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IX Mexaynapoanasi koHgepeHus
«Bbicokne nasjenus — 2006.
dyHAaMeHTaJbHbIE U PUKJIAIHbIE ACTIEKThD)

C 17 o 22 cents16ps 2006 T. B TypHUCTCKO-03J0POBUTEIBHOM KoMIiekce «Cy-
nak» AP Kpem mpoxoamna [ X MexnyHnaponHas koHdepenus «Bricokue naBe-
Hus — 2006. @yHnaMeHTaIbHBIE U IPUKIAIHBIE acTIeKTh». B koHdepeHuuu npu-
Hau yyactue okojio 100 yuensix U3 Ykpaunsl, Poccuu, bemapycu, MoagoBsl,
[onbum, Mpana. Caenano 4 nuieHapHbIX, 38 CEKIIMOHHBIX 3BYKOBBIX U 44 cTeH-
JOBBIX JoKjIaaa. PaboTta mpoxoauia B paMKax 2 CeKIUi:

— (pu3nuecKue cBOMCTBA TBEPBIX TEJ MO IaBJICHUEM;

— (popmupoBaHue CTPYKTYpbl U (U3HKO-MEXaHUUYECKUX CBOMCTB MaTepHalIOB
NOJ1 JABJIEHUEM.

bbuIM npeacTaBiaeHbl HOBBIE PE3YJbTAThI IO MCCIIEOBAHUIO BIMSHHS BBICOKO-
ro pasinenus (BZl) Ha cTpykTypy U (HU3MKO-MEXaHHYECKHE CBOMCTBAa METAJLIOB,
CILIaBOB, MOJMMEpPOB, KEPaMUKH. PacCMOTpEHO BIMSHHME NABICHHUS KaK CaMo-
CTOSATENILHOTO (DaKkTOpa, a TaKKEe B COUYETAHHM C APYTUMH B3aUMOICHCTBUSMU:
TEIUIOBBIMH, J1e()OpPMALIMOHHBIMU, JJIEKTPUUYECKUMH, MAarHUTHBIMHU, YyIapHO-
BOJIHOBBIMH.

3a Bpemsi, IpolIe/Iiee ¢ NPouUIod KOHPEPEHIINH, MOIy4YeHbl BaXKHbIE PE3YIlb-
TaThl 10 KUHETUKE U KPUTEPHUSIM YCTOMYMBOCTU HOBBIX COCTOSIHUN B METa/lIax U
MOJIyIIPOBOJIHHKAX. Pa3BUTEI HOBbIE METO/BI UCCIIEOBAHUS U CTPYKTYPHOM aTTe-
CTallMM MaTepuayioB Kak B mpoiecce (in Situ), Tak u mociie oopadotku B/]. B ua-
CTHOCTH, TOKa3aHa BO3MOXHOCTb U3YUEHHUS CTPYKTypooOpa3oBaHus B aedopmu-
PYEMBIX MeTalljlax HeMOCPEACTBEHHO MPU OONBIINX TUIACTHYECKUX AePOopMaLusX.
[TpennoxeHbl HOBBIE MOAXOABI K TEOPETUUECKOMY OINMUCAHUIO CTPYKTYpooOpa3o-
BaHUs METAJUIOB MPU UHTEHCUBHOM Tutactudeckoii aedopmanmu (MI1J]) mox nas-
JIEHUEM, YUUTHIBAIOLIME BIMSIHUE HA 3TOT MPOLECC BUXPEBOTO JBUKEHHUS U Mepe-
MEIINBAaHMUSL.

AKTHUBHOE pa3BuTHE nonyuuinu Ttakue meroasl UIIJI, kak paBHOKaHaNbHAS yT-
JOBasi ¥ BUHTOBAsl SKCTPY3HUsl, KPyUYEeHHUE MO JaBJICHUEM, JepopMalus B alIMas-
HBIX HakoBaJbHAX. [lokazaHa BeicOKas 3((GEKTUBHOCTh MMITYJIbCHBIX BO3JEHCT-
BUH (3JIEKTPUYECKUX, MATHUTHBIX, yJApPHO-BOJIHOBBIX) Ha (POPMHUPOBAHUE HAHO-
CTPYKTYp C HOBBIMH (DU3UKO-MEXaHUUYECKHUMH CBOMCTBaMU. OTMEUYEHO, YTO MHO-
rue paboThl HOCAT MHHOBAIIMOHHBIN XapakTep, OAHAKO IOKa OHU HE B JIOCTATOY-
HOM Mepe BOCTpeOOBaHbI IPOMBIIIIEHHOCTBIO.

I'maBHBIN 001K BBIBOJ, KOTOPBIN CAETATN YIaCTHUKH KOH(EPEHIIUH, COCTOUT
B TOM, YTO B HACTOSIIEE BPEMs aKTYaIbHOCTh UCCIIEOBAHUN B 00J1aCTH (PU3UKU U
TEXHMKHU BBICOKUX JaBJIEHHUI BO3pacTaeT. B mepBylo odepenb 3TO OTHOCHUTCA K
paboTam Mo HAHOCTPYKTYPHUPOBAHUIO O] JABICHHUEM, a TAK)KE K UCCIETOBAHUIM
insitu.
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YyacTHUKM KOH(EpPEeHIIUH MOCTAaHOBUWIIM CIeayloliee. YUuThIBas MyJbTUMAC-
MITaOHBII XapakTep MPOIECCOB, MPOUCXOAANINX NpU Ae()OPMUPOBAHIH TBEPIBIX
TeN TMOJ JaBlieHHUeM, Ha KOH(EepeHIHH HEeOOXOAUMO HHHUIIMUPOBATh JHUCKYCCHUHU
MEXy CTEMUATUCTAMU Pa3HOTo MpoQuis: pU3NKaAMH, XUMUKAMH, MaTepHajoBe-
JlaMU, MEXaHUKaMU U TexHosnoramMu. C OHOW CTOPOHBI, 3TO MO3BOJUT Jy4lIe IO-
HATH CYTb SIBJICHUN M BBINTH Ha YpOBEHb I'TyOOKHX 0000IIeHUi, ¢ Apyroi — Ta-
KM€ JTMCKYCCHHM OYyAYyT CIOCOOCTBOBATH MPAKTHMUECKOMY HCIIOJNIb30BAaHUIO Hayy-
HBIX pa3paboTOK.

[TockonbKy 1m0 psiAy HampaBiIC€HHUM HCCIEHOBAaHUS BBINUIM HAa WHHOBALMOH-
HBI YPOBEHbB (MPEXKJIe BCEro peub MJET O MOJyYeHUU 0ObEMHBIX HAHOKPHUCTAI-
nudyeckux MarepuanoB merogamu MIIJ]), B pamMkax koHpepeHIIUH CIEAYET Op-
raHM30BaTh CIELUAJIbHYIO CEKLUIO NPUKIAAHONW HANpPaBIEHHOCTU U MIPUBJIEYb K
paboTe B Hell MpeAcTaBUTENEH MPOMBIIUIEHHOCTH, Majoro Ou3Heca M pacrnopsi-
nuTeneit GoHI0B.

Jlns obecrieueHUs BOZMOKHOCTH YYacTHSl BEIYIUX MHOCTPAHHBIX CHEIHau-
CTOB pekoMeHayercs, HaunHas ¢ 2008 r., IpUHATH aHIJIMICKUN B KauyecTBE OC-
HOBHOro pabouero s3bika KoHepeHuuu. s pacmupeHus Kpyra dumrarenei
KypHasa «DU3MKa U TEXHUKA BBICOKUX J1aBJIECHUII», SBISIOLIETOCS OCHOBHBIM II€-
YaTHBIM OpraHoM KoH(pepeHuuu, odpatuthcs B Ilpesmmuym HAH VYkpaussl c
npoch00ii coeHiCTBOBATh U3/IaHHUIO AHTJIOS3BIYHON BEPCHH KypHaJa.

Tak kak oOcyxaaemble Ha KOH(pEpPEHIMH pPe3yIbTaThl MCCIEAOBAHUN Tpen-
CTaBISIOT 3HAYUTEIBHBIH MHTEPEC I MIMPOKOTO Kpyra HayyHbIX pabOTHHKOB,
MH)XCHEPOB M CTYACHTOB BY30B, M3/1aTh KOJUIEKTUBHYIO MOHOTpaduIio, MOABOI-
Y0 UTOTH PabOTHI KOH(PEPEHIINH 3a TocneaHue 5—7 Jer.

YuuThiBass MHOTOJETHUH | TUIOAOTBOPHBIM oOmnbIT JloHernkoro Qu3nuko-
TeXHU4ecKoro nHcturyra uM. A.A. I'ankuna HAH YkpanHbl B IpoBEI€HUH U T1O-
MyJSpU3aLUU UCCIIEOBAHUM, CBSA3aHHBIX C IMPUMEHEHUEM JaBlIeHUs, KOH(pepeH-
IIUsl CUUTACT IeJIecO00pa3HbIM XoAaracTBoBaTh nepen [pesununymom HAH Yk-
paunbl 00 odpunuansHoM 3akperiennn 3a JJondTHU HAHY ponu koopamnatopa
1o pabotam B 061acTu 00pabOTKH MaTepUalIOB JaBJIICHUEM, BBIIIOJIHIEMBIM B BY-
3aX YKpauHbl.
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During the last decade severe plastic deformation (SPD) has become a widely known
method of materials processing used for fabrication of ultrafine-grained materials with
attractive properties. Nowadays SPD processing is rapidly developing and is on the
verge of a transition from lab-scale research to commercial production. This paper fo-
cuses on several new trends in the development of SPD techniques for effective grain re-
finement, including those for commercial alloys, and presents new SPD processing routes
to produce bulk nanocrystalline materials.

1. Introduction

Recent years have seen growing interest in developing SPD processing to fab-
ricate bulk nanostructured metals and alloys with unique properties [1-4]. This
approach as an alternative to nanopowder compacting is based on microstructure
refinement in bulk billets using SPD: that is, heavy straining under high imposed
pressure [1]. SPD-produced nanomaterials are fully dense and their large geomet-
ric dimensions make it possible to perform thorough mechanical tests, and this is
attractive for efficient practical applications. Fabrication of bulk nanostructured
materials by severe plastic deformation is becoming one of the most actively de-
veloping areas in the field of nanomaterials [5,6]. SPD materials are viewed as
advanced structural and functional materials of the next generation of metals and
alloys [7].

Today, SPD techniques are emerging from the domain of laboratory-scale re-
search into commercial production of various ultrafine-grained materials. This
change is manifested in several ways. First, it is characterized by the fact that not
only pure metals are investigated, but also commercial alloys for special applica-
tions; second, by the requirements of economically feasible production of ultra-
fine-grained metals and alloys. This paper considers these new trends in SPD
processing and highlights some recent results on the development of the pilot
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commercial production of Ti materials for medical use. We also report here new
results on finding novel SPD processing routes used to produce bulk ultrafine-
grained materials with a small grain size refined down to a typical nanorange of
40-50 nm and less.

2. Enhanced properties in SPD-produced nanomaterials

It is well known that grain refinement promotes mechanical strength, and thus
one can expect ultrafine-grained materials to possess very high strength. Moreo-
ver, introduction of a high density of dislocations in SPD-processed nanometals
may result in even greater hardening. However, all this normally decreases ductil-
ity. Strength and ductility are the key mechanical properties of any material, but
they are typically opposing characteristics. Materials may be strong or ductile, but
rarely both at once. Recent studies have shown that material nanostructuring may
lead to a unique combination of exceptionally high strength and ductility (Fig. 1),
but this task calls for original approaches [8—11].

One such new approach to the problem was suggested recently by Wang et al.
[10]. They created a nanostructured copper by rolling the metal at low temperature —
the temperature of liquid nitrogen — and then heating it to around 450 K. The re-
sult was a 'bimodal' structure of micrometre-sized grains (at a volume fraction of

800 around 25%) embedded in a matrix of

nano Ti nanocrystalline grains. The material

- showed extraordinarily high ductility,

600 but also retained its high strength. The
. reason for this behavior is that, while the

nanocrystalline grains provide strength,
the embedded larger grains stabilize the
tensile deformation of the material.
Other evidence for the importance of
grain size distribution comes from work
on zinc [12], copper [13], and aluminium
alloy [14]. What is more, the investiga-
tion of copper [13] has shown that bi-
modal structures can increase ductility
not only during tensile tests, but also
during cyclic deformation. This obser-
vation is important for improving fatigue

Yield strength, MPa
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0E '
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Fig. 1. Strength and ductility of the na-
nostructured metals compared with
coarse-grained metals. Conventional cold
rolling of copper and aluminium in-
creases their yield strength but decreases

their ductility. The two lines represent
this tendency for Cu and Al and the %
markings indicate a percentage on roll-
ing. In contrast, the extraordinarily high
strength and ductility of nanostructured
Cu and Ti clearly set them apart from
coarse-grained metals [8]
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properties.

Another approach suggested recently
[15] is based on formation of second-
phase particles in the nanostructured
metallic matrix, which modify shear-
band propagation during straining,
thereby increasing the ductility. A sys-
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tematic study of both hard and soft second-phase particles with varying sizes and
distributions is required here, to allow mechanical properties to be optimized.

A third approach to the problem of strength and ductility is probably the most
universal of the three, because it can be applied both for metals and for alloys.
The approach introduced in [1,8] is based on formation of ultrafine-grained
structures with high-angle and non-equilibrium grain boundaries capable of grain-
boundary sliding (GBS). It is well known that sliding, which increases ducility,
normally cannot develop at low-angle boundaries. The importance of high-angle
grain boundaries was verified in work [8] on the mechanical behaviour of metals
subjected to different degrees of severe plastic deformation resulting in formation
of various types of grain boundaries. As was noted above, sliding can be easier
when non-equilibrium boundaries are present. Another example of this is the ex-
traordinary influence of annealing temperature on mechanical behavior found re-
cently in nanostructured titanium produced by high-pressure torsion (HPT) [16].
Here, a short annealing at 300°C results in a noticeable increase in strength com-
bined with greater ductility than in the HPT-produced state or after annealing at
higher temperature. The growth of strength and ductility was associated with
higher strain-rate sensitivity of flow stress. An increased strain-rate sensitivity has
also been reported in other works investigating high strength and ductility in
nanometals [1,8,17]. High strain-rate sensitivity indicates viscous flow and plays a
key role in superplasticity in materials [18], but on the other hand it is associated
with the development of grain-boundary sliding, and therefore depends on grain-
boundary structure. This fact is in agreement with the recent results of computer
simulation and studies of deformation mechanisms active in nanostructured met-
als. Such molecular dynamics simulations have provided valuable insight into the
deformation behaviour of nanometals [19-21].

For coarse-grained metals, dislocation movement and twinning are well-
known primary deformation mechanisms. But the results of simulation show that
ultrafine grains may also aid in specific deformation mechanisms such as grain-
boundary sliding or nucleation of partial dislocations [20-23]. Moreover, the
sliding may have a co-operative (grouped) character similar to that observed in
earlier studies on superplastic materials [24,25]. It should be stressed that recent
experiments investigating deformation mechanisms in nanostructured materials
have confirmed a number of the results of computer simulation [16,26,27].

However, there is a question: why should grain-boundary sliding in nanos-
tructured materials, in particular in those produced by SPD, take place at rela-
tively low temperatures? GBS is a diffusion-controlled process and usually occurs
at high temperatures. A possible explanation is that diffusion may be faster in
SPD-produced ultrafine-grained materials with highly non-equilibrium grain
boundaries. Experiments have shown that, in SPD-produced metals, the diffusion
coefficient grows considerably (by two or three orders), and this is associated with
non-equilibrium grain boundaries [28,29]. So perhaps grain-boundary sliding is
easier in these ultrafine-grained metals and develops during straining even at

11
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lower temperatures, producing increased ductility. It is well known that enhanced
sliding in nanostructured metals can lead even to superplasticity at relatively low
temperatures [30].

Processing of nanomaterials to improve both strength and ductility is of pri-
mary importance for fatigue strength and fracture toughness [13,31,32]. An ex-
traordinary increase in both low-cycle and high-cycle fatigue-strength may take
place; there exists a theoretical explanation and the first experimental evidence of
this interesting phenomenon [31,32].

3. Developing SPD techniques for effective grain refinement

HPT and equal-channel angular pressing (ECAP) are the SPD techniques that
were first used to produce nanostructured metals and alloys possessing submi-
cron- or even nano-sized grains [33,34]. Since the time of the earliest experi-
ments, processing regimes and routes have been established for many metallic
materials, including some low-ductility and hard-to-deform materials. HPT and
ECAP die sets have also been essentially modernized [2,4]. Moreover, in recent
years new SPD techniques have been developed, first of all twist extrusion [42],
accumulative roll-bonding [43] and some others [2].

However to date, these techniques have been usually used for laboratory-scale
research. The requirement of economically feasible production of ultrafine-
grained metals and alloys that is necessary for successful commercialization raises
several new problems in the SPD techniques development. The most topical tasks
are to reduce the material waste, to obtain uniform microstructure and properties
in bulk billets and products, and to increase the efficiency of SPD processing.

We solve these tasks by developing continuous ECA-pressing [35] and multi-
step combined SPD processing [36] for fabrication of long-sized rods aimed at
setting up commercial production of nanostructured Ti materials for medical ap-
plications. Some new results of these works are presented below.

3.1. Continuous ECA-pressing

So far, among all SPD techniques, ECAP, also known as equal-channel angu-
lar extrusion (ECAE) [37], has attracted most attention, because it is very effec-
tive in producing UFG structures and can be used to produce UFG billets suffi-
ciently large for various structural applications [1,2,4].

However, the ECAP technique in its original design has some limitations, in
particular, a relatively short length of the workpiece that makes ECAP a discon-
tinuous process with low production efficiency and high cost. In addition, the ends
of a workpiece usually contain non-uniform microstructure or macro-cracks and
have to be thrown away, thus a significant portion of the workpiece is wasted and
the cost of the UFG materials produced by ECAP is further increased. The key to
wide commercialization of UFG materials is to lower their processing cost and
waste through continuous processing. Several attempts have been made to this
end. For example, repetitive corrugation and straightening (RCS) [38,39] has been

12
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recently developed to process metal
sheets and rods in a continuous manner.
The co-shearing process [40] and the
continuous constrained strip shearing
(C2S2) process [41] were recently also
reported for continuously processing thin
strips and sheets to produce UFG struc-
tures. However, the question of further
improvement of microstructure uniform-
ity and properties remains topical in the
development of these techniques.

In our recent studies, we have
worked on combining the Conform pro-
cess with ECAP to continuously process
UFG materials for large-scale commer-
cial production [35]. In this invention, the principle used to generate frictional
force to push a workpiece through an ECAP die is similar to the Conform process,
while a modified ECAP die design is used so that the workpiece can be repeti-
tively processed to produce UFG structures.

We have designed and constructed an ECAP-Conform set-up which is sche-
matically illustrated in Fig. 2. As shown in this figure, a rotating shaft in the cen-
ter contains a groove, into which the workpiece is fed. The workpiece is driven
forward by frictional forces on the three contact interfaces with the groove, which
makes the workpiece rotate with the shaft. The workpiece is constrained to the
groove by a stationary constraint die. The stationary constraint die also stops the
workpiece and forces it to turn an angle by shear as in a regular ECAP process. In
the current set-up, the angle is about 90°, which is the most commonly used chan-
nel intersection angle in ECAP. This set-up effectively makes ECAP continuous.
Other ECAP parameters (die angle, strain rate, etc.) can also be used.

In our work [35] we used commercially pure (99.95%) coarse-grained long Al
wire with a diameter of 3.4 mm and more than 1 m in length for processing at

room temperature with 1-4 passes using

ECAP route C, i.e. the sample was rotated

( /'/’_\\"\ 180° between ECAP passes. The starting Al

' wire had a grain size of 5-7 um. Presently

we are working on processing similar rods
/ from CP Ti (Grade 2).

Fig. 3 shows an Al workpiece at each

stage of the ECAP-Conform process, from

the initial round feeding stock to rectangu-

lar Al rod after the first ECAP pass. As

shown, the rectangular cross-section was

formed shortly after the wire entered the

constry;
ooty ing .
Y

work Piece

Fig. 2. Schematic illustration of an
ECAP-Conform set-up

O

Fig. 3. Al workpiece in the process of
ECAP-Conform

13
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groove (see the arrow mark). The
change was driven by the frictional
force between the groove wall and the
Al workpiece. The frictional force
pushed the wire forward, deformed the
wire to make it conform to the groove
shape. After the wire cross-section
changed to the square shape, the fric-
tional force per unit of wire length be-
came larger because of larger contact
area between the groove and the wire.
The total frictional force pushed the
wire forward from the groove into the
Fig. 4. TEM micrograph from the longitu-  stationary die channel, which intersects
dinal section of Al wire processed by the groove at a 90° angle. This part of
ECAP-Conform with four passes the straining process is similar to that
in the conventional ECAP process.

TEM observations showed that the ECAP-Conform led to microstructure
evolution typical of the ECAP process [43,44]. Fig. 4 clearly indicates that the
ECAP-Conform process can effectively refine grains and produce UFG structures
in Al and now in CP Ti. The tensile mechanical properties of the as-processed Al
samples after 1 to 4 passes are listed in Table 1. It is obvious that the ECAP-
Conform process has significantly increased the yield strength (G ;) and the ulti-

mate tensile strength (6,), while preserving a high elongation to failure (ductility)
of 12—14%. These results are consistent with those for Al processed by conven-
tional ECAP. We also found that for CP Ti there is strength growth by more than
2 times after the processing as compared with the initial material, and this fact is
also consistent with Ti subjected to conventional ECAP.

Thus, the newly developed continuous SPD technique, ECAP-Conform can
successfully produce UFG materials. The continuous nature of the process makes
it promising for production of UFG materials on a large scale, in efficient and cost
effective manner. However, further study is needed to investigate its ability with
respect to grain refinement and properties improvement of various UFG materials.

Table 1
Yield strength oy, ultimate tensile strength o,, elongation to failure 9,
and cross-section reduction (necking) y of Al samples processed with 1 to 4 passes

Processing state Go2, MPa | Gy, MPa 0, % v, %
Initial Al rod 47 71 28 86
After 1 pass 130 160 13 73

After 2 passes 140 170 12 72
After 3 passes 130 160 14 76
After 4 passes 140 180 14 76

14
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3.2. Combined SPD processing

While solving the problem of fabrication of nanostructured Ti materials for
medical applications we showed the advantage of combining ECAP with other
techniques of metal forming such as rolling, forging or extrusion [45,46]. These
advantages are connected with effective shaping of long-sized semiproducts
(sheets, rods) as well as further enhancement of properties of UFG materials. For
example, in Grade 2 CP Ti high strength (YS =980 MPa, UTS = 1100 MPa) with
elongation to failure 6 = 12% was attained using ECAP and extrusion. Also the
results of investigations on processing of Ti rods of over 800 mm in length and
6.5 mm in diameter by a combination of ECAP and thermomechanical treatment
(TMT) including forging and rolling are very impressive [36].

Fig. 5 presents TEM micrographs of CP Ti subjected to ECAP + TMT, 80%. It
can be seen that the combined processing results in significant additional grain
refinement down to 100 nm in comparison with 30—-400 nm after ECAP; however,
a considerable elongation of grains takes place. Mechanical testing has shown
(Table 2) that TMT after ECAP results in strength growth of CP Ti and the record
values of 69, and o, are observed; at the same time, sufficient ductility is pre-
served. It is important that these strength values of nanostructured CP Ti are visi-
bly higher than those of the Ti—6%Al1-4%V alloy that is presently widely used in
medicine and engineering.

It is also interesting that the microstructure and properties of the obtained rods
are rather uniform, the dispersion of mechanical properties along the rod length
does not exceed 5% [11]; at the same time material waste totals 0.65. This shows
great prospects for the use of combined SPD processing for commercial produc-
tion of semi-products from Ti for medical application.

Fig. 5. TEM micrographs displaying the microstructure of Grade 2 Ti after ECAP +
TMT, 80%: a — cross-section; b — longitudinal section

Table 2
Mechanical properties of Grade 2 Ti billets at different stages of processing
State Ouw, MPa | 69, MPa S, % v, %
Initial 440 370 38 60
ECAP, 4 passes 630 545 22 51
ECAP, 4 passes + TMT, € = 80% 1150 1100 11 56

15
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4. Using SPD-produced nanostructured metals

Markets for bulk nanostructured materials exist in virtually every product sector
where superior mechanical properties (in particular, strength, strength-to-weight ratio
and fatigue life) are critical design parameters. Formal market analyses, conducted by
companies such as Metallicum, that specialize in nanostructured materials, have
identified over 100 specific markets for nanometals in aerospace, transportation,
medical devices, sports products, food and chemical processing, electronics and con-
ventional defense [47]. Among them we can single out the following directions: 1)
development of extra-strong nanostructured light alloys (Al Ti,Mg), for example Al-

Fig. 6. Medical implants made of
nanostructured titanium: @, b — plate
implants for osteosynthesis; ¢ — conic
screw for spine fixation; d — device for
correction and fixation of spinal column

16

based commercial alloys with yield strength
over 800900 MPa, for the motor industry
and aviation; 2) development of metals and
alloys with ultrafine-grained structure for use
at cryogenic temperatures [48]; 3) develop-
ment of nanostructured ductile refractory
metals and high-strength TiNi alloys with
advanced shape-memory effect for space,
medical and other applications. The applica-
tions of nanostructured materials in engi-
neering new-generation aviation engines [49]
or in high-strain-rate superplastic forming of
complex-shaped parts for new automobiles
and planes [50] are worth a special mention.
Out of the broad range of possible ap-
plications of advanced nanostructured met-
als, we focus here on the one that is repre-
sentative of the high-tech market: biomedi-
cal implants and devices. High mechanical
and fatigue properties are the essential re-
quirements for metallic biomedical materi-
als, in particular titanium and its alloys
[51], which have excellent biological com-
patibility and high biomechanical proper-
ties. For example, in trauma cases, plates
and screws made of new titanium materials
are planned to be widely used for fixing
bones. These plates need very high com-
pressive and bending strength, and suffi-
cient ductility. Different implant-plate con-
structions for osteosynthesis have been
analysed, resulting in the design and proc-
essing of a series of nanostructured titanium
plates (Fig. 6,a,b). Fig. 6,c illustrates an-
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other application of nanostructured titanium for a special conic screw, which re-
quires high fatigue strength as well. In this case all the advantages of nanostruc-
tured titanium are fully used [46] — high static and fatigue strength (yield tensile
strength > 950 MPa at strain rate 107 s_l, endurance of more than 500 MPa at
2:10 cycles) and excellent biological compatibility.

5. The new SPD processing of bulk nanocrystalline materials

Since the first works dating back to the early 1990s [33,34], SPD techniques
have been used mostly because of their ability to produce ultrafine-grained mate-
rials through microstructure refinement in initially coarse-grained metals [2]. The
final grain size produced depends strongly on both processing regimes and the
type of material. For pure metals the mean grain size is typically about 100-200
nm after processing by HPT and about 200-300 nm after processing by ECAP.
For alloys and intermetallics the grain size is usually less and in some cases it
equals 50—100 nm. However, it is very important for fundamental tasks and many
advanced applications to have bulk nanocrystalline materials with a mean grain
size less than 30—50 nm. Is it possible to produce such materials using SPD tech-
niques? In recent years this problem has become the object of special investiga-
tions in our laboratory where we are developing two approaches: SPD consolida-
tion of powders and SPD-induced nanocrystallization of amorphous alloys.

5.1. SPD consolidation

Already in the early work on consolidation of powders [52,53] it was revealed
that during HPT high pressures of several GPa can provide a rather high density
close to 100% in the processed disc-type nanostructured samples. For fabrication
of such samples via severe torsion straining consolidation not only conventional
powders but also powders prepared by ball milling can be used.

HPT consolidation of nanostructured Ni and Fe powders prepared by ball
milling [52,53] can be taken as an example. The conducted investigations showed
that the density of the samples processed at room temperature is very high and
close to 95% of the theoretical density of bulk coarse-grained metals. After HPT
consolidation at 200 or 400°C the samples density is even higher and reaches
98%. TEM examinations showed the absence of porosity. The mean grain size is
very small; it is equal to 17 nm and 20 nm for Ni and Fe, respectively. It is also
very interesting that the value of microhardness of the Ni samples produced by
HPT consolidation was 8.60 + 0.17 GPa, the highest value of microhardness
mentioned in literature for nanocrystalline Ni.

5.2. SPD-induced nanocrystallization

Recent investigations also show that SPD processing can control crystalliza-
tion of initially amorphous alloys that may result in the formation of bulk nano-
crystalline alloys with a very small grain size and new properties [54,55]. In the
present paper this approach is used to produce and to investigate nanocrystalline
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Fig. 7. TEM image of rapidly-quenched alloy TisoNiysCuys: @ — initial state (dark field); b —
after annealing at 450°C for 10 min; ¢ — after HPT (dark field); d — after HPT and an-
nealing at 390°C for 10 min

Ti—Ni alloys widely known as alloys with shape memory effects. As the material
for this investigation, two alloys of the Ti—Ni system were used: melt-spun
TisoNipsCuys alloy [55,56] and cast Tigg 4Nisg ¢ alloy [57,58].

The amorphous structure of TisoNiysCuys alloy was confirmed by TEM and
X-ray investigations (Figs 7, 8) [55,56]. However, after HPT at room temperature,
although the diffraction methods still indicated the amorphous structure of the al-
loy, TEM studies showed the appearance of many nanocrystals with very small
sizes of about 2—-3 nm (Fig. 7,¢).

The essential difference in behaviour of this alloy in the amorphous state and
after HPT was revealed during subsequent annealing. As it can be seen in Fig. §,
the amorphous alloy was crystallized at 450°C, then, while cooling, a martensite
phase B19 was forming. According to TEM, the microstructure of the alloy after
annealing is rather non-uniform and together with small grains it contains large
grains with a size of almost about 1 micron (Fig. 8,c). At the same time after HPT
crystallization occurs below 390°C and it appears possible to produce a uniform
nanocrystalline structure with a grain size of under 50 nm (Fig. 7,d). It is rather

18
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Fig. 8. X-ray diffraction patterns of the Tiso(Ni,Cu)sg alloy: a — initial rapidly-quenched
alloy (/7), after annealing at 300°C for 5 min (2), after annealing at 450°C for 5 min (3)
with the phase B19; b — alloy after HPT ([/), after HPT and annealing at 300°C for 5 min
(2), after HPT and annealing at 400°C for 5 min, with the phase B2 (3)

interesting that the structure after cooling is an austenitic B2-phase; in other
words, imposing severe plastic deformation on the amorphous alloy has effected
the alloy crystallization during the heating process and changed its phase compo-
sition after the annealing and further cooling to the room temperature.

In the coarse-grained alloy TisgNiysCuys, the temperature of martensite trans-
formation upon cooling equals ~ 80°C, that is why there is a martensite phase in
the alloy at room temperature. In this connection, the existence of only austenitic
phase after HPT and nanocrystallization can be related to the martensite trans-
formation retard in the alloy with a nanocrystalline grain size. This fact was
previously reported in the literature for ultrafine-grained Ti—Ni alloys [59].
Speaking about the alloy TisgNipsCuys, the critical point is the grain size of
about 100 nm. Martensite transformation does not take place at room tem-
perature below this size.

The amorphous state in the Tiqg 4Nisg ¢ alloy can be obtained directly as a re-
sult of HPT processing (P = 6 GPa, n = 5 revolutions) [57,58]. Then the homoge-
neous nanocrystalline structure was produced by annealing of the HPT material
(Fig. 9). For instance, after annealing at 400°C for 0.5 h the mean grain size is
about 20 nm (Fig. 9,a,b), and after annealing at 500°C it is about 40 nm (Fig.
9,c,d). 1t is worth to mention that according to HREM observations after such an-
nealing there are no regions of amorphous phase and grain boundaries are well
defined, although there are still small distortions of the crystal lattice near some of
the boundaries.

19
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Fig. 9. TEM micrographs of Tiq94Nisg ¢ alloy after HPT and annealing at 400°C (a, b)
and at 500°C (c, d) for 0.5 h: a, ¢ — bright field images; b, d — dark field images

Tensile mechanical tests showed that the amorphous nitinol produced by HPT had
much higher strength in comparison with the initial microcrystalline state [57], but it
was essentially brittle. Nanocrystallization results in the record value of strength for
this material equal to 2650 MPa with an elongation to failure of about 5%.

Thus, SPD consolidation of powders and SPD-induced nanocrystallization can be
considered as new SPD processing routes for fabrication of bulk nanocrystalline ma-
terials. One of the advantages of this technique is the possibility of producing fully
dense samples with a uniform ultrafine-grained structure having a grain size less than
40-50 nm. Studies of the properties of these materials are of great interest for ongo-
ing research because deformation mechanisms and, as mentioned above, phase trans-
formations can basically change in materials with a small grain size [7,60].

6. Conclusions

Several new trends in SPD processing for fabrication of bulk nanostructured
materials have been presented in this article, based on recent results of our works
on the development of commercial technology of nanostructured Ti materials pro-
duction for medical and some other applications. We demonstrate how new tasks,
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connected with economically feasible production of UFG metals and alloys, can
be solved by decreasing the material waste, obtaining homogeneous structure and
advanced properties in bulk billets and products.

From the fundamental point of view, investigations focused on fabrication of
bulk nanocrystalline materials using SPD techniques are of continuous interest.
This paper also presented the two new approaches — SPD consolidation of pow-
ders and SPD-induced crystallization — both rising hopes for a successful resolu-
tion of this important manufacturing problem.

The present paper was supported in part by the NIS-IPP Program of DOE
(USA) and the Russian Foundation for Basic Research. Cooperation with co-
authors mentioned in references is gratefully acknowledged as well.

1. R.Z Valiev, RK. Islamgaliev, 1.V. Alexandrov, Prog. Mater. Sci. 45, 103 (2000).

2. R.Z Valiev, Y. Estrin, Z. Horita, T.G. Langdon, M.J. Zehetbauer, Y.T. Zhu, JOM 58,
Ne 4,33 (20006).

3. Ultrafine Grained Materials 11, Y.T. Zhu, T.G. Langdon, R.S. Mishra, S.L. Semiatin,
M.J. Saran, T.C. Lowe (Eds), TMS (The Minerals, Metals and Materials Society),
Warrendale, PA, USA (2002).

4. T.C. Lowe, R.Z. Valiev, JOM 56, Ne 10, 64 (2004).

5. Ultrafine Grained Materials III, The Minerals, Metals and Materials Society, Y.T. Zhu
et al. (Eds.), Warrendale, PA, USA (2004).

6. Special Issue on Nanomaterials by Severe Plastic Deformation (SPD), M. Zehetbauer
(Ed.), Adv. Eng. Mater. 5 (2003).

7. R.Z. Valiev, Nature Mater. 3, 511 (2004).

8. R.Z Valiev, 1.V. Alexandrov, Y.T. Zhu, T.C. Lowe, J. Mater. Res. 17, 5 (2002).

9. R. Valiev, Nature 419, 887 (2002).

10. Y. Wang, M. Chen, F. Zhou, E. Ma, Nature 419, 912 (2002).

11. Y.M. Wang, E. Ma, Acta Mater. 52, 1699 (2004).

12. X. Zhang et al., Acta Mater. 50, 4823 (2002).

13. H. Mughrabi, HW. Hoppel, M. Kautz, R.Z. Valiev, Z. Metallkunde 94, 1079 (2003).

14. Y.S. Park, K.H. Chung, N.J. Kim, E.J. Lavernia, Mater. Sci. Eng. A374, 211 (2004).

15. C.C. Koch, Scripta Mater. 49, 657 (2003).

16. R.Z. Valiev, A.V. Sergueeva, A.K. Mukherjee, Scripta Mater. 49, 669 (2003).

17. R.Z. Valiev et al., Acta Metall. Mater. 42, 2467 (1994).

18. T.G. Nieh, J. Wadsworth, O.D. Sherby, Superplasticity in Metals and Ceramics,
Cambridge Univ. Press, Cambridge (1997).

19. H. Van Swygenhoven, Science 296, 66 (2002).

20. V. Yamakov, D. Wolf, S.R. Phillpot, A.K. Mukherjee, H. Gleiter, Nature Mater. 1, 1
(2002).

21. J. Schiotz, K. W. Jacobsen, Science 301, 1357 (2003).

22. Z. Budrovic, H. Van Swygenhoven, P.M. Derlet, P. Van Petegem, B. Schmitt, Science
304, 273 (2004).

23. H. Van Swygenhoven, P.M. Derlet, A.G. Froseth, Nature Mater. 3, 399 (2004).

21



du3znka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

24.
25.
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.

43.
44.
45.
46.

47.
48.
49.
50.
51.

52.
53.

54.
55.

56.
57.

58.
59.
60.

22

M.G. Zelin et al., Acta Metall. Mater. 42, 119 (1994).

H. Hahn, K.A. Padmanaban, Phil. Mag. B76, 559 (1997).

M. Chen et al., Science 300, 1275 (2003).

X.Z. Liao et al., Appl. Phys. Lett. 83, 5062 (2003).

Yu.R. Kolobov et al., Scripta Mater. 44, 873 (2001).

R. Wiirschum, S. Herth, U. Brossmann, Adv. Eng. Mater. §, 365 (2003).

S.X. McFadden, R.S. Mishra, R.Z. Valiev, A.P. Zhilyaev, A.K. Mukherjee, Nature 398,
684 (1999).

H.W. Hoppel, ZM. Zhou, H. Mughrabi, R.Z. Valiev, Phil. Mag. A82, 1781 (2002).

A. Vinogradov, S. Hashimoto, Adv. Eng. Mater. 5, 351 (2003).

R.Z. Valiev, N.A. Krasilnikov, N.K. Tsenev, Mater Sci. Eng. A137, 35 (1991).

R.Z. Valiev, A.V. Korznikov, R.R. Mulyukov, Mater Sci. Eng. A186, 141 (1993).

G.J. Raab, R.Z. Valiev, T.C. Lowe, Y.T. Zhu, Mat. Sci. Eng. A382, 30 (2004).

V.V. Latysh, I.P. Semenova et al., Proc. of NanoSPD3 conference, Uetikon-Zuerich,
eds. Z. Horita (2005), p. 763.

V.M. Segal, Mater. Sci. Eng. A197, 157 (1995).

J. Huang, Y.T. Zhu, H. Jiang, T.C. Lowe, Acta Mater. 49, 1497 (2001).

Y.T. Zhu, H. Jiang, J. Huang, T.C. Lowe, Metall. Mater. Trans. A32, 1559 (2001).

Y. Saito, H. Utsunomiya, H. Suzuki, T. Sakai, Scripta Mater. 42, 1139 (2000).

J.C. Lee, HK. Seok, J.Y. Suh, Acta Mater. 50, 4005 (2002).

Y. Beygelzimer, D. Orlov, V. Varyukhin, Ultrafine Grained Materilas II, Y.T. Zhu,
T.G. Langdon, R.S. Mishra, S.L. Semiatin, M.J. Saran, T.C. Lowe (Eds), TMS (The
Minerals, Metals & Materials Society) (2002), p. 297.

Y. Saito, H. Utsunomiya, N. Tsuji, T. Sakai, Acta Mater. 47, 579 (1999).

M. Furukawa, Z. Horita, M. Nemoto, T.G. Langdon, J. Mater. Sci. 36, 2835 (2001).
V.V. Stolyarov, Y.T. Zhu, T.C. Lowe, R.Z. Valiev, Mater. Sci. Eng. A303, 82 (2001).
Yu.T. Zhu, T.C. Lowe, R.Z. Valiev, V.V. Stolyarov, V.V. Latysh, G.I. Raab, U.S. Patent
6,399, 215 (2002).

T.C. Lowe, Y.T. Zhu, Adv. Eng. Mater. 5, 373 (2003).

Y. Wang, E. Ma, R.Z. Valiev, Y.T. Zhu, Adv. Mater. 16, 328 (2004).

M. Gell, JOM 46, 30 (1994).

C. Xu, M. Furukawa, Z. Horita, T.G. Langdon, Acta Mater. 51, 6139 (2003).

D.M. Brunette, P. Tengvall, M. Texto, P. Thomen, Titanium in Medicine, Springer,
Berlin and Heidelberg (2001).

R.Z. Valiev, R.S. Mishra, J. Grosa, A.K. Mukherjee, Scripta Mater. 34, 1443 (1996).
R.Z. Valiev, Proc. of NanoSPD3; conference, Uetikon-Zuerich, eds. Z. Horita, 3
(2005).

R.Z. Valiev, Adv. Eng. Mat. 5, 296 (2003).

G. Wilde, N. Boucharat, G.P. Dinda, H. Rosner, R.Z. Valiev, in: Proc. of NanoSPDj3
conference, Uetikon-Zuerich, eds. Z. Horita (2005), p. 425.

R.Z. Valiev, D.V. Gunderov et al., Doklady RAN 398, 1 (2004).

A.V. Sergueeva, C. Song, R.Z. Valiev, A.K. Mukherjee, Mat. Sci. Eng. A339, 159
(2003).

J.Y. Huang, Y.T. Zhu, X.Z. Liao, R.Z. Valiev, Phil. Mag. Lett. 84, 183 (2004).

T. Waitz, V. Kazykhanov, H.P. Karnthaler, Acta Mater. 52, 385 (2004).

Y.T. Zhu, T.G. Langdon, JOM 56, Ne 10, 58 (2004).



Pdu3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

PACS: 61.72.Bb

C.B. ,£|,06aT|<V|H1'2, A. Canmu.l,eB3, AA. KysHeu,oaz, A.B. PeI.IJeTOB4,
A.C. CbIHKOB4, T.H. KOHbK0883

CPABHUTENbHbLIN AHANIN3 CTPYKTYPbI 1 CBONCTB
BECKVCITOPOOHOW MEAM MOCNE PA3NNYHbIX CITIOCOEB0B
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yn. P. JllokcemBypr, 72, r. [oHeuk, 83114, YkpaunHa

Cmpyxmypa u ceoticmea deckuciopoonou meou (99.98%) oviiu usyuenvl nocie paziuy-
HbIX CNOCOD08 UHMEHCUBHOU naacmuyeckol degopmayuu (UI1N]): pasnokananvroeo ye-
108020 npeccosanus (PKYII), mynemuocesoit oepopmayuu (M/]), sunmosoco npeccosa-
Hus (BIl) u akkymyaupyemoti npoxamxu ¢ coeounenuem (AIIC) 6 3asucumocmu om cme-
nenu Odegopmayuu nPu KOMHAMHOU memnepamype 6njioms 00 UCHMUHHOU Oedhopmayuu
30-50. UIl][ popmupyem cyOMUKPOKPUCTAIIUYECKYIO CIPYKIYDPY C PA3MEPOM 3€PHA
200250 nm u npeumywecmeeHHo Gvicoxkoyenoevimu (75-94%) epanuyamu. Ilocne
PKVII cmpykmypa naubonee 00nopoora. llpounocmuvie Xapakxmepucmuxu 603pacma-
10M ¢ yenudeHuemM cmenenu oeghopmayuu u 00CMusaiom nPAKMu4ecKu yCmaHnosueuielics
cmaouu npu £ = 5. Ha smoti cmaouu onn AIIC, M/] u BIl 0g = 460—480 MPa, a oaa
PKVII gz = 430440 MPa. Haumenvuwee snavenue niacmuunocmu 0= 4-5% coomeem-
cmeyem AIIC, a makcumanvroe 0= 18% — M u PKVII.

1. BBenenue

B mocnennue roapl 060ibI110i1 MHTEpEC BBI3BIBAET HCIIOJIB30BAHHME CIIOCOOOB
NIIJI nst mosty4eHus: METAIUIOB U CIUIABOB € YJIBTPAMENIKUM 3€PHOM, B ACCATKH U
COTHHU Pa3 MEHBIIUM, YEM B TPAIUIIMOHHBIX MaTepuanax [1,2]. OCHOBHbIMU CITIO-
cobamu U/ sersrores PKVYIT [3], ML [4], BII [5] u AIIC [6]. B Hactosmiee
BpEeMsI UMEETCsI IOCTATOYHO OOJIBIIOE KOJMYECTBO JAHHBIX MO CTPYKTYPE U CBOM-
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CTBaM Pa3JIMYHBIX MAaTEPUAIIOB, MOJYYCHHBIX YKa3aHHBIMU CIIOCOOAMH B pa3iIny-
HBIX ycloBHsX Aedopmanuu. bouio Obl MHTEpEeCHO CpaBHUTH APPEKTHBHOCTD
ATHX CXEM /ISl M3MEJIbUCHHS 3€pHA M TOBBIIICHUS KOMIUIEKCA MEXaHHYECKHX
CBOWCTB Ha OJIHOM MaTepuayie B OJIM3KUX YCIOBUAX Je(opmarium.

Llenbto paboOTHI SIBISICTCSI CPAaBHUTEIBHOE M3yYCHHE CTPYKTYPHI M MEXaHHUE-
CKHX CBOMCTB OeckuciopogHoit meaqu MOg mociie pa3nuusbix croco6oB MITJT
(PKVII, M, BIT u AIIC) B 3aBHCUMOCTH OT CTENEHHU XOJOIHOU aedopManuu
(Bru10Th 110 HCTHHHBIX Aedopmanmii 30—50).

2. MaTepuaJj 1 MeTOAMKA UCIILITAHUI U MCCJIeI0BAHMI

Hns uccnenoBanuid Obuta BbeIOpaHa OeckucioponHas Meab Mapku MOg
(99.98%) T'OCT 859-78, nonydyennass Ha OAO «KonbpuyrusermMer» crnocooom
NOJIYHETPEPHIBHOTO JIUThSI MpPU TEperiaBKe KaToAOB B 3alIUTHOM aTmocdepe.
N3roroBieHHbIE CIUTKH MOABEPraJid ropsYeMy MPECCOBAHUIO U MOCIEAYIOUIEMY
BOJIOUCHHIO C IIeTbI0 MonydeHus npyTkoB auamerpoMm 20 u 40 mm (I'OCT
10988—75) niu ropsiueld ¥ MOCIAEAYIOMIEH XOJIO0IHON TPOKATKE JIJIsl MPOU3BOJICTBA
nentsl TonmmaoN | mm (I'OCT 15471-77). Menp Obuia BeIOpaHa B KauecTBE Ma-
Tepuaia, CriocooHoro aeOopMUPOBATHCS MPH KOMHATHOW TeMrmeparype 10 00ib-
mux creneHeil negopmanmu. I[lpensaputensHolt TepmooOpabdotke mepen MII/
noaBepraiau Toiabko obpasibl s AIIC, koTopeie oTkuranu B TedeHue 30 min
npu temmneparype 420°C. OcranbHble 00pa3ibl 1e(OPMHUPOBATIH B COCTOSHUU TI0-
CTaBKH C 3aBOJIA.

PKVYII npoBoanian Ha BEpTUKAIBLHOM T'HAPABIMYECKOM IMpecce ¢ ycunueM 250 t
Ha YCTaHOBKE C JIByMSl KaHallaMd OJUHAKOBOTO IMOMEPEYHOIr0 CeueHus, repece-
Katoumucs nox yriom 90°. IlpeccoBanue OCYWIECTBISUIM TNPH TeMIIEpaType
20°C na o6pasnax guamerpoMm 20 mm u mmmHON 80 mm. CKOpPOCTh JBMIKEHUS
yrkepa npu PKVYII cocraBmsana 1.0 mm/s. B kauecTBe cMa3ku MCHOIB30BAIN
cmeck BATIP n Menkouenryiiuatoro rpadura B COOTHOIICHUH 4:1. DKcriepuMeHT
POBOIWIN 0€3 MPOTHBOABIICHUS.

OnHum u3 ocHOBHBIX nTapaMeTpoB PKVII sBisiercs mapmipyt, onpeaensronui
IUIOCKOCTh CIBUTA TPU MHOTOKPAaTHOW ae(opManuu U COOTBETCTBEHHO M3Me-
HSIOIIMA 3aKOHOMEPHOCTH TPOIIECCOB CTPYKTypooOpazoBaHus [7]. Pazmmuaror,
Kak npasuiio, Tpu Mapupyta npu PKVYII: 4 — 6e3 moBopora o06pasia BOKpYT CBO-
eil ocu mpu MOBTOPHOM AedopMaru, B, — ¢ MOcIeA0BaTeIbHBIM IIOBOPOTOM 00-
pasua Ha 90° Bokpyr cBoeil ocu (MapupyT B, mpearnonaraer moBopot Ha +90°) u
C — ¢ moBopoToM 0o0Opa3iia Ha 180° BOKpyr cBOel OCH MPU MHOTOKPATHOM Aedop-
Manuu. MakcumanabHOE KOJUYECTBO MPOX0J0B no Mapuipyram A, B, u C B Ha-
CTOSIIIIEM MCCIIEIOBAHUM COCTaBWIO N = 25, 4TO COOTBETCTBYET UCTHHHOM Je-
dopmaruu € ~ 29 [3]. [anpHelmee mpeccoBaHHe OBLIO HEBO3MOXKHO BBHUIY
CWJIBHOH JIe(PeKTHOCTH 00PA3I0B U UX YACTHYHOTO pa3pyIICHUsI.

M/I npoBouau npyu KOMHATHOW Temrieparype Ha npecce [1A-2638 ycunnem
6.3 MN nocienoBaTeIbHBIMU ONIEPALUSMHU «OCAAKA—TIPOTSKKA» €O CMEHOW ocu
MpUIaraeMoro 1eopMUpPYIOIMIEro yCUiIns. 3a OAUH UK OCYIIeCTBIsu 18 00-
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xkatui mo 20—50%. CkopoCTh IBMKEHUS MPECCOBOIO MHCTPYMEHTA B IPOIECCE
ocanku cocranisuia 0.4 mm/s. Ilo 3aBepriennn nukia popma odpasia CTpeMUIach
K ucxonnou — @ 40, ymmaa 70 mm. Mccnenoanus npoBoawiu nocie 2, 4, 6, 10 u
20 MMKIIOB, YTO COOTBETCTBOBAIO MAKCUMAIbHON UCTUHHOM nedopmaryu € = 50.

BII ocymecTBisiniu mpu KOMHAaTHOM TeMmIiepaType Ha oOpasmax pazMepom
~ 18 x 28 x 80 mm ¢ yriioMm HakJIOHa BUHTOBOH JIMHUHM K OCH IPECCOBaHUs 3 =
=52-53°. IlpoBenu 9, 13 u 15 mpoxoa0B, 4TO COOTBETCTBOBAJIIO MAaKCHUMAaJIbHOM
UCTUHHOMN Aedopmanun € = 14. JlanpHelinee mpeccoBanne ObUT0 HEBO3MOXKHO U3-
3a YaCTUYHOTO pa3pyuieHus: o0pa3noB. CKOpOCTh JABMKEHHUS ITyaHCOHA COCTaBIISI-
7a 2.5 mm/s. DKCIEpUMEHT NMPOBOAMIN 0€3 IPOTUBOAABICHHUS.

ATIC ocylmecTBIsUIM Ha IBYXBAJKOBOM MPOKATHOM CTaHE C IMAMETPOM Ball-
KOB 165 mm mpu KOMHATHO# TeMIiepaType Ha 1oJjiocax UcxoaHoro pazmepa 1.0 x
x 45 x 300 mm. CxopocTh IPOKaTKU cocTaBisuia 6 m/min. [Tomockr ckiampBamn
B/IBO€ U MPOKATBIBAJIHM C oOxatueMm ~ 50%. 3aTtemM pas3pesanu MoJocy IMOTMOIaM,
o0pe3any KpOMKH, CHOBA CKJIaJIbIBAIM BJIBOE U OISTH MPOKATHIBATIHN C 00XKaTHEM
~ 50%. OcymectBuiu 2, 5, 8 u 10 mpoxogoB, YTO COOTBETCTBOBAIO MCTUHHOM
nedopmaruu € = 8.0. [lanpHelmas mpokaTka Obuta HelelecooOpasHa, Tak Kak
reoMeTpUUECKUe pa3Mepbl 00pa3lioB YMEHBIIMINCH U3-3a 00PE3KU KPOMOK.

[TpoBectn aedopmanuio npu paznudHbix cxemax MWIIJ] B maeHTHUYHBIX ycio-
BUSX (CKOPOCTH edopMaiui, 1eGpOopMUPYIOIIEe YCUIUE, pa30TPEB) MPAKTHUECKU
HEBO3MOKHO, OJIHAKO 3KCIIEPUMEHTHI ObUIM CILNIAHUPOBAHBI Tak, 4yToObl obecre-
YUTh HanboJee OIM3K0e COOTBETCTBHE.

Mexanndeckre UCTbITaHus1 00pas3roB Ha pacTsokenue nociie I mpoBoaumm mpu
KOMHATHOH TeMIeparype Ha UcnbITaTenbHol MatmHe «HeTpoH 1196» co ckopocThio
HarpyxkeHust 1 mm/min. OOpa3iibl 1151 MEXaHUIECKUX MCIBITAHUN OBUTH JIBYX BHJIOB:
KpyIJIbIe C IMaMeTpoM padboueid yactu 3 mm u pmHoi 16 mm s cxem PKYIL M/l
BIT u tutockue oOpasiipl ¢ pazmepom padboueit yact 1 X 4 x 20 mm st cxemsr ATIC.

Mertamnorpadguyeckyio CTPYKTypy HCCIEAOBAIM HAa CBETOBOM MHKPOCKOIIE
Olympus PME 3, a snexkrponnyto — Ha mukpockorie JEM-100CX. Pasmep cTpyk-
TYpHBIX 371eMeHTOB onpeznensanu no 100-200 3amepaM Ha CBETJIONOJBHBIX H30-
OpaKeHHUSIX, TOJTYYCHHBIX Ha ABYX (hOsIbrax.

Pacnpenenenue pa3opueHTUPOBOK TPAHULl CTPYKTYPHBIX 3JIEMEHTOB OBLIO yC-
TAHOBJIEHO METOJIOM O00paTHO OTpakeHHBIX 3JeKkTpoHOB (EBSD-meron) ¢ wuc-
NOJIb30BAHMEM CKaHUPYIOIEro annekTponHoro mukpockomna Philips XL-30 FEG u
OPHUEHTAIIMOHHON cucTeMbI n300paxkennii TSL.

MUKpOTBEPOCTh ONpPENEIsUTN Ha ucbITareabHoM npudbope M-400-H «Leco»
¢ Harpy3koit 50 g.

3. Pe3yabTaThl U 00CyXKIeHUE

N3yuenne Mmexanuueckux cBoMcTB mequ MOg mocne PKVII mokasano, uto
IPOYHOCTHBIE XapAaKTEPUCTUKH, TAKUE KaK BPEMEHHOE CONPOTHUBJIEHHE Pa3pyLLICHUIO
U TIpeJieNl TeKy4ecTH, Bo3pacTtatoT B 1.5-1.7 pa3a (puc. 1). [Tocne 5-ro mukina nedop-
Mali1 OHU JOCTUTal0T MPAKTUUYECKH ITOCTOSHHBIX 3HAYEHUH U IPU JalbHENIen
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Puc. 1. 3aBUCMMOCTH MeXaHWYECKUX
CBOWCTB Op 7 (a), & (6), U (8) Geckucio-
ponuoit Meau nocine PKYII nmo mapmipy-
TaM A (—*—), B, (-m—) u C (—A-) or
crenenu aedopmarmu (drcnia mpoxoaos V)

nedopManuu MeHsiroTces Mano (puc. 1,a). 3ameTHo paznuuue (HeOOoIbIIoe) MmpoU-
HOCTHBIX CBOMCTB B 3aBUCHMOCTH OT MapuipyTa mnpeccoBanus. [IpouHocTb
yMeHbIIaeTca B psaay mapuipytoB B.—C—A [8]. MakcumanbHble 3HAYEHUS BCEX
MPOYHOCTHBIX XapaKTEPUCTUK COOTBETCTBYIOT Aedopmanuu 1o mapupyry B..
Hampumep, npeaen TekydecTd o0pas3iioB Meau, 00padoTaHHBIX IO MapHIpyTy B.,
coctasui 405 MPa, a nedopmupoBanHbIx 10 Mappyty 4 — 385 MPa.

[Tnactuyeckue XapakTepUCTUKH, TaKUe KaK YAJWHEHUE U CYXKEHHE, YMEHb-
maroTest Ha HadainbHoU craguu PKYII npu N = 1 o cpaBHEHHIO C UCXOAHBIM CO-
CTOSTHHUEM, HO 3aTeM CTaOMIIM3UPYIOTCS WM BO3pacTaroT, ocoOeHHo mocie N = 15
(puc. 1,0,6). Haubounpuiee yBenuyeHue miacTUYHOCTH HaOmoanu npu aedopma-
UK 110 MapuIpyTy B.: mocie N =25 0= 18% u P = 81% (B UCXOIHOM COCTOSI-
Hun O = 21% u P = 70%). AHAJIOrUIHOE MOBBIIICHHE UTACTHYHOCTH OBUTO OOHAa-
pyxeHo B [9,10] 1 00BACHIOCH 3epHOTPAaHUYHBIM CKOJIBLXeHueM [11].

IIpu cpaBHeHnuu paznuunbix cxeM UIIJ] BUAHO, YTO MPOYHOCTHBIE XapaKTEPH-
CTHKHU MEIH OTINYAr0TCa HecymecTBeHHO (puc. 2). AIIC umeer Hanboublme 3Ha-
YyeHus 1e(OpMaIOHHOTO YIMPOYHEHUS! U MPOYHOCTHBIX XapaKTEpUCTHUK, HO Hau-
MEHBIIIHME 3HAYCHUS TIACTUIHOCTH (O = 5%). Haubosnee GiaronpusiTHoe coueTaHue
MPOYHOCTH U TJIACTUYHOCTH B Meiu Obu10 moiydero nocie M/ (og = 460 MPa,
0 [018%). PKVII no3BossieT J0CTHYb 0100HOH KOMOMHAIIMKA CBOMCTB, HO ITOCIIE
6onboi crenenu aegopmanuu (€ ~ 30) U TONBKO MO MapuipyTy B, Koraa 3Ha-
yeHus yJuyiuHeHus noseimatorces. [Ipu MJ] Takoe couetanue CBOMCTB yCTaHABIU-
BAETCs MOCJE IBYX MPOXOJOB (€ ~ 5).

[TogoOHass koMOMHAIMS MEXaHUYECKHUX CBONCTB OMpPEAENACTCS CTPYKTYPOH,
dbopmupyroieiics B xoae pa3inudHbix ciocooos NI/,
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Puc. 2. 3aBHCHMOCTH MEXaHUYECKUX CBOUCTB OB (a), O (6) OECKUCIOPOIHON MEIU TIOCTEe
pasnmuusbix ciocoboB UIIJ ot crenenu nuctunHoi aepopmanun: —o— — AIIC, —-0— — M/],
—A- — BII, —m— — PKVYII (mapupyT B.)

Mertamnorpaduueckuii anamm3 mean nocie PKYII mokasan, yto Ha Havaib-
HBIX CTAJMAX UCXOIHbIC 3epHA OPUEHTHPYIOTCS MO YIJIOM K OCH 00pasia, HO MpH
9TOM CYOCTPYKTypa MCXOJHBIX 3€pEeH He BbITpaBiuBaercs. [Ipu Gonbiiux cremne-
HiX nedopmanmu (Hanpumep, N = 25) He BBITPaBIUBAIOTCS HU UCXOJHBIC TPAHU-
16l 3€PEH, HU I'PaHMIIbI BHOBb O0Pa30BaHHbBIX CTPYKTYPHBIX 3JIEMEHTOB.

DneKkTpoHHO-MHUKpOocKonueckuii (OM) ananu3 BbIABHI (HOPMHUPOBAHHE B OC-
HOBHOM OpPHEHTUPOBAHHOW SIUEHUCTOM W CYO3EpEHHOH CTPYKTYp C TOBBIIICHHOMN
IUIOTHOCTBIO aucnokaiuid mocine N = 1 (puc. 3,a). [losiBneHne oTAeNbHBIX paBHOOC-
HBIX CYOMUKPOHHBIX 3epeH pazmepoMm 100—200 nm ¢ BBICOKOYTJIOBBIMU TPAHUIIAMH
Ha0Jro1amm nociie Tperkero nukia aepopmarmu N = 3 (puc. 3,6). Ho riaBabM 00-
pa3oM CTPYKTypa MpeICTaBIIsuIa COOOH YaCTUYHO SYEUCTYIO, YACTHYHO MOJIUTOHHU30-
BaHHYIO OPUEHTHPOBAHHYIO CTPYKTYPY C MaJlOYIJIOBBIMU TpaHuuamu. Cuuraercs,
YTO B MaTepHallaX C BBICOKOW 3HEpruen 1e(eKToB ynakoBKU (POPMHUPOBAHUE HAHO- U
CYOMHUKpOKpHCTaIMYecKkor cTpykryp ripu WITJL uner uepes ssuencTyro CTpykTypy, a
B MaTepuasiaXx ¢ HU3KOW 3HEpruei — depe3 BCEBO3MOXKHBIE MOJIOCHI JiepopMaluy 1
casura [2]. Iloatomy B Meau nipu UITJI, B wactHoctu PKVII, ¢ otHOCUTENBHO He-
OonpmuMu 1eopMaItusIMU Ha SJIEKTPOHHOM MHKPOCKOIIE HAOJI0aeTCsl IpeuMyIiie-
CTBEHHO OPMEHTHPOBAHHAsI CTPYKTypa. 3a CUeT MpojoJDKaroIeics aedopmayu u
TEHEPUPOBAHUS JTUCIOKAIMH 00pa3yroTcsi NEPEMBIYKM B OPUEHTHPOBAHHOH CYyO-
CTPYKTYpE, CTPYKTYpPHBIE JIEMEHTBI CKPYIJISIFOTCS, X Pa30pPUEHTUPOBKA PACTET, U B
KOHEYHOM UTOTe MOSBIISIOTCSA HOBBIE 36pHA C BBICOKOYIJIOBBIMU IPaHHULIAMHU.

C yBenuueHueM crerieHu aedopmanuu 10 N = 5 10151 paBHOOCHBIX CyO3epeH U 3e-
peH yBerauuuBaeTcs, 0codeHHo 1o Mapupyty B.. IIpu N = 10 no mapupyry B, mpax-
THUYECKH BECh 00hEM 3aHUMAIOT PABHOOCHBIE CTPYKTYPHBIE AIEMEHTHI (pHUC. 3,8), XOTS
npu PKVYII ¢ Tem xe ynciom npoxooB no mapipyram 4 u C HabIroan OpHeHTH-
poBaHHBIE Y4acTKH CTPYKTYpHI [8]. To ecTh Hanboee paBHOOCHasI CTPYKTypa hOpMH-
pyercs ObicTpee Beero 1o Mapiipyty B.. [1pu nponomkenrn nedopmarmu 1o N=15u
N =25 xapakTep CTPYKTYpbl Ha pa3HbIX MapLIPyTaX HE U3MEHSETCA: paBHOOCHAS — Ha
Mapmipyte B, (puc. 3,2), HECKOJIBKO OpUEHTHpOBaHHas — Ha Mapipyrax 4 u C. Map-
mpyT A COOTBETCTBYET OOJIBIIEH OPUEHTUPOBAHHOCTH CTPYKTYphL. [lo Mapmipyty B,
npu N = 15 u N = 25 MOXXHO OTMETUTh HAIMYME HEOOJBIIOrO KOJINYECTBA OTHOCH-
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TENLHO KPYIMHBIX 3epeH pazmepom 1.0—1.5 pm. O Hanmm4muu 3epeHHOM CTPYKTYPHI CYy-
JIAJY TI0 KOJIBLIEBOU 3JIEKTPOHOTPaMMe C MHO>KECTBOM TOUEUHBIX PE(IICKCOB, a TAKKE
0 IBOWHOMY KOHTPACTy Ha TPAHUIIAX CTPYKTYPHBIX JIEMEHTOB. MOYKHO YTBEpX/IaTh,
yt0 nipu N = 3—5 KOIMM4eCTBO 3epeH B cTpykType meau nocie PKYII no mapupyry B,
oombire, yeMm o mapiipytam A u C. [Tpu gedopmarmu B uatepsane N = 10-25 snek-
TPOHHO-MUKPOCKOITMYECKHM METOJIOM ONPENETUTh JIOI0 3€PEHHOM CTPYKTYpbI, 00pa-
sytomieiics mpu PKYII o pazubiM MapuipyTam, MpakTUYECKH HEBO3MOKHO.

Cpennuii pazMep CTPYKTYPHBIX 3JIEMEHTOB, ONPEIENIEHHBIX AJIEKTPOHHO-
MUKpOcKonuuecku, pu N = 15-25 cocraBun 180-225 nm asns Bcex MapuipyToB
(Tabm. 1). M0OXHO OTMETUTB, YTO C yBeIW4YeHHEM AedopMariuu 10 25 mpoxoI0B
pasMep CTPYKTYPHBIX 3JIEMEHTOB NPAKTUYECKU HE MEHSIETCS, 0 YeM KOCBEHHO
CBUJICTENLCTBYET M YCTAHOBUBIIASCS CTalus 3HAUYEHUN Mpenena TEKy4ecTH U
MUKPOTBEPJOCTHU MPH ITUX JAePopMaIusix. 3aBUCUMOCTh Pa3MEPOB CTPYKTYPHBIX
anemeHToB oT Mapmipyra PKVYII dakrudecku Toxke OTCYTCTBYET, TaK KakK BEJH-
YUHBI ATUX Pa3MEPOB HAXOASTCS MPAKTUICCKHU B TIPEIENIaX OMUOKHU OMpeIeTICHHS.
Heckonbko MeHBIINI pa3Mep, TMOJYUYCHHBIH 10 MapimpyTe 4, MOXHO OOBSICHHUTH
TEM, YTO B OPUEHTUPOBAHHOU CTPYKTYpE U3MEPSUIM KpaTyailliee pacCTOssHUE Me-
YKy TPaHHUIIAMU U/WUJIH CyOTpaHHUIIaMH.

