHUS B Hayaje JUHCHHOW CTaJuu

HCHUS! alIIOMUHUSI IPY HEMPEPBIBHOH (/, 2)  npu HENPEPLIBHOM HArPY)KEHHU CO-

¥ IIOBTOPHOM (3—5) nedopmariim craBnser 0.55, a OpU TIOBTOPHOM —
0.35.

52



®du3nKa U TEXHHKA BbICOKMX aaBJjiennii 2012, Tom 22, Ne 4

7 - 16+
7
6_
£ 12 1
= 6 N
NES_ 2
S NO
o) 1 5 —_—
/ o
4_
4
] {3\h
2
0 4 8 12 0 4 8 12 16
e, 1072 e, 1072
a 9]

Puc. 8. HomunanbHble (@) U UCTHHHBIE (6) KPUBbIE YIIPOYHEHHS IPOKATAHHOTO THUTaHA
(eron=1.2)

IIpuBeneHHbIE pe3yJIbTaThl TOBOPAT O TOM, YTO PEIAKCAIIMOHHBIE MPOLECCHI,
NPOMCXOJAIINE NPU pa3rpy3Ke, HE MO3BOJSAIOT MOJHOCTBIO BOCCTAHOBHUTH IPO-
LIeCC YNPOYHEHUs IPU MOBTOPHOM HArpyKeHHH. DTO 3aMETHO CKa3bIBAaeTCsA Ha
(buKCUpyeMOM 3HAYeHHUHU MapaMmeTpa Je(OopMaIOHHOTO YIPOYHEHHS W 3aTpy/I-
HSET aHAJIW3 Pe3yJbTaTOB KCIIEPHUMEHTOB. TeM He MeHee, Oiaromapsi 4pe3Bbl-
YaifHOM BaXHOCTH HMH(popMalMU 00 YNPOYHEHUH MaTEpUasoB, MpoaehOpMHpO-
BaHHBIX J10 OOnbIMX Aedopmaruii, METOJl MOBTOPHBIX AehopMaIiuii MOTydrI
JIOCTATOYHO LIMPOKOE PacCIpOCTPAHEHHUE.

OtmeTHM, OJJHAKO, YTO Ja)ke B dKcrnepuMmeHTe JIsHrdopaa cxema mpuioxe-
HUS Harpy3Kkd IpH MOBTOPHOM Harpy’>keHUH (OJHOOCHOE PaCTsKEHUE) OTIHYa-
eTCsl OT CXEMbl, UCIOJb3yEeMOW Ul IOJIy4E€HUs CBEPXBBICOKHMX AepopMariuii
(BoJIOUEHME), XOTS, CIIPABEUIMBOCTH Paj, OTMETUM, YTO B ITOM CIIy4yae COBIIa-
JaloT ycioBus ¢popmonsMeHeHus obpasua npu nedpopmupoanuu [7]. B obmem
clly4ae MOXXHO KOHCTaTHpPOBaTh, YTO BCE CXEMBbI CO3JIaHUS CHUIIbHOAEPOPMHUPO-
BaHHBIX MaTepHaAJIOB (Ha4MHAsl OT MIPOCTOM MPOKATKH M 3aKaHUYUBAs CIOKHBIMU
cxemamu UIT/]) kopeHHBIM 00pa30M OTIUYAIOTCS OT MPOCTHIX OJTHOOCHBIX CXEM,
OPUMEHSAEMBIX JUIS pacueTa MOJYJS IUIACTUYHOCTH IPU MOBTOPHOM AepOopMU-
poBaHuu. [To3ToMy mpH HMCIOJNIB30BAHUM HICOJOTHMH MOBTOPHOTO Harpy >KeHUs
JIOTUYHO TOBOPUTH HE O CYMMMPOBAHMM KPUBBIX 1e(OPMHUPOBAHUSA, & O COIOC-
TaBJICHUH JAHHBIX, TOJTYYSHHBIX I 00pa3oB, TpoAeGOPMUPOBAHHBIX 10 pa3-
HBIX CTeTeHel aedopmanuu.

[TprMepoM Takoro COMOCTAaBICHUS MOTYT CIIY>KUTh pe3yJIbTaThl UCIIBITAHUS Ha
C)KaTUe TUTaHA, KOTOPBIM ObUI MPEBAPUTEIBHO MPOKATaH MPHU KOMHATHOM TeM-
neparype 0 pa3lu4HbIX CTeNeHed AedopMmaiuu ey (0T 0 mo 1.6). [lapamerpsr
YIPOUYHEHHS B 3TOM CIIy4yae ONpelessiIMCh HAMH 10 METOJUKE, OIIMCAaHHOM B pa-
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6otax [11,12]. OOpa3ipl UCHIBITHIBAIM B TPEX B3aMMHO NEPHEHIUKYJISIPHBIX Ha-
npaBieHusx: X, ¥ — COOTBETCTBEHHO BJOJb U MOMEPEK HAMpaBIEHUs MPOKATKU, Z —
B HaIlpaBJI€HUU PEAYKIMHU Tpu npokaTke (Tadum. 1). [To pe3ynbpraram ucnbITaHUN
pacCcUUTHIBAIM UCTHHHBIE KPUBBIE 1e(hOPMAIIMOHHOTO YIIPOYHEHHUs, BUJ KOTOPBIX
JUIsl HarpaBJIeHus Z MpHUBeJIeH Ha puc. 9.

3aBUCHMOCTh KO3(PGUIIMECHTA JIMHEHHOTO yIPOYHEHUsI O OT CTETNEHHU MpejBa-
puTenbHON nedopmanuu 11 00pas3loB, CKAThIX B TPEX B3aUMHO MEPHEHIUKY-
JSpHBIX HampaBieHusx (X, Y, Z), npencraBinena Ha puc. 10.

Tabmmia 1
IMapameTrps! ynpouHeHusi 1e()OPpMHUPOBAHHBIX 00Pa310B TUTAHA
Hampagsne- ITapameTpsl €roll

HHC ynpousenns, MPa| 0.18 | 0.36 0.5 0.7 1.0 1.25 1.6
G2 418 565 570 640 615 607 705
X Glo 575 750 690 745 745 635 705

0 827 867 430 595 274 354 0
G2 395 647 630 620 655 705 700
Y Glo 540 660 675 705 798 815 800
0 514 340 224 194 398 351 440
G2 470 595 610 573 730 760 860
VA G1o 605 735 810 677 970 930 980
0 722 428 428 427 208 156 36

Ilpumeuanue. 6o — Ipeaea TEKYUYeCTH, G| — Hanpsbkenue npu 10% nedopmanuu.

10 1 2 g
4 5
< 6
8
NE ; 1.0
= 0.8
) =
6 . 0.6
® 04
0.2 1
4 T T T T T T T T 1 0 T T —
0 0.1 0.2 03 04 0 0.5 1.0 1.5
e e

Puc. 9. Uctuanbie KpuBbIe Ne(OPMAIMOHHOTO YIIPOIHEHHUS 00pas3oB TUTAHA, UCTIHITAH-
HOTO Ha C)KaTHE B HAMPABICHUU Z IO CTENCHH nedopManvu eyo): [ — 1.6, 2 — 1.25, 3 —
1.0,4-0.7,5-0.5,6-0.35,7-0.2

Puc. 10. 3aBucumocTh k03P PUIIMEHTA JTMHEHHOTO yIpOoUHEeHHS O OT cTemeHu npen-
BapUTEILHON AedopMaIuy MPOKATKH THTaHA, CXKATOT'O0 B HampaBIICHUAX X (A), ¥ (m),
Z (o)

54



®du3nKa U TEXHHKA BbICOKMX aaBJjiennii 2012, Tom 22, Ne 4

12

Puc. 11. Kpussie ynpounenuss PKVYII-tu-
TaHa, UCTIBITAHHOTO Ha C)KaTHe B TpeX B3a-
UMHO NEpPHEHIUKYJISIPHBIX IIOCKOCTSIX X
(), Z (2), Y (3) mu B IIOCKOCTH, Tapal-
JIENbHOM TUIOCKOCTH JIETKOTO cliBUTa (4)

W3 mnpexacraBieHHBIX pe3yJbTATOB
BUIHO, YTO TPY UCTIBITAHHUSX B HAIPaB-
nerusx X u Z CKOpOCTh yIpouHeHwus 0
YMEHBIIAETCS C POCTOM CTENEHU Mpe-
BapUTEITLHON JteopMaIim, JIOCTHTas
MPAKTUYECKH HYJIEBBIX 3HAYCHUI NpU
nedopmanuu e = 1.6. Ilpu ucmbiTa-
HUSX B HampabiieHuu Y KodhdUimeHT
yIpouHeHHs cHavana nazaaet ot 800 1o
200 MPa, ognako mpH aedopmMarusax
0oble e = 0.8 HeCKOJIBLKO IMOBHKIIIIA-
ercd 1o 350400 MPa.

AHAJIOTUYHBIM  HUCIBITAHUSIM  HA
cKaTue ObUTH TOABEPTHYTHI 00pa3Ilbl
TUTaHa, MpeJBapUTENbHO Tpoaedop-
MupoBaHHble metogoM PKVII — 4
npoxoaa npu Ttemneparype 350°C.

OO6pasibl UCTIBITHIBATIN B TpeX IJIOC-
KocTsx X, Y, Z, IpUBS3aHHBIX K IUIOCKOCTSAM MPSIMOYTOJIBHOTO o0pasia mocie
PKVII (puc. 11, xpuBsie /—3), a Takke B IUIOCKOCTH, apaiebHON MJIOCKO-
CTH JIETKOTO clIBUTa (KpuBas 4, MpH MOCJIEAHEM MPECCOBAaHUU OHA PACIIONOXKE-
Ha 0] yTiioM 45° K TNIOCKOCTH OCHOBAHUS 00pasia).

Kpusbie ynpouHeHus /—3 NpakTUYECKH HE OTIMYAIOTCS, a I KpUBOU 4 3Ha-
yeHue ynpouyHeHus: npumepHo Ha 100 MPa Beimie. [lo nmapameTpam yrnpouHeHHst
PKVTI-o6pa3en mpeBoCXOAUT MpoKaTaHHbIe 00pa3iel. O0pamaeT Ha cebsi BHUMA-
HHUE TOT (aKT, YTO Bce 00pa3lbl JIEMOHCTPUPYIOT OYE€Hb BBICOKHH KOA(PPHUIIUEHT
auHelHoro ynpoyHeHus 6 = 700-800 MPa, koTopblii 10 aGCOMIOTHOMY 3HAYEHUIO
OJIM30K K Mpezeny TEKy4eCcTH MaTepuara.

3aMeTUM, 4YTO AaHOMAJIbHO-BBICOKHME 3HAYEHMsI MOAYJS IUIACTUYHOCTH IPOSB-
JISIIOTCSL HE TOJIBKO MPU KOMHATHOW TeMIlepaType UCHBITaHUI, HO U B HIHPOKOM
Jara3oHe TeMIIEpaTyp HIbKE TeMIepaTyphbl OJIUTOHU3AUH 1e(OpMUPOBAHHOTO
tuTaHa. OO 3TOM CBUAETENBCTBYIOT PE3yJIbTaThl UCCIEIOBAHUS MapaMeTPOB YII-
pouHeHHs TUTaHa, noaBepruytoro MIIJ[ MeromoM BUHTOBOW SKCTPY3UM IO CXe-
Mme: 4 poxona ripu 400°C + 1 npoxox npu 20°C (Tadmn. 2).

[TpakTHueckoe coBIajeHUE 3HAUCHUH Mpeneia TeKyuyecTH U KodpduuueHTa
JUHEHHOTO yIpOYHEeHHUs O mpH Bcex TemmepaTypax CBUAECTEIBCTBYET O TEPMO-
AKTUBAI[MOHHOM XapaKTepe KOJJIEKTHBHBIX IPOLIECCOB B3aUMOAECUCTBUS MEXIY
JUCIIOKAIUSIMU, KOTOPBIE OTBEYAIOT 3a MPOLECC CTPYKTYpPOoOpa3oBaHUs B CHIIb-
HozneopMupoBaHHBIX MaTepuanax. ComocTaBieHHe aOCONIOTHBIX 3HAaYEHUUN
npejaena TeKy4yecTd ¢ MOAYJIEM IJIaCTUYHOCTU B 3TOM CJIy4yae HECET €lle OAHY
BAKHYIO CMBICIOBYK) HAarpy3Ky: OTHOLIEHHE O3THUX BEJMYHUH XapaKTepU3YEeT
CKJIIOHHOCTh MaTepuana kK Jjokanuzanuu gedopmanuu. CormacHo Koncuaepy
npoliece MeiKkooOpa3oBaHus MPU PACTSKEHUU HACTYIAET, KOIla CKOPOCTh YIPOY-
HEHUs (MOIyJIb TIACTUYHOCTH) YMEHBIIAETCs 10 HalpshKeHus TeueHus ¢ = do/de.
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Tab0mnuia 2
Biausinue TeMnepaTyphbl Ha IapaMeTPbl YIPOYHEHUs TUTAHA, 1e(OPMUPOBAHHOTO
BUHTOBOI1 IKCTpY3Hueii

HapaMeTpLI IIPOYHCHHUA
TeMnepaTypa HCIIbITa- PaCTAXKCHUC CKaTue
HI/II>'I, °C G2 ‘ 0 G2 ‘ 0
MPa
20 660 640 655 800
100 630 769 564 1051
200 540 618 445 1021
300 482 417 370 638
400 350 310 343 440
500 192 164 302 281

W3 npencraBiaeHHBIX AAHHBIX BUIHO, YTO Y BCEX CHIbHOAE()OPMUPOBAHHBIX Ma-
TEPUAJIOB MOAYJb IUIACTUYHOCTH 3HAYUTENIBHO HMXKE, YeM IMPEJesl TEKy4eCTH.
Hckrouenne COCTaBIAIOT JIMIIb 00pasLibl, MPEIBAPUTENIBLHO MPo1ehOPMHUPOBAH-
uele Metogamu WIIJ. 3atpynuenue meiikoodpasoBanust B UI1/-tutane u meau
JIEHCTBUTENHHO OTMEYanoch B paborax [13,14].

[Tockonbky PKYII-00pa3iiel JeMOHCTPHPYIOT pe3epB Ae(opMarmoHHOTO YII-
POYHEHUS, IPEJICTABIIATIO UHTEPEC JOMOIHUTEIBHO MPOIeOPMHUPOBATE UX ITyTEM
Hu3KoTeMmneparypHoil npokatku. bpycok PKVYII-tutana BeicoToii 14 mm paspe-
3aJIM Ha JBE IJIACTUHBI BBICOTOM 4.6 M 8.4 mm, KOTOpbIE 3aT€M NPOKAaThIBAIU C
maroM 0.2 mm 3a nMpoxoj A0 TOJIIMHBI 3 mm IpU KOMHATHOHM TemmepaTrype. B
nononHenne k PKYII-gedopmarnumn crenens nedopmanuu mocie NpOKaTKH s
nepBoro odpasia cocTaBisiia ey = 0.5, ansa BTOporo ey = 1. Ilo anamorum c
NEePBBIMU SKCIIEPUMEHTAMHU MTPOKAaTaHHbIE 00pa3Ibl OBUIM UCIIBITAHBI HA CIKATHE B
TPEX B3aMMHO NEPIEHANKYJIIPHBIX HAIIPABICHUSX.

VcTunHbIe KpHBBIE 1e(OPMAIIMOHHOTO YIIPOUYHEHUS MIPEICTaBIeHBI Ha puc. 12.
I[pexxne Bcero oOpaiaroT Ha ce0si BHUMaHUE O4Y€Hb BBICOKHE 3HAYEHUs Mpezena Te-
Ky4eCTH " J1e(pOpMHPYIOIIETO HAMPsDKEHUST 00pasIioB, CKAaThIX B HApaBiIeHuH Z. Y
niepBoro oopasua npezaen tekydectu gocturaia 1000 MPa, y sroporo — 1200 MPa, a
MaKCHUMalibHOE JedopMHpYyIolee HampspbkeHue Broporo obpasma — 1300 MPa.
OTH 3Ha4YeHUs ONM3KU K PEKOPAHBIM i 1e(pOPMHPOBAHHOTO TUTAaHA TEXHHUYeE-
CKOM 4MCTOTHIL. B HampaBneHusax X u Y 9Ty 3Ha4eHUs 3aMETHO HMKE, OJTHAKO TO-
e HaxoasaTca Ha ypoHe 1000 MPa.

AHanu3 KpUBBIX YIPOYHEHHUS JUIsl OOpa3loB, UCIIBITAHHBIX B HANpaBICHUH Z,
3aTpyAHEH, OCKOJIBKY B HHUX JIOCTaTOYHO OBICTPO HAUMHAETCS JIOKAJIM30BAHHAS
negopmanusi, 1 B KOHIIE KOHIIOB OHH Pa3pyIIAIOTCS IMyTEM JIOKAIW30BAaHHOTO
CIABHUIa IO IJIOCKOCTH, COBMAJAIOLIEH C IIOCKOCTBIO JIETKOTO CABMIa IIPU IIO-
canenneM npoxonae PKVIL

B nByX npyrux miocKoCTsX aHalu3 MapaMeTpoB YIIPOYHEHUs ObLT MPOBEJEH B
COOTBETCTBUU C METOANKOM, onucanHou B [11,12]. lanabie 06 3TUX mapameTrpax
IpeJCTaBIeHbI B Ta0I. 3.
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Puc. 12. Kpussle ynpouHeHus: TUTaHa, poaedopmMupoBanHoro mo cxemam: a — PKYII +
+ 33% npokarku, 6 — PKYII + 50% npoxatku; / — HanpaBienne Z, 2 — X, 3 — Y

Tabnuma 3
PesyabTaThl pacyeToB napaMeTpoB yNPO4YHeHHs 1e()OPMHUPOBAHHBIX 00pa3L0B
PKVYII-TuTtana, mnoaBepruyThIX 10NOJHUTEIbHON NPOKAaTKe B HanpaBjaeHusx X, Y, Z

[Mapamerprt erol = 0.5 eroll = 1
ynpounenusi, MPa X Y 7 X Y 7
o2 742 769 998 665 865 1200
G10 910 890 1065 930 1015 1298
0 530 500 - 195 400 -

W3 mpencTaBieHHBIX JAHHBIX BUAHO, YTO aOCOJIIOTHBIE 3HAUEHUS CKOPOCTHU
ynpouHeHus: 00pa3LoB, npoaegopmupoBanHbix o cxeme PKVYII + npokarka, xo-
POIIO COBMAIAIOT CO 3HAYCHUSAMH, MOJyUYEeHHBIMU Ha o0pasiax, npoaehopmMupo-
BaHHBIX [TPOKATKOM 710 TeX ke cTeneHei negopmannu (cM. Tadu. 1). B yactHoctn,
nocye OONBIINX CTeNeHel AeopMalui MPOKaTKoi 00pasIibl, CKaThle B HAIpaB-
JeHun X, IEMOHCTPUPYIOT MPAKTUYECKH HYJIEBYIO CKOPOCTb YIPOUHEHHMs, a 00-
pasisl, mpoaeOPMHUPOBAHHBIC B HAMpPABICHUH Y, YIPOUYHSIOTCS CO CKOPOCTBHIO
400 MPa. Takum obpazom, cniocoObnocts MIIJ[-TuTana moBbImaTh Mpeaen TeKy-
YECTH IOCJIe MOBTOPHOM MPOKATKH MPOSBIIAETCS 32 CUET CHUKEHUS MOZYJIS IJia-
CTUYHOCTH.

BeiBOABI

1. Kosdounuent auHelHOro ynpodyHeHust (MOAYJb IJIACTUYHOCTH) SIBIISETCS
BOXHBIM (DU3MYECKHM TMapaMeTpOM, KOTOPBIH XapakTepU3yeT 3aKOHBI YIPOYHe-
HUS U CTPYKTypooOpa3oBaHus mpu Oomnbiuux aedopmarusax. KoppektHoe cpas-
HEHHE YMCIIEHHBIX 3HAYeHUH KOA(PPHUIUEHTOB YIIPOUHEHHSI BO3MOYKHO JIUIIb MPU
COIOCTaBUMBIX YCIIOBHSX IKCIIEPUMEHTA.
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2. Ilpy MOBTOPHOM Harpy>XeHHHM Marepuaia B 0o0JacTH OONBIIMX IUIACTHYe-
ckux nedopmanuii ero Ko3pPuumeHT TUHEHHOTO0 YIPOUYHEHHSI YMEHBIIACTCS T10
CPaBHEHHIO C HETIPEPHIBHO 1e(POPMUPYEMBIM 00pa3IOM.

3. TlockonbKy BCE CXEMBI CO3JaHUsl CHIIbHOJS(POPMHPOBAHHBIX MaTEpHAIOB
KOPEHHBIM 00pa3oM OTIMYAIOTCS OT MPOCTBIX OAHOOCHBIX CXEM, IPH HCIOJbB30-
BaHUH HJICOJIOTHH TIOBTOPHOTO HATPYXKEHHS JIOTUYHO TOBOPHUTH HE O CYyMMHPOBa-
HHUH KPHUBBIX Je(OPMUPOBAHUS, a O CONOCTABICHUH JTAaHHBIX, IIOJIy4YeHHBIX OT 00-
pasioB, npoaehOpMUPOBAHHBIX J0 Pa3HBIX CTENEHEN Aedopmarum.
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FO.M. Iloope3sos, B.1. /lanunenxo

GEHOMEHOJOI A MOAYIIA MIACTUYHOCTI
CUJIbHOOE®OPMOBAHMX MATEPIAINIB

B ocHOBy aHaimi3y 3akOHIB 3MIITHEHHS TP BEIMKUX Ae(opMarliax MOKIaIeHO MOCTYyIaT
PO JIIHIHHUH 3B’ 30K MiX ICTHHOIO HAampyror i nedopMaliiero Marepiaily. 3a aHaJOTIE
3 TPYKHOIO JeopMaliero KoeilieHT MPOMOPIiHHOCTI § 4acTO HA3UBAETHCS MOIYJIEM
TUTACTUYHOCTI. Y naHiil poOOoTi 3BepHyoOa yBary Ha psl OCOOJIMBOCTEH, sKi HEOOXiTHO
BpPaxOBYBATH IIiJ] Yac JOCITIDKEHHS I[HOTO BAXKIMBOTO (Di3UIHOTO MapameTpa. Po3risHy-
THO BIUTUB CXeMHU JedopMaliii Ta yMOB IOBTOPHOTO HAaBaHTKEHHS Ha MapamMeTpH
3MIL[HEHHS.

Kiro4oBi cjioBa: 3MiITHEHHS, BEJIHKI gedopMartii, MOIYIb TNIACTUIHOCTI
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Yu.N. Podrezov, V.I. Danilenko

PHENOMENOLOGY OF THE MODULUS OF PLASTICITY
IN STRONGLY DEFORMED MATERIALS

The work is focused on the analysis of hardening laws under high plastic deformations.
The postulate of linear subjection between true stress and true deformation is discussed
with the main consequence that is the modulus of plasticity as a characteristics of the an-
gle of inclination at the linear part of the hardening curve. Linear law of hardening is gen-
erated by the mechanisms of plastic deformation at high deformation degree and its mag-
nitude depends on the conditions of formation of deformation substructure. It is noted that
the physical meaning of the coefficient of linear hardening is still unclear. Besides, there
are some contradictions in calculation procedures and interpretations of the results of ex-
periments. Some papers report that consistency of the hardening rate is observed at the
relative contraction; other works associate it with the relative elongation or with true de-
formation. This discrepancy results in substantial difference in experimental magnitudes
of the modulus of plasticity evaluated by different methods. The paper contains the con-
clusion that correct comparison of the values of hardening coefficient becomes possible
only at comparable experimental conditions.

It is shown that in the course of reloading at high plastic deformations, the coefficient of
linear hardening is reduced, as compared with an uninterruptedly deformed sample. At
reloading of materials processed with using complex loading schemes, it is effectually to
compare the data at different deformation stages, but not to sum up the deformation
curves.

Keywords: hardening, high deformations, modulus of plasticity
Fig. 1. Contraction dependence of true stress: / — calculated curve; 2 — with allowance for
stress distribution in the neck [5]

Fig. 2. Hardening curves of aluminum in dy/dt—t coordinates: a — at varied temperature,
6 — at varied rates [6]

Fig. 3. Hardening curves of aluminum tensile tests: a — in y—t coordinates, 6 — in dy/dt—
coordinates [6]

Fig. 4. Curve of deformation hardening of iron at high deformations [7]
Fig. 5. Deformation dependence of f parameter [7]
Fig. 6. Deformation dependence of the cell size: / — rolling, 2 — ECAP, 3 — data of [7]

Fig. 7. Curves of deformation hardening of aluminum: a — at continuous deformation
(curves 1, 2) and reloading (3—5)

Fig. 8. Nominal (@) and true (6) hardening curves of the rolled titanium (e,on = 1.2)

Fig. 9. True curves of deformation hardening of the titanium samples under compressive
test in Z direction up to degree of deformation e,oy: / — 1.6, 2—-1.25,3-1.0,4-0.7, 5 —
0.5,6-0.35,7-0.2

Fig. 10. The dependence of the coefficient of linear hardening 6 on the degree of prelimi-
nary rolling deformation of titanium compressed in X (A ), Y (m), Z (®) directions
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Fig. 11. Hardening curves of ECAP titanium under compressive test in three mutually
perpendicular planes X (curve /), Z (2), Y (3) and in the plane parallel to the simple shear
plane (4)

Fig. 12. Hardening curves of the deformed titanium: a — ECAP + 33% rolling, 6 — ECAP +
+ 50% rolling; I — Z direction, 2 - X, 3 —-Y
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PACS: 65.80.—g, 68.35.—, 68.65.-k

KO.M. HukonaeHko, HO.E. Kysosnes, HO.B. Measeaes, A.b. MyxuH,
A.M. NpyaHvkos

TEMNONPOBOOHOCTb MHOMOCTOMHOW MITEHOYHOMN
CTPYKTYPbl HA OCHOBE Lag 7Srp3MnO3

HoHeuknii PpU3nKo-TeEXHUYECKUI MHCTUTYT uM. A A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CrtaTtbsa noctynuna B pegakumio 17 ceHtabps 2012 roga

Tpeocmasnenvl pe3yibmamol HKCHEPUMEHMATLHO20 UCCIEO08AHUSL NONEPEUHOU MENTONpPO-
B00HOCMU MHO20CTOUHOU NIEHOYHOU CIMpYKmypbl. H3yuena 603MOJCHOCIb CYWECMEEHHO
UBMEHAMb KOdhPuyuenm menionepedayu Mexcoy NieHKoU U NOONONCKOU 34 CHem UCHOIb-
308aHUSL CEPUU NPOMENCYMOUHBIX HAHOMOIUWUHHBIX NOOCT0ES. [Nl MAKPOCKONUYECKUX Npu-
JIOJICEHUTL NOJLYYEHHBI Pe3YTbMam 0aem G03MONCHOCHb CO30anb MEEPOOMENbHbIIL MeNno-
UBONAYUOHHDBIL MATNEPUAT IKCPABBICOK020 Kavecmaa. O maKdice 0eMOHCIpUpYem 0OUH U3
100X0008 K CO30aHUI0 (DYHKYUOHATLHO20 IeMEHNA MeNa080U HAHOMEXHON0SUMU.

KirodeBsble cj10Ba: IIICHOYHAs] TEXHOJIOTUS, MArHETPOHHOE PACIbIICHHE MHUIIEHH, MHO-
rOCJIOMHAs IUIEHOYHAs! CTPYKTYpa, TEIUIOBOE CONPOTHUBIICHUE MHTep(eiica MiIeHKa—Io-
JI0KKa, HECTAIIHOHAPHBIA METO/I U3MEPEHH TETIOBBIX KHHETHYECKUX KOA(PPHUINEHTOB

W3ydenune TemIoNpoBOAHOCTU IPAHUL] pa3zesia JBYX Cpell MMEET JaBHIOK HC-
TOpHIO, HauMHasA oT 3kcriepuMenToB [1.JI. Kanuisl, KOTOpbIi BBEN 3TOT napameTp
JUIS. OTIMCAHUsI TPOLIECCOB TEINIOOOMEHA Ha TPaHUIE TBEPAOTO Tella CO CBEPXTe-
Ky4yuM renvem. J[aHHbIA mapaMeTp O4YeHb BAKEH I COBPEMEHHONW MMKPOJIEK-
TPOHMKHM M AJIsl BCEX MPUOOPOB, padoTarouux C TeruioBbleneHrueM. OCHOBHON
TEXHOJIOTUYECKOM 3a/1aueil sBIIsAeTCs MOoJydeHue MaKCUMaIbHOM TEMI0NpPOBOIHO-
CTH uepe3 uHTepdeiic AByX pa3HOPOIHBIX TBEPIOTEIbHBIX cpeld. O030p pe3yib-
TaTOB, OTHOCAIIIUXCS K 3TOW TeMe, MpuBeieH B padore [1].

AnbTEpHATUBHON TEXHOJOTUYECKOW 3aJauel SBISICTCS CO3JaHUE OOJIBIIOTO
TEIJIOBOTO COIPOTHBIIEHUs] HAa MHTepdeiice MieHKka—ouIoKKa. Maeda TexHuue-
CKOT0 MPUMEHEHHUsI CTPYKTYp C OOJBIIMM TEIJIOBBIM OapbepoM Ha HHTep(eiice
paHee BbICKa3bIBaIaCh MPUMEHHUTEIHHO K TUIEHOYHBIM 00JIOMETpaM, padoTaoNIM
B obnactu temneparyp 77-300 K [2—4]. B HacTosimiee Bpems B CBSI3U C Pa3BUTH-
€M BO3MOXHOCTEW MUKPO- U HAHOTEXHOJIOTHH MOSBIISIETCS HHTEPEC K UCCIIe0Ba-
HUSIM SIBJICHMH TeriooOMeHa B HaHOpa3MepHBIX o0BeKTax. B mepcrektuBe 310
JOJIKHO TMPUBECTU K CO3JaHUIO MPUOOPOB HOBOT'O MOKOJIEHMSI C MCIIOIb30BaHUEM
IPOCTPAHCTBEHHOI'O Pa3JeNIEHHs TEIUIOBBIX TOTOKOB B MHTEIPUPOBAHHBIX CHCTE-
Max U K CYIIECTBEHHOMY YJIyUIICHHIO MapaMETPOB aKTHUBHBIX TEMJIOBBIX IMpHOO-
POB, HaIIpUMEpP TaK Ha3bIBAEMbIX TEIIJIOBBIX HACOCOB.

© K0.M. HukonaeHko, O.E. Kysoenes, K0.B. Measeaes, A.b. MyxuH, A.M. NpygHukos, 2012
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Cpenu HelaBHUX HAaXOJOK B 3TOM 0OJIACTH CIEAyeT OTMETUTh TEOPETUYECKYIO
pa3paboOTKy TEIUIOBOTO pekTHdacpa [S] U ero MaKpOCKOMUYECKYIO IKCIIEPUMEH-
TalbHYIO peanu3anuio [6]. OyHKIHOHANBHOE AEWCTBUE peKTH(aepa aHATOTHYHO
AJIEKTpOHHOMY noay. OH oOecreunBaeT pa3Hylo TEIIONPOBOJHOCTh B IPSIMOM U
00paTHOM HamnpaBlICHUSX.

[Ipsimoe OTHOILIEHHE K CO3JaHUIO IEMEHTHOM 0a3bl TEIJIOBOM HAHOTEXHOJIO-
TUM MOTYT MMEThb U TUIGHOYHBIE CTPYKTYpPbI, HalpuUMeEp, AJs CO3/JAaHUS TBEPHO-
TEJIBHOIO TEIUIOM30JIATOPAa ¢ MUKPOCKONMUYEeCKOW ToauuHoi. OnHa U3 Mpoayk-
TUBHBIX WJIEH 3aKIIFOUAETCS B MCIOJIB30BAHUM TEIUIOBOTO COMPOTHUBIICHHS HA WH-
tepdetice TUIeHKa-TIOANOXKKA. JIST  SMUTAKCHANBHBIX  OKCHUAHBIX  IIJICHOK
Lag 7S19.3MnO3_5 (LSMO) Ha MoHOKpHUCTAITMYeCKUX mojoxkax SrTiO3 u
LaAlO3; TonmuHy MI0X0 CTPYKTYPUPOBAHHOTO «MEPTBOTO» CIIOsI, KOTOPBI 00pa-
3yeTcsl U3-3a paccoriacoBaHus KPUCTAIUIMUECKUX MapaMeTpOB U IIEPOXOBATOCTH
MOJJIOKKHA, MOXKHO OIICHHTh BENIWYMHOW mopsinka 1 nm. HopmupoBanHoe Ha
wiomaap (yAeiabHOE) TEIUIOBOE CONPOTUBICHHE MAaTEpUANIOB IUIEHKU WIM IOA-
JIO)KKHM C TaKOM TOJIIMHOW M HEBBICOKUM KOA(P(UIIMEHTOM TEIIONPOBOJHOCTH
1 W/(m'K) nomkHO OBITh Ha YpOBHE 10”7 m*K/W. Tem He MeHee AKCIIEPUMEH-
TaJbHBIC 3HAUYEHHUS TETJIOBOTO COMPOTHUBIICHUS MHTEp(elica MOTYT Ha HECKOJIbKO
MOPSJIKOB IPEBBINIATH 3TO 3HaueHue [1—4,7,8].

