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JloHenKoMy (PpU3UKO-TEXHUYECKOMY HHCTUTYTY
uM. A.A. I'ankuna HAH Ykpaunsi — 50 Jjer

B 60-e rr. nmpomoro Beka JloHOacc, BayKHEHIIMI MPOMBIIUICHHBIH PErHOH
VYkpaunsl, 0ypHO pa3BuBasica. Ourymanachk ocTpas HEOOXOIUMOCTh B OpraHH3a-
1K (GyHIAMEHTAIbHBIX U BMECTE C HUMU NMPUKIATHBIX HAYYHBIX MCCIIEIOBaHUH,
MaKCHMaJIbHO OpPHUEHTUPOBAHHBIX Ha YIOBJIETBOPEHHE MOTPEOHOCTEW peruoHa.
s storo B 1965 1. 1 6611 co3nan JloHeUKHid Hay4HBIN HEHTp AKaJeMUu HaykK
YCCP, omHUM H3 CHCTEeMOOOpPa3yIoMIMX YIPEKICHUH KOTOPOTo cTasl JloHemKuit
¢uzuko-rexunyeckuid uHCTUTYT AH YCCP. Coznanue uHcTuUTyTa OBUIO 00Y-
CJIOBJIEHO HEOOXOAMMOCTBIO TEOPETUYECKON M 3KCHEPUMEHTAIbHON pa3paboTKu
npo6iaeM (GpU3MKK TBEPAOro Tena A oOecreyeHHs JNalbHEHIIero TeXHUYEeCKOro
rporpecca B METAJUIYPrU4eCKOM, YrOJIbHON W MAallMHOCTPOUTEIBHOM MPOMBIII-
nenHoctu Jlonbacca.

OpranuzaropoM HHCTUTYTAa U €ro MepBbIM aupekTopoMm ¢ 1965 mo 1982 rr.
6bu1 akageMuk AH YkpanHsbl, JOKTOp PU3MKO-MaTEMaTHUECKUX HayK, Mpodeccop
Anexcanap AnexkcanapoBuu ['ankuH, UM KOTOPOrO HOCUT WHCTUTYT. Y MEIbIH
no00p KaJpoB, CTPATETHUYECKU MPaBUIbHBIN BEIOOP OCHOBHBIX HAIlPaBICHUN Ha-
YYHOH JEATEIbHOCTH MHCTUTYTa Ha 3Tane CO3JaHMsl OOECHeumiIn ero ObICTpoe
pa3BUTHE M CTAHOBJICHHE KAaK KpYIHEHIIEro B J[OHELIKOM pErnoHe akajeMuye-
CKOT'0 HAyYHOT0 y4pexaAeHUsd. B KopoTKuil Cpok ObLJIO OCBOEHO MOJIy4YE€HUE KPUO-
TEHHBIX JKUIAKOCTEH, YTO MO3BOJMIIO UHCTUTYTY Pa3BUBATHCA KaK LIEHTPY HcCle-
JOBaHWM MpPU HU3KUX M CBEPXHU3KHUX TemriepaTypax. Ero Hay4HbIM JHUIIOM CTajIu
U JI0 CUX IOp SBISIOTCS KOMIUIEKCHBIE MCCIIEJOBAHMS BELIECTBA B 3KCTPEMallb-
HBIX YCJIOBUSX (HU3KHE TEMIIEPATyphl, BHICOKHE JIaBJICHUS U CHIIbHbIE MarHUTHBIE
HOJIs1), KOTOPbIE IPUHECIN €EMY MUPOBYIO U3BECTHOCTD.

B nmanpHeiinmemM HHCTUTYT BO3TJIABISIIN TOKTOP (PU3HKO-MaTeMaTHYECKUX HAyK
H.M. KostyH, unen-koppecnionneHT HAH Vkpannsr O.A. 3aBanckuii. C 1997 r.
MHCTUTYTOM pYyKOBOAMT Bukrop HukomaeBnu BaproxuH, WIEH-KOPPECHOHIEHT
HAH VYkpaussl, ToKkTop (GU3MKO-MaTeMaTUYECKUX HAyK, podeccop.

Pacmpenue u yriyOieHue TeMaTUKH HCCIEAOBAHWN HMHCTUTYTa IPUBENIU K
BO3HMKHOBEHUIO Ha €ro 0a3e psja HOBBIX Ba)KHBIX JJISI CTPAHbl CAMOCTOSTENIbHBIX
HayuyHbIX yupexaeHuid. Cpenu HUX — MHCTUTYT PU3NKO-OPraHUYECKON XUMUH U
yraexumun HAH Vkpaunel, HayuHo-uccienoBareabCKuii HHCTUTYT KOMILIEKC-
HOM aBTOMaTu3auuu MuHUCTEpCTBa MpoMbliieHHOCTH U cpenctB cBsizu CCCP,
OKBb «JIyu» Munucrepctsa oduiero mammuoctpoenust CCCP, Uncturyt pusuku
ropssIx npoueccoB HAH Ykpaunsl.

3a mporeamue robl COTpYIHUKaMM MHCTUTYTA MOJy4YeH Leiblil psan GpyHaa-
MEHTAJIbHBIX HAyYHBIX PE3YyJIbTaTOB MUPOBOI'O 3HAYEHMUSI, B UMCIIE KOTOPBIX:

— OTKPBITHE MPUHLUIHAIBHO HOBOTO (PU3NYECKOTO SIBIECHUS — IPOMEXKYTOUHO-
T'O COCTOSIHUS B aHTU(EPPOMarHeTHKAX;
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— pa3BUTHE TEOPUU 3KCUTOHOB, KMHETHYECKUX CBOMCTB IOJIYNPOBOJHUKOB,
neeKTOB B KpHUCTAILIAX;

— OoOHapyXeHHe M HCClIeIoOBaHHE HEOOpaTUMOIo HMHIYLUPOBAHHS CHIIbBHBIM
MarHUTHBIM I10JIEM HOBBIX COCTOSIHUM BEILIECTBA;

— pa3paboTka KaueCTBEHHO HOBOI'O MOJXO0/a K MOJYYEHHUIO (U3MUECKOW HH-
(dopMaIuy U3 TYHHEIbHBIX XapaKTEPUCTUK CBEPXITPOBOJHHUKOB;

— OTKpPBITHE SBJICHUS AOIUIEPOH-(POHOHHOIO PE30HAHCA B METAJIIAX;

— oOHapy»XeHHEe HOBOTO BHJA IUIACTUYECKOHN MedOpMalui ME30CKOITHYECKOTO
YPOBHS U JIp.

Jns GonmpmmHCTBA pabOT WHCTHTYTa XapakTepHa TeCHas CBS3b (yHIaMEH-
TaJIbHBIX HCCIIEIOBAaHUM C pa3paboTKOM mHpukiIaaHbIX 3agad. Hambosee spkum
TOMY IIPUMEPOM SIBIISIFOTCSI UCCIIEAOBAHUS B 00JIaCTH (PU3UKHU U TEXHUKH BBICOKUX
IaBJICHUN.

B nHcTuTyTE pa3spaboTaHsbl:

— Hay4YHbIE U TEXHOJIOTHYECKUE OCHOBBI TMIPOIKCTPY3UH;

— OCHOBBI yNpaBJICHUS (PU3UKO-MEXaHHYECKUMH CBOWCTBAMH METAJTHUECKUX
Y TIOJIMMEPHBIX MaTEPUAJIOB C UCIIOJIb30BAHUEM BBICOKUX J1aBIICHUI;

— METOABI U PeXHUMbI (POPMOOOPa30BaHUS M3ACTUA M3 TOPOIIKOB, BKIIOYAO-
IME XOJIOIHOE U30CTaTUUYECKOE IIPECCOBAHUE;

— HOBBIE TPUHIMITEI (OPMHUPOBAHUST HAHOCTPYKTYPHOTO COCTOSIHUSI MaTepHa-
JIOB, OCHOBAHHBIE HA MCIIOJIb30BAHMM BBICOKMX TMAPOCTATUYECKUX NABICHUN M
WHTEHCUBHBIX TUIACTHUECKUX Jehopmaruii.

WNHCcTUTYT nproOpesn MUPOKYI0 M3BECTHOCTh KakK Pa3paboTUMK YHHUKAJIbHOI'O
KPUOTEHHOT'0, KpHOMarHUTHOTO, PaINOCIIEKTPOCKOMMUYECKOI0 000y 10BaHUs IS
HAyYHBIX YKCIIEPUMEHTOB.

B uHCcTUTYTE yCnemHO pa3BUBAIOTCS HAYYHbIE LIKOJIbI, OCHOBAaHHBIE aKaJeMHU-
kamu HAH VYkpaunbl A.A. TalKkuHBIM (BBICOKHME JIAaBJIEHUS M CIEKTPOCKOIMS
TBepAbIX Tein), B.I'. bappaxTtapom (sBnenus marnetusma), B.M. ApxapoBeim (Mme-
30CKONMUYECKHE SIBICHUS B TBEPJbIX Telax), wieHaMH-KoppecnoHaeHtamu HAH
VYxpaunsl K.b. Tonmeiro (nuHamuika permetkd u 6modpusnka) u J.A. 3aBaJICKUM
((pazoBbie mpeBpaleHNUs B SKCTPEMAIBHBIX YCIOBHUAX). DT HAy4YHbIE LIKOJIBI MO-
Jy4YWJIM U3BECTHOCTh HE TOJIBKO B YKpauHe, HO U 3a €€ IpeleIaMH.

ITponomxas Ha COBpEMEHHOM YPOBHE MCCIIEJOBAHMSI, OCHOBY KOTOPBIM IIOJIO-
XKUIM (pyHIATOPHl HAYYHBIX IIKOJ, HHCTUTYT Pa3BHBAET TAKWE HOBBIC aKTyallb-
Hble HamnpaBjieHUs (PU3MUECKOW HayKH, Kak: HaHO(PH3MKAa U HAHOAJIEKTPOHHKA;
¢u3rKa U TEXHOJIOTUS NEPCIEKTUBHBIX KOHCTPYKIMOHHBIX U (DYHKLIHMOHAIBHBIX
MaTepHaloB; (pU3MKa KPUCTAIIIOB B SKCTPEMANIbHBIX YCIOBUSX.

Hapsiny ¢ BakHbIMH (DyHAAMEHTaIbHBIMU UCCIIEOBAHUSIMU MHCTUTYT BBINOJ-
HSeT TakXke pa3paOOTKM, HANpaBIEHHbIE HA CO3[JaHME HOBBIX TE€XHOJIOTHIl MOIy-
YeHHsI HAHOMATEPHUaJIOB, U3TOTOBIIEHUE TepMOTpadUIecKoi anmapaTypsl UIsl OH-
KOZAMATHOCTUKY M almaparypsl A MIPOMBILUICHHBIX NPEANPUATHI. 3a TOAbI Cy-
IIECTBOBAaHUSI MHCTUTyTa noiydeHo Oonee 800 OXpaHHBIX JTOKyMEHTOB Ha H30-
OpeTeHwUs.
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ITo pesynabTatam Mcciae0BaHUN COTPYAHUKAMU MHCTUTYTA U3AaHO cBblie 80
MoHorpaduii, exxeronaHo myonukyetcs 6osee 200 HaydHbIX cTaTeil. 16 coTpyaHu-
KOB yA0OCTOE€HBbI ['ocynapcTBeHHON npemMun YKpauHbl B 00JIACTH HAYKHU M TE€XHU-
ku, 12 — npemuit HAH Vkpaunsl, 2 — 3BaHus 3aciay’K€HHOTO AEATENs HAyKu U
TEeXHUKU YKpauHbl, 1 —3BaHus 3acity>keHHOro n3o00peraTens YKpauHbl.

B 2015 r. Joneuxuii ¢puzuko-rexHuyeckuii UHCTUTYT UM. A.A. 'ankuna HAH
VYkpaunsl otmetun csoe 50-netue. HecMoTpst Ha MMeroLecs Ceroats mpoodaemMsl
U TPYAHOCTH, €CTb OCHOBAHUE yTBEPXKAATh, YTO K CBOEMY HOOMJICIO €ro KOJUIEK-
TUB TIPHILEJ BO BCEOPYHHM HAKOIJIEHHOTO OINbITA U IMOJHBIM TBOPUYECKUX CHII:
paboTalOT U3BECTHBIC HAYYHbBIE LIKOJbI, POXKAAIOTCS HOBBIE IIPOEKTHI U UJIEH, Ha-
OJr01aeTCs MPUTOK CBEXKUX CUJT — TATAHTIIMBOM MOJIOJIEKH.
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The review of research on the twist extrusion (TE) made in Donetsk Institute for Physics
and Engineering of National Academy of Sciences of Ukraine since 1999 is reported. The
main features of twist extrusion are presented. It is noted Twist Extrusion has a signifi-
cant commercial potential due to the following physical effects: intensive grain refine-
ment, homogenization and mixing, intensive consolidation of powders. The engineering
relations for the major Twist Extrusion characteristics are obtained. The progress in
practical application of this process is shown.

Keywords: twist extrusion, severe plastic deformation, simple shear, grain refinement

Ilpeocmasneno oensio docniodcensv 3 e6unmosoi exempysii (I'E), suxonanux y Hon®TI
nouunarouu 3 1999 p. Iloxazano, wo I'E mae sHaunuii komepyitinuili NoOmenyian y 36 sa3Ky
3 HacmynHumu izuyHUMU ehekmamu. IHMEeHCUBHUM NOOPIOHEHHAM CMPYKMYpU Ma-
mepianis, 2o0MO2eHI3ayicio | NePeMiuLy8AHHAM HA PIZHUX MACUIMAOHUX DIGHSIX, THMEHCUG-
HOIH KOHCOMI0ayicio nopowkosux mamepiani. Haseoeno indcenepri cnisgionouenHs ons
ocHosHux xapaxmepucmux I'E. Iloxazano npoepec y npaxmuunomy 3acmocyeanui I'E.

Kuaro4oBi c1oBa: TBUHTOBA €KCTPY3is, IHTCHCHBHA IUIACTHYHA Jedopmarlis, CyOMiKpo-
KPUCTAJIIYHI MaTepianu, IPOCTHI 3CyB, MOAPIOHEHHS 3epeH

Introduction

Twist extrusion (TE) is a severe plastic deformation technique. It was proposed
in 1999 in Donetsk Institute for Physics and Engineering of National Academy of
Sciences of Ukraine [1]. In this anniversary year for the Institute, TE has reached
the age of majority. This is the beginning of adult life and the onset of full legal
capacity. The purpose of this review is to show how the TE is prepared for this
life. Many laboratories in the world perform research with using TE now. This
review presents mainly the achievements reached at Donetsk Institute for Physics
and Engineering.

© Y. Beygelzimer, V. Varyukhin, R. Kulagin, D. Orlov, 2015
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1. Historical retrospective

TE is a technique where a billet is extruded through a constant cross-section
die having two prismatic sections separated by a helical one in between. This al-
lows the accumulation of plastic strain in the billet without the alteration of its net
shape. Such a property makes possible the accumulation of very large (or severe)
strains when multiple pass extrusion is employed. The principal scheme of a
channel in the die for twist extrusion is shown in Fig. 1 along with a billet before
and after a passage through the TE die.

The profile of a TE die cross-section can be arbitrary. A few examples of pos-
sible profiles are shown in Fig. 2.

Suilele

Fig. 1. Scheme illustrating twist extrusion

Fig. 2. A few examples of cross-sections of dies for twist extrusion: a — rectangular; b —
elliptical; ¢ — circular, ‘+’ denotes the position of extrusion axis; d — hexagonal with a
hollow centre

Let us emphasise here a principal ability of TE to process bars having circular cross-
section profile. This can be achieved when the axis of extrusion is shifted away from
the axis of symmetry of the channel. It is illustrated in Fig. 2,c where the extrusion axis
indicated by ‘+’ is located aside from the centre of symmetry of the channel in the mid-
dle of the cross-section. Tubular billets with a hollow centre can also be processed by
TE when extrusion on a barrel is used, Fig. 2,d.

Due to the wide experience of work with hydro extrusion in the Donetsk Insti-
tute for Physics and Engineering, the first tool set implementing the idea of TE
was based on a hydro extrusion machine. A pre-existing tool set for hydro extru-
sion was converted into the tool set for hydro mechanical twist extrusion as illus-
trated in Fig. 3. A brief description of this tool set work is as follows. A billet 3
with the rectangular cross-section of 14 x 16 mm and the length of 60 mm is ex-
truded through TE die 4. The die sits on a supporting liner 5, which stays on a
conical die 7. This conical die is used for the direct extrusion of a dummy billet.
The channel of high-pressure container 2 is filled with a working fluid, a mineral
oil I-20. After that, punch / compresses the working fluid thus increasing a hydro-
static pressure in the container. At the pressure of 600—700 MPa, the dummy billet
begins to extrude through the conical die 7, while the punch moving along the
container axis pushes billet 3 through TE die 4. When the punch touches the top
edge of TE die, the process is stopped. Then, a new dummy billet is installed to
the conical die, the TE die is flipped for 180°, and the process is repeated.
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Fig. 3. Scheme of the first tool set for the hydromechanical twist extrusion

[
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Fig. 4. Scheme of the first tool set for the mechanical twist extrusion

The main advantage of hydro mechanical TE is that the process is carried out
under high hydrostatic pressure without friction of the billet on the channel walls.
The main disadvantage of this scheme is very low productivity of the process.
Therefore, this tool set was re-designed, and a new tool set for a mechanical TE
more similar to a conventional direct extrusion was adopted in the department.
The first tool set is illustrated in Fig. 4. It is composed by two-layered upper con-
tainer 2 and a two-layered TE die 6 of the same cross-section. The die has the
slope of twist line to extrusion axis 30-60°. The outlet cross-section is twisted
with regard to the inlet by the angle of 30—120°. The bottom part of TE die has a
minor decrease of the channel cross-section to compensate for residual elastic
stresses and other distortion defects in the billet being processed. Receiving con-
tainer § having the same cross-section is located underneath the die. It also serves
to prevent plastic deformation of the billet outside the die when a back-pressure is
used. The upper container and the die are encased into a resistance heater 3, which
allows the processing at the temperatures elevated up to 450°C.

A typical extrusion cycle is as follows. A plunger for back pressure 9 is in-
serted through the bottom container § up to the exit from the helical part of TE die
6. A dummy billet is pressed into the helical part of the die. A billet to be proc-
essed 5 and another dummy billet 4 are loaded into the upper container 2. Then,
all the billets are extruded through the die by a main plunger /. During the extru-

10
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sion, the back pressure is maintained at a level of 0.5-1.0 o5 (Where oy is the flow
stress of the billet material) to ensure appropriate kinematics of plastic flow. In
addition, this level of back pressure minimises the loss of ductility of a material
being processed due to a high hydrostatic pressure in the centre of deformation
[2], so that even hard to deform materials can be processed. The extra dummy
billet 4 is needed to extrude the entire main billet through TE die ‘in one pass’.
After the extrusion cycle, the main billet 5 and the dummy billet 7 come out from
the bottom container, while the dummy billet 4 remains in the helical part of the
die. At this stage, the extrusion cycle can be repeated, if required.

As the dummy billets, copper (Cu), zinc (Zn) and their alloys were used. The
lubricants used to be selected based on a material to be processed and processing
regimes. For the extrusion at ambient temperatures, Teflon, beeswax, rosin, and
castor oil were used. For the extrusion at elevated temperatures, low melting point
glassy lubricants based on lead (Pb) and Zn oxides were utilised.

The results of the experiments performed utilising the aforementioned tool sets
as well as the first theoretical studies of TE have been rather well reported in [3—
5]. The effectiveness of TE processing for microstructure and property tailoring in
metallic materials have been proven for titanium (Ti) alloys Cp Ti Grades 2 and 6,
VT-22, VT3-1; Super alloy Inconel 718; Al-Mg-Sc alloys; recycled grades of
copper-phosphorus and aluminium alloys AK9, AM5M2, AV87, etc.

At the moment, three directions of applications of TE processing can be high-
lighted:

— manufacturing of bulk nanostructured materials through grain refinement, cf.
[3-23];

— improvement of ductility in recycled non-ferrous alloys, cf. [24];

— manufacturing of bulk nanostructured materials through powders consolida-
tion, cf. [25].

In every direction, collaboration with industrial partners had been established.
Namely, in collaboration with ‘Motor Sich’, technologies for turbine blades
manufacturing from nanostructured Ti alloys and chemically homogeneous Ti al-
loy wires for mono wheels restoration are being developed. In collaboration with
‘Zaporozhskiy titano-magieviy kombinat’, a technology for Ti sponge consolida-
tion into electrodes for electro slag refining, have been developed. In collabora-
tion with JSC ‘Donsplav’, a technology for chemical homogeneity improvement
in recycled non-ferrous alloys has been designed. In collaboration with GE Global
Research, Ti-6-4 and Inconel 718 were processed by TE. In collaboration with
Boeing, properties in Al alloys for aviation were tailored by TE processing.

Now, a pilot industrial tool set for TE processing has been established in Donetsk
Institute for Physics and Engineering on the National Academy of Sciences —
Ukraine. It allows the processing of billets with dimensions of 30 x 40 x 140 mm
at the amount of 1200 kg per year. This pilot industrial line is designed to manu-
facture nanostructured titanium.

11
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2. Mechanics of plastic flow in twist extrusion

In this subsection, characteristic features of TE are considered and compared to
equal channel angular extrusion (ECAE) and high pressure torsion (HPT). Then,
the results of experimental and theoretical investigations of stress-strain state in
TE processing are presented. In particular, the minimal level of back pressure to
ensure the kinematics of plastic flow in TE is determined; a vortex-like plastic
flow within TE channel cross-section is revealed; and the effect of strain harden-
ing on plastic flow in TE is investigated.

2.1. Characteristic properties of deformation in twist extrusion

As has been revealed by comprehensive experimental and theoretical investi-
gations over the last decade [3,6,14,16,18,22,26,27], major features of plastic flow
during TE were grasped with a simplistic kinematically admissible velocity field
proposed already in early work [28]:

V. __JyhtanP - xV, tan 3

R > y > Vz :_V09 (1)

where x, y, z are coordinates, axis z coincides with TE die axis of symmetry, V) is
the velocity of a billet move along z axis, R is the radius of circumference on the
channel cross-section periphery, [ is the angle of twist line slope on the channel
cross-section periphery.

The field of velocities (1) presumes that each virtual cross-sectional layer of
the billet acts as a solid having translational displacements along the extrusion
axis and a rotational one about the axis. No distortion of the layer in z direction is
possible. This field of velocities is reduced to the following tensor of strain rates:

€y Zéyy =e, =éxy =0,
Vo d
b =0 B e
2Rcos“B dz
XVO dB

é, = —.
¥ 2Rcos?p dz

Substituting (2) in the expression for the intensity of strain rates:

6 :g\/(éxx o) eV 4oy i) H6(EurPeréd). ©)

we obtain a relation for the calculation of the strain rate intensity at any point of
the deformation zone:

) 1 rVy |d
: :——02‘—‘3. @
3 Reos? Bl dz
Integrating equation (4) by time from the moment of a material point entrance to

TE die until its exit from there, we obtain an estimate for Von Mises equivalent
strain:

12



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

e; :iitanB. (5)

3R

Equation (4) suggests that the majority of strain accumulates sharply in thin zones
of simple shear deformation located in the vicinities of entrance and exit from the

dp

helical part of TE die where has extreme values. Since derivatives of 3 in

these zones have opposite signs, deformation in TE processing is principally re-
versal.

The simple form of equation (5) suggests that the accumulated strain decreases line-
arly from a billet periphery towards axis where it is equal to zero. However, later re-
sults, both experimental and theoretical, revealed that although accumulated net strain
after TE processing is heterogeneous indeed, the strain at a billet axis is well above nil.
These results have been partially reported elsewhere [3,6,8,11,16,18,26,27,29], and are
comprehensively presented in the following subsection.

Now, let’s compare TE with other two popular severe plastic deformation
(SPD) techniques, high pressure torsion (HPT) and equal channel angular extru-
sion (ECAE). In all these processes, net shape of a billet does not change substan-
tially during processing, and a dominating deformation mode is simple shear.
However, in spite of ECAE where the shear direction is inclined at 45° to the ex-
trusion axis, in TE the shear direction is perpendicular to it. In the later process,
net strain is heterogeneous within the billet cross-section similar to HPT. Com-

re

3h
thickness, respectively; o is the torsion angle), typically used for the calculation of
Von Mises strain in HPT, one can see that each zone of most intense simple shear
in TE can be envisaged as a pair of HPT dies having specific torsion angle

¢ tanf

h R
imagined as an extrusion through two
pairs of ‘transparent’ HPT anvils, to a
certain extent, as illustrated in Fig. 5.

The dies for twist extrusion may have
two different directions of twist: a
clockwise die (CD) and a counter-
clockwise die (CCD). A sequential tran-
sition from CD to CCD or vice versa
allows flipping the direction of shear
between passes therefore leading to two
main routes of TE:

—route I — CD + CD (or CCD +
+ CCD);

—route II - CD + CCD (or CCD + CD).

paring equations (5) and e, = (where r and 4 are HPT sample radius and

. Therefore, TE can also be

Fig. 5. Analogy of TE and two pairs of
HPT dies

13
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. . . . . . . 1 r
It is obvious that if route I imparts strain with amplitude Ael-I =——

N

tanf, in
I r
Y3 R
The last but not the least peculiarity of twist extrusion we would like to discuss
in this subsection is the increase of billet surface in the helical part of TE die. De-
pending on specific die design, the area of lateral surface of a billet being proc-
essed increases for 30-50% upon entering the helical part of TE die, and then re-
turns to the initial surface area upon exit. After multi-pass processing, such an ef-
fect leads to significant stirring of inner and outer layers of a billet being proc-
essed. This can be utilised as an extra option for the modification of structure and
properties if TE is carried out using surfactant fluids as lubricants [18].

route II the amplitude is Ae; =2 tanf3.

2.2. Stress-strain state in twist extrusion

The stress-strain state during twist extrusion for different dies, processing con-
ditions and materials have been studied both theoretically, e.g. [3,6,26,29-32],
and experimentally, e.g. [3,6,14,27,30,33]. Compared to the ideas presented
above, these studies significantly advanced understanding of plastic flow and ca-
pabilities of twit extrusion.

At the first place, they revealed that to ensure the kinematics of plastic flow
and complete filling of channel in TE die during processing, a back pressure of at
least half the flow stress of a material being processed should be applied
[3,6,29,32]. The exact value of the back pressure depends on the profile of the TE
channel cross-section, the rate of strain hardening, and friction. To illustrate the
effect of incomplete filling of the die channel, photographs of Cp Ti billets after
TE processing with different levels of back pressure are presented in Fig. 6 along
with corresponding schematics.

DD

Fig. 6. Photographs of Cp Ti billets (/) and corresponding schematics of filling of TE die
channel (2) after processing at different levels of back pressure: a — no back pressure, b —

c

back pressure ~ 0.5c, ¢ — back pressure ~ 1.0c;; o, is flow stress

14
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Fig. 7. Cross-sectional view
of a copper billet with em-
bedded aluminium fibers
before (a¢) and after (b) a
single TE pass

Fig. 8. Optical micrographs of cross-sections of 99.99% pure Al billets before TE (a), and
after one (b) and four (c) TE passes

2.0
//w
1.0 m Fig. 9. Experimental distribution of von
- CJ — - Mises equivalent strain in the cross-section
0.75

of a Cu billet after a single TE pass
\—’_/

The second important finding was a discovery of plastic flow within the virtual
cross-sectional layers first reported in [3,6,26]. It is obvious from the distortion of fi-
bres during one TE pass illustrated in Fig. 7, reported in detail elsewhere [27,33].

After several passes of TE processing, this effect results in a very clear vortex-
like flow pattern in a billet cross-section illustrated in Fig. 8. Further details can
be found in refs [13,14,16].

The third improvement of the model in sub-section 2.1 made later is a quantifi-
able significant strain on the billet axis. Fig. 9 shows an example distribution in
the cross-section of Cu billet after a single TE pass. It was obtained experimen-
tally using a method described in detail in [27].

A final element code ‘Deform-3D’ was used to investigate the effect of strain
hardening rate on net strain distribution after TE processing. The stress-strain curve of
a material being processed was described by an equation ¢ = o, (1 + Ae) . Coefficient

A was varied in the range [0—1] to simulate different rates of strain hardening.
Die and punches were modelled with rigid elements. Zibel law of friction

c . : . . .
T=m—= (where m = 0.25) was used in the simulations of contact on billet-die

N

interface. Back pressure was set at a level sufficient to fill the die channel. Billet
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material was modelled with tetrahedral elements. To accommodate large strains
during simulations the adaptive meshing (automatic re-meshing) was used. Re-
duced integration and hourglass control were used in the analysis. Von Mises the-
ory of plastic flow of incompressible materials was used. Geometry of the die
used in simulations is shown in Fig. 10.

Fig. 11 illustrates the distribution of Von Mises equivalent strain in the billet cross-
section after one TE pass. The distribution is shown with isolines for zero (4 = 0) and
maximal (4 = 1) rates of strain hardening. Analysis of this figure reveals close simi-
larity in the net strain distributions with small differences in its absolute values.

For the quantitative evaluation of Von Mises strain distribution after TE
processing, we introduce the following criteria: minimum epj, and mean

e

€mean = 3 '[ edS strains as well as coefficient of strain heterogeneity k&, = ,

S emean

where D, is standard deviation of Von Mises strain. Table 1 summarises values of
these criteria for materials with the most representative values of strain hardening
coefficient 4.

B

QP EIEnN
N A

I
A
— ] B

B =55°

=
|

18

Fig. 10. Geometry of the die used in final element simulations (4—4 — input cross-section,
B — output cross-section)

1.50-1.75 150
\125 125
075 IOO
12 100 |

Fig. 11. Influence of rheology on accumulated von Mises strain after one TE pass of a
material with zero, 4 = 0 (a), and maximal, 4 = 1 (b) rates of strain hardening
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Table 1
Strain hardening dependencies of strain heterogeneity criteria in TE processing
A €min ke €mean
0.0 0.61 0.27 1.00
0.5 0.64 0.28 1.07
1.0 0.55 0.33 1.07

These results clearly demonstrate that with the approximation sufficient for ex-
perimental practice, stress-strain state in TE processing can be simulated using
ideally plastic model of a material being processed.

Fig. 12 demonstrates the accumulation of Von Mises equivalent strain during
one TE pass in three representative points of a billet cross-section. Two zones of
sharp strain growth corresponding to the inlet and the outlet from the helical part
of the TE die can be easily located on the diagram for each point. Quantitative
analysis of the strain accumulation reveals that the dominating mode of deforma-
tion in these zones is simple shear. In general, these results are in a reasonably
good agreement with the simplistic model presented in subsection 2.1.

25 - ; T
2.0¢ g
g '
RS . . . .
sl Fig. 12. Evolution of von Mises equivalent
= ' strain during one TE pass in three most
% ‘ _ ‘ ‘ : representative points of a billet cross-
% 1.0 b section (4—A4 — input cross-section, B-B —
i : ‘ 5 output cross-section, see Fig. 10)
0.5 A —
i :
‘ ‘ , | :
: : .
0 T T T l T

-10 0 10 20
z, mm

2

The final element simulations also reveal that the net strain distribution
strongly depends on the shape of this cross-section, Fig. 13. In addition, this fig-
ure shows that for any cross-section profile, the minimum values of strain locate
in the vicinity of extrusion axis.

When the axis of symmetry of cross-section profile coincides with the extru-
sion axis, multi-pass processing does not lead to the improvement of the net strain
homogeneity. However, when these axes are shifted away from each other, the net
strain homogeneity can be significantly improved if route II involving sequential
change of CD and CCD dies is used for TE processing. Moreover, this technique
allows to process by twist extrusion even the samples having circular profile of
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Fig. 13. Distributions of von Mises equivalent strain in cross-section of billets having
rectangular (a), oval (b) and hexagonal with hollow centre (¢) profiles

2 pass

Fig. 14. Processing scheme where ‘e’ and ‘+’ indicate the axes of extrusion and the cross-
section profile symmetry, respectively (a). Distribution of net strain in a billet having cir-
cular profile of cross-section after one (b) and two (¢) TE passes by route 11

cross-section. The net strain distribution for such a case is shown in Fig. 14. It is
evident that homogeneity of the net strain distribution significantly improves after
the second pass of TE, Fig. 14,c. If extrusion axis is shifted in each TE pass,
rather homogeneous distribution of net strain can be achieved.

In the practice of twist extrusion, it is desirable to have as homogeneous distri-
bution of strain along the specimen axis as possible. Our investigations prove that
the best practice is achieved when both back pressure and dummy billets are used,
1.e. when complete filling of cross-sectional profile of TE die channel is attained.
This result is illustrated in Fig. 15 where distribution of net strain in longitudinal
section of a prismatic billet is illustrated.

Stress state in TE can be classified as ‘non-equiaxial compression’. Therefore
full stress tensor can be split into hydrostatic and deviatory parts. The distribu-
tions of the hydrostatic stresses in billet cross-section on entrance and exit from
the helical part of TE die are shown in Fig. 16. Large negative values of this char-
acteristics ensure the best possible ductility in a material being processed [30].
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i

-

(4 075 Fig. 15. Distribution of
net strain in longitudinal

125 section of a prismatic

billet: ¢ — schematic of

the billet sectioning; b —

| isolevels of strain distri-

25
1.00 bution in billets extruded
\ without backpressure; ¢ —
075 0.75 [1.00]| with both backpressure
- - & ) 2 and dummy billets
N e
a b c

Extru s,_ion
direction .

Fig. 16. Scheme of locations of indicative cross-sections in TE die (a) and distributions of
hydrostatic stresses in billet cross-section on entrance () and exit (¢) from the helical part
of TE die. The isolevels show hydrostatic pressures normalized on flow stress of a mate-
rial being deformed

3. Twist extrusion as a processing technique

In this subsection, equations for the calculation of main parameters of TE are
presented, and a tool set for twist extrusion located in the pilot production facility
of Donetsk Institute for Physics and Engineering of the National Academy of Sci-
ences of Ukraine is described.

3.1. Principal equations for the estimation of processing characteristics

The development of a twist extrusion technology is based on the analysis of
criteria characterising the process. In section 2, the following criteria describing
homogeneity of strain distribution in TE have been introduced: minimum ep,j, and
mean enean Strains, and coefficient of strain heterogeneity k.. In order to obtain
simple engineering equations for these criteria, a series of numerical experiments
was performed in final element code Deform—3D. The scheme of a channel in TE
die for these experiments is shown in Fig. 17.
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Fig. 17. Scheme of a channel in TE die for numerical experiments

The factors selected for variation are: x; = hs/R, x, = ld/hs, x3 = h/b, where hs,
R, ld, h, b are parameters of deformation zone indicated in Fig. 1. The ranges for
these factors variation are selected from the following considerations. Based on
the experience of experimental work with TE, reasonable values of twist line
slope vary within B = 30-60°, angles of rotation between entrance and exit cross-
sections are ¢ = 30-90°. Since tanfi; = 2R, we obtain x; = As/R = 2n3. Substi-
tuting the reasonable values for B, the range of variation for x; = 3—11. For x;, we
have x, = Ild/hs = ¢/2m, and the corresponding range of variation is x = 0.10-0.25.
The range of variation for x3 = 0.5-1.0. All the factors were varied at three levels.
The upper and lower levels were set by the ranges of variation, while the main
level was set as arithmetic mean of the upper and lower levels.

Regression analysis of the results of numerical experiments allows obtaining the
following equations for the calculation of the main criteria of TE processing:

—0.65 0.87 —1.15
hs Id h >
=308 = 2012, R*=0097, 6
ewn=208( (5] (5) ®
-0.06 -0.39 076
k, =0.28(ﬁ] (ﬁj (ﬁj , R*=087, (7)
R hs b
-0.47 0.55 -0.56
hs Id h >
=3.46| = 2012, RF=0093, 8
emean (RJ (hs] [bj ( )

where R is the coefficient of correlation.

Fig. 18 demonstrates the diagrams comparing the main criteria of TE process-
ing obtained in numerical experiments to the values of these parameters calculated
using equations (6)—(8).Very consistent fit of the experimental data with corre-
sponding equations is obvious from these diagrams.
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Pressure for twist extrusion can be calculated using equation from [3]:

2 (h + b)l

Pmax =O| €mean TH———— |+ pbp » (9)
hb

where o is flow stress of a material being processed on the exit from TE die; / is

the length of a billet, and py, is the back pressure.

3.2. Industrial prototype of twist extrusion machine

A pilot production facility has been created in Donetsk Institute for Physics and
Engineering of the National Academy of Sciences of Ukraine. This facility has
total area of 50 m” and includes:

— equipment for thermal and chemical treatments;

— furnace for billets pre-heat;

— hydraulic press having 4 MN extrusion force capacity on which toll sets for
twist extrusion and hydro extrusion are installed;

— several machines for mechanical operations;

— other associated equipment.
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Fig. 19 demonstrates drawing of a general assembly, Fig. 19,a, and a
photograph, Fig. 19,b, of industrial prototype of twist extrusion machine in
the pilot production facility. The main architectural units of this tool set are
the upper movable ram / and the bottom base 2 of the press, container 3, de-
forming TE die 3, receiving container 5, plunger 6, back pressure plunger 7,
guide 8, double-end bolts 9, movable block 70, wedge /1, and back pressure
hydro cylinder /2.

Fig. 19. Industrial prototype of twist extrusion machine: a — the scheme of general as-
sembly drawing, b — photograph of TE tool set

An operation cycle of the industrial prototype machine is shown in Fig. 20. The
sequence is as follows. The receiving container is compressed to TE die by the
upper ram, see Fig. 20,a. This action is realised by the moving block and the dou-
ble-end bolts. The compression force is controlled by the hydraulic press. It is
usually set to 0.2 MN. The position of the receiving container is set by the wedge.
The back pressure plunger is inserted up to the exit section of the helical part of
TE die through the channel of the receiving container.
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A dummy billet is inserted in the container and pressed in to the helical part of
TE die down to a contact with the back pressure plunger. The upper movable press
ram is lifted up, and a billet to be processed having dimensions 30 x 40 x 140 mm
is loaded in the container. After that, the upper dummy billet is loaded in the con-
tainer in order to extrude out the billet from the helical part of TE die ‘in one pass’.

Then, the ram starts moving down. During this operation, the plunger is cen-
tred by the guide first, and then it extrudes all the billets. The extrusion of the bil-
lets simultaneously gives rise of back pressure to a preset level. The later allows
to satisfy the kinematic conditions of plastic flow and to largely increase the level
of hydrostatic pressure in the deformation zone. High level of hydrostatic pressure
minimises a loss of ductility in the billet and therefore permits processing of hard
to deform materials.

The level of back pressure is usually set to the level of flow stress of a material
being deformed at the temperature of processing. The back pressure plunger
moves down therefore leaving behind room in the receiving container channel for
the billets.

At the bottom point of the ram travel, the upper dummy billet replaces the ini-
tial dummy billet in the helical part of TE die, cf. Fig. 20,b. This allows doing
multi-pass processing.

After this operation, the receiving container is compressed to TE die again, see
Fig. 20,c, which unloads the wedge and allows its removal. During the working
travel of the ram, the receiving container also moves down, Fig. 20,d. Therefore,
at the end of extrusion operation, the back pressure plunger is moved down the
channel, and the billets are extracted from the receiving container.

In order to process hard to deform materials, the entire tool set can be heated
up by electric resistance heater.

To summarise, the industrial prototype tool set for twist extrusion is installed
on a hydraulic press having the capacity of 4 MN. The installation has the fol-
lowing parameters:

— extrusion speed 3 mm/s;

—maximum extrusion force 2.4 MN;

— maximum back pressure force 2.4 MN;

— maximum operating temperature 400°C;

— billet size: cross-section 30 x 40 mm, length up to 140 mm.

4. Formation of structure and properties by twist extrusion.
Experience and potential of the technique

The effects of processing by twist extrusion on the structure and the properties
of miscellaneous materials have already been reported elsewhere rather well, e.g.
[4,7,8,11-21, 23-25,33-35]. Therefore, in this section we will summarise the re-
ported results, indicate the most representative data, and describe potential appli-
cations of TE technique.
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4.1. Major effects of twist extrusion

First of all, intensive grain refinement during TE should be emphasised. The
very process of grain refinement is not the topic of interest in the present chapter,
and therefore readers are referred to specific publications dedicated to this problem,
e.g. [36-39]. Briefly, grain refinement is characterised by a decrease in the grain
size and an increase in misorientations on the boundaries when the equivalent Von
Mises strain increases. In twist extrusion, grain refinement is very extensive during
initial several passes. After the third or fourth pass, depending on a material being
processed and processing conditions, the intensity of grain refinement substantially
decreases, and the mean grain size saturates at the lowest level specific to the mate-
rial. For processing at low homologous temperatures, the mean grain size at satura-
tion stage is usually at the order of a few hundreds nanometres.

Second, the described characteristics of microstructure evolution largely affect
also the mechanical properties of processed materials. Strain hardening decreases af-
ter the several initial passes, and the flow stress saturates, cf. [3,4,8,12,14,16,34,35].
Such behaviour leads to the homogenisation of mechanical properties in a billet
after multi-pass TE processing [8,16,21]. Therefore, in spite of heterogeneity of
net strain distribution described in previous section, the billets with ultrafine-
grained (UFQG) structure manufactured by twist extrusion have rather homogene-
ous mechanical properties.

In works [15,16,35], the effects of strain reversal in TE on microstructure evo-
lution have been investigated experimentally. It has been shown that route II (CD +
+ CCD, subsection 2.1) is more efficient for grain refinement. This result is in
consistency with theoretical investigation [40] according to which increase of de-
formation cycle amplitude should lead to more effective grain refinement.

Third, the effect of TE processing on ductility characteristics is of significant
interest. Works [41,42] have shown that appropriate measure of ductility in UFG
metals is reduction in area. This characteristic has non-monotonic strain depend-
ence in TE. During several initial passes it decreases, but then increases. In [41],
this effect has been shown for TE processing of Cp Ti. A mathematical model
clarifying physical meaning of this effect has been developed in [40].

Finally, deformation during TE processing involves significant mass transfer
taking place at different length scales of a material being processed. At a macro-
scale level, the mass transfer is reflected by vortex-like plastic flow within billet
cross-section, cf. subsection 2.2. At a micro-scale level, the mass transfer is re-
flected by dispersion of brittle intermetallic phases and abnormally fast diffusion,
see for instance [3,24,43].

The fast mass transfer can be explained using the theory of two-stage simple shear
[43-46]. At the first stage, in the range of shear strain 0 <y <. where v, is a pa-
rameter of a deformation process, the microstructure evolves in a way similar to elon-
gation. At the second stage, when y > 7., incidental multi-scale rotations take place in
a way similar to turbulence in fluids. Physical reasons for such rotations are high
pressure on shear plane, and asymmetry in stress tensor caused by the network of
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high-angle grain boundaries permitting sliding. At the second stage, large plastic de-
formations on macro scale is realised through small cyclic elastic-plastic deformation
of material particles inside a representative volume element. At this stage, extensive
mass transfer takes place during rotations, deformation-induced dislocations move
from sub grain interiors to their boundaries, and healing of nano-scale voids formed at
earlier deformation stages. As a result, ductility of this metal increases.

The last but not the least, twist extrusion of powder materials results in a very
efficient consolidation. Namely, compacting accompanied with formation of
strong mechanical interlocking of particles takes place. This effect has been
studied experimentally in [24,25,47,48]. The calculations of TE processing of
non-solid materials based on a model developed in [49] have been reported in
[48,50].

4.2. Applications of Twist Extrusion

Effects described in previous subsection 4.1 have different ways of application.
The effect of grain refinement has been used for the manufacturing of nano- and
UFG structured materials with improved mechanical properties. The homogenisa-
tion effect has been used for cast dendritic structure improvement and increase of
ductility in recycled non-ferrous alloys. The powder consolidation effect has been
used for consolidation of powders and machine chips. Each of these applications
is described in detail below.

Applications Based on the Effect of Grain Refinement. By now, this effect
has been used to manufacture UFG structured billets from Al-Mg-based alloys.
The mean grain size after fourth TE pass was refined down to 300-500 nm,
Fig. 21.

Fig. 21. Dark field TEM micrograph of
microstructure in Al-Mg-Sc—Zr alloy
manufactured by TE. SAED pattern is
shown in the inset

The mechanical properties of this alloy are shown in Table 2. It can be seen
that the material processed by four-pass TE was of higher ultimate tensile strength
(UTS), approximately 20% improved yield strength (YS), and almost doubled fa-
tigue strength (c_;). Such a material becomes an excellent candidate for utilisation
in structural components of aircrafts and automobiles. The utilisation of this alloy
should allow for weight savings reducing fuel consumption and increasing life-
time of a vehicle components.
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Table 2
Mechanical properties of alloy Al-4.45Mg—0.4Mn—0.3Sc—0.1Zr (in wt.%)
Condition ys | uts | o, El, %
MPa
Initial 290 400 15 180
4 pass TE 350 420 10 330

Another material that has excellent perspectives in the application of TE based
on grain refinement is commercially pure titanium (Cp Ti) for biomedical appli-
cations. Cp Ti (Grade 2) has been processed by TE for up to four passes and then
rolled at ambient temperatures. As a result of such processing, microstructure in
this material has been refined to sub-micron level, see micrograph in Fig. 22.
Strength increased for two times, while elongation to failure (El) remained almost
unchanged, see Table 3.

Fig. 22. Dark field TEM micrograph of
microstructure in Cp Ti, Grade 2, after
processing by four-pass TE

Table 3
Mechanical properties of Cp Ti, Grade 2
. YS | UTS .
Condition MPa El %
Initial 350 430 20
4 pass TE + rolling 70% 800 840 15

The TE processed billets were used to machine plates for orthopaedic appli-
cations, a few examples of which are shown in Fig. 23. For such products, alloy
Ti—6Al-4V modified for bio-medical applications is typically used. However, it
has become possible to replace it with Cp Ti due to the improved mechanical
properties. A benefit of using Cp Ti instead of Ti—6Al-4V is better bio-
compatibility due to the absence of vanadium (V) having toxic oxides and alu-
minium (Al) which may cause the Alzheimer’s disease. In addition, due to the
improved strength of UFG structured titanium, spectrum of implant shapes can be
substantially increased, including the reduction of their dimensions.
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Fig. 23. Orthopedic plates from UFG tita-
nium manufactured by TE

Applications Based on the Effect of Homogenization. Due to the vortex-like
plastic flow in a billet cross-section and the stirring effect, TE provides intensive
homogenization of alloys being processed. These effects have been applied for the
processing of recycled non-ferrous metals and for the production of precision
wires for fusion welding electrodes. As can be found in Table 4, both strength and
ductility of the recycled alloys were enhanced after processing by TE for homog-
enization.

Table 4
Mechanical properties of recycled non-ferrous alloys before
and after processing by TE for homogenization
Initial state After TE
Main elem. content | UTS | YS | El | RA [ UTS | YS | El | RA
MPa % MPa %

Al199.3% 96.5 84 11 17 159 137 21 70

Al 98.0% 99 81 10 15 299 263 14 30

Al 88% Si9.5% 75.2 60 1.5 0 203 180 12 13
Al 93% Mg 2.28% 62 60 1.5 1 324 269 3.8 11
Cu 81% P 9% - 300 1 — — 420 11 —

The simultaneous improvement of both strength and ductility characteristics is
explained by the dispersion of brittle intermetallics populated along grain bounda-
ries, which is typical for these alloys, see Fig. 24.

The significant improvement of ductility in these alloys after TE processing
made possible further forming by plastic deformation. Hence, the final products,
illustrated in Fig. 25, have been manufactured by following hydro extrusion.
Summarising these results, let us note that the processing of as-cast recycled non-
ferrous metals by TE for homogenisation also allows to increase both the spec-
trum of the final products and the added value of these alloys by making them
suitable for further forming.

Applications Based on the Effect of Powder Consolidation. Until now, this effect
has been used for the manufacturing of long bars from magnesium (Mg), copper
(Cu), and Al machine chips. For this purpose, an integrated tool set combining TE
die followed by conical die schematically shown in Fig. 26 has been used.
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Fig. 24. Homogenization of Al (a, b) and Cu-based (c, d) recycled alloys: a, ¢ — initial as-
cast microstructure; b, d — after TE processing

Fig. 25. Final products from recycled non-ferrous metals manufactured by TE processing
and following extrusion
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Using this tool set, rods of 10—15 mm in diameter and up to 1 m in length have
been manufactured in a single pass from machine chips. Mechanical properties of
these rods are similar to those in solid rods obtained in a traditional way.

The tool set shown in Fig. 26 has also been used for the consolidation of titanium
sponge into electrodes for electro slag re-melting.

5. Recent developments in twist extrusion and its derivatives

Recently two new prototypes based on twist extrusion concept have been de-
veloped. We believe these prototypes have excellent perspectives for industrial
applications and therefore describe them in this section. The first one is a planar
twist extrusion (PTE), which allows processing of long billets with large width-to-
thickness ratio of cross-section [32,51]. The second one is a laboratory horizontal
tool set for twist extrusion, which allows manufacturing of composite and gradient
materials.

5.1. Planar twist extrusion

The size of a billet for TE is limited by two factors: (i) aspect ratio
(length/diameter) has to be smaller than a critical value to avoid bending of a
plunger during extrusion, and (ii) the plunger has a limited travel distance. These
are principal limitations imposed by the processing scheme such as extrusion. In
the case of traditional extrusion, this is acceptable since a billet being extruded
experiences significant elongation during processing. However, in the case of
SPD processing based on the extrusion scheme, e.g. ECAE etc., these limitations
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become a significant drawback since the net shape of billets remains unchanged
after processing.

Such a drawback can be overcome by the application of two-sided gripping of
feedstock, for instance Linear Continuous Extrusion (LINEX) [52], as well as by
using containers and dies with movable walls. The later option permits control of
magnitude and direction of frictional forces on the billet-tool interface, reduces
pressure applied to the plunger by partial transfer of load onto the movable die
walls, and allows to design the plunger as a more stable and stronger component.
In [53], Segal proposed design of a unique ECAE tool set in order to reduce the
frictional forces. In this tool set, three lateral sides of a billet are surrounded by
the plunger, and the bottom side of the die channel is free to move.

Unfortunately, this concept of tool design cannot be directly applied to TE, as the
die channel has helical, i.e. non-flat, lateral surfaces. Therefore, twist extrusion with
two parallel die walls named Planar Twist Extrusion, has been proposed in [51].
Later, the same scheme was proposed by Pardis et al under the name ‘simple shear
extrusion’, e.g. [54]. As can be found in Fig. 27, the primary difference between TE
and PTE is the shape of deforming zones in corresponding dies. In TE, all four walls
of the die have the same helical shape, while in PTE only two opposite walls of the
die are ruled surfaces, while the other two are flat and parallel to each other.

As can be seen in Fig. 27,a, PTE die channel has three distinct segments.
Namely, these are straight entry and exit segments with rectangular cross-section
separated by deforming one in between. The deforming segment has cross-section
varying along the die axis from rectangular to parallelogram and then back to
rectangular, Fig. 27,c. The non-flat walls on this segment are ruled surfaces
formed by moving a straight line along two directrices made by two straight seg-
ments conjugated with arcs, Fig. 27,a. Further details on such a surface geometry

can be found in [55].

P

TR QO

c

Fig. 27. Schematics of (a) PTE and (») TE die channels; sequential cross-sections of the
die channel for (¢) PTE and (d) TE
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Fig. 28. PTE die with two
flat movable walls: I is
billet being processed, 2 —
main plunger, 3 — curved
stationary walls, 4 — back
pressure plunger, 5 — dum-
my billets
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In [32], planar twist extrusion has been investigated using a tool set with two
flat movable walls, Fig. 28. In PTE, billet / is pushed by plunger 2 through the
die channel formed by two curved 3 and two flat walls. The later is made as a sin-
gle part together with the plunger. At the place of loading, the plunger has h-beam
cross-section with an area larger than cross-section of the billed being extruded.
This feature allows to improve the stability of the plunger and to increase the
billet length. Load from main 2 and back pressure 4 plungers is transferred to
the billet through two dummy billets 5. Back pressure is necessary for the billet
to fill the die channel entirely. In addition, this pressure increases hydrostatic
pressure in the deformation zone, thereby improving ductility and promoting
grain refinement [40].

Investigations in Ref. [32] revealed that although equivalent Von Mises strain
accumulated after one pass can be the same on average in both PTE and TE proc-
esses, its distribution is substantially different depending on the processing tech-
nique. In PTE, isolevels of strain contours are elongated along the shorter side of
rectangular cross-section of the billet, while in TE the contours are arranged into
loops around the centre of the billet cross-section.

Recently, planar twist extrusion has been successfully applied for the process-
ing of polymers [56].

5.2. Laboratory horizontal tool set for twist extrusion

Schematic of horizontal tool set for twist extrusion and its deforming parts
are shown in Fig. 29. Principal novelty of such a tool set is split-design TE
die. Its parts are compressed to each other during extrusion pass by a hydro
cylinder.

When a billet being processed is inside, TE die can be split in two parts only if
a perpendicular dropped from any point of the die surface on the jointing plane
nowhere crosses the die body. Let’s obtain a mathematical equation for this con-
dition.
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Fig. 29. Scheme (a) and a photograph () of principal parts of horizontal tool set for twist
extrusion

In a cylindrical coordinate system
(r, ¢, z), where z axis is elongated with
TE die axis, » = R(¢) is the equation
0 describing the contour of the die chan-
- . nel in cross-section z = 0. The jointing
plane is defined by conditions ¢ = 0
and ¢ = 7 as shown in Fig. 30.

The contour is considered smooth,
i1.e. function R(¢p) is continuous along

. _ . . dR
Fig. 30 Cros‘s section of split channel of with derivative ((P)
TE die in sectionz =0 do

R(9,z)

in the entire

range of 0 < @ < 2.
The contour of the die channel in section z is the same as the contour in section

z = 0, just rotated through the angle of o = 271% , where 4 is the twist line incre-

ment. Hence, the equation describing the contour of the die channel in section z
will be:

r:R((p—2n%). (10)

From Fig. 30, the aforementioned condition of TE die split is equivalent to the
following:

0<gen, JReosQ)
do i
d(Rcoso) _
n<Q<2m, >0
do

From (11) one can obtain:
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0<op<m, ;ﬁcosq)SRsin(p
: (12)

n<Q<2m, %coscpZRsin(p
do

From condition (12), on the jointing plane we have:

R . (13)

de

In this case, from equation (10), on the jointing section:
R _
oz

Conditions (13) and (14) mean that in order to make TE die splittable when the
billet being processed is inside, the parts of its channel contour on jointing plane
should belong to a circular cylindrical surface.

In the tool sets for horizontal TE, the billet being processed is sequentially ex-
truded through the die in both forward and backward directions. Two hydro cylin-
ders located on both sides of the die work by turns acting either as the main or
back pressure. This allows the processing of billets in conditions controllable by
temperature, backpressure, strain rate, etc.

A number of tool sets for horizontal TE have been designed based on this
scheme, two of which are shown in Fig. 31.

0. (14)

Conclusion

In the present paper, TE has been introduced as a unique technique for plastic
deformation processing. Mechanics of plastic deformation in TE is thoroughly
discussed, and simple engineering equations for the calculation of process pa-
rameters are proposed.

Fig. 31. Scheme (@) and a photograph (b) of tool sets for horizontal twist extrusion de-
signed for Monash University (Melbourne, Australia) and University Paul Verlaine
(Metz, France), respectively
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Similar to the most widely used severe plastic deformation techniques HPT and
ECAE, dominant deformation mode in TE is simple shear. However, due to
unique properties of TE process, it opens extra options for materials engineering.

The effectiveness of TE processing for microstructure and property tailoring in
metallic materials such as Ti alloys, super alloy Inconel 718; Al-Mg—Sc alloys;
and recycled grades of Cu and Al alloys is illustrated.

At the moment, three directions of applications of TE processing can be high-
lighted:

— manufacturing of bulk nano-structured materials through grain refinement;

— manufacturing of bulk nano-structured materials through powders consolida-
tion;

— improvement of ductility and microstructure homogenisation in recycled
non-ferrous alloys due to vortex-like plastic flow in TE.

Most recent developments in tool design for twist extrusion and its derivatives
are described.

The authors would like to many thanks PhD S. Synkov, Dr.Sc., PhD E. Pashin-
skaya and Eng. A.N. Sapronov without which the development of the twist extru-
sion in Donetsk Institute for Physics and Engineering of National Academy of
Sciences of Ukraine would be impossible.
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A. Bbeiieenvsumep, B. Baproxun, P. Kynazun, /{. Opros

BUHTOBAA SKCTPY3UA: OB30OP

[IpencraBnen 0030p HCCIENOBAaHUA MO BUHTOBOW AKCTpy3uu (BD), BBHINMOJHEHHBIX B
Hou®THU naumnas ¢ 1999 r. Ilokazano, yto BD mMeeT 3HAUUTENbHBIII KOMMEpPUYECKUN
MOTEHITHAI B CBS3H CO CIEAYIOMNMH (pr3mueckumMu 3 (eKTaMu: HHTEHCUBHBIM H3MEIb-
YEeHHEM 3E€pEHHON CTPYKTYphl MaTepHalioB; TOMOTE€HH3allMel M IepeMelIdBaHhueM Ha
Pa3NUYHBIX MAcCIITAOHBIX YPOBHSIX; MHTEHCUBHOW KOHCOJHMJANWEH MOPOIIKOBBIX Mare-
puanoB. [lpuBeneHsl WH)XEHEPHBIE COOTHOIIEHHS ISl OCHOBHBIX XapakTepucTHK BO.
ITokazan mporpecc B MpakTUIECKOM MpuMeHeHnn BO.