Puc. 3. Ctpykrypa Oeckucnopoanoit meau mocine PKYII npu komHaTHOH TeMmepaType
10 MapuIpyTy B, B 3aBUCUMOCTH OT cTerneHu nedopmaruu (umcia mpoxoaoB N) (OM-
aHamm3):a—-N=1,6—-3,6—-10,2—-25
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Taomuma 1
Pasmeps! (nm) cTpYKTYpHBIX 3JieMeHTOB nocjie PKYII
10 pa3janyHbIM MapuipyTam (AM-aHaau3)

KonnuectBo npoxonos N
Mapmipyt 15 75
A 195 180
B, 200 215
C 225 210

Kak Ob110 OTMEYEHO BhINIE, HauOoJiee PaBHOOCHAS CTPYKTypa (opMUpYETCS
npu PKVYII no mapuipyty B.. Heobxoaumo, npasaa, y4ecTs, 4To:

1) popma CTPYKTYpHBIX 3JIEMEHTOB 3aBUCUT OT TUIOCKOCTH BBIPE3KHU (HOJIBTH.
B nanHoit paboTe mnockocTh GPOIbIU COOTBETCTBOBAIA MPOU3BOIHHO OPUEHTHPO-
BaHHOM MJIOCKOCTHU BIOJb OCH 00pa3ia;

2) OpUEHTUPOBAHHOCTb CTPYKTYpPBI Takxke 3aBUCUT oT Mapupyra PKVII, no-
CKOJIbKY TIpU MHOTOKpPAaTHOHM JedopMaliui IMOCIEeI0BATEIbHOCTh YepeIOBaHUS
mIockocTel casura paznuyna [3,7]. Ilpu onpeneneHHOM 4HCie TPOXOI0B UCXO-
HBII CTPYKTYPHBIA 3JIEMEHT MOXXET Jlak€ BOCCTAaHABIMBAaTh CBOIO (hopmy. DTO,
MO-BHJIMMOMY, JIOJDKHO OTHOCHUTBCS K MCXOJHOMY 3€pHY, a HE K CyOCTpyKType
BHYTpHU Hero. Hanpumep, cornacuo [7] mpu PKVYII no mapuipyty C CTpyKTYypHBI
DJIEMEHT JOJKEH BOCCTAHABIMBATH CBOIO UCXOIHYIO (JOPMY BO BCEX TpeX ILIOC-
kocTsx (X, Y, Z) nmpu N = 10, a MbI HaOII0/1a7T1 OPUEHTUPOBAHHYIO CTPYKTYpy. Ho
B JIIOOOM CITy4ae pa3InyHbIe MIIOCKOCTU CIIBUTA U UX YEPEIOBAHKE JOKHBI BIU-
ATh Ha (HOpMy sSUEeK, CyO3epeH U CyOMHUKPOHHBIX 3€PEH, 00pa3yIOIMMXCsS BHYTPH
UCXOJHOTO e(OPMUPOBAHHOIO 3€PHA.

MexaHu3M coXpaHEeHHsI TPEUMYIIECTBEHHO PaBHOOCHOM CTPYKTYpHI MIPH yBe-
nudeHuun aepopmammu ¢ N = 10 1o N = 25 no mapuipyty B, 10 KOHIIa HE SICEH.
[To-BuauMoMy, CyIIECTBEHHBIA BKJIAT B AeQOpMAIHIO JaeT MEX3EpPEHHOE Ipo-
CKaJIb3bIBAaHUE BCJIEJICTBUE OUEHb OOJILIION MIIOMAIN CYyOMUKPO3EPHOIPAHUYHBIX
MMOBEPXHOCTEW. XOTs MOBBIICHHAS TJIOTHOCTh AUCIOKALMN B OTACJIBHBIX 3€pHAX
naxe mpu N = 25 CBUJIETETBCTBYET O HATMYMHU BHYTPHU3EPEHHOM nedopmaniuu.

[ToBbrmenne miactuaHocTy pu N > 15, ocobeHHo i mMapmpyTa B, mpe-
MOJIOKUTEITHFHO MOXKHO OOBSICHUTH YBEITMYCHHUEM MEK3EPEHHOTO MPOCKAaJIb3bIBa-
HUS U, BO3MOXKHO, BIMSIHUEM CTPYKTYpPBI TUIA «OMMOJAIBbHOMY, BBISIBICHHOMN IS
mapmipyTta B, npu TEM-ananuze [8], koTopas, Kak OBLJIO yYCTaHOBJIEHO paHee,
TaK>Ke MPUBOJUT K MOBBIIICHUIO MJIaCTUYHOCTH [12].

OM-aHanu3 BBISIBUI 110100KME U pa3inyKe MPOLECCOB CTPYKTYpooOpa3zoBaHus
nocie paznuyabix cxem UITJ (puc. 3, 4). IIpu M/] paszmep CTpyKTYpHBIX 3JIEMEH-
TOB YMEHbILIAETCS C YBEIMUEHUEM CTENEHH AePopMaliu U MpH € ~ 15 cTaHOBUT-
Csl MPAKTUYECKU HEU3MEHHBIM (puc. 5). XapakTep CTPYKTYpbl IPH 3TOM HU3MEHSI-
eTcsl OT MPEHMYIIECTBEHHO CYO3€pEHHON C BBICOKOM MIOTHOCTHIO CBOOOIHBIX
JUCIIOKALMK TIPU € ~ 5 10 IIPEUMYILECTBEHHO 3€PEHHOM C BBICOKOYIVIOBBIMU I'PAHU-
[IaMU ¥ HU3KOH TUIOTHOCTBIO CBOOOHBIX JTUCIOKAIMM MpH € > 25 (cM. puc. 4,a,0).
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Puc. 4. CtpykTypa OCCKHUCIOPOIHON Meau Mociie pa3nuvHbix crocobo WIT (OM-
ananuz): M1 (a—e=15,6 —50); ATIC (6 —¢=1.6,2—8)uBIl (0 —=84,¢ - 14)

280
260
Puc. 5. Pa3mepbl CTpYKTYypHBIX 3J€MEH-
g 240 TOB OCCKUCIIOPOIHON MEIH B 3aBUCHMO-
= CTH OT CTETNICHW HCTHHHOW JedopManuu
= 220 [P KOMHATHOW TeMIIepaType mocje pas-
mmaHbIX criocoboB UI: o — M/, A —
200 BIL, ¢ - PKVII, m — ATIC
180
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Puc. 6. Ctpykrypa OeckuciopoaHod Meau mocie pas3nuuHbix crocooos MITJ] (EBSD-
ananmm3): a — M]1, e = 50; 6 — AIIC, € = 8; 6 — BII, ¢ = 14; 2 — PKVII, ¢ =29

[Ipu AIIC pa3mep CTPYKTYPHBIX RJIEMEHTOB MPAKTUYECKU HE U3MEHSETCS B U3Y-
YEHHBIX YCIOBUSX mpu € ~ 1.6—8.0 (puc. 5). [Ipu 3TOM B CTpYKTYype HAOIIOAATN
JIOCTAaTOYHO BBICOKYIO TUIOTHOCTH AMCIIOKaMil (cM. puc. 4,6,2). [Tocie BII taxxe
HAOJI0/IaTH TOBBIMIEHHYIO TUIOTHOCTh JAMCIOKAINN M MPAKTUYSCKU HEM3MEHHBIH
pasmep 3epHa B uHTepBaie € ~ 8.4—14.0 (puc. 4,0,e u 5).

Ha puc. 5 nokaszana 3aBUCUMOCTb pa3Mepa CTPYKTYPHBIX 3JIEMEHTOB OT CTETIEHU
WUCTHHHOW nedopmaruu it pa3mndabix crocoooB UIT. BumHo, 4ro 3a uckimoue-
HHUEM OJTHOTO 3Ha4YeHus 411 M/ ¢ € ~ 4, Bce ocTaJlbHbIE BETMUMHBI Pa3MEPOB OJIM3KHU
U JIeKAT MPAKTUUECKH B Mpe/iesiax OUIMOKY dKcIiepuMenTa. B qanHoM ciydae pa3me-
pbI CTPYKTYpHBIX 311eMeHTOB it PKYII cooTBeTcTBYIOT Mapmipyry B..

JI7s1 OLIeHKM T0M BBICOKOYTJIOBBIX I'paHull B CTpyKType npoBoauiu EBSD-
aHanu3. BeIsiBIeH mogo0HBINA XapakTep CTPYKTYpHl A u3ydeHHbIX cxem MII/]
(puc. 6, 7). Cnenyetr OTMETHTh HAJHMYUE OCTATKOB MCXOAHBIX J€(POPMHPOBAHHBIX
3epeH ¢ CyO3epeHHOU CTPYKTYpOil BHYTPH, YTO CHUIKAET JIOIIO BBICOKOYTJIOBBIX
TpaHull B CTpyKType. Hanbosnbiiee KOMMYECTBO TaKUX YYaCTKOB HAOIOMANH TI0-
cie AIIC, manmenbiiee — nocne PKVYII (puc. 6,6,2). DT0 CBUIETENHCTBYET O TOM,
4yTO Hamboliee OAHOpOIHAs CTpyKTypa oOpasyercs mocie PKVII. Coxpanenue
Y4aCTKOB UCXOJIHBIX 3€pPEH IMOcie CTOJIb 3HAUUTENbHOMN AedopMaluy O3HAYaeT,
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Puc. 7. PactipenencHue yriioB pa3opueHTAMU CTPYKTYPHBIX 3JIEMEHTOB OCCKUCIIOPOJI-
HOW Meu nocie pas3nnuHbix crioco6os UITJ] (EBSD-ananu3): a — M1, € = 50; 6 — AIIC,
£=8;6—BIl, ¢=14;2—-PKVII, £¢=29

HO-BUIIMOMY, HEOTHOPOJHOCTH Aedopmarmu. ClemayeT yuecTb, 4TO 3HaYEHHUS CTerie-
Hel eopmaryu, Ipyu KOTOPBIX MBI CPABHUBAEM CTPYKTYpPbI, MAKCUMAJIbHBI IS JaH-
Horo criocoba UITJI, HO paznmuuaroTcs MeKIy coOOM, XOTS U COOTBETCTBYIOT YCTaHO-
BUBIIEICS CTaUM 3HAYEHUH MHUKPOTBEPAOCTH W MPOYHOCTHBIX CBOWMCTB. Kommuect-
BEHHAas OLIEHKA JIOJM BBICOKOYTJIOBBIX I'PaHUIl B CTpyKType npu EBSD-ananmze BbI-
sBIIIa MakcuManbHyto (94%) nomo nocne PKVYII no mapmipyry B., MUHUMAJIbHYIO
(75%) — mocne BII (Tabmn. 2, puc. 7,6,2).

Tab6muna 2

PazopueHTHPOBKA MEKIY CTPYKTYPHBIMHU 3JIEMEHTAMHU B M€ MOCJIe PA3JIMIHBIX
cnocodos UI1JI (EBSD anann3)

Cnoco0 I/ Jlons rpanm, %
MAaJIOYTIIOBBIX GOJIBIIEYTIOBBIX
M, € =40 17 83
AIIC, =8 14 86
PKVII, £ =29 6 94
BIL, =14 25 75

PeHTreHOCTpYKTYpHBIN aHaN3 HE TO3BOJIMI BBIIBUTH pa3Mephbl CTPYKTYPHBIX
AIIEMEHTOB T10 OILIEHKaM 00JIaCTell KOTePEHTHOTO pacCesHHs, TaK KaK 3TO BO3MOYKHO
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TOJIBKO, KOTJIa pa3Mepbl CTPYKTYPHBIX 3J€MEHTOB MeHble, yeM 100-150 nm. Ho
ObUTH OmpeseNieHbl MUKpoJepOopMaliy, XapaKTepH3YIOIUe IIOTHOCTh J1e(EKTOB,
0CO0EHHO JuciIoKanui. 3HaueHus MuKkpoaedopmartuii Makcumanbhbl Tiocie AIIC u
MUHUMAITBHBI TToce M (Tabmn. 3), 94To COOTBETCTBYET pe3yibTaram JM-aHamu3a:
MUHUMaJIbHAs TUIOTHOCTh CBOOOHBIX JMCIOKANUi Obuta oOHapyxeHa mocie M/,
MakcumaiipHas — nocae AIIC (cm. puc. 4). Bo3aMoxHO, 3TUM U ompenensercs Iuia-
CTHYHOCTH TIOCJIe M3y4eHHBIX crioco6oB UIIJl: MuHMMambHOE YJIMHEHHE — TOCTIe
AIIC, a makcumarnbsHOe — rocine M/ (cm. puc. 1,0).

Tabmuma 3
IMapameTpbl pelieTKH U TOHKOI0 KPUCTAJUINYECKOT0 CTPOEHUS Meau
nocJie pa3au4yHbIX cnocooor NI/

Crioco6 . [Mapametpsl pemieT- | Mukpoaehopmanust Tekctypa
151801 xu, A (£0.001) €, % (£0.02) 001 | 011 | 111
AIIC 8 3.614 0.21 + + -

20 3.614 0.11 + - -
MA 40 3.614 0.10 - — +
18 3.615 0.14 — — —
PRVIT 29 3.614 0.13 — — —
8 3.614 0.12 - - -
BII 14 3.614 0.11 - - -
e — Initial 140
2 N=2( ~5)
140- ———4 (e = 10) 120-
120 — —6(c ~15)
] T ———10 (8 =~ 20) g‘f 1004
%100_ —A——20 (e ~50) T
- 1 " 8071
Z 803 =
60 60
a0 T T —
0 30 100 150 200 250 300 350 0 50 100 150 200 250 300 350
T,°C T,°C
a o
1401 e — Initial 140 e — Initial
-9 ~8) - -2(c ~2)
120 -+ —13 (e ~12) 1204 ¢ —4— —-5( =4)
) 15~ 144 —+—-8E =7
&5 1001 £5100 10 (c ~8)
E 80-. E 801
601 608

40 T T T T T T T 40 T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
T,°C T,°C
8 2
Puc. 8. 3aBHCHMOCTE MEUKPOTBEPAOCTH OECKHUCIOPOIHOM MEIH TIOCTIE PA3TUIHBIX CIIOCO-

608 UII/I ¢ pa3nuuHbIME cTeneHsIMU 1eOpMaIMU OT TeMIIepaTypbl Harpesa: a — M/I; 6 —
PKVII (mapupyT B.); 6 — BII; 2 — AIIC
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Puc. 9. 3aBUCHUMOCTH MHKPOTBEPIAOCTH
OECKUCIIOPOIHON MEAW OT TeMIepaTypsl
HarpeBa Iocie pa3InyHbx crocobos I/
C MaKCHMaJbHOW CTENEeHBIO AeOopMaInu:
—A——-BIL, N=15 (€ = 14); —— - AIIC, N=
=10 (e = 8); =0— - M, N =20 (¢ = 50);
—m— — PKVYIL, N=25 (¢=29)

CrpykTypa, chopMUpOBaHHAS B XO/IE
WIIJl npy KOMHATHOM TeMIieparype, OIl-
pezensieT MOBEACHUE MEIU TpH IOcie-
nyromieM HarpeBe. Ha puc. 8 mokaszaHbl
3aBUCUMOCTH MHKPOTBEPJIOCTH MEIU OT
TeMIlepaTypbl HarpeBa sl pasMYHbIX
creneHel negopMalui Ipu PazIUIHbIX
cnocobax WIIJI. BumHo, yro Makcu-
MajbHas TepMUYEcKas YCTONYMBOCTh
COOTBETCTBYET MHMHHUMAIBHON CTENEeHU
nedopmarmn st kKaxxaoro metoaa UIT/,
OTO O03HayaeT, 4TO HECOBEPIICHHAA
CTPYKTypa, COOTBETCTBYIOIIAs MHUHU-
MaJIbHOW CTerneHu jedopMaly, coBep-
IICHCTBYETCS M CTAHOBUTCS 3€PEHHOHN B
XOJIe HarpeBa, B TO BpeMsl KaK B OCTaJIb-
HBIX CITy4asix UIMEET MECTO POCT 3€peH B
NPEUMYIIECTBEHHO 3ePEHHON CTPYKTYPE,
chopMHUPOBaHHOH B X0j1€ JIehOpMAIIHH.

Ecnu cpaBHUBATH CTPYKTYPHBIE COCTOSIHUS, MTOTYYEHHBIE TP MAKCUMAJIbHBIX
crenensx aedopmanuu npu paznuunbix UIIJ, To mMakcumanbHas TepMHuecKas
ctabmibHOCTh cooTBeTcTBYET BII, a Munumansnas — AIIC (puc. 9).

4. BoIBOJbI

1. CtpykTypa u cBOICTBa OECKHCIOPOJHON MU MOCIIE UCCIETOBAaHHBIX CIIO-
co6os UITJ (PKVYII, M/, BII, AIIC) B u3y4eHHBIX YCIOBHSIX JTOCTATOYHO OJIM3-
ku. U1 hopmupyer CyOMUKPOKPUCTAIUIMYECKYIO CTPYKTYPY € pa3MepoM 3epHa
200-250 nm ¥ mpeuMyIIecCTBEHHO BBICOKOYTTIOBBIMHU (75—94%) rpanunamu.

2. Haunyuiiee coyeTaHue MPOYHOCTHBIX M IJIACTUYECKUX XAPAKTEPUCTHUK B
menu (0g = 460 MPa, & [118%) 6b110 gocTurayTo mocie M/I.

3. Ilocne PKVYII dopmupyeTcss Hanbonee OAHOPOIHAST CyOMUKPOKPUCTAILIIN-

4yecKasi CTpYKTypa.

4. Tepmuueckas CTaOMJIBHOCTh YIPOYHEHHUS MPU HArpeBe CyOMHKPOKPHUCTAII-
JTUYeCKON MeH, OTy4eHHOU pa3nudHbiMu criocobamu UIT/I, Bo3pacraer B psny:

AIIC-PKVII-M/I-BIL

PaGota Oputa yactuuno (uccnemoBanue AIIC) mogmepxana rpantom PODU

06-08-00494.

1. Investigations and Applications of Severe Plastic Deformation, T.C. Lowe, R.Z. Va-
liev (Eds), Kluwer Academic Publishing, Dordrecht, The Netherlands (2000).

2. P.3. Bamues, U.B. Anexcanopos, HaHOCTpYKTypHBIE MaTepHalbl, MOJyUYCHHBIC HH-
TEHCUBHOM TuTacTudeckoit aedopmanmeii, Jloroc, Mocksa (2000).
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3. B.M. Ceean, B.U. Pe3nukos, B.U. Konvinos, /1.A. Ilasnux, B.®. Manviues, [Ipomecco
MIACTHYECKOT0 CTPYKTYpooOpazoBaHus MeTamioB, Hayka u Texauka, MuHck (1994).

4. TI''A. Canuwes, O.P. Bamuaxmemos, P.M. I'anees, C.II. Manviuesa, Metainsl Ne 4,
86 (1996).
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S.V. Dobatkin, G.A. Salischev, A.A. Kuznetsov, A.V. Reshetov, A.S. Synkov, T.N. Kon kova

COMPARATIVE ANALYSIS OF STRUCTURE AND PROPERTIES
OF OXYGEN-FREE COPPER PAST DIFFERENT SEVERE PLASTIC
DEFORMATION SCHEMES

The structure and properties of oxygen-free copper (99.98%) were studied after differ-
ent schemes of severe plastic deformation (SPD): equal-channel angular pressing
(ECAP), multiaxial deformation (MD), twist extrusion (TE), and accumulative roll
bonding (ARB) as a function of the strain at room temperature (to a true strain of
30-50). The SPD causes the formation of submicrocrystalline structure with a grain
size of 200—250 nm and predominantly high angle boundaries (75-94%). ECAP leads
to the formation of the most uniform structure. The strength characteristics increase
with increasing the strain and reach the steady stage at € = 5. At the steady stage, O =
= 460-480 MPa at ARB, MD, and TE, while at ECAP og = 430—440 MPa. The small-
est «steady» values of & = 4-5% were obtained in the case of ARB, and the maximum
0 = 18% was obtained at MD and ECAP.

Fig. 1. Mechanical properties 0> (a), 0 (6), Y (8) of oxygen-free copper after ECAP by
the routes 4 (—*—), B, (—m—) and C (— A -) as function of strain (number of passes N)

Fig. 2. Mechanical properties 0g (a), 0 (6) of oxygen-free copper after different schemes of
SPD as function of true strain: —s— — ARB, =0— — MD, —A— — TE, —m— — ECAP (route B,)

Fig. 3. Structure of oxygen-free copper after ECAP at 20°C by the route B, as function of
strain (number of passes N) (TEM analysis): a—N=1,6-3,6—-10,2—25

Fig. 4. Structure of oxygen-free copper after different schemes of SPD (TEM analysis):
MD (a—¢=5,6-50); ARB(6—¢=1.6,2—8)and TE (0 —¢=8.4,e - 14)
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Fig. 5. Sizes of structural elements of oxygen-free copper after SPD as a function of the
true strain at room temperature after different schemes of SPD: o — MD, A — TE, ¢ -
ECAP, m — ARB

Fig. 6. Structure of oxygen-free copper after different schemes of SPD (EBSD-analysis):
a—-MD,e=50;6-ARB,ec=8;6—-TE,e=14;2 - ECAP, =29

Fig. 7. Misorientation angle distribution of structural elements of oxygen-free copper af-
ter different schemes of SPD (EBSD-analysis): a — MD, ¢ = 50; 6 — ARB, ¢ =8; 6 — TE,
e=14;2-ECAP, =29

Fig. 8. The dependence of microhardness of oxygen-free copper on heating temperature
after different schemes of SPD with different strain: @ — MD; 6 — ECAP (route B.); 6 —
TE; 2 - ARB

Fig. 9. The dependence of microhardness of oxygen-free copper on heating temperature
after different schemes of SPD with maximal strain: : —A— — TE, N= 15 (€ = 14); —o— —
ARB, N=10 (¢ = 8); —0— —MD, N =20 (¢ =50); -m— — ECAP, N =25 (¢ =29)3
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PACS: 62.20.—x

KO.H. Nopgpesos, C.A. dupcros

OBA MNMOAXOOA K AHAJTIN3Y KPMBbIX AE®OPMALIMOHHOIO
YIMPOYHEHUA

WHcTuTyT npobnem matepuanoBenenusa nm. N.H. ®paHuesmnya HAH YkpaunHbl
yn. KpxwxkaHockoro, 3, 1. Kues, 03680, YkpanHa
E-mail: podrezov@materials.keiv.ua

IIposeden cpasnumenvHblil AHATU3 KIACCUYECKUX Meoputl 0epOpMayuoHHO20 YNpoyHte-
nus Y. Koxca u X. Mexunea, a maxowce B.U. Tpegpunosa u B.®. Mouceesa. Oba nooxooa
umerom oouyo UOeon02Uur0, OCHOBAHHYIO HA YUeHUU O CMAOULHOCMU KPUBbIX dedopma-
YUOHHO20 YNPOYHEHUS], KOMOPAsL 0OMooOpaxdcaem 260110UUI0 0eOPMAYUOHHOU CMPYKMY-
pul 8 npoyecce deghopmayuu. Paccmompenvl obugue uepmot 08yx mooenel u ux paziudusl.

3a mocleHUe TPUANATH JIET OMYOJIMKOBAHO OTPOMHOE KOJMYECTBO padoT Mo
CTPYKTYpHOM YyBCTBUTEIBHOCTU AePOpMAIMOHHOTO ynpouyHeHus. Cpeau HUX,
MOKanyH, clieayeT BbiieauTh padotel B.W. Tpeduiora u B.®. Mouceesa [1,2] o
nedopmarmonHomy ynpouHeHuto OIIK-meramioB u  0000MIAIONIYyI0 CTaThIO
V. Kokca u X. Mekunra no ynpounenuto I'lIK-merannos [3].

OO61mas uaeonaorusi yka3aHHbIX paOOT OCHOBBIBAETCS HA YYEHUH O CTaIUITHO-
CTH KPHUBBIX Je(POPMAIMOHHOTO YIPOUYHEHUS, KOTOpask OTOOpa)kaeT 3BOIIOIUIO
JUCIIOKALIMOHHON CTPYKTYphI B mpornecce aedopmanuu. Bmecre ¢ TeM B moaxo-
JaxX K aHAIM3Yy KPUBBIX YIIPOUYHEHUSI UMEIOTCS CYIIECTBeHHbIE pa3imuuus. [Ipexae
Bcero, B pabotax Y. Kokca u ero mocnenoBareneit nsydatorcst B ocHoBHoM ['TIK-
METaJIIbl, & B Ka4eCTBE METOJOB HCCIICJOBAHMS MCIIOIB3YIOTCS HCIBITAHUS HA
Kpy4YeHHUE U Peke — Ha cxkaThe. DKCIEPUMEHTHI Ha PacTsHKEHUE CUMTAIOTCS He-
JOCTaTOYHO WH(POPMATUBHBIMH H3-32 paHHETO MieiikooOpasoBanus. OCHOBHBIM
M3y4aeMbIM TIapaMETPOM SIBIIIETCS CKOPOCTh yrpouHeHus dt/de, mo u3MeHEHHIO
KOTOPOW B 3aBUCUMOCTH OT HAIPSDKCHUS YCTAaHABIMBACTCS CTAIUWHOCTH MPOIEC-
ca yInpoOYHEHHUS.

B paboTax ykpanHCKOH IIKOJIBI O HACTOSIIIET0 BPEMEHU IITaBHBIM O0BEKTOM HC-
cnenoBanuii 0pu OLIK-MeTamel (3a ucKimoueHrneM nocieanei padorsr B.®. Mowu-
ceeBa [2]). OCHOBHBIM METOJOM HUCIBITAHHSI SIBIISIETCSI OJJHOOCHOE PACTSHKEHUE, a
CTaIMIHOCTh OOHAPYKUBAETCS TIPH 00pabOTKE KPHUBBIX YIIPOUHEHUS B KOOPIUHATAX
0—¢". Tlo ToukaM nepern6a KpUBOH YIIPOUYHEHHS, IEPECTPOCHHOM B THX KOOPIMHA-
Tax, CYIST O CTPYKTYPHBIX H3MEHEHHUSIX, TIPOUCXOISIINX B MaTepHale.
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S,c : HecoMHEHHBIM  TpeUMYIIECTBOM
‘ Takoil 00pabOTKH SABISETCS €€ YyBCT-
BUTEIBHOCTh K CTPYKTYPHBIM Tiepe-
N " AP ABOANYEG KO CTpOMKaM, MPOUCXOJAIIMM Ha PaHHUX
. 2k e cragusx aehopMarni, ¥ BO3SMOKHOCTD
LAY 1 I il v
[ N1 (vl KJIacCU(UIIUPOBATh 3aKOHBI CTPYKTY-
G s P @ pooOpa3oBaHusl B 3aBUCUMOCTH OT
7 ‘, g
« / _ .| 2HEpruu nedexra ymakoBKM W TUIA
] 7 AL N
& M‘M/ RYLLY LA KPUCTATTNYECKON CTPYKTYphl. OJTHAKO
2 s | e s | e
&l & = = &l 3Ta METOAOJIOTHS CYLIECTBEHHO YCTY-

—_.‘/; nmaer Metoxay, pazsuromy Y. Kokcom c
Puc. 1. Cxema craguifHoCTH AedopMany- COTPYJHUKAMHU IIPU AHAJINA3E 3aKOHOB
onHoro ynpoynenus OLIK-meramnos [1] CTPYKTYpOOOpa30BaHUsI TIPU CPEIHUX
U OOJBIIMX IIACTUYECKHX Jedopma-
usax. C TOUKM 3peHus (PU3NYEeCKON TPaKTOBKU PE3y/IbTaTOB aHAIM3a KPUBBIX Je-
dopmanronHoro ynpouneHust reopust Y. Kokca, ycTaHaBinuBasi TepMOAMHAMUYC-
ckyto npupony III cranuu ynpounenus (cTaauu TMHAMHYECKOTO BO3BpaTa, Ha KO-
TOpoi 00pa3yloTcs cinabopa3opUeHTHPOBAHHBIC SYEHKH), JaeT BO3MOXKHOCTh
IPOTHO3UPOBAHHO YNPABIATH MPOLIECCOM CTPYKTYpOOOpa30BaHMs AYEEK U HAHO-
3epeH. MIMEHHO naHHBIM apryMEHT MOCIYXHWJI TOJYKOM K MPOBEACHHUIO HaMH
CpPaBHUTEIHLHOTO aHaM3a MporeccoB nedopmarmonHoro ympounenus OLIK- u
I'TIY-metannoB B paMkax 3THX Teopuil. OObeKTaMu W3ydeHUs! ObUIM JIUTHIE U Jie-
(opMHpOBaHHBIE CIUIaBBI JK€JI€3a M TUTaHa. MeToJamMM HCCIeI0BaHMs M30panu
OJTHOOCHOE PACTsDKEHHE M OJJHOOCHOE C)KaTHe, MOCKOJIbKY MMEHHO OHH OOBIYHO
MCIIOJIB3YIOTCS JUI ONIPENEICHHUS CTaHAAPTHBIX MEXaHNYECKUX CBOWCTB MaTepua-
na. O6paGOTKY KPUBBIX IPOBOAMIN B KoopauHaTax do/de—0 u o—¢”.

B pa6ore [1] B.W. TpedunoB ¢ coTpyaHUKaMU BIEpBbIE MPOJEMOHCTPUPOBA-
JM CTPYKTYPHYIO IIPUPOAY CTaJUNHOCTH YIPOYHEHUS U CBSA3aIM JIMHEHHBIC y4a-
CTKHM Ha KPUBOW YMPOUHEHMs, 00OpabOTaHHOHN B KOOpAMHATAX O ~Je , CO CMEHOM
CTPYKTYPHBIX COCTOSIHUI MaTepuaina (puc. 1).

Otr mpeacTaBieHus Obutn pa3BuThl B.d. MowuceeBbiM B padorte [2], re oH
HOMBITAICA AaTh (U3NYECKYI0 MHTEPIPETALUIO TTOKA3aTeN0 Ae(pOpMallMOHHOTO
YIIPOUYHEHHUs], pacCMaTpUBasi KPUBYIO YIIPOUHEHM Kak Mapaloily, Kaxaas U3 cTa-
JUI KOTOPOU OIMUCBIBACTCS YPABHEHUEM

1= Ke", (1)

rae T — aedopmupyromiee HaIpsHKeHNE Ha KaXIoW cTaguu, K U n — COOTBETCT-
BEHHO KO3(PPUIMEHT U MOKa3aTeb Ae(HOpMAIIIOHHOTO YIIPOYHEHUS, 3aBUCSILINE
OT 0COOCHHOCTE! ABMKEHUS JUCIOKALMN 110 TTOJMKPUCTAILTY.

CBs3p MEXIy HampspkeHHEeM M edopmalyeld Obljla yCTaHOBJIEHA UCXOIS U3
KJIACCMYECKOr0 COOTHOIIEeHHS Telmopa

T=aubp, )
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CBSI3BIBAIOIIETO JeGOpPMUpYIOIIee HANPSDKCHUE C IUIOTHOCTHIO AMCIOKanuii (O —
ko3 durment, ) — MOIyNb cABUra, b — BenmuuHa MoAyisl broprepca), 1 ypaBHEHHs
OpoBaHa, CBSI3BIBAIOIIETO JePOPMAITMIO C TUIOTHOCTHIO TUCIOKAIIUN M JJTMHOW CBO-
60mHOTO Ipodera /\ ypaBHeHHEM

e=0.5bpA . 3)

Paccmotpeno aBa BapuanTa pa3ButHs aedopmanuu. B nmepBom ciyuae aBHKy-
H1ascs JUCIOKAlKs, BCTpedas Ha CBOEM ITyTH MPENATCTBUE, 00XOJUT €ro JBOMHBIM
HOTIEPEYHBIM CKOJIbKEHHEM 0€3 MOBBIIICHHUSI CONPOTUBIEHHUS CKOIBXEHUS, JIETKO
nepexoss B IPYTYI0 CUCTEMY CKOJIbKEHHUS M 00pa3ys B KOHEYHOM CYETe XaoTHY-
HOE, HO JIOCTaTOYHO PaBHOMEPHOE paclpeesieHHe JUcCiIoKalui B kpucramie. To-
r7a AJuHa cBOOOJHOrO Mpobera AUCIOKAIUH SIBIISIETCS TOCTOSSHHON U, UCXOZS U3
ycnoBus Oposana (3) ¢ yuetoM ypaBHeHus Teinopa (2), mapamerp n = 0.5. Takoe
3HAYEHHE MMOKa3aTess AeOPMAIMOHHOTO YIIPOYHEHUS OOBIYHO HAOJIIOIACTCS TIPH
a"anuse aepopmanmonHoro ynpounenust OLIK-meramios.

[TockonbKy BOMPOC O TOCTOSIHCTBE 3HAYEHUS JJIMHBI CBOOOJHOrO mpobdera Juc-
JIOKALUH SIBJISETCS TUCKYCCUOHHBIM, pACCMOTPEH BTOPOU CIy4aid, XapaKTEpHbIA s
METAJUIOB, UCIIBITHIBAIOIINX 3aTPyJHEHHUE C MONEPEYHbIM CKOJIbKEHUEM. B HuX Ha-
KOIUIEHUE JAUCIIOKALMI CONPOBOXKAAeTCsl 0Opa3oBaHueM ckoruieHui. [lpu Takom Ba-
puaHTe pa3BuUTHUs JedhopMaIi BOZMOXKEH KaK JIMHEHHBIN, TaK U KBaJPATUIHBIA 3a-
KOHBI HAaKOTUICHHSI TUIOTHOCTH JIUCIIOKALINIA ¢ pocToM Jedopmanun. B cBs3u ¢ aTuM
MoKazaTesnb JeOPMAIIOHHOTO YIIPOYHEHHS] MOXKET U3MEHAThCS B mpeaenax ot 0.5
70 1 B 3aBUCMOCTH OT YCJIOBUI HAKOILJICHUS TUIOTHOCTU AUCTIOKaIuii [2].

[IpenyioKeHHBIN MOIX0/ K aHAU3Y CTAAUHHOCTH KPUBOH JehOpPMAIIMOHHOTO
YIIPOYHEHHSI MaTEPUANIOB PAa3HBIX KJIACCOB MO3BOJIWI JIaTh Oosiee riyOOKyIo MH-
TEPIPETALMIO KPUBBIX YIIPOUYHEHHS MaTepHalla ¢ TOUYKU 3PEHUS UX CTPYKTYPHOU
qyBCTBUTENbHOCTH. (OCHOBHOE JocTHXeHue Teopuu TpedunoBa—MonceeBa
(T-M) — ycTaHOBJIEHHE OJTHO3HAYHOW CBSI3M MEXIY NeperndaMu Ha KPUBOU YII-
POUHEHHS B KOOPAMHATAX S—¢ M CTPYKTYPHBIMH MepecTpoiikaMu B 1edopMupo-

BaHHOM Matepuaie. HecoMHEHHBIM

1.0 NPEeMMYIIECTBOM TaKoi 006paboTKM
0.8 SIBJISIIOTCA €€ 4YYBCTBUTEIIBHOCTH K
0 6- CTPYKTYpPHBIM II€PECTPOMKaM, IIPOHUC-
= XOJSIIIMM Ha paHHHUX CTaausx nedop-
0.4 MalllM, U BO3MOXHOCTb Kiaccupuuu-
0:2 poBaTh 3aKOHBI CTPYKTYpooOpa3oBa-
. . HUA B 3aBUCHUMOCTH OT DHEPIMH Jie-
oo 107 - 10
2 (exTa ynakoBKHM U THIIa KPUCTAJUINYE-
Y, mJ/m .
CKOU CTPYKTYpHI (puc. 2).
Puc. 2. 3aBucuMocTh mnokasaTens aedop- K coxkanenuro, 00paboTKa KPHBBIX

MAIMOHHOTO YHOPOYHCHUA 7 OT OSHCPruun YIPOYHEHUsI, IOJIYUYEHHBIX 110 PE3Yib-

neeKTa yNakoBKM Y JUIS PasHbIX THIOB  parant yCHBITAHHS HA OJHOOCHOE pac-
Kpuctamunueckor pemetku: / — OLK, 2 -

TAXKCHHUEC, 3aTPYJHCHaA IIPpHU 6OJ'IBH_II/IX
T'K, 3 - TTTY Py P
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cTerneHsx Aedopmaiuy u3-3a BOSHUKHOBeHMS Ieiiku. Kpome Toro, oOpaboTka aua-
rpaMM YIpOYHEHHs B MapaboIMyYecKuX KoopAauHatax mpu 7 < 1 cKuMmaeTr och Jie-
(dbopmanuy pu BHICOKMX 3HAYCHUSIX e.

HawnGonee OnaronpusTHON CXeMOM MCIIBITaHMSA I aHAM3a OoJbImMX Aedopma-
[T MaTepraia CUuTaeTCs ucclieoBanue oopasiia Ha ckpyunBaHue. [Ipu Takoii cxeme
yIaeTcsl pean30BaTh HEMIPEphIBHYIO AedopMariiio MaTepuaia 1o e ~ 10. Jra cxema
TOXKE HE JIMILIEHAa HEIOCTAaTKOB, MOCKOJIbKY B 00pasile HEBO3MOXKHO DPEalln30BaTh
paBHOMEpHOE paclpeiesieHne HanpspKeHni 1 eopmanuii. TeM He MeHee Ha OCHO-
BaHWUHU Pe3yJIbTAaTOB HCIBITAHUS MaTepUaioB Ha KpydeHue pa3paboTaHa JOCTAaTOUHO
CTpOifHasi cucTeMa B3IJIIIOB Ha MPOOJIeMy CTPYKTYPHOM YyBCTBHTEIBHOCTH Tapa-
METPOB YIPOYHEHUS MPU OOJIBIINX TUIACTUYECKUX AedopMalusiX.

B omiimune oT cTaHAapTHBIX CXEM Harpy:KeHHs B 5TOM CIy4ae KpUBBIE YIpPOU-
HEHMsI CTPOATCS B KoopauHaTax T-Y (rae T — CIBUIOBOE HalpsiKeHue, Y — CIABUTO-
Bast eopMariyst), a aHaJIM3 CTPYKTYPHOM YyBCTBUTEIILHOCTH YIIPOYHEHHSI BEJETCS
B koopauHaTax dy/dT-T, T.e. M3y4yaercs U3MEHEHHE CKOPOCTH YIPOUYHEHHS C yBe-
JAu4YeHueM JedopMupymonero HanpsbkeHus. Takoi Mmoaxonx K aHaiM3y Imporecca
YIIPOYHEHHS OKa3ajics JOCTaTOYHO IUIOJAOTBOPHBIM U, KaK U B Clyyae MaJlblX Je-
(dopmaruii, TO3BOJIUII BBISIBUTH PSJI CTaAMi YIPOYHEHHS B 001acTH OOJNBIIMX JIe-
dbopMaruii, KOTOphle OTIMYAIOTCS MEXaHU3MaMu AeGopMaIrii U 0COOCHHOCTSIMU
CTPYKTYpOOOpPa30BaHUs B PA3ITMUHBIX 00JIACTSX IUIACTUYECKOTO Ae(h)OPMHUPOBAHHUSL.

[Tpu ananuze OospmMX nedopMaluil BBIACNIAIOT TPU CTAAUHU YIPOUYHEHHS
(I-IV) ¢ momMeHTa 00pa3oBaHUs AUCIOKAIMOHHON CTPYKTYpHI (puc. 3), 1Be U3

kotopeix (II m IV) memoncTpupyroT cinaboe us-
MEHEHHE KO3 UIMEHTa YIPOYHEHUSI C POCTOM
II HanpspKeHUs TEYeHHs, Toraa kak Ha craauu Il
HaOII0AaeTCsl pe3Koe 3aMeIeHHe CKOPOCTH Jie-

m dbopMaluu ¢ pocTOM HampsKEHUSI.
Haubonee riaybokas TpaKTOBKa IIPOLIECCOB,
npoucxoasamux Ha Il u Il cranusx ynpounenus,
v npemnioxeHa Y. Kokcom u X. Mekunrom (K—M)
B pabore [3]. B ommuue ot Tteopuu T-M,
V. Koke ucnons3oBan aias aHanusa apyrue ¢u-
Puc. 3. Cxema craguiiHOCTH Je- 3UYECKHE M MEXaHUYECKUE ITapaMETPhbl YIpPOY-
(OpMAIIMOHHOTrO YIPOYHEHHS DU~ HEHUSI (CKOPOCTh HAKOIUICHHS JAMCIOKAIUi
obpaboTke KpuBbIX B Koopmu-  dp/dy u ckopocth nepopmaunuu dt/dy), omHako
Hatax dv/dy-T ¢usnyeckas MHTEpHpETalMs Ipolecca yrnpod-
HEeHUs B 000MX MOJX0aX BO MHOI'OM COBIa/IaeT.

Jlis yCTAaHOBJICHUS CBSA3M MEXKIY CTPYKTYpOW M HapameTpamH YIpPOUYHEHHS
V. Kokc npoauddepennmponan ypaBaenue Teinopa (2) mo nedopmaiuu u npes-
CTaBMJI MOJIy4YE€HHBIE 3aBUCUMOCTH B BU/I€ BBIPAKEHUIL:

dt/dy

T

2
0 :@2

2 A’ @
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L

A )

0_a
noo2
rae T ¥ Y — COOTBETCTBEHHO HaIpshDKeHUE M aedopmanus caBura, napamerp 0 =
= dt/dy xapaktepusyer CKOpocTh ynpouHeHus. CTpyKTypHBIC MapaMeTpbl MOJe-

mu: /\ — nmuHA cBOOOMHOTO Mpobdera nuciaokanui, [ = 1/ \/5 — paccTosTHUE MEXKITY

JUCIOKAIUSIMH.

Ananusupys 3Tu 3aBucuMoctd, Y. Kokc paccMotpen te xe aBa ciydas. [lep-
BBIN (KOrJa AyMHa cBOOOHOTO mpobera /A eCTh KOHCTaHTa) MPAKTUYECKHU MOJIHO-
CTBIO COBMAJAET CO ciydaeMm, paccMoTpeHHbIM B.®. MouceeBbiM mist OLIK-
metauioB. [Ipu 3Tom /A paBHa pa3Mepy 3epHa, u mpousBeacHue T0 B COOTBETCT-
BUH C ypaBHeHHEM (4) HoKHO OBITh KOHCTaHTOUM. K cokanmenuto, B padote [3]
3TOT CIIy4ail MOAPOOHO HE M3Yy4UeH, MOCKOJbKY aBTOPHI HE pacCMaTpHUBAIU Je-
dopmartuio OIIK-meTamios.

Bropoii cinydait — camonono6Hoe pa3Butue aAedopMalyy, Korjaa JIMHA CBOOOI-
HOTO TIpodera /\ MPOMOPIMOHAIbHA PACCTOSHUIO MEXY AUCIoKanusamMu /. CormacHo
ypaBHeHHIO (5) cKOpocTh jaedopmarmu O nomkHa ObITh KOHCTAaHTOW W BT OIKHO
ObITh TIpoTIOpIMOHATILHO T. B neiictBurenbHOCTH, Kak oTMmeudaeT Y. Kokc, moryt
OBITH CITy4au, KOT/Ia MPOIeCcC HAKOIICHHUS JUCIOKAIMNA 3aBUCUT KaK OT MEXaHH3Ma,
CBSI3aHHOTO C ITOCTOSIHHOM JUTMHOW CBOOOIHOTO Mpobera, Tak U OT MEXaHW3Ma, KOTaa
MPOIIECC HAKOIUICHUS MPOTNOpLOoHalieH /. B 3ToM citydae mpoBeIeHHbIN aHaH3 OJi-
30K K paccmMoTpeHHOMY B.®D. MowuceeBsiM, puBenemy k n = 0.5—1.

Pe3ynbrarhl sSKkCiepuMeHTaNIBHBIX HcclienoBanuil Y. Kokca npoaeMoHCTpUpo-
BaJId COTJIaCHe C MPEMIOKEHHON UM cxemoi. Ha panHux cramusx aedopmarnuw,
KOI/la pacrpesielieHue TUCIOKAUA HOCUT MPEUMYIIECTBEHHO XAOTHYECKUU Xa-
paKkTep, CKOPOCTb YIMPOUYHEHUS IMPEAINOiaracTcsi MOCTOSHHOM U HE 3aBUCUT OT
TEMIIepaTyphbl U CKopocTu aedopmaliun, ee BenuuuHa 0y = W200 Obuta peame-
TOM MHOTHX TEOPETHYECKUX HuccieqoBaHui. OueBUIIHO, YTO B pamMKax TEOPHUHU
T—M 3TO COOTBETCTBYET 3HAUYECHUIO 1 = 1.

3aBUCHUMOCTh TO—T BHaYaje OMKUCHIBACTCS MPSMOJUHEHHONW (yHKIMEH, 3aTeM
OHA MCKPUBIIAETCS, YTO COOTBETCTBYET YMEHBIICHUIO HAKJIOHA Ha KPUBOW YIIPOU-
HEHUS B KOOpAMHATaX HampspkeHue—aedopmarus. DEeHOMEHONIOTHYECKH 3TO
MOXHO OOBSICHUTH yBeNIMueHHeM oTHomieHus /\// ¢ pocrom creneHu nedopma-
. OU3NYECKH 3TO COOTBETCTBYET BBEJCHHIO HOBOI'O ME€XaHU3Ma — JUHAMUYe-
CKOT'0 BO3BpaTa, KOTOPBIN MOJIpa3yMeBaeT CUIbHYIO 3aBUCHUMOCTh YIIPOYHEHUS OT
TEMIEpaTypbl U cTeneHu naedopManuu. B 3TOM ciydae CKOPOCTh HAKOIJICHHS
nuciokaruii dp/dy He coxpaHseTcs MOCTOSTHHOM:

= dy

d
pb/\

~dp, . (©)
B Teopun nuHamMuU4YeCcKOro BO3BpaTra, ONMKCHIBAKOIIECH TPETHIO CTAIUIO YIIPOU-

HEHUs, MEPBbIM WieH ypaBHEHHs (6) IpenrnosiaraeT MOCTOSHHYIO CKOPOCTh YII-
pOYHEHHSI, KOTOPYIO MBI 0003HauaeM Kak 0, a BTOpOil WIeH — YMEHBIICHUE CKO-
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pOCTH pOCTa U IUVIOTHOCTHU JUCIOKAIUi 3a cyeT Bo3Bpara. Toraa (6) MokHO nepe-
[MCaTh B TEPMUHAX CKOPOCTEN YIPOUHEHMSI B BUJIE

0=6-6.(T.y). )

B pamkax 3To# Teopun CTaIuitHOCTh KPUBBIX Je(POPMALUOHHOTO YIPOUHEHHS
IpeoNpeaesieTcsl CKIOHHOCTBIO Ae()OpPMAIMOHHBIX CTPYKTYp K pealu3aluu Me-
XaHW3Ma Bo3BpaTa. Ilpu 3TOM BO3BpaT CTPYKTYphl MPOSBISETCS B Heperude Ha
KPUBOW YIPOYHEHUs, TIepecunTaHHor B KoopauHatax do/dy—ao. Touka meperubda
COOTBETCTBYET CTENEHM Je(OpMaLuy, IPH KOTOPOH BO3HUKAIOT CIabOpa3opHeH-
TUPOBAHHBIE STYEUCTBIE CTPYKTYPHI.

OTO NPUBOAUT K U3MEHEHHUIO XapaKTEpa 3aBUCUMOCTH CKOPOCTH YIIPOYHEHUS
OT HaIIPsDKEHU, KOTOpasi Ha CTaJuM BO3BpaTa ONKCHIBACTCS ypaBHeHHEM Bolica

0= eo(l—T/TV), (8)

B aroit 3aBucuMoOcTH ITapameTp Ty — HalpsbkeHue Bolica — 4yBCTBUTENEH K CKO-
pocTH neopMaluy U TEMIIeparype.

CpaBuenue teopuii T-M u K—M cBuzaerenscTByeT 0 TOM, YTO HECMOTPS Ha
dopmanpHOE pa3nuuMe B MOAXO0JaX K aHAIM3Y IMpolecca 1edopMalMoOHHOTO YII-
POYHEHUS, UICONOTHsl 00enx TeopHil cxoaHa. OOpabOTKa KPUBBIX YIPOYHEHHS B
KoopauHaTax 0—¢  umi do/de—C mpenmonaraer BhIABIEHHE TEPErHO0OB HA KpPH-
BBIX YIPOYHEHMsI, COOTBETCTBYIOIIUX CMEHE CTPYKTYPHBIX COCTOSIHMM. Mcmoms-
30BaHME JUIsl aHAJIM3a YIPOUYHEHMs CTENEHHOM WM MapabondecKoil 3aBHCHUMO-
creii (1) memecooOpa3HO TPH MaJbIX W CPEAHHX CTEMEHsX nedopmaiuu, mo-
ckoabKy Tipu 1 <n < (.5 Takas 00paboTKa pacTATHUBAET HaYaIbHBINH Y9acTOK JHa-
rpaMMbl Harpy»KeHHs, OJIHAKO CKUMAET JuarpaMMy MpH OosbIINX AepopManusx.
CKOpoCTh yNpOYHEHUs, HA00OPOT, 00JIee CIOKHO aHAIM3UPOBATh HAa HAYAJIbHBIX
CTaIuAX BBUYy PE3KOT0 YBEIMYEHMSI IOIPELTHOCTH.

EcIy annpoKCHMHPOBAaTh KPHBYIO YIPOUHEHHMs 11apabosoil 0 = ke u B3sTh
MPOU3BOIHYIO OT 3TOM (DYyHKIIMHU, TO ¢ ydeToM ycnoBus 1< n < 0.5 B olmiem ciy-
Yae NOJyYHM HIepOoInIecKyIo 3aBUCMMOCTh TUTIA

E: kn
de el—n ’

©)

B uneansHoM ciydae npu # = 1 mpou3BoAHAs NPEBPATUTCS B TIOCTOSTHHYIO BEJIH-
YUHY, HE 3aBUCSAIIYIO OT HampspkeHus u aedopmaruu. B ciydae OLK-meranios
npu n = 0.5 3Ta 32aBUCUMOCTb BBIPAIKAETCS B BUIE
do &k
de 2012

(10)

VYuureiBas, uto aa OLK-MeTannoB HanmpsbkeHHe CBsi3aHO ¢ aedopmariueit coot-
1/2
HOIlIeHHEM O = Ke '~, CBA3b MEX]ly CKOPOCTBIO YIIPOUHEHHUS U HANPSHKEHUEM IS

OLIK-meTanioB BbIpa3uTcs rTUnepooioit
do 1

—=— 11
de 2t (b
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B pamkax Teopuun Y. Kokca CBSI3b MEXIy CKOPOCTBIO YINPOYHEHHUS] U HaIps-
JKEHUEM JIOJDKHA OMUCHIBATHCS TUIEpOOJION, ecnu anmuHa CBOOOAHOrO mpobera
MIPEANOJaraeTcsi MOCTOSIHHOW. DTOT BBIBOJ CIEAyeT M3 ypaBHEHUs (4), KOTOpoe
yCTaHaBIMBAaET OOPATHO MPOMOPIMOHATBHYIO 3aBUCHMOCTH CKOPOCTH YIPOUHE-
HUS OT HAIPSDKEHUS:

2
0 :—(GG) E

T A (12)

Hamomuuwm, uto B Teopun T—M mymHa cBOOOMHOTO Tpobera mpenoaaraeTes
IIOCTOSIHHOM ITpH aHanu3e ynpouHeHus OLIK-meranios.

Urto kacaercsa I'TIK-meTamioB, no-BUAUMOMY, CI€AYEeT UMETh B BUNY, UTO IJIA
HUX JIOJDKHA YYHUTBIBATHCS BO3MOXKHOCTH COCYIIECTBOBAHHUS Pa3IWYHBIX MeXa-
HU3MOB HAKOIUICHUS AMCIOKAIUI KakK MPH MOCTOSIHHON JJMHE CBOOOIHOTO Mpo-
Oera, Tak u ipu /\ ~ /. B aTOM cityuae npearnonaraercsi Cynepro3uius rTunepooIbt
(12) ¢ bynkiuent, He 3aBUCSIIEH OT HAPsDKEHUS (5). DTO B KAKOW-TO MEpE COOT-
BETCTBYET noaxoay TpedunoBa u Mouceesa, npeanonaraBmux, 4yto ais ['TK- u
I'TTY -kpucTamioB 3HaueHus n u3MeHst0Tcs ot 0.5 70 1 B 3aBUCUMOCTH OT CTaTH-
CTUYECKOTro Beca YMOMSHYTHIX MexaHu3MoB. Eciu B (9) ydecTs, 4to 0 = Ke", TO
CBSI3b MEXKIY CKOPOCTBIO e(hopMalliy U HAMPSHKESHUEM B TEPMHHAX dTOW TEOPHUH
BBbIpa3HUTCA B BUJIE GOPMYIIBI

— = (13)

rae Ky — nocrossHHbIi kodddurment; m = (1 — n)/n. IlockonbKy nuamna3zoH u3Me-
Heuusa n = 0.5—1, moka3arenab m U3MEHSISTCS COOTBETCTBEHHO OT 1 1o 0, u, ciiemno-
BaTEeJbHO, 3aBUCUMOCTh B ypaBHeHUU (13) mpencraBiser coboil rumepbony c
JTpOOHBIM MTOKA3aTeNIEeM CTEIICHH.
[To yrBepxnenuto Y. Kokca [3], nuHeiiHas CBA3b MEXAY HANPSKEHUEM U Jie-
dbopmarueit Ha BTOPOH CTaUK YIPOYHEHHS — 3TO BCErO JIMILb XOpOIllee TEOPETH-
YyecKoe MpUOIIKEeHUe, KOTOpOoe B ciiyyae
0 B, ~ w200 MOJIMKPUCTAIIJIOB MPAKTUYECKH HHUKOTAA
He HabmoJaeTcs SKcnepuMeHTalbHO. Ha
puc. 4 mpencraBieHa KiaccuyecKas
cxema u3 paborsl Y. Kokca, koTtopas
JEMOHCTPUPYET  SKCIepUMEHTAIbHBII
xapaktep 3aBucuMocTH dO/de—0 s
peanbHbIX MatepuanoB. W3 rpaduka
. BUJTHO, YTO HA BTOPOU CTaIMU HAOIIIO/1a-
1 Ty €TCs MOBBIIIEHNE CKOPOCTH YIIPOYHEHUS
IpU YMEHBIIEHUU HaNpsHKEHHS B TMOJIH-
POUHEHHS MOHO- U TIoTHKpHCTaToB TTK-  KPHCTAIE. OTta 3aBHUCHUMOCTH MOKET

METAITTIOB, OGPAGOTAHHBIX B KOODIHHATAX OBITH PACCMOTPEHA KaK HayaJIbHBIA y4a-
CKOPOCTB yHPOYHEHHUs—HaTpsDKeHue [3] CTOK yTMOMSHYTOM BBILIC THIIEPOOIIB.

Puc. 4. PeanbHblil XapakTep KpHBBIX YII-
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[Tockonbky 00a OMMCAHHBIX MOAX0/1a JOCTATOYHO XOPOIIO paboTarT B 00Iac-
T cpelHUX AedopManuii, 11e1ecoo0pa3HO COMOCTaBUTH 3TU JIBE METOIOJIOTHUH
IpHU aHAJIM3€ OJHOTO U TOT K€ 00BekTa. JJis 3TOro HaMu OBUTH UCTIOJIH30BAHBI
pe3yabTaThl uccienoBanuii B.A. Kpoxu [4], rie npuBeneHsl kpuBbie nedopmari-
OHHOT'O YIIPOYHEHUS JKeJe3a C PA3IMYHBIM COACPKAHUEM YTIIepO]Ia, UCIIBITAHHBIC
Ha OJHOOCHOE C)KaTue MO CHelHalbHOM Meroauke. braromaps MCHoiab30BaHUIO
CHEIMANIbHBIX TOPIEBBIX CMA30K yIAJIOCh U3YyYUTh KPUBBIE Harpy3ka — aedopma-
IS B IIUPOKOM Juanaszone nedopmarnuii (mo e [12). Kpome Toro, mpu UCIbITaHU-
SIX Ha CKaTHE MCKITFOYAIOTCSI HEAOCTATKU KPYUCHHS] — HEPaBHOMEPHOE pacIipe/ie-
neHue aedopMaIuii mo cCeYeHuto.

Wctunnas nuarpamma aeopMaIiioOHHOTO YIIPOYHEHUS JKene3a TEXHHUECKOH
YUCTOTHI MPEACTABISET COO0H SPKO BBIpAKEHHYIO mapadony (puc. 5,a). Ilocie
00pabOTKH ATOM KpUBOW B KOOPAMHATAX O—e 2 (puc. 5,6) u do/de—0 (puc. 5,8)
BBISIBISIETCS CTAIMITHOCTh Ha TPEX Pa3iIMYHBIX y4acTKaxX ympodHeHus. OTMETHM,
YTO 3Ha4YeHHs JedopMaluii, COOTBETCTBYIOIIUX TOYKaM repernda, OTBEYAOT Ie-
peXoay OT Jieca TUCIIOKANNNA K c1ab0pa3opueHTHPOBAHHBIM sTU€HKaM U OT cl1abo-
Pa30pPUEHTHPOBAHHBIX SYEEK — K Pa30PUEHTHPOBAHHBIM CTPYKTypam (puc. 5,8).
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Puc. 6. 3aBUCHMOCTb HOPMHUPOBAHHOTO Ha-
npsbkeHus: Bolica oT Temmeparypsl U CKO-

poctr nedopmarmu s pasHeix K-
metaios: [ — Al 2—-Ni, 3 - Cu, 4 — Ag

Ha 3aBucuMoctu S—e'’ (puc. 5,0)
KPYXXKaMH OTMEUYEHBbI TOYKH, B KOTO-
pBIX HaOIromaeTcss meperud Ha KpH-
BOM, 00pabOTaHHOW B KOOpAMHATAaX
dS/de—S (puc. 5,6). Kax BugHO U3 pH-
CyHKa, Teperuobpl B 00OWX CIydasx
HAOIIOIAl0TCS MPAKTUYECKU TIPH O-
HUX U TeX ke nedopMmanusix. DTH Te-
perudnl Ha TpauKax COOTBETCTBYIOT
WU3MEHEHHIO CTPYKTYPHBIX COCTOSIHUH
MaTepHarna.

[lepBbie nBa y4yacTka Ha 3aBHUCH-
moctn S—e'’? (puc. 5,6) xopormo ar-
MPOKCUMHPYIOTCSI TPSMBIMH  JTUHUSI-

MH, [E€pexo]l OT BTOPOW CTaguu K
TpeTheil BhIpaKEH HESIBHO, U 3aBUCUMOCTh U3 MapabOoIMYecKOr MepexoauT B JIH-
HEHHYIO, YTO MPOSIBIISIETCS B UCKPUBIIEHUH TPETHEr0 Y4acTKa KPUBOM.

Ecnu paccmarpuBath 3aBucuMocth dS/de—S kak enmnHoe menoe, oOpamaeT Ha
ce0s BHMMaHue, 4To TpaduK Ha puc. 5,6 HamOMUHAeT rurnepoOoiy. [Ipudem, mo-
ckonbky Uit OLIK-metamioB mapamerp n = 0.5, runepOonaudeckasi 3aBUCUMOCTb
JIOCTAaTOYHO KpyTas Ha HA4YaJbHOW CTaJAWM YINpOuYHEHHs. Tak ke, Kak B ciydae
00pabOTKM ITOM KPUBOHM B KOOpAMHATAX S ~Je , YIJIbl HAKJIOHA TIPU [IEPEXOJE OT
OJTHOW CTaauH K IPYroil MOTYT XapaKTepu30BaTh KOAPPHUIIMEHTH! YIPOUHEHHS.

Jlns1 ycTaHOBIIEHHSI CBS3M MEXAY MapaMeTpaMu YIPOYHEHUs U dHeprueu je-
¢exTa ynakoBku Ha TpeThed ctanuu Y. Kokc [3] ucnonp3oBal 3aBUCHMOCTh HOP-
MHPOBAHHOTO HampsbkeHusi Bolica OT TeMIiepaTypHO-CKOPOCTHBIX HapameTpoOB
nepopmupoBanusi ucciaenoBanHbix [ T[K-meTamioB, mnpeacTaBuB pe3ynbTaThl
MHOT'OYHCIICHHBIX SKCIIEPUMEHTOB B BUje rpadukos (B koopaunarax Oy = f(7,£),
KaK TMoKa3aHo Ha puc. 6). CeMelcTBO MPSAMBIX JIMHUNA MEepeceKaeT OCh HampshKe-
HUU IIpU YCIIOBUSX, KOTOpBIE corlacHO Y. KokCy XapakTepusyroT MakCUMaJIbHO
BO3MOXKHOE 3HaueHHe HamnpspkeHus: Bolica Oy, HaOI01aeMoe Mpyu MUHUMATbHOM
TeMIepaType U MaKCUMaJbHOU cKOpocTH AedopMmariuu. CONoCTaBiisis 3HAYCHUS
napameTpa Opg U1 MaTepUajioB C Pa3IuYHOM HHEpruei aedekra YyImaKoBKH,
V. Kokc nomy4yui1 cBA3b MEXKIY STUMHU XapaKTEPUCTUKAMU B BHJI€ 3aBUCHUMOCTH,
NpuBeACHHBIN Ha puc. 7. Kak BUIHO M3 pUCYHKA, 3HaYE€HHE Oy YMEHBIIAETCA C
POCTOM PHEPruu eeKTa yIaKoBKH.

ComnocTtaBUM pe3yibTaThl, MPEICTABICHHBIE HA pUC. 7, ¢ TaHHBIMU B.®. Mou-
ceeBa Ha puc. 2, rae 1 tex ke ['TIK-meTannos nokasaHa 3aBUCUMOCTb I1apaMeT-
pa n oT ’Hepruu nedexra ynakoBKd. YTOOBI MPOJEMOHCTPUPOBATEH CBSA3b MEKIY
TUMH pe3yibTaTaMu, oOpaTM BHMMaHHUE Ha TO, YTO B MHTEpBaJie JedopMalui,
COOTBETCTBYIOIIMX JUHAMUYECKOMY BO3BpaTy, Y. Kokc mpoBoawn aHamu3 yr-
pOUHEHHMS B paMKax ypaBHeHus Boiica (8), koTopoe mpeanosaraer JUHEHHYIO
CBS3b MEXY CKOPOCTBIO YIIPOUHEHUS U HAIIPSKEHUEM.
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Puc. 7. 3aBucuMOCTh KpUTHYECKOTO HanpsbkeHus: Boiica ot sHeprum nedexra ynakoBku: / —
ol%) =0.04y, o) =0.003p, €;=0.003,2- g&” =1.01, g{™ =0.41,,=0.016

Puc. 8. 3aBucumocTs npuBeaeHHOTO HanpsbkeHUs Boiica oT sHeprum aedexra ynakoBKH,
paccuuTaHHas 110 BEJIMYMHE TTOKa3aTels 1e(opMamoHHOTO YIPOYHEHHS

B pamkax teopuum T—M kpuBas ynpouHEHUS ONUCHIBACTCS 3aBUCHMOCTBHIO
(10), xoropasg B KOOpAMHATaX CKOPOCTb YINPOUYHEHUS—HAIPSKEHUE MOXKET OBITH
npeoOpa3oBaHa B y4acToK runepOossl (13).

BocIomb3yeMcsl pa3ioKeHHeM CTEHeHHOH GyHKIUN X B PsJ BOIN3M TOUKH
X = Xp:

XM =xg™ —mxg" T (x = xp) +..., (14)
KOTOpas npH x = | peoOpasyercs B TMHEHHYIO 3aBUCHUMOCTD
X =1-m(x-1) +.... (15)

VYurewm, 4TO y4acTOK runepOoandeckoi pyHKIMM, COOTBETCTBYOLIEH 061acTu
c1ab0pa30pHEHTUPOBAHHBIX SUEEK, I/Ieé aKTMBUPOBAHBI MPOILECCH BO3BpaTa, CO-
JEPKUT TOYKY, COOTBETCTBYMOLIYIO ycioBuio KoHcuaepa dO/de|0_0 =0y, B

—ult

KOTOpOH a0ciucca paBHa ee opauHare. Torma, ucnonb3ys ypasHeHnus (13) u (15),
noJryqaemM

do/de = K (G =m(0 = 0yy)) (16)

rae Oy — UCTHHHOE nedopMupyromiee HanpsHsKeHHe B MOMEHT IIeiikooopaso-

BaHHUA.
[Tockonbky HampspkeHue Boiica ompenensieTcst U3 ycioBUs d(I/de|0_0 =0,
-
OIpeIeTINM 3aBUCHMOCTh HanpsbkeHust Boiica oT mapamerpa m:
Oy =0yl + m)/m. (17)

Y4uThIBas, 4YTO MaKCUMaJlbHOE HANpsbKEHUE Oyj¢ MPOMOPIHMOHATBHO MOAYIIIO
casura |, ypasaenue (17) MoxxHO mpeoOpa3oBaTh K BUAY

oy/U=K(1 + m)/m, (18)

rae K — ko3 puuueHT nponopuuoHaIbHOCTUH MEXY Oyjt U M.
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[Mpuaumas 0,y = W200 u noacrasisist B (18) peanbHble 3HAYCHUS 71, TTOJTYYCH-
Hble B.®. MouceeBbIM 1J11 MaTepHUaJIOB ¢ Pa3HOU SHEpruei Aedekra yrmakoBKHu (¢
ydeTroMm cooTHomeHust m = (1 — n)/n), monydaem 3aBUCUMOCTH MPUBEACHHOTO Ha-
npsoxeHust Boiica ot sneprum nedexra ymnakoku. st IIK-meTannos 3Ta 3aBu-
CUMOCTh TlOKa3aHa Ha puc. 8. LlITpuxoBasi TUHUS COOTBETCTBYET MPUBEIACHHOMY
HanpspbkeHuto Bolica nis OLIK-meTanios.