OtmetuM, 4TO M00aBKa, CBA3aHHAS C TEIJIOBBIM COMPOTUBICHUEM HHTepdeiica,
nposiBIsieTcs: pu Temneparypax Beie 30 K, korma mmHa npeBanupyommx ¢o-
HOHOB CTaHOBHTCS Kopoue 1 nm [2]. B aTom ciaydyae Mozenb akyCTHYECKOTO pacco-
[JIACOBAHUS CPEJl, ECTECTBEHHO, HE pabOTaeT, U AJIsl MOIXOASIIET0 TEOPETUIECKOTO
paccMOTpeHHsT HEOOXOOUMO TMpeBapUTeNnbHO chopMHUpOBaTh HabOp Hamboiee
BOXHBIX SKCIEPUMEHTAJIHHO KOHTPOJHMPYEMBIX XapakTepucTuk. Hammume newmje-
anpHOrO MHTEep(eiica mpuBoUT K Auddy3HOMY pacpocTpaHeHUI0 (HPOHOHOB yepes
TEIUIOBOM Oapbep Ha rpaHulle paszena MarepuanoB. [lanpHeillue npakTHYeCKUe
MPOJBIKEHHSI MOTYT OBITH CBSI3aHBI C BBISICHEHHEM Psiia BOIIPOCOB. MOXKHO 1M Ha
IYTH PacTpOCTpaHEHHst (POHOHOB CO3/1aTh HECKOJILKO 0apbepoB; Kakask MUHUMAIIb-
Hasl TOJIIMHA TPOMEKYTOYHOTO CIIOS IOCTaTOYHA JUISl TOTO, YTOOBI Ha CIIEAYIOIIEM
uHTepdeiice Takxke 00pa3oBaJiCsl aHAJOTHUHBIA TEIUIOBON Oaphep; KaKoBbI TpeOo-
BaHUS K KPUCTAIUTMYECKOW CTPYKTYpe MPOMEKYTOUHOTO CJIOS; MOXKHO JIHM TOJY-
YUTh CYIIECTBEHHO Pa3INYaIOUIYI0Cs TEIUIONPOBOJHOCTb BJAOJIb U IMOMEPEK CIOEB
reTepoCTpyKTYypbl? B 310l paboTe MBI coobmiaeM 00 MCCIETOBAHUU C MOMOIIBIO
HECTaIMOHAPHOTO MeToa [4] koadduimeHTa Terionepeaadn MexKIy H3MEPUTEITh-
HOU TUICHKOH U MOJAJIOKKOM Yepe3 MHOTOCTIOWHBIE CTPYKTYPBI C Pa3HBIM KOJTUYECT-
BOM TIPOMEKYTOUYHBIX CJIOEB TONIMHOW oKkoyo 20 nm. [lomyueHHbIe pe3yIbTaThl
VIS YepeyIoNuXcs ciaoeB pazHopoaHbix MatepuanoB LSMO u CN, cBuzerenbCeT-
BYIOT O HAJIMYUH TaKOW BO3MOKHOCTH JIJIsl BHIOPAHHBIX HAMH yCIIOBH.

TexHoJI0rHs NPUTOTOBJIEHHUS MJICHOYHBIX CTPYKTYP M MeTOJ H3MepeHu i

OCHOBy HaKUX 3KCIICPUMCHTOB COCTABJIACT TEXHOJIOTUA IMPOU3BOACTBA ITJICHOK
Ha OCHOBEC TBCPABIX PACTBOPOB MaHraHUTa MCTOJOM MArHECTPOHHOI'O paClbIJICHUA
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muteHu [9]. Beibop MaTepuana oOyClIOBIIEH MPeXkIe BCero TpeOoBaHUEM H3MEPH-
TEJIbHOM METOMKHU. B HalleM HecTallMOHapHOM METO/I€ KOHTPOJIS TETJIOBBIX KUHE-
TU4eCKUX Kod(duimeHToB [4] TiIeHKa SBISETCS TEPMOMETPOM, U BO3MOXKHOCTh
MU3MEPEHUH TPSIMO 3aBHCUT OT TEMIIEPATypHOTO KOA(PPHUIMEHTA JIEKTPHUECKOTO
COIIPOTHUBIIEHUS. brarogaps HaIHMYUI0 MarHUTHOTO (ha30BOTO MEpexoja Temrepa-
TypHasi 3aBUCUMOCTh SJIEKTPHUUECKOro conpoTuBieHus B La;_.Sr,MnO3_g-muienkax
UMeEeT BHJI IIUPOKOrO MUKa, U B JOBOJBHO IIUPOKOM HMHTEpPBAJiE TEMIIEpaTyp Be-
mnanHa d(IgR)/dT nocturaer HECKONBKUX MPOLEHTOB Ha rpamxyc. s uccnemye-
Moro LSMO (t.e. mpu x = 0.3) TemrnepaTtypa (pa3zoBoro nepexoja MMEET BETUIHHY
okosio 360 K u ObicTpo yOBIBAaeT MpW MOHMKEHUHM KUCIOPOIAHOTO COJEPIKaHUS
[10,11]. BennunHy KHCIOPOJHOTO MHJEKCA MOXHO PETryJUPOBATH MyTEM TEPMO-
00pabOTKHU TIIEHOYHOH CTPYKTYPHI B Ta30BOi aTMocepe.

Bropas Baxnas ocobenHocTh LSMO-T1€HOK 3aKiTtodaeTcs B CrieUPUIECKOM
NOJISIPOHHOM MEXaHU3Me MPOBOAUMOCTH, IIPH KOTOPOM OTCYTCTBYET HeOOJIOMET-
pUYECKHIl OTKIIMK Ha MMITYJIbCHOE MHUKPOBOJIHOBOE HJIM MH(ppakpacHoe o0iryde-
HUE, XapakTepHbli 11 nosnynpoBoaHukoB U BTCII, yro ympoujaer ananus pe-
3yJIbTaTOB U3MepeHus [4].

Ha puc. 1 npuBeneno SEM-u3obpaxkenue (o1 yrioM) OJJMHOYHOTO THTAKCH-
anpHOrO cjosi LSMO-1uieHKkH ToMMUHON 0K0y10 30 nm Ha MOHOKPHUCTAUTMYECKOM
noaoxke SrTiOs (100). OHO maer mpeacTaBiIeHHE O KauyecTBE MOKPBITUS MO-
BEPXHOCTH HUCIOJIb30BAaHHBIX IMOAJIOKEK TOHKOW IUIeHKOM. OTMeTuMm, 4Tto Oosee
panHue uccinenoanus [9,10] mokazanu XOpoIIyl0 KPUCTAUIMUECKYIO CTPYKTYPY
SMUTAKCUAIBHBIX CJIOEB MOJyYaeMbIX HaMH IJIEHOK M JIOCTaTOYHO BBICOKYIO paB-
HOTOJILIMHHOCTD (Bapuauus ToamuHbl MeHbie 10% Ha miomanu 1 cmz). Heo0-
XOJUMBIM YCIIOBUEM JJISl ATUTAKCHALHOTO POCTa ATOMHBIX CJIOEB IJICHKHU SIBJIS-
€TCsl HarpeB MOJUIOKKH 110 Temneparypsl 600—700°C, koraa BeICOKasi OBEPXHO-
ctHas qud¢y3us, CTUMYJIUPOBAHHAS JOMOIHUTEIBHO MOTOKOM 3JIEKTPOHOB B pa-
Oouell kamepe MarHeTpoHa, oOecriednBaeT (HOPMUPOBAHHE ATOMHOTO TOPSIKA B
MOBEPXHOCTHOM CJIO€ TIICHKH.

20kV  X45,000 0.5pm 0397 1040 SEI
a 0

Puc. 1. SEM-u3o0paxkenne OOKOBOTO CKOJa W ydacTKa IOBepXHOCTH ciosi LSMO-
wieHkn (30 nm) Ha momioxke LaAlOjz (a) u tuieHkun CN, Ha CTEKISIHHON KBapeBOit
oANoKKe (0)
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Harmr nepBbIif ONBIT MOKa3ai, 4TO 3TOT )K€ MEXaHU3M MOXKET ObITh MPUYHUHOM,
HE MO3BOJISIONIEH C(HOPMHUPOBATH YETKHI HHTEPPEIC CO CIETYIOMUM TUICHOYHBIM
cioeM, B yacTHOCTH u3 okucH TutaHa (Ti0O;). Bo3mMokHO, 3TO CBsI3aHO C HEya4-
HBIM BBIOOPOM MMEHHO THUTaHA, KOTOPHIX Jierko BHeapsiercs B LSMO [12]. B to
K€ BpeMs SICHO, UTO CO3JjaHhe TEXHOJIOTMH (pOpMHpOBaHUS YETKOTO MHTepdeiica
IIPU POCTE IUIEHKHU Ha TOpsiYed MOJJIOKKE — ATO OTAesbHasd 3anada. CylniecTBeH-
HO€ TIOHIDKEHUE TEeMIIepaTyphl MOJUIOKKH MPUBOAUT K (HOPMUPOBAHUIO aMOp(-
HOM WM TOJMKpUCTAUINYECKOH CTpykTypsl LSMO-menok [9]. Amopdabie
LSMO-nneHky SBISIFOTCS TUAJIEKTPUUYECKUMH, YTO HE MO3BOJISET UCIOJIb30BATh
uX B KauecTBe TepMomeTpa. [loaToMy Ui MOJydeHUs! pa3HbIX CIIOEB IETEPOCT-
PYKTYpBI MBI HMCHOJIB30BAJIM pa3HbIE BApUAHThl TeXHosoruu. lIpomexyTouHbie
ciou CN, BbIpanuBany 0e€3KaTaJIUTHUYECKUM METOJOM IyTEM MAarHeTPOHHOIO
pacmbuieHUs] TpaduTHOW MHUIIEHH B atMocdepe asorta c¢ mobasienuem 0.5-1%
KHUCTIOpOJia ISl aKTHBH3AIMHM IIPOIeccCa CTPABIMBAHUS aMOP(HOTO YTiepoja.
MomHocTh pa3psia MarHeTpoHa He npesbimana 20 W.

Crnenyer ormetuth ABe ocobeHHoctu CN,-tuieHok. [Ipu moctatouno GoJbioin
(1 um) ToNMIIMHE OHU MMEIOT KOJIOHOBUIHYIO CTPYKTYPY (pHcC. 1,0), KOTOPYIO MBI
W3HAYAJIbHO PacCMATPUBAIM KaK IMOJIOKHUTEIBHBIA (aKTOp, CHUKAIOMIHMA TpeOo-
BaHUS K COTJIACOBAHMIO TEMIIEPATYPHBIX KOI(PPUIIMEHTOB PACIIUPEHHUS TOII0XK-
KM W IUJICHOYHBIX cJIOEB. B Hamieil MyJbTUCTPYKType caMOM HMPOYHOU SABISETCA
MOHOKpHUCTAIIMYecKas mouioxkka SrTi03, Ha KOTOpPOH MOJTy4aroTcs BRICOKOKade-
CcTBEeHHbIE 0iHOCTOMHBIE LSMO-TIIIeHKH ¢ XOpoIIei aare3neil B mimpoKoM HHTEP-
Bajie TEMIIepaTyp — OT TemmepaTypsl xkuakoro azora 1o 900°C. To, uro mHOrO-
CJIOMHAsI CTPYKTYypa Takke 00JaJaeT JOCTAaTOYHO XOPOIIeH aare3ueil B HY)KHOM
uHTepBane Ttemreparyp 20—-650°C, no-BuauMoMy, OOBSCHSETCS CTPYKTYpPHOU
cneunpukoii CN,-cioeB. OHa mo3BossgeT N30€KaTh BOSHUKHOBEHUS pa3pyIlIaio-
X MexaHudeckux HanpsbkeHuid B LSMO-cnosx. TonmuHy ciioeB KOHTPOJIUpo-
BaJIM 10 BpeMeHHu HanbuieHus. [Ipomexyrounsie LSMO-con HaHOCHIN Ha TOA-
J0KKy ¢ Temriepatypoit Ty = 300°C, a mociennuii, Handosee TOJICThIN, HAHOCUITH
B n1Ba 3Tana: 50 nm npu 75 = 300°C, a 3arem 150 nm npu 7= 650°C.

TensioBoe conporuB/eHne HHTepdeiica MIEHKA—TOAT0KKA

OCHOBOH I OIIEHKH TETUIONPOBOJIHOCTH SIBJISIETCS HAIll HECTAIMOHAPHBIA Me-
TOJI KOHTPOJIsi HabOpa TEIIOBBIX KHHETUYECKUX KOA(D(UIIMEHTOB OJHOCIONHBIX
MJICHOYHBIX CTPYKTYp [4]. [lmeHka B 3TOM MeTo/1e BHIMIONHSAET (PyHKIIUA HarpeBa-
Tesl U TepMoMeTpa. [l MMITyIbCHOTO HarpeBa IUIEHKH HCIOJB3YETCS] MHUKPO-
BostHOBasi win MK-morHocTs. MBI peructpupyeM BpeMEHHYIO 3aBUCHUMOCTH Ha-
rpeBa mieHkH ATy(f) ¢ MOMOMIBIO OBICTPOACHCTBYIOMIETO AHAIOTO-UU(POBOTO
KOHTPOJIJIEpA U TMOJydaeM HaOOp KUHETHYECKUX KOI(PPHUIIMEHTOB MyTEeM Mapa-
JIENBHOTO KOMIBIOTEPHOTO pacdera pyHnkuun ATy (7).

3HaueHUE YACIBHOTO TEIJIOBOT'O COMPOTHUBIICHUS HA SIUHUILY TUTOMIAN S OI-
penensieTcss Kak OTHOIICHHE pa3HocTu Temrepatyp A7 Ha untepdeiice K HKOyIie-
BOil MomHOCcTH Pj: Rgg = AT/(SPj). MuHMManbHas BeMWYWHA R IS TOHKOTO
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(1-10 nm) cmost MOUIOKKH, KaK HETPYIHO OIEHUTH, UMEET MOPSAIOK BEITHUYUHBI
107°-10"° m>K/W. Jnst okenanbix BTCII-IUIEHOK SKCIIEPUMMEHTAIBHO OICHEH-
HbIC 3HAUEHUS TEIUIOBOTO COIMPOTUBIICHHS JieKaT B IIUPOKOM HHTEpBae
10°-107 m*K/W [2]. Tunnunas BenuuuHa Rgg U1 AMUTAKCUATBHBIX TUICHOK
LSMO na cranmaptHoi SrTiO3-moaokke UMeeT MOPSA0K BETMIHHBI 1077 mZ-K/W
[4]. st LSMO-tnenku Ha LaAlO3-nmomoxke BenmnunHa R OKazanach IMOYTH Ha
nBa mopsiaka Oompie. OTMETUM TakKe, YTO MaKCUMallbHasi BeludnHa Re, B 250
pa3 MpeBHIIIAOIIAs 3TO 3HAYCHHE, ObLIA MMOJIy4eHa HAMHU ISl TOHKOW HAHOCTPYK-
typupoBanHoil FeCoCu-nnenku [8,9]. KoneuHo, peub HIET O IUIEHKaX ¢ XOpOoUIeH
aZre3uel U BpeMEHHOHN CTaOMIIBHOCTHIO CBOMCTB.

Pacuer BpeMeHHOHN 3aBUCUMOCTH TeMIEPaTyphl MJIEHKU MPOBOJIUIN B paMKax
MOJIeTIM OJHOMEPHOI'O PACIpOCTPaHEHMsI TEIJIOBOIO MOTOKAa OT IJICHKH 4Yepes
MOJIJIOKKY B TEPMOCTAT U HJCAIBbHBIX MHTEep(hEHcoB (C HYJIEBOW TONIIUHON) HA
rpaHULaX pa3jeia IUIEHKa—TIOAJOXKKAa M TOJJI0kKKa—TepMocTaT. B0o3MOXHOCTD
OJIHO3HAYHOTO BBIYHCIICHUSI BETUYHH MOJHOTO HA0Opa TEIUIOBBIX KMHETUYECKUX
KO2((PUITMEHTOB MJICHOYHON CTPYKTYPHI 0OECIIEYMBACTCS PAa3IMUNEM BPEMEHHBIX
MacIITaboB TpoIlecca PacHpoCTpPaHEHHUs TEIIOBOTO IMOTOKa uepe3 uHTepdeiic
TUICHKA—TIO/IJIOKKA T, TIO TOJIIUHE TIOJUIOKKHU Ty M Yepe3 UHTEPPEHC MOT0KKA—
tepMocTat T3. [locnenHuii mapameTp MOXHO HU3MEHSATh MPH MOJATOTOBKE JKCIIe-
PUMEHTA, YTO MO3BOJISIET 00ECTIEYUTh JOCTATOYHOE PA3IHINe MEXITY 3HAYCHHUSIMH
Tp 1 13. [Ipu 3TOM TpyOYyI0 OIIEHKY YacTO MOKHO MOJNYYUTh C TTOMOIIBIO TPHUOIH-
JKEHHBIX COOTHOIIEHUN [4], a KOMIBIOTEPHBIM pacyeT YTOYHSET MapaMeTphl.
Oco0y10 IIeHHOCTh KOMIBbIOTEPHBIM BapuaHT METO/a MPEJICTaBIseT B clydyae He-
JOCTAaTKa 3KCIIEPUMEHTANIBHBIX JIaHHBIX B MaciiTabe BpeMEeHH T|. BO3MOXHOCTH
JIOCTaTOYHO TOYHOHN OLEHKU TEIUIOBOTO CONPOTHUBJICHHS HHTepdeiica IMiIeHKa—
MOJIJIOKKA B ATOM CITydae MpoJIeMOHCTpUpPOBaHa B padbore [7].

Ha puc. 2 npuBeneHa cxema MHOTO-
CJIIOMHOM TeTepoCTPyKTyphl. s Xapak-
TEPUCTUKU TEIIO00OMEHa MEXIy IIJIeH-
KO M TOJUIOKKOM B MHOI'OCIOMHOU
CTPYKType TpH HAJIUYUHU TMPOMEXKYTOU-
HBIX CJIO€B KOHEYHOH TOJIIIMHBI CIETYET

| HCIIONIL30BaTh KOX(PPHUIMEHT YACTbHON
. — TEIUIONepeiayl MKy IJICHKOW U MOJ-
JIO’)KKOU. B cityyae oHOCIOWHON CTpyK-

Typbl B paMKax MOAXO0Ja HICATHLHOrO

StTiO; substrate unTepdeiica OH sABIAETCA OOPATHOM
BEJIMYMHOUN TEIJIOBOTO CONMPOTHUBICHUS

;200 nm

La, ,Sr, ;MnO; film

e—

20 nm

400 um

-1 o o
As= (Rg) . 11 MHOTOCTIOMHOM CTPYK-
~1 -1
Typel As = S (ZR;)  + Ay, THE 2R; —
Puc. 2. CxeMa MHOTOCTOHHO# MIeHOUHOH CyMMa TEIUIOBBIX CONPOTUBJIECHUH (HE
CTPYKTYDBI VAENBHBIX) BCEX TOHKHUX MPOMEXKYTOU-
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HBIX CJIOEB M BCEX MHTEPQEHCOB, S — IUIOIIA/Ib IUIEHKH, A, — TEIUIONPOBOIHOCTD JI0-
MIOJIHUTENILHOTO KaHaJIa yTEUKH TEIlIa BHE IUIEHOYHOM CTPYKTYPBI.

[Toxa BenuuuHa A,, CBSI3aHHAs C TEIUIOBBIM H3JIyYEHHEM U TEILIONPOBOJHO-
CTBbIO JIEKTPUUYECKUX MPOBOAHUKOB, OCTAETCSI MHOTO MEHBIIE Afs, MOXXHO HC-
[10JIb30BaTh MPUOJIMKEHUE OJJHOMEPHOTO MOTOKA TEIUIa B IUNIEHOYHON CTPYKTYpE.
Pacnipoctpanenue Tema 1o TOJILIMHE IUIEHKH Mbl HE YUUTBIBAEM, TOCKOJIBKY CO-
OTBETCTBYIOLIMHM MacmITad BpeMEHM TEXHUYECKU HEJOCTYIEH Ul Halllero KOoH-
Tpossa. Pacnpoctpanenue (ppoHTa TEIIIOBOTO MOTOKA Yepe3 TOHKUE MPOMEKYTOU-
HBIE CJIOU MEXIY U3MEPUTEIbHON IUIEHKOM U MOJJI0KKOW Ha BPEMEHHOMU 3aBUCH-
MOCTH TEMIIEPATypPbl HArpeBa IUICHKHU NPOsBiseTcs MHTErpansHo. [lo aToi mpu-
YMHE Ha OCHOBE 3KCIIEPUMEHTAJIbHBIX JAAHHBIX HE MPEACTaBIAETCS BO3MOXKHBIM
OTJIEIBHO OLICHUTDH TEIUIOEMKOCTh CJIOEB M 3HAYEHMsI TEIJIOBOI'O COMPOTHUBIICHUS
OTIENbHBIX UHTEPPEHcoB. ENMHCTBEHHAas BO3MOXKHOCTh XapaKTepU30BaTh TEILIO-
00MEH MEXy TUIEHKOW M MOJUTOKKON 3aKITI0UaeTcs BO BBeJeHUU 3(pPEeKTUBHOTO
kod(dduimenTa TeronepeaadY MHOTOCIOMHONW CTPYKTYpPBI 7;5, OTIPEIeTISIEMOTO
U3 HKCIIEPUMEHTa (PaKTHYECKH B paMKaX MOJIENU HJIealIbHOTO HHTepdeiica.

Ha puc. 3 npuBeneH HabOp TEOPETUUECKUX U BYX SKCIIEPUMEHTAIbHBIX 3aBUCH-
MOCTEW TeMIlepaTypbl HarpeBa M3MEPUTEIbHOM IIEHKU. DKCIIEPUMEHTAIbHBIE JaH-
HBIE COOTBETCTBYIOT MHOT'OCJIOMHOM CTPYKTYpE € TPEMSI U IATHIO IPOMEKYTOUHBIMU
cinosimu CN,. B macmrabe oTHocutensHO Oombiux BpemeH (£ > 0.2 s) OoHU Malio
Pa3IMYAIOTCS, YTO OOBSCHACTCS OJIM3KUMU T€OMETPUIECKIUMH pa3MepaMy U BEJTUUH-
HAaMH TEIJIOBOTO CONPOTUBIIEHUS Ha UHTepdelice MoAIoKKa—TepMocTaT. B nHTepBa-
e 107210 s pa3uyue CyLIECTBEHHOE, U, KAK CIEAyeT U3 COIOCTABICHUS JKCIIe-
PHUMEHTAIBHBIX JAHHBIX C PACYECTHBIMM KPUBBIMHU Ha PHUC. 3, BBI3BAHO OHO Pa3HBIM
KO3 PHUIIUEHTOM TETUIONIEPEIaui MEKIY N3MEPHTEITHHON TIJICHKOW M TIOIOKKOH.

Ha puc. 4 nmoka3zaHbl pe3ynbTaThl OLIEHKH KO3 UIMEHTa TeTIonepeadu B 3a-
BHCHUMOCTH OT KOJINYECTBA MPOMEKYTOUHBIX CJIOEB Ul IByX THUIIOB I'€TE€POCTPYK-
Typ. 1 HarJIIHOCTU HA PUCYHKE MTPUBEIECHA 3aBUCUMOCTh OOpaTHON BETUYHUHBI
ko3 dunmenTa Teronepenaud, UMEIONIEH pa3MEpPHOCTh YAEIBHOTO TEIJIOBOTO
compotuBienus. Kak Bugno, ansg ctpyktypsl LSMO/CN, Habmogaercss mouTH

JIMHEHHBIN POCT BEIUYHMHBI st_l B 3aBHCHUMOCTH OT KOJMYECTBA IMPOMEKYTOUHBIX
cioeB. DTOT (aKT MOXKHO pacCMAaTPUBATh KaK CBUJETEIICTBO HAMYUS TEILIOBBIX
O6aprepoB Ha HHTEpPeiicax TOHKHUX MIeHOUYHbIX ciioeB LSMO/CN,.
DKCMEPUMEHTHI C TIPOMEKYTOUHBIMH CIIOsIMA T10) C TOUKHM 3pEHHSI CO3IaHMsI Te-
TUTOBBIX 0apbepoB SIBJISIOTCS HEYJAAYHBIMH, HO TIOJE3HBIMU IS OOIIETO TIOHMMAHWS
npo6siemsl. [1o manabM paboThl [12], OKUCH TUTAHA HE CO3/1aE€T XUMUYECKOE COCTH-
HEHHE C MAHIAHUTOM, HO JIETKO IIPOHUKAET B MaTepHal, OCOOEHHO B MEXTPaHyJIbHOE
MPOCTPAHCTBO MOJMKPUCTAUINIECKUX 00pa3iioB. B HalMX 3KCIIEpUMEHTaX BIHUSHUE
OKHCH TUTaHa MPOSBUIOCH B PE3KOM YXY[IIEHUH MPOBOJSIINX CBOICTB Hambosee
toscroro (200 nm) usmepurenbHoro LSMO-cios, 4To sBisSIETCSl NMPSIMBIM CBUE-
TEIILCTBOM BBICOKOHM M y3noHHON MOIBIKHOCTH. [IopsaoK uepeoBaHms TOHKUX
cnoeB Ha nomoxke SrTiO3 waumnaercs ¢ LSMO, u BenmuuMHA TEIUIOBOTO COMPO-

. -7 2
TUBJICHUS Ha MHTEepQeiice TIeHKa—TI0UTOKKA JOIDKHA HMETh mopsok 10~ m™-K/W.
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Puc. 3. BpeMeHHbIe 3aBUCHMOCTU TEMIIEpaTypbl HarpeBa M3MEPUTEIHLHOIO TJIEHOYHOTO
CJIOS: CIUIOIIHBIE JIMHUU — pacueT, KPYXKKH U 3BE3JOYKH — DIKCIEPUMEHT. PacueTHbIe
KpUBBIE [—8 OTIWYAIOTCS BETUYMHON TEIUIONMPOBOTHOCTH HWHTepdelica IUIeHKa—TI0I-
nokKa: A = 0.2, 0.25,0.33, 0.5, 1,2, 10, 100 (10° W/(m*K))

Puc. 4. O6patHas BennurHa Ko3((HUIUEHTA TEIUTONEpeaadn MEX Ty TUICHKOM U TIOJI0XK-
kot (LAO — LaAlO3, STO — SrTiO3), HOpMHPOBaHHOTO HAa €IUHUITY IDIOMIANH, IPH pa3-

JUYHOM KOJHYECTBE MPOMEKYTOUHBIX cioeB: W — LSMO (STO), o — LSMO (LAO), o —
FeCoCu (Si0,/Si), « — LSMO/CN, (STO), % — LSMO/TiO; (STO)

[Ipu u3yuyeHUM CTPYKTYp C OAMHOYHBIM TojcioeM TiO; BBIICHHIOCH, YTO
dakT HaMU4KS TPOMEKYTOUHOTO CJI0S MPUBOINT K YMEHbIIECHUIO Kod(dduinenrta
teronepenayu B 30—-80 pa3. Toraa ciepoBasio ObI 0XKUAATH, YTO B MHOTOCIIOM-
HOU cTpykType ¢ 10 mpomMexyTounbiMu ciosiMu 110, k03¢ GHUIIMEHT Terutonepe-
naun noskeH ymeHbuThess B 300-800 pa3. Ho skcnepumeHnTanbHas mpoBepka
MPOJEMOHCTPHUPOBAJIa YMEHbIIIEHUE Afg TONBKO B 120 pa3, 4To HE HAMHOTO IIpe-
BbIaeT 3¢(HeKT OAMHOYHOrO cosi. Takoro ke yMEHbBILEHUS 10 MOPSAIKY BEH-
YUHBI Afg MOKHO JIOCTUTHYTH U 0€3 HCIIOJIb30BAHMS MPOMEKYTOYHBIX CIIOEB (CM.
3HaueHUE Ag HA puc. 4 i mieHouHo cTpykTypel LSMO/LaAlO3). Otcrona
CJIelyeT cenaTh ABa BbIBOJA. Bo-mepBbIX, pa3MbIThie IO TOJILIMHE UHTEPQEHCH
LSMO/TiO, He XapakTepu3yTCs TOCTATOYHO OOJBIINM TETUIOBBIM COIPOTHB-
nenmeM B macmTabe 10> m>-K/W. Bo-BTOpHBIX, TEMIOBOE COMPOTUBICHHE Ha
nepBoM uHTepdeiice cnost LSMO (20 nm) ¢ nomnoxkoit SrTiO3 cymecTBeHHO
u3Mensiercs (Bo3pacraer) uz-3a quddysun TiO) B OKpEeCTHOCTH 3TOr0 MHTEpdEH-
ca. luddys3us mpoucxoauT BO BpeMs KaK HAHECEHHUs CIIOEB, TaK M TepMOoOpa-
00TKH TOTOBOU CTPYKTYpHI ITpu 900°C, KOTOpasi UCIOIH30BaNIACh JISI KOPPEKTH-
POBKHM KHCIOPOJHOTO COJAEpPKaHUSI B U3MEpUTEIbHOM cioe TuieHkn LSMO. Pas-
Opoc 3HAUYEHUH Ag UIA YETHIPEX CTPYKTYP C OJMHOYHBIM MOJCIOEM (CM. puc. 4)
BBI3BaH B TOM YHCJIE Pa3HON MPOJOHKUTEIBHOCTHIO TEPMOOOPAOOTKU CTPYKTYP.

B otHomenuu ctpyktyp LSMO/CN, mpo6iembl ¢ IPOHUKHOBEHHEM yTiiepoJa
B LSMO-cron He BO3HHKAET, IOCKOJIBKY aMOP(HBIA yTIEpoa BO BpeMsi HaHECe-
Hus LSMO-cnoeB B kuciopoacoepskaiieid atMmocdepe aprosa JIerko CTpaBiiBa-
ercs nipu 300°C u BBIBOOUTCA U3 KaMepbl B ra3oo0pa3zHoM Buje. COOTBETCTBEH-
HO, Tipu HaHeceHnH CN, nmuddy3noHHas MOABMKHOCTH, aToMOB B LSMO-crosix
OCTaeTCsl CTa0MIBHOM OJ1aroiapsi OTHOCUTENIBHO HEBBICOKOU Temmeparype 300°C.
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B kauecTBe OCHOBHOTO BBIBOJIA CIIETyE€T OTMETUTH, YTO MOTYYEHHBIE PE3YJIbTATHI
MIOJTHOCTBIO COOTBETCTBYIOT KOHLIETIIIMH TEIUIOBOTO COTIPOTHBIICHHSI HA HHTEp(eiice
TUICHKa—TIO/IJIOKKA U TIOKA3bIBalOT BO3MOKHOCTH CYIIECTBEHHO YMEHBIIATh KO3(-
(UIMEHT Teruionepeaayd MeXIy IUICHKOW M TOUIOXKKOH 33 CUeT MCIIOIb30BAHUS
CepUH HAHOTOJIIIMHHBIX MPOMEXYTOUHBIX c0eB. J[eHCTBUTENBHO, AT OAUHOYHOTO
nozacnost CN, (1Ba uHTEepdeiica) BenmmunHa Kod(h(HUIMenTa Teronepeadn noryda-
eTcsl A = 10° W/(mz-K) (B pacuere Ha oauH uHTEpdeic Ry = 5.10°° m2~K/W). A
IUISL TETEPOCTPYKTYPBI C MATHIO IPOMEKYTOUHBIMU CIOSIMH Agg OTM30K 1O BETUYMHE
x 2:10° W/(mz-K), YTO 3KBUBAJICHTHO CJIOXEHHUIO 10 TEIIOBBIX COMPOTUBICHUN Ha
uaTepdeiicax LSMO/CN,. B 3akimtodeHre oTMeTHM, UTO MONEpevHast TeIUIONPOBO/I-
HOCTb MHOTOCJIOMHOM CTPYKTYPBI XapaKTEPHU3yETCsl BETMUUHOU 4107 W/(m-K), aro
COOTBETCTBYET TEIUIOM30JIILIMOHHOMY MaTEepUaTy SKCTPaBBICOKOTO KauecTBa.
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TEMNOMPOBIAHICTb BAFATOLLIAPOBOI MNIBKOBOI CTPYKTYPU

HA OCHOBI La0_7Sr0,3Mn03

[IpencraBieHo pe3yiabTaTH EKCIIEPUMEHTAIBHOTO JOCTIKEHHS TOMEPevHol Teruio-
NpoBifHOCTI OararomiapoBoi IUTIBKOBOI CTPYKTypu. BHBUEHO MOXIHUBICTH CYTTEBO

3MIHIOBaTH Koe(DilieHT Teruronepenadyi Mixk IDTIBKOIO Ta MIAKIAIKOI0 332 PaXyHOK BHKO-
pUCTaHHS cepii HAHOTOBIIMHHKUX MPOMIKHUX IapiB. 71T MaKpOCKOIMYHUX BUKOPHUCTAHb
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OTPUMAaHHU PE3yIbTAT 1a€ MOXKIIUBICTh CTBOPUTH TEILIOI30JIAIIMHAN MaTepiand eKCTPaBU-
COKO1 sIKOCTi. BiH TakoX AEMOHCTpYE OAWH 3 MIIXOIIB J0 CTBOPEHHS (DYHKI[IOHATBHOTO
€JIEMEHTA TEIUIOBOi HAHOTEXHOJIOT 1.