KiioueBble cjioBa: BUHTOBas OKCTPY3HUsd, MHTCHCUBHAA IUIACTUYCCKAaA Z[e(l)OpMaLII/IH, Cy6—
MUKPOKPUCTATNIMYCCKUC MaTCPUAJIbI, HpOCTOﬁ CABUI', U3MCJIBYCHUC 3CPCH
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PACS: 81.40.Vw

O.B. mea|7|nos1, A.E. Beﬁrenbswmepz, M.B. LIJTepH1

MOJENNPOBAHWME NPOLIECCA BUHTOBOW 3KCTPY3U
NMOPOLUKOBbLIX SATOTOBOK

1l/IHCTMTyT npobnem matepuanosegenna HAH YkpauHsbl

2 o o
[doHeuknin nsmko-TexHUYecknn MHCTUTYT M. A.A. MankuHa HAH YkpauHbl

CraTbsa noctynuna B pegakumio 26 oktsabpa 2015 roga

Hccnedosan npoyecc sunmosoti sxempysuu (B3) nopowixoswix 3aeomogok. Paccmompe-
HO 6IUSIHUE NApAMempo8 npoyecca (Mpomusooasienue, Hanuyue 000I0YKY U3 KOMRAKM-
HO20 Memaiid, KOIuyecmeo npoxo008) Ha pacnpedeienue NOPUCmoCmuy U HaKONIEeHHOU
Oepopmayuu mamepuana meepoou (aszvl. Ycmanosneno, 4mo Haiudue npomusoodsie-
HUSL N036071€m NPe0OmepPaAmums pocm NOPUCOCIU U NOBLICUMb PABHOMEPHOCHb ee
pacnpeoenenus. C ysenuuenuem KOIUYECMBEd nPoX0008 NPOUCX0OUm poCcm HAOMHOCMU U
senuyunbl Hakoniennou oegopmayuu. OOHOBPEMEHHO C IMUM NPOUCXOOUM BbIPAGHUBA-
HUe pacnpedenenuss ceoticms no oowvemy uzdenus. Obonouxa cozoaem OONOIHUMENbHOE
eudpocmamuieckoe oagnenue. B mo sice epems nanuyue 0060104KU He USMEHSem Kadecm-
BEHHDbILL 8UO PACHPEOeNeHlUsi NOPUCTIOCMU HO 00beMY 3a20MOBKU.

KnaiwueBble cjioBa: BUHTOBas DKCTPY3Ws, WHTCHCHBHAs IUIACTHYECKas AeopMarius,
MOPOILIKOBBIA MaTepuall, INOTHOCTh, MaTEMAaTHYECKOE MOJIEINPOBAHUE

Hocnioaxceno npoyec eeunmogoi excmpysii (I'E) nopowrxosux 3azomoeok. Pozenanymo
8NIU8 NApAMempi8 npoyecy (NPOMUMUCK, HAABHICMb 000IOHKU 3 KOMIAKIMHO20 MEMAly,
KiIbKicmb npoxo0ie) Ha po3noodil nopucmocmi ma HakonuueHoi oegpopmayii mamepiany
meepooi  ¢asu. Bcmanosneno, wo HaseHicmb NPOMUMUCKY 003801s€  3anobiemu
3POCMAHHI0 NOPUCMOCII MA RIOBUWUMY PIGHOMIpHICMY iT po3nodiny. 3i 30inbuienHam
KitbKoCcmi npoxodie 6i00y8acmvbcsi 3POCMAHHA WIILHOCMI U BeIUYUHU HAKONUYEHOT
Odepopmayii. OoHouacHo 3 yum 6i0OYBAEMbCA GUPIBHIOBAHHS PO3NOOILY 61ACMUBOCTEN
no 00 ’emy 6upoby. O6010HKaA cMBOPIOE 000AMKOBULL 2i0pOCmMamuyHull muck. Y motu sice
4ac HAABHICMb O0OONOHKU He 3MIHIOE AKICHUL 6U0 pO3N0OLLYy NOpUcmocmi no o6’emy
3020MOBKU.

KittouoBi ciioBa: TBUHTOBA €KCTPY3isl, IHTEHCHUBHA TUTACTUYHA JedopMaltisi, MOPOIIKOBUN
MaTepia, HIUIbHICTh, MATEeMaTHYHE MOJICTIOBAHHS

BBenenue

B HacTtosimiee BpemMsi aKTyaJlbHOM 3ajjayeii COBPEMEHHOTO MaTEpHUaIOBEICHUS
ABJISICTCA  TMOJIYYCHHUC TaK HAa3bIBACMBIX OGBGMHBIX YIBTPAMCIKO3CPHUCTBIX
(YM3) marepuanoB. CBOWCTBA MOCIEIHUX M UX TIOBEJACHUE OOBIYHO 3HAYUTEIIHBHO
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OTJIMYAIOTCS OT CBOIMCTB MaTepHallOB, OJIBEPTHYTHIX OOBIYHOM eOpMaLIMOHHOM
obpabotke [1].

VYIIbTpaMeNnKO3epHUCTYIO CTPYKTYpy MaTepuaja MOKHO IOJIyYUTh, B YaCTHO-
CTH, IIyTEM UHTEHCUBHBIX IJIACTUYECKUX Ae(opMalnii METaNINYECKUX 3arOTOBOK
metonoM BD. Ilpu 3TOoM B pesynbTaTe OOJNBIIMX IUIACTHYECKUX Aedopmariuii
pa3Mepbl KPUCTAIUTUTOB YMEHBIAIOTCS U JJOCTHTAIOT CYOMHKPOKPUCTAIUTMYECKIX
3HaYeHui [2].

CunbHOIe(OPMHUPOBAHHBIE METAJUTBI MPHOOPETAIOT KAaUECTBEHHO HOBBIE CBOM-
CTBa, MHOTHE U3 KOTOPBIX MPEACTABIIAIOT MPAaKTUYECKU nHTepec. B wactHOCTH,
OHM 00JIaJJal0T AaHOMAJIbHO-BBICOKOM IUIACTUYHOCTBIO B COUYETAHUU C OOJIBIION
IPOYHOCTBIO, 3HAYUTEIBHOM YCTAOCTBIO U BA3KOCTBIO, MOBBIMLIEHHBIMU AUDDy-
3MOHHBIMHU CBOMCTBAaMHU U CHOCOOHOCTBIO K (pOPMOOOpA30BaHUIO, a TaKKe yIyd-
IIEHHBIMU MarHUTHBIMU CBOMCTBAMH U PAJIOM APYTUX XapaKTepUCTUK [1].

[Ipu ucnonb3oBanuu BD HabmromaeTcss pasinyue CTPYKTYphl Marepuaia B
pasHbIX yacTsax u3nenuil. [loBblIeHNe paBHOMEPHOCTH CBOWCTB JOCTHraeTcs 3a
CYET MHOTOKpaTHOM 00paboTku [2].

JlonosHUTENbHBIE U OYEHb IMIMPOKHE BO3MOKHOCTH OTKpbIBaeT 00paboTka mo-
POIIKOBBIX 3aroToBOK. IIprMeHeHne MOpOIIKOBON TEXHOJIOTUH IMO3BOJISIET CHU-
3UTh 3HEPrOCUJIOBBIE MapaMeTphl Mpolecca MOIydYeHUs] cyOMUKPOKpUCTAIINYE-
CKOTO MaTepuaa, MOBBICUTh CTOMKOCTH JAe(hOPMHUPYIOIIETO HHCTPYMEHTA, 3HAUH-
TEJIBHO PAaCIIMPUTh CIEKTP MAaTEPUAIIOB U CTPYKTYp [2,3].

Peanmzanust mporieccoB MHTEHCUBHBIX TUIACTHYECKUX JeOopManuii cBs3aHa C
PHCKOM TOBBIILICHHUS TEMIIa HAKOIJICHHUS MOBPEXJICHUN U pocTa MopHUcTocTH [4].
B cBs3M ¢ 3TUM Hccrie0BaHNE 3aKOHOMEPHOCTEN TOBE/IEHUS IOPOLIKOBBIX 3aro-
TOBOK npu BD mpezacrasiser Oe3ycioBHbI uMHTepec. PemieHue mocTaBieHHON
3a/1a4¥ BBIIIOJIHEHO METO0M KOMIIBIOTEPHOI'O MOJIETUPOBAHUS.

Cxema nedopmupoBanus

Cxema BD nopomkoBoii mOpucTOl 3aroTOBKH
npuBesneHa Ha puc. 1. dopma 3arotoBku npusma-
Th4ecKas. KaHam BUHTOBOM MaTpuIbl COCTOUT U3
TPEX Y4YacTKOB: 3aXOJHOr0, BUHTOBOTO U KalnO-
pytomero. Ilonepeunsie ceueHnss BCeX y4acTKOB
OJIMHAKOBBI. YKa3aHHbIE OCOOCHHOCTU TI'€OMET-
pHUM KaHajia NPUBOAST K TOMY, YTO IIPU BbIJABIH-
BaHUM yepe3 Hero ¢opma 3aroTOBKU HE M3MEHS-
eTcsi. TO MO3BOJIIET OCYILIECTBIISITH MHOTOKpPAT-
HYIO KCTPY3HUIO C LIENbI0 HAKOIUICHUs Jedopma-
nuil. B pesynbrare Takoi negopManuoHHON 00-
pabOTKM MPOUCXOIUT HM3MEHEHHE CTPYKTYphl U
CBOICTB 3arOTOBKHU NPU COXPAaHEHUH UJAECHTUYHO-
CTH HayaJbHON M KOHEYHOM ee (OPMBI.

Puc. 1. Cxema BHHTOBOW 3KC-
Tpy3uu: | — marpuua, 2 — Imy-
aHCOH, 3 — MOPOIIKOBAs 3aro-
TOBKa
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MeToauka MOAC/IMPOBAHUA

MO)ICJ'II/IPOBaHI/IC BBIIIOJIHCHO MCETOAO0OM KOHCYHBIX JJICMCHTOB. I[J'ISI OIIMCAaHUA
MOBEJICHHSI TOPOIIKOBOTO MaTepHaja MCIOJIb30BAIA COOTHOIICHUS TEOPUH TLIa-
CTUYHOCTH MOPHUCTOTO Temna [4—7].

VYpaBHEHHE TOBEPXHOCTH HATrPY>KEHUSI UMEET BH/T

22
FomP) T 2y (1)
Voo

IJie po — 3HAYCHUE THUAPOCTATHYCCKOTO JAaBIICHHS, TPH KOTOPOM HE MPOUCKOIUT
U3MEHEeHne o0beMa.
BenuuuHa p-mosryocH 3JUTUIICOMIATBHOTO KOHTYPA 3aBHCHUT OT p:

Y =y Opup < p,

(2)
Y =y, HpUp 2 p.
Benuuunsl @, \y U po ONIPENENAIOTCS 0 CIEAYIOMNUM (hopMyIaMm:
1 3 2
o=——(1-0)(1-]2a-1])", 3)
(170 (1-pai)
8 (1-0)* (1-a)?
\V == s (4)
30 (1+m)?
8 (1-0)* 4?
== 2 (5)
30 (1+m)
2 (I—G)Z(I—m—2aj
= —T . 6
Po 3 K \/6 1+m ( )

[TapameTpamMu MozeIH SBISIOTCS: MOPUCTOCTH O, MPUBEACHHOE HANpPSIKEHUE
Te4eHUs TBEpAOH (a3bl Ty, a TAKKE @ U m, KOTOPbIE U3MEHSAIOTCS B UANa30HaX
0<ac<1, 0<m< 1. [Mapamerp a xapakTepuzyeT HECUMMETPUYHOCTH (POPMBI
KOHTYpa Harpy»keHus, a mapameTp m — BEJIUYMHY CMEIIEHUs 3TOT0 KOHTypa OT-
HOCHUTENIBHO TMPOCTaTHYECKOM OCH.

Pe3yabTaThl MOACIHPOBAHUA

L{enpro MOIEIMPOBAHUS SBISIIOCH HCCIEIOBAaHUE OCOOCHHOCTEH MIaCTUYECKO-
'O TCUCHHUA HOpHCTOfI 3aroTOBKH B IPOLECCCC €€ MPOaAaBJIMBAHNA YCPEC3 BUHTOBYIO
MmaTpuily. M3yyanu pacrpeneiaeHre 0CTaTOYHON MOPUCTOCTH U HAKOTICHHOW Je-
dbopmaru B Matepuaie TBepaoi (as3pl. YKazaHHbIC (DAKTOPHI UCCIEIOBAIH B 3a-
BUCHUMOCTHU OT OTCYTCTBHS WJIM HAJIWYMs IPOTUBOJABIICHUSA. Y UUTHIBAIMN BIUSHUE
BHEIIHETO TPEHMSI 3arOTOBKH O MaTpuIly. AHaIU3 HOCUJI CPaBHUTEIbHBIM Xapak-
Tep ¥ ObLI HampaBJeH TJIaBHBIM 00pa3oM Ha OLIEHKY POJIM MPOTHUBOJABICHUS B
npouecce BO. Kpome Toro, pacuersl npoBOoauIM JUIsl Pa3IMYHBIX MOMEHTOB Je-
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(GopMHpOBaHUS, YTO JABAIO BO3MOKHOCTH OTCJICJUTHh HEKOTOPHIC 3aKOHOMEPHO-
CTHU (bOpMI/IpOBaHI/ISI HCKOMBIX ITOJIEH I[Ipy HAJIMYKUHW HUIJIIN OTCYTCTBHUH IMPOTHBOJAB-
JICHUSL.

Cuuranu, 4TO UCXOJIHAs MOPUCTOCTh 3aroToBKU paBHa 0.3, a ee HEOIHOPOII-
HBIM pacrpeseneHneM B Havane BD moxHo mpeneOpeus. [Ipu mpoBenenun pac-
YCTOB I1OJaraji, 4TO Ha I'paHUIC 3aroToOBKa—MaTrpuia CrpaBCIJIuB 3aKOH TPCHUA
Kynona. KoaddummenT Tpenus npeamnonaraicst paBabiM 0.15, 94T0 COOTBETCTBYET
MPUMCHCHUIO CMa3KH.

PaccmarpuBanu 1Ba BapuaHTa TNPWIOKEHUS IMPOTUBOJABICHUS. B mepBom
ClIydyac ydc€T HNPOTUBOAABJICHUA IMPOBOAWIIM B HNPCAIIOIOKCHUU, YTO BCC TOYKHU
NOJISITHAKA (HUXKHSISI TTIOBEPXHOCTh 3arOTOBKH) IOJIBEPIKEHBI JICHCTBUIO PaBHO-
MCPHO IMPHUIIOKCHHOTO HOPMAJIBHOI'0 K €TI0 MOBCPXHOCTU HAIIPSKCHUA. Bo BTO-
pOM ciy4ae TMpPOTHUBOJABICHHUE OCYIICCTBISUIA 3a CUET NMPHUMEHEHHs JIOTOJTHH-
TEBHON 3arOTOBKH W3 KOMITAKTHOTO MeTauia («(hablI-3aroTOBKay»), KOTOPYIO
TIOMEIIIATM B MAaTPUILy TIEpe;l MOPOIIKOBON 3arOTOBKOH (pHC. 2).

[Ipu coBmectHoit BD BHawame ne-
i I dbopmupyeTcsi 3aroToBKa M3 KOMIIAKT-
HOro Merajuia, 4To IMMpuBOAUT K BO3HUK-
HOBCHHUIO TPOTHBOJABICHHS, JCUCT-
BYIOIIETO Ha TIOPUCTYIO 3aroTOBKY.
[TpoucxomuT yIUIOTHEHHE TOPHCTOM
3arotoBku. [locie BBIXOJMA «abii-
3arOTOBKHM» W3 BHHTOBOI'O ydYacTKa Ka-
{ HajJla MaTpulbl HAYUHACTCA MPOLCCC
3 AKCTPY3UH YIUIOTHCHHOM TOPOIIKOBOM

3arOTOBKH.

a 7]

Puc. 2. BunroBas sKCTpy3us B OTCYTCTBUHU
(a) n npu HanmmuuK (6) TPOTUBOAABICHHUS:
1 — marpuna, 2 — MOpPOLIKOBasi 3arO0TOBKA,

Kak mokazanu pe3ynbTaTbl MOJENU-
poBaHMs, B OOOUX cIydyasix BIIUSHUE
NPOTUBOAABICHUS Ha Ipouecc aedop-

MHPOBAHUS NOPUCTON MOPOIIKOBOU 3a-
TOTOBKH OBLIIO aHAJIIOTUYHBIM.

Hanuuune nmpoTtuBo1aBieHUst TPUBOJAUT K YMEHBIICHHUIO TIOPUCTOCTH (YBEJIMUE-
HUIO OTHOCUTENILHOM IUIOTHOCTH) MOJIy4aeMbIX u3aeiuii. HauMeHee mIoTHBIM
YYaCTKOM SIBJISIETCSL 00J1aCTh, MPUMBIKAIOIAsl K MOAMNSATHUKY. B oTCyTCTBHM TpO-
THUBOJABJIEHUsI OTHOCUTEIbHAs MOpUCTOCTh B Hell cocrtasiser 0.309. Hammuwme
MPOTUBOJIABIICHUS TPETSITCTBYET MPOLIECCY Pa3phIXJIEHUS M CHUXKACT OTHOCH-
TEJbHYIO MMOPUCTOCTD B JaHHOU oOxactu 10 BenuuuHbl 0.136 (puc. 3).

Benmu4uHBI MOPUCTOCTH Y OCH TIOPOIITKOBOM 3arOTOBKH M OKOJIO €€ OOKOBBIX
noBepxHocTel oTinyaroTcs. O6nacTu, pacnojIoKEeHHbIE Y OCH 3aTOTOBKH, YIIOT-
HSIIOTCSI MEHEE WHTEHCUBHO.

PaccMoTtpuM pacripeziesieHne HaKOIUIeHHOM nedopmariuu TBepaoi dassl (puc. 4).
Hamame nipotuBonmasiienus npu BD sisiercss (akTOpOM, CBS3BIBAIOIIUM TCUCHUE
MOPUCTOI0 MaTepuaia, MIOCKOJIbKY HajaraeT Ha MoJje CKOPOCTEH KUHEMAaTH4eCKOe

3 — «danpI-3aroToBKa
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0.3090 0.1360 —
0.2700 0.1190
0.2320 0.1020
0.1930 0.0850

0.1540 0.0680

0.1160 0.0510

0.0772 0.0340

0.0386 0.0170

0 0

a 9]

Puc. 3. PacripeneneHnre mopucToCcTy Mo CEUYCHUIO 3arOTOBKH B OTCYTCTBHH (@) ¥ TIPU Ha-
Tuu (6) TPOTHBOIABIICHUS

3.800 3.800
3.330 3.330
2.850 \ 2.850
2.380 2.380
1.900 1.900
1.420 1.420
0.950 0.950
0.475 0.475

0 0

a o

Puc. 4. Pactipenienienne HaKOIICHHOH AeopMaliiy TBEPAOH (a3bl M0 CEYCHHUIO 3aT0TOB-
KW B OTCYTCTBHU (a) U TIpH HAMWYHH (0) IPOTHBOJABICHUS

OrpaHMYEHUE: BBIJABIMBAHHE MaTepuajga MPOUCXOJUT C MEHbILIEH CKOpPOCTHIO,
YEeM 3TO UMEET MECTO B OTCYTCTBHU NMPOTUBOAABIEHUA. C Ipyroil CTOpOHBI, NpH-
JIOKEHHOE TPOTUBOJABICHUE TPUBOJUT K POCTY HAKOIUICHHOW JedopManuu
TBep0# (ha3bl, 00yCIOBICHHOMY IPOLIECCOM U3MEHEHUs 00beMa.

Haunbonee mHTEHCHBHO Ae(POPMUPYIOTCS 0OIACTH, MPHIIETAIONINE K TIOBEPXHO-
CTSIM TPEHUS, PACIOJIIOKEHHBIM OKOJIO OOKOBOW MOBEPXHOCTH 3aroTOBKU. bimxke
K OCH 3aTOTOBKH HaOJIOMAIOTCSl pe3KOe CHIKCHHE TeMIla HaKOIUIeHUs aedopma-
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M U (pakTHuecKasi ee JIOKaIM3alus B yKa3aHHBIX
nepudepuiiHpIx obnacTsax. Hamuume mpoTwBOAaB-
JICHUSI TIOBBIIIACT OOLIMH YPOBEHb HAKOIUICHHOM
nedopManuu  TBepaod (aspl TOPUCTOTO Tella |
NpUBOJNUT K OoJiee paBHOMEPHOMY €€ pacripesere-
HUIO 110 00BbeMy m3zenus. [Ipu 5TOM TOBBIMIaeTCs
YPOBEHb HAKOIUICHHOW nedopManuu B 00NACTHX,
PacCIIOIOKEHHBIX Y OCH 3arOTOBKH.

ITpu BD ucnonb3yroT ABa BHJAa MOPOILIKOBBIX
3aroTOBOK: C 000JIOYKON W3 KOMIAKTHOTO METaj-
na u 6e3 obonouku. O6o104YKa-KOHTEWHHED (puUc. 5)
IpUMEHSETCsl Takke npu BD HecnmedeHHOro mo-
pomIKa.

Ha puc. 6 npuBeneHo pacnpeneneHne NOPUCTOCTH IS IBYX 3arOTOBOK Xapak-
TEpHBIX CeYeHHH (TOPU30OHTAIBHOTO M BEPTHKAIBHOTO), OJHA U3 KOTOPBIX ObLIa
6e3 000JI09KH, a BTOpasi HAXOAWIACh B 000JI0UKE M3 KOMITAaKTHOTO MeTainta. [1po-
THBOJABJICHUE OTCYTCTBOBAJIO.

' K

Puc. 5. Konteiinep g BuH-
TOBOH 3KCTPY3HH IOPOLIKO-

BBIX 3aIrOTOBOK

0.293

0.027

0.293

0.027

a o

Puc. 6. PacnipenencHue MOPUCTOCTH MPU BUHTOBOHM 3KCTPYy3uH 0e3 000JI0uKH (a) U C
00011049KO¥i (6) N3 KOMIIAKTHOT'O METajlia
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O6omnouka co3/1aeT JAOMOJHUTEILHOE THAPOCTATUYECKOE IAaBJIICHHUE M TEM ca-
MBIM TPEMATCTBYET Pa3yIUIOTHEHUIO U MOCIEAYIOLIEMY pa3pylLIeHUIO u3aenuil. B
TO K€ BpEMs, KaK MOKa3aIl Pe3ybTaThl MOJACIUPOBAHUS, XapaKTep pacmpeee-
HUS BEJIMYUHBI TIOPUCTOCTH 1O 00BEMY 3arOTOBKH OCTACTCS KAYECTBEHHO OJIMHA-
KOBBIM.

KonnuectBo mpoxonoB BD oka3biBaeT BIMSHUE HA CBOMCTBA MOJIY4YaeMbIX
uzaenuii. Ha puc. 7 npuBeneHbl JaHHBIEC MO0 PACTIPEACICHUI0 BEIUYUHBI HAKOTI-
JICHHOU nedopMary TBepoi (ha3bl MOPHUCTOTO TEJA MOCIIEC IEPBOTO H BTOPOTO
npoxosioB BO. M0OXHO OTMETUTh, YTO C YBEJIMYEHUEM KOJIHMYECTBA MPOXOJIOB
o0muii ypoBeHb HaKOIIEHHOH nedopmaliu moseimaercs. Kpome Toro, Bo3pac-
TaeT BeJWYMHA JaeQopMaliid BHYTPEHHEW YacTh 3aroToBKd. OIHOBPEMEHHO
HpOI/ICXOJII/IT BBIpaBHI/IBaHI/Ie pacnpe)leneHm[ OTHOCHTGJ’IBHOﬁ IIJIOTHOCTHU 110
00beMy u3zIenusl.

3.800 7.000
3.330 6.130
2.850 5.250
2.380 4.380
1.900 :> 3.500
1.420 2.630
0.950 1.750
0.475 0.875

0 0

a o

Puc. 7. PacnipenencHre BeJMYHMHBI HAKOIJICHHOW IIIaCTHUYECKOH Aedopmanmu mo cede-
HHUIO 3aTOTOBKH (pacueT): a — MEepBHIH IPOX0I, 6 — BTOPOU MPOXO.T

Pesynbrartsl MOJEeIMpOBAaHMS MOATBEPHKAAIOT JTaHHbBIE 3KCHEPUMEHTOB, MPO-
BeneHHbIX B JJond®TU HAH praI/IHHl. beino ycranosneHo, urto npu BD npu
temnepatype 200°C nopormkoBoil Meau Mapku [IMOb yxe nocie nepBoro npo-
X0J1a MOYKHO TIOJIYYHTh 00pa3ipl, 00IaalonIie MOYTH MaKCUMAIIbHOHN TUIOTHO-
cThi0 (Tabmmma). OJHAKO JaHHBIE IO SJEKTPONPOBOAHOCTH M (oTorpaduu
CTPYKTYPHI (pHUC. 8) CBHIETEILCTBYIOT 00 OTCYTCTBUU CBSI3€H MEXKIY YaCTUIIAMU
MIOPOLIKA.

1
DkcnepuMenT BoinoiHeH K.T.H. A.C. CEIHKOBBIM
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Tabmuma
Pe3y.1'leaTbI H3MepeHI/Iﬂ IINIOTHOCTH U 3HeKTp0HpOB0}IHOCTPI
NOPOLIKOBBIX 3ar0TOBOK mocJie BD

Jlebopmamus OtHOcuTenbHas BHCKTpOHpOBOILOH/OCTB | OtHOCHTEBHAS IIOTHOCT
(1]
ITognpeccoBka - 69
1 mpoxon BO 82 99.2
2 npoxona BO 99.6 99.6

Puc. 8. CtpykTypa nomnepeqHoro cedeHusi ooOpasia (IKCIEPUMEHT): a@ — IMOCiIe IEepPBOTo
MIPOXO0Aa, 6 — IOCIIE BTOPOTO MIPOXOa

[Tocne BTOoporo mpoxona BD 31neKTponpoBOAHOCTh BO3pAcTaeT 10 3HAUYECHUI
MOHOJIUTHOTO Matepuana. Dortorpaduu CTPYKTYphl MOKa3bIBAIOT OTCYTCTBUE
TpaHUIl pa3zena MexX1y YaCTULAMH.

BriBoabI

[Tpu BD mopomkoBbIX 3ar0TOBOK BO3MOKEH POCT MOPUCTOCTH B 00JIACTH, pac-
MOJIOKEHHON y CBOOOJIHOM OT HArpy30K MOBEpXHOCTH. Hamwune mpoTuBOaaBIe-
HUS TIO3BOJISIET IPEAOTBPATUTH 3TOT POCT U MOBBICUTh PABHOMEPHOCTH pacipeie-
JICHUSI KOHEYHOU TUIOTHOCTH 10 00beMy u3nenuil. [IpunokeHne mpoTuBoaBIe-
HUS TIOBBINIAET OOIIMI YPOBEHb HAKOIUICHHOHN NedopManuu TBepaoi ¢asbl 1mo-
PHUCTOrO TeJa U MPUBOJUT K O0Jiee pABHOMEPHOMY €€ paclpeiesIeHUIO.

O06o004Ka U3 KOMIIAKTHOTO METaJlIa CO3AAET JOMOJHUTEIBHOE THIPOCTaTHIE-
ckoe napneHue. B 1o ke BpeMsi Hanuuue 00OJIOUKH HE M3MEHSIET KaueCTBEHHBIN
BUJI pacIipeieIeHus! IOPUCTOCTH 10 0ObEMY 3arOTOBKH.

C yBeIMYEHHEM KOJUYECTBA MPOXOIOB OOIINII YPOBEHh HAKOTUICHHOU aedop-
Malluu TmoBsImaeTcs. Kpome Toro, Bo3pacraeT BennunHa AedopMaIiil BHYTPEH-
Hel yacTu 3aroToBkU. OTHOBPEMEHHO C 3TUM MPOMCXOAMUT BhIPAaBHUBAHUE pac-
MpeIeNeHIs] OTHOCUTEIHHON TUIOTHOCTH TI0 00BEMY U3/ICTIHSI.
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O.V. Mikhailov, Ya.E. Beygelsimer, M.B. Shtern

MODELING OF TWIST EXTRUSION OF POWDER BILLETS

The twist extrusion (TE) of porous billets is studied. The effect of processing and geo-
metrical parameters (counterpressure, container sizes, number of passes) on the porosity
distribution and the accumulated strain in solid phase is considered. It is shown that
counterpressure allows the prevention of swelling and provides the uniformity of density
distribution. The decrease in the number of passes leads to the growth of the mean density
and the accumulated matrix strain. The given process is accompanied by the smoothing of
density distribution. The container stipulates additional hydrostatic pressure within the
volume of porous billet. It, nevertheless, does not change qualitative character of density
distribution.

Keywords: twist extrusion, severe plastic deformation, powder materials, density,
mathematical simulation
Fig. 1. Twist extrusion scheme: / — matrix, 2 — plunger, 3 — powder billet

Fig. 2. Twist extrusion without (a) and with counterpressure (6): / —matrix, 2 — powder
billet, 3 — «false billet»

Fig. 3. Porosity distribution over the cross-section of the billet without (¢) and with
counterpressure (6)

Fig. 4. Accumulated strain distribution in the solid phase over the cross-section of the
billet without (a) and with counterpressure (6)

Fig. 5. Container for the twist extrusion of the powder billets

Fig. 6. Porosity distribution in the course of twist extrusion without a shell (@) and with a
shell made of compact metal (6)

Fig. 7. Accumulated plastic strain distribution over the cross-section of the billet (calcu-
lation): a — the first pass, 6 — the second pass

Fig. 8. Structure of the cross-section of the sample (experiment): a — after the first pass, 6 —
after the second pass

46



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

PACS: 61.66—f, 62.20.—x

E. Pashinskaya1, A. Zavdoveev1’2, V. Varyukhin1, V. Tkachenko1,
A. Maksakova', I. Alekseenko’

DRAWING WITH SHEAR AS AN EFFECTIVE METHOD
OF THE CONTROL OF THE STRUCTURE
AND THE PROPERTIES FOR LOW-CARBON STEEL

'Donetsk Institute for Physics and Engineering named after A.A. Galkin of the NAS of Ukraine
%Paton Electric Welding Institute of NAS of Ukraine

Received September 15, 2015

Technology of drawing with shear has been developed for manufacturing of low-carbon
steel wire without annealing. It has been established that a specific feature of the pre-
sented technology is a reduction of the structure anisotropy and an increase in the plas-
ticity resource. This effect is associated with shear that forces a change of the metal flow
direction.

Keywords: drawing with shear, structure, properties, severe plastic deformation

Pospobneno mexnonozito onouinnsa 3i 3¢y80mM 015 8ULOMOGIEHHS OPOMY 3 HU3bKOGY2jle-
yeeoi cmani be3 gionany. Bcmarnosneno, wo ocooiugicmmo 3anponoHo08aHol mexHouo2ii €
SHUICEHHST AHI30MPpOoNii cmpykmypu ma 30invuenus pecypcy naacmuynocmi. et echexm
108 ’a3aHuUll 31 3CY6HOI0 0ehopMayiero, KA BUKIUKAE 3MIHY HANPSAMKY Meyii Memary.

KarwuoBi ciioBa: BOJIOUiHHS 31 3CYBOM, CTYKTYpa, BIACTHBOCTI, IHTGHCHBHA IIACTUYHA
nedopmarris

1. Introduction

There is currently significant commercial interest in the development of mate-
rials with ultrafine grain (UFG) structures for structural applications [e.g. 1]. To
obtain the materials with the UFG structure, different methods of severe plastic
deformation (SPD) with shear are used both in a heated state and in a cold one [2].
Equal-channel angular pressing, multidimensional forging, twist extrusion and
combinations of these methods with subsequent rolling, upsetting, drawing etc.
are the most widely used [2—4]. The application of these processing methods al-
lows substantial increase in the strength of the material at a certain conserved
level of plasticity [5].

However the mentioned combinations of the methods cannot be realized in the
wiredrawing. For all that, the industry is very interested in obtaining new techno-
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logical and operation characteristics of long-length wire products [6,7]. One of the
restrictions encountered when producing an UFG-structured wire is that the
amount of the produced materials by the above-listed SPD methods is of tens of
kilograms and tons. By contrast, the required capacity of drawing production is
about hundreds of thousands tons. In this connection the technologies of mass
production of the metal with enhanced properties and lower power consumption
are currently under development [8,9].

It has been shown that combination of different scheme of deformation reveals
new facilities of steel treatment [8,10]. A solution of the problem for long-length
wire products can be in use of drawing with shear. An increase in the plasticity
resource of rod and wire allows possible cheapening and simplification of the
manufacturing technology at the expense of elimination of the intermediate an-
nealing.

In [6,11-18], different methods of severe plastic deformation of long-length
metal products of varied shape are described. The works [13,14,17] are of special
interest.

The authors of [13] consider the application of sign-alternating bending of
cold-drawn steel wire without an additional heating. The main advantages of the
method are continuity and possible application for production of long-length
products with increased mechanical properties.

In [14], a method of plastic formation of the structure in long billets and the in-
stallation for its realization is presented. The work of the equipment is based on
sign-alternating deformation within the intersecting channels. The deformation
zone in the billet is formed due to the displacement of the axes symmetry of chan-
nels with uniaxial tension. Being discontinuous, this method allows to produce
long products of several meters in length. Its advantage is formation of a fine-
grain structure. Nevertheless the deforming block is even more complex than in
the case of [13]. Besides, neither of methods [13,14] permits manufacturing of a
wire of small diameter.

One more drawing-based method of manufacturing long products with UFG
structure is presented in [17]. Its main advantage is continuity of the process and
possible application in mass drawing production. Its demerit is labor intensity of
drawing, because of utilization of a complex technical unit. The main disadvan-
tage is required dismounting and new installation of the unit to replace the wire-
drawing dies.

Techniques for the production of the fine-grained alloys are thus of consider-
able scientific and commercial interest. Of particular importance in this context
are cost-effective approaches that can be used to produce large quantities of such
materials [e.g. 19-21]. A combination of SPD methods with conventional defor-
mation processes appears having a great potential in this area [7].

In this study, a feasibility of new drawing with shear technology for commer-
cial wire production is evaluated [22,23]. To evaluate feasibility of the new ap-
proach, its effect on physical and mechanical properties and the grain structure
was examined and compared with those of conventional wire-drawing.
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2. Experimental procedure

The program material is consisted of commercial grade low-carbon steel whose
nominal chemical composition is shown in Table 1. The material was produced as
a hot roller bar with a diameter of 6.15 mm.

Table 1
Chemical composition of the wire of low-carbon steel, %
C Mn Si S P Cr Ni Cu N

0.071 1.98 0.84 0.015 0.018 0.015 0.009 0.016 | 0.0055
Ti As B Al A\ Mo \\% Co
<0.005 | <0.005 |<0.0005| 0.005 0.006 | <0.01 0.024 0.01

The drawing with shear was carried out by using a specially designed dies
promoting the «twist» character of material flow (the experimental die had axial
twisting with the speed of 3 revolutions per minute). For comparative purposes,
ordinary drawing was also conducted by using conventional dies. These two ap-
proaches were defined throughout as experimental and classical technologies, re-
spectively. The drawing routes for both processes are detailed in Table 2. In all
cases, the material was drawn at ambient temperature and no intermediate an-
nealing steps were applied.

Table 2
Drawing routes of the wire produced by the experimental and classical technologies
Technology Die diameter, mm
. 36.15 > J5.45% — 5.0 > D4.7* - 34.20 - D3.85 - J3.30 >
Experimental
— 295 5 275 5 2242 - 22.13 -5 D1.88 > J1.70 > J1.55
Classical 6.15 - J5.45 > 5.0 > B4.40 — F3.85 > J3.30 > J2.95 >

— 2.75 5 22.42 - 2.13 > J1.88

“A die with shear (providing twist flow of the metal)

To characterize the metal structure imperfection, material density was meas-
ured by hydrostatic weighing with using the weigh scales AX-200 by Shimadzu.
10 mm-long samples of each diameter were measured six times. The relative error
of this method was 0.3%. Such accuracy allowed us to detect microimperfections.
The maximum changes in density, by increasing dislocation and vacancy densi-
ties, was 0.1%. In our experiment, we observed the density changes to be more
than the accuracy of the method.

To establish the effect of the drawing strain on material strength, Vickers mi-
crohardness data were obtained by applying a load of 200 g for 10 s; at least 10
measurements were made to obtain the average value.

Microstructural observations were performed by optical microscopy and elec-
tron backscatter diffraction (EBSD). For optical microscopy, the microstructural
specimens were mechanically polished in conventional fashion and finally chemi-
cally etched by using a 4% Nital solution. The quantitative estimation of the grain
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size and its fragments was made in both transversal and longitudinal directions.
100 measurements were made on every photo. The elongation ratio was calculated
by the formula

k= Dl/Dz,

where Dj, D, (um) were the grain lengths in the longitudinal section of the sam-
ple across the grain elongation and along it, respectively. The closer & to 1, the
higher isotropy of the tested structure was registered.

A final surface finish for EBSD was obtained by electro-polishing in a solution
of 65% orthophosphoric acid + 15% sulphuric acid + 6% chromic anhydride +
+ 14% water. The important electro-polishing parameters included: temperature
70-90°C, anodic current density 1 A/cmz, voltage 23 V, and exposure 19 s.

EBSD analysis was conducted using a JSM-6490LV scanning-electron micro-
scope equipped with HKL EBSD software. Depending on particular material con-
dition, orientation mapping was performed using scan step size of 0.3 or 0.5 um.
To improve the reliability of the EBSD data, EBSD maps were «cleaned» using
standard clean-up option of the HKL software. In addition, to eliminate spurious
boundaries caused by orientation noise, a lower-limit boundary-misorientation
cut-off of 2° was used. A 10° criterion was used to differentiate low-angle
boundaries (LABs) and high-angle boundaries (HABSs).

3. Experimental results

One of the specific features of the experimental technology is reduction of the
structure anisotropy. Compared with the «experimental» samples in the longitudi-
nal section, the anisotropy is expressed more in the «classical» samples: the ferrite
grain is smaller, and the perlite colonies are stretched in stripes. The perlite colo-
nies in the «experimental» samples are less elongated, but more rounded (Fig. 1).
The same effect is observed in the cross-section. This fact is confirmed by the
data about the elongation ratio while increasing the degree of deformation, see
Table 3.

Table 3
Elongation ratio k for the low-carbon steel wire
Technology k
6.15 5.0 3.9 51.55/1.88
Experimental 1 0.47 0.72 0.28
Classical 0.65 0.44 0.12

The classical drawing technology is associated with a decrease in the elonga-
tion ratio when the diameter of the samples is reduced. The reason is that drawing
is a kind of uniaxial deformation. In the course of processing, the grains are ori-
ented and stretched along the deformation axis, with consequent decrease in the
width. That is why the elongation ratio has been gradually reduced from 0.65 to
0.12 while the classical drawing.

50



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

Fig. 1. Microstructure of low-carbon steel wire after drawing: as-received state (a, b),
@6.15 mm; classical technology (c, d, j, k); experimental technology (e, f, [, m): ¢, d, e, f —
&5.0 mm; j, k, [, m — 3.9 mm; aq, ¢, e, j, [ — cross; b, d, f, k, m — longitudinal section;
magnification x1000. Scale bar 20 um except j
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A certain non-linar decrease in the elongation ratio is also observed after the
experimental technology. The increase up to 0.72 characterizes the sample 3.9
compared with 0.47 for the &J5.0. This effect is related to the application of a die
with shear that forces a change in the metal flow.

The analysis with the use of the optical microscopy allowed fixing the follow-
ing principal structure features.

1. When drawing by the classical technology, an increase of the deformation
degree is associated with a grain size reduction according to the Taylor—Polani
principle (Table 4). It has been established that the classical technology results in
an increase in the grain size in the longitudinal section and its reduction in the
cross-section. Contrary to the classical drawing, the modification of the grain size
in the course of the experimental drawing is non-monotonic and the processes of
grain fragmentation are periodically substituted with a grain size increase. In the
longitudinal section, the experimental technology generates a decrease in the grain
size, not an increase (compare 9.02 and 4.53 um). This effect can be explained by
both the changes in the metal flow within the dies with shear and a possible prog-
ress in the competing processes of fragmentation and dynamical polygoniza-
tion/re-crystallization.

Table 4
Grain size after drawing of the low-carbon steel wire
Grain size, um
Drawing technology
Diameter, mm classical experimental
along the draw- across the along the draw- across the
ing axis drawing axis ing axis drawing axis
5.0 8.70 5.72 8.78 4.14
3.9 9.02 4.02 4.53 3.28

The dilemma can be solved at the rate of utilization of other experimental tech-
nologies, for instance, structure analysis by a scanning electron microscope. The
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Fig. 2. Grain size histograms in the sam-
ples of the low-carbon steel wire 3.9 mm
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data of the EBSD analysis listed below
detail the conception of the structure
formation.

2. The curves illustrating the grain
size distribution are presented in the
section along the drawing axis (Fig. 2).
It is well seen that the experimental
drawing technology results in a substan-
tial increase of the fraction of small
grains (less of 4 um) and a decrease in
the fraction of coarse grains. For in-
stance, if the classical drawing tech-
nology has been applied, the presence
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of the grains larger than 44 um is registered. After the experimental drawing, the
grains larger of 32 pum are not fixed.

The tests have demonstrated that the state of the grain boundaries is similar at
low degree of deformation for both technologies: relatively coarse grains sur-
rounded by HABs are observed (Fig. 3,a and b). Inside these grains a fine struc-
ture has been formed in the shape of pileup of dislocations, cells and LABs (sub-
boundaries). However the total density of the LABs after the experimental draw-
ing is higher than after the drawing by the classical scheme.

b Sy .
LN R e
ot b

=L, — ke

Fig. 3. Maps of the grain boundaries of low-carbon steel wire samples (longitudinal sec-
tion), obtained by the classical technique (a, ¢) and by the experimental technique (b, d):
a, b — 5.0 mm scale bar 50 um; ¢, d — 3.9 mm scale bar 20 um. HABs and LABs are
marked black and gray, respectively

At the same time, when the degree of deformation increases, the character of the
formed boundaries changes. After the classical drawing, the dislocations are arranged
in the sub-boundaries against the background of the general grain reduction. Due to
this fact, areas relatively free of defects appear within the grains. After the experi-
mental drawing, the fraction of the HABs grows substantially both on account of very
small fragmented grains less than 3 pum in size and at the rate of relatively large grains
that increase the grain-boundary angle in the course of deformation. Some segments
of deformation-induced subboundaries within grains accumulated misorientation ex-
ceeding 10° thus transforming into HABs (several examples are arrowed in Fig. 3).
This perhaps indicates a development of dynamical recrystallization, that is not ex-
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pected for this material at ambient temperature. As follows from the comparison of
Figs 3,c and 3,d, the LAB-to-HAB transformation was more pronounced in the drawn
with shear material than that in the material processed by classical technology. This
presumably explains faster grain refinement and thus higher strength.

Besides, electron backscatter diffraction allowed the analysis of grains of dif-
ferent types: deformed, substructural, recrystalized. The grains are classified as
follows: 1 — a criterion of the grain selection is established (the misorientation an-
gle is above 10°, being associated with the HABs); 2 — the threshold value of
misorientation is selected that corresponds to the standard instrumental error (2°);
3 — if the average value of misorientation of the points within a grain exceeds the
selected threshold value, the grain is identified as a deformed one; 4 — if the grain
is composed of subgrains and the average value of misorientation within the sub-
grains does not exceed the threshold value but there is an excess between the
subrains, the grain is a substructural one; 5 — if the average misorientation within a
grain does not exceed the selected threshold value, the grain is a recrystallized one.

In Figs. 4 and 5 the maps of crystallographic orientations and the grain types af-
ter different kinds of drawing are presented. The maps confirm the idea that the
formed small grains (less of 3 pm) are recrystallized. A possible mechanism of
formation of this type of grains is fragmentation of coarse grains to the grain size

Fig. 4. Maps of the crystallographic orientations of low-carbon steel wire samples (lon-
gitudinal section), obtained by the classical technique (a, ¢) and by the experimental tech-
nique (b, d): a, b — 5.0 mm scale bar 50 um; ¢, d — 3.9 mm scale bar 20 um.
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down to 3 um. This type of grains should demonstrate structure imperfection due
to a large amount of defects and related noticeable lattice distortion. However it
has been established that the change of crystallographic orientations within the
grains is stepwise, not smooth due to the bending of crystallographic planes (Fig. 4,d).
In other words, the grains are structurally perfect, the lattice inside the small
grains is not distorted. This fact characterizes the case of formation of deformed
structure due to the grain boundary sliding (GBS) or GBS combined with dynami-
cal recrystallization. A consequence of these processes is the change of the char-
acter of the grain boundaries from smooth to serrated and formation of incom-
pleted HABs.

The data presented in Fig. 5,c and d count in favor of the last statement. After
the drawing with the experimental technology, the amount of the recrystalized
grains increases from 2.5 to 4.8% in comparison with the classical drawing tech-
nology. Besides, an increase in the fraction of the deformed grains is enhanced
from 12.5 to 22%. The presence of recrystalized grains is an evidence of occurred
mechanically activated dynamical recrystalization.

Fig. 5. Maps of the grain types in the samples of low-carbon steel wire samples (longitu-
dinal section), obtained by the classical technique (a, ¢) and by the experimental tech-
nique (b, d): a, b — &5.0 mm scale bar 50 um; ¢, d — 3.9 mm scale bar 20 pum. The de-
formed, substructural and re-crystallized grains are marked middle gray, light gray and
gray, respectively
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Thus, at high degree of deformation, the structure formed by the classical and
experimental drawing technologies differs drastically. After the experimental
processing, the grain is reduced more substantially. The experimental technology
results in a noticeable increase in the fraction of small grains (less than 3 pum in
size) and a reduction in the fraction of large grains. A large amount of small
grains with HABs is registered on the boundary.

The study of unetched specimens by optical metallography demonstrated that
pores are formed when wire passes the first die with shear. These pores are healed
to a large degree in the course of the subsequent drawing. This fact is confirmed
by the data about the density (Fig. 6). The utilization of the second die with shear
results in a process of density recovery up to the wire of small diameter &J1.55.
On the whole, the density of the experimental drawn samples is substantially
larger that provides high drawing ability without annealing.

The comparative analysis of the hardness tests has demonstrated that the hardness
increases with decreasing the sample diameter after the classical and the experimental
drawing as well (Fig. 7). The difference is that the hardness grows linearly after the
classical drawing and the increase after the experimental drawing is stepwise. The
linear increase of the hardness after the classical drawing is related to a decrease in
the grain size and formed enhanced density of LABs and dislocations.

7.85¢
ME 7.80 [
Q
7. 75}
_é7 701 Fig. 6. Density of the wire from the low-
Iz carbon steel produced by different tech-
] .
A 7.65¢ nologies
7.60
6.0 4.5 3.0 1.5
Diameter of the drawing die, mm
360 360
> 320+ L
- E 320
4 280 2 280
E E
= 240; Z 240}
200 : : * : ‘ ‘ ‘
6.0 4.5 3.0 1.5 200 6.0 4.5 3.0 1.5
Diameter of the drawind die, mm Diameter of the drawind die, mm
a b

Fig. 7. Hardness of the wire from low-carbon steel produced by the classical (@) and the
experimental (m) technologies: a — cross-section, b — longitudinal section
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When using the experimental technology, an important specific feature is the
fact that the hardness exceeds on about 300 HV than in classical drawing both in
the longitudinal and the transversal diameter (starting from 2.42). This behavior
of curves confirms certain progress in the processes that differs from occurring
while the classical drawing. An increase in hardness after the experimental draw-
ing is associated with an appearance of a large amount of small grains with high-
angle boundaries. From author’s opinions, this kind of the structure modification
is a consequence of the development of dynamical recrystallization against the
background of the persisting grain fragmentation during drawing. The nuclei of
new grains appear and start growing at the boundaries of the deformed primary
grains. When the size of new grains increases gradually, they become involved
into the deformation process. As a result, their uniaxial shape becomes elongated
and the lattice becomes distorted. Thus, the progressing dynamical recrystalliza-
tion is associated with an increment of the hardness, not a decrease.

Stepwise increase in the hardness correlates with the enhanced density that can
be explained by healing of pores and cavities. An explanation could be in change
of the metal flow direction when the wire passes the conventional dies after a die
with shear.

Conclusions

Feasibility of drawing with shear for production of low-carbon steel wire was
examined. As compared to conventional drawing technology, the new approach
was shown to enhanced grain refinement, reduction of the structure anisotropy
and thus imparted additional material strengthening. All of these benefits were
attributed to a specific «twisty» character of material flow.

1. At high degree of deformation, the structure formed by classical and experi-
mental drawing differs drastically: the grain reduction is stronger in the course of
experimental drawing processing. The experimental drawing technology results in
an extensive increase in the fraction of small grains (less than 3 pm in size) and a
decrease in the fraction of large grains. A large amount of small grains with HABs
is registered on the boundary.

2. Formation of this kind of grains is explained by the progress in competing
processes of large grain fragmentation and dynamical recrystallization. The result
is the change of the character of the grain boundaries from smooth to serrated
ones and formation of incompleted HABs. Besides, it has been demonstrated that
a certain part of small grains provides grain boundary sliding.

3. A specific feature of the experimental technology is a reduction of the
structure anisotropy. This effect is related to the application of dies with shear that
make the metal flow to change the direction.

4. When the wire passes the first shear die, pores are formed. The utilization of
the second shear die results in progressing recovery of the samples density up to the
level of a small-diameter wire &J1.55. This fact is associated with the change of the
metal flow when the wire passes the conventional dies after the die with shear.
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E. lawunckasn, A. 3as0oeees, B. Bapioxun, B. Tkauenko, A. Makcaxosa, U. Arexceenko

BOJNNOYEHME CO CABUITOM — 3OOEKTUBHbLIAN METO[
YMNPABJTIEHUSA CTPYKTYPOW 1 CBOMICTBAMMU
MANOYIMEPOONCTON CTANA

Pa3paboTana TEXHOJOTHS BOJIOYEHUS CO CABHTOM JUIS W3TOTOBJICHUS TMPOBOJOKH U3 Ma-
JIOYTJIEPOUCTON CTa 0€3 OTKHTa. YCTAaHOBJIEHO, YTO OCOOEHHOCTHIO IpeiaracMou
TEXHOJIOTUU SABJIAIOTCSA CHIDKEHUE aHU30TPOIIUU CTPYKTYPHI U YBEIMYEHUE pecypca Inia-
CTUYHOCTHU. DTOT 3(pPEeKT CBsA3aH CO CABUTOBOH JedopmMalineii, KOTopas BhI3bIBACT U3ME-
HEHHE HaIpaBIIeHHS TEYCHUS MeTaJlIa.

KaioueBblie cjioBa: BOJOYEHHE CO CABHIOM, CTPYKTypa, CBOMCTBa, MHTCHCHUBHAs IlIa-
cTryeckas aedopmarus.
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PACS: 72.80.Tm, 75.47.Lx, 61.72.Ji, 75.47.—m, 76.60.Lz

A.B. MaweHko, B.I1. MaweHko, KO.P. PeseHko, B.K. NpokoneHko,
IA.A. LLiemsikos|, A.I'. CunbyeBa, H.A. legexes

CTPYKTYPA, ®A30BbIE NMEPEXOObI, AMP 55|\/|I'1, PE3NCTUBHBIE
N MATHUTHBLIE CBOVCTBA KOM|—|03|/|L|,|/|OHHO|7| KEPAMWKHA
(Lao 6Sro.3Mn1 103)1-x(LaCu204)y

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A A. lanknHa HAH YkpauHsbl
Cratbsa noctynuna B pegakuuio 19 oktabpsa 2015 roga

55
Penmeenocmpyxkmyphnoim, pezucmusnvim, macHumuovim, AMP ~~“Mn u macnumopesu-
cmugnvim (MP) memoodamu uccredosana cnevwennasn npu 1240°C komMno3uyuorHHas xe-

pamuka (Lag ¢Srg3sMn; 103) 1—x(LaCuy0y4) . [loxkazano, umo medsb nepepacnpeoesemcs
MedncOy 0cHo8HOl pombosdpuueckoii R3¢ neposckumosoii cmpykmypoii u ¢aszoii CuO.
Yemanosnena xoppensyusi mexncoy KOHYEHMPAYUOHHIMU USMEHEHUSIMU Napamempa
pewemKku U Cpeone20 UOHHO20 paouycd. IKCHEePUMEHMATbHO OnpedeneHbl MOAspHble
Gopmyavl neposckumosol cmpykmypsl. Ilokaszano, 4mo peairvHas cmpykmypa aeisemcs
OdeeKmHOU U COOepIHCU AHUOHHbIE U KAMUOHHblE 8AKAHCUU, A TMAKJCEe HAHOCMPYK-
mypHble Kiacmepul niockocmuo2o muna. OOHapyliceH AHOMATbHBIL SUCTHEPE3UC Ma2-
HUMHBIX C8OUCME, 00YCL0GIEeHHbII 00HOHANPAsIeHHoU anuzomponuel. Ha ocnosanuu
ananuza cnekmpoe AMP 7 Mn onpeoenensvl NOAsL CGEPXMOHKO20 63aUMOO0eUcmeus u
coenan 6vlg00, UMo mapeaney 6 B-nozuyusx maxooumcs 6 mpex HeIKGUBATEHMHBLX
COCMOSAHUAX 6 pe3ybmame HeOOHOPOOHOCIU €20 OIUNCATIUEe20 OKPYICeHUsT OPYeUMU
uonamu u oegpexmamu. Cunvro evipadxcenuviti MP-as¢ppexm mynnenrvnoeco muna ooy-
C0GNEH Npoyeccamu MyHHeIUpPOSaAHUs HA Me30CPYKMYPHBIX MeNCKPUCMALTUMHBIX
epaHuyax.

KnawueBble cioBa: MaHTaHWTHI, KOMITIO3UIIMOHHAS KEPaMHUKa, CTPYKTypa TEpPOBCKHUTA,
Je(eKTHOCTD, (ha30BBIC MEPEXOJIbl, MAaTHUTHOE yrnopsmodeHue, AMP ~“Mn, marautope-
3UCTUBHBIN YD PeKT

. 55 .
Penmeenocmpykmypuum, pesucmusnum, macuimuum, AMP ~~Mn ma maecnimope3uc-
musrum (MP) memodamu oocaioxcerno cneyery npu 1240°C xomnozuyitiny xKepamixy

(Lag 6Sro.sMn; 103) 1 —x(LaCuy0y4),. Ilokazano, wo miob nepepo3snoodilsemvcs Midic
OCHOBHOW0 POMOOEOPUUHO CHOMBOPEHOIO R3c NeposCKUMO8010 CMpPYKmypor ma @a-
3010 CuQO. Bcmanosneno Kopenayilo Midc KOHYeHmMpayiuHuMu 3MIiHAMU napamempa
pewimku ma cepeonb020 [OHHO20 padiyca. Excnepumenmanvro eusHaueno MOAPHI
Gopmyau nepogckumogoi cmpykmypu. Iloxazano, wo peanvna cmpykmypa € Oe-
Gexmnorw ma micmume AHIOHHI U KAMIOHHI 6AKAHCIL, a4 MAKONC HAHOCMPYKMYDHI
Knacmepu NIOWUHHO20 muny. Busenenuii anomanvruii cicmepesuc MazHimHux 6aa-
cmugocmell 00YMOBIEHO 00HOCHPAMO8AHOI anizomponicto. Ha niocmasi auanizy

© A.B. MaweHko, [B.M. MaweHkd, K0.®. Pesenko, B.K. MpokoneHko, [A.A. LLemskos], A.I". Cunbuesa,

H.A. lepeHes, 2015
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cnexmpie SAMP Mn susnaveno noas nadmonxoi e3aemodii ma 3p00ONIeHO BUCHOBOK,
wo mapeaneyv y B-nosuyisx 3maxooumvcs 6 mpbox HeeK8i8aleHMHUX CIMAHAX 8 pe-
3yAbmami HeoOHOPIOHOCMI 1020 HAUOIUNCYO20 OMOUEHHSA [HWMUMU [OHAMU ma Oe-
dexmamu. Cunvno supasicenuti MP-epexm mynenvnoco muny obymoseieno npoyeca-
MU MYHENI08AHHA HA Me30CMPYKMYPHUX MIHCKPUCTNATIYHUX 2PAHUYSX.

KnrouoBi ciioBa: MaHTaHITH, KOMITO3UIIIIHA KepaMika, CTPYKTypa TIEPOBCKUTY, Ne(eKTHICTb,
(hazoBi nepexoau, MardiTHe ynopsakysanas, IMP ~“Mn, MarHiTope3ucTHBHUH edeKT

BBenenne

OpnuM U3 Hanbosee akTyalbHbIX HANpaBiICHUNM (PU3MKU KOHIAEHCUPOBAHHOIO
COCTOSIHUS KaK B HayYHOM, TaK U B NIPUKIIAJHOM IIJIaHE SIBJISIETCS U3YUYEHUE CUIIb-
HOKOPPEJIMPOBAHHBIX CUCTEM € KOHKYPHUPYIOIIMMHU TUIIAMH B3aUMOICHCTBHUM, K
KOTOPBIM OTHOCSITCSI METaJUIOOKCHAHbIE peaxo3emenbHble (P3) kynpatsl [1] u
MaHIaHUTHI [2] ¢ AMCKYCCHOHHOW IPHUPOJON BBICOKOTEMIIEPATYPHOM CBEPXIIPO-
BOJAUMOCTH U KosoccaabHoro MP-addexra. st 3THX METaIII0O0KCHIOB, UMEIO-
MIMX CYIIECTBEHHBIC Pa3nnius (PyHKIHMOHAIBHBIX CBOMCTB, XapakTepeH OIM3Kuit
CTPYKTYPHBIM THUI NMEPOBCKUTONOAOOHOM KPUCTAJUIMYECKOM pEIIETKH, B COCTaB
KOTOpPOU BXOAAT 3d-MOHBI EPEMEHHOM BaJ€HTHOCTH — MOHBI MEIU Ccu” uCu
WJIM MOHBI MapraHia Mn3Jr " Mn4+. [IpoBOIMMOCTE HOPMAIIBHOTO COCTOSIHUS IS
HEKOTOPBIX COCTaBOB BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOAHHUKOB, HAIPUMED
Lay,CuOy4 [3], nmeeT Tako#l ke MPBIKKOBBIN XapakTep «MOTTOBCKOro Tumna» [4] ¢
nposiBiieHueM MP-CBOMCTB MarHuTOyNnopsiJO4EHHOTO COCTOSIHUSA, KaK U B MarHu-
TOpe3ucTUBHbIX P3-Manranurax [5].