Comnocrapnsisi TpaduKe, TPEICTaBICHHBIE HA pHUC. 7 U 8, MOKHO KOHCTATHPO-
BaTh, YTO OHU UMEIOT MPAKTHUYECKU OJMH U TOT ke BuA. CienoBaTenbHo, 00e Mo-
JIeNIA TPEJICKA3hIBAIOT OJMHAKOBOE BIIMSHHUE dHEPTUU Ne(deKTa yrmakoBKH Ha Xa-
paktep kpuBoil ynpounenus s ['TIK-meTanios.
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Yu.N. Podrezov, S.A. Firstov

TWO APPROACHES TO THE ANALYSIS OF STRAIN-HARDENING
CURVES

Comparison of U.F. Kocks, H. Mecking and B.I. Trefilov, V.F. Moiseev strain-hardening
theories was carried out. It was established that both theories have the same basis and de-

scribe the stages of strain-hardening curves, which reflect structural evolution in de-
formed materials. General pattern and distinctions of these models are analyzed.
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Fig. 1. Stages in strain hardening of bcc metals [1]

Fig. 2. Dependence of strain-hardening exponent # on stacking fault energy Y for different
types of the crystal lattice: / — bee, 2 — fce, 3 — hep

Fig. 3. Stages in strain hardening, curves being processed on the d1/dy—T coordinates

Fig. 4. Real character of the fcc metal single and polycrystal hardening curves processed
on the hardening rate—stress coordinates

Fig. 5. Strain-hardening curves for armco iron on the coordinates: a — S—e; 6 —Sfem; 8 —
dS/de=S

Fig. 6. Dependence of normalized Voce stress on temperature and strain rate for different
fcc metals: 7 — Al, 2—-Ni, 3 -Cu, 4 - Ag

Fig. 7. Dependence of critical Voce stress on stacking fault energy: / — 0% =0.04p,
ol%) =0.003y, €;=0.003,2- g\¥ =1.01, gi™ =0.41, c,=0.016

Fig. 8. Dependence of reduced Voce stress on stacking fault evergy calculated by value
of strain-hardening exponent
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Enhanced hydrostatic pressure (HP, up to 1.5 GPa) applied during annealing at up to
1570 K (HT) of silicon with oxygen introduced by implantation (S:0), exerts pronounced
effect on the transformation of oxygen admixture. In particular, HP affects the microstructure

of 9:0 and a creation of oxygen-enriched (for implanted oxygen dose, D < 1-10" cm'z)

or continuous (for D > 6-10% cm_z) buried SO, layers. Numerous treatment parameters
contribute to the HP-induced phenomena in processed S:0, among these are the HP-
affected mobility and solubility of implanted oxygen as well as of silicon interstitials and
of other implantation-induced defects and so the stability of oxygen clusters/precipitates;
the misfit at the SO,/S boundary is tuned by HP.

1. Introduction

Single crystalline silicon grown by the Czochralski method (Cz-Si) is the most
important semiconductor used to produce integrated circuits (IC’s). Cz-Si contains
oxygen admixture in a concentration (Cp) up to above 1-10"® em™. This oxygen
originates from SiO, crucibles in which Si melts at about 1685 K under 10° Pa.
Oxygen is incorporated into Si mainly in the form of oxygen interstitials (O;’s).
Part of oxygen is involved in a creation of complexes/clusters during growth or cooling
the Cz-Si rods. Silicon interstitials (Si;’s) and vacancies (V’s) are also involved in
growth and transformations of oxygen-related defects in processed Cz-Si [1].

Other kinds of silicon single crystals, grown by the floating zone method (Fz-
Si), with much lower oxygen content (Co < 1-10"7 cm_3), are also used to produce
IC’s as well as another microelectronic devices.

During processing of Cz-Si under 10° Pa at enhanced temperature (HT), O;’s
are subjected to transformations. At HT, when oxygen atoms become suffi-
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ciently mobile, progressive clustering/precipitation of O;’s occurs, being de-
pendent on Cp, temperature and time (t) of processing, on the sequence of an-
nealing steps, etc.

Implantation of oxygen into Cz-Si or Fz-Si, to produce oxygen-implanted sili-
con (Si:0), is widely applied to produce silicon-on-insulator (SOI) structures by
the SIMOX method. Transformations of oxygen admixture in Si:O at HT remind
these in Cz-Si. However, important differences exist, among them are the follow-
ing: a) in effect of O; implantation even with low dozes (D = 10" cm_z) and low
energies (E, in the tenths of keV range), the structural perfection of Si matrix be-
comes strongly worsened; partially or fully amorphized silicon (a-Si), is created,
especially near the O; projected range (Rp), and b) local oxygen concentration
near R, can reach, depending on D and E, tenths of atomic percents.

Annealing of Si:O at sufficiently high temperature leads first of all to restora-
tion of the structural perfection of the Si lattice [2] by solid phase epitaxial growth
(SPEG). Depending mostly on D and annealing temperature, spatially resolved
Si0,_x precipitates or even buried continuous BOX (buried silicon dioxide) layers
of dose-dependent composition and structural quality are created [3].

2. Fundamentals

Hydrostatic pressure (HP) up to about 1.5 GPa, applied in our research, is
about eight times lower than that resulting in the phase transformations of Si
(HP > 11 GPa) while it is of the same order as the stresses in the typical Si—O
systems applied in microelectronics (e.g. at the SiO,— precipitate/Si matrix bound-
ary). The temperature-induced oxygen clustering and precipitation are concomi-
tant with stress [4,5], e.g. at the Si0,_y precipitate/Si matrix boundary (chemical
composition of silicon oxide forming precipitates is not stoichiometric, especially in
the case of small clusters with hardly defined boundaries). This stress is related first
of all to a larger volume of SiO,— (in comparison to that of the host Si atoms)
formed by clustering oxygen. Other reason for internal stress is the difference in the
thermal expansion coefficients of SiO,— [5] and of Si (a-Si in the case of Si:O).

This stress can be changed in the case of processing under enhanced HP of
ambient or of annealing under HP (HT-HP treatment) [6,7]. In effect of the
HP-HT treatment of Cz-Si with previously created oxygen precipitates, the misfit
(¢) and so the shear stress at the SiO,_/Si boundary are changing; the same con-
cerns processed Si:O.

The shear stress and so the misfit (€) at the SiO,— precipitate/Si (or a-Si) matrix
boundary are affected [7-9] by HT and HP, exerted by ambient, in accordance with

3Kq:
8 - EO + SIOZ—X x
Ksio,_, t4Gsica-si)
X|:AHT (BSiOZ—x - BSi(a-Si) ) +HP (1/ KSi(a-Si) -1/ KSioz_X ):l , (1)
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where €y — the misfit at the SiO,_x precipitate/Si (or a-Si) matrix boundary at 295 K
under 10 Pa; Bsj(a-si) and Bsio, , — coefficients of volume thermal expansion;
Ksica-siy and Bsio, , — bulk moduli; Ggj(a.siy =~ shear modulus (the bottom indices
denote the respective material), and AHT = HTey, — 295 K.

It means that the shear stress at the SiO;,-,/Si (a-Si) boundary is changing (typi-
cally decreases) with HT and HP (for the case of Si—SiO,, according to [4,9], at 295 K:
Ksi = 9.8:10" Pa; K, =4-10'" Pa; Bg; = 1.3-10° K'; Bsio, = 0.16:10° K ;

Gsi = 6.8-10" Pa). For example, in the case of HP = 1.3 GPa applied at room tem-
perature, the HP-induced change of misfit at the SiO,/Si boundary, A (As= € — g&),
can be estimated as equal to about 24107 [10]. However, the values of K, G and
[ are dependent on the kind of material (e.g. Si or a-Si, stoichiometry of SiO,_y,
etc), on temperature and pressure. These dependencies are not well known, espe-
cially for high temperatures and pressures. Still, the critical misfit value (€.) for a
creation of extended defects (dislocations) at the SiO,/Si boundary (for the Si0,/Si
system), can be estimated as close to 1107 [11]; this value is also dependent on the
precipitate dimension. Enhanced hydrostatic pressure induces Ag just within this
range and so affects generation of the misfit-induced defects (such as dislocations)
at the oxygen precipitate/Si (a-Si) matrix boundary.

The HP-induced effect on the misfit value is quite strong if compared to the
HT-induced changes. For the case of spherical SiO, precipitates embedded in the
Si matrix, the equivalent (in respect of induced A€) magnitudes of HT and HP can
be estimated [5] from:

AHT ~ AHP(1/Ks; =1/ Ksi0, ) /(Bsio, ~Bsi ) - )

In respect of the induced misfit and so of shear stress at the SiO,/Si boundary, the
effect of AHP = 1 GPa is equivalent to AHT of about 1300 K.

«Additional» defects (for example, dislocations) at the SiO,_4/Si boundary are
created if the misfit at this boundary reaches the critical value for a creation of
particular kind of defect. As follows from eq. (1), the € value decreases with HT
and HP for the Si matrix containing oxide clusters and precipitates (exerting com-
pressive internal stress on the matrix at ambient conditions), so (under not too
high HP) less numerous dislocations should be created in Cz-Si or in re-
crystallized Si in the case of Si:O treated under HT-HP.

As mentioned, creation of dislocations and of other defects at the SiO,—_,/Si
boundary in Cz-Si or in Si:O during annealing or HT-HP treatment is dependent
also on the dimension of SiO;_y clusters/precipitates (less probable for small
clusters [11]) and on their stoichiometry (more probable for precipitates composed of
stoichiometric SiO,, while less — for clusters of substoichiometric composition).

Enhanced HP during annealing affects also the kind and number of nucleation
sites (NC’s) for clustering/precipitation of Oj, the rate of diffusion (mobility) of O;
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as well as diffusivity and stability of Sij’s and of vacancies created or involved
into the transformations of oxygen admixture.

Dependence of the diffusion coefficient of oxygen in silicon, D, on activation en-
ergy, Ea, and on pre-exponential factor, Dy, is described by the well-known equation:

D = Dyexp(—E/KT). 3)

Based on DLTS study of the dissolution of oxygen clusters/precipitates under
HP at 1230-1550 K, it has been concluded [12] that D in single-crystalline Si de-
creases by a factor of two if HP increases from 0.01 to 1 GPa. This effect has
been explained assuming that oxygen diffuses in the form of connected pairs of
oxygen atom and of Si;.

Oxygen atoms are not distributed uniformly in Si:O; even in as-grown Cz-Si they
create cloud-like irregularities resembling small oxygen clusters. At HT-HP such ir-
regularities can act as the nucleation centres for oxygen precipitation in Cz-Si or Si:O.

Pressure exerted upon the Si matrix affects the concentration of interstitials to
a considerable extent [13]. While HP acts on bulk silicon, the formation enthalpy
of interstitials increases by HP AV, (where Vi is the value of the elastic volume
expansion susceptible to the HP effect on Si;). Therefore, under HP, the concen-
tration of silicon interstitials, Cg; (p), can be formulated as:

Csi; Py = Csi; (Hp=0) exp(~HPAV; /kgHT), “4)

where Cg; (Hp=g) is the concentration of Sij’s under 10° Pa (no external pressure

applied). It means that the concentration of Sij decreases under HP.

The formation energy (Ey) for a vacancy in silicon equals [J3 eV under 10°
Pa. Ey decreases almost linearly with pressure, by 1 eV for HP = 5 GPa [14].
Similar estimations were reported for a silicon divacancy (V,). A pressure reduces
the V, formation energy by about 1.2 eV, from 4.2 eV at 10° Pato 3 eV at 5 GPa.
It means that pressure exerts a relatively strong effect on vacancy formation in Si;
this is consistent with the reported effect of compressive stress on the dopant-
vacancy diffusion in silicon [15]. A decrease in the V and V, formation energies
under HP can be attributed to reduced distances between Si atoms.

It is generally accepted that Sij in Si diffuses much faster than vacancy [16].
Diffusivity of dopant-interstitial pairs in a compressive medium decreases, while
that of dopant-vacancy pairs increases.

The formation of clusters of few oxygen and silicon atoms represents the first
stage of oxygen precipitation in crystalline or amorphous silicon [17]. Such clusters
can either grow or dissolve depending on their dimension, oxygen concentration,
temperature and so on. The most important parameter for nucleation of clusters is the
temperature dependent degree of oxygen supersaturation defined as the ratio between
the actual concentration of interstitial oxygen and its solubility limit (Cp)) defined as:

Col = Fexp(~AHKT), )
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where F is the constant equal to 9-10** em ™ and AHg = 1.52 eV is the dissolution
enthalpy.

Nucleation occurs in the regions where few O;’s are close to each other (ho-
mogeneous nucleation) or at lattice defects (heterogeneous nucleation). Just ho-
mogeneous nucleation plays the most important role in the case of Cz-Si proc-
essed for microelectronic applications.

A very important parameter is the critical radius (r¢) of NC, i.e. the limiting
value for sufficiently large NC to grow further upon annealing. Those NC’s with
I <r¢ will dissolve in the Si matrix while the larger ones grow further.

The r¢ value increases rapidly with temperature, especially for HT/ HTsp > 0.7

(HTSIO means processing temperature at which all available oxygen will be fully

dissolved in the matrix).
The critical radius of oxygen precipitates in Si depends on numerous parame-
ters [13,18]:

re =2o{[(l + 5—¢)3XkBHT/VHP}1n{CO/Cg(Cv 168 (G /s, )y}} , (6)

where Cg, Cy, and Csii are the concentrations of O;’s, V’s and of Si;’s in the silicon

crystal; the same symbols but with asterisk mean the equilibrium concentrations
of Oj’s, V’s and of Si;’s, respectively; kg means the Boltzmann constant; 0 — the
interfacial energy per unit area; d — the linear misfit between the silicon lattice and
Si0,_x precipitate; @ — the constrained strain; Vyp — the volume of SiO,_y pre-
cipitate; X — the number of oxygen atoms in SiO,_4 precipitate; 3 — the number of
absorbed V’s, and y — the number of injected Si;’s.

Based on eq. (6) one can conclude that decreased concentration of Si;’s leads
to the reduced value of r¢. This would mean that smaller oxygen clusters or pre-
cipitates are expected to be generated in Cz-Si/Si:O if treated under HP and that
these clusters can be more stable under HT-HP [19].

While it is clear that HP influences a lot of Si (Si:O) parameters (such as C,

Cg , CSDii and CE ), affecting in turn the r¢ value, no analytical expression ex-

plaining the dependence of r; on HP has been proposed as so far (the quantitative
data are difficult to be extracted from eq. (6) also because the knowledge con-
cerning the values of numerous parameters in this equation and of their depend-
ence on HP, HT is lacking).

In the case of comparatively large oxygen precipitates, the misfit at the de-
fect/matrix boundary can reach the critical value for a creation of a defect of par-
ticular kind, so defects (dislocations, for example) are created at the SiO,_/Si
boundary. The € value decreases with HT and HP for Si (Si:0) containing oxide
clusters exerting compressive internal stress on the matrix at ambient conditions,
so less dislocations are usually created in Cz-Si treated at HT-HP.
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3. Experimental details

To prepare Si:O, the 001 or 111 oriented Cz-Si or Fz-Si wafers were im-
planted with O (D £2:10'® cm ™2, E < 200 keV).

The Si:0 samples were subjected to HT-HP treatments at up to 1570 K under
HP up to 1.5 GPa in argon atmosphere, usually for up to 5 h in a specially de-
signed high temperature—high pressure apparatus [20]. Sample cooling, from HT
to about 500 K, lasted for about 10 min.

Distribution of implanted oxygen in processed Si:O was determined by secondary
ions mass spectrometry (SIMS). Defects produced in Si:O at processing were re-
vealed by transmission electron microscopy (TEM). Photoluminescence (PL) spectra
were recorded at liquid helium temperatures using Ar laser excitation (Aex = 488 nm).

4. Results and discussion

The effects of HT-HP treatment on Si:O are of interest for microelectronics.
This follows from the recently reported decreased formation of dislocations in
Si:0 annealed under HP within the specific HT ranges, in comparison to the case
of annealing under 10° Pa [21]. Just dislocations exert most detrimental effect on
the SOI structures, especially on SOI produced by oxygen implantation (the
SIMOX structures).

In spite of considerable research effort [22—-30], the understanding of the HT—
HP induced effects in Si:O is still far from being complete.

Impact of the HT-HP treatment on Si:O is dependent on the numerous implanta-
tion — (mainly on D and E) and treatment-related parameters (HT, HP and t) [23-29].
Most important is, however, the dose of implanted oxygen atoms. Below presented
results concern two most typical kinds of Si:O. The first one is represented by Si:O
prepared by implantation with D < 1-10" cm_z, with spatially resolved SiO,— pre-
cipitates formed in effect of post-implantation processing and the second one — by
Si:O with semicontinuous or continuous SiO,_y layer created in effect of processing
(the case of Si:O prepared by implantation with D > 610" cm_z). The effect of HT—
HP processing on SOI with well defined BOX layers is also presented.

4.1. Effect of HT -HP treatment on Si: O prepared by low dose implantation

Individual SiO,_y precipitates embedded in the Si matrix are created at proc-
essing of Si:O prepared by oxygen implantation with comparatively low O; doses
(for the case of D < 1-10' cm2) [20,22,24,26,27,29-34].

Annealing of Si:O (D < 1-10"7 cm_z) at 1230-1400 K under 10° Pa leads to a
creation of numerous extended defects (dislocations), originating from stress ex-
erted by SiO,_4 precipitates on the Si matrix. The presence of dislocations is evi-
denced by TEM observations (Fig. 1,b) and by detection of the dislocation related

PL peaks, among them the D1 peak at about 0.81 eV for annealed/HT-HP treated
Si:0 (Fig. 2).
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L Fig. 1. TEM images of
» ’ e 001 oriented Cz-Si:O (E =
Q ' =200keV, D= 110" cm ™),

annealed/treated for 5 h at
1230 K under 1.02 GPa (a)
and for 10 h at 1400 K un-

der 10° Pa (b)
200 nm Mzooﬁ

=
&}

This means that the misfit at the
Si0,-/Si boundary reaches the critical
value for a creation of dislocations at
Si0, precipitates with radii exceeding the
critical r. value (compare eqgs (1) and (6)).
While just this mechanism of a creation of
dislocations seems to be the most impor-
tant in the considered case, it is not the
5 unique explanation of the effects observed.

Other mechanism of a creation of extended

0 016 1,|2 defects (such as stacking faults, SF’s) in
Pressure, GPa Si:O at annealing/HT-HP treatment is re-

Fig. 2. Relative intensity of D1 disloca- lated to the condensation of nonequilibrium
tion-related PL line at 0.81 eV for 001 Silicon interstitials emitted during growth

oriented Cz-Si:0 (E = 200 keV, D = 0f SiO,—xinto the Si bulk.

PL intensity, arb. units
(]
(@)

1-10'® cm™?), processed for 5 h at 1270 As follows from TEM images, the
K (1) and 1400 K (2) under different HP  treatment under HP at about 1270 K of
up to 1.2 GPa Si:O prepared by oxygen implantation with

D = 1-10"® em ™ also leads to a creation of
dislocations (see Fig. 1,a). This is confirmed by the presence of D1 peaks at 0.81 eV
of comparatively high intensity in the PL spectra of Si:O processed under HP (Fig. 2).

In the case of processing at 1400 K, the intensity of these dislocation-related
PL lines definitely decreases with HP (Fig. 2). This means that the misfit at the
Si0,-4/Si boundary does not exceed the critical value for producing dislocations for
the majority of oxygen precipitates, with the radii still not reaching the critical values.

The same results from TEM data: dislocations are much less numerous in Si:O
processed for 5 h at 1400 K under HP (Fig. 3).

While about 250 nm thick near-surface zone in Si:0 (D = 1-10' cm_z) an-

nealed for 10 h at 1400 K under 10° Pa contains Si0,-4 precipitates and disloca-
tions (see Fig. 1,b) located at about 0.5 pum depth, much less or even no disloca-
tions are detected in the case of treatment of these samples at 1400 K under 0.1 GPa
and, especially, under 0.6 and 1.2 GPa (compare Fig. 3,a with Fig. 3,b,C).
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Fig. 3. TEM images of 001 oriented Cz-Si:O (E = 200 keV, D = 110" cm_z), annea-
led/treated for 5 h at 1400 K under 0.1 GPa (@), 0.6 GPa (b) and 1.2 GPa (C)

200 nm

b C

Fig. 4. TEM images of 001 oriented Cz-Si:0 (E = 200 keV, D = 1-10'® cm™), an-
nealed/treated for 1 h at 1470 K under 1 GPa (@), under 1.5 GPa (b) and for 2 h at 1550 K
under 1.5 GPa (C)

102 g————r

102

O concentration, at/cm’
—_
(]
'G

10”—;

56

5 10

Depth, 10 nm

15

Fig. 5. SIMS depth profile of oxygen in 001 ori-
ented Cz-Si:0 (E = 200 keV, D = 1-10'® cm™),
processed for 5 h at 1570 K under 0.01 GPa
(—e-),0.6 GPa (—m—) and 1.2 GPa (—A-)

Dislocations are practically absent
also in the case of Si:O samples (D =
= 1-10" em™) treated for 1 h at 1470 K
under 1 and 1.5 GPa (Fig. 4,a,b). More
prolonged processing produces, however,
strongly disturbed area just at the sample
surface (Fig. 4,c). This is probably re-
lated to a very rapid SPEG process at
1550 K producing badly oriented Si
crystallites.
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At 1400 K and at higher temperatures the implanted oxygen is subjected to partial
dissolution in the Si matrix (Figs 3,C, 4,C), probably entering the interstitial positions
(at these conditions the O—Si solid solution becomes undersaturated with oxygen).

As results from the SIMS depth profiles (Fig. 5), the concentration of oxygen
near Ry after processing for 5 h at 1570 K is strongly dependent on HP [27], evi-
dencing decreased solubility of oxygen in Si under HP or/and its decreased diffu-
sivity rate under HP. This observation contradicts the conclusions drawn on the
basis of theoretical calculations, suggesting rather a linear decrease of the diffu-
sion barrier with HP [35].

TEM images of processed Si:O samples containing the 10 times higher
amount of implanted oxygen (D = 1-10"7 cm_z) are presented in Fig. 6.

Processing at 1400 K both under 10° Pa and 1.2 GPa as well as short time
processing at 1550 K under 1.5 GPa results in a presence of dislocations (Fig.
6,a—C). In the latter case the dislocation density is comparatively low (Fig. 6,C).

Dislocations were not created in the case of Si:O samples (D = 1-10" cm_z) treated
for 5 h at 1570 K under 0.01 GPa (Fig. 6,d). Relatively large oxide precipitates, of up to
0.1 pm dimensions, are detected in Si:O treated at these conditions; numerous disloca-
tion loops are seen in the same samples treated at 1570 K under 1.2 GPa (Fig. 6,€).

e

Fig. 6. TEM images of 001 oriented Cz-Si:O (E = 200 keV, D = 1-10"7 cm_z), annea-
led/treated for 5 h at 1400 K under 10° Pa (a), 1.2 GPa (b) and for 15 min at 1550 K un-
der 1.5 GPa (c), for 5 h at 1570 K under 0.01 GPa (d) and 1.2 GPa ()
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The presence of dislocations in the Cz-Si:O sample treated at 1570 K under
the highest pressure is most probably caused by the «overcompensation» of the
«volume-related» misfit at the precipitate/matrix boundary (dependent on the dif-
ference of the relative volumes of Si and SiO,-x) by the «HP-related» misfit of the
opposite sign [29].

TEM observation concerning the HP-related decrease of dislocation density
has been confirmed by PL measurements. In Si:O prepared by oxygen implanta-
tion with D over the 1-10'°~1-10"7 cm™ range and treated for 5 h at 1400-1470 K
under sufficiently high HP the intensity of dislocation-related D1 peaks at 0.81 eV
decreases with HP [23]. The treatments at < 1400 K—HP, as well as at > 1400 K—
HP but of short duration, result, however, in the presence of dislocations.

The treatment of Si:O at temperatures close to the melting point of silicon re-
sults generally in disappearance of dislocation related PL while the PL lines at
about 1.1 eV, related to the interband transitions, become detectable. This con-
firms dissolution of oxygen clusters at so severe treatment conditions.

4.2. Effect of HT -HP treatment on Si: O prepared by high dose implantation

Semicontinuous or continuous SiO; layers (often containing Si inclusions) are
formed in Si:0 prepared by oxygen implantation with sufficiently high doses (D =
>210"7 cm_z) and subjected to annealing at = 1230 K (processing at = 1550 K is
usually recommended). Some data concerning the effects of HT-HP treatment on
Si:0 prepared by O; implantation (D = 6 10" cm_z) are presented below (see also
[23-29,31,32,36-39]).

The as-implanted Fz-Si:O samples

10 y————————""1 (D=610""cm’, E= 170 keV) indicated
1023,; -} no PL peaks. Annealing of Fz-Si:O at
mg 10223 y ‘\ 1 1230 K under 10° Pa results in weak
= / ] dislocation-related PL at about 0.81 eV.
g 10* ‘\ 1 The concentration of dislocations increases
2 1020 ] 1 with pressure in the case of HT-HP treat-
‘;é)’ 10" 1 ment at 1230 K this increase is not linear
S with respect to HP [26]. Numerous non-
810" 4 & / radiative recombination centers are cre-
2 7 N
o 107 3 4 ated in heavily oxygen implanted Si:O
16 ] ] annealed/treated at < 1230 K. Annealing
10 0 I 10 at 1470 K under 10° Pa resulted in rather

5
Depth, 10> nm strong dislocation-related PL at about
Fig. 7. SIMS depth profile of oxygen in 0.81 eV; no dislocations were observed
111 oriented Fz-Si:0 (E = 170 keV, D = after the same treatment but under 1.2 GPa.

= 610" cm™), processed for 5 h at The SIMOX-like structure prepared by
1570 K under 0.01 GPa (—e-), 0.6 GPa  OXygen implantation into Fz-Si with D =
(-m—)and 1.2 GPa (—A-) = 610" cm_z, E =170 keV and treated
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for 5 h at 1570 K under 10’ Pa—1.2 GPa, indicates the presence of well-defined
buried Si0; layers (BOX); their widths are only slightly dependent on HP (Fig. 7).

The microstructure of the buried silicon dioxide layers in such samples re-
mains, however, to be strongly dependent on HT and HP (Fig. 8).

Fig. 8. TEM images of 111 oriented Fz-Si:O (E =170 keV,
D=610" cm_z), annealed/treated for 5 h at 1400 K un-
der 1 GPa (@), for 1 h at 1470 K under 1.5 GPa (b), for 5 h
at 1570 K under 0.01 GPa (c) and 1.2 GPa (d)

Processing of Si:0 (D = 6-10'" cm ™2, E = 170 keV) at 1400-1570 K results in
a creation of about 130 nm thick buried SiO; layer (Fig. 8). Highly defected near-
surface zone of about 100 nm thickness has been created just above the Si0,/Si
interface after processing at 1400-1470 K (Fig. 8,a,b). The non-symmetric distri-
bution of defects on both sides of the BOX layers, is evidently related to the wors-
ened, in effect of implantation, perfection of near-surface Si layer, shot through by
implanted ions. The treatments at 1570 K but under 0.01 or 1.2 GPa produce the
buried SiO, layer containing almost no inclusions. However, the 100 nm thick
disturbed zone with numerous microtwins is formed near the sample surface
(Fig. 8,c,d). The short time treatment at slightly different conditions produces the
well-defined BOX layer but still with numerous Si inclusions and microtwins cre-
ated near the surface [28,29].

The treatment at 1230/1400 K under 1.2 GPa of Si:O prepared by even higher
dose oxygen implantation (D = 1-2:10'® cm_z, E =50 keV) leads to a creation of
well-defined continuous near-surface SiO, layer. Numerous dislocations are cre-
ated in such samples; their density decreases with HT.
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Processing of Si:O prepared by oxygen implantation with D = 1.100" em™ (E=
= 50 keV) for 5 h at 1400 K under 1.2 GPa produces numerous precipitates of
about 20 nm diameter as well as dislocations just below a BOX layer. The treat-
ment of the same sample at 1570 K under 10 Pa resulted in a creation of the per-
fect BOX layer, while crystalline inclusions with propagating microtwins have
been detected within the BOX layer in Si:O processed under 1.2 GPa [29].

The microstructure of Si:O prepared by implantation with the highest oxygen
doses applied (D = 2:10'® cm_z, E = 50 keV) is also strongly dependent on HP
and HT applied during the treatments.

The treatment at 1230 K under 1.2 GPa produced dislocations propagating to
about 0.5 pm depth.

The similar treatment but at 1400 K of the same Si:O (D = 2-10"® cm_z, E=50
keV) produced almost perfect BOX layer, with some irregularities (precipitates)
being still detectable at its bottom surface.

It is interesting to note that the HT-HP processing of the SOI structure pre-
pared by bonding (0.5 pm thick Si—0.4 pm thick SiO,—bulk 001 oriented Si) does
not affect the crystallographic perfection of such structure (Fig. 9).

100 nm

a b C

Fig. 9. TEM images of 001 oriented SOI structures, annealed/treated for 5 h at 1570 K
under 0.01 GPa (a), 0.6 GPa (b) 1.2 GPa (c)

It follows that, in the case of SIMOX-like structures prepared by implantation,
especially with D < 1-10"7 cm_z, enhanced HP applied at processing affects
strongly the process of recrystallization of a-Si produced by oxygen implantation
and so the creation of buried SiO, layer. Well-defined SiO, precipitates are cre-
ated within the implantation-disturbed areas while much less dislocations and of
other extended defects are formed at the first stage of the HT-HP treatment. Un-
der the highest hydrostatic pressure, equal in our experiments up to about 1.5 GPa,
these precipitates remain to be fully or partially isolated even after prolonged
processing, so recrystallization of remaining a-Si can result in a creation of nu-
merous extended defects (such as microtwins and silicon precipitates), also within
the BOX layer.
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It is interesting to note that the HT—HP treatment of Si:O prepared by oxygen
implantation with D > 110" cm™ at low energy (E < 50 keV) results in PL also
in the visible light region, related to the presence of defects, probably of oxygen
deficient centers [40].

5. Conclusions

Processing of Si:O and related structures under enhanced hydrostatic pressure
results in the specific structural transformations.

The near surface oxygen-enriched layer in Si:O is strongly disturbed just after
implantation. The SiO,_x agglomerates are formed at processing, serving subse-
quently as the nucleation centers for further growth of oxide and, in the case of
sufficiently high doses of implanted oxygen, of the BOX-like SiO, layer. Dislo-
cations at the SiO,/Si boundary are created if the misfit at the defect/matrix
boundary reaches the critical value for a creation of the particular defect kind. The
misfit value decreases with HT and HP for bulk Si containing oxide clusters or
precipitates (exerting compressive internal stress on the matrix at ambient condi-
tions), so less dislocations are created in Si:O processed at HT-HP. The creation
of dislocations and of other defects at the SiO,_,/Si boundary during annealing or

HT-HP treatment is dependent also on dimension of SiO,_yx precipitates (less
probable for the smaller ones) and on their stoichiometry (more probable for stoi-
chiometric Si05).

Numerous treatment parameters contribute to the HP-induced effects in
HT-HP treated Si:0, among them:

— mobility and solubility of implanted oxygen as well as of silicon interstitials
and of other implantation-induced defects (such as vacancies) are dependent on
HT and HP;

— stability of oxygen agglomerates is dependent on HP;

— the misfit at the Si0,-,/Si boundary is tuned by HP.

Some effects induced by the treatment of Si:O under enhanced hydrostatic
pressure raise hopes for its practical application.

The author thanks D. Sc. A. Barcz, Dr J. Ratajczak, and Mr M. Prujszczyk (In-
stitute of Electron Technology, Warsaw, Poland), Dr 1.V. Antonova (ISP, RAS,
Novosibirsk, Russia), and m. sc. B. Surma (IEMT, Warsaw, Poland) for technical
assistance, experimental data and valuable discussion.
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Opportunity of electropulse impact application to increase deformability of the hard de-
formed alloy during severe plastic deformation is examined. For the first time display of
electroplastic effect (EPE) in coarse-grained TiNi alloy with shape memory effect is in-
vestigated. It is shown that EPD by cold rolling significantly increases total and single
strain to failure. The formation of amorphous, nanocrystalline and UFG structures by EPD
depends on the pulse current density that is critical parameter of the new method.

Introduction

Increase of deformability for structure materials, especially hard deformed and
nanostructured alloys, is the urgent problem. Shape memory effect (SME) TiNi
alloys possess a remarkable complex of mechanical and functional properties, es-
pecially high in nanostructured (NS) and ultrafine-grained (UFG) states [1]. To
obtain NS or UFG states severe plastic deformation (SPD) technique is used, the
realization of which for a case of long-size products of thin section (wire, foil,
sheet) is not a simple problem as the TiNi alloys are susceptible to strong
strengthening and their deformability is limited. The EPE at cold rolling observ-
able for many pure metals and alloys [2] can be considered as alternative of nano-
and UFG states formation in TiNi alloys. The aim of the paper is investigation of
EPE and its influence on structure and deformability of the TiNi alloy.

Experimental procedures

The experimental material was Ti—50.7 at.% Ni alloy in the quenched state
with coarse-grained structure of B2 phase. Samples for electroplastic deformation
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5 " 3 (EPD) in the form of strips of 2 x 6 x
1 '5 150 mm were cut mechanically from
A m_t initial billet, and their surface was proc-
3 i’,,._,“”,',l!p”__ : 4 essed by an electrochemical method to
Sl LR ;“i 3 remove the work-hardened layer. EPD
3 by cold rolling was performed on elec-
tromechanical rollers (Fig. 1), equipped

A - — i with a surge current generator.
lllﬂl-lliflflflT" s Supply and removal of current was
via sliding contact (negative pole) to a
sample deformation zone and one of the
rollers (positive pole), accordingly. Cold
rolling was conducted at a room tem-
perature at a rate of 4 m/min in a step-by-step mode at adjustable single thickness
reduction (£25 um), that allowed to define with the minimal error the moment of
microcracks occurrence or failure. The unipolar pulse current was supplied from
the generator with the pulse frequency of 10° Hz, pulse duration of 0.8-10* and
electrical porosity Q = 12. Cold rolling was conducted in two regimes: at constant
current density ~ 80 A/mm” and at increasing current density up to 240 A/mm’
during deformation. After each step samples were held in air or cooled in water to
avoid influence of possible heating. The temperature on the sample-simulator
subjected to electropulse current of the maximal density did not exceed 150°C.
True strain e at cold rolling calculated by change of the sample thickness e =
= Inhg/hy, thus the maximal strain corresponding to the occurrence of the first mi-
crocracks or failure was determined. Microhardness was measured on PMT-3 de-

vice under loading of 100 g. TEM study of thin foils was done in a microscope
JEM-100C.

Fig. 1. Rolling mill stand

Experimental results

Deformability of the alloy at cold rolling with a current (j = const) is consid-
erably above than that at cold rolling without a current (Table). So, single (total)
deformation e before failure makes 0.45(0.86) and 0.8(> 1.42), accordingly, for
cold rolling without a current and with a current. At cold rolling with a current at
maximal strains the sample does not break into parts as it occurs at cold rolling
without a current (Fig. 2,a,b).

Experiments have shown that removal of edge microcracks during EPD allows
to enhance strain to failure. The main reason of the appearance of microcracks
during EPD is connected with a stress-strain state that changes from equal three-
dimensional mainly to flat biaxial at thickness reduction of the sample.

At increasing current density from 80 up to 240 A/mm’ during cold rolling to
a minimally possible thickness of 100 pm the development of microcracks and
sample failure were not observed (Table). All the subsequent experiments were
executed at constant current density of 80 A/mm’.
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a b

Fig. 2. Sample view after cold rolling without (a) and with (b) current

Table

True strain to failure and microhardness at cold rolling with and without current

Treatment Slnglc.e strain Total strain e HV Notice
to failure e
Initial state 0 0 275 -
) . 0.43 400 No cracks
C"lgurt"iﬂ‘rlr% X“h' 0.45 0.54 525 Cracks
0.86 590 Failure
) . 0.54 420 No cracks
gggnrto(l}lzi (V)‘Illlil) 0.8 0.84 581 No cracks
1.42 590 Cracks
Cold roumg with Not specified 1.75 505 No cracks
current (j # const)

Microhardness evolution with cold
rolling allows to estimate the strength-
ening features of TiNi and to compare
them for different cold rolling modes
(Fig. 3). It is seen that at identical maxi-
mal microhardness value of the alloy
OI. 4 OI.8 1'.2 1I.6 (HV = 590) strain hardening degree in an

True strain, e interval e = 0.4-0.6 for EPD is lower
than for usual cold rolling. Indirectly it
can testify to features of the mechanism
of EPD that provides a stress relaxation
and the increase of deformability at EPD.

Microstructure studies of samples after EPD (j = const, e = 0.8) have revealed
the amorphous and nanocrystalline areas with the grain size of 5-10 nm (Fig. 4,a).

Annealing of the deformed alloy at a temperature of 400°C during 1 h leads to
nanocrystallization of amorphous areas and to grain growth till the average size of 25
nm defined on dark-field image of structure in a reflex of high-temperature phase B2
(Fig. 4,b).

D
[
(=

o
S
S

Microhardness, MPa
B
S
S

g
o

Fig. 3. Microhardness dependence on true
strain at cold rolling (/) and EPD (2)
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Fig. 4. TEM pictures of TiNi after EPD:
a—j=const,e=0.8; b—j=const, e =0.8,
Tann = 400°C, 1 h, dark field; ¢ —j # const,
e=1.75

EPD to higher strain and with increasing current density (e =1.75, j # const)
forms nonuniform UFG structure with the grain size more than 500 nm (Fig. 4,c).

Conclusions

EPD is a powerful tool for the formation of amorphous, nanocrystalline and
UFG structure in TiNi alloy. The structure type is defined by EPD conditions
among which the pulse current density is a critical parameter of EPD technology.
EPD considerably increases deformability without use of intermediate annealings
that raises technological plasticity and commercial potential of the method.

The work was supported by the Agency on Science and Innovation, Russian
Federation, project 02.438.11.7052 and project 4017001.
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NCCNEOOBAHME BINAHNA KONMYECTBA LINKIOB
PABHOKAHAJIbHOIO YINMOBOI'O NPECCOBAHUA
HA CKOPOCTHYIO YYBCTBUTENIbHOCTb TUTAHA BT1-0
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E-mail: korshun1@sar.ru

Hcceneoosano énusnue pasnokanaibHo2o yenoeo2o npeccosanus (PKYII) no mapwpymy
B¢ mumana BTI-0. [Tokazano, umo cywecmeyem 3a8UCUMOCTb €20 MEXAHUYECKUX Xd-
pakmepucmux om ckopocmu oegpopmayuu. Ilpu nosviueHuy cKkopocmu 6 UCXOOHOM CO-
CMOSIHUU HAOIIOOAIOMCST YMEHbUEHUe NPOYHOCMHBIX U Y8eNUYeHUe NIACMUYECKUX Xd-
pakmepucmux, nocie 1, 4 u 8 npoxoooe — Haobopom, yeenuyenue NPOYHOCHHLIX U
YMeHbUleHUe NIACMUYECKUX C8OUCME. YCMAaHO8IeHo, Ymo ¢ pOCMOM KOIUYeCmed npoxo-
006 PKVII u cmenenu Oegpopmayuu xod3g@uyuenm cKopoCmHOU YYy8CHMEUMENbHOCTNU
V8enUdU8aemcsi.

BBenenue

[Ipouecc PKVII nHamen mmpokoe npuMEHEHNE KaK OAWH U3 METO/I0B MOJIyde-
HUSl MaTepUasoB ¢ MEIKOAUCIIEPCHBIM 3€pPHOM U, KaK CJIEJCTBUE, C YHUKATIbHBIMU
mexannueckuMu corictBamu [1]. Tlpu PKVII Teuenue marepmuana, ocoOeHHO B
30HE IepeceueHus] KaHAJIOB, MPOUCXOAUT MPHU Pa3IUYHBIX CKOPOCTAX Aedopma-
muu [2]. Ilpu MoAenupoBaHUM MPOIECCOB C peaiu3aleid 0OoJbIINX IIacTHYe-
ckux nedopmaruii, B vactHoctu mporecca PKVYII, Bnusamne ckopoctu nedopma-
UM TUTACTUYECKOTO0 TEYEHHUS KaK MPAaBWIIO YYUTHIBACTCS uepe3 KOd(PPHUIMEHT
CKOPOCTHOW YyBCTBUTEIBHOCTH, OMPEEISIeMbIN SKCIIEPUMEHTAIILHO TIPU CTYTIECH-
yaTOM M3MEHEHHU ckopoctu [3]. Jlanmee HeABHO moJpa3yMeBaeTcs, 4TO 3TOT KO-
3 PuIMeHT ocTaeTcsi MOCTOSHHBIM U HE 3aBHCHUT OT CTENEHU AehOopMarii.

B nacrosiieit pabote npoBeeHbl SKCIIEPUMEHTHI, TO3BOJISIONINE ONPEICTUTD
KOA(G(GUIIMEHT CKOPOCTHOMW YYBCTBUTEIBHOCTH B 3aBUCHUMOCTH OT CTENEHH HC-
TUHHOHN nedopmary. DKCIIEPUMEHTH IPOBEIEHbl B JHana3oHe CKOPOCTeH Je-
dbopmarmu ot 62107 10 6.2:10 s, uto COOTBETCTBYET YCJIOBHSIM, IPH KOTO-
peIx npotekaet npouecc PKVYIIL.
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Metoanka uccjaeaoBanui

B kadectBe marepuana ans ucciaeqoBaHuil Obu1 BeIOpaH tutan BT1-0 B Buze
JUCTA TOJIIMHON 8 mm.

3aroroBku it PKVYII ¢ pazmepamu 8 X 8 X 60 mm BbIpe3asii U3 JIMCTa TAKUM
o0pa3oM, 4YTOOBI CTOpOHA 3aroTOBKM pasMepoM 60 mm Obl1a OpHEHTHpPOBaHA
BJIOJIb HarpasJieHus npokata. Bepx nucra nmpu PKVYII 6611 oprieHTHpOBaH B CTOPO-
Hy BBIXOJHOIO KaHana Iramna. [IepecedyeHrne BXOTHOIO M BBIXOJHOIO KaHAJIOB
BBINIOJIHEHO o[ yriioM 90°. HanpasiieHre npeccoBaHusl COBIAIANIO ¢ HANPABJICHUEM
npokaTa. [IoBOpoT 3aroToBKM IIpH MIPECCOBAHUHU IO CXEME B¢ BBINOIHSIIN TI0 4aco-
BOW CTpEJIKE, €CIIM CMOTPETh HA 3aTOTOBKY CO CTOPOHBI IPHJIO’KEHUS HArPy3KH.

PKVII tutana BT1-0 npooaunu npu temneparype 450°C co ckopocTbio Ie-
pemenieHus myaHcoHa 50 mm/min, BbIJAaBIMBAaHUE U3 TOPU3OHTAIBHOIO KaHaja
OCYILIECTBIISUIM MeIpI0. [ mpeqoTBpallleHns CXBaTbIBaHUS U YMEHBUIEHUsS Tpe-
HUSI MEXJly TUTAHOM M CTallbl0 Ha TUTAHOBBIE 00pa3libl HAHOCWJIM MEIHOE rallb-
BaHM4eckoe NokpsITue. [Ipu npeccoBanuu ucnonp3osanu cmazky PAHOJI-03.

W3 BCXOIHBIX TUTAHOBBIX 3arOTOBOK, a TAK)KE 3aroTOBOK Itocne 1, 4 u 8 muk-
noB PKVII no cxeme B¢ sl HCTIBITAHUI HA PACTSYKEHHUE BBIPE3aIu CTaHIApPTHBIE
NSATHKpaTHBIE 00pa3ubl tuameTpoM 4 mm. PacTspkeHre npoBOANIM MIPH TeMIepa-

type 450°C B 1uanasoHe CKOpocTei geopmanuu ot 6.2 107 10 6.2:10 257"

Pe3yabTaThl Mcc/Ie10BAHMI M UX AHAJIU3

B pe3ynbrare uccnenoBanuii A Tutana BT1-0 B ©CXOHOM COCTOSHUU U TO-
cie 1, 4 u 8 mpoxo0B 1O cxeme B¢ P pa3IudHBIX CKOPOCTAX AedOopMaIiu Ofl-
penensanyu MeXaHHYeCKUE XapaKTEPUCTUKU IPU PACTSDKEHUU: HMPENEN IIPOYHOCTH
O3, YCHOBHBIﬁ mpeaci TCKy4CCTH G(.2, OTHOCHUTCIIBHOC YAJIUHCHUC TIOCJIC pa3pbiBa
05 M OTHOCHUTEIILHOE CY)KEHHE Mmocie pas3pbiBa Y. Ha puc. 1 mokasaHsl 3aBHCHMO-
CTU TIOJYYECHHBIX XapaKTEPUCTHK OT KoimdecTBa npoxoaoB PKVII mis uzydae-
MBIX CKOPOCTEH JehopManuu.

Kak cinenyer u3 npuBeneHHbBIX HaHHBIX, A TuTaHa BT1-0 cymecTByer 3aBu-
CUMOCTh MEXaHMYECKHX XapaKTePUCTHK OT ckopocTu nedopmanuu. [lpu yBenn-
YEeHUH CKOPOCTH B HCXOJHOM COCTOSIHUM HaOMIOJAIOTCS HE3HAYUTENbHbIE
YMCHBIICHUC NPOYHOCTHLIX W YBCIIMYCHUC INIACTHUYCCKUX XAPAKTCPUCTHK, IMOCJIC
1, 4 u 8 Mpoxoa0B — HAOOOPOT, YBEIUYCHHE TPOYHOCTHBIX U YMEHBIIICHUE TIa-
CTUYECKUX CBOMCTB. [lociie 8 mpox0/10B 3aBUCUMOCTh XapaKTEPUCTUK MPOYHOCTH
U OTHOCHUTEJIBHOTO YIJIMHEHHSI OT CKOPOCTU 0CO00 3HAUMMa B MHTEPBAJIE CKOPO-
creit 10 °-107° s_l, /i€ MPOYHOCTHBIE XapaKTEPUCTUKH M3MEHSIOTCSA B 1.5 pasa, a
yAJIMHEHHE — B 3 pasa.

I[JI}I HCCICAYCMOI'0 TUTAHA B HCXOOAHOM COCTOSIHUM W II0CJIC 8 IMpoxXo40B
PKVII npu pazauvHbIX CKOPOCTIX AehopMaIiii MOCTPOCHBI UCTUHHBIC TUarpam-
MBI 1e(OPMHUPOBAHUS, TOKa3aHHbIE HA puC. 2. [Ipyu X MOCTpOSCHUH y4acTOK aua-
rpaMM MOCJ€ JIOKATu3aluu (POPMOM3MEHEHHs alPOKCUMUPOBAJICS CTENEHHOM

byHKMEH
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Y TOM K€ UCTUHHOM AedopMariui.

3aBUCUMOCTH KO3 (UIIEHTAa CKOPOCTHOM YYBCTBUTEIHHOCTH OT CTEIIEHH Jie-
dbopmanum 111 UCXOTHOTO cocTosiHus U mociie 8 mpoxonaoB PKVYII mpusenena
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Pe3ynbTaThl oka3biBatoT, 4to Mg TuTaHa BT1-0 ¢ yBenuueHuem kosmdecTBa
npoxonoB PKVYII u crenenu nedopmannu ko3(GUIMEHT CKOPOCTHOM UyBCTBU-
TEJIBHOCTU BO3PACTET.

3akjao4YeHue

1. CymecTByeT CKOpPOCTHasi YyBCTBUTEIBHOCTh BCEX CTaHAAPTHBIX MEXaHHUYe-
CKHX XapakTepucTUK TuTaHa BT1-0, koTopast 3HaunMMo nposiBisieTcs yxe nociue |
mukia PKVIIL

2. Koa¢pounueHt ckopocTHOH dyBcTBUTENbHOCTH Ut THTaHa BT1-0 yBemu-
yuBaeTcs ¢ poctom uncia ukioB PKYII u nmoBelllieHneM cTeneHn UCTUHHOM Je-
dopmanuu.
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A.L Korshunov, L1 Vedernikova, L.V. Polyakov, A.A. Smolyakov, T.N. Kravchenko,
LV. Korotchenkova

EFFECTS OF THE NUMBER OF EQUAL-CHANNEL ANGULAR
PRESSING PASSES ON THE STRAIN RATE SENSITIVITY
OF TITANIUM VT1-0

The influence of equal-channel angular pressing (ECAP) of titanium VT1-0 by route B¢
has been investigated. Mechanical properties of VT1-0 were shown to be sensitive to the
strain rate. As the strain rate increases, in the as-received condition, strength and plastic-
ity were observed to decrease and increase, respectively, whereas after 1, 4 and 8 passes
the strength properties are observed to increase and plastic to decrease. The strain rate
sensitivity coefficient was found to grow with the number of ECAP passes and strain
growth.

Fig. 1. Tensile strength 65 (@), conventional yield strength Gy, (6), elongation at rupture
ds (s), contraction after rupture y () of titanium VTI1-0 as functions of the number of
ECAP passes n for different strain rates €, s —om = 6.2-10_5, -0— — 1.2-10_3, —A— —
6.2:107°

Fig. 2. True deformation curves of as-received titanium VT1-0 (a) and after 8 ECAP
passes by route B¢ (6) for different strain rates €, s —o- — 6.2-10_5, —-o— — 1.2-10_3,
—A-—6.2:107

Fig. 3. Strain rate sensitivity coefficient m as a function of strain e; for titanium VT1-0 in
the as-received condition (curve /) and after 8 ECAP passes by route B¢ (curve 2)
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PACS: 81.40.—z

F.Z. Utyashevl, G.l. Raab?

MECHANISMS AND MODEL OF STRUCTURE FORMATION IN METALS
DURING SEVERE DEFORMATION

LInstitute for Metals Superplasticity Problems
39 Khalturin str., Ufa, 450001, Russia

%Institute of Physics of Advanced Materials, Ufa State Aviation Technical University
12 K. Marksa str., Ufa, 450000, Russia

It is established that extremely fine fragments and grains are formed when the value of
the accumulated curvature in metals increases to the value equal to the maximum tensor
density of dislocations. This is provided by the high value of the ratio between the surface
area of deformation center and its volume. Depending on scale factor that influences the
development of interfragment deformation and contribution of surface dislocation
sources into the deformation process, the fragmented structure either stabilizes or there
occurs the phase change from a crystal state to an amorphous one.

Introduction

A direct correlation is observed between the sizes of the formed grains and the
deformed samples. Finer grains are generated in the finest pieces of powder sub-
jected to grinding as compared with thin plates after torsion under pressure, while
in the latter ones the grains are lesser than in bulk samples after equal channel an-
gular pressing (ECAP). There is no a single opinion about the reasons of such
agreement. For example, during grinding powder materials there occurs mechani-
cal alloying of metals that is supposed to be connected with the formation of a
more fine grain structure. During torsion of thin plates it is higher quasi-static
pressure that is believed to be responsible for a more profound refinement. The
above noted factors appear to affect the stability of the formed fragments. At the
same time there remains the question: what minimum sizes and under what de-
formation conditions can these fragments acquire? The aim of this work is to an-
swer these questions by building an appropriate model of structure formation.

1. General prerequisites for the model

Metals with not very low stacking fault energy (SFE) in which structure refine-
ment results from the formation of a banded structure and fragments, are analyzed.
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The sizes of grains and fragments are believed to one-to-one correspond to the de-
formed state (DS) of metals, i.e. distortion tensor. Since it is difficult to calculate ten-
sor fields and to establish their bonds with structural state (SS) of a metal, in the ca-
pacity of the parameter characterizing these states, it is the bending curvature-torsion
value accumulated in the deformation center that has been used for this purpose.

2. Formation of bands and fragments

Let us consider structure refinement using ECAP as an example. Let a sample
with a square cross-section be pressed through the intersecting channels with
cross-sections equivalent to those of a sample, that are smoothly conjugated by
radii in the deformation center. In the deformation center, with respect to the sys-
tem of coordinates attached to the center of the radii of channels’ conjugation,
metal is involved in two motions: it rotates relative to the center and bends. Let us
find out how the mentioned motions affect structure refinement.

Fragmentation of crystallites. At any plastic deformation, including ECAP,
the crystal lattice of grains undergoes bend-torsion. The bend results in the change
of sample’s sizes, surface area and volumes. In this case, the trajectories of dislo-
cation motion correspond [1] to the family of evolvents. In [2] it is shown that the
process of fragmentation of a crystal lattice in the direction of an evolvent can be
simulated by replacing this curve by a broken line. Thus, the minimum sizes of
fragments during large bend will be determined as:

i 1
i =—, 1
7T kB (1)
where [3 — tensor density of dislocations, K — coefficient equal to 32—162. Taking
any metals b ~ (300—400)-10_12 m, Pmax ~ 10"°-10"° m_z, one receives P ax =
=410°m ™" and d?in ~2-8 nm.

Formation of banded structure. Let us assume that sample’s material presents
continuum with invariable density. Then, the velocity of any material point, due to
the bend in the zone of channels’ intersection, is the derivative of evolvent’s
length L = r¢2/2:

_dL _ .o _
V_dt rd y réw. (2)

Projections of this velocity onto the radius-vector R and in the normal direction
to it are correspondingly equal to radial velocity v and peripheral velocity vp:

réw
Ve =VC0S P = —, (3a)
JI+6?
2
vp = vsinp =2 (3b)

J1+¢?
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Quantity vp characterizes the mass transfer due to bending, while vp is mate-
rial’s motion in the direction of sample’s displacement in a channel. Due to the
constancy of material’s density vp corresponds to the velocity of a punch. At the
constant velocity of a punch:

w=

(4)

vo(1+¢%)
KR

R

As distinct from the continuum the atomic bonds of a crystal lattice do not al-
low the arbitrary points of a metal sample to be rotated in accordance with the
equation (4). The contradiction between the uniform vp assigned by punch’s
movement and the impossibility of the rotation of polycrystalline material with
the smoothly changing w is solved by the formation of a banded structure in met-
als. Each of the bands rotates with its own angular velocity different from the ve-
locity of neighbouring bands. At the boundaries between bands there occur jumps
of angular velocity Aw and angular misorientations. As known, such boundaries
produce mesodefects — partial disclinations or broken boundaries [3].

Transverse sizes of bands. Let us imagine that each of boundaries’ bands has
the form of a cylindrical surface around which the band, next in the remoteness
from the center, is bent. Then, the mass transfer from the compressible regions to
stretchable in bands will occur along the corresponding families of evolvents.
Bending angle of crystallographic planes in each band corresponds to evolvent’s
arc, and changes from zero to some value 0,, sufficient to produce a boundary
separating the neighbouring bands. The projection of evolvent’s length onto the
radius vector will determine the transverse size of a band AR = LcosB = (R.0co0s0).
For the series of bands from 1 to i one will write:

ok, =[(r6cos) 21 (@ cos ) 2],
k= (B cos6,)2][1 (B eos 8)12]

AR; = [(rel-z cos e,.)/zJ [1 +( & cos Q)/2JH

The relationships (5) show that the larger is the curvature (k = I/r) of sample’s
bending and the closer the band is to the bending center the lower relative values
of bands’ thickness are. Since at the boundaries of bands, 8 changes stepwise from
0,, to values close to zero, it is evident that the dependence (5) is nonmonotonic
and undergoes breaks.

)

Correlation between the sizes of bands and fragments. In typical samples
with transverse sizes of ~ 10-20 mm that are usually used for ECAP, the total
number of bands exceeds 10°. Let us assume that r = Fmin = 1 mm, 6;=6,, = 0.02 rad
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[3]. Then, in the order of magnitude the thickness of a series of bands from 1 to
103 will be 100 nm, while the transverse sizes of bands with i ~ 104 will increase
by an order, and for i ~ 10° - by more than 8 orders.

It is known that the boundaries of fragments (low-angle cells) are the motion
paths of mesodefects, and, consequently, their positional arrangement affects the
location and morphology (sinuosity, local irregularities) of bands’ boundaries. It is
also known that low-angle boundaries (~ 1°) are less resistant to small shifts dur-
ing deformation [4]. As a result, during deformation such boundaries may migrate
and lead to the coalescence of blocks-fragments. The enlargement of the latter re-
sults in the decrease of the area of boundaries that is beneficial energetically. That
is why, the boundaries of bands gaining large angular misorientations, up to high
angle values, are evidently the stabilizing factor that hinders the enlargement of
fragments.

From the condition of minimum surface energy one will receive the relation-
ship between the transverse sizes of fragments drand bands dj:

dy =3d, ¥r . (6)
V3

The ratio of specific surface energies Yy/yj, is about 1/3. As a result one will re-

ceive: dr= dp, that is observed in microbands.

Intersection and splitting subdivision of bands. After the first pass of ECAP
the number of microbands is by orders of magnitude less than required for struc-
ture refinement within the whole sample’s body. In addition to bands oriented in
the peripheral (tangential) direction the radially directed bands are also formed
during ECAP. The reason leading to the formation of these bands is similar to the
above considered, but in this case the direction of the radial component of the
mass transfer speed changes in a stepwise manner. Besides, due to Rayleigh insta-
bility the bands break to pieces and their parts rotate in the direction of maximum
shearing stresses. The intersection of the differently directed bands, their subdivi-
sion and rotation provide the refinement and equalization of structure. The forma-
tion of bands during torsion under pressure is, in many respects, similar to the
above-considered picture.

3. Conditions of fragmentation and amorphous state of structure

Kinetic equation of fragmentation. Using the formal likeness of fragmenta-
tion and phase transformation the present authors received [5] the equation:

o]

The dependence (7) is close to saturation at € ~ 3—4, and with satisfactory ac-
curacy agrees with the experimental plot of the kinetics of fragmentation pre-
sented in [3].
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Effect of accumulated bending. The absolute change in the surface area of the
deformation center takes place due to the fact that N dislocations, of /,y, length,
come out onto it and leave it:

|A4| = Nbl,,, (8)
Dividing both parts (8) by V' — the volume of deformation center one obtains:
pb=0~7A, =k, )

in which p = Nl,/V is the scalar density of dislocations, A4, — the absolute
change in the specific area of deformation center, k — average curvature of lattices
in the bent (curved) and twisted grains during large bends. Notice that irrespective
of the deformation mode the parameter A4, increases unambiguously with defor-
mation, and, per se, it characterizes the accumulated curvature of material’s
bending-torsion in the deformation center.
By putting (9) into the expression (1) one gets:
B2
dp= > AL (10)

a

As shown in [2], the dependence of A4, on € is easier to determine using the
uniform drawing of a cylindrical sample:

_ e A4 € €
AAa_jAAade_z7 exp- = -1 (11)

in which A4o/V is the initial ratio between the specific area of the deformation cen-
ter and its volume. At small values of Ay/V, with increasing € the parameter A4,
increases insignificantly, in this case fragments being refined according to de-
pendence (11). In [2] it was shown that during ECAP the value of A4, parameter
is lower as compared with torsion of thin discs under pressure, accordingly to a
lesser degree the refinement of grains occurs. During rolling thin foils and refine-
ment of powders A4, — |Blnax, that is why fragments (grains) are refined up to
the formation of nanofragments with amorphous structure.

Effect of scale factor. For production of fragments of minimum sizes the ac-
cumulated curvature (A4,) must reach the value |Blnax. Such influence of scale
factor on structure formation can be explained by the contribution of surface dis-
location sources into the deformation process. Such dislocation sources generate
dislocations at relatively low critical stresses. An important role of surface sources
in structure formation follows from the condition div3 = 0.

During deformation the parameter A4y can approach |B}yax, but depending on
the relationship between the sizes of fragments and deformation center this will
result either in the stabilization of the sizes of refined fragments or there will oc-
cur their further dispersion up to acquiring an amorphous state. The first situation
is realized if the mentioned relationship is small, then the majority of boundaries in
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the deformation center being large, and the shear occurs along them. The second

situation occurs if the mentioned majority is insufficient. Correspondingly, it can

be written: € = €; + &,,, where §; is intrafragment and €, — active rotational de-

formations (interfragment). According to [3] €, = 0.52 Fiél-. If at ECAP @= 112,
1

then € = 0.88—1.15. Texture is formed, that is why, taking Shmid factor F; = 1 and
20;, = @one will receive €,, = 0.8. The difference between € and €,, is ~ 0.2 that is
in agreement with the strain value resulting in fragmentation [3].

Conclusions

There can be singled out two mechanisms of structure refinement that depend
on the curvature-torsion of metals: formation of fragments and bands. These
mechanisms are interrelated, though the reasons responsible for the occurrence
and defects responsible for their realization are different. Fragmentation is the re-
sult of the evolution of dislocations occurring due to the curvature-torsion of
crystal lattice during deformation and relaxation internal stress. Formation of
bands is the result of the evolution of mesodefects occurring due to the develop-
ment of an active rotational flow of materials under the action of outer stresses.
For producing minimum nanofragments (nanograins) the deformation center
should be characterized by a large specific surface (more than 100 mm_l) providing
efficient generation of dislocations by surface sources, the accumulated curvature
should reach the value close to the maximum tensor density of dislocations, and
the contribution of the intrafragment deformation, that depends on the relationship
between the sizes of fragments and deformation center, should be significant.

The work was supported by the RFFI Projects 05-08-17911-a and 06-08-
00635-a.
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E.G. Pashinskaya

POWER ASPECTS OF ENERGY DISSIPATION DURING PLASTIC
DEFORMATION IN DIFFERENT STRESSED STATES. PART 1

Donetsk Institute for Physics and Engineering, named after A. Galkin,
the National Academy of Sciences of Ukraine
72 R. Luxemburg Str., Donetsk 83114, Ukraine

Work of plastic deformation defined as the area under deformation curve plotted on the
«load-absolute elongationy» coordinates for tension and on the «torque-turning angley
coordinates for torsion has been considered. To obtain adequate results the specific val-
ues of work determined by the «stresses-relative deformation» diagram have been com-
pared. It is shown that for torsion the observed changes in values of specific work of the
deformation are 3-5 times larger than for tension. This is connected with different acti-
vation of sliding systems during the deformation resulting in changes of the character of
developing processes of generation, redistribution, accumulation and annihilation of
crystalline structure defects of the material.

Introduction

The current methods used to describe the stressed and strained states by the
continuum mechanics methods [1,2] are based on material presentation as a uni-
form elastic medium. The resulting was a strict classification of the stress-strain
relationship for the elastic region and it has become possible to describe the like
relationship in the plastic region. The description of real polycrystalline materials
as uniform (isotropic) bodies is undoubtedly correct on a macrolevel (deformation
of a body as a whole), but there occur difficulties when this approach is used to
describe elementary processes of plastic deformation on a microlevel (the defor-
mation as a consequence of motion of crystalline structure defects). The problem
is that at this level the medium is no longer considered as the isotropic one and
elementary acts of plastic deformation are just determined by the anisotropy of
crystal lattice structure. The anisotropy present at the microlevel results in varying
behavior of quasi-isotropic bodies under the plastic deformation at the macrolevel.
A descriptive example of macroanisotropy developed under the deformation of
polycrystals is the formation of regions of localized plastic deformation (the Lud-
ers—Chernov lines) during the uniaxial tension of the specimen. It is evident that
the model of uniform medium does not imply that deformation is localized in
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certain regions and it is expected that the elementary traces of sliding will be
equiprobably distributed in the bulk of material. But in practice we have the proc-
esses of quasi-isotropic medium self-organization and self-organization and
structuring under the influence of power applied from outside.

On the other hand, the dependence of strength and plasticity characteristics of
solids on the stressed-state type has been determined experimentally. It is evident
that parameters of defect (dislocation) structure evolution in single crystallites de-
pend on macrostressed state, however, model representations about the influence
of stressed (and deformed) state of body as a whole on processes of dislocation
motion and nucleation of failure have been insufficiently developed. In such a
way, it becomes necessary to develop theoretical approaches to describe the inter-
action and mutual influence of the processes of deformation and failure nucleation
at different structure (scale) levels.

Formulation of the problem

In the development of such approach one of the problems is the necessity of
physically grounded distinction of structure levels in the structure of real deform-
able alloys. It has been shown [3-5] that processes of power accumulation and
dissipation in the system result in structural and phase transformations followed
by the formation of hierarchy structures in the originally uniform isotropic me-
dium. In what follows we make use of the synergetic approach [3—5] considering
the evolution of material structure under the action of power as a process of non-
equilibrium phase transitions in open systems interchanging with fluxes of power
and substance with the environment.

Relying upon the mentioned representations, let us specify the basic processes
characterizing the accumulation, redistribution and reduction of the accumulated
power in polycrystalline material during plastic deformation under the influence
of external forces and power fluxes (Fig.).

Due to this scheme it can be assumed that a change in parameters of the 4-type
processes (including those resulting from changes in the stressed and strained
state of the material) induces changes in the flow of the B-type processes, thus in-
fluencing the run of processes of type C and D. In this way, for subsequent analy-
sis we propose to use the approach based on the estimation of balance between
power fluxes in the material. Furthermore, according to the principles formulated,
in particular, in papers [6—9], the system evolution is towards the attaining of a
relative minimum of the accumulated power.

Discussion. Work of plastic deformation

Let us demonstrate the essence of the approach by means of simplest example.
We evaluate power consumption for the uniaxial tension and torsion during the
plastic deformation.

The work of plastic deformation can be estimated as the area under the defor-
mation curve plotted on the «load-absolute elongation» coordinates for the case of
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A. External power sources: B. Processes of power dissi-
1. Operation of elastic defor- pation and redistribution:
mation. :> 1. Generation of crystal-struc-
2. Operation of plastic defor- ture defects.
mation. 2. Motion of crystal-structure
3. External heat fluxes. defects.
3. Interaction of crystal-struc-
ture defects.
4. Increase of heat content in
deformed material.

C. Processes of structural D. Processes of physical and
transformations in deformed structural transformations in de-
material as a consequence of an formed material relating with a
increase in internal energy of the decrease in the internal power of
material: the material:

1. Accumulation of defects. 1. Annihilation of defects.

2. Formation of deformational 2. Polygonization.
dislocation structures. 3. Recrystallization.

3. Crystallite shape change. 4. Heat transfer to the envi-

4. Formation of regions of ronment.
localized deformation.

5. Processes of intergrain ac-
comodation of deformation.

Fig. Scheme of relationship between the processes of power redistribution and transfor-
mation of structure under the plastic deformation.

specimen tension and on the «torque-turning angle» coordinates for the case of
torsion. To obtain the comparable results we must take specific values deter-
mined by the «stress-relative deformation» diagram. It has been shown [10] that
for different tests the primary diagrams can be transformed to generalized curve
of the flow. The physical sense of quantitative value obtained by the integration
of the flow curve can be interpreted as the work of deformation of materials unit
volume.

Apart from physical arguments, this is confirmed by the analysis of dimen-
sions of quantities: Jm’ = Hm/m’ = H/m”.

The processing of the flow curves [10] for copper (the fcc lattice) and iron (the
bec lattice) in the annealed state and subjected to cold prestraining gave the results
listed in Table.
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Table
Specific work of deformation prior to materials failure
Material State Speciﬁc work u%on Speciﬁc work u}gon
tension, J/mm torsion, J/mm

Copper Cold—wgrk 0.01-0.02 0.30-0.35
Annealing 0.08-0.10 0.35-0.40
Iron Cold-work 0.02—-0.03 0.50-0.55
Annealing 0.10-0.12 0.80-0.90

The analyzed results show that values of power absorbed under realization of
the B-type processes (see Fig.) much (1-2 orders of magnitude) differ for one and
the same material depending on the initial state and loading type. At the same
time, for identical states and loading types the differences (2—2.5 times) in the first
approximation correspond to differences in moduli of elasticity and in values of
materials strength.