Karo4oBi cioBa: oTiBKOBa TEXHOJIOTiS, MarHETPOHHE PO3MUIIOBAHHS MillleHi, OaraTo-
ImapoBa INTiBKOBAa CTPYKTypa, TEIUIOBUH OIip iHTepdeicy IuTiBKa—IIiaKIaaKka, HeCTaIio-
HApHUH METOJ BUMIPIOBAaHHA TEIJIOBUX KIHETHYHHUX KOCQILli€HTIB

Yu.M. Nikolaenko, Yu.E. Kuzovlev, Yu.V. Medvedev, A.B. Muhin, A.M. Prudnikov

THERMAL CONDUCTANCE OF MULTILAYER FILM STRUCTURE
ON THE BASIS OF LAg 7SRp.3MNO3

The results of experimental investigations of transverse thermal conductivity of multilayer
film structures are presented. The possibility of significant variation of the heat transfer coef-
ficient between film and substrate by using a series of nanothick sublayers was investigated.
The multilayer film structures were performed by method of magnetron sputtering of a ce-

ramics target onto single crystal SrTiOj substrates. The upper layer of film structure is rela-
tively thick (200 nm) and electrically conducting. It provides the possibility of measurement
of transverse thermal conductivity by a non-stationary method using pulse IR heating of the

film. The intermediate Lag7Srg3MnOj layers with the thickness of 20 nm are separated by
layers of the second material. For preparation of intermediate layers, the CN,, or TiO, materi-
als were used. For epitaxial growth of the upper Lag 7Sry 3MnQOj5 layer, heating of substrate up
to 600°C was used. The intermediate layers were performed at lower temperature. It was re-
vealed, that the thermal boundary resistance at the interface of Lag 7Srg 3MnO3 and CN,, film
layers is R = 5.10% m>K/W. For the film structures with several intermediate layers, the
coefficient of thermal conductivity approximately corresponds to the sum of thermal resis-

tance of intermediate interfaces. For macroscopic application, the obtained result gives the
possibility to perform a thermal insulating solid material of extra high quality. The corre-

sponding thermal conductivity is of 2107 W/(mz-K). It demonstrates also one of the ap-
proaches to development of the functional element of thermal nanotechnology.

Keywords: film technology, magnetron sputtering of the target, multilayer film structure,
film—substrate interface thermal resistance, non-stationary method of thermal kinetic co-
efficient measurements

Fig. 1. SEM image of the cross-section and surface fragment of the LSMO film (30 nm)
on the LaAlOj substrate (a) and the CN,, film on the quartz glass substrate (6)

Fig. 2. The scheme of a multilayer film structure

Fig. 3. Temporal dependences of the heating temperature of the measuring film layer:
solid lines present computer calculation; open circles and stars present experimental data.
Calculated curves /-8 correspond to different values of effective thermal conductivity
coefficient of film—substrate interface: Ag = 0.2, 0.25, 0.33, 0.5, 1, 2, 10, 100 (105 W/(mz-K))

Fig. 4. Reciprocal values of normalized to area heat transfer coefficient between the film
and the substrate (LAO — LaAlO3, STO — SrTiO3) at different quantity of intermediate
layers: >x — LSMO (STO), o — LSMO (LAO), o — FeCoCu (Si0,/Si), ® — LSMO/CN,
(STO), % — LSMO/TiO; (STO)
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A.B. prxaHOB1, 0.r. KO3J‘IeHK02, T.A. anz, C.B. prxaHOB1,
C.E. KVI‘-IaHOBZ, A.H. BacmnbeB3

NCCNEOOBAHME KPUCTANMUYECKOW N MATHUTHOW CTPYKTYP
MAHIAHATA Prg 7Bag 3sMnO3 MO BbICOKMM JABIIEHVEM

1HayqHo-npa|<Tv|qecm/||7| LeHTp
HaunoHanbHOM akagemun Hayk Benapycu no maTepuanosegeHuio
yn. . BpoBku, 19, r. MuHck, 220072, Pecny6nvka benopyccus

206'be,EI,I/IHeHHbII7I WHCTUTYT S4epHbIX nccnegoBaHni
yn. XK. Kiopw, 6, r. lybHa, 141980, MockoBckasa obnactb, Poccus

3Kaq)en,pa U3MKM HN3KMX TEMMepaTyp 1 ceepxnposogmmocti, MY um. M.B. JllomoHocoBa
BopobbeBebl ropsl, . Mockea, 119899, Poccusa

Crartbs noctynuna B pegakuuio 12 oktabpsa 2012 roga

Memooom HellmponnoU Ouppaxyuu uUccre008aHvl KpUCMALIUYECKAs. U MASHUMHASL

CMpYKmypul aHUOH-Cmexuomempuieckoeo maumeanuma Pry zoBag3oMnO3 6 ouanazone
oasnenutt 0-5 GPa u memnepamyp 10-300 K. Onpedenenvl bapuueckue 3a8ucumocmu
napamempos u 00vema 31eMeHMapHou A4eltKu, mexcamomuuvix cesazell Mn—O 6 opmo-
pombuueckoi cmpykmype cummempuu Imma. Ilpu oasnenuu P = 1.9 GPa ¢ obracmu
HU3KUX MEeMNepamyp 0OHAPYICeH MAeHUMMbBIL (ha308blid nepexoo u3z GeppomMacHuUmMHo20
(DM) cocmosinus (Te ~ 197 K) 6 anmugpeppomacnumuoe (AOM) A-muna (Ty ~ 153 K).

Deppo- u aHmugeppomacHumHas Gasvl cocyuecmayrom ¢ ouanasone dagieHuti 00 P ~
~ 5.1 GPa. Paccuyumanwl bapuueckue koagpuyuenmut onss PM- u APM-ghas.

KiaioueBble cii0Ba: MaHTaHUTHI, HEUTPOHHAS AU(PPAKITUS, BRICOKOE JABJICHHUE, MarHUT-
HEIE CBOICTBA

Manranutsl co cTpykTypoil tuna neposckura Aj_ A’ :MnO; (A — penxose-
MEeJbHbIM, A’ — IeT0YHO3eMEIbHbBIM HOHBI) MPOSBIAIOT OOJbILIOE pazHOOOpasue
(¢u3MUeCKUX CBOMCTB B 3aBHCHMOCTH OT IOPSIKOBOTO HOMEpA M KOHLEHTpaluu
3aMelarIuX HoHOB. Koppensiust CTpyKTYpHBIX, 3JIEKTPOHHBIX, MarHUTHBIX U
MarHUTOTPAHCHOPTHBIX CBOWCTB 3aMEILEHHBIX MAHTAHUTOB BBI3BIBAET BBICOKYIO
YyBCTBUTEJILHOCTh K U3MEHEHUIO TEPMOJMHAMHUYECKUX MapaMeTpoB (TeMmeparypa
U JIaBJICHUE), @ TAK)KE€ K BHELITHUM BO3JIEMCTBUSAM (BHELIHHE MarHUTHBIE NOJIS). Sp-
KuUM (hakToM sIBIIsieTCsl HaOMOAaeMblil B MAaHIaHUTaX 3(PQPEKT KOJOCCaTbHOTO Mar-
HETOCOIPOTHUBIIEHUS], OTKPBIBAIOLINI MIMPOKHUE MEPCIEKTUBBI UX UCIOJIb30BaHUS B
YCTPOMCTBAaX XpaHeHusl HH(PpOpMaIIUM U AATYMKaX MarHUTHOTO mons [1,2].

MarnuTHbIe CBOMCTBA 3aMEIICHHBIX MAHTAHUTOB 00YCIIOBJICHBI BIUSHUEM JIBYX
KOHKYpUpyomux (pakropos: 1) 1BoiiHOro oOMeHa (CBS3aH C BBIUTPHIIIEM KUHETHU-

© A.B. TpyxaHos, [.1. Ko3neHko, T.A. YaH, C.B. TpyxaHos, C.E. KuuaHos, A.H. Bacunses, 2012
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YECKOM DHEPIUHM 3a CYET MEPEHOCA JETOKAIM30BAHHBIX €g-3JIEKTPOHOB I10 CBA3AM
Mn+3—O—Mn+4; 2) cBepxoOMEHa MEXIy MarHUTHBIMH MOMEHTaMH MOHOB Mn 3a
CHET JIOKAJIM30BAHHBIX 1)4-21eKTPOHOB [3]. TlepBerii pakTop cnocobecTByeTr GM-yro-
PSIOYSHUIO HOHOB Maprasiia, BTopoit — AOM-ynopsaodenuto. /[BoitHON 0OMeH sB-
JSIeTCS JOMUHHUPYIOIIUM B3aUMOJICHCTBHEM HE TOJIBKO B TIPa3e0iM-0apreBbIX MaH-
TaHUTaX, HO TAKKe M B CTPOHIUI- M KaJbIIMA3aMEIICHHBIX MAHTAaHUTAX JIAHTaHa U
Heouma. M3BecTHO, uTo B oOmactH 3amerenui 0.2 < x < 0.5 mia R _,A,MnOj (rae
R = La, Pr, Nd; A = Ba, Sr) nBoiiHoii 00MeH 00yCIOBIMBAET MEPEXO U3 Mapamar-
HUTHOTO IURJIEKTPUUECKOTO COCTOSIHUS B PM-MeTaInyeckoe COCTOSHUE.

HenaBHue uccnenoBaHus OKa3ajil, YTO BO3JEHCTBHE BHICOKOTO JaBICHUS MPH-
BOJIUT K 3HAUUTEJIbHBIM U3MEHEHUSIM (PU3MUECKUX CBOMCTB 3aMELICHHBIX MaHTaHU-
ToB. [Ipnyem xapakrep 3THMX U3MEHEHHUI CHUIILHO 3aBUCUT OT CUMMETPUHU KpUCTAal-
auueckoil cTpykrypel [4-8]. Hampumep, B manranurax Nd(Sm)gsoBag soMnO3
MPUJI0)KEHUE BBICOKOTO THAPOCTATUYECKOro namieHus 10 P ~ 5 GPa BbI3bIBaeT
nosiBJICHHE (eppoMarHeTu3Ma M MOJaBJIEHHE COCTOSIHUS CIIMHOBOTO cTekia [9].
[Tpu nccnenoBaHMM MarHUTHBIX CBOWCTB aHUOH-AEPHUIIMTHOIO TBEPJOTO PacTBO-
pa Lag 7Srg3MnO; g5 [10] ObIT0 YCTaHOBIIEHO, YTO C YBEIUYCHHEM THIPOCTATHYIC-
CKOT'O J[aBJieHus B Auanas3oHe 10 ~ 1 GPa HabmiomaeTcs MoBbIIEHHE TEMIIEPaTyPhl
3aMep3aHMsl MarHUTHBIX MOMEHTOB MOHOB Mn’' B KJIacTepax M TeMIIepaTypbl Mar-
HUTHOTO ymopsiioueHus ¢ 6apuueckumu koddurmentamu 4.3 u 12.9 K/GPa. A B
coenuueHusx Lag75Cag2sMnO3 u Pry7Cap3MnO3 ¢ opropombuueckoit kpucra-
anueckoi cTpykrypoit (SG: Pnma) npu Bo3aelicTBuM fasieHuit ceeime 2 GPa ot-
MeYeHO MojaBineHue ucxogHoro ®M-cocrosiaust U nosiBienne ADM-ymnopso-
yenus: A-tuna [4,5], npudem 3tu 1Be ¢asel (OM u AOM) cocymecTByIOT B HH-
TepBaiie naBienuii 10 5 GPa, a remneparypa Kiopu neMoHCTpUpyeT aHOMAalbHBIHI
poct ¢ 6apuueckum kodddunuentom 12 K/GPa ana cocraBa Lag75Cag25sMnO3
[4]. B To xe Bpems 1uis coctaBa Lag 7Srg 3MnO3 ¢ poMm60o3iprueckoil CTpyKTypoit
(SG: R3c) ®M-cocTosiHIE OCTaeTCsl CTA0MIIBHBIM B inarna3oHe AaBieHuit 10 8 GPa,
a Temnepatypa Kropu pacTeT co 3HaUUTENbHO MEHBIINM OapruueckuM K03 Puiim-
eaToM (~ 4 K/GPa) [8].

MOo>KHO MPEANOI0KUTh, UTO MPUIOKEHHE TOCTATOYHO BBHICOKHX JaBieHU P >
> 1 GPa Takxe MOXET NPUBECTU K MU3MEHEHHMSIM MarHUTHON CTPYKTYpbI C BO3-
HukHOBeHHEM ADM-da3bl, kak 3To HabmogaeTcs B ciaydae Lag 75Cag 2sMnOs.

Meroanka TPUTOTOBJICHHS MOJUKPUCTATUTMUECKUX 00pas3ioB Prg7Bag3MnO;
METOAO0M TBepro(a3HbIX peakuuii moapo6Ho onucana B [11]. DxcnepuMeHTsI 1Mo
HEUTPOHHOU nudpakiuu mpoBoauiau Ha criekTpomerpe [IH-12 [12] ummynbcHOTO
BbIcOKONOoTOYHOrO peakropa MBP-2 (JIH® um. U.M. ®panka, OUAUN, y6Ha) c
HCTIONF30BaHUEM KaMep BBICOKOTO JIaBJICHHS ¢ can(upOBbIMU HaKOBAIbHIMH [ 13]
B JIMAra3oHe BHENIHUX BBICOKMX naBiieHnii 10 5 GPa m temmneparyp 10-300 K.
O0beM uccneayeMbIx 00pasioB cocTaBist V ~ 2.5 mm”. JudpakimoHHbIe CIeK-
TPBI U3MEPSUTH TIpH yriax paccesHus 20 = 90 u 45°, mis KOTOPBIX pa3pelieHne
mudpakToMeTpa Ha amuHe BonHbI 2 A coctaBnsio Ad/d = 0.02 u 0.025 cootser-
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CTBEHHO. JlaBiieHNe B KaMepe U3MEPSIIN 10 CIBUTY JIMHUM JIOMHHECLEHIUU PY-
Oouna ¢ TouHocThio ~ 0.05 GPa. B xadecTBe BeTMUMHBI JaBJICHHUS Ha 00pasie wc-
II0JIb30BaJIM 3HAUYEHHE, YCPEAHEHHOE M0 BEJIMYMHAM, ONPEAEICHHBIM B HECKOJIb-
KHX TOYKax MOBEPXHOCTH oOpasua. I'pagueHT pacnpeneneHus NaBiIE€HUs IO IMO-
BEpXHOCTH oOpa3ua He npeBbiman 15%. g npoBeaeHus: U3MepeHuil ¢ kaMepoun
BBICOKOI'O JaBJIECHMsI IPU HU3KUX TEMIIEpaTypax HCIIOJIb30BAIM CHELUAIN3HPO-
BaHHBIN KpHOCTaT Ha 0a3e reaneBoro pedprskeparopa 3aMKHYTOro LMKIA. AHa-
an3 TU(PaKIMOHHBIX JAAHHBIX MPOM3BOAMIN METOAOM PHUTBeNbJa ¢ MOMOILBIO
nporpamm MRIA [14] u FullProf [15].

Hefitponnsie mudpakiuonnbie crekTpsl Prg7Bag3;MnOs, moirydeHHBIE TIpH
pa3IMUHBIX JABJIECHUSAX M TEMIepaTypax, okasaHsl Ha puc. 1. [Ipu HopmanbHOM
JIaBJIEHUH U Temreparypax Huxke Ic ~ 197 K nabmiogaercs yBennueHHe WHTEH-
cuBHOCTH audpaknuoHHbX rkoB (200)/(002)/(121) u (101)/(020), pacmonoxeH-
HBIX HAa MEKIUIOCKOCTHBIX paccTosHusAX d ~ 2.78 u ~ 3.91 A (uro ykaseiBaeT Ha
(dopmupoBanue ocHOBHOro ®M-coctostHus1). MarHuTHBIE MOMEHT MOHA MapraH-
na (npu 10 K) cocraBnser ~ 3.6(1)up. [Ipn noBsllieHUH 1aBIEHUS IPOUCXOAUT
aHU30TPOIHOE CKATHE KUCIOPOAHBIX OKTA3IPOB BIOJIb OCH b.

1T % T’ 1T T 17 T 1 S L B L L L
A

2.0

—
W

e
W

Intensity, 10% arb. units
[e)

0.0 I

I
1 1 [l 1 1
15 /2. 25 30 35 40 3 4

1
4 ) .
d-spacing, A 4
a o

Puc. 1. Yyactku nudpakiiioHHBIX ceKTpoB Prg 7Bag 3MnO3, 00paboTaHHBIX IO METOLY
PutBenbna aiis yrios paccesuus 20 = 90° (@) u 45.5° (6): I —P=5.1 GPa, T=10K; 2 -
P=0,T=10K; 3—-P=0, T=300 K. ITokazaHbl 3KCIIEpUMEHTAJIbHbIE TOYKH, BHIYUC-
JICHHBIH Tpoduik M pazHocTHas kpuBas (4) (w1 P = 0, T = 300 K). BeptuxanbapiMu
IITPUXaMHU YKa3aHbl PACCUMTAHHBIC MOJIOKCHUS CTPYKTYPHBIX NUMPAKIIMOHHBIX MHKOB.
Haunbonee marencuBasie AOM-mkn u nuku ¢ OM-BKIIagoM TOMEYEHBI CHMBOJIAMHU
«AFM» u «kFM» COOTBETCTBEHHO
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2.00} : 166.0 &
Puc. 2. 3aBucuMOCTh JUIMH CBs3ei
o;nl 98 11659 § Mn-O1 (-m-), Mn—0O2 (—e—) u yrma
1 ' . 1165.8 Ol (Mn—-O-Mn) (—A-) OT [aBIEHHUS B
= 1,961 i 1165.7 Eé Prg7Bag3sMnO3 mpu KOMHAaTHON TeM-
165.6 nepaType U UX JHMHEHHAss MHTEPIIOJs-

Iy

Ha puc. 2 npencraBnensl ganHbie 1no jummHaMm cBs3eir Mn—O1 u Mn—-02, a
TaK)Xe 10 U3MEHEHUIO BAJIEHTHOTO yria Mn—O—Mn npu pa3inyHbIX JaBICHUSX.
OTO TOATBEPKAACTCS PA3TUYHBIMH 3HAYCHHUSIMH KOA()(OUIIMEHTOB JIMHEHHOM
C)KMMaCMOCTHU kl' = —(l/an@i)(dan,oi/dP)T (i = 1, 2) s ez Mn—O1 (an_(n ~

~0.0035 GPa') 1o cparenmio ¢ Mn—02 (kvn_o0z2 ~ 0.0019 GPa™'). Cpenmee
3Ha4YeHUe BaJeHTHOro yriia Mn—O—Mn ymensbiiaercs ot 166.0 no 165.7° (puc. 2).
[Tpu naBnenuu 1.9 GPa u remneparype amxe 190 K taxke HabmomaeTcs BKIa B
WHTCHCUBHOCTH AudpakuuoHHbix mukoB (200)/(002)/(121) u (101)/(020), coot-
BeTcTBYyIOIMX (hopmupoanuto ®M-paszer. Kpome Toro, npu temmeparypax HIKe
T ~ 153 K oOHapyXeHO MOosIBIIEHHE HOBBIX MarHUTHBIX peduiekcoB (010) u (111)
HAa MEXIIIIOCKOCTHBIX paccTostHusAX d ~ 7.50 u ~ 3.44 A (cm. puc. 1), uTo cooTBeT-
CTByeT mnosiBieHut0 HoBo ADM-dasbl ¢ ynopsaoueHueM A-Tuma, KoTopas co-
cymectByer ¢ ®M-dazoii. Marautasie MoMeHTHI Mapraniia ADM-da3zbr pacmo-
JIO’KEHBI B IUNIOCKOCTSIX ac. OHM OpUEHTHPOBAHBI MApAJUIENbHO IPYT APYTY B Ipe-
JIeJIax 3TUX IUIOCKOCTEH M M3MEHSIOT CBOE HAlpaBjieHHE Ha MPOTHUBOIOJIOKHOE B
COCEIHUX IUIOCKOCTSAX, MEPIEHAUKYISPHBIX IUIOCKOCTH b OpTOpOMOMYECKOit
CTpyKTypbl. TeMreparypHble 3aBUCUMOCTH 3HAUEHUN MarHUTHBIX MOMEHTOB HO-
HOB Maprania it AOM- u ®M-da3 npu pazHbIX JaBICHHUIX PUBEACHBI HA puc. 3.
3nauenus maruutHoro MomeHTa Mn mpu 7 = 10 K cocrapnsitor ~ 3.2(1)upg (s
OM-da3el) u ~ 1.8(1)ug (s AOM-daser). [Ipu yeenmmuennn nasienus 10 5.1 GPa
MarHUTHbIM MOMEHT HOHOB MapraHia ®M-¢assl cHnxaercs 1o ~ 2.7(1)up, a 14
ADM-pazer yBenmmumBaercs 10 ~ 2.5(1)up. KauectBeHHOe paznmdme Temmeparyp-
HBIX 3aBUCHMOCTEH MarHUTHBIX MOMEHTOB MOJATBEPXKIAECT MPEANOIOKEHUE O HAIIU-
ynu 00beMHBIX oOmacteit ®M- u AOM-da3 moj 1aBIeHHEM W TIO3BOJISIET MCKITIO-
YUTh aJTbTEPHATUBHYIO MOJIENb CKOlIeHHOro ADPM-coctosinus B Prg7Bag3MnOs3.
C noBbIllIEHUEM JaBJICHUSI MPOUCXOIUT CHIKEeHHE TemrepaTypsl Kiopu ot 197 K
(P=0) no 185 K (P = 5.1 GPa) c orpunarenbHbIM 0apruiecKuM K03 PHUITUSHTOM
dT¢c/dP = -2.3 K/GPa. IIpu stom Temneparypa Heens yBenmuuBaercst ot 153 K
(P=1.9 GPa) no 179 K (P = 5.1 GPa) c nonoxurenbHbIM OapudeckiuM KO3 UIm-
earoMm d7n/dP = 8 K/GPa. Otpunarenssiii 6apuueckuii koaddurpent mis OM-
¢a3bl ckopee Bcero oOyCIIOBICH CHIKeHHEM yriia Mn—O—Mn u, Kak cleJacTBUe,
YMEHBILIEHNEM 30HbI HOCUTEJEN 3apsa.
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Puc. 3. TemmnepaTypHas 3aBHCHMOCTb
MarHUTHOTO MOMEHTa Mapranua jijisi ®M-
¢azer 1 AOM-(a3pl A-Tuna npu pazIud-

HBIX JaBieHusx, GPa: 5.1 (A — ®M, A —
AD®M), 1.9 (e — ®M, 0 — AOM), 0 (m —
OM)

0 50 100 150 200
T.K

Pe3ynbpTaThl JaHHBIX UCCIIENOBAaHUN MOKA3bIBAIOT, YTO BO3JEHCTBUE BBICOKOTO
nmaBiaeHus Ha Prg-Bag3MnO3; mogaBnser ucxognoe @M-cocTossHME B BEJIET K I10-
sirieHI0 ADM-cocTosiHust A-TUTa, 00YCIOBICHHOTO aHU30TPOITHBIM CKATHEM KH-
CIIOPOJIHBIX OKTa3ApoB. Temneparypa Kiopu ymeHblIaeTcsi ¢ oTpULIaTebHBIM Oa-
pudeckum kodhdunmentom (d7¢/dP = —2.3 K/GPa), a remnepartypa Heenst yBenu-
YHMBaeTCs ¢ MOJOXKUTEIbHBIM OaprueckuM kodddurpentom (d7n/dP = 8 K/GPa).
Hab6monaemoe noBeaenue 7¢ pe3ko OTIMYAETCS OT MOBEACHUS APYTHX MaHTaHU-
ToB (Hampumep, Lag 7Srg3MnO3 u Lag 75Cag25sMn0O3) ¢ opropomOuueckoit (Pnma)
U poMOosapruecKkoi (R3c) CTpyKTypamu, T1ie IpH BO3ICHCTBUHM BBHICOKUX JaBlie-
HUI OTMEYeH pocT Temmeparypbl Kiopu ¢ OonblIMMU 3HAYEHUSAMU OapUUecKUX
K02 pHIIIEHTOB.
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A.B. Tpyxanos, /[I1. Koznenko, T.A. Yan, C.B. Tpyxanos, C.€. Kuuanos, A.H. Bacunvecs

OOCHIMKEHHSA KPUCTAMIYHOI TA MAMHITHOI CTPYKTYP
MAHTAHITY Prg 7Bag sMnOj3 NI BUCOKVM TUCKOM

Metomom HeWTpoHHOI Audpakiii JOCIIIHKEHO KPUCTATIYHYy Ta MAarHiTHY CTPYKTypH
aHIOH-CTEXiOMETPUYHOTO MaHTaHiTy Pry7oBag3oMnO3 B miamaszoni tucky 0-5 GPa i
temnepatyp 10-300 K. BusnaueHo OapuyHi 3aJeXKHOCTI apaMeTpiB i 00'eMy eneMeH-
TapHOI KOMipKH, MiXXaTOMHHX 3B's13KiB Mn—O B opTOpOoMOiUHill CTPYKTYpi cuMeTpii Imma.
IIpu tucky P = 1.9 GPa B o0Omacti HU3BKHX TeMIlEpaTyp BUSBICHO MarHiTHuH (ha3oBuit
nepexin i3 ¢pepomarnitHoro (OM) crany (7¢ ~ 197 K) B antudepomarnitauii (ADPM) A-turry
(TN ~ 153 K). depo- it anTH(hEepoMarHiTHa da3u CHiBICHYIOTH Yy Aiana3oHi THCKY a0 P ~
~ 5.1 GPa. Po3paxoBano 6apuuni koedinient st ®M- i AOM-pas.

KarodoBi cioBa: maHraHiTH, HEHTpOHHA NU(PAKIlis, BUCOKUN THUCK, MAarHITHI BIacTH-
BOCTI

A.V. Trukhanov, D.P. Kozlenko, T.A. Chan, S.V. Trukhanov, S.E. Kichanov, A.N. Vasiliev

THE CRYSTAL AND MAGNETIC STRUCTURE INVESTIGATION
OF THE Prg 7Bag 3MnO3 MANGANITE UNDER HIGH PRESSURE

The recent studies have shown that in manganites Nd(Sm)g 50Bag 50MnQj3, application of
high hydrostatic pressure up to P ~ 5 GPa results in ferromagnetism and suppresses spin
glass state. It can be assumed that the application of high pressures P > 1 GPa to
Prg 7Bag 3sMnO3 can also cause changes in the magnetic structure with emergence of the
antiferromagnetic (AFM) phase, as is observed in the case of Lag 75Cag 25MnOs3.

At normal pressure and temperatures below 7'~ 197 K, the increase in the intensity of the
(200)/(002)/(121) and (101)/(020) diffraction peaks located at d ~ 2.78 and ~ 3.91 A is
observed, which indicates formation of the main ferromagnetic state. The magnetic mo-
ment of the manganese ion at 10 K is ~ 3.6(1)ug. When the pressure rises, anisotropic
compression of the oxygen octahedra along b axis occurs. The mean value of the
Mn—O-Mn bond angle decreases from 166.0 to 165.7°. At temperatures below 7= 153 K,
the emergence of new (010) and (111) magnetic reflections at d ~ 7.50 and ~ 3.44 A is
detected, which corresponds to appearance of a new AFM-phase with the A-type order-
ing, which coexists with the FM-phase. The magnetic moments of the manganese of
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AFM-phase are in the ac planes. They are oriented parallel to each other within these
planes and change its direction on the opposite one in the neighbor planes perpendicular
to the b plane of the orthorhombic structure. The values of the magnetic moment of Mn at

T=10K are ~ 3.2(1)ug (for FM-phase) and ~ 1.8(1)ug (for the AFM-phase). With in-
creasing pressure, the reduction of the Curie temperature from 197 K (P = 0) to 185 K

(P = 5.1 GPa) occurs with negative d7¢c/dP = -2.3 K/GPa pressure coefficient. In this
case, the Neel temperature increases from 153 K (P = 1.9 GPa) to 179 K (P = 5.1 GPa)

with positive d7x/dP = 8 K/GPa pressure coefficient. The negative pressure coefficient

for the FM-phase is likely determined by the reduction of Mn—O—Mn angle and conse-
quently by decrease of the zone of charge carriers.

The results of these studies demonstrate, that high-pressure effect on Prg7Bag3MnO;
suppresses the initial FM state and generates the AFM state of A-type, which is due to the

anisotropic compression of the oxygen octahedra. The observed behavior of 7¢ is very

different from that of other manganites, such as Lag7Srg3MnO3 and Lag 75Cag25MnO3
with orthorhombic (Pnma) and rhombohedral (R3c¢) structures where the increase of the
Curie temperature with large pressure coefficients is detected at high pressure effect.

Keywords: manganites, neutron diffraction, high pressure, magnetic properties

Fig. 1. Parts of the Pry7Bag 3MnQOj diffraction spectrum for the dispersion angles 26 = 90°
(a) and 45.5° (6), processed by Rietveld method: / — P=5.1 GPa, T=10K; 2 - P =0,
T=10K; 3—-P=0, T=300 K. Experimental points, calculated profile and differential
curve (4) (for P =0, T =300 K) are shown. Calculated positions of the structural diffrac-
tion peaks are indicated by the vertical streaks. The most intensive AFM peaks and peaks
with FM contribution are marked by « AFM» and «FM» symbols, respectively

Fig. 2. Pressure dependences of Mn—O1 (—m—), Mn—02 (—e—) bond length and (Mn—O—Mn)

bond angle (—A—) in Pry7Bag 3MnOj at room temperature and their linear interpolation

Fig. 3. Temperature dependence of manganese magnetic moment for the FM and A-type

AFM phase at varied pressure, GPa: 5.1 (A — FM, A — AFM), 1.9 (e — FM, o — AFM),
0 (m -FM)
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PACS: 68.55.jm

B.O. Cutaukos, N.B. AnekcaHgpos, P.K. cnamranues

PEHTTEHOCTPYKTYPHbI/ AHANN3 CMJTABA Ti GRADE 4,
MOABEPIHYTOIO PKYTI-K

YrMCKMI rocyaapCTBEHHbIN aBUALNOHHBLIN TEXHUYECKUIA YHUBEPCUTET
yn. K. Mapkca, 12, r. Yda, 450000, Poccus

Cratbs noctynuna B pegakumio 5 okts16psa 2012 roga

B nacmosweii pabome memooom penmeeHOCmMpYKmMYpPHO2O aHAIU3A UCCIe008aHO GNUAHUE
memMnepamypbl paeHOKAHANbHO-Y2N108020 npeccosanuis—«kougopmy (PKVII-K) na mukpo-
CMpYKMypy U mexanusmuvl oepopmayuu 06vemuvix 3aeomogox uz Ti Grade 4. 3acomoexu
noosepeanu PKYII-K ¢ uucrom npoxodos om 1 do 8 no mapwpymy B¢ npu memnepamypax
200 u 400 C. Ycmanosneno, umo 260110ylsi MUKPOCHPYKIMYPbL U KPUCIALIOZPAPUUECKOU
meKkcmypol umeem ocobennocmu, 3asucsugue om memnepamypvt PKYII-K. Kpome moeo,
OOHAPYIHCEHbL 3AKOHOMEPHOCMU  (DOPMUPOBAHUSL NPEUMYUSECBEHHBIX OPUEHMUPOBOK, a
MaKce oyeHeHa aKmueHOCHb Mex Wil UHbIX CUCIEM CKONIbHCEHUL U OBOUHUKOBAHUS 8 M-
MAHOBBIX 3A20MOBKAX 8 3ABUCUMOCHIL OM YUCIA NPOX0008 u memnepamypvl PKYII-K.

KiroueBble cjioBa: paBHOKaHAIBHO-YIJIOBOE MpeccoBaHue—«koHGopm», Ti Grade 4,
PEHTTEHOCTPYKTYPHBIN aHAIIU3

BBenenne

B Hacrosiiiee Bpemsi cpei METOJJOB MHTEHCUBHOW TIACTHYECKON edopMariu
(UIT) ocHoBHBIMU MeToaamu siBsitorcst PKYII u kpydeHure moj BRICOKMM JiaBJie-
HueM [1-3]. JlaHHbIe METOBI TO3BOJISAIOT MOIY4YaTh 00BEMHBIE HAHOCTPYKTYpPHBIE
U yJIbTpaMenko3epHucThie (YM3) 3aroToBKM U3 Pa3IMYHBIX METAJJIOB U CIUIABOB,
XapaKTEpU3YIOIIHUECS TOBBIIIEHHBIMA MEXaHWYECKUMM CBOWMCTBAMM M BBICOKHUM
MOTEHLAJIOM IPOMBIIIJIEHHOIO HCIOJB30BaHUA. B dacTHOCTH, K HacTosmiemy
BPEMEHM II0Ka3aHO, 4TO Marepuaisl, noasepruyteie MIIJ[, Moryr nemoHcTpupo-
BaTh OYEHb BBICOKYIO IPOYHOCTh B COYETAHUU C JOCTATOYHOM IUIACTUYHOCTHIO,
BBICOKYIO YCTaJIOCTHYIO NPOYHOCTb, HU3KOTEMIIEPATYPHYI WM BBICOKOCKOPOCT-
HYI0 CBepXIUIacTUYHOCTH [1]. Ilpu 3TOM XapakTepHOl O0COOEHHOCTHIO OOBEMHBIX
HAaHOCTPYKTYPHBIX MaTEpUasoB, noinydeHHslx mMetogamu WIIJI, sBusrorcs kpaiine
MaJIblif pa3Mep 3epeH, HaJUUue BBHICOKOH IIOTHOCTH JAE(PEKTOB KPUCTAILTMYECKOTO
CTPOCHUS B IPAHULAX 3€PEH U UX CUIBHOHEPABHOBECHOE cocTosHuE [ 1-3].

C 1enpio MPOU3BOJACTBA OOBEMHBIX HAHOCTPYKTYPHBIX 3arOTOBOK JUIsl MPO-
MBIIJIEHHOTO TPUMEHEHHUS U TMOBBIMICHUS S(PPEKTUBHOCTH STHUX METOJOB B
VY duMckoM rocynapcTBEHHOM aBUAllMOHHOM TEXHHUYECKOM YHHBEPCHUTETE Mpe.-

© B.A. Cutaukos, U.B. Anekcarngpos, P.K. Ucnamranues, 2012
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JoxeH psan HOBeIX MeronoB. Cpenm Hux: PKVII B mapamnenbHbIX KaHanax
PKVII-K [3]. Oco6eHHO MHTEpECHBIM C MPAKTUYECKOM TOUKH 3pEHUs SIBISETCS
PKVII-K, nmockosbKy JaHHBIA HpPOLECC IO3BOJSIET IOJIYy4aTh UIMHHOMEPHBIE
IPYTKHU C YIY4YIIEHHBIMU IPOYHOCTHBIMU cBoWicTBaMu [3]. [loBbIlIeHUIO MPOYHO-
CTH MOXXET CIOCOOCTBOBaTh MOHMKeHUE TeMieparypsl aepopmannu PKYII-K u
BbIOOpP ONTUMAJILHOTO YMCIIA TPOXOJIOB.