B 3aBHCUMOCTH OT CTENEHM 3JIEKTPOHHOIO WJIM ABIPOYHOrO JONHUPOBAHUSA
[6] cocTaBbl BEICOKOTEMIIEPATYPHBIX CBEPXIIPOBOAHUKOB MPOSIBIAIOT CBONCTBA
I100 «MOTTOBCKOTO» M30JSATOPA, TUIIMYHBIMH MPEICTaBUTEIIMH KOTOPOTO SIB-
astorcs  P3-maHranuTsel ¢ nmpeobiaalolniuM  XapaKTepoM CBEPXOOMEHHBIX
B3aMMOJICHCTBHM, JTNOO BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJHUKOB, K KOTO-
peIM OTHOCATCST P3-KympaTsl ¢ CUIBHBIM 3JIEKTPOH-(DOHOHHBIM B3aUMOJEUCT-
BueM [7]. HeoOxoauMo Takke OTMETUTh, YTO B T'PAHYJIMPOBAHHBIX BBICOKO-
TEMIIEPATYPHBIX CBEPXIPOBOJHUKAX CBEPXMPOBOJUMOCTh BO3HUKAET B pe-
3yJabTaTe JK03€()COHOBCKOTO TYHHEIHUPOBAHUS MEXJIYy MHKPOCKOIHYECKHUMHU
CBEPXIIPOBOAAIIMMU I'PaHyJIaMH, HaXOASIIMMUCSA B HECBEPXIIPOBOAALIEH Mat-
pute [8].

Nmeetcst HeckoabKo pabot [9—-11], B koTopeix uccinenaoBanu Biuusaue Cu Ha
cBolictBa P3-maHranuTonepoBcKUTOB. [IpakTHueckn OTCYTCTBYIOT CBEACHHS O
BIusiHUU P3-KynpaToB Ha CTpYKTYypy M cBoiicTBa P3-ManranuTos. BBuny Bbllie-
CKa3aHHOI'O IIOBBILICHHBIM HAy4HBIM U INPAKTUYECKUN HMHTEPEC MPEACTABIISIOT
CO3JJaHME M MCCIEJOBAaHUE KOMIIO3ULIMOHHON KepaMHuKH, cocTosmend u3 MP-
MaTpuipl P3-maHranuta, B KOTOPOM HaxoAATCs MUKPOCKOIHWYECKHE T'paHyJIbl
P3-kympara. C nenpto nmojlydeHUs] U M3Y4YEHUS TaKUX KOMIIO3MIMOHHBIX Kepa-
MHUYECKHX MaTepHalloB ¢ 0COOBIMHM ()YHKIIMOHAJIbHBIMU CBOWCTBaMHU ObliIa BbI-
MOJTHEHA 3Ta padoTa.
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1. MeToab! noJjiy4yeHHs1 ¥ HCCIeI0BAHUSA 00pa31oB

JIBycTaauitHpiM TBepo(a3HbBIM CHHTE30M M3 mopoukoBbix cMeceil La(OH)s,
SrCO3, Mn304 u La(OH)3, CuO mapox YJIA npu TemnepaTypax CHHTE3A fsyny =
=850°C (24 h) u 870°C (18 h) B pexxuMe MEIJICHHOTO HArpeBa M OXJIAXKIACHUS HA
BO31yXe OBUIM MOJTY4YEeHBI JBA WHAMBHAYAIBHBIX COCTaBa CO CTPYKTYPOW MEpOB-
CKHTa — JIAHTAH-CTPOHIUEBBIM MaHTaHUT Lag¢Srg3Mn; O3 u KympaT naHTaHa
LaCuy04. KoMmMno3unmoHHble KepaMHUYecKHe O00paslbl pazIUYHBIX COCTAaBOB
(Lag ¢Srg.3Mn; 103)1—(LaCuy04), ¢ xornentpanueii x = 0, 0.1, 0.2, 0.3 u 0.5 ObI-
JIM TIOJTyYeHbI TIOCTIE CMEIIUBAHUS OTyUYEHHBIX TIOPOIIKOB B CTEXHOMETPUYECKOM
COOTHOILIEHUH, THIATEILHOTO U3MEJIbYEHMS], IPECCOBAHUS U MOCIEAYIOLIETO CIIe-
KaHUs UX MPH TeMIepaType fany = 1240°C (24 h).

O06pa3ibl uccleoBaly CIEAYIOIUMU METOIaMu:

1) TepMOrpaBUMETPUUECKUM — ONPEACISIIA OTHOCUTENbHBIE U3MEHEHHUST MacChl
00pas310B 3a cUeT U3MEHEHUS COJEPKAHUS KUCIOPO/a;

2) peHTreHocTpyKTypHbIM B Cu-u3inyuyeHun Ha ycraHoBke /IPOH-3 — ycranas-
nauBanu (ha3oBbIN COCTaB, TUIl CTPYKTYPHI U €€ MapaMeTphl;

3) YeTBHIPEXKOHTAKTHBIM PE3UCTHBHBIM — MU3MEPSUIA YJIEIIbHOE COMPOTHBIICHUE
p B TemmneparypHom uHTepBasnie 77-400 K u Temmeparypy ¢azoBoro mnepexoja
METaI-TIOTYTTPOBOAHUK 7 yg;

4) MarHUTOPE3UCTUBHBIM — Onpeaessu BennuauHy MP-addekra: MR = Ap/p =
= (p — pm)/p B none H =5 kOe u Temnepatypaom unrtepsaie 77-400 K;

5) MarHuTHBIM MeToJoM U depeHIaTbHON MarHUTHOW BOCTIPUUMYHMBOCTHU
Yac TIPH YaCTOTE MOAYJISLIMOHHOTO MO fac = 600 Hz HampsbkeHHOCTBIO /1, = 0.1 Oe
C y4eToM pa3MarHuumBaromiero gakropa N obpasma ompenesnsin aOCOJIOTHBIC
3HAYCHHUS] MarHUTHON BOCIIPUUMYHUBOCTH 4TNY,e, €€ TemmneparypHbie 4mya.(7) u
nosieBbie 4mya.(H) 3aBUCUMOCTH, Temnepatypy ¢da3oBoro nepexojaa dpeppo—mnapa-
MarHeTuk 7Tc, TemmepaTypy mnosiBieHus ¢eppoMarHuTHeIX (DOM) koppensiuii
7™ | mone xodpuuTuBHOCTH H, M coneprkanue GeppoMarHuTHO pazsl FM;

55
6) AMP ""Mn MeTOIOM «CIHMHOBOTO 3Xa» — YCTaHABJIMBAJIM PE30HAHCHYIO
YacTOTY, MarHUTHOE W BAJIEHTHOE COCTOSHUS MOHOB MapraHiia, a Takke HEOJHO-
POIHOCTH €ro OJIMKANIIero MArHUTHOTO OKPY KCHHUS.

2. Pe3yabTaThl U HX 00CyKIeHHE
2.1. CmpykmypHnuie ceolicmea

CoryiacHO pEHTIreHOCTPYKTYPHBIM JIaHHBIM KepaMU4ecKue 0oOpasIfsl
(Lag.6Srg3Mn; 103)1—(LaCuy04), comepkadu B OCHOBHOM POMOO3IPUYECCKYIO
R3¢ TIepOBCKHTOBYIO CTPYKTYpPY U ciembl ~ 5% CuO s x > 0.3.

Poct napameTpa a (Ipu pocTe KOHLEHTpaluu x) ot 7.744 A (x = 0) no 7.755 A
(x =0.5) (puc. 1,a) MO)XHO OOBSICHUTH 3aMEIIEHUEM B B-TTO3UIHMSIX HOHOB Mn(3).+7
(0.785 A) u Mngg (0.67 A) [12] co cpeHUM HOHHBIM PagUYCOM EB =075 A

Gombimami noHamu Cu” (0.87 A) wm, uTO MeHee BEpOSTHO, — HOHAMU Cu’ (091 A).
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Puc. 1. KOHHCHTpaHI/IOHHLIe 3aBUCUMOCTH: a — IMapaMeTpa pCHICTKU a (O) " CTCIIC-
HU pOMOO03IPUYECKOr0 UCKAKEHUS o (®, BCTaBKa); 6 — OTHOCUTEIIbHBIX H3MCHEHHI
napamerpa Aa/ag (A) U CpeJHETO HOHHOTO paaumyca AR/R, s Tpex Mojenei me-
dextHOCTH (CM. Tabumity) poMGOdApHYECKO R3¢ -CTPYKTYPhI TBEPABIX PACTBOPOB
(Lag.6Srg.3Mn1 103)1—(LaCuz04),

Yeemuuenne yria o ot 90.30° (x = 0) mo 90.54° (x = 0.5) (cM. BcTaBKy Ha puc. 1,a),
T.€. TIOBBIILIEHUE CTENIEHU POMOO3PHUECKOrO UCKAXKEHHs, CBA3aHO C KMCIOPOAHON
HECTEXMOMETPUEH, T.€. C M3MEHEHHMEM KOHIIEHTpAllUM AHUOHHBIX BakaHCHi. Ort-
JIeTIbHBI MHTEPEC MPEe/ICTABIACT BIUSHUE KOHLEHTPALMU X Ha Je(EKTHOCTb KpH-
CTAJUIMYECKON CTPYKTYPbl MAaHTaHUT-JTAHTAH-CTPOHLUI-MEAHBIX MIEPOBCKUTOB. [Ipu
OIpezieNeHNN 1€(PEKTHOCTH HCIIOIb30BAIM YCTAHOBJIECHHBIM paHHEE MEXAHU3M Jie-
dexToobpazoBanus [13,14], ocHOBaHHBIN HAa BO3MOKHOCTU MapraHIiia HAXOJHUTHCS B
BU/JIE CYIIEPIIO3ULIUN PA3HOBAJIEHTHBIX COCTOSSHUN 2Mn>" — Mn*" +Mn"** [15,16].
B pesynpraTe TEpMMUYECKOM IUCCOLMALMU IPH LUKIMYECKHX H3MEHEHHIX
TEMIIEPATYPHI B MPOLECCE CUHTE3a U CIIEKAHMs MPOMCXOAAT HUKINYECKHE U3MeE-
HEHUS COACpKaHMs KHCIOpOJa W BaJIEHTHOCTM MapraHua. IIpu Harpese B mpo-
1IECCE BOCCTAHOBJICHNSI MapraHLa Mn*" — Mn’" — Mn®*" 00pa3yloTcsl aHHOHHBIE
BaKaHCUU V(a), a MpU OXJIAXKICHUU 00pa3LOB C OKUCIUTEIbHBIM MPOLIECCOM Mn”" —
— Mn>" - Mn"*" caszano o0Opa3oBaHNe KaTUOHHBIX BaKaHCHIA 7o [17]. Yuurer-
Bas TaKoi MexaHu3M Je(heKTooOpa3oBaHUs, ONPEICISUIA MOJSIPHBIE (OPMYIIBI
nedeKTHON MEepPOBCKUTOBOM CTPYKTYypbl (Tabnuua). Pacyer momnspHbIx (opmyrn
(Lag 6Srg.3Mn; 103)1—(LaCuy0Oy4), mpoBoauau ans 3 Moaeneit neeKTHOCTH:
Mozienb | — peleTka He UMEET BaKaHCHil, a COAEPKUT TOJIBKO B A-MO3ULUAX

CBEPXCTEXHUOMETPUYECKUN KIIACTEPU30BAHHBIN MapraHel| Mnifr;

MOJIeTb 2 — cIaboKJIaCTepU30BaHHAs peIleTKa COACPKUT AaHUOHHBIE 9 u xaru-
onnpie 9 BaKaHCHH, 00pa30BaBIIMECS BCICACTBHE LMKINUYECKHX MU3MEHEHUH COo-
JIepKaHus KACIOPO/1a M BAJICHTHOCTH MOHOB MapraHia, 1 KOMIIEHCAlus 3apsaaa JUis
notos Cu’’ JOCTUTAeTCs TOJIBKO 3a cUeT 00pa30BaHUsl AHUOHHBIX BaKaHCHUHN V(a);
MOJIEb 3 — IO CBOEH CYTH COOTBETCTBYET YCIOBMSM Ul MOJENH 2, HO C yde-

TOM TOI'0O, 4TO IIpHU 3aMCIICHHUUN B-xaTtnonosn MapraHga MOHaMH MCEIu Cu%; 10~
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HIKEHUE 3apsiia KAaTUOHHOM MOJAPEHIETKH KOMIEHCUPYETCs AJIA OJHOM IOJIOBH-
2+ 3+ 4+
Hbl HOHOB Cu}’ 3a c4eT M3MEHEHHUs BaJCHTHOCTH Mapraina Mn™ — Mn' |, a uisa

JIpyroi — 3a cueT 00pa30BaHNsl AaHUOHHBIX BaKaHCHUI P,

CornacoBaHue XapakTepoB KOHIIEHTPALMOHHBIX U3MEeHeHUH (puc. 1,6) skcnepu-
MEHTAJILHBIX 3HAYEHUI Mmapamerpa pemetrku Aa/ay U pacCUMTaHHBIX corniacHo [18]
OTHOCUTEJBbHBIX U3MEHEHUI CPEIHEr0 HOHHOTO Payca MEPOBCKUTOBOM CTPYKTYpHI
AR/ R, sBNseTCs KpUTEpHeM TPABOMEPHOCTH M3IIOKEHHBIX BBIIIE TIPEICTABIEHHH O

ne(heKTHOCTH TIEPOBCKUTOBOM CTPYKTYPBI, €€ W3MEHEHUU TPU JOMHUPOBAHUM W TIpa-
BWJIBHOCTH OTPE/ICICHUS] MOJISIPHBIX (POpMyJT peaibHOM CTPYKTyphI (Tabnuiia). Hau-
Ooliee BEPOATHOM SIBISETCS MOJEINb 3, JUISl KOTOPOW MPAKTUYECKH OTCYTCTBYIOT pac-
XOKJIEHUS MEKTy KOHIIEHTPAIIMOHHBIME H3MeHeHHAME Aa/ag u AR / Ry, .

Tabmuna
Mouasipublie ¢GopMyJibl peajibHOH NePOBCKUTOBOM CTPYKTYPHI
(Lag ¢Srg.3Mnq.103)1-(LaCuy04), AJ1s1 pa3auuHbIX MojeJ1eil ee nedeKTHOCTH

D,
Mo- %
* | e Mounsipabie GpOPMyYIIBI IEPOBCKUTOBOM CTPYKTYPBI N
=
3+ 4+ 2—
1 {L306 153 (Mng, )cl} [Mno.éMUOA] 03 0.970{ 0 | 0
0

3 3 4
2 {Lao.sg 1520 (MG o4 )a V4! 0)9} [MnozoMnoEo] 03, 85V0 1.02114.5/5.0

o2
1 {Lao.643f0§7(Mn009)c1} |:Mn054Mn036CUOIO:| O39sVs 0% 10.964] 0 [2.7

2 2 ]
0.1] 2 {Lao 6zsr0.56Mno.JB4Vo(.%)8} Mng sy Mng 56 Cug o6V o O2 175151.004/5.0/ 6.3

- . -
3 { ap 6255 >6Mng, 04Vo(f))8} _Mno 5Mng 30Cugy O6V0%)2 02 %2V 1%|1.005(5.0/ 6.0

3 3 4 2
1 {LaO.GS 1 24 (Mng, OS)CI}A [MHOZSMHOEZCUOEO]B O390%s1h 0.959) 0 33

02| 2 {Lao 665% 2Mng 04Vo(f))g} Mnj ssMng5sCug 17Vof)2 502 276V551(0.9965.0| 8.0

3
3 {Lao,éésro 2»Mng 04Vo(%)8} Mnj5oMng 5 Cug 17Vo.% 02 79V0(3)1 0.999|5.0| 7.0

27
1 {Lao 72516, (MG 07 ) [Mno 12Mng hsCug; 30} 02.85V0.1)5 0.953| 0 | 5.0

2—
03] 2 {Lao 7281‘0 21V0 07} Ml’lo 52Mn0 18CUO 30] 02 73V0 a) 0.994(3.51 9.0

A

3
3 {Lao‘nSrO 21V0 07 }A

27
1 {Lao 5051515 (MG o5 )i P [Mno 30Mng 5 Cug; 50] 03757555 0942/ 0|83
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[
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3aciyKMBaeT BHHUMaHHUA TOT (akT, 4YTO (HAKTOp TOJEPAaHTHOCTHU
t= (EA +Ry )/(\/E(EB +RX)) [19] cTpemuTcs K €qUHULIE C POCTOM AE(EKTHO-

CTH CTPYKTYpBI D, T.e. C YBEJIHMUECHHEM KOHIICHTPAI[MH KaTHOHHBIX 79 u auuon-
upix P axancuit. HepaBeHcTBo ¢ < 1 03Ha4aeT, 4TO paguyc A-Mo3UIH OOJIbIIE
CpeIHero panuyca A-KaTHoHa U A-KaTHOH CBOOOIHO TIEPEMEIACTCS B IPOCTPAHCT-
BE, B PE3YJIbTATE YET0 CTPYKTypa CTAHOBUTCSI MCHEE YCTOHUMBOM. /111 OBBIIIICHUS
YCTOMUMBOCTU CTPYKTypa TBEpAbIX pacTBOpoB (Lag ¢Sro3Mn; 103);—(LaCuyOy),
IPU CHHTE3€ CTAHOBUTCH ACPEKTHOW, MPUYEM [0 TaKOW KOHIICHTPAINH 7y
V(C), P KOTOPO pakTop TonepaHTHOCTH ¢ — 1.

[ToBbIeHUE CTEICHH POMOO3IPHUECKOTO HCKAXKCHHUS, C KOTOPOU CBs3aHa KH-
CJIOpPOJHAS HECTEXHMOMETPUS U KOHIICHTPAIIVsI aHUOHHBIX BaKAHCHIA, TIPOUCXOIUT
BCJIC/ICTBHC HApPYIICHHS PaBHOMEPHOTO PACHpPEICIICHUS HOHOB M JePEKTOB, a
Tak)Ke B pPe3yJibTaTe TUIOCKOCTHOTO HAHOCTPYKTYPHOTO paccioeHus. Takas HaHO-
CTPYKTypHasi HCOJHOPOTHOCTD JIOJDKHA MPOSIBUTHCS B «Pa3MBITHHY PE3HCTUBHBIX
Y MarHUTHBIX ()a30BBIX MIEPEXOJIOB.

2.2. Pezucmuenvie ceoticmea

Ha teMmnepaTypHbIX 3aBUCHUMOCTSIX YAEIBHOIO CONPOTHUBIEHUS P KEpaMUKU
(Lag ¢Srp3Mnj 103)1—(LaCuy04), (puc. 2) mnst coctaBos ¢ x = 0, 0.1 u 0.2 Habmr0-
naercs (pa30BbIN NEpexoi METAJI-TIONYTIPOBOAHUK MTpU TemnepaTtype Ims = 325 K,
KOTOpas ci1abo 3aBUCUT OT KoHUeHTpauuu x. st x = 0.3 u 0.5 dazoBsiii nepexos
npu Tpg = 77400 K oTcyTcTBYeT, 1 Ha 3aBucUMOCTX p(7) HaOMI0AaeTCs TOJIBKO
MOJyIPOBOJIHUKOBBIM THUIl MPOBOAUMOCTU. Takoe MOBeJEHHE PE3UCTHUBHBIX
CBOWCTB Ui OOJNBIIMX 3HAUYE€HUI X OOYCIOBJIEHO BBICOKUMH KOHILIEHTPALUSMU
annonHbIx Bakancnit V' u coziepKaHus MeaU B B-mo3uuusx (Tabiauua), HapyIaro-

X BoiiHoit o6Men Mny (3d*)— 0?7 (2p®)—Mn} (3d°). Tennenmus k yMeHb-

HICHUIO YJICTbHOTO COMPOTHUBIICHUS p Tipu u3MeHeHnu x ot 0 g0 0.1 u ero muHH-

MasbHble 3Ha4eHus A7 x = 0.1 CBs3aHBI C U3BMEHEHUEM COOTHOILCHUS Mnfgr /Mn}‘;r

Puc. 2. TemnepaTypHble 3aBUCUMOCTH YJI€ITh-
Horo conpotuBneHust p (A —x=0, ¥ —0.1,
o - 0.2; BcraBka a: m — 0.3, o — 0.5) u KoH-
HEHTPAIIMOHHBIE M3MEHEHUS] SHEPTUH aKTH-
Baruu £, (BcTaBka 0) KOMITO3UITMOHHOM Ke-
pamuk (Lag ¢Sro 3Mnj 103)1-(LaCuyOy)y

100 200 300 400
K
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NpY HEM30BAJICHTHOM 3aMEIIEHUM KaTHOHOB MapraHila MOHAMU Cu?. JlanHbIit
BBIBOJI MOATBEPIKIAIOT PE3yJIbTaThl MAaTHUTHBIX U3MEPEHUH (cM. puc. 3), cBUe-
TENbCTBYIOIIME O MaKCUMallbHOM KoiudectBe OM-dasbl U, cienoBaTenbHO, O
OoJbIIeM BKIIAJe TBOMHOrO oOMEHa B YCTAaHOBIIEHHME MAarHUTHOTO MOpPsAKa B 00-
pasue ¢ x = 0.1. Pe3koe yBenuuenune B ~ 1000 pa3 yneabHOro CONPOTUBIICHUS P
st coctaBoB ¢ x = 0.3 u 0.5 (cM. BCTaBKy a Ha puc. 2) 00yCIOBIEHO HAPYIICHUEM
BaKaHCHUSIMHU U HOHAMHU MEJIH BEICOKOYACTOTHOTO ABOHOr0 oomeHa [10,20].
OtnenbHBI MHTEPEC TPENCTABISACT KOHICHTPAIMOHHAS 3aBHCUMOCTH DHEPTHH
aKkTuBaIyu £, (CM. BCTaBKY 0 Ha pHC. 2), pacCUUTaHHas corjiacHo [15] st momympo-
BOJHUKOBOM 00nactu n3 ypaBHeHus auddysunonnoro tuna p(7) ~ Texp(E,/kgT)

[4]. YBenmuuenue E, ¢ poctoM KoHIeHTparuu x ot 74 meV (x = 0) no 138 meV
2+

(x = 0.5) BbI3BaHO HapymieHreM oHamMu Cu~ W BaKaHCUSIMU BBICOKOYACTOTHOTO

AJIEKTPOHHOT'O OOMEHA, YTO MOJITBEPIKAACT MOHKEHUE AIEKTPOIPOBOTHOCTH.

2.3. Maznummnule ceoiicmea

TemneparypHble 3aBHCUMOCTH aOCOMIOTHOU An(PepeHInaNIbHON MarHUTHOM
BOCIIPUUMYHUBOCTU 41y ,c(7) (puc. 3) CBUIETENBCTBYIOT O HAIWYHHM B oOpas3iax
(Lag ¢Srg.3sMnp 103);—(LaCuy04), ¢ xoruentpanueii x = 0, 0.1, 0.2 u 0.3 dazoBo-
ro mepexona ¢eppo-napamarnetuk. Temnepatypa Kiopu 7c, ompeneneHHas 1o
MaKCHMaJIbHOMY 3HAQUYE€HHIO MarHUTHOM BOCIPHMMYHMBOCTH Ha 3aBHCHMOCTSIX

dmyao(T), u Temmeparypa moseienus ®OM-xoppemsmuii T2™', mpu Koropoit
Ay TE™Y) — 0, onpenensror mmpuny dM-nepexona ATc = To — TS™. C

pocToM KOHLEHTpanuu x Temneparypa Kiopu 7¢ u mupuna nepexona A7c noHu-
xkatorest ot 325-350 K (x = 0) mo 260-330 K (x = 0.2). [Ipu Temneparypax HIXe
Tc B MarHuTHOE COCTOSIHME ATHX OOpa3IlOoB 3aMETHBIN BKJIAJ BHOCUT U aHTH(]Ep-
pOMAarHeTu3M, 4TO BUJAHO U3 HAKJIOHA TEMIEPATYPHBIX 3aBUCHUMOCTEN 47y :(T) B
obmacty Hu3kux Temrepatyp it x = 0, 0.1 u 0.2. Takoe moBeneHNE CBS3aHO C
HanmmuueM B PM-marpuile MEpOBCKUTOBOM CTPYKTYphl aHTH()EPPOMArHUTHOTO
KJ1acTepa, 00pa30BaHHOTO HOHAMHU Mnifr (cm. Tabmuty) [17]. s obpasua ¢ x = 0.3
XapaKTepHO HAIMYUE ME30CKOMUYEeCKOro (ha30BOTO PACCIOCHHUS IPU CpaBHU-
TEJILHO MaJIOM COJEpKaHWU cocTaBistonieit peppomarautaor ¢dazsl FM. C mo-
BhITIICHUEM KoHIleHTparuu x ot 0 1o 0.1 nabmonaercs ysenmuuenue FM npu 7¢ ot
70 no 76%, a ipu x = 0.2 — ee pe3koe najaenue 10 53% c JalIbHEHIIUM YMEHbIIIe-
HueM 110 17% (x = 0.3) u 2% (x = 0.5). HaGnrogaemsrit makcumym FM = 76% B
obpastie ¢ x = 0.1 KoppenupyeT ¢ ero MUHUMAILHBIM COMPOTUBIICHHEM (CM. pHC. 2),

YTO SIBJISICTCS TTOATBEPKICHUEM YCHJICHHUSI IBOMHOTO OOMEHa B 3TOM 00pasIie ¢ Orl-

TUMAJIbHBIM COOTHOIIEHHEM 2:1 pa3HOBaJIEHTHBIX MOHOB MapraHiia Mn? / Mn?

(cm. Tabmuiy).

Ha moneBbIX 3aBUCHMOCTSIX MAarHUTHON BOCHIIPUUMYHUBOCTH 4TNy,.(H) mpu
temneparype 7 = 77 K B oOpasiie ¢ koHteHTparueid x = 0.2 00HapyXeH aHOMAaITb-
HBIM MarHUTHBINA TUCTepe3uc (puc. 4). [lone kospuuTuBHOCTH H,. C YBETUYCHUEM X

66



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

126 ]
0.8F -

10 1

0.6 | 2
5 8 ’

Q Kal

< —
2 04 — §6 1
< =4 |

02" 1 ¥
20 ]

1 i h | O . I . 1 . . 1 . 1 .
100 200 300 400 —400 -200 0 200 400
T, K H, Oe
Puc. 3. TemneparypHble 3aBUCHMOCTH aOCOMOTHON nuddepeHIMaIbHON MarHUTHOH BOC-

MPUUMYABOCTH  4TtNY,. KOMITO3MIIMOHHOW KepaMukH (Lag ¢St 3Mn; 103)1—(LaCuyOy),
st x =0 (A), 0.1 (v), 0.2 (o), 0.3 (m), 0.5 (0)

Puc. 4. 'ucrepesnc MarHUTHOW BOCTIPUUMYHUBOCTH 4TtNy,o(H) pu T = 77 K xommno3unu-
onHolt kepamuku (Lag ¢St 3Mn; 103)1—(LaCuyOy), mist x =0 (1), 0.1 (2), 0.2 (3), 0.3 (4)

m3mensercs oT +12+ 1 O0e (x =0) 0 2+ 10e (x=0.1), 23 £ 10e (x=0.2) u
+10 £ 1 Oe (x = 0.3). [TosiBnenue orpuuarensHoro 3Hauenust H, npu x = 0.2 sB-
JSETCSl Pe3yJIbTaTOM HAHOCTPYKTYPHOM IJIOCKOCTHOW KIIACTEPU3ALMH, BO3HU-
KAIoUIe B Pe3ysbTaTe HAJIU4Ms B MAaTpUYHOM NEpOBCKUTOBOM (PM-cTpykType
wiockocTHoro A@M-kitactepa, 0Opa3oBaHHOTO MOHAMU Mn/%fr C TOHUXECHHBIM

aHMOHHBIMH Bakancuamn V) KOOpAMHAIIMOHHBIM urciioM [21]. [TosiBneHue aHo-
MaJbHOTO THUCTEpPE3HCa BHI3BAHO OJHOHAINPABICHHONW OOMEHHON aHM30TpOIUEH
[22]. Takoil aHOMalbHBII THUCTepe3uc paHee Habmoganu B KobOambTHTax [23],
deppurax [24] u manranurax [25].

55 N
2.4. IMP " Mn u maznumopeszucmugHusle ceoiicmea

IlenHyo MHpOpPMALUIO O JIOKAJbHOM MarHUTHOM HEOAHOPOJHOCTH MpE.-
CTaBJAIOT crnekTpsl SIMP 55Mn, cusateie npu 7' = 77 K (puc. 5,a) anst coctaBoB
(Lag 6Srg.3Mn; 103);—(LaCuy04), c x = 0, 0.1, 0.2. IToBbllIeHHEe HOPMHUPOBAHHOU
Ha Maccy 00pa31oB HHTeHCUBHOCTH SIMP-curnana ¢ pocToM KOHLUEHTPALUU X OT
0 mo 0.1 cornacyercs ¢ yBenuueHueM koiaudectBa ®M-¢pazer ot FM = 57% (x = 0)
10 62% (x = 0.1) Mo naHHBIM TEMIIEPATYPHBIX 3aBUCUMOCTEN BOCIPUMMUYUBOCTH
(cM. puc. 3). llIupokue acUMMETPHUYHBIE CIIEKTPHI CBUAETEIBLCTBYIOT O BBICOKO-
YaCTOTHOM JICKTPOHHOM JIBOMHOM 0OMeHe Mn3+(3d4 ) <> 027(2p6) > Mn4+(3d3).
KommprotepHoe paszioxkenue IMP-cnektpa o6pasiia ¢ x = 0.2 1 OCHOBHOH pe30-
HaHCHOM yacTotoi £y = 375.4 MHz na 3 cocraBmnstomue (puc. 5,0) moaTBepkaa-
€T JIOKAJIbHYI0O MarHUTHYIO U BaJE€HTHYIO HEOJHOPOJHOCTH COCTOSHUN HOHOB
Mapraua. YcpeIHEHHbIE 3Hau€HHsl BaJICHTHOCTH () U MarHUTHOIO MOMEHTa [
MOHOB Maprasiia, Ha fpax KOTOPBIX B pe3yJbTaTe MOJISPU3ALUOHHBIX 3(PPeKToB
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Puc. 5. Cnekrper AMP *Mn KOMITO3UIIMOHHOM KepaMukh (Lag ¢Srg3Mnp 103)1—(LaCuyOy)y
npu 7=77K (a: I —x=0,2-0.1, 3 —0.2) u xomretoTepHOe pasioxenue AMP-cniekTpa ms
cocraBa c x = 0.2 (6: Fp=375.4 MHz, F| =366.9 MHz, F, =375.1 MHz, F; =384.7 MHz;
Hyr(F1) = 347.6 kOe, Hyp(F>) = 355.3 kOe, Hyp(F3) = 364.4 kOe)

U UTOJIBHBIX B3aUMOEHCTBHIM BO3HUKAET 3()(HEKTUBHOE JIOKAIBHOE TOJIe CBEpPX-
TOHKOI'O B3aUMOJAEUCTBUSL HyF, ONpEAENeHbl U3 yCIOBHs pe3oHaHca 2nF = yHyr
JUTST KQKI0M KOMITOHEHTHI paszioxkenust IMP-cnekrpa (cm. puc. 5,0), roe F — pe-
30HaHCHas 4yacTora, Y = 1055.59 (s-Oe)_1 — TUPOMArHUTHOE OTHOIIEHUE IS SJIep
>Mn [26].

[TosiBieHHE COCTABIAIOLIEN CIIEKTPA C MOHUKEHHON PE30HAHCHOU 4acTOTOMU
F1=366.9 = 0.5 MHz 00ycli0BJI€HO MOTJIOIIEHUEM YHEPTUH BBICOKOUACTOTHOTO
AJIEKTPOMATHUTHOTO TIOJIS A/[paMHd MOHOB MapraHiia MOBBIIIEHHON BaJICHTHOCTHU
®; = +3.5 co cpenHUM 3HAYEHHWEM MAarHMUTHOTO MOMEHTa u(Mn3'5+) =437ug, B
OKPY’KEHHH KOTOPBIX U3 MPUHLHUIA JOKAIHHOU AIEKTPOHEUTPATLHOCTH HAXOAST-
cst xatnonnsle sakamcnn M u momner Cu”. IleHTpanbHBI UK C PE30HAHCHON
yactoron F» = 375.1 £ 1.2 MHz cBs3an ¢ noHamu Mn>>"" C MarHUTHBIM MOMEH-
TOM p(Mn3’39+
HOro OoOMeHa. DTH MOHBI 3aHUMAIOT B-mo3uiuu 0e3nedeKTHON MepOBCKUTOBOU
CTPYKTYpBI, B OJNIDKaMIlIeM OKPY>KEHHHM KOTOPBIX HAXOASATCS MPEUMYIECTBEHHO
wonst La’" u St*". BricokouacToTHBI cnektp ¢ F3 =384.7 £ 0.5 MHz 00ycnoB-
JIEH YaCTUYHOM JIOKAJIM3alMell HOHOB MapraHiia ¢ MOHWXEHHON yCpEeIHEHHOH Ba-
3'28+) = 4.61pup, B Omkaii-

) = 4.50up, HaXOAIMIUMHUCS B COCTOSTHUU BBICOKOYACTOTHOTO JIBOM-

nentHOCTBIO Mn> 2% U MarHuTHBIM MOMeHTOM pw(Mn
IEM OKPYXEHUHM KOTOPBIX HAXOISATCS AaHUOHHBIE BAaKaHCUU 7, HeobOxoaumo
OTMETHUTh, YTO YCPEIAHCHHAs BAJCHTHOCTh MapraHila B MaHTaHHTAaX C JBOWHBIM
O0OMEHOM 03HA4YaeT BEPOATHOCTH JIOKAIM3ALUHN €,-3IEKTPOHA Ha B-NO3HLHMU Map-
ranua. [Tpu pacuere ycpeqHeHHOW BaJEHTHOCTH MapraHia Mn®" 3a PE30HAHCHBIE
YACTOTHI JIOKATM30BAHHBIX cocTostmii Mn'' 1 Mn3+HpI/IHI/IMaHI/I 3HadyeHus 320 u
410 MHz cootBetrctBenHo [21]. [na kaxaoit u3 Tpex vactot Fy, Fy u F3 Obn
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1 5 T T T I
paccunTanbl 3(p(peKTUBHBIE JTOKATbHBIE

MOJSl CBEPXTOHKOI'O B3aWMOJICUCTBUSA
HHF(FI) =3476+0.5 kOe, HHF(F2) =
=3553 £ 1.1 kOe u Hyp(F3) =364.4 £
+ 0.5 kOe. Tpu pa3nuyHbIX 3HAUYEHUS
Hyp, nonayudeHHsle uisi OIHON B-1o3u-
LMY TIEPOBCKUTOBOM CTPYKTYpbI, CBHJIE-
TENbCTBYIOT, KAK MUHUMYM, O TpEX He-
SKBUBAJICHTHBIX MO3ULMAX MapraHua c
pa3MYHbIMU BaJCHTHBIMHU, 3JIEKTPOH-
HBIMU ¥ MAarHUTHBIMH COCTOSTHUSIMH.
100 200 300 400 [losiBneHNE HEIKBUBAJIEHTHBIX COCTOSI-
I, K HUM Mn IpOMCXOIUT B pe3yJibTaTe He-
Puc. 6. Temneparypusie 3aBucumoctn OHHOPOIHOCTH €T0 OKaiIIero okpy-
MarHuTope3ncTuBHOTO d(hdexta MR B mo-  JKEHUS APYTUMHA MOHAMHU M TOYCYHBIMHU
ne H = 5 kOe KOMIIO3UIIMOHHOI Kepamuku  Je(eKTaMy BAKaHCHOHHOTO THUTIA.
(Lag ¢Srp.3Mny 103)1—(LaCuy0y), o7 x = JlonupoBaHHbIE  MAaHTAHUT-JAHTA-
=0(A),0.1(v),0.2 (1), 0.3 (m), 0.5 (0) HOBBIE TIEPOBCKUTHI BBI3bIBAIOT MOBBI-
LICHHBIM MHTEPEC B CBS3HM C MPOSBIIE-
HUEM y HHUX KojoccanbHOoro MP-addekra. Ha TemnepaTypHbIX 3aBHCHUMOCTSIX
MR(7) xepamuku (Lag ¢Srg3Mn; 103)1—(LaCuyOy4), B MarauTHOM moNie H = 5 kOe
st x = 0—0.3 nabmogaercss MP-adpdekr (puc. 6), mpuueM OH CpaBHUTEIBLHO Ca-
00 BhIpaxeH npu Temneparype nuka MP->ddexra 7, BOnu3u temuneparyp ¢aso-

BBIX TEPeX0a0B Tg U T ¥ 3HAYUTEIFHO CHIIBHEE MPOSIBIISICTCS B HU3KOTEMIIEpa-
TypHO#i 00acTn. MarnuTopesucTuBHbIA 5QdexT npu ), CBA3aH C pacCETHUEM Ha
BHYTPUKPUCTAJUIUTHBIX MAarHUTHBIX HEOJHOPOIHOCTSX HAHOCTPYKTYPHUPOBAHHOM
KPHUCTAJUIMYECKOW TEPOBCKUTOBOW CTPYKTYPHI M MPHUHUMAET MUHUMAJIbHBIC 3Ha-
yeHus ~ 2% nans cocraBa ¢ x = 0. HuzkoreMmneparypHblil TyHHENIbHBIN THII Mar-
HHUTOCOITIPOTHBIICHHUS CBS3aH C TYHHEIMPOBAHHEM Ha ME30CTPYKTYPHBIX MEKKpH-
CTAJUITHBIX TPAHUIAX, MPOTSHKEHHOCTh KOTOPBIX 3aBHCHUT OT pa3Mepa MEXKpH-
CTQJUTUTHBIX 30H [27], MOBBIIACTCS C TMOHIKCHUEM TeMIepaTypbl U MPUHUMACT
MakcuMaibHble 3HaueHus 12—-14% npu 7'= 77 K nns cocraBoB ¢ x = 0.1 u 0.2.

BriBoabI

N3 aHanmu3a pe3ynabTaToOB SKCIEPUMEHTAIBHBIX HCCIEIOBAaHUM, BBIIIOJIHEH-
HBIX PEHTTEHOCTPYKTYPHBIM, TEPMOIPaBUMETPUYECKUM, PE3UCTHUBHBIM, Mar-
HUTHBIM, SIMP “~"Mn u MP-MeTonamu, 1o BIMSHUIO COCTaBa Ha CTPYKTYpy, €€
ne(eKTHOCTh, (a30BBIi COCTaB M CBOHCTBAa KOMIO3WIIMOHHOW KEPaMHUKH
(Lag.6Srg3Mn; 103)1-(LaCuy04), caenansl CIeAyIOMNUE BHIBOIBI.

C pocTOM KOHIIEHTPALUK X TApaMETPbl OCHOBHON POMOO3IPUUECKH NCKaKEHHON
R3¢ mepoBCKHMTOBOIT (ha3bl yBEIMUMBAIOTCS OT @ = 7.744 A m ou = 90.30° (x = 0) 110
a="7.756 A ua=90.45° (x = 0.3) BcieaCcTBHUE 3aMEIIEHU MEHBIINX B-KaTHOHOB
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wapranma Mn> " (0.785 A) u Mn*" (0.67 A) Gombumavu nonamu Cu”' (0.87 A) n B
pe3ysbTaTe MOBBINICHUS KOHUEHTPALIMM aHUOHHBIX BaKaHCUU V(a). Janpuenmmii
poct x 110 0.5 TPUBOAUT K MOSIBICHHIO U YBEIIMUCHUIO KOJMYECTBA APYTOid (ha3bl — OK-
cuna meau CuO. C yuerom Mexanu3ma J1e()eKTo00pa30BaHus ONPEICTICHbI MOJISIPHBIC
dopmyibl peanbHOM CcTpyKTYphl (Lag 6Srg3Mnp 103)1—(LaCuy0y),. Peanvhas me-
POBCKHUTOBAsI CTPYKTypa sIBiIsieTcs AePEeKTHOW U BMECTe C MOHAMM MapraHiia, Ha-
XOJISAIIMMHICS] B COCTOSTHUM MEPEMEHHON BAJICHTHOCTH, COJCPIKHUT TOUYCUHBIC Jie-
(exThl BaKaHCUOHHOT'O TUIA — AHHUOHHbBIE M 1 xarnonnee 1 Baxamcun. Co-
IJIaCOBAaHUE KOHIICHTPAIMOHHBIX 3aBUCUMOCTEH OTHOCHUTENBHBIX M3MEHEHUH ma-
pameTpa Aa/ay U pacCUUTAHHOTO C y4eTOM NePEKTHOCTH CTPYKTYPBI CPEIHETO
HOHHOTO panuyca AR/ R, TOATBEPKIAET BEIBOM O Ae(heKTHOCTH MePOBCKHTOBOM

CTPYKTYPHI U €€ CI0XKHOM XapakTepe, CBSI3aHHOM C MPOSBICHUEM HAaHOCTPYKTYp-
HOM TJIOCKOCTHOW KJIaCTEpU3alUu.

W3 ananusza TemmepaTypHBIX 3aBUCUMOCTEH YyNEIBHOTO COMPOTHUBIICHUS CHE-
JIaH BBIBOJ O HAIWM4MUU (Ha30BOTO TEPEX0Jia METAJUI-TIONYIPOBOHUK TIPH TEMIIE-
patype T B oOpasmax ¢ x = 0, 0.1 u 0.2. HeMOHOTOHHBII XapakTep U3MEHEHUS
p(7) 1 MUHUMAIIbHBIE 3HAYEHUS YJIEIbHOTO conpoTuBiIeHus p g x = 0.1 BbI3Ba-
HBI I3MEHEHUEM BKJIa/Ia «IBOWHOTO 0OOMEHa» B MEPEHOC 3apsja 3a CUYeT M3MEHe-

HUSI COOTHOILIECHUS Mnfg+ / Mnj_};r IPU HEU30BAJICHTHOM 3aMEILEHUH B-KaTHOHOB

MapraHiia HOHaMH Cu”". Peskoe monmKeHme MPOBOAMMOCTH U YBEIMYEHHUE dHEP-
ruu aktuBanuu E, mist o6pa3uoB ¢ x > 0.2 o0yclIOBIEHBI POCTOM KOJIHYECTBA
npyroit menee nposozsueil ¢azpl CuO U HapylleHHeM HOHAMHU Cu”" u Baxan-
CUSIMU BBICOKOYACTOTHOI'O JIEKTPOHHOI'O JBOMHOTIO OOMEHa.

TemnepaTypHbie 3aBUCUMOCTH MAarHUTHOW BOCHIPUUMYHUBOCTH CIIa00 TOMHPO-
BaHHBIX 00pa3noB ¢ x = 0—0.3 CBUACTEIBCTBYIOT O HATWMYUU (Ha30BOTO IEepexoaa
deppo—mapamaraeTuk npu 7., TeMineparypa KOToporo u koinuectBo OM-da3sl
MOHMYKAIOTCS C POCTOM KOHLeHTpauuu x. [ cocrasa ¢ x = 0.2 npu Temneparype
T =77 K obHapyXeH aHOMaJIbHBII MarHUTHBIA TUCTEPE3UC, MOSBICHUE KOTOPOTO
CBSI3aHO ¢ HAHOCTPYKTYPHOH IJIOCKOCTHOM KJacTepu3anueil u 00yCcIOBICHO JCii-
CTBHEM OJHOHAMPABIICHHOW 0OMEHHOW aHU30TPOIIHH.

[[Iupokue acummeTpudHbie ciekTpbl AMP >>Mn CBHUJIETEIBCTBYIOT O BBICOKO-
YaCTOTHOM JJICKTPOHHOM JIBOWHOM OOMEHE Mn3+(3d4 ) & 02_(2p6) > Mn4+(3d3)
U TMOATBEPXKAAIOT JIOKAJbHYI0 MarHUTHYIO U BAJIEHTHYIO HEOJHOPOJHOCTH CO-
CTOSIHMM HMOHOB MapraHia. HaiineHsl cpeqHue 3HA4Y€HUsI BAJICHTHOCTH HOHOB
mapraua o = +(3.5-3.28) ¢ MarHuTHBIM MOMEHTOM W = (4.37—4.61)up. Onpene-
JICHBI TPH Pa3IMYHBIX 3HAYCHUS YPPEKTHBHOTO JIOKAIHLHOTO OIS CBEPXTOHKOTO
B3aumoyeicTBust Hyp = 347.6, 355.3 u 364.4 kOe nnst oqHON B-TTO3UIUU TTEPOB-
CKUTOBOM CTPYKTYpHI, KOTOPbIE CBUIECTEIHCTBYIOT, KAK MUHUMYM, O TPEX HEIK-
BUBAJICHTHBIX MO3UIIUAX MapraHiia ¢ pa3IMYHbIMU BaJICHTHBIMU, AJIEKTPOHHBIMU
U MarHUTHBIMU cOCTOSHUSMU. [losiBIEeHHE HEIKBUBAJIECHTHBIX COCTOSHUNA Mn
NPOMCXOTUT B PE3yJIbTaTe HEOJAHOPOIHOCTH €ro OMIKaiIero OoKpyXeHus Ipy-
TUMH HOHAMU ¥ TOYEYHBIMU JePEeKTaMU BaKaHCUOHHOTO THIIA.
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B o6pasmax ¢ x =0, 0.1, 0.2 u 0.3 nabmrogatorcs 18a Tuna MP-addexra. [ep-
BBIN THII, c71Ta00 BBIPAKEHHBIN, HA0JFO1aeTCsl BOIM3U TeMIiepatyp (a3oBbIX Mepe-
x0J0B Tpys U T M CBSI3aH C MPOLIECCAMU pacCesHUSl Ha BHYTPUKPUCTAIIIUTHBIX
MarHUTHBIX HEOJHOPOJHOCTSX. Bropoii Tum, Oonee cyliecTBEHHbIH, UMEET TyH-
HEJIbHBIN XapakTep, 00YyCIOBIIEH PacCesIHUEM HAa ME30CTPYKTYPHBIX MEXKpPUCTaI-
JUTHBIX IPAHMLAX U MOBBIIIAETCS C MOHMWKEHUEM TemnepaTypsl 1o 12-14% s
coctaBoB ¢ x = 0.1 n 0.2.
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A.V. Pashchenko, |V.P. Pashchenko|, Yu.F. Revenko, V.K. Prokopenko, |A.A. Shemyakov,
A.G. Sil’cheva, M.O. Liedienov

STRUCTURE, PHASE TRANSITIONS, NMR 55|\/|n, RESISTIVE
AND MAGNETIC PROPERTIES OF COMPOSITE CERAMICS
(Lag 6Sro.3Mn1.103)1-x(LaCu204)x

The composite ceramics (Lag ¢Srg.3Mn; 103)1—(LaCuy0y), sintered at 1240°C has been
investigated by X-ray diffraction, resistive, magnetic, NMR >>Mn and magnetoresistive
methods. It has been found out that copper is redistributed between the main rhombohe-

dral R3c perovskite structure and CuO-phase. The correlation between concentration
changes of lattice parameter and average ionic radius has been established. Molecular
formulas of perovskite structure have been experimentally determined. It has been shown
that the real structure is, in fact, defective and contains anionic and cationic vacancies, as
well as nanostructured clusters of planar type. An anomalous hysteresis of magnetic
properties due to the unidirectional anisotropy has been found. On the basis of NMR
spectra Mn analysis hyperfine interaction fields have been determined and made a con-
clusion that manganese in the B-cites appears in 3 non-equivalent states as a result of its
environment heterogeneity by other ions and defects. Strongly expressed magnetoresis-
tive effect of tunnel type is caused by tunneling processes on mesostructural grain
boundaries.

Keywords: manganites, composite ceramics, perovskite structure, defects, phase transi-
tions, magnetic ordering, NMR 55Mn, magnetoresistive effect

Fig. 1. Concentration dependences: a — the lattice parameter a (0) and the degree of
rhombohedral distortion a (e, inset); 6 — the relative parameter changes Aa/ag (A) and
the average ionic radius AR/R, for three models (see Table) of thombohedral structure
defects of the (Lag ¢Srg 3Mn; 103)1—x(LaCuy0y), solid solutions

Fig. 2. Temperature dependences of resistance p (A —x =0, ¥ — 0.1, o —0.2; insert a: m —
0.3, o — 0.5) and concentration changes of the activation energy E, (insert 6) of the
(Lag.6Srg 3Mn; 103)1—y(LaCuy0y4), composite ceramics
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Fig. 3. Temperature dependences of absolute differential magnetic susceptibility 4TNya.
of the (Lag ¢St 3Mn1 103)1-x(LaCuyO4), composite ceramics

Fig. 4. Hysteresis of magnetic susceptibility 4nNy,.(H) at T = 77 K of the
(Lag.¢Srg 3Mn; 103)1—(LaCuy0y4), composite ceramics for x =0, 0.1, 0.2, 0.3

Fig. 5. >>Mn NMR spectra of the (Lag ¢Srg 3Mny 103)1—(LaCuy0y4), composite ceramics
atT=7TK(a: 1 -x=0,2-0.1, 3 -0.2) and computer decomposition of NMR spectra
for the sample with x = 0.2 (6)

Fig. 6. Temperature dependences of magnetoresistance effect MR in the field H = 5 kOe
of the (Lag ¢St 3Mnj 103)1-x(LaCuyO4), composite ceramics
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PACS: 72.15.Jf

B.B. KamuHckuin, H.H. Ctenanos, C.M. ConoBbeB

TEPMOBOJTIbTAMECKNN 3OEKT B FTETEPOCTPYKTYPE
HA OCHOBE SmS NoA AABJIEHVEM

®epepanbHoe rocygapcTBeHHoe 6oaxeTHOe yupexxaeHne Haykm GrUsnko-TeXHNYECKUIn
MHCTUTYT um. A.®. Nopbde Poccuinckon akagemmm Hayk

CtaTtbsa noctynuna B pegakuuio 21 nonga 2015 roga

Paccmompen mepmosonrvmauueckuii s¢pghexm 6 00vemHol cemepocmpykmype Ha 0CHO8e

cynvuoa camapus (SmS) ¢ cocmagom Smj FEuS (0 <x <1). Hsmepenus npoussedeHul
npu memnepamypax 300-450 K u dasaenusix 0o 500 MPa. Ycmarnosneno, umo eenrusuna
aghpexma ymenvwaemes npu o3oeticmeuu 0aeieHus. Bausnue dasnenus obviacHaemcs
YMeHbUuleHUueM IHepeemUuYecKux 3a30pP08 Medcoy OOHOPHBIMU YPOGHAMU U OHOM 30HbL
nposooumocmu 6 SmS, a maxoce NOHUNCEHUEM KOHYEHMPAyuu NpUMecHbIX OOHOPHBIX
YposHeli noo Oeticmeuem 0deieHuUsl.

KaiwueBblie ciaoBa: cynbQu camapus, TeTepOCTPYKTYpa, BHICOKHE IABIICHHS, TEPMO-
BOJIbTan4deckuil et

Pozensanymo mepmogonvmaivecokuii eghpexm 6 00’emuiii cemepocmpykmypi HaA OCHOGI
cynvioy camapiro (SmS) 3i cknadom Smy_Eu,S (0 <x <1). Bumiproganns nposeoeri npu
memnepamypax 300—450 K i muckax 0o 500 MPa. Bcmanoeneno, wo éeruuuna egexmy
BMEHWYEMbCS NPU 6NIUGT MUCKY. BNiue mucky nosiCHIOEMbCsl 3MEHULEHHSIM eHep2emuy-
HUX 3A30Pi8 MidC OOHOPHUMU DIGHAMU I OHOM 30HU NpogioHocmi 8 SmS, a maxoic 3HU-
JHCEHHAM KOHYEHMPAayii OOMIUKOBUX OOHOPHUX PIBHIE NIO OIEI0 MUCKY.

KarouoBi cioBa: cymedim camapiro, TeTepOCTPYKTypa, BHCOKI THCKH, TEPMOBOIb-
TaidechbKuil eeKT

B pabotax [1-3] 6b11 0OOHApYKEH M ONMUCAH TEPMOBOJIbTanYeCKHid 3¢ (ekT, a B
pabote [4] naHO ero omucaHHWe B CTPYKTypax Ha ocHoBe SmS. B mocnenctBue
JaHHBIA 3¢ ekt HaOIr0AaICs U B PYTUX MOTYNIPOBOJAHUKAX: HA OCHOBE KPEMHUS
[5] u B okcune nuHKa [6]. CyTh 3ddexTa 3akaoyaeTcss B TOM, 4TO B o0Opaslie ¢
IpaJueHTOM KOHLEHTPALMU JOHOPHOM NMPUMECH NP ONpPEACICHHOW TeMIepary-
pe IPOMCXOJUT KOJUIEKTUBHBIN 3a0pOC 3JIEKTPOHOB B 30HY IIPOBOJUMOCTH (TIepe-
xoJ MotTa) B TOW €ro 4acTu, B KOTOpPOl KOHLIEHTpALXs IPUMECH MAaKCHUMAJIbHA.
OTO BBIBOJUT CUCTEMY U3 COCTOSIHMS TEPMOAMHAMHUYECKOTO0 PaBHOBECHS, UYTO BbI-
3bIBACT IE€HEpaIIo dJIEeKTpUudeckoro HanpsbkeHus. [loxpoOHee maHHBIN mporecc
ommucaH B [6,7].

© B.B. KamuHckuir, H.H. CtenaHos, C.M. Conosbes, 2015
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[Tockonbky 3neKkTpodu3uvecKre CBOMCTBA SmS BecbMa YyBCTBHUTEIBHBI K
BO3JICHCTBUIO MEXaHUYCCKUX HANPSOKEHUH M OTOT MaTepuai 00JagaeT PeKOPIHO
HU3KHUM JIaBlieHHeM (a30BOro rnepexoja MoynpoBOJAHUK—MeTan [8], mpeacTas-
JSI€T UHTEPEC MCCIIEIOBAHNUE BIIMSHUSA TMAPOCTAaTUYECKOTO CKATUS HA BEIUUUHY
TEPMOBOJIbTaNYECKOT0 3 (dekTa B HeM. DTO U ObUIO ClIelNaHO B HACTOAIIEH pabo-
te. [IpoBesieHne Takoro Mcciae0BaHusl MOXKET MPEJICTABISATh U HEKOTOPBIM Mpak-
Ttudeckuii uarepec. [lockonbky B HacTofllee BpeMs B CTaAHH pa3paboTKU HaXo-
JTCSl TEHEpaTOphbl AJIEKTPUUECKOr0 HAINpPSKEHMsI, paboTarolue Ha TMPUHIUIE
peoOpa3oBaHus TEIIOBOM YHEPTHH B DIIEKTPUUECKYIO 32 CUET TEPMOBOJIbTanYe-
ckoro 3¢dekra B SmS [9,10], mone3HO UMETh TaHHBIC O BO3MOKHOCTH MX TTPHME-
HEHUS B CTIEIUATIBHBIX YCIOBUSIX, B YaCTHOCTU MPH MOBBIIICHHOM JaBICHUU.

B skcnepuMeHTax HCHONb30BaHbl MOJIMKPUCTAUIMYECKUE 00paslibl COCTaBa
Sm;_,Eu,S, rae BenmnmunHa X MOHOTOHHO M3MEHSETCS O ToNIuHE obpasma ot 0
no 1 B HampaBJIEHUH PACMOJIOXKEHHUS KOHTAKTOB, C KOTOPBIX CHHUMAJICS TEPMO-
BOJIBTAWYCCKUH CUTHAJI. AHAJOTHYHBIC 00pa3Iilbl UcciieJoBanbl HaMu B [4]. TBep-
nbiit pactBop SmS/EuS BeIOpaH 1o Toil mpuuuHe, 4To 006a 00pa3yIoMX ero mo-
JYTIPOBOJHUKA UMEIOT OJMHAKOBBIM cTpyKkTypHBIA Tun Fm3m (NaCl) u npaktu-
YeCKM OJIMHAKOBYIO MOCTOSHHYIO KpHCTalIHuecKol pemerku (a = 5.97 A). 06-
pasibl MOyUYEeHBI, Kak U B pabote [4], myTeM CIieKaHHUs CIOEB MaTepuala ¢ pas-
HBIMH 3HAYCHUSMH X U MOCIEAYIoNero ux omxkura. CormacHo pe3ynbrataM peHT-
TE€HOBCKOI'O aHaJN3a, a TaKKe U3MEPEHUN 3JIEKTPOIPOBOAHOCTH IOBEPXHOCTH, HA
KOTOPBIX pacroiaraluch KOHTaKThl, UMenu coctaBbl SmS u EuS.