We can qualitatively explain the influence of the original state by a high level
of power preaccumulated by specimens subjected to cold drawing and, as a result,
the material is less capable of dissipating power applied later on. At the same
time, the changes in specific work of the deformation observed at the tension-
torsion stage have no trivial explanation and should be analyzed in detail. Of spe-
cial importance is the fact that upon twisting the work of deformation is less re-
spondent to the cold-work in the case of cold predrawing as compared to that
during tension, especially in the material with fcc lattice. Within the above-
formulated approach it can be postulated that such a significant difference in
power parameters of the deformation process should be associated with different
character of developed processes of generation, redistribution, accumulation and
annihilation of crystal structure defects.

First we assume that the main mechanism of power accumulation is the in-
crease of the dislocation density under disordered (chaotic) distribution thereof in
the bulk of material. Basing on values of the specific work of deformation that are
listed in the Table we can evaluate the increase in density of crystal structure de-
fects. Power of chaotically arranged dislocations can be estimated from the relation

Agis = 2pO(Gb2,
where p — dislocation density, o — structural factor, G — shear modulus, b — Bur-
gers vector.
Let us specify values of parameters: o = 1; Burgers vector — of 2,510 m,
shear modulus — of the order of 40 GPa for copper and 2:107"° m, 80 GPa for iron,

respectively.

It follows from the equation that for the absorption of deformation work of the
order of 0.01-1 J/mm’ the dislocation density should be increased by 10"-10" m™
Taking into account that in highly annealed metal the original dislocation density
is at a level of 10'-10% m ™, the total density (10'°~10*' m™?) is much larger than
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the experimentally observed values for metals before failure (1014—1015 m_z). In
the case of metal after the cold-work the discrepancy is even more prominent.
Thus, it can be concluded that during the cold plastic deformation, in the metal
there are active processes of motion, redistribution and annihilation of generated
defects of the crystal structure, to provide the dissipation of mechanical energy
applied from outside. This topic will be discussed in the second part of the paper.
It should be noted that the process of dislocation motion is the definitive one as a
possibility of dislocation redistribution and annihilation depends on it.

Conclusion

In plastic materials the macroscopic plastic deformation is the sum of multiple
acts of shear, which, in turn, results from the sliding of dislocations in sliding systems
activated with the stressed state. Therefore, the following statement can be formu-
lated: during the deformation the stressed state effect on plasticity reserve is through
different activation of sliding systems. Upon torsion, the deformation scheme is evi-
dently of simple shear type when the direction of action of the maximum tangential
stresses is constant and the state of direction of the largest elongation with respect to
the line of stress action is continuously changed. Therefore, during the torsion more
and more new sliding systems are involved. In the case of tension, the angle between
the direction of action of the maximum tangential stresses remains constant, which
does not favour the activation of new sliding systems. Upon torsion of the predrawn
specimens the dislocation motion develops in systems that were not activated before
because of changes in direction of action of the maximum tangential stresses and in
direction of the maximum elongation, so the influence of pretreatment in the case of
torsion is weaker than in the case of tension. Upon the tension of drawn specimens,
position of the both directions is preserved, thus leading to exhaustion of plasticity
reserve in the limited number of sliding systems activated before.
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This paper reports the results of investigation of mechanical behavior of the ultrafine-
grained (UFG) Ti-6Al-4V alloy processed by equal-channel angular pressing (ECAP)
and extrusion at temperatures in a range of 500-800 C. The UFG alloy reveals super-
plastic behavior at relatively low temperatures down to 600 T (elongation 240%). The
features of microstructure change of the UFG alloy under superplastic straining condi-
tions that contribute to additional strengthening of the alloy are shown.

Introduction

Superplastic deformation of metals rouses large scientific and practical interest
among the researchers particularly in terms of the possibility to process complex-
shaped articles [1]. Among structural factors that influence superplasticity the
grain size should be outlined first of all, the reduction of which may result in su-
perplasticity manifestation at relatively low temperatures and high strain rates [2].
Therefore, the development of methods of severe plastic deformation (SPD)
opened new opportunities for enhancing superplastic properties in metals [2]. In
recent years, superplastic properties were demonstrated at low temperatures
and/or high strain rates in the UFG Al alloys [3-5], intermetallic compounds NiAl
[6,7] and other nanostructured materials processed by high-pressure torsion (HPT)
and ECAP.

In earlier works [8—10], the low-temperature superplasticity of the titanium
alloy Ti—6Al-4V with UFG structure processed by HPT was demonstrated as
well. However, these studies were conducted on small samples. The results of in-
vestigations of mechanical behavior of the UFG Ti—6Al-4V alloy carried out at
temperatures in a range of 500—800°C are presented in this paper considering
large practical potential of the given alloy for structural applications in medicine
and engineering; the alloy was processed by ECAP and warm extrusion, combi-
nation of which enables to produce bulk UFG semi-products for practical use.
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Materials and methods of investigation

The tests were conducted on the rods 40 mm in diameter from the Ti—6Al1-4V
ELI alloy (Intrinsic Devices Company, USA) of the following composition: Ti —
base, Al — 6.0%; V — 4.2%; Fe — 0.2%; C — 0.001%; O, — 0.11%; N, — 0.0025%;
H; — 0.002%. This alloy with low impu-
rity content is applied for the production
of medical implants. The temperature of
polymorphic transformation (Tpt) in the
alloy constitutes 960°C. The micro-
structure of the alloy in the as-received
state was globular with an average size
of a-grains 8§ pm in cross section, 20 pm
in longitudinal section (Fig. 1). The
: samples 150 mm in length were sub-
Fig. 1. Microstructure of the Ti—6AI-4V jected to straining in 2 stages: ECAP in a
ELI alloy in the as-received state. Lon- die-set with channels intersection angle
gitudinal section, OM ¢ = 120° at a temperature of 600°C via

route B¢ and multicycle extrusion at 300°C
with cumulative elongation ratio A = 4.2 [12]. The view of the sample 18 mm in di-
ameter and 300 mm in length is presented in Fig. 2. The microstructure of the sam-
ples was studied be means of optical microscopy (OM) and transmission electron mi-
croscopy (TEM). Mechanical tensile tests were carried out on an «Instron» machine

at room temperature using a strain rate of € = 107 s_l, and at elevated temperatures

in a range of 500-800°C using strain rates of € =10 >s ' and 10" s . Test samples
with the diameter of working part equal to 3 mm were cut from the central part of a
rod along its longitudinal axis. Not less than 3 samples were tested for each state.

Fig. 2. Semi-product from
the Ti—6A1-4V ELI alloy

Fig. 3. Microstructure of the Ti—6A1-4V ELI alloy: a — after ECAP and extrusion, b —
after ECAP, extrusion and annealing at 600°C for a period of 1 h. Longitudinal section, TEM
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Experimental results and discussion

Fig. 3,a presents the image of the alloy microstructure after ECAP and extru-
sion. It is seen that SPD leads to a significant grain refinement and formation of
complex UFG structure in which grains/subgrains have irregular shape and con-
tain a large number of lattice defects — microtwins, diclocations and others. There
exists some inhomogeneity of microstructure characterized by the presence of
very small grains/subgrains less than 100 pum in size along with large grains of
400 to 600 nm. Grain boundaries are indistinct and do not have clear boundary
contrast (Fig. 3,a).

Table presents the results of mechanical tests of the UFG samples that re-
vealed considerable strengthening of the alloy at room temperature in comparison
with the initial state due to significant grain refinement. Relative elongation of the
sample has lower values (8%) owing to structural features of SPD materials and
physical nature of their plastic deformation when the mechanisms of dislocation
generation and movement are not effective in ultrafine grains [2].

Table
Mechanical properties of the Ti—6A1—4V ELI alloy in various states at room temperature
Ultimate tensile . Relative
Alloy state strength, MPa Yield stress, MPa elongation, %
Initial 940 840 16
After ECAP and extrusion 1300 1250 8

UFG structure of the produced samples is stable up to a temperature of 600°C;
heating at higher temperature revealed considerable grain growth to which micro-
hardness fall testifies (Fig. 4). No considerable changes in grain growth were ob-
served after heating of the samples at 600°C (Fig. 3,b).

6 750
S 5 6001
[ 1 [l
& 4-1_______-———1-_}\’ = 450
> o] A
T 37 ~ 8300
4 /2]
2 150 1
| —— 0 e
0 200 400 600 800 00 04 08 12 16 20
T,°C Strain

Fig. 4. Diagram showing the behavior of microhardness of the UFG alloy depending on
the temperature of heating

Fig. 5. Stress-strain curves of coarse-grained and UFG alloy Ti—6Al-4V ELI in different
conditions of tension: 1 — UFG, 500°C, 10™*s™'; 2 - as-received, 700°C, 10 s '; 3 -
UFG, 600°C, 10™* s™'; 4 - UFG, 700°C, 10> s™'; 5 — as-received, 800°C, 10 s™'; 6 —
UFG, 800°C, 105"
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Fig. 5 presents the curves in arbitrary «stress-strain» coordinates after tension
of the samples in the initial coarse-grained (CG) and UFG states at temperatures

of 500, 600°C with a strain rate of € = 10" s and temperatures of 700 and
800°C with a strain rate of € =10 >s . Ata temperature of 500°C and strain rate

€ =107 s the UFG alloy shows severe strengthening and low elongation value
(62%). Elevating the temperature up to 600°C leads to a change in the shape of a
tensile curve of the samples that becomes closer to superplastic behavior when
flow stress decreases almost by a factor of three in comparison with a temperature
of 500°C, and elongation reaches 200%. At tension with a strain rate of € = 10725
for the CG and UFG states the strength reduces with temperature increase, and at
a temperature of 700°C the UFG samples reveal the features of high strain rate
superplasticity (elongation 268%) and strength common to coarse-grained sam-
ples. At 800°C elongation of the UFG alloy is maximum and reaches 516%.

Fig. 6. Samples of the UFG Ti—6Al-4V ELI alloy after tension in the 500-600°C tem-
perature range and £ = 10™ s and microstructure in the indicated area of the sample;
longitudinal section. (TEM was performed at the University of Erlangen)

700 °C

750 °C

800 °C

Fig. 7. Samples of the UFG Ti—6Al-4V ELI alloy after tension in the 700-800°C tem-
perature range and £ = 10 s and microstructure in the indicated area of the sample;
longitudinal section. (TEM was performed at the University of Erlangen)
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The view of the samples after tension in UFG state at temperatures of
700-800°C and € = 10> s and at temperatures of 500 and 550°C and & = 10™*s '
is shown in Fig. 6,a and 7,a. Fig. 6,b presents the microstructure of the alloy after
superplastic deformation at 600°C, the inspection of which reveals qualitative
changes as compared to the structure after ECAP and extrusion. The grains about
500 nm in size with well-defined boundaries are clearly seen in the image of the
microstructure. Despite considerable elongation of the sample (240%), the grains
have equiaxed shape. As compared to the initial deformed state after ECAP and
extrusion, a slight growth of their size is observed. Dislocation density within the

grains has reduced significantly and does not exceed 10'* m™. The UFG alloy

reveals also superplastic behavior at tension with a higher strain rate of 10725

and higher temperatures. In addition, the microstructure of the samples after high
strain rate deformation also undergoes characteristic changes that are followed by
slight grain growth at 800°C (Fig. 7,b).

Microstructural changes that occurred in the samples after superplastic strain-
ing influenced the values of microhardness that was measured along the length of
the sample from head to the point of rupture (Fig. 8). The recovery and grain
growth in the head and neck of the sample subjected to straining at elevated tem-
peratures (800°C) lead to a fall in microhardness as compared to the UFG state at
room temperature and its higher homogeneity along the length of the sample.
However, at low temperatures (500—-550°C), when grain growth practically does
not occur in the neck of the sample, hardening is observed which can be caused by
further refinement of the microstructure of the alloy. The possibility of enhancing
strength by means of straining in conditions close to superplastic ones was dem-
onstrated on the samples of the UFG alloy after preliminary straining at 500°C;
the samples after further straining at room temperature revealed strength amount-
ing to 1510 MPa preserving sufficient ductility.

Thus, straining in the conditions of
low-temperature superplasticity of UFG
materials can be used for processing
articles of a complex shape providing at
the same time the enhancement of me-
chanical properties at room temperature.
Stressed state at localization of strain in
o — conditions of uniaxial tension is close

' ' ' ; ' to, for example, the conditions of iso-

20 40 60 k
Tiistancs, T thermal forging of the samples that en-
ables to produce complex-shaped arti-
Fig. 8. Diagram showing the behavior of  cles. The use of this approach enables
microhardness along the length of the efficient production of medical implants
samples after tension for various tem- ith qualitatively new service proper-
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Conclusions

The Ti—-6Al1-4V ELI alloy after SPD including ECAP and extrusion demon-
strates high mechanical properties at room temperature and superplasticity at tem-
peratures above 600°C. The features of superplastic behavior of this UFG alloy
consist in the formation of equiaxial structure with more «perfect» high-angle
grain boundaries. Superplastic straining may result in additional strengthening of
the alloy providing that the grain sizes are preserved in UFG structure at relatively
low temperatures. This approach is very promising for processing of complex-
shaped articles with high mechanical properties, particularly enhanced strength
and ductility.

This work was supported by the Ministry of Education in the framework of
contract Ne 02.445.11.7326 and the International Science and Technology Centre
(Moscow) under project 3208p.
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PACS: 81.40.-z, 80.40.Vw

H.H. benoycos

IN SITU-NCCNEAOBAHME NMPOLIECCOB CTPYKTYPOOBPA3OBAHUA
NP AEOPMALIMN MATEPWAINOB B AJIMA3HbBIX HAKOBAJTbHAX.
1. ObOPYOOBAHME N METOOWNKA SKCMNEPUMEHTA

[oHeLKknIn PU3NKO-TEXHNYECKMI MHCTUTYT uM. A A. ManknHa HAH YkpauHsbl
yn. P. Jllokcembypr, 72, r. loHeuk, 83114, YkpaunHa

Onucanvl KOHCMPYKMUBHble 0COOEHHOCMU CMPYKMYPHO-0ePOPMAYUOHHOU KaMePbl Gbl-
COK020 OAGIEHUsL C AIMAZHBIMU HAKOBANbHAMU-OKHamU. [lokazanvl sKcnepumenmaivbivie
B03MOJICHOCTNU KAMEPBI NO OCYUWECMEACHUIO U BU3VATU3AYUY NPOYECCO8 CINPYKIMYPOOO-
pazosanusi u hazogvloenenus, NPOMeKarowux HenoCPeOCMEeHHO HA NOBEPXHOCMU U 8
obveme Mamepuanos 8 YCiosusix UHMeHCusHol niacmuyeckol oepopmayuu (UI11) noo
oasnenuem. Onucanvl IKCNEPUMEHMATbHBIE OCOOEHHOCMU U MemOoOUKU npoeedeHus
CMPYKMYPHO-KUHEMUUECKUX UCCLe008AHULL 8 IMUX YCTIOGUAX ONMUYECKUMU, CHEeKMPO-
CKONUYECKUMU, DEHM2EHOBCKUMU U OPY2UMU MEMOOAMU.

BBenenne

B nacrosimiee BpeMst Mexay (pu3uMKoi BBICOKWX naBieHui [1-5] u dusukoit
MPOYHOCTH U TuTacTUYHOCTH [6—10] ompenenumncs nensid psa oOmmx mpodiem,
ABJISIFOIIUXCSI COCTABHOM YaCThI0 MHTEHCHBHO PAa3BHUBAIOLIETOCS HOBOI'O Halpas-
JeHus — (PU3MKH HAaHOCTPYKTYPHBIX MatepuanoB [11-14]. Ilocnenuss 3anumaer-
Csl UI3YYCHHEM CBOWMCTB U SIBIICHUM (hOopMUpOBaHUSI OOBEMHBIX U TUTAHAPHBIX (T10-
BEPXHOCTHBIX) HAHOCTPYKTYP B YCJIOBUSAX BIIMSIHUS BHEIIHUX BBICOKOIHEPreTHUYE-
CKHX BoznencTBuid. Cpeau mapaMeTpoB TaKUX BO3JACHCTBUI Ha BEIIECTBO 0CO00E
MeCTO 3aHUMaroT Bbicokue maBineHus u UIIJ (oObemHBIE, MOBEPXHOCTHEIC)
[13,14]. B 3Toif CBsI3U aKTyaJbHBIM SBJISICTCSI KOMIUICKCHOE COUYETaHWe: a) pas-
nnanbiXx BuaoB UIIJ[ ¢ BenmumHOUN naBieHws; 0) HENPEPBIBHOTO HAOIIOICHUS
CTPYKTYPHO-KMHETUYECKUX U3MEHEHUHN C BO3MOXHOCTBIO YIPABJICHHS] BHEIUHUMHU
CTPYKTYpODOPMUPYIONIUMU TTapaMETPAMHU.

3a ocHOBY B3AT pa3pabortanubiii bpumxmenom [1,2,15—17] meTon anmazHbIX
HaKOBaJIeH. BpICOKasi MpPOYHOCTh aJIMa30B IMO3BOJIAJIA MMOJY4YaTh CBEPXBBICOKHE
nasnenus [15—17] u ocymecTBisiTh 00padboTky moBepxHocTH [18]. Onruueckas
MPO3PAUYHOCTH aaMa3a JaeT BO3MOKHOCTb POBOJUThH UCCIEAOBAHUS CTPYKTYPHI U
CBOICTB BEILIECTBA HEMOCPEICTBEHHO B YCJIOBUSAX CBEPXBBICOKUX AaBieHUi [15].
Hecmotpst Ha siBHBIE AOCTOMHCTBA, MeTOA bpukmMeHa He JMIIEH HEAOCTATKOB,
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TaKUX Kak: BBICOKAasi CTOMMOCTb aJIMa30B; YacCThle UX MOBPEXKICHHUS, CBSI3aHHBIE C
BIIMSIHUEM TIPEeNbHBIX HAarpy30K; OrpaHHUYEHHAs CBUTOBAasi IPOYHOCThH AJIMA30B;
TEXHUYECKHE HECOBEPIIEHCTBA KaMep CBEPXBBICOKOIO AaBieHus u np. [15—-17]. B
CBSI3M C 3THUM aKTYaJIbHBIM SIBJISIETCS] YCOBEPIIEHCTBOBAHUE METO/A AIMAa3HBIX Ha-
KOBaJIeH, KOTOpOe MO3BOJIUT: 1) oOecrieunBaTh JOJTOBPEMEHHOE U MHOTOKPAaTHOE
UCTIOJIb30BAaHUE AJIMA30B B YCIOBHAX JCHCTBUS MPEACIbHBIX HANpsSKCHUH U Je-
dbopmanmii; 2) OCYIIECTBISTh KOHTPOJIb 3a HAIPSHKEHHO-Ie()OpPMUPOBAHHBIM CO-
CTOSIHUEM AJIMa30B B YCJIOBUSX MPENEIBHBIX HArPY30K; 3) PaCIIUPSTh TEXHOIOTUYE-
CKHE U UCCIIeIoBaTeNIbCKie (PYHKIMK KaMep ¢ aMa3HbIMU HaKOBaJIbHAMHU; 4) pa3pa-
0aThIBaTh M M3rOTABIMBATh HOBbIE TEXHHMYECKUE KOHCTPYKIUH Kamep. B Hacrosmiee
BpeMsi paciiipeHa 00acTh MPUMEHEHUS METO/Ia alIMa3HbIX HAKOBAJIEH, B YaCTHOCTH,
JUISL TIONTy4eHHs OObEMHBIX HaHOMaTepHasioB [14] U miaHapHBIX HAHOCTPYKTYP Iy-
TEM MHTEHCUBHOM IMOBEPXHOCTHOM IIacTudeckoi nedopmaru [19-21].

O6opyroBaHue U METOAMKA IKCIIEPUMEHTA

Pa3zpaboTana u M3roTOBJICHA CTPYKTYPHO-IehOpPMAIIMOHHAS KaMepa ¢ ajaMas-
HbIMH HakoBanbHsAMU-OkHamu (SDDAC - structure-deformation diamond anvil
cell). B otnuume ot cymecrByromux [1-4,14—17] sta kamepa (puc. 1,a¢) npenna-
3Ha4YeHa He TOJIbKO JIJIsl CO3/1aHHUsI CBEPXBBICOKOTO JIaBJICHUS, HO, B OCHOBHOM, IS
OCYIIECTBIIEHUs OOBEMHBIX (OCajKa, CHBUT, OSKCTPY3UsS) W TIOBEPXHOCTHBIX
(ppUKIMOHHO-KOHTAKTHOE BO3ACHUCTBHUE, a0pa3MBHOE BHITJIaKUBAHHE, CYXO€ Tpe-
HUE 0/ KOHTPOJIMPYEMBIM JIABJICHUEM H JIp.) TUTACTHYECKUX JIedopMaruii MUK-
pooOpa3IoB B COYETAHUH C BIMSIHUEM BBICOKOTO JaBieHHs (microbaroforging).

Puc. 1. CtpyxTypHO-1I€-
(dboMarroHHasi kamepa
C aJMa3HBIMH HaKo-
BaJbHAMH (@), HIKHAN
myaHcoH (0), anmma3 B
YBEITUICHHOM BHIIE (8)

Dyukyuonanvhvie ocovennocmu kamepvt SDDAC. KOHCTpyKIUsS KaMepbl
obecrieunBaeT €€ MHOTO(YHKIIMOHAILHOCTh, B TEPBYIO OYepelb BO3MOXKHOCTH
MPOBENICHUS in Situ-ucciIe0BaHUN HenmocpeACcTBeHHO B ycnoBusix MII/] mox nas-
nenueM (B manpHeumeMm Oynem ee Ha3wiBaTh Kamepoud SDDAC in situ). Kpome
3TOro, KaMepy MOXKHO YCTaHaBJIMBaTh B PEBEPCHOE YCTPOUCTBO AedopmannoH-
HOI MamuHbI (2167P-50) nnst ocyiiecTBIeHUs CTPYKTYPOOOpa30BaHus B IIPOIIEC-
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ce UITJI (c 3anmuchio nuarpamMmbl HarpyKeHUs, perucTpareii ¢parMeHTanuu u
TUHAMHYECKONW PEKPHUCTAUIM3AINK), a TOCIEe Pa3Tpy3Kd MPOBOAHWTH H3yYCHUE
MEXaHUYECKUX U CTPYKTYPHO-KMHETHUECKHUX CBOMICTB JaHHOrO oOpasla B yclo-
BUSX CTPYKTYPHOH pellaKCalyu.

Kamepa SDDAC in situ M3roToBjI€Ha C Y4€TOM BBISABIECHHBIX TEXHHYECKUX
HECOBEPILECHCTB KaMep CBEPXBBICOKOTO JaBiieHus [15—17] u Ha OCHOBaHHH KOM-
IUIEKCHOTO HCTOJb30BaHUS (U3MKO-MEXaHHUUECKUX U KpHUCTaIorpapuuecKux
CBOMCTB MPHUPOAHBIX aaMa3zoB [22—-29]. DTo MO3BOJUIO OCYIIECTBISITh MHOIO-
KpaTHOE M JOJTOBPEMEHHOE HCIIOJIb30BaHHE anMa3oB (Kak AeQOpMUPYIOLIETO,
TaKk ¥ adpa3uBHOTO MHCTPYMEHTA) Uil pabOThl B MPEACIbHOM 00IacTH HaIpsKe-
HUM: 1) METOOM HETPEPHIBHOTO KOHTPOJISI HAPSIKEHHO-1e()OPMUPOBAHHOTO CO-
CTOSIHHSI HAKOBAJICH TI0 XapaKTepy U3MEHEHHS ABOMHOTO JTyYeTpPETOMIICHHS B T10-
JSIPU3AIMOHHOM MHUKPOCKOTIE; 2) MyTeM PEryJSIpHOW NpOPUIAKTUKU Padbounx
rpaHeit anmasos (puc. 1,6, mocie 2—5 HMKIOB Harpy>KEHUM ), CBI3aHHOM C TpaBJie-
HUEM I[apaliH U MUKPOTPEIINH, HA0JII0laeMbIX B MHTEPHEPEHIIMOHHOM MHKPO-
cKome, (TpaBuTenb — a3oTHas kucnora, 7' = 45-70°C, t = 5-30 s), Temneparypa u
BpeMsl BapbHPOBAINCH B 3aBUCUMOCTU OT CTEIEHU MOBPEKICHUS aliMa3oB (Mak-
cUMaibHas riyOuHa TpaBieHus He 6osee 1.0—1.2 pm).

Kpumepuu oméopa u napamempul animazos. Vicrionb3oBaiv napy npupoi-
HBIX OKTa3JI[PUYECKHX MOHOKPHUCTAIIOB anMasa (puc. 1,a), oToOpaHHYIO IO Crie-
[IAAJIHLHO pa3pabOTaHHBIM M alPpOOMPOBAHHBIM KpUTepusM (¢ yuetom [15-29]):

1) coBnanenue Beca anMasoB U ux pasmepos myr = 0.24 £0.01 ct, D1, =3.9
*+ 0.1 mm (omopHast OCKOoCTh), dj > = 0.85 £ 0.03 mm (pabGouas rpaHs), k) =
=2.18 £ 0.06 mm;

2) OTCYTCTBHE BHYTPEHHHUX BKJIIOYCHHN M OCCIIBETHOCTH (BU3YyaslbHAs OIICHKA);

3) OTCYTCTBHME HMCXOIHBIX BHYTPEHHHUX HANPSKEHUN (OICHKA IO BEIWYHHE
JBOMHOTO JTy4enpenoMIIeHHs);

4) MUHMMaJbHOE OTKJIOHEHHE: pabouux rpaHeit ot miockoctu (100) Ha yron
He Oosee 1.0—1.5°, BepTUKATBHOM OCH aIMa30B OT KpHCTALIOTpadUuecKoro Ha-
npasnenus [100] — e 6omee 1.0-1.5°;

5) OTKJIOHEHHUE IUIOCKONapauIeTbHOCTH pabovynX U OMOPHBIX IUIOCKOCTEH Ha
yron He 6onee 1.0-1.5°%;

6) MakcuMasbHas BeHMYUHA YP(HEKTUBHOCTH YCHIIHS (OIIEHKA 11O OTHOIICHHIO
YCHIIWS, TIePEeIaBaeéMOro Ha TOPEIl HAKOBaJIbHU, K YCHIIHIO, MPUJIAraeMOMY K €€
OCHOBAHHIO);

7) onuHakoBoe uucio rpaHeit (n = 16/16), 4To HCKIIOYAI0 HEOAHOPOTHOCTD
pacnpeeneHus HarpsKeHU Ha pabovymX IJIOMIAKaX TPAaHEHbIX aliMa30B, BO3HU-
KaOIIYI0 M3-32 HECOBIAJCHUS MO MEPUMETPY BCTPEUHBIX TOPIIOB MAaphl HAKOBA-
JIeH,;

8) He3HauuTeNbHAs BBITYKJIOCTh pabouux miockocred (R = 1.0—-1.5 pm), He-
o0xonumas A KOMIIEHCAIMK ee Mporuda mpu MpeneiabHbIX HaNpsHKEeHUSIX CxKa-
TUS U JUIS YMEHBIICHUS TPAJANCHTA pacHpe/esIeHUs] HAMPSHKCHH 10 BCel HaKO-
BaJIbHE Ha ATare pa3rpy3KH.
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AnMa3zbl, HE OTBEYAIOIIME BBIICHEPEYUCICHHBIM KPUTEPHUSIM OTOOpa, Kak
NpaBUJIO, MPEXaAEeBpeMeHHO (3a 1-3 muKia) pa3pyliaiuch B YCIOBHUSX pean3a-
IIUU TPEeNIbHBIX HAPSHKEHUH.

Koncmpyxkmuenwie ocovennocmu kamepst SDDAC in situ. Kamepa (puc. 1)
COCTOHUT W3 KOPITYCa, BBHIIIOJHEHHOTO W3 MPSMOYTOJbHON IUIACTUHBI pazMepamu
120 x 45 x 20 mm, U3rOTOBJIEHHON U3 BbICOKONpouHOU cTamu 45XHM®A, 3aka-
nenHoi 10 45-50 HRC. Bausy kamepa uMeeT UUINHIPUYECKOE OTBEPCTHE, B KO-
TOPOM TI€peMeIIaeTcsl MOABMXKHBIN mopumeHb (puc. 1,a). OTBepcTHe 3aKpbhITO
KPBIIIKOH, CITy’)Kallel ormopou Jiyisi BEpXHETo anMasza. BepxHsis omopa mpu HEoO-
XOJUMOCTH YCTAaHABJIUBACTCS HA MUHHUATIOPHOM YIOPHOM IOJIIUITHUKE, MTO3BO-
JSIOUIEM MPOU3BOIUTH BpalleHHE BEpXHEl HaKoBaldbHHU (TMPU HEMOABHKHOM
HUKHEW) U OCYIIECTBIIATH CIIBUTOBYIO Ie(hOpMAIIMIO Ha TIOBEPXHOCTH U B 00BhEME
obOpasna (B 3aBUCUMOCTH OT BEJIMYHUHBI MPUIIOKCHHOTO JaBieHuUs). BpameHnue
OCYIIECTBIISICTCS] BPYUHYIO JIMOO MPH MOMOIIMU 3JIEKTPOJBUTATENS C PEAYKTOPOM.
Omnopsl anmasoB 3akasieHsbl 10 TBepaoctu S0—55 HRC u cHaGkeHbl KOHUYECKUMHU
OTBEPCTUSIMU JUIsl BBOJA M BBIBOJIA CBETOBOTO M PEHTTEHOBCKOTO HU3JIyUEHHS,
MPOMYyCKaeMoro uepe3 anmasbl. LIeHTpoBKa B IMOINMEPEYHOM IJIIOCKOCTH HUKHEH
OIIOpPBI C aJIMa30M OCYILECTBIISETCS C MOMOIIBI0O MUKpOBUHTOB. [locie 3aBepuie-
HUS LIEHTPOBKH OTOpa 3aKperuisieTcs maidamMu (¢ KOHMYECKUM LIEHTPaIbHBIM OT-
BEpPCTHEM), IPUTSIHYTHIMU K Hel BUHTaMmH. [lapa nunuaap—mopiieHs oOpaboTaHa
C BBICOKOHM TOYHOCTBIO, 3a30p MeXAy HUMH He Oomee 10 pm. [Humuaap npu HeoO-
XOJIMMOCTH MOKET U3BIIEKaThCs U3 Kopmyca (puc. 1,0).

Hpunyun oeiicmeusn xkamepor SDDAC in situ. Ycunue ¢ TOMOIIbIO MEXaHU-
94EeCKOr0 BHHTOBOTO Tpecca C paMHOM CTaHWHOU (CHUIIOBOM BHUHT ¢ KO3 UIlneH-
TOM peaykiuu 1 : 2.5) mepemaercss Ha ynpyrui 3JE€MEHT CHCTEMBI, 3aTeM 4Yepes
CephI'y Ha KOHIIBI phIuaroB (OTHOLIEHUE TIed | © 2) u Janee Ha MOJAMATHUK, HEMO-
CPEICTBEHHO TIEpENaoIINi ycuiue Ha nopiieHs (oomas pexykuus 1 @ 5). IToa-
BECKa phIYAroB Ha JIByX CEpbrax MO3BOJSET UM MPUHUMATh MOJOKEHHE, MIPU KO-
TOpOM OOKOBbIE YCHJIMSI B Mape LUUIMHAP—TOPUICHb MEHBIIE, YeM MPU KECTKOM
KpeIyieHMH pblyaroB. HWOKHUN MOABIKHBINA TMOPIIEHb CHAO0XKEH moirycdepuye-
CKHUM YIIyOJIEHHEM, COMPSHKEHHBIM C OMOPOW BTOPOro ajmasza ¢ moiycdepude-
cKkoif moBepxHOCThIO. [lomychepuueckas ornopa BXOAUT B COOTBETCTBYIOIIEE YT-
nyGiieHue B MOPILIHE, K KOTOPOMY OHa MpUTEpTa JUIsi 00ecreueHus: paBHOMEPHOTO
MpWIETaHusl MO BCEH MOBEPXHOCTU. Takasi KOHCTPYKIUS LEHTPUPYIOIIETO YCT-
pOIiCTBA MO3BOJISIET MEHITh HAKJIOH BTOPOTO ajmasza J0 JOCTHKEHHUS IJIOCKOIa-
PAIIENIBHOCTH pab0YNX TOPIIOB AIMA3HBIX HAKOBAJICH.

Konmpons napamempos. VI3MepeHus IJIOCKONApaIebHOCTH pPabovYux TO-
BEPXHOCTEN MPOM3BOAWIM A0 MU TOCIE SKCIEPUMEHTAa C IMOMOIIBI ONTHYECKOIO
MHUKpPOCKOIa B MOMEHT KacaHHsI HaKOBaJIeH (TIpH OCBELICHUH Ha MPOCBET) 110 UHTEP-
(bepeHIIMOHHBIM JIMHUSIM C TOYHOCTHIO 110 3'. IlmockomnapamiensHOCTh HEMOCpeCT-
BEHHO I0J] JABJICHUEM, a TaK)Ke BEJMUYMHY CaMOro JIaBJIEHHs OLIEHUBAJIM U KOHTPO-
JMPOBAIM KaK ONTUYECKUM METOJIOM TIO TIOSIBJICHUIO, PACTIOJIOKEHUIO U KOHPHUTYpa-
1y TpaHull (pa3oBbIX mpeBparnenuit B cnosx: Agl mpu 0.24, 0.29 u 9.7 GPa [30],
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KCI - 2.0 GPa [31], ZnS - 15.0 GPa [32], GaP — 22.0 GPa [32], Tak u cnekTpo-
CKOMMYECKHM METOJIOM IO 0apuYecKOMY CMELIEHUIO R|-TUHUH JIOMUHECIICHIINH
pyouna: A = 693.2 nm (P = Pam); A = 696.8 nm (P =11.5 GPa); A = 700.1 nm
(P =20.3 GPa); A =703.4 nm (P = 30.7 GPa). /laBnenue oneHuBaIu 1Mo hopmysie
[33]: P = kDA, tie k= 2.740 £ 0.016 GPa/nm, mOrpemHoCcTd U3MEPCHHS JTHHBI
BosHBI AN = £0.008 nm, gasnenus AP = +0.05 GPa.

Pestcumul oechopmayuu oopazyoe 6 ycnosusax HII/] noo oasnenuem. Y cunve
K TIOPILIHIO (C 5-KpaTHOW peaykuueil) nepeaaercs AByMms crnocobamu: 1) ¢ momo-
HIbI0 PHIYAXKHO-BUHTOBOT'O MEXaHM3Ma (KBa3MCTAaTHUECKUN PYYHOH pexuM): pe-
rucTpamus cuiibl — teHzomerpuueckoit cucrtemoit CUNUT-2 (tounocts +10 N),
CMEIlleHHEe BUHTA — CTPEJIOYHBIM WHIUKATOPOM (TOYHOCTH *5 Pm), 3aBUCUMOCTD
NPUIOKEHHOTO YCWIMS OT CMEIICHHs] BUHTA JIMHEWHas; 2) HEMOCPEICTBECHHO B
HarpyXxaromieM ycTporcTBe nedopmanmoHHoi mamwuabsl 2167P-50 (aquHamuye-
CKHH PEXHM): TOYHOCTb peructpauuu cuisl +1 N, nepememienns — =1 pm.

[lepenavya ycunusi B pydHOM pEXHMME OCYIIECTBISIETCS: JUIsl peau3aluu pe-
JIAKCAIlUU HAMPSOKSHHS] — MyTeM Mepeaadd YCUIHsS Yyepe3 IITOK; TSl peann3aliu
peXHUMa MOJI3yYECTH — MOCPEACTBOM YIIPYTOro 3JIE€MEHTa, COCTABIEHHOTO U3 4Ye-
ThIpEX NAaKETOB Tapeab4aThiX NpyxkuH (ctanb 60C2A, BHemHMM auamerp 24 mm,
BHYTpeHHHUH — 12 mm, mocienoBaTeabHOe MONapHOe COSTUHEHNE, 00IacTh yIpy-
rocTH Kakao# Tapenku — 60 kg). YciioBust Harpy>KeHus B JUHAMUYECKOM PEKHMe
(mammua 2167P-50): KOMIBIOTEpHAsT 3alMUCh 3aBUCUMOCTH HAMNPSDKCHHUS OT Jie-
dbopMaluu; perucTpanus perakcalui HANPsDKEHUN; MUKINYECKUe HarpyKeHUs:
Markuil pexxuM (0 = const, £0.1 N), sxectkuit pexxum (€ = const, £1 pm). XKect-
KOCTb METaJTMUecKuX KoHCTpyKIuii kamepsl SDDAC in situ — 10 t/mm. B xame-
pe co3maetrcsi MakcumanbHoe aaBieHue 1o 50 GPa, mpenenbHas CTENeHb Jiora-
pudmuueckoii aepopmanuu e = 3 (3a OAUH IIUKII).

Yuueepcanonocmo u mnozopynkyuonanvnocme kamepvr SDDAC in situ.
3aMeHa COOTBETCTBYIOUIMX NMpHUCTaBoK B kamepe SDDAC in situ (puc. 1, 2) no-
3BOJISIET NPOU3BOJUTH: 1) BHU3yalibHbIE HAOIIOJEHUS MArHUTHON CTPYKTYpBI;
PEHTTEHOCTPYKTYPHBIE HCCIIEIOBAHUS KOHTAKTHO-(PPUKIIMOHHOTO B3aMMOJAEUCT-
BUsI, a0pa3MBHOTO MCTHUPAHHUS MOBEPXHOCTH (C M3YYCHHEM IPOIYKTOB HM3HOCA),
aJIMa3HOI0 BBITVIAXXUBAHMS U IIpoLieccoB cyxoro Tpenus npu UIIJl nmosepxHocTH;
HCCJIEJOBAHUE MTOBEPXHOCTHBIX MUKPOCTPYKTYPHBIX U3MEHEHUH MPHU OCBEIICHUU
B BHJIUMOM, YJIbTPa(UOIETOBOM M HH(PPAKPACHOM JHMANAa30HAX JJIUH BOJH C
NpUMEHEHHEM (pIIyopecuMpyoluX KpacuTenel; TBepAoda3sHoe JerupoBaHHe
(pusmueckoe, XUMHUECKOE) MOBEPXHOCTH MYTEM HAHECEHUS M MOCIEIYIOLIETO
BTUpaHus (IIpU CIBWUIE) WIM BAABIMBAHUA (IIPH CXKATHUH) B MOBEPXHOCTH JIETH-
PYIOIIUX 3JIEMEHTOB (C MOCIEAYIONIEH TepMUIECKO 00paboTKOM); TBepIohazHOe
KOMIIAaKTHPOBAHWE HAHOMOPOIIKOB B YCJIOBHSX YJIbTPa3BYKOBOI'O BO3/AEWUCTBHUS;
ONTUYECKOE HAOI0JCHNE (B MOJIIPU30BAHHOM CBETE MO MEPEMEIICHHUIO MOJIOCKH
bekxke) rpanull 3epeH U 6eperoB TPEIIUH C OLEHKOM MoKa3aTels MpeloMIIeHHs Ha
pa3IMYHBIX CTPYKTYPHBIX 3JIEMEHTAxX; U3y4EHHE IPOLIECCOB 3apOKIEHUS U pas-
BUTUS TPEIINH, SIBICHUN BSI3KOXPYIKOTO MEpexo/ia U KUHETUKH TPeumHo00pa3o-

94



Pdu3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

BaHMsI; HAOJIIOJCHHUS OOpPaTUMOTO W HEOOPATHMMOTrO BBIMAJCHUS (a3 BBICOKOTO
nasienust (OBJ]), uzmepenus pazmepoB u o0bemoB ®BJ[ ¢ ucnompzoBaHHEM
Gbiryopecuupyonmx KUJIKOCTEH, KOTOpble MPUMEHSIOTCS B KaueCTBE MHUKpPOJAT-
YUKOB ()a30BOI'O COCTOSHUS MMOBEPXHOCTH; U3yUCHHE COCTOSHUS e(OPMHUPOBAH-
HOM TOBEPXHOCTH IyTEM HCCIEAOBAHUS KBAHTOBOTO BBIXOJA JIOMUHECIICHIIMU
a/1cCOpOMPOBAHHBIX MOJIEKYJT HAHECEHHOT'O KPAaCHUTENs; 2) ONTUYECKUE UCCIIe0Ba-
HUS IPU KOHCOJIMJAIIMKY HAHOTIOPOIIKOB MyT€M M3yY€HUs MHTEHCUBHOCTH CBETO-
BOTO M3JIydeHUs (pa3IuyYHOW JIJIMHBI BOJHBI) U M3MEHEHHs Ko3(dduuumenra mpo-
MTyCKaHUsI CBETOBOTO M3JIy4eHHUs (B MPOXOIAIIEM CBETE); 3) CIIEKTPOCKOIHIO OTI-
TUYECKOTO M KOMOWHALIMOHHOTO paccesiHusl; 4) peHTreHorpaguueckue uccieaoBa-
HUS (TTapaMeTphbl PEeLIETKH, BETMYHHA MUKPOHATIPSHKEHUH, pa3Mephl 00J1acTH Kore-
pentHoro paccesiaust (OKP), ¢a3zoBbie mpeBpalieHust U CTPYKTypa HOBBIX (a3); 5)
TU(PPaKTOMETPUUECKUE HCCIIeIOBaHUS MpoLiecca CTPYKTYPHOM penakcauuu in situ;
6) KOMIIBIOTEPHYIO 3allUCh: a) KPUBBIX HarpykeHus O(E) (Ipu pa3IMYHbIX CKOPO-
cTsax nedopmanyu) ¢ OleHKOW Kod(HIMeHTa CKOPOCTHOM YyBCTBUTEILHOCTH 711,
0) KpMBBIX pelaKcaly HanpspKeHUH O(f) ¢ OLIEHKOW BEIMYMHBI OJIU3KO- U TAIbHO-
JEHCTBYIOINUX TIOJICH BHYTPEHHUX HAIPSKCHHM; 7) OLIEHKY YpOBHS 3allaceHHOMN
SHEPTrUH CUILHOAE(POPMHUPOBAHHOTO HAHOCTPYKTYPUPOBAHHOTO Tena; 8) TepMo-
JTWHAMHUYECKUN aHaJM3 Tpoliecca CTpykrypooOpazoBanus npu UIIJ] B ammazHbIx
HAKOBAJIbHAX; 9) MMHAMUYECKHE M3MEPEHUS] aKyCTUYECKOH 3MHCCHH M 3JIEKTPOCO-
MPOTUBIICHUSL.

Co30anue ceepxevicokozo oagnenus. B xamepe SDDAC in sifu npexycMoTpeHa
BO3MOKHOCTB CO3/IaHUS CBEPXBBICOKOTO ruapocTatnueckoro gasienus P = 10 GPa c
UCTIOJIb30BAHUEM METAJUIMYECKUX KOHTEHHEPOB (IPOKIIAJKHU-TACKETKH) U3 IPOY-
Hoi Heprkaperomien ctam 12X18H10T u xuakoctu, nepenaromniei qaBieHue (Me-
TaHOJI-3TAHOJIOBAsl CMECh B COOTHOLIEHUHU 4 : 1). Jsl mosyueHus: KBa3uruapocra-
trdeckoro Aasienus P = 15 GPa npumensiiu mapadun, mis P = 30 GPa — menxo-
JMCTIEPCHYIO, TUTACTUYHYIO MIPH BBICOKOM JaBJICHHH MOBAPEHHYIO COJIb. Bennun-
HY HErMJIpOCTaTUYECKOIr0 JAaBJICHUS OLICHUBAJIM MO M3MEHEHHIO CPEHEro 3Haue-
Hus napamerpa pemetku NaCl (tounocts +0.05 GPa). Metamundyeckne KOHTEH-
HEPBI UCIOIH30BAIM B OCHOBHOM Il OCYIIECTBIIEHUSI KOMIIAKTUPOBAHUS MUKPO-,
CyOMHKpPO- ¥ HaHOMOPOWIKOB. [Ipu HEOOXOMMMOCTH MPUMEHSUIH yIBTPa3BYKOBOE
Bo3nelicTBue. Mcmonb30oBanuch y3ko- (KBapieBbie) u mmmpokornonocHbie (L[TC-
KEepaMrKa) Mbe30JaTYMKH, CIy)Kalllie OJHOBPEMEHHO W JaTYMKaMU aKyCTHYe-
CKOM SMUCCHH.

Konconuoayusa u 2omozenuzayusa nopouwixoe ¢ kamepe SDDAC in situ. J{ns
BU3YaJIbHOIO HAOIIOJEHHS MPOLECCOB KOHCOMUAAIMKM M TOMOT€HHU3alli HAaHOTIIO-
pouikoB B kamepe SDDAC in situ (puc. 3) IpOBOJUIN ONITUYECKUE UCCIIETOBAHMS
M0 U3MEHEHUIO KO3 PUIIMeHTa TPOMyCKaHHsI CBETOBOTO U3TYUECHHUS.

Bvibop mamepuana xonmetinepog. Ocodboe BHUMaHHE YJENsIM BBIOOPY Mare-
pHajia TacKeTOK JiJIsi KOMIAKTUPOBAHUS, KOTOPBIA OCYIIECTBIISIIM M3 YCIOBHI
[15-17]: 1) nmposiBneHHs BBICOKOW MPOYHOCTH IMPU COXPAHEHHH JIOCTATOYHOMN
MJIACTUYHOCTH (BS3KOCTH) IS YIUIOTHEHHSI COJEPKUMOTO KOHTEHHEpa; 2) ONTH-
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MaJbHON BENIMYMHBI KO3(P(UIIMEHTa BHYTPEHHETO TPEHUs (OTHOIIEHHWE MPOYHO-
CTH Ha CIIBUT K CxxuMatolieii cune) B penenax 0.4—0.6 (mpu MEHbIINX 3HAYCHUAX
HaOJIOZAJIOCh CHJIBHOE BBITEKaHUE (IKCTPY3HWs) MaTepualia KOHTeiHepa); 3) -
HEMHOTO M3MEHEHUs! 00bEMHON C)KMMAeMOCTH He MeHee ueM Ha 15% (mpu mak-
CUMAaJIbHOM JIaBJICHHH); 4) OOpaTUMOCTH 3THUX CBOWMCTB, JAIOIIMX BO3MOXKHOCTH
MOBTOPHOTO MCIOJIb30BaHMUs KOHTEHHEPOB-TACKETOK TOCIIE BO3CHCTBUS BHICOKO-
ro naBieHus. M3 pa3nmuuHbIX COPTOB MCCIEAOBAHHBIX CTajlel, YAOBIETBOPSIOIINX
[IOCTaBJIICHHBIM yCJIOBHUAM, BbIOpanbl cienyromue: [12X18H10T, 12X18H9,
0.8X15H50-2T (3I1-450).

Iloozomoexa konmetinepog. OTpaboTaHa METOIMKA TPUTOTOBICHUS METAILIH-
YECKUX KOHTEWHepoB. M3 nmucta BeIOpanHOM ctanu TonmuHoi 200—300 Um BeIpe-
3anu 3arotoBku auamerpom 800—1000 pm, KoTOpbIe MpeaBapUTENLHO 00aBIH-
BAJIM MEXY HaKOBaJIbHAMU 10 TOMMHEI 80—100 Um. B nieHTpe oTneyarka cBep-
mwn orBeperue nuamerpoM 100-300 pm u ymensmanu ero g0 80—-200 pm mo-
MOJTHUTENIbHBIM 00kaTtreM (0e3 3amosiHeHust oTBepctus). st JocTrKeHusT Mak-
CHUMAaJIbHBIX JIaBJICHUH U edopMalmii UCIOIb30BAIN O0Jiee TOHKHE KOHTEHHEPHI
U OTBEPCTHS MEHbBIINX AuamMeTpoB. ToONIIKMHY KOHTEeHepa BHIOMPATIN U3 YCIOBUS
OCYILIECTBIICHUS] MaKCUMaJIbHONH OOKOBOH MOJAEP)KKM HAKOBAJIECH BBIAABICHHBIM
MaTepuaIoM, YTO YMEHBIIAIO TPAAUEHT pacipeesieHNs HapsHKeHUH (B cucteme
HAKOBAJICH U MaTepualia KOHTEHHEpa), a TAK)Ke CHIDKAJIO HANpsHKEHUE CIBUTA 10
BEJIMYMHBI MEHbIIE CABUTOBOM MPOYHOCTH ajMa3za. B yclioBUsAX MOTydeHHs] Mak-
CUMAJIbHBIX JIaBIICHUH OCYIIECTBISUIM THIATEIBHBIM KOHTPOIb 32 COXPaHCHHEM
IUIOCKONApaUIeTIbHOCTH HAaKOBaJleH (MCIOJIb30BajM BELIECTBA-CBUJIETENN WU
crienuanbHble (PIyopecUpyIONIe KUIKOCTH).

Cosuz noo oaenenuem ¢ kamepe SDDAC in situ. B xamepe npenycMoTpeHa
nedopmarys ciBUra Mo pa3InyHbIM JAaBICHUEM JUIS OCYILECTBICHUS 00bEMHBIX
(mpu P = 1 GPa) u moBepxHocTHbIX (ipu P < 1 GPa) crpykTypHO-(ha30BBIX H3Me-
HeHui. MuHHAaTIOpHBIA 00paser B BUJe aAucKa auamerpoM nopsaka 0.3—0.4 mm u
tonuHOM 0.02-0.03 mm momemani MexTy pabouuMH TTOBEPXHOCTSIMHU aJIMa3HBIX
HakoBaJIeH. MsIrkue MeTaJuibl IPEABAPUTENILHO CIIPECCOBBIBAIIM B TOHKYIO MOJIOCKY
(711 yMEHBIIIEHUST HEKOHTPOJIMPOBAHHOTO TEUCHHUS TI0]T HAarpy3Ko#), 3aTeM o0pe3a-
JM KPOMKHM M CHOBa TMOBTOpsUIM onepanuio. [TomydeHHbIil TOHKUI oOpaser] ycra-
HaBJIMBAJIM 110]1 HaKOBaJIbHU. [locie HopManbHOrO CKaTHs 10 33JaHHOM BETMUYHUHBI
OCYIIECTBIIUIN BpalieHue (1epopMaliio CABUra) B py4HOM PEXHUME IyTeM I1OBO-
poTa BepXHe# HakOBaabHM Ha orpanndeHHbii (¢ < 10°) yrou. IIpu Takom yrie mo-
BOPOTA (32 OJIMH IMKJI) JOCTUTAJIM 3HAYUTENLHOMN AedopMaliu cIBUra Y, KOTOPYIO
(6e3 yuera medopmalii 0CaaKoi) OIEHUBAIN M3 COOTHOIeHus: Y = O(R/h) [14],
rae ¢ — yron moBopora B paauaHax, R — paguyc oOpasia, 4 — ero tommuna. C 1e-
JIbI0 HAKOIUIEHHS OOJBLIMX IUIACTHYECKUX AeQopMaluii B YCIOBUSIX BBICOKOTO
JIABJICHUSI OCYIIECTBISUIM MHOTOKPATHBIM ITOBOPOT BEpXHEW HAKOBAILHU B 00€
cTtopoHbl. B pabore [7] mokazana uAEHTUIHOCTh 3(PPEKTOB, MOTYICHHBIX KaK MPH
OJJTHOKPaTHOM C/IBUTEC HA 33JaHHBIA yroi ¢, Tak ¥ npu Habope 3TOW BEIMYMHBI 32
HECKOJIBKO ITOBOPOTOB B pasHbie CTOPOHBI P = n, rie n — YUCII0 MOBOPOTOB.
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Ixcmpysun memannos. B xamepe SDDAC in situ peanuzoBaHa BO3MOXHOCTb
MOBEPXHOCTHOU (BBITJIAXKMBAHUE) U O0OBEMHOU (BBITEKaHHE) SKCTpY3uH jaedop-
MHUpPYEMOr0o MaTepuana B TpeX HalpaBICHUSX: 1) paguanbHOM — H3-TOJ CXKH-
MAIOIINX TOPIIEBBIX MMOBEPXHOCTEH HAKOBAJICH MPH HOPMATHHOM CXKATUH; 2) TaH-
TEHIMAIbHOM — B YCIIOBUSIX COYETaHMsI HOPMAJIBHOTO CXAaTHsl U KpydeHus; 3)
IPOJIOJIBHOM — C MCIOJB30BAaHMEM B KAUeCTBE HAKOBAJIECH AJIMa30B C LIWIMHIPHU-
YECKUMU BbIEMKaMHU U KOHYCHBIMH OTBEPCTHSMH (MPUMEHSIIH T'OTOBbIE aIMa3HbIE
bubepsr).

Bo3moscnocmu penmeenocmpykmyprnozo ananusza. 1. @omomemoo. Kame-
py SDDAC in situ (cMm. puc. 1,a) ucnonp30Bajid AJi MPOBEIEHUS PEHTTEHOTpa-
budecKnuX CTPYKTYPHO-KUHETHUUECKHUX i1 Sifu-UCCIEIOBAaHUI B MpPEIENbHBIX YC-
JIOBUSX HANpPsSHKEHHO-Ie(POPMHUPOBAHHOTO COCTOSHUS BEIIECTBA. [exHuyecKue
cpeocmea u ycnosus cvemku: 1) anmmapar YPC-0.1; 2) xommumMaTop auaMeTpoM

0.1 mm, xecrkoe Mo K, -u3nyueHue; 3) octpopokycHas TpyOKka ¢ pU3HIeCKuM

dokycom 0.1 x 0.1 mm; 4) makcuManbHBIA yron audpaxiuu kamepsl 0 = 60°
(6bmaromapst JOTIOJIHUTEIHLHOMY MPOTIIIY B BBIXOJHOM OKHE); 5) IUaMeTp OTBEp-
cTus B npokiaake kamepsl 0.1 mm, pacyeTHsIl AuamMeTp 00aydaeMoi MOBEPXHO-
ctu He 6onee 0.2 mm (mpu pabouem quamerpe oopasmna 0.4—0.8 mm).

8

Puc. 2. JlonomHuTensHOE 000PYIOBaHUE: @, 6 — MPUCTABKU JJII PEHTTCHOCTPYKTYPHOTO
aHaJi3a COOTBETCTBEHHO (DOTO- U TUPPAKTOMETPHUECKUM METOJIAMH, 6 — MUHUATIOPHAS
MeIbKOHCTAaHTAHOBAs TepMoOIIapa B 3aIlUTHOM Koxkyxe (X 100)

Ycnosusa cvemxu u memoouka sxcnepumenma: 1) U3MEpeHUsl «Ha MPOCBETY B
IUTOCKOCTH, MapaUIeIbHON U MEePIEeHANKYISIPHONH OCH HAKOBAJIeH; 2) pacCTOSIHHE
MeXy (OKycOM M OTBEPCTHEM KOJUIMMATOpa COOTBETCTBYET YIBOEHHOMY pac-
CTOSIHUIO MEX]Iy OTBEPCTHEM KOJUIMMATOpa M 00paslioM; 3) pacCTOSIHUE MEXIY
obpasniom u mieHkoi 18—35 mm; 4) nmudpaknroHHass KapTUHA PETUCTPUPYETCS
Ha TUIOCKYIO IJICHKY, BCTABICHHYIO B KQJIPUPOBAHHYIO KacceTy; 5) sKcro3urus 8 h
u OoJiee; 6) oOpasel ¥ TUICHKa B TIPOIIecce CheMKH HE BPaIatoTCs.

Kamepy SDDAC in situ ycTaHaBIMBaJIU Ha CIIEUUATBHO U3TOTOBICHHYIO YHU-
BEPCAIBHYIO TOJICTABKY C TOHHOMETPUYECKON TOJOBKOW (pHIC. 2,a), TO3BOJISIO-
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11y IPOBOJUTH IOCTUPOBKY B TPEX B3aMMHO IEPIEHIUKYIISAPHBIX HAaIPaBICHUAX
(Trounocts +0.01 mm) 1 OCyIIECTBIATH PEHTI€HOTpapUpPOBaHUE PA3TUYHBIMUA Me-
tonamu. KOcTupoBka kaMepsl ¢ MOACTABKOH 3aKir04agach B COBMEILIEHUH OCH Ha-
IpPY’KEHHsI HAKOBAJIbHU M JIMHUU PACIPOCTPAHEHUS NEPBUYHOIO PEHTTEHOBCKOTO
ayqa. IlpeaBapuTenbHO IOCTHPOBKY HMPOU3BOAMIM HA CTOJIMKE PEHTI€HOBCKOMN
YCTQHOBKH 10 MAaKCHUMyMY IpPOXOJSILIEro uepe3 HakoBaslbHU (0e3 oOpasua) jia-
3€pHOTO M3JIy4YeHHS (OT Ja3epHOM YKa3KH). 3aTe€M OCYIIECTBIISIN 00Jiee TOUHYIO
IOCTUPOBKY 110 MAaKCUMYMY PEHTI'€HOBCKOI'O BTOPHUYHOI'O M3JIyuyeHUs (B pEXHUME
cdyeta (OTOHOB), MPOXOAIIETO BIOIH OCH HAIPY)KCHHS aIMa3oB uepe3 AedhopMu-
pyeMBbIii TOHKHI 00pasel.

2. lugppakmomempuueckuit memoo. Texnuueckue ocobennocmu. V3rotosie-
Ha crieruanbHas noacraBku 1 kamepsl SDDAC in situ (puc. 2,0), MO3BOISAIOMAS
IPOBOAUTH MCCIIEA0BaHUS C MOMOIIBIO AudpaxkTomerpa. [loncTaBka BBINOIHEHA Ha
6a3e pentrenoBckoi nmpuctasku ['TI-13. B ee BepxHeil yacTH yCTaHOBJIEHBI calla3Ku
THUIA <JIACTOYKHUH XBOCT», K KOTOPBIM >KECTKO NMpHKperieHa kamepa. Canasku 1o-
3BOJISIFOT OCYLIECTBIATH MEPEMELEHHS] B TOPU3OHTAIBHON M BEPTUKAJIBHOM ILIOC-
KOCTSIX B IIy4KE PEHTI'€HOBCKHX JIydeil C IOMOIIbI0 MUKPOMETPHUYECKHX BHHTOB,
YIAJIEHHBIX U3 I0JIS IEHUCTBUSL PEHTICHOBCKOro u3iny4yeHus. IloxcraBku ¢ kamepoi
yctaHoBjeHbI Ha roHnoMeTp ['YP-8 nudpakromerpa JIPOH-3.

Yenosus cvemku u memoouka sxcnepumenma: 1) METON «Ha MIPOCBET» B UHTEP-

Basie yrioB 18° <20 < 120°; 2) usnyuenne Mo Kq; 3) obpasern BbIBOLHICS U3 3a-

HETUICHNSI, ¥ BPAIlAJICS JIWIIE JETEKTOp; 4) PErUCTpaIfio OCYIIECTBISLIN Ha JTUa-
TPaMMHYIO JIGHTY U JTUCIUIEH KOMITBIOTEPa; 5) KaXKIYI0 JUHUIO PETUCTPUPOBAIU B
MOJIOKUTETTFHON M OTPHIIATENILHOW 30HAX TOHUOMETpa (IpU MPsIMOM U 00paTHOM
X0JIe JIETEKTOpa); 6) MPOBOIWIN YCpeIHEHHE (IO YE€THIpEM H3MEPEHHSIM) Mpodu-
Jieid 1 MTHTEHCUBHOCTEH MU(PPAKIMOHHBIX JHHUN JJIs HAXOXKACHUS CPEIHHUX BEIH-
YMH MUKpOHanpspkeHuit u pasmepoB OKP; 7) Benumuuny yrina gudpaxiun 0 (mis
OIIpeIeTICHUS TTapaMeTpa PEIIeTKH) HAXOAUIN KaK CPEAHEe U3 YeThIpeX U3MEpPEeHUI
(Tounocts Aa = +2-107" nm). VcxonHoe u nocneaedopmManuoHHoe (TEKCTYpUpo-
BaHHOE) COCTOSIHUE 00Pa31I0B KOHTPOIMPOBAIN B TOM K€ U3TYUYEHHH CTaHAAPTHBIM
MeroaoM bparra—bpeHTaHo ¢ ucnoiab30BaHUEM TeKCTYpHOU npucTaBku ['TI-14.
Onmuueckaa mukpockonusa. C TOMOIIBIO ONTHYECKOTO JITMHHOPOKYCHOTO
mukpockorma MBT-71Y4.2 (yBenuuenue 1o 500, hokycHoe paccrosiaue a0 20 mm)
B kamepe SDDAC in situ mpoBOAuIN BU3yajbHbIC HAONIONEHHS IMpolecca Je-
dbopmaru BAOIL W MEPIEHAUKYISIPHO OCH HarpyxeHus (puc. 3,a,0). Haiinensl
ycloBHs peanu3auuu MakcumanbHoro (Ao 800) yBennueHUsl JaHHOTO Kiacca
JUTMHHO()OKYCHBIX MHUKPOCKOTIOB. Mcronb30Bamu 0ObeKTHB C yBenuueHueM 40 u
yucnoByto aneprypy (NA = 0.52). [Ipu TakoMm yBenuueHHH yCHIIMBAIUCh abeppa-
[IMY B HAKOBAJLHSAX BBUIY OOJIBIIIOTO TIOKA3aTelIs MpeoMiIeHus anMasa (n = 2.42).
OTH abeppanuy YMEHBIIAIUCH MTyTeM HCIOJIb30BAHUS TUIACTHHBI U3 TUIABJICHOTO
KBapma cranaaptHoil TonmmHbl (d = 1.50 mm). Jlng momydeHus u300pakeHus
HAMJTY4IEero KauecTBa (IIPU OCBEIICHUH Ha MPOCBET) YMCIIOBas anepTrypa KOHICH-
copa ocBeTUTeNsl Obljla COMpPsKEHA ¢ anepTypoil o0bekTuBa. ONTHYECKUM METO-
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JIOM B MOJIIPU30BAHHOM H3IIy-
YCHHUU 110 XapakTepy IBOWHOIO
Jay4yenpenomiieHus (ImyTeMm Io-
MEIIEHNUSI HAKOBAJIEH MEXIY
CKpEIIEHHBIMH HUKOJIIMH) pea-
JM30BaHa BO3MOXHOCTb  Ha-
OJFoZIcHUsST 3a XapaKTepoOM U3-
MEHEHUsI COCTOSIHHUS aJIMa3OB B
YCIIOBUSIX TIPEACIIBbHBIX HAIPy30K.
B 3aBucumocTu ot Xapakrepa Ha-
MIPSDKEHHO-1e(OPMHUPOBAHHOTO
COCTOSIHHSI QJIMa30B PETUCTPU-
pOBAJIM NEPUOAUYECKUE Tallle-
HUSL ~ WHTEHCHBHOCTEH  (Tipu
Puc. 3. Onrtnko-mexaHudeckas yCTaHOBKAa IS  BpalleHMM HHUKOJEH), a Takxke
MCCITC/IOBAHMIA CTPYKTYPHBIX M3MCHCHHI B MaTe-  geperyispHBIC CBETJIBIC H TEM-
puamax B YCIHOBHSX Jedopmanuu B Kamepe
SDDAC in situ: a — HaOmoneHne BIOJb ONTHYE-
CKOM ocH, 6 — MePIEHIUKYIISIPHO i

Hble o0nactu. B ycnmoBusix mpe-
JIeNbHBIX HAarpy30K HaOI01ancs
3aMETHBIM CIBUT ATHX oOOJac-
teid. CHBUT HW3MEpsUIM J10CTa-
TOYHO (15-10_3 mm) TOYHO C MOMOIIBIO CHEUAIBHON ONTHYECKON MPUCTABKU.
Bennuuna ciBura IMHEIHO W3MEHSIACh ¢ POCTOM JIaBlIeHUs: B cooTHoeHn: 0.1 mm
Ha 1.0 GPa (oreHka mo pyOMHOBOMY JaTYUKy). DTOT METON (Kak MEHEEe TPYI0eM-
KUl 1 OoJiee OBICTPBIN) UCTIONB30BAIN ISl OLICHKU TPEIeIbHBIX 3HAUCHHU J1aBJie-
HUS, a TaK)Ke COKMMAeMOCTH BEIleCTBa MO M3MEHEHUIO TOJIIMHBI oOpasiua (Hero-
CPEACTBEHHO B YCJOBHUSIX CBEPXBBICOKOIO JaBiIeHUs). MeTolOM JBOMHOIO Jyue-
MPEIOMIICHUSI OJTHOKPATHO YIAIOCh HAOMIOATh MOSBICHHUE PAa3MbITHS JIMHUH (B
BU/JIE TAJIO0), BIIOCIEACTBUU OJMH M3 aJIMa30B Pa3pyIIUJICs, YTO, BEPOSTHO, SIBISETCS
rokasaresieM MpeesIbHOTO HaNpsKEHHO-Ie(POPMUPOBAHHOTO COCTOSIHUS aJIMa30B.