W3BecTHO, 4TO Temmeparypa — OJUH W3 BAKHEHIIMX IapaMeTpOB IUIacTUYE-
ckoil nepopmanuu, B Tom uucie npu U [1,2]. [lonwxkeHnue temnepaTypsl Mo-
KET aKTHBHU3UPOBAaTb HOBBIE CUCTEMBI CKOJIBKECHMsI, CUCTEMBI IBONHHKOBAaHMS,
3a0JI0KMpPOBaTh MEXAHU3MBbI NEpenoi3anus auciaokauuid. Ilpu HU3KHX Temmepa-
Typax CTaHOBATCS HEBO3MOXXHBIMU ITPOLIECCHI TMHAMUYECKOTO BO3BpAaTa U PEKpH-
CTaJUIA3aLUH.

PKVII-K — nocTtaTo4HO HOBBINA MPOLIECC, U B CBSI3U C 3TUM BIIUSHHE TEMIIEpa-
Typsl PKVII-K Ha xapakrep u3aMenpyeHus: CTPYKTYPHBIX COCTaBIIAIOIIMX, ACHCT-
BYIOIIMX CHCTEM CKOJIBKEHHUS M CUCTEM JIBOMHUKOBAHMS BCE €LIE HE UCCIIENO0BA-
HO. Tpagummonnoe PKVYII Ti Grade 4 0OBI9HO MPOBOAT MPHU TOCTATOYHO BHICO-
kux (400°C) temneparypax [1,2]. B cBsi3u ¢ 3TUM aKTyaJbHbIM SBISETCS UCCIIe-
JIOBaHUE BO3MOKHOCTH NOHMKEeHMsI TeMriepaTypbl PKVIL, B Tom uncne PKVII-K,
YTO TMO3BOJIUIIO OBl MOBBICUTH APPEKTUBHOCTh JTAHHOTO MeToAa. B To e Bpems
cieayeT IOMHHUTh, YTO MPU CIMIIKOM HHM3KHX TEMIIepaTypax MOSBIIIOTCS IPO-
651eMBbl CTOMKOCTH OCHACTKU U BOIPOCHI, CBSI3aHHbIE C HEOOXOIMMOCTBIO MPUKJIIA-
JIIBATh OYEHB BBICOKHE YCHIIUS JIe(hOpMaInu.

Pentrenoctpykrypsbiii ananus (PCA), marouiuii BO3MOXKHOCTh OLICHUTh pas-
Mmep obnacteit korepeHTHoro paccestHust (OKP), ynpyrue MukpouckaxeHust Kpu-
CTAJZIMYECKON PEIIETKH, IUIOTHOCTH JUCIIOKALWNA, AKTHUBHOCTh JAEHCTBYIOLIMX
CHUCTEM CKOJIbKEHUS U IBOMHUKOBAHUSA U T.[., IBISICTCA BaXKHEHIIIMM UHCTPYMEH-
TOM HCCJIEZIOBaHUS 00BEMHBIX HAHOCTPYKTYpHBIX MaTepuanoB. C nmomouisio PCA
MO>HO YCIIEIIHO KOHTPOJIMPOBAaTh M3MEHEHMSI MHUKPOCTPYKTYPHl M YCTaHABIIH-
BaThb MEXAaHU3MBbI, IPUBOASILINE K TAKUM U3MEHEHUAM [4].

Ilens manHoit pabotsl — PCA BausiHMS TeMmMIepaTypbl W YHUClIa MPOXOAOB
PKVII-K Ha xapakTep 3BOJIOIMH MHUKPOCTPYKTYphl M MEXaHU3MBbI, oOecredu-
Baromue teyeHue Marepuana B xoae PKVII-K, a Takxke BbIABIEHHE CTPYKTYPHBIX
apaMeTpoB, OTBETCTBEHHBIX 32 (POPMHUPOBAHUE BHICOKOIPOUHOT'O COCTOSIHHUS.

2. MaTepuaja 1 METOHKA PEHTTeHOCTPYKTYPHOT0 aHAJIH3a

B kadectBe ncxoaHoro Mareprana 611 BeiOpa Ti mapku Grade 4 (Ti — 99.45 wt%,
C - 0.04, Fe — 0.14, N, — 0.006, H, — 0.0015, O, — 0.36 wt%) co cpeanum pas-
mepom 3epeH 10 um. Mcxomnbie 3arotoBku oToxokeHHOro Ti mmenu ¢popmy mpsi-
MOYTOJIBHOTO TMapajuienenunena ¢ yimHod 250 mm M KBaJpaTHBIM OCHOBaHUEM
11 x 11 mm. 3arotoBku 6bun oaBeprayTel PKYII-K npu Temmeparypax 200 u
400°C. Pa3nuuHblif YpOBEHb CTENEHU HAKOIUICHHOM JeQOopMaluu JOCTUTald 3a
CYeT HEOJHOKPATHOTO TPOJABIMBAHUS OOpaslia uepe3 [Ba KaHaja, MepeceKaro-
mmxcs nox yrinom @ = 120° (puc. 1).

78



®du3nKa U TEXHHKA BbICOKMX aaBJjiennii 2012, Tom 22, Ne 4

Diie PKVII-K npoBoawin nmo Mapuipyry

2(ND) B¢, Ipu KOTOPOM MEXAy TOCIeI0Ba-

2 iy TEIBHBIMU TIPOXOJaMH 00paserl MmoBo-

- 1(ED) paunBasi Ha yroj 90° OTHOCUTEIBHO
3(TD) MIPOJIOJTBHOM OCH 3ar0TOBKH (0Ch 1).

@ = 120° OKcIepUMEHTAIbHbIE JaHHbIE OBLIH

MOJyYeHBl C HCIIOJIb30BAHHUEM PEHT-

Top T€HOBCKOTO i

mudpaktomerpa Rigaku

// Ultima IV ¢ ¢okycupoBkoil TroHuo-

Bottom MeTpa 1o merony bparra—bpenrano.

CpemMKy 00pa3IoB MPOBOIUIU C HC-

Puc. 1. Cxema, mumoctpupytomas PKYII-K, Monb3oBanneM Cu  Kq-u3inydeHus

Sample

¥ MCIIOJIb30BAHHAS CUCTEMA KOOPAMHAT (40 kW, 30 mA) u mmockoro rpaguro-
Boro MoHoxpomatopa (0002) Ha otpa-
’KEHHOM I1yuke. [l pacuyeToB MCIOIb30BANIN IJIMHBI BOJIH Ak, = = 1.54060 An

Ak, = 1.54439 A. OGmwit BUJ peHTreHorpaMM CHUMAJIH C [IaroM CKaHUPOBAHHUS
0.05° 1 BpeMeHeM 3KCHO3MLUU B KaXAOW TOYKE, paBHBIM 5 s. IIpennsmonHsbie
CBHEMKH JUIsl BBIIEIICHHBIX PEHTTCHOBCKUX MUKOB OCYILIEeCTBIsUIN ¢ maroMm 0.02° u
BpeMeHeM cueTa, paBHbIM 10 s. KonnuecTBennyto onenky pasmepoB OKP, cpen-
HEKBAJIPaTUYHBIX MUKPOUCKAKEHUN IMPOBOAWIN C HCIIOJIB30BAHUEM IPOTPAMM-
Horo makera PDXL (www.rigaku.com). [ImOTHOCTh QUCIIOKAIUN pacCUUTHIBAIIN
COIJIAaCHO METO/MKE, pa3paboTaHHOi B pabore [5].

AHanu3 IpoIecCOB TEKCTYpOooOpa30oBaHus ObLT BHIIIOIHEH C HCIIOIB30BAHUEM
mu¢ppakromerpa JIPOH-3M, ocHalieHHOro aBTOMAaTUYECKOW TEKCTYpPHOW MpH-
craBkoil. [Ipu cremke nomocHbx ¢uryp (I1D) mcronp3oBanmu GuILTpOBaHHOE
pentreHoBckoe uznydeHue Cu K. CbeMKy Ha OTpak€HHUE TPOBOJUIIN B MIPEe-
JaxX U3MEHEeHHs paauaiabHoro yria y oT 0 mo 75° u a3umyrtansHoro yria o ot 0
10 360°.

Juametp obiyuaemoii obiactu coorBercTBoBai 0.6 mm. MccienoBanue ocy-
IIECTBIIUIN B T€OMETPHUUECKOM IIEHTPE IMOMEPEYHOr0 CEYEHHUsS 3ar0TOBKH (ILI0C-
kocTh 2—1) (puc. 1). B pe3ynbraTe nongyyanu HaOOp MHTEHCUBHOCTEH OTpa)KeH-
HBIX PEHTI€HOBCKUX Jydyeld. DyHKkuuu pacnpeaeneHuss opueHTUpoBok (PPO) u
nosiHble 11 cTponny, OCHOBBIBAsCH Ha Pe3ysbTaTaX ChEMKHM HEMONHBIX 11D mis
mockocteit (1010), (0002) u (1011). Pe3ymbTaThl SKCIEPHMEHTATBHBIX HCCIIC-
JIoBaHUM mpencTapisiy B Bujae noyiHbix [1O u ®PO, paccunTaHHBIX ¢ UCIIONIB30-
BaHueM naketa nporpamm LaboTEX [6].

3. MeToauka MOIeTHPOBAHUS KPUCTALIIOTPAaQUICCKUX TEKCTYP

MopenvupoBaHue IpoOLECCOB TEKCTYPOOOpa30BaHUsI IPOBOIUIN B paMKax BsI3-
Kormactudeckoit camocorimacoBanHor (BIICC) monenu [7]. B kauectBe mcxon-
HOHM TEKCTYphI MCIOJB30BAIM IKCIIEPUMEHTAIBHYIO TEKCTYpy obpasma Ti, mpen-
craBiieHHY10 B BUe 1000 OTAENbHBIX OPUEHTHPOBOK. YUET BIMSHUSA JIBONHUKO-
BaHUSl Ha KPUCTAIIOTpapUUecKyt0 TEKCTypy OCYLIECTBIISUIM MO cXeMe mpeolia-
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JAIONICH TIepeOpUEHTAIINH JBOMHUKOBaHUEM, TipeioxkerHHorn Tomé [8]. edop-
MAIMOHHOE YMPOYHEHUE MPOIECCOB TEKCTYPOOOpA30BAaHUSI PACCUUTHIBAIU CO-
riacHo mozaenu Voce [9].

Jlns BBISABNIEHUS! aKTUBHBIX CHUCTEM CKOJIBKEHHUS, KOTOpPble OTBETCTBEHHBI 3a
MOSIBJICHUE TEX WMJIM MHBIX MakCUMyMOB Ha [1®, Ha OCHOBE IUTEpaTypHOTO aHa-
nu3a Oblu BbIOpaHbl Hanbonee Tunuuneie g Ti ¢ ['TIY-pemeTkoit cemb cuctem
CKOJIbXKEHUS U JIBoMHUKOBaHUs. K 3THM cuctemam otHocsiTes: 6azucubie {0001}
(1120), npusmatiaeckue {1010} (1210), nupamunansusie 1-ro poxa {1011}
(1210)u {1011} (1123), mupamumansubie 2-ro poxa {1122} (1123) cucremst
CKOJIBKEHHS, a TAKKe CUCTEMbI JBOMHUKOBAHUS pacTskenueM {1012} (1011) u
cxatmst {2112} (2113).

Kaxngomy ceMelcTBY IJIOCKOCTEM CKOJIBKEHUS W JBOMHMKOBAHMS 3aJ1aBajiv
3HAUYEHUE OTHOCUTEIIBHOTO KPUTUYECKOTO CKAaJbIBAIOIIETO HAMPSHKEHUS CIBUTA
To. ST pasmUYHBIX CHCTEM CKOJIbKEHUS M JIBOWHUKOBAHUS 3HAYCHHS T OBLIN
B3ATHI JUIsl pa3auyHbIX Temmepatyp u3 [10].

4. Pe3yJibTaThl U UX 00CYKIEHUE

Penmeenocmpykmypnwie ucciedosanusn. CpaBHUTEIbHBIA aHATIU3 XapaKTepHU-
CTHUK MUKPOCTPYKTYpBI, ycTaHOBIEHHBIX MeTo0oM PCA npu temneparypax 200 u
400°C, nmoka3pIBa€T, YTO B HAHOCTPYKTYPHOM COCTOSIHUH, TIOJTYYEHHOM B PE3YJib-
tate PKVYII-K, pasmepsr OKP, ypoBeHb ynpyrux MUKpPOHUCKAa)KEHUH KpUCTaJLIU-
YEeCKOH pEIeTKH, a TaKkKe INIOTHOCTh JAUCIOKALUI CYIIECTBEHHO OTIIMYAOTCS OT
TaKOBBIX B KPYITHOKPUCTAJUIMYECKOM COCTOSIHUH (Tad. 1).

Tabmmia 1
IIapameTpsl CTPYKTYPHI 00pa310B TUTAHA, Moay4YeHHBIX MeToa0oM PKVYII-K

MukpouckaxeHus (82>, [InoTHOCTE AMCIOKAIAN
OKP, nm 4 15 -2

CocrostHue 10 p, 10 "m

200°C | 400°C 200°C | 400°C | 200°C | 400°C
Ucxonnoe 69.5+11 7.81+£1.02 ~0.13
1 mpoxon 31+3 38+4 [15.13+1.84{1532+1.93] ~0.58 ~ 0.46
2 mpoxoxa 28 +3 34+3 |18.76 £2.17|16.61 £2.23] ~0.79 ~0.57
4 mpoxona 26+3 32+3 ]20.03+2.24|13.09+1.71| ~0.90 ~0.48
8 mpoxomoB| 25+2 - 24.90 +2.30 - ~1.17 -
6 IPOX0JIOB — 33+£2 — 9.19+£1.06 — ~0.32

Pasmep OKP B pesynbrare mectu npoxogos PKVYII-K (7' = 400°C) ymeHnbma-
€TCsl MPUMEPHO B JBa pasa (MO0 CPAaBHEHHUIO C TAKOBBIM B KPYMHOKPHUCTAJINYE-
CKOM COCTOSIHMHM) M cocTaBysieT 33 £ 2 nm, 4TO HE MPOTHBOPEUYHUT PE3yJIbTaTaM,
nosydeHHbIM B pabote [11] mns texamuecku uuctoro Ti (grade 2). ITpu 400°C
m3menpueHne OKP menbiie, yem nipu 200°C, 1 3aBUCMMOCTb €r0 OT YHUCia Mpo-
X0JI0B HEMOHOTOHHas (Tabun. 1). BennunHa cpenHekBagpaTHUHBIX MUKPOUCKAXKE-
HUI KPUCTAJIIMYECKON PEIIeTKH Mocie OOJIbIIOro Yuciia MPoXo10B HaYMHAET Ma-
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JIaTh TaK €, KaK U IUIOTHOCTh JMUCIOKAaLUA. DTO yKa3bIBAET HA MPOTEKAHUE MIPU
400°C mporieccoB AMHAMUYECKOTO BO3BpaTa M, BO3MOXKHO, AUHAMUYECKON pEK-
pUCTaIA3AL1H.

[Tpu nonmxenun temneparypbl PKYII-K no 200°C npoucxonut 3akoHOMEp-
Hoe yMmeHblieHue pazmepoB OKP ¢ yBennuenunem umcna npoxonos. llpu stom
YPOBHU CpPEAHEKBAJAPATUUYHBIX MUKPOMCKa)KEHHUH M IJIOTHOCTb AMCIOKAIUil MO-
HOTOHHO pacTyT. YPOBEHb CPEIHEKBAAPATUYHBIX MUKPOUCKAKEHUU KPUCTAJUIH-
yeckoi pemetku nocie 1-ro npoxoga PKVYII-K nmpumepno B aBa pasa, a mocie 8
MIPOXOJIOB — MPUMEPHO B YETHIPE pa3a MPEBBIIIAECT AHAIOTMYHYIO BEJIMYUHY, CO-
OTBETCTBYIOILIYI0 KPYHMHOKPUCTAITIMYECKOMY COCTOSIHUIO. B TO e Bpems mioT-
HOCTb Juciokanuii B pesynsrate 8 mpoxonos PKVYII-K Bo3pactaer 6osee ueM B
IEBATH pa3 (p ~ 1.17-10" m_z, Tabu. 1), 4TO CBUAECTENHCTBYET O BBHICOKOW IUIOT-
HOCTU BHECEHHBIX nedekToB. OAHAKO JaHHOE 3HAYEHHUE IUIOTHOCTH UCIOKALUN
HECKOJIbKO HMXKE 10 CPAaBHEHHMIO C TaKOBBIM JuIsg yucTtoro Ti mocne § mpoxonoB
PKYVII ¢ mocnenyromieit Xom01HOM MpoKaTKOH (p ~ 310" m_z) [11]. JanHoe pa3-
JMYKE, 0-BUIUMOMY, CBSI3aHO C UNCTOTOM COINOCTABIISIEMBIX MaTepUaloB, CTEleE-
HBIO U TeMIepaTypoil nedopmMaruu.

Taxum o0Opazom, PCA mnokasbIBaeT, 4To ACHCTBUTEIBHO MOHIKEHHE TEMIIEpa-
Typsl mpoBeneHus PKVYII-K crmocoOcTByeT AOMOMHUTEIBPHOMY HW3MEIbYEHUIO
MHUKPOCTPYKTYPBI U 3aTpyAHSIET IPOTEKaHUE MPOLIECCOB AMHAMUYECKOI0 BO3BpaTa.

C npyroii CTOpOHBI, 3HAUUTEIHHOE U3MEIbYCHUE 3€PEHHOM CTPYKTYPBI MOKET
OBITH TAKXKE JJOCTUTHYTO € MOMOIIBI0 apyrux meronos MII/l. B vactHOCTH, Ipen-
CTaBJISIET HHTEPEC CPaBHEHHE PE3yJIbTATOB, MOJYYEHHBIX Ha 00paslax, MmojaBepr-
HyThIX PKVII-K, ¢ pesynpraramu PCA-uccnenoBanuii o6pasios tutana (tadi. 2),
M3MEJBbYECHHBIX METOJAaMU KPHOTE€HHOro pa3mosa [12], MHTeHCUBHOM IU1acTU4e-
ckoit nepopmanuu kpydenuem (MITJIK) [1], Bcecroponneit koBku [13].

Tabmaua 2
IlapaMeTpsl CTPYKTYPbI NOPOMIKOBBHIX 00pa31[0B TUTAHA, MOJY4Y€eHHBIX
pazanunbiMu MeTogamu UTI{

MI/IKpOI/ICKa)KeHI/Iﬂ II10THOCTH IHMCIOKA-

C OKP - _
OCTOSIHHE , m <82>, 107 i p, 1 015 2
[Toporok, mogBEeprHY THIMA 61.8 6.01 0.11
KPUOTEHHOMY Pa3MOITy
Kpuorennsiit pazmoi +
VITIZIK (10 06opotos) 21.9 24.4 1.31
Kpuorensnsiit pazmon + 175 98 0.66

BCECTOPOHHSIS KOBKa
Kpuorennsiit pazmoi + Bce-
cToponHs koBka + UITJIK 20.6 30.7 1.75
(5 o6opotos, 300°C)

N3 tabn. 2 cnenyer, uyto npumenenue MIIJIK npuBoauT K TOMOTHUTEIBHOMY
U3MEJIBYCHUIO 3€PEHHOM CTPYKTYpbl B IOPOLIKAX, MPEIBAPUTEIBHO MOJBEPrHY-
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TBIX KPHOT€HHOMY pazMoity. B wactHoctn, pasmep OKP cHmxkaercs ¢ 61 no 22 nm,
OpU 3TOM CpPEAHEKBAJPATUUYHbIE MHKPOUCKAXEHHUS U IUIOTHOCTH JUCIOKALUN
nocturarot 3navenmit 24.4-10 " u 1.31-10"° m > cootBercTBeHHO. B pe3yJbraTe
BceCTOpOHHEN KoBKHM pazmep OKP ymeHbl1aercs cyliecTBEHHO, OJJHAKO MHUKpPO-
HUCKKEHHS W TUIOTHOCTH JHMCIIOKAIIMA OTHOCHUTEIHLHO HEBBICOKU (Tabm. 2). Kowm-
ounarus BcectropoHaer koBku ¢ UITJIK mpu 300°C mpuBOAHUT K TOMY, 4TO pa3Mep
OKP B nopoiike TUTaHA YMEHBIIAETCS TPUMEPHO B 3 pa3a M COCTABISAET OKOJIO
20 nm, Ipu 3TOM IUIOTHOCTb IUCIOKAUUNA JOCTUTaeT BEIUYHMHBI 1.75~1015 m_z,
YTO CBUJETEIBCTBYET O BBICOKOIIPOUHOM COCTOSIHHH.

Takum 06pazoM, pe3ynbTaThl UccienoBanuii MeroqoM PCA mokaspiBaroT, 4To B
MOHOJIUTHBIX 00pa3liax TUTaHA, MMOJYYEHHBIX KOHCOJNWAALUENH MOPOIIKOB Pa3iIny-
HeiMu Metopamu MIIJ], MoxxHO Takxke chopMHpOBaTh HAHOKPUCTAJUIMYECKYIO
CTPYKTYPY, XapaKTepu3yrolytocs MaibiM pazMepom OKP u upe3BbldaiiHO BBICOKOI
IUIOTHOCTBIO JHCiIOKaimidi. Bmecte ¢ Tem Habmonarommecs B HuX 3Hayenust OKP
CYIIECTBEHHO HM)XE, a BEJIMYMHBI CPETHEKBAIPaTHYHBIX MUKPOUCKAKEHUN KpHCTAal-
JIMYECKOH PEIIETKH U IJIOTHOCTU JUCIOKALMH CYILIECTBEHHO BBILIE [10 CPABHEHUIO C
TaKOBBIMU 7151 00pa3iioB, noaseprayThix PKYII-K mpu Temneparype 200°C.

Texcmypuovie uccnedosanusn. JxkcnepuMmeHtanbHbie nonnHeie [1D (0002) B
pa3IUYHBIX UCCIEIOBAHHBIX COCTOSHUAX npu Temneparype 400°C npencrasie-
Hbl Ha puc. 2. Ha nepudepun I1d ucxonnoro cocrossHus HaOIOAIOTCS ABa
TEKCTYPHBIX MAaKCHMyMa, OTHOCSIIHXCS K opueHTHpoBke Trma {0001} (1120)
(puc. 2,a). B uenrpe I1® pacnonaraercs pubpa {0110} (uviw), opueHTHpOBAH-
Has BJOJIb BepTUKainbHOU ocH 11dD. PacnosnoxkeHne TEKCTypHBIX MAKCUMYMOB Ha
[1d (0001) B MCXOAHOM COCTOSIHMH MOJI0OHO TOMY, YTO HAOIIOAaeTCsl MPU TIPO-
katke [9], 1 00yCIOBICHO TEPMOMEXAHHUECKIM TPOIECCOM TOTyUYCHHS] HCXO/-
HOTO IIPYTKA.

OxcnepuMenTanbHasg 1@ (0002) nocne nepsoro npoxona PKVII-K npu 7 =
=400°C (puc. 2,0) xapakTepu3yeTcsi IByMs TJIABHBIMH MaKCHUMyMaMH, PacIoio-
*eHHbIMU Ha niepudepun 1D nox yrmamu ~ 60° mo oTHoUeHUIo K ocu 1, coot-
BETCTBYIOIICH OpUEHTAllMU MPOAOJBHOM OCH 3aroTOBKH. PacronokeHue Tek-
CTYPHBIX MAaKCUMyMOB IOJI00HO TOMy, uTo Habmromaercs mpu oosraHOM PKVYII ¢
yriiamu nepecedeHus: kaHainoB 120°. [Ipu 3ToM Takyro TEKCTYpy MOXHO OXapak-
TEPU30BATh C MOMOIIbIO HAealbHbIX opueHTHpoBOK Hlg, H2g, H3g, H4g, H5¢ u
H6g, cooTBeTcTBYyIOmMUX TeKcType mpocTtoro casura (puc. 3) [14]. Makcumymsl
CBUJICTEIILCTBYIOT 00 aKTUBHOCTH OQ3MCHBIX CHUCTEM CKOJIBKECHHUS B TUIOCKOCTH
casura (opueHntuponka Hlg) u cucrem nBoiitHukoBanus (opueHTHpoBKa H6gp).

Kpome Toro, B nenrpe I1® BuzneH eme 0auH MakCMMyM, COOTBETCTBYIOLIUI
opuentuposke H2g (0001) (1010 ) (puc. 2.6 u 3). Xapakrep pacIONOKEHHS BCEX
TEKCTYpHbIX MakcumyMoB Ha I1® (0002) yka3piBaeT Ha TO, 4TO Oa3UCHBIE TIIOC-
KOCTH yCTAQHOBJICHBI MIPEUMYIIECTBEHHO MapauIeIbHO TUIOCKOCTH CABMra (Iioc-
KOCTh TiepecedeHus KaHanoB). [Ipu 5ToM OHU 0IaronpusTHO OPUEHTUPOBAHBI IS
CKOJIBXKEHUS (@) NUCIOKAIMA MO JAaHHOW IJIOCKOCTH, a TaKkKe M0 MUpaMUIalb-
HBIM IJIOCKOCTSIM TIEPBOTO U BTOPOTO MOPSIIKOB.
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2

Min=0.214
Max =4.180

e RN 10 T Lo o
WD WO A

Puc. 2. Oxcriepumentanpabie 11D (0002) s Ti Grade 4 B pa3audHBIX COCTOSHUAX: @ —
ucxoxnoe, 6 — 1 mpoxon PKVII-K, ¢ — 2, 2 — 4, 0 — 8 npoxonos. [IpogonrHOe ceuyenue,

T'=400°C

/K

A2

Puc. 3. TlonoxeHnusa uaealbHBIX OpPUEH-
TUpOBOK mpoctoro casura npu PKVYII-K
Ha I[I® (0001) mis meramioB c¢ [TIY-

peerkoit (c/a = 1.633) [12]: o — Hlg, © —
H2g, A — H3g, @ — H4y, © — H59, O —

H6g. Yron nepeceuenus kanamnon 120°

ITocne 2 mpoxomoB Kpucramiorpa-
(uueckue OPUEHTUPOBKHU 3EPEH OTIIH-
YaloTCsl OT TAKOBBIX, XapaKTEPHBIX IS
coctosiHus mocne 1-ro mpoxoma. OO
3TOM  CBHUJETEIbCTBYET H3MEHEHHE
pPAacMoJIOKEHUsI TEKCTYPHBIX MaKCUMY-
MOB (puc. 2,6). ba3zucHas mNI0CKOCTb,
KoTOpas Oblja mapanieiabHa MIOCKOCTH
caBura (mepHeHIuKyJIsIpHa IJIOCKOCTH
1-2) mocne l-ro mpoxona, MOBOpavH-
BaeTrcs Ha yrojg ~ 30° OTHOCHUTEIBHO
ocu 2. DTO MNPUBOAUT K TMOSIBJICHUIO
HOBOI opmentuposku (0111) (2111),
cMmemeHHon k nentpy IId. Kpome Tto-
ro, MOJIOCHAs MIOTHOCTh OPUEHTUPOB-
ku H2¢ (0001) (1010) yCUJIUBAeTCH, a
«IBOMHHMKOBas» oOpueHTUpoBKa Ho6y
(1230) (0001) ucuesaer (puc. 2,).
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ITocne 4 u 8 npoxonos Bua I1® npakTuyecku HE U3MEHSAETCS U OHA [TOX0’KA Ha
[1® nocne 2 npoxoaos (puc. 2,6). B To e BpeMms nocie 4 npoxo0B yCUIUBAETCS
opuentupoBka H2q (0001) (1010) B nentpe I1d (puc. 2,2). Kpome Toro, mosoc-
HAasl IIOTHOCTH opueHTHpoBKHU ( 1211) (3141), 6nu3koit k nentpy I1® u otHOCH-
HIeHCS K MUPaMUAATIbHOMY TUIY, UMEET TEHICHIIMIO K HE3HAUUTEIbHOMY POCTY C
yBenuueHnueM uncia npoxonos PKVII-K.

OxcnepumenTtanbhbie oHbie [1D (0002) Ti Grade 4 mocne 1, 2, 4 u 6 npo-
xonoB PKVII-K npu temneparype 200°C npexncrasieHsl Ha puc. 4. B uenom
[1® B pa3nuuHbIX CTPYKTYPHBIX COCTOSHMSIX mpu Temmneparype 200°C nmoxoxu
Ha TaKoBbIE, MOJIy4eHHbIe A1 00pa3noB, noasepruyTeix PKVYII-K npu temmne-
parype 400°C. Oxnako opuentupoBku H2q (0001) (1010 ) 1 H6g (1230) (0001),
chopmupoBanHble B pesyinbrare l-ro mpoxona PKVII-K mpu temmnepatype
200°C, ocraroTcs CTaOMIBHBIMU BIUIOTH 10 OOJIBIIMX CTEMEHEH aedopmaliuu.
KpoMme TOro, HOJMIOCHAS IIOTHOCTH opueHTHpoBku (01 11) (2111), oTHOCAImIEH-

csi K NUpaMUJAIBHOMY THUIy, YCHWJIMBAETCS IPHU YBEIWYEHUHM YHCIA IPOXOIOB
PKVII-K.

Levels

| 3.9

3.7

3.4

2.9

8 2.6
23

2 | 2.1
1.8

1.5

1.3

6 et

Puc. 4. DxcnepumenTanshbie [10 (0002) ans Ti Grade 4 B pa3nuuHBIX COCTOSHUSAX: @ — |
npoxon PKVII-K, 6 — 2, ¢ — 4, 2 — 6 mpoxomos. [IpogonsHoe ceuenue, 7 = 200°C
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B nenom mHTEpnperanys Noay4eHHBIX SKCIEPUMEHTANBHBIX KpUCTaiorpadu-
YEeCKUX TEKCTYp MpEACTaBIIsieT cOOOW 3HAYMTEIBHBIE CIO0KHOCTH, MOCKOJIBKY HE
MO3BOJISIET YCTAHABJIMBATh JICHCTBYIONIME CUCTEMbI CKOJIBKEHUS WIH IBOMHUKOBA-
HUs. B cBs3U ¢ 3TUM ObLT MpOBENIEH aHAIU3 MPOLIECCOB TEKCTYPOOOpa3oBaHus MpU
UII/] meTogom KoMIblOTEpHOTO MozenupoBanus B pamkax BIICC-monenu.

Ha puc. 5 npezacraBieHbl pe3ybTaThl MOACTHPOBAHHS TPOLIECCOB TEKCTYPOOO-
pazoBanus npu temmneparype 400°C ¢ yueToM BBIOpaHHBIX HAa OCHOBE JIMTEpATyp-
HBIX JTAHHBIX CHUCTEMBbI CKOJIbKEHUS U CUCTEMBI IBOMHMKOBAHUS U COOTBETCTBYIO-
KX JIAaHHOM TeMIepaType KpUTUYECKUX CKaJIbIBAIOIIMX HanpsbkeHui ciasura. Ilo-
Jy4YeHHbIE B pe3ysibTare MojenupoBanus npsmbie 11® (0001) BocnpousBoasT oc-
HoBHBIe MakcuMyMbl H1g, H2g, H3g, H4¢, H5¢ u H6g TekcTypsl ciBura (cm. puc. 4).
ComnocraBieHre pe3ysbTaToB SKCIEPUMEHTa (CM. puC. 2) U MOJEIUPOBaHUs (pHC.
5) B COOTBETCTBYIOIIMX COCTOSTHUSIX YKa3bIBAET HA UX MOA00UE.

ITpu 1-m mpoxoae PKVYII-K, peannzoBannom npu 7 = 400°C, Haubosee akTuB-
HBIMU (II0O OTHOIIEHUIO K JIPYTMM CHCTEMaM CKOJIbKEHUSI M TBOMHUKOBAHUS) SB-
nstorest 6asucuHble {0001} cucremsl ckonbkeHus (puc. 6,a). AKTUBHOCTb JUCIIO-
KallMOHHOT'O CKOJIbKEHHSI 10 Oa3UCHBIM CHCTEMaM MMEET TEHJEHIIUIO K POCTY IO

Levels 2 Levels
31.2
290 y . 183
b %L : 1.0
N\ 223 H‘?
20.1 10.5
i i
1 #8134 - - 1 W83
11.1 . 5.8
gg \ ' » 4.7
% SN *7 33
Min = 0.000 \g//Min =0.00
Max = 33.431 ) Max = 17.535
o
2 Levels 2 Levels
T 26.6 2 N 23.4
- e 247 L 217
‘* ‘ 190 / : 16.7
1% 15.0
1522 13.4
1 133 @ 1 117
11,2 10.0
9.5 8.3
I\ /R4
\\. ° // 3 8 \\\ u & /,// 3 3
N \m/ Min = 0.00 \J Min = 0.000
Max = 28.453 Max = 28.453
6 et

Puc. 5. Monensusie I10 (0001) B rutockoctu 1—-2 mocne pa3iauyHOrO YHCIa MPOXOJI0B
PKVYII-K:a—1,6 -2, 6 — 4, 2 — 8. IlpogonsHoe ceuenue, T = 400°C
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0 1 23 45678 013234355673
Number of ECAP-C passes Number of ECAP-C passes
a o

Puc. 6. OTHOCHTENFHAS aKTHBHOCTH CHCTEM CKONBXeHUS ([ — Oa3ucHbIE, 2 — MApaMU-
JAbHBIE {(a + c), 3 — nupaMuaaIbHbIe (@), 4 — IPU3MATUYECKIE) H CHCTEM JIBOMHUKOBa-
HUsSI pacTshkeHueM (J) B 3aBucuMocTH OT uncna npoxonoB PKYII-K Ti Grade 4 u temmne-
parypsl 7T, °C: a — 400, 6 — 200

Mepe YBEIMUYEHHUsS CTENCHH HAKOIUICHHOW Aedopmainuu B Xoae 1-ro mpoxoaa
PKVII-K. Kpome Toro, B xoze 1-ro npoxoja Takke akKTUBHBI MMPaMUIAJIbHbIC
(c+a) {1011} (1123) (1-ro poaa) CHCTEMBI CKOIBKEHHS, JCHCTBHE KOTOPBIX
HOCHUT HEMOHOTOHHBIX XapakKTep.