OKCHepUMEHTHI IPOBOINUIN B aBTOHOMHOM KJIallaHHOW KaMepe BBICOKOI'O /1aB-
nenwus (puc. 1) B cpenie MoNUITUICUIOKCaHOBOH sukoct [19C-5 2. [laBnenue B
KaMepe CO3JaBajli 3aKauMBaIOIIUM YCTPOWCTBOM, aHAJIOIMYHBIM ONMCAHHOMY B
[11]. O6pazen; 4 B Buae mpsiMmoyroipHoro mapamienenunena (~ 10 x 6.5 x 6.5
mm) NOMELIAIN B BEPTUKAJIBHO PACIHOJIOKEHHYIO IMWIMHAPUYECKYIO TIeub 3, rie
€ro yCTaHaBJIMBAJIM Ha MOPUCTON TETIOM3ONIUpYIomel npoknanke 6. KoHTponb
TEMIIEpaTyp Ha MPOTUBOMOJIOKHBIX IPAHIX 00pa3la OCYIIECTBIISIN C TOMOIIbIO

e | o e

am 1 / tanveckoro 3ddekra moxa maaBneHueM: [ —

9 / i///////// 3aMOpHBINA KIIAMaH KaMmephl; 2 — KUIKOCTh,
§ Z 3

I ==

1 TepMOMnapbl; 6 — IOPHUCTas MOJACTABKA MO
:’;" 6 tayumyeckas kpeimka (Cu); /0 — maHranu-

//.' === n1"///////////// HOBBIM maruuk; // — Tepmonapa; /2 — 3a-
74 ///////47/{? \\\ \ 7 IHMPAKOIIMHA KOHYC IS SJIEKTPOBBOJIOB; /3 —

oOpaser (acbecT); 7 — cTolKa 1js oOpasia
1 HarpeBaTens (CTEKIOTEKCTONUT); & — Me-
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MIPUTIASTHHBIX HA OJIHOM YPOBHE M€/Ib-KOHCTAHTaHOBBIX TepMonap J, 9, oqHOBpEeMEH-
HO C MEJIHBIX BETBEHN MOCIEAHNX CHUMAIN TEPMOBOJIbTaN4YeCKUil curHai. [leus B ka-
Mepe BBICOKOTO JABJICHUS YCTAHABIMBAIM HA CTEKJIOTEKCTOJIUTOBOM CTOWKE 7 U 3a-
KPBIBAJIA CBEPXY METAUTMYECKON KPBIIIKOW & € LENBIO MPeI0TBPaIIeHNsT 00pa3oBa-
HUST KOHBEKIIMOHHBIX TEIUIOBBIX HOTOKOB >kuakocT I1DC-5. B HIbKHEN YacTH CTOMKHU
BBITIOJTHEHA MPOPE3b, B KOTOPOM pacrojiarajii MAaHTaHMHOBBIN AaTYHK JaBieHus /0 u
€l11e OJIHY TepMOIIapy Me/Ib—KOHCTaHTaH / / Jji1 KOHTPOJIS €r0 TEMIIEPATYPHI.

B xoxe skcniepumenTa npu (UKCUPOBAHHBIX B KaMepe AaBICHUSX OCYIIECTB-
nsu HarpeB obOpasua o temnepatyp ~ 450 K. [Tpu atom Ha Bxoa mpuOopoB mo-
JlaBalld CUTHAJIBI ¢ TepMmomnap. B kauecTBe mpumepa Ha puc. 2,a MPEICTABICHBI
pe3yJbTaThl, noidydeHHble 1 AasieHus 350 MPa na skpane DBM. Ilpu Bcex
JTABJICHUSIX HAOJIIOIAIOTCS] POCT BBIXOAHOTO CUTHANIA ¢ 00pasiia Mpy MOBBIIICHUN €TI0
TEMIEPaTypbl U YMEHbIICHHE CUTHAJA MPU MOHIKEHUU TeMIlepaTypsl (puc. 2,0).
3aBUCHUMOCTD, TIPUBEJICHHAsI HAa pUC. 2,0, TIOJIydeHa U3 JIaHHBIX pUC. 2,a B TIPE]-
MOJIO’KEHUH, YTO WHEPIMOHHOCTh TEPMOBOJIbTAHMUECKOTro d(dexTa CymecTBEHHO
MEHBIIIE UHEPLUUOHHOCTH HarpeBa. Bo Bcex cilyyasix HarpeBaHue MpOUCXOIUIIO 0
temrniepatypsl 7' = 450 K, npu KOTOpOW JOCTUTajloCh MaKCHUMallbHOE 3HA4YE€HHE
CUTHAJIa TEPMOBOJIBTANYECKOTO P deKTa.

3t 1450 3.
2k 1400
> 2t
g M >
St 1350 = S
) ot 300
r 1 1 1 1 1 0 [z L L J
0 200 400 600 800 10001200 30 350 400 450
t,s T, K
a o

Puc. 2. 3aBUCHMOCTH BBIXOJHOTO CHUTHAIA TEPMOBOJBTAMYECKOTO 3P QPeKTa U Temrepa-
Typhl 0Opasiia ot BpeMeHu nipu nasieHuu 350 MPa (a) u TemnepaTypHasi 3aBUCUMOCTh
BEITMYMHBI BEIXOIHOTO CHTHAIA TEPMOBOJIBTANIECKOTO 3 dekTa (6)

3aBucuMocTh Benn4yuHbI 3 dexra ot naBnenus B kamepe mnpu 7 ~ 450 K npen-
cTaBiieHa Ha puc. 3. Kak BUJHO, C TIOBBIILIEHUEM JIaBICHUS BEJIMYMHA TEPMOBOJIb-
Tanueckoro 3¢p¢exrTa MOHOTOHHO yMeHbIaeTcs. BaxHON 0COOEHHOCTHIO MOJY-
YEHHOM 3aBUCUMOCTH SIBIISIETCA TO, YTO €€ SKCTPANOJIALUS K HyJIEBOMY 3HAUEHUIO
TEPMOBOJITANYECKOT0 3(h(heKTa MoKazpIBaeT, YTO OHO JOJDKHO UMETh MECTO IpHU
JIABJICHNH, PABHOM JIaBJIEHHIO (a30BOro nepexo/a MoyrylnpoBOJHUK—MeTal B SmS
(650-800 MPa [12]). OTo ecTecTBEHHO, IOCKOJIbKY TEPMOBOJIbTaNueCKuil 3pdexr
NPUCYL JMIIb MOJyNnpoBoAHUKaM. IIpu naBneHusx Huke JaBieHus (pa3oBoro
nepexo/a Mbl UMEEM TOCTETIEHHOE YMEHBIICHNE YHEPTETHUECKUX 3a30POB MEXKTY
4f~ypOBHAMM U YPOBHSIMU JIOHOPOB OTHOCUTEJIBHO JHA 30HbI IPOBOJAUMOCTH.
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Puc. 3. 3aBUcHMOCTb OT JAaBIEHMS JIEKTPHUUECKOTO HAIPSDKEHUs, TEHEPHUPYEMOro 3a
cueT TepMoBosbTanueckoro addekra mpu 7' ~ 450 K (a: ® — sxcnepruMeHTaIbHBIC JaH-
HBIC, A — PacyeT C yUYeToM 0apUYecKOro CIBUIa SHEPTETHUECKUX YPOBHEH, O — pacdeT ¢
y4eToM 0apHuecKoro CABHIa YHEPreTHYECKUX YPOBHEH M M3MEHEHHE KOHICHTPALUH J10-
HOPOB TIOJ1 ISMCTBHEM JaBIECHHUS ), M KOHIIEHTPAIUH TOHOPOB (6)

C 1enpio ynpouieHusi TEOPeTUYECKOro aHaIu3a BIUSHUS JABJICHHS Ha BEJIU-
YUHY TEPMOBOJIbTAaNYECKOT0 3(deKkTa B paccCMaTpUBAEMON T€TEPOCTPYKType ObI-
JIO BBIBUHYTO MPENAINOJIOKEHUE O TOM, YTO B YKa3aHHON TepMoOapudeckoil 00-
JIACTH BCECTOPOHHEE C)KaThe He BIUSIET Ha deKTpuueckue cBoiictBa EuS. Benen-
CTBUE AITOTO MOCJIETHUI MOXXHO pacCMaTpHUBaTh Kak cJa00 3JIEKTPOMPOISIIYIO
MHEPTHYIO0 MaTPUIly 1O OTHOIICHHUIO K MpOIleccaM AJIEKTPOIepeHoca, MpoTeKaro-
IIMM B HCIIBITHIBAEMOM O0pasLe.

JUis MpOBEpKH TaHHOTO MPEAIOI0KEHUS B THAPOCTATUYECKUX YCIOBHUAX ObLIa
uccieioBaHa Oapuyeckasi 3aBUCHMOCTb 3JIEKTPOCOIIPOTHBIICHUS MOJIMKPUCTAIIA
EuS (puc. 4). bapudeckuii K03QPUITMESHT IIEKTPOCONPOTUBIICHUS, PACCYHTAHHBIN
Ha OCHOBE HKCIEPUMEHTAIBHBIX NaHHBIX: B = O(InR)/OP = -5 10 * MPa ' a mo-
psmok MeHbIne TakoBoro miust SmS. [losTomy Uit BBISICHEHUS MeXaHH3Ma H3Me-
HEHUSI TEPMOBOJIBTAMUECKOT0 3P deKTa Ipyu BCECTOPOHHEM CXKATUU CIIEIyeT pac-
CMOTpPETh €ro BIUSHUE HA BEJIMYMHY HAIPSDKEHUS, T€HEPUPYEMOI0 B 4acTu 00-
pasia ¢ coctaBoM, OJIM3KUM K SmS.

TeopeTnueckuii aHaan3 BIUSHUS JaBICHUS HAa BETUYMHY TEPMOBOJIBTANYECKO-
ro 3¢dexra ObLT MPOBEIEH HA OCHOBAHUU COOTHOIICHHUS, CBSI3bIBAIOIIETO BEJIH-
YUHY TeHepupyeMoro Hampspkenus U ¢ mapaMeTpamu MOJIyIpOBOJAHUKOBOTO Ma-
Tepuaja: KOHIEHTPalUsAMH JOHOPHBIX U 4f-ypoBHel N, u Ny, a Taxxke IiryOuHa-
MU uX 3aneranus E; u Er (BbIBOI CM. B IPHIIOKEHUH):

1/2

E,-FE
1+ ]]\\]]2 exp fkT 2
kT f
Ui, =—7In ‘ TR (1)
¢ N Ef_El
1+ exp
Nf kT
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Puc. 4. bapudeckasi 3aBUCUMOCTD HaTypaJib-
HOTO JIorapu@ma 3JIeKTpPOCONPOTHBICHHUS 10~
mukpuctauia EuS npu 7' = 300 K; crmom-
Hasl JIMHUSA — JIMHEHHAsT HHTEPIIOJSIINA 9KC-
MEPUMEHTAIIBHBIX JaHHBIX

5.24 - - ; . :
0 100 200 300 400 500
P, MPa

Pacuer no gopmyie (1) ¢ yuetom GapuuecKkux CABUIOB 1S YPOBHEH E; n Ef,
PaBHBIX COOTBETCTBEHHO E; = —105 meV/GPa n E¢= 162 meV/GPa [13], noka-
3aJ1 yMEHbBIIICHHE HANPsHKCHUS B PacCMaTpUBAEMOM HHTEpBAJe NABJICHUN Ha Be-
anuuny ~ 1%. B sxcnepumenTe HanpshKeHHEe YMEHBIIAIoCh B /1Ba pasa (puc. 3,a).
DTO HECOOTBETCTBHUE pacueTa M OSKCIEPUMEHTA YCTPaHSAETCS, €Cl MPEaIoo-
KUTh, YTO TMOJ JAECUCTBUEM JAaBJICHMSI YMEHbLIAETCS KOHILIEHTpalus AoHopoB. Ha
puc. 3,6 mpeacraBieHa 3aBUCHUMOCTb KOHLIEHTPALIMM HPUMECHBIX JTOHOPHBIX
YPOBHEW OT JaBlIeHUs, MO3BOJSIONIAs paccyuTaTh no ¢dopmyre (1) Teopernue-
CKyI0 3aBUCHUMOCTh U(P), XOpoIlo COrIacyrollylcs ¢ dKcrnepumeHToM. Ecnu
Y4€CTh, UTO KOHIIEHTpAIUsi JOHOPOB NV; B 00bEMHBIX 00pa3iiax SmS cocTaBisieT
2=+ 1)'1020 cm_3, MO/, AEMCTBUEM JIaBJICHUS B HAILIEM DKCIEPUMEHTE BEIUYMHA
N; ymenbmunace Ha 20-25% (Ha ~ 0.5:10% cm_3, UCXOMs W3 JaHHBIX pHC. 3,0).
Takast BeTMUYMHA TPEICTABIACTCS BIIOJIHE PEaTbHON U MOXET OBITh OOBsSICHEHA
HEPaBHOMEPHOCTHIO pacIpesielieHusi JOHOPOB Mo 00beMy oOpaslia, a Takke Ha-
JUYMEM JO0CTATOYHO OOJIBIIOr0 KOJMYECTBAa TOHOPOB C SHEPruedl aKTHUBAaIWH,
menbiel, yem 0.045 eV [14]. O6e 3T NpPUYMHBI JOJDKHBI MPU MOBBIIICHUH
JIaBJICHUS MPUBOJAUTH K BOSHUKHOBEHUIO HOHOB Sm’" u BrIIOUeHNUiT MeTaLHYe-
cKoit ¢azel SmS, 4TO MOHMKAET KOHIICHTPAIUIO V;, TpudeM B OOJbIIEH CTETICHU
B TOW oOsactu oOpasua, rae BenuduHa N; Oonbiie. DTo cinoilt obpasia BOIM3U
€ro KOHTakTa co cTopoHsl SmS. K HEMY U OTHOCHUTCS 3aBUCHMOCTD, IIPUBEACH-
Has Ha puc. 3,6.

W3 BBINIEU3T0KEHHOTO CJIENYyeT, YTO HauOoJjblIee 3HaUeHHE I BEJIMUUHbI
TepMOBOJIbTandecKoro 3Pdekra B SmS wuMeeT KOHIEHTpanus HTOHOPHBIX
YPOBHEH. DTO MO3BOJIIET OLIEHUTh MAaKCUMAJbHYIO BEJIMUYUHY T'€HEPUPYEMOTO
HaMpPsDKEHUsI, KOTOPYIO MOXKHO JOCTHYh B SMS CTEXHOMETPUUYECKOTO COCTaBa.
[Tockonbky B Takux oOpaslax BeluuyuHa N; JEKUT B UHTEpPBAIE OT 1-10%° hi (o)
3-10% cm_3, 9TH 3HAUEHUS U CJEIyeT B3sTh B KauecTBe N| U N, pH pacueTe 1o
dbopmye (1). B pesynprare mosydaem U = 11 mV, 9T0 COOTBETCTBYET MOJTyYECH-
HBIM B 9KCIIEPUMEHTAX 3HAUYCHUSIM.

Takum 00pazoM, moJ ACHCTBHEM THIPOCTATHUYECKOTO CXKATUS B T'eTEPOCT-
pYKTypax Ha ocHOBe SmS TepMoBoOJIbTau4eckuil 3p(HeKT yMeHbIIaeTcs. ITO
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o0BsicHAETCS OapUYECKUM CABUTOM JOHOPHBIX YPOBHEH M TMOHMKEHUEM HX
KOHLICHTPALINH.

PaGora BeinonHena npu noanaepxxkke PODU, rpant Ne 14-08-00591. B.B. Ka-
muHckuii 1 C.M. ConoBreB 6maronapar OO0 «CmCrenzorepm Pyc» 3a gunan-
COBYIO MOJJICPKKY PaOOTHI.

1IPHJIO’KEHUE

BeiBog ¢popmyisl (1) mo cyTu aHamorudeH npuBeaeHHoMy B [15] mist paznoctu
NOTEHIIMAJIOB, BO3HUKAIOIIEH B IMOJYNPOBOJHMKAX C HEPAaBHOMEPHO pacrpene-
JICHHOW KOHIEHTpalUMel JOHOPHBIX mnpumeceil. HampseHHOCTh BHYTPEHHETO
AIIEKTPUYECKOTO Mo £, KOoTopasi MOSBISETCS BCIEACTBUE MpoTekaHus auddy-
3MOHHOTO TOKa j:

E=—jo, (I11)

r1e 6 = e un — yJelibHas JIEKTPOINPOBOIHOCTD, 3apsijl YICKTPOHA, MOABUKHOCTD
3JIEKTPOHOB ITPOBOJUMOCTH M UX KOHIIEHTPALUs COOTBETCTBEHHO.
ITockonbky

Jja= e Dgrad(n) = e D(0n/0x), (I12)

rae D — koaddurnuent auddysun,
D O(Inn)

E=— . I13
u Ox ({3)

CormacHo cooTHoOIIeHHIO DiHiTeiina u = e D/KT (rme k — mocTosHHas
bonwsimana, 7' — abcontoTHas TeMIiepaTypa), 1 MOJKHO 3aIHCaTh:

kT &(Inn)
e ox .

E (114)

Pa3nocts IIOTECHIMAJIOB U] 25 BO3HHKAOMAA Ha MPOTHUBOIIOJIOXKHBIX T'paHAX I'c-
TepocTpyKTypbl SmS—EuS no nuHuu rpagneHTa KOHIEHTPALUU IEKTPOHOB MPO-
BOJAUMOCTH (TOYKH 1 1 2):

U= [ e = T 052

n(xy) e n(x) ' (In)

3anuineM BBIpaKESHUS 7151 KOHIIEHTPAI CBOOOIHBIX HOCUTEJICH B TOUKAX X|, X):
1/2 1/2
n(xl’z)znm +I’lf :(gNCNl,Z) exp(El/2kT)+(chNf) eXp(Ef/2kT), (H6)

2+ 3+
rzie g — oTHoueHue (hakTopoB BhIpoxkaeHUA [16] Sm™ u Sm™ ; N, — mI0THOCTh
COCTOSHMI 30HBI IIPOBOJMMOCTH; E; U Ef — SHEPrUU aKTUBALMU 4f-3JIEKTPOHOB,
: 2+
HaAXOJSIIMXCS Ha «JePEKTHBIX» U «PETYyJIAPHBIX» HOHAX Sm~ B 001acTsAX BOIU3U
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Touek m3Mmepenus Ui . OKOHYATENbHBINA PE3yabTaT Ul Pa3HOCTH HOTEHIMAIOB

U1 » momyyaem, nojacrasiss (6) B (5):

10.

11.
12.

13.

14.

15.

16.
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E._E 1/2
IJ{N2 exp / ZJ

U1,2 :—_ln /2 (H7)
¢ 1 Nl Ef — El
+ cXp
N, kT
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V.V. Kaminski, N.N. Stepanov, S.M. Solov’ev

THERMOVOLTAIC EFFECT IN THE SmS BASED HETEROSTRUCTURE
UNDER PRESSURE

The thermovoltaic effect in the bulk heterostructure on the basis of samarium sulfide

(SmS) with composition Sm;_,Eu,S (0 < x < 1) has been considered. The measurements
were performed in the temperature range of 300—450 K and the pressure up to 500 MPa.
It is shown that the magnitude of this effect decreases with pressure. The pressure effect
is explained by the decrease in the energy gap between the donor levels and the bottom of
the conduction band in SmS and reduction of the concentration of impurity donor levels
under pressure.

Keywords: samarium sulfide, heterostructure, high pressure, thermovoltaics effect

Fig. 1. Assembling of a cell with the fixed sample for the study of the thermovoltaic ef-
fect under pressure: / — shut-off valve chamber; 2 — liquid that transmits the pressure,
PES-5; 3 — heater; 4 — the sample of Sm|_Eu,S; 5, 9 — thermocouples; 6 — porous sample
holder (asbestos); 7 — stand for the sample and the heater (glass fiber); § — metal cover
(Cu); 10 — manganin sensor; // — thermocouple; /2 — locking cone for inputs; /3 — plug;
14 — strip

Fig. 2. Time dependence of the output signal of the thermovoltaic effect and the sample
temperature at a pressure of 350 MPa (a) and the temperature dependence of the output
signal of thermovoltaic effect (6)

Fig. 3. The pressure dependence generated by thermovoltaic effect of electric voltage at
T~ 450 K (a: ® — experimental data, A — calculation taking into account the pressure
shift of the energy levels, o — calculation with account of the pressure shift of the energy
levels and the change in the concentration of donors under the action of pressure) and the
concentration of donors (6)

Fig. 4. The baric dependences of natural logarithm of the electrical resistivity of poly-
crystall EuS at 7= 300 K; solid line is the linear fitting of the experimental data
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PACS: 91.60.Ba

FO.A. Koctanpos, J1.4. JlokwuHa

BJIMAHNE KOHTAKTHOIO TPEHNA HA NMONOXEHUE MPAHULbI
30H MNMOJIHOIO KOHTAKTA N INMPOCKAJIb3bIBAHUNA MNMPU CXXATUA
OBPASLIOB N3 XPYTIKMX MATEPUNAJIOB

KpbiMckuin begepanbHbin yHuBepeuteT um. B.W. BepHagckoro

Cratbs noctynuna B pegakumio 15 nionsa 2015 roga

Ha ocnosanuu sxcnepumeHmanvubix u meopemuyeckux Ucciedo8anull paspyulenus oo-
Pazyos npu ux 0OHOOCHOM CIHCAMUU 8 3A6UCUMOCU OM KOHMAKIMHBIX YCA08UL COeNaH
861600 O MOM, 4MO KACAMENbHOE HANPANCeHUe HA NOBEPXHOCMU KOHMAKMA MOXNCEM
ObIMb PABHO HYIIO HA €20 BHeWHUX Yacmax. Dmo no360Jiem NPeononodCUmy, Ymo pas-
PpyuieHue HayuHaemcs Ha epaHuye 30H NOJHO020 KOHMAKMAa U npockaiv3vieanus. Ilpose-
0eH aHanu3 GIUAHUS KOIPDUYUeHmMa KOHMAKMHO20 MPEHUs HA NOJONHCEHUEe SPAHUYBI 30H
HOMHO020 KOHMAKMA U NPOCKATIb3bIBAHUSL NPU CHCAMUU 00PA3Y08 U3 XPYNKUX MANEPUATLO8
NPAMOY20TbHOU POPMbL ¢ PASTUYHBIM COOMHOULEHUEM WUPUHBL U GLICOMbL U PAZTUYHDBI-
Mu 3Hauenusmu kod3pguyuenma Ilyaccona. Ilpu ycrosuu, umo Ha NOBEPXHOCMU NPUTO-
JHCEHUST HASPY3KU NPUMEHUM 3aKOH mpenus Amonmona—Kynona, npednoscern cnocob on-
peoeneHus epanuybl 304 NOIHO20 KOHMAKMA U NPOCKANb3bIBAHUA O PA3IUYHbIX 3HAYe-
HUll Koappuyuenma KOHMakmuo2o mpenus u koagppuyuenma Ilyaccona. Ycmanosneno
Xopouiee coznacue HOLYYEHHbIX PEe3VIbMAMO8 C IKCHEPUMEHMANbHBIMU OAHHBLMU.

KaioueBsble ciaoBa: cxarue, pa3pylieHHEe, XPYIKUI MaTepuall, TOBEPXHOCTb MPHIIOXKE-
HUsI HarPY3KH, OJTHBIH KOHTAKT, IPOCKaIb3bIBaHUE, KOI(Q(GHUINEHT KOHTAKTHOTO TPEHHS,
koaddurment [lyaccona

Ha niocmasi excnepumenmanvhux i meopemuynux 00C1iod’ceHb PYUHYBAHHS 3PA3KI8 Npu
IXHbOMY 0OOHOBICHOMY CIMUCKYBAHHI 3ANENCHO 80 KOHMAKMHUX YMO8 3D0OIEHO BUCHOBOK
npo me, wo OOMUYHe HANPYICEHHS HA NOBEPXHI KOHMAKMY MOHCe OOPIGHIOBAMU HYIIO HA
11020 308HIWHKIX yacmkax. Lle 0036018€ npunycmumu, wo pyUHy8aHHS NOYUHAEMbCS HA
Medici 30H NO8HO20 KOHmMakmy Ut npociuzanus. Ilposedenuii ananiz eniugy xoeiyienma
KOHMAKMHO20 MEPMs HA NOJONCEHHS MeICi 30H NOBHO20 KOHMAKMY mMa NPOCIU3AHHA NPU
CMUCKYBAHHI 3PA3KI6 3 KPUXKUX MaAMepianie npsMOKYmMHOI (hopmu 3 PiHUM CRIBGIOHOUIEH-
HAM WUPUHU Tl BUCOMU A PI3HUMU 3HaYeHHaAMU Koeiyienma [lyaccona. 3a ymosu, wjo Ha
NOBEPXHI NPUKNAOEHHS HABAHMANCEHHS 3ACMOCO8HULL 3aKOH mepmsa Amonmona—Kyinona,
3anpPONOHOBAHO CNOCIO BUBHAUEHHSI MeCT 30H NOBHO20 KOHMAKMY MA NPOCAUZAHHSL OJsL
Ppi3HUX 3Hauenvb Koeghiyienma KoHmaxmuoz2o mepms U Koegiyicuma Ilyaccona. Bema-
HOBIeHO 000pe Y3200H4CeHH OMPUMAHUX Pe3YTbIMamie 3 eKCNepUMEeHMATbHUMY OAHUMU.

KoarwuoBi cioBa: cTicKyBaHHS, pyHHYBaHHS, KpUXKUN MaTepial, TOBEPXHs MPUKIAICH-
HSl HABAHTAXXCHHS, IOBHUW KOHTAKT, MPOCIU3aHHS, KOe(DII[iEHT KOHTAKTHOTO TEPTs, KO-
edimient [lyaccona

© O.A. KoctaHpos, J1.A. JTokwmnHa, 2015
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Pemenue mpob6nemsl pa3pylIeHUss XpyNKUX U KBa3sUXPYIMKUX TBEPIBIX TEJN U
cpell, KOTOPBIMHU SBJISIIOTCS, HAl[PUMEP, MHOTHE TOPHBIE MOPO/bI, CTPOUTEIbHBIE
MaTepHualbl U U3eNus U3 HUX, — aKTyaJbHas 3ajladya COBPEMEHHOM reoMeXaHUKH
U MEXaHUKH JaedopMupyeMoro TBepaoro tena. CyHiecTBYIOIME MOJEIN pa3py-
mieHus [1-3] He y4uTHIBAIOT B MOJHOM Mepe BIMSHUS BHEIIHEro (KOHTaKTHOIO)
TpeHus: Ha (HOPMHUPOBAHHE B MaTepHaie HaANPSHKEHHO-IE(POPMHPOBAHHOTO CO-
CTOSIHUS, a CJIEI0BATENbHO, M HA Pa3BUTHE B HEM pa3pyLICHHUS.

[Tpu SKCIIEpUMEHTAILHOM HCCIe0OBaHUU [4] XapakTepa paspylieHus oOpas-
IIOB U3 MecyaHo-LeMeHTHoro Matepuana (IILIM) B 3aBHCHMOCTH OT BEIMYHHBI
KOHTaKTHOTO TPEHHS, BO3HHUKAIOLIETO HAa IMOBEPXHOCTH IMPWIOKEHUS HArpy3Ku
IpU OJTHOOCHOM C)KAaTWH, YCTAaHOBJIEHO, YTO pa3pylleHue o0paslia MOKeT Hauu-
HATBCS HE OT yTJia Harpy>kKaeMol MOBEPXHOCTH, KakK I0JIaraeTcsi BO MHOTHUX pado-
Tax [5—8], a Ha HEKOTOPOM PacCTOSHUU OT Hero (puc. 1).

[Tpu mpoBeACHNH IKCTIEPUMEHTOB TI0 pa3pymeHuio oopasios u3 [11IM, ocnab-
JIEHHBIX CKBO3HOW TPELIMHOM, pa3IMyHO OPUEHTUPOBAHHON MO0 OTHOIIEHHUIO K Ha-
NPaBJICHUIO JCHCTBYIOLIEH HArpy3ku [9], Takke OKazaiock, 4TO pa3pylieHHe 00-
paslia HauMHaeTCsl Ha HEKOTOPOM PAacCTOSIHMM OT yTIjla Harpy’kaeMoi MOBEpPXHO-
cTH (puc. 2).

AHaJIOTUYHBIN BBIBOJL CIIEYET U B PE3yJIbTaTe aHATUTUYECKOTO PACCMOTPEHUS
cKatug odpasla Mexy KeCTKUMHU mramnamu [10].

B pabote [11] mpu 3kcniepMMEHTaIbHOM HCCIIEI0OBAaHUN MTapaMeTpOB Mpeieb-
HOTO cocTostHus 00pa3noB u3 [11IM, radb6po (puc. 3) u rpanura (puc. 4) yCTaHOB-
JIEHO, YTO M3MEHEHHE KOHTAKTHBIX YCIOBUH MEXIy IUIMTaMM IIpecca U Harpy-
KAEMBIMH TPaHSIMH OOpa3lOB OT MPAKTUYECKH MPOCKAIB3BIBAHUSA 0 WX MPH-
KJIEMBAHUS MPHUBOAMUT K MOBBIIICHUIO 3HAYCHUN NpeNeNbHbIX HANpPsDKEHUH Coka-
THS G M MOJyJieil ynpyroctn E HCIIBITHIBACMEIX 00PA3IIOB.

Puc. 1. ®otorpaduun paspyumennsix obpasuos u3z IILIM pasmepamu 55 x 55 x 20 mm
MIpH 3HAYCHHUAX KOAPPHULIMEHTA KOHTAKTHOTO TpeHus k: a — 0.03, 6 — 0.24
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R age

BTN el B "

Puc. 2. PazButne TpenmH B oOpasuax u3 1M pasmepamu 55 x 55 X 20 mm ¢ pa3nu4HbI-
MU yTJIaM{ HaKJIOHA 0L HA4aJIbHBIX CKBO3HBIX TPEIIMH MPU WX OCEBOM cxkaThu: a — o = 0,

0—Tm/4

Puc. 3. Pa3pymienue oGpasioB u3
rab0po mpH pa3IUYHBIX 3HAYCHUIX
KO3 (UIMEHTa BHEIIHETO TPEHHS IO
crama k: a — 0.02, 6 — 0.11, 6 — 0.47
(mpuKITeHBaHME)

84



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

Puc. 4. Pazpymenune oOpasuos u3
rpaHuTa MPHU Pa3INYHBIX 3HAUCHH-
X KO3 HUITHEHTA BHEIIHETO Tpe-
HHS 0 ctanu k: a — 0.02, 6 — 0.14,
6 — IPUKJICHBAHUE (TIOKA3aHbI BEPX-
Hue (top) u HwkHUE (bottom) rpa-
HU 00pa3IoB)

P

B

Y l:n.

0 8

*
HCO6XOI[I/IMO OTMCTUTDH, YTO BO3pAaCTaHUC BCIWUYHNH G U E IIpH HOBLIICHUN

KOC-)(I)(bI/II_[I/ICHTa KOHTAKTHOT'O TPCHHA BIUIOTH OO IMPUKICHBAHUA rpaHeﬁ 06p33HOB
K IIIIUuTaM Impecca MOXKXHO OOBSACHUTH TOJIBKO TEM, UTO B ClIydac IMPUKICUBAHHA
Harpy)acMbIxX I‘paHeI\/'I 06pa3ua K CTAJIbHBIM IIJIMTaM HIPECCa HAa KOHTAKTHBIX I10-
BEPXHOCTAX CYHECTBYCT TOJIBKO OJHA 30HA IIOJIHOTI'O KOHTAKTa, HaXOAAIIasCs B
nx CpCI[HHHOﬁ qaCTH. HpI/I HCMMOCPCACTBCHHOM K€ KOHTAKTC HArpy’KacMbIX I'pa-
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Heil o0pa3ua co cTalbHBIMU IUTUTAMU Npecca 0e3 NPUKICHBAHNUS Ha KOHTAKTHBIX
MOBEPXHOCTSAX BO3HUKAIOT JIBE 30HBI: MIOJIHOTO KOHTAKTA U POCKAIb3bIBAHHUSI.

W3 BbIIIECKAa3aHHOTO MOXKHO CJIeNIaTh BBIBOJA O TOM, YTO KacaTelIbHOE HarpsKe-
HHE Ha IOBEPXHOCTH KOHTaKTa HE TOJBbKO HE SIBJISETCS MOCTOSHHBIM BJIOJIb HEE (UTO
clemyeT Takke u3 padbot [5,12,13]), Ho 1 MOKeT OBITH paBHO HYJIIO Ha BHEIIHUX Yac-
TSX MOBEPXHOCTH KOHTAKTA. JTO MO3BOJISET MPEINONI0KNUTh, YTO Pa3pyIlIeHUE HaYU-
HaeTcs MMEHHO Ha IPaHMLIE 30H MOJHOTO KOHTAKTA U MPOCKAIb3bIBAHMS.

B nanHO#i paboTe paccMaTpuBaIOTCSd KOHTAKTHBIC YCIIOBHS TPU OJHOOCHOM
CKaTMM MEXy IUIMTaMH Tpecca odpaslia U3 XpyIHKoro Marepuasga ¢ y4eToM KOH-
TAaKTHOT'O TPEHMs Ha MOBEPXHOCTU MPUIIOKEHUS Harpy3ku. CuuTaercs, 4To Ha Io-
BEPXHOCTHU MPUJIOKEHUS HATPY3KU MPUMEHHUM 3aKOH TpeHus:t AMoHTOoHa—KyIoHa:

T =ko,,

IZie Ty — KOHTAaKTHOE KacaTelIbHOE HAIpsDKEeHHE, K — KOA(QUIMEHT BHEIIHETro
(KOHTAKTHOT'0) TPEHUS, Gy, — HOPMAILHOE HANPSHKEHUE NP OHOOCHOM CHKATHUH.
A PaccmoTpum oOpasen U3 Xpynkoro matepuaina
YE lo*‘ l l l l MUpPUHON 2/ ¥ BBICOTOM 2/ pU OJTHOOCHOM CXa-
! ' TUM BAOJb ocu OY MexXIy IJIMTaMH mpecca ¢ 3a-
| JAHHBIM MIEpPEMEILIEHUEM Vs (pHC. 5).

[Tockonbky HarpykeHue U AePOopMUpPOBaHUE

[ oOpasila CHMMETPUYHBI OTHOCHUTEIBHO €ro IMpo-

% X JIOJIbHOM OCH, pPAacCMaTpUBAaETCs TOJIBKO IIpaBast
. MOJIOBHHA 00pasIa.

AHaJIMTHYECKOE pEIICHHE JaHHOW 3aJadu

T T T T T Ob10 monyueHo B [14]. U3 storo peuieHus

* CIIEIYyeT, 4TO Ha NOBEPXHOCTH KOHTAKTa BO3-

Puc. 5. Cxema HarpyxeHus 00- HHUKAIOT JIB€ 30HBI: 30HA UJICATTBHOTO KOHTAKTA,

pasta (ero mpaBoii MOJIOBUHEI) npuMbikaromas k ocu OY x = 0, u 30Ha npo-

CKaJb3bIBAHMS TpUJEralpmas K CBOOOJHOMU

noBepxHocTH x = [. ['panuma pasnena 3TUX 30H X = [p MOXKeET OBITH HaiileHa

U3 TPAHCLIEHJEHTHOTO YPABHEHHUS

(1—vz)exp(kv*(i_Zz)j(kv*c;lh(alz)+1j:1, (1)
a

\/

rae v, = v (v — koapunment I[lyaccona), o = 130=v) .
l-v h 2

B nactosmeli pabore ypaBHenue (1) pemanoch YMCICHHO TSl pa3IMYHbIX 3HA-
yeHuit ko3ddunumenta [lyaccona n koapduureHTa KOHTAKTHOTO TPEHUSI, a TAaKXKe
JUTSL pa3IMYHBIX COOTHOIIEHUN BBICOTHI 2/ U IUPHUHBI 2/ oOpasiia.

Bbutn paccMoTpeHsl 00pasiibl YeThIpeX BUIOB: «kBaxpat (//h = 1), «cTonbuk»
(0.5), «mmomocay (2), «mmpoxkas nosoca» (4). Koaddunuent [lyaccona uzmensics
ot 0.09 no 0.3, koapdunmenT KkoHTakKTHOTO TpeHUs — OT 0 (TOJTHOE MPOCKATH3bI-
BaHue) 10 0.5 IS «IIUPOKOH TIOJTIOCHD».
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Jis Bcex yKa3zaHHBIX CIy4aeB HaMJEHBI IPAaHUIBI 30H MOJHOTO KOHTAKTa U
npockanb3bBanug. Ha puc. 6 mis ciayvas [ = h mpuBeneHsl rpaduKy 3aBUCHMO-
CTEeli OTHOCHTENBHOW IIHUPWHBI 30HBI TIOJHOTO KOHTaKTa /p// oT koaddummenta
[TyaccoHa 1 ko3 puIHeHTa KOHTAKTHOTO TPEHHUS.

1.0¢ 107 o A O
A
0 |
0.8} ~ 0.8} o A
e A
. 0.6} ~06r e 4 g
= 5 ® A
0.4} 04F o ah
o
0.2} 02f o 4
O ! 1 ) OLW 1 1 J
0 0.1 0.2 0.3 0 0.1 0.2 0.3
% k
a o

Puc. 6. 3aBUCHMOCTH OTHOCHUTEHHON IMIUPUHBI 30HBI TIOJTHOTO KOHTAKTa [p/l 0T K03 hu-
nuenTa [lyaccoHa st pa3iuUHbIX 3HAYCHUH KO3 PUIIMEHTa KOHTAKTHOTO TPSHUS (a: ® —

k=0.1,0-0.2, A —0.3) 1 or k03 UIKEeHTa KOHTAKTHOTO TPEHUs Kk IJIsl Pa3IHYHBIX

3HaveHn koddumuentos [lyaccona (6: ¢ —v=0.1, A —0.2,0—0.3)

W3 npuBeeHHBIX JaHHBIX CIEIYET, YTO 30HA MOJHOTO KOHTAKTa YMEHBIIIACTCS
¢ poctom ko3(pdunmenta [lyaccona v u yBeITMUUBaeTCs ¢ pOCTOM KO3 PUIIEHTA
KOHTaKTHOTO TPEeHUS k, a TIpH k > k Ha KOHTAKTHBIX MOBEPXHOCTSX CYIIECTBYET
OJIHAa 30HA — 30HA TMOJHOrO KOHTakTa. [lodydeHHbIe pe3ynbTaThl XOPOIIO COTJia-
CYIOTCS C DKCIEpUMEHTaIbHBIMU JaHHbIMU [4,10,11] u naHHBIMU O 3aBUCUMOCTHU
XapakTepa pa3pylleHHss OT KOHTAKTHOTO TPeHHs Uit o0pas3ioB U3 rabopo (cM.
puc. 4) u rpanuTta (cM. puc. 5).

Takum 006pa3om, MOKHO CHEJIaTh BBHIBOJ O BaXKHOCTH yueTa BIUSHUS BHEIIIHE-
ro (KOHTaKTHOT0) TpeHHUs Ha (OPMHUPOBAHKE B XPYIIKOM MaTepuaie HalpsHKeHHO-
ne(OPMHUPOBAHHOTO COCTOSTHUS M Ha Pa3BUTHE B HEM pa3pyIICHUs, a TAKXKE CIIpa-
BE/UIMBOCTH MPEINOIO0KEHUS O HAJTMYUU HA TMOBEPXHOCTH o0Opas3ia 30H MOJIHOTO
KOHTaKTa U MPOCKaJb3bIBaHU. XOPOIIIEee COrIache MOTYyYEHHBIX PAaCU€TOB C IKC-
NEPUMEHTATbHBIMU JAHHBIMU TIO3BOJISIET MPUMEHATh OMHCAHHBIN METOJ pacyera
JUISL OTIPEICTICHUS] TPAHUIIBI 30H MOJIHOTO KOHTAKTa W MPOCKAIb3bIBAHUS NJIsI 00-
pas3loB U3 XPYNKUX MAaTEPUAJIOB.
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Yu.A. Kostandov, L.Ya. Lokshyna

EFFECT OF CONTACT FRICTION ON THE POSITION OF THE ZONE
OF FULL CONTACT AND SLIPPAGE BOUNDARY AT COMPRESSION
OF THE SAMPLES OF BRITTLE MATERIALS

With basing on the experimental and theoretical studies of the samples fracture at the
monoaxial compression depending on contact conditions, the conclusion is made that the
tangential stress on a surface of contact can be equal to zero on its external parts. This
fact allows an assumption that the fracture begins at the boundary of the zones of full
contact and a slippage. The effect of contact friction factor on the position of the bound-
ary of the full contact zones and a slippage was tested under compression of rectangular
shape samples of brittle materials with a varied ratio of width and height and different
values of Poisson’s ratio. Provided that on a loaded surface the Amonton—Coulomb fric-
tion law is valid, the method of definition of the boundary of zones of full contact and a
slippage for different values of the contact friction factor and the Poisson’s ratio is of-
fered. The obtained results are in good agreement with the experimental data.

Keywords: compression, fracture, brittle material, loading surface, full contact, slippage,
contact friction factor, Poisson’s ratio
Fig. 1. Photos of the fractured samples of 55 x 55 x 20 mm in size at the contact friction

coefficient k&: a — 0.03, 6 — 0.24

Fig. 2. Crack evolution in the samples of 55 x 55 x 20 mm in size at the varied inclina-
tion angle o of the initial through cracks under the axial compression: a —a =0, 6 — /4

Fig. 3. Fracture of gabbro samples at the varied coefficient of contact friction on steel &:
a-0.02,6-0.11, 6 — 0.47 (gluing)
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Fig. 4. Fracture of granite samples at the varied coefficient of contact friction on steel :
a—0.02, 6 — 0.14, ¢ — gluing (the top and bottom faces of the samples are demonstrated)

Fig. 5. Loading scheme (the right-hand part of the sample)

Fig. 6. The relative width of the full contact zone /,/l vs the Poisson coefficient v at the
varied contact friction (a: ® —k=0.1,0— 0.2, A —0.3) and vs the contact friction coeffi-
cient k at the varied Poisson coefficient (6: @ —v=0.1, A —0.2, 0 —0.3)
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PACS: 62.20.—x

FO.H. Nopapesos., B.N. Janunenko, H.. [lJaHnneHko

OCOBEHHOCTW YINMPOYHEHWA NPU ®OPMNPOBAHNI
OE®OPMALIMIOHHON HAHOCTPYKTYPbI

Wuctutyt npobnem matepunanosenexms nm. N.H. dparHuesnya HAH YkpaunHbl

CraTtbsa noctynuna B pegakuuio 9 ceHtabps 2015 roga

Ilposeden cpasnumenvhblii aHanu3 3aKOHO8 YNPOUHEHU MEMANL08 C PAIHbLIM MUNOM
Kpucmaniuyeckou pewemku 6 oonacmu oonvuuux degpopmayuti. Conocmasnenvl 3Hauve-
Hust napamempa C, onpedensemozo Kak OmHouenue CKOpoCmu YnpouHeHust Kk 0eopmu-
pyiowemy HanpsajceHuio 8 00IACMU nepexooa om ciabopa3opUeHMUPOSAHHBIX CIMPYKIMYP
K Hanozepuam. llokasano, umo 6 OLIK- u I'llY-mamepuanax smom napamemp 3Haqu-
menbHo gvlue, yem 8 I L[K-memannax. E2o eenuuuna pacmem c ymeHvuieHuUeM pasmepa
3epHa, 00cmueas 3HAYeHUl, NPesuluarowux eOuHUYY NPU MAlblx pasmepax 3epeH. Ycma-
Hosnero, ymo memannvt ¢ OLK- u I'TIY-pewemxoii demoncmpupyrom peskyro memnepa-
MYPHYIO 3A8UCUMOCTb NAPAMEMPOS8 YNPOUHEHUS, YMO 00YCl081eH0 onpedensiouel po-
JIb10 OUCTOKAYULL 8 MEXAHUBMAX HOPMUPOBAHUSL 0ePOPMAYUOHHOU HAHOCTPYKIYDbL.

KaroueBble cioBa: miactuueckas aedopmauusi, yIpo4HEHHE, CKOPOCTh YNPOUYHEHHS,
HaHOCTPYKTYpa, CTPYKTypHas 4yBCTBUTEJIbHOCTh

Ilposedeno nopieusibHUull AHANi3 3aKOHI@ 3MIYHEeHHs Memdanie 3 pPi3HUM MUNOM Kpu-
cmaniynoi tpamxu 6 oonacmi eenukux oegpopmayiti. Jicmaeneno 3uauenns napamempa C,
BUZHAYYBAHO20 K GIOHOWIEHHS WBUOKOCI 3MiYyHeHHSA 00 Oedhopmyroyoi Hanpyau 6 00-
aacmi nepexody 8i0 ciabopo30picHMOBAHUX CMPYKMyp 00 HaHosepeH. Ilokazano, wo 6
OL[K- i I'TlY-mamepianax yeti napamemp 3uauno suwui, nHioc 6 I'I{K-memanax. Hozo
BeNUYUHA 30LIBULYEMBCS 31 3MEHWEHHAM PO3MIPY 3epHA, 00CA2AIOHU 3HAYEHb, WO nepe-
BUWYIOMb OOUHUYIO NPU MAAUX posmipax 3epeH. Bcmanoeneno, wo memanu 3 OLK- i
T'TIY-tpamkoro  demoHcmpyiome — pi3Ky mMeMRepamypHy 3aNedNCHICMb  Napamempis
3MIYHEHHS, WO 00YMOBNIEHO BUSHAUATLHOIO POINIO OUCTOKAYI 8 MEeXAHI3Max Gopmyean-
HA OeqhopmayiiHoi HAaHOCMPYKMYPU.

Kuarouori cioBa: miactuuna nedopmaiiis, 3MII[HEHHS, MBUAKICTh 3MIIIHCHHS, HAHO-
CTPYKTYpa, CTPYKTYpHA UyTIUBICTH

Hecmotpst Ha orpomHbI MHTEpec K MarepuaiaM AepOopMaliOHHOTO MPOUC-
XOXJIEHUsI, BOTIPOCHI O MEXaHU3Max (HOPMUPOBAHHS PA30PUEHTHPOBAHHBIX HAHO-
3€pEH OCTAKTCs AUCKYCCHOHHBIMU. [[pruMHa 3TOr0 COCTOUT B CIOKHOCTH JKCIIE-
PUMEHTAIILHOTO HAOMIOACHUS CTPYKTYPHBIX MIEPECTPOCK in Situ pu 1edhOpMHUPO-
BaHUU. OCHOBHOW METOJ MCCIIEOBAHUS TaKUX CTPYKTYpP — AJIEKTPOHHAsT MHUKPO-
CKOIIHS, OJTHAKO 3JIEKTPOHHBIA MUKPOCKOIN (PUKCHPYET JIMIIb TUCKPETHBIC U3Me-

© 0.H. Mopapesos, B.W. laHuneHko, H.WN. OdaHuneHko, 2015
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HEHMS CTPYKTYpPBI IIOCIIE Pa3rpy3ku 00pa3IoB, IpUYEeM Ha CTauH (pOpMUpPOBAHUS
neGOpMaMOHHOW HAaHOCTPYKTYPHI JaKe TPU CYIIECTBEHHOM M3MEHEHHHU CTerle-
HU jAedopMany HaOIIONAIOTCS JIMIIb HE3HAYMTEIbHbIE M3MEHEHHUS pa3MepoB
CTPYKTYPHBIX JIEMEHTOB.

B stoMm cityuae kpuBble 1e(hOpMaIMOHHOIO YIPOUHEHHs CTAHOBSTCS TJIaBHBIM
UCTOYHUKOM HH(pOpMAIMM O TMpoIeccax, MPOUCXOIIMUX B MaTtepuane. [lpu
OonpIMX JeGopMaluaX aHaIu3 3aKOHOB YIPOUHEHHS CYIIECTBEHHO 00JerdaeTcs
Onarogapst IMHEHHOW CBSI3U MEXly HamnpshbkeHueM U aedopmanueit [1-6]. [Ipous-
BOJIHAs HANpspKEHUs Mo JedopMaluy Ha 3TOM CTaJuM COXpaHsET MOCTOSHHOE
3HAa4YCHHE B 3aBUCUMOCTH KakK OT Ae(opMaiium, Tak u oT HanpspkeHus. [lockonbky
Ha paHHMX CTaausAX JeQOpMaluu 3THU 3aBUCUMOCTH 0OoJiee CIIOKHBIE, Iepexos K
cTamui (OPMHUPOBAHHUS HAHOCTPYKTYPHI JIETKO (UKCHPYETCS, a BEIMYUHBI Ha-
npsokeHus U aedopManyy B MOMEHT Iepexo/a XapaKTepU3yHT MEXaHHU3MbI
CTPYKTYPHBIX IIEPECTPOEK.

Ha pannux cranusx aedopmarun ocobenHoctu ynpounenuss OLIK- u I'IIK-
METAJIJIOB 3aMETHO OTJIMYAIOTCS BBUAY pa3iMuuil B MEXaHM3MaX Pa3MHOKEHUS
JUciIoKauui. JTo mpenonpeaesser pa3iuyus B (GOpMUPOBAHUM KPHUBBIX YIPOU-
HEHUS B MaTepHallax C pa3HbIM TUIIOM KpUCTAINIM4YECKOU CTpyKTyphl [5—7]. Ilpu
OonpMX NedopMaluax pa3inyus He CTOb oueBHAHBL. Hanuuue cranuum auHei-
HOT'O YNPOYHEHUS XapaKTEpPHO JUIsl MaTepUaIOB C Pa3HbIM TUIIOM KpHUCTaInye-
ckoii pemerku [1,2,8—11]. Crenenu nedopmanyu, npu KOTOPIX OCYILECTBIIAETCS
Nepexo]l K pa3opUEHTUPOBAHHBIM CTPYKTypaM, U pa3Mepbl HaHOCTPYKTYpPHBIX
3JIEMEHTOB Y MaTepHUajoB Pa3HbIX KJIACCOB TAKXKE JOCTaTOYHO Onm3ku. Tem He
MEHEE, YUYUThIBAsl pa3jMuusi B IE€HE3UcCe CTPYKTypooOpa3oBaHMsS HA HaYaJIbHBIX
cTagusaxX 1eGpOpMHUPOBaHUS, PE30OHHO OXKMJATh Pa3lIU4YMil B MEXaHUYECKOM IOBe-
JCHUW M TIpH OonbIIuX nedopmanusx. B manHo#l pabore MBI XOTHM 00paTHUTh
BHUMaHUE Ha psiji TAKUX 0COOEHHOCTEH.

ABTOpBI padoT [1,2], NOCBSIIEHHBIX CTPYKTYpPHON 4yBCTBUTEIBHOCTH Ae(op-
ManuoHHoro ynpouHenus ['TIK-meramios, yka3slBaiu Ha YCTaHOBJIEHHYIO B JKC-
NEpUMEHTaX Ha Kpy4YeHHUE CBsI3b MEXIY CKOPOCTBIO yripouHeHus dt/dy mpu ciBu-
r'e U HalpsHDKEHUEM CIIBUTa T B 00JIACTH Mepexojia OT TPEThel K 4eTBEpTOM cTaiun
YOPOYHEHHUs. DTa CBSI3b HAIJIAHO MpejacTaBieHa B padote Heca [6] B Buae myHk-
TUPHOW JIMHUM HA TpaduKax, ONMUCHIBAIOLINX TEMIEPATYPHYIO YyBCTBUTEILHOCTh
KPHUBBIX JeopMannoHHOTO yripouneHus: Al (puc. 1,a), mepecTpoeHHBIX B KOOp-
muHatax dt/dy = f(t) (puc. 1,0).

U3 rpagukoB BUHO, YTO 3aBUCUMOCTb OKA3bIBAETCS OYEHb IPOCTON U OIMHUCHI-

BACTCA BBIPAKCHUCM
dt/dy=Cr. (1)

Bennunna napamerpa C, ompezenseMas Kak OTHOILIEHHUE CKOPOCTH YIPOYHE-
HUS K J1eOPMHUPYIONIEMY HAIPSDKEHHIO B TOYKE TEPEX0J]ia MEXIy CTAIUsIMH, B
skcnepumenTax Ha ['T[K-MeTtamnax B mMMpPOKOM MHTEpBajie TEMIIEPaTyp UCIHbITA-
Huil nemoHcTpupyer 3HaueHue 0.1 [1,2]. ®dusuueckuil cMmbicn ypaBHeHus (1)
Hpe/CTaBIsAeT OOJBIION HHTEPEC, MOCKOIBKY OHO (POPMAJIBHO ONpEEINseT YCIOBUE
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Puc. 1. CxemaTnueckue KpuBBbIE HampsbKeHHe—IedopManust (@) U CKOPOCTh YHpOYHe-
Hus—Hanpspkenue (6) s I'IHK-meranmnos [6]

nepexosa oT CTaJuM Cl1adOpa30pPHEHTUPOBAHHBIX SUYEEK K CTaUM HAaHO3EPEHHOM
CTPYKTYpBIL. B pabore [6] maercst ¢pu3mdeckas TpaKTOBKa 3TOTO YpaBHEHHs Ha OC-
HOBAaHMU aHAJIM3a 3aKOHOB CTPYKTYpOOOpa30BaHMs HA YKa3aHHBIX ABYX CTaJUAX
1 00OCHOBBIBAETCS YUCIICHHOE 3HAYEHHWE KOHCTAHTHI. MIHTEpPECHO Takke TO, 4TO
npu C = 1 ypaBHenue (1) npeBparaercs B ycinosue KoHcunepa, xapakTepusyto-
niee Iporece JOoKamu3anuu aedopManui. DTOT MapaJoKCATbHBIA (PaKT B IUTH-
pyeMbIX paboTax He 00CyKAaeTcs.

OKkcnepuMeHThl, BelnoHeHHble Ha OLIK-meTanmnax, nokaspiBatoT 00jee BbICO-
kue 3HaueHus napamerpa C, yueM B ['LIK-merannax. Jluneiinas cragus nedopma-
IIMOHHOTO YIPOYHEHHS B Keye3e Oblia oOHapykeHa JlaBuimeHkoBbM [11] m
Jlourdopaom [12] (puc. 2). B aTux padorax 0cob60 MoguepKuBaeTcs, 4YT0 3aKOHO-
MEpHOCTH J1e(hOPMAIIMOHHOTO YIIPOYHEHHS 1IE€IECO00pa3HO M3y4aTh Ha KPUBBIX
YIPOYHEHHUS], TOCTPOCHHBIX B UCTUHHBIX KOOPIUHATAX.

B pa6ote [13] MbI IpoaHaIM3UPOBAIM 3TH IKCIIEPUMEHTAIBHBIC TaHHBIC U ITyTEM
HECJIOKHOI'O MepecyeTa YCTAaHOBWIIM, YTO B 000UX 3KCIEepUMeHTax 3HaueHue C =
= 0.3-0.4. OT™eTnM, 4TO, XOTS TOYYEHHOE 3HaUeHHE Kod(p(huImenTa cymmecTBeHHO
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Puc. 2. 3aBUCHMMOCTH MCTHHHOTO HANpsDKEHHs OT AedopMaivu kene3a mo JaHHbM Jla-
BujieHkoBa [11] (a) u Jlourdopaa [12] (6)
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6onbire, yem anst ['T[K-meramnoB, oHO Bce ke CYIIECTBEHHO MEHBIIE €IMHHUIIBI,
U, CJIEIOBATENIbHO, IPU UCIBITAHUAX HAa OJHOOCHOE pACTSDKEHUE CTausl JTUHEH-
HOTO YMPOYHEHUS HAXOJUTCS NAleKo 3a MpeienaMu o0JIaCTH paBHOMEPHOU me-
¢dopmanuu. Ilostomy B pabortax [laBUAEHKOBA MCTHHHBIE KPUBBIE HArpy>KEeHUs
PaCCUUTHIBAIUCH C UCIIOIB30BaHUEM METOAUKH (hoTorpadupoBaHus obpasua, a y
Jlonrgopaa ucnonb30BaH METO/1 IOBTOPHOTO HAIPYKEHHUS.

B pa6ote B.A. Kpoxu [14] kpuBble n1edhopMalluOHHOTO YIIPOYHEHHS Kenesa ¢
Pa3IUYHBIM COJAEPKAHUEM YTJIEpO/ia PACCUUTHIBAIMCH MO Pe3yJbTaTaM HCIbITa-
HUSl Ha OJIHOOCHOE CaTue. biaroaaps HCMONIb30BaHHUIO CTIEUATBHBIX TOPLIEBBIX
CMa30K yAaJIoCh OJIYYHTh KPUBBIE Harpy3ka—aedopMariyst [Usk IIHPOKOTO JHara-
30Ha nedopmanuii (10 e ~ 2). K Tomy ke, Mpu UCTIBITAHUSAX HA CKAaTHE UCKITI0Ya-
I0TCSl HEJJOCTATKU KPYUYEHHs] — HEPAaBHOMEPHOE paclipesiesieHue Aepopmaiuii mo
CCYCHHIO.