Tennogusuueckue uszmepenusn. B xamepe SDDAC in situ npenycMOTpeHO
U3MEpEeHNe TEeMIEpPaTyphl ¢ MOMOIIbIO CHEHATbHO M3TOTOBJIEHHOW MHUHHATIOP-
HOM MeIbKOHCTAaHTAaHOBOM TepMomnapsl (cM. puc. 2,8) [34]: ToilMHA MPOBOIOB
0.05 mm, Tounocts +0.05°C, 6sicTpoaeiicTBue 50 ms, A7 = 50°C. J{ns uckmroye-
HUS MOBPEXACHUN B IPOLIECCE M3MEPEHMI TepMmoliapa MOMEIIEHa B OTBEPCTHE
MeTayumueckoi uriel (puc. 2,8). [Ipu nepopmanmm obpasma Mexay HaKOBaJIbHSI-
MU (0e3 mpenBapuUTENbHON TEPMOU3OIIALUK) BeencTBre Beicokor (2000 W/mK
[29]) TemIonmpoOBOAHOCTH ajaMasa MPOUCXOINI OBICTPBIM OTBOJI TEIJIa Yepe3 HaKO-
BaJIbHU, YTO MCKIIOYAJIO BO3MOXKHOCTh U3MEPEHHs TeMIEPaTyphl JaHHBIM METO-
noM. Pa3zpaborana Meronuka HM3MepeHHUs TemrepaTypbl Ipu AedopMaluu Mo
JIaBJICHUEM B YCJIOBHUSIX MHTEHCHBHOIO TEIJIOOTBOJA aIMa3HBIMU HAKOBAIbHIMU.
[TpenycMOTpeHbl U3MEPEHUs MPU HEMOCPEIACTBEHHOM KOHTAaKTe oOpaslia U Tep-
MOTIaphl, a TaKKe MPU OJHOBPEMEHHOM nedopmanuu obdpasua u Tepmonapsl. Bo
BTOPOM cCIlydae OTJEIbHO U3MEPSUIA 3aBUCUMOCTh TEPMODJIC TEpMOMaphl OT JaB-
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JIEHUs1, TOCKOJIbKY 3aMEYEHO BO3HUKHOBEHHE B IIPOBOJIOKE BO BPEMS HATPYKEHUS
no6ounbix D/IC. [TocneaHne UCMONB30BATH ISl HCKITFOUECHUS JOMOJTHUTEIHHOTO
HarpeBa U3 pealibHOIl TemmepaTypsl oOpasua. IIpenBapuTenbHO M3roTaBIMBAIN
CHeIMallbHbIE TEPMOU30JIUPYIOIINEe KOHTEHHEPHl U3 MOBAPEHHON coiu, TpaduTa,
OKHCH MarHus Win okucH amromunusi. Konteineps! (BHeHMA quamerp d = 0.7 mm,
BeIcoTa 4 = 0.6 mm, auameTp orBepctus d = 0.3 mm) 3aKiIro4and B TOHKUN Me-
TalNIMdecKuil OaHJaX IJid MPENOTBPALICHHs] WX pa3pyLICHUS MOJ JaBICHUEM.
Mertannudeckuii o0paserr (C BBIBEICHHBIM HAPYXKy TEPMOKOHTAKTOM) MOMEIIATH
B OTBEPCTHE KOHTEIHepa, MMOCJIe Yero OCYIIECTBISUIA TpeIBapUTEIbHOE 00XKaTHE
JI0 HayaJla IIacTUYECKOro TeUEHHUsI MaTeprasa KOHTeHepa. ITO CIIOCOOCTBOBAIIO
IUIOTHOMY 3aIlOJIHEHUIO TPOCTPAHCTBA MEXYy 00Opa3loM M OTBEPCTHEM KOHTEM-
HEpa, YTO HAJIEKHO TEPMOU30JIUPOBATIO 00pa3ell OT HAKOBAJICH U HE MPEIATCTBO-
BaJIO MPOLIECCY €ro IIacTUYecKoil nedopmanuu.

C 1enblo perucTpaluy TeMIEepaTypHbIX U3MEHEHUH, TPOTEKAIOLIUX B MPOIIEC-
ce cTpykTypoobpazoBanusi u ¢aszossiaencHus npu MIIM, pazpaborana xomIbro-
TepHas nporpamma [34]. Ilo kpuBbIM HarpyxeHust 0(€) U 1epOPMALUOHHOTO U3-
MEHEHHUsI TeMIiepaTyphl 7(€) oneHuBaIK padoTy GOPMOU3MEHEHHS U YPOBEHb 3a-
MACEHHOW SHEPruu B cuibHOAehopMupoBaHHOM BemiecTBe. C menbio ornpeaene-
HUS MEXaHH3Ma, JIXKAIIETO B OCHOBE Mpoliecca CTpykTypooOpaszoBanus mpu MITJ]
B aJMa3HBIX HAKOBAJIBHIX IO XapaKTepy TeMIIepaTypHbIX H3MEHEHHU, MpoTe-
KaloIKX B mpoliecce aedopMalii, MPOBOAMIN TEPMOAKTUBALIMOHHBIA aHATN3 C
OIICHKOW BETUYMHBI aKTUBAITMOHHOTO 00beMa V 1 3Hepruu aktuBanuu H.

Takum oOpa3om, omucaHbl KOHCTPYKTHUBHBIE OCOOEHHOCTH CTPYKTYpPHO-
nedhopMallMOHHON KaMepbl BBICOKOTO NaBICHHUS C aaMa3HBIMH HaKOBAJbHSIMU-
okHaMH. [Toka3aHbl SKCIIEpUMEHTAIBHBIE BO3MOKHOCTH KaMephl M0 OCYILECTBIIE-
HUI0O M BH3yaJU3allid IMPOIECCOB CTPYKTYypoOoOpa3oBaHus U (a30BBIICICHHUS,
MPOTEKAIOIINX HEMOCPEICTBEHHO HAa TOBEPXHOCTH U B 00bEME MaTepHaJIOB B YCIIO-
Busix UITJ] mox naBnenuem. OmnrcaHbl SKCIEPUMEHTAIBHBIE 0COOCHHOCTH U METO-
UKW MPOBEACHUS CTPYKTYPHO-KMHETUYECKUX UCCIIEOBAHUM B 3TUX YCIOBHSX OIl-
TUYECKUMHU, CIIEKTPOCKOITUYECKUMHU, PEHTT€HOBCKUMH U APYTUMU METOJIaMHU.

1. I1.B. Bpuooicmen, ®usnka Beicokux gasieHnii, OHTH, MockBa—Jlennnrpan (1935).

2. I1.B. Bpuooscmen, Hoeiimmue paboTel B 00nacTu BeICOKuX aaBneHuit, UJI, Mocksa
(1948).

3. JIL.®. Bepewaeun, TBepabie TeNa MPH BEICOKUX maBieHUAX, Hayka, Mocksa (1981).

4. Teepovie Tena moa BEICOKUM fasieHueM, B. [on, [I. Bapmayap (pen.), Mup, Mocksa
(1966).

5. B.U. Bepecnes, K.U. Ezepcxuti, E.B. Tpywun, Beicokue AaBIeHHUs B COBPEMECHHBIX
TEXHOJIOTHsIX 00paboTku MaTepuanos, Hayka, Mocksa (1988).

6. Mexanuueckue CBOWCTBa MaTEPHANIOB TOJ BRICOKMM maBieHueM, X.JI. IIpfo (pend.),
Mup, Mocksa (1973).

7. IL.B. bpuoxcmen, VccnenoBanne OONbIIMX IIACTHUECKUX AedopManuii U pa3phiBa,
WJI, Mocksa (1955).

100



Pdu3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

10.

11.

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

B.B. Puibun, bonpime 1uractTudeckue AehopManuu U paspylieHne MeTauioB, Me-
tammyprusi, Mocksa (1986).

B.U. 3aiiyes, Pu3nka MIACTHIHOCTH THIPOCTATHUCCKH CKATHIX KpUCTAIIOB, Hayko-
Ba mymka, Kues (1983).

b.U. Bepecnes, JI.®. Bepewaeun, I0.H. Paounun, JI.J[. Jlusuwuy, Hexotopeie mpo-
OmeMbl OONBIINX TJIACTHYECKUX aedopMaIiii METaUIOB IPH BBHICOKOM JIABJICHHH,
AH CCCP, Mocksa (1960).

nJl. Mopoxos, JI/[. Tpycos, B.H. Jlanosox, ®uznueckue sBICHUS B YIbTPaauC-
MepCcHBIX cpenax, Hayka, Mocksa (1984).

H. Gleiter, Prog. Mater. Sci. 33, 223 (1989).

B.M. Ceean, B.U. Pe3znuxos, B.U. Konvinos, /[{.A. Ilasnux, B.®. Manviues, [Iponieccot
IJIACTUYECKOr0 CTPYKTYpooOpa3zoBaHus MetaiioB, Hayka u Texuuka, Musnck (1994).
P.3. Banues, HaHOCTpyKTypHBIE MaTepHaIbl, TTOJYICHHBIC HHTCHCUBHON TIACTHYC-
ckoit nedopmarmeii, Jloroc, Mocksa (2000).

K. Bpa0au, [lppumeHeHNe TEXHUKN BBICOKHX NABIICHUN TPU UCCIICIOBAHUIX TBEPIBIX
ten, Mup, Mocksa (1972).

A .C. Luxauc, Texanka GU3NKO-XUMHUYECKHX HCCICIOBAHUI MPH BBHICOKUX U CBEPX-
BBICOKHX JaBJIeHUAX, XuMusi, Mocksa (1976).

Cospemennas TexHuKa cBepxBbICOkuX napnenuii, E.I'. IlonsTockuit (pen.), Mup,
Mocksa (1964).

B.M. Topbuno, AnmasHoe BeITIaXHBaHUE, MammHocTpoeHue, Mocksa (1972).

H.H. benoycos, B c6.: MaTepuaibl 1 TIOKPBITHS B SKCTPEMAIbHBIX YCIOBHIX: UCCIIC-
JIOBaHUsI, IPUMCHEHHUE, SKOJIOTHUYSCKU YHCTHIC TEXHOJOTHU TPOU3BOJICTBA U yTUIIH-
3arun m3aenni, Kamueenn (2004), c. 189-190.

B.H. Bapioxun, H.H. Benoycos, B ¢0.: HanotexHonorus n ¢pusznka QyHKIHOHATHHBIX
HaHOKPHCTAIUIMYECKUX MaTepuaios, EkarepunOypr (2005), c. 13-21.

B.H. Bapioxun, HH. benoycos, B c6.: CoBpeMeHHOE MaTepHUaIOBEICHHE: JTOCTHKE-
Hus u ipobnemsl, Kues (2005), c. 561-562.

JILA. Bacumves, 3.11. bervix, AnMasbl, UX CBOWCTBa U iprMenenune, Henmpa, Mocksa (1983).
U U. Hlappanosckuii, Anmasbel, Hayka, Mocksa—Jlenunrpaz (1964).

U.C. Poockos, A.Il. Mopos, Anmasbl Ha ciryx0e uenmoBeka, Henpa, Mocksa (1967).
M.A. Konometickas, HatypanbHble U CUHTETUYECKHE aJIMa3bl B MIPOMBIIUICHHOCTH,
Henpa, Mocksa (1967).

E.B. Cobones, llpumecHsie TIeHTPH B anMase, Hayka, HoBocuOupck (1972).

A.E. @epcman, Kpucramnorpadus anmazos, Hayka, Mocksa (1955).

I".0. I'omon, KoMImmekcHOE M3yYeHHE ONTHIECKUX CBOMCTB anMa3oB, Heapa, MockBa
(1965).

Qusuueckue cBolicTBa anMazos. CripaBounuk, H.B. HoBukos (pex.), HaykoBa mymka,
Kues (1987).

B.M. Riggleman, H.G. Drickamer, J. Chem. Phys. 38, 2721 (1963).

P.W. Bridgman, Phys. Rev. 51, 237 (1940).

G.L. Piermarini, S. Block, Rev. Sci. Instrum. 45, 973 (1975).

G.L. Piermarini, S. Block, J.D. Barnett, J. Appl. Phys. 46, 2774 (1975).

H.H. benoycos, B JI. baxmaykuii, Te3. noxn. 9-it MexayHapoaHOH KOH(pEpEHIIUU
«Bricokune nmaBiaenuns — 2006. OyngaMeHTAIBHBIE W IPHUKIAIHBIE aclleKThD», Hop-
IIpecc, Jdonemnxk (2006), c. 116.

101



du3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

N.N. Belousov

IN SITU INVESTIGATION OF STRUCTURE-FORMATION PROCESSES
DURING THE DEFORMATION OF MATERIALS IN DIAMOND ANVILS.
1. EQUIPMENT AND EXPERIMENTAL PROCEDURE

Design features of structure-deformation high-pressure chamber with diamond anvils-
cells are described. Experimental capabilities of the chamber to realize and visualize the
processes of structure formation and phase separation developing on the surface and in
the bulk of materials during severe plastic deformation under pressure are described. Ex-
perimental details and procedures of structural-kinetic investigations done in mentioned
conditions by using optical, spectroscopic, X-ray and another methods are described.

Fig. 1. Structural-deformation chamber with diamond anvils (a), lower punch (6), dia-
mond, enlarged view (8)

Fig. 2. Additional equipment: @, 6 — attachments for X-ray diffraction analysis by, re-
spectively, photo- and diffractometric methods, ¢ — miniature copper-constantan thermo-
couple in protective casing (x100)

Fig. 3. Optomechanical unit to study structure changes of materials under deformation in
SDDAC chamber in situ: a — as-observed along optical axis, 6 — perpendicular to the axis

102



Pdu3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4
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BIIMAHWE TMAPOCTATUYECKOI'O JABIEHUA
HA COCTOAHNE CIMMHOBOI'O CTEKJIA B MAHTAHUTAX

1 _

O6beaMHEeHHbIV MHCTUTYT OU3NKM TBEPAOro Tena u nonynposoaHukos HAH Benapycu
yn. . Bpoekn, 19, r. Munck, 220072, Pecnybnuka benapycb

E-mail: truhanov@ifttp.bas-net.by

ZBVITe6CKVIl7I rocygapCTBEHHbIN YHUBEPCUTET
Mockosckun np., 33, r. Butebek, 210036, Pecnybnuka benapycb

3ﬂ,0HeL|,KVII7I PU3UKO-TEXHUYECKMI MHCTUTYT uM. A.A. lNankuHa HAH YkpauHsbl
yn. P. Jliokcembypr, 72, r. loHeuk, 83114, YkpaunHa

*Institute of Physics PAS,
Lotnikov str., 32/46, 02-668 Warsaw, Poland

Ilposedenvl ucciedo8anusa Xumuuecko2o cocmasd, Mopporocuu no8epxXHOCmy, Kpucma-
JIUYECKOU CIMPYKMYPbl U MACHUMHBIX CE0UCME AHUOH-OCQUYUMHBIX MAHESAHUMOE CO
cmpyxkmypoti neposckuma Lag 7049.30MnO3—, (A = Ca, Sr, Ba; 0 <y <0.2). C pocmom uuc-
aa eaxkancuti kuciopooa (y > 0.15) anuon-oegpuyummusie obpaszyvi nepexoosam uz geppo-
MASHUMHO20 8 COCMOSIHUE CNUHOB020 CMeKIA. B unmepeane npuiojicentozo suopocmamu-
yeckoeo oaenenus (0—1 GPa) obpasyvl (A = Sruy > 0.15) asnaomes cnunosbimu cmexia-
mu. Temnepamypa samepsanus mazHummuvix momenmos Ty =45 K, cpeonuii ouamemp pep-
pomacrHumuoeo knacmepa d = 10 nm. Obvemuasn uacmo obpasya (A = Sruy = 0.15), naxo-
osuyasics 6 gheppomacuumuom cocmosinuu, V ~ 13%. Jeticmseue eudpocmamuueckozo 0ae-
nenus npusooum K yeeauuenuio Ty co ckopocmuto 4.3 K/GPa, 6 mo épemsa kak memnepa-
mypa maznumno2o ynopsoovenusi Tyro 6o3pacmaem co ckopocmouio 12.9 K/GPa. [1oo
oeticmeuem 0asnenus 603pacmaenm makdice u geppomaznumuan yacmo oopasya (AVs, =
5%.) Ycunenue peppomacHumubix  CBOUCME  AHUOH-0EPUUUMHO20 — MAHSAHUMA
Lag 70570.30MnO2 85 6 ycnogusax eudpocmamuyecko2o 0asiieHust ecmy Cie0Cmaue nepepac-
npeoeienuss 6aKAHCULL KUCIOPOOd U YMEHbULEHUS NAPAMEMPO8 dJIeMEHMAPHOU S4eliKu.

Ou3nyecKkue CBOMCTBA MAHTAHUTOB MPOJOHKAIOT MPUBIEKATH MPUCTAITBHOE
BHHMaHUE MHOTHX HCCIIEJIoBaTENeH, paboTalomux B 0071acTH (PU3UKU KOHACHCH-
poBaHHOTO cocTosiHus [1-5]. B 3THX coequHeHUsX TECHO MEperieTeHbl U B3au-
MOCBsI3aHbI OpPOUTATBHBIC, 3aPSAI0BBIC, CIIMHOBBIC M PEIICTOYHBIC CTETICHH CBOOO-
IIbI, 9TO B 3HAYMTEIHLHOW CTENEHU OmMpeesieT Ha0monaeMoe MHOTooOpa3ue ¢a-
30BBIX COCTOSTHUHM M (pu3nyeckux cBOUCTB [6—8]. Cpeau 00nbIIONH COBOKYITHOCTH
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(baKkTOpOB, ONMPEACIAIONINX CBONCTBA MAaHTAaHUTOB, HanOOJEe 3HAYMMBIMH SIBJISI-
I0TCS TaKHe, KaK CTEXHMOMETPHs (BUI M COOTHOIICHHE MOHOB) U KPUCTAIIIOCTPYK-
TypHBIE TTapameTpsl (cpennue JiuHa cBsi3u (Mn—O) u yroi cBsizu (Mn—O—Mn)).

[IpuHATO CUMTaTh, YTO MATHUTHBIC U SIEKTPOHHBIC CBONCTBA 3aMEIICHHBIX
MaHTaHUTOB ONPEIEISIOTCS IMPUHOK W IIEKTPOHHOM eg-30Hbl: W = cos(1/2[Tt
- (Mn—O—Mn)])/(Mn—O)3'5 [9]. Uem Gonbiie W, Tem cuibHEE BBIpAXEHBI (ep-
pOMarHuTHbIE U MeTajmnyeckue cpoiicta [10,11]. [elicTBue ruapocTaTHYECKOro
JABJICHUS] HA MaHTaHUTHI, KaK MPaBUJIO, YBEIWYUBAECT W, a clieoBaTenbHO, CTa-
omnm3upyer (GeppoOMarHUTHOE METAIMYECKOE COCTOSIHUE, MPUYEM, YeM BBIIIIE
3HaueHue W, TeM ciadee BIMSHHE TABICHHS. DTO BIHMSHHE OMPEIENIeTCsS TaKOi
CTPYKTYPHOH XapaKTEPUCTUKOM, KaK CPEAHUN KaTUOHHBIN painyc A-MOAPEIIETKI
neposckuTa {r4). Tak, s manaraduta Lag70Cag30MnO3 ((r4) = 1.205 A) cko-
pocth m3MeHenust 1 cocrabisier ~ 20 K/GPa, a qs Lag 70Bag 30MnO3 ((ry) =
1.292 A) - dT¢/dP = 6 K/GPa [12].

JleiicTBue 1aBiIE€HUSI B OCHOBHOM YMEHbBIIAET 00bEM AIIEMEHTAPHOH sSUehku V,
YTO CBOJIUTCSA K YMEHBIIICHHIO JUTMHBI CBsI3U (Mn—O) U yBEIMUYEHUIO yIyia CBS3H
(Mn—O—-Mn). OnHako 3T ABa mpolecca He PaBHOCUIBHBL. Tak, IJisi MAHTAaHUTOB
Lng70A030MnO3; ((r4) = 1.205 A) 3aduxcupoBaHBl CIEAyIOIME 3HAYEHHS:
dMn-0)/dP = -3.9-10° A/GPa [13] u {Mn-O-Mn)/dP = -3.9-10" deg/GPa
[14]. Kpome 3TOTO, TIOJT 1aBICHUEM MOXKET HAOIIOAAThCS YIOPSI0UCHUE HOHHBIX
BakaHcuii [15].

B TO BpeMs kak BIUSHUE THAPOCTATUYESCKOTO IABJIICHUS Ha (eppo- U aHTHU-
(dbeppOMarHuTHEIE COCTABBl MAHTAHUTOB JIOCTATOYHO XOPOIIO M3YyYEHO, BOMPOC O
COCTOSTHUM CIIMHOBBIX CTEKOJ OCTAETCSI OTKPBITHIM. ITO 00CTOSATEIHCTBO MOOYAH-
JI0 HAaC MCCIIEOBATh B YCIOBUSX THApocTaTHdeckoro nasieHus (mo 1 GPa) mar-
HUTHBIC CBOWCTBA ONTUMAJIBHO JOMUPOBAHHBIX MAHTAHHUTOB C BAaKAHCUSMU KH-
cinopona Lag 70A030MnO;—, (A = Ca, Sr, Ba; 0 < y < 0.20), KoTOpbIE IEMOHCTPH-
PYIOT CBOMCTBA CIIUHOBOTO cTekja. ClieqyeT OTMETHTh, YTO BAKAHCUH KHUCIOPOJa
cnabo ymeHpmarT (7). CIUH-CTEKOJIBLHOE COCTOSIHME B ATHX 00pasiiax BO3HUKa-
€T B pe3yJbTare pa3pbiBa 0OMEHHbIX cBs3eit Mn—O—Mn. MUHTepecHoi ocobeHnHo-
cThi0 00pa3moB ¢ Y = 0.15 sBusercs TOT (akT, 9YTO OHM COJEPHKAT TOJIBKO MOHBI

TPEXBaJEHTHOTO MapraHia Lag;OA%EOMn%O%%S .

Metoauka noxydenus anuoH-aepuIUTHBIX Lag 70Ag30MnO3-, (A = Ca, Sr,
Ba; 0 < y < 0.2) ob6pa3uoB nana B [16—18]. Habmronenue ronorpadguu nmosepx-
HOCTU HCCJIEyEeMbIX 00pa3lloB OCYILECTBISUIM C MOMOULIbI PAacTPOBOIO 3JEK-
TpoHHOTO MHKpockona mapku LEO1455VP ¢upmer «Carl Zeiss». Pentrenoc-
NEKTPaJbHbI MHKpOaHaIU3 MPOBOAMIN C MCIOJIb30BAaHUEM SHEProOAMCIEepCH-
onHoro SiLi-monynpoBonHUKOBOTO neTekTopa ¢upmer «Rontecy (I'epmanus).
Pentrenogasoselii ananus 6601 poBeaeH Ha audpakromerpe JJPOH-3 B Cr K-
U3Iy4eHUHU NPU KOMHATHOH TeMmmeparype. BennuuHy comepxaHus Kuciaopoaa
OTpeAeNsAIM METOJOM TEepMOrpaBHMETpHUYEecKoro anamu3a. MccnenoBaHue
yIeJIbHOW HaMarHW4eHHOCTH BBINOJHSIM Ha KOMMEPYECKOM BHOpPALMOHHOM
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Puc. 1. Tonorpadust MOBEpXHOCTH, TIOJTy4CH-
Has C MOMOILBIO PACTPOBOrO IIEKTPOHHOIO

MUKPOCKOIIa A aI—H/IOH-L[e@I/ILH/ITHOFO MaH-
raHuTa La0,7oSr0,30Mn02,85

549t
ot
<
546+
60.4}
on
(]
el
>
603
Mn-Ol
205 — 43—
< ‘Mn-O1
S 2.00} —
1.95} Mn-07
6 i .
0 005 0.10 0.15 0.20

S

Puc. 2. KonnenrpauuonHasi 3aBUCUMOCTh
NapaMeTpoB JIEMEHTapHON SUElKH a U ¢
(a), yrna 0 u oO6beMa dIIEeMEHTAPHO! sueii-
ku V (0), a Takxke anuH cBsizu Mn—-O1 u
Mn—02 (8) npu KOMHATHOH TeMIiepaType
U aTMOC(EpPHOM JaBJICHUM JUIS aHHOH-
aepuuuTHBIX 00pa3nos Lag 70Srg30MnOs3—,

marautoMmeTpe OI-3001. Temmneparty-
py marauTHOTO yrnopsmoueHus (7yo)
ONPEACIISUIN 110 TeMIEpaTypHOU 3aBU-
cumoctu ZFC-xpuBoit B mose 100 Oe
Kak Touky neperuda (min{dMyzrc/dT}).
Temneparypy 3aMep3aHus MarHuT-
HbIX MOMEHTOB (heppOMarHUTHBIX
KJIaCTePOB Ty U3MEPSIM KaK TeMIIe-
paTtypy, COOTBETCTBYIOILYIO MAaKCH-
mMymy ZFC-xpuBoil. CrnoHTaHHBIN
aTOMHBIM MarHUTHBIM MOMEHT Og OTI-
pelensnu 1o IOJEBOW 3aBUCUMOCTH
JTUHEWHON HSKCTpamnoyisiuued K HyJe-
BOMY moJito. J[JIsi U3MEpeHu ynenb-
HOM HaMarHM4YeHHOCTH B YCIOBHSIX
TUJIPOCTATUYECKOTO JIaBJICHUS HC-
nojipb30Baini MUHUATIOPHBIAH Be—Cu-
KOHTeHep. B kauecTtBe cpenasl, nepe-
Jarollei JaBlieHHe, BbHIOpalIH CMech
MUHEpPAJIBbHOIO Macjla M KEpOCHHA.
JlaBneHue rpaiyupoBaju Mpu HU3KUX
TeMIeparypax, UCIOJIb3ysl CBEPXIPO-
BOJSIIUM MTEpEX0] CBUHIIA.
CrexnomeTpuueckue 0oOpaslbl Xa-
PaKTEepHU3YIOTCSl CPETHUM pa3MepoM
rpanyn ~ 10 pm, B To BpeMsl KaKk aHU-
oH-neuruTHeie ~ 3 um. Ilox rpany-
JaMH TIOHHUMAIOTCS TOMOTEHHBIE 00-
JacTU  MPOCTPAHCTBA, OTHEJICHHbBIE
JIpYyr OT JApyra CIUIOUIHBIMH JIMHUSIMU
pazaena. U3 puc. 1 BuaHO, 4TO pasmep
IpaHyJ XapaKTEepHU3yeTCs] HEKOTOPHIM
pazbpocom. Tepmuueckas oOpaboTka
MOJIMKPUCTAITUIECKUX 00pa3IoB IMpHU
0ojiee HU3KUX TeMIeEpaTypax B BOC-
CTAHOBUTEIBHOM CpEAE€ yMEHBIIAET
CpeHU pa3Mmep IpaHys U yBeJIUYHBa-
€T IOPHUCTOCTb. Y CTAHOBIJIEHO, YTO BCE
MOJIy4E€HHBIE 00pa3Ibl 00JIATAI0T OJ1-
HOPOAHBIM pacCHpeeICHHEM XUMUYe-

CKMX DJIEMEHTOB, COOTBETCTBYIOIIUX
HOMHUHAJIILHOM XUMHUYECKOW 3alucu
Lag 70A0.30MnO3—.
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B o6pasnax ¢ y = 0.15 gnsa cnyqast A = Ca mabmronaercs O-opTopoMONIecKas
(SG = Pnma, Z = 4) anemenTapHas siueiika [16], nns A = Sr — TeTparoHanbpHas
(SG = I4/mem, Z = 2) [18], mis A = Ba — ky6buueckas (SG = Pm3m, Z=1) [19].
Ha puc. 2 npeacraBieHnbl napaMeTpbl JIEMEHTAPHON SYEHKU U JUIMHBI CBSA3EH JUIs
o0pasuoB Lag 70819 30MnO3—, IpyM KOMHATHOW TEMIEPAType B YCJIOBUSX aTMO-
c(hepHOro JAaBIICHUS.

Crexuomerpuueckuii Lag 79Srg 30MnO3 ects dpeppomaraetuk ¢ T¢c = 360 K
[20]. CormacHo pe3yiabTaTaM MAarHUTHBIX HM3MEPEHUN aHWOH-AeOUIIUTHBIN
Lag 70Srg 30MnO; g5 ipencTaBisier co00i CIIMHOBOE CTEKJIO C TeMIepaTypou 3a-
mep3anus Tp=47 K [21].

XOopo110 U3BECTHO, YTO B OPOUTAIIbHO-PA3YNOPSAOUYEHHOM COCTOSIHUM CBEpX-
o0OMeHHOE B3auMOJIEiCTBUE Mn3+(6)—O—Mn +(6) JUIS. OKTa3IpUYECKON KOOpPIH-
HaIlUM KaTHOHOB MapraHiia siBjsieTcsi heppoOMarHUTHBIM, TOT/Ia KaK JJis IeHTad1-
PUYECKON KOOpAMHALIMKU Mn3+(5)—O—Mn3+(5) — aHTH(EeppOMarHUTHBIM [22].
KonkypeHuus Bo B3aUMOJEHCTBUU MEXAY (eppo- U aHTU(EPPOMATHUTHO YIIO-

PAIOYEHHBIMU KJIacTepamMH MPUBOJIUT K

M 4t ¢bpycTpanyu 0OMEHHBIX CBsi3el U 0Opa-
%‘3 38K 30BaHHIO COCTOSIHHS CIIMHOBOTO CTEKJIA.
g 5l 44 K [Toenenue ZFC- u FC-kpuBbIX yneib-
L A/ 57K HOI HamaraudeHHocTH (puc. 3.0)
- i / /69 K=Tvo IIPOU3BOJHON yZENbHOM HaMarHW4eH-
E 0 s e HOCTH (puUC. 3,a) CIAYXUT TOKa3aTelb-

2 : / CTBOM COCTOSIHUSI CIIMHOBOIO CTEKJIA.
% a ZFC- n FC-kpuBble CHIBHO pa3inya-

IOTCsl IPH Temrieparype Hike 1y 9to
CBUJIETENNBCTBYET 00 OTCYTCTBHM Jallb-
Hero (eppoMarHuTHOrO mopsiaka. [lpu
atmocdeprom nasinenuu (P = 0 GPa)
ZFC-kpuBasg JI€MOHCTPUPYET pPE3KUM
muk nipu Ty = 47 K, B 10 Bpems kak FC-
KpHBasi IIOYTH NOCTOSIHHA IIPU TeMIIepa-
G Type Hmwke Ty OOe KpHBbIE MOYTH COB-

NaJal0T MPU TEMIlEparype Bolme Ty=

=47 K. OHH SIBISIIOTCSI BOTHYTBIMU BHU3
U TIOCTENIEHHO YObIBarOT. BoszneiicTre

Puc. 3. Temneparypuas 3aBucumocth ZFC  pHemmHero maBieHUS TOBBIIIACT Tr u

(cBetasre cumBoiel) U FC (TeMHBIE CHMBO- Tmo €O CKOPOCTSMH COOTBETCTBEHHO

JIBI) YACTHLHOW HAMarHWYEHHOCTH (@) B TTO- 430 u 12.90 K/GPa. Tlox neiicTueMm

ne 100 Oe u npousBonHoit ZFC ynenasHON nasnenms P = 0.93 GPa (puc. 3) Habmmo-

HaMarHWYeHHOCTH (O) Tpu aTMOChHEPHOM To= 51 K u Toes = 69 K.
nasieHnn (Kpykku) u pasienun 0.93 GPa flactes Ly = 1 Mo = - aKT

(IPAMOYTONBHUKH) 1A aHHOH-feuuur-  BO3PACTaHHS Ty CBUIETENLCTBYET 00
HOTO oOpasma Lag 705t 30MnO; g5 YBEIMYCHUHU CPCOHETO AUaMeETpa (bep-
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POMAarHUTHBIX KJIACTEPOB, YTO MOXKET OBITH CIEACTBUEM IEpEPACIIPEEICHUs] BaKaH-
cuit kucrnopona. Hamboee BeposiTHO, 4TO BO3pacTaer Ao (peppoOMarHUTHBIX B3au-
. o 3+ 3+
mozeiictBuii Mn™ (6)-O—-Mn™ (6) 3a cuer yMeHbIIEHUS aHTH(EPPOMArHUTHBIX
3+ 3+
Mn™ (5)-O-Mn" (6).

L5 [ Puc. 4. Tloneas 3aBucumocts FC
10 g aTOMHOTO MAarHHTHOT'O MOMEHTa
b og=0.6Tupfu. | N npu T = 6 K B yclnoBusax atmo-
5 05 s e cpepHoro maBieHus  (TIpsAMO-
< Cg= O.47uB/f.u. ; yroipHukH) U gasieHns 0.93 GPa
£ 0
3 (KpyXKH) U1 aHHOH-TEPHUITUTHO-
o o5k /\ ro obpasua Lag70Sro30MnO; gs.
I H,=1386kOe Ceerible CHMBOJBI — PEXUM
“10F YMEHBIIEHUS TOJSI, TEeMHBIE —
[ PEXKUM YBETHUCHHS
_15 L I I I I 1 1
-20 -10 0 10 20

H, kOe

BoszneiicTBue ruApocTaTUYEcKOro JaBieHHs YBEIMUMBaeT (EeppOMArHUTHYIO
yacTh aHuoH-AeumuTHOTO Lag 79Sr) 30MnO; g5. B ycnoBusx armocdepHoro nas-
JeHusl 3TOT oOpasel] 00aJaeT CIOHTAHHBIM aTOMHBIM MAarHMUTHBIM MOMEHTOM,
paBHbIM Og = 0.47 Ug/f.u., B TO BpeMs Kak TEOPETUYECKA BO3MOXKHOE 3HAYCHHE TPH
MOJTHOCTHIO TMapaJljIeNIbHOW OPHEHTAIlMKM CITMHOB Maprasiia cocrasiser [13.7 ug/fu.
Hcxons u3 3TuX 3HAYCHUU, MOKHO 3aKIIOYUTh, YTO )eppOMArHUTHASI YaCTh 00-
pasua Ve, = 13%. Ilon naBnenuem P = 0.93 GPa coHTaHHbIi MOMEHT BO3pacTa-
eT 10 Os = 0.67 pg/f.u., yTo cooTBeTCTBYET Vier = 18% (beppoMarHuTHON 4acTh
oOpasua (puc. 4). Cienyer OTMETUTh, YTO MOJ ACUCTBUEM JaBIICHUS KOIPLUTHUB-
Hasl CUJIa HE U3MEHSIET CBOETO 3HaYeHUs U ocTtaetcs paBHou H,. = 1.86 kOe.

OCHOBHBIMU TIPUYMHAMH YCWJICHHS (peppoMarHeTu3mMa B aHHOH-AC(PHIIMTHOM
Lag 70Sr 30MnO; g5 o1 AeCTBUEM THAPOCTATUYECKOTO JABJICHUS SBISIOTCS: 1)
nepepacnpe/eieHie aHHOHHBIX BaKaHCHUM, YTO BBI3BIBAET YBEIMUEHUE CPEIHErO
nuameTpa (peppoOMarHUTHBIX KJIACTEPOB U 2) YMEHBIICHUE CPEAHEH JIMHBI CBI3U
(Mn—0O) B npenenax TUX KJIACTEPOB.

Hacrosimas pabota Oblia BRIMOJHEHA MPU YaCTUYHOW (DMHAHCOBOW TOIEPIK-
ke bemopycckoro pecnybnukanckoro ¢oHaa (GpyHIaMEHTaIbHBIX HCCIICOBAHUIA
(rpanT Ne ®06P-078) u crunienuu [Ipesunenra Pecmyonmku benapyceh.
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HYDROSTATIC PRESSURE EFFECT ON SPIN GLASS STATE
IN MANGANITES

Chemical composition, surface morphology, crystal structure and magnetic properties of
anion-deficient manganites having the perovskite structure Lag 70A030MnO3—, (A = Ca,
Sr, Ba; 0 <y < 0.2) have been investigated. With the growth in the number of oxygen va-
cancies (y = 0.15) the ferromagnetic state of anion-deficient samples changes for the spin
glass state. In the range of the applied hydrostatic pressure (0—1 GPa) the samples (A =
Sr and y = 0.15) are spin glasses. 7y = 45 K makes the temperature of the magnetic mo-
ment freezing, d = 10 nm is the average diameter of ferromagnetic cluster. The volume
part of the sample (A = Sr and y = 0.15) in the ferromagnetic state V'~ 13%. The applica-
tion of hydrostatic pressure results in 7y growth at a rate of 4.3 K/GPa, while Tyio (the
temperature of magnetic ordering) increases at a rate of 12.9 K/GPa. Ferromagnetic part
of the sample (AVgr = 5%) increases with pressure too. The gain in ferromagnetic prop-
erties of anion-deficient manganite Lag 79Srg30MnQO; g5 under the hydrostatic pressure is a
consequence of the oxygen vacancy redistribution and the decrease of unit cell parameters.
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Fig. 1. Surface topography made by scanning electron microscope for anion-deficient
manganite Lag 79Srp 30MnO» g5

Fig. 2. Concentration dependence of unit cell parameters a and ¢ (a), angle O and unit cell
volume V (6) as well as length of bonds Mn—O1 and Mn—02 () at room temperature and
atmospheric pressure for anion-deficient samples of Lag.70Sro.30MnO;3-,

Fig. 3. Temperature dependences (ZFC — light symbols, FC — dark symbols) of specific
magnetization (a) in the field of 100 Oe and of the ZFC specific magnetization derivative
(6) for atmospheric pressure (circles) and a pressure of 0.93 GPa (rectangles) for anion-
deficient sample of Lag 70Sr 30MnO> g5

Fig. 4. Field dependence of the FC atomic magnetic moment for 7= 6 K under atmos-
pheric pressure (rectangles) and at 0.93 GPa (circles) for anion-deficient sample of
Lag70Sr030Mn0O; gs. Light symbols — mode of field decreasing, dark symbols — increas-
ing mode
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PACS: 62.20.Dc, 71.15.Nc, 71.20.Lp
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PRESSURE EFFECT ON ELECTRONIC STRUCTURE AND MAGNETIC
PROPERTIES OF MBgs AND MB12 BORIDES
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Theoretical and experimental studies of the pressure effect on electronic structure and
magnetic properties of MBg and MB12 borides are carried out to determine the electronic
ground states and interactions responsible for the bulk and magnetic properties of these
compounds. The band structure and total energy E were calculated ab initio for a number
of atomic volumes, providing the equation of states, E(V), bulk moduli B, magnetic moments
and susceptibilities. The temperature and pressure dependencies of magnetic susceptibility
were also experimentally studied for a number of borides usng a pendulum-type magne-
tometer. In semimetallic EuBg the paramagnetic Curie temperature is found to be increasing
with pressure, dddP = 0.44 + 0.03 K/kbar, whereas in closdly related GdBg compound the
pressure effect islower in magnitude but oppositein sign: dddP = -0.17 + 0.03 K/kbar. The
peculiar details in eectronic structures are found to be responsible for distinctions in mag-
netic ordering and the pressure effects on indirect f-f interactions.

Introduction

The MBg¢ hexaborides and MB, dodecaborides (M is rare-earth, early transi-
tion, or actinide metal) are known for their peculiar physical properties, such as
superconductivity (YBg, LaBg and ZrB,) [1,2], Kondo and valence fluctuation
effects (CeBg, SmBg and YbB;) [3], and anomalous magnetism (EuBg) [4]. Also,
narrow gap semiconductors were found among hexaborides with rare earth
(YbBg) and alkaline earth (CaBg, BaBg, SrB¢) elements [5]. The basic structural
elements of cubic dodecaborides are the stable cubooctahedral boron clusters. The
structure is described in terms of simple rock-salt lattice, where M occupies Na
sites and By, cubooctahedra are located at Cl sites. The CaBg-type structure can
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be described in terms of a simple CsCl lattice, where M atoms occupy Cs sites,
while Bg octahedra are in Cl sites. Hence the boron atoms produce a rigid cage
whereas metallic elements are situated inside the cavities, which are formed by Bg
or By, clusters. Therefore, these compounds can be considered as hard and re-
fractory materials, and their structural and elastic properties are mainly related to
the peculiar chemical bonding. At the same time, the electronic and magnetic
properties are expected to be governed by the states of metallic bonds. In general,
the MB¢ and MB, borides are of great scientific interest and technological im-
portance due to their extraordinary electronic, magnetic and structural properties.

In the present work we are mostly focused on a pressure effect on magnetic
properties of two closely related hexaborides, EuBg and GdBg. In addition, the
bulk and volume dependent (elastic) properties of selected hexa- and dode-
caborides are studied experimentally and theoretically.

Experimental and computational details

The process of sample preparation consists of the synthesis of dodecaborides
by a barothermal reduction of the metal oxides in vacuum at 1900 K, the com-
pacting of these powders into rods and their subsequent sintering, and of inductive
zone melting. The purity of the initial oxides MOz was 4N. The content of the
main substance in the initial amorphous boron was not less than 99.5%. Highly
volatile impurities in boron were deleted partially during the synthesis procedure
and partially during zone melting. The total content of impurities in samples
studied was not higher than 10~ mass%.

The low-temperature ultrasound studies were performed on samples cut from
the zone-melted single crystals. The lattice parameters of the single crystal borides
coincide with the powder ones due to the rigid boron sublattice, and are also in a
qualitative agreement with published results (see. Ref. [6] and references therein).

The pressure effect on the magnetic susceptibility x was measured under helium
gas pressure up to 2 kbar at two fixed temperatures, T = 78 and 300 K, using a pen-
dulum magnetometer placed into the non-magnetic pressure cell [7]. The relative er-
rors of our measurements did not exceed 0.05%. The magnetic susceptibilities in
EuBg and GdBg are found to obey the Curie—Weiss law with the effective magnetic
moment value close to that expected for Gd’" state. Based on the X(P) measurements
the paramagnetic Curie temperatures 0 and their pressure derivatives were evaluated.

The ab initio band structure calculations were carried out for the paramagnetic
(PM), ferromagnetic (FM), and antiferromagnetic (AFM) phases of MBg and
MB, by using the full potential linear muffin-tin orbital (FP-LMTO) method
within the local spin density approximation (LSDA) [8,9]. The localized 4f states
were treated as spin polarized outer core wave functions, and the spin occupation
numbers were fixed by applying the Russel-Saunders coupling scheme to the 4f
shell. The bulk moduli B and theoretical lattice parameters a are evaluated from
the calculated total energies as functions of volume, i.e. from the corresponding
equations of states (EOS) E(V), and listed in Table 1.
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Table 1
Lattice constants (in A) and bulk moduli (in GPa) of MB¢ and MB;; borides

Para- MB6 MB12

meters Y La Eu Gd Zr Ho Er Tm Lu U
Aexp 41002 4.1565 4.1845 4.107 7.4077 7.4923 7.4841 7.4752 7.4644 7.470
Ameor | 4.080 | 4.130 4.164 | 4.112  7.331 7.45 | 7.443 7.424 7.413 | 7.399
Bexp 154 184 167 173 234 213 214 233 232 249
Biheor 179 185 159 175 249 | 215 217 | 220 223 250

Results and discussion

EuBg is a FM compound with two consecutive phase transitions at T,; = 15 K
and T, = 12.5 K [3,4]. Our calculations provided a semimetallic state in PM (see
Fig. 1 and Table 2) and FM phases, and the total energy appeared to be minimal
for the FM phase with magnetic moment of 7.03 pg. The paramagnetic Curie
temperature of EuBg is found to be positive, and increasing with pressure (see Ta-
ble 2), in agreement with results of the transport measurements under high pres-
sure [3]: dInT/dP = 24 Mbar . The trivalent hexaboride GdBg has the same f-
shell configuration, f7, and a higher band filling (see Fig. 1). The AFM total en-
ergy appeared to be minimal for GdBg with the calculated magnetic moment of
7.1 pg. In contrast to EuBg, our studies revealed the negative 0 and also negative
pressure effect on @ for GdBg (Table 2). This indicates the effect of electronic struc-
ture peculiarities on the effective interaction between 4f ions.

Table 2
Calculated DOS at the Fermi level (in states/Ry f.u.) and the corresponding volume
derivatives. Experimental values of Curie temperature (in K), as well as experimental
and theoretical pressure derivatives, din6/dP (in Mbar_l), for paramagnetic EuBg

and GdBg
. N(Ep), dIn6/dP, Mbar ™’
P t - InN(Ep)/dlnV = 6, K :
aramagnetic (Ry fu.)™! dinN(Er)/din b exp. theor.
EuBg 0.8 -3.1 15 29 15
GdBg 9.9 0.51 -65 -3 )

The magnetic ordering in rare earth compounds is usually interpreted in the
framework of various mean-field models [10—-12], according to which the Curie
temperature is approximated by 6 ~ J 2N(EF), where N(Ef) is the electronic den-
sity of states at the Fermi level, and J is the effective exchange parameter. As-
suming dJ/dP values to be close and small for both investigated compounds, one
might expect that dln6/dInV = dInN(Eg)/dInV. However, the calculated volume
dependencies of N(Er) in Table 2 do not follow the experimental pressure effect
on O for both EuBg and GdBg.

It has been suggested [3] that magnetic moments in EuBg can be ordered fer-
romagnetically due to the RKKY-type indirect exchange mediated by conduction
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200 E, a | electrons [13]. This assumption is in
\/ line with our band structure calcula-
- I / | tions for EuBg, which revealed a free-
& 0 electron like behaviour of E(K) dis-
Q ‘ T b persion curves in vicinity of the Fermi
= 20¢ Ly ) level. In this case the paramagnetic
J\/“\/ Curie temperature is given by: 0 ~
0 | - | ~ Jsz/a4F(n) [13], where kg — a radius
5 - I ——  of the Fermi sphere, n — the number
E 0 N~ T (i-_: of conduction electron states, and
IS P 1 F(n) — the RKKY function. In the
2_4(); '\.," 1 free-electron  approximation the
= L | . | | 141 .
< -80 0 0.5 1 15 quantities nsand kp are related as:

n _8m( kg :
Nn=—/|—| (here the lattice pa-

Fig. 1. Calculated DOS for PM phases of 321

EuBg (a) and GdBg (b), and the RKKY sum  rameter is assumed to be a= 1).
(c) with its volume derivative (dashed-dotted Though ab initio calculations of 0
line) versus the conduction band filling n itself still represent a challenging

task, it seems more feasible to evalu-
ate the corresponding logarithmic derivative in the framework of the RKKY ap-
proach as follows:
dIn®B _2dan +i dn +dln F(n) dn
dInV dlnV  3ndlnV dn  dinV'

(1)

According to our calculations for the PM phase of EuBg, the number of «light»
sp-states in the conduction band can be estimated between n = 0.230 (for the ex-
perimental lattice parameter) and n = 0.225 (for the theoretical a). Indeed, as one
can see in Fig. 1, the overlap of the valence and conduction bands is very small,
and the Fermi level is situated just above a bottom of the conduction band in
EuBg. This naturally explains a small value of the band filling n.

The calculated DOS of GdBg compound in PM state is also presented in Fig.
1. One can see that main features of the N(E) curve are similar to those obtained
for EuB¢. Actually, the density of states versus n behaves in a free-electron man-
ner between EuBg and GdBg. However, Gd atom is in the trivalent state in GdBg,
and it donates one more electron to the conduction band. The value of n calculated
in this way for GdB¢ compound varies from n= 1.309 (for the experimental lattice
parameter) to n = 1.304 (for the theoretical a).

The calculated for the simple cubic structure RKKY function F(n) [13] is pre-
sented in Fig. 1 versus the conduction band filling n (predominantly sp-electrons).
Ibidem, the n values corresponding to the band filling in EuBg and GdBg com-
pounds are also shown as vertical dashed lines. In this way, the RKKY model de-
scribes qualitatively a character of magnetic ordering, i.e. the sign of Curie tem-
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perature in these compounds: FM in EuBg (0 > 0) and AFM in GdBg¢ (8 < 0).
Moreover, the pressure derivatives of 0, estimated by employing (1) and the cor-
responding bulk moduli from Table 1, amount to dIn6/dP = 15 and dIn6/dP = -2

for

EuB¢ and GdBg compounds, respectively (see Table 2). The agreement be-

tween experiment and theory concerning the pressure derivatives of © can be re-
garded as very good, taking into account the experimental precision, as well as all
approximations related to the simplified RKKY approach employed in this study.

This work has been supported by the Swedish Research Council (VR) and the
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PACS: 71.27.4+a, 71.38.+1, 75.50.Cc

B.A. bonyeHko, A.W. [IbayeHko, B.H. Kpmeopyuyko, B.KO. TapeHkoB
QODEKTbI 30HHOW CTPYKTYPbl B MAHTAHUTAX NNAHTAHA

[oHeLKknIn PU3NKO-TEXHNYECKMI MHCTUTYT uM. A A. ManknHa HAH YkpauHbl
yn. P. JliokcemBypr, 72, r. [oHeuk, 83114, YkpaunHa

Memodom KOHMAKMHOU CNEKMPOCKONUU UCCTIEO08AH INEKMPOHHBIIL CHeKMP MAHSAHUMA JIAH-
mana Lag;Cag33MO3 (LCMO). Tloxkazano, umo 8 niomHocmu COCMOSHUL MeMALIUYecKol
gasvr LCMO umeemcsi 6onvuias ncesdouens, npuvem Ha yposeHb Depmu b1x00sm ieK-
MPOHHBIE COCMOSIHUSL MOTLKO ¢ OOHUM HanpagieHuem chuma. Benuwuna nabmooaemotl nces-
oowenu Eq ~ 200300 meV ykazvieaem na ee KOPpersyuoHHylo npupooy, m.e. Ha SeNeHue
SNEKMPOHHOU (DA3080U cenapayuy 8 MAHeAHUme ¢ MACUmMAaboM YnopsiOoYeHHbIX eppomae-
Hummwix obnacmeii nopaoka 1030 A.

Beenenne

['uOpuaHbIE CTPYKTYPHI THUIA CBEPXIPOBOTHHUK—MAaHTaHUT, TIOJTYIPOBOTHHK—
MaHTAHUT SBJISIOTCS BEPOSTHBIMU KaHIUAATAMHU JJI DJIEMEHTOB CIIMHOBOM AJIEK-
TPOHUKH — HOBOW O0JIACTH JEKTPOHUKH, OCHOBAHHOW HA yIPABICHUH CITUHOBBI-
MU cTeneHs MU ¢cBo0obl [1]. OgHako B HACTOsIIIIEe BpeMsl HHTEPEC K MaHTaHUTaM
BBI3BaH HE CTOJILKO MEPCIEKTUBON MX IIUPOKOTO MPUMEHEHHUS, CKOJIBKO 0OHapy-
YKEHHBIM TI0JI00MEM CBOWMCTB MaHTaHUTOB M KynparoB. Hampumep, Takue pasHbie
du3nveckne SBICHHS, KaK KOJOCCATbHOE MarHUTOCOIIPOTHBIICHUE MAaHTAaHUTOB H
BBICOKOTEMIIEpATypHasi CBEPXIIPOBOJIUMOCTh KYIIPAaTOB, TECHO CBSI3aHBI C 00pa30-
BaHMEM HAHOCTPYKTYp — 3¢ (eKToM 3IeKTpOHHOU (a30Boil cenaparuu [2], B pe-
3yJIbTaTe KOTOPOU JJake B METAIUTMYECKON (haze AIeKTPOHHBIC CIIEKTPhI MAHTaHU-
TOB MOTYT UMETH TICEBJIOIIENb — 0COOEHHOCTh, XapaKTEPHYIO JUIs KyIpaToB.

B macTosmieit pabote cymiecTBOBaHUE OONBIION TCEBAOIICTH B MAaHTAHUTAX
JIOKa3aHO METOJIOM KOHTaKTHOM CIEeKTpocKkonuu. [IposiBIeHHE 3IIEKTPOHHOTO
CIIEKTpa MAHTAHWUTOB B TYHHEJBHBIX XapaKTEPUCTHKAX OKAa3al0Ch BO3MOXKHBIM
Oyraromaps MoOJSIPOHHOMY XapaKTepy HOCUTENeH Tpu HU3KKUX TeMriepatypax [3]. B
TaKOM CJIydae TyHHENbHBIN crekTp d//d}V oTpaxaeT MIOTHOCTh COCTOSIHUNA TOJIs-

:
POHHOTO MeTaJlia — 30Hy IPOBOJAMMOCTH €, , & TAKKE Kpast fg- U O(2p)-30H.

2. MaHraHuTHI KaK CWIbHO KOPPeJIMPOBAHHbIE CHCTEMbI

B deppomarautHoil MeTamMdeckoi (aze MaHTaHUTHI JIJAHTaHA SBISIOTCS TaK
Ha3bIBAEMbIMH «IOJIOBUHHBIMU MeTauiaMu» [2,4]. B 3THX coenMHEeHusIX Ha ypOB-
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He PepMu MpeoOIajaloT HOCUTENHU 3apsja ¢ OJHUM HalpaBlieHHeM cnuHa. Tem
He MeHee (eppOMArHUTHBIE MAaHTAaHUTHI [0 MHOTHUM CBOWCTBAM HAIlOMHUHAIOT
BBICOKOTEMIIEpAaTypHbIE CBEPXIPOBOAHUKU — Kylparhl. Tak, Mo KpucTramiorpa-
¢dudeckoii knaccuUKAIMU KyIpaThl © MAHTAaHUTBI OTHOCSITCS K IEPOBCKHUTAM [5].
U B xynpaTtax, 1 B MaHTaHUTaX UIPAIOT POJIb CYIIECTBEHHbIE UCKAXEHUS CTPYK-
Typsl, o0ycioBieHHbie 3¢ pexrom Ana—Temnepa (ST). Hakoner, kak B Kynparax,
TaKk ¥ B MaHTaHUTaxX 0COOYI0 (HE /10 KOHIIA OCO3HAHHYIO) POJIb UTPAIOT HEOJIHO-
ponsocTi HaHomaciuTaba (~ 10-30 A) [2,6]. U neno e B (a3oBoii HEOTHOPO-
HOCTHU COCTAaBOB IMEPOBCKUTOB, YaCTO MMEIONICH HETpUBUAIbHBIA Xapaktep [4].
[Ipenmonaraercsi, 4T0 B MaHTAaHUTAX M KyIparax eCcTh (yHIaMEHTAlIbHAs BHYT-
peHHsAs TpUUKMHA 00pa30BaHMS HEOJHOPOJHOCTEH pasmepoMm ~ 10 A, oGycios-
neHHast 3¢¢deKTaMu CHIBLHOW KOPPENSIHUU SJICKTPOHOB B MArHUTHOW MaTpHIe.
[ToaTOMy MaHTaHUTHI, KaK M KYIpPAaTbl, OTHOCATCS K CUCTeMaM, JJil KOTOpPBIX He-
MPUMEHHUMBI CTaHJAapTHBIC MPEACTABICHUS TEOPUHU (PePMU-KUIKOCTH (CM., HAIp.,
[7,8] u mpuBeACHHBIC TaM CCHUIKH ).

O dexTbl CUNBbHBIX KOppeIsuid YyI00HO HCCIeI0BaTh Ha MIPUMEPE MaHTaHH-
TOB JIaHTaHa, (ha30Basg IuarpaMMa KOTOPBIX M3y4eHa B MelIbYallINX MOJPOOHO-
CTSIX, IPUYEM HU3BECTHO TAKXKE MOBEACHHE MAHTAHUTOB MPU BBICOKUX JTaBICHUSX
[2—-4,9]. B meTannmnueckoi (a3ze MaHTaHWTA KOPPEAIMU Pa3BUBAIOTCS Ha (GOHE
(beppOMArHUTHOTO YIOPSIOUYEHUSI MATPHUIIBI, TOITOMY OJHOM W3 MPUYUH HEOTHO-
poAHOCTE HaHOMacmiTaba MOTYT OBITh MAarHUTHBIE TOJISIPOHBI («HEPPOHBD»)
[5,9,10]. I'mnore3a «peppoOMarHUTHBIX MOJIEKYT» — (EeppOHOB — TMPHUBICKAET
BO3MO>KHOCTBIO HarJIITHOTO OOBSICHEHUS SIBIICHUSA MEPEX0a IUIIEKTPUK—METaII
B MAaHTAHUTAX KaK CIOHTAHHOM MOJACTPOMKN MarHUTHOTO MOMEHTa ()ePPOHOB TIPH
Temreparype, MeHbiiel Temmneparypsl Kiopu 7. OgHako B TpexMepHoM (eppo-
MarHeTuKe caMa BO3MOYKHOCTb CYIIECTBOBAHHUSI YCTOMYMBBIX MArHUTHBIX MOJIS-
poHOB comHuTEeNbHA [2]. [T03TOMY, XOTS TOJIAPOHBI M HAOIIOJAIUCH B pailoHe ¢
[4,11,12], mpeobaagaeT Touka 3peHHUs, YTO NMPU HU3KHUX Temmeparypax 1 << T¢
MaHTaHUTHI B METAJUINYECKOH (pa3e ecTb OOBIYHBIE (PEPPOMATHETHKH, XOTS U C
AHOMAJIbHO-HU3KON TMPOBOAUMOCTHIO [4]. Mexay TeM CyllecTBOBAHHUE MAarHMT-
HBIX U (WJIN) TUAJIEKTPUYECKUX MOJSIPOHOB B MaHTaHUTAX npu 1 << T MpoJIniIo
OBI CBET HA MPUPOAY SBJICHHS KOJIOCCATFHOTO MarHUTOCOTPOTHBIICHUS.

B pa6ote [3] moka3aHo, 4TO MpU HU3KUX TeMIIepaTypax MaHTaHUTHI B (peppo-
MarHUTHOH (a3e SBISIFOTCS MOJISPOHHBIMU METaJNIaMH. DTO OOCTOSITETLCTBO TIO-
3BOJISIET OOOCHOBAaTh METOJUKY OIpEAENCHUS] MapaMeTpPOB 30HHON CTPYKTYpPHI
MaHTAHHUTOB METOJOM JJIEKTPOHHOTO TYHHENIHpoBaHus. [leno B TOM, 4TO TpH
TYHHEJIMPOBAaHUHM B OOBIYHBIE HOpPMAaJIbHBIE METAUIbl HabOmoaeHue 3¢ ¢GeKToB
30HHOH CTPYKTYyphl npodiematuuno [13]. JIpyras cuTyaiusi BOSHUKAeT MPH TyH-
HEJTBbHOM 3(deKTe B MOJIIPOHHBIA METAI, KOTJa TYHHEIHPYIOIIUNA «TOJIBII
DJIEKTPOH BBIHYKICH «OJIETHCS» B MOJSIPOHHYIO «IIyOy», YTO OTpa)KaeTcs Ha
TyHHeNnbHOM crnektpe d//dV. B Takom ciydae TyHHEIbHBIH 3((EKT MO3BOJISET
HETOCPEJCTBEHHO M3MEPUTh M ICEBAOIIETh — Hanboiee XapakTepHyl 0coOeH-
HOCTb 3JIEKTPOHHOTO CIIEKTPa CUIIbHO KOPPETUPOBAHHBIX CHCTEM.
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IlcesO0oueny B TIIOTHOCTH COCTOSTHUIM — TOJIaBJI€HHE IMJIOTHOCTH COCTOSIHUMN
KBa3M4YaCTULl B OKpecTHOCTU ypoBHS Depmu. TepMuH «ICEBIOINIENb)» UCIIONb3Y-
€TCs B MPHUMECHBIX IOJYIPOBOJHHUKAX, HAIPUMEDP «KYJOHOBCKAsl ICEBIOILEIIb)
BO3HMKAET B pe3yJIbTaTe IEPECTPOMKU KBAHTOBBIX YPOBHEH IPUMECEH 0] BIIMS-
HUEM KYJIOHOBCKoro B3aumojeictus [14]. Ho cormacHo Tteopuu depmu-
KUJKOCTU 8 Memannax TCEeBAOLIENb JOoJKHAa oTcyTcTBOBatTh [15]. I[losTomy Ha-
0JIt0/IeHNE TICEBIOIIENH B CIIEKTPE KYMPaTOB YKa3bIBAE€T HA HEBO3MOKHOCThH OIH-
CaHMS CBOWMCTB 3TUX MAaTEPUAIOB B paMKax CTaHIAPTHBIX MPEACTaBICHUN 0 (u-
3uKe MeTauioB. COOTBETCTBEHHO HEOJHOKPATHO BBICKA3BIBAIOCH MHEHHE, YTO
TICEBOIIEIIEBOE COCTOSTHUE B METAJNIMYECKON (ha3e — 3TO HOBOE COCTOSTHUE MaTe-
puu [16,17]. D10 cutyarus, Koria B CHCTEME KYJIOHOBCKOE, JIEKTPOH-(DOHOHHOE
Y MarHUTHOE B3aUMOJICHCTBUS OJIMHAKOBO aKTyalbHbI. BOT moueMy HEBO3MOXXHO
BBITIOJIHUTH PA3JIOKEHUE M0 MAJIOMYy TapameTpy, U mpoliemMy Henb3s (Toka) pe-
IINTh JaKe YUCIICHHO. B KyIpaTax mceBaolienb 0OHapyKeHa pa3HbIMH JKCIIePH-
MEHTaJbHBIMU MeTonaMu [18], mpuyem HaOMIOMAIOTCS JBE TCEBAOLIETH — «Ma-
nasi» U «bonbimasy. «Manas», T0-BHIAMOMY, TPOUCXOTUT OT OCTATOYHBIX CBEPX-
npoBoamux Gaykryarnuit [19], Torna kak «0oJbIIasy UMEET KOPPEISIHOHHYIO
pUPOLY, T.€. CBsi3aHa ¢ paccioeHrneM CuQO,-TIIOCKOCTEN Ha «ITOJTOCKU» (CTpauIi-
CTPYKTYpHI) B pe3ynbrare 3Qp(GeKToB IEKTPOHHON Koppensiiuu [6]. B Manranu-
Tax aHAJIOTWYHas MO TMPUPOJEC KOPPENAlMOHHAs ICeBAOUIeNb HaOIIOAaeTcs B
CIOUCTBIX (2D) cTpyKTypax MeTOAOM (POTOIMHUCCHOHHON CIIEKTPOCKONHH C BHI-
cokuM yrioBeiM paspernieHueM (ARPES) [20]. Pacuets B —/-Moaenu mokasbiBa-
10T [21], 4TO KOppEeALUOHHAs TICEBIOIIE]Ib BOZHUKAET BCJIEJICTBUE AIEKTPOHHOU
dazoBoii cenaparuu. OxHako BeruuciaeHus [21] u sxcnepument [20] Ob11M Orpa-
HUYCHBI JABYMEPHBIM MPEIeIOM, KOT/la MarHUTHBIE TOJSPOHBI €Ile UMEIT 00-
JIACTh YCTOMYMBOCTH.

B Hacrosimeli paboTe MeTOIOM 3JIEKTPOHHOTO TYHHEIMPOBAHHS ITOKA3aHO,
YTO «TpEeXMEpHbI» MaHTraHuT Lag ¢5Cag3sMnO3 Tak:ke UMeeT MceBaoIIelb, aHa-
JIOTUYHYIO TI0 XapakTepy M BEJIUYMHE TICEeBAOUIENH, HaOII0AaeMol B KyIlparax.
[Tostromy, ecnu nanHble paboTsl [21] ymacTcst paclIMpuTh Ha Clydail Tpex h3Mme-
peHuil, TO MOJIyYEeHHBIH pe3yNbTaT OyJIeT CEpPhEe3HBIM apT'yYMEHTOM B IOJIb3Y JJIEK-
TpoHHOU (ha30BOM cemapanuu B MaHTaHuTe Lag ¢5Cag3sMnOs3 mpu HU3KUX TEM-
neparypax.

3. DKcnepuMeHT

JIJis SKCTIepUMEHTABHOTO HCCIIEeIOBAaHUS 30HHBIX 3(()EKTOB B MaHTaHHUTaX
HaMHU HCIIOJIB30BAJICS METOJ 3JIEKTPOHHOTO TyHHeIHupoBaHUsA. OCHOBHBIE H3Me-
peHMs BBIMOJHEHBI Ha KOHTakTax Ag—Lag ¢7Cap33MnO3 ¢ temnepatypoii Kiopu
Tc =265 £ 10 K. TouyeuHble TyHHEIbHBIE KOHTAKTHI MPUTOTABIMBAIN Ha CBEXEM
ckosie Mukpokpucramia Lag¢7Cag33MnO3. TyHHeNnbHBIN Oapbep B KOHTaKTax C
0JIarOpOHBIMM METAJNIaMH BO3HUKAET B pesynbTaTe Aud(y3uu Kuciopoma ¢
MPUIIOBEPXHOCTHBIX CIOE€B MAHTAHUTA, YTO MPUBOJUT K YMEHBIICHHUIO YHCIIa HO-
cuTesel 3apsiaa, T.e. B COOTBETCTBUU ¢ (Da3oBoil aumarpammoit [2,4] — K AWDIICK-
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TPHU3aLUHU MPUIIOBEPXHOCTHOIO CJIOS MAaHTaHUTA. DKCIEPUMEHT MPOBOAMIU MPHU
TEMIEPaType KUIEHHsI )KUIKOTO Tenus (WM a3oTta). Bo Bcex ciydasx mpu 3amucu
BOJIbT-aMIEPHBIX XapaKTEPUCTHK COXPAHSJICS IY3bIPHKOBBIA PEKUM KHUIICHUS
KUJKOCTH, YTO CBHJICTEIBCTBYET O XOPOIICH CTAOMIBHOCTH TEMIIEPATyphl 00pa3-
na [22]. B mogassitonieM OOJIBIIMHCTBE CITydaeB HAOJII0MalI 1Ba OCHOBHBIX THITA
tyHHenpHOTO criektpa G(V) = dI/dV (puc. 1, 2). Xapaktepuctuky tuma puc. |
MO’KHO aIlllpOKCUMHUPOBaTh BblpakeHueM G(V) = Go + q|eV|y, rae V — nampsike-
HUE Ha Oapwepe, e — 3apsj SJIEKTPOHA, ¢ — KOHCTaHTa, mapamerp Y = 1.0—-1.3. Kak
W3BECTHO, 00pa30BaHNE B TYHHEIIBHOM CIIEKTPE «IPSIMBIX JUHUIY» (pUC. 1) MOXHO
O0BSCHUTH MEXAaHU3MOM TYHHEIIMPOBAHHS Yepe3 JIOKAITM30BAHHBIE YPOBHU MPH-
MECHBIX COCTOSIHUI, KOTOPBhIE BOSHUKAIOT B aMOp(hHOM TyYHHETbHOM Oapbepe [23].