[Iporiecchl TBOMHUKOBAHMS PACTSHKEHUEM M CXKATHEM TaKXKE pPEaTu3yloTcsl B
xozae 1-ro npoxoaa PKVYII-K npu 7' = 400°C, oqHako UX aKTUBHOCTh JIOCTAaTOYHO
Hu3Ka (puc. 6,a). [Ipu s3ToM akTHBHBIE B Ha4ase 1-ro nmpoxo/a mpouecchl JBOMHU-
KoBaHHs 1o cucteMaMm {1012} (1011) B KOHIE 3TOro MPOXOa 3aTPyIHSIIOTCS
BOoBce. B pesynbprare yBennuenus yucina npoxonoB PKVYII-K aktuBHOCTB TeX win
UHBIX CHCTEM CKOJBXKEHHSI W JIBOWHUKOBAHUS HM3MEHSETCS 3aKOHOMEPHO (pHC.
6,a). Ha HauanpHBIX 3Tamax MpeccoBaHUs HanOoJee aKTHBHBIMH SIBISIOTCS Oa-
3UCHBIE M MHUpPaAMUAANBHBIE (@ + C)-CUCTEMbI CKOJIbKeHUs 1-ro mopsaka. Jloms
0a3UCHBIX CHUCTEM CKOJIbKEHHUS MOCTEMEHHO MaJaeT K KOHILY COOTBETCTBYIOLIETO
poxoJa, a MUpaMUIAIbHBIX — HA000POT, Bo3pacTtaeT. Kpome Toro, HaunHas co 2-
ro MpPOX0Ja, HE3HAUNTENFHO AKTUBM3UPYIOTCS mpu3MaTHueckue {1010} (1210)
CUCTeMBI CKONbxkeHUs (puc. 6,a). [logoOHast TeHIeHIMs HAOMIOAanach TaKkKe B
pabotax aBTOpoB [15,16], B KOTOPBIX MOKa3aHO, YTO HAMOOJIee aKTUBHBIMHU CHC-
TEMaMHu SBISIOTCS Oa3UCHBIC, MPU3MATUYECKHE W MUPaMHUAaIbHBIE CHCTEMBI
CKOJIb)KEHUS.

Pe3ynbTarhl OLICHKM aKTUBHOCTH TE€X WJIM MHBIX CUCTEM CKOJBXEHUS U JIBOM-
nukoBanus nipu 7 = 200°C npencrtasieHsl Ha puc. 6,0. [loHmwkeHne TeMneparypsl
NPECCOBAHUS BBI3bIBACT YCUIICHUE MPOIIECCOB ABOMHUKOBaHUSA (puc. 6,0). BuaHo,
yto B Havyaie 1-ro npoxoaa PKVII-K npu 7 = 200°C akTUBU3UPYIOTCS CUCTEMBI
JBOMHUKOBAHMS, YTO NMPUBOJUT K H3MEIBUYEHUIO MUKPOCTPYKTYphl. [Iporecchl
nedopManuu ABOMHUKOBAHUEM SIBJISIIOTCS aKTUBHBIMH TaK)kKe MPH OOJIbLINX CTe-
nensx UILJ (puc. 6,6). BMmecTe ¢ Tem 10yl aKTUBHOCTH JUCIIOKAIUi 1Mo 6a3uc-
HBIM ¥ MUPaMUJIATIBHBIM (@ + C)-cUCTeMaM CKOJbXEHUs 1-ro mopsiaKa CTaHOBUT-
Csl HMXKE TakoBoOM, peanusoBaHHOU npu I = 400°C. Taxxe CTOUT OTMETUTH He-
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3HAYUTEJIBHOE YMEHBIICHUE JI0JIM MPU3MATHUYECKUX CUCTEM C IOHM)KEHHUEM TEM-
nepatypsl peanuzaunn PKYII-K npu 6onbmux crenensx nedopmanuu.

Panee ObL10 MOKa3aHO, YTO aKTUBHOCTh Oa3UCHBIX, MUPAMUAAIBHBIX M HPU3-
MaTHYECKHX CHUCTEM CKOJIbKEHHS SIBJISIETCSI OIpenesstoniel B (GopMUPOBAHUU
kpuctamorpapudeckoil rekctypel B Ti Grade 2 B mpouecce TpaaULMOHHOTO
PKVII [17]. B To »*e Bpemsi ObUIO YCTaHOBJIEHO, YTO POJIb JBOMHUKOBAHUS 3a-
MeTHa Jiuiib B Havyane 1-ro mpoxona PKVYII npu paccmoTtpenHsix ycnoBusx (7 =
=450°C, cxopocTh npeccoBanus 6 mm/s). CpaBHUTEIBHBINA aHATN3 TIOKA3aJI, YTO
kak npu tpaguuuoHHoM PKVII, tak u npu PKVYII-K aktuBn3upyrorcs ogHu u te
K€ CHUCTEMbI CKOJIbKEHMSI U IBOMHUKOBAHHUS.

3akjauyeHue

B pesynbrare sKCIIEpUMEHTOB, NMPOBEACHHBIX MeToAoM PCA, 1 KOMIBIOTEPHOTO
MOJIeTMpOBaHKs HcciaenoBanbl BiusiHue Temneparypsl PKYII-K Ha xapakrtep 3Boro-
MM MUKPOCTPYKTYPBI U JISUCTBYIOIME MexaHn3Mbl nedopmarmu B Ti Grade 4. Ycra-
HOBJIEHO, uTO 1pH Temreparype 200°C mporcxoauT 3akOHOMEPHOE YMEHBIIIEHHUE Pa3-
mepa OKP, nipu 3T0M HaO0AaETCSI MOHOTOHHBIN POCT CPEHEKBAIPATUYHBIX MUKPO-
UCKQKEHUM U IJIOTHOCTH JUCIIOKAIMI ¢ yBeMMYeHHeM uMcia mnpoxonos. [Ipu 1-m
npoxone PKVYII-K mpu stoii Temmeparype HaOmromaeTcsi akTHBH3AIMS IIPOLIECCOB
JIBOMHMKOBaHHUS, CLIOCOOCTBYIOIIMX M3MEIBYEHHIO MUKPOCTPYKTYphL. [Ipu Gonbiiem
YHCIIe TIPOXOI0B ABOMHUKOBAHUE TIPAKTHYECKH HE HAOIFOIaeTCsl.

ITpu 400°C nocne 4 npoxonos PKVYII-K pa3zmep OKP crabunusupyercs u aa-
K€ HEMHOI'O pacTeT, JBOMHHMKOBAHHWE OTCYTCTBYET, a BEJIMYMHA CpEIHEKBajpa-
TUYHBIX MUKPOUCKA)KEHUH M MJIOTHOCTh JUCIOKALUN B KPUCTAJUINYECKON pelIeT-
K€ HauMHAIOT MaJIaTh, YTO YKa3bIBAET HA MPOTEKAHUE MPOLIECCOB TUHAMUYECKOIO
BO3BpAaTa 1, BO3MOXHO, TMHAMUYECKON PEKPUCTAIIIN3ALIUH.

B pesynprare KOMIBIOTEPHOTO MOAETHPOBAHUS BOJIONUN KpUCTAILIOTpadu-
YecKoi TeKCTyphl moka3aHo, urto B xoje PKVYII-K mpu obeux paccMOTpeHHBIX
TeMrneparypax HanboJjiee akTUBHBIMU CUCTEMaMH 110 OTHOILIEHUIO K APYTUM CHUC-
TEMaM CKOJIbKEHUS M JBOMHHKOBaHMS sBIsAIOTCS OaszucHeie {0001} u mupamu-
JanpHbIe (@ + ¢)-CUCTeMBI CKONbKeHus 1-ro nopsiaka. Ilpu stom chopmupoBan-
HYIO KpUCTAUIOrpaUUYEcKyt0 TEKCTypy MOXKHO OXapaKTepH30BaTh C IOMOIIbIO
uneanbHbix opueHTupoBok Hlg, H2g, H3g, H4g, H5¢ u H6y, cooTBEeTCTBYIOIIMX
TEKCType MPOCTOro cABura. Y BeiaundeHue yucia npoxonos PKYII-K npuBogut k
OTPaHUYEHUIO MPOLIECCOB TBOMHUKOBAHMS, a TAKXKE YCUICHUIO MPU3MATUYECKUX
CUCTEM CKOJIb)KECHHUS.

PesynbraTel maHHO#N paboTHI OBLIM MOTYYEHBI B PAMKaX BBITOJHEHHUS TOCKOH-
TpakTta Ne 11.519.11.3009.
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B.JI. Cumouxos, I.B. Anexcanopos, P.K. Icnameanics

PEHTTEHOCTPYKTYPHUW AHATI3 CMIABY Ti GRADE 4,
MAAAHOIO PKKII-K

VY naHiit poOOTi METOOM PEHTTEHOCTPYKTYPHOTO aHaji3y JOCHiIKEHO BIUIMB TeMIlepa-
TypH PiBHOKaHaJIbHO-KyTOBOTO mpecyBaHHA—«koHpopm» (PKKII-K) Ha MikpocTpykTypy
i mexaHismu npedopmarii 00’emHnx 3aroToBok 3 Ti Grade 4. 3aroToBkH IIijaBamu
PKKII-K 3 gucmom mpoxoxiB Bix 1 mo 8 3a mapmpyrom B¢ mpu temneparypax 200 i
400°C. BcraHOBI€HO, IO €BOJIOLIST MIKPOCTPYKTYPH 1 KpHCTAIOTpadidHOT TEKCTYPH Ma€e
ocobmuBocTi, ki 3anexars Bix Temmepatypu PKKII-K. Kpim Toro, BusiBIEHO 3aKo-
HOMIipHOCTI (hOpMyBaHHS MEPEBAKHUX OPIEHTYBaHb, 4 TAKOXK OIIHEHO aKTHBHICTh TUX YU
IHIIUX CHCTEM KOB3aHHS W IBIMHWKYBAaHHS y THTAHOBUX 3aroTOBKaxX B 3aJIE)KHOCTI Bill
yrcia npoxofiB 1 remneparypu PKKIT-K.

Kiro4oBi ciioBa: pIBHOKaHAJTLHO-KYTOBE MpecyBaHHA—«KoH(MOpM», Ti Grade 4, pent-
TeHOCTPYKTYPHHI aHawi3

V.D. Sitdikov, LV. Alexandrov, R.K. Islamgaliev

X-RAY STRUCTURE ANALYSIS OF THE TI GRADE 4 ALLOY
SUBJECTED TO ECAP-C

In the present paper, the effect of the temperature of equal channel angular pressing
«Conform» (ECAP-Conform) on the microstructure and the deformation mechanisms of
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bulk Ti Grade 4 billets was investigated by X-ray analysis. The billets were subjected to
ECAP-Conform with the number of passes from 1 to 8 via the B¢ route at 200 and 400°C.
It was established that the evolution of microstructure and crystallographic texture had
characteristic features dependent on the ECAP-Conform temperature. In addition, the
mechanisms of preferred orientation formation were established. The activity of various
slip systems and twinning in titanium billets was estimated depending on the number of
passes and the ECAP-Conform temperature. In particular, at a temperature of 200°C, the
size of coherent scattering domains decreases, besides, monotonous growth of mean-
square microdistortions and dislocation density is observed with the increasing number of
passes. At the same temperature, during the first pass of ECAP-Conform, activation of
twinning processes that facilitate microstructure refinement occurs. At 400°C the value of
mean-square microdistortions as well as the dislocation density in the crystalline lattice
after 4 passes start decreasing, which indicates to the processes of dynamic recovery and,
feasibly, dynamic recrystallization.

Keywords: equal channel angular pressing—«conform», Ti Grade 4, X-ray structure
analysis

Fig. 1. Scheme of ECAP-C and coordinate system used

Fig. 2. Experimental PF (0002) for Ti Grade 4 in different states: a — the initial state, 6 —
1 pass of ECAP-C, ¢ — 2, 2 — 4, 0 — 8 passes. Longitudinal section, T = 400°C

Fig. 3. Positioning of ideal orientations of simple shear during ECAP-C on PF (0001) for
metals with HCP lattice (¢/a = 1.633) [12]: o0 — Hlg, 0 — H2g, A — H3g, @ — H4g, © —
H5g, 0 — H6g. The angle of channel intersection is 120°

Fig. 4. Experimental PF (0002) for Ti Grade 4 in different states: a — 1 pass of ECAP-C,
6 —2,6—4, 2— 6 passes. Longitudinal section, 7= 200°C

Fig. 5. Model PF (0001) in plane 1-2 after different number of ECAP-C passes: a — 1, 6 —
2,6 —4, 2 — 8. Longitudinal section, 7 = 400°C

Fig. 6. Relative activity of slip systems (/ — basic, 2 — pyramidal {(a + ¢), 3 — pyramidal
(a), 4 — prismatic) and twinning by tension (5) depending on the number of ECAP-C Ti
Grade 4 passes and temperature 7, °C: a — 400, 6 — 200
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PACS: 61.43.Gt, 62.20.Fe, 68.37.Lp, 81.20.Ev

AN. ,D,exmp1, n.B. MomceeBa1, B.B. HeB,u,aqaz, n.r. CaBBaKVIH1

CTPYKTYPHO-®A30BBbIE NMPEBPALWEHNA N MEXAHNYECKNE
CBOWCTBA TUTAHOBBIX CMJTABOB, MOTYYEHHbLIX METOAOM
MOPOLUKOBOW METANNYPI W, MOCHNE MOPAYEO
N3OCTATUHECKOI O NPECCOBAHUA

1|/|HCTI/ITyT meTannodusnku um. I.B. Kypgtomosa HAH YkpanHbl
oynbBap Akag. BepHaackoro, 36, r. Kues, 03142, YkpauHa

2V|HCTVITyT marHeTuama HAH YkpanHsl 1 MOHmonogbcnopT YKpanHbi
oynbBap Akag. BepHagckoro, 366, r. Kues, 03142, YkpanHa

CraTbsa noctynuna B pegakumio 26 ceHTsa6psa 2012 roga

Hccnedosano enuanue zcopsiweco uzocmamudeckozo npeccosanus (I UII) npu 200 MPa,
750 °C na 3aneyusanue ocmamoynot nopucmocmu 2.8-3.5 vol. %, mexanuueckue ceoii-
cmea npu pacmsadncenuu U Hazo80-CMPYKMYpHule USMEHEeHUs MUMAHO8bIX CHIAB08
Ti—10V-2Fe-3A1 u Ti-5AI-5V-5Mo-3Cr (mass%), noayueHuvix npeccosanuem npu
300400 MPa npu xomnamuou memnepamype nopowxos TiH, u nueamyp V—-Fe-Al u
A-V-M—Cr ¢ nocredyrowgum cnexanuem npu 1250 C 6 meuenue 4 h. CmpykmypHule uccie-
008aHUA BLINOTHANU MEMOOAMU ONMUYECKOU U NpOoceeyusaroueti d1eKmpoHHON MUKPOCKO-
nuu. Ycemanoeneno, umo I'UI1 obecneuusaem yniomuenue 0o nopucmocmu meree 0.1 vol.%.
3aneyusanue nop npu I'tll 6 (a + f)-mumanosvix cniasax obecneyusaemcs camoougghy-
3uetl U CKOTbIHCEHUEeM OUCTOKAYULL RO MENCPHAZHBIM SPAHUYAM, a USMEHeHUe (a3080ti MOp-
gonocuu — oughgysueil necupyrowux 1eMeHmMo8 U CKOIb’CEHUEM OUCTOKAYULl 8 Npedenax
Gaz. Yniomunenue u cmpykmyphoe cocmosinue nocie I'HII npusooum x noswviuenuio nia-
CMUYHOCIU CNAAB08 8 2—4 pasza be3 CyuecmeeHH020 U3MEHEHUs UX NPOYHOCHIUL.

KuaioueBble ¢ji0Ba: TUTAHOBBIC CILIABHI, MOPOIIKOBAs METAJUTYPIHUs, 3aJICUUBAHUE OCTa-
TOYHOU TIOPUCTOCTH, TOpsYee M30CTATHUECKOE MPECCOBaHUE, (a30oBO-CTPYKTYPHOE CO-
CTOSIHWE, MEXaHU3M CTPYKTYPHBIX U3MEHEHHH

BBenenne

B nocnennee BpeMsi BO MHOTHX OTpacisix MPOMBIIUIEHHOCTH HaOI0naeTcs
pacTyLuil CIpoC Ha CIOXHOJErMpOBaHHbIE TUTAHOBBIE CIUIABBI, KOTOpBIE 00-
JaJal0T YHUKAJIbHBIM KOMIUIEKCOM (PU3UKO-MEXaHUYECKHX CBOMCTB. DKOHO-
MHUYECKU BBIFOJHO MPOU3BOJIUTH TAaKHE CIUIaBBl U W3JENUs U3 HUX METOIOM
BBICOKOTEMIIEPATYPHOI'O CHHTE3a W3 TE€TEPOre€HHBIX MOPOIIKOBBIX CMECEH, B
npouecce KOTOPOro AOCTUTAeTCsl TOMOT€HM3aIUsl XMMHUYECKOro cOCTaBa CIija-
Ba. OHAKO IOCJIe CHHTE3a CIUIaBbl M M3JeNHs 00J1alatoT OCTATOYHOW MOpHUC-
TocThbiO (14 v0l.%), KOTOpas CyLIECTBEHHO yXyJUIaeT UX MIacTUYHOCTh. Of-

© AW. Oextap, N.B. Mouceesa, B.B. Hesgaua, [.I. CaBBakuH, 2012
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HUM u3 Haubosiee 3P(HEeKTUBHBIX CIMOCOOOB YCTpaHEHUS MOPUCTOCTH Oe3 Ha-
PYIICHUS TEKCTYPHI SABJISETCS 00paboTKa CIIaBoB U m3aenuit ¢ momomsio ['UIT
B aTMoc(epe HHEPTHOTO rasa.

Hecmorps Ha nocratouno mupokoe npuMmenenue [ M1 B HayuHbIX uccienoBa-
HUSX M MPAKTUYECKUX pa3pabOTKax, HEKOTOPbIE BONPOCHI, KAacaroIlUecs: B3auMO-
CBsA3M (ha30BbIX U CTPYKTYPHBIX U3MEeHEeHUM, npoucxonaumx npu ['UII B Turano-
BBIX CIUIaBaX C HEBBICOKOM OCTATOYHOM MOPUCTOCTBIO, a TAKXKE MX BIIUSHUSA HA
MEXaHWYECKUE CBOKMCTBA, MPAKTUYCCKH HE HM3y4YeHBL. B naHHOW paboTe HaMu
IPEIIPUHATA MONBITKA UCCIEJOBAHMS TUX BOIIPOCOB.

Martepuan u MeToAUKA UCCIETOBAHUI

UccnenoBanmu craBbl Ti—10V-2Fe-3Al (10-2-3) u Ti—-5A1-5V-5Mo-3Cr
(5553) (mass%), momyuennsie mnpeccoBanueMm npu 300-400 MPa B ycmoBusax
KOMHATHOW TemnepaTypsl nopomkoB TiH, u muratyp V-Fe—Al u AlI-V-Mo—Cr,
a Tarke nocienyomumM cnekanueM npu 1250°C B tedyenue 4 h. Cnekanue mpo-
ot B ycranoBke CIIIBD-2500 B Bakyyme 107°-10" Pa. Cpennwuii pasmep
nopowkoB coctasisin 40—60 pum. Mcrnonp3oBaHHEe BMECTO YHMCTOrO THTaHA IIO-
POILIKOB Tupuja TUTaHa CIOCOOCTBOBAJIO AKTHUBU3ALMU IMPOLIECCOB CIIEKAHUS U
XuMHu4eckor romorenusanuu [1]. CpenHecraTucTHUECKHUH pa3Mep MOp B CHUHTE-
3UPOBAHHBIX CIUTaBax cocTaBisul 8—10 um. MakcumaabHBIN pazmep mop Kojebdar-
cs B penenax 15-20 um. T'UIT npoBoaunu B atMocdepe aprona B Tedenue 2 h mpu
nasnennu 200 MPa u temneparype 750°C, Hmke temmeparypsl (o — [3)-mipe-
BpallleHus B a-001acTH. YpoBeHb nopuctocty 10 1 nocie I'NIT usmepsinu rugpo-
CTaTMYECKHUM B3BEIIMBAHUEM.

[MwimHaapuyeckue o6pasipl ¢ 1uaMeTpoM pabodeil yactu 4 mm, BHITOUEHHBIE
U3 CHHTE3UPOBAHHBIX CIUIaBOB M oOpadoTtanubie I I, ncnpIThiBaM Ha pacTsike-
HUE NP KOMHATHOM TemIiepaType B ycTaHoBKe Instron-3367.

CrpykrypHble uccienoBanus cruiaBoB nocie ['MII u pacTskeHrs BBIMOTHSIIH
C IMOMOIIBIO ONTHYECKOM MuKpockonuu (Mukpockon Olympus-1X-70) u snex-
TPOHHOM MHUKpOCKonHH Ha mpocseT (Mukpockon JEM-100CX).

Pe3y.111>TaT1,1 H 06cy>1c21e}me

B cocTosiHuu mocne cuHTe3a U3 NOpOLIKOB (OyJeM Ha3blBaTh €r0 MCXOJHBIM)
CTPYKTypa CIUIaBOB Ha ME30CKONHWYECKOM YpOBHE (TOpsKa BEJIWYMHBI 3€pHA
60—120 pum), HECMOTpSI HA OAMHAKOBOE cojaepxkanue [-hassl (60—-65%), cymecT-
BeHHO oTiauyanach. CrmaB 10-2-3 xapakTepu3oBajics CMEUIaHHBIM HEOIHOPOJ-
HBIM pacrpenesneHiueM o- U 3-¢a3 co 3HaYUTENbHBIMU CTYHICHUSMHU U pa3peske-
HUSIMM BBIIIENICHUN o-(ha3bl B peaenax 3epHa (puc. 1,a). [Topucrocts crnasa co-
ctaBisia 3.5%. B To ke Bpems B crutaBe 5553 Habmroganocs 6osiee OAHOPOJHOE
KBa3UIIJIAaCTUHYATOE pacrpesesneHue o- U B-¢pa3 ¢ uronb4aroil Mopgosoruei
a-¢asel. [Topucrocts He ipeBsimaia 2.8% (puc. 1,0).

Hecmotps Ha ocTaTouHyrO0 MOPUCTOCTH, ciiaB 10—2—3 B CHHTE3MPOBAHHOM
COCTOSIHMM UMEET AOCTATOYHO BBICOKYIO (11o4TH 8.5%) MIaCTUUHOCTh U XOPOLIO
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6 2

Puc. 1. Ctpykrypa crmaBoB 10-2-3 (a, 6) u 5553 (6, 2) B HCXOJHOM COCTOSIHHH TOCJIE CHHTE3a

BBIPAKEHHBIN Y4aCTOK COCPEAOTOUYEHHON HEOJHOPOIHOM edopMali Ha KpUBOM
pactsbkeHus ¢ oOpasoBanueM weiiku (puc. 2,1,a). Crnas 5553 umeeT HU3KYIO (OKO-
710 3%) MIacCTUYHOCTh, IPUYEM, CY/s 110 AUarpaMMe pacTsKEeHUs, XpyIKoe pa3py-
MICHUE HACTYIIAJIO CIIle IO JOCTHKEHUS Mpejiera MpoaHocTH (puc. 2,1,6).

[Tocne T'UIT oburast mopucTocTh B 000MX CIIIaBaX yMeHbIIanach oT 2.5-4% 1o
0.1%. CornacHo Mozenu [2] KUHETUKY YIJIOTHEHUs MeTajljla IIPU HCIOJIb30BaH-
HbIX pexumax ['MII MoxHO onmcaTh ¢ MOMOLIBIO ABYX30HHOW MOJAEIN IIOPUCTOIO
tena. [locienHee mpeacrapiseT coboit cepy ¢ mopoit B IeHTpE, KOTOpasi OKpy-
’KEeHa 30HOM IIaCTUYECKOM JeopMalvy U 30HOHM BA3KOIO TEUEHHs, a BpeMsl 10JI-
HOTO YIUIOTHEHHS (10 3Ha4YeHUs oOmiel mopuctoctd O = () mponmopuuoHaIBEHO
K03(ppULIMEeHTY BSI3KOCTH, HAYaJIbHON MOPUCTOCTH U OOPAaTHO MPOMOPIUOHAIBHO
BHEITHEMY JaBieHNI0. Ko pHumeHT BA3KOCTH ONpenenseTcss CPeIHIM PaccTosi-
HUEM MEX1y UCTOUHHUKAMHU U CTOKaMU JJIsi BAKaHCHUM, MUTPUPYIOIIKUX B IPaJUEH-
T€ XMMHUYECKOTO MOTEHIMaNa, BEI3BAHHOM II0JIEM HANpsKEHHUM, OT MOBEPXHOCTH
HOpPBI K CTOKY (IpaHuLa 3epHa), U AU} Py3nOHHBIM TapaMETPOM.

OrneHKy MOKa3bIBAIOT, YTO MPU UCHOJIB30BaHHBIX pexkumax ['UII Bpemst momnHo-
T'O YIUIOTHEHUS] TUTAHOBBIX CIUIABOB COTJIACHO [2] TOHKHO OBITH PAaBHO 710" 5. B
9KCIIEPUMEHTE MOYTH MOJHOE YIUIOTHEHHE OCYILIECTBIISIETCA YXKE 3a 7-10° S, T.C.
MoJielb [2] B JTaHHOM KOHKPETHOM Cilydae He paboTaer.
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Puc. 2. MamuHHBIe KPUBBIE pacTsoKeHUs cruiaBoB 10—2-3 (a) u 5553 (6) B ucxomHOM
cocrostanH (1) m mocie o6padotku ['UII (1)

bonee coBpemennsie mozaenu [3,4] ucnons3yrot mist ['UI ypaBHeHus Bs3koruia-
CTHUYECKOTO TEYEHHS, OCHOBAHHBIC HA CTETIEHHOM 3aKOHE MOJ3yuYeCTH, KOHTPOJIH-
pyemoit nuddysueii. DTr Moaenu OoJiee PEATMCTUYHBI, OJTHAKO W OHU HE o0ectie-
YHBAIOT JJOCTATOYHO XOPOIIETO COTJIACHUS C SKCIIEPUMEHTATbHBIMH JAHHBIMH.

XapakTepUCTUKH IIAaCTUYHOCTH cIuiaBoB rnocie ['MII pesko Beipocnm. Ilna-
cTUYHOCTH ciiaBa 10—2-3 yBenmuunace 10 18.8% (B 2.2 pa3a), a crutaBa 5553 — o
13% (6onee uem B 4 paza) (puc. 2,1I). HeoOxonumo 0TMETUTB, YTO MPH 3TOM Ipee
npoyHocTH ciiaBa 10-2-3 ngaxe Heckonbko yBenuuwmics (¢ 1030 xo 1050 MPa),
a criaBa 5553 — HeHamHoro ymensimics (¢ 1220 no 1175 MPa) (puc. 2,11).

OTinuns B MEXaHUYECKHX CBOiicTBax ciuiaBoB 10—2-3 m 5553 B HMCXOOHOM
cocrostHUH U miocie o0padboTku ['UIT MoryT cka3pIBaThCs Kak Ha MEXaHU3Max Jie-
dbopMmaruu, Tak U Ha CTPYKTYPHBIX OCOOCHHOCTSIX HAa PaBHOMEPHOW CTaJHUU pac-
TshkeHus. B [5,6] ObUIO yCTaHOBJICHO, YTO HEpaBHOMEpHas jedopmanus B cruia-
Bax 10—-2-3 u 5553 B UCXOAHOM TOCJE CUHTE3a COCTOSTHUM HayMHAeTcs MpH 00-
pa30BaHUM SYEHUCTON HEPA3OPUEHTUPOBAHHOW CTPYKTYPHI. DTO OBLIO CACIAHO Ha
OCHOBaHUU HccienoBanuit [7,8], rae ObLTO MOKa3aHO, YTO €CIH CTAIHI0 PaBHO-
MEpHOH 1e(OpMAIUHN TIEpPeCTPOUTh B KOOpAMHATaX S—” (e S U e — HCTHHHBIE
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HarnpspKeHue U aedopMaliysi COOTBETCTBEHHO, 71 — ITOKa3aTellb Je(OpPMALUOHHOTO
YIPOYHEHHUS), TO OHA pa3OMBaeTCsS Ha PAJ MPSAMBIX YYaCTKOB (CTaaMiA), KasKIbIi
U3 KOTOPBIX OTBEYAET ONpEENICHHOMY MpeoOiafaonemMy pacnpeaeaeHuIo auc-
nokauui. Tak, Ha | craguu npeobiagaeT CTPyKTypa ¢ XaOTHUYECKUM paclpesaese-
HUeM Juciokanui, Ha Il — mpoucxoauT nepecTpoiika XaOTUYECKH pacIipe/iesieH-
HBIX TUCJIOKAIMI B TUCIIOKAIMOHHBIE KITyOKu U criieteHus, a Ha Il — obpasyercs
s4yencTas JUCIOKALMOHHAs CTpyKTypa. B ciydae craBoB, moaseprayTseix ['MIT
10CJIe CHHTE3a, KaK ATO CIEIyeT U3 pHC. 3, HepaBHOMEpHas cTaius aAedopmMariu
craBa 10-2—3 HaumHaeTcs mociie 00pa3oBaHMs HEPAa30pUEHTUPOBAHHOW sSUeu-
CTOW CyOCTpPYKTYpBI, TaKk kK€ Kak U B MCXOJHOM COCTOSIHUH, a B cijiaBe 5553 —
[P TOSBJICHUN AUCIOKAIMOHHBIX KIIyOKOB M CIUIETEHUH.

115 z 1.25¢
11 o
© I & 1.20¢
£1.10 |
= I mz
E = 1.15
C,51 05+ | vy 1. I
S S 1.10— ‘ ‘ ‘
L0546 8 10 12 14 2 4 6 8
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Puc. 3. Cragus paBHoMepHO# aedopmanuu craBoB 10-2-3 (a) u 5553 (6) nocie obpa-
6otku ['UII, mepectpoeHHast B KOOpAUHATAX S—¢"

OTMeTuM, YTO 3TO NPOUCXOIUT HA (POHE HEM3MEHHOTO TOKa3aTels 7, KOTOPbIi
onpezenser (a3y, KOHTPOJIUPYIOLIYIO Tpolecc aepopmanuu, B HUCXOIHOM CO-
CTOSIHUU C OCTaTOYHbIMU IopaMu U B coctostHuu nocie I'UII. ITockonbky n = 0.9
(aro xapaktepHo mis ['TIY-pemerku [7]), B crutaBax 10-2—-3 u 5553 mocne TUIT,
TaK )K€ KaKk U B UCXOJHOM COCTOSIHUH, Ae(hopMarmoHHOE YIPOUYHEHHE KOHTPOJIH-
pyeTCs KBa3UIIAaCTUHYATBIMU MPOCIOHKamMu o-¢asbl (puc. 3).

Jiss 0OBsICHEHUS! TOTYYEHHBIX PE3yJIbTaTOB ObUIM MPOBEACHBI CTPYKTYpHBIE
uccinenoanus. Ctpykrypa cmiaBa 10—2—3 B UCXOJHOM COCTOSHMM Ha CTaJlUH
paBHOMEpHOM nedopMmaly npeacTaBisgeT coboit cmech o- U B-ha3 B HEKOTOPBIX
ClIy4asiX ¢ IUPOKUMHU TU(h(GY3UMOHHBIMU 30HAMU U HEYETKHUMH MeX(a3zHbIMU
rpanunamu (puc. 4,1,a). Koe-rue B nmpenenax o-¢pasbl BUIHBI JUCIOKAIMOHHBIE
STYEHUKH, YTO TIOJITBEPIKIACT BBIBOJI, MOJYUEHHBIN mociie 00paboTKu KpUBOM pac-
TshkeHus B [6]. Ha cramuu cocpenoToueHHOM HEepaBHOMEPHOU nedopMaIiiuu, rie
M00aBISIFOTCSL TocTaTouHO Bhicokue (o 200 MPa) rumpocrarnueckue Hampsixke-
HUs1, Mopdonorus (a3 usmensercs, Mexx(dazHble TPaHUIBI CTAHOBATCS elie 0oee
pasmbITbiMu (puc. 4,1,6). Bugasl KITUHOBUIHBIE TPOCIOWKH BTOPUYHOU O-(asbl,
[pOpacTAIONIUe NEPIICHANKYIAPHO Mexk(pa3HbIM rpanunaM. I1oTHOCTh AucioKa-
1ui B 3-(haze cymecTBeHHO BBIpOCIa.
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Puc. 4. Muxpoctpyxkrypa cmaBoB 10-2-3 (I) u 5553 (II) B ucxoaHOM COCTOSHUM TIOCTIE pac-
TSDKEHHS Ha CTaIuK PaBHOMEPHOH aedopmanny (a) 1 B oonactu mmeiiku (1,0) u paspeisa (11,6)

B ucxomHoMm crutaBe 5553 nedopmMarmoHHas CTPyKTypa HOCHT COBEPIIICHHO WHOM
xapakrep. B mporecce paBHOMepHOH Aedopmaliy MosBisieTcs Je(opMariiOHHbINH
o"-maprencur (puc. 4,11,a), aro xopoiro BUaHO Ha 3eKTpoHorpammax. OmHaKo mpu
pEeHTreHorpauueckoM HCCIIEIOBAHUM MACCHUBHBIX J1€()OPMHUPOBAHHBIX 00pa3lioB
MapTEHCUT HE BBIIBIISIETCA. DTO MOXET CBUAETEIBCTBOBATH O TOM, YTO MapTEHCHUT IO~
SIBJIICTCSL B PEe3yJIbTaTe NPHUIOTOBJIEHUS (OJIBI Ul 3IEKTPOHHOM MuKpockonuu. C
JPYTOW CTOPOHBI, 3TOT (DaKT TOBOPUT O TOM, YTO B Tporiecce aedopManuy CIuiaBa
5553 ¢ ocTaTo4HOI MOPUCTOCTBHIO B 00BbEME MaTepraia BOSHUKAIOT BHICOKHUE Harps-
xeHwst. Jlocrarouno HeOONBIION NedopMaliy MpU MPUTOTOBICHUN (DOJTBIH, YTOOBI
BO3HHMKaJI MapTeHCUT. OTMETUM, YTO B MECTE, OUCHb OJM3KOM K 30HE pa3pyILEeHUs,
HaOJFO/IaeTCsl BHICOKAS TUIOTHOCTH IMCIIOKAINH, (pa3 ¢ YEeTKMMH TPpaHUIIAMH HE BUTHO
(puc. 4,11,0). BeposiTHO, BBICOKHE BHYTPEHHHE HANPSDKEHUsI, KOTOPblE MOTYT HPHBO-
JIMTH K 00pa30BaHMIO MAPTEHCHTA, BBI3BIBAIOT XPYIKOCTh U Pa3pyIICHHE MaTepraa.