O06paboTka 3TUX KPUBBIX, BHITIOJHEHHAss HaMU B padote [9], mokasaina, 4To uc-
TUHHAS quarpaMma aeopMaioOHHOTO YIIPOYHEHHUS Kelle3a TEXHUUECKOM YHUCTOThI
MPEICTABISICT COOOM SIPKO BRIpaXXEHHYIO Tapadoury (puc. 3,a). [Tocie 06padboTku
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9TOW KPWUBOH B KOOpJUHATAX se'? (puc. 3,06) u dS/de—S (puc. 3,8) BBIABISETCS
CTaJAUWHOCTh Ha TPEX PA3NMUYHBIX y4acTKaX YHIPOUYHEHHUs. 3HaUeHUs aedopmanuu
B TOYKAax Iepernda COOTBETCTBYIOT MEPEXOIY OT Jieca AUCIOKAIN K ciabopaso-
PUEHTUPOBAHHBIM SYCHKaM U OT cIabopa3opUEHTHPOBAHHBIX SYEEK — K Pa30pH-
E€HTUPOBaHHBIM CTpyKTypam (puc. 3,8). Ha 3aBucumoctu S (puc. 3,0) Kpyx-
KaMH OTMEYEHBI TOYKU, B KOTOPBIX HAOIIOJAIOTCS TIEPeruObl Ha KPUBOi, 00pado-
TaHHOU B KoopauHarax dS/de—S (puc. 3,8). 3Be3m0ukoil 0003HaUEHa TOUKA, KOTO-
pasi B OKCIIEpUMEHTaX Ha PacTsHKEHHE COOTBETCTBYET HaYaly IMICHKOOOpa3oBaHMUs
(C = 1). 3 npencraBleHHBIX JaHHBIX BUJIHO, YTO MPOIECC MIEHKOOOpa3oBaHuUs
HAUMHACTCS 3HAYUTEIHHO paHbIle, YeM Mepexo]l K JMHEHHOW CTaaud yImpodHe-
Hus. OnpenencHHBIA MO pe3yJabTaTaM HCHBITAHUN HAa OJHOOCHOE CXKaTHe Mapa-
MeTp C, XapakTepHu3yIOIHUNA NEpexo]l OT NMapadOJuIecKOl CTaJud K JIMHCWHOM,
JUTSL MAJIOYTIIEPOAUCTOrO Kelne3a Jocturaet 3HaueHus 0.25.

Jiist comocTaBieHns XxapakTepa TeMIepaTypHOi 3aBUCHMOCTH MapaMeTPOB YII-
pounenus nus I'LIK-mertamnoB (cM. puc. 1) ¢ pe3dynbratamu, MOJTyYEHHBIMU Ha
OLIK-meramnax, B pabote [15] HamMu Oblia UcciefoBaHa TeMIIEpaTypHasi 3aBHCH-
MOCTb J1e(hOPMAIIMOHHOTO YIIPOUYHEHUSI MOJMO IeHa, UCTILITAHHOTO Ha pacTshHKeHUE
B nuanaszoHe temneparyp 20-1000°C u mpoaHanu3upoBaHa YyBCTBUTEIbHOCTH
KOA(PUIIUEHTOB YIIPOYHEHHSI MOJIMO/IeHA HAa Pa3HBIX CTAIUSAX YIIPOUYHEHHS B IIH-
POKOM JHara30oHe TeMIepaTyp UCTbITaHUH. VICTHHHBIC KPUBBIC YIIPOUYHEHUS, T1e-
pectpoenHble B koopauHatax dS/de—S, mpeacraBnens! Ha puc. 4.

B paborax Tpedunoa u Mouceesa
[7,8], a mo3anee IleukoBckoro [16]
OTMEYaJIoCh, YTO TPOBEJCHHUE TEPMO-
aAKTUBAIMOHHOTO aHaJN3a YIPOYHECHHUS
B OLIK-MeTaimax ocji0XHEHO TeM, YTO
TEPMOAKTHUBALIMOHHAS MPHUPOAA  YII-
POYHEHHUSI TPOSIBIIIETCSI HE TOJBKO Ha
CTaJMSX Pa3BUTOM NedopMalinu, Kak B
I'IK-meTanmnax, HO HAaMHOT'O paHbIIIE,
kKorna ¢opMupyercss mpeesn TeKyde-
ctu. Ilockonbky (opmupoBanue mpe-
JieNia TeKy4eCcTH 3aKaHYMBaeTCsl Ha Ha-
YaJbHOM CTAaJUM IUIACTUYECKOM Je-
dopmaruu (npu 0.2% mIacTUYHOCTH),

10 12

0 02 04 06 08
S, 10° MPa

Puc. 4. Kpusble ynpouHenust Moiau0eHa B
koopauHatax dS/de—S: ¢ — 20°C, m — 100,
A — 220, A — 330, 0 - 450, « — 610, © —
1000

a KpuBas JePOPMAIMOHHOTO YIIPOU-
HeHUs QopMmupyercss Mpu  OONBIIUX
nedopMaIusx, BOSHIKAeT 0OMaHUYNBOE
BIICYATIICHUE, YTO 3TU MPOIIECCHI JIETKO
pa3AeNuTh MO CTETEHHU e(hOpMAIIHH.

CornacHo NpUHLHUITY AJJUTUBHOCTH CONPOTUBIICHUE ABUKEHUIO JHCIOKALIMMA
CO CTOPOHBI Ie(DEKTHON CTPYKTYphI B 000OIIEHHOM BHJIE MOXHO OITHCATh TPEMs

cJlaraCMbIMHU
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Or =D O+ Y Oy + .03, (2)

rac chi — CyMMa BKJIaAOB MHUKPOMCXAHU3MOB YIIPOYHCHUA, KOTOPLIC MMCIOT

TEPMOAKTUBALMOHHYIO IPUPOAY; ZGZi — CyMMAapHO€ YIIPYroe Mojie AaJbHOIEH-
CTBYIOIIETO HANPSIKEHUSI OT Pa3IMUYHBIX MPEMSITCTBUIA; ch — CYMMAapHO€ CO-

MPOTHUBJICHHUE, 00YCIOBIEHHOE CTPYKTYPHBIMU MapaMeTpaMy THIIA TPaHUI] 3€pPEH,
CyOrpaHuIl, AUCIIEPCHBIX YAaCTHII U T.II., IPOXOXKIEHNE KOTOPHIX HEBO3MOXKHO 0€3
KOHIICHTPAIIUU HAMPSIKEHUS.

B nepBoe cinaraemoe ZGU B KauecTBEe OCHOBHOM COCTAaBIISIONIECH BXOOUT Ha-

npsokerne [laiiepaca—HabGappo — compoTuBieHHE IBMXKEHUIO IUCIOKALUK €O
CTOPOHBI KpUCTANINYECKOH pemieTku. MIMEeHHO Hamuuume 3TOro ciaraemoro ooy-
cnoBnuBaeT 11 OLIK-meTannoB pe3Kyro TeMIIepaTypHYyO 3aBUCUMOCTb IIpelena
TEeKyuecTu B oOmactu HuU3Kux Ttemmeparyp (mo 0.27,.). Hanpsokenue Teitmopa
BXOJUT BO BTOPYIO IPYIIIY ClaraéMblx ZGZi, I/I€ CONPOTHUBIICHUE JIBUIKEHUIO

JUCIOKAMU BBI3BAHO YIPYTUMHM MOJSIMU. UyBCTBUTENBHOCTh YIPYTHX IOJEH K
TEMIIEPATYPE ONPENEISIETCS TOJIBKO YYyBCTBUTENBHOCTBIO YIPYIMX XapaKTepH-
CTUK, U3MEHEHHUE KOTOPBIX ¢ M3MeHeHueM temnepaTtypbl B OLK-meTamnax MHOTO
MEHBIIIE, YEM U3MEHEHUE Npesena TeKydecTu. Cienys 3Tol JIOTUKe, TeMIIepaTyp-
Has 3aBUCUMOCTh KOA(DPHUIIMEHTOB YNPOUYHEHHS OJDKHA OBITH JOCTATOYHO Clla-
0011 u onpenenAThed, Kak U B ciydae I LIK-meramios, nubo TemnepatypHoit 3aBu-
CUMOCTBIO YNPYTUX KOHCTAHT, JHOO MpoleccaMi KOJUJIEKTUBHOTO B3aUMOJEHCT-
BUSL MEX1y AUCIOKALUSIMHU.

OmHaKo PKCIEPUMEHTHI TOBOPAT O ApyroM. B pabote [7] B.d. Mowucees ¢ co-
TPYAHUKAMHU TPH MCCIEIOBAHUU IApPaMETPOB YNPOYHEHHS MOJIMO/IEHA U €ero
CIUIaBOB B IIMPOKOM MHTEpBaje TeMIleparyp nokasain (puc. 5), 4TO IPaKTHYECKU
BO BCEM H3YYEHHOM MHTEpBaje TeMIepaTyp OTHOlIeHue Ko3dduuuenra ynpou-
HeHus K| K IIpeiesty TEKYYECTH Gy SABISETCS MOCTOSTHHON BETMYUHOM.

e —)

/‘ — T Puc. 5. BnousHue temmepaTypbl Ha COOT-
. 8r — HOIICHUE TapaMeTpoB Je(hOpPMAIUOHHOTO
\bo' Al —Q;-‘iN—Q—-\Q\ ynpounenus Ki/c, [7]: o — MUBII (D =
o (A SO e L . S¥a- =100 um), ® — MUBII (D = 40 um), A —
ol . , . L Mo+4.5%TiN, Ao -V,  — Fe +3.2% Si

0.1 02 03 04 05
T

melt

duznyeckas MpUYMHA PE3KOI TeMIepaTypHOU 3aBUCUMOCTH KOI()PHUIIMEHTOB
YIPOYHEHUS CBsI3aHa C TEM, YTO B MEPBOE CllaraeMoe ypaBHEHUS (2) KpoMe CHUITbI
ITatiepnca—Habappo BXOAUT MapaMeTp Gy, XapaKTEPHU3YIOIMH CONPOTUBIEHHUE CO
CTOPOHBI JAUCIOKAIUI Jeca MNPy UX MEPEeceYeHUH MOJBUKHBIMU JHCIOKAIMSIMH.
[Tockonpky TemMmnepaTypHasi 4yBCTBUTEIIBHOCTh 3TOT0 HANPSHKCHUS Takas JKe, Kak
st HanpspkeHus [laitepnca—Habappo, koshuiineHTsl ynpouHeHus: MposIBISIIOT
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YyBCTBUTEIBHOCTh K TEMIIEpaType, MOA0OHYI0 TOH, KoTopas HaOiwojgaercs s
npejena TeKy4ecTH.

B coorBerctBum ¢ Teopueit ynpounenus ['lIK-meramnos [5,6] npu ananuze
TEMIIEPaTypPHO 3aBUCHMOCTH IapaMeTpOB YNPOYHEHHsT MOJMOIeHa B pabore
[15] HamMu Oblia mpoBeleHa HOPMHUPOBKA CKOPOCTH YNpO4YHEHUs 6 Ha Temmepa-
TYPHYIO 3aBUCUMOCTb MOJYJI yHPYTrocTH MoiuOaeHa. OHaKO NMOCKOJIbKY B HC-
CJIEZIOBAaHHOM JIMalia30HE TEeMIIepaTyp H3MEHEHHE MOAYJs HE3HAuUTEeNbHO (He
6onee 20%), Takasi HOPMHUPOBKA HE TO3BOJIMJIA MOJYUYUTh €IUHYIO KPUBYIO YII-
pouHeHus, kak 3To umeeT mecto i I'I{K-meTannos [5].

YuursiBas nanueie B.d. Mouceesa, npeacTaBlIeHHbIE HA PUC. S, MBI TPOBEIU
NOBTOPHYIO HOPMHUPOBKY MapaMeTpa, XapaKTepU3yIOIIEro CKOPOCTh YIPOUYHEHHS
IIpU 3a/laHHOM TeMIlepaType, Ha BEIMYUHY Ipejesa TeKYyYeCTH MpU ITOH TemIie-
parype. HopMupoBaHHOE 3HAY€HUE CKOPOCTH YIPOUYHEHUS PAaCCUUTHIBAIOCH U3

BBIpAXKEHHs: 0 = 6(58220) / ng)( E20) / ET ) [Tony4eHHOEe 3HAYEHUE OTKIAbIBA-

J0Cch Ha ocH opauHAT. [lockonbky aedopmannoHHOE yIpOYHEHHE MaTepHaia Ha-
YMHAETCS 3a MPEIEIOM TEeKy4ecTH, OCh aldcIucc Ha puc. 4 Taxxe Obuia nmpeodpa-
30BaHa IyTeM BBIYMTAHWS 3HAUCHMS IpeseNna TEeKy4eCTH MOJIHMO/IEHa MpHU 3a/1aH-

HOH TeMIepaType U3 BEIMYHMHBI PUIOKCHHOTO HANPSHKCHUA: Gy, =G — ng. IIo-

cJle HOPMHUPOBKHM ObUIO OOHApPY’KEHO TOCTATOYHO XOpOIlee COBMAJCHHE KPUBBIX
YOPOYHEHHUS, TIOJYUYEHHBIX MPHU Pa3HbIX TEMIEpPATypax, YTO CBUAETEILCTBYET O
11eJ1ecO00pa3HOCTH MPOBEACHUS TAKOW HOPMHUPOBKH.

B TO ke BpeMs TLIATENIbHbIN aHAIU3 HOPMUPOBAHHBIX KPHUBBIX MOKa3all, YTO
napaMeTpbl YIPOUHEHUs, paCCUMTAaHHbIE AJIsl Pa3HbIX TeMIepaTyp, HECKOJIbKO OT-
an4aroTcs. 3HadeHHus KOd(PPHUIMEHTOB YNPOYHEHHUS MapamMeTpoB Ha BTOPOH W
TpeTheil cTaausaX Npu KOMHATHOW TeMIlepaTrype CyLIeCTBEHHO (B 2—3 pa3a) BbIILE,
yeM 1pu 0osiee BBICOKUX TeMIepaTypax. B To jxe Bpems B [uana3zoHe TeMIiepaTyp
100—450°C 3HaueHHe ITUX NMapaMeTpOB MPAKTUUECKU MOCTOSHHO. IIpn moBblmeH-
HeIX Temneparypax 610-1000°C 3HaueHWEe KOAPPHUIIMEHTOB YIPOYHCHUS DPE3KO
Bo3pactaer. TakuMm oOpa3om, B uHTepBasie Temiepatyp 100-450°C nopmupoBaH-
HbIE KOA()(UIMEHTHI YIIPOUYHEHHUST HA BTOPO M TPEThEH CTaIUSIX HE U3MEHSIOTCS C
pocToM Temneparypbl. To €cTb B 3TOM TeMIIEpaTypHOM HHTEpBaje MEXaHU3MbI
KOJUIEKTHBHOTO B3aMMOJICHCTBUSI MEXy NMCIIOKALUSIMU, OTBETCTBEHHBIE 3a (hop-
MHPOBaHHE JUCIOKALIMOHHON CyOCTPYKTYpBI, OCTalOTCs Heu3MeHHbIMU. [Ipu mo-
BBIICHUH Temriepatypbl Ooiee 450°C B cBs3HM C yBemMUEHHEM KOd(pQHIMEeHTa
mddy3ur BakaHCHM TMOBBILIAETCS CHOCOOHOCTh JUCIIOKALMU K IONEPEYHOMY
CKOJIBXKEHHUIO, YTO NMPUBOJUT K M3MEHEHHUIO MEXaHU3Ma B3aUMOJECHCTBUS MEXITY
JHMCIIOKAIMAMHU U, KaK CIEICTBHE, K U3MEHEHUI0 Ko3(duiureHToB nedopmarton-
HOro ynpouHeHus. Ousndeckas npupoja yBenmdeHus: koddduipenTos ynpoyne-
HUS B 00JIACTH HU3KUX TEMIIEpaTyp MOXET ObITh 00bSICHEHA aKTUBALlMe BUHTOBOM
KOMIOHEHTHI uciokamuii y OLIK-meTaninoB mpu Hu3Kkux temmeparypax [17].

K coxxanenuto, B CTaHAAPTHBIX BBICOKOTEMIIEPATYPHBIX UCIBITAHUAX HA OJTHO-
OCHOE€ pacTsDKEHHE HEBO3MOXKHO (pUKCHpOBaTh (HOpMOM3MEHEHHE MICHKH B IPO-
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necce aedopmaruu. IlosToMy Ui comocTaBieHHs MOIYYEHHBIX pPE3yJIbTaTOB C
JAHHBIMH, TIPEJICTABICHHBIMHU Ha pHC. 1, B oOmactu pa3BuToii nedopmarmu Obuia
NpOBE/IeHa SKCTPAIOJALMS TPETheH CTaluu KPUBOW YIMPOUYHEHHUS (IITPUXOBBIE
JUHUM Ha puC. 4) 10 INepeceueHusi ¢ MNpsSMOM, ONMUCHIBAEMON COOTHOLIEHHEM
doijs/de = 0.3S (3Hauenune C = 0.3 BBIOpaHO Ha OCHOBE PE3yJIbTATOB, MOJYYCHHBIX
Ha Jkenese). Touka nmepeceueHus: COOTBETCTBYET IpaHulle Mexay craausmu. Ilo-
CJle Hee HAUMHAETCSl TOPU30HTAIIBHBIM YYaCTOK, XapaKTEPU3YIOLIUICSI CKOPOCThIO
YOPOYHEHHUS Ha JIMHEHHOM ydacTke Opy. HecnoxHo noka3ate, 4To TeMiieparypHast
3aBHCUMOCTH MapamMeTpa Oy mog00Ha TeMIiepaTypHOl 3aBUCUMOCTH TIpenena Te-
Ky4eCTH.

HeB03MOKXHOCTB IPSIMOTO M3MEpPEHHs Pa3MepOB IIEHKH B Tporecce aedopma-
IIMM [IPU MOBBIIIEHHBIX TEMIepaTypax MOoTpedoBaia UCMONb30BaTh Psf JOMyIle-
HUH 7151 TIOCTPOCHUST 0O0OIIEHHBIX 3aBUCHMOCTEN YIIPOYHEHUS. DKCIIEPHUMEHTHI,
BBINOJIHEHHbIE NPU KOMHATHOM TeMIlepaType, MO3BOJIAIOT UCKIIOYUTh 3TOT He-
JIOCTaTOK W MPOBOJIUTH HEMpepbIBHOE (poTOoMeTpupoBaHue npodmis meiiku. Ta-
KOH mpueM ObLI MCIOIb30BaH HaMH B pabote [18] mpu aHanmmse KpUBBIX yIpod-
HEeHUs MoiuOJEeHa B IIMPOKOM HHTEpBaie AepopMmaiuil Uis YCTaHOBIIECHUS
CTPYKTYPHOIH 4yBCTBHUTEIBHOCTH MAapaMETPOB YIPOUYHEHUS Ha pa3HbIX YdacTKax
KPHUBOH J1e(OPMHUPOBAHUS BILIOTH JI0 CTAIUH JIMHEHHOTO ynpouHeHus. [lomydeH-
HbI€ pe3yJIbTaThl, B YACTHOCTH, MO3BOJISIOT OINPENEIUTh 3aBUCUMOCTb IIapaMeTpa
C ot pa3mepa 3epHa. ['paduk CTpyKTypHOU UyBCTBHTEIBHOCTH ITOTO MapaMeTpa
npejcTaBieH Ha puc. 6. M3 npuBeleHHbIX pe3ysbTaTOB CIEAYeT, YTO 3HAauYEHUE
napamerpa C CUIBHO 3aBHCHUT OT pa3Mmepa 3epHa. Iy 3epeH OosbLIuX pa3MepoB
(coTHH MHMKpoOMeTpoB) 3HaueHue napamerpa C Haxomutca B npenenax 0.3-0.5,
IUISL CPETHUX Pa3MepoB (IECITKH MUKPOMETpPoB) — B mipeaenax 0.6—-0.8 u nis Ha-
HO3EpPEH MOXET JI0OCTUTaTh BEJIUUYUH Oosblie eaAuHuIbl. OOHapyKeHHash YyBCTBU-
TeNbHOCTH Napamerpa C K pa3Mepy 3€pHa CBsi3aHa C 0COO0H POJIbIO TPAaHULl 3€PEH
B 3apOXKJICHUM JUCKJIMHAIMOHHBIX JI€(EKTOB, OTBETCTBEHHBIX 3a (pOpMUpOBaHUE
Pa30pUEHTUPOBAHHON HAHOCTPYKTYpHI [19,20].

1.2

Puc. 6. 3aBucumocts xkod3ppunmenta C ot
pa3Mepa 3epHa PEKPUCTAILTM30BAHHOTO
MoJIuOaeHA

0 0.4 0.8 1.2 1.6
42 103 m 2

dopmanbHBIM CIIEJCTBUEM TaKOW 3aBUCHMOCTH SIBIISIETCS CMEIICHHE CTaIuH
JUHEHHOTO YIPOUYHEHHs B 00JIACTh paBHOMEpHOH aedopmaruu B o0pasmax, uc-
IBITAHHBIX HA OJHOOCHOE PACTsDKeHHE. B 3TOM ciydae mosBiIseTCsl BO3MOKHOCTD

97



®du3nKa 1 TEXHHKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

onpeaensiats KO3 UIUEHT JINHEHHOTO YIPOYHEHHsI HETIOCPEICTBEHHO U3 JKCIIe-
PUMEHTOB Ha pacTsDKEHHE IO 3HAYEHMIO TAaK HA3bIBAEMOI'O0 MOJYJIS IUIACTUYHO-
ctu. Ero BenmuunHa pacCYUTHIBAETCS MO TAHTEHCY YIJla HaKJIOHA OTpe3Ka MpsMOi
Ha UCTUHHOW JuarpamMme yNpOYHEHHUs, KOTOPBIM COEIUHSET TOUKY C KOOpJUHA-
TaMU «UCTUHHOE HAMPSKEHHE» M «MCTUHHAs Aedopmanus» B MOMEHT LIEHKO00-
pa3oBaHusl C TOYKOM, COOTBETCTBYIOIIEH HMCTUHHBIM 3HAYEHUSM HANpSIKEHUS U
nedopMaiuu B MOMeHT paspyiienus. [lpu 3nadennu C = 1 ero Benu4yuHa B TOY-
HOCTHU COBMAJIaeT C mapameTpom Ory.

Oddext nopwimenus napamerpa C ¢ yMEHBIIICHHEM pa3Mepa 3epHa ObuT 00Ha-
pyXeH HamM M Ha Matepuanax ¢ I'TIY-pewerkoii. B padote [21] npuBeneHs! pe-
3yJbTaThl MCCIEAOBAHUS MapaMETPOB JIMHEHHOTO YIMPOYHEHHs] MasloJIErMpOBaH-
HOro THUTaHoBOro cruiaBa BT1.0, pekpuctannn3zoBaHHoro Ha pa3mep 3epHa 50 um
U HCIIBITAHHOTO HAa C)KaTHE MO0 CXEMaM HENpPEpPBhIBHOIO U MOBTOPHOI'O HAarpyxe-
Hus. B nepsom ciryuae napamerp C = 0.5, Bo Bropom C = 0.35.

HccnenoBaHue 3TOro ke cIijlaBa B HAHOCTPYKTYPHOM COCTOSIHUU, MOJTYYEHHOM
METOJ0M BHHTOBOM 3KCTPY3HUH, MOKA3a10 [22], 4TO B TAKOM MaTepuase 3HauYeHue
napamerpa C OJIM3KO K €IUHHIIE HE TOJIBKO IMPH KOMHATHOH, HO ¥ TIPU MOBBIIICH-
HBIX TeMIepaTypax. AHAINU3 KPUBBIX YIPOYHEHUS 3TOTO MaTepHasa, UCIIBITAHHO-
ro Ha OJHOOCHOE€ C)KaTue, CBUJETENbCTBYET, UTO NEPEXO] K CTaJAUU JIMHEHHOTrO
YOPOYHEHHUs MPOUCXOAUT MPH CpaBHUTEIbHO Malbix (5—-10%) cremensx aedop-
MalliH, a BeJIMYHHA KOAX(PPHUIMEHTA JIMHEHHOTO YIIPOYHEHUS IPEBOCXOIUT 3HAUE-
HUS TpefeNia TeKy4ecTH MPAaKTHMUYECKU MPU BCEX HCCIEAOBAHHBIX TeMIlepaTypax
(Tabnuma).

Tabnuua
Biansinue TeMnepaTypbl HCIBITAHUI HA MapaMeTPhbl YIIPOYHEHHUsI THTAHA,
npoaedopMupoBaHHOro MeToaoM BI

ITapamerps! ynpounenus, MPa
TeMni%aTyp 4 pacTsKeHHe cXKaTue

G2 Orv G2 Orv
20 660 640 655 720
100 630 769 564 810
200 540 618 445 605
300 482 417 370 480
400 350 310 343 440
500 192 164 302 281

Bricokoe 3nauenune mapamerpa C B 3TuX 00Opaslax MO3BOJMIIO PEaTH30BaATh
METOJI U3MEPEHUsI MOAYJS MIACTUYHOCTHU JUIsl onpeaeneHus: kodpduurenTa au-
HEIMHOro YNPOYHEHMS MPHU UCHBITAHUSAX Ha OJHOOCHOE PACTSIKEHUE B IIMPOKOM
MHTepBajie TemrepaTyp. B 3ToM ciayyae HET HEOOXOIUMOCTH MOHUTOPUTH TEKY-
11ee U3MEHEHHUE LICHKH, MOCKOJIBbKY TOYKa, COOTBETCTBYIONIAS HAaYaly HIEHKOO0O-
pazoBaHusi, OepeTcst HEMOCPECTBEHHO U3 JUarpaMMbl, a HICTUHHAs AepopMmalius B
MOMEHT pa3pyIleHHs ONpeesieTcsl pa3MepaMu paspylieHHoro obpasua. [Ipen-
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CTaBJICHHbIE B Ta0uule 3Ha4YeHMs mapameTpa Oy IS OJHOOCHOTO PacTSKEHUs
OJMU3KM K 3HAYEHUSAM 3TOr0 MapaMeTpa, MOJTyYeHHOI0 U3 HKCIEPUMEHTOB Ha OJI-
HOOCHOE€ C)KaTHe, YTO CBUJETEIBCTBYET O KOPPEKTHOCTH HCIOJB30BaHUS 00EUX
METO/UK.

Ecnu HaHecTH Ha OAUH rpauK TEMIEpaTypHbIE 3aBUCUMOCTHU Ipejesa TeKy-
4ecTH U napameTpa 0, To OOHapyKHUTCs, YTO XapaKTep 3TUX 3aBUCUMOCTEH Mpak-
TUYECKH HAECHTUYEH (puc. 6). B ornuune oT MeTona 3KCTpaIosilnu, UCIOJIb30-
BAaHHOT'O MIPU MCCIEI0BAHUU MOJMOIeHa (puc. 7), B JAHHOM Cllyyae 3aBUCUMOCTb
JIMHEHHOTO yIPOYHEHHUs OT TEeMIIepaTyphl NOJy4eHa U3 MPSMOI0 3KCIEPUMEHTA.
[IpencraBieHHble pe3ysbTaThl CBUAETENBCTBYIOT O TOM, YTO TE€PMOAKTHUBAI[OH-
HBIE MPOIIECCHI, OTBETCTBEHHBIE 3a popMupoBaHue npexaena tekydectu B OLIK- u
I'TIY-marepuanax, UrparoT ONpPEesSIONIyI0 POJib Ha pa3BUTHIX CTaJUAX IJIacCTH-
YeCcKou nedopmanuu.

8 0
=
¥
p 6 G2 Puc. 7. 3aBucuMocTH mnpesiena TEKy4YECTH
(o]
<4 Gop (¢) ¥ CKOPOCTH JIMHEHHOTO YIIPOYHE-
o) HUs O (W) OT TeMIepaTypbl UCTIBITAHUMA IS
TUTaHa, mpoaedopmupoBanHoro BD

0
0 100 200 300 400 500 600
T,°C

Bo3sBpamasces k cpaBHuTENbHOMY aHanu3y ynpouHenus ['TIK-meraninoB ¢ gaH-
HbIMH, noaydeHHbIMU g OLIK- u ['TIY-meTannoB, oTMeTUM, YTO TEPMOAKTUBA-
[IMOHHAs MPHUPOJIa YIIPOUHEHUS TMOCJIEIHUX MPOSIBISIETCS BO BCEM MHTEpBAJIE Je-
dbopMmaruii BIIIOTH 10 007acTH Pa30pPUCHTHPOBAHHBIX HaHO3epeH. OHa cBsi3aHa ¢
OTIPENIETISIONIECH POJIBI0 JUCTOKAIMK B GOpMUpPOBAHUHU AePOPMAIIMOHHON HaHO-
CTPYKTYPBHI.

CTpyKTypHasi 4yBCTBUTEIBHOCTh [TAPAMETPOB YIPOUHEHHUSI B 00JIaCTH Mepexo-
Ja OT CJIa0Opa30pUEHTUPOBAHHBIX K Pa30pUEHTUPOBAHHBIM cTpykTypam B OI[K-
u ['TIY-meramnax ¢dopmanbHO 0OyCIIOBJIEHA T€M, YTO CYIIECTBEHHBIM BKJIaa B
3HaueHUE AePOPMUPYIOLIETO HANIPSDKEHUST BHOCUT BEJIMYMHA Mpe/iesia TEKy4eCTH.
Bcenencteue storo ypaBuenue (1) 1 JaHHOTO KJlacca Marepuaia JIOJDKHO ObITh
npeoOpa3oBaHO K BUILY

dt/dy=C(102+tay). (3)

[Tockonpky, Kak ObLIO TTOKa3aHO HamMu B pabote [18], kaxmas U3 xapakrepu-
CTHK YIPOYHEHHMs, BXOASIINX B ypaBHEHHE (2), JEMOHCTPUPYET Pa3HYyIO UyBCT-
BUTEJIBHOCTH K pa3mepy 3epHa, koddduureHnt C TakkKe 0Ka3bIBA€TCS CTPYKTYPHO
4yBCTBUTEIIbHOU BEJIMUUHOM.

OtMeuenHoe pasznuuue ypaBHeHui (1) u (3) MOXKET MOBIMATH M HA CYIIECT-
BEHHYIO pa3HHIly aOCONOTHBIX 3HaueHuil mapamerpa C. OnHaKo B 3TOM cliyyae
Ba)KHEE, YTO B DKCIEPUMEHTAX Ha alfOMUHUU W Menu [1,2] nedopmanus cipura
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ompezensiach Mo yriy 3aKpy4yuBaHUs, KOTOPBIA B 9KCIIEPUMEHTaX Ha KpydeHHE
XapaKTepu3yeT OTHOCHTENbHYIO nedopmanmio. Ee BennunHa 3HAYUTETHHO OOJIb-
1Ie, yeM UCTUHHas (Jorapudmudeckas). Kak ciencrsue, CKOpOCTh yIPOUHEHUS U
3HaueHue napamerpa C B ['TIK-Meramiax oka3bIBalOTCS CYIIECTBEHHO HIKE, YEM
B OLIK- u I'TTY-marepuanax.
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Yu.N. Podrezov, V.I. Danilenko, N.I. Danilenko

PECULIARITIES OF HARDENING IN THE COURSE OF FORMATION
OF THE DEFORMATION NANOSTRUCTURE

Comparative analysis of hardening laws of metals with various types of crystal lattices is
made for the cases of high deformation rate. The values of parameter C defined as the
ratio of the hardening rate and the deformation stress are analyzed in the region of transi-
tion from low disorientated grains to nanograins. It is shown that for bcc and hep metals,
the parameter is significantly higher than for fcc metals. The parameter increases with
lowering of the grain size up to the values higher than unity when the grains become
small. It is found that bce and hep metals demonstrate strong temperature dependence of
hardening parameters due to determining role of dislocations in the mechanisms of for-
mation of the deformation nanostructure.

Keywords: plastic deformation, hardening, hardening rate, nanostructure, structural sen-
sitivity
Fig. 1. Stress-strain (a) and hardening rate-stress (6) schematic curves on fcc metals [6]

Fig. 2. Strain dependences of the true stress in iron by Davidenkov [11] (@) and Longford
[12](0)

Fig. 3. Deformation hardening curves of armco-iron in S—e (a), s-e'? (6) and dS/de—S (8)
coordinates

Fig. 4. Hardening curves of molybdenum in dS/de—S coordinates: ¢ —20°C, m — 100, A —
220, A — 330, 0—-450, @ — 610, & — 1000

Fig. 5. Temperature effect on the ratio of the deformation hardening parameters K;/c,
[7]: o — MYBII (pure molybdenum vacuum smelting) (D = 100 um), e — MUBII (D = 40

pm), A —Mo +4.5% TiN, A -V, & —Fe +3.2% Si
Fig. 6. Grain size dependence of C in re-crystallized molybdenum

Fig. 7. Temperature dependeces of the yield stress 6o, (#) and the rate of linear harden-
ing 0 (m) in titanium processed by twist extrusion
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PACS: 81.15.Gh, 52.40.Hf, 81.07.-b, 51.60.+a

A.M. MNMpyaHwukos, A.W. JInnHuk, P.B. Wanaes, 1O.I". MNawkeBwny,
B.H. BaptoxuH, M.1. MoxHeHko, C.A. KocTtbipsi, T.A. JIMHHKK

HU3KOTEMIEPATYPHOE MATHETPOHHOE OCAXOEHNE
HAHOCTPYKTYPHBbIX INMNEHOK Ni—C:
CUHTES, CTPYKTYPA N MATHUTHbLIE CBOUCTBA

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A.A. lanknHa HAH YkpauHsbl

CraTtbsa noctynuna B pegakuuio 18 aerycra 2015 roga

C nomowwto macHempouHo2o pacnviieHusi Komnosumuou Ni—C-muwienu Oviiu gvipauye-
Hbl mpu epynnsl naeHok ¢ omuowenuem C/Ni (vol.%) = 30/70; 40/60; 60/40. Memoodom
amomuou cunosou muxpockonuu (AFM) ycmanoenen knacmepmwiii xapaxmep ocajicoe-
HUSL NJIEHOK HA NOBEPXHOCMb NOON0JCKU. Penmeenocmpyxmypuviil ananus mpex epynn
NIEHOK NO3601UNL UCCLE008aMb GIUSAHUE MEMNEPaAmypbl NOOJONCKU HA CMPYKMYPY U
pazmep HAHOKPUCMALIUMOE HUKEIsl ¢ Y2lepOoOHOU 000104KOU, KOmopbvle hopmupyiom
naeHxy. MHOYyKmugHo-4acmomHtviM Memooom UMepena HAMASHUYEHHOCTHb HAChIUeHUs

4 Mg HuKkenesbIX HAHOYACMUY U U3YYEHA ee 3AGUCUMOCTb OM MeMnepamypbl HOOIONHCKU.
Ilokaszano, umo nieHKu ¢ MUHUMATLHOU KOHYeHmpayuel yenepooa nposasiaiom gheppo-
MAZHEMU3M YoHce NPU OCANHCOCHUU HA XOIOOHYI0 NOON0XNCKY. Tlnenku ¢ ygeruueHHviM co-
oeparcanuem y2nepooa nposasiaion MasHemu3m npu 0CancoeHuy moabko Ha copadue noo-
JIOJHCKU.

KaroueBble ciioBa: HAHOKJIACTCPbI, MArHECTPOHHOC OCAXKACHHUC, TPOLICCCHI 3apom,1me06—
pa3oBaHuA, HAMarHM4Y€HHOCTh HACBIIICHUA

3a donomocoro macnemponnozo posnunenus komnosumuoi Ni—C-miwieni o6ynu supoujeti
mpu epynu naieox 3 gionowenusim C/Ni (vol.%) = 30/70; 40/60; 60/40. Memodom amom-
Hoi' cunosoi mikpockonii (AFM) ecmanogneno kiacmepHuii xapakxmep 0caodiceHHs NAi8OK
Ha nogepxHio nioknaoku. PewmeenocmpykmypHuili ananiz mpvox epyn niiok 003607U8
docnioumu 6nIU8 memnepamypu niOKIAOKU HA CMPYKMYpy i po3mip HAHOKPUCALIMIE
HIKeNo 3 8yeneyesoro 0DO0NOHKOI0, AKI (hopMyoms NaieKy. I[HOYKmueHoO-vacmomuum me-
MoOOM BUMIDAHO HAMASHIYeHicMb HacuyenHs 47TMg Hikenlegux HAHOYACMUHOK | BUBUEHO
iT 3anexcnicmo 6i0 memnepamypu nioxknaoxu. Iloxazano, wjo niieku 3 MiHIMAIbHOK KOH-
yeHmpayieio 8y2neyio GUABIAIOMb (HepomacHemusm 8xce NpuU OCAONCEHHI HA XOJIOOHY
nionoxcky. Ilniexu 3i 30inbueHuM 6MIiCMOM 8yeneyio BUSBIAIOMb MACHEMUM NPU 0Cao-
JICEHHT MINbKU HA 2apsiui NIOKAAOKU.

KiirouoRi cjioBa: HaHOKIaCTEpH, MAarHETPOHHE OCAIXKEHHS, IIPOIICCH 3aPOIKOYTBOPEHHS,
HaMar"iyeHicTh HACUYEHHS

© AM. MpyaHukos, A.W. NunHuk, P.B. Wanaes, FO.I". MNMawkesuny, B.H. BaptoxuH, M.U. MoxHeHko,
C.A. Koctblips, T.A. JIuHHKK, 2015
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1. BBenenne

[Tocne OTKpBITHS YriaepoAHbIX (YriaepoA-a30THBIX) HAaHOMATepuajaoB (HaHO-
TPpyOOK/HaHOBOJIOKOH) MHOTOYHUCIICHHBIE UCCIIE0OBAHMS MOCBALIATUCH N3YUYEHUIO
UX pOCTOBBIX MexaHu3MOB [1,2]. C TeXHONIOrMUeCKON TOUKHU 3pEHUs OCOOBIN HH-
Tepec MPEACTaBIAIOT TPYyOKH, 3alOJIHEHHBIE PAa3IMYHBIMU BUJIaMH MaTEpUAIOB,
Cpear KOTOPBIX HanOoJee BaKHBIMHU SIBIIIIOTCS MarHWTHBIE METaUIBl. B aTomM
cilydae HaHOTpYOKa UrpaeT poiib 00OJIOUYKH IS METANIMYECKO HAaHOMPOBOJIOKH,
HaXOJsIIEeNcs B OTHOJJOMEHHOM MarHUTHO-YTIOPSIIOYEHHOM COCTOSIHUU.

OO0b1uHBIe METOBI [3—5] MosTyueHust yriepoAHbIX HAHOTPYOOK C HAIlOJTHEHUEM
aTOMaMHU NEPEXOJHBIX METAUIOB TPEOYIOT UCIOJIb30BAaHUSI METAJUIMUECKUX KaTa-
an3atopoB, Bbicokux (900—-1100 K) TemnepaTyp pocTa U TEXHOJIOTHYECKH CIOXK-
HOHW TIOCTPOCTOBOK 00pabOTKH.

B To e Bpems HeoOXo1uMast aKTUBALUs YIJIEpOAa U a30Ta MPH BBIPALIMBAHUI
TaKMX MaTepuajoB BO3MOXKHA M B HU3KOTeMIlepaTypHou Ia3me. [locnennee sB-
JsieTcs BaXKHBIM (DPAaKTOPOM JUIsl HAHECEHMs STUX MaTepuasioB Ha MOJIMMEPHl U
Inpyrre 00BEKTHI ¢ HU3KOM pabodeil TeMnepaTypoi, 4TO 3HAYUTENILHO PaCIIUpPSET
BO3MOXXHOCTH UCIOJIb30BAHUS OJOOHBIX MaTepHaIOB.

AJBTEpHATHBHBIM ITyTEM TIOY4YeHUS] HAHOCTPYKTYP, MOAOOHBIX HAHOTPYOKam/Ha-
HOBOJIOKHaM, MOXKET ObITh OecKaTaJuTHYeCKuil MeTon (OpMUpPOBaHHMS HAHOKOJIO-
HapHBIX IUIEHOYHBIX CTPYKTYp. B 4acTHOCTH, MarHeTpoHHOE pachblieHue (METOJ,
COBMECTHMBIN C MOJYIPOBOJHUKOBBIMU TEXHOJOTUSMHU) MPH ONPEAETIEHHBIX YCIIO-
BUSIX POCTa MO3BOJISIET MOJyyaTh HAaHOKOJIOHAPHBIE MACCHUBBI U3 Pa3/IMUHBIX Mare-
puanos (yriepon, Metamibl). OcOOEHHO MHTEPECHBIMH OOBEKTAMH SIBISIOTCS THO-
PHUIHbIE HAHOKOJIOHAPHBIE CTPYKTYpBI, COCTOSIIME M3 HAHOKIACTEPOB «SIpOo—000-
JouKay», Takue kak MarHuTHbIN Metamt (Ni, Fe, Co), nmokpeitelit yriepogom. CTpyk-
Typa W CBOWMCTBA 3THX MaTEpHaJOB WHTEHCHBHO M3Y4alOTCS B CBSI3H C MHOToo0e-
IIAIOIIMM MOTEHIMAIBHBIM IIPUMEHEHUEM. YTJIEPOAHOE MOKPBITHE CIIOCOOHO o0ec-
NEYUTh OMOCOBMECTUMOCTD U MPEIOTBPATUTD ACTPAIAlMI0 U OKUCIIEHUE METasTnye-
CKHMX HaHOYACTHILl BO BPEMs UX XPAHEHUs! WU MIPAKTUYECKOTO UCTIOIb30BaHHUS.

B 2010 r. Hamu ObUTa pa3paboTaHa HU3KOTEMITEPATypHAs TEXHOJIOTHS TOyde-
HUSI KOJIOHApHBIX HaHOCTPYKTYp cucteMbl C—N, KOTOpbIEe pacTyT MepreHIuKyJIsp-
HO TIOBEPXHOCTH TOJIOKKHU M HE TPEOYIOT IPHUMEHEHUST METAUTMYECKUX KaTain3a-
TOpoB. [laHHast TexHoMorus 0a3upyercs Ha MarHETPOHHOM PACIbUIEHUH YTIiieposa
B HU3KOTEMIIEpATypHOU Mia3Me npu Temneparypax nomioxku 150-200°C [6-8].
Bbuto ycTaHOBIEHO, YTO KOJIOHApHBIE HAHOCTPYKTYpPbI 00Pa3yIOTCsl MPU HU3KHX
(120-200°C) temneparypax MOJAJOKKH, KOHIIEHTpauusx azora 4—10 at.% u xu-
ciopona 2-3 at.%. JlanpHeiie uccieaoBaHus MOKa3ald BO3MOKHOCTh MOJTyde-
HUS B HHU3KOTEMIIEpAaTypHOM IUIa3Me METAJICOJEP/KalIMX HAHOKOJIOHAPHBIX
ctpyktyp cucteMbl Ni-C-N [9,10]. Onnako cienyer MOAYEPKHYTb, YTO CTPYK-
TypHOE U (a30BOE COCTOSIHUS HAHOOOBEKTOB CO CTPYKTYpPOHl METalIn4ecKoe si-
po—yrieposaHas 000JI04Ka U3y4yeHbl HEJOCTATOYHO. JTO CBSI3aHO B OCHOBHOM C
MHOr000pa3neM CrnocoOOB CHHTE3a, KaXAbli U3 KOTOPBIX BHOCUT CBOM OCOOEH-
HOCTH B CTPYKTYPY TaKUX KOMITIO3UTOB.

103



®du3nKa 1 TEXHHKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

Ilenp maHHOM pPabOTHI cOCTOsUIa B MCCIENOBAHUU CTPYKTYPhl MU MarHUTHBIX
CBOWCTB THOpUAHBIX TUIEHOK Ni—C, CHHT€3UPOBAaHHBIX IPH HU3KOTEMIIEPATYPHOM
MarHeTpOHHOM OCaKICHHUH HUKEIb-YITIEPOAHBIX KIACTEPOB.

2. JKCHepuMeHT

HanokonoHapHble 1m1eHOuHbIE CTPYKTYpbl cucTeMbl Ni-C—N moydanu MeTooM
MarHeTPOHHOTO PACTIBICHUSI KOMITO3UTHOW HHKENb-YTJIEPOTHON MHIICHH B aTMO-
cdepe aprosa u a3oTa Ha MOJJIOKKAX U3 KBApLIEBOTO CTEKIa pa3Mepamu 5 x 10 mm.
Hcnonp30Bany raHapHbBI MarHeTPOH MOCTOSIHHOTO TOKA C TUIOCKUM KaToJOM U
KOJIBLIEBBIM aHOJIOM. PaccTosiHue OT MMILIEHH [0 MOJUIOKKH cocTaisuio 2.0 cm,
JiepKaTeb MOAJIOKKHU 3a3eMiisics. MOIHOCTh pa3psiia MarHeTpoHa MpH MOJy-
yeHnH oOpa31oB He npesbimana 20 W. JlaBiaeHue raza BHyTpH pOCTOBON KaMme-
pbl paBHsioch 26 Pa. Temneparypy moanokek Ais pa3iudHbIX 00pa3loB Baphb-
upoBaiu B npezenax 30-320°C, BpeMst pocTa INIEHOK — B npeaenax ot 10 s (mpu
HCCJIEI0BAHMSX MPOLECcca 3apoblle00pa3oBaHusl HAa MOBEPXHOCTU MOJJIOKKH)
1o 10 min.

B kauecTBe MHINCHHM NPUMEHSIIM IBYXIHCKOBYIO CTPYKTYPY, B KOTOpPOW Ha
CIUTOIIHON TUCK U3 rpadura (ductoroi 99.9%) HakmaabIBalu HUKEIEBbIM AUCK C
OTBEPCTUSAMHU. BBUIH BBIpAIeHbl TPH CEPHH IUICHOK ToimuHOW 10 100 nm, pas-
nnyatomuecs: otHomeHuem aromoB C/Ni (vol.%) (4 — 30/70, B — 40/60 u C —
60/40).

Mopdoaoruio noBepxXHOCTH IJICHOK UCCIIE0BAIN METOIOM aTOMHOM CHIJIOBOM
MUKPOCKOIIUU TIPH TOMOIIM 30HI0BOM HaHojaOopaTtopun Ntegra Aura. Pentre-
HOBCKMI aHaJIN3 MOJTy4YEeHHBIX 00pa3noB mpoBoauwin Ha ycraHoBke JIPOH-3 B Co
Ky-m3nydennn. HamMarHMueHHOCTh HACBIMICHUS MaTepHalia IJICHOK HU3MEpSIH C
IIOMOIIBI0 MHIYKTHUBHO-YaCTOTHOM yCTaHOBKM IO M3MEHEHUIO PE30HAHCHOW 4ac-
ToThl AF oc AM = f(H) xonebaTenbHOro KOHTYpa, B KaTyIIKy KOTOPOro MOMeIia-
mu obpaser [11].

3. Pe3yJabTaThl U 00Cy:KAeHUE

MeTto0M aTOMHOW CHJIOBOM MHUKPOCKOIHUHM HMCCJIEAOBAIM MPOLIECCHI 3aPOJIbl-
1e00pa30BaHus U IUHAMUKY POCTa HAHOCTPYKTYPHBIX TUICHOK cucTeMbl Ni—C—N
Ha TOBEPXHOCTH TMOMJIOKKH. [l 3THUX 1eneil Mbl MCIOJNb30BaU MOIOKKU U3
MOJIMPOBAHHOTO KBAPIIEBOTO CTEKJIA C IIEPOXOBATOCTHIO Mopsaka 1 nm. ITo nano
BO3MOXXHOCTh KOHTPOJIUPOBAThH CIIOKHYIO MOP(OIOTHI0 MOBEPXHOCTH IMOIyYae-
MBIX 00PA3I0B ¢ TOYHOCTHIO, TAK)KE CpaBHUMOH ¢ 1 nm.

Ha puc. 1 mpeacraBnensl n3o0paxeHuss moBepxHOCTH Ni—C—N-HaHOCTPYKTYp
nocise 30 u 300 s pocta, MOTyYEHHBIE METOAOM aTOMHOW CHJIOBOM MUKPOCKOIIHH.
Kak BugHo, mocne 30 s pocTa BCsi MOBEPXHOCTh MOJIOKKH MOKPBITA KIacTep-
HBIMH JIEMEHTaMH pazMepoM ~ 10 nm. DTo Mo3BOJIAET 3aKIOYUTh, YTO MPHU HC-
M0JIb30BAHHOM METOJI€ MAarHETPOHHOI'O PACIBUICHHUS] UMEET MECTO KJIAaCTEPHBIN
XapakTep HaMbUICHUS TUICHOK cucTeMbl Ni—C—N: Ha MOBEPXHOCTh MOJTIOKKH
OCaX/1al0TCs yxke c(hOpMUPOBAHHBIE B IIa3M€E KIIaCTEPhl paclbUIIEMOro MaTepuaa
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Puc. 1. AFM-n300pakeHus TOBEPXHOCTH TMOPUAHBIX HAHOCTPYKTYPHBIX MIeHOK Ni—C—N
TIpU BpeMeHH pocTa, s: a — 30, 6 — 300

HAaHOMETPOBBIX pa3MepoB. BO3ZHMKHOBEHHE KJIACTEPOB, OYEBHIHO, OOYCIOBJICHO
JIOCTATOYHO OOJBIIMM JaBjieHueM OydepHoro rasa [12] (B Hamem citydae ~ 26 Pa).
OTO AaBlIeHHME TOYTH HA TOPSIOK BBIIIE OOBIYHO MCIOIB3YEMOrO B 3KCIIEPHMEH-
Tax MO0 MarHeTPOHHOMY pachblIeHWI0 Tpu HuU3KkoH (20 W) MomHOCTH MarHe-
TPOHHOH TUTIa3Mbl. B pesynbrare HeOombInas 00JacTh IUIA3MbI XapaKTEPU3yeTCs
BBICOKOM KOHIEHTpAILMEN paclbUIEHHBIX aTOMOB. biaromaps 3ToMy npu OTHOCH-
TEJIbHO HEBBICOKOW TEMIIEpaType HAYMHAIOT MPOTEKaTh MPOIECCHl CaMOOpPTaHU-
3anuu — 00pa3oBaHKE B IUIa3Me KIACTEPOB M3 MaTepHalia MUIIeHU U OydepHOro
raza. [Ipu aToM mocieqHUIl HEmpephIBHO NPOKAYMBAETCS 4YEPE3 30HY paspsaa
maraerpoHa. CkopocTb TeueHus: OypepHoro rasa majua Mo CpaBHEHHUIO C TEILIO-
BBIMU CKOPOCTSIMHU €r0 aTOMOB M aTOMOB MHILEHH M HE OKa3bIBACT BIMSHUS Ha
KOHIIEHTPAIUIO U PacIpOCTPAaHEHHUE PACTIBUIEHHBIX aTOMOB.

Jauublii pe3ynbTar TpeOyeT MEepeOCMBICICHHS MPOIECCOB POCTAa HAHOCT-
PYKTYPHBIX IJIEHOK METOJOM MAarHeTpOHHOTO PaCHbUICHUS U MOCTPOCHHS HO-
BBIX MOjIeNIel, B YaCTHOCTU MOJIENICH poCTa HAHOKOJOHH M3 3apsKEHHBIX Kia-
CTEpOB.

Ha puc. 1,6 npuBenensl 3D-u300pakeHus MOBEPXHOCTH IMJICHKH, MOTyUYCH-
Hoi mocye 300 s pocra. XOpoIlIO BUIHA «OCTpash» Hrojbyatras CTPYKTypa,
chopmMupoBaHHAS OTACITHPHBIMU TOHKUMU HAaHOKOJOHHaMU. [[s1 9TOW moBepx-
HOCTH XapaKTepHO HOpMajbHOE (rayccoBO) pacHpeiesieHHEe BBICOT HaHOKO-
JIOHH Ha BBIOpaHHOHN 00JACTU CO CPETHUM 3HAYCHUEM BBICOTHI, KOJICOTIOIUM-
ca ~ 50.9 nm. Onnaxo 80% pe3kux nepernagoB KOJOHAPHBIX 00pa3oBaHUil 3a-
KIIIOYeHBI B nuamna3zone BeICOT OT 30 mo 70 nm. Cpennss apudmernyeckas 1ie-
poxoBarocTh (1o ISO 4287/1) ans nmanHO# oOmacTu cocTtapisier Sa = 8.6 nm.
[Ipu sToM Qypbe-aHanu3 CTPYKTYPhl HE BBISIBUI OJIMKHETO TOPSAKA TaKOH
Mop(hoJIoTHH.

OcTtanbHble HCCIEI0BAHUS, KPOME IMPOLIECCOB 3apobliieo0pa3oBanusi, ObLTH
BBITIOJTHEHBI Ha IUIEHKAX YIOMSHYTBIX Tpex cepuid 4, B u C, KOTOpbIE OCaXIajlu B
tedenue 10 min. AHanu3 qudpakTorpaMm IJICHOK Cepuu A MOKazal, YTo MPUCYT-
CTBYIOT TOJBKO pediekchl, coorBeTcTBytonme (111), (200) u (220) mmockocTsm
I'K-pemerku nukens (puc. 2,a). [locTosinHas pemetku coctapuna 3.529 A, uto
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Puc. 2. Bnusiaue TeMnepaTypbl MOAN0KKH 15 Ha PEHTTEHOBCKYIO nudpakuuio (a: Ts, °C:
1-30,2-95,3-150,4—-200,5—300) u pazmep D (6: 0 —Ni (111), ® — Ni (200)) Ni-
HAHOKPHCTAJUIUTOB IICHOK TPYIIIBI A

ONM3KO K 3HAYEHWIO 11 oObeMHoro Hukens (3.56 A). Ormmume 3akmrodaercs
JMIIG B HEKOTOPOM YIIMPEHUU PEHTI€HOBCKUX PE(IIEKCOB. DTO CBUIETEIHCTBYET
O CpPaBHUTEIBHO MaJloM pa3Mmepe Ni-KpHCTAUIUTOB, U3 KOTOPBIX IOCTPOEHBI
IUIEHKU. B TO e Bpems Hanuumle B COCTaBe IJICHOK YIJIEPOAa CBUACTEIBCTBYET,
KaK 3TO MOKa3aHo B paboTtax [1,2], o CyIecTBOBaHUHU YTIEPOTHON 0OOJTOUYKH BO-
KPYT HAHOKPUCTAJUIUTOB HUKEJISL.

Ha puc. 2,6 mpuBeaeHbsl 3aBUCUMOCTH pa3Mepa DD HaHOKPUCTALTUTOB Ni HU-
KEJIb-yTJIEPOIHBIX TUICHOK ceprH A (OLEHMBAIM MO YIIMPEHUIO PEHTTEHOBCKUX
pedaekcos no popmyie [edas—Illeppepa) or Temneparypsl noanoxku 7. C mo-
BbIlLICHUEM 7§ pazmep D MJIaBHO yBEJIMYMBACTCS M MMEET Pa3JInUHbIe 3HAUCHUS
s peaexcos (111) u (200). Cnenyer OTMETUTH, UTO IIPU HU3KUX TeMIepaTypax
TaKOTO Pa3IMyus HET. DTO YKa3bIBAET HA TO, UYTO MPH HU3KUX TEMIEpaTypax oca-
KJ1aeMble Ha MOJUI0XKKY KJacTepbl UMEIOT chepruuecKyto popmy.

JudpaxTorpamMmsl miaeHoK cepuu B (puc. 3,a) MOKa3bIBAIOT, YTO MJIEHKHU, OCa-
KJIEHHBIE TIPU BBICOKUX TEMIIEpaTypax MOAJIOKKHU U COJepKalllie B CBOEM COCTa-
Be 40 vol.% yrnepoma u 60 vol.% wuxens, puxcupyror ['IIK-dazy wukens. [Ipu
Temneparypax noainoxku < 150°C naOmromaeTcst mosiBieHUE pediekCoB HOBOH
¢a3sbl, KoTOpas Obu1a uaeHTHGUIMpoBana Hamu Kak NiO.

MOXHO MpearnoaoKuTh, 4YTO MOBIIIEHNE KOHIIEHTPALUHU yIIepo/ia B IUIEHKAaxX
BBI3BIBACT M3MEHEHUE CTPYKTYPHI YIIIEPOJHOTO MOKPHITUS HUKEIEBBIX HAaHOKIIA-
CTEpOB. YBeJIMUEHHE KOHLEHTpAUK yriepoja B HaHokiacTepax Ni—C npuBoauT
K TOMY, 4TO YTJIEPOAHBIE O0OJOYKH BOKPYT HaHOKPHUCTAJUIUTOB METaylia HE SB-
JSIFOTCS. 3aMKHYTBIMH, @ COCTOSIT U3 HECOBEPILEHHBIX M30THYTHIX ()ParMeHTOB C
HaJm4reM 1op. BenencTBue 3Toro mpu B3auMOJIHCTBUN HAaHOKJIACTEPOB C aTMO-
cdepoil TpOUCXOAUT OKUCIEHUE HUKesd. PocT Temmeparypsl MOAJIOXKKU MPUBO-
JUT K YBEIMUEHHUIO TOJIIIMHBI YTIEPOJHON O0O0JOYKH U TOBBIIIAET CTETIEHb YIO-
PSIOYEHHOCTH HCKPHUBIICHHBIX YTJIEpOIHBIX (parmMeHToB M 3amumaer Ni-
KPHUCTAJUTUTHI OT OKHACIICHUSI.
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Puc. 3. BousHue temnepaTypsl MOMIOXKKH Ts HA PEHTTEHOBCKYIO AM(PPAKIUIO TUIEHOK
rpymn B (a: Ts, °C: 1 —130,2-170,3 -320) u C (6: Ts, °C: 1 —210, 2 — 250, 3 — 265)

Judpaxrorpammel mieHok cepuu C (puc. 3,6) MOKa3bIBAIOT, YTO TUICHKH, OCAXK-
JICHHBIE TIPH TeMIIepaTypax Moanoxkku Hike 250°C u copeprkallue B CBOEM COCTa-
Be 60 vol.% yraepona u 40 vol.% nukens, pukcupyroT ['TIY-hasy kapOuma HuKes
Ni3C. Ilpu noBelllIeHUH TEMIIEPATYPBl IPUCYTCTBYIOT TOJNBKO pe(IeKChl, COOTBET-
ctByromue (111), (200) u (220) mmockoctsam 'IIK-pemetkn Hukens (cm. puc. 3,0).