0.020
12+
, Ag-1-LSMO 0.015F
= %)
[==) 8t -
%~ % 0.010F %
2 =5
s 4} 0.005r /
tztz" zg
0~ : : ‘ : 0.000 ———— 1
-100 =50 0 50 100 —-800 —400 0 400 800
V, mV V, mV

Puc. 1. «HpHMbIC JIMHUW» B IMIPOBOJAUMOCTHU TYHHEJIbHBIX KOHTAKTOB C MaHI'aHUTaMH

Puc. 2. IIpoBogumocts koHTakta Ag—I-Lage7Cap33MO3. 3amTpuxoBaHbl COCTOSHUS,
3aHAThIC JeKTpoHaMU. [IyHKTHUPOM TMOKa3aHbI MpeAnoiaraeMble mapliualbHble TIOTHO-
CTH COCTOSIHUH

HauOonpmmii uHTEpEC BBI3BIBAIOT XapaKTEPUCTUKHU, OTPAXKAIOIUE IICKTPOH-
HBII criekTp oO0bema maHranuta (puc. 2). HaGmonaemple 3HAUUTEIbHBIE U3MEHE-
HUS TyHHEIbHOU npoBoauMocTH d//dV Henb3st 00BsACHUTD 3¢ deKTaMu Heynpyro-
ro TyHHenupoBaHus [13], s KOTOPBIX XapakTEpHbIE BapHallUd TYHHEJIbHOM
IPOBOJUMOCTH COCTaBJISIFOT NMPOLEHTh. KpoMe Toro, crekTp Tuma npeacTaBieH-
HOTO Ha pHUC. 2 HEOJHOKPATHO MOBTOPSIICS, MPHUYEM OCHOBHBIE OCOOEHHOCTH
creKTpa (MOJIOKEHUE XapaKTEPHbIX MAaKCUMyMOB M MHHHMYMOB Ha 3aBUCHMO-
ctsix dI/dV) coBmamanu Uit pa3HbIX KOHTAaKTOB. DTa MOBTOPSAEMOCTh Ja€T OCHO-
BaHME CBs3aTh HAOIIOAEMBbIH CIEKTP ¢ OCOOEHHOCTAMHU 30HHOW CTPYKTYpbl MaH-
raiuta. Bo3aMOXHOCTb HEMOCPEACTBEHHOI'O U3MEPEHUS 30HHOW CTPYKTYpPHI MaH-
FaHUTa MOXKHO 00OCHOBAaTh CTPOrO, €CJIM MPHUHAThH 32 OCHOBY, YTO JWHAMMKa 3a-
psla B MaHraHUTaX UMEET MOJIIPOHHBIN xapakrep [3]. B TakoM ciyyae TyHHENb-
HBII CHEKTP OTpakaeT OCOOEHHOCTH 30HHOM CTPYKTYpPbI aHAJIOTHYHO TOMY, Kak
IpY TYHHEJTUPOBAHUU B CBEPXIIPOBOJHHUKHU B CHEKTPE OTPAXKAIOTCA 0COOEHHOCTH
CIHEKTpa KBAa3UYaCTHII.

Cornacno puc. 2 TyHHenbHBIN cnekTp d//dV pa3OuBaeTcst Ha TpU OCHOBHBIE
yactu. HemocpenctBenHo k ypoBHi0 Pepmu (Hampspkenue V' = () mpUMBIKAIOT
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v 1 o o
COCTOSIHHS DJICKTPOHHOH €, -30HBI C TIOJTHON IMPHHOM W=1.2 eV, npuueM Ha-

Oyroaemasi IMpPUHA 3aMOJTHEHHBIX (3aITPUXOBAHHBIX) COCTOSHUMA (~ 600 meV)
IIPAKTUYECKH COBIIAJAET C PE3YJIbTATOM, IIOJYUYEHHBIM PaHEE METO/IOM IEKTPOH-
MO3UTPOHHOW aHHUTHIIIUY [24]. OmHAaKo, B OTIMYKE OT TYHHEJIBHOTO 3(dekTa,
KOTOPOMY JOCTYIIHBI 3JIEKTPOHHBIE COCTOSIHMSI KaK BBIIIE, TaK U HUXKE YPOBHS
®epMu, MPHU NEKTPOH-TIOZUTPOHHON aHHUTUIISIUN (GUKCUPYIOTCSI TOJIBKO 3amoJI-
HeHHbIe cocTosHus. [Toaromy B pabote [24] coctosiHus Bhile ypoBHS Depmu He
U3MEPSUINCh, @ HAXOIWINCh IIyTeM MHTEPHOISIUOHHON MPOLEayphbl, OCHOBAaHHOM
Ha TIOJTOHKE pacyera B MPUOIMKEHUH JIOKaIbHOM crimHOBOU miioTHOCTH (LSDA)
o HaOJII01aeMblid pa3Mep MoBepxHOCTH DepMu MaHraHWTa. JTa MpoIeaypa Mo-
3BOJIMJIA aBTOPAM IOJIYYUTh IOCTaATOYHO KOPPEKTHBIE JaHHbIE O (popMe U pazmepe
noBepxHocTH PepMu, HO MpHUBENA K 3aBBIIICHHBIM 3HAYEHUSIM MOJTHON HIHMPUHBI
efg
MOJISIPOHHOTO CYXEHUSI SJIEKTPOHHOM 30HBI [25]. C apyroil CTOpOHBI, CpPABHEHHE
pe3yNbTaToB pHC. 2 ¢ TOBepXHOCThI0O DepMu, MpUBEACHHON B padote [24], moka-

-30HBI, TaK KaKk pacueT B cxeme LSDA He npuHuMaeTr Bo BHUMaHUE dPdeKT

1
3bIBACT, 4TO Ha6n}0zxaeMaﬂ «IIOJIApOHHAs» 30Ha — 3TO elg -30Ha B OKPECTHOCTHU

TOYKU M, T]Ie OHa UMEET ABIPOYHBINA XapakTep. To eCTh MCEeBAOIIETh Ha0II01aeT-
csl B IBIpPOYHON yacTu moBepxHOoCcTH Pepmu. OTMETUM TaKXke, 4TO HaOII01aeMoe

o 1
HaMH 3KCIICPUMCHTAJIbHOC 3HAUCHUEC ITOJTHON N PUHBI elg -30HBI MaHTaHuTa W =

= 1.2 eV O61m3K0 K TEOPETHYECKUM OIIEHKaM, MPUBEICHHBIM B psifie padoT [2,5].
OpnHako Takoe CpaBHEHHE HE BIIOJIHE KOPPEKTHO, TOCKOIBKY TJIABHON 0COOEHHO-
CTBhIO TYHHEJIBHOTO CIIEKTpa sBJISIETCS OOJIbIIas MCEBOIIENb — MPOBa B IJIOTHO-
CTH pa3pelIeHHbIX YPOBHEN B OkpecTHOCTH ypoBHS Depmu (puc. 2).
HaGmronaemas Bennuuna ncesaomeny 2E, ~ 600 meV npumepHo B Tpu pasa
OoJIbIlle aHATIOTUYHON «OO0NBIIONY» TIceBmomIenu B Kynpartax [18,26,27]. Onnako
XapakTep «OOJbIIOI» TICEBAOIIENN B KympaTaX W MaHTaHUTaX OJWHAKOBBIH,
IJIOTHOCTh COCTOSIHUM B pallOHE ICEBAOLIENM MOXHO ONUCAaTh 3aBUCUMOCTBIO
d//dV ~ N(E) = N(0) + p|E|B, rje p — KoHcTaHTa, a mapametp 3 = 0.7-0.8 cyrecr-
BEHHO oTiiM4aeTcsa ot napamerpa Y = 1.0—1.3, COOTBETCTBYIONIETO «KYJIOHOBCKOM
niceBomenu» (cM. puc. 1). braronapst ncenomeny Ha ypoBHe @epMu IIIOTHOCTD
3JIEKTPOHHBIX cocTostHME N(0) MaHTaHWTa TOMABIISETCS B HECKOJBKO pa3, HO HE
JI0 HYJISI, YTO TAK)KE PaIUKaIbHO OTJIMYACT HAOIIOAAEMYIO MCEBIOIIETh OT «KY-
JIOHOBCKOI» B CHCTEME 3apsiKeHHBIX npumeceid (cMm. puc. 1). CymecTBeHHO, 4TO
Ha ypoBeHb DEPMH BBIXOISAT TOJIBKO €1o-COCTOSIHHS CO CIIMHOM 1, T.€. B Heale
MaHranuT Lag ¢7Cag 33MO;3 saBisercs 100%-M MOJIOBUHHBIM METAJVIOM, XOTS U3-
MEpPEHHSI CIMHOBOM MOJSIPU3ALUA METOJIOM aHJIPEEBCKOr0 OTpakeHus [28] maroT
ToNbko 85%-10 cTenenp monspusanuu. Kak obcyxmaercs B pabote [28], Takas
HEMoJIHAs MOJspU3alysl, Mo-BUAUMOMY, 00YCIIOBI€HAa HEOJHOPOIHOCTHIO MaHTa-
HUTOB, T.C. AJNEKTPOHHON (pa3oBoi cemapammeii. B kymparax 0onbIioit pasmep
TICEBOIIENIA COOTBETCTBYET CTPAUI-CTPYKTypaMm [6], 110 aHATOTUH B MaHTaHUTaX
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pasmepy nceaomenu E, ~ 300 meV T0/KHBI COOTBETCTBOBAThH (heppOMarHuT-
Hble BKJIIOYEHHs HaHopasMmepa nopsaaka 10—20 A (Bo3MoxHO, 9T0 (heppoHBI, HO
He cepuueckoii popMmbl). HakoHel, 0oTMETHM, YTO TYHHEIBHBIH CIIEKTp (pHC. 2)

1 T
IIOKa3bIBAET TAK)KE BEPXHIOK I'PaHUIY 30H [, g ¥ O(2p) ', KOTOpBIE TOBOJIHBHO

naneko (0onee uem Ha 1 eV) orcTaroT oT ypoBHsI DepMu U HE IEPEMEITHBAIOTCS C
o 1
JILIPOYHOM YaCThIO €, -30HBIL. HallonaeTcst TOMBKO MEPeKPBITHE XBOCTOB JIICK-

o 1 1 Tl o
TPOHHOM YacCTH €, -30HbI C 30HAMH 1, g U O(2p) *, 9TO JaeT MUK B TYHHEIHHOU

MPOBOAUMOCTH MpH HanpsbkeHuu V' = 650 meV. JloctatouyHo Janeko OT YpOBHsS
!
@epmu orcTouT U 1, g - 30HA, YTO MOATBEPXK/ACTCS PACUCTAMH B TEXHHKE LDA

(LSDA) + U, npu KOTOpOW YYHTHIBAECTCS KYJIOHOBCKOE OTTaNKWMBaHHWE U d3Jek-
TPOHOB Ha ofHOM y3ie [29]. be3 yuera KyJIOHOBCKOIO OTTAJKMBAHHS PacdeThbl

. !
30HHOW CTPYKTYPHI MAHTaHHTA MOKA3BIBAIM CHIBHOE IEPECCUCHHE [, -30HBI C

ypoBHeM @epmu [30], 9TO IpOTUBOpPEUHT IKcriepuMeHTy (puc. 2). Hakonern, u3
o 1 1
JICBOW YaCTH PHC. 2 CIEAYET, YTO PACIUICIIICHHE MEX/y 30HAMHU €}, U €,, JI0CTa-

To4HO BeNuKo (~ 200—400 meV), moatomy 3¢ dekTsr Ana—Temiepa urparT 3Ha-
YUTEIBHYIO POJIb M B METAJUTMYECKON (ha3e MaHTaHUTA.

4. 3akiaiouenue

[TonyuyeHHbIe 3KCIIEPUMEHTATIBHBIE PE3YJIbTaThl MO3BOJISIOT CAENATh CIEAYIO-
1K€ BHIBOBI.

1. Ilpu HU3KUX TeMmIepaTypax AWHAMHKA 3apsaa B METAJUTMUECKOH (a3e MaH-
ranuTa Jantana Lag ¢5Cag 3sMnO3 B 3HAUNTENBHON CTENEHU 00YCIIOBJICHA pellie-
TOUYHBIMHU TOJISIPOHAMH MaJIOTO pajanyca.

2. B cnmekrtpe kBaszmvactui] mMaHnranuTa Lag¢sCag3sMnO3 numeercs OGosbiias
TMICEBOIIEIb, 110 XapaKTepy U BEIWYMHE aHAIOTWYHAs ICEBIOINENH, HabIoae-
Moii B criekTpe kympara BipSrpCayCu3Ogig[18,27]. [ToaTomy 1o aHamoruu ¢ Kym-
paTaMu €CTh BCE OCHOBAHUSI CUUTATh, YTO B MAHTAHUTAX PEATTUZYETCS I/IeKMPOH-
Has ¢azosasn cenapayusi Ha 00BEKTHl HAHOpPA3Mepa, HEUTO BPOJE «MarHUTHBIX)»
crpaiin-ctpyktyp [31]. IlpoGnema YCTOHYMBOCTM TaKUX CTPYKTYp SBISETCS
PEeIMETOM JAIbHEUITUX TEOPETUUECKUX U IKCIIEPUMEHTAIbHBIX UCCIeI0BaHUH.

3. B oTinune oT MaHTaHUTOB TEMIIepaTypHasl 3aBUCUMOCTb TYHHEJIbHBIX KOH-
TAaKTOB C KyNpaTaMu HE JIEMOHCTPUPYET XAPAKTEPHOTO [3] «IMOJAPOHHOT0» MOBE-
JeHUs. DTO 03HAYAET, YTO MEXKJy KylIpaTaMu U MaHTaHUTaMH UMEETCS MPUHIU-
MUAIbHOE OTJIMYME: MAHTAHUTHI SBJSIOTCS MOJSPOHHBIMH METaJlJIaMH, TOTJa Kak
KyIpaTbl — HET, XOTA M KYyNpaTbl U MAHTAHUTHI OTHOCATCA K OJHOMY KJaccy
CHJIBHO KOPPEIUPOBAHHBIX CHCTEM.
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BAND-STRUCTURE EFFECTS IN LANTHANUM MANGANITES

The contact spectroscopy method has been used to study the electronic spectrum of lan-
thanum manganite Lag ¢7Ca33MO3 (LCMO). It is shown that in the density of states of
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LCMO metallic phase there is a large pseudogap, the Fermi level being reached by elec-
tronic states with only one spin direction. The pseudogap value, £, ~ 200-300 meV points
to its correlation nature, i.e. to the phenomenon of electron phase separation in the man-
ganite with the scale of ordered ferromagnetic regions of the order of 10-30 A.

Fig. 1. «Straight lines» in conductivity of tunnel junctions with manganites

Fig. 2. Conductivity of Ag—I-Lag¢7Cag33MO3 junction. The dashed are states occupied
by electrons. Dotted line — hypothetical partial densities of states
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PACS: 75.50.Tt

B.5. BoxowHos', 1.T. Bacbkos?, C.C. Qopodeiunk’, I.1. Makosewukuit,
[B.B5. Wunund|, K.W. Shywkesny?

KPUCTAJITIMHYECKAA CTPYKTYPA N YOEJIbHAA
HAMAITHWYEHHOCTb KOMIMAKTHbLIX OBPA3LIOB,
MONYYEHHbBIX N3 HAHOPA3MEPHbIX NMOPOLLKOB Ni-C
B YCNOBWAX BbICOKMX OABNEHWN U TEMMNEPATYP

1l/I|-|cw|TyT XUMUKM TBepAoro Tena n mexaHoxumum CO PAH
yn. Kytratenaase, 18, r. HoBocubupck, 630128, Poccus

2O61>e,1:|,|/1HeHHb||7| WHCTUTYT pm3nku TBEpAOro Tena u nonynposoaHukos HAHB
yn. M. bpoeku, 17, r. MuHck, 220072, benapycb

B ycrosusix evicokux oaenenutl u memnepamyp CUHmMe3UpoSaHvl MASHUMHbIE KOMNO3UMbL
U3 HaHopazmepHvix nopowxog cucmemwvl Ni—C. Yemanoenena nociedosamenvHocms pa-
308bIX NPespaujeHull ¢ ygerudeHueM memMnepamypvl CNeKamus npu HOCMOSIHHOM 0AGIeHUl
u epemenu cunmesa. Onpedenena KpUCMaiudeckas cmpykmypa ¢as, oopazyouux Kom-
nosumwl. Mamepena yoenvHas HAMACHUYEHHOCHb T KOMRAKMOS, NOYYEHHbIX NPU PA3IUY-
noix memnepamypax 1. Ananuz 3asucumocmett 0= f(T) noxaszan, umo usmenenust hpazo6020
€coCmaga KOMNO3UMOo8 3aMemHbIM 00pa3oM NPOSAGIAIOMC HA GelUYUHE SHAYEHUL memne-
pamypul (paz08020 npespauietss MacHUMHbBLL NOPSLOOK ~MACHUMHbBIIL OeCOPAOOK.

Beenenne

CriocoObl M3roTOBJICHHUS KOMITAKTHBIX KEPAMUYECKHX H3JENUN U3 MOPOIIKOB
JUIl YCTPOMCTB 3JIEKTPOHUKH B YCJIOBHSIX BBICOKHUX JABJIEHUI M3BECTHBI U IIHPOKO
ucnonb3ytorcs. [lpu pemenun 3agauu mosydyeHusi KOMIIAKTOB IMOJ1 IaBJICHUEM IIPU
KOMHATHOW TeMIepaType M3 IOpOIIKAa HUKENs, KalCyJIMpOBaHHOro caxeil [1],
MPEJCTaBISUIOCh UHTEPECHBIM U3YUUTh BIMSHUE BO3JICHCTBHS BBICOKHX JaBJICHHM
U TEMIIEpaTyp Ha KPUCTALUIMYECKYIO CTPYKTYpPY U YAEIbHYIO HAMAarHUYEHHOCTb
3THX KOMIIAKTOB C TOYKH 3pEHHUsI 00pa30BaHMs KapOUI0B HUKENS U APYTUX COMYT-
CTBYIOIIIUX yriiepoacoaepkanmx ¢a3. B padore [2] moka3aHo, CKOJIb BaXHa POJIb
o0Opa3oBaHusi KapOUJOB METAIJIOB, PAaCTBOPUTENIECH yrieponia, U UX Pa3IOKEHHS
IPH MOJTyYSHUH CHHTETHYECKHUX aIMa30B. MarHuTHbIE CBOWCTBA KapOUIOB HUKEIIS,
B OTJIMYHUE OT KapOUJIOB XKeJle3a U IPYrHX METalioB, ¢1a00 UCCIIeA0BaHbl H3-3a Me-
TacTaOMIIBHOTO COCTOSTHUSA UX KPUCTALTMYECKOHN CTPYKTYphl. IHTEpec K N3y4eHuIo
CBOWCTB yJbTPAJAUCIIEPCHOTO HUKENS U €ro KapOua0B 3aMETHBIM 00pa3oM BO3pPOC
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II0CJIE OCBOEHUS PA3IMYHBIX METOAOB IOJYYEHHs MOPOIIKOB B HAaHOPAa3MEPHOM
cocrostauu [3—7]. IIpencraBiser Takke HHTEpEC Ha IPUMEpPE HUKENS U ero Kapou-
JIOB MPOJIOJKUTh CCIIEA0BaHUS POJIM METAJUIOB-PACTBOPUTENIEH yIileposia B IIMXTE
IPY CUHTE3€ HCKYCCTBEHHBIX aJIMa30B, OJJOOHO BBINOJIHEHHBIM B paborax [8,9].

[lenpto maHHO# paboTHI OBLIO MCCieIOBaHKE (PA30BOTO COCTaBa KOMIIAKTOB,
NOJIyYCHHBIX B YCJOBHUSAX BBICOKHMX JABICHUNA M TeMIIEpaTyp U3 HAHOPa3MEPHBIX
nopomkoB [J 50%Ni—50%C, a Takke M3ydeHHEe TeMIepaTypHBIX 3aBUCUMOCTEN
UX yJEIbHOM HaMarHM4eHHOCTH.

Oo0pa3ubl U1 METOABI IKCIIEPUMEHTA

B kauecTBe peakIMOHHON IIMXTHI HCHOJIB30BAIM HAaHOpPa3MEpHbIE MOPOIIKH Ni ¢
pasMepoM 3epHa ~ 60 nm, KarcyaupoBaHHble caxeid. [[opomku cuHTe3upoBaIv B yC-
JIOBUSIX MEXaHWYECKOM aKkTUBAlMU MOpOoIIKoB Hukens u caxu [1,10]. Conepxanue
HUKEJISl U yIJIepo/ia B MCXOMHBIX TMopoIikax cooTBercTBoBaio [ 1:1. KommaktHbie,
MPAKTUYECKH IIMHAPUYECKONH (GopMblI TaOJIETKH W3 TAKUX IMOPOIIKOB IMOTYYad B
TBEPJIOCIUIABHBIX KaMepax BBICOKOTO JIABJICHHS THMA «HAKOBAJIBbHS C JIyHKOW» [11].
Peaxkumonnyro mmmxry cnekanu nox aasinenueM 7.5 GPa noararnHo, ¢ poctom Temie-
patypsl oT 1 10 T5. 3HaueHus TemMIiepaTyp Kaxzaoro aramna cieayroume, K: 77 = 1500;
T, = 1700; T3 = 1900; T4 = 2000; 75 = 2300. Bpemst criekanusi moj BO3JeHCTBUEM
BBICOKUX JaBJICHUHA M TEMIIEpaTyp COCTaBIsuIo 15 s. Beibop Manoro Bpemenu T crie-
KaHWs [IUXTHI O] JaBJICHHEM OOYCIIOBIICH IENbIO MOMYYeHUSI KOMITAKTOB, COJEP-
JKaIUX KaK MOXKHO OOJIbIIIee KOJTMYIeCTBO (ha3bl KapOu/1a HUKEIIs, a He alMasa.

B pab6orax [12,13] noka3zano, uto cunte3 npu aasienuu P = 5.0-5.5 GPa u tem-
nepatype 1620 K yxxe ipu T = 60 s IpUBOAUT K MHTEHCUBHOMY aJIMa3000pa30BaHUIO
naxe B mmxte Mn—Ni—C ¢ no6aBkoit 0.25 mass% uyryna u 0.10 mass% memMeHra.
Maroe Bpems pa3zorpesa armaparypbl BHICOKOTO JaBJICHUS U MPAKTUYECKH MIHOBEH-
HOE OTKJIFOUEHHE pa3orpeBa o0paslia MO3BOJISIOT JOMYCKaTh, YTO KOMITAKTHI ITOCIIE
BO3/ICIICTBUS BHICOKMX TEMIIEpATyp MOIBEPralliCh 3aKAJIKE MO/1 JaBJICHUEM.

KommakTtsl, n3roropnernsie u3 muxTthl [150%Ni—50%C, nociie criekanus u3-
MeJbYaId U MOJBEPrajid PeHTTEHOCTPYKTYpHOMY aHanu3y B Cu K -M3IydeHuH,
MOCKOJIbKY PEHTI€HOTpaMMa MOPOoIIKa JaeT Haubojiee TOUHOE 0TOOpaxeHHe KpH-
CTAJUIMYECKOTO cOCTOSTHUS oOpa3na [14]. PeHTreHOrpaMMbl MOPOIIKOB KOMITAK-
TOB TIOJTYYEHBI IPU KOMHATHOW TeMIepaType B HHTepBaje yrioB 5° <20 <110°c
marom A26 = 0.03° u BpemeHeMm Habopa B Touke 3 s. MI3mMepeHus ynenbHON Ha-
MarHM4€HHOCTH MPOBEJICHBI CTATUYECKUM MOHIEPOMOTOPHBIM MeToIoM [15]. V-
JIOBUSI U3MEpEHUsl: 00pasel] B BaKyyMe; qHara3oH Temiepatyp usmepenuid 0 = f(1)
77 K < T < 800 K; marautHoe nosie H = 0.86 T; rpagreHT MarHUTHOTO TOJIS B
obmactu obpasna dH,/dx = 0.16 T/cm Ha yuactke AZ = 3.0 cm.

PesynbTaThl 3KCIepuMeHTa 1 00CyKIeHHe

Ha puc. 1 npexacrapieHbl peHTTEHOTPaMMbl TOPOILIKOB JI0 M MOCJE HArpy3KH
nasnenueM npu temneparype 7= 300 K. Ha puc. 1,a n1Ba pa3mbIThIX pediiekca ¢
neHTpamMu Tsokectd npu 20 = 12.64 u 24.98° Ha peHTreHOrpaMMe HCXOJHOTO
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< a  TIOpPOUIKa MOXHO C HEKOTOPHIM
3
4000 3T NpUOIKECHUEM OTHECTH K YT-
= 30001 z nepony Cgo cunronuu S.G. :
= S — —
Z g Z 53 - :Fm3 B cocrosHum, OGIM3KOM K
Q Caxa ) I - Z
g 2000+ - < 8§ 59 g  amMop(HOMY, U UHAULUPOBATH UX
o N
[(o] ~ -
1000 3 @ 8 §'\ N kak (200) u (400). 310 cornacy
| & ¢ J N § erca ¢ couep:xanueM HH(pOpMa-
0= . J L ~  IMOHHOM KapTouku 82-0505 Gasbl
2000 02 nanaeix PCPDFWIN [16]. Bo3s-
] % ) 125 gg = NENWCTBUE BBLICOKUX JaBJICHUM
A s = & ~
215007 ) S 1000\ 2 = 7.5 GPa Ha uccnenyembie HOU
Z N 75 / POILIKH YK€ TpH KOMHATHOM
£ 1000 oo TeMIepaType IPUBOIUT K Oojiee
= =
gi 550' 40 50 60 70 80 YETKOMY IMPOABIICHUIO pe(bneK—
5001 u “ g 32 20 COB yriepoga B COCTOSHHH
. 1 88 o ¢ymepena.
' ' ' ' ' i AHanuzupys E€HTIeHO-
20 40 60 80 100 120 pyi P
20 rpaMmy o0Opas3ma HaHoOpas-

MEpPHOTO TMOpOIIKa, IOABEP-
’KEHHOT'O BO3JEHCTBUIO BEICO-
koro mpasinenust (puc. 1,6), B
nuama3zoHe yriaoB 5° <20 < 26°
MOJKHO BBIICIUTH Psii pediek-
coB. Otpaxkenus nox yrinamu 14.03°%; 16.87°; 18.19°; 25.53° unAMIMPYIOTCS B TIO-
psanke Bo3pactanus kak (102), (110), (103), (210). [IBe ckpbIThie B BO3paCTAIOLIEM
done muuun moxa yriaamu 9.68° u 10.28° mHaunupyorcs kak otpaxkenus (100) u
(002) mnst pymiepena B coctossHuu C7 € AIIE€MEHTApHON TeKCaroHaIbHON SYeHKON

Puc. 1. PertreHorpaMMbl HCXOHOTO MTOPOITKA (@)
U TIO/IBEPKEHHOTO Harpyske naBieHueM B 7.5 GPa
MIpH KOMHATHOM TeMIiepaType (0)

cuaronun S.G.:P63/mmc (194). CormacHo cBeacHusM 48-1206 0a3bl JTaHHBIX
PCPDFWIN Takas sueifka nmeer mapamerpsl: a = 10.5934 A, ¢ = 17.262(2) A u
COOTHOIIIEHUE oceit ¢/a = 1.6295 [16].

YMeHbIIIeHHEe WHTEHCUBHOCTH PEQIIEKCOB MOPOIIKA HHUKEIs, KarcCylIupOoBaH-
HOTO CaXKei, MOCJe HATPy3KU JaBICHUEM MPU KOMHATHOW TEMIEpaType MOXKHO
OOBSICHUTB CIICJICTBUEM JIBYX NPUYHH. BO-TIEPBBIX, U3BECTHO, YTO BHICOKUE NIaB-
JICHUSI TIOJABJISIOT JAJbHUN MOPAMOK, NCPOPMHUPYs KPUCTAJUIMYCCKYIO SUCHKY.
ComnocTaBiisisi yIIIOBBIE TIOJIOXKECHUS OCHOBHBIX pepiIeKCOB HUKENS Ha puc. 1,a u 0,
MO>KHO BUJCTHh CMEIIIEHUE X B CTOPOHY OOJBIINX 20, 0COOEHHO 3TO 3aMETHO IS
otpaxkenuit (111), (200), (220). Bo-BTOpHIX, JAaBICHUE YCHJIMBAET MPOHUKHOBE-
HUE yIJIepoJia B MOBEPXHOCTh YAaCTHUIl HUKEIS ¢ 00pa3oBaHHWEM KapOuWaa HHUKEIS
Ni3C. Pedraexcsl pomOosapuueckoii stueiiku kapouna Hukens NizC (110); (006);
(113); (024); (119) manoii THTEHCUBHOCTH, KPOME OTPAKEHUM, COBITAIAIOIIHNX 10
YIJIOBBIM TIOJIOKEHHUSIM C peduiekcaMu KyOU4ecKOi sSYeiKd HUKENsl, BUIHBI Ha
BcTaBke puc. 1,0. [TockonbKky audpakimonHas KapTHHA HCCIETyeMOro KOMITO3H-
Ta — 9TO Pe3yJabTaT B3aUMOJICHCTBUSI PEHTTC€HOBCKOTO M3JIYYCHHUS C ICKTPOHAMH
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MOBEPXHOCTH, OUYE€BUIHA JOMUHHUPYIOLIAS POJIb BIUSHUS COCTaBa M TOJIIMHBI 10-
BEPXHOCTHOM TUICHKH TpaHyll Ha COJAEpKaHHE PEHTTEHOTPAMMEBI M BETUYHHY HH-
TEHCUBHOCTHU TU(PAKIMOHHBIX OTpakeHWi. B Hamiem ciydae 3T0 MOXeET ObITbH
OJTHOW M3 MPHUYUH PE3KOT0 yMEHBIIEHUSI HHTEHCUBHOCTHU peduiekcoB Ni B uccie-
nyeMoM kommosute. [lpu gocTtaToyHO UIMTENbHOM MEXaHOXMMHMYECKOM Karcy-
JUPOBAHUU YIIIEPOJIOM YACTHUI] HUKeNs oOpa3zoBaHue TOHKOro ciosi Ni3C Ha mo-
BepxHOCTH 3epeH Ni HabIoaamu aBTopsl padoTsl [1].

Ha puc. 2 npencraBieHbl peHTIeHOIPaMMbl KOMIIAKTOB U3 HAHOPAa3MEPHBIX
nopomkoB Ni—C, cnedeHHbIX moa aaBieHuem P = 7.5 GPa u temmepatype
1500 K < 7' <2300 K. Cunre3 non nasinenuem u temneparype 1500 K 3a Bpe-
Ms 15 s mpuBen K 3aMETHBIM U3MEHEHHSAM KPHUCTAIIIMYECKOTO COCTOSHUS KOM-
no3uta Ni—C (puc. 2,a.). Bo-nepBsix, ucuesnu pedaekchl yriepoaa B COCTOS-
Huu ¢ynnepena. OueBuano, yro nasieHue P = 7.5 GPa u temnepatypa 1500 K
3a BpeMs BO3AeHCTBUA T = 15 S JOCTAaTOYHBI I TpeoOpa3oBaHus yriepoaa u3
coctosinus C7¢ B rpaduT, KOTOPBIM HAXOJUTCS MPAKTUYECKU B aMOp(HOM co-
CTOSIHMH, TMIOCKOJIBKY Ha PEHTTEHOTpaMMe IMPOSIBISETCS TOJBKO OAMH pediiekc
(111) rpadura o4eHb MajOW MHTCHCUBHOCTH. BO-BTOPBHIX, MPOU3ONIIO Aajb-
Hellee yMEHbIIEHNE HHTEHCUBHOCTH BCEX PEQIIEKCOB HUKENS U YBEIHMYCHHE
IJIOIIAM OCHOBAHUSA UX CO CTOPOHBI MpeJrosiaraeMelx pedekcoB kapOuna
Hukens Ni3C ¢ pomOodapudeckoil sneMeHTapHou sueiikoil. [loHmkeHnue WH-
TEHCHUBHOCTU PEQIIEKCOB HUKEIS M CMEIIEHNUE UX YTIOBBIX MOJIOKEHUH B CTO-
poHY OOJBLINX YTJI0B MO3BOJISIOT TOBOPUTH O JalbHEHIEM YBEIHMYEHUU Je-
dbopmaruu KpucTalIndeckoi staeiiku Ni B pe3ylbTaTe BO3JACHCTBUS TaBICHUS
npu Temneparype 1500 K.

Crniexanue noj nasienueM mpu temmneparype 1700 K npusoaut k 6onee 3Ha-
YUMBIM HU3MEHEHHUSIM B (a30BOM cocTaBe kommo3uta (puc. 2,0). Ha pentreno-
rpamMMe TPOSIBIISIIOTCA OTpaKeHHsI Maoil nHTeHCUBHOCTH rpadura (111) u (221)
pom6Gosapuueckoii sueiikn S.G.:R 3 m (75-2078 [16]) u (0 0 8), (0 0 12), (0 0 24)
rpaduta ¢ TaKke nehOpMUPOBaHHON opropomOuueckoil sueiikoir S.G.:Cmc2;
(74-2330 [16]). Kpome sTOTO, 4eTKO BUAHBI Ba pedekca yriaeponaa (111) u (220)
B COCTOSIHMM CHHTeTHYeckoro anmasa (75-0410 [16]), mo3BonuBIme 3aduKcupo-
BaTh Ha4ajo ero oopazoBaHusi. MOXHO rOBOPUTH O HEKOTOPOM YBEIMYEHUU CO-
nepkaaus kapouaa Hukens NizC B komnosute no Hamuuuio pediaekca (012), He
NEPEKPHIBAIONIETOCS C APYTUMH OTPAKEHUSAMH POMOORIPHUECKON CTPYKTYPHI
(72-1467 [16]). [Tomumo mepeUYMCIEHHOTO, HAOMIOAACTCS PE3KOE CMEIICHHE BCEeX
pednexcos (111), (200), (220), (311), (222), (400), oTBETCTBEHHBIX TIpHU OoJee
HU3KUX Temreparypax 3a Ni, B CTOPOHY MEHBIIUX yTJoB (CM. puc. 2 u Tabm. 1).
3TOT (haKT CBUACTENHCTBYET 00 HHTEHCUBHOM ITPe0Opa30BaHNU HUKEIS B KapOu
NiC B Tako#l k€ KpHCTAIIMYECKONH CHHTOHHMH, YTO M HHUKEIh, HO C HECKOJIBbKO
OOJIBIINM TTaPaMETPOM 3JIEMEHTApHOU SYCHKH. YTJIOBBIE MOJOKEHHS PeQIIeKCOB
(111), (200), (220), (311), (222), (400) peHTreHOrpaMM KOMIAKTOB, TOJIYYCHHBIX
npu 1700 K, xopomro cornacyrorest ¢ uHpopmarmonHon kaproukoit 14-0020 6a3b
naaaeix PCPDFWIN [16].
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Tabmuma 1
YraoBsie nonoxenusi 20 (deg) ocHOBHBIX pe(lieKCOB PEHTreHOTPaMM U MapaMeTpbl
ajaeMenTapHbIx siyeek Ni n NiC a (A)

Mare- OcHoBHble peduiekchl (hkl)

puan | (111) (200) (220) (311) (222)
44494 | 51.847 | 76.378 | 92.932 | 98.437 (65-2865) [16] 3.524
44.497 | 51.851 | 76.383 - - (87-0712) [16] 3.5238
44.44 51.82 76.36 92.89 98.47 | Kommosut (Ni-C) | 3.528
(MCX. TTOPOIIIOK)
44.55 51.87 76.49 92.89 98.49 | Kommosut (Ni-C) | 3.528
7.5 GPa, 300 K
4453 | 51.91 76.41 92.93 98.57 | Kommoszut (Ni-C) | 3.524
7.5 GPa, 1500 K
44.392 | 51.751 | 75.442 | 92.425 | 98.082 (14-0020) [16] 3.539
44.35 51.65 75.99 92.53 97.93 | Kommozut (Ni-C) | 3.540
7.5 GPa, 1700 K
44.23 51.51 75.89 92.27 97.79 | Kommozut (Ni-C) | 3.546
NiC 7.5 GPa, 1900 K
4423 51.49 75.59 91.95 97.49 | Kommozut (Ni-C) | 3.554
7.5 GPa, 2000 K
44.09 51.35 75.55 91.85 97.29 | Kommoszut (Ni-C) | 3.560
7.5 GPa, 2300 K

Hcrounuk a, A

C ucnonb3oBaHuEM KBaipaTUIHOM popmel [ 14]:
)\2
) 2 .72 .72
sin“0,,, =——=|h" +k~ +/ (1)
Wl = ( )

orpezieNieHbl TapaMeTpPhl ATIEMEHTAPHBIX SYeeK HUKENS 1 MOHOKapOuaa HUKENs B
KOMITaKTax KOMITO3UTOB Ni—C, MOJY4YEHHBIX MPHU PA3IUUHBIX YCIOBHUSIX CIIEKa-
HUS. YTIOBBIE MOJIOKEHUS peIEKCOB YMCTOrO HUKEIS U MOHOKapOua HUKENS B
Cu K,-m3i1ydeHun JUIss CHHTOHUA Fm 3 m W3 CIPaBOYHBIX HCTOYHHUKOB M M3MEpE-
HUH HacTos1Ied paboThl MPUBEAEHBI B Ta0. 1.

[ToBeimenne Temmepatypsl criekanus g0 1900, 2000 u 2300 K (puc. 2,6—0)
npuBoaUT K pocty kpuctasumtoB NiC. Ha 3T0 ykasbiBaeT pe3koe yBeTudeHHE
MHTECHCUBHOCTHU Pe(IIEKCOB PEHTICHOIPaMM KOMITAKTOB IPU 3TUX TeMIIepaTypax.
AHanu3upys peHTI€HOIpaMMbl pUC. 2,6—0, MOYKHO OIPEIEIUTH HalpaBiICHUE
pocTa KpUCTAIIIUTOB MOHOKapOuaa Hukens. BeposTHee Bcero, 3To HampaBlieHUE
(h00). ITpu mpakTHYECKH MOJIHOM Toracanuu peduiekca (220) BuaHO nepepacupe-
JeJICHUE W YMEHBIIEHHe MHTCHCUBHOCTH oTpakeHuid (111), (311) u (222). Poct
uaTeHcuBHOCTH peduiekcoB (200) u (400) moHOKapOuaa HuKens oueBuaeH. Cren-
CTBUEM MOSBIEHUS U pocTa KpuctamutoB NiC B ONpeesieHHOM HalpaBiIeHUU
MOJKET OBITh HEOOJIBIIOE YBEINUEHUE TapaMeTPa a AIEMEHTAPHON SYEHKU B KOM-
MO3UTaxX, MOJIYYEHHBIX MPH ITUX TeMmmeparypax (cm. tadn. 1). HexkoTopsiii poct
uHTeHCUBHOCTU oTpaxeHui (111) m (222) pomOosnpuueckoil sueiiku rpadura
npu temneparypax crnekanus 1900, 2000 u 2300 K non naBienuem 3a Bpems
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T = 15 s mo cpaBHenuto ¢ 7 = 1700 K moxkeT OBITh CIECTBUEM TOHMKXCHUS pac-
TBOPUMOCTH YIJIEpOJa B pacllylaBe MeTajljla 3a CYET U3MEHEHHUsS! COCTaBa KOMIIO-
3uTa ¢ yMeHbIeHHueM B muxrte kapouna NizC u nossimenueM coxaepxkanus NiC.
B utore pe3ko ynana crenenp anMazoobpaszoBanus. [loatomy Ha puc. 2,6 UHTEH-
cuBHOCTh peduekca (111) cuHTeTHYeckoro ammaza mpubmmkaercs Kk ¢Gony. Ha
peHTreHorpaMMax KOMMakKToB, nmonydeHHbIX mpu 7 = 2000 u 2300 K (puc. 2,e u
0) 3TOT pedIiekc yKe OTCYTCTBYET.

B pa6orax [12,13] moka3aHo, 4TO B IIpollecce CHHTE3a NCKYCCTBCHHBIX aMa-
30B MPU TEPMOJUHAMUYECKUX YCIOBUAX, OJM3KUX K PaBHOBECHBIM, 00pa30BaHUE
KapOMI0B MeTaslla MPOUCXOAUT MPEUMYILECTBEHHO 0 MOBEPXHOCTH 3€PEH C ec-
TECTBEHHBIM yYMEHBILIEHUEM MX pa3mepa. A mpu noctarodyHo OosbmioM (90 s u
0oJiee) BpeMEHU CHHTE3a B YCIOBMSIX BBICOKUX JIaBJICHHUM W TeMIiepaTtyp MpoayK-
Thl PA30XKEHUsI 00pa30BaHHBIX KapOMAOB CHOCOOCTBYIOT POCTY BHOBb BO3HHU-
KaIOIIKX 3apoAbliel anmasa. [IpuHATO cuMTaTh, YTO B CHHTETHYECKOM aliMase
KOHIIEHTpalUsl MMapaMarHUTHOTO HHKENsI MOXKET BapbUPOBATHCS OT 5.4-10" 10
6.0-10"7 spin/gr. YMeHblenue coaepkanus Meramuia (Ni) B MIUXTE HaMpsSMYIO
CBSI3aHO C ITOHM)KEHHUEM CKOpPOCTH IpeBpalleHus rpadura B aamas, T.€. ¢ Ipechl-
menueM cucteMsl [12]. Bo3MoxkHO, 3TUM 00YCIOBIEHO COXpaHEHHE PedIIeKCOB
rpaduTa Ha PEHTreHOrpaMMax KOMIIAKTOB IIOCJE CIICKAHWS TPU TEMIEpaTypax
2000 u 2300 K. [TockonbKy comepkaHue Yriaepoia U HUKENS B UCXOJHOM KOMIIO-
3uTe 10 cuekanus nox aasiaeHueM [150% : 50%, npucyrcTBrue Ha peHTIeHOTrpam-
Max (puc. 2,6—0) pediekcoB rpaduta mo3BOJISET NMPEANoiaraTh 0 HAIMYUU HEKO-
TOpPOI 0JIM HECBSI3aHHOTO HuKensd. Hukenb MoxeT ObITh 1100 B COCTOSIHUU, TO-
no0HOM aMopdHOMY, 1100 B KOJUYECTBE MEHBIIE MATH MpoleHToB. OLeHKa Ko-
audecTBa rpaduta B KOMIIO3UTE U3 PEHTTEHOTPaMM puc. 2,2,0 JaeT BEIUYUHY I10-
panka 8—10%. O HanM4YMM YUCTOrO HUKENS MPU aHAIM3€ 3THUX PEHTTEHOIPAMM
TOBOPHUTH Henb3sl. Pedriekchl mpu OONMBIIMX yriaxX CMEIIeHHl Ha 1°, mpu Malbix —
Ha 0.5°. Takoe mnepepacnpeneneHre WHTEHCUBHOCTEH peQIIEKCOB TOBOPUT O
CHJIbHOU edopMaIiy JIeMeHTapHOH sueiiku kapouna. [lostomy MoxxHO momyc-
TUTh HEKOTOPYIO HECTEXHMOMETPHIO KakK MO YIIepoAy, TaK U MO HUKENIO IS Kap-
ouna NiC, MoTy4eHHOTO B TAKMX YCIOBUSX. B CBSI3UM ¢ 3TUM MPENCTaBISIOT UHTE-
pec pe3ynbTaThl U3y4eHUs yAeIbHON HaMarHH4YeHHOCTH.

Ha puc. 3. npencraBieHsl TeMnepaTypHble 3aBUCUMOCTH yIEJIbHOW Hamar-
HUYEHHOCTH O MCXOJHOTO IMOPOIIKAa M MOPOIIKOB KOMIAKTOB, MOJIBEPKEHHBIX
BO3/ICHCTBHIO BBICOKMX JaBIICHUH M Temnepatyp. 3aBucumocts 0 = f(T) ucxon-
Horo nopomka [150% : 50% npencraBnser coboi MpakTUYECKU KIIACCHUUYECKYIO
3aBUCHMOCTH (heppomarneruka ¢ Temmneparypoir Kopu 7, = 627 K u yaensHol

HaMarHW4eHHOCTH TPH TEMIIepaType KUAKOro a3ora O = 32.5 Gs-cm3'g_1. Taxas
3aBUCUMOCThH CBOMCTBEHHA MOJUKPUCTATUTHIECKOMY HUKEIIO SJIEKTPOJIUTUUECKON
YUCTOTBI, UCIIOJIB3YEMOMY Ul KAJIMOPOBKU YCTaHOBKHU (CM. BCTaBKY Ha puc. 3,a).
AHamM3Upysl 3aBUCHUMOCTh YJEIHbHOW HAaMarHUYCHHOCTH HCXOJTHOTO ITOPOIIKa,
clenyeT OTMETUTh, YTO pa3Mep 3€pHa HUKENSI B UCCIEIYEeMOM KOMIIO3UTE COOT-
BETCTBYET YCJIOBHUIO OJTHOJJTOMEHHBIX YaCTHII, MpesicTaBieHHoMy B [17,18]:
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2m |10cA
dy <"
IS aNR

)

(rne Is — HaMarHM4EeHHOCTh HachlleHus; 4 — 0OMeHHBbIN napameTp; Ng — pazMmar-
HUYMBAIOUIMNA (QakTop cdepsl; m — MONPABOYHBIM MHOXHTENb;, @ — MOCTOSHHAs
pemetky; ¢ = 2 ansa ['LK-pemeTkn), a Takke B padorax [5,19], korga B oOpasue
HaHOPAa3MEPHOI'0 MOPOIIKA COXPAHAETCS OAHOPOIHAS HAMAarHUYEHHOCTh

-1/2

Re = —0]'95 104)"%| 0 2K _H

2
N S IS

)

(rne Is — HAMarHM4YEHHOCTb HACBIIEHUS; A — apameTp oOMeHHOU sHeprun; K —

KOHCTaHTa aHu30Tponuu; O — pa3MarHuyuBaromuii ¢pakrop; H — HaIpsHXKEHHOCTh
oJIs).

B pa6ore [19] mokazaHo, 4TO 4acTula C paANyCOM, YJOBIETBOPSIOIIUM ypaB-

HeHuo (3), ocTaeTcs OJJHOJAOMEHHOMU MPHU BeeX 3HaYeHUIX noist H > —2K/Ig. Kpu-

TUYECKHE 3HAYECHUS] JTMaMETPOB OIHO-

Tabmmma 2  TOMEHHBIX YacTHI], IPU KOTOPBIX eIl

MuHuMAaJIbHBIE Pa3Mepbl IOMEHOB, COXpaHsieTCs HAaMarHMYEeHHOCTb IS

NPH KOTOPBIX YACTHIILI COXPAHSIOT Hanbosee M3BECTHBIX M HCIOJIb3YyEeMbIX

YACJIbHYI0 HAMAarHHYeHHOCTH [19] MarHUTHBIX ~BELIECTB, IPHUBEAEHBI B

Marepuan d, nm Tabn. 2 u3 padotsl [19].
Co 70 To, 4r0 yznenbHas HaMarHU4eH-
F? 14 HOCTh MCXOJHOTO IMOpONIKa KOMIIO3HU-
Ni 55 ta [J50%Ni : 50%C mpu a30THOH TeM-
FC304 128 e

patype (puc. 3,a) HE paBHA TOJIOBUHE

y—F€203 166 o
3HAUEHUS] TAaKOBOU MJII YUCTOTO HUKEIS

(BcTaBKa Ha puc. 3,a), MOXET TaKKe
CBHUJIETEJILCTBOBATH O TOM, YTO B MCXOJHOM IOPOIIKE KOMIIO3UTA MPUCYTCTBYIOT
YacTULIBI € 3epHOM d < 55 nm, He yJacTBylolIue B OOMEHHBIX B3aUMOCHCTBHUSX,
1100 MMeeT MecTo HeOOobIIoi aAedhuuT mo Hukemo. [1ocKoIbKy yaenbHas Ha-
MarHM4eHHOCTh O, U3MepsieMasl JaHHBIM METOJIOM, ONPEAEISETCS U3 BBIPAXKECHUS
JUTSL IOHIEPOMOTOPHOM cuiibl [15]:

0H, _mXg I 0H ,
= z
0x Ho Ox

F=mo 4)
(rne m — macca obpasnua; O, Xg — COOTBETCTBEHHO HAMATHUYEHHOCTh ¥ MarHUTHAs
BOCIPUHUMYHMBOCTh €AMHUIIBI MacChl 00pasia; |lg — MarHUTHas MOCTOsIHHAs; Hy —
KOMITOHEHTa MAarHUTHOW MHAYKIMU Ha oChb Z; OHy/0x — rpailMeHT KOMITOHEHTHI
Hz Bnonw ocu x), 3aHWKEHHE 3HAYEHUS MacChl MATHUTHOW KOMITOHEHTHI MPHUBO-
JIUT COOTBETCTBEHHO K YBEJIIMUEHUIO 3HAYCHUH y/IeTbHON HAMarHU4eHHOCTH.
Harpy3ka naBnenuem P = 7.5 GPa Ha MCXOIHBIM MOPOIIOK MPU KOMHATHOU
TEeMIIepaType HE BHOCUT CHJIbHBIX M3MEHEHUU B 3aBUCHUMOCTH YJIE€IbHON Hamar-
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HUYEHHOCTH, 32 UCKJIIOYEHUEM TOsIBJICHUS HeOOblIon anomanuu npu Tp = 515 K
(puc. 3,0). IlosiBnenne aHoManuu Ha 3aBUCUMOCTH O = f(T) MOXET OBITh CIEACT-
BUEM psfa npuunH. Hanbonee Bo3MOXkHbIE U3 HUX: 1) yBelIMUEHHE 3epHA YaCTHUIL
MOl BO3/ICIICTBHEM JaBJeHHs MPU 00paboTKe MO0 Mo BO3JCHCTBHEM TeMIiepa-
TYpBI IPU U3MEPEHUSX; 2) YXO0J HUKeN Ha oOpa3oBanue apyrux das. [locnennss
Bepcusi OoJiee MPEeANnoYTUTEIbHA U TOJKPEIUIeHa PEHTIC€HOBCKUMHM HCCIEI0Ba-
HUSMH HacTosimei padorel. Ha nanHOM sTane 3adMKCHpOBAaHO yBEIHUYEHHE CO-
nepxanuns kapouna NizC B komrosure.

Cnekanue komnosuta npu P = 7.5 GPau T = 1500 K ycunuBaer anHoMalinio
Ha 3aBucuMoctu O = f(T). Habmonmaercsa cmenienue ee 10 7p = 530 K (puc. 3,8).
[To oTHOIIEHHIO K U3MEHEHUIO HAMAarHUYEHHOCTH TpH Temnepatype 1p paboTaer
Bepcus yBennueHus coaepkanus Ni3C B kommosute. PocT 3epHa kommo3ura
d > 60 nm B pe3ynbTaTe CIIEKaHUs NMPH BBICOKMX TeMIepaTypax odeBuzaeH. Ecte-
CTBEHHO, JOJDKHA YBEIMYMBATHCS M TOJNIIMHA TJIEHKU KapOuaa HUKENS Ha 3epHe
HOpoUIKa 10 3HaYeHH d > 55 nm. Hanuuune 6onee AByX MarHUTHBIX MOJPEIIETOK
Ni u Ni3C Ha ogHOM 3epHe, mog00H0 MarHeTuTy [20,21], mpu cunbHO nedopmu-
POBAHHBIX KPUCTAJUIMUECKUX SUEHKAX MOXKET ObITh NPUUYMHON U3MEHEHUN 3Haue-
Huit 0. Ha BcTaBke puc. 3,6 mpuBeIeHa KBaJpaTUYHas 3aBUCUMOCTb YIEIbHOU
HaMarHMYEHHOCTH BOMM3M Temmeparypsl Kiopu storo obpasua. Ona yoenuTens-
HO JEMOHCTPUPYET HAJIUYUE U HEU3MEHHOCTb TEMIIEpaTypbl 1 c HUKENS AJI KOM-
nakTta, noixydennoro npu 1500 K.

Bozneiictue nasnenuem P = 7.5 GPa npu temneparype cnekanus 7= 1700 K
YBEJIMYMBACT MPOSIBIIEHUE aHOMalbHOU Touku 7p Ha 3aBucumoct O = f{T). [Ipu-
YHMHA Ta JK€: B KOMIIO3UTE MOBHIIIAETCs cojepkanue kapouna nukens NizC. Ilpu
9TON TeMmmeparype, Kak MoKa3adl PEHTICHOCTPYKTYpPHBIE HCCIEIOBAHHS, HUIET
UHTEHCHBHOE oOpaszoBanue u kapOuma NiC. Temmepatypa (a3oBoro mepexoma
MarHUTHBIN opsAok [-MarHuTHBIN Gecniopsaok 1l komno3uTa npuHUMaeT 3Have-
Hue Tp = 590 K (puc. 3,e). BcraBka Ha puc. 3,c MO3BOMSET clejaTh BBIBOJI O Ha-
JUYUHA MaJIOTO KOJMYECTBA HECBA3AHHOIO HUKENIS B KOMIIO3MTE IO COXPaHUB-
nieiics 4yeTKo BhIpakeHHOU ero temmeparype Kiopu. Bce 310 cornacyercs ¢ pe-
3yJbTaTaMU HCClieIoBaHUui paboThl [9] B TOM, 4TO Ha 3Tare Havyajla ¥ BCEro Mpo-
recca 00pazoBaHUs ajiMaza METaJI-pacTBOPUTENb YIIepoaa B UIMXTE HAXOAUTCS
B COCTOSIHUSIX C PA3IMYHON BaJIEHTHOCTBIO.

TemnepaTypHasi 3aBUCUMOCTh yJ€IbHOW HaMarHMUYEHHOCTH KOMIIO3UTA, MOJI-
BEp)KEHHOTO ciekanuio nmpu temneparype 7' = 1900 K u P = 7.5 GPa, 3ameTHBIM
00pa3oM oTiIMyaeTcs OT Npeablaymux (puc. 3,0). Bo-nepBbIx, ncuesaer anomanus
npu Tp, XapakTepusyrolas HaTM4le HECKOJIbKUX MarHUTHBIX (a3 U BO3MOXKHBIN
[epexo] MeXAy HUMH MArHUTHBIA NOpAnoK [-marmutHeli nmopspok I Bo-
BTOPBIX, PE3KO YMEHbIIWIACh TemnepaTypa /¢ mepexoja B MapaMarHuTHOE CO-
CTOSIHME KOMIT03uTa B 11esioM. CorinacHo X-ray uccieqoBaHusM (CM. puc. 2,0) npu
ATOH TeMIEepaType MPaKTUUYECKH BECh HUKEIb YXOAUT Ha 0Opa3oBaHME KpUCTal-
auToB MoHOKapOuaa NiC. Bo3aMokHO, TI0 3TO# ke nmpuunHe 3aBucumoctu 0 = f(T)
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KOMIIO3UTOB, CIIEYEHHBIX MOJ AaBiieHHeM mnpu Temmeparypax 2000 u 2300 K
(puc. 3,e,01c), mpakTUUECKH UAEHTUYHBL. Temneparypa Kropu KOMIIakToB, Moiy-
yeHHbIX TIpu Temmneparypax 1900-2300 K, 3akitouena B untepsaie = 520-550 K.

3akjaueHue

B pesynbraTe mccinenoBaHus KPUCTAIIMYECKOW CTPYKTYpPhl U yAEIbHOW Ha-
MarHU4eHHOCTH KOMIIAKTOB, MOJYYEHHBIX B YCJIOBHSIX BBICOKUX JaBJICHUN U TEM-
neparyp U3 HaHOPa3MEPHBIX MOPOILIKOB HHUKEIS, KallCyJIupPOBaHHOTO CaXeil B co-
ornomennu [150%Ni : 50%C, ycTraHoBIEHO:

1. Caxa, HaxoAsIIasACsA MPAKTUYECKU B aMOP(PHOM COCTOSIHUM, HCTIOIb3yeMas
JUISL MEXaHUYECKOI0 KallCyJUpOBaHUs YacTULl HUKEISA ¢ 3epHOM [l 60 nm u He
CBSI3aHHAs! C TOBEPXHOCTHIO ATHX YACTHUIl IEpEXOAHBIM ciioeM B tuieHke NisC, moj
nasnenueM P ~ 7.5 GPa 3a Bpems T = 15 s mpu KOMHaTHOU TeMIiepaType mpHuoo-

peraet cTpykTypy dymiepena Cyg.

2. Cnexanue muxtsl B pexxume P ~ 7.5 GPa, T~ 1700 K u T = 15 s no3Bomuser
3auKcHpoBaTh Hayaslo oOpa3oBaHMs ajMa3zHOM MoaMdukauuu yriepona. IIpu
3TOM HIMXTa 00JIaJa€T HAMarHU4E€HHOCTHIO.

3. IIpu temnepatrype 7 ~ 1900 K u naBnenuu P ~ 7.5 GPa 3a Bpems T = 15 s
NPaKTUYECKH BECh HUKENb YXOAUT Ha 0O0pa3zoBaHue KpucTauuToB Kapouma NiC.
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B.B. Bokhonov, D.G. Vas’kov, S.S. Dorofeychik, G.1I. Makovetsky, |V.B. Shipilo|,
K.I. Yanushkevich

CRYSTAL STRUCTURE AND SPECIFIC MAGNETIZATION
OF COMPACT SAMPLES OBTAINED FROM NANOSIZED Ni-C
POWDERS UNDER HIGH PRESSURE AND TEMPERATURES

Magnetic composites from the Ni—C system nanodimensional powders are synthesized at
high pressures and temperatures. The sequence of phase transformations with a sintering
temperature increasing at constant pressure and time of synthesis is established. The
crystal structure of the phases forming the composites was determined. The specific mag-
netization of the compacts obtained at different temperatures was measured. The analysis
of 0 = f{T) dependence showed that the phase composition change is evidently revealed
on the temperature values of magnetic order—magnetic disorder phase transformation.

Fig. 1. X-ray diffraction patterns of initial powder (a) and after 7.5 GPa pressure stress at
room temperature (6)

Fig. 2. X-ray diffraction patterns of powder compacts obtained under 7.5 GPa pressure
and temperatures, K: @ — 1500, 6 — 1700, ¢ — 1900, 2 — 2000, 0 — 2300

Fig. 3. Temperature dependence of Ni—C composites specific magnetization: a — initial
powder; 6—oc — powder after 7.5 GPa pressure stress at temperatures, K: 6 — 300, ¢ —
1500, 2 = 1700, 0 — 1900, e — 2000, a¢ — 2300
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The electronic structure of almost stoichiometric cubic (NaCl structure) tantalum carboni-
trides TaCyN|~ synthesized under high pressure—high temperature conditions (7-10 GPa
and 2100-2400°C) was studied employing X-ray photoelectron spectroscopy (XPS), X-
ray emission spectroscopy (XES) and X-ray absorption spectroscopy (XAS). The XPS va-
lence-band and core-level spectra, the XES Ta Lfs5, C Ka and N Ka bands (reflecting
energy distributions of mainly the Ta 5d-, C 2p- and N 2p-like states, respectively), as
well as the XAS Ta Ly edges (unoccupied Ta d-like states) were derived and compared
on a common energy scale for the compounds TaCy s, TaCy 52Ny 49 and TaNy g7 obtained
under the mentioned high pressure—high temperature conditions. To investigate the influ-
ence of substitution of carbon atoms by nitrogen in the cubic TaCNj . system, the cluster
self-consistent calculations of the electron density of states for cubic TaC, TaCy Ny s and
TaN compounds were carried out with the FEFFS8 code. In the present work a rather
good agreement of the experimental and theoretical results for the electronic structure of

the TaCyN; - system under consideration was obtained.

Introduction

It is well known that almost all transition metal (TM) carbides and nitrides
form unlimited solid solutions with each other [1,2]. Some physical and chemical
properties of such TM carbonitrides are non-monotonous as a function of the
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MC/MN ratio (M denotes a transition metal) and in many cases they depend
strongly on a ternary compound composition. The properties of TM carbonitrides
can be understood by considering their electronic structure. Additionally, the un-
derstanding of the electronic structure of TM carbonitrides is also of great techni-
cal interest because alloying the sublattices of the compounds with atoms of a dif-
ferent type is one of the most promising methods for modification of service char-
acteristics of materials [2,3].

Concerning the TaC-TaN system, the synthesis of a continuous cubic (NaCl
structure) solid solution by conventional powder metallurgy methods is not possi-
ble using as precursors usual forms of tantalum mononitride (CoSn structure) and
monocarbide (NaCl structure) [1,2]. As Weber [4] has revealed, a phase transition
from the fcc to the hep structure occurs in the TaC,N_, carbonitrides near x = 0.4.
A continuos nonstoichiometric cubic TaCyN, (x +y # 1) solid solution was first
derived by Avakyan et al. [5] using the method of self-spreading high temperature
(SSHT) synthesis. However, the SSHT method does not allow to obtain stoichi-
ometric TaC,N,, system (with x + y = 1). The above problem was solved by
Gololobov et al. [6,7] employing high temperature—high pressure conditions for
obtaining the almost stoichiomertric TaC,N -, system.

However, it is interesting to study the influence of substitution of carbon at-
oms for nitrogen on the electronic structure of the TaC—TaN system. The aim of
this work was to employ both experimental and theoretical methods for solution
of the above task. Series of theoretical band-structure calculations were devoted
either to TaC [8—12] or to TaN [13-16] compounds, however, to the best of our
knowledge, previously there were no attempts for theoretical investigation of the
electronic structure of a ternary TaC,N;-, system. For the above system, in the
present paper we have used also three experimental methods providing informa-
tion about the electronic structure of solids, namely, X-ray photoelectron spec-
troscopy (XPS), X-ray emission spectroscopy (XES) and X-ray absorption spec-
troscopy (XAS).

2. Experimental

Cubic tantalum carbonitride TaCs5,Ng49 and mononitride TaN g7 investi-
gated in the present work were synthesized under high pressure—high temperature
conditions (7-10 GPa and 2100-2400°C) using the following powdered materials
as precursors: hexagonal mononitride TaNg 99 (CoSn structure), cubic monocar-
bide TaCggg (NaCl structure), and metallic tantalum. According to the data of a
conventional chemical analysis and XPS measurements [17], the tantalum
mononitride under consideration contains some admixtures of carbon and the
analytical formula TaCy 04Ng.97 can be ascribed to the compound. The synthesis
method, the calculation of the burden’s chemical composition and of content of
the nitrogen-containing heterocyclic compounds in the burdens (melamine
(C3H6N6), 5,6-dimethylbenzimidazole (C9H10N2), Y, y'—dlpyl‘ldyl (CloNzHg))
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were discussed previously [17]. By the data of the chemical analysis and tests
with a Microscan-5 X-ray microanalyser, an ES-2401 electron spectrometer, a
JAMP-10 Auger scanning electron microscope («JEOLy, Japan), and a CS-244
carbon analyser («Leco», Germany) oxygen content in the studied tantalum car-
bonitrides was lower than 0.3 wt%, unbonded carbon was either absent or its
content was < 0.1 wt% [17].

Measurements of the XPS valence-band and core-level spectra were carried
out in an ion-pumped chamber of an ES-2401 spectrometer having a base pressure
less than 510" Pa. In the mentioned spectrometer, the Mg Kd » radiation (£ =
1253.6 eV) was used as a source of spectra excitation. The binding energy (BE) of
84.00 £ 0.05 eV of the XPS Au 4f7/, core-level spectrum was used as a reference.
The surfaces of the studied specimens were prepared by Ar' bombardment (1700
V, 30 uA/cmz, 10 min) with subsequent mechanical cleaning in the spectrometer
chamber, as reported in Refs. [17,18].

The X-ray C Ka and N Ko emission bands (K — Ly transition) reflecting
the energy distribution of the C 2p- and N 2p-like states, respectively, in the tan-
talum carbonitrides under consideration were derived with the energy resolution
AFE iy of about 0.3 eV using an RSM-500 spectrometer. A diffraction grating with
600 lines/mm and a radius of curvature R = 6026 mm was used as a dispersing
element in the RSM-500 spectrometer. The detector was a secondary electron
multiplier VEU-6 with a Csl photocathode. The X-ray chamber was evacuated to
1-10~° Pa. The C Ko and N Kat spectra were recorded under conditions of oil-free
evacuation practically eliminating impact of hydrocarbon vapours on the target. In
addition, the surfaces of the tantalum carbonitrides under consideration were pre-
pared by Ar' bombardment in the spectrometer chamber (2100 V, 50 uA/cmz, 10
min). The fluorescent X-ray Ta L5 emission bands (Ly — Opy,y transition) re-
flecting primarily the Ta 5d-like states in the above materials were obtained using
a DRS-2M spectrograph (the resolution was estimated to be AE i, = 0.4 eV) in
the second order of reflection from the (0001) plane of a quartz crystal prepared
according to Johann [19]. An X-ray BKhV-7 tube with gold anode was used as a
source of spectra excitation.

The X-ray Ta Ly absorption spectra (unoccupied Ta d-like states) were obtained
using a KRUS-1 spectrometer. The method of «a variable field of absorption» was
employed for recording the spectra and a quartz crystal with the (13 4 0) reflecting
plane and a radius of curvature R = 872 mm was used as a dispersing element. The
absorber covering half of the rotating sample cell was made in the form of a thin
film of the investigated substance with a wax binder. Our attempts for investigating
quantum yields of the X-ray photoeffect in the area of the C K and N K absorption
edges in the tantalum carbonitrides were unsuccessful, probably, as a result of
strong screening of the carbon and nitrogen atoms by the heavier tantalum atoms.
An X-ray diffraction analysis employing Cu Ko radiation has revealed that the tan-
talum carbonitrides studied in the present work were single-phase materials [17].
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Calculation procedure

Cluster self-consistent calculations of the total density of states (DOS) and
the partial Ta 5d-, N 2p- and C 2p-like DOS were carried out with the FEFFS8
program [20] for TaC, TaCysNys and TaN compounds possessing the structure
of NaCl-type. The ab initio calculations employing the FEFF8 program are car-
ried out in the approach of multiple scattering theory for clusters in real space,
i.e. without any restrictions on symmetry and periodicity of a crystal lattice.
Relativistic atomic charge densities are calculated at the very beginning and the
phase shifts derived with relativistic corrections using the above procedure are
used on the next steps of calculations of the self-consistent muffin-tin potential
in the approach of full multiple scattering for clusters consisted of approxi-
mately 45 atoms.

During the self-consistency procedure, a new electron density is calculated,
the number of 10 to 20 iterations is necessary to reach a coincidence of the Fermi
energy within 0.003 eV. Clusters consisted of approximately 200 atoms are used
for calculations of the total and partial DOS. Energy resolution (accuracy) of the
DOS calculations is restricted by (i) final dimensions of the clusters, (ii) life-time
of a core-level hole, (iii) a distinction of the muffin-tin potential from the total
potential. However, such integral characteristics as the total DOS, the Fermi en-
ergy and charge transfer values are almost insensitive to the above-mentioned pe-
culiarities of the FEFF8 program employed in the present work for calculations of
the electronic structure of cubic tantalum carbonitrides [20].