ITocne I'NII cTpykTypa kapauHanbHO u3MeHsierca. B cnnase 10-2-3 a- n
[B-thazer Ha Makpo- ¥ ME30CKOITMYECKOM MAaCIITAOHBIX YPOBHIX PAaCpEIeIeHbl O~
HOpoJHO (puc. 5,a). Ha MUKpOypoBHE CTpYKTypa HpeicTaBiseT co0oil KBa3u-
IUTACTUHYATYIO CTPYKTYPY THUIIa «KOP3UHOYHOTO TuieTeHus» (puc. 5,0). Ilpu stom
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0 e

Puc. 5. Mukpoctpykrypa ciuiaBa 10-2—3 nocie ['UIL: a, 6, ¢ — oOmwmii xapakrep npu pas-
HBIX YBEJIMYCHHUSX; 2 — TUCIOKALMOHHAsl CTPYKTypa Ha MeX(a3HON IpaHHLE; 0 — XapaKTep
JMCIIOKAIIMOHHOM CTPYKTYPHI B O-(ha3e; e — XapaKTep IUCIOKAMOHHOM CTPYKTYpHI B 3-aze

BBIICTTUBIINECS TIACTHHBI O-Qa3bl 0oJiee yeTknue, a Mek(a3Hbie TPAHUIBI Pa3Mbl-
TBI TOPA3/10 MEHbIIE (PUC. 5,8), 4EM B UCXOTHOM COCTOSHHH. JTO CBUICTEIHCTBYET
o tom, yto B mporiecce I UIT mpoucxonut aktuBHOE nudy3noHHOE mepepacipe-
JICTICHUE JICTUPYIOIIUX AJIEMEHTOB, TMPHUBOAAIICe K OOpPa30BaHUIO YETKUX PABHO-
BecHBIX (ha3. HepaBHOBECHAs CTPYKTypa CTpEeMUTCS K paBHOBEeCHIO. JMCIoKanoH-
Has CTPYKTypa B a- U -pazax mpenctaBiseT coOoi CrIeTeHUs AUCIOKAIuil (puc.
5,0,e). [Ipruem xapakTep B3aMMHOTO PACTIOIOKEHUS TUCIIOKAIMi 1 (a3 mo3BoJsieT
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MPENONI0KHUTh, YTO Ha PUC. 5,0 U e BBISBISETCS AUCIOKALMOHHAS CTPYKTypa Ha
Mex(asHbIX TpaHunax. Jpyrumu cioBamu, B nporecce ['MI1 3HaunTensHy0 poib
B VIUIOTHEHUHM Marepualia urpaetr OapbepHbIil dpdekT Mex(a3sHbIX TPaHUIl IS
JUCIIOKAIUK, KOTOPBIA HEN30€KHO BBI3BIBAET PEIAKCALUIO JIOKAIBHBIX HaIpshKe-
HUI B BUze AeGopManiu (CKOJIBKCHHIE UCIOKAIN ) TI0 MeK(a3HBIM TpaHUTIaM.

B mporiecce nedopmanun pactsbkeHnem criaBa 10—2-3 B cocrosauu mocie [T
rpaHuIibl (a3 CTaHOBATCA ernie Oosiee YeTKuMH (puc. 6,a), a camu ¢a3bl — KOHTpaCcTHEE.
Pacnono)keHne O-TIJIACTUH CTAHOBHUTCS YHOPSIOUYCHHBIM. B HEKOTOpBIX Ciydasx Ha
CTBIKaX KOJIOHMI TaKHe IUIACTUHBI B3aUMOJICUCTBYIOT IPYT C APYroM. 310 JedopMarii-
OHHOE B3aUMOJICHCTBUE, KOTOPOE YKa3bIBAaeT Ha TO, YTO B Ipoliecce AedopMaliuu pac-
TSDKCHHUEM TIPOUCXOJIUT aKTUBHOE CKOJIBKEHHE TI0 Mek(da3HbM rpanuniam. Ha puc. 6,0
BH/THO, KaK MapaJuiebHbIe O-TUIACTUHBI OTHOM KOJIOHUH MPOTHIKAIOT IUIACTUHY APYTOM.
XopoI10 BUHO TaK)Ke HAKOIUICHHE JMCTIOKAIMA Ha MeK(a3HBIX TpaHUIlax (puc. 6,6).
JlucimokalmoHHas CTpyKTypa B 00enx (¢aszax B mporiecce AeopMaIyy pacTsHKeHHEM
CTAHOBUTCS Oosiee OHOPOAHOH (pHc. 6,2). BrionHe BeposATHO, UTO HA 3TOM PUCYHKE
MBI BUMM TPAaHHILIBI AUCIOKAIMOHHBIX SYEEK, KOTOPbIE BO MHOTUX CIydasix oOpasy-
I0TCSl HA MeK(a3HBIX TPAHUIIAX WA B UX OKPECTHOCTH. JTO SBISICTCS IOATBEPKICHH-
€M BBIBOJIa, CACIAHHOTO TI0cie 00pa0OTKH KPUBBIX PACTSDKEHHS (CM. pUC. 3,a).

Puc. 6. Mukpoctpykrypa cmutaBa 10—-2-3 mocne I'UII u pacTspkeHus: a — o0muid xapak-
Tep CTPYKTYPHI; 6 — IIACTUHBI -(ha3bl, MPOTHIKAIOIINE B TIporiecce aedopmarnmn o-hazy
IPYTOl CHCTEMBI; 6 — Mex(a3Has TpaHHIla U apalIeTbHbBIN CTPON JUCIOKAINN; & — AHC-
JIOKAIIMOHHAs CTPYKTYypa B o~ U B-azax
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CosepuieHHo uHble Moposiorus (a3 u JUCIOKallMOHHAs CTPYKTypa BO3HUKA-
ot ocnie ['UIT ciimaa 5553. Pa3smep (pa3oBbIX MpoOCIOeK CTaHOBHUTCS TAaKUM Ma-
JbIM (pHc. 7,6), 4TO HA MAaKpO- U ME30CKOMMYECKOM YPOBHSIX CTPYKTypa BBIIJISA-
TUT OTHOpOaHOH (puc. 7,a). Pacnpenenenue o- u 3B-pa3oBbIX IEMEHTOB B HEKO-
TOPBIX MECTaX MMEET KBAa3MILJIACTUHYATBIA XapakTep, a B JPYIMX MECTax HOCUT
Xapaktep, ONMM3KUN K TIOOYJISIPHOMY pPACIpeICTICHUIO O-BBIICIICHUH (puc. 7,0).
Kpome ycrpanenuss mopucroctd (GOpMHpPOBAHHE TaKOW MNOYTH OUMOAATBHON
CTPYKTYPBI MOXKET OBITh OJTHOHM M3 OCHOBHBIX IPUYNH BECOMOTO MOBBIIICHUS TIIa-
ctuyHocTH crutaBa 5553 mocne I'HUII. Ognako Ha CyOMMKPOHHOM MacIITaOHOM
YPOBHE XOpPOIIO BUIHO, YTO CTPYKTypa MaTepHaia, XoTs U OoJyiee yrnopsaodeHa,

& Puc. 7. MukpocTpykTypa cruiasa 5553 mo-
| cue ['UII u pactsokenus: a, 6 — oOmui xa-
' )J& paKkTep MpH Pa3HbIX YBEIUYCHUSX; 6 — (a-
| 30Bast Mopdosorus W AMCIOKAIMOHHAS
CTPYKTypa; & — XapaKTEPHBIA MpUMEp Je-
dbopmanmm o Mexda3zHBIM TPAHHUIIAM; € —
OJHOBPEMEHHO ¢ AedopManrell HAeT aKTHB-
Hoe muddy3HoHHOE TiepepacipeielieHe Jie-
THPYIOIHX 3JIEMEHTOB B 00enx (hazax
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YeM B MCXOJHOM COCTOSIHUU (puc. 7,8), elle He sBiseTcs paBHOBecHOW. Ha 3To
YKa3bIBAIOT M He3aBeplieHHoe auddy3noHHOE TIepepacnpeeNieHre JISTHPYIONIIX
9JIEMEHTOB, M BBICOKAas IUIOTHOCTb JWCJIOKAI[MOHHBIX CIUIETEHUH BHYTpH (a3
(puc. 7,8,0), a TaK)ke HE3aBEPIICHHOCTh CTPYKTYPBI CKOJBKEHUS M0 MeK(a3HbIM
rpanunam (puc. 7,2). Oco0eHHO HEOOXOAMMO OTMETUTH JOCTATOYHO YOeAUTENb-
HO€ CBHJETEIbCTBO TOTO, YTO OJHOBPEMEHHO C JedopManueil WIeT aKTHBHOE
T Qy3MoHHOE TepepacnpesiesieHre JETUPYIOUIMX 3JIEMEHTOB B o0eux (aszax
(puc. 7,0).

Ha ocHOBaHMU NOJTyY€HHBIX PE3yJIbTATOB U UX aHAIU3a Mbl MOXEM Mpeasio-
KHUThb CBOW B3IJISJl HA MEXAaHW3M YIUIOTHEHHS THUTAHOBBIX CIUIABOB B TpoOIlecce
['UII. On 3akmoyaercs B TOM, YTO B OKPECTHOCTH IOp BHayasle MPOUCXOIUT aK-
TUBHOE 3apOXJICHHE M CKOJBKECHHE AMCIOKanuii B o- U P-dazax. [Tockombky
o-(aza KOHTPOJIMPYET YNPOUYHEHUE MpH JleopMalvy, TO 3TO 03HAYAET, YTO JUC-
JIOKallMU B HEW JBIXKYTCS MeuieHHee, yeM B [B-daze. [loatomy [-dasza ocBobox-
JlaeTcsl OT TUCIIOKAIMi OblcTpee, OHM HAaKaIUIMBAIOTCS Y MEX(a3HbIX IPaHUILL, KO-
TOpBIE SBISIOTCA d((GEKTUBHBIMU OapbepamMu I TaKuX auciokanuid. Hakorute-
HHUE AMCIOKaui y MexX(a3HbIX TPaHUIL] CO3AeT JIOKAJIbHbIE OYark Halps KeHUH,
penakcaiysi KOTOPBIX OCYIIECTBIISIETCS CKOJIBKEHUEM M0 MEX(a3HbIM I'PaHULAM.
Takoe ckoJbXeHHE B CIydae BCECTOPOHHEIO CXKaTHsl MpH ycaJke (aedopmanun)
1.5% obecrnieunBaeT coxpaHeHHE CIUIONTHOCTH Marepuayia. OIMHOBpPEeMEHHO Oa-
rofiapsi TpaJueHTy XMMHUYECKOIro MOTEHIMalla, KOTOPbIi BO3HUKAET M3-3a BBICO-
KUX TPAIMEHTOB HANPSHKCHUH M KOHIEHTPAIHIA JISTUPYIOLINX JIEMEHTOB B OKpe-
CTHOCTH MeX(a3HbIX I'paHHILl, Npoucxoadar camonudpoysus u mudpdysus. Camo-
muddy3us crocoOCTBYET paccachlBaHUIO MOpP, a TUPGY3Us JISTHPYIONINX dJie-
MEHTOB O0ecleynBaeT UX nepepacmpeseneHie u u3MeHenune ¢pa3zoBoit Mopdoo-
run. Bakancun u nerupyromue aToMbl 1uGyHAUPYIOT K CTOKaM, KaKOBBIMH SIB-
asroTes auciaokauuu. JAuddysus Baonb AMCIOKAaLMI Ha HECKOJIBKO MOPSJIKOB
BBIIIIE, YEM B KpHcTaiuie. Jluciokamnuu, 3aXBaTbIBasi aTOMBI JIETHPYIOIIUX JIEMEH-
TOB, YCKOPSIOT MpOLecC MepepacnpeieeHus 3JIEMEHTOB B Ipesenax Kaxaon ¢a-
3bl. B CBOIO ouepenp, IpalueHThl HAPSHKEHUN M KOHLIEHTpALUi 3JIEMEHTOB MO-
I'YT MOPOKAAaTh HOBbIE AUCIOKAIMHU. TakuM oOpazom, Oiaromapsi B3auMoJeHcT-
BUIO HECKOJIBKUX TPOLIECCOB — MOSBICHHUS BBICOKON TUIOTHOCTH TTOABHKHBIX JIHC-
JoKalui, UX CKONbXeHUs M AU(Qy3un BakaHCUN W JIETUPYIOIIMX JIEMEHTOB —
NPOMCXOIAT YIUIOTHEHNE MaTepraia u u3Menenue mopdonorun ¢as npu I'NII. B
6osiee KOHKpETHOM BHJIe: caMou(dy3ust U CKOJIBXKEHUE 10 MeX(a3HbIM IPaHU-
naM 00ecIeunBaloT 3aJeyuBaHue MOp, AUG(y3Us JIETHPYIOMMX AIIEMEHTOB M
CKOJIBXKEHHUE JAUCIIOKAIU B npesenax ¢a3 sBIsAI0TCS NPUUMHON n3MeHeHus (aso-
BOI MOP(OJIOTHHU B TUTAHOBBIX crutaBax mpu [ UIT.

OpHa U3 NpuYMH, 0 KOTOPBIM HcIob30BaHHbIe pexxuMbl [ UIT oOecnieunBatoT
Oostee OBICTPBIN W TIOJTHBIN IEPexo]l K paBHOBECHOMY pacrmpeieieHuto (a3 u KoH-
LEHTpAllUH JETUPYIOIIUX 3JeMEHTOB B (pa3ax B crutaBe 10—2—3 mo cpaBHEHHUIO €O
criaBoM 5553, rre (a3oBO-CTPYKTYPHOE COCTOSIHME JAaJIEKO OT PAaBHOBECHOTO,
COCTOUT B OU€Hb BbICOKOI ckopoctu auddysuu Fe B a-Ti. Ona Ha 6—10 nopsna-
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KOB BBIIIE BEIMYUHBI CKOpOCTH nuddy3un Mo — 0THOT0 U3 OCHOBHBIX [-cTaOH-
JTU3UPYIOMUX JETUPYIOUIUX AJIEMEHTOB B cruiaBe 5553. [loaToMy st mocTuxe-
HUSl PAaBHOBECHBIX CTPYKTYpP B 3TOM CIUIABE, BAXKHOM JJIs1 IPAKTUYECKOTO MpUMeE-
HEHUs, HEeOOXOAMMO HCIOIB30BaTh BapHAIlMK JABJICHHS, TEMIIEPATYPhl U BpeMe-
Hu ['UI1, yemy OyayT NOCBSIIEHBI HAIH JATbHEUIITNE UCCIEIOBAHNUS.

BeiBOABI

1. TUII turaHoBbIX cmiaBoB 10-2-3 u 5553 ¢ mopucrocteio 2.8-3.5 vol.%,
OCTABIICHCS MOCIIe CUHTE3a U3 MOPOLIKOB, npu nasienun 200 MPa, Temmniepatype
750°C B Teuenue 2 h oGecrnieunBaeT yIuIOTHEHUE 0 OCTaTOYHON MOPUCTOCTU Me-
Hee 0.1 vol.%

2. I'’II cnaBoB mpUBOAUT K (Pa30BO-CTPYKTYPHOMY COCTOSIHHIO, OoJiee paB-
HOBECHOMY I10 CPAaBHEHHUIO C COCTOSIHUEM TOCTIE CUHTE3a U3 MOpOoIIKOoB. [Ipu sTom
CTpyKTypa ciutaBa 10—-2—3 Gosee OnM3Ka K paBHOBECHOH M XapaKTEpPU3YyeTCs YeT-
KM YTIOPSIOYCHHBIM pacrpeiesicHneM o-(Qa3bl, BeIISIUBIICHcs u3 B-(ha3bl B BU-
Jie TOHKHMX MpocoeK-IutacTHH. CTpyKTYypHOE COCTOsIHUE cIutaBa 5553 ele aneko
OT PaBHOBECHOI'O M XapaKTepus3yeTcss OMMOIAIbHBIM JHUCIEPCHBIM pacipesee-
HUEeM o- U B-¢a3. [IpuurHa Takoro paziauuus MEXIy CIJIaBaMH 3aKJIIOYaeTcs B
OouYeHb BBICOKOW aupdy3nonHoi moaBmkHOocTH atoMoB Fe B a-Ti B cmase
10—2-3 1o cpaBHEHHIO ¢ HU3KOM MOABMKHOCTBIO Mo u Cr, OCHOBHBIX JIETUPYIO-
IIMX DJIEMEHTOB B cIuIaBe 5553.

3. YnnotHeHue u cTpykrypHoe cocrostHue nocie I'MII npuBoauT k moBbliie-
HUIO TIACTUYHOCTH cTutaBoB (10-2-3 B 2.2 paza, a 5553 — B 4.2 paza) 6e3 cymiect-
BEHHOT'O U3MEHEHUS UX IPOYHOCTH.

4. YcranoBneHo, yTo 3aneunBanue mop npu ['UII B (o0 + B)-TuTaHOBBIX CIuTa-
Bax oOecrnieunBaetcs camoauddy3ueil 1 CKOIbKEHUEM AUCIOKALUi Mo Mexdas-
HBIM T'paHUIaM, a U3MeHeHne (a3oBoii Mopdomorun — quddy3neit TeTupyommx
3JIEMEHTOB M CKOJIbKEHHEM JMCIOKaLui B rpenenax (as.

5. [lokazaHo, 4TO yIUIOTHEHHE MaTepHaia U u3MeHeHne Mopgooruu a3 mpu
['UIT mpoucxonat 61arogapsi B3auMOJICHCTBHIO HECKOJIBKUX MPOIECCOB — 0Opa-
30BaHUS BBICOKOM IUIOTHOCTH NMOABM)KHBIX JUCIIOKALUMH, UX CKOJIBKEHMSI, HAKOII-
neHus ¥ 1udy3ur BaKaHCUH U JIETUPYIOIIUX HJIEMEHTOB.
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O.1. Jlexmap, 1.B. Moiceesa, B.B. Hegdaua, /[.I". Cassakin

CTPYKTYPHO-®A30BI NEPETBOPEHHA TA MEXAHIYHI
BIIACTUBOCTI TUTAHOBWMX CINABIB, OTPUMAHNX METOOOM
MOPOLLKOBOI METANYPTII, NICAA FAPAYOrO ISOCTATUYHOIO
NMPECYBAHHA

JociimkeHo BIUHB rapsdoro i3octatugHoro npecysanss (['1IT) mpu 200 MPa, 750°C
Ha 3aJiKOBYBaHHS 3aJMLIKOBOI mopuctocTi 2.8-3.5 vol.%, MexaHiuHi BIaCTHUBOCTI
OpH PO3TATY Ta (a3zoBO-CTPYKTYpHi 3MiHM THTaHOBUX ciaBiB Ti—10V-2Fe-3Al Ta
Ti-5AI-5V-5Mo0-3Cr (mass%), oTpumanux mpecyBaHHsM npu 300-400 MPa mnpu
KiMHaTHIN Temnepartypi nopomkiB TiH, i miratryp V-Fe—Al ta Al-V-Mo—Cr 3 Hactymn-
HAM crikaHHaM mpu 1250°C mpotsarom 4 h. CTpykTypHI AOCTiIKEHHS BHKOHYBAllH 3a
JIOTIOMOTOI0 ONTHYHOI Ta €JeKTPOHHOI MiKpocKormii Ha mpocitT. Beranosneno, mo T'ITT
3abe3neuye ymiabHeHHs 10 nopuctocti MeHIe 0.1 vol.%. 3anikoByBanHs mop npu I'II1 B
(o0 + B)-TuTaHOBUX CIUIaBaX O0YMOBJICHO caMoau(y3ier0 i KOB3aHHSM JIUCIIOKAIlid 1O
Mik(]a3HUX TPaHMIAX, a 3MiHa (a3oBoi Mopdoorii — Audy3iero Jeryrounx eIeMeHTIB i
KOB3aHHAM TUCIIOKAMiN y Mekax (a3. YIrimeHeHHs i cTpykrypHui ctal micis [T npu-
3BOJUTH JI0 TIJBHIICHHS IUIACTHYHOCTI CIUIaBiB y 2—4 pa3u 0e3 CyTTEBOi 3MiHH iX
MIITHOCTI.

Ki11040Bi cjioBa: TUTaHOBI CIUIaBH, TOPOIIKOBA METAyPrisl, 3aTiKOBYBaHHS 3aJIUIIKOBOT
HOPHUCTOCTI, Tapsiue 130CTaTHUHE IpecyBaHHS, (Pa30BO-CTPYKTypHHH CTaH, MEXaHi3M
CTPYKTYPHHUX 3MiH

A.L Dekhtyar, 1.V. Moiseyeva, V.V. Nevdacha, D.G. Savvakin

STRUCTURE AND PHASE TRANSITIONS AND MECHANICAL
PROPERTIES OF TITANIUM ALLOYS OBTAINED BY POWDER
METALLURGY AFTER HOT ISOSTATIC PRESSING

The paper reports the results of investigation of interrelation between phase and structure
changes in the course of hot isostatic pressing (HIP) occurred in titanium alloys of low
residual porosity after their synthesis from powders (cold pressing and sintering). It is
demonstrated that in order to enhance plasticity, HIP can be effectively applied to alloys
with residual porosity, even to the brittle Ti-SAl-5V-5Mo—3Cr alloy. The methods of
optical and transmitting electron microscopy were used for the tests of phase morphology
and dislocation structure of the titanium alloys after HIP. The obtained data and per-
formed analysis, found regularities of phase distribution and morphology, accumulation
of dislocations inside phases and at interfaces allowed conclusions about the evolution of
diffusion distribution of doping elements in phases. The model of pore healing, compac-
tion of the alloys and evolution of phase morphology is suggested that considers interac-
tion of two processes: formation of high density of mobile dislocations, their slipping and
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accumulation on the one hand, and diffusion of vacancies and doping elements on the
other hand.

Keywords: titanium alloys, powder metallurgy, healing of residual porosity, hot isostatic
pressing, phase and structure state, mechanism of structure changes

Fig. 1. Structure of 10—2-3 (a, 6) and 5553 (s, ) alloys in the initial state after synthesis

Fig. 2. Tensile machine curves of 10-2-3 (a) and 5553 (6) alloys in the initial state after
synthesis (1) and after HIP treatment (I1)

Fig. 3. Homogeneous strain stage of 10—-2-3 alloy (a) and 5553 alloy (6) transformed in
S—¢" coordinates after HIP treatment

Fig. 4. Microstructure of 10-2-3 alloy (I) and 5553 alloy (II) in the initial state after ten-
sion at the homogeneous strain stage (a), in the neck region (I,6) and in the fracture re-

gion (I1,6)

Fig. 5. Microstructure of 10—2-3 alloy after HIP: 4, 6, 6 — the general view at different
magnifications; ¢ — dislocation structure within interface boundary; 0 — dislocation struc-
ture in a-phase; e — dislocation structure in 3-phase

Fig. 6. Microstructure of 10—-2-3 alloy after HIP and tension: a — the general view; 6 — a.-
phase plates spiting o-phase of other system during deformation process; ¢ — interface
boundary and parallel row of dislocations; ¢ — dislocation structure in a- and B-phases

Fig. 7. Microstructure of 5553 alloy after HIP and tension: @, 6 — general view at different
magnifications; ¢ — phase morphology and dislocation structure; ¢ — thematic example of
deformation on interface boundaries; e — active diffusion redistribution of alloying ele-
ments in both phases occurs simultaneously with deformation process
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PACS: 62.20.—x

A.N. KopwyHos, A.A. Cmonsakos, T.H. KpasueHko, U.B. KopoTtyeHkoBa,
N.WN. KaraHoBa

MEXAHUYECKME CBONCTBA TUTAHOBOIO CIMNJIABA Ti-6AI-4V ELI
MOCIE PKYN M KOMMEKCHOW TEPMOMEXAHUYECKOW
OBPABOTKM

OIYIM «Poccunckun pepepanbHbli SAEPHBIN LEHTP —
Bcepoccuiicknin Hay4Ho-uccrnenoBaTenbCKUM MHCTUTYT 3KCNEPUMEHTANbLHON (PU3UKN»
np. Mupa, 37, r. Capos, Huxeropogckas obn., 607190, Poccus

CraTtbsa noctynuna B pegakumio 23 ceHTabps 2012 roga

Jan ananuz usmenenus mexanuyeckux ceoticme mumarosoeo cniaga Ti—6AI—-4V ELI npu no-
Ced0samenbHoM 000asNIeHUU K PABHOKAHATILHOMY Yenoeomy npeccosanuto (PKYII) sxcmpy-
3Ul, NPEOBAPUMETLHO MEPMOOOPAOOMKU U 3AKTIOUUMETLHOSO CIADUWIUZUPYIOUE20 OMICULA.
DKCnepumMeHmanbHo NOKA3aHO, 4O KOMIIEKCHAS mepMoMexanuyeckds oopabomka, 6Kmo-
yarowas 6 ceds 6ce BblUenepedUCIeHHbIe TMEXHON0SUYeCKUe Onepayu, no36ousem nowyyums
BbICOKUE NPOUHOCHIHbIE XAPAKMEPUCHUKU C RPUEMAEMBIM YPOGHEM NIACIUYECKUX CEOUCME.

KaroueBsble ciioBa: tTutaHoBslid crutaB Ti—6Al-4V ELI, paBHOKaHAJIBHOE YTIIOBOE TIpec-
COBaHHe, IKCTPY3Hsl, TEpMOOOpabOTKa, MEXaHUIECKUE CBOMCTBA

BBenenue

TuranoBblii crmaB Ti—6A1-4V ELI sBnsiercs ananorom thraHosoro ciuiasa BT6 n
TaKXKe OTHOCHUTCS K (0 + [3)-TUTAHOBBIM CIUIaBaM MapTEHCUTHOTO kiacca. OfHAKo B
otiurie oT BT6 tutanoseiii criaB Ti—6Al-4V ELI cogepxuT 3HaUNTEIHHO MEHBIIIE
IIOCTOPOHHUX IPUMECEN M HUCMOBb3YETCsl PEUMYILIECTBEHHO JUIl M3TOTOBJIEHUS Me-
JMIUHCKUX MMIUIAHTATOB. BOJbIIOe PAKTHYECKOE 3HAYEHHE UMEIOT BBICOKHE IPOY-
HOCTHBIE CBOMCTBA 3TOro cruiaBa. OqHuM 13 3P(EeKTUBHBIX cIOCOOOB MX MOBBILICHHS
ABJIsieTCA (POPMUPOBAHUE B CIUIABE HAHOCTPYKTYPbl METOAAMHU MHTEHCHBHOMH IIACTHU-
yeckoil aepopmanyu, Hanpumep PKYIIL. Kak npasuso, B 3ToM ciiydae HabonaeTcs
3HAYUTENNbHAS TIOTEpPs] XapaKTEPUCTUK IUIACTUYHOCTH. J[0OaBineHne K MHTEHCUBHOM
IJTACTUYECKON J1epopMaIvi TPaJULIMOHHBIX METOJIOB TEPMOMEXaHUYECKON 00paldoT-
KU MOXKET TO3BOJIUTH MOJYYUTh Hapsiy C BBICOKMMH MPOYHOCTHBIMU XapaKTEPUCTH-
KaMH [IPpUEMJIEMbIE 3HAUCHHS ITACTUUECKUX CBOMCTB.

MarepuaJ sl MccJIeIOBaHUM

Jns uccnenoBanuii ObUTM M3TOTOBJIEHBI MPYTKH 20 mm B COOTBETCTBHU C
tpeboBanusiMu ASTMF136 Meromom ropsiueit nmpokaTku. [locTaBieHHbIE MPYTKH

© AW. KopuwyHos, A.A. Cmonsikos, T.H. KpaBueHko, U.B. KopotueHkosa, U.. KaraHosa, 2012
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6bu1H TepMooOpaboTansl pu 700°C B Teuenue 1 h ¢ mocnenyommmM oxyiaxIeHUEM
Ha Bo3nyxe. Ctpykrypa cmaBa Ti—6Al-4V ELI B MCXOIHOM OTOXOKEHHOM CO-
CTOSIHUU TPE/ICTABISET COOON CMELIaHHYIO INIOOYIISIPHO-IIACTHHYATYIO CTPYKTYPY
C pa3MepoM TIOOYISAPHBIX 3epeH O-(ha3bl B IMOMEPEYHOM CEYSHHUH 5—8 pm, B mpo-
nonbHOM — 820 um. CootHomenue o- u -ha3z B cruaBe cocrasisger 90 u 10%
COOTBETCTBEHHO [1].

PaBHOKaHaAJIbLHOE YIJao0BoO€ nmpeccoBaHue

Hccnenosanm nase 3arotoBku mmocie PKVYII, BeImosHEHHOTO HA IITAMIIE C JTHA-
MeTpaMHy KaHajaoB 20 mm, 10 CIAEAYIOUIUM peXUMaM:

1) 4 mpoxona o Mapuipyty B¢, yroa nepeceuenus kasaios 120°, temneparty-
pa peccoBanust 7= 600°C;

2) 8 mpoxo10B 1o MapupyTy B, yroia nepecedenus kanaiaos 120°, 7= 700°C.

MexaHn4eckue cBOCTBa ONpPEACIsUTN Ha CTAaHAAPTHBIX o0pa3nax &3 mm npu
KOMHATHOU TeMIIepaType U CKOpOCTU JepopMaruu 107 s, IlosnydyeHHbIe 3HaYe-
HUs npuBeneHs! B Taba. 1. Tam ke u1st cpaBHEHUs MPEICTABICHBI PE3yJIbTaThI
U1 TUTaHoBoro cmiasa Ti—6A1-4V ELI B MCXOQHOM OTOXXEHHOM COCTOSHHH.
[lomyuyenHble 3HaueHus MexaHudeckux cBoicTB nocine PKVYII nokasbiBaioT 3Ha-
YUTENBHBIM POCT XapaKTEPUCTUK MPOYHOCTH U MajeHus miactuyHoctu. O6para-
eT Ha ce0s1 BHUMaHue TOT (DaKT, 4YTO IpeccoBaHUE Npu Oosiee HU3KOU Temrepary-
pe€ ¢ MEHBIIUM KOJIMYECTBOM IIMKJIOB OOECIEUMBAET NMPUMEPHO TE€ KE 3HAYCHUS
MEXAHUYECKUX CBOMCTB, UTO U IpeccoBaHue npu temneparype Ha 100°C Bbie u
IPY KOJIMYECTBE IIUKIIOB OOJIBINE B J1BA Pa3a.

Tabmuma 1
MexaHnnyeckue CBOiicTBa NPU pacTs:KeHUM TUTaAaHOBOrO ciiiaBa Ti—6A1-4V ELI B
HCXOAHOM cocTosiHuH U nociae PKYII

CocTtosiHNE MaTepHaia 202 2GB O O\V Sun
N/mm )
HcxomnHoe 0TOXKEHHOE 935 1020 16.7 45.4 7.6

PKYVII (4-Bc, o= 120°, T=600°C) | 1180 | 1210 | 11.0 53.0 2.1
PKVYTI (8-B¢, o= 120°, T=700°C) | 1160 | 1180 9.8 48.0 2.1

PKYVYII ¢ 1ono/IHUTEJIbHOMN IKCTPY3H e

CrnenyrouuM 1aroM B MOBBIIIEHUH MPOYHOCTHBIX XapaKTEPUCTUK SIBISETCS
skerpy3usa nociae PKVIL. [lnsg uccnenoBanuii ObUT B3ST MPYTOK TUTAHOBOTO
crutaBa Ti—6Al1-4V ELI, nonBeprHyThIii KOMIUIEKCHOW 00paboOTKe MO TaKkoMy
pexumy:

1) 8 mpoxonos PKVII no mapuipyty B¢, o = 135°, T'=700°C;

2) 4 mpoxona PKVYII mo mapmipyty Be, o = 135°, T = 600°C;

3) skerpy3us ¢ 19.2 mm g0 D13.5 mm, B Tom umcne: 1 muxit npu 7= 600°C
u 2 uukna npu 7 = 20°C.
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[TonmyuyeHHble pe3yabTaThl MPUBEIEHB! B Tal0d. 2 B CpaBHEHUU CO CBOICTBaMuU
craBa nocine PKVYIIL Kak Buano, 3kctpy3us nocne PKVYII npusena k cymect-
BeHHOMY (Oosee ueM Ha 10%) yBeTMUEHHIO MPOYHOCTHBIX XAPaKTEPUCTUK, NMPHU
9TOM MapaMETPhI IITACTUIHOCTHU ITOHU3UIINCEH.