Ha puc. 4 npuBeneHbsl 3aBUCUMOCTH pa3Mepa ) HaHOKPHUCTaUIUTOB KapOujaa
Hukens NisC ot temnepaTypsl mouioxku Ni—C-tuteHok cepuu B. C pocToM TeM-
nepaTypsl pa3Mep KpUCTAJUIUTOB YBEIMYMBAETCS, U CYLIECTBYET KpUTHYECKas
temneparypa ¢ nou10kKu okojo 80°C, HMKE KOTOPOM pa3Mep 4acTUL] HUKES
npubnmxkaercss K Hyno. Cienyer OTMETUTh, YTO MPHU TEMIIEpPAType MOJUI0KKH
130°C MmbI HaOMIO1aeM KPUCTALTUTHI OKUCH HUKeNs. Ha puc. 4 npuBeneHs! 3aBu-
CHMOCTH pa3Mepa HaHOKPUCTAUTMTOB B HampasieHuu (113) ot temmeparyps
nomoxku Ni—C-merok cepuu C. Ilpu moBwimeHun TemmepaTypsl oT 170 1o
250°C pa3Mep KpUCTAUIUTOB PE3KO YBEIMYUBAETCS, U CYIIECTBYET KPUTHUECKAS
temriepatypa T¢, momtoxku okosio 150°C, Huxke KOTOpoi pa3Mep dacTull Kapou-
Jla HUKEJsI TPUOIMKAeTCs K HyJIO.

Mcnonb30BaHue MHAYKTUBHO-4aCTOTHOI'O METOJIA MTO3BOJISET NPSIMO U3MEPUTh
HaMarHUYEHHOCTh HachieHus 4nMg deppomarautHoro obpasma [8,11]. Bos-
MOYKHOCTH MeToJia 00yCIIOBIICHBI IIIEHOYHOH (opmoii oOpasma. Ilpu 3Tom Hamu-
Yyle HEMarHUTHBIX NpUMecell (Hampumep, yriepoja) He HCKaKaeT pe3yJbTara
u3MepeHuil. HamMarHMueHHOCTh HACBIIICHUS BCEX OOpa3LOB OMNpEACIsUId MPH
KOMHATHOM TeMIrepaType.

Puc. 5 ¢ukcupyer BIMsgHUE TeMIepaTypsl MOAJIOKKU 15 BO BpeMs pocTa Iuie-
HOK Ha HAMAarHUYE€HHOCTb HAChIMEHUA 4nMg UX (eppoOMarHUTHOW COCTABIISIO-
mieit g Becex Tpex rpynn rieHok Ni—C. Kak Bunum, mieHku rpynnsl 4 ¢ Hau-
MEHBIIUM COJIEP’KaHUEM YIJIEpO/a MPOSIBIIAIOT (peppoOMarHeTU3M yke MpH OCax-
JICHUH Ha XOJIOJHYIO MOMJIOKKY. DTOT pe3yibTaT NOATBEPKIAECT JAHHbIE PEHTTe-
HOBCKOW Au(pakuuy, mpeacTaBlieHHbIe Bbllle Ha puc. 2, rae Ni-(aza ¢puxcupyercs
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Puc. 4. Biusiaue temnepaTypsl MOANI0KKH 1 Ha pazMep D Ni-HaHOKPHCTAIJIUTOB ILjIe-

HOK rpyni B () u C (A); By (®) — IUIGHKH TPYMITEL B MOCe OTKHUTa

Puc. 5. 3aBHCHUMOCTh HAMarHUYEHHOCTH HaCbhIIICHUS 4TEMS OT TEMIICPATYPhI MMOJJIOXKKHA

T nnst maenok rpynn 4 (m), B (8) u C (A) cuctemsl Ni—C; By, (¢©) — mieHku rpynmnst B
TI0CIIe OTXKUTA

YK€ JUIS CaMbIX HU3KHX TeMIepaTyp nouioxku. Hekotopoe yBenudenue 4nMy ¢
MIOBBIIICHHEM TEMIIEPATYPhI TIOIOKKN g TAKKE MOXKHO JIETKO OOBSICHUTD pa3Mep-
HbIM 3 exToM [8], CBSI3aHHBIM C POCTOM pa3mepa kpuctaumtoB D (puc. 2,0). an-
HBIE Pe3yJIbTAaThl XOPOIIO COTJACYIOTCs C MPEACTABICHUSIMU O TOM, YTO MPHU Ma-
JIOW KOHIIEHTpAaIMK yTiepoAa KIAcTepbl, OCAKIAIOMINECS Ha MOAJIOKKY, UMEIOT
cTpykTypy THna «Ni—siapo/C—obomoukay. Ilpuyem dopmupyrorcss oHu eme B
MarHeTPOHHOM TIa3Me IyTeM KPUCTAJUIM3AllMH aTOMOB HHKEIsS BHYTpU aMopd-
HOTO HUKEIb-yIIepoaHOro kiacrepa. C MOBBIIEHUEM TEeMIIEpaTyphl MOIOKKU
YBEIIMYMBACTCS pa3Mep HHUKEIEBOTO sAapa kKiactepa Omaromapst nuddy3noHHBIM
mpoleccaM Ha MOBEPXHOCTH MOAJIOKKH M PACTeT HAMAarHMYEHHOCTh HACHIIICHUS
4nMg xpuctannuToB. SIcHO, yTO Koraa pasmep Ni-KpUCTAJIIMTOB MPU TEMIEPATy-
pe Ts = 300°C gocturaeT MakKpOCKONMUYECKUX 3HaYeHUM, 4nMg npubimkaercs K
HaMarHMYE€HHOCTH 00BEMHOTO HUKEJIS.

B 10 xe Bpems mienku rpynm B u C ¢ OOJbIINM COJIEp>KaHUEM yTaepoaa mpu
OCaXJICHUH Ha XOJIOJHYIO MOJJIOKKY OKa3bIBAINCh HEMarHWTHeIMU. OHH Hauu-
HaIU TPOSBIATH (PeppoOMarHeTu3M IMPH OCAKICHHUM Ha HArpeThie IMOIIOXKKH.
[Mpuuem ¢ yBenmnuenumem otHomeHuss C/Ni pacTeT KpUTHYECKas TemIieparypa
BO3HUKHOBeHUs QeppomarHeTusma 7 npu C/Ni = 40/60 vol.% T, = 80°C, npu
C/Ni = 60/40 vol.% T, = 150°C. Obpamiaer Ha ceOsi BHUMaHUE U TOT (DAKT, YTO
10CJIe BO3HMKHOBEHHUS (hpeppOMarHeTH3Ma HAaMarHMYEHHOCTh BBIXOAWUT Ha HACHI-
IIEHUE M OCTA€TCSl HEM3MEHHOW B HEKOTOPOM JIMANa30He TeMreparyp. B nanbHeil-
meM npu 0oJiee BBICOKHUX TeMIIEpaTypax MOIJIOXKKH HAMarHWYEHHOCTb OCa)Kiae-
MBIX KJIACTEPOB OBICTPO paCTeT, MoKa npu Temmeparypax ~ 300°C He npubau3utces
K BEIMYMHE HAMAarHUYEHHOCTH 00bEeMHOro Hukess. Takoe moBeaeHue (eppomar-
HeTu3Ma MieHoK rpynn B u C MOXKHO OOBSICHUTH PAaCTBOPEHHUEM aTOMOB YTIIepoa
B HUKEJICBBIX KPUCTALTUTAX OCAXKIAEMBIX KJIACTEPOB MPU HATUYNH MArHETPOHHOM
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IU1a3Mbl ¢ 00pa3oBaHUEM CIIaA0OMAarHUTHOTO TBEPAOTO PAacTBOpa yriepoja B HUKE-
Je, a npu OOJIBIION KOHLEHTpAIMU yriepoja — 00pa3oBaHHMEM HEMarHUTHOM Kap-
OuaHOM (azbl. DTO NOATBEPIKAACTCS PE3yJIbTaTAMU PEHTTEHOBCKON TU(PPAKLIUH.

Puc. 3,a moka3piBaeT ymmpeHne U CIBUT B CTOPOHY MEHBIINX YTJIOB peduiek-
COB HUKeJeBOH (ha3bl A1 00pa3LoB U3 rPyNIbl B, MOTyUYeHHBIX PH HU3KUX TEM-
neparypax MoJJI0XKKU. DTO CBUJETENIbCTBYET, C OJTHOM CTOPOHBI, O MaJIOM pa3Me-
pe KpUCTAJUIUTOB HUKENIS, a C APYro — 00 yBEIMUEHUH MapaMeTpa KpUcTayinie-
CKOHM pemnIeTKr HUKENs M, 3HAYUT, 00 0clabJiecHUU OOMEHHBIX B3aMMOJICHCTBUH H
YMEHBLIEHUN HaMarHuueHHocTH. Puc 3,6 pukcupyeT rekcaroHanbHyio ¢a3y Kap-
6una Ni3C s o6pa3noB u3 rpynmsl C, Takke MOJYyYEHHBIX IPU HU3KUX TeMIle-
paTypax MOAJIOKKH.

OTMeTHM, YTO aHAJIOTMYHOE MOBeAeHUE (PeppOMArHUTHOIO MOMEHTa HaOJroa-
JIOCh HAMH B HUKEJb-a30THBIX MeHKax [13]. KpoMe Toro, HaMmarHn4eHHOCTh 3aBU-
CHUT OT pa3Mepa KpUCTAUIUTAa HUKEJIEeBOH (a3bl B LIEHTPE OCAXIAaeMOro KiacTepa.
CrioHTaHHBIN ()eppOMAarHUTHBIE MOMEHT BO3HHMKA€T TOJIBKO, KOIZa pa3sMep KpH-
CTJIUTA TNPEBBICUT HEKOTOPYIO KPUTHUYECKYIO BEIMUYHMHY [8]. MBI BuaUM, 4TO C
POCTOM KOHIEHTpALMK YIJIepo/ia MOBBIIIAETCS TEMIIEpATypa MOJI0KKH, ITPU KOTO-
poil ocTUraercss ynoMsiHyThli kpuTHyeckuil pasmep. [lomumo 3toro, ¢ yBenuye-
HUEM KOHILIEHTpPALMM YyTJIepoja HaMarHUYEHHOCTb YMEHBIIAETCS B TMOJIHOM COOT-
BETCTBUM C MOJIETIbIO, MpeArnoaratomieil oopazoBanie Bce 0ojiee HACHIIIEHHOTO
TBEPJIOTO PacTBOpa yriepoja B HUKeNe. B nanbHeieM ¢ MOBBIIEHHEM TeMIepa-
TYpbl HOIJIOKKH BHayajie MPOUCXOTUT KpUCTAIIM3AaLUs HHUKeNIeBOH ¢a3bl B OT-
JENBHBIX KJIacTepax M 4eM OoJbllie yIiepojia B COCTaBE OCAXIAEMOI0o KiacTepa,
TeM HM)KE€ HAMAarHMYE€HHOCTb HUKEJIEBOr0 KPUCTAJUIUTA U MEHbIIIe ero pasmep [13].
DTOT MPOIECC UMEET MECTO B JMara3oHe temreparyp nomioxku Is = 80—180°C
Jutst ToieHoK Tpynmbl B u 150-250°C — s menok rpymsr C. [lpu 6onee BEICOKUX
T, 6narogapst 1 dy3uOHHBIM IpoleccaM Ha MOAJIOKKE U BBIAEICHUIO YIJeposaa
U3 HUKeNeBOM (ha3bl, MPOMCXOAUT yBEITMUCHHE HAMATHWYEHHOCTH M CIUSHUE OT-
JENIbHBIX KJIACTEPOB C YBEJIMYEHHBIM HMKENEBBIM SAPOM M OOLIeH YTriiepoAaHOi
0005104KO0M. [[71 MOATBEpKICHNUS TAKOW MOJAEIH MbI BBIMOIHUIN SKCIIEPUMEHT 10
OTXKUry 00pa3LoB rpynmsl B. DKCIEPUMEHT MPOBOIMIN Ha BO3/AyX€ MPH TeMIiepa-
type 370°C B Teuenue 10 min. Pe3ynbTaThl SKCriepMMeHTa MPEICTABICHbI Ha pHC. 5
(kpuBas Bany). Kak Bugum, sTa KpuBas (puKCUpyeT yBeTHUCHHE HAMArHUIEHHOCTH
10CJIe OTXKHra Al 00pa3LoB, MOJYYEHHBIX IIPU HU3KUX TEMIIepaTypax MOJUIOKKH,
YTO MOATBEpKAaeT AU((y3NOHHBI MEXaHU3M pOcTa KPUCTALIMTOB HHKENS MpU
BBICOKHMX TeMmIepaTypax Mnoanoxku. O0 yBenudeHun pazMepa Ni-KpUCTaIIMTOB
CBHJICTEIBbCTBYIOT U PEHTTEHOBCKHUE JIaHHbIE JUI 00pa3IoB IPyIbI B, MOABEPrHY-
TBIX YIOMSHYTOMY OTXUIY (CM. pUC. 4, KpuBast Bypy).

[ToiydeHHbIe pe3yibTaThl MO3BOJSIOT CHAENaTh cieayromue BeiBoabl. [Ipu 0omb-
mmx otHomeHus X C/Ni ¢popMupyronyecs: B ia3Me HUKENIb-YIIEpPOAHbIC KIacTephl
MPECTaBISIOT co00i amopdHbIe oOpazoBanus B Buze cmecu atoMoB Ni u C. Ilpu
OCAKICHUM Ha XOJOJAHYIO MOJUIOKKY Takue KiacTepbl (POPMHUPYIOT HEMarHUTHBIC
wieHku. [Ipu Temneparypax moutoxku 7 HAYMHAIOT (POPMHUPOBATHCS HUKEIICBBIE
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(eppOMarHUTHBIE KPUCTAIIUTHI, IIpHueM 4yeM Bbiiie oTHowmeHue C/Ni, TeM Bblle
Tor. Cnemyer OTMETUTSD €11l IBe OCOOEHHOCTH, XapaKTepHbIe sl IVIEHOK Ipyn B u
C. IIpu manom pazmepe KpUCTAJUTMTOB HUKENS U HETUIOTHOW YTIIEPOTHON 000I0UKe
BO3MOJKHO IOJIHOE OKHCJIEHHE HEKOTOpOW WX uyacTd U mnosBieHue (aszpl NiO npu
BbIHECEHUU 00pa31oB Ha Bo31yX. MIMeHHO 3TO HabIroAaeTcs B IJIEHKAaX Ipymnsl B,
HOJyYeHHBIX Ipu TemmnepaType noioxku 130°C (puc. 3,a).

B mnenkax rpynmst C ipu temreparypax nomioxku 170-250°C 6narogaps BbI-
COKOMY COJIEp)KaHHIO YIJIepoJia B MAarHeTPOHHOM IUIa3Me B OCHOBHOM (hOpMHpY-
IOTCSl KJIACTEPBbI, CoJeprKalliie rekcaroHanbuyo ¢gasy kapouna NizC (cm. puc. 3,0),
a (peppoMarHUTHBIC KPUCTAILTUTHI HUKEIEBOH (Da3bl MMEIOT Majblil pa3Mep U XO-
POIIO 3allUIIEHbl YIIIepoaHoH obonoukoi. [Ipu Temneparypax MoJUI0KKH BbIILIE
250°C xapOu HHUKEIS pasllaraeTcs, U OCAKIAIOIINECS KIacTephl UMEIOT OOBIU-
HYIO CTPYKTYpY: KprcTamanueckoe Ni-sapo/yriepoHas 000J104Ka.

4. BoIBOIbI

Beipamenst Tpu rpynmnsl mwieHok cucteMsl Ni—C ¢ otHomeHneM C/Ni (vol.%) =
= 30/70 (rpymma A); 40/60 (rpynma B); 60/40 (rpymma C). ccnenoBanusi METO-
JIOM aTOMHOM CHUJIOBOI MHKPOCKOITMH MOKAa3ally, 4TO MPHU JaHHBIX YCIOBHUAX Mar-
HETPOHHOE OCWKICHUE TUICHOK HOCHUT KJIACTEPHBIM XapaKTep: Ha TOBEPXHOCTD
IOJUIOKKH OCAXKAAI0TCS yke chopMupoBaHHbIe B u1azMe Ni—C-kiacTepsl HaHO-
METPOBBIX pa3mMepoB. JludpakrorpaMMbl MIIEHOK rpynbl A GUKCHPYIOT a3y HU-
KeJsl, a C yBEJIMYEHHUEM TeMIepaTypbl MOJIO0KKH pacTeT pa3Mep KpUCTAJUIUTOB
Ni. {ns menok rpynmn B u C mudpakrorpaMMbl PUKCHPYIOT (ha3y HUKEIST TOJIBKO
IpY BBICOKUX TeMIIepaTypax MOI0KKH, HAa XOJIOIHBIX MOATIOKKAX (HOPMUPYIOTCS
IUIEHKU C HaHOKpucTauiuTamMu kapounaa Hukens Ni3C. MarHuTHble HU3MepeHHs
MOKa3aJii, 9TO 00paslbl TPynnbl A TPOSBISIOT (peppOMarHUTHBIE CBOMCTBA MPHU
OCaX/IEHUM Ha XOJIOJIHYIO TMOJJIOKKY, B TO BpeMs Kak [uid rpynn B u C ¢eppo-
MarHeTU3M BO3HHUKAET IPU JOCTHKCHUHU IMOJJIOKKOW HEKOTOPOW KPUTHYECKOU
temneparypsl ~ 80 u ~ 150°C coOoTBETCTBEHHO.
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LOW TEMPERATURE MAGNETRON DEPOSITION OF THE Ni-C
NANOSTRUCTURAL FILMS:
SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES

Three groups of films with the ratio of C/Ni (vol.%) = 30/70; 40/60; 60/40 have been
grown up by means of magnetron sputtering of the composite Ni—C target. The cluster
nature of film deposition onto a substrate surface has been established by method of
atomic force microscopy (AFM). X-ray analysis of three groups of films has allowed in-
vestigating influence of substrate temperature on the structure and the size of the nickel

nanocrystallites with a carbon shell that form a film. Saturation magnetization 4ntMg of
nickel nanoparticles was measured by inductive-frequency method and its dependence on
the substrate temperature was studied. It is shown, that the films with the minimum con-
centration of carbon have ferromagnetism at deposition onto a cold substrate already. The
films with the increased concentration of carbon demonstrate the magnetism at deposition
only onto hot substrates.

Keywords: nanoclusters, magnetron deposition, nucleation processes, saturation mag-

netization

Fig. 1. AFM-images of hybrid Ni-C—N nanostructural films surfaces at growth time, s: a —
30, 6 —300

Fig. 2. Influence of substrate temperature 75 on X-ray diffraction mudpaximto (a: Ts, °C:
1-30,2-95,3-150,4-200, 5—300) and size D (6: o —Ni (111), ® —Ni (200)) of Ni-
nanocrystallites of 4 group films

Fig. 3. Influence of substrate temperature 75 on X-ray diffraction of B (a: Ts, °C: 1 — 130,
2-170,3-320) and C (6: Ts, °C: 1 —210, 2 —250, 3 — 265) groups films

Fig. 4. Influence of substrate temperature 75 on size D of Ni-nanocrystallites of B (&)

and C (A) groups films; By, (@) — B group films after annealing

Fig. 5. Dependences of saturation magnetization 4nMg from substrate temperature 7 for A4

(m), B (¢) and C(2) groups films of Ni—C system; B,,, (¢) — B group films after annealing

111
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PACS: 02.10.De, 02.40.Hw, 03.30.+p, 45.20.—d

C.B. Tepexos

®PU3NKO-TEOMETPUYECKNE XAPAKTEPUCTUKN
MMEPMNPOCTPAHCTBA.

ll. BABUCHBIE KBATEPHUOHbI. MEXAHVKA MATEPUATIBHOWN
YACTULbI

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A.A. lanknHa HAH YkpauHsbl

CtaTtbsa noctynuna B pegakuuio 5 mas 2014 roga

Hccnedosanvl ceomempuueckue xapakxmepucmuku MUupogou IuHuu (IKcmpeman) u yc-
MAHOBIEHbL 3A8UCUMOCIIU HOPM CKOpOCMel U3MeHeHUs OA3UCHBIX K8AMEPHUOHO8 Om
2eoMempu4ecKux napamempos mpaekmopuu O8UNCEHUS MAMEPUANbHOL MOYKYU 8 cunep-
npocmpancmae. B pamxax gusuueckoii aneedpvl noIyueHvl blpaxicerus 0 KeamepHuo-
HO8 UMNYIbCA, CULL U UX MOMEHMO8, NOKA3AHO, YMO OHU ONPedeNsiomcs KacamenibHblM
K8AMEPHUOHOM NPU €20 eCeCmBeHHOL Napamempuzayuil.

KiroueBble ciioBa: KBAaTCPHUOH IMOJIOKCHUS, MUPOBAs JIMHUA, SHCPIUd, UMITYJIbC, CUJIa

Hocniosxceno eeomempuyni xapakmepucmuxku ce8imosoi ninii’ (excmpemani) i 6cmanosie-
HO 3QIeJICHOCMI HOPpM WUOKOCHel 3MiHU OA3ICHUX K8AMEPHIOHIE 8I0 2eoMempUyHUX
napamempie mpaekmopii pyxy mamepianoHoi mouku 6 2inepnpocmopi. Y pamxax
@izuunol ancebpu ompumMano eupasu Oas K6AMEPHIOHI8 IMNYIbCY, CUAU MA IXHIX MO-
MeHmMi8, NOKA3AHO, WO GOHU GU3HAYANOMbCA OOMUYHUM KEAMEPHIOHOM NpU 1020 Npu-
POOHIN napamempusayii.

Karo4oBi ci10Ba: KBaTepHiOH MOJIOKEHHS, CBITOBA JIiHIs, €HEPTis, IMITYJIbC, CHIIa

1. BBenenue

B pabote [1] 6pu1a paccMoTpena ¢usudeckas anredpa, BO3HUKAIOIIAs IPH CO-
BMECTHOM INPUMEHEHUH anreOpbl TMIEPKOMIUIEKCHBIX CTPYKTyp l'amumibTOHa M
BeKkTOpHOTrO McuucineHus ['mb6ca. B pamkax 3Toif anreOpbl TOuka B THIEPIPO-
CTPAHCTBE XapaKTepu3yeTcs KBarepHuoHoM mnosoxeHus 7(s) ([1], popmyna (27)),
HOpMO# KoToporo B (1 + 3)-npocTpaHCTBe ABISETCS MHTEPBAI MEXKIY COOBITUIMU
s ([1], dopmymna (29)). Ecnu coObITHS B TUTIEPIIPOCTPAHCTBE OECKOHEYHO OJTM3KH,
TO U3MEHEHHE MHTEpBaJla MEXAy COOBITHAMHU B MHEPLMAIBHON CHCTEeME OTCYeTa
[2, c. 16] paBHO HOpME OECKOHEUHO MAJIOTO M3MEHEHHUsI KBAaTEPHUOHA TTOJI0KEHHUS

ds = dr]| = Jde? —|dr|* = dev1-u? (1)

© C.B. Tepexos, 2015
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rae T = ct/l, c u | — COOTBETCTBEHHO TMpe/eibHas CKOPOCTh U XapaKTepHOe 3Haue-
HHE JUTMHBI [Tl pacCMaTpUBaeMOM 3a7auu, ¢ — BpeMs; u = v/c — 6e3pa3mMepHast CKo-
POCTh IBHXKEHUS TOUKH, V = |V| — MOAYJIb Pa3MEPHON CKOPOCTHU JBUKEHHS TOUKH
B 3-MepHOM mpocTpaHcTBe. M3 Gopmyinsl (1) BHIHO, YTO M3MEHEHHE MHTEpBajia
MEXIy COOBITHUSIMHU: a) PaBHO MPOMEXYTKY BPEMEHH, €CJIM CUCTeMa KOOpIHHAT
nokourcs (u = 0) WK IBUKETCS CO CKOPOCThIO, 3HAUNUTEIBHO MEHBIIIEH CKOPOCTH
¢ (u << 1); 6) mpuHaIEKUT 00JACTU BELIECTBEHHBIX YMCEN (BpeMeHUNo100Has
00J1acTh THIIEPIPOCTPAHCTBA) TOTA, KOTJa CKOPOCTh JIBMKCHHUSI TOUKH HE TIpe-
BBIIIAET CKOpocTh ¢ (u < 1, Teopema 2 u3 [1]); B) paBHO HYINIO (KBAaTEPHUOH IO-
JIOKEHHUSI THIIEPTOYKH CTAHOBUTCS M30XPOHHBIM (ds = || dr" =0)), ecau CKOPOCTb
MepeMEeNIeHUs] TOYKU JOCTHTaeT BENWYUHBI CKOpOCTH ¢ (u = 1); T) cTaHOBUTCSA
KOMIUIEKCHOW BEIMYMHOHN (YacTHIla TEepEeXOAUT B MPOCTPAHCTBEHHOIOIOOHYIO
00JacTh TUNEPIPOCTPAHCTBA), €CIIM THUIEPTOUKA MEPEMEIIAETCS CO CKOPOCTHIO,
MPEBBIMIAIONICH CKOPOCTh ¢ (1 > 1).

beckoHeyHO Malioe U3MEHEHHE eBKIUA0BA PACCTOSIHUS L B TUNIEPIPOCTPAHCT-

B€ PAaBHO
dL = dwV1+u?, 2)

ClIeIOBaTeNIbHO, BeTUIHHEI (1) 1 (2) CBsA3aHBI MEXTy COO0H COOTHOIIICHHEM

€)

T.€. HHTEPBAJ MEKIY COOBITUSMU SIBJISIETCS TAKOH )K€ XapaKTEPUCTUKON MUPOBOI
JWHUY, KaK U ee JiuHa. [Ipu Maneix ckopocTsax IBmxkeHus (u << 1) eBKIMIOBO
PacCTOSIHUE U MHTEPBAI MEXKIY COOBITUSIMU NMPAKTUYECKH HEPAZTUYUMBI.

PaccmoTpuM noBeneHrne Tpoilku 6a3UCHBIX KBATEPHUOHOB MHEPIMATIBHOM CHC-
TEMBI OTCUETA, €CJIM B KAYECTBE €CTECTBEHHOI'O ITapamMeTpa MUPOBOM JMHUU BbI-
OpaTb HHTEpPBAI MEXJLy COOBITUSAMU S.

2. 'eomeTpuyecKHne XapaKTePUCTHKH MUPOBOM JINHUH

Hccnemyem cBOiCTBa KacaTelbHOTO KBaTEPHHOHA, TaK KaK OH OIMpenesseT Co-
MPSDKEHHBIC XapaKTEPUCTHKHU K KBATCPHUOHY TIOJIOKEHUS | JIBa APYTUX O0a3MCHBIX
KBaTEpPHHOHA TUIEPIIpOCTpaHcTBa. KacarenbHbIil KBaTEPHUOH K = K( + YK OMpe-
NeNIeTCs HOPMUPOBAHHBIM 3HAYCHHEM OECKOHEYHO MAalloro M3MEHEHMs KBaTep-
HUOHA MOJIOKeHUs [ 1] u umeeT Bug

dr dr dr

= —-— —_— 4

. ar] PR R @

MPUYEM €r0 HOpMa paBHA €AUHULE (||K0 +'YK||2 = K% —|K|2 =1). I'unepctpykTypa

K = Ko T YK JIEKUT B MPOCTPAHCTBE, KACATEJIbHOM K MUPOBOM JINHUU, IIPU 3TOM
€e CKaJIsIpHas M BEKTOPHAs YacTH 3aJatoTcs popMysiamu
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1
Ky =———, K=K %)

1-u?
(K — KacaTeNbHBI BEKTOP K MHUPOBOW JIMHUHM) U OINPEICIISIOTCS Oe3pa3sMepHOit
CKOPOCTBIO JIBFDKEHHUS U M e MojyJieM u = [u|. Bekrop k Oynet oprom (|x| = 1),

€CJIM THIIEPTOYKA OyJIET IBUTAThCS 10 MUPOBOI JINHUK CO CKOPOCTBHIO U = J272.
N3menenus BpeMenu dt u pagnyc-Bektopa dr paBHbI

dt=xqds, dr=kds=xpuds. (6)
CornacHo dopmynam (8) u (9) pabotsl [1] Ga3ucHbIe KBaTEpHUOHBI HOPMATU
n = ny+yn u 6uHopManu b = by + yb 3amaroTcs BeIpAKESHUSIMU
2
Ky & Kide Ky

n= K, (7
K3(J)2 dS2 (J\)2 dS K3

K, d’c K K
1 dK 2dK+—1K

- L =2 S2 SR Sl ®)
Ko ds® o’ ds K
rae Ieppas M BTOpas  IIPOM3BOJHBIE aBHEL  — = dﬂ+ dre u
p p P p & ds Y s
2 2 2
d’x = d7xy + dx . B ortux paseHcTBax g = Kguw, die :dﬂu +K(2)W ,
ds®*  ds® O ds? ds ds ds
2 2 2
d KO:K8(4K%u2w2+w2+ud—wj, d’x :d K0u+31<0dﬂw+1<gd—w
ds? drt ds? ds? ds dr

/ dv
(w= |w| =—a - 0e3pa3MepHOe YCKOpEHUe, a = ‘d—‘ — MOZyJb pa3MEPHOIo yc-
C t

KOPEHHUS TOUKH).

K
Hopma kBatepHHOHa % paBHa

= ng\/4u2 sin? [gj -1, 9)

rze ¢ — yroj MexIy HalpaBICHUSIMHA CKOPOCTH M YCKOpeHUs yacTuipl. OHa Berie-

2usin (ij <-1
2

2usin (gj >1
2

OTPaHMYCHHOCTH CHHYCa CKOPOCTh MEPEMEILICHHST YaCTHIIbI JOJDKHA IPUHAICKATh
untepBaty [0.5; 1]. B aToM ciydae mogkopeHHOe BhIpaxkeHue (45) HEeOTPHUIIATENBHO,

dx

CTBEHHA IIpU BBIIIOJIHEHUH HEPABEHCTB COBOKYITHOCTH . B cuy

a TpUroHOMeTpHuecKas (PYyHKLHUS Sin (%) [IPUHUMAET 3HAYEHUS U3 UHTEPBAJIOB
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[—l;—zi} U [Zi;l} . [Ipu maneix ckopocTsax auxkeHus yacTuipl (0 < u < (.5)
u u

SIBJISIETCSI MHUMOMW BEJIMYHUHOM.

HOpMa

Jis uccnenoBaHusl reOMETPpUM MUPOBOH JIMHUU MPEINOTI0KHIM, YTO Oa3uCHBIE
KBAaTEPHUOHBI K = Ko + YK, n = nyg + yn u b = by + yb ¢ eqMHUYHBIME HOpPMaMH
(”K” = ||n|| = ||b|| =1) ynoBneTrBopsroT cuctemMe aUpGHEepeHIUATBFHBIX YPaBHEHUN

Bua (1) uz [1]. Torga kBagpaThl HOPM €CTECTBEHHBIX CKOPOCTEH M3MEHEHUS KBa-
TEPHUOHOB PaBHBI

dK 2 2
= — O
s 10 — O
2
dl’l 2 2
=5 — O , 10
ds 20 —®3 (10)
2
db 2 2
=®3) — O
s 30 ~ @3

I'JIe YaCTOThI COOCTBEHHBIX KOJICOaHUH ;) KBATEPHHOHOB K = Ko + YK, 7 = 1 + yn
u b = by + yb n vacToThl KoJIeOaHNH (Ha30BBIX MHOXKHUTENICH (0; PABHBI

ol =Kl +K3, of =zSc(nb"),
w3 = K{ + K3, @3 =z, Sc(bk"), (11)

2 g2 g2 2 .
w39 =K; +K3, 3 =z3Sc(kn’),

BCJIIMYHHEI Z; —

2
4 2 2
71 =2K\K, = \/‘010 —(‘Dzo —0330)

2
7y =2K,K; Z\/@30 —(Oﬁo —03120) ; (12)

2
4 2 2
73 =2K,K5 = \/®30 —((010 —0)20)

a dasosble MHOXHUTEMH — Sc(nb”) =nyby —n-b, Sc(bx™) =bhyicg —b-x, Sc(kn®) =
=Koy —K-1.

N3 popmyn (10)~(12) cneqyer, 4To BUA MHUPOBOM JIMHUH U TIPOIIECC ABMKEHHS IO
Hell onpenensioT: 1) coOCTBEHHBIE YaCTOThI KOJieOaHn Oa3MCHBIX KBATEPHUOHOB M)
U XapaKTEPUCTHKH z;, KOTOPBIE CBA3aHbI C KPUBU3HOM U KPYUYEHHUSMH IIPOCTPAHCTBA—

BpeMeHH; 2) dazoBble MHOKHTEMH (Hanpumep, Sc(nb”™) =0.5(nb" +(nb*)")), 0OHY-

JICHUC KOTOPBIX NPUBOAUT K TOMY, YTO HOPMbI €CTCCTBCHHBIX CKOpOCTefI HN3MCHC-
HHS 0a3MCHBIX KBATCPHUOHOB paBHbI CBOUM COOCTBEHHBIM YacToTaMm. M3 (1)OpMy—
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abl (12) cnemyer, 4To aHaJOTMYHAs KapTHUHA HaOJIONaeTcs M TOT1a, Koraa oOHy-
JSIETCSI OJTUH M3 TEOMETPHUYECKUX (PaKkTOpoB K; (IBE U3 TpeX XapaKTEPUCTHK z; 00-
pamaroTcs B HyJIb).

TakuMm o0pa3zoM, PU3NKO-TeOMETPHUUECKHE CBOMCTBA MUPOBOI JIMHUH CYIIECT-
BEHHO 3aBHUCST OT U3MEHEHUS TTOTCHIIMAIBHOTO pelibeda, Mo KOTOPOMY IPOUCXO-
TUT JIBIDKEHUE MaTepUalbHBIX TO4eK. [loaToMy uccieqyeM MeXaHUKy MaTepu-
QTbHOM TOYKH B THIEPKOMIUIEKCHOM IMPOCTPAHCTBE C YUYETOM YKa3aHHBIX OCO-
OCHHOCTEH UX TPAeKTOPUN JBUKCHHUS.

3. MexaHHKa MaTepHAJIbHON TOYKH

a) Ilocmynamenvnoe osudicenue. Pa3MepHyI0 CKOPOCTh JABMIKEHHUS MaTepUallb-
HOM TOYKM (HampuMep, aToMa Kakoro-amdo BEIeCTBA) B TUIEPIPOCTPAHCTBE BbI-
yucnuM 1o popmyse (¢ yuetoM (5))

V:ci < M

ds \/1—u2 \/1—u2

a €€ KBATCPHHUOH SHCPIrun-uMIryJjibca (‘laCTI/II_Ia HMECT MACCy MOKOs n’l()) —

=cKkg(l+yu) =cx, (13)

¢ +y MoV :£+yP:mOCK:R)K, (14)
\/l—u2 \/l—u2 ¢

2 20
rae E = mc™ — sneprus, P = mv — umiynec aroma, a [y =—=myc — €ro um-
c

P:moV:

IMyJIbC B COCTOSIHHNHU ITOKOA,
m,
m=—— (15)
1—u?

— Macca JBrxKyleics yactuisl. Hopma kBarepanona (14) pasna

R E2
|P = PP =P P=c—2—|P|2=PozllK||2=R)2=c—§~ (16)

1
[Tpu maneix ckopocTsax ABwkeHUs (v << 1, m~my (1+Eu2 ) PHEprus aroma

paBHa

2

2
myv
E=mc" ~Ey+ 0

2 o m0v2
rae Ey = moc” — 3Heprus 4acTULlbl B HENOJABW)KHOM cucTeMe oTcuera, K =—— —

KHHEeTHYecKast sHeprust aroma. Ormernm, uro Gopmysl (1), (15)—(17) conmagarot ¢
COOTBETCTBYIOIIUMH (pOpMyJIaMu CHieMAILHON TEOpHH OTHOCUTEIbHOCTH [2]. Pa3-

E,
NienuB BelpakeHue (14) Ha UMIYJIbC B COCTOSTHUM MOKOsA Fy = 70 = mC , IOy YHM

KacaTeJIbHBIN KBAaTCPHUOH K, KOTOpBIfI 3aIllMiIcM B q)HSI/I‘IeCKOM MpeaACTaBJICHUN
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P=L=L iy P eipp, (18)
F Ey  myc
rae 0e3pa3MepHble BETUUUHBI DQHEPTHUH € = Ko U UMITyJIbca p = Kou = eu. [locnen-
HEC PaBCHCTBO IMOKA3bIBACT, YTO UMITYJIBC YaCTUIIbI OITPEACIIACT ITIOTOK SHCPIUH.
Onpenenum MeXaHWIECKH MOMEHT MMITYJIbCA YaCTHUIIbI KBAaTepHUOHOM L = L +
+ yL, npudem BekTopHas dacTh L = [r x p]. VI3 kBaTepHUOHOB mooxkeHus (pop-
Mmyna (27) padotsr [1]) u ummymnsca (18) (c yuerom dopmyast (19) pabotsl [1] u pa-
BEHCTBA [4, B*] = —[A, B]) MOXHO CO3/1aTh JBE THIIEPKOMITIICKCHBIE CTPYKTYPBI Me-
XaHUYECKOTO MOMEHTAa HMMITYJIbCa, MPU TOM HX CKAJSpHBIE YacTH OymyT MpsIMO
MPONOPIUOHANIBHBI (Pa3aM IJIOCKUX BOJIH, MEpBas U3 KOTOPBIX PACHPOCTPAHSIETCS B
MPOTUBOIOJIOKHOM HAMPABICHUH 10 OTHOIIECHHUIO K PaJNyC-BEKTOPY ¥, a BTOpasi —
BJIOJIb €70 HaMpaBJeHUs. DTU KBATEPHUOHBI UIMEIOT BU/I;
1) ¢ ha30BOIi CKOPOCTHIO BOJHBI, MPOTUBOTIOIOKHO HAMIPABICHHON K BEKTOPY I,

L :%(rP+r*P*) = Sc(rP)—%[r,P] =et+p-r+y[rxp]; (19)
2) ¢ (a30BOii CKOPOCTHIO BOJIHBI, COHAIIPABJICHHON C BEKTOPOM I,
1 * k * 1 k
L =E(rp br P) —SC(FP )+E[F,P ]—8T—p~r+y[rxp]. (20)
Paznuna kBateparonos (19) u (20) paBHa
AL12=L1—L2=2p‘r. (21)

O6o03HayuM Yepe3 ¢ yroja MEXAy pajnyC-BEeKTOPOM I M UMITYJIbCOM YacTHIIBI P.
ECIM 3TOT yroJ NpHHALISKHT IPOMexyTKy oT 0 + 27n (n — nenoe uucio, r 71 p,
L =0) g0 n + 2mn (r TN p, L = 0), T0 u3MeHeHe KBATEPHHOHHOTO MOMEHTA HM-
nyiabca AL, MIPUHUMAET HEMPEPBIBHBIN psAJl 3HAYEHUH OT 2|p||r| 10 —2|p||r , a

napajuieJorpaMM, MOCTPOCHHBIM HAa BEKTOpax r U P, XapaKTEPU3YETCs MOJI0XKH-
TEIbHOM TUIOMIA/IBIO (|L| = |p||r|sin(p , sing > 0). JlanpHeiliee yBenuueHue yria @
oT T + 2mn g0 2m + 27mn mopoxkaaer oOpaTHBIN mepexoi 3HaueHuidl AL, oT
~2Jplir| xo 2[p[jr
TenapHOM (sing < 0), 4TO yKa3bIBaeT Ha CYIIECTBOBAHUE 3aMPEIICHHBIX 3HAYCHHUMN
kBarepHUOHOB (19) u (20). Takum 00pa3oM, KPUTUYECKUI YTOJ, MPU KOTOPOM

, HO IJIOMAaJAb YKAa3aHHOI'O IapaJuicjiorpamMmma 6yz[eT oTpuLa-

BeIpaxkeHus (19) u (20) TepsitoT pusznUecKuil CMbICI, paBeH @, = 271(;1 +%) Js

ATOTO 3HAUEHMsI yIjla (¢ BEKTOPbl I' U P KOJUIMHEApPHbIE U MPOTHBOIOJIOXKHO Ha-
IpaBJIeHHbIE, & MEXaHUYeCKUi MoMeHT ummyibca L =[rxp]=0. [Ipu 3HaueHusx

yIia ¢, paBHBIX 21{11 +%) (|L| = |p| |r| =max ), BEKTOPHI I' U P MEPIEHIUKYIISIPHbI

JpYT K Opyry, a kBaTepHUoHsI (19) u (20) paBHBI MEXIY COOOI.
Cuna F, neiicTBy1o11asi HA YaCTHUILy B THIIEPIPOCTPAHCTBE, paBHA
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[ ds cdt\/l—u2 dt\/l—u2 cdty  diy

3necy dfy, =dryl1 —u? — BpeMEHHOH TIPOMEKYTOK B HOKOSILIIENCS CUCTEME OTCYETA.
0

B xoHcepBaTHBHOI cucTeMe (OTCYTCTBYET CKaylsipHas cuia f = 0, OTBETCTBEHHAs!
32 JUCCUNAIMIO SHEPrHM, T.€. MEXaHMYECKas SHEPrHsl COXPAaHSAETCs) NEUCTBYET
TOJIBKO BEKTOpHasA cuia, nosromy F = yF. Ilpu ManbIx ckopocTsx apxenus (u << 1,

m =~ mg, p = mov) Bektop F mpunumaer Bun cunbl B Teopuu Hprotona [4]

d dv
F zd—p:mod—:moa. O6paienue cwisl F B HyJb NPUBOAUT K COXPAHCHHUIO
t t

MMITyJIbCa YacTHLbI P.
MoMeHT cuiibl, IEUCTBYIOIIEH Ha TMIIEPTOYKY, 3aJaeTCs IMPOM3BOJHONU IO MH-
TepBaly MEXIy COOBITUSAMHU OT KBATEPHUOHHOTO MOMEHTa umnyibca L = Lo + yL:

dL dL, dL
M=""="4y—=M,+yM, 23
ds ds yds oty @3)

y dp
rae BeKTOpHbIM MoMeHT cuibl M = [r x f], a cuna f = T Ecnu ckanspHas 4actb

KBaTEpHHOHA (23) paBHA HYJIIO, TO B MPOLECCE ABMKEHUS MATEpPUAIbHOM TOUKU B
TUIEPIPOCTPAHCTBE COXPAHAETCs BenuduHa L) = €T + p'r w Loy = €T — pr. Ilpu
oOpallieH!H B HYJIb BEKTOPHOM COCTABJISIONICH KBaTepHUOHA MOMeHTa Critbl (M = 0)
COXpaHsIeTCd MEXaHUUECKUH MOMEHT nMItyJsibca L yacTuibl.

PaccMoTpuM citydaid, Koraa KBaT€pHUOHHBI MOMEHT MMITYJIbCA OINpPEAEIeH OJ1-
HO3HA4HO (Yrojl @ MeXay paguyc-BEeKTOPOM I M HUMITYJIbCOM YacTHIbl P paBEH

1 .
¢y = 21'[(1’1 +Z , 4 MCXaHUYCCKUU MOMCHT UMITYJIbCA NOCTHUIA€T MAKCUMAJIbBHOT'O

3HAYEHHUS |L| = |p| |r| =max ) u 3a1aeTcst popmyIoit
L=et+y[rxp], (24)

T.€. TIPY BpallaTelbHOM ABMKeHHU. COBMAZICHUE COCTOSHHUM, KOTOPhIE OMUCHIBA-
totcst popmynamu (19) u (20), yka3piBaeT Ha BBIPOKIEHHOCTh ABHKCHUS YaCTHIIbI
C MEXaHMYECKUM MOMEHTOM (24). JIroboe OeCKOHEYHO Majioe OTKJIOHEHHE yriia ¢

1
OT KPUTHUYCCKOTO 3HAYCHUA Py = 2TC(I’Z +Z NEepeBOAUT 4YaCTHUlly B OJHO H3 CO-

crosgauii (19) unu (20). Kpome Toro, cornacHo runotese e bpoitns [3] o kopmyc-

h
KYJIIPHO-BOJTHOBOM JTyaJTU3ME MaTepHUaIbHBIX 00BEKTOB MOXKHO 3arucarh (/i = P
T

h —noctosaHas [Inanka), uto
E=ho, P=rIk, (25)

T.€. JII0OOMYy MaTepuanbHOMY OOBEKTY MOXKHO ITOCTaBUTh B COOTBETCTBUE BOJHY
C OIIPENEIIEHHON 4acTOTOM ( U BOJIHOBBIM BEKTOpOM K. IlokakeM, 4To paBeHCTBa
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dg (25) BO3HHKAIOT B CiTydae MPOMOPLIHOHATBHOCTH W3MEHe-
HHI KBaTEPHHOHOB MOJIOKEHUS (CM. hopmyiy (27) paboThl

[1]) u BpaieHusi.
dao Tdi 0) Bpawenue. JIns omucaHus YIJIOBBIX XapaKTepu-

a CTHUK BpallaTCIIbHOTO ABUKCHUA BBCACM B PACCMOTPCHUC

do idi OPUEHTUPOBAHHBIN Yroy (CM. pPHC.) C TIOMOIIBIO KBaTep-
HUOHA BpallleHus

d O=a+7E, (26)
6 I7Ie o OmpeneNseT BeIWYMHY yIiaa, a & — BEKTOp-
OpUEHTHD yTia. BerauciuM pa3sMepHy0 HpPOH3BOIHYIO
M0 MHTEpBaly MEXIy COOBITUSAMU OT BBIpakeHus (26)
(CKOpOCTb BpallleHHs) B OKOSIIEHCS CUCTEME OTCUETa!
~1d®  da dg

®
= +y——=—+Yk, 27
I'ds  odiy ediy e ! @7

Puc. JleBsiii (@) u npa-
BBIif (0) yTIIbI

. d
3[1eCh ( — IMKJIMYECKasi YacToTa BpaleHus1, K — BOIHOBOI BekTop (@ =—=ck —
i
yraoBas ckopocth). Eciu kBatepHuoHb! (14) u (27) mponopiuoHanbHbl, TO BbI-
TIOJIHSIFOTCSL paBeHCTBA (25):

P=hQ. (28)

BpaIHaTCJ'ILHI)IG MOMCHTBI CKOPOCTH YaCTHIIbI PaBHBI

Y, =i<rQ+r*Q*) =ot+k-r+7y[rxkj,

2

; (29)
¥, =E(r§2* +V*Q)=wt—k~r+y[rxk],

CJIEZIOBATENIbHO, MEXaHUYECKUH M BpAIIaTeIbHBII MOMEHTBI CBSI3aHBI MEXITY CO-
00l paBEeHCTBOM

L =hY, (i=1,2). (30)

®opmynsl (28) u (30) mokas3piBaoT, 4yTO rumnotese ae bpoins [3] cooTBeTCTBY-
€T TPONOPIIMOHATLHOCTh OSCKOHEYHO MAJIBIX M3MEHEHHH KBAaTEPHHOHOB IIOJIO-
xeHus (cMm. opmymy (27) pabotsl [1]) u Bpamenus (26), KOTOpble CBSA3aHbI MEX-
Iy co00# COOTHOIIIEHUEM

dr =ad®, 31)

e a= — Oe3pasmepHbIii kKo duimeHT nponopirmoHanbHOCcTH. Y3 paBeH-

mycl
ctBa (31) cinenyet, uTo OECKOHEYHO MaJibleé U3MEHEHUSI BPDEMEHU M PaIyC-BEKTOPA
TOYKH Ha MAPOBO# JINHHUH 33]]al0TCSI PABEHCTBAMH

cdty =aldo., dr=aldg. (32)
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N3 dpopmyn (32) Haxoaum, 4to Ge3pa3MepHast CKOPOCTb JBM)KEHUSI MaTEpUAIbHOM
TOYKH

uo Y_dr _d&
c cdty do

(33)

N3 paBencTBa (33) noay4um clieyrOUMe COOTHOICHHUS:

d d
a) —Otu:—g WA %VIk,T.e. vik;
Cdto Cdfo C

0) vda = dTadr:mdr,T.e. v dr.
0

CkansipHOE MPOU3BECHIE TTOTYUYEHHBIX COOTHOIIEHUH a) U 0) MPUBOINT K BBIpa-

2 . .
xeHuto u-do = K-dr, uHTerpupoBaHue KOTOporo no jaro0o0i 3aMKHYTOH TPaeKTo-

2
PHUM IBHKEHUS MTOPOXKIAET HEPABEHCTBO (1~ = < 1, n — 11e10€ YnCiI0 MOJIHBIX 000-
pPOTOB)

(ﬁk~dr=<ﬁu2da£<ﬁda=2nn. (34)

IIpu BpameHuu 1o OKpy>KHOCTH JIMHEWHAsI CKOPOCThb IIPENCTABIISIETCS B BUIE

VvV, =Vvcoso

CyMMBl HOPMAJIbHOM V, M TaHT€HIMAIbHOW V; COCTaBISIOIIUX: L.

vV, =vsina
vV, RV

Jlns Manbix yriioB do. 3TH CKOPOCTH PaBHBI . B mpoctpanctBe ckopo-
v, = vda

cTeil 3T (OpPMYJIBl OMUCHIBAIOT JBMKEHHE MO CIUPANU (CaMOMOJO0HOM JTHHUU

[5, c. 16]) k mosrocy MOJISIPHOM CUCTEMBI KOOPJAUHAT UM OT HETO B 3aBUCHUMOCTH

OT HampaBJeHHs] CKOPOCTH V. Takum 00pa3oM, MPOMOPIHOHATHHOCTh KBATEPHUO-

HOB TIOJIOKEHUSI W BPAIICHHUS HE TOJIBKO OTOOpakaeT KOPIYCKYJISIPHO-BOJIHOBOM

Iyalu3M YacTHIl, HO U yKa3blBaeT Ha CIHPAIIbHBIN THUM ABMKECHUS YaCTHIIBl B

IPOCTPAHCTBE CKOPOCTEHA.

MexaHn4yeckoe MOBEJCHHE CUCTEM C OOJBIIUM YHCIOM YaCTHUI[ CYIECTBEHHO
OTJINHacTCA OT HepeMeHIeHHfI OAUHOYHBIX aTOMOB. HOZ—)TOMy JJIs1 OIIMCaHUuA HUX
SBOJIIOIMM B cleAyromiel padore OyneT pa3BUT KBaTepHUOHHBIN nuddepeHiu-
aJIbHBIM aHAJIN3.

4. JakaoueHue

EctecTBeHHas nmapaMmeTpu3alnusi KBaTEpHUOHA MOJOXKEHHUS MaTepHaIbHOM TOU-
KU B THIEPIPOCTPAHCTBE MO3BOJISIET BBECTH B PACCMOTpEHUE Oa3MCHbIE KBaTep-
HUOHBI, IPUYEM UX BEKTOPHBIE YaCTU COOTBETCTBYIOT 0a3MCHOM TpOilke BEKTOPOB
Ceppe—@pene. Ilpu ManbIx CKOPOCTSIX IBMKEHHMS TOYKH II0 MHUPOBOM JIMHHUHU
HOpMa CKOPOCTH M3MEHEHMsI KacaTeJIbHOIO KBAaTEPHHOHA HMMEET KOMIUIEKCHBIN
XapakTep. JTO yKa3blBaeT Ha TO, YTO YacTOTa COOCTBEHHBIX OCLMUISLMN Kaca-
TEJIFHOTO KBAaTEPHUOHA HE MPEBBIMAET YaCTOTy KOJICOAHWH CBS3aHHBIX C HUM
KBAaTEPHUOHOB HOpMaJIM U OMHOpMAIH.
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dusnyeckue XxapaKTepUCTUKH MaTepHaTbHON TOUKH (CKOPOCTh, UMITYJIbC, MO-
MCHT UMITyJIbCa, CUJIa 1 MOMCHT CI/IJ'II)I) OMPCACIIAOTCA KaCaTCJIbHBIM KBATCPHHUO-
HOM M €ro MPOU3BOJHBIMU 110 UHTEPBAITY MEXAY coObITUAMU. HeoTHO3HAYHOCTD
B OIpE/EICHUN MOMEHTA MMITyJIbCa YKa3bIBA€T HA CYILECTBOBAHUE ABYX COCTOS-
HUM, JUIs1 KOTOPBIX PaJuyC-BEKTOP M UMITYJIbC YACTULIBI SIBJISIOTCS KOJTMHEAPHbI-
MU, IIPpHU 3TOM HUX HaAIlpPaBJICHUA COBIAAAIOT UJIN MPOTHUBOIIOJIOKHBI. HpeBI)IIHCHI/Ie
YIJI0OM MEXy PaauyC-BEKTOPOM U MMITYJIbCOM YacCTHILIbl 3HAYEHUSI pa3BEPHYTOr0
yriia OpuBOAWT K OTPULATCIIBHOMY 3HAYCHHUIO MOOYJIA BGKTOPHOI\/JI JaCTH KBaTep-
HUOHAa MOMEHTa MMIyJibca. J{Is omMcaHusl HENpSIMOJUHEHHOrO JBM)KEHUS BBO-
AUTCA KBATCPHHUOH BPAIICHHA, ITPOMOPLHUOHATIBHOCTE KOTOPOIr0O KBATCPHUOHY I10-
JIOXKEHHUs1 OTBEeYaeT BBEICHHUIO rumnotesbl ae bpoing. Takum obpasom, ¢usnue-
CKUl n3oMoppu3M anreOpsl ['aMuIbTOHA BEPHO OTOOpa)KaeT MOBEIECHUE pealb-
HBIX O0BEKTOB. B 3akiitoueHne OTMETHM, YTO AJIS U3Y4EHHUs MOBEACHUS J10CTa-
TOYHO OOJBIIOrO YHCIAa YaCTHIl, CyYMMapHOE IMOBEAECHUE KOTOPBIX NMPUBOAUT K
BO3HUKHOBEHUIO CPEJbl B TOM MJIM MHOM arperaTHoOM COCTOSHUM, TpeOyeTcst pas-
BUTHE THIIEPKOMIUIEKCHOTO (P (HEpEeHIINATEHOTO UCUUCIICHUS.

1. C.B. Tepexos, ®TBJ 25, Ne 1-2, 5 (2015).

2. JLA. Jlanoay, EM. Jlugpuuy, Teopernaeckas ¢usuka, T. II. Teopus momns, Hayka,
Mocxkasa (1973).

3. A.[l'aas, BomHBI MaTepun U KBaHTOBas MexaHuka, JImopoxom, Mocksa (2010).

4. AJI I'eponumyc, Teopernueckas MexaHWKa (O4epKH 00 OCHOBHBIX ITOJIOXKEHUSX ),
Hayxka, Mocksa (1973).

5. C.B. Tepexos, ®pakransl u ¢usnuka monodus, lludposas tumorpadwus, JoHenk
(2011).

S.V. Terekhov

PHYSICAL AND GEOMETRICAL CHARACTERISTICS OF HYPERSPACE.

[I. BASIC QUATERNIONS. MECHANICA OF A MATERIAL POINT

The geometrical characteristics of the world line (extremals) are investigational and the
relations of the norms of rate-of-change of the base quaternions and the geometrical pa-
rameters of the trajectory of a motion of a material point in hyperspace are set. Within the
framework of physical algebra, expressions are got for the quaternions of impulse, force
and their moments; it is shown that they are determined by a tangent quaternion during its
natural parametrization.

Keywords: quaternion of position, world line, energy, impulse, force

Fig. Left (a) and right (6) corners
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PACS: 72.80.—, 72.90.+y, 81.70.Ex

3.l. ®enbamaH, J1.U. CtedaHosuy, T.A. Bacunerko, A.K. Kupunnos

MMMNEOAHCHAS CMEKTPOCKOTWS KAK CITOCOB OMNPEAENEHUSA
TPELVHOBATOCTU YIS
l. CYXOW OBPASEL|

WMHcTutyT domnsmkm ropHelx npoueccos HAH YkpanHbl

Cratbsa noctynuna B pegakumio 21 oktabpa 2015 roga

B pamkax mooenu sghgpexmusroti cpedvl meopemuuecku uUCCie008aHO GAUAHUE MPeUU-
HOBAMOCMU CYX020 Yelsi HA e20 KOMWIEKCHoe conpomusnenue (umnedanc). Ha ocnoge
Pe3YIbmama ucciedo8anusl GIUSHUSL U30JUPOBAHHOU MPEeujuHbl HA UMNEOAHC Yelsl HAll-
Oen apexmusnblil. UMNEOAHC AHCAMOISL CAYYAUHO PACNOTONCEHHLIX NAPANNETbHbIX
mpewjun OIU3K020 pazmepa HA KOMNJIEKCHbI UMNeOaHc y20ibHo2o obpasya. Ilonyyeno
AHATUMUYECKOe 8bIPAdICEeHUe 015l KOMNIIEKCHO20 umMneoanca maxou cucmemsl. Ilocmpoe-
Ha cepus 20002pagos 05t 00pa3yo8 yejis pa3Hol CMeneHu MpewuHo8amocmu, Komopas
nOKAa3bl8aem, Ymo 603pacmanue NocieoHell NpUsoOUm K YEeIuyeHuro paouyca Kpuebix
2o0oepagos. Haildenvt yacmommubvie 3a6UCUMOCHU OCUCMEUMENbHOU U MHUMOU Yacmetl
aghpexmusro20 uMnedanca u NPOAHAIUIUPOBAHO BIUAHUE MPEWUHOBATMOCMU Vil HA UX
Gopmy. [lonyueno ananumuueckoe 8bIPAdICEHUE, CONACHO KOMOPOMY Osl HAXONCOeHUs!
KO(hpuyuenma mpewuHo8amocmu yeisi U 00CMAMOYHO IKCNEPUMEHMATLHO Onpede-
UMb YACMOMY, COOMBEMCMEYIOUVIO MAKCUMYMY MHUMOU YACTHY UMNEOanca, a maxice
uMepums IKCNEPUMEHMATLHO CMAMUYEcKoe deKMpPUdeckoe COnpomueienue Y20abHol
mMampuyul.