4. Results and discussion

Figure 1 represents a comparison of the Ta LBs, C Ko and N Ko, emission

bands and the XPS valence-band spectra for the cubic TaC,Np -, carbonitrides
under consideration provided that a common energy scale is used. It is obvious
that, instead of the main maximum B, the presence of the very prominent high-
energy near-Fermi feature C and the low-energy feature A is characteristic of all
the spectra presented in Fig. 1. In accordance with results of Refs. [21,22], the
main maximum B of the Ta L35 band in tantalum carbides and nitrides is created
by the Ta 5d-like states taking part in the formation of the covalent dt,—pc(n)
bonds due to Ta 5d—C(N) 2p-like hybridization, while the near-Fermi feature C of
the band is created by the Ta 5d-like states taking part in forming the metallic
component of the chemical bonding. Therefore, an increase of the relative inten-
sity of the near-Fermi feature C of the Ta L35 band, when going from tantalum
monocarbide to tantalum mononitride through the intermediate tantalum carbonitride,
indicates that the metallic component of the chemical bonding increases when going
from TaCpgg to TaNpg7. As Fig. 1 reveals, increasing the relative intensity of the
near-Fermi feature C of the Ta L35 band in the sequence TaCg9g — TaNg 97 leads to
broadening the band (i.e., to increasing the full width at half-maximum of the
band) in the mentioned sequence of compounds.
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Since changes of shapes of the XPS
valence-band spectra of substoichi-
ometric cubic and hexagonal tantalum
carbides resemble changes of those ob-
served for the Ta L35 band [21], we can
expect similarity of changes of the XPS
valence-band and XES Ta L[5 spectra
when carbon atoms are substituted for

N ) . .
0.52°049  nitrogen atoms in the cubic TaCNpj—,

system. This is observed in fact in the
present experiments. As one can see
from Fig. 1, similar to that observed for
the Ta L5 band, the relative intensity of
the near-Fermi feature C of the XPS va-
lence-band spectra and their half-widths
increase somewhat when going from
TaCyp9g to TaNg 97. Additionally, energy
. positions of the main peaks B of the Ta
Fig. 1. Comparison on a common energy B band and the XPS valence-band
scale of the X-ray emission Ta L35 (— — -), C g . o\
NKG (=2 CK bands and spectra, coinciding with the position of
o ) o ( ) bands an the main peak B of the C Ko band in
the XPS valence-band spectra (—) for . o
tantalum monocarbide within accuracy

the cubic tantalum carbonidrides under i )
investigation (zero of energy corresponds of the experiments, shift by about (0.7-

to the position of Er of an ES-2401 spec-  0.8) £ 0.2 eV away from Ep when going
trometer energy analyzer) from TaCy g to TaNy 97, coinciding with
the main peak B of the N Ko band in

tantalum mononitride. Therefore, the strong Ta 5d—C(N) 2p-like hybridization is

L\ TaC

Intensity, arb. units

20 10 0 10
Energy, eV

characteristic of the TaC, N -, carbonitrides under consideration.

The energy position of the main maximum B of the C Ko band remains constant
(within accuracy of the experiment) with respect to the Fermi level when going
from TaCgogg to TaCp5oNg49, as well as that of the N Ko band in the sequence
TaNgg7 — TaCy5pNg49. Additionally, the shape of the C Ko (N Kor) band does not
change in the sequence TaCpgg — TaCps5pNp49 (TaNgg7 — TaCgs5oNp49). The
above facts indicate the absence of the C 2p—N 2p-hybridization in the cubic
TaC,Np -, system. As seen from Fig. 1, half-widths of the C Koo and N Ko bands
and relative intensities of their near-Fermi features C do not change within ex-
perimental errors when carbon atoms are substituted for nitrogen atoms in the cu-
bic TaC,Nj—, system under study.

The above-mentioned experimental results on studies of the electronic struc-
ture of cubic tantalum carbonitrides are in a rather good agreement with the theo-
retical calculations presented in Fig. 2. In Fig. 2,a, the main occupied part of the
valence band of cubic tantalum monocarbide is formed mainly by contributions of
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Fig. 2. Calculated total and partial density of
states of cubic TaC (a), TaCysNps (b) and
TaN (c) (zero of energy corresponds to the
Fermi energy)
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the partial Ta d and C p DOS. The
theoretical calculations reveal that the
Ta 5d- and C 2p-like states are highly
hybridized in TaC, being in excellent
agreement with the experimental XES
and XPS data of this compound (cf.
Figs. 1 and 2,a). This fact indicates
that the covalent component of chemi-
cal bonding is extremely high in TaC.
The bottom of the valence band of
TaC is formed mainly by the C 2s-like
states (labelled as peaks E). In the en-
ergy region corresponding to the posi-
tion of the C 2s-like subband, small
contributions of the valence Ta s-, Ta
p- and Ta d-like states are also de-
tected (Fig. 2,a). Energy positions of

the main maxima C and of the near-Fermi shoulders A of the theoretical partial C
p and Ta d DOS (Fig. 2,a) well correspond to the positions of the fine-structure
features B and C of the XES C Ka and Ta L35 bands, respectively (see Fig. 1).
The energy positions of the maxima B (C p-like DOS) and C (N p-like DOS) of
the TaC( 5Ny 5 carbonitride coincide with those of the main maxima B of the ex-
perimental C Kot and N Ko bands of the TaCg 5,Ng 49 compound (cf. Figs. 1 and 2,b).
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Fig. 3. Dependence of the XPS Ta 4f7,, and
N 1s core-level binding energies upon con-
tent of carbon and nitrogen atoms in the cu-

bic TaC,Nj—, carbonitrides studied

1.0

Furthermore, from the theoretical
curves presented in Fig. 2,c, it is ob-
vious that the energy positions of the
maxima B of the N p- and Ta d-like
DOS of TaN correspond to those of
the maxima B of the experimental N
Koo and Ta L5 bands of the TaN g7
compound (see Fig. 1). Additionally,
similar to the experimental observa-
tions (Fig. 1), the main maximum of
the valence band formed mainly by
contributions of the C(N) 2p- and Ta
5d-like states shifts in the direction
opposite to the position of the Fermi
energy when going from TaC to TaN.

It should be noted that the theoretical curves of the partial C p- and N p-like DOS
reveal an extremely weak C 2p—N 2p-hybridization within the main part of the
valence band of TaCg 5Ny s, being in excellent agreement with the experimental

results for the TaCg 50Ng 49 compound (see Fig. 1). As Fig. 2,b shows, the C 2s-
and N 2s-like states form F and G subbands on the curves representing the above
partial DOS of TaCy 5Ny 5. The mentioned subbands are well separated from each

other as well as from C 2p- and N 2p-like bands of the TaC sNg 5 carbonitride

XAS Ta Ly,

100 10
Energy, eV

20

Fig. 4. The X-ray Ta Ly absorption
edges of the cubic TaC,N;_, carboni-
trides under consideration (zero of energy
corresponds to the position of Er of an
ES-2401 spectrometer energy analyzer)

(Fig. 2,b).

Dependences of the Ta 4f and N 1s
core-level BEs on content of carbon and
nitrogen atoms in the TaC,N;-, system
are presented in Fig. 3. An increase of
the XPS Ta 4f core-level BE in the
TaCpos - TaCps52No49 — TaNgo7 se-
quence indicates that the substitution of
carbon atoms by nitrogen atoms leads to
increasing the positive effective charge
of tantalum atoms. Therefore, in the
TaCpgy — TaCposNp.7g sequence the
ionic component of chemical bonding
increases. It was difficult to evaluate
changes of charge states of carbon and
nitrogen atoms when going from TaC gg
to TaNg 7. Fig. 3 shows that the XPS N
Ls core-level BE decreases slightly when
going from TaCpyg7; to TaCysyNo49.
Nevertheless, as discussed in Refs.
[17,18], the XPS N 1s core-level spectra

141



du3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

superimpose on the Ta 4p3/, spectra in tantalum carbonitrides. Additionally, the
XPS C 1s core level spectrum in the tantalum carbide and carbonitride under
study (Egg U283 eV) superimposes on the C 1s line of carbon- and hydrogen-
containing admixtures (Egg [ 285 eV). The above difficulties do not allow to
make precise measurements of the XPS N 1s and C 1s core-level BEs in the cubic
TaC,N;._, carbonitrides.

The X-ray Ta Ly absorption edges of the cubic tantalum carbonitrides studied
are presented in Fig. 4. From the above figure, it is obvious that the substitution of
carbon atoms by nitrogen atoms in the TaC,N-, system does not lead to any
changes of shapes of the Ta Lyj; absorption spectra measured in the near-edge re-
gion. However, in the sequence TaCyg9g — TaCys5pNg49 — TaNy g7 the inflection
point of the edges (marked by the arrows in Fig. 4) shifts by about 0.7 eV towards
higher energies. The above fact indicates the growth of the positive effective
charge of tantalum atoms in the mentioned sequence of compounds. This result
confirms the results of XPS Ta 4f core-level BE measurements presented in Fig. 3.

5. Conclusions

A rather good agreement of the experimental (XPS, XES and XAS measure-
ments) and theoretical (using the FEFF8 program) results for the electronic struc-
ture of the TaC,N-, system has been obtained in the present paper. The results
indicate that a strong hybridization of the Ta 5d- and C(N) 2p-like states is char-
acteristic of the TaC,N;-, compounds studied, while the hybridization of the C
2p-like and N 2p-like states is absent.

It has been established that the substitution of carbon atoms by nitrogen atoms
in the TaC,N|_ carbonitrides reveals increasing both a half-width of the XPS va-
lence-band spectrum and a relative intensity of the near-Fermi subband created
mainly by contributions of the Ta 5d-like states. When going from TaCj g to
TaNg 97 through the carbonitride of intermediate composition, the energy position
of the inflection point of the X-ray Ta Ly absorption edge shifts towards higher
energies, while the main maximum of the XPS valence-band spectrum shifts in
the direction opposite to the position of the Fermi level, Er. Additionally, in the
above sequence of compounds the XPS Ta 4f core-level binding energies increase.
Comparison on a common energy scale reveals that energy positions of the C Ka
and N Ka bands do not change with respect to Er when substituting carbon atoms

for nitrogen atoms in the TaC,N_, carbonitrides.

The authors thank Prof. V.B. Shipilo and Dr E.M. Gololobov (Institute of
Solid State Physics and Semiconductors, National Academy of Sciences of Be-
larus, Minsk, Belarus Republuc) and Dr. V.A. Kolyagin (Institute of Physical
Chemistry, Russian Academy of Sciences, Moscow, Russian Federation) for syn-

thesis of the test TaC, N -, samples.

142



Pdu3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

10.
11.
12.

13.
14.
15.
16.
17.

18.
19.

20.
21.
22.

L.E. Toth, Transition Metal Carbides and Nitrides, Academic Press, New York and
London (1971).

G.V. Samsonov, G.Sh. Upadkhaya, V.S. Neshpor, Physical Materials Science of Car-
bides, Naukova Dumka, Kyiv (1974) (in Russian).

A.L. Ivanovsky, V.P. Zhukov, V.A. Gubanov, Electronic Structure of Refractory Tran-
sition Metal Carbides and Nitrides, Nauka, Moscow (1990) (in Russian).

W. Weber, Phys. Rev. B8, 5082 (1973).

A.B. Avakyan, A.R. Bagramyan, 1.P. Borovinskaya, S.L. Grigoryan, A.G. Merzhanov,
Processes of Burning in Chemical Technology and Metallurgy, Institute of Chemical
Physics of the USSR, Chernogolovka (1975), p. 98 (in Russian).

E.M. Gololobov, N.I. Sedrenok, Nitrides: Manufacturing, Properties and Applications,
Zinatne, Riga (1984), Vol. 1, p. 87 (in Russian).

E.M. Gololobov, N.I. Sedrenok, N.A. Prytkova, Cryogenic Materials and Their
Welding, Naukova Dumka, Kyiv (1989) (in Russian).

M. Gupta, A. Freeman, Phys. Rev. B14, 5205 (1976).

P. Weinberger, R. Podloucky, C.P. Mallett, A. Neckel, J. Phys. C: Solid State Phys.
12, 801 (1979).

B.M. Klein, D.A. Papaconstantopoulos, L.L. Boyer, Phys. Rev. B22, 1946 (1980).
G.H. Schadler, A.M. Boring, P. Weinberger, A. Gonis, Phys. Rev. B38, 9538 (1988).
M. Sahnoun, C. Daul, J.C. Parlebas, C. Demangeat, M. Driz, Eur. Phys. J. B44, 281
(2005).

P. Weinberger, C.P. Mallett, R. Podloucky, A. Neckel, J. Phys. C: Solid State Phys.
13, 173 (1980).

E.M. Gololobov, N.N. Dorozhkin, V.B. Novysh, Fiz. Tverd. Tela 31, 290 (1989) (in
Russian).

C. Stampfl, A.J. Freeman, Phys. Rev. B67, 064108 (2003).

C. Stampfl, A.J. Freeman, Phys. Rev. B71, 024111 (2005).

O.Yu. Khyzhun, Ya.V. Zaulychny, E.A. Zhurakovsky, V.B. Shipilo, Met. Phys. Adv.
Tech. 16, 457 (1997).

O.Yu. Khyzhun, V.A. Kolyagin, J. Alloys Compd. 363, 32 (2004).

A. Meisel, G. Leonhardt, R. Szargan, X-Ray Spectra and Chemical Binding,
Springer-Verlag, Berlin/Heidelberg (1989).

A.L. Ankudinov, B. Ravel, J.J. Rehr, S.D. Conradson, Phys. Rev. B58, 7565 (1998).
O.Yu. Khyzhun, J. Alloys Compd. 259, 47 (1997).

O.Yu. Khyzhun, Ya.V. Zaulychny, Phys. Status Solidi (b) 207, 191 (1998).

143



du3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

PACS: 81.40.—z

A.N. CKBOle,OB1, A.N. Aran0|31, B.M. KOH/J,paTOB1, B.M. LUI/ILIJKI/IH1,
5.M. 3cppoc?, B.C. TroTeHko?

BHYTPEHHEE TPEHUE N ®A30BbIE NMPEBPALLEHNA B CTIJTABAX
HA OCHOBE LIMHK-ANMKOMWHN B 3ABUCMOCTW OT CTEMNEHW
MITACTUYECKOW OEGOPMALIN

'Bsirckuit rocygapCTBEHHbIN YHUBEPCUTET
yn. MockoBckag, 36, r. Kupos, 610000, Poccua

?MoHevkuit (PU3NKO-TEXHUYECKUA NHCTUTYT nMm. A.A. ManknHa HAH YkpaunHbl
yn. P. JllokcemBypr, 72, r. [oHeuk, 83114, YkpaunHa

HW3zyueno enuanue naacmuueckou degpopmayuu npu 320-350°C ¢ nocredyroweri 3akankoui
6 600e Ha GHYMpPeHHee mpeHue U CMpPYKMypy Cniaeog Ha ocHoee Zn-Al paziuunoeo co-
cmasa. Cmpykmypy ucciedosanu Memooamu peHmeeH08CKO20 AHAAU3A U INeKMPOHHOU
muxpockonuu. Iloxazano, wmo yeeiuueHue cmenenu NiACMU4ecKol oegopmayuu Mo-
JIcem  CONPOBOAHCOAMbCS NOGbLUUEHUEM OeMRQUPYIOWel CNOCOOHOCMU CHIAB08, K020d
OHO coomeemcmeyem ygeiuueHuio napamempa c/a B-gasvl u OUchepcHOCmu CmpyKmyp-
HuIX cocmagnaowux. Tlosviuenue cmenenu niacmu4eckol oegopmayuu Moxcem conpo-
8021COAMbCSL YEeaUUeHUeM 00aU OCMAMOYHOU Q'-hazvl, Umo eedem K CHUNCEHUIO OeMN-
Gupyioweli cnocobnocmu cniagog. acmuuno 3mo CHuUdICEHUe MONCHO KOMNEHCUPOBANb
nymem npogeoens CmapeHus.

BBeaenue

Jemndupytomnyto crnocodHocTh cruiaBa Zn—Al MOHOTEKTOMIHOTO COCTaBa
MO>XHO TIOBBICHTH IIacTH4YEeCKO nedopmanumeii [1]. M3BecTeH Takxke cmocod 00-
paboTKH ATOTO CIIaBa, BKIIOYAMOIINN B ce0s ero aedopmaruio B 00JIacTH BBICO-
KoTeMIiepaTypHou o' -¢assl [2].

B nacrosmeit pabote M3y4yanu BIUSHHE IUIACTHYECKOW nedopMaluu IpH
TEMIEepaTypax BbIIIE TEMIEPATypbl MOHOTEKTOWJTHOTO IMPEBPAILIEHUS C MOcie-
yIOIeH 3aKalKoi Ha MapaMeTpbl BHYTPEHHEro TPEHHS, CTPYKTYpPY CIUIAaBOB Ha
ocHoBe Zn—Al pa3MuHOTO COCTaBa.

MarepuaJj 1 METOAUKA UCCJIeT0BAHUI

HccnenoBaiy BBIIIABICHHBIE B OTKPHITONH THTEIBHOW MEYM U3 YHCTHIX IINX-
TOBBIX MAaTEpPHAJIOB U PA3IUThle B METAIMUECKYIO (DOpMY CIUIaBBI Pa3iIUYHOTO
tuna (mass%): MOHOTeKTOUIHBIH Zn—23Al (crnaB 1); cCOOTBETCTBYIOIIUN Hau-
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OoJIbIIIel CTETICHU PACCIOCHHS BBICOKOTEeMITepaTypHoi O -ha3bl Zn—39Al (crnaB
2); nerupoBaHHBIM MOHOTeKTOUTHBI Zn—23Al-1.2Fe—0.1Be (cmmaB 3). Jledop-
MAIMIO0 OTJIMBOK MPOBOJUIN METOAOM TUAPO3KCcTpy3uu nipu 320—-350°C ¢ mocne-
IYIOIIUM OXJIAXKIECHUEM B BOJIe. AMIUIUTYAHYIO 3aBUCUMOCTh BHYTPEHHETO Tpe-
HUA (IeMnUPYIONIYI0 CITIOCOOHOCTH) M3ydalid METOJIOM 3aTyXaoIINX KPYTHIIb-
HBIX KoJieOaHu# ¢ yactotoil 15 + 3 Hz. PeHTreHOCTpyKTYpHBIM aHaIN3 MPOBOAU-
nu Ha ycraHoBke /[POH-3M B Co-uznydeHuu, metautorpaduueckuii — Ha 3JIeK-
TPOHHOM MHKpockonie DMMA-2.

Pe3yabTaTsl cc/ieloBaHuil U UX 00CYy:KIeHHE

W3 1abn. 1 BUAHO, 9TO C yBEIMUYEHUEM CTETCHH IUIACTHYECKON AedopMarun
nemrdupyromias cnocodHocts O (mpu amruutyae aedpopmaruu y = 5 -10_5) BCEX
CIUTaBOB MoOBBIMAaeTcss. OHAKO a0CONMIOTHAS BEIMYUHA 3TOTO MOBBIIIECHUS Yy CIUIa-
BOB pa3jIMyHasl.

Tab6muna 1
IoBbimenue nemndupymomeii ciocooHocTu O (Y= 5'10_5), CTENEeHU TeTParOHAIbHOCTH
B-da3bi C/a u coaepkaHus 0CTATOYHOI BHICOKOTEMIIEPATYPHOIi O'-(ha3bl MPH KOMHATHOI
TeMIlepaType ¢ POCTOM CTelleH! IUIaCTUYeCKOii e opManuy Npyu rUAPOIKCTPY3 U
ot 12 10 55% (¢ mocJeayromeii 3aKajikoii B Boje) CIJIaBOB Ha OCHOBe Zn—Al

Crnnas
[TapameTpst 1 5
75, 107 8 6 1
Acla, 107 12 6 11
Ad', % 15 25 15

AHaM3 CTPYKTYPHBIX U3MEHEHUN MPU TEPMOMEXaHUIECKON 00pabOTKe MmoKa-
3aJl, 9YTO MPU PACCMOTPEHUH 3aBUCUMOCTU JAeMII(pUpyromei crmocoOHOCTH CIia-
BOB Ha OCHOBE Zn—Al OT CcTeNneHn MIacTHIeCKOr aedopMaIiuu HeoOX0IMMO YIH-
THIBATh BIIUSHUE CTCIICHU TETPArOHAJIBHOCTH [3-(as3bl, AUCIEPCHOCTH (ha30BBIX
COCTaBJISIOLINX, COACPHKAHUS OCTaTOUHOM MPU KOMHATHON TeMIEpaType BBICOKO-
TemreparypHoi o -asbl.

Boszpacranuio gemngupyromieil crnocoOHOCTH BCEX HCCIEIYEMbIX CIIJIaBOB
OpU  YBEIMYEHUW CTEIECHH IUJIACTHYECKON nedopmamuu CrocoOCTBYeT, BO-
NIEPBBIX, MOBBIIICHUE CTEIIEHN TETPArOHANBHOCTH [3-¢a3sl (Tadi. 1) U, BO-BTOPHIX,
KaK TMOKa3alll Pe3yNIbTaThl AJIEKTPOHHO-MUKPOCKOIMYECKUX HCCIICIOBAaHUN Ou-
HapHBIX CIUIaBOB | M 2, yBeNIWYEHHE AUCIEPCHOCTH CTPYKTYPHBIX COCTABIISIO-
KX, T.C. TUIOIMAIU MeX(pa3HbIX U MEK3epeHHBIX rpaHull. [locieqHee cOOTBETCT-
BYET pe3yiabTaTtaM palboThl [3], B KOTOpOH MHUCIEPCHOCTh CTPYKTYPHBIX COCTaB-
JSIFOIIMX PEeTyIpOBaach TEPMUUECKONH 00pabOTKOIA.

Pe3ynbTaThl 251€KTPOHHO-MUKPOCKOMMYECKUX HCCIETOBAHUN TaKXKe IMOKa3aliu,
YTO yBEIWYECHUE CTENCHHU IUIacTHYecKOil nedopmanuu 10 55% npu TepMoMexaHu-
yeckoil 00paboTke cruiaBa 3 Majio MEHSeT IUCIEePCHOCTh €ro CTPYKTYpPHBIX CO-
CTaBISIONMX. VIHBIMH ClIOBaMU, JIETUpOBaHKE CIUIaBOB Zn—Al koMOuHammen se-
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meHTOB Fe + Be 3arpyanser nusMenbueHne CTPYKTYpbl IPU JaHHOM Buje 00paboT-
ku. IlosTromy HeGOJbIIOE MOBBIIICHHE AEMI(HUPYIOUIEH CIHOCOOHOCTH CIUIaBa
(Tab:1. 1) MOKHO OOBSACHHUTH YBEITUUCHHEM CTCIIEHU TETPAroHaILHOCTH [3-(asbl.

B pabore [4] moka3aHo, 4TO BBICOKOTEMIIEpaTypHas O -(paza CIUIaBOB HAa OCHOBE
Zn—Al, mepeoxiaxaeHHas 10 KOMHAaTHOW TeMIIepaTyphl, 001a1aeT OTHOCUTEIBHO He-
BBICOKOM AemMm(pupyromen criocooHocThio. [ToaToMy yBenmueHue ee 10U BCIISICTBHIE
TIOBBIIIICHUSI CTETICHU TulacThdecko nedopmarmn (Tabn. 1) maeT oTpHUIIaTeTbHBIN
BKJIJl B U3MEHEHME JAEMII(HUPYIOLIEH CIIOCOOHOCTH CIUIABOB. Takoe COOTHOIICHHE
MOATBEPXKICHO U TAaHHBIMH, TIOTYYEHHBIMH TPH MOCIEAYIOIIEM OCIe TEPMOMEXaHHU-
YecKoi 00paboTKH crapenuH (Tadu. 2).

Tabmuma 2
N3menenne nemndupyiomiei cnocooHocTH O CIiIaBoB Ha ocHOBe Zn—Al nmocJie cra-
penusi npu 70°C mo cpaBHEHHIO € 3aKAJEHHBIM COCTOSTHHEM MOC/Ie THAPOIKCTPY3HH
NPH Pa3InYHOI CTeNeHH IUIacTHYeckoii negopmannu €

ITapameTpsi Crnas
1 2 3
g, % 12 | 55 [ 1255 ] 1255
A3, 107 -3 [ 35 =2 3 0 | 15

B paborax [3,4] ycTaHOBJIEHO, YTO CTapE€HUE 3aKAJICHHBIX CIUIaBOB Zn—Al, He
COZIEpIKAIlMX OCTAaTOUHYI0 O'-(ha3y, COMPOBOXKIAETCS CHIKEHHEM HUX Jemrdu-
pyroiieil crnoco6HocTH. Pe3ynbTaThl pEeHTI€HOCTPYKTYPHOTO aHallM3a IMOKa3aly,
YTO CTapeHHE NPU HEBBICOKUX TeMIlepaTypax (B qanHoM ciydae npu 70°C) tepmo-
MEXaHHYECKH 00pabOTaHHBIX CIUIABOB, COJIEPKAIIMX OCTaTOUHYIO O -(ha3y, BemeT K
€e MOHOTEKTOMAHOMY pacrany. Pacman O'-(ha3bl cOMpoBOKIAAETCS MOBBIIICHHEM
nemnupyromei cnocoOHocTH crutaBoB. U3 tabim. 1 u 2 BumHO, uTo 3 (PeKT Takoro
MOBBIIIICHUS] BO3PACTACT C YBEIMYEHUEM CTEIEHH TUIACTUYECKON JeopMalii, T.c.
coJlepKaHusA B CIuTaBax O -(ha3wl mociie TepMOMEXaHUYECKON 00pabOTKH.

BriBoabI

1. ITnactuyeckas pedopmanms OTIMBOK M3 CIUIABOB Ha ocHOBe Zn—Al meTo-
noM TuaposkeTpy3uu npu 320-350°C (c mocnenyrommii 3akankod B BOJE) MpH-
BOJIUT K Pa3JIUYHBIM CTPYKTYPHBIM U3MEHEHUSM: CTEIIEHU TETParoHaJlbHOCTHU
[-da3bl, TUCTIEPCHOCTH CTPYKTYPHBIX COCTABJISIONINX, COJEPIKAHHS OCTATOUYHOM
MIPU KOMHATHOM TeMIIEpaType BRICOKOTEMITEpaTypHOU O -(hasbl.

2. YBenMUYeHUE CTEIEHH TIACTHYECKON JIe)opMAIIUK MOKET COMPOBOXKAATHCS POC-
TOM JeMIIpUpYyroIIel COCOOHOCTH, Korna AedopMarysi CiocOOCTBYET TOBBIIICHHUIO
CTETICHU TeTPAroHATLHOCTH [3-(ha3bl ¥ JUCIIEPCHOCTH CTPYKTYPHBIX COCTABIISFOIIHX.

3. OgHOBpPEMEHHO YBEIMYCHHE CTETICHH IUIACTUYECKOW AehopMariii MOXKET
COIMPOBOXKAATHCS POCTOM JOJH OCTaTOYHOH O'-a3bl, 4TO BEIET K CHIDKEHUIO
nemndupyroneil cnocoOHOCTH Cru1aBoB. YacTUYHO 3TO CHM)KEHHE MOXKHO KOM-
MEHCUPOBATh MOHOTEKTOMJIHBIM pacrajgoM O'-¢a3pl MyTeM MPOBEACHUS HHU3KO-
TEMIEPATYPHOTO CTapEHUSI.
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A.L Skvortsov, A.I. Agapov, V.M. Kondratov, V.M. Shishkin, B.M. Efros, V.S. Tyutenko

INTERNAL FRICTION AND PHASE TRANSFORMATIONS IN ALLOYS
ON THE BASIS OF ZINC-ALUMINIUM DEPENDING ON THE DEGREE
OF PLASTIC DEFORMATION

The influence of plastic deformation at 320-350°C followed by water quenching on in-
ternal friction and structure of Zn—Al-based alloys of various structure has been studied.
Structure was investigated by methods of the X-ray analysis and electron microscopy. It
is shown that an increase of a degree of plastic deformation can be accompanied by the
increase of damping capacity of alloys when it corresponds to the increase of parameter
c/a of the B-phase and dispersivity of structural components. An increase of the degree of
plastic deformation can be accompanied by the increase of a share of residual o'-phase,
thus resulting in the decrease of damping capacity of alloys. This decrease can be par-
tially compensated by aging.
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PACS: 75.30.Kz, 75.50.Cc, 75.60.Ej

B.N. Banbkos, [1.B. BaptoxuH, N.®. NpubaHos, 6.M. Togpwuc,
A.l'. CuBayeHko

BIIMAHWE JABNTEHUA HA MATHUTOCTPYKTYPHbBIE ®A30BbIE
MNEPEXOObI B CIMJTABAX CUCTEMBbI Mny_xFexAso 5Po 5

[oHeLKknIn PU3NKO-TEXHNYECKMI MHCTUTYT uM. A A. ManknHa HAH YkpauHbl
yn. P. JllokcemBypr, 72, r. [oHeuk, 83114, YkpaunHa
E-mail: valkov@dpms.fti.ac.donetsk.ua

Tlpusedennvt pe3yiomamovi IKCHEPUMEHMATLHBIX UCCIEO08AHUL 8030€UCMBUSL 2UOPOCMAMU-
yeckoeo Oaenenus 00 1.5 kbar na cnonmarnuvie u UHOYYUPOBAHHBIE MASHUMHBIM NOJEM
MazHummnvle pazosvie nepexodvl nepeoco pooa 6 cnaasax cucmemvi Mnjy_FewAsgsPys.
ObHapysiceHvbl HeMOHOMOHHASL 3A6UCUMOCMb HAMACHUYEHHOCMU HACHIWEHUS. OM KOH-
yenmpayuu cene3a u ciabas 4yecCmeumenrbHOCb MASHUMHBIX XAPAKMEPUCTIUK K 0d6-
aenuro. [ns obpasyos ¢ x < 0.5 gpeppomacnumnas (paza pearusyemcs moibko Hpu Ko-
HEeUHbIX 3HAYEHUSX GHeuHe2o macHumno2o noas. Coenan 8bl800 006 anmugheppomacHum-
HOM Xapaxkmepe HU3KOMeMNEePamypHo20 COCHOSIHUSL IMUX 00pa3yos.

HHuTepec K BCECTOPOHHEMY HM3YYECHHUIO (DM3UKO-XUMHUECKUX XapaKTEPUCTHK Ke-
JIE30MAPTaHIIEBbIX THUKTHIOB, B YaCTHOCTH CIUIABOB cHcTeMbl Mny_Fe,Asi—,P),
00YCIIOBIICH MEPCIEKTUBOM MCIOJb30BaHUS WX B KaueCTBE PabOUYMX MaTEpPHAIOB
JUTSE MATHUTHBIX PePPHIKEPATOPOB. ITO CBA3AHO C OOHAPYKEHHBIM HEJJaBHO B He-
KOTOPBIX M3 HUX THTAaHTCKUM MarHuTokaimopudeckum 3¢ dextom (MKD), comyt-
CTBYIOIIUM MHIYIIMPOBAHHOMY MarHUTHBIM TMOJIEM MIEPEXO0/Iy U3 MapaMarHUTHOTO
(ITM) B deppomaruutroe (OM) coctostaue [1]. Takoe nHIAYIIUPOBaHUE TTOPOXKAA-
eT 00NbIIIoe M3MEHEHUE DHTPOIUU U COOTBETCTBEHHO PE3KOE YBEIHYCHHE Kallo-
puyecknx 3G (PEKTOB, aCCOMMUPYEMBIX C YHOPSIOYCHHUEM U Pa3yNoOPsI0YCHHEM
MarHUTHBIX MOMEHTOB [ 1,2]. MarHuTHbIe OXJTaKIaIOINe YCTPOiicTBa Ha 6a3e WH-
TYIIUPOBAHHBIX MarHUTHBIX (ha30BBIX MEPEX0I0B PACCMATPUBAIOTCS B HACTOSIIEE
BpeMs Kak d((HEeKTHBHAS SKOJOTHYECKH YUCTasl 3aMEeHa CYIIECTBYIONINX Mapora-
30BBIX KOMIIPECCHOHHBIX XOJIOJUIHBHUKOB, PabOTalOmMuXx B 00JACTH KOMHATHBIX
Temneparyp. [lepcreKTUBHBIM SIBISIETCS TPUMEHEHHE YTHX yYCTPOUCTB AJIS TOY-
YEHUs W XPaHEHHS JKUJKOTO BOJIOPOJA, YTO CBSA3AHO C TIJI00ATbHBIMHU TUTAHAMH
YCKOPEHHOTO DPAa3BUTHUS BOJOPOIHON IHEPreTHKU U 3aMEHBI YTIIEBOJOPOIHBIX
SHEProHOCUTENCH Ha BoJopoA. DDPEKTUBHOE pelieHre 3aa4d MAarHUTHOTO OX-
JaXJEHUS 10 HU3KUX TeMIepaTyp TpeOyeT Haaudus psjaa pabodnx MaTepHUasoB C

148



du3znka ¥ TeXHUKA BLICOKHX AaBjaenuii 2006, tom 16, Ne 4

pa3HBIMH TEeMIIEpaTypamMu WHIyLIHpYe-
MBIX MAI'HUTHBIX (1)a3OBI>IX HepeXOI[OB,
COMPOBOXKAAIOMNXCS TUTaHTCKUM MKD.
UccnenoBanuio Takoro Tura maTepua-
JIOB TIOCBSIIIICHA HACTOAIIAs padoTa.

CmnaBel cucrembl Mny_ Fe, Asg sPg 5
B M3y4acMOM JUana3oOHe KOHICHTpaluil
©Mn ©P/As ¢ Fe HMEIOT IeKCaroHaJIbHYIO CTPYKTYPY THIIA

Puc. 1. I'ekcaroHanpHass KpuCTaJuIMYe- Fe,P (rpynma cummerpun P62m, puc. 1),
ckas cTpykrypa tuma FeoP (mpocrpancr- A KOTOPO#l XapaKTePHO HAIN4YHE ABYX
BeHHas rpynma P62m ). Katuons! 3ann-  HEOKBUBAJIECHTHBIX KpHCTaiorpapude-
MAOT THpaMuianbHele (3g) W TeTpasa- CKHMX ITO3HIMEA (TETPAaroHajbHOW M IH-
pudeckue (3f) MO3UIMM, aHHOHBI — MO3K-  PAaMUAAIBHOIN) METAJUIMYECKUX aTOMOB C
i 2¢ (As) u 15 (P) CYILIECTBEHHO pPAa3JIMYHBIMU JIOKAJIbHBI-

MM 3JIEKTPOHHBIMU U MAarHUTHBIMHU Xa-
paktepuctukami [3]. [IpoBeneHHbIE paHee UCCIEAOBAHNS POJCTBEHHON CUCTEMBI

MnFeAs-,P, BeisiBuin, uto B auanasone 0.32 < y < 0.66 cymecrsoBanus ¢ep-
poMarHuTHOM ¢a3bl, ¢ UHAYIUPOBAHUEM KOTOpPOH CBsizaH rurantckuii MKD, ee
TOYKa KIOpI/I CHJIBHO 3aBHUCHUT OT COOTHOLICHHS aHHMOHOB B CIlJIaBax, IIOHMXaACh C
poctoMm koHueHTpanuu ¢ocdopa [4]. [TogoOHOE MoBemeHUE, KaK YCTAaHOBIICHO
HaMH, UMECT MECTO U IIPU BapHalluv KATUOHHOI'O COCTAaBa.

Tak, u3MepeHusi TeMIiepaTypHbIX 3aBUCUMOCTEN YAETbHON HAMarHWYeHHOCTH O
MOJIMKPUCTALIMYECKUX 00pa3ioB cuctembl Mny_Fe AsysPgs B mocrossHHoM wmar-
HUTHOM M0JI€ MoKa3aiu, 4yTo B Auanazone 0.6 < x < 1.5 ymeHbllIeHHe KOHLIEHTpaI1
JKeJie3a MPUBOAUT K MOHOTOHHOMY IOHIKEHUIO TeMITepaTyphl 7 MepexoJ0B epBo-
ro pozaa [IM-®M B auanazone 100 K < 7¢ < 330 K ¢ BbINOSIQKMBAaHUEM 3aBUCHUMO-
cti T(x) B obmactu 1.1 < x < 1.3. 13 aHanmm3a HU3KOTEMIIEPATypHBIX KPUBBIX Ha-
MarHn4imuBaHUA 6BIJ'II/I OnpeaACIICHbI HAMArHUWYCHHOCTU HACBIIIICHUA 06pa3u013, Xapak-

Tepusyroume s GeppoMarHUTHOIO CO-

1401 CTOSIHUA BCIIMYMHY IMOJIHOTO MArHUTHOIO

H-m-
oy I—..‘.\.
~m
I~

1(2)8 I " MOMEHTA 3JIEMEHTAPHON SYEHKH, KOTOpas,
2 %0 '\ HapsAy CO CKOPOCTBIO M3MEHEHHs Hamar-
é 6ol . HUYEHHOCTH, ONpENeNsieT N3MEHEHNE Mar-

2]
O % -
. 401 ., \ HUTHOHM YacCTH SHTPONMH B IIpoIeccax HMH
20} e . JYLIUPOBAHHOIO MArHUTHBIM IIOJIEM YIIO-

e
o} ""f"’:“"'f""' e PSIOYEHHS] MArHUTHBIX MOMEHTOB. YCTa-
100 150 200 250  HOBJIEH JKCTpPEMAIbHBIA XapakTep 3aBH-
T,K

CUMOCTH O(x) ¢ MakcuMymoM 1ipu x = 0.9.
Puc. 2. TemneparypHble 3aBHCHUMOCTHU Jns sToro obpasua BeIMYMHA HAMarHu-
HaMarom4€HHOCTH HCKOTOPLIX CIIJIaBOB YCHHOCTHU HACBIIICHUA OOCTHUTAaC€T 3Ha-
cucrembl Mny-Fe,AsgsPos B mocrosH- uenus 0, = 140 GsEm3/g. B cruaBax ¢
HOM (H = 9.6 kOe) maruuTHOM none: A x < (.5 crnoHTaHHbIE HEpexoasl B OM-
~x=05,-06,m-07 (basy He Habmonarorcs (puc. 2).
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Puc. 3. N3obapuyeckue TemmeparypHbIe
3aBHCUMOCTH KPHUTHUYECKUX IIOJIEH BO3HHK-
HoBeHUS H (KpuBbie /, 3, 5) U HCYE3HOBE-
Hust He, (kpuBble 2, 4, 6) NHIYIMPOBAHHOI

®OM-(a3pl B HEKOTOPBIX CIUIABaX CUCTEMBI
Mny-FeAsgsPos. 1,2 —x=0.5;3,4—0.6;
5,6-0.7

[Tpu armocdepHOM aBICHUH HUC-
CJIEIOBaHKE IPOIIECCOB HAMArHUYH-
BaHUS B HUMIYJbCHBIX MAarHUTHBIX
noigx 1o 250 kOe mokasanu, 4To IiIs
x > 0.5 BOym3u T HaOIIOIAI0TCS UH-
QyUHMPOBAHHBIE ME€PEXO/Abl IEPBOro
pona IIM—®M. H3orepmudeckue 3a-
BUCUMOCTH KPUTHUYECKUX IOJIEH BO3-
HUKHOBeHUs1 H, (7) 1 MCYe3HOBEHHUsI

H., (T) beppOMarHuTHOro COCTOSHHUS

IpY MHAYLUPOBAHHOM IIpEBpaLICHUU
MpUBEACHBI HAa puc. 3. DTU 3aBUCH-
MOCTH XapaKTEepHU3YIOT I'DaHHULBI YC-
TOWYMBOCTH (heppoMarHUTHON a3kl
B MPUCYTCTBUHU MArnvuTHOIO IOJIA U
OTIpECIISAIOTCS SKCIIEPUMEHTAIILHO U3
U3MEpeHuil anuabaTudeckux IoJe-

BBIX 3aBHCHMOCTEH MPOM3BOJAHBIX HAMAarHMYEHHOCTH 10 1oito 00/0H(T) npu 3a-
naHHOU Temneparype. [ oopasma ¢ x = 0.5, XxapakTepHu3yomerocs OTCyTCTBUEM
CIIOHTAaHHOM HAMAarHUYEHHOCTH, KPHUBBIC HCI,Z(T) 00HapyXHUBalOT MUHUMYM IpU

Tc = 90 K. OmbIT uccnenoBaHuss aHTU(GEPPOMArHUTHBIX OOpPa3LlOB CHUCTEMBI

Fe;—.Mn_;As c TeTparoHanbHON KpHUCTaUIMYECKON CTpykTypoil C38 [5] mokassl-

Ba€T, YTO HAJIMYUEC TAKOTO MHHHUMYMA MOKCT CBUACTCILCTBOBATL O CT3_6I/IJII/I3a-
UM HU3KOTEMIIEPAaTyPHOTO MarHUTHOTO YIOPSAOYCHHUsI, He 00JIaaloIero CroH-
TAHHBIM MArHUTHBIM MOMEHTOM. DTO YHOpAAOUYCHUE MOXKET 6BITB AHaJIOTU4YHO
anTudeppomMarHeTu3My, HabJIIOaeMOMY B KpPUCTAILIOTPAGUUECKH U30CTPYKTYP-

1401 __ 1200
120 <—D“°\\
0100] T, '\‘“\o.% 1150 2
gl -+— . =
g 804 - =
> -1005
6 407 150 =
204
0 . R
0 50 100 150 200
T K

Puc. 4. M3o0apuueckue TeMIiepaTypHbIC 3a-
BUCUMOCTH HAMarHUYCHHOCTH O B 1iojie H = 75
kOe u BocmpummuuBocTH X B moie H = 0
mag craBoB Mnp- FeAsgsPos ¢ x = 0.6
(xpusbte 1, 2) u 0.7 (xpusbie 3, 4) mpu paz-
HBIX BENMYMHAX maBieHus: P = 1 bar —
CBeTIIbIe CUMBOIIBL, P = 1.5 kbar — TeMHEIe

150

HbIX crtaBax Fey—.Mn.P w/wmm Fe,— P
npu HEOOJBIIIOM 3aMEIICHUH aTOMOB
JKeJie3a aTOMaMH MapraHila WU BaKaH-
cusimu [6]. CornacHo [7,8] Temnepary-
pbl Heensi, onpenensieMple 1m0 MakcH-
MyMY MAarHUTHOH BOCIIPHUMYHBOCTH
as 06pasuoB cucrembl MnFePi—As,,
00JIaaroMUX AaHAJIOTHYHBIM MHUHH-

He, (D),

MyMOM Ha 3aBUCHUMOCTIX

coctaBiisitoT nopsaka 180 K.
Bo3szaeiicTBue ruapocTaTM4ecKoro
JaByieHust 1o 2 kOap, co3gaBaeMoro
ra3o00pa3HbIM TEIHEM, HCCIEI0BAIH
OpyU U3MEPEeHUU H300apHU4YecKUx
KPUBBIX HAMarHW4MBaHUS B UMITYJIbC-
HOM MAarHUTHOM IIOJIE, HHIYLUPYEMOM
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Puc. 5. IloneBbie 3aBUCMMOCTA HAMarHMYCHHOCTH TMOJMKPUCTAILIMYECKUX CIIABOB
Mny_.Fe,Asg sPg s Ipu pa3HBIX 3HAYCHHUSIX TeMIiepaTypsl U gaBieHusx P = 1 bar u 1.5 kbar
(COOTBETCTBYIOIIME PA3HBIM JABJICHUIM KPUBBIC MPAKTHYECKH CAMBarOTCs): @ — x = 0.6,
1-T=21K,2-100,3-150;6-x=0.7,1-T=21,2-100,3-175,4-192

MHUHHUATIOPHBIM COJIEHOMUJIOM, IIOMELIEHHBIM B KOHTEHHEp BBICOKOro AaBieHus. Ha
puc. 4 IpeacTaBIeHbl TEMIIEPATYPHBIE 3aBUCUMOCTH HAMAarHW4EHHOCTH O B MarHUT-
HOM T110J1e HanpspKeHHOCThIo H = 75 kOe 1 MarHUTHOM BOCIIPUMMYHMBOCTH X B HYyJIE-
BOM MarHUTHOM I1oJie st criaBoB Mny—Fe, AsgsPyscx=0.6 ux=0.7 mpu P = 1 bar
u P = 1.5 kbar. Ha puc. 5 npuBeneHbsl KprBble HAMarHMYMBaHUs 00pa3lloB TEX K
COCTaBOB IIPH PA3IMYHBIX TEMIEPATypax Kak BbIIIE, TaK U HUXKE TeMIepaTypsl ¢a-
30BbIX niepexo10B [IM—®M npu P = 1 bar u P = 1.5 kbar. XapakTepHbIM pe3yibTa-
TOM 3TUX U3MEPEHUH SBIIIETCA TO, YTO IPU CPABHUTEIIBHO BBICOKOM YyBCTBUTEIIBHO-
CTU mapaMeTpoB (Ha30BBIX MEPEXOIOB U MATHUTHBIX XapaKTEPUCTHK O0pas3IoB K M3-
MEHEHUI0 XUMUYECKOTI0 COCTaBa U AEHCTBHIO MarHUTHOIO Mojs 3QQekT rugpocra-
TUYECKOTO JIABJIEHUSI OKa3bIBAETCS HUYTOXKHO MaJlbIM (COOTBETCTBYIOILME pas3iIny-
HBIM JJABJICHUSM KPUBBIE HA PUCYHKaX CIMBAOTCA). DTOT (aKT MOKHO OOBSCHUTS,
aHaymsupys ypasHenue Knaysuyca—KianelpoHa, ONUCBHIBAIOIIEE 3aBUCUMOCTD TEM-
neparypsl (pa3oBoro mnepexoa nepsoro poaa 7¢ ot nasnenus P. [l marepuaioB ¢
reKCaroHaJIbHOW CUMMETPUEN KPUCTATMYECKON PEIIETKH OHO UMEET BU/L

AT /dP = 2Aa/a+Ac/c’
AS
rae AS, Aa/a, Ac/c — u3MeHEeHHUE SHTPONHH U YACIbHBIC U3MEHEHHUS MapaMeTPOB
KPUCTATMYECKON peleTKu npu mnepexoze. [IockonbKy I TaHHBIX MaTepuaioB
Aala = 0.9-10_2, Aclc = -1.8107 [8], To dT/dP = 0. Takol Moaxo]; KaueCTBEHHO
00BsICHAET HAOMI0IaeMYI0 OapHUECKYI0 YCTOHUMBOCTh TOUKH Kiopu, ogHako ero
cnaboif CTOpPOHOU SBJSETCS WTHOPUPOBAHHWE OCOOEHHOCTEH BHYTPEHHETO MeXa-
HU3Ma [EePEX0/I0B MEPBOT0 Poja MOPSAOK—0ECOPSIOK U UX CBSI3U C MEePeX0aaMU
nopsioK—TopsfoK. C ydeTomM OOJIBIION MarHUTHOW BOCTIPUMMYUBOCTH AD-(askbl,
HabJII01aeMOii HAa HAaYaJIbHOM y4acTKe KpMBOW HamarHunumsanus (npu H < H.),

TaKasi CBA3b JOJDKHA MPOSIBIATHCS BO B3auMozeiictBun ®M- u AOM-napameTpos
nopsiaka. [logoOHoe B3aMMOJEHCTBUE N1aeT, HapsAy C OOMEHHO-CTPUKIIMOHHBIM
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BKJIQJIOM, JIOTIOJIHUTENbHBIN BKJIaJ B MEXaHU3M (OPMUPOBAHUS UHAYIUPOBAHHBIX
MEPEXO0JI0B MOPSIIOK—TIOPSIIOK B ATUX MaTepuaax M TakKe CYIIECTBEHHO YBEJH-
YUBAeT CKAuOK SHTPONHMM MpPH TaKUX mepexonax. JlampHeHIMe ucCcieIoBaHUs
BO3/ICHCTBUS JaBJICHUS M BapHAIlMM XUMHUYECKOTO COCTaBa, HAPSAY C pacueraMu
3JIEKTPOHHOTO SHEPreTUYECKOTO CIIEKTPa, MOMOTYT MPOSICHUTH OCOOCHHOCTH MeXa-
HU3Ma MarHUTHBIX ()a30BBIX MPEBPAIICHH B THX MHUKTHIAX.
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V.1 Val’kov, D.V. Varyukhin, L.F. Gribanov, B.M. Todris, A.P. Sivachenko

INFLUENCE OF PRESSURE ON MAGNETOSTRUCTURAL PHASE
TRANSITIONS IN ALLOYS OF THE Mny_Fe,AsysPos SYSTEM

Experimental results of the investigation of hydrostatic pressure (to 1.5 kbar) effect on
spontaneous and magnetic field-induced first-order phase transitions are given for alloys
of the Mny-_Fe,Asg 5Pgs system. Nonmonotonic dependence of saturation magnetization
on iron concentration and low sensitivity of magnetic characteristics to pressure have
been revealed. For samples with x < 0.5 the ferromagnetic phase is realized only at final
values of the external magnetic field. The low-temperature state of the samples has been
concluded to be of antiferromagnetic character.

Fig. 1. Hexagonal crystalline structure of the Fe,P type (the space group P62m ). Cations
occupy pyramidal (3g) and tetrahedral (3f) positions, anions — positions 2¢ (As) and 15 (P)

Fig. 2. Temperature dependences of magnetization for some alloys of the Mn,_Fe,Asg 5P s
system in constant (H = 9.6 kOe) magnetic field: A —x=0.5,¢ — 0.6, m — 0.7

Fig. 3. Isobaric temperature dependences of the critical fields of the induced FM phase
origination /. (curves /, 3, 5) and disappearance H., (curves 2, 4, 6) in some alloys of

the Mn,_Fe,AsysPos systems. 1, 2—-x=0.5;3,4-0.6;5,6—-0.7
Fig. 4. Isobaric temperature dependences of magnetization 0 in field H = 75 kOe and of suscep-

tibility X in field H = 0 for alloys Mn,_Fe,Asg 5P s with x = 0.6 (curves 1, 2) and 0.7 (curves 3,
4) for different values of pressure: P = 1 bar — light symbols, P = 1.5 kbar — dark symbols

Fig. 5. Field dependences of magnetization for polycrystalline alloys Mn;—Fe, Asg sPg s
and for different values of temperature and pressure P = 1 bar and 1.5 kbar (the curves
corresponding to different pressures are practically merging): a —x=0.6, ] - T=21K, 2 -
100,3-150;6 —x=0.7,1 -T=21,2-100,3 - 175,4 - 192
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H.A. |_|aJ'IVICTpaHT1, B.B. 5VIBOJ'I1, C.B. Po6y1, Mn.cC. CMepTeHKo2

MEXAHN3M OE®OPMALINM HOBbIX NMEPCMNEKTUBHbBLIX
MOJIMMEPHBIX KOMIMO3UTOB HA BA3E 4-AMUHOCTNPONA
MNP BbICOKMX NOKAJIbHbLIX HAMNPAXEHUAX

1l/IHCTMTyT npuknagHon pmsnkmn Akagemmn Hayk MonaoBbl
yn. Akagemuen, 5, r. KuwnHay, M[-2028, Mongosa
E-mail: natpal@phys.asm.md

2I/IHCTMTyT du3nkm nonynposoaHukos HAH YkpanHbl
npocnekT Hayku, 115, r. Knes, 03028, YkpanHa
E-mail: smertenko@isp.kiev.ua

Memooom paduxanvHoli noauMepu3ayuy NOIYUeHsbl HO8ble NOMUMEPHbIE CUUBAIOUUECS]
CI0U HA OCHOBe 4-amunocmupona (cmupon . OYyMUuIMemaxpuiam :@ aMUHOCIMUPOIL
(ST : BMA : AST)). U3zyuenvl mexanuueckue ceoucmea COeOUHeHUll, a maxdice opma u
CIMPYKMYypa Omne4amxo8 UH0enmopa. YcmanoeneHo, 4mo 6IusHue Xumuueckozo cocmasa u
dobasox (CHI3) na mukpomeepOoocmy a6/1emcs CyWeCmeeHHbIM, a OMNeYamKy UHOeHmMopa
OCMAalomcst NIACMUYHbIMU 8NI0Mb 00 Dobuux Haepyzok (200 g). Beickasana sunomesa o
BO3MOIICHOM MEXAHUZME OePOPMUPOBANUSI HOBIX HOTUMEPHBIX KOMNO3UMO8 NpU Oelcmeuu
BbICOKUX JIOKATHBIX HANPSIHCEHUIL.

BBenenue

B HACTOAIICC BpCMA 60J'IBH_IO€ BHUMAHUC YIOCIACTCA IMOJIUMMCPHBIM IUICHKAM,
TaK Kak OHU 00J1a1al0T YHUKAIBHBIMUA (PU3UYECKUMU U XUMHUUECKUMH CBOMCTBAMU
N HaXOJAT IMHUPOKOC MPAKTUYCCKOC MPUMCHCHHUC. Hosrie MOJIMMCPHBIC KOMITO3UTBI
ST : BMA : AST, nosy4eHHbIe HAMU METOJIOM PAAUKAILHON MOJIUMEPU3ALINH, YC-
MCHIIHO MOT'YT UCHOJIB30BATLCA B KAYCCTBC CPCI IJIA TUPAKUPOBAHUA U XPaHCHU
rojorpadudeckort nHbopMaiuu (romorpadudeckux komwmii) [1,2]. B 3aBucumocTn
OT YCJIOBHI 00pabOTKH B MOJIMMEPE ONPEIEIEHHOI0 XUMUYECKOTO CTPOSHHSI MOTYT
dbopMHpOBaTHCS HAMOJIEKYIISIPHBIE CTPYKTYPbI Pa3IMYHBIX THIIOB, KOTOpbIE 00ec-
MEYMBAIOT PA3HOOOPA3HBIE KOMILIEKCHI (PU3UYECKUX CBOMCTB. OTCIO/IA CYIIIECTBYET
MHOT'O BO3MOKHOCTEH JUIsl BapHalluy MOCIEAHUX, U UMEHHO B 3TOM CBOEOOpa3uu
3aKIII0YaeTCs TIIaBHAst 0COOCHHOCTh KPUCTAIUTHYECKUX TTOJTMMEPOB.

OuyeHb BayKHOU TPYIION SBIIAIOTCS MEXAaHUYECKHUE CBOMCTBA MOJIMMEPHBIX MaTe-
puasoB. [To3ToMy BIOJIHE €CTECTBEHHO, YTO OLIEHKY COCTOSIHUS MOJIMMEpA Yallle Bce-
rO MPOU3BOJAT IyTeM H3ydeHus ero aedopmanuu. B pabotax mo u3ydyeHuro mexa-
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HUYECKUX CBOICTB, BBINOJHEHHBIX HAa Pa3HOOOPA3HBIX MOJMMEPHBIX COCIUHEHHUSX,
MOKa3aHO, YTO MHKPOTBEPJOCTh — 3TO CTPYKTYPHO-UyBCTBHUTENIBHBIA MapaMmerp, a
UHJCHTUPOBAHUE — NEWCTBEHHBIH MHCTPYMEHT JIsi MOHMUMAaHUS (PU3NYECKHX IPO-
IIECCOB, IPOUCXOAANIMX B MaTtepuaie [3—5]. OqHako BBUIy OIPOMHOIO pazHooOpa-
3Us TIOJIMMEPHBIX MaTepHaloB U CIOKHOCTH MPOTEKaHUs (PU3MUECKUX MPOLECCOB
UMEIOIINXCS B JIMTEPATYpPE JAHHBIX, OCOOEHHO AJIs1 aMUHOCTUPOJIbHBIX MaTEpPHUAJIOB,
SBHO HEIOCTaTOYHO. B CBs3M ¢ 3TUM B HacTosuiel paboTe MocTaBieHa Lelb — U3y-
YUTh BIMSHME XUMUYECKOTO COCTaBa M Pa3HOOOpa3HbIX JOOABOK HA MEXaHWYECKHE
CBOICTBAa aMHUHOCTUPOJIbHBIX MOJIMMEPHBIX c10eB. Oco00e BHHMaHUE YIAENSIOCH
NOHMMAaHUIO (PU3MKHU NPOLIECCOB, MPOTEKAIOUIUX MPU JEHCTBUU COCPENOTOUEHHON
Harpy3ku. Ha ocHOBaHMU MOJTy4EHHBIX JTaHHBIX NPEIOKEH OCOOBbIM MEXaHU3M Je-
¢dopMmaruy, CBI3aHHBIN C H3MEHEHHEM KOH(OPMAIIMOHHOTO HabOpa MaKpOMOJIEKYI.

IIpuroroB/ienne 00pa3noB U MeTOAUKA IKCIIEPUMEHTA

HccnenoBanu MeXaHM4YECKUE CBOMCTBA HOBBIX IOJIMMEPHBIX KOMIIO3UTOB
ST : BMA : AST, nomy4eHHbIX METOJIOM paJUKaJIbHOM MOJIMMEPH3ALMH, a TAKXKE
Biusiaue 100aBok (CHI3). Kpartkas xapakTepucTiuka M3y4eHHBIX KOMIIO3UTOB JaHa B
tabmure. PamykanbpHas OMMMepU3aliys SBISIeTCSl TUIMMYHOM EMHON peakiueil. AHa-
JIA3 MOKa3bIBAET, YTO CBOOOJHBIEC PAAMKAIIbI IPUCYTCTBYIOT B PEAKLIOHHOM cpefie OT
Hayvasa J0 KOHIIa Mpoliecca MnoJimMepu3anuu [6].

Tabnuma
XapakTepHCTHKA MOJUMEPHBIX KOMIIO3UTOB HA OCHOBE AMHUHOCTHPOJIA
Howep XuMudeckuit coctaB koMmmozuta | O6o3HadeHHE 00pasia Hpoenioe co-
TPYIIIHI nepxanne, mol%
1. Crtupoit : OyTUIMETaKpuiIaT : aMH- ST : BMA : AST 40:50:10
HOCTHPOI
2. Crupon : OyTHIMETaKpHiIaT : aMH- ST : BMA : AST 30:50:20
HOCTHPOJ
3. Crupon : 6yrunMerakpmiart : amu- |ST : BMA : AST + CHI3| 30:50: 20+ 10
HOCTHPOJ + Hox

[TomumepHbIe KOMITO3UTHI J1e(hOPMHUPOBAIIM COCPEAOTOUYCHHON HArpy3kou Ha
npubope IIMT-3, B kauecTBe MHIACHTOpA MCIOJIB30BAIM Nupamuay Bukxkepca.
HccenenoBanyu 3aBUCHMMOCTH MHUKPOTBEPAOCTH [ OT HArpy3ku Ha UHAEHTOp P.
MHUKpOTBEPOCTh ONMPEAEIUIN M0 CTaHAapTHBIM (popmynam [7]. Ommbka u3me-
penuit H cocrasnsina 3%. Harpy3ky uzMeHnsnu B mupokoM uarepsaie ot 0.01 no
2 N. [y 06pabOTKH MOTYYEHHBIX Pe3yIbTaTOB NPUMEHUIN TU(PepeHIHaTbHBIN
noaxona. st 3Toro Oblla co3aHa crenuanbHas IporpaMmma, mo3BoJIsonas omnpe-
nenuTh mapametp o = dH/dP. ®opmy U CTPYKTYpy OTIEUYATKOB M3ydaau MOCpe]-
CTBOM aTOMHOM, CKAaHUPYIOIIEH U ONITUYECKON MUKPOCKOIIHH.

Pe3yabTarsl M 00Cy:KIeHHE

3aBUCHUMOCTH MHUKPOTBEPAOCTH OT HArpy3KH JJIsl UCCIIEAYEMBIX MOJIMMEPHBIX
KOMIIO3UTOB Ha OCHOBE CTHpPOJIa NMPUBEAEHBI Ha puc. 1. BuiHO, 4TO X074 KpUBBIX
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aHaJIOTHYEH, C POCTOM Harpy3ku Ha UH-
JEHTOP MHUKPOTBEPIOCTh YMEHbIIAETCS.
3aBUCHUMOCTH TaKOTO THMA XapaKTEPHbI
JUIs THOKMX MaTepuanoB (METaJlIoB, Ke-
pamMHK, THOPUIHBIX TOJIUMEPOB), a pe3-
KW criajl MPU MallbIX Harpy3kax oObIYHO
00BACHIIOT pazMepHbIM ddexTom [4].
Marepuansl KOMIO3UTOB IIEPBOU TPyYII-
bl TBEpIKE, YeM BTOPOH, PH HArpy3Kax,
o6ompmux 20 g. CymecTBeHHOE pasy-
NpPOYHEHHE TMOJUMEPOB HaOI01aeTCs
npu BBeaeHun CHI3 — mapamerp H

Puc. 1. 3aBucuMocTh MUKpPOTBEpAOCTH H
OT Harpy3ku P JUIsl TOJIMMEPHBIX KOMIIO-

suroB: ¥ — ST : BMA : AST (40 : 50 : 5 )
110, mol%); o — ST : BMA : AST (30 ; YMEHpIIacTes Goree vem B 2 pasa.

:50 : 20, mol%); A — ST : BMA : AST + Ha puc. 2 npubeicHbl o—P-3aBncu-

+CHT; (30 : 50 : 20 + 10, mol%) MocTu. Ha maHHBIX KpUBBIX OOHapyxke-
HBI SIPKO BBIPAXKEHHBIE SKCTPEMYMBI MTPU

OIIPE/ICNICHHBIX HArpy3Kax ISl KaKIOH IPYyNIbl KOMIIO3UTOB. JIJIsl BBIAICHEHHS MPH-
YUHBI MOSIBJICHUSI 3TUX SKCTPEMYMOB OBUIH TIIATEIHHO MPOAHATIM3UPOBAHBI opMa U
CTPYKTypa OTIIEYaTKOB, a TAK)KE BO3HUKAIOIINE BOKPYT HUX KapTUHBL. OOHApYyKEHO,
YTO JUI BCEX MAaTEpUaIOB OTIIEYATKH IJIACTUYHBI BILUIOTH /10 04eHb 0ombiux (200 g)
Harpy30K, OJJHAKO CTPYKTypa OTIIEYAaTKOB CYIIECTBEHHBIM 00pa3oM OIPEAENseTCs
XMMHUYECKAM COCTaBOM KOMIO3UTOB. JIIs1 BCEX MaTepUalioB YCTAaHOBJICHA CIIEIYIO-
11asi 3aKOHOMEPHOCTh: OTHEYaTKU UMEIOT IMIaJIKYI0 TTOBEPXHOCTH JI0 MOSIBICHUS Tep-
BOro dKcTpeMyma. Uem OoJbIlie SKCTPEMYMOB Ha KPHBOH, TeM OoJiee CIIOXKHYIO
CTPYKTYpY MMEIOT oTneyarkd. Ha KpuBBIX TpeTbel Ipynmbl KOMIO3UTOB (pHc. 3)
YETKO BBIPAXKEHHBIE I0JIOCHI, MapaJule/ibHbIe CTOPOHAM OTIIEYaTKa, UMEIOT MECTO
Jake Mpu ManbiX (~ 3 g) Harpy3kax. ['nmagkas gopma orredarka B 3TOM cirydae 00-
Hapy)KeHa C TIOMOIIBI0 aTOMHO-CHJIOBOI'O MUKpOCKOIIa Tonbko nipu P [11 g.

0.4 '

020t
Offt- 4\
~02H A4 A
s -04f- A\
-0.8
0 2;0 4:0 66 80 0 0 5:0 100 _1'00 5:0 100

P, g P, g P, g
a o 8

0.5

Puc. 2. 3aBucuMoCTh apamMeTpa O OT HArpy3KH P Jis MOJTUMEPHBIX KOMIIO3UTOB: @ —
ST : BMA : AST (40 : 50 : 10, mol%); 6 — ST : BMA : AST (30 : 50 : 20, mol%); 6 —
ST : BMA : AST + CHI; (30:50:20 + 10, mol%)
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Puc. 3. Bun otiegarkoB uazmenTopa s komro3utoB ST : BMA : AST+CHIz:a—-P~1g,
6-P~10g

W3 mony4eHHBIX JAaHHBIX MOKHO TMPEIIOI0KUTh, YTO MEXaHU3M JedopMaIun
IPU BBICOKUX JIOKAJbHBIX HAMPsDKEHUAX OOYCIIOBIIEH CIEAYIOIUMHU (pakTopami.
OcHOBHOM 0COOCHHOCTHIO MTOJIMMEPOB, OTIIMYAIONICH WX OT HU3KOMOJICKYIISIPHBIX
COEIMHEHUH, SABJSAIOTCS OOJNbIIME 3HAYSHHs] MOJIEKYJIApHBIX Macc. [lonmumep co-
CTOUT U3 KBAa3MOJHOMEPHBIX IMOJCUCTEM — JUIMHHBIX LEMHBIX MoJieKya. JlinHa
LENU MOJIMMEPOB HAMHOTO MPEBBIIACT UX MOMEPEUHbIE pa3Mephbl. DTH LIETH CO-
SAMHSIIOTCS MEXKAY COOOW CHIIaMH, 3HAUUTEILHO OoJiee cabbIMU, YeM CBSI3U Me-
Ky aTOMaMH B caMOM MoJjiekyjie. B 3Tol cuTyanuu B Tejle BO3HHMKAET HOBBIM
MacCIITa0HBIA YPOBEHB, KOTOPHIN XapakTepU3yeT MOMEPEUHbIe pa3Mepbl MOJIEKYI
U MOJKET CYILIECTBEHHO MPEBbIIIaTh MUHUMAJIbHBIA MacITad B CUCTEME — MEX-
aToMHOe paccrosHue. Hanmnune Takoro macmrabHOro ypoBHSI 0OecreunBaeT BO3-
MO>XHOCTh 00pa30BaHUsI OCOOBIX AMCKIMHAIMOHHBIX JAC(PEKTOB, IPHUCYITUX TOJb-
KO MakpOMOJEKYJSpPHBIM cucTteMaM [8,9]. OTH AeeKThl MpPEeACTaBISIOT COOOM
NEeTJIN MUKPOCKOMMYECKUX Pa3MEPOB, OXBATHIBAIOIINE OAHY MM HECKOJIBKO MO-
JIEKYJISIPHBIX LENeH.

Ponb AMCKIMHAIMOHHBIX TETEIh MOJIEKYJISIPHOrO Maciutadba ornpeaenseTcs
TEM, YTO OHHM OKAa3bIBAIOTCS OTBETCTBEHHBIMH 32 TUTACTUYECKUI M3TUO U CKPY4H-
BaHME Makpomoliekyia. [ledhopmupyromeit cuie, TPUBOASIICH K BBITPIMIICHUIO
CKPYYEHHBIX MOJIEKYJI U MEPEMEILCHUIO UX IO HAIMPaBJICHUIO MPUIIOKEHHOU Ha-
Ipy3KH, HEOOXOIUMO MPEOJOJIeTh BHYTPU- U MEKMOJIEKYJISIPHbIE B3aUMOJEUCT-
BHUsl, IPEISTCTBYIOIIME YTUM IIpolieccaM. B pajbHelIeM HacTynaeT MeUICHHOE
nepeIBUKEHNE YaCTHYHO BBIPSIMIICHHBIX Ieneil 06e3 TOMOJHUTEIFHOrO U3MEHe-
HUS CTETICHH CBEPHYTOCTH, M B HAMPSHKEHHOM 00pa3ile HACTYIAeT CTAllMOHAPHBIH
PEXKUM.