Ta0nua 2
Mexannyeckue cCBOIiCTBA IPU pacTAKeHUM TUTaAaHOBOro ciiaBa Ti—6A1-4V ELI
nocyae PKYII u 3xcTpy3un

CoctosiHNE MaTepHaia 902 2GB O :V Sun

N/mm %
PKVII (8-B¢, o = 120°, T=700°C) 1160 1180 9.8 48.0 2.1
PKVII u skctpy3us 1310 1330 8.5 38.5 1.8

I[IpeaBapurtesbHasi TepMOOOPAOOTKA U CTAOMIU3UPYIOUIUI OTHKUT

Kak mnokazanu HemaBHHME HCCIEIOBaHUS [2], MpeaBapuTesbHAs MOATOTOBKA
cTpykTyphl ciiaBa Ti—6Al-4V ELI oka3bIBaeT MONOXKUTENIBHOE BIMSHUAE HA Me-
XaHUYECKoe MOBEICHUE CIIIaBa MOCie MHTEHCUBHON IIaCTHUECKON nedopMariuu.
Tepmuueckasi 00paboTKa 3aroTOBOK (3aKajiKka W MOCIEAYIOIee CTapeHre) MPUBO-
IUT K (GOPMHUPOBAHUIO TOHKOIUIACTUHYATON CTPYKTYPBI C OOBEMHOM J0JeH Tep-
BUYHBIX O-3€PCH, B HECKOJIBKO Pa3 MEHBIIEH MO CPAaBHEHHUIO C COCTOSHUEM IIO-
ctaBku. [locie MHTEHCUBHOW IUIACTUYECKOW aedopmariuu TepMooOpaboTaHHBIX
3aroTOBOK, OYEBHJIHO 32 CUET MOBBILIICHUS AUCIIEPCHOCTH M OJHOPOTHOCTH (hop-
MUpYIOIIEHCS yinbTpaMenko3epHucTor (YM3) CTpyKTyphl, OTMEYAECTCS yBEIUYe-
HUE TIPOYHOCTHBIX XapPaKTEPUCTUK M HEKOTOPBIA pocT miuactuyHocTu. Ctabumm-
3UPYIOIIUN 3aKITIOUUTENbHBIA OTXKUT TO3BOJISIET CHSATH OCTaBILIMECS MHUKpPOHA-
MPSDKEHUS, 9TO CTIOCOOCTBYET YIIYUIIEHUIO MEXaHUYECKUX CBOWCTB.

Jlns uccnenoBaHuii ObUTH B3ATHI NPYyTKH D14.2 %X 120 mm, MOABEprHYTHIC
KOMILIEKCHON TEPMOMEXaHUYECKOI 00paboTKe Mo CIeAYIOMEMY PEKUMY:

1) Beimeprkka ipu 950°C B Teuenue 40 min ¢ mociaeAyOMICH 3aKaIKOW B BOJLY;

2) crapenue nipu 675°C B TeueHue 4 h;

3) 4 nmpoxona PKVII mo mapuipyty B¢, oo = 120°, T= 600°C;

4) skcrpy3us ¢ J19.2 mm no &14.2 mm, B ToM yucie: 3 nukiaa npu 1 =
=300°C u 1 rukn opu 7' = 20°C.

MuKpoCTpyKTypa MaTepuaia mocjie KOMIUIEKCHON TepMOMEXaHNIEeCKOW 00pa-
0OTKM XapaKTepHu3yeTcs 3HAYUTEITBHOW Pa3OpHUEHTUPOBKOW TpaHUI] (PparMeHTOB
a-¢aszel co cpeaauM pazmepom ~ 300 nm. IIpu 3Trom obmactu ¢ YM3-cTpykTypoit
cocTaBsitoT 10 90% ocHOBBI Marepuana. B mpoJonbHOM CEYEHUM CTPYKTYpHBIE
3JIEMEHTHI BBITSHYTHI BOJIb HarlpaBieHus nepopmaryu. CooTHoleHue o- U -¢ha3 B
CIIJIaBE M3MEHMJIOCH U COCTaBMIIO 95 1 5% COOTBETCTBEHHO 32 CUET YaCTUYHOT'O pac-
TBOPEHHUS M pactaja -¢hasbl B Mporiecce MHTEHCUBHOM MJIACTHUYECKOH e opMaIiu.

YacTp 3aroTOBOK IMOCJIE KOMIUIEKCHON TepMOMEXaHUUECKOW 00paboTKu ObI-
Ja MoJBeprHyTa crabmmmsupymoneMmy omkury npu 500°C B teuenue 2 h. Me-
XaHWYECKUE CBOWMCTBA ISl ATUX JBYX COCTOSIHHI MPUBECHHI B Ta0I. 3.

105



®du3nKa U TEXHHKA BbICOKHX JaBJjieHnii 2012, Tom 22, Ne 4

Tabmuia 3
MexaHnnuyeckue CBOiCTBA NPU PacTAKeHUH TUTAHOBOrO ciiaBa Ti—6A1-4V ELI
nocJjie KOMILUIEKCHOH TepMOMeXaHNYeCKoii 00pado0TKH M MOCTeAYIOIIEero OT/KUTA

602 oB ds 1 SuN
N/mm”° %

1240 1330 10.7 47.2 3.0

CoctosiHNE MaTepHaia

KommnekcHas TepMoMexaHudecKas
00paboTKa

KommnnekcHas TCPMOMEXAHUYCCKas
00paboTKa ¥ MOCCTYIOIIUN OTHKHUT

1320 1370 11.6 43.8 4.0

CpaBHuBas NOJyuyeHHBIE pe3ysbTaThl co cBoiicTBaMu nocie PKVYII u skerpy-
3WH, HEOOXOJIMMO OTMETHUTH, YTO BBEJCHUE MPEABAPUTEIHHON TEPMOOOPAOOTKH U
CTaOMIIM3UPYIOLIETO OT)KUTA XOTS U HE MPUBEJIO K CYIIECTBEHHOMY HW3MEHECHHIO
IPOYHOCTHBIX XapaKTEPUCTHK, HO MPHU ITOM MO3BOJIMIO 3HAYUMO YBEIUYUTh OC-
HOBHBIE [UIACTUYECKUE XapaKTEPUCTUKH (05 U OUN)-

IBOJIONMSA MEXaHUYECKHUX CBOHCTB

[Tonnas OUHAMHMKA W3MEHEHUS MEXAHMYECKUX XapaKTEPUCTUK THUTAHOBOTO
craBa Ti—6Al-4V ELI B mpomecce m00aBieHHs] TEXHOJOTHUECKUX OIEpaIdii
npuBezieHa Ha puc. 1, 2. Jlng turanosoro cmiasa Ti—6Al1-4V ELI PKVII u skc-
TPY3HUsl, TEXHOJIOTHYECKHE ONEPALNHU, PEATTU3YIOLINE UHTEHCHUBHBIE TNIACTUYECKHE
nedopMaiuu, IPUBOAAT K 3HAYUTEILHOMY POCTY IMPOYHOCTHBIX XapaKTEPHUCTHUK:
yCJIOBHOTO mpenena Tekydectu Ha 40% u npenena npouHoctu Ha 30%. B To xe
BpeMsl OTHOCUTENIbHOE YUTMHEHHE MaJlaeT B 2 pa3a, a paBHOMEPHOE Y/UIMHEHUE —
B 4 pa3a. BBeneHne DONOTHHUTENBHBIX TEPMOOOPAOOTOK HE OKa3bIBAeT CYMIECT-
BEHHOTO BIHUSHUS Ha MPOYHOCTHBIE xapakTtepucTuku. JloGaBienne k PKVYII u
AKCTPY3HUHU TOJIBKO 3aKAJIKU U CTAPEHUS MIPUBOJUT AK€ K HEOOJIBILIOMY Ma/IEHUIO
YCIIOBHOTO TIpejiesa TeKy4ecTH Ha o01ieM (oHe pocTa OTHOCUTENBHOTO U PaBHO-
MEpHOTO yJyIMHeHuM. W, HakoHel, MOJHBIA HA0Op TEPMOMEXAaHUYECKHX OIepa-
11H, BKJIIOYAKOUi 3akanky, crapenue, PKVYII, akcTpy3uio U OTKHT 1O3BOJISIET
eIle HEMHOI'O MOBBICUTH MPOYHOCTHBIE XapaKTEPUCTHKH, MOJYUUB MPU 3TOM HX
MaKCHUMaJbHbIe 3HAYEHHS, a TAK)K€ yBEIUYUTh OTHOCHTEIHHOE U PaBHOMEPHOE
VUIMHEHHE B CPaBHEHUU C TEPMOMEXAHMYECKOW 00paboTkoil 0e3 cTabuiusu-
PYIOILIETO OTXKHUTA.

B utore yBenuuyenue ycioBHOTo mpejena Tekydectu coctaBuio 40%, npenena
npoyHOoCTH — 35%, MpH 5TOM YMEHbIIIEHHE OTHOCUTEIHHOTO Y/UIMHEHUSI COCTABH-
10 40%, a paBHOMEpHOTO yUIMHEHHS — npuMepHO 50%. OTHOCHTENBbHOE CyXKe-
HHUE OCTaJOCh MPAKTUYECKH HA TOM k€ ypoBHE. OCHOBHOW pe3yNbTaT BBEACHUS
JIOTIOJTHUTENBHBIX TEPMOOOPAOOTOK 3aKJIIOUAETCs B YJIYUIIEHUH PaBHOMEPHOTO
yanuHeHus. Tak, 6e3 TONOTHUTENbHBIX TePMOOOPaOOTOK paBHOMEPHOE YAJIUHE-
HUE Ta/1aeT OTHOCUTENIbHO MCXOJHOTO OTOXGKEHHOTO COCTOSIHMS B 4 pasa, ¢ Jo0-
MOJTHUTENBHBIMU TE€PMOOOpabOTKaMH — TOJIBKO B 2 pasa.
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Puc. 1. Mexaandecknue cBoiicTBa TUTaHoBoro cruiaBa Ti—6Al-4V ELI (¢ — ycnoBHBIH
TIpeJeNl TEKy4eCTH, 6 — Mpeaes MPOYHOCTH, 8 — OTHOCHUTENBHOE YUIMHEHUE, & — PaBHO-
MEpHOE YUTMHECHHE) 1T PA3HBIX COCTOSHUMN: / — UCXOHOE OTOMOKEHHOE COCTOSIHHE, 2 —
PKYVII, 3 — PKVII u skctpy3us, 4 — KOMIUIEKCHas TepMOMeXaHudeckas oopaboTka, 5 —
KOMILIEKCHAsI TEepPMOMEXaHHYECKasi 00padOTKa U CTAOMIM3UPYOIIUI OTKHAT

Puc. 2. YcnoBHBIE muarpaMMbl aedopMu-
pOBaHUs THTaHOBOTO cruiaBa Ti—6Al-4V
ELI ays pa3HbIX COCTOSIHMIA: [ — UCXOTHOE
OTOXOKEHHOE coctosHme, 2 — PKVII; 3 —
PKVII u »skctpy3us, 4 — KOMILIEKCHAs
TepMOMeXaHu4eckas o0paboTka, 5 — KOM-
IJICKCHAsT TepMOMEXaHmUIeckas oO0paboTka
U CTaOMIM3UPYIOLIMN OTXKUT

20

g, %

AHU30TpONHS MPH CKATHH

N3BectHO, uto mocine PKVII marepuan npuoOperaeT 3HaYMTENbHYIO aHH30-
TPONMIO MEXAHUYECKUX CBOMCTB, B YAaCTHOCTH YCIOBHOTO IIpelesa TEKy4eCTH
IIPH C)KaTUU U MUKpoTBepAocTH [3,4]. [IpuHAB anpuopu oceByr0 CUMMETPHIO Me-
XaHHYECKUX CBOMCTB, HCCICAOBaHUS THTaHOBOro cimiaBa Ti—6Al-4V ELI na
C)KaThe MPOBOAMIM Ha 00paslax, BbIPE3aHHBIX BJAOJIb U IONEPEK OCHU IMpPYTKa.
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W3zydanu obpas3npl JS5 x 7.5 mm npu KOMHATHOH TeMIiepaType U CKOPOCTH Jie-
dopmanuu 107 57", Jlns uccnenoBaHus ObUT B3AT MaTepHal B UCXOAHOM OTO-
AOKEHHOM COCTOSIHMH, I10CJI€ KOMIUIEKCHONW TEpMOMEXaHWYECKOH 00paboTKHy,
BKJItOUaroueil 3akanky, crapenue, PKVYII u skcrpysuio, a Takke mocie KOM-
MJICKCHON TEPMOMEXaHUYECKOH 00pabOTKH M CTAOMIIM3UPYIOIIETO OTXKUTA.

3Ha4yeHUs1 YCIOBHOTO Ipezesia TEKYUEeCTH IPHU CKAaTHH JUIsl pa3HBIX UCCIIEI0BaH-
HBIX COCTOSIHMM IPUBEIEHBI HA PUC. 3, & COOTBETCTBYIOIINE UM JUArPaMMBI CKa-
TUsl — Ha puc. 4. Bo BceX cOCTOSHUAX HAOIIOIAETCsl aHU30Tpomus, paBHast ~ 17%
B HCXOJHOM OTOXOKEHHOM COCTOSHHUM M mocTturaromias oomnee 50% mocie Kom-
IUIEKCHOM TepMOMEXaHU4eCKOi 00paboTKH, 3aKaHYMBAIOIIEHCS SKCTpy3uei. [Ipu
9TOM IPOUCXOAAT POCT YCIOBHOTO IPEJENa TEKYUECTH IIPU CKATUU TOIEPEK OCU
IpyTKa U MajeHue (Aake HUKE UCXOAHOIO COCTOSHHUA) BJIOJIb OCH NMPYTKA. IDTO
CBSI3aHO C mposiBieHueM 3¢ dekra baymuarepa, 00ycioBIEHHOTO BO3SHUKHOBEHHU-
€M IIPU SKCTPY3UH PACTATMBAIOLINX HANPSDKEHUI BJIOJIb OCH 3aroToBKH [5,6]. Ilo-
CJEAYIOUMHA CTAOWIN3UPYIOUIMH OTXKHUI NMPUBOJUT K POCTY YCIOBHOIO Ipezesa
TEKYUYECTH TPHU CKATUU JUIsl 000MX HampaBiIeHUU (BIOJb U MOMEPEK OCU MPYTKA)
Y CHWDKEHUIO aHU30TPOIMH 10 YPOBHS @K€ YyThb HMUKE HCXOJHOTO COCTOSHUS.

18—
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Puc. 3. YcnoBHbIH Ipeaen TeKy4ecTH NpH CKaTUU TUTaHoBoro ciiaBa Ti—6Al-4V ELI
BJIOJIb (O0) U TIOTIEpeK (M) OCH MPYyTKa JUISl pa3HbIX COCTOSHUMN: | — HCXOTHOE OTOXOIKEHHOE
COCTOsIHME, 2 — KOMIUIEKCHasI TepMOMeXaHu4yeckas 00paboTka, 3 — KOMIIJIEKCHAs! TepMO-
MexaHH4yecKas 00padoTKa U CTAOMIN3UPYIOIIUH OTKHUT

Puc. 4. YcnoBHbIe n1uarpaMmbl c:katus TUTaHOBOTO cruiaBa Ti—6Al-4V ELI ans pa3Hbix
COCTOSIHUM: | — UCXOJHOE OTOXIKEHHOE COCTOSHHE, 2 — KOMILUIEKCHAs TepMOMeEXaHUYe-
ckast 00paboTKa, 3 — KOMILJICKCHAsI TePMOMEXaHU4YecKasi 00pabOoTKa ¥ CTaOMIIN3UPYIONIU
OTJKHT; CIUTIOIITHAS KPUBAsi — BIOJIH OCH IIPYTKA, IITPUXOBAS — MOTIEPEK OCH

3akjaouyeHue

st tutanoBoro crutaBa Ti—6Al1-4V ELI xoMmIutekcHasi TepMOMEXaHUIeCcKast
o0OpaboTka, BKIOyaromiasi B ce0s 3akanky, crapenue, PKVYIL, skctpysuto u 3a-
KJIFOUUTETBHBIN CTAOMIM3UPYIOMIMA OTKUT TIO3BOJISIET TOMYYUTh MAaKCUMAaJIbHBIC
3HAYEHUS YCIOBHOTO MpeJiesia TEKyYeCTH NMPHU PACTHIKEHUU U TIpejiena IPOYHOCTH
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C MpHEeMJIEMbIM YPOBHEM IUIACTUYECKUX CBOWCTB. BaxkHylo ponb B (hopMupoBa-
HUU MEXaHWUYECKHX CBOWCTB WTPACT 3aKIIOYUTEIBHBIN CTAOWIH3UPYIONIHA OT-
xur. [IpuMeHeHne 3aKIOYUTENBHOTO OTXKHUIA IMO3BOJUIIO IMOCIE KOMIUIEKCHOM
TEPMOMEXaHHYECKOH 00pabOTKH, 3aKaHYMBAIOIICHCS SKCTPYy3HEH, TMOBBICUTH B
JIBa pa3a paBHOMEPHOE YUIMHEHHE U CHU3UTh B TPU pa3a aHU3OTPOIHUIO YCIOBHO-
ro MpeJena TeKy4eCTH IIPU CHKATHH.

PaGora BeinonHeHa B pamkax npoektoB MHTLL Ne 2398p u Ne 3208p. ABTopsI
BbIpaXkatoT OnarogapHocTs coTpyaHukam WOPIIM (r. Y¢a) P.3. Banueny,
N.IT. Cemenonoii u I'.1. Paaly 3a npenoctaBieHHbIe MaTEpHAIIbI ISl UCCIIE0BA-
HUI [IPU BBINOJIHEHUH BbIIIEYKa3aHHBIX POECKTOB.
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0.1 Kopuwiynos, A.A. Cmonaxos, T.M. Kpasuenko, 1.B. Kopomuenkosa, 1.1. Kacanosa

MEXAHIYHI BNTACTUBOCTI TUTAHOBOI'O CIJIABY Ti—-6Al-4V ELI
MICNA PKKM | KOMMANEKCHOT TEPMOMEXAHIYHOT OBPOBKW

HapeneHno anaiiz 3MiHHM MEXaHIYHUX BJIACTHBOCTEH THTaHOBOTO ciiaBy Ti—6Al-4V ELI
[P TIOCJIIIOBHOMY JTOJIaBaHHi 10 piBHOKaHANBEHOTO KyToBoro mpecyBanHs (PKKIT) exct-
py3ii, monepenHbOi TEpPMOOOPOOKH Ta 3aBEpLIATBLHOTO CTadiMizyBadbHOrO Bigmany. Ex-
CIEPUMEHTAJIBHO ITOKA3aHO, [0 KOMITJIEKCHA TepPMOMeXaHiuyHa 00poOKa, sika BKIIOYa€e BCi
BHIIETIEPEIIIYeHI TEXHOIOTIYHI omepallii, T03BOJIs€ OTPUMATH BHCOKI MIITHICHI XapaKTe-
PHUCTHKH 3 IPUHHATHUM PiBHEM ITACTUYHHUX BIACTHBOCTEH.

Karwuosi cioBa: turanosuii cruiaB Ti—6Al-4V ELI, piBHOKaHalbHE KyTOBE MpecyBaH-
Hsl, EKCTPY3isl, TepMO0OOpOoOKa, MEXaHIYHI BIACTUBOCTI
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A.L Korshunov, A.A. Smoliakov, T.N. Kravchenko, L.V. Korotchenkova, I.1. Kaganova

MECHANICAL PROPERTIES OF THE Ti-6Al-4V ELI TITANIUM ALLOY
AFTER ECAP AND COMPLEX THERMOMECHANICAL TREATMENT

For the Ti—-6A1-4V ELI alloy, equal-channel angular pressing (ECAP), extrusion, and
other technological procedures of intensive plastic deformations result into considerable
growth of strength properties: its conventional yield strength goes up by 40% and its ul-
timate strength becomes 30% higher. At the same time, its relative elongation is halved,
and its uniform elongation is reduced by 4 times. Additional thermal treatment does not
have a significant effect on strength properties. Preliminary quenching and aging added to
the ECAP results in a little drop in the conventional yield strength when the general
growth of relative and uniform elongations is observed. And finally, a full set of ther-
momechanical operations including quenching, aging, ECAP, extrusion and annealing
allows further upgrading in the strength properties to their maximum values and getting
an increase in relative and uniform elongations if compared to thermomechanical treat-
ment without stabilizing annealing.

All examined states demonstrated anisotropy of the conventional yield strength at
compression, which equals to 17% in the initial annealed state and is higher than 50%
after complex thermomechanical treatment followed-up by extrusion. The growth of con-
ventional yield strength was also observed when the sample was compressed across the
axis of the bar, and its decrease, even lower than the value of the initial state, was found
when the bar was compressed along its axis. Followed-up stabilizing annealing results
into the rise of conventional yield strength at compression for both directions tried (along
and across the bar axis) and the reduction of anisotropy down to the level of the initial
state and lower.

Keywords: Ti—-6Al1-4V ELI titanium alloy, equal-channel angular pressing, extrusion,
thermal treatment, mechanical properties

Fig. 1. Mechanical properties of the Ti—6Al-4V ELI titanium alloy (a — conventional
yield strength; 6 — ultimate strength, 6 — relative elongation; ¢ — uniform elongation) in
different states: / — the initial annealed state, 2 — ECAP, 3 — ECAP and extrusion, 4 —
complex thermomechanical treatment, 5 — complex thermomechanical treatment and sta-
bilizing annealing

Fig. 2. Conventional deformation diagrams for the Ti-6Al1-4V ELI titanium alloy in dif-
ferent states: / — the initial annealed state, 2 — ECAP, 3 — ECAP and extrusion, 4 — com-
plex thermomechanical treatment, 5 — complex thermomechanical treatment and stabi-
lizing annealing

Fig. 3. Conventional yield strength at compression of the Ti—6Al-4V ELI titanium alloy
along (0) and across (m) the axis of the bar in different states: / — the initial annealed
state, 2 — complex thermomechanical treatment, 3 — complex thermomechanical treatment
and stabilizing annealing

Fig. 4. Conventional compression diagrams for the Ti-6Al-4V ELI titanium alloy in dif-
ferent states: I — the initial annealed state, 2 — complex thermomechanical treatment, 3 —
complex thermomechanical treatment and stabilizing annealing; solid line — along and
dashed line — across the axis of the bar

110



®du3nKa U TEXHHKA BbICOKMX aaBJjiennii 2012, Tom 22, Ne 4

PACS: 62.20.F, 81.40.Lm

Al 5epe3|/|Ha1, T.A. MOHaCTprCKaFI1, AA. ﬂ,aBI/I,EI,eHKOZ,
B.3. CHyCKaH}0K2, A.H. FaHranoz, A.B. KoTko'

BNMAHNE TEPMOMEXAHUYECKOW OBPABOTKWM HA CTPYKTYPY
1 CBOMCTBA CIMJTABA Al-Mg-Si

1V|HCTVITyT meTtannodpusmkm um. I.B. Kypgtomosa HAH YkpaunHbl
oynbB. Akag. BepHagckoro, 36, r. Knes, 03142, YkpauHa

2)ZI,OHeL|,|<|/|17| DU3NKo-TEXHNYECKUIN UHCTUTYT uUM. A.A. lankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbsa noctynuna B pegakumio 22 asrycta 2012 roga

Hccnedosana 803MOMCHOCHb USMEHEHUSL CIPYKITYPbL U CBOUCTNG 0eOpMUPYeMO20 MAO-
Jlecuposantozo oeutegozo cnaasa A/-31 3a cuem npumenenus: paznudHbIX cxem UHMeHCUs-
Hou naacmuyeckou Oegpopmayuu (UI]) 6 covemanuu ¢ mepmoobpabomxamu pazHozo
muna. Iloxazano, umo ucnonvzosanue UII/[ npu xomnamuou memnepamype O0Jisl CHAABA
AJ[-31 popmupyem nHeoOHOPOOHYIO 0eqhOPMAYUOHHYIO CINPYKIMYPY, KOMOPAsl NPeoCcmasis-
em coOol KapmuHy He3a8epuleHHOl OuHamuyeckol pexkpucmaniusayuu. Cpeduuil pasmep
sepen ymenvuiaemes om 200-500 um oo 300-500 nm. UIIJ], ne3asucumo om ucxooHwix
coCmosAHUll Chiasa, cnocoocmeyem 0eopmMayUuoOHHO-UHOYYUPOBAHHOMY HNOIHOMY WU
YACMUYHOMY PACMBOPEHUIO U30bIMOYHBIX (a3, 4mo conpogodrcoaemcs oopazo8anuem ne-
PECbIYEHHO20 MBEPO020 pACmEopa 6 mampuye. 3a cuem usmMenbyeHus 3epes u 0opazosa-
HUSL CYOCMPYKMYPbl 8 NPe08apumenbHO COCMAPEHHbIX 00pasyax yoaemcs nogulcumy npe-
dell NPOYHOCMU NO CPABHEHUIO C UCXOOHBIM cocmaperHbim cocmosiHuem om 200 oo 390
MPa npu crudsicenuu omuocumenvro2o yonuneruss Ha 30%.

KaroueBslie cioBa: crmaB AJl-31, wHTeHCHBHas IIacTUYecKas AeopMainus, mpsMast
THIIPO3KCTPY3Usl, YIJIOBask IHIPO3KCTPY3Us, HAKOMJICHHAs neopMarus, AUHaAMUYecKas
PEeKpUCTaIU3aLMs

1. BBenenue

UcnonwzoBanne metonoB UIT/I amst momyueHnss 00beMHBIX 00Pa3I0B METAIIOB U
CIUTIaBOB ¢ CyOMUKpo- (pa3mep 3epeH d ~ 100—1000 nm) 1 HaHOKpHCTAIITHYECKOH (d <
< 100 nm) 3epeHHBIMH CTPYKTYpaMH B CBSI3U C Pa3BUTHEM HOBBIX KOMOMHHMPOBAH-
HBIX CHOC060B YOPOUHCHUA MCTAJUIOB U CIUIABOB CTAHOBUTCA OJHUM U3 HaI/I6OJIee
aKTyaJIbHBIX HAINpaBJICHUH COBpEeMEHHOro marepuanoBeneHus [1]. Takue marepua-
JIbI, 06na,uafomne YHUKAJIbHBIMU MCXaHUYCCKUMU CBOfICTBaMPI, paccMaTpuBarOTCA
KaK MEepCIEeKTUBHbIE KOHCTPYKIHOHHbIE U ()YHKIIMOHAIbHBIE MaTepUalibl CIEAyIO-
LIET0 IOKOJECHWS METAJUIOB U CIUIaBOB. IIOHMMaHue MEXaHHM3MOB CTPYKTYpHO-
(da3oBbIX W3MeHEeHUH B pe3yibrate NUITJ] uMcThIX METaioB 1 CIUIAaBOB BAKHO C TOY-

© AJ1. bepeauHa, T.A. MoHacTbipckas, A.A. [laBuaeHko, B.3. CnyckaHtok, A.H. MaHrano, A.B. Kotko, 2012
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KU 3pEHUsI TPOTHO3UPOBAHMS MIPOLIECCOB JCTPaalliy U MOCIEAYIONIETO pa3pyIIeHHsI
MaTepUasioB IPU BHELTHEM TEMIIEPATypHO-CUIOBOM BO3JCHCTBHH.

B Hacrosimiee Bpemsi cuuTaercs, 4To Mexanu3M ynpouneHus npu UITJ] gucteix
METaJIJIOB OCHOBAaH Ha U3MEJIbUEHUU 3€PEH, Hapsily C HEPABHOBECHBIM COCTOSIHU-
€M TpaHUI] 3€pPEeH, UMEIOIUX BBICOKUI YPOBEHb JIOKATHHBIX BHYTPEHHHUX HAMps-
KeHui BOMM3u rpanun. OIHAKO B HEKOTOPBIX T€TEPOTEHHBIX CIUIaBaxX Ha MeXa-
HUYECKHE XapaKTePUCTHKHU BIMSIET HE TOJNBbKO M3MenbuyeHue 3epeH npu UIIJI, HoO
U BBIJICJICHUE WM PAaCTBOPEHUE BTOPHYHBIX JAUCIEPCHBIX (a3. B 3aBucumocTn ot
CTPYKTYPHOTO COCTOSIHUA TakuX (a3 B IIMPOKOM HMHTEpBalie cTeneHel aedopma-
U HAOMIOMAOTCST APQPEKTHl JOMOTHUTEIBHOTO YIIPOYHEHUS U Pa3yNpPOYHEHUSI.
Takue 3¢ dekTbl, B 4aCTHOCTH, ObUTH OOHapykeHbl mpu odobemHon UIIJ] pacma-
JTAFOIITUXCS aTIOMUHUEBBIX CIUIABOB [2—7].

B nmanHoii paboTe mpoBeIeHBI HCCIEIOBaHUS U3MEHEHUI CTPYKTYpBI U CBOWCTB
nehopMUpPyEeMOro MaJloJierupoBaHHOrO JemieBoro craBa AJl-31 B pesynbrare ero
TepMOMeXaHH4Yeckoi 00paboTku ¢ ucnonb3oBaHueM meronoB UIIJl. CrmaB AJI-31
OTJIMYAETCS] BBICOKOM TEXHOJIOIMYECKOM IIACTUYHOCTBIO, CIIOCOOHOCTBIO K ropsiueit
9KCTPY3UH, UMEET MOBBIIICHHYI0O KOPPO3UOHHYIO CTOMKOCTbh, OJJHAKO SIBISETCS Ma-
jonpoyHbiM. HeoOxonum MOMCK JONOMHUTENBHBIX METOAOB YNPOYHEHMs CIUIABa,
BO3MEIIAIOIIET0 HEM30EKHYIO TIOTEPI0 MPOYHOCTH MPY BHUICKUBAHUU CILIaBa MEPe]]
UCKYCCTBEHHBIM cTapeHHeM. B pabote ObLia mocraBiieHa 3ajaya MCCIEA0BaTh BO3-
MOYKHOCTY TIOBBIIICHUS] MEXaHUMYECKUX CBOWCTB CIIaBa 3a CYET MPHMEHEHHUs pas-
mmunbix cxem UITJL B coueTanum ¢ TepMo0OpabOTKaMH pa3HOTO THIIA.

2. MaTtepuaj u MeTOAUKA HCCJIeJ0OBAHUS

B kauecTtBe 00beKTa Hccieq0BaHUs ObLT BRIOpaH nedopMupyeMslii criaB A/Jl-
31. CnnaBsl Thna AJl cOCTaBIsIOT OCHOBY Ba)KHOTO KJIacCa TEPMUYECKH yNpOU-
HSEMBIX J1e(hOpMHUPYEMBIX CIUIaBOB. [Ipy MX MoMyYeHHH HE HCTIONB3YIOTCS aehu-
IIUTHbIE MaTepHaibl, OHU JEIIEBbl, MaJOJETUPOBAHbI, CYMMAapHOE COJEp)KaHUE
JIETHUPYIONIUX JIEMEHTOB B HUX KoJieOneTcs B npenenax oT 1 g0 2%, 4ro 3Ha4u-
TEJIbHO MEHbIIIE, YEM B LIIMPOKO UCIOJIb3YEMBIX JIOPATIOMUHAX.

PaBHOBecHast muarpamMMa COCTOSTHHSI CHCTEMBI XOPOIIIO HCCliefioBaHa. B cuc-
TEeMe UMeeTcCsl KBa3nOMHApHBIA paspe3 Al-Mg,Si npu orHomennn Mg:Si = 1.73.
B paBHOBecuM C alOMHHUEBBIM TBEPABIM PACTBOPOM HAXOAUTCS COECTUHEHUE
Mg,Si — B-aza, koTopas pacrnonoxkeHa Ha KBa3MOMHapHOM paspese. IIpompbii-
neHHsle aedopmupyemsle cruiaBbl conepxkat ot 0.6 1o 1.5% Mg, Si npu Hebonb-
I0M M30BITKE MarHus Wi Kpemaus. CIiaBbl yIPOUYHSIOTCS 32 CUET AHMCIIEPCH-
OHHOT'O TBEPJEHUS B NpoIlecce CTAPEHMs INMPH BBIACICHUHM BBICOKOAUCIEPCHBIX
MeTacTabMiIbHBIX ynpouHstonmx B”- u ['-¢a3, KOrepeHTHO, MOIYKOTePEHTHO
CBsi3aHHBIX ¢ MaTpuueil. @a3a B’ UMeeT rekcaroHaJlbHYI0 PEeLeTKy C MapameTpa-
mu a = 0.705 nm, ¢ = 0.405 nm, 0 CpaBHEHUIO CO CTEXMOMETPUIECKUM COCTABOM
oOoraiieHa BakaHCUSMU U KPEMHHUEM, BBIIEISETCS B BUJIE UIJI, CTep kHEH. PaBHo-
BecHas B-¢aza mmeer kyomueckyro ['T[K-pemerky ¢ mapamerpom a = 0.635 nm.
N3 Bcex crutaBoB cepun AJl uccienyemblil criaB 06jaiaeT HauMEeHblIeH 00beM-
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HOU moneit Mg, Si-dasst (0.6%) U, COOTBETCTBEHHO, HAMMEHBIIUM YIIPOYHEHUEM
npu crapeHur. CruiaB ObU1 BbIIUIaBieH Ha KueBCKOM 3aBojie alIOMHHHUEBBIX
CTPOUTENBHBIX KOHCTPYKLUH, €r0 COCTaB MPUBEJCH B Ta0MI. 1.