KiioueBble ¢jI0Ba: TPEITMHOBATOCTh YIJIS, UMIICAHCHAS! CIIEKTPOCKOTIHS, YKBUBAJICHT-
Has DJIEKTpUYecKas cxema 3amelneHus, YQ(eKTUBHbBIN MMITEaHC, CTATUYECKOE COIPO-
TUBJICHHE YTOJBHOW MaTpHIbl, dQQeKTHBHAs €MKOCTh, AuarpamMMa HaiikBucra, 9acTot-
HbIC 3aBUCUMOCTH MUMIIeIaHCa YTIIs

Y pamxax modeni eghexmuenoco cepedosuwa meopemudHo O0CHIONCEHO GNIUS
MPIYUHYBAMOCTT CYX020 8YlLIsl HA 1020 KOMNJIEKCHUll onip (imnedanc). Ha ocrogi pe-
3ymamy OOCHIONCEHHs 8NIUBY [301b0BAHOI MPIWUHU HA IMNEOAHC 8Vl 3HAUOEHO
eghekmusHUll IMNEOAHC aHCaMONI0 BUNAOKOBO DO3ZMAULOBAHUX NAPANENbHUX MPIUUH
OU3bK020 pO3MIPDY HA KOMWJIEKCHUU iMnedanc 8yzinbHoeo 3paska. Ompumano
AHAIMUYHULL 8UPA3 0Nl KOMNJIEKCHO20 iMnedaucy nodionoi cucmemu. Ilobyoosaro
cepio 200ocpagis Onsl 8YSLIbHUX 3PA3KI6 PIZHO20 CMYNEHSs MPIYUHYBAMOCmi, KA
C8I0YUMb NpO me, W0 3POCMAHHA CMYNEHA OCMAHHLOI NPU3800UMb 00 30iNbUEHHS
paodiycy kpugux 2odoepagis. 3Hatioeno wacmomui 3anedcHocmi OiiCHOL ma MHIMOI uac-
MUH epexmuenoco iMneoancy ma nPoanaliz08ano 6NIUE MPIUUHY8AMOCMI 8Y2iis HA iX
Gdopmy. Ompumano aHarimudHuil upas, 32i0HO 3 AKUM OJIs 3HAXOONCEHHs Koepiyienma
MpIWUHY8amMocmi 8y2iisi U 00CMAMHLO eKCNEPUMEHMATbHO BUSHAYUMU YACOMY, AKA

© 3.M. ®enbamaH, N1.1. Ctedparosuy, T.A. Bacunenko, A.K. Kupunnos, 2015
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8I0N06I0AE MAKCUMYMY MHIMOI 4aCMUHU IMREOAHCY, d MAKONC BUMIDAMU eKCNepUMEH-
MATbHO CMAMUYHUL eIeKMPUYHULL ONIP 8V2ITbHOI Mampuyi.

Karo4oBi cjoBa: TpilMHyBaTiCTh BYTUJUISL, iMIIEAaHCHA CIIEKTPOCKOIIisl, EKBiBaJCHTHA
eJIeKTPUYHA CXeMa 3aMillleHHs, e(eKTUBHUN iMITeJaHC, CTATHYHUHN OMip BYTUIBHOT MaT-
pulli, eheKTHBHA €MHICTh, miarpama HaikBicTa, 4YacTOTHI 3aJIe)KHOCTI IMIIETAHCY
BYTLILIS

BBenenne

OpHMMHE U3 OCHOBHBIX IOKa3aTejeid BBIOPOCOONACHOCTH TNpH pa3paboTKe
YTOJIHBIX MECTOPOXKACHUH SIBISIOTCS OPUEHTALUS TPEIIWH B TUIACTE M €T0 Tpe-
HIMHOBaTOCTh. Hannuue B mMarepualie TpellMH CYIIECTBEHHO BIHSAET Ha ero Qu-
3MYECKHE CBOWMCTBA, B YACTHOCTH Ha MPOXOXKACHUE IEKTPHUUECKOro Toka. Mcko-
naeMble YTJIH, COAEP)KAIUE TPEIHIMHBI, MOPbl, HHOPOJAHBIC BKIIOYEHUS H T.II.,
MPEACTABISIIOT COOOM MO CyTH clokHbIe reTeporeHHbie cTpykTypsl (I'C). Yroms
1o cBoel npupoje apnserca HeperyssipHoit ['C ¢ xaoTudeckn OpUeHTHPOBAHHbI-
MU TpEIIMHAMH B MaTPHIIEC U CIYYaiiHO PacIOJI0KEHHBIMU ITOPAaMH M TIOATOMY OH
B CpelHEM H30TpoIieH. B cuiy ManocTu pa3MepoB HEOJAHOPOIHOCTEH U UX CIy-
yaifHoro pacrpeneneHus mo oobemy V oOpasla B HEM MOKHO BBIIEIUTH HEKOTO-
pbie 00BEMBI I (Tak Ha3BIBacMbIC MPEJICTABUTEIbHBIE 00bEMBI), CBOMCTBA KOTO-
PBIX OJMHAKOBBI M COOTBETCTBYIOT CBOMCTBaM Bcero oOpasma kak menoro [1].
WupiMu crioBamu, Ha Macuitabax L >> [ yroib Kak T€TepOreHHYI0 CUCTEMY MOX-
HO CYHMTaTh MAaKPOCKOMHMYECKH OJHOPOIHBIM M XapakTepHU30BaTh HAOOpOM 3¢-
(EeKTUBHBIX MapaMeTpoB, B TOM HYHCIE DJIEKTPOIPOBOJHOCTHIO U TUAJIEKTpUUE-
CKOH ITPOHUIIAEMOCTBIO.

Hecmotpst Ha TO, YTO BBIIIEYNOMSHYThIE MapaMeTpbl SBJISIOTCS JIUIIL MHTE-
TPalbHBIMUA 3JEKTPOPU3MUECKUMH XapaKTePUCTUKaMU MaTepHuala, HCIONb3ys
MeTo bl uMnieaancHol crnekrpockonuu (MC), MOXKHO BBISIBUTH TaKu€ BaXKHbIE HA
NpaKTUKE CBOWCTBA YIJIeH, Kak €ro TPeIMHOBATOCTh U MTOPUCTOCTb.

Kak 6b110 MOKazaHo B [2], ©3MEHEHHWE COMPOTUBIICHUS YTJIS 32 CUET TPCIINH
CYIIECTBEHHO MPEBOCXOIUT CONPOTHBICHHE, OOYCIOBJICHHOE IOpaMH, IpH
OJIMHAKOBBIX 3HAYEHHUSIX MOPHUCTOCTH U TpelunHoBaTocTu. HacTtosimas pabora
NOCBSIIIEHA PACCMOTPEHUIO BIHMSHUS OTACIBHOM M30JMPOBAHHOW TPEIIMHBI Ha
YaCTOTHYIO 3aBHCHUMOCTh KOMIUIEKCHOTO JJIEKTPUYECKOTO COMPOTHUBIICHUS
(uMrmenanca) yroJbHOro o0Opasla, a TakKe BIUSHUS CHCTEMBI Cly4dailHO pac-
MOJIOKEHHBIX MapajuleIbHBIX TPEIIUH Ha UMIEJaHC YyroiabHoro odpasna. Hame
paccMoTpeHue Oyner 6a3upoBaThCs Ha HAXOXKJIECHUU 3(P(HEKTUBHBIX IIEKTPO-
bu3NYeCKUX XapaKTepUCTHUK YroJIbHOTro o0Opasla ¢ LEeNbl0 BBIICHEHHUS MPUH-
UIUATBHOW BO3MOXHOCTH OMpeleieHUsT KO0d(PPUIMEHTa TPEUMHOBATOCTH
YTOJIbHOIO IIACTAa.

BiisinMe M301MPOBAHHON TPELIMHbI HA UMIIEJAHC YIJIf

[Tycte yromwpHbI 0Opasen umeeT (GopMy IUIOCKOMApaUIeIbHON IIACTUHBI C
TUTOIIA/IbI0 TIOTIEPEYHOTO CEUCHHUS S' U TONIUHON d, 3aKITIOYCHHON MEXIY JBYMs
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IIJIOCKUMHU TapaJUICIIbHBIMU 3JICKTPOAAMH, Ha KOTOPBIC NOAACTCA KBA3UCTAILIUO-
HapHOC MCPEMCHHOC HAIIPAKCHNUEC TAPpMOHHUYCCKOTO BUJa

U(r) =U,cosmt, (1)

rae U, — ammutya HanpsbkeHus (Ha npaktuke U, ~ 107 V), ® = 2nf — uuknu-
yeckas yactora (rad/s). YacToTHBIN nuanazoH usmMepeHuit Af OOBIYHO COCTaBISET
1 Hz-1 MHz.

PaccmoTpuM, Kak BIUSIOT TPEIIMHBI, UMEIOIUECS B yIJe, Ha KOMILJIEKCHOE
comnpoTuBiieHre (MMneaanc) oopasna. B cnydae cratuueckoro Hanpspkenus (U =
= const) ra30HaNOJHEHHbIE TPELIUHBI HE MPOBOJAT 3JICKTPUUYECKUH TOK U, Kak
OBLIO MOKa3aHO B [2,3], MOTYT CO3/1aBaTh JIUIIb JTOMOJHUTEILHOE OMUYECKOE CO-
npoTuBieHHe. B cityyae e nepeMeHHOro HampsKeHUs! TPELUHbBI ¢ BBICOKUM CO-
IPOTUBJIEHUEM CpE/bl BHYTPU HUX, paboTasl Kak 3JIEKTpUUYECKUE KOHAEHCATOPHI,
CTaHyT MPOIYCKATh AIEKTPUUYECKUH TOK. DTOT 3pdekr Oyaer paccMOTpeH uis
YCIJIOBUH, KOTJ]a 4YaCTOTa U3MEHEHHUS JIEKTPUUECKUX MOJeH, Oy 1yun JOCTaTOUHOM
JUIL €ro MPOSIBJICHUSA, B TO K€ BPEMs HE CIMILIKOM BEJIHMKa, TaK 4TO paclpeene-
HUE AJIEKTPUYECKOTO MOJS BOKPYT TPEIIMH B KaX/blii MOMEHT BPEMEHU MOXHO
CUMTaTh yJOBJIETBOPSIOIIMM CTAllMOHAPHBIM ypaBHEHUAM (T.€. U1 PAaCCTOSHUI
HOpSiIKA pa3MEpoOB TPEUIMHBI CKUH-3((EKTOM MOXXHO TpeHeOpeus). [myOuna
NPOHUKHOBEHMs MOJIA B yroyib (TyOMHa CKHUH-CIIOS) MOXET ObITh BBIpa)keHa
dbopmyoii [4]:

P )

NET

rae o = 4m 10”7 H/m — marauTHAS MIPOHUIIAEMOCTh BaKyyMa; f — 4acToTa, Ha KO-
TOpPOW TPOBOAMTCS M3MEPEHHUE HMMIIEAAHCA; G) — CTAaTHYECKasl 3JIEKTPOIPOBOJI-
HOCTb YIJIsl, 3aBUCSIIAs OT €r0 MapKH, BIAXHOCTH U psfia JpyTrux (akTopoB.

J7s TUNUYHBIX 3HAYEHMI 3JIEKTPONPOBOJIHOCTH YIJISI CPEIHEH CTaauu MeTa-
MopdHu3Ma MOKHO MPHHATH 3HaueHue 10~ Q -m -[5]. Eciu B kauecTBe yacto-
ThI f B3Th BEPXHIOIO TPAHUILY U3MEPSIEMOT0 Iuana3oHa f = 10° Hz, to u3 (2) Ha-
XOMM, 4TO TiIyOnHa CKUH-cnosi & = 500 m, T.e. JOCTaTOYHO BEJHKA ISl HCCIIe-
Jayemoro o0pasiia.

PaccmoTpuM BHavase cuTyaluio, Koraa oOpaser] yriis COACPKUT OJTHY €IHH-
CTBCHHYIO U30JIUPOBAHHYIO TPEUIMHY JUCKOOOPa3HOU (OPMBI, T.€. B BUJC JUIUII-
couia BpaIlIeHUs, C MOJIIPHOM OCBIO ¢ U PAIIyCOM dKBaTopa @ (MIpUYeM SJUTUIICO-
UJI CIUTIOCHYT, T.€. ¢/a << 1). YUuThIBasi, 4TO MOJIYyPACKPHITHE TPEIIMHBI ONpEIe-

JCTCA BBIPAKCHUCM
c
w(r)=—~a* —r*, 3)
a

2 2 2
rae ¥~ =x —)", a BHyTpU TPEIIUHbBI HAXOAUTCS Ta3 IpHU aTMOC(HEPHOM J1aBICHUU

(oTHOCHUTENBHAS JUAJICKTPUUECKAsi MMPOHUIIAEMOCTh KOTOPOTO € =~ 1), I eMKo-
CTH TPEIIMHBI MOTy4YaeM BhIpaKeHUE
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2
Ci = w , ( 4)
c

TA€ €9 — AUAJIEKTPUUECKasi MPOHUIIAEMOCTh BAKyyMa; € — OTHOCUTEJIbHAS JUAJICK-
TpUYecKasl MPOHHUIIAEMOCTh Ta3000pa3HOro (IIrouaa, 3aroNHSIONIETO MOJOCTh
TpewuHsl (€ = 1). [Ipu 3TOM MBI MpeAnonaaraeM, 4YTo SACKTPUUECKUE MO U TOKH
calbl, T.e. OHM HE CO3/IAI0T MEXaHWYCCKUX HAIMPSIKCHHH, KOTOPBIE MOTJIH OBl 3a-
METHO BJIMATH HA PACKPBITUE TPEIIMHBI.

AKTUBHOE COINPOTHBJICHHE OOpa3lla B OTCYTCTBUE TPEIIMH (COMPOTUBIICHUE
YTOJILHON MaTpUIlbl) OyJeT UMETh BUJ

Ry=—L 5)

GoS ’

rae GO=(5(O))| =0(0) — craruyeckasi JIEKTPONPOBOJHOCTh YTOJIbHON MaTpHU-

=0
1bl, d — TONIIMHA 00pa3ia, S — IIIOMIA/b €ro MOMEePEUHOr0 CEUSHUS.

YroObl ONpenenuTh BEIUYUHBI G
C; Wi Ry, 1OCTaTOYHO U3MEPUTH CTATHU-
| | YECKYI TPOBOJAMMOCTH 00pasiia mnpu
|l

BBICOKOM THJIPOCTATUYECKOM JaBIie-
HUU G4(Pmax), KOTAA TPEIIMHOBATOCTh
Ro MpaKkTUYeCKH TojapiieHa. Kak mokasa-
‘:I‘ HO B pabote [6], npu naBnenun 2 GPa
YACIBHOE COMPOTUBIICHUE YTJISI YMEHb-
maeTcs Ha mopsiiok. Torma B BeIpaske-

Puc. 1. DxBUBasICHTHAS IEKTPHUYIECKasT CXeMa
3aMeIleHHsT YroJibHOro oOpasua, copep-

SAIIEro OIHY TPEIHHY HUU (5) MOXHO MOJIOKUTh, YTO G =

~ O5(Pmax). ECIM TIpeanonoxuTh, 4To
oOpazer yris He oOnajgaeT 3aMeTHONW MHIYKTHUBHOCThIO (L = 0), TO »KBUBa-
JICHTHAsI JJICKTPUYECKas CXeMa 3aMelIeHUs B JAaHHOM CJIydae MOXKET OBITh
npeacraBieHa napamnenbHoit RoCi-nienbio (puc. 1), rne C; — eMKOCTh TpeIu-
HBI B MPEATNOI0KECHUH, YTO CTATUYECKAsi MPOBOAMMOCTD T'a3a BHYTPH TPEUIHMHBI
ONM3Ka K HYJIO, a Ry — 9TO aKTUBHOE COMPOTHUBIICHUE YTOIHHOW MATPUIIBI, IPE-
craBiieHHOE BhIpakeHHeM (5). M3 3akona Oma 1y yyacTka ¢ TIEPEeMEHHBIM Ha-
npsoxerreM U (f) (Bopaxenne (1)) mmeem

U(w)

Z(0)= m , (6)

rae Z(®) — KOMIUIEKCHOE COMPOTHUBJICHUE (MMIIEIaHC) Bee 1enu. Tak Kak KOH-

ACHCATOP Cl' " peE3nucTop R() COCAUHCHBI MapajlICJIbHO, UX AAMUTTAHCHI CKJIA[bI-
BarOTCA, U TOTJa aAMUTTAHC BCEM OCIMTHU OKa3bIBACTCsA

Y(0) =ioC; +1/R, . (7)

Nmnenanc Z(®) Bcel Lieny BEIYUCIUM KaK BEJIMYUHY, 00paTHYI0 aJMUTTaHCY Y():
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X((D) I/RO +i0)Ci 1+i(’0CiRO
Brinensisi qeCTBUTENBHYIO U MHUMYIO YAaCTH UMIIeaHca Z (), mojiydyaem
Z(w)=Z'(0)+iZ"(®), )
rIe
, R ) ~oCR}
Z(m):—oz, ®)=—F"0—. (10)

MOo>KHO 3aMETHUTb, YTO OHHU CBSA3aHBI APYT C APYTOM MPOCTHIM COOTHOIICHUEM

Z"=-0C,RyZ'.

(11)

Ucnonwzys (11) B Bune oC;Ry = —2"/Z', moxxHo u3 nepsoro Boipakenus (10) uc-

KIIFOYUTb 4aCTOTY ®:

77— fo > (12)
1+(2"/2")
Jlerko moka3zaThb, 4T0 BhIpaxkeHHe (12) MOXKHO npeoOpa3oBaTh K BULY
(Z'=Ry/2)* +Z"=(Ry/2), (13)

7"

0 Ry2 R,

Puc. 2. lnarpamma HaiikBucra (romorpad
UMIIeIaHCca) YTOIHLHOTO 00pasiia ¢ TPEUTHHOM

9TO TPEJCTABISIET COOOW ypaBHEHHE
OKPY>KHOCTH B KoopauHatax Z—Z".
OU3NMYECKHI CMBICT HMMEET TOJBKO
BEPXHSSL TOJIYOKPYKHOCTb, IOKa3aH-
Has Ha puc. 2 (quarpamma HaiikBucra
wiu rogorpad umnenanca). Ee paguyc
paBeH R(y/2, a LEHTp pacroyiOKeH Ha
ocu Z' Ha paccTosSTHUM Ry/2 OT Hadana
KoopauHat. Ecin yactora nepeMeHHo-
ro TOKa ® yBeauuuBaeTcs (B mpeaene
® — 0), TO UMIEAAHC MapaIeTbHON
RC-uenu (puc. 1) ctpeMurcs K HyJto,
T.e. KOHJIEHCATOp ULIYHTHPYET pe3H-
crop. [Ipu HyJIEBOI YacTOTE UMIIEIaHC

KOHJIEHCaTOpa OECKOHEYHO BEIHK, T.€. BECh TOK MPOTEKAET Yepe3 Pe3UCTop H COo-
otBeTcTBeHHO Z = Z' = R,,. Cornacao (10) umeem

Z(©)=lim Z(w)=0, Z(0)= lin%)Z((o)=R0.

W—>0

(14)

Kak BugHO 13 Beipakenuit (10) u puc. 2, MHUMas 4acTh UMIIEIaHCA, CO3/1aBacMast
€MKOCTHBIM CONPOTUBJIEHUEM TPELIMHBI, IMEET MaKCUMaJIbHOE a0COIIOTHOE 3Ha-
YEHHE, PaBHOE |Z"((n)| =Z'(®)=R,/2, upu HacToTe, yJOBICTBOPSIONICH yCIIO-

BHIO ® = 1/CR,).
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¢ dexkTUBHBIH UMIIETAHC YIJIs,
coJep:Kallero CucTeMy napauieJbHbIX TPEINH

OcHOBHOM MHTEpeC MpeAcTaBisaioT 3((HEKTUBHbBIE AIEKTPUUECKUE XapaKTepH-
CTUKH, BBIPAXKAIOIINE CBSI3b MEXKAY CPETHUMU MO 00beMy (CM., Hamp., [4]) 3Hade-
HUSIMH TOKA W HAIPsDKEHHsI B 00pasiie yriis, coJepiKaieM OOJIbIIoe KOJINYECTBO
TpeuH. B o0miem Bue penieHrne JaHHOM 3a/1a4i COTPSHKEHO C OOJIBIIMMU TPY -
HOCTsIMH. [loaTOMY JUIsl €€ pelIeHHsT MOXKHO BOCIIOJIb30BaThCS MPOCTHIMH MO-
JeNTbHBIMU TIpeACTaBIeHUSIMA. [IpeInoaoxkumM, 9To B UCCIeayeMoM o0pasie yriis
uMeeTcss cucreMa N TapajuIeNbHBIX OJUHAKOBBIX JTHUCKOOOpa3HbIX (B BHC
CIUTIOCHYTHIX 3JUTMTICOMIOB BpAIICHUS) TPEUIMH, PACTPEACICHHBIX CIyYailHbIM
o0pa3zoMm 1o o0beMy. PaccMOoTpuM ciydail MaJioil KOHIICHTPALMU TPEIUH, KOTIa
WX B3aUMOJICHCTBUEM MOXHO npeHeopeusb. Toraa 3akon Oma jyuist Bcero oOpasia
MOYKHO 3aIiucaTh B BUJIC

o)

ﬁzw’ (15)

IJIe YIJIOBBIMH CKOOKaMH O0O3HAuYeHBI CPEIHWE 3HAYCHHsS 10 00bheMy oOpasia.
3nechk Z.r — 30GEKTUBHBIA MMIIENAaHC YTOJbHOTO oOpasua. Beuay ciyuaitHoro

pPACIONIOKEHUsT TPEIIMH 00pasell MOKHO CUUTATh CTATUCTHUYECKU OJIHOPOIHBIM.
Jl1s1 XapaKTepuCTUKN TOPHOU MOPOJIbI, COAEpIKaIIel TPEIIMHBI, BBOIAT KOd(hPu-
IIUEHT TPEIIMHOBATOCTU L [6], KOTOPBIN OMpPEaessioT OTHOLICHHEM 00beMa Tpe-
IIMH K 00beMy TTOPOJIbI, 3aKTI0YAIONIEH B ce0€ ATH TPEUTUHBI:

U=Vcr/V (16)

(rme V. — moyHBIH 00BEeM TpenH B 00pasie, V' — oobem oOpasna), b0 moJib-
3YIOTCSl BETMYMHON Y — KO3((HUIIMEHTOM OOBEMHOM TPEIMHOBATOCTH, PaBHBIM
YHUCITy TPEIIMH B €AMHHIE 00beMa TOPHOI MOPOIBI. DTH BEINYHMHBI CBSI3aHBI CO-
OTHOILICHUEM

V=17V, (17)

I7ie Vg — cpenHuil 06beM ofHOM TpemuHbl. Kak Ob1o mokazano B [3], adhdexTus-
Hasl CTaTWYeCKas 3JICKTPOIPOBOAHOCTh OOpasila B HANPAaBICHUH, MEPIICPIAUKY-
JSIPHOM TUTOCKOCTH TPEILUH, BEIPAYKAETCSI COOTHOLICHUEM

- % (18)

(1+4v/3)

Torpa ¢ yuerom cootHomieHus (18) akTuBHOE CONpPOTUBIIEHHE 00pa3lia B HAIPaB-
JIEHUH, MEPNEeHAUKYISIPHOM IUIOCKOCTH TPELIMH, MOXET ObITh BBIPAXKEHO 4Yepe3
K02(pPHUIMEHT TPEUTMHOBATOCTH YTJIS L:

R(V) = Ry(1+8v/3). (19)

I[Tpu nonyyenuu Beipaxkenust (19) Mbl UCTIONB30BATIM MPEATIOIOKEHHE, UTO KOIDPH-
LIUEHT TPELLIUHOBATOCTH YIJIsi OOBIYHO MaJl, T.€. BBINOJIHAETCS COOTHOILIEHHE L << 1.
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[TockonbKy A MEPEMEHHOTO HANpsKEHUs TI'a30HAIOJHEHHbIE TPEIIUHBI UT-
paroT poiib EMKOCTEH, MOKHO BBECTH TOJIHYIO 3PPEKTHBHYIO EMKOCTh YTOJILHOTO
oOpa3ua. Ecnu npeanonokuTb, YTO TPEIIMHBI SBJISIOTCS MPUMEPHO OJUHAKOBbI-
MU, UMEIOLUIUMH €MKOCTb, paBHYI0 C;, KOTOpas ompelensieTcs BblpaxkeHuem (4),
TO TONHYI0 3(dexkTHBHYyI0 eMKOCcTh 0o0pas3ua yrIjs, COAEPKAaIlero TPEeIIUHBI,
MOYKHO ONpEIENUTh CleAyIomUM 00pa3oM. [IoCKOIbKY TpeIinHbl, pacloioKeH-
HBIE B CJIO€ TOJILIUHOW, MEHbILIEH, UEM CPEHEE PACCTOSHUE MEXKIY TpELIMHAMHU,
MOYKHO OTOXKJIECTBUTh C CUCTEMOI KOHJEHCATOPOB, COEMHEHHBIX MapaliebHo,
TO MUX €EMKOCTH CKJIaJIbIBAIOTCS, U PE3yJIbTUPYIOIIAs €eMKOCTh TAKOM CUCTEMBI OKa-
3bIBACTCS PABHOM

C =GN, =CNg”. (20)

YtoObl onpenenuTh moaHyo 3pPeKTUBHYI0 eMKOCTh 00pasiia, HeoOX0uMO Hai-
TH OOIYI0 €MKOCTh BCEX CJIOEB, COEIUHEHHBIX MocienoBaTenbHo. C yueTom cra-
THUCTUYECKON OJHOPOJHOCTH 00pa3lia EMKOCTH BCEX ITHX CJIOEB MOKHO CUHTATh
onuHakoBbiMu M paBHbiMH C . Torama pesynbtupyromas s¢pekTnBHas eMKOCTh

oOpasiia oka3bIBaeTCs
C(y)=Ci(Ny /N ) =CN> =y v =o' (7 /vy) 2, 1)

rzie vy — 00beM TpeumHsl, V' = Sd — 00beM obpasna. [lonHsnii 3¢ pekTuBHBI TM-
MeaHC BCEro YrojbHOro odpasia ¢ Ko3QPUIMEHTOM TPEIIMHOBATOCTH U MOXHO
HaiiTH, mpoBes B BeipaxkeHUsX (9) u (10) 3amenst Ry — R(v) u C; —» C(v). Torna
MOy 1M

Zegr (0,0) = Z'(0,0) +iZ"(®,0), (22)

IJIe ICHCTBUTENIbHAS W MHHMas YacTH HMMITeJaHca oOpas3iia MOryT OBITh Tpe-
CTaBJIEHBI COOTBETCTBEHHO BBIPAKECHUAMU

PACR) p—(C) E— (23)
1+(0C(V)R(V))

Z"(,0) = _(DC(U)RZ(U)Z. (24)
1+(0C(V)R(v))

[TockonbKy J1eBble yacTu BblpakeHUH (23), (24) nerko u3MepuTh, UCHONb3YS Me-
TOJbI MIMIEJAHCHONW CHEKTPOCKOINUH, HalIeHHbIE COOTHOILEHUSI ONPENENAIOT B He-
SBHOM BHJI€ TPELIMHOBATOCTh YrOJbHOrO oOpasua. Peas 3Tu ypaBHEHHsSI OTHOCH-
TEJIPHO BEJIMYMHBI L, MOKHO HaWTH TPEUIMHOBATOCTh Hcciexyemoro yris. Ho mpo-
II€ BCETr0 HANTH KO(MHUIMEHT TPEIMHOBATOCTH, TIOCTPOUB roforpad MMIeaaHca
o0pasia yris ¢ TpemHamu (puc. 3). JIlerko 3aMeTuTh, 4To Ui 4acTOThI, IPU KOTO-
poii HabII0AeTCsl MAKCUMYM roziorpaga UMIIEJaHCa, BHITTOIHACTCS TOXKIECTBO

oC(V)R(v)=1, (25)
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KOTOPOE B HESIBHOM BHUJIE ONpeaessieT Ko PHUIUEHT TPEIMHOBATOCTH L 00pasia.
[oacrasnss uz (19) u (21) B (25) siBHBIE BhIpaxeHus ais R(v) u C(y), noayyaem
YpaBHEHHE IS OTIpEIeIICHUsT KOAPPHUITUSHTA L

21f,, Ry (1+80/3) Cu' 2 (V /vy

7" 10*Q
() [\ AN (@) o0 (e}

0 4 8§ 12 16 20
7, 10°Q
Puc. 3. lNomorpad wmmmenmanca yriisi TpHu

pasnuyHbIX KO3()(UIHEHTaxX TpemnHOBa-
toctuv: 1 -0.1,2-0.2,3-0.3

13y, (26)
JUJIss 9WCIIEHHBIX OIEHOK TPEIIMHOBA-
TOCTH YTOJIBHOTO 0Opa3siia CONpPOTHB-
JICHHE YTOJIbHOW MaTpuIlbl Ha HYJIEBOU
gacTtoTe R() MOXXHO 3aMCHUTH Ha JKC-
MIEPUMEHTAJILHO HU3MEPSIeMOE CTaTH4e-
CKO€ COIPOTHBIICHHE 00pasiia MpHu BbI-
COKOM THUIPOCTATHUYECKOM JIaBJICHUH
Ry(Pmax), KOTJa TPEIIMHOBATOCTh YIJIA
mpakTuuecku mofgaBieHa. C ydeTom
TOTO, YTO HA MPAKTUKE BeMUMHA L << 1,
U3 ypaBHEHUs (26) Jerko HalTH Kod(-
(UIUEHT TPEIIUHOBATOCTH YTIIsI
Yo

L~ . @D
87 £ R (Pmax )GV

Jlnst Toro 4ToOBI BOCIIONB30BATHCS (opMynoi (27), HEOOXOAUMO MpeIBAPUTEh-
HO HAlTHM 00BEM TPELIUMHBI V() U OIEHUTh €MKOCTh OJHOM W30JMPOBAHHOW Tpe-
[IMHBI. YYUTHIBAS, YTO MBI CYMTAEM TPEIIUHY c(hepouaoMm, moirydaeM

Vg = iTcazc ~4-10 " .
3

o o —4 —6
Bocnonbs3oBaBuiuce hopmyoi (4) u nonarags B et a ~ 10 "m, ac ~ 10 ~ m, no-
. —13
Jy4yaeM eMKocTh ofHou Tpemmubl C; = 2.8-10 = F. Ilycth oOpasen umeer Buj
. <4 2 . -3
KBaJIpaTHOM MIacTHHHI Miomaapo S = 10 " m™ u Tommuuoit d = 10 ~ m, a uzme-
5
PEHHOE CTaTHUECKOE CONMPOTUBIECHUE R (pmax) 00pasiia okazanocsk paBHbIM 107 Q.
-1

Torna ans yactotsl f~ 105 s~ mo gopmyne (27) s kodppuureHTa TperuHoBa-
TOCTH YT noiyyaeM 3HaueHue v = 0.07 = 0.1 = 10%, uro npencrasiser codon
BIIOJIHE Pa3yMHYIO BEJIUUHHY.

YacToTHBIE 3aBUCMMOCTH HMIIeJaHCA yriasa

Hcnions3ys Beipaskenus (24) u (25), Mbl moctporwnu ceputo roaorpados dpdek-
THBHOTO MMIIE[aHca B iepeMeHHbIX Z' —Z" (puc. 3), a Takke CIICKTPaIbHbIC 3aBH-
CHUMOCTH JAeHcTBUTENbHOU (puc. 4,a) 1 MHUMOM (puc. 4,0) dacTeli MMITeaHca IS
00pas3IoB yIisl, UMEIOMNX Pa3INYHYI0 CTENeHb TpelnHOBaTOCTH. Kak BUIHO U3
puc. 3, KpuBble rogorpada UMIeAaHca TPEICTABISIOT COOOH YaCTH IOy OKPYIKHO-
creii. [Ipu Bo3pacTaHuM 4acTOTHI H300paXKaroIIasi TOUYKa ABUKETCS BIOJIb ITUX KPH-
BBIX TIPOTHB YaCOBOM CTPEJIKU. 3aMETHM, YTO MOBBIIICHUE CTETICHH TPEIITHOBATOCTH
YIJIS YBEJIMYKMBACT PAJINYChI TUX KPUBBIX, CMEIIasi MAKCHMYMbI KPUBBIX BIIPABO.
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) 10¢
207, 3
16} 8r
I
c 12t Sl q
- S
v—:\ 8_ :.\4_
N h
4t 2t
Op,  ——————— ot , , . . .
0 2 4 6 8 10 0 2 4 6 8 10
1,10’ Hz £.10° Hz

Puc. 4. UacroTHas 3aBucUMOCTb neiicTButenbHOl Z'(f) (a) u Muumoii —Z"(f) (6) yacreit
WUMIIeIaHCa P Pa3TUIHbIX K03 dunuenTax tpemmraoBaToct v: [ —0.1,2-0.2,3-0.3

[IpeacrasnsieT uHTEpEC MPOAHATU3UPOBATH YACTOTHBIC 3aBUCUMOCTH JCHCTBU-
TeTbHOM W MHUMOM yacTeil ummenaHca yroipHoro oopasua. 13 puc. 4,a BunHo,
YTO YaCTOTHBIE 3aBHUCHUMOCTH BEIIECTBEHHOM YacTH HMMIIEJaHCa MPEJICTABISIOT
co00i1 MOHOTOHHO CHAJA0IINEe 3aBUCUMOCTH C MaKCUMYMOM Ha MHHHUMAaJbHOU
YacTOTE, MPUYEM IOBBIIICHUE CTENEHU TPEUIMHOBATOCTH YTrOJBHOTO oOpasia
MPUBOIUT K BO3pPACTaHHIO MAaKCHUMYMOB KpPHUBBIX MO BbIcoTe. [lo Mepe pocta Tpe-
IIMHOBATOCTH YTJISi CKOPOCTh CIAJaHUsl KPUBBIX CYIIECTBEHHO YBEJIWYUBACTCA.
UYro ke KacaeTcs MHHUMBIX YacTel MMIIelaHca, TO, KaKk BUAHO U3 puc. 4,06, OHU
MPEJICTABISIIOT COOOM KpHBBIE C MakCUMyMoM. [IpudeM MOBBINICHUE CTCIICHH
TPELIMHOBATOCTH YTOJBHOTO 00pa3lla MPUBOAUT K BO3PACTAHHIO MaKCHMYyMOB
KPUBBIX I10 BBICOTE U CABUTY WX B CTOPOHY HU3KHUX yacToT. Kak crienyer u3 puc. 4,
YaCTOTHEIE 3aBUCUMOCTH AEHCTBUTEILHOM M MHUMOM YacTel MMIIETaHca KayecT-
BEHHO OIMCHIBAIOT aHAJIOTHYHBIC 3aBUCUMOCTH UMIICJAHCA, MOJTYUYEHHBIE JKCIIe-
pPUMEHTaNBHO B paboTe [8] mist aHTPaIIMTOBOTO YIJIAL.

3akiarouyeHue

B pabote TeopeTHyeckn pacCMOTPEHO BIIMSHHUE TPEIIMHOBATOCTH YIJI Ha €ro
AIEKTPOXUMUYECKHUI nMIieanc. Ha ocHOBE pe3yipTaToOB MCCIIEOBAHUS BIUSHUS
U30JIMPOBAaHHOM TpelMHbl HAa UMIIEAAHC YTOJbHOro 00pa3lia N3y4yeHO BO3JeHcT-
BUE aHCaMOJI CIy4YailHO pPAacIONIOKEHHBIX MapauIebHBIX TPEIIUH MPUMEPHO
pPaBHOTO pa3Mepa Ha KOMIUIEKCHBIM MMIenaHC yroibHOro oopasua. Iloctpoena
cepust rogorpagoB At 00pa31oB pa3HON CTENEHH TPEIIMHOBATOCTH, KOTOpas 10-
Ka3bIBAECT, YTO POCT CTEIEHH TPELIMHOBATOCTH NMPUBOANT K YBEJIIMYCHHUIO PAlyca
KpHBBIX Toporpados. Kpome Toro, mpoaHain3upoBaHO BIMSHUE CTEIICHHU TPEIH-
HOBATOCTH YIJI Ha YaCTOTHBIE 3aBUCUMOCTH JIEMCTBUTEIBHOM U MHUMOW YacTen
3 PEKTHBHOTO UMITEIAHCA.

IToka3zaHo, 4TO /U1 HAXOXKJIEHUS KO PUIMEHTAa TPEIIMHOBATOCTH YIJIS L JI0C-
TATOYHO TEOPETUUYECKU OLIEHUTH BEIMYMHY eMKOCTU C;, CO3/1aBaeMyI0 OTAENIbHOMI
W30JIMPOBAHHON TpelmMHON. M3Mepsis 3KCIEepUMEHTAIbHO CTATHYECKOE COIPO-
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TUBJICHHE O00Opaslia TpU BBICOKOM THIAPOCTATHYECKOM JaBICHUH Ry (Pmax), IO
dopmyite (19) MOXKHO HAlTH aKTUBHOE CONPOTUBIICHUE R() YTOJBLHOW MAaTPHUIIHI HA
MOCTOSTHHOM TOKe. Vcronp3yst MeTO] UMIIEJaHCHON CHEKTPOCKOMHUH, CTPOUM TO-

norpad 3¢ dekTuBHOTO MMITeaHca o0pas3iia U ONpeessieM YacTOTy, COOTBETCT-
BYIOIIYI0O MakCHMyMy MHHMOW 4YacTu ummenanca Z'(w,y). 3arem, HUCIOIb3ys

IKCTIEPUMEHTANIbHBIC JAaHHbIE W BbIpakeHue (27), HaxoauM Kod(p(UIMEHT Tpe-
IIMHOBATOCTH YTOJIBHOIO 00pasua v.
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E.P. Feldman, L.1. Stefanovich, T.A. Vasilenko, A.K. Kirillov

IMPEDANCE SPECTROSCOPY AS A DETERMINATION METHOD
FOR COAL JOINTING.
I. DRY SAMPLE

Within the frameworks of the effective medium model, the effect of the dry coal jointing
on the complex resistance (impedance) has been studied. The result of the modeling of
the effect of a single crack on the coal impedance allowed finding of the effective imped-
ance of the ensemble of randomly-positioned parallel cracks of similar size on the com-
plex impedance of a coal sample. An analytical expression for the complex impedance of
the described system has been derived. A series of hodographs of coal of varied jointing
has been drawn that demonstrates how an increase in jointing results in an increment in
the radius of the hodograph curves. Frequency dependences of the real and imaginary
components of the effective impedance have been found and the influence of the coal
jointing on their shape has been analyzed. The found analytical expression states that in
order to find the coefficient of coal jointing v, it is sufficient to determine the frequency
associated with the maximum of the imaginary component of the impedance and to
measure the static electric resistance of the coal matrix.
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Keywords: coal jointing, impedance spectroscopy, equivalent electrical drawing of sub-
stitution, effective impedance, static resistance of the coal matrix, effective capacitance,
Nyquist diagram, frequency dependences of coal impedance

Fig. 1. Equivalent electrical drawing of substitution of a coal sample containing a single
crack

Fig. 2. Nyquist diagram (impedance hodograph) of a coal sample containing a single
crack

Fig. 3. Hodograph of coal impedance at varied jointing coefficient v: 7 — 0.1, 2 - 0.2, 3 —
0.3

Fig. 4. Frequency dependence of the real Z'(f) (a) and imaginary —Z"(f) (6) component as
of impedance at varied jointing coefficient v: / - 0.1,2-0.2,3-0.3
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Modern techniques of severe plastic deformation used as a means for grain refinement in
metallic materials rely on simple shear as the main deformation mode. Prediction of the
mechanical properties of the processed materials under tensile loading is a formidable
task as commonly no universal, strain path independent constitutive laws hold. In this
paper we derive an analytical relation that makes it possible to predict the mechanical
response to uniaxial tensile loading for a material that has been pre-processed by simple
shear and presents a linear strain gradient in it. A facile recipe for mechanical tests on
solid bars required for this prediction to be made is proposed. As a trial, it has been ex-
ercised for the case of commercial purity copper rods. The results of the derivation of the
true stress-strain curve for large tensile deformation of copper are presented. The method
proposed is recommended for design with metallic materials that underwent pre-
processing by simple shear.

Keywords: strain hardening, torsion, tension, strain gradient, strain path change, copper

Hns npoeno3sy énacmuseocmeii cyOMIKpOKPUCMALIYHUX MEMANi8, OMPUMAHUX MeMOo0amu
iHMeHCUBHUX NAACMUYHUX Oepopmayil, HeOOXIOHO 3HAMU HANPYI’CEHHS NpU 00-
HOBICHOMY NAACMUYHOMY DO3MALYS8AHHI NICNA 0OPOOKU BeNUKUM NPOCMUM 3CY80M (Oe-
Gopmayisn 3cysy Oinvue 10). Mexaniuni enacmugocmi mamepianie npu maxux Henpo-
HOPYILIHUX WAXAX 0epOpMYBAHHS 8UEHAIOMb 8 OCHOBHOMY 3 0ONOMO2010 MpPyOuaAcmux
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3paskie. Yepesz empamy cmitikocmi mpyOoK npu KpyueHHi MaKi eKCHepUMeHmu MONCIUG]
auwe O MAIUX HNPYICHbONIACMUYHUX Oeghopmayill, Wo He Nnepesuuyroms KilbKOX
giocomkis. Y cmammi 3anponoOHOBAHO U OOIPYHMOBAHO MEMOO BUHAYEHHS HANpyeU
meuii Mamepiany, nonepeoHbo 00pPOOIEHO20 BEIUKUM NPOCTUM 3CY80M. Memoo 3acHo-
BaHULl HA 080X CMAHOAPMHUX BUNPOOYBAHHAX. KPYUEHHI 3 GLILHUMU MOPYAMU U 00-
HogicHomy posmseyganti. OmpuUmMano CnieGiOHOWEeHH s, W0 00380J58€ NO HANPY3i meyii
HEOOHOPIOHO20 3pA3KA, NONEPEOHbO NIOOAHO20 KPYUEHHIO, 3HAUMU HANPY2y NAACMUYHO20
PO3MAZYBAHHSA 020 NOGEPXHEBO20 WIapPY 3 NeGHOI0 dehopmayicio npocmozo 3cyey. Llns-
XOM NpoCmux AHATIMUYHUX OYIHOK NOKA3AHO, WO NPYIUCHI 3ANUUWKOBI HANPYeU NePuio20
POOY, AKI BUHUKAIOMb NICA PO36AHMANCEHHS 3PA3KA, HONEPEOHbO Ni0OAHO20 KPYYEHHIO,
NPAKMUYHO He 6NJIUEAIOMb HA MEJICY MIKYUOCmI NPU PO3MALYEAHHI.

Karouori ciioBa: nedopmarriiine 3MilHEHHSI, KPYUYCHHS, PO3TATYBaHHS, TPpaieHT aedop-
Marii, 3MiHa NUIIXy aeopMyBaHHS, MiJb

1. Introduction

Processing of metals by simple shear is a good way to improve their mechani-
cal characteristics. This comes to bearing especially in the production of ultrafine
grained materials by severe plastic deformation (SPD). SPD techniques, such as
high-pressure torsion, high-pressure tube twisting, equal-channel angular pressing,
twist extrusion, and shear extrusion have one thing in common — they all are
based on simple shear [1,2] and almost all of them present a strain gradient in
them. Products fabricated by these techniques are often designed for structures
that operate under extremely large tensile loads. Design with such materials there-
fore requires a reliable tool for predicting the flow stress for metals, which under-
went processing by gradient simple shear of a given magnitude.

The large strain behavior of metals is usually studied in torsion of cylindrical
bars because very large strains can be readily achieved in torsion. Indeed, during
tensile testing — which is the most commonly employed characterization technique —
the uniform deformation is limited because of early necking. However, the
mechanism of strain hardening is quite special for torsion because of the small
number of the operating slip systems that lead to smaller equivalent stresses for
torsion compared to tension or compression [3,4]. This presents difficulties in the
characterization of the material behavior at large strains.

The problem of construction of stress-strain curves for torsion of solid bars has
been resolved by Fields and Backofen [5] who established a formula for obtaining the
flow stress at the outer radius of the twisted bar. However, no such formula is available
for tension of a sample with a strain gradient, particularly when a bar is tested in ten-
sion after being pre-twisted in torsion. This problem is resolved in the present paper.
The importance of such testing is that stress-strain curves can be obtained for tension
for very large strains, up to the same strains as in torsion, by tension of pre-twisted
bars. For this purpose only thin-walled tubes were pre-twisted so far where the strain
gradient can be neglected [6—12]. However, the maximum plastic strain is very limited
in torsion of such tubes, which is not the case for the torsion of solid bars.

In the following we first present the theoretical basis and then show that the
role of the residual stresses, which are inherent in gradient structures, can be ne-
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glected at large strains. Finally, the new technique is applied for the large strain
torsion of copper bars.

2. Theoretical basis

We consider a solid cylindrical bar twisted in large strain torsion. It can be
shown with using the equilibrium equation that for large uniform torsion, the local
plastic shear strain v, is proportional to the local radius » [13]:

r
Yr = EYR : (1)
Here yp is the shear strain at the outer radius R of the sample. When the twisted
bar is subjected to tensile testing, the local tensile flow stress depends on the ten-
sile true strain € and on the local shear pre-strain y,; o(r) = o(g,y,). The force re-
quired for plastic stretching of a rod previously subjected by torsion is given by
R

F(a,yR):ZnIc(s,yr)rdr. (2)
0

This integral can be developed as follows:

_ R l’"YR _ZSYR
F(S,YR)—zTC.[G & p rdr—gjc(a,yr)y,dyr, (3)
0 0

where S is the cross-sectional area of the bar. We introduce the quantity c_s(s,y R ),

which is the apparent tensile flow stress of the bar:

SYR

_ 2 '8
S(evp)=——""="5 f (&, )v.dy,. 4)

YR o

After differentiation with respect to yg, the following expression is obtained:

M [0 8 YR (SaVR )] (5)
OVR

Hence, it follows: B
Yr 5 (&,vz)
2 Oyg

This formula allows one to find the stress-strain curve ¢ = G(s,y R) using the ex-

o(evr)=56(evg)+ (6)

perimentally measured curve for the apparent stress 6(8, Y R) and its derivative

with respect to y.

3. The role of residual stresses

Residual stresses arise after unloading a plastically twisted solid bar sample
[13]. Assuming that the entire cross section of the sample was in plastic state un-
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der torsion, the local residual shear stress rres(r,y R) after a shear strain yg

reached at the outer radius of the bar is given by the following equation [14]:

T (1 10) = (7 8) = 31 )- ™

Here t(r,y R) is the local shear flow stress before unloading and 7 is the mean

shear stress across the bar,

3 R
?(YR)——3J. t(ryg)ridr. (8)
0

The effect of the residual stresses during the subsequent tensile testing is a reduc-
tion of the yield stress of the rod in tension, as they are present in the yield condi-
tion. It can be shown, however, that the residual stresses can be ignored when the
technique presented above is applied. This is due to a rapid relaxation of the re-
sidual stresses at the beginning of plastic deformation. As will be shown below,
the strain required for this relaxation is very small. The residual elastic strain Yyes
associated to the residual elastic stress Tyeg 1S

TI'CS
> 9
G ©)

Yres =

where G is the elastic shear modulus. According to the associated flow rule, the
following relation between the components of the strain increments and the acting

stresses is valid:

3Tres deVM . ( 1 O)
(e}

dy =

where ey, is the von Mises equivalent strain. It follows then from Egs. (9) and

(10) that
3G
dYres = Yres ?deVM . (1 1)

Here the negative sign takes into account that y,.s decreases in absolute value, so
that the sign of dy,es is opposite to the sign of y,.s. By integrating Eq. (11) at a
constant stress G, we obtain

3G
Yres ~ CXP(—?eVMj- (12)

Therefore, the characteristic equivalent plastic strain ey, required for the relaxa-
tion of residual stresses for torsion-tension can be estimated as
c
ey =—— - (13)
=3
Using characteristic stress values that correspond to the tensile test of copper after
torsion, the following estimate is obtained: ey ~ 10>, This estimate shows that
already after a very small tensile strain, the effect of the residual stresses can be
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neglected. The physical meaning of the above analysis is that the stress state
moves along the yield surface very rapidly from a combined tension-torsion into a
pure tension state during the initial stage of the tensile test.

4. Experimental results

Experiments were carried out on commercially pure copper samples at room
temperature. The initial microstructure of the material can be characterized by an
average grain size of about 30 um with a weak crystallographic texture. The di-
mensions of the deforming part of the samples were as follows: 7 mm in diameter
and 40 mm in gauge length. The torsion testing was done in a free-end torsion
machine to different rotation angles at a constant angular speed of 0.2 rad/s. The
selected values of the rotation angle (in radian) were: 11.43, 22.85, 34.29, 45.71,
57.14, and 68.57. They correspond to a shear strain of 1, 2, 3, 4, 5, and 6, at the
outer radius of the sample, respectively. These values were converted into the
von Mises equivalent strain using the formula ey, = y/ V3. The small lengthen-
ing of the bar during the free end torsion testing (less than 2%) was neglected in
the analysis of the experimental data. The shear flow stress acting at the outer ra-
dius of the bar was calculated by the Fields and Backofen formula [5] and con-
verted into equivalent von Mises stress using the formula ¢ = J31. The obtained
stress-strain curve for torsion curve is displayed in Fig. 1 (curve 2).

500
4
400 A e
R ,/"3 - Fig. 1. Stress-strain curves obtained for
= 300 7 fr »- = | pure copper solid bars in tension (curve /),
% ,’,’/ in torsion (curve 2) and in tension after tor-
o 200 H sion with different magnitude of the twist
(curve 3). Curve 4 was constructed using
100 f Eq. (6)
0
0 1 2 3 4

Cyns

The tensile tests were done in a 10 ton Zwick machine at a strain rate of 0.05 mm/s.
The results are shown in Fig. 2 for the twisted samples and in Fig. 1 for the non-
twisted ones for larger strain (curve 7). After torsion rupture took place under tension
already after about 2-4% plastic strain. With the available specimens, six points on
the average stress-strain curve were obtained (labeled 3 in Fig. 1). They were taken
from the tensile curves at 1% strain. A continuous curve was fitted to these points to
calculate the derivative in Eq. (6), and the resulting large strain tensile test curve base
on Eq. (6) was plotted as curve 4. It can be seen that the initial part of this curve
matches the continuous tensile curve well. At large deformations, from about a strain
of 1.5, the curve levels off at a constant stress level of about 415 MPa.
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] '
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§ 300 ff— ]
Y 1 ! Fig. 2. Stress-strain curves in tension obtained
>‘f 200 - ; without pre-torsion (0) and after different
% ] : amounts of shear in torsiony: 1-1,2 -2, 3 -3,

| 4-4,5-56-6
0 i T T T
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&

The stress-strain curve 4 in Fig. 1 obtained for tensile testing after torsion was
constructed for the material behavior at the outer radius of the twisted bar, but it is
also valid for the inner points in the bulk of the bar.

5. Discussion

As can be seen from Fig. 1, the monotonic torsion and tensile stress-strain
curves do not coincide, despite the use of the equivalent stress and strain quanti-
ties as a common platform: the torsion curve lies below the tensile one. This effect
known for a long time and was examined in the past [3,4]. The main reason for it
was mentioned in Section 1, viz. the scarcity of slip systems in torsion compared
to tension.

One particularity of the present results is that for low tensile strains the tensile
flow stress after torsion agrees well with the flow stress in monotonic tension. In-
deed, lower stresses are expected for a strain path change because the micro-
structure that develops in the first path is not stable for the new path, thus many
dislocations that were immobile in the first path can glide in the second one.
However, it has been shown in Ref. [4] that the dislocation density is higher in
torsion compared to tension, which can compensate for this effect.

Another particularity of the results in Fig. 1 is that the tensile flow stress is
constant after torsion at large strains, starting from about 1.5 strain. This effect
was observed for the first time because the present technique is the first one to
provide access to tensile flow stress after large strain torsion. Its origin might be
rooted in the fragmentation of the grains which is occurs under severe plastic de-
formation [3,15]. Further studies are needed to identify the exact reasons for this

material behavior.

An interesting observation can be drawn from the stress-strain curves in Fig. 1,
namely, it is apparent that the equivalent flow stress is higher in tension than in
torsion. This effect is due to the anisotropy that develops within the bar; a non-
isotropic orientation distribution of grain orientations, i.e. a shear texture, appears
[3,16]. Therefore, the tensile yield strength can be significantly enhanced through
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pre-processing the material by simple shear. It then follows that less energy is re-
quired for strengthening the material by simple shear compared to tensile straining.

6. Conclusions

In this work we presented a new theoretical derivation for obtaining tensile
stress-strain curves for the bars pre-strained by torsion. Experiments on Cu pro-
viding exemplary data for the proposed derivation were conducted. The following
main conclusions can be drawn:

1. In spite of the strain gradient inherent in a torsion-deformed bar, it is possi-
ble to obtain tensile stress-strain curves for it. The procedure includes a series of
torsion tests of bars to different amounts of strains, followed by deforming them
in uniaxial extension.

2. Application of the proposed algorithm to large strain torsion of Cu yielded a
tensile stress-strain curve which saturates quite early, from an equivalent von
Mises strain of about 1.
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Kaii Yen, A beiicenvsumep, Jlacno C. Tom, FO. Scmpun, Poman Kynacun

MNPEAEN NPOYHOCTU MATEPUANOB,
OBPABOTAHHbIX MNP NMOMOLLKX NMPOCTOIO COABUTA

st iporHo3a CBOMCTB CyOMHMKPOKPUCTAUIMIECKAX METAJUIOB, TIOJYYCHHBIX METOJaMU
WHTCHCUBHBIX IJIACTHYECKUX JaedopMaIuii, HEOOXOAUMO 3HATh HANPSDKEHUE UX TCUCHUS
TIPH OJTHOOCHOM PaCTSDKEHHH IOCNe 00paOOTKH MPOCTHIM CABUTOM OOIBIION BEIHMYMHBI
(medopmarus cnpura 6omnee 10). MexaHWYecKHue CBOKWCTBA MaTEPHAJIOB MPU TaKUX He-
MPOMOPIIMOHANBHBIX MYTIX ASQOPMHUPOBAHUS U3YYaIOT B OCHOBHOM C TIOMOIIBIO TPyOUYa-
THIX 00pa3noB. M3-3a moTepr ycTOMUNBOCTH TPYOOK MPH KPYyUESHUH TaKHE DKCIIEPUMEHTHI
BO3MOJKHBI JIMIG TSI MANbIX YNPYTOIJIacTUYeCKuX aedopMariiii, He MPEeBBIIIAOIINX
HECKOJIBKUX TMPOIICHTOB. B cTaThe mpenokeH 1 000CHOBAH METOJ ONPEICICHIS HAIps-
JKEHHsI TEUCHUSI MaTepualia, MpeABapUTEILHO 00pab0TaHHOTO OOJBIIMM MPOCTHIM CIIBU-
roM. MeTox OCHOBaH Ha NIByX CTaHAAPTHBIX WCHBITAHHUSX: KPYYEHHH CO CBOOOTHBIMU
TOpLAMH U OJHOOCHOM pacTspkeHHH. llodmydeHo cooTHolleHue, Mo3BOJAIoNIee MO Ha-
MIPSDKEHUIO TEYCHUST HEOAHOPOJHOTO 00pasiia, MPEIBAPUTEIBHO MOJABEPTHYTOIO Kpy4de-
HUIO, HAWTH HAPsDKEHHE MJIACTHYECKOTO PACTSDKEHHS er0 TIOBEPXHOCTHOTO CIIOSI C OTpe-
neneHHon nedopmarueit mpoctoro capura. [IyTeM mpocThIX aHATUTHYECKUX OIIEHOK I10-
Ka3aHo, 4TO YIIPYT'He OCTaTOYHbIE HANpsKEHUs NMEPBOTO PO/a, BO3ZHUKAIOIINE TIOCIIE pa3-
Tpy3KH 00pasia, MpeJBapUTEIbHO MOJBEPTHYTOTO KPYUCHHIO, MPAKTUIECKA HE BIHUSIOT
Ha TIpejieTl TeKy4eCTH IPU PaCTSHKEHUH.

KirodeBble cioBa: nedopMmalioHHOE yNpPOYHEHHE, KpyUeHHE, PacTsKEeHHe, TPajiueHT
nedopManuy, u3MeHEeHHe My TH Ae(pOpMUpPOBaHUS, MEAb
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PACS: 81.40.Pq, 64.60.My

H.B. 3poc’, NN.T. KopyHos?, .M. 3cppoc’, B.C. TioTeHko'

KOHTAKTHAA NMPOYHOCTb HAHOKPUCTAJINMNYECKNX CTPYKTYP
MOBEPXHOCTEMN TPEHWUA YIMEPOONUCTLIX AYCTEHUTHBIX
CrinABOB

1 o o
HoHeuknini hnsmko-TexHndecknn MHCTUTYT M. A.A. MankuHa HAH YkpauHbl

2V|HCTVITyT dusmkmn metannos YpO PAH, r. EkatepuHbypr

CtaTtbsa noctynuna B pegakumio 4 oktsabpsa 2015 roga

Hccnedosano enusanue yacmuy 6v1cokonpounou kapouonoi gaser TiC na mpubonozuue-
CKUe CBOUCMBA XPOMOMAP2AHYEBbIX AYCHMEHUMHBIX CHAAB08 NPU CYXOM MPEHUU CKOJb-
Jrcenus u abpasusHom gosoeticmeuu. Ilokaszano, umo nanuuue 8 cmpykmype yacmuy TiC
npueooum K pocmy KodQp@uyuenma mpenus u UHMeHCUBHOCIU A02e3UOHHO20 USHAULU-
8aHUAL

KuarwueBblie cjioBa: yriiepoAuCThie ayCTEHUTHBIE CIUIaBbl, MOBEPXHOCTHBIM CJION C Ha-
HOKPUCTAITMYECKON CTPYKTYpOH, MHTEHCHUBHOCTH aJIr€3MOHHOTO HW3HAIIWBaHUsA, abpa-
3UBHAs1 U3HOCOCTOMKOCTh

llocriooceno enaue uwacmunok sucokomiynoi kapoionoi ¢pasu TiC na mpubonoeciyni éna-
CMUBOCMI XPOMOMAP2AHYEBUX AYCIMEHIMHUX CNIABI8 NPU CYXOMY Mmepmi Ko83auHs i ad-
pazusnomy enausi. Iloxazano, wo Hasguicme y cmpykmypi yacmunok TiC npusgooums
00 3pocmanns Koeiyienma mepms i iHMEHCUBHOCME A02e3iliHO20 3HOULYBAHHSL.