Tabmuma 1
CocraB uccjenoBannoro cnjaasa AJl[-31
KoHueHTpaims 31eMeHToB, mass%o
Mg Si Fe Cu Ti Mn Zn
0.59 0.50 0.31 0.06 0.032 0.037 0.06

B kauectBe oO6bemuoi UIIJ] ncmons3oBancs KOMOMHUPOBAHHBIM METOJ TPsi-
moii (I'D) u yrnosoit (YI'D) runposkctpysun. Meton YI'D, BnepBbie mpeioKeH-
Heiii B Jlond®TU [8], npeactasnseT co6oit MoauduIMpoBaHHBI METOI PaBHOKA-
HAJIBHOTO YTJIOBOTO MpeccoBaHus. [[MmHapuyeckrue 3aroTOBKY BBIJABIMBAIN U3
KOHTEIHepa *KHUAKOCThIO BBICOKOTO JaBJICHUS Yepe3 YIJIOBYIO MAaTpPUILy C yIioM
@ = 90°. Bce nedopmaninu mpoBOIWIN ITPU KOMHATHOHM TeMIiepatype moj JgaBiie-
HueM 150-700 MPa. O6mryro cxemy aedopmanmu 00pa3ioB MOKHO MPEIACTaBUTh
B Buge: ['D + nYI'D + I'D. Yucno npoxonos npu YI'D cocraBmsmo n =1, 2, 4. C
LENbI0 M3YYEHHs] BIUSHUS HACIEACTBEHHON CTPYKTYpbl MCXOIHOTO COCTOSIHUS
craBa Ha nporeccel UITJ] 1 okoHuaTenbHbIE CBOMCTBA CIUIaBa ObUIM MPUTOTOB-
JIEHBI 00PA3IIbl TPEX CEPHUHl C Pa3TUIHBIMUA HadaJbHBIMU 00paboTKaMu: A — roMo-
reaun3arus npu 560°C B Teuenue 12 h; B — romorenusarus npu 560°C B TeueHue
12 h + 3akanka Ha Bo3myxe ot 480°C + crapenue B Teuenue 6 h mpu 185°C + ec-
TecTBeHHOE cTapenue; C — mepe3akanka oopasios cepuu B Ha Bozayxe ot 480°C +
+ crapenue npu 185°C B Teyenue 6 h (orcyrcTByeT 3(HEKT €CTECTBEHHOTO CTa-
peHus).

MapkupoBka 00pa3loB, MOCIEAOBATEIBHOCTh AedopMaluy, BeIMYMHA Je-
dopMaluu e Ha KaXIOW CTaWU W CyMMapHash HAKOIUICHHas nedopMmarus Xe
MpUBEIEHBI B TA0I. 2.

Tabmuma 2
IocaenoBaresbHOCTDb AedopManuu 00pa3uos cepuii A, B u C
MapxkupoBka I'9+I09 YI'o I29+I5 5

oOpasma e n e e ¢
A-0 - - 2.8
A-1 1 1.15 4.0

+ +
A0 1.0+0.3 > 23 05+1.0 51
A-4 4 4.6 7.4
B-0 - - 2.8
B-1 1 1.15 4.0

+ +
B2 1.0+0.3 > 23 05+1.0 51
B-4 4 4.6 7.4
C-0 - - 2.8
C-1 1 1.15 4.0

+ +
2 1.0+0.3 > 23 0.5+1.0 51
C-4 4 4.6 7.4
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Crpykrypy 00pa3iioB B UCXOAHOM cocTosiHuu U nocie UIIJ] ananusuposanu ¢
MMOMOIIBIO AOPOMCTPHUYCCKUX, BOJIIOMETPUICCKUX METOJ0B U MCTOAA 3JICKTPOH-
HOM MHUKPOCKONUHU Ha 31eKTpoHHOM Mukpockone JEM-2000FXII B mpocBeun-
BAIOLIEM PEKUME.

3. Ctpykrypa 1 cBoiicTBa ciuiaBa AJ[-31 B HCX0AHOM COCTOSIHUH

Jns wccnenoBaHuii ObUTH TMONTydeHBI 00paslbl B TOMOT€HHU3HPOBAHHOM
coctostHUM (cepust A) U mocie ctapenus mo pexumy 18 (cepust B). Mexanude-
CKHeE CBOICTBa 00pa3lioB B COCTOSTHUM IMOCTaBKU MPeICTaBICHBI B Ta0M. 3.

Tabmmia 3
MexaHu4ecKue CBOCTBA CIVIABA B COCTOAHMHU MOCTABKH
IIpenen TIpenen
OTHOCHUTENBHOE
Cepus TepmoobpaboTka TEKY4eCTH | IPOYHOCTH 0
yanuHerne, %o
MPa
A I'omorenm3arus mpu 560°C, 36 116 215
12h
I'oMorenu3zamus + 3aKajuka oT
B 480°C + crapenue npu 185°C, 188 207 10.7
6 h + ecTecTBeHHOE cTapeHHE

B cooTBeTcTBHE ¢ MeTaymIOrpaueCKUMH JTaHHBIMH CIUIaB XapaKTePH3yeTCs
pPaBHOOCHOM 3epeHHOll cTpykTypoil ¢ d = 200-500 pm. DIeKTpOHHO-MUKpPO-
CKONMYECKHE CTPYKTYpHI criaBa cepuii A u B npezacraBnens! Ha puc. 1. B romo-
TeHU3UPOBAHHOM COCTOSIHUM B CIUIaBE MPHUCYTCTBYIOT TpyOble YacCTHIIBI PaBHO-
BecHOU [-dazbl crepxkHeoOpazHoi GopMmbl muHON ~ 200-600 nm ¥ TOIIIMHON
~ 50-60 nm (puc. 1,a). I[INOTHOCT BBIJENECHUS YACTHUIl Malla, OHU HEKOT€PEHTHBI
MaTpHlIe U CBsI3aHbI ¢ Auciokanusmu. [locne pacmana nepechIeHHOro TBEpAOTro
pactBopa (puc. 1,0) B MaTpuie 00pa3yroTcsi MEIKOAUCIIEPCHbIE UTOJIbUaThIe Yac-
TULBI JUTHHOU ~ 20 nm ¥ TOMIHUHON ~ 5—6 nm MeTtactabmibHOU B'-¢da3sl. YacTu-
I[bl UIMEIOT BBICOKYIO IUIOTHOCTBH BBIJICJIEHUS, KOTEPEHTHO CBS3aHbI C MaTpUIIEH,
SBIISIOTCS YIPOYHSIIOIIMMHU, YTO TTO3BOJISIET MOYTH BIABOE MOBLICUTH IPOYHOCTHBIE
CBOiicTBa criaBa (Tadu. 3).

4. BaiusiHMe NHTEHCUBHOM IVIACTHYECKOH 1e()OpMALUN HA CTPYKTYPY
H cBoiicTBa ciiiaBa AJl-31

Jlnst Bcex KOHEUHBIX 3HAYEeHHMH HAKOIUIEHHOH CTENeHH JeopMaliy Xe CIruiaBa
(Tabn. 2) ObUTM MpOBENEHBI M3MEPEHUs IUIOTHOCTH M TBepAocTH. [lomyuyeHHBIC
JaHHBIC MMPCACTABJICHBI HA PUC. 2.

Crnemyer OTMETHUTH TOJIHYIO KOPPEJSIIHIO B XapakTepe M3MEHEHUS IJIOTHOCTH
¥ TBEPJIOCTH C POCTOM HAKOIUIEHHOH cTreneHu aedopmanun. Ecinu s romorenu-
3MPOBaHHBIX 00pa3oB (cepusi A) KpUBBIC BBIXOAAT Ha HACBIIIEHUE, TO JUIS CO-
cTapeHHbIX 00pa3noB (cepuu B u C) nmocne HakomieHus aedopmanuu a0 Xe = 5.5
MPOUCXOOUT MAACHHUEC KaK INNIOTHOCTHU, TAK WM TBEPAOCTU CILJIaBa. MexaHn4JecKne
CBOMCTBA 3TUX 00Pa3II0B MPEICTABICHBI B TA0II. 4.
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Puc. 1. DnexTpoHHO-MHKpOCKONMUECcKas CTpykTypa ciuaBa AJl-31 B cOCTOSAHUU MOCTaB-
ku cepuii A (a) u B (6)

&
19
en_2.68¢ NE
= =)
13) —
= 18
Q
2.67¢
01 2 3
e
a
2.75 . <
)

"’E 5 NE Puc. 2. Koppensinust n3MeHeHUs TBepIO-
gb 2.70¢ A 192  cru HV (0) u miotHocT! p (W) B 3aBHCH-
-~ . > MOCTH OT CTCNICHHM HAKOIUICHHOH aedopma-

2.65 'n/ T 1w g o0pa3nos cepuii A (a), B (6), C (8)
3 4 5 6 7 ¢
Xe.
8

MakcumanbHOE 3Ha4Y€HUE Mpeaesia MPOYHOCTH HaOII0MaeTcs s cocTa-
peHHbIX oOpasuoB. Tak, mis obpas3noB cepun B-2 npu HakomieHHoW nedop-
Manuu 2e = 5.1 yaaeTcs MOBBICUTH MPEJEN MPOYHOCTU MO CPABHEHUIO C HC-
XOJHBIM cocTapeHHbIM cocTosinueM oT 207 mo 391 MPa (mpaktuuecku Ha
90%) npu CHH>)KEHUU OTHOCUTENbHOTO yanuHeHus Ha 30%. Jyis romoreHus3u-
poBaHHBIX 00pa3noB A-4 npu e = 7.4 mpeaesn NPOYHOCTU MOBBIIIAETCS 10
350 MPa (BTpoe 10 CpaBHEHHIO C UCXOJHBIM TOMOTCHU3UPOBAHHBIM COCTOSI-
HUEM), OTHOCHUTENIbHOE yanuHeHue mnagaet ot 20.7 mo 6.1% (mpakTudecku
BTpOE).
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Tabnuua 4
Mexanunuyeckue cBoiicTBa odpa3uos nocse UIJI
MapkupoBka [Ipenen npounocTu TBepaocTh OTHOCUTEIBHOE
oOpasia MPa yanuHenue, %
A-0 272 736 8.1
A-1 307 836 7.1
A-2 309 853 9.5
A-4 351 853 6.1
B-1 364 919 7.2
B-2 391 952 7.6
B-4 335 870 6.6
C-0 263 820 11.6
C-1 302 907 6.6
C-2 384 993 7.5
C-4 331 920 6.1

Pe3ynbTaThl 37€KTPOHHO-MUKPOCKOMMYECKUX HCCIEAOBAaHUN CTPYKTYPHI MO-
cie UITJ] roMoreHM3MpOBaHHBIX OOpPa3LOB CEpHUH A U COCTApEHHBIX 00pa3loB
cepun C npuBeNEHBI HA PUC. 3; BOMONMS AUGPAKIIMOHHON KapTHUHBI, OTCHATOM C
OJIMHAKOBOMU ILIOAgH ~ 55 umz, MpU U3MEHEHHUH CTENeHU JedopMaliid U TeM-
nepaTyphl CTApeHUs YKa3aHHBIX 00pa3IloB MpeICTaBICHA Ha puc. 4.

Kak BuaHo, Bce nedopmanvoHHbIE CTPYKTYpbl HEOJHOPOIHBI, T€TEPOTEeHHBI,
COCTOSIT M3 PEKPHUCTAUIM30BAHHBIX M HEPEKPHUCTAUIM30BAHHBIX 3€PEH U Mpe-
CTaBJISIIOT KapTUHY HE3aBEPILIEHHOW TUHAMHYECKON PEeKpUCTaILTU3alUH.

[Tocne runposkctpysuu obpasua A-0 (puc. 3,1,a) HabaromaroTCs PparMeHTaIHs
3epeHHO# cTpyKTyphl 10 0.3—0.5 pwm, nosiBIeHHE BBITSIHYTHIX PEKPUCTAILIN30BaH-
HBIX ¥ HEPEKPUCTAIUTM30BAHHBIX 3€peH (BHYTPH IMOCIEIHUX MPUCYTCTBYET CeTya-
Tasi AUCIOKAIMOHHAs CTPYKTypa). [Ipoucxoaut negopmMannoHHO-UHAYIUPOBAHHOE
pacTBOpeHUE 4acTHIl paBHOBEeCHOH [-(a3pl. [lo cpaBHEHHIO ¢ pa3mMepaMu B HC-
xomHOM coctostHuH (mmuHa ~ 300—600 nm, TommuHa ~ 50-60 nm) vacTuipl n3-
MenpyaroTes: JynHa ymensbinaetrcs 10 100 nm, tonmuua — 10 20 nm. YacTuis! B
OCHOBHOM pacIojlaraiorcsi 1o rpaHuiiaMm 3epeH. M3 aHamuza aJeKTpoHOrpaMMm
(puc. 4,a,0) 0O4EBUIHO, YTO TMOCIIE TAKOW 00pabOTKH pedIieKChl 0OpaTHOW pemieT-
KU XapaKTepU3yITCA a3uMyTaJbHbIM pacHIMPEHUEM, YTO yKas3biBaeT Ha (popmu-
poBaHuE CyOCTPYKTYPBHI.

[Tocne YI'D mpu n = 1 (o6pazen; A-1, puc. 3,1,0) B MaTtpuiie mosiBISIOTCS 00-
JaCTH, OKPY>KEHHBIE 000JIOUKOM, KOTOpasi COJIEPIKUT CETYATYIO TUCITOKAIMOHHYIO
CTPYKTYpPY, YacTHUIbl paBHOBECHOM [3-(ha3bl COXpaHAIOTCS. YBEIWYEHHE YHUCIIA
npoxoqoB 10 n = 4 (obpazen; A-4, puc. 3,1,e) bopMupyer depeayronyocs nemno-
YEUHYIO CTPYKTYPY U3 PEKPHUCTANIM30BAHHBIX U HEPEKPUCTAIUIM3OBAHHBIX 3€PEH,
gacTuis! B-Qas3sl He HAOTIOIAIOTCA.
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Puc. 3. BiusiHne cTeneHn HaKOIJIGHHOH e opMaliu Ha CTPYKTypy o0pasios: | — cepun
A: A-0 (a), A-1 (), A-2 (8), A-4 (¢); Il — cepuu C: C-0 (a), C-1 (6), C-2 (8), C-4 (2)
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6 2

Puc. 4. DBomorus AuGPaKITHOHHON KapTUHBI TPH W3MEHEHUH CTEIICHH HaKOIUICHHOMH
nedopmanmu: a — ucxonueiit AJ[-31, 3akanennsiit; 6 — A-0; 6 — A-2; 2 — C-2

[Tocne rumposkcTpysun coctapeHHbix oopasios (C-0, puc. 3,1[,a) Bo3HMKaeT Xo-
porio pa3BuTas cyocTpykTypa. Llenoyeunas ctpykrypa gopmupyercst yke IpH 0JJHOM
npoxoze (C-3, puc. 3,11,6), wactumpr B-¢haser mis odpasmos C-0, C-1, C-2 He HabIO-
natorcst. [Ipu yBenuuennn HakorieHHOH nedopmarun 1o Xe = 7.4 (puc. 3,112) moss-
JSIFOTCSL OIMHOYHBIE YAaCTHIIBI 3-(ha3bl.

ComnocraBneHue CTPYKTypHbIX u3MeHeHuil nocie WIIJ ans romoreHusupo-
BaHHBIX (cepust A) u cocrapeHHbIX (cepusi C) oOpa3loB MOKa3bIBa€T, YTO B IO-
CJIEZIHUX YCKOPSIOTCS MPOLIECCHl CTPYKTYypooOpa3zoBanus (puc. 3 u 4,6,2).

BeiBOABI

1. Ucnons3zoBanue MUIIJ] npu komHatHOU TemmepaType ansa ciiaBa AJl-31
dopMupyeT HEOTHOPOIHYIO Je(OpMALMOHHYIO CTPYKTYpPY, KOTOpas COCTOUT U3
PEKPUCTAJUIM30BAaHHBIX Y HEPEKPHCTAIIIN30BAHHBIX 3€pEH U MPEJCTABISAET COO0M
KapTUHY HE3aBEpUICHHONW JUHAMHUYECKOM pekpucramuinzanuu. CpeqHuil pasmep
3epeH ymenbiaercsa ot 200-500 go 0.3—0.5 pm.

2. YCTaHOBIJIEHO HACJIEJCTBEHHOE BIUSHHUE CTPYKTYpbl MaTepuajia B UCXOIHOM
COCTOSTHMM Ha U3MEHEHHE TBEPAOCTU M IUIOTHOCTH CIUIaBa B 3aBUCHMOCTH OT BEJHU-
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YMHBl HaKoIUIeHHON nedopmarmu. IlokazaHo, 4To JUId CIUlaBa B TOMOTI€HU3UPO-
BaHHOM COCTOSTHMM IPU HaKOIUIEHHOM Jegopmanuu Xe > 5.1 3HaueHHs TBEpAOCTH
U IUIOTHOCTH OCTAlOTCS HEM3MEHHBIMM, TOTAA KaK AJISl COCTApEHHBIX CIUIABOB C
pocToMm crerieHu Aedopmanyy HabIoAaeTCs aIeHUE TBEPIOCTH U INIOTHOCTH.

3. 3a cueT U3MeNbUEHUS 3€pHA U 00pa3oBaHMs CyOCTYKTYphl B IpEIBapUTEIb-
HO COCTapeHHBIX oOpa3iax ynainock modtu Basoe (¢ 206 mo 391 MPa) nmoBeicuTh
Ipesea IPOYHOCTH IO CPAaBHEHHUIO C MCXOAHBIM COCTAPEHHBIM COCTOSIHMEM IIPH
CHI)KEHUU OTHOCUTENbHOTO yuinHeHus Ha 30%. Jlns roMoreHu3npoBaHHbBIX 00-
pas3ioB mpeen MPOYHOCTH NoBbicuics BTpoe (co 116 mo 350 MPa) no cpaBHe-
HUIO C UCXOJHBIM TOMOT€HU3UPOBAHHBIM COCTOSIHUEM, IIPU 3TOM OTHOCHUTEIHHOE
yATUHEHUE CHU3UIOCH BTpoe (¢ 22 10 6.5%).
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BB TEPMOMEXAHIYHOI OBPOBKU HA CTPYKTYPY
TA BJTACTUBOCTI CIMABY Al-Mg-Si

JlocmimKeHO MOXKITUBICT 3MIHM CTPYKTYpPH ¥ BIIACTHBOCTEH JCIICBOTO MajOJIETOBAaHOTO
crwiaBy AJ[-31, mo aedopMyeThes, 3a paxyHOK 3aCTOCYBaHHS Pi3HUX CXEM IHTCHCHUBHOI
wiactuyaoi nepopmanii (II1J]) y moennanHi 3 pisHoro tumy TepmoodpoOkamu. [Tokasa-
HO, 1m0 Bukopuctanus II1J] mpu kiMHaTHIN TemrtepaTypi mns ciiaBy AJl-31 dopmye He-
OHOPIMHY AedopMalliiHy CTPYKTYpy, SKa SIBJISE€ COOOI0 KapTHHY HE3aBEPIICHOI M-
HaMigHOi pekpucramizaiii. CepenHiii po3mip 3epeH 3MmeHmyerses Bix 200500 um mo
300-500 nm. ITIJI, He3amexHO BiA BUXIAHUX CTaHIB CIUIaBy, chpusie aedopmamiiHo-
IHAYKOBaHOMY TOBHOMY a00 YaCTKOBOMY PO3YHHEHHIO HAUIAIIKOBHX (a3, MO CYIPO-
BO/DKY€ETHCS YTBOPEHHSM IIEPECHUEHOTO TBEPJOr0 PO3YMHY B MATpHI. 3a paxyHOK
NOJpiOHEHHs 3epHAa U YTBOPEHHS CYyOCTPYKTYpH B IONEPEIHBO 3iCTAPEHHX 3pa3Kax
BIA€THCA MIABUIINTH MEXY MILHOCTI MMOPIBHSHO 3 BUXIJAHUM 3icTapeHuM cTaHoM Big 200
1o 390 MPa nipu 3HMKEHHI BiTHOCHOTO BHIOBXEHHS Ha 30%.

Kurouosi cioBa: croraB AJI-31, iHTeHCHBHA IIacTUYHA TedopMaltis, IpsMa TiIPOSKCTPY3is,
KyTOBa TAPOEKCTPY3isl, HAKONM4eHa Aedopmaliis, AMHaMIuYHa pEeKPHUCTaTi3alis
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A.L. Berezina, T.O. Monastyrska, O.A. Davydenko, V.Z. Spuskanyuk, O.M. Gangalo,
A.V. Kotko

EFFECT OF THERMOMECHANICAL TREATMENT ON STRUCTURE
AND PROPERTIES OF THE Al-Mg-Si ALLOY

Now it is supposed that the mechanism of hardening of pure metals resulting from se-
vere plastic deformation (SPD) is based on the refinement of grains and the non-
equilibrium state of grain boundaries with a high level of local internal stresses near the
boundaries. However, in some heterogeneous alloys, not only grain refinement during
SPD, but also formation or dissolution of secondary dispersed phases also affects me-
chanical properties. The effect of additional hardening or softening is observed, depend-
ing on the structural state of these phases in a wide range of deformation. Such effects
were found in aging aluminium alloys after three-dimensional SPD.

Formation of a SMC structure in relatively inexpensive industrial aluminum alloys
due to the use of these technologies can transform low-strength alloys into medium-
strength and high-strength ones. Aging aluminium alloys with SMC structures can be
used for producing heavy-duty castings with high performance.

The possibility of modification of the structure and the properties of the wrought low-
alloyed, low-cost Al-Mg—Si alloy of 6060 type by the use of SPD has been studied. The
alloy has high plasticity, the ability for hot extrusion, and high corrosion resistance, which
are excellent characteristics for various applications. Low strength of the alloy, however, is
the main disadvantage. The search for additional methods of hardening of the alloy is of
great interest. The primary task of this research was studying of the possibility of improving
the mechanical properties of the alloy with using various modes of severe plastic deforma-
tion combined with different types of thermal treatment before and after SPD.

It was shown that the use of SPD at room temperature for Al-Mg—Si alloy formed a
heterogeneous deformation structure which is characterized by incomplete dynamic re-
crystallization. The average grain size decreased from 200-500 pm to 300—500 nm. SPD
provoked the deformation-induced complete or partial dissolution of excess phases, re-
gardless of the initial state of the alloy. This process was accompanied by the formation
of a supersaturated solid solution in the matrix. Grain refinement and substructure forma-
tion led to the increase in the ultimate tensile strength from 200 to 390 MPa in the pre-
aged samples, their elongation being reduced by 30%.

Keywords: 6060 alloy, severe plastic deformation, direct hydroextrusion, equal-channel
angular hydroextrusion, accumulated strain, dynamic recrystallization
Fig. 1. The structure of the 6060 alloy in the initial state A (a) and B (6) series

Fig. 2. Correlation of changes in the Vickers Hardness (0) and density p (m) of alloy
specimens depending on the accumulated strain for A (a), B (6), C (s) series

Fig. 3. The effect of accumulated strain on the structure: of: I — the A series: A-0 (@), A-1
(0), A-2 (8), A-4 (e); II — the C series specimens: C-0 (a), C-1 (6), C-2 (8), C-4 (2)

Fig. 4. ED pattern evolution versus accumulated strain: a — the quenched alloy in the
initial state; 6 — A-0; 6 — A-2; 2 — C-2
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IIpaBuiia odopmiieHHsE pyKoONMcei 1J1sl aBTOPOB »KypHaJia
«®U3UKA U TEXHUKA BBICOKUX JTABJIEHU»

Pepakuus xypHajna mpoCHT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCs M3JI0)KCHHBIMU HIDKE TIpaBHiIaMu. Matepuaisl, opopmieHHbIe 6€3 co0ITt0-
JICHHS TIOCTIETHUX, K PACCMOTPEHHUIO HE TPUHUMAIOTCH.

B sxypHae myOnmKyIoTcs CTaThil Ha PyCCKOM, YKPAWHCKOM M aHTJIMICKOM SI3bIKaX.

B penakiuio HarmpaisiroTest 2 3K3eMIUIIpa pyKOIHCH (BKJIIOYasi BCE €€ JIEMEH-
Thl), HaOpaHHo# mpudrom Tuna Times pazmepom 14 m.1. yepe3 1,5 uHTEpBaNa Ha
OJIHOI cTopoHe nucTa Gpopmata A4.

[Tonsi: neBoe — HE MeHee 3, BepxHee U HUXKHee — 2, paBoe — 1,5 cm. Bee crpa-
HUIIBI HEOOXOMMO TIPOHYMEPOBATh.

Pyxomuck 1omkHa OBITh BEIUMTAHA U TOANMCAHA aBTOPOM (COaBTOPAMH).

Heo6xonumo npenocTaBieHne 31eKTPOHHON BEPCHH CTaThH Ha U(POBOM HO-
curtene 1100 nepegayda >IeKTPOHHOM MOYTOM Mo aapecy:

E-mail: ftvd@fti.dn.ua.

KommniekTHOCTH pyKonucu

Pyxomnuce nomkHa comepkaTh TEKCT CTaTbd, aHHOTALMIO, KJIIOYEBBIE CJIOBA,
pedepar, CIUCOK JIUTEPATYPHl, MOAPHUCYHOUHBIE MOJMUCH, KOMIUIEKT PUCYHKOB,
CBEJICHUS 00 aBTOpax.

1. Teker craTrbu. Ha nepBoii cTpaHuile yka3bIBalOTCS:

— KJaccuQUKaMOHHbIN uHeKe 1o cucreme PACS;

— MHUALUAIBI U aMUIIUH aBTOPOB;

— Ha3BaHME CTAThU;

— TOJIHBIHM MOYTOBBIN aJipec yUpeKIeHUs, B KOTOPOM BbINOJIHEHA padoTa.

Haszseanue ctaThul JODKHO OBITH KPaTKUM, HO MH(opMaTuBHBIM. He nomycru-
MO NpPUMEHEHUE B HEM COKpalleHui, KkpoMme caMbix obOmenpunareix (BTCII,
'K, AMP u nap.). Mcnons3yembie aBTopamMu abOpeBHATYpBl HEOOXOJIMMO pac-
mudpoBaTh MPH MEPBOM MX YIIOMUHAHUH.

Pasmepnocmu pusnueckux BenmnuuH (B cucremMe CH) mo Bceit pykomucu
Q0JICHbL OblMb HA_aH2IUUCKOM A3biKe. B 1eCATUUHBIX YMCIaxX Nepes AeCAThIMU
CJIeZlyeT CTaBUTh TOUKY.

2. Tabauupl JOKHBI OBITH HaleyaTaHbl HA OTACJBHBIX CTpAaHUIAX U MUMETh
3aroyioBKU. O0s13aTENIbHO YKa3aHUE €IMHULl U3MEPEHUSI BETUUHH.

3. ®opmyJibl cieyeT HaOupaTh B PeAaKTOpe YpaBHEHUH. Bce undekcobl 0omicHbl
Obimb Ha aneautickom A3vike. DKCIIOHEHTY ClielyeT 0003HauaTh Kak «exXp», a He
KaK «€» B CTEIICHH.

4. Pucynkn (WiocTpamum) TpedyeTcss mpeIoCTaBUTh B YEPHO-OEIIOM Bapu-
aHTe OTJENbHbIMU (aiinamu. PUCyHOK, moMelaeMblii Ha BCIO IIMPUHY CTPaHU-
1bl, 1OJIKEH UMETh pa3Mep 1o ropuzoHTanu 14 cm, Ha 2 cTpanuisl — 7 cM. g
pUCYHKOB B pacTpoBbIX (bitmap) dhopmaTax mormycTuMoe paspelieHue — He MeHee
300 dpi. ITpu 3ToM B aiine pazmep U300paskeHUs IO TOPUZOHTAIH, BKITFOUAst TOIH-
CH TIO OCsIM, JOJDKEH ObITh He MeHee 800 mukcernei A7l pucyHKa Ha %2 IIMPHHBI CTpa-
Hulpl 1 1600 mukcenel — Ha BCIO MIMPUHY. Bce HaAOnucu Ha pucyHKax OO0NHCHbl
ObIMb HA AHSTUUICKOM A3bIKE, A UX YUCTIO C8EOCHO K MUHUMYMY.
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5. AuHoTtanus (He Oonee 15 CTPOK) MOKHA COAEPIKATh LeTIb paboThI, METO
€e JIOCTIIKEHUS, OCHOBHBIC pPe3yNbTaThl. B penakuuio nmpeacTaBisercss TEKCT aH-
HOTaluu (C yKa3aHHEM aBTOPOB W Ha3BaHUS CTaTbH) HA PYCCKOM, VKDAUHCKOM
(01 epadxcoan Ykpaumbl) u aHeIulCKOM A3bIKAX (HA 0MOeNbHbIX CMPAHULAX).

6. KiroueBbie cioBa (He Oonee 10 TEpMHHOB) Ha pPYCCKOM, VKPAUHCKOM U
AH2UUCKOM A3bIKaX JNOJKHBI OTpaXkaTh CyTh cTaThbi. He nomyckaercs ucmnonb3o-
BaHue abOpeBHaTyp.

7. Pedepat crathu (00beMOM He Ooliee OJHOM CTpaHHIIBI pazMepoM mipudra
14 n.1. uepes 1,5 uHTEpBaNa) HA PYCCKOM U AH2IUNICKOM A3bIKAX.

8. Cnncok JuTepaTypbl NPUBOAUTCS B KOHIIE CTAaThbU B MOPSAIKE YIIOMHUHAHUS
B TeKcTe. B OnbnuorpaduueckoM ONMCcaHUM YKa3bIBAIOTCS HHUIMAIBI U (haMIITHU
BCEX aBTOPOB, a Jajee:

a) Il KHUTHM — HA3BaHUS KHWUTH, M3JaTENbCTBA U TOpoOJa, rojl u3gaHus (B
KPYTJIBIX CKOOKaX):

A.D. Hogghe, Puzuka xpucramios, '3, Mocksa (1929).

0) Ay cTaTbU B JKypHaje — Ha3BaHHE, TOM, HOMEp XXypHasla, HOMEp NepBO
CTpaHMIIBI CTAThU, TOJl U3IaHUs (B KPYTJIBIX CKOOKaX):

C.A. Qupcmos, IO.H. Iloopezos, H.U. Jlanunenxo, E.M. bopucosckas, H.B. Mu-
naxos, ®TBJI 13, Ne 3, 36 (2003).

9. [logpucyHOYHBbIE MOAMUCH JOJDKHBI COACPKATh TEKCT, OOBIACHSAIOMUN PH-
CYHOK; MPE/CTaBJIAIOTCA Ha PYCCKOM U aHIVIMHCKOM sA3bIKax. OmnucaHue 3jaeMeH-
TOB PUCYHKA (MJUTFOCTPAIIMH) JKEIaTeIbHO BHIHOCUTh B OJPUCYHOUHYIO TIOJIITUCH.

10. CBenenusi 06 aBTOpax HEOOXOIUMO MPEACTABUTh HA OTIEIbHOW CTpaHU-
1€, 1€ YKa3bIBAIOTCA:

— TOJIHBIE UM, OTYECTBO U (paMUIIHUs aBTOPOB;

— UX CIIy»eOHbIe ajipeca U TeNe(OHBI.

Cnenyer yka3aTh, C KEM U3 aBTOPOB MPEANOUYTUTEIBHO MOIJIEPKHUBATH CBA3b
pu paboTe HAJl CTAThEH.

Co60KynHOCMb HA36AHUSL CIMAMbY, AHHOMAYUU, PUCYHKOE U NOOPUCYHOYHBIX
noonuceil 00INCHA 0a8amb sICHOE NPeOCmasierue o Cymu pabomai.

Obpawaem enumanue agmopog Ha 1o, 4yto, HaunHas ¢ 2002 r., xxypuan ®TB/I
pedepupyercs u uHAEKcUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpanHcKuM pedepaTuBHBIM XKypHAIOM «Jlxepeno».

[Tommas Bepcus xKypHaiia pa3menieHa Ha caite: http//www.donphti.ac.donetsk.ua/
zhurnal.htm.
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NH®OPMALUA O TIOAIINCKE
HA )KYPHAJI «®U3UKA Y TEXHUKA BLICOKUX JABJEHU»

Kypnan «Puznka u TeXHUKA BBICOKHX JaBJICHUI» BKItoYeH B KaTanor mepuo-
nudeckux uinanuid Ykpaunbel Ha 2013 rox (moamucHou muaekc 74528). Kpome
TOT0, MOAMUCATHCS Ha KypHAJ MOXHO HEMOCPEACTBEHHO B pEJaKLUK Ky pHaa.

Kypnan Beixonut pa3 B 3 mecsiia (4 Homepa B Tof).

CroumocTh noaAnuckKu (0e3 ydyeTa CTOMMOCTH MEePeCchblJIKH), FPH.:

— s QUBHYECKUX JTUT] Ha 3 mecsna — 20

Ha 6 mecsues — 40

Ha 12 mecsaueB — &0
— JUIsl IOpUAMYecKuX Ul Ha 3 Mecsma — 40

Ha 6 mecsues — 80

Ha 12 mecsaueB — 160
Jns opopmiieHHs MOANUCKK B PENAKIUM HEOOXOJUMO B €€ aJpec BBICIATh
IINCHbMO-3aKa3 Ha HOI[HI/ICKy C yKa3aHI/IeM 6aHKOBCKI/IX pCKBI/ISI/ITOB U TOYHOTIO

ajpeca.

AJpec pelaKIUH KypHaJIa:

Vkpauna, 83114, r. lonenk, yia. P. JlrokcemOypr, 72

3a nononHUTENbHOU nH(pOpMalel cieayet oOpamarses

o Tesnedony 0 (62) 311-22-02.
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