KurouoBi ciioBa: Byrienesi ayCTeHITHI CIJIaBH, TOBEPXHEBUI MIap 3 HAHOKPUCTAIIYHOIO
CTPYKTYpOIO, IHTEHCHBHICTh a/Ir€31HHOTO 3HOIIYBaHH:, a0pa3rBHA 3HOCOCTIHKICTh

BBenenne

W3BecTHO, 4TO (DPUKIIMOHHOE BO3/CHCTBHE MOXKET MPUBOAUTH K 0Opa30BaHUIO
HaHOKpucTaumyeckux cTpykTyp (HKC) B moBepXHOCTHOM cJi0€ pa3iMyHBIX METaJl-
andeckux matepuasioB [1]. dopMupoBaHHe TaKuX CTPYKTYp OOYCIOBICHO WHTEH-
CHUBHOM IIIACTUYECKOM aedopMariueil Marepuaia, KOTopas OCYIIECTBISIETCS 10 PO-
TallMOHHOMY MexaHu3My. YpoBeHb npouHoctd HKC, Bo3HMKarOmUX MpU TPEHUU B
MOBEPXHOCTHBIX CIIOSIX, ONPENENSETCS] HE TOJIBKO MX BBICOKOW e(eKTHOCTBIO, HO U
CMOCOOHOCTBIO JJAHHBIX CTPYKTYp K JanbHeimemy aedopmupoBanuio. [IpouyHocTs
CYIIECTBEHHO 3aBUCUT OT XMUMHUYECKOTO U (Pa30BOro coctaBa KOHTAKTHPYIOLIUX Ma-
TEpHAIOB U, CIEIOBATEIbHO, MOXKET OBITh IMOBBIIICHA C MOMOIIBIO ONTHUMAIBLHOTO
JIETUPOBAHUS U TIPEIBAPUTEIBHON TEPMOILIACTUIECKONH 00pabOTKH.

© H.B. 3dpoc, J1.I". KopwyHos, B.M. 3dpoc, B.C. TioteHko, 2015
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Panee ObUIO MOKa3aHO, YTO KakK MPHUCYTCTBUE E-MAPTEHCHUTA B CTPYKTYypeE XKe-
JIE30MapTaHIIeBbIX CIIABOB, TaK M UX JIESTUPOBAHUE a30TOM SIBJISIFOTCS] IPUUYUHAME
3HAYUTENBHOTO CHIDKEHHUS KOd(pGUIIMEHTa TPEHHUS] U WHTEHCUBHOCTU aAre3UOH-
HOTO M3HAIMBAaHMS NaHHBIX CI1aBoB [1,2]. TlockonmbKy €-MapTeHCHUT (Kak U aTo-
MBI 230Ta) MPUCYTCTBYET U B XPOMOMAPTaHIEBBIX METACTAOMIBHBIX U CTAOWIIb-
HBIX aYCTEHUTHBIX CIUIaBaX, MPEACTABIISCT ONMPECICHHBIM HAYUYHbBIN U MpPaKTHYe-
CKUU MHTEPEC BOMPOC BIUSHUS PA3NIUYHBIX (PAKTOPOB HA TPUOOIOTUYECKUE CBOM-
CTBa TEXHUYECKU BAXXHBIX MaTepuayoB. [Ipu 3TOM oueHb BaXKHO MpOaHATH3UPO-
BaTh TaK)K€ BIUSHUE YAaCTUIl KapOUJAHO-HUTPUAHBIX (a3 HA MOBEJCHHUE CIUIABOB
JAHHOTO KJ1acca MPHU TPEHUU CKOJIbKEHUS U a0pa3uBHOM BO3/ICHCTBHUH.

MaTepna.nbl H METOAUKA UCCJICA0BAHUSA

XUMHYECKUN COCTaB MCCIIEAYEMBIX CIUIaBOB MpuBezcH B Ta0x. 1. [lapamnensHo
C XpOMOMAapraHLEeBbIMI ayCTEHUTHBIMU CIUIABAaMH UCTIBITHIBAIM JKeJIe€30MapraHiie-
B cruiaB 20, copepxamuii B CTPYKType Kpome aycteHuTa: ~ 45% e-mapTen-
cuta; Hepxkaperouuil cruas 12X18H9, metacTabMiIbHBIN K Y — OL-MapTEHCUT-
HOMY TIPEBPAICHUIO TPH IDIACTUYECKOH aedopMaliiy; ayCTEHUTHBIH CTaOMIIb-
Heli crutaB 40X25H20. Cnutku Beex cruiaBoB romorenusuposanu npu 1100°C B
tedeHue 8 h u xoBanu B npyTku ceuenneM 10 x 10 mm ¢ nocaenyronieil 3akaikoit
ot 1100°C B Boze. M3 npyTKoB mocie TepMOoOOpabOTKH W3rOTaBIMBAIN 00Pa3Lbl
JUTSL TPUOOIOTHYECKUX M CTPYKTYPHBIX UCCIICIOBAHUIM.

Tabmuma 1
XHUMHYeCKHUii COCTAB HCCIAEI0BAHHBIX CIIABOB
C CogaeprkaHue 31eMEeHTOB, mass%o
tap C Mn Cr Si Ni Ti
02I'1 7X11H 0.02 17.2 11.5 0.3 0.7 0.06
20I'18X7T 0.20 18.4 7.4 0.3 — 0.40
30I'17X10T1 0.30 17.2 9.7 0.3 — 1.40
40I'19X11T2 0.40 18.6 10.9 0.2 — 1.90
120 0.03 20.4 — 0.3 — —
12X18H9 0.12 — 17.6 0.3 9.1 —
40X25H20 0.42 — 254 0.3 20.1 —

Tpubonornueckrie UCIBITAHUS CIUIAB—CTallb U CIUIaB—a0pa3uB MPOBOAMIIM HA Jia-
OOpaTOPHBIX YCTAaHOBKAX B YCIOBUSX TPEHHUS CKOJNBXEHHA. AJIN€3MOHHOE W3HAIIM-
BaHUE OCYIICCTBIISUIA TI0 CXeMe TMaJiel-TuiacTuHa (ctaimb 45) 6e3 cMas3Ku MpH Cpe/l-
Hell ckopoctu ckomibxkeHus 0.035 m/s u Harpyske 294 N. B naHHBIX yCIIOBHSIX Tpe-
HUs1 00BEMHAs CPEIHSIS TeMITepaTypa B MOBEPXHOCTHOM ciioe He npeBbimana 40°C.

[TpoBesneH aHanM3 NPOYHOCTHBIX (MUKPOTBEPIOCTh, CONPOTUBIICHUE CIBUTY U
Ip.) ¥ TpuOOTOTHUECKUX (KOI(PPUIIMEHT TPEHUS, THTEHCUBHOCTD M3HAITUBAHUS U
ap.) ceoiictB HKC metannnueckux marepuanoB. CTpyKTypy CILIaBOB HCCIIEI0BA-
au MeTayuiorpaduyeckuM, PEeHTTEHOCTPYKTYPHBIM U 3JIEKTPOHHO-MHKPOCKOIH-
YecKuM MeTojiamu [3,4].
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Pe3yabTaThl HecieioBaHUSA M 00CyKAeHHE

[Tocne 3akanku ctpykrypa criaBa 02I'17X11H cocrtosima u3 aycreHura u
3ameTHoro (10 15 vol.%) xonudecTtBa g-daspl. OcTanbHbIe XpOMOMapraHIeBbIe
CIUIaBBI, KPOME ayCTEHUTA, B CTPYKType coaepkainu kapoumneie gactuisl TiC.
Tak, Hanpumep, B cmmaBax 20I'18X7T, 30I'17X10T1 u 40I'19X11T2 npucyrcr-
BOBAJIO coOTBETCTBEHHO 0K0J10 1.0, 3.0 1 4.5 vol.% TiC. KonmmuecTBo kapOuaHOM
¢da3bl B crmaBax OMpeeNsid METOJOM CTEPEOMETPUUYECKOTO MHUKpOaHanu3a (To-
YyeyHbId MeTon) [S5], a Takke Mo METOAMKE, omucaHHoi B padorte [6]. [lomyuen-
HBIE pE3yNbTaThl 3aTeM ycpeansu. Cpennuit pazmep vactull TiC cocTaBisi oko-
70 3 pm.

B tabun. 2 npuBeneHs! pe3ybTaThl UCIIBITAHUN ayCTEHUTHBIX CIUIABOB Ha adpa-
3MBHOE W aJre3MOHHOE M3HammBaHue. Kak ciemyer U3 paccmarpuBaeMoii Ta0im-
upl, Hannuue B cTpykrype cmnaBoB 20I'18X7T, 30I'1 7X10T1 u 40I'19X11T2 co-
orBercTBeHHO 1, 3 u 4.5 vol.% BbeicokonpouHoii kapouaHou (azer TiC cymecT-
BEHHO TOBBIIIAET MCXOJHYI0O MHKPOTBEPIOCTh HAHHBIX CIUIABOB, HO TMOYTH HE
BJIMSIET HAa UX a0pa3uBHYIO U3HOCOCTOMKOCTD.

TaOnuua 2
AOpa3uBHAsA H3HOCOCTOWKOCTD € MHTEHCHUBHOCTDH aAre3HOHHOr0 n3HamuBanus Ih,
k03¢ puument Tpenus K, MUKpoTBepaocTh H U Kou4ecTBO MapTeHcHTa (€, )
B ayCTEHHTHBIX CILIABAX

H. MPa KonunuecTtBo MapTeHcuTa B cIuia-
7 Bax mocie tpenus, vol.%
CmutaB € |Ihx10"| K = i
CJION TONIIUHON|  HPOAYKTHI
3aKalka | TpeHHe

~5 um W3HAIIMBAHUS
02I''7X11H | 1.7 3.5 0.25| 2600 | 6230 90% ¢ 80% € +20% a
20T'18X7T | 1.8 4.0 |0.30| 2800 | 6770 75% ¢ 70% € +20% a
30Ir'17xX10T1| 1.8 4.1 0.27 | 3260 | 6550 90% ¢ 75% €4+ 20% o
40T'19X11T2| 1.8 3.2 0.35| 3700 | 6770 60% ¢ 40% € +40% o

120 1.5 3.1 0.28 | 3300 | 5500 |90% e+ 10% o >90% o

12X18H9 1.9 10.0 | 0.40| 1600 | 7100 90% o >90% a

40X25H20 | 1.5 50.0 10.42| 2100 | 6200 — —

N3 nanabIx Tabn. 2 cieayeT, 4TO METacTaOMIIbHBIE K Y —> €-TIPEBPAIICHUIO
craesl 200'18X7T, 30I'17X10T1 u 40I'19X11T2, conepxaume B CTPYKType
kapouansie yactuibl TiC, HE UMEIOT MPEUMYLIECTBA B CONPOTUBICHUU a/re3u-
OHHOMY H3HamuBaHuiO nepen criasom 02I'17X11H. MukpoTBepaocTs Ha mo-
BEPXHOCTH TPEHHUS XPOMOMAPIaHIEBBIX CIUIABOB, JIETUPOBAHHBIX THUTaHOM,
TaK)Ke HE YBEJIMYMBAETCA IO Mepe pocTa KapOuIHOU (a3bl B UX CTPYKTYype, CO-
xpansiachk Ha ypoBHe 6600—-6800 MPa, n Onm3ka K BeIMYUHE MUKPOTBEPAOCTH
Ha moBepxHocTH Tpenus cminaBa 02I'17X11H (6200 MPa). Poct xonuuectBa
KapOHuIHOW (a3bl B CTPYKTYpPE XpPOMOMAPTAHIEBBIX ayCTEHUTHBIX CIUIABOB CO-
IPOBOXKAAETCs yBeIMUeHHEeM UX Ko3(duuuenra tpenus. Y cmnasa 40I'19X11T2,
COJIepXKaIIero HauOOoIbIIee KOJUISCTBO KapOMIHON (a3bl, KOIPPUIIUESHT Tpe-
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HUS MOYTH CTOJb K€ BBICOK, KAK U Y XPOMOHHUKEJIEBOI'O0 ayCTEHUTHOIO CILIaBa
12X18H9. [Ipu 3TOM MOTHOTA peanu3aiiu Y —> €-MPEBPAIICHHUS Ha MMOBEPXHO-
ctu Tpenus y cruaa 40I'19X11T2 cymecTBeHHO HUXE, YeM y APYTUX HcCClie-
JTyEeMBIX CTUIaBOB (TadI. 2).

Ha puc. 1 mpuBeneHsl »neKTpoHHBIE MHUKpodoTOorpaguu CTPYKTYphbl CILIaBa
30I'17X10T1. BunHo, 4To B 3aKaJI€HHOM CIUIaBE, KPOME ayCTEHUTA, IPUCYTCTBYIOT

Puc. 1. Dnexrponnsie Mukpogotorpaduu crpykryps! ciuaBa 30I'17X10T1 mocie 3akamku
ot 1100°C B Boxy (a) 1 (DpUKIIMOHHOTO HATrpPy>KEHUS P CKOPOCTH CKoibxkerus 0.07 m/s
u Harpyske 294 N (6—0): a — cBernononsHoe u3zoopaxenue (x60000); 6 — Ha paccCTOSIHUN
HECKOJIBKO MHKPOMETPOB OT TIOBEPXHOCTH TPEHUS, CBETIOINOIBHOE H300paKeHHe
(x135000); 6 — TemHOIIONBHOE M300paxkeHue B peduiekce (yaactke kombia Jedas) (111)
kapouna TiC (x135000); 2 — Ha pacCTOSIHUM OKOJO 5 Pm OT MOBEPXHOCTH TPEHUS, TEM-
HOTIOJIbHOE M300pakeHue B peduiekce (yuactke koibiia Jlebas) (002) e-dasnr (x130000);
0 — Ha paccrosHUU 5—10 Um OT MOBEPXHOCTH TPCHHUS, CBETIIOMOJIHLHOE M300paKCHUE
(x130000)
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yactunpsl TiC (puc. 1,a). B aycrenute Habaronarorcst 1eeKTsl yIaKOBKH, BO3HU-
Karolllue NMPeMMYLIECTBEHHO BOIU3M KapOUAHBIX YaCTUIl — B MUKpOOOBEMax Mat-
puLbI, 00E€IHEHHBIX yriiepogoM. DpUKIMOHHOE Harpy)keHue (GopMHpYyeT B IO-
BEPXHOCTHOM cJioe (ToJMuHON Heckoiabko MukpoMmeTpoB) HKC, ocHOBY koTOpoii
cocTaBisAoT kpuctasuisl g-¢assl u TiC (puc. 1,6,68). Kpome toro, B8 HKC npucyr-
CTBYET HEOOJBIIOE KOJIMYECTBO KPHUCTALIOB O- U y-¢pa3. Pasmepsl ¢pparMeHTOB
HKC cocrasmsor 0.005-0.05 um (puc. 1,6). B HKC cmaa 30I'17X10T1 Ha-
0JIr0/1at0TCS OTAENIbHBIE OTHOCUTENILHO KPYIHbIE (Hepa3ipoOeHHbIe) KapOuHbIE
gacTuipl pazmMepom okoiio 0.15 pm (puc. 1,6). C yBenuyeHueM paccTOSIHUSA OT
noBepxHocTu TpeHus 10 5—10 um pasmep anementoB HKC cymecrBenHo Bo3pac-
taeT (puc. 1,0). [Ipu 5TOM 3HAUUTETHHO CHUKAETCS KOTUYECTBO KapOUIHOM a3kl
B HKC. Ha MukposnextpoHorpammax pegiekcsl kapOuaHon (as3bl BBIBISAIOTCS
cnabo (puc. 1,0) u He 0Opa3yroT crutomHbIX Kounel Jlebast, Kak Ha MHUKPO3JIEKTPOHO-
rpamMMax, COOTBETCTBYIOIINX 00Jiee TOHKOMY IPHUITOBEPXHOCTHOMY CIIOKO (puc. 1,0).
Hab6monaemoe BOmu3u moBepxHoctu TpeHus crmiaBa 30I'17X10T1 ckomneHue
KapOuIHBIX yacTull (puc. 1,0,8), O4EBHIIHO, SABISETCS PE3yIbTATOM WHTCHCHBHOU
IUTACTHYECKOW JieOopMallui MOBEPXHOCTHOIO CJIOSl CILIaBa IO POTALMOHHOMY
MexaHusMmy [7,8], a Takke CIeJICTBHEM BO3JEHCTBUSI BHICOKMX KOHTAaKTHBIX Ha-
npsokeHuid. Potanun snementoB HKC, mpoucxopsiiue B moje BBICOKUX CHKHU-
MAarOIUX KOHTAKTHBIX HANPSHKEHUH, MOTYT, MO-BHIUMOMY, ITPUBOANUTH K BBHITEC-
HEHHUIO KapOWIHBIX YaCTHUII, UMEIOIIUX MOHUKEHHYIO TIIOTHOCTH (p = 4.5 g/cm3),
Ha IOBEPXHOCTb TpeHUs cIuiaBa. IIOBbIIEHHOE KOJIMYECTBO KapOMAHOW (hazbl
BOMIM3M KOHTakTHOM moBepxHOCTH cimiaBa 30'17X10T1 moxer OBITH Takke
CJIEZICTBUEM NPEUMYILIECTBEHHOI'O JIOKAIBHOIO YAAJCHUs MaTepuaja MaTpHILbI
CIUIaBa MPH €€ are3MOHHOM B3aUMOJICHCTBUU C KOHTPTEIOM.

AHaJIOTMYHBIA (aKT HAKOMJIEHHUs KapOMIHBIX YacTUI] HA MMOBEPXHOCTU H3HA-
MIMBaHUs 3aUKCUPOBAH W NPU TPEHUU BHICOKOMAPraHIEBOTO ayCTEHHUTHOI'O
CIulaBa, conepskamiero yactunbsl kapouga VC [2]. CaemyeT OTMETHTbH, 4TO BO3-
HUKHOBEHHE Ha noBepxHocTu TpeHus cruiaBa 30I'17X10T1 ToHkoro ciost ¢ mo-
BBILIICHHOM KOHIEHTpalMell BhICOKOIUCIIEPCHBIX KapOUIHBIX YacTUI He obecrie-
YHBAET JaHHOMY CIUIaBYy NPEUMYIIECTBA B TPHUOOIOTHYECKUX CBOMCTBAx Iepen
crutaBoM 02I'17X11H, He conepskanum kapOuaHou ¢dassl (Tadm. 2).

B Tabn. 3 mpuBeneHbl pe3yjbTaThl HCHBITAHUM ayCTEHUTHBIX CIUIAaBOB IpU
TpeHuu co cMazkoi M-20 (McrbITaHus OCYILECTBIISUIM 0 CXeMe Majell—IUIacTUHA
npu cpeHert ckopoctu ckonbxkenust 0.07 m/s u Harpy3ske 1760 N B mape co cTasibo
45 (nmnactuHa)). M3 Tabauiubl BUAHO, YTO B JJAaHHBIX YCIIOBUSX HArpy>KeHHs, Kak U
IPU CYyXOM TPEHUH (CM. Tabi. 2), caMbIMH HU3KUMH TPHOOJIOTHYECKUMHU CBOMCT-
BaMU 00anaeT CTaOWIbHBIA ayCTEHUTHBIN HepxkaBeromui cruiaB 40X25H20.
HaunGonee BBICOKMMHU TPHOOJOTHUYECKUMH CBOWCTBAMH XapaKTEPHU3YETCs CIUIaB
02I'1 7X11H. KoadduimeHT TpeHus: JaHHOTO CIIaBa MOYTH B 2 pa3a, a MHTEHCHUB-
HOCTb M3HAIIMBaHUA — B 1.7 pa3a Huxe, ueM y cmiaBa 12X18H9. Pentrenosckoe
UCCIIeIOBaHKE MTOKA3aJl0, YTO B MOBEPXHOCTHOM ciioe (ToimuHoi ~ 10 um) cruta-
Ba 02I'17X11H o6pa3yetcs (kak u IpHu CyXOM TPEHHH) CTPYKTypa e-MapTeHCHUTA.
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Tabmuia 3
HurencuBHocTh m3HamuBanus 1h, koadpuunent tpenus: K
U cpeiHss 00beMHasi TeMIIepaTypa B IOBEPXHOCTHOM cJ10e | ayCTEHUTHBIX CIUIABOB
NP TPEHHUH CO CMA3KOoM Mo cTaym 45

CruiaB Th x 10° K t,°C
02I'17X11H 1.1 0.09 50
20I'18X7T 1.7 0.18 60
30I'17X10T1 2.8 0.18 60
40I'19X11T2 24.0 0.20 75
120 2.5 0.10 50
12X18H9 1.9 0.17 60
40X25H20 42.0 0.28 80

Kpome &-¢ha3bl, B JaHHOM CJ10€ MPUCYTCTBYET HEOOJIbIIOE KOJIUYECTBO O.-Map-
teHcuTa. Crtas 120, npeTepneBaronuil B pacCMaTpUBAEMbIX YCIOBUSAX TPEHUS
MPAKTUUYECKU TOJTHOE Y —> &-TipeBpaiieHue (B cioe TommuHon < 10 pm), xa-
paKTepusyeTcsl CTOJIb XK€ HU3KUM KOd(POUIMEHTOM TPEHHs, KaK U CIIJIaB
02I'1 7X11H (K = 0.1). IlpucyTcTBHE B CTPYKType XPOMOMApPTaHIICBBIX ayCTe-
HUTHBIX CIUIaBOB KapOuanbeix actuil TiC B o0meM ciiydae IPUBOJUT K POCTY
kod(dduiieHTa TpeHUs U MHTEHCUBHOCTU HM3HALIMBAaHUS JAHHBIX MaTEpHaJOB.
Ocobenno sipko 310 mposiBisiercss y cruiaBa 400'19X11T2, UHTEHCUBHOCTD W3-
HalMBaHUs KoToporo 6osnee yeM B 20 pa3, a kodpduuueHT TpeHus — B 2 pasza
BhIIe, ueM y ciutaBa 02I'17X11H. B noBepxHocTHOM cioe crnaBa 40I'19X11T2
Ha0JII0/1aeTCs MOBBIIICHHOE, TT0 cpaBHEHHUIO co crutaBoMm 031'16X11H, TemnoBsi-
JIeJIeHne, 0O KOTOPOM CBHJIETEIbCTBYET yBEJIIMYCHHE CpelHed 0OBbeMHOM TeMrie-
paTypsl B TIOBEPXHOCTHOM ciioe criaBa 10 75°C (tabi. 3). YcuneHue TeraoBbI-
JIEJICHNS B TAHHOM CIIy4ae XapaKTepu3yeT YXyAIIeHUEe YCIOBUN CMa3Ku U aKTH-
BH3alMIO J1eOpMAIMOHHBIX TPOIECCOB B 30HE TpeHus criaBa 40019X11T2.
PenTtrenoBckuii a3zoBbIi aHATU3 pacCMaTPUBAEMOro0 CIUIaBa HE OOHApPYKHUJI Ha-
a4 €-(a3bl B €€ MOBEPXHOCTHOM CJI0€ (TOJIIMHON 5 pm), 4TO CBUIETEIbCT-
BYeT O IMOJHOM TepMHUYECKON CTAaOMIM3allMU CIUIaBa K Y —> E-TIPEBPALICHHIO.
3HauuTeNbHAs TEPMHUUYECKash CTaOMIM3alMs ayCTEHUTa K Y —> €-IPEeBpaLICHUIO
umena mecto u y cmiaso 20I'18X7T u 30I'17X10T1. B ux nmoBepxHOCTHOM
cJ0€ TocIie ucnbpiTanus pukcupyercs auirb Hebombinoe (< 10 vol.%) xonmuuect-
BO €-(a3bl.

TakuM oOpa3om, HaJIW4YUEe B CTPYKTYpE HCCIEIYyEMbIX CIUIaBOB KapOMIHBIX
gactui TiC 3HAUYNUTENBHO CHUXKAECT aKTUBHOCTH MPOTEKAHUS Y —> €-TIPEBPAICHHS
B UX IOBEPXHOCTHOM CJIO€ MPHU UCTBITAHUU CO CMa3KOM, KOTJja UMEET MECTO 3a-
MeTHbIH (~ 50-75°C) (puKIMOHHBIA HarpeB. DTO OKa3bIBaeT OTPHUIATEIBHOE
BJIMSIHME Ha TPUOOJOTHYECKHE CBOMCTBA paccMaTpUBAEMBIX MaTepUaOB IpU
TPEHUU CO CMA3KOM.

Tabn. 4 wimocTpupyeT BIMSHUE CKOPOCTH CKOJBKEHUS Ha MapaMeTphbl TPEHUS U
W3HAIIMBAHUS XPOMOMAPTaHIIEBBIX AYCTEHUTHBIX CIUIABOB. VICTIBITaHUSI OCYIIIECTBIIS-
JIM TIO CXeMe€ TaJIeTI—TMCK B TIape co ctanbio X12M 6e3 cmasku nipu Harpyske 98 N.
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Tabmuua 4
BiidsiHre CKOPOCTH CKOJIbKEHHsI HA HHTEHCMBHOCTD aIre3MOHHOr0 n3HamuBanus Ih,
ko3 puumnent TpeHusi K u TeMnepaTypy B NOBEPXHOCTHOM cJioe t
AyCTEHUTHBIX CILIABOB

Critas TTapamerp CKOPOCTh CKOJIBKEHHUS, M/S

0.14 0.75 1.50 3.00
Ihx 107 1.7 0.53 1.0 120.0

02I'17X11H K 0.34 0.55 0.50 0.80
t,°C 30 80 130 325
Ihx 10 1.7 0.8 5.6 110.0

30r'17X10T1 K 0.37 0.66 0.50 0.73
t,°C 30 80 160 500
Ihx 107 1.3 0.9 18.0 120.0

40T19X11T2 K 0.43 0.56 0.52 0.75
t,°C 30 130 200 500

BunHo, uTo mipu moBBIIEHUH CKOpocTH cKoiibkeHus oT 0.14 mo 3.0 m/s Tem-
neparypa B MOBEPXHOCTHOM cJloe cIu1aBoB yBenuuuaercs ot 30 go 325-500°C,
YTO 00YCJIOBIUBAET POCT UHTEHCUBHOCTH M3HALIMBAHUS UCCIEIyEeMbIX CIUIAaBOB B
pe3ynbTare akTUBHU3ALMM IPOLIECCOB TEPMUYECKOTO pa3ylNpOYHEHHS B HUX IIO-
BEPXHOCTHBIX ciosx. [Ipu ckopocTsax ckommxkeHus 0.75 m 1.5 m/s cruiaBsl
30I'17X10T1 u 40T'19X11T2 xapakTepu3yroTcs 3HAUUTEIBHO OONBITUMHA UHTEH-
CHUBHOCTBIO H3HAIIMBAaHUS M TEMIEPATypoll B 30HE TPEHHUS, YEM CIUIaB
02I'17X11H. TIpu cxopoctu ckombxkerus 3.0 m/S HHTEHCUBHOCTh M3HAIIMBAHUS
paccMaTpuBaeMbIX CIJIaBOB BO3pacTaeT Ha 1-2 mopsiaka, qocTuras ypoBHs [h =
— %107 (Tabmn. 4). Mi3namumBaHue BCEX CIUIABOB B JIAHHOM CJIy4ae HOCHUT Xapak-
Tep KaTracTpo(UIECKOro TEIUIOBOTO CXBaThiBaHUA [8]. PeHTreHoBckwmii (ha3oBbIit
aHaJ M3 MOKa3all, 4TO MPU CKOPOCTU cKoakxkeHus 0.14 m/s, korma temreparypa B
30He TpeHus He npesbimaeT 30°C, B MOBEPXHOCTHOM CJI0€ MCCIEAYEMBIX XPOMO-
MapraHieBbIX ayCTEHUTHBIX CILUIABOB aKTUBHO MPOMCXOJUT Y —> €-TIPEBpaIlCHUE
(Tabm. 5).

Tabmmia 5
Biausinue cKOpOCTH CKOJIbKEHUsI HA KOJIMYEeCTBO MAPTEHCUTA,
BO3HHKAKIIET0 B IOBEPXHOCTHOM cJj10€ (TOJIUHOM ~ 5 um)
XPOMOMAPTaHIEBBIX ayCTEHUTHBIX CIJIABOB

KonuuectBo maprencura (vol.%),
Tun
Cuas MADTeHCHTA BO3HUKAIOIIETO TIPH CKOPOCTAX CKOJIBKEHHSI, M/S
P 0.14 0.75 1.50 3.00
o 15 20 30 -
02I'17X11H N 20 40 75 -
a 5 — — -
30I'17X10T1 N 75 30 - -
o _ _ _ _
40I'19X11T12 N 75 10 - -
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OT1o obecrneunBaeT paccMaTpMBaeMbIM MaTepualaM MUHUMAaJbHbIE 3Haye-
HUS KO3(QUIIMEHTa TPEHUS U HEBBICOKYIO MHTEHCUBHOCTH aJII€3MOHHOTO W3-
HamuBanus. B cmmaBe 02I'17X11H, xpome e-daswr, oOpasyercss 3aMeTHOE
(~ 15 vol.%) konnuyecTBO OL-MapTEHCHUTA, YTO CBUAECTEILCTBYET 00 aKTHUBU3a-
IIUM MApTEHCUTHOTO € —> O-IIPEBpAILEHUsS HAa MOBEPXHOCTH TPEHHUS TaHHOTO
matepuana. C yBeJIMYEHUEM CKOpPOCTH CKosbxeHus a0 0.75 m/s, BbI3bIBaIO-
UM POCT TEeMIEpaTypbl B MOBEPXHOCTHOM cioe oOpasnoB mo 80°C, mmeer
MECTO PE3KOe YMEHBIIEHHWE KOJMYECTBa &-(a3bl, BOSHHUKAIOMEH BOJM3H IIO-
BEPXHOCTU TPEHHS] XPOMOMAPTaHIIEBhIX ayCTEHUTHBIX CIUIABOB. DTO 00YCIOB-
JICHO TePMHUYECKOM cTabuian3anuel CrjaaBoOB IO OTHOLIEHHUIO K Y — g-TIpeBpa-
IICHUIO, & TAKKE MPOTEKAHUEM B HUX € — Y-MapTEHCUTHOTO MpeBpamieHus [2].
[Mocne wucmblTaHuii co ckopocThio 1.5 m/s g-pasa B CTPYKType CIUIaBOB
30I'17X10T1 u 40I'19X11T2 ne Obuta 0OHapyXeHa, a B TOBEPXHOCTHOM CJIO€
crutaBa 02I'17X11H npucytctBoBanu 25 vol.% e-da3zer u 30 vol.% a-mapren-
cuta. [lomnas tepmuueckas crabmnmzamnusa craBa 02I'17X11H k oGpasosa-
HUI0 MapTeHCUTa (g, ) HAOMIOAaeTCs UMb mpu ckopoctu 3.0 m/s (Tadim. 5).
CpaBHUBas pe3yJbTaThl, IPUBEACHHBIC B Ta0d. 4 U 5, MOXHO MPEINOJIOKHTD,
YTO MOJIHAsI TepMUYecKas CcTaOUIM3alus HCCIeIyeMbIX METacTaOMUIIbHBIX ay-
CTCHUTHBIX CIUIAaBOB K 0Opa3oBaHMIO MapTeHcuTa Aedopmaiuu (o, €), UMEIO-
Iasi MECTO TMPU CKOPOCTAX CKoMbXeHus 1.5 u 3.0 m/s, pe3ko CHMKaeT Compo-
TUBJICHUE CIUIABOB TEIUIOBOMY aAT€3MOHHOMY M3HAITUBAHUIO.

VY crmaBoB 30I'17X10T1 u 40I'19X11T2, conepkamux B CTpyKType Kapou-
Hyto ¢azy TiC, momHas TepMudeckas cTaOMIM3aus K 00pa3oBaHUIO0 MapTECHCH-
ta nedopmanuu (o, €) UMEET MECTO IIPU MEHBIIEH CKOPOCTHU CKOJIbXeHus (V =
= 1.5 m/s), yem y crmmaBa 02I'1 7X11H (V' = 3.0 m/s). DT0 aKTUBU3UPYET POCT HH-
TEHCUBHOCTH TEIUIOBOI'O aJr€3MOHHOTO U3HAIIMBAHUS Y pacCMaTpPUBAaEMBbIX MaTe-
pHaJIOB NPH OTHOCUTEIBHO HEBBICOKMX CPEJHUX TeMIepaTypax B 30HE TPEHUs
(t=160-200°C) (Tabm. 4, 5).

Takum oOpa3om, MOJyuYeHHBIE Pe3yIbTaThl MOKa3bIBAlOT (cM. Tabn. 2—4),
YTO MpUCYTCTBUE KapOuaHbIX yacTull TiC B CTpyKType HCCleIyeMbIX MeTa-
CTaOMJIBHBIX XPOMOMApraHIEBbIX ayCTEHUTHBIX CIUIABOB, KaK MPaBWJIO, CHU-
KAEeT CONPOTHUBIICHUE AJM€3MOHHOMY M3HAIIMBAHUIO W YBEIWYMBAET KOd3PPu-
[IUEHT TPEHHUS pacCMaTPUBAEMBIX MaTepuanoB. YacTUIIBI BHICOKOIIPOYHON Kap-
O6unHON (aspl, MO-BUAMMOMY, CYILIECTBEHHO YBEJIMYUBAIOT CONPOTHUBIICHHE
CABUTY TOHKOT'O MOBEPXHOCTHOTO CJIOS CIIJIABOB U TE€M CaMbIM HEHTPAIU3YIOT
MOJIO)KUTEIIFHOE BIUSHUE JIETKOTO OA3MCHOTO CKOJBKEHHS €-MapTEHCHTa Ha
TpUOOJIOTHYECKHE CBOMCTBA XPOMOMApPTaHILEBHIX ayCTEHUTHBIX CIUIaBOB. B
JAHHOM CJly4ae TOBBIIIEHUE CONPOTUBIIEHUS CIBUIY MOBEPXHOCTHOI'O CIIOS
paccMaTpUBaeMbIX MaTepHalOB, OYEBUAHO, MPEMATCTBYET JIOKAJIU3ALMK I1Ia-
CTHYECKOHN AedopManuu MaTepualia HETOCPEACTBEHHO BOJIM3U TOBEPXHOCTH
TPEHHS CIUIABOB M TEM CaMbIM CO3JaeT YCJOBHS JJIs aKTHBU3ALMH MPOIECCOB
CXBaTbIBaHMUS.
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N.B. Efros, L.G. Korshunov, B.M. Efros, V.S. Tyutenko

CONTACT STRENGTH OF NANOCRYSTAL STRUCTURES OF THE
FRICTION SURFACES OF CARBON AUSTENITE ALLOYS

The effect of the particles of high-strength carbide phase TiC on tribological properties of
chromium-manganese austenite alloys under dry slipping friction and abrasive wear has
been studied. It has been shown that the presence of the TiC particles within the structure
results in an increase in the friction coefficient and the intensity of the adhesion wear.

Key words: carbon austenite alloys, surface layer with the nanocrystal structure, adhe-
sion wear intensity, abrasive wear resistance

Fig. 1. Electron photomicrograms of the 30G17X10T1 alloy structure after the water
quenching from 1100°C (@) and friction loading at the slipping rate of 0.07 m/s and the
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loading of 294 N (6—0): a — bright-field image (x60000); 6 — at the distance of a few of
micrometers from the friction surface, bright-field image (x135000); ¢ — dark-field image
in the reflex (a segment of the Debye ring) (111) of the TiC carbide (x135000); 2 — at the
distance of 5 um from the friction surface, dark-field image in the reflex (a segment of
the Debye ring) (002) of the e-phase (x130000); 0 — at the distance of 5-10 um from the

friction surface, bright-field image (x130000)

150



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

ABTOpCKHH yKa3aTeab 3a 2015 roa

Alekseenko 1. (cm. Pashinskaya E.) ..o 34
Beygelzimer Y., Varyukhin V., Kulagin R., Orlov D. Twist Extru-

SION: REVIEW ..oiiiiiiiiiiieie ettt et 34
Beygelzimer Yan (cM. Chen Cai) ......ccoceeevieniieciienieeeecieeieeeee e 34
Beygelzimer Yan Equivalent strain in simple shear of metals .............. 1-2
Chen Cai, Beygelzimer Yan, Toth Laszlo S., Estrin Yuri, Kulagin

Roman Yield strength of a material pre-processed by simple shear ..... 34
Estrin Yuri (cM. Chen Cai) .......ccccoeviieiiieiiieniecieeeeeeeesee e 34
Kulagin R. (cM. Beygelzimer Y.) ....ccooooiiiiiiiiiiiiieeceeeeee e 34
Kulagin Roman (cM. Chen Cai) ........ccoceeeeiieniieiiieniieieesie e 34
Maksakova A. (cm. Pashinskaya E.) .....ccccoooiiiiiiiie, 34
Orlov D. (cM. Beygelzimer Y.) ..ccccoevvieoiieiiieiiecieeieeieeee e 34

Pashinskaya E., Zavdoveev A., Varyukhin V., Tkachenko V.,
Maksakova A., Alekseenko I. Drawing with shear as an effective
method of the control of the structure and the properties for low-

CATDON STECL ..eevviiiiiiiieiiee e 34
Tkachenko V. (cMm. Pashinskaya E.) ..o, 34
Toth Laszlo S. (cM. Chen Cai) .......ccceeviieiieniieiiecieeeecee e 34
Varyukhin V. (cM. Beygelzimer Y.) .....ccoooceiiiiiiniiniiieeeeee 34
Varyukhin V. (cMm. Pashinskaya E.) ......ccccccooviiiiiiniiiiiie 34
Zavdoveev A. (cM. Pashinskaya E.) .......coccooiiiiiiiiiie, 34
Bban6amoB A.M. (cMm. JJoBruit B.T.) ...coooiieiiiiiiiiee e, 1-2
Beiireab3umep SLE. (cMm. MuxaitnoB O.B.) .....cccoocieiiiiiiiiiiee, 34
Bepexnas JI.B. (cM. TepexoB C.A.) .oivvvieeriieeiieeieeeteeeee e 1-2

bpuryn B.®., Spomr B.B., Kypaomos A.B., Januinenko A.HU.
BnusiHue cxembl HarpykeHusi Ha (a3oBble MPEBPALLEHUS B YIJIEpOe

TIPH YIAPHOM CHKATHH ...eeuvveenereenuiieenieeestteesiseeesseesnaseesnaseessaseesssseesnnneas 1-2
BykuH I'.B. (CM. TePeX0B C.A.) iiieiieeiieeieeeeeee et 1-2
Baproxun B.H. (cm. [TamuHCcKas E.T.) o, 1-2
Baproxun B.H. (cM. [IpyaHHUKOB A.M.) ..oovviiiiiiiiieeieeee e, 34
Bapioxu B.H. (cM. D0poc B.M.) ..o 1-2
Bacunenko T.A. (cm. DenbaMan D.I1) .ooovveiiiiiiiiiieiieeeecee e, 34

Bacuienko T.A., Kupunios A.K., Cimocapes B.B. Vccnenosanue
UEePApXUUYECKON CTPYKTYphbl UCKOMAEMbIX YIJIEH METOAOM IIpeccoBa-

HUs. ONpeneIeHNE TOTHON MOPUCTOCTH ...eveenerenreeireenreenireereenineeneenanes 1-2
HaBbiaeiiko H.B. (cMm. JIoBruit B.T.) ....ccccovvviiiiiiiiieee e, 1-2
Janunenko A.M. (cM. BpuTyH B.®D.) ..o 1-2
Jannaenko B.U. (cm. [Toape3oB FO.H.) .....ooovviviiiiiiiiieece 1-2

47

133
90

133
133

133
47

47
47
133

47
47
20
38
31

122
31
107
102
41
122

133
20
122
66

151



®du3nKa 1 TEXHHKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

Janunenko B.]. (cm. TToape3oB FO.H.) ..o 34
Jannaenko H.U. (cm. TToape3oB FOH.) ...oooovvviiiiiiiiieieee 1-2
Janunenko H.HU. (cm. [Toape3oB FO.H.) ..o 34
Jepsirud AW, (cM. DPPOC B.ML) oot 1-2

Hosruii B.T., lununk A.U., Kamenes B.U., Tapenkos B.1O., Cu-
aopos C.JI., Togpuc B.M., Muxaiinos B.U., /{aBbineiiko H.B.,
Jlunnuk T.A., IlonoB 10.®., Ban6amoB A.M. OCOOEHHOCTH HM-
MyJICHOTO ¥ KBA3UCTATHUYECKOTO IMEPEMArHUYHMBAHMS W PellaKcalv-

oHHBbIE cBoMicTBa MOHOKpHUCTAIa Ndg 5519 sMNO3 ..oooeveeviiieeiieeie 1-2
3aBaoBeeB A.B. (cm. [TammHckas E.I'.) oo, 1-2
HNBuenko B.A. (cM. DPPoc B.M.) oo 1-2
KameneB B.U. (cM. JIoBru# B.T.) ....cooooviiiiiiiiiiieeeceeeeeee e, 1-2

Kamunckuii B.B., Crenano H.H., ConoBbeB C.M. TepmoBoIIb-
Tanueckuit 3¢ (PeKxT B reTepocTpyKType Ha OCHOBE SmS 1o aaBJe-

1507 (<)Y SO O U PP ROUPUPPROPROPO 34
KupniioB A.K. (cM. BacuneHKO T.A.) coooooiiiiiiiiieceeeeeee 1-2
KupuniaoB AK. (cMm. @enbaman D.01L) oo, 34
KopuyHoB JLI'. (cM. Dhpoc H.B.) oo, 34

Kocrannos 10.A., Jlokmmuna JI.51. BiusHue KOHTaKTHOTO TPEHUS Ha
MOJIOKEHHE TPaHMIIbI 30H MOJHOI0 KOHTAKTa U MPOCKAIb3bIBAHUS MIPU

CKATUHU 00PA3ILIOB U3 XPYTKUX MATEPHATIOB ...cvveeeereeeereeaereenaneenaneenns 34
Koctbips C.A. (cM. [IpyTHUKOB A.M.) ..oooiiiiiiiiniiiiicieniceeceeeee 3-4
KypaiwomoB A.B. (cM. BpuTyH B.@.) ...ccooiiiiiiiiieieeeeeee 1-2
JleneneB H.A. (cM. ITameHKO A.B.) ..oooooiiieiiiieiieeeeeeeeeee e 34
Jlunauk AA. (M. JoBruil B.T.) oo 1-2
JInnauk A.A. (cM. TIpyAHUKOB A.M.) ..ooiiiiiiiiiiiiieiceeeeeee e 3-4
Jlunauk T.A. (cM. HoBTUid B.T.) ..o, 1-2
JInnnuk T.A. (cM. [IpyTHUKOB A.M.) ..ooiiiiiiiiiiiiieiceeeeeeee e 34
Jlokmmua JLS. (cm. KoctanmoB FO.AL) ..oooeiiiiiiiiieeeeeeee 34
MaxkcakoBa A.A. (cM. [TammHCKasg E.I'.) oo, 1-2
Mapuenko H.M. (cm. [Toape3oB FO.H.) ...ccooeviiveiiiiiiieeeeeeee 1-2
MeT10B JL.C. (cM. DOP0oC B.M.) ..ooiiiiiiiiiiiiiccen 1-2
MuxaiisioB B.U. (cMm. JIoBruit B.T.) ..occciiiiiiiiiiieiieeieeeeeeeeee 1-2
Mmuxaisios O.B., Beitreassumep S.E., llltepn M.b. Monenuposa-

HHE MPOIeCCa BUHTOBOM AKCTPY3UH IMOPOIITKOBBIX 3aTOTOBOK .............. 34
Moxnenko M.U. (cM. [TpyAHUKOB A.M.) ..ccooviiiiiiiiiiiieieeee e 3-4

Hammuckas E.I'., 3aBnoBeeB A.B., MakcakoBa A.A., Baproxun B.H.,
Toama A.A., Tkauenxko B.M. Biusgaue BOJOK CO CABHIOM Ha OCO-
OCHHOCTH CTPYKTYPBI U CBOMCTB MaJIOYTJIEPOAUCTON MTPOBOJIOKH ........ 1-2
MamkeBu4 FO.I'. (cM. TIpyTHUKOB A.M.) ..ooiiiiniiiiiiinicicciceceee, 3-4
INamenko A.B., |Hamemc0 B.H.\, Pesenko 10.®., [Ipokonenko B.K.,
[emsiko A.AJ), CuabueBa A.T., JleneneB H.A. Ctpykrypa, hazo-

152

90
66
90
41

20
107
41
20

74
133
122
141

82
102
122

60

20
102

20
102

82
107

66

41

20

38
102

107
102



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

BbIE mepexonas!, SIMP 55Mn, PE3UCTUBHBIE M MAarHUTHBIE CBOMCTBA
KoMro3uioHHou kepamuku (Lag ¢Srg 3sMn; 103)1-x(LaCuyOy)y .......... 34
Mamenko B.IL) (cM. TTAmEHKO A.B.) ..o 34
Moape3on FO.H., lannienko B.U., Janunenxko H.U. OcoGennoctu
YOpOYHEHUs Mpu popMupoBaHUH 1ehOpMALIMOHHON HAHOCTPYKTYpHI . 3—4
Hoapesos H0.H., lanunenko B.U., Jannnenxo H.U., Mapuen-
ko H.M., ®upcroB C.A. CrpykTypHas 4yBCTBUTEIBHOCTb PaBHO-

MEPHOH JTe(GOpMAIIH B OOJTACTH HAHOZCPCH ....eevveeereenreenereeseensneeseennnns 1-2
IMonoB FO.@. (cM. JJoBruid B.T.) ...coccoiiiiiiiiiiieeeeee e, 1-2
IIpoxonenko B.K. (cM. [TameHKO A.B.) ..oooveiiiiiiiiiiiiieceece e, 34

I[Ipyanukos A.M., Iunnuk A.U., lanaes P.B., [lamkesuy F0.I'.,
Baproxun B.H., Moxnenko M.U., Kocteipa C.A., Jlunnuk T.A.
HuskoremnepaTypHoe MarHETpOHHOE OCAKICHHE HAHOCTPYKTYPHBIX

wieHoK Ni—C: CUHTE3, CTPYKTYpa U MAaTHUTHBIE CBOMCTBA .........ccuuee.... 34
PeBenko FO.®@. (cM. TTameHKO A.B.) .oocoiiiiiiiiiiie, 34
CamapykoB I'.B. (cM. YTA1IEB D.3.) .ooovcvvieiiieiieeiieeee e 1-2
CupopoB C.JL. (cM. HoBruit B.T.) ..o, 1-2
CuabueBa A.I'. (cm. TTammeHKO AB.) .oooviiieiiiieee e, 34
Cmrocapes B.B. (cM. BaciiieHKO T.A.) ..oooiiiiiiiiiieieeeeeeeeeee, 1-2
CoaoBbeB C.M. (cM. KamuHCKH B.B.) ..ooovviiiiiiiiiiiiiee e, 34
CrenanoB H.H. (cm. Kamunckuii B.B.) ..o, 34
CredanoBuu JI.U. (cm. @enbaMan D.I1) .oooeveviiiiiiiiiieeeee e, 34
TapenkoB B.FO. (cM. JIoBruif B.T.) .....ccooooiiiiiiiiiieeeee, 1-2

Tepexos C.A., bykun I'.B., bepexnas JI.B. CniuHoBbINM nepexos B
rpymnme koopauHaimoHHbix 2D-coenunennii Fe(PhPy),M(CN)4 (M —
Ni, Pd, Pt), uanynupoBaHHbIi JaBJICHHEM MPU KOMHATHOW TeMIlepa-
Typ€ U TEMIIEPATYyPON MIPU MOCTOSHHOM JAABICHHUH ....eeevevreerevreennveeennnen 1-2
Tepexos C.B. ®u3uK0-reOMeTpUUECKUE XapaKTEPUCTUKU THIIEPIIPO-
ctpanctBa. [. O6oOmennas cucrema Ceppe—@Ppene. Puznyeckuit
U30MOpP(PU3M KBATEPHUOHHOM anreOpbl [[aMUIIBTOHA .....ceevvveeeeneenenne. 1-2
TepexoB C.B. ®u3uko-reoMeTprUuecKue XapaKTEpUCTUKU THIIEPIPO-
crpancTBa. lI. ba3ucHble KBarepHHOHBL. MeXaHHMKa MaTepUAIbHOMN

YACTHIIBI ...outeeutteeuteetteeuteestteesteenueeeateebeeeateesseesabeebeesabeebeesaeeebeesaseenseesaees 34
Tkauenko B.M. (cMm. [TammHckas E.T.) oo, 1-2
Toapuc B.M. (cM. IoBTUid B.T.) ..oooviiiiiiiiiiiiieee e, 1-2
Toama A.A. (cMm. [TamHCcKas E.T.) oo, 1-2
TroteHko B.C. (cM. DDPoc H.B.) oo, 34

Ypo6anosuu B.C., lununo H.B., Hlecreas M.B. Biusnue Bbico-
KHX JIaBJICHUM W TEMIIEpaTyp Ha MUKPOCTPYKTYPY U CBOMCTBA HUTPH-

TTA QITEOMIHIIST ..eeeeeeeeeeeeee e e e e e e e ee e e e e eee e e e e eeaaeeeeaaaeeeeeenaeeeeneaeeeennaeaeees 1-2
Yramen @.3., CamapykoB I'.B. OcOOCHHOCTH pacKaTKH IOJIBIX Ba-
JIOB ra30TYPOUHHBIX ABUTATENIEH B YCIOBUSAX CBEPXIUIACTUYHOCTH ...... 1-2

60
60

90

66
20
60

102
60
98
20
60

133
74
74

122
20

31

112
107

20
107
141

52

98

153



®du3nKa 1 TEXHHKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

®eabaman J.I1., Credpanosuu JI.U., Bacunenko T.A., Kupni-
JoB A.K. lmnenaHncHas CneKTpOCKONMsI KakK CIOCOO OmpesesieHus

TPeMHOBATOCTH YTJIs. I. CyXOM 00Pa3EIT ....ccveeuveiiiiiiiinicicciceice 34
®@upcroB C.A. (cM. [Togpe3oB FO.H.) ..ccooviiieiiiiiieieeee, 1-2
MlanaeB P.B. (cM. IIpyZHHKOB A.M.) ..oociiiiiiiiiiieeiiee e 3-4
[emsikoB A.A. (M. TIAIEHKO A.B.) ..o eeeeeeene 34
Mlecteas M.B. (cM. Yp6aHoBUY B.C.) ...oooiiiiiiiiiiiieeeee 1-2
Munuao H.B. (cM. Yp6aroBuY B.C.) ..ccccoviiiiiiiiiieiieeeeeeeee 1-2
Itepn M.B. (cM. MuxaitioB O.B.) ....coooiiiiiiiiiiicee e, 34
Adpoc B.M. (cM. DPPOC H.B.) weooeviiiiieeeeeeeeeeeeee e 34

d¢ppoc .M., [lepsairun A.U., Metaos JI.C., UBuenko B.A., I¢-
poc H.b., Baproxun B.H. KonnenTpanroHHoe paccioeHue u CTpyk-
TypHble u3MeHeHus B Fe—Cr—Ni-cruiaBe mpu Teruioil BUHTOBOU [e-
(0001 €21 1171 SRR 1-2
Appoc H.B. (cM. DPPoC B.M.) coeiiiiiiiiiiiiiiiiencecceccccneeee 1-2
I¢poc H.b., Kopmynos JL.I'., I¢ppoc b.M., Twrenko B.C. Kon-
TaKTHasi MPOYHOCTh HAHOKPHCTAIIMUECKUX CTPYKTYp MOBEPXHOCTEH
TPEHUSI YTTIEPOIUCTBIX aYCTEHUTHBIX CIUIABOB ....ecuvteuriereeireanreenieenneees 34
SApom B.B. (cM. BpUTYH B.D.) ..ot 1-2

154

122
66
102
60
52
52
38
141

41
41

141
122



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

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,
CIMCOK JIMTEPATYPHl, MOJPUCYHOUHBIE MMOANNUCH, KOMIUIEKT PUCYHKOB, CBEIECHUS
00 aBTOpax.

1. Teker craTrbu. Ha nepBoii cTpanuile yka3bIBatOTCS:

— 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
3aroyoBku. O0s3aTENPHO yKa3aHUE CIUHHII M3MEPEHHs BEIHUuH. Heobxodumo
npedocmagums nepesood madauy Ha aHIUUCKULL A3bIK.

3. @opmyJbl crietyeT HaOUpaTh B peIaKTOpPE YpaBHEHUN. Bce undekcvl 00icHbl
Obimb Ha aneautickom A3vike. DKCIIOHEHTY ClieyeT 0003HauaTh Kak «exXp», a He
KaK «€» B CTEIICHH.

4. Pucynkn (WnocTpamum) tpedyeTcss IpeIoCTaBUTh B YEPHO-OEIOM Bapu-
aHTe OTJENbHbIMU (aiinamu. PUcyHOK, moMelaeMblii Ha BCIO IIMPUHY CTpPaHU-
1bl, JOJIKEH UMETh pa3Mep 1o ropusoHTanu 14 cm, Ha 2 cTtpanunsl — 7 cM. g
PHCYHKOB B pacTpoBbIX (bitmap) opmaTax IOIMyCTHUMOE pa3pelieHue — He MeHee
300 dpi. ITpu aToM B daiine pazmep U300paskeHUs IO TOPUZOHTAIHU, BKITFOUAst TIOIH-
CH IO 0csiM, A0JbKeH ObITh He MeHee 800 mukcenei AJ1sl pUCyHKa Ha Y2 IIMPHUHBI CTpa-

155



®du3nKa 1 TEXHHKA BbICOKHX AaBJjieHuii 2015, Tom 25, Ne 34

Hunbl 1 1600 mukceneil — HA BCIO MIUPUHY. Bce HAONUCU HA PUCYHKAX OOJHCHbL
ObIMb HA AHSIULICKOM A3bIKE, d UX YUCTIO C8E0CHO K MUHUMYMY.

5. AuHotanus (e 6onee 15 cTpok) MoMKHA COAEPKATH LIETdh paOOThI, METO
ee JIOCTIKEHUs, OCHOBHBIE pe3yJibTaThl. B penakuuio npeacraBisercss TEKCT aH-
HOTalUU (¢ yKazanuem agmopos u Ha36aHus CMAamovu) Ha PYCCKOM, VKDAUHCKOM
(Ons epadxcoan Ykpaumbvl) u aHeIuticCKOM A3bIKax Ha OTAEIbHBIX CTpaHUIIaX.

6. KiiroueBble cjioBa (He Oosiee 10 TEpMUHOB) Ha pYCCKOM, YKPAUHCKOM (015
epadicoan_YKpaumvl) u aHeIULCKOM A3bIKaX NOJDKHBI OTpakaTh CyTh cTaThu. He
JOTTYCKaeTCs UCTIOIh30BaHNE a00peBUatyp.

7. CniMcoK JTUTepaTypshl NPUBOJUTCS B KOHIIE CTaThU B MOPSAKE YIOMUHAHUS
B TekcTe. B OnbnmuorpaduaeckoM OMMCAHUN YKA3BIBAIOTCS WHUITHAIBI U (DaMUTHH
BCEX aBTOPOB, a Jlajee:

a) JUIsl KHUTU — Ha3BaHUS KHUTH, M3JATENbCTBA M TOpOJa, ToJ W3mAaHus (B
KPYTJIBIX CKOOKaX):

A.D. Hogghe, Puzuka xpucranios, '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).

8. [loapucyHOYHBbIe MOAMUCH JTOJDKHBI COIEPKATh TEKCT, OOBSCHSIONUININ puU-
CYHOK; TPEACTABISAIOTCS HA PYCCKOM U aueautickom sazvikax. OnucaHue 3JIeMeH-
TOB pPUCYHKA (MJUTFOCTPAIIMH) JKEIaTeIbHO BHIHOCUTH B OJIPUCYHOUHYIO TOJITHUCH.

9. CBeeHusi 00 aBTOpax HEOOXOIUMO TIPEJCTABUTH HA OTIEIHHON CTpPAHHMIIC,
IJIC YKa3bIBAIOTCS:

— TIOJTHBIC UMS$1, OTYECTBO U (haMUIIHSI aBTOPOB;

— UX CIIy»eOHbIe ajipeca U Tene(OHBI.

CrnenyeT yka3aTh, ¢ KEM U3 aBTOPOB MPEANOYTHUTENHHO MOJICPKUBATH CBSI3b
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., xxypHan ®TB/I
pedepupyercs u uHAEKcUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpaunHcKuM pedepaTuBHBIM XKypHaIoM «Jlxepeno».

[Tommas Bepcus xKypHaiia pa3MenieHa Ha caite: http// www.donphti.ac.donetsk.ua/
zhurnal.htm.
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