[Tpu ocBoOOXIeHNH 00pa3iia OT HArpy3KH YaCTUYHO BBIPSMIICHHBIE OTPE3KU
yepe3 HEKOTOPOE BPEMsl, JOCTATOYHOE JIJISl MPEOJI0JIEHUS MEXK- U BHYTPUMOJIEKY-
JSIPHOTO B3aMMOJICUCTBUS, BO3BPAIIAIOTCS K HaUOOJIee BEPOSITHOH KOHPOpMAITUU
O]l BIMSIHUEM TEIUIOBOTO JBIKeHUs. Uem Oosblive HampsDKEHUS TMPUIIOKEHBI,
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TEM JAajbllie MEePEJBUTAIOTC MOJIEKYJIbl U TeM Ooublie nedopmanus. g Hammx
NOJMMEPHBIX KOMITO3UTOB Ha 0a3e aMHHOCTHpPOJIa BO BCEM HHTEpBaje NpPUIIO-
KEHHBIX HArpy30K Ie(pOpMHPOBAHNE MPOUCXOAMIIO 33 CUET pACIpPSIMIICHUS U Iie-
pemelneHus 1enei 6e3 pa3pbiBa MOJIEKYIISIPHBIX CBSA3CH.
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N.A. Palistrant, V.V. Bivol, S.V. Robu, P.S. Smertenko

A MECHANISM OF DEFORMATION OF NEW PROMISING POLYMER
COMPOSITES BASED ON 4-AMINOSTYRENE UNDER HIGH LOCAL
STRESSES

New cross-linking polymer layers on the base of aminostyrene which contained chemi-
cally active bonds of 4-aminostyrene: styrene : butyl methacrylate : aminostyrene (ST :
: BMA : AST) were obtained using the method of radical polymerization. The mechanical
properties of the polymer composites as well as the form and structure of prints have been
investigated. It is obtained that the influence of chemical composition and additives on
microhardness is essential and prints remain plastic up to the big loadings (200 g). A hy-
pothesis about the possible deformation mechanism of polymeric composition is sug-
gested.
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Fig. 1. Microhardness H as a function of load P for polymer composites: * — ST : BMA : AST
(40 : 50 : 10, mol%); o — ST : BMA : AST (30 : 50 : 20, mol%); A — ST : BMA : AST +
+ CHI;3 (30 : 50 : 20 + 10, mol%)

Fig. 2. Parameter O as a function of load P for polymer composites: a — ST : BMA : AST
(40 : 50 : 10, mol%); 6 — ST : BMA : AST (30 : 50 : 20, mol%); ¢ — ST : BMA : AST +
+ CHI; (30:50:20 + 10, mol%)

Fig. 3. Indenter prints for the ST : BMA : AST+CHlz:a-P~1g,6-P~10g
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PACS: 81.40.Ef, 61.72.Mm

B.A. benoweHko, H.W. MaTpocos, B.3. CnyckaHtok, B.B. Yuwko

BNMAHUNE KOMBMHUPOBAHHOW OEDOPMALIMA HA MEXAHUYECKWVE
N ®YHKLUMOHATNBHBIE CBOMCTBA CI/1IABA NbTi

[oHeuknin unsmnko-TexHnyeckmn MHCTUTYT um. A.A. NanknHa HAH YkpaunHbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa
E-mail:chishko@ukr.net

Hccnedosano enusinue KOMOUHUPOBAHHOU Oehopmayuu HA Mexanudeckue u QyHKyuo-
Hanvhble ceolicmea cnaasa NbTi. Yemanoesneno, umo kombunuposannas degopmayus ¢
npuUMeHeHueM Memood PasHOKAHANLHO20 MHO20Y2106020 npeccosanus (PKMVYII) obec-
neyusaem OOAbWUL NPUPOC XAPAKMEPUCMUK NPOYHOCIU U naacmuynocmu. [liom-
HOCMb KpUMU4ecko20 moxa npu 3mom nogviuiaemcs na 60-80%.

BBenenue

N3BecTHO, 9TO MeXaHNUYECKHE U (DYHKIIMOHAIBLHBIE CBOMCTBA CBEPXIIPOBOTHUKOB
Ha ocHoBe cruiaBa NbTi ompenensitorcsi ero CTpyKTypHO-(a30BbIM COCTOSIHUEM, B
YaCTHOCTH pa3MepoM 3epeH (cyO3epeH), 0ObeMHBIM COZEpKaHUEeM, Pa3MEPOM U Xa-
paKTepoM pachpesienieHus] BTOPUYHbIX (Pa3oBbIX BbleneHui. [loBbllieHne TOKOHe-
CyILEH CrOCOOHOCTH CBEPXITPOBOIHMKA MOXKET ObITh TOCTUTHYTO MPHUMEHEHHEM Ha
CTaJUsAX €ro Iepezena OT CIUTKa J0 MPOBOJA PA3IMYHBIX METOJOB BO3JICHCTBUSL:
JIETUPOBAHUsI, XOJIOAHON AehopMalii, TepMOOOPaOOTKH, O0IyIEHUS U JPYTUX TIPO-
IIECCOB, a TAK)KE ONMTUMHU3ALMEH UX PEKUMOB. TpamuIMOHHBIA CIIOCO0 00pabOTKH
criaBa NbTi ocHOBaH Ha CO3aHMM B HEM MEIKOIUCIIEPCHBIX CTPYKTYPHBIX HEOI-
HOPOJHOCTEH ¥ Ha TOM (hakTe, uTo BbienaeHus A-T1 siBisitoTcs Hanbosee A heKTuB-
HBIMU IleHTpaMu nuHHUHTA [1,2]. [TosToMy Bce cragmu oOpabOTKU TOJDKHBI CIYy-
KHUTh LeU (OpMUPOBAHUS B KOHEUHOM IMPOAYKTE OAHOPOJHON HAHOCTPYKTYPHI C
PaBHOMEPHBIM pachpeeIeHUEM MEITKOIUCTIEPCHBIX YaCTHIl BTOPOid (ha3bl.

Xonoanas nedopMalivs CYUTaeTCs OCHOBHBIM UHCTPYMEHTOM IPU MOJTy4YEeHUHN
Takoh CTpyKTypbl. OHAKO €€ TPaTUIIMOHHBIE METOMBI, TaKhe KaK JKCTPY3Hs,
IpPOKaTKa U BOJIOYEHHE, B CUITYy CBOMX TEXHOJOTHUECKHX OCOOCHHOCTEH He Bceraa
MO3BOJIIIOT HAKATUIMBATh HEOOXOMUMYIO CTETCHb ne(opMamnuu ISl JOCTHKCHUS
JKEJIaeMoro pe3ynbTara. B To jxe Bpemst UMeIoTCs Ipoliecchl 00paboTKH METaJIOB
JIaBJICHUEM, KOTOPBIE JAI0T BO3MOXKHOCTh PEAIN30BaTh 3TO YCIOBHE MPU COXpaHe-
HUUW TIEPBOHAYAIILHBIX (DOPMBI U cedeHHs 3aroToBKH [3]. OMHUM W3 HHUX SBISETCS

159



du3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

paBHOKaHanbHOE yrioBoe npeccoBanue (PKVYII). EMy cBolicTBeHHBI BBICOKHE WH-
TEHCUBHOCTHU Je(OpMaIii, yPOBEHb CHIOBOTO PEXHMA U TEIIIOBOW 3 PeKT camo-
paszorpeBa 3arotoBkd. He menee 3¢ (eKTHUBHBIM B OTHOIICHWH MpeoOpa3zoBaHUs
CTPYKTYPHI siBIsieTcsl pazpaboranubiii Hamu MeTog PKMVTII, obGnanarormmii psiiom
TEXHOJIOTMYECKUX MpeumMyiecTB 1o cpapHeHuto ¢ PKVII [4,5].

B nacroseii pabote mccnenoBana Bo3MoxHOCTh mpumeHenns PKMVII B couera-
HHUU C TPAJULIMOHHBIMU METOJIaMU TMOCIEAYIOIIEro MIacTHYECKOro ae(opMUpOBaHUS
U TepMOOOpabOTKOM 11 Mo (uKaiK CTPyKTyphl ciuiaBa NbTi ¢ 1enbio moBbIIe-
HHSL TOKOHECYILIEH CIOCOOHOCTH MOTYYaeMbIX P 3TOM CBEPXIIPOBOASAIINX U3ETHM.

MarepuaJjbl 1 METOAbI HCCJIEIOBAHUI

B kauecTBe HMCXOAHBIX 3arOTOBOK HCIIOJB30BAIN OMMETANTUUYECKUE MPYTKU
mramerpoM 15 mm crutaBa HuoOuii—tutan (Nb—60 at.% Ti) B Mmeanoit (MOG) mar-
pulle, U3TOTOBICHHBIE TOpsunM mpeccoBanueM 1pu 750°C. YacTb 3aroToBOK jie-
dopmupoBanu xonoaHou ruaposKkcTpysueit (I'9) no auamerpa 3.6 mm ¢ eauHUY-
HOM cTeneHbto aedopmaruu € < 1.2, a 3aTeM BOJIOYWIIN ¢ YaCTHBIMU J1ehopmarisi-
Mu € < 0.2 11 mosydeHHUs] CBEPXIIPOBOALIEH MPOBOJIOKM auameTpoM 0.3 mm.
Hpyryto ygacte 3arotoBok noasepraii PKMVYII ¢ HakomieHHOW BEIMYUHOW Jie-
dopmaru € = 9.84 (12 mpoxo1oB), mocie yero aepopmupoBanu I'D u BoroyeHuem
[0 YKa3aHHBIM BBIIIIE PEKUMaM U MapIIpyTaM ¢ CyMMapHOH BETUYMHON MOHOTOH-
HOH nedopmaruu € = 7.82. Bennuuny aedopmannu, HaKOIUIEHHYIO 32 OJWH TPO-
xoJ1 oOpasia uepe3 kanan Matpuiibl mpu PKMVTI, onpenensau mo hopmyie

g = 2(ctgh, +ctgh, +ctgby) ,
3
re 0 — MOJOBUHHBIN Yro MepeceueHus CErMeHTOB KaHala ¢ TpeMsl 30HaMH Jie-
dopmanuu.

Hedbopmupyrommii 6110k ycranoBku 11t PKMVYII orucan B pabore [6]. Ipec-
COBAaHME OCYLIECTBJISJIM NP KOMHATHOM TeMIEpaType MO CXEME «3aroToBKa 3a
3aroTOBKON» MM «(albll3aroToBKa 3a 3aroTOBKON» CO CTENeHbI0 aedopmanuu
3a mpoxof €1 = 0.82. JlaBnenue npeccoBanus cocrasisiio 600—-800 MPa. [{ns ue-
JIeHaINpaBIeHHOTO (popMUpoBaHUs 0oJjiee OHOPOIHON O 0OBEMY U PAaBHOOCHOU
CTPYKTYpHI CIIJIaBa 3arOTOBKY B Ka)KJIOM IOCJIEIYIOIIEM LIHUKIIE IPECCOBaHUS Tie-
peBopauuBany Ha 180° BOKpYr ocu ImorepeyHoro HarmpasieHus 1 Ha 90° oTHOCH-
TEJIbHO MPOJ0JIbHOMN OCH.

HcnpiTanus Ha pacTshiKeHUE MPOBOAMIM Ha oOpas3iax OMMeTalTi4ecKoi mpo-
BoJokH nuameTrpoM 0.3 mm u gumHOM 180—-200 mm. Ilpu sToM ompeaensin
CTaHJapTHBIC XapaKTEPUCTHUKU: MIpeied MPOYHOCTH O U OTHOCUTENIbHOE YJIHHE-

aue 0. OTHOCHTEIbHAS OMNOKA U3MEPEHUH 1151 o B O cocTaBisiia 2.5%.
H3MepeHust KpUTHIECKOTO TOKa J. OCYIIECTBISUTN Ha oOpas3iax B 1eopMHUpo-
BaHHOM U OTOXCKEHHOM COCTOSIHUSAX. TepmMooOpaboTKy nedhopMHpOBaHHBIX 00-
pa3LoB IPOBOJWIN B BaKyyMe 10~ mm Hg B unrepBasie temneparyp 300—450°C
¢ BbIIepxkkod B TedeHwe 1 h. IIMOTHOCTH KPUTHUECKOTO TOKA MPOBOJIOYHBIX
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(mmuHo# 10 200 mm u guametpom 0.3 mm) oOpa3ioB U3MEPSIIN MPU TEMIIEPaTy-
pe 4.2 K B monepeuHoM BHEIIHEM MarHUTHOM mosie 10 12 T.

Pe3yabTarsl cciieloBaHuil U UX 00CYyKIeHHe

HcnpiTanus Ha pacTsHKeHHE MPOBOJIOYHBIX OOpPa3lloB MOKA3bIBAIOT, YTO IPH
BapbUpoBaHuU creneHn aedopmanuu mMetogoM PKMVII ot myns mo € = 9.84
3HaUCHHs Og M O HAXOMAATCS B Mpeeax

1.1 4.0
840-930 MPa u 2.4-3.2% cootBeTCT-
135
1.0} — BeHHO (puc. 1). Takum oOGpazom, B pe-
© /./'3'0 3yabTaTe KOMOMHHPOBAHHON 00pabOTKU
[a¥ o H NS
S 09, — 1255 MokeT OBITh chopMUpoBaHO OGojee
o 2o}
o U\_D/\Z.O IIPOYHOE U IIJJACTUYHOE COCTOSIHHUE, YEM
0.8 s IpU MOHOTOHHOH 00pabotke I'D M Bo-
' noyeHueM. HacleICTBEHHOCTh BKJIaaa

0.74 : : 1.0 .
0.00 328 6.56 984 CTPYKTYpBI, hopmupyemoit mpu PKMVII,
epRMYIT nposiBisieTcs: B noBbieHuu 10 30% Be-

JUYUHBI OTHOCUTENBHOTO Y/UIMHEHUS C
o0Oecrie4eHneM BBICOKOM  MPOYHOCTH.
O MPOBOJIOYHBIX 00pa3iioB ciutaBa 60T ot OTO OObACHAETCS TEM, 4TO 3HAKOMEpe-
BEJIMYWHBI TPEIBAPUTEIBHON nedopma- MCHHaA I[e(bOPMaHH’I meronom PKMVII
i PKMVTI CO3/aeT MPEANOCHUIKH JJii WHTEHCHUB-

HOW (parMeHTali CTPYKTYPHBIX dJie-
MEHTOB TIPH TOCIIEAYIOIIEH MOHOTOHHOM nedopMariuu.

N3mepenust TUIOTHOCTH KPUTHYECKOTO TOKA, BBIITOJIHEHHBIE HA MPOBOJIOYHBIX
obpasmax cmiaBa NbTi, mokazanu ciemyromee. OOpas3ibl CBEPXIPOBOIHUKA, TTO-
Jy4eHHbIE IO KOMOMHUPOBAHHOHN TexHoioruu ¢ npumenenuem PKMVYII, umeror
6onee Boicokue (~ 30% B maruutHOM nosie B=2 T u ~ 60% nipu B =6 T) u cra-
OWJIbHBIE TOKOBBIC XapaKTEPUCTUKH BO BCEM IUANa30HE MATHUTHBIX TOJEH 1O
CpPaBHEHHIO C MPOBOJAOM, N3TOTOBICHHBIM 0e3 mpuMmeneHuss PKMVII (puc. 2).

[Tocrie TepMOOOPAOOTKH MIOTHOCTh KPUTHYECKOTO TOKA YBEIUYHBACTCS BO
BCEM MHTEPBAJIC MAarHUTHBIX mojiei (puc. 2, 3). [Ipu 3ToM 00pasiibl, MOTyICHHBIC
¢ npuMenenueM PKMVII, umerot Ha 60—80% Oosnburyto BeTu4uny J,.

JlaHHbIE pe3ynbTaThl CBUAETEIBCTBYIOT 00 3(PPEKTHBHOCTH NMPeoOpazOBaHHUs
CTPYKTYpPHI (HAaHOCTPYKTypHupoBanusi) o Bo3aciicteueM PKMVII u o0bscHAIOT-
Csl TEM, UTO JIOTIOJTHUTEILHOE HAKOTUICHUE Ae(OpPMAIUH BCICICTBUE TPUMECHEHHUS
merona PKMVII npuBogut x hopMupoBaHHiO 00Jie€ COBEPIICHHON CTPYKTYPBI
MaTepuaina, YBEIHMUYEHHUIO COACpKaHMs BBIICICHUN O-(paszpl ¢ Oojiee paBHOMEp-
HBIM PacCIpeICIICHHEM THX MEJTKOIUCIIEPCHBIX YaCcTHI] 0 00beMy u3nenuii [4,6].

Puc. 1. 3aBucumMocTy MpoJOIBHON MPOY-
HOCTU OB M OTHOCUTEIBHOIO yAJUHEHHS

BriBoabI

1. KomOunupoBannas aepopmanus ¢ npumeHenneM PKMVYII oGecrieunBaer
OOJNBIINI PUPOCT XAPAKTEPUCTHK MPOYHOCTH U IMJIACTUYHOCTH B CPABHEHUU C
UCTIOJIb30BaHUEM TOJILKO MOHOTOHHOW WJIM HEMOHOTOHHOM JiepopMaIiu.
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Puc. 2. 3aBUCUMOCTH TUIOTHOCTH KPUTHUYECKOTO TOKA J, TIPOBOJIOYHBIX 00PA3IOB CIIaBa
60T B medopmupoBanHOM coctostHuu (1, 2) u mocie TepmoodpadoTku npu 400°C B Te-

yenre 1 h (3, 4) or BenuuuHBl MarHuTHOro mojis B: 1, 3 — I'D + Bojouenwue; 2, 4 —
PKMVII + I'D + Bonouenue

Puc. 3. 3aBHCHUMOCTH TJIOTHOCTH KPUTHYECKOTO TOKA J. TTPOBOJIOYHBIX 00PA3IOB CIIaBa
60T ot Temneparypsl TepMoodpadotku T: 1 — I'D + Bomoyenue ripu B = 8 T; 2 — PKMVYII +
+I'D + Bonouenue, B=8 T; 3 —I'D + Bonouenne, B=5T; 4 — PKMVII + I'D + Bonoue-
mue, B=5T

2. KombOunupoBannas nedopmarus, Bkiodaromas PKMVYII, mo3Bonser Ha
60—80% MOBBICUTH IUNIOTHOCTh KPUTUYECKOTO TOKA B CBEPXIIPOBOJAIIEM POBOJIE
crutaBa 60T.
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V.A. Beloshenko, N.I. Matrosov, V.Z. Spuskanyuk, V.V. Chishko

INFLUENCE OF COMBINED DEFORMATION ON MECHANICAL
AND FUNCTIONAL PROPERTIES OF NbTi ALLOY

Influence of combined deformation on mechanical and functional properties of NbTi al-
loy has been investigated. It has been determined that deformation combined with the
method of equal-channel multiple-angle pressing (ECMAP) provides a large gain in
strength and plasticity characteristics. There is a 60—80% increase in the critical current
density.

Fig. 1. Dependence of longitudinal strength o and elongation & of 60T alloy wire sam-
ples on value of preliminary ECMAP deformation

Fig. 2. Dependence of critical current density J. on magnetic field value B for wire sam-
ples of 60T alloy in deformed state (/, 2) and after thermal treatment at 400°C for 1 h (3,
4): 1, 3 — HE + drawing; 2, 4 - ECMAP + HE + drawing

Fig. 3. Dependence of critical current density J. on thermal treatment temperature 7" for
wire samples of 60T alloy: / — HE + drawing for B =8 T; 2 — ECMAP + HE + drawing,
B=8T;3—HE +drawing, B=5T,; 4 — ECMAP + HE + drawing, B=5T
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PACS: 64.60.—1, 62.20.Fe, 62.20.Qp, 68.60.—p

A.B. XomeHko, H.B. lNpogaHoB

CUHEPTETUYECKAA KMHETUKA MNABNEHVA YNIbTPATOHKOW
MNNEHKN CMASKHA

CyMCKMIA rocyaapCTBEHHbIN YHUBEPCUTET
yn. Pumckoro-Kopcakoea, 2, r. Cymbl, 40007, YkpauHa

Hccenedosana xunemuxa niagieHuss amMop@OHON U KPUCMALIUYECKOU YIbMPAMOHKUX Ne-
HOK CMA3KU, 3AKIIOYEHHBIX MeNHCOY AMOMAPHO-NIOCKUMU KPUCMALIUYECKUMU NOBEPXHO-
cmamu. Tlpoyecc npedcmasnen coomeemcmeeHHO Kaxk azoswvlil nepexoo 6mopozo u nep-
6020 poda. /[ e20 onucanus UCNOIb308AHA peoocudeckas mooens Jlopenya 8sa3koynpy-
201 cpeovl, 8 KOMOPOU poib napamempa nopsaoKa uepaem cosucosoe HanpsxiceHue, co-
NpAdNCeHHoe Noae C800UMCS K COBU208OU Oedopmayuu, a memnepamypa seisnemcs
VAPAGAIOWUM HAPAMEMPOM. [Isl BO3MONCHBIX NPEOCbHLIX CAYUaAes COOMHOUEeHUL Me-
JHCOY BPEeMEHaMU penaKcayuy, omeedarumu YKa3aHHbIM BeIUYUHAM, NPOBEOeHO aHa-
JUMUYecKoe U YUCieHHoe UCCAe008aHUue (ha306biX NOPMPEMO8 8 PA3IUYHbIX KUHemuie-
ckux pexcumax. Iloxkasano, yumo npepvisucmulil pesxcum mpenus (stick-slip) peanuszyemcs,
eciu 8pemMs peiaKcayuy memnepamypvl CMA3Ku HAMHO20 Npesvluiaem e20 3HAYeHUs 01
COBU208bIX HanpsaxceHull u Oepopmayuu. B npomusononoxicHom cuyuae ocyuecmeniemcs
Ovicmpas perakcayus CUcmemyvl K YHUBEPCATbHOMY YHACHKY, ONpedensioujemy ee KUHEMUKY.

BBenenue

HccnenoBanue npupobl TPEHUS CKOJIBXKEHUS SIBISETCS OAHOM U3 OCHOBHBIX
npodaeM (u3nku nociegHux JeT. OHa MMeeT Kak CYIIECTBEHHOE MPHUKIATHOE,
Tak ¥ QyHIaMeHTaJlbHOE 3HaYeHue. IlepBoe 00yCIOBIEHO WHTEHCUBHOW MUHHUA-
TIOpHU3alMel IEKTPOHHBIX HAKOMUTENEH HH(OPMAIMH, SJIEKTPOMEXaHUYECKUX U
a’POKOCMHUYECKHX CUCTEM, IIPU MPOEKTUPOBAHUM KOTOPBIX MUHUMAJIBHOCTh TpE-
HUSL MEXKIY UX MOIBMKHBIMU YacTSAMH SIBJISIETCS OJHUM U3 IVIaBHBIX KPUTEPHUEB
[1,2]. ®yHnaMeHTaIbHOCTD MPOOJIEMBI CBSI3aHA C OTCYTCTBUEM TTyOOKOTO MOHHMMA-
HMS MEXaHU3MOB TPEHUS], YTO 3aMeJJISIET IPOrpece B U3Yy4EHUU HE TOJIBKO TPUOOIIO-
TMYECKUX, HO U IPYTUX CJIOJKHBIX SIBIICHUM, HAIIpUMEp 3eMiIeTpsiceHui [2,3].

Ha npaktuke Tpymuecss MOBEpXHOCTH IOYTH BCErJa CMa3aHbl CIELUAIBHO
HAHECEHHBIMU XUAKOCTSAMU WM KOHJEHCUpOBaHHBbIMU napamu [3]. B cBss3u ¢
9THM B INOCJI€JAHUE IOl MHTEHCUBHO BEIYTCSI MCCIEIOBAHUS CKOJIBXKEHHS JIBYX
aTOMAapHO-IUIOCKUX TBEPJBIX KPUCTAIIIMYECKMX IOBEPXHOCTEH, pa3/eleHHbIX
MIeHKON cMma3ku. CoryacHO pe3yabTaraM 3KCIEPUMEHTOB CBOMCTBA MOCIEIHEN B
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3HAYMTEILHONU CTENEHU OMNPENEAIoTCa ee ToamuHou [2,4]. Tak, nmpu HaIU4YUMA
MEXy TPYIIUMUCS MMOBEPXHOCTSIMH 00JIee YeM JIECATH CI0EB MOJIEKYI KUIAKOCTh
NposiBIIsieT 0ObIYHOE HBIOTOHOBCKOE MOBeJeHHe. Eciu ke IuieHKa sBIsSeTcs] Mo-
JIEKYJISIPHO TOHKOM, T.€. €€ TONIIMHA COCTABIISIET OKOJIO TPEX MOJICKYJIPHBIX pa3-
MEpPOB, TO HAOIIOJAETCS PEKUM IPaHUYHOTO TpeHus. [Ipu 3TOM y MIeHKH NposiB-
JISIIOTCSI CBOMCTBA, XapaKTEepPHBIE I TBEPJIbIX TeJI, HAPUMEP KPUTHUUECKOE CIIBH-
roBO€ HaIlpsKeHHe (Mpees TeKy4eCTH) U TMHAMUYECKOe «TUIaBJIICHUE CIIBUTOM).
[locnennee MOXET MPUBOAUTH K NMPEPHIBUCTOMY ABIKEHHUIO [2,4,5], mpucyieMy
CyXOMY TPEHHIO U, KaK IPEANOaraeTcs, SBISIOMIEMYCS OCHOBHOW HPUYMHOM
paspylieHusT ¥ W3HAIIMBAHWS TPYyIUXcs netaneid. [Ipw mpeBbIIeHUH KpUTHYE-
CKHUX 3HAYEHUI TemrmepaTypbl U CKOPOCTU CIIBUTa IPEPBHIBUCTOE TPEHUE PE3KO
ucyesaer. KpoMe Toro, skcepuMeHThI, MPOBOAUBIINECS MPU OTHOCUTEIHHO He-
BbIcOKMX Harpy3kax (10-1000 Pa), mpuiioKeHHBIX K TOBEPXHOCTSIM, TMOKa3aJIH,
YTO HAJIMYUE MPEPHIBUCTOrO JIBMXKCHHS 3aBUCUT OT CBOMCTB MOJIEKYJ CMa3KH, B
qacTHOCTH OT uX (opmsl [2]. [Ipu Tpubomornueckux xe paBienusx (> 100 MPa)
y BCEX JKUIKOCTEH HE3aBUCHUMO OT (OPMBI MX MOJIEKYJI HAOIIOAAETCS MPEPHIBU-
croe TpeHue [5].

Jist oOBsICHEHHsI PE3ylIbTaTOB JKCIIEPUMEHTOB B OCHOBHOM HCIOJIb3YETCS
(dbeHoMeHonornueckas KoHuenus $Ga3oBoro nepexo/ia IIeHKH CMa3Ku U3 KUIKO-
B TBEPJOMOA00HOE COCTOSsIHIE U HA000poT. ClieyeT OTMETUTh, YTO 3TO (a30BOE
IpeBpalieHye, B OTIINYUE OT OOBIYHOTO MEepexo/ia KUAKOCTb—TBEPIOE TEI0, MO-
KET OBITh KaK MepBOro, Tak M BTOporo poxa. [locneanuii BapuaHT CBsI3aH C TEM,
YTO OH NMPOMCXOJUT B YCIIOBUSIX, KOTJa CUMMETPHUS 00OMX COCTOSHUM TUICHKH
CYILIECTBEHHO M3MEHEHA, BO-TIEPBbIX, HAIMUYMEM OIPAHMUYMBAIONIUX TBEPIABIX TEI
1, BO-BTOPBIX, HAJTUYHEM YIIPYyroi aedopmanm [4,6].

Onucanuio TPephIBUCTOIO JIBHXKEHHS MOCBSIIEHO HECKOIBKO TEOPETHUECKUX
paboT. B oqHOI U3 MepBBIX NMpeAcTaBIeHO (EHOMEHOJIOTHUYECKOE MaTepUaIbHOE
ypaBHEHHUE, CBS3bIBAIOIIEE CHJIBI TPEHUS CO CKOPOCThIO, KOOpJIMHATAMH U Tepe-
MEHHOM, UTrparolled pojb MmapaMmeTpa MopsaKa U OTpa)xarollell CTeneHb IiaBJe-
Hus mieHku [7]. Taxxke cymectByeT moaxon [6], B KoTopoMm (ha3oBbIN mepexos
IUIGHKH CMa3KH paccMaTpUBAeTCs ¢ TOUKH 3peHus Teopuu Jlanmay B mpeamnosio-
JKEHUHU, YTO UMEETCS] COCTOSIHUE YACTUYHOTO TEPMOJAMHAMHYECKOTO PABHOBECHS
IIpU MEJUICHHO MEHSIIOIIEMCs MapaMeTpe MopsiaKa, KBagpaT KOTOPOro paBeH Mo-
JIyJIIO C/IBUTA.

B pa6ote [8] mepexo yiabTpaTOHKOM MJICHKA CMa3KW M3 TBEP/O- B KUIKOIO-
TO0OHOE COCTOSIHHME pPacCMaTPUBACTCA KaK pPe3ylnbTaT TEPMOAMHAMHYECKOTO |
CABHUTOBOrO IjiaBieHus. [IpoBeIeHO COBOKYITHOE aHATUTUYECKOE OMUCAHHE ITUX
MIPOLIECCOB B PE3yJIbTaTe CaMOOPTraHU3AIMU TOJIEH CIABUTOBBIX HANPSLKEHUH U
nedopMalny, a Takke TeMIepaTypsl IJIEHKU. B pe3ynbrare Ha OCHOBE PEOJIOTH-
YEeCKOT0 OIMUCAHUA Cpebl, 00JIafaloNneil TemI0NpPOBOIHOCTRIO, TTOJTY4YeHa CHCTe-
Ma KHHETHMYECKHX YypaBHEHHl, KOTOpbIE OMPEIENIIOT B3aUMHO COTJIACOBAaHHOE
MOBE/ICHNE CABUTOBBIX HAIPSHKCHUN O U AedopMaIiuu €, a TakKe TeMreparypsl 1
cMma3ku. Vcnonb3ys e AMHUIIBI U3MEPEHUS
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1/2 1/2 1/2

T o T ToT
OS — pCVr]O c0 , ES :—SE _8 M , TCO (1)

Ir Gy \Tr No
(rme P — MIOTHOCTH Macla; ¢, — YAeIbHas TEIUIOEMKOCThb; 7.9 — KpUTHYECKas
temneparypa; No = N(7 = 27,9) — XapakTepHOE 3HAYEHHE CABUTOBOM BSI3KOCTH
-1 2
N=Nno(T/T,o — 1) ; Ty = pl"c,/K — BpeMsl TEIIOMPOBOAHOCTH, [ — JAJIMHA TEILIO-

MPOBOAHOCTH, K — KOA(PGUIUEHT TEIIONPOBOIHOCTH; Tg — BpeMs pellakcalluu

nepopmanuu; Gy = No/Te), A7 TEPEMEHHBIX O, €, T 3aNUILIEM YpaBHEHUS

1,0 = -0 +g¢, ()
TE£=—e+(T 1o, 3)
1,7 =(T,-T)-0e+0". 4)

31mech BBENIEHBI BpEeMsl pEJIaKCAllMK HAMPSIKEHHUH Ty, Temmneparypa 1, aToMapHO-
MJIOCKUX CITIOJISTHBIX TTOBEPXHOCTEH TpeHus U noctosiHHas g = G/Gy < 1, rne G —
MOJyJb CIABUIa CMa3KH. JTH ypaBHEHHUs (pOpMaibHO COBHANAIOT C CHHEpreThye-
ckoil cuctemoit JIopeHiia, B KOTOpO poJib mapameTpa Mopsijika UrpaeT CIBUTOBOE
HAIIPsKCHUEC, COMPSKCHHOC IMOJIC CBOAUTCA K CI[BPIFOBOfI I[e(bOpMaL[I/II/I, a TEMIIC-
paTypa SIBISIeTCS YOpaBIsSIOIIMM HapaMeTrpoM. M3BecTHO, 4TO 3Ta CHUCTeMa HC-
MOJIB3YCTCA IJIA OINMMUCAHUSA KaK (ba30131>1x TCPMOANHAMHUYCCKUX, TAK U KUHCTHUYC-
CKHUX IpeBpanieHui [9].

HGHBIO HaHHOﬁ paGOTLI ABIACTCA HUCCICOJOBAHUE KHHCTUKU IIJIAaBJICHUSA
amopdHOi (pazzmen 1) W KpUCTAIUITMYECKOW (pazmen 2) ylabTPAaTOHKUX TUICHOK
CMa3KH COOTBETCTBEHHO MO MEXaHU3My (a30BOr0 Mmepexoja BTOPOTO U MEPBOTO
poaa Ha OCHOBE cUCTeMbI ypaBHeHUM (2)—(4). [Ipoananu3upoBaHbl CIIOCOOBI SBO-
JIOIIMKA CUCTCMbI B CTAIMOHAPHBIC COCTOAHHA B 3aBUCHUMOCTHU OT €€ XapaKTCpHU-
CTHK, B YaCTHOCTH COOTHOILIEHUI BPEMEH peaKcalii CABUTOBBIX HAMPSHKEHUN U
negopmanuu, a Takke Temreparypbl. [10CKOIbKY aHATUTUYECKH MOJIYYUTh TOY-
HOE pelIeHHEe YKAa3aHHOM CUCTEMbl YPaBHEHUIN HE MPEICTaBISAETCS] BO3MOKHBIM, C
ATOH IIeNIbI0 UCTIONIB3YeTCsl MeTo 1 (a3oBoil miuockoctu [9,10]. OH mo3BossieT om-
peaenuts (azoBble MOPTPEThl CUCTEMBL. TOYHBIA UX BUJA HAXOTUTCS MYTEM YHC-
JIEHHOT'O MHTErpUpoBaHus ypaBHeHUI MetogoM Pynre—Kyrra 4-ro nopsaxa.

1. ®a3oBblii mepexoa BTOPOro poaa
B pabote [8] mpoBeneH KaueCTBEHHBIN aHAIN3 CHCTEMbI ypaBHeHUl (2)—(4) B
aarabaTUYeCcKOM MPUOIMKEHUH, KOTIa XapaKTepHble BpeMEHa peslakcaly yJ0B-
JETBOPSIOT YCIOBUAM Tg, Tr << Tg. B pesynbrare mpouenypsl BbACIECHUS ME-
neHHol mepemenHoit 0 (£ = 0, T = 0) momyueHo ypaBHeHme Tuna JlaH-
Jnay—XaJlaTHUKOBA:

1,0 =-0V /00, (5)
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IJle CHHEPreTHYECKUI MOTEHLUaJl UMEET BUJL
1 T,
V=—(1-g)® +g[1-¢ |n(1+ ). 6)
2 2
B cranmonapHOM cocTosiHUM BhINONHAETCA ycaoBue 0 = 0, u noreHuuain (6)
umeer MUHUMYM. Eciin remnepatypa 7, MeHbIIIE, YeM KPUTUYECKOE 3HAUECHUE
— -1
I.=1+g °, (7)

9TOT MHHHMYM COOTBETCTBYET 3HAYEHHUSAM HampsykeHUd O = (, Tak 4TO IUIaBiIe-
HUE HE MPOMCXOANT, U PEATU3YETCsI TBEPAONOAO00HOE coCTOsHME. B mpoTBHOM
cinyvae T, > T, cTauOHapHbIE CABUTOBBIC HANIPSYKEHUS OTIIMYHBI OT HYJIS

1/2
T, - 1
0:[—g el_[?]j ®

U BO3pacTarT ¢ T,. 9T0 00yCIOBIUBALT IIABJIICHUE IIJICHKU U €€ TIEPEX0/] B JKU/I-
Kormoto0Hoe cocTostHue [11-15].

1.1. Cayuait T << Tg, It

B (3) MmoxHO nonoxuTh € = 0, 4TO AaE€T CBS3b

e=(T -1)o. (9)

YuuteiBas ee B OCTaBIIUXCS ypaBHEHUsAX (2), (4) u ucmonb3ys macmrad Tg
JUTSL U3BMEPEHUS BPEMEHHU, IPUXOJIUM K CUCTEME

6=-0[1-g(T -1)], (10)
P=0'|1,-1-0(T-2)], (11)

rae napameTrp T = Tp/Tg. Pa30BbIl MOPTPET XapaKTEpU3YeTCs] HAIWYHEM JBYX

-1 -1 -1 \7!
oco6bIx Touek D(7T,, 0)u O| 1+g ,\/[Te —(g +1)}(g —1)

Amnanu3 nokazareneit Jlssmynosa

Ap=05| (. ~1)-1-T"| li\/l+4'[_1 [o(7. -1) 1] g(7. -1) -1 —fl}_z (12)

CBHJICTEIBCTBYET O TOM, YTO B TIpeaKpuTuueckoit odmactu 7, < T, Touka D
IIPEJCTaBIJISIET YCTOMYUBBINA y3eil. IIpuHrMas BO BHUMaHME, YTO IIPU TAKUX 3HA-
yeHusx 7, ocobas Touka O HE peanu3yercs, NIPUXOIUM K BBIBOJY — C TEUEHUEM
BPEMEHN CHCTEMa 3BOJIIOLMOHUPYET B OTBeYarouiee TOYke [) cTanuoHapHOE
TBEPAONOI00HOE COCTOSTHHE COTJIACHO (ha30BOMY MOPTPETY, NMPEACTABICHHOMY
Ha puc. l,a.
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08_; 4-_E g ///’
0.6 3 : )
YE ©27 E y/
0.2 1 INZL
_||||I||||I|'|]|I||:|||||| O_ O_llll|||||||||||||||||||
1.6 2.4 32 0 Dy 1 o)
T €

a 6

Puc. 1. ®azoBbie nopTpeThl TBepa0Non00HO0# dasel (T, =2.5, g=10.5): a — T¢ << Tg = 1p;
06— Tg<<Tg =17, 6 — T7 << Tg = Tg. 3eCh U HA BCEX MOCICAYIOMMX PUCYHKAX MITPHUXO-
Basl JIMHUS YKa3bIBaC€T TOYKH, B KOTOPHIX (Da30BBIC TPACKTOPHH UMCIOT BEPTHKAIBHYIO
KacaTeJIbHYIO, TYHKTUPHAS — TOPU30HTAIBHYIO

Poct mapamerpa T = T7/Tg NIPUBOAUT K 3aKPYyUYHMBAHHUIO TPAECKTOPHIl BOKPYT
TOYkH D, T.e. C yBEIWYEHHEM HWHEPLUMOHHOCTH HM3MEHEHHS TEeMIEpaTypbl IO
CpPaBHCHHIO C HAIPSDKCHUSAMU NPOABIIACTCA TCHACHIHA K BO3ZHUKHOBCHHIO IIPC-
PBIBUCTOTO pekuMa TpeHus. B 3akputnueckoit obnactu 7, > T, Touka D sBIS€TCS
cemioM (puc. 2,1).

[Tokazarenu JIsmyHoBa oco6oit Touku O ONpeaesrOTCs BEIPAKEHUEM

2
gl g(T —1—g‘1)(g‘1 —1)
ACF% 1+ [1-812¢ - (13)
-l_ -1
2T(g 1) (Te -2g )
OrTcroia BUIHO, YTO ITPY 3HAYCHUSX IMapaMeTpa T, OrpaHMICHHBIX CBEPXY BEITUUMHON
Ry
(7.-2¢7')
= (14)

) sg(7.-1-27")(¢™ —1)2’

touka O MpPEeJICTABISAECT YCTOMUMBBIN y3€l, a C €ro POCTOM J0 3HA4YeHHH T > T, —
doxyc.

Takum oOpa3om, B 3akputrueckoit oomactu 7, > T, npu Tg << T7 BO3HUKAET
MIPEPBIBUCTHIN peXuM TpeHus (puc. 2,1,6), xapaktepu3yemblii 4aCTOTON

1/2

_21'T (g_l _1) (Te _2g_1)2 (15)
1 K03 PUIIMEHTOM 3aTyXaHUS
0(=0.5T}1(g_1—1)_1(2g_1—Te). (16)
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I
) : \ :
1.2+ 204
00.8—: 1.57
] ©1.0
0.4
. 0.5
TT T[T | MR ERRN O ] TTT T | O T T O
1 2 374 1 2 3D 4
T T
a o
1
] 204 ]
1.6 ] 34
12_1 1.5 ]
w ] W A7 2
0.8 103 ©
. ] 1_
0.4 033 ]
] LD i : ]
O T 0 Frr e 0
2 3 4 1 2 3D 4 24 26 28 3.0 32
T T T
a o 8
11
] o 7] / i ;
E M/ - ] / A
0.8 f 153 Jo 12 /
b0'6_5 .Q/ 0.8 / 0.8] /4
0.4 Z o 0 © ] %4
E / 0.4 0.4+ V
29 : 1.V
O:ZII|II||I|||||||||||||| O_|l|||l||||||||||||||||l| O_4I|II|IIIIII|III
DO 05 1.0 1.5 2.0 DO 0510 15 2.0 DO 05 1.0 15 20
e S g
a o 8

Puc. 2. ®azoBsie mopTpeThl Xuakomono0Hou daser (17, =3.3,g=0.5): L a - Te<<Tg= 102TT,
06— Te<<Tg=Tp 68— Te<<Tp= 1021'0; HIa—-1<<Te= 102TT, 06— To<<Te=Tn6~Tg<<Tr=
= 102rs; M:a —1r<<1g= 102rs, 0—Tr<<Tg=Tg, 6 —Tr<<Tg= 102T0

C pocrom Temneparypsl B untepBaiie 7, > 7, BETUYMHBI W, O BO3pPACTAIOT, a
KpUTHYECKOE OTHOIIeHHe BpeMeH penakcanuu (14) cnagaer. UupiMu crnoBamu,
BO30Y)XJI€HHE CHCTEMBbI CIOCOOCTBYET TMOSBICHHUIO 3aTyXalOIUX KoJeOaHUH,
MPEJCTABIISIIOIIUX TPEPBIBUCTBIN pexxuM TpeHus. OHaKo, Kak BUJHO U3 puc. 2,1,
B HaumOOJBLICH CTENEHU MPOSBICHUIO MPEPHIBUCTOTO IBMKEHHS CHOCOOCTBYET

pocT mapametpa T = T7/Tg >> 1.
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OO6patnbiii npeaen Ty << Ty OTBEYaeT aguabaTHUYECKOMY HPHOIMKEHHIO,
NPECTaBISAIOIIEMY CTaHIAPTHYIO KapTUHY (a30oBOro Iepexoja — IJIaBJICHUS
cmaszku. CornacHo puc. 2,1 ymeHnbiienue napamerpa T — 0 IpUBOIUT K BbIIENE-
HUIO Ha ()a30BOM MOPTPETE CUCTEMBI yuacTka MOD , kK KoTopomMy ObICTpO cOera-
I0OTCSl CO BpeMeHeM Bce TpaekTopuu [9]. MccrnenoBanne BpEMEHHBIX 3aBHCUMO-
CTE MyTH, IPOIIEHHOTO KOH(PUTYPATUBHOIN TOUYKOMN, TTOKA3BIBAET, YTO OHA OBICT-
po nocturaetr MOD u 3aTeM MeAJIeHHO ABMXXETCS IO 3TOMY y4acTKy. Takum 00-
pa3oMm, JBUKEHUE 3/1€Ch IPEUMYIIIECTBEHHO OIIPEAEISAET KHHETUKY CUCTEMBI.

1.2. Cayuait 15<<Tg, It

[Tonaras B (2) ¢ =0, HaxXOAUM CBSI3b

0 =gg, (17)

MOJICTAaHOBKA KOTOpOH B (3), (4) naeT cucremy
e=—¢[1-g(T -1)], (18)
F=v!1,-T-¢(g ). (19)

I7ie BpeMs M3MEpPEeHO B enuHUIax Tg U mapamerp T = T7/Te. [lonoGHO mepBomy
cinydaro (a3oBBId MOPTPET ompeaensercs Hamuauem ocoObix Touek D(T,, 0),

0(1 + g_l,\/[Te —(g_1 +1)]g_1 (1 —g)_l j . Ilokazarenu JIsnyHoBa umeroT BUj

_ - o gT,-1-g™h
Ap=05g(T,-)-T =141+ [1+417 —=¢ — ., (20)
[ } [T -g(T,~1-g P

)\0=—O.ST_I[li\/1—8T(Te—l—g_l)J. 1)

Kak u Bbite, Touka D nipu 7, < T, npencTaBisieT yCTOWUMBBIN y3€ei, a pu T, >
> T, — cenno. Touka O peanusyercs TOIBKO B KUIKOMOA00HOM obnactu T, > T,
IZIe OHA SBJISIETCA YCTOMYMBBIM Y3JIOM IIPH MaJIbIX 3HAYEHHMAX Iapamerpa T U yc-
TOWYMBBIM (POKYCOM, €CIIH BETHMUMHA T MPEBBIIIACT KPUTUYECKOE 3HAUCHHUE

TC:(Te—l—g_l)_l/& 22)

CoOTBETCTBYIOIINE 3HAYCHHSI JIJIs1 YACTOTHI KOJICOAaHW M IEKPEMEHTa 3aTyXaHUs
AMEIOT BUJ

» I
w=05T [8T(Te—1—g )—1} , 23)

a= (ZTT)_I. (24)
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[IpoBeneHHsbIi aHanmu3 1 BUJ (Pa3oBbIX MOPTpeToB Ha puc. 2,II mokassiBaioT,
YTO, KaK U B TIPEIBIIYIIEM Ciydae, Mpy OONBIINX 3HAYCHUSX Mapamerpa T cucTe-
Ma XapaKTepu3yeTcs 3aTyXarolMMH KOJeOaHUIMHU, T.€. MPEPHIBUCTHIM JBUKCHH-
eM (puc. 2,11,6), a c ymeHblIIEeHHEM BEJIMUUHBI T 10 3HaUeHU T << 1 gocturaercs
JTUCCUTIATUBHBIA pexuM pemakcanuu (puc. 2,1l,a). Tlogo6HBIM ke oOpazoM B
annabatudeckoM mpezene T — (0 IMposSBIsETCS YHHBEPCATbHOCTh KHHETHYECKOTO
MOBEJICHUS, COCTOsAIIAs B BhlAeIeHUU yyactka MOD Ha puc. 2,Il,a, Ha KoTOpOoM
CHUCTEMa MEJUIEHHO 3BOJIIOLUOHUPYET K cTaroHapHoi Touke O [9].

1.3. Cayuan 17y << 1z, Tg

[onaras B (4) T =0, Haxoxum

T=T,-0c+0. (25)

Torna ypaBaenus (2), (3) npuHUMAIOT BUJT
6=-0+ge. (26)
é:T_l[—s+(Te —1)0—02£+o3}, 27)

I BpeMsl U3MEPEHO B eMHHIIAX Tg, a mapaMeTp T = T¢/Tg. Da30Bblii MOPTPET nMe-
_ -1
€T 0co0bIe TOYKHU 0(\/[]’6 —(g_l +1)]g_1 (1 —g) 1,\/[]’6 —(g_l +1)](g_1 —1) J,

D(0, 0) (puc. 2,I1I), mepBas U3 KOTOPBIX PEATU3YETCS TOJBKO B JKHUJKOIOJ0OHOMH
obmnactu T, > T,.. CooTBeTCTBYIOIINE TIOKa3aTenu JISImyHOBa UMEIOT BU

Ap=-05(1 +r‘1){1 J_r\/1 +417g(1+ r‘l)_2 (7.-1 —g‘l)} 28)

(¢ -1)[7 -2 —g(Tez—lﬂ
(EEE

Ilpu T, < T, Touka D mpeacTaBisieT YCTOMYUBBIN y3€l1, a ¢ IIepexXoI0M B 3a-

Ao = —0.5(1+T‘1Tel—_2} 1+ [1-81 (29)

g -1

KpuTH4eckyto oomacts 1, > T, Tpanchopmupyetcs B cenyo. Touka O, XapakTepu-
3yIOIIas KUAKOMOA00HYI0 (ha3y, MpH 3HAUEHUSAX MapameTpa T, MPUHAIIEKALIIX
uHTepBany (1_,T,), rae

r,=(g" —1)_1[3@ -2 -4g™ —ag(T, -1)| 2

£ 1) Bl +e@ -0 -1 ] 287 +2¢(7, 1) T, 2],

NpEeJCTaBIsieT YyCTOWYMBBIN (DOKYC, a BHE €r0 — YCTOHYMBBIN y3en. XapaKTepHble
BEJIMYMHBI YAaCTOTHI M KOG UIIMEHTA 3aTyXaHUs
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w=0.5 Tgl (g_1 —1)_1 X

1/2

><[8T(g‘1 ~1)[1—g™ ~g (T 1) g7 1)+ —2ﬂ . (0)

a=0.51;! (g‘1—1)_1[T(g‘1—1)+7;—2} 31)

SIBJISIIOTCS COM3MEPUMBIMM TpU BcexX 3HaueHusix 7,, T. [loaTomy B orinuue OT
PacCMOTPEHHBIX BBILIE CIyYaeB 3[1€Ch MPEPHIBUCTHIN PEXXUM TPEHHSI IPAKTUYECKU
HE TPOSIBIISIETCS.

CormacHo ¢a3oBbIM MOPTpETaM, Moka3zaHHbIM Ha puc. 2,111, yHuBepcaqibHOCTD
KMHETUYECKOTO MOBEJCHHUS CUCTEMbI MPOSBISETCS KaK NpU Tg << Tg, TaK U IpHU
T¢ >> Tg. B mepBom ciyuyae BbIXOJ Ha YHUBEPCAIbHBIM y4acTOK MPOMCXOAUT 3a
cder ObICTpOro M3MeHeHUs nedopmanuu £(f) IpU MPAKTUIECKH HEU3MEHHBIX Ha-
npsokeHusix 0(¢) (puc. 2,Il1,a), a Bo BTopom HaOmromaeTcss oOpaTHash KapTHHA —
BeJIMYMHA O(¢) U3MEHSETCSl OUeHb OBICTPO, a &(f) mouTu He MeHsercs (puc. 2,1116).
B npomexxyrouHoi obnacTu Tg ~ Tg YHUBEPCAIBLHOCTH MPOSIBISIETCS TOJBKO MPH
MaJIbIX HauaJdbHbIX 3HaueHusx nedopmarun £(0) u Hanpsprkenui 0(0): €(0) << g,
0(0) << 0g (puc. 2,111,6). OT™MeTHM, YTO B OTJIMYHE OT PaHEE PaCCMOTPEHHBIX
CJIy4aeB, YHUBEPCAIBbHBIA y4acTOK (pa30BBIX TPACKTOPUI UMEET HE CIAIA0LIHH, a
HapacTaroUui XapaKkTep, COOTBETCTBYIOIINI KpuBOH Aedopmariuu [6,8].

2. ®a30Bblii Iepexo/] MepBoro poaa

[Tepexox Kk paccMOTpeHHIO (a30BOTO MPEBPAICHHS TIEPBOrO poja JOCTUTaeT-
Csl 3aMEHOM MOCTOSTHHOTO Kod(ddummenta g B (2) 3aBucumocThio g(0) = G(0)/Gy,
rje

G-0

G(o)=0+———
1+(c/a,)P

(32)

XapaKTepU3yeMoi MOJIOKUTENbHBIMI KOHCTaHTaMu G, ©, 0, B. B Ge3pasmepHoit
¢dbopMe TaHHOE BBIpAKEHUE UMEET BH/

07! -1

— 33
1+(a/ )P 33)

g(0)=gg| 1+

rae gg = ©/Gy, 8 = ©/G, a = 0,/0, B (32) yunTbIBaeTCS 3aBUCHMOCTH MOJYJIS
CIBUTA OT BEJIUYHHBI HAMPSDKCHHM, BBITEKAIOIAs U3 TOTO, YTO Ha rpaduke QyHK-
UK O(€) HaOIOAIOTCS IBA yYacTKa: MEPBbI, TYKOBCKHM, UMeeT OOJBIION yroi
HaKJIOHA, OMpeesieMblii MoayneM caBura G, a 3a HUM cieayeT 0oJiee MoJoTui
YYaCTOK IJIACTHUYECKOHN JedopMalinu, HAKJIOH KOTOPOTro ompenenseTcs: Koddhu-
[IUEHTOM ynpodyHeHus1 O < G.
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Boi6op koaddunmenTa 3 onpeaensieT 4eTHOCTh CHHEPTETHYECKOTO MOTEHITHA-
na [8,9] u mpou3BoANTCS TaKUM 00pa3oM, YTOOBI OCYIIECTBISIICS CKauyKooOpas-
HBIM TIepeXo/l TJICHKU CMa3KH U3 OJTHOTO COCTOSHUSA B Jpyroe [6]. OH numeer me-
CTO MPHU HAIMYUH Oaphepa Ha 3aBUCUMOCTH V(0). B manHo# paboTe ncciaenoBaHbl
nBa 3HaueHust kodpdunuenta: 3 =1 u 3 = 2. CortacHO MPOBEACHHOMY PacCMOT-
PEHUIO JUIS KKJIOTO U3 ITUX 3HAYCHHI TUJIABJICHUE TUICHKU CMa3KH MPOUCXOUT
o MexaHu3My (a3zoBOro rnepexoja NepBoro poja, Ho JJis BTOPOro BapuaHTa yia-
JIOCh TMPOU3BECTH 00Jiee TOJIHOE AHAIUTHYECKOE HCCIEAOBAHHUE, MOATOMY OH
npejcTabieH moapoduee. [Tokasano, 4ro st 3Ha4YeHus 3 = 1 pe3ysbTaThl aHAIO-
TUYHBI.

2.1. Cnyuan ;<< Ty, Tt

B ciyuae, xoraa B = 2, B paMkax aqnadaTHUYeCKOro MPUOIKeHUs T, Ty << Tg
cucrema JlopeHua cBoautcs K ypaBHeHHI0 Jlannay—Xanataukosa (5), B KOTOPOM
CHHEPTeTHYECKUI TOTCHIMAI SIBISIETCS YeTHOW (PyHKIMEH HanpspKeHUW O U Ofl-
peaenseTcs BRIpaXKeHUeM

V=050 ~go  050° +0.5(T, =2)in(1 + &) | 0.5g0 (" 1)( & 1) x
><|:(Te —2)1n(1+02) +(o(2 -T, +1)ln(1 +d/ 012)} (34)

[Ipn Manbix 3HaueHUsIX T, 3aBUCUMOCTBHV(0) UMEET MOHOTOHHO BO3pPacTaOLIMii
BHJI C MUHUMYMOM B Touke O = 0. [Ipu Temneparype

70 20557 | 29 (o + 2o +1-0gg8 ) +40ee8 (g0 -1) +a'Dy |, (35)
rae
P L _
Dy =| go(T, ~1)a™ +gg0™ -1 -0 | ~4a7 (gg~1)| 2607 (T. -1) 1], (36)

NOSBJIAETCA IUIATO, KOTopoe npu 71, > TC0 TpaHc(hOpMUpPYETCS B MUHUMYM, OTBe-

YaroIIUM 3HAUEHUIO HAapsDKEHUH O # 0, 1 MaKCUMyM, pa3AesIsiomuil MUHUMYMbI
JKUJKOTIOMOOHON «YIOPSAOUYEHHON» W TBEPIONOJIO0HON «HEYIOPSI0UYESHHOMN)
¢da3. C magpHEHITUM POCTOM TEMIEPATypPhl MOBEPXHOCTEH 7, MUHUMYM >KHJIKO-
noo0HOH Ga3el yriybisiercs, a BbicoTa MexdasHoro 6apbepa cragaer, ucyesas
IIPU KPUTUYECKOM 3HAYEHUH

T.=1+6/gg. (37)

CTaHI/IOHaprIe 3HAa4YCHUA HaHpH)KeHI/Iﬁ AAKOTCS BBIPAKCHUCM

B ~ . 3 1/2
0. ={0.56% (g9 1) ' [1+07 o0 (1. -1) 260" 7 D)2 . G8)
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IZie 3HaK «—» COOTBETCTBYET MHHUMYMY (QYHKIUHU V(0O), a «t» — MaKCUMyMy.
IIpu T, = T, xpuBas V(O) umeeT TOT e BUA, 9TO U Il (Da30BOTO Mepexo/ia BTO-
poro pona.

PaccmoTpum, Kak ¥ 1i1st pa3oBOro mepexoja BTOPOro poja, Pa3IndHbIEe Mpe-
JIeNTbHBIE COOTHOIIEHHSI BPEMEH perakcanuu Tg, Tg, Tr. [Ipu 3TOM B BCXOqHOM
ypaBHeHUH (2) BMECTO MOCTOSIHHOW g MUCIOJIb3yeM 3aBUCHUMOCTH (33). OT™MeTnm,
4TO s $a30BOr0 Mepexoia MepBoro poja He MPOBOAUTCS CTAHAAPTHBIA aHAIIU-
TUYECKUU aHalIu3 OCOOBIX TOYEK Ha YCTOWYMBOCTH BCIIEICTBHUE T'POMO3IKOCTH
[I0JIy4aeMbIX BbIpaKeHHUU. Pa30BbIe OPTPETHI IOCTPOCHBI IJIs 3HAYECHUS TEMIIE-
paTypbl TOBEPXHOCTEH, HAXOAIIETOCS B MHTEpBaJe (TCO,TC) peanuzanuu hazo-

BOTO Tiepexoja neporo poxaa. st oomactu temneparyp 7, = 7, dha3oBbie MOPT-
PETHI aHAJIOTUYHBI PACCMOTPEHHBIM B MPEABIAYIIEM pa3/ele.

[lonaras B (3) € = 0, nony4yaem cBs3b € = (T — 1)0. YuuThiBas ee B 0CTaB-
muxcsi ypaBHeHUSIX (2), (4) U UCTONB3ys MaciiTad Tg JJIs U3MEPEHUsST BPEMEHH,
npuxoauM K cucteme (cp. ¢ popmymamu (10), (11))

6=-0l1-gg L (T -1)|, (39)
1+[o/a]?
P=0'|1,-1-0(1-2)]. (40)

@azoBsiit noptpet cucremsl (39), (40) umeer tpu ocobsie Touku D(7,,0),
S(T,,0,.), O(T-,0_), rae XxapakTepHble 3Ha4eHUs O, 1, ONpPENeIAIOTCI paBeH-

ctBamu (38),

T, =T, - 0.8 +03, (41)

8i=(1+0i) I(Te+0i—l) s (42)
u D 3amaercs BeipaxenueM (36).

B paccmarpuBaeMoM HMHTEpBajle TEMIEpATyp TOYKa S ABieTcsa cemiom, O —
YCTOMYUBBIM Y3JI0M MM (hOKycoM, a Touka D — ycToiumnBsIM y3ioMm. Ha puc. 3,1
II0Ka3aHO, KaKuM 00pa3oM n3MeHsieTcs (ha30Bbli MOPTPET C yBEIUUYEHUEM OTHO-
IIEHUs] BpeMeH penakcaiuu T = T7/Tg. CpaBHuBas ¢ puc. 2,1, BuauM, 4To B OKpe-
CTHOCTH TOUKU O NMOBEAEHUE SBIIAETCS MPAKTHUECKU TEM XKe, 4TO U JUIs (pa30BOro
nepexo/a BTOpOro poja: B aauadaruyeckoM npezene Ty << Ty TPaeKTOpPHH OBICT-
po cOerarotcs K yHUBepcaabHOMY ydacTky OS (puc. 3,l,a), a B IpOTUBONOIOXK-
HOM Tipezienie Ty >> Tg MPOSBISIETCS PEXKHUM 3aTyXarolluX KojeOaHHi, mpeacTas-
JSIOUIUX MPEpBIBUCTOE ABMKEeHNE. OCHOBHOE OTJIMUUE, KOTOPOE COCTOUT B MOSIB-
JIEHUU CerapaTpuchl B OOJIACTH MajblX 3HAUYCHWH HANPSKECHUH, OTpa)kaeT HalM-
yne Oapbepa Ha 3aBucuMocTu V(0).
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Puc. 3. ®azoBbie moptpeThl M pazoBoro mepexoma mepsoro poaa (7,=0.9,¢=0.6,0=0.1,
a=075):La-1<<15= 102TT, 60—Te<<Tg=Tp 6~ Tg <<Tp= 102'[0; La-1<<T1g=
= IOZTT, 06— Tg<<Te=Tp 6~ Tg<<Tr= 102'[5; I a —Tr<<1g= 102'[5, 60 —Tr<<Tg=Tk,
86— Tr<<Tg= 102r0

2.2. Cnyyain Ta<<Tg, It

[ToncranoBka BelpakeHUs (33) 11 BEIUYMHBI g B UCXOJHOE ypaBHEHHE (2)
(rme cnenyer nmojaoxkuth G = () IPUBOAUT K KYOMUECKOMY YPaBHEHUIO, PEIICHUE
KOTOpOTro YA00HO 3anucaTth B BUJE
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c:(gea+o‘1 +o‘1)/3, 43)
e BBeIEHb QyHKIMU
0 3.3 201 2 1/2 173
o? :{O.S(des +27goea?87! ~9ggec? ) £0 } , (44)
3 2
Q=(30(2— ggSZ) +0.25(9gesu2—27gesu26_1—2g3es3) . (45)

[oncranoBka cBs3u (43) B ypaBHenus (3), (4) naer cucremy (cp. ¢ popmyna-
mu (18), (19))

é:—e+(T—1)(ges+c£ +o°_)/3, (46)
17 =T, -7 -(gee + ol +o°_)[s—(ges+o‘_L +c9_)/3}/3. 47)

®a3oBbIil TOPTpET cuctemsl (46), (47) umeer Tpu ocobsie Touku (puc. 3,11):
D(T,,0), S(Ty,e,), O(T_,€_), rae xapakTepHble 3HaUeHUs 1., £, ONPENEIIIOT-
Csl COOTBETCTBEHHO paBeHCTBaMU (41), (42). AHAIOTHYHO MPEIBIAYIIEMY CITydaro
Touka D SBISETCS YCTOWYHMBBIM Y3JI0M, S — cemioMm, a O — MPUTATHBAIOIIUM Y3-
joM win poxycoMm. HeTpynHo BUIETB, UTO TpU T7 << Tg MaKCUMaJIbHBIM 00pa3oM
IPOSIBIIIETCS] YHUBEPCAIBHOCTh KUHETHYECKOTO MoBeieHus cucremsl (puc. 3,1La),
a B MPOTUBOIIOJNIOKHOM Tipeniene Ty >> Tg Takke HaOJII0aeTcsl pexkuM 3aTyxaro-
KX KOoJeOaHWi, MpeACTaBIAIONMX npepbiBUcToe Tpenue (puc. 3,11,6). Ilo cpas-
HEHUIO C COOTBETCTBYIOHIMM (ha30BBIM MOPTPETOM BTOporo poaa (cm. puc. 2,II)
MOKHO OTMETHUTh, Kak M B Iojpaszjeie 2.1, mosiBleHHue cenaparpucsl B 00j1acTu
3HaueHuil 7, €, OTBeyarolel SHEPreTHIeCKOMY Oapbepy, pasaesoeMy KUuIKo-
U TBEPJOTIOJO0HYIO (a3bl.

2.3. Cayyan Ty << Tg, I

Homaras B (4) T =0, monydaem cBsi3b (25) T =T, L —OE+ o . Ee mozcraHoBKa
B (3) maet ypaBHenue (27), a (2) mpuHuMaet Buf (cp. ¢ hopmysioi (26)):

6=—0+g9[1 +( g! —1)/(1 {a o]zﬂ £ (48)

®dazoBbiit optpeT cucteM (27), (48) umeer tpu ocodwie Touku (puc. 3,II):
D(0,0), S(e4+,0,), O(e_,0_), rae xapakTepHble 3HaUeHUs O, €, ONpPEAEIs-
I0TCSI paBEHCTBaMH cOOTBETCTBEHHO (38), (42). Kak u B 1BYX NMpeapIayIuX MoJ-
pazzgenax, Touka D sSBISETCS yCTOMYHMBBIM y310oM, S — cemiaoM, a O — IPUTATH-
BAaIOIIUM Y3JIOM UJTU (OKYCOM.

W3 cpaBHEHHSI C COOTBETCTBYIOIINM MOPTPETOM sl (pa30BOrO mepexojia BTO-
poro pona (cMm. puc. 2,1II) BuaHO, 4TO, KaK U BBILIE, EAUHCTBEHHOE YCIOKHEHUE
COCTOMT B TIOSIBJICHUU CEMapaTpUChl B 00JIACTH MaJIbIX 3HAUCHUH € win 0. AHalo-
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THYHO (1)2130130My nepexoay BTOPOro poaa YHUBCPCAJIIbHOCTb KHMHETUYCCKOI'O I10-

BEJICHUS CUCTEMBI KaK NIpH Tg << Tg, TaK U IpH Tg >> Ty coxpaHseTcs s (Ha3oBo-
ro mepexoja mepBoro pojaa. OTIMYUTENBHONH OCOOCHHOCTHIO JAHHOTO Cydas
Tak)Ke SBISETCS TO, YTO B 00JACTH MalbIX 3HadeHU nedopmaruu | << 1 onHa
IIPUHUMAET OTpULATENIbHBIE 3HAaYeHUs. PUZUYECKU I3TO MOKHO HHTEPIIPETUPO-
BaTh KaK Majioe€ U3MEHEHHUE HaIpaBlICHUs MEPEMEIICHUs ABUXKYILErocs OJoKa B
«armapare MOBEpXHOCTHBIX cui» (surface force apparatus) OTHOCUTENBHO MOJIO-
JKEHUS PaBHOBECHUS IPHU PEJIaKCallii CUCTEMBI B CTAIIHOHAPHOE TBEPAOINOA00HOE
COCTOSIHHUE.

B cnydae, xorma 3 = 1, cuHepreTHYecKHil MOTEHIMAN SIBISICTCS HEYSTHOM
dbyHKIMEH O U onpeaenseTcs: BBIpaKeHUEM

v =050 —ge[o.s& +0.5(T, ~2)1n(1 +02)J ~go( 8" ) ax

x 0—0(1n1+g 1, -2) —1+°‘a2m1 +§ +ﬁm(1 +3) {1 +&)_1tan_l . (49)

3aBucumocth V(0) npu 0 > 0 anasornvna ciydato [3 = 2. Jlyis onpenesieHus: Ko-
OpJIMHAT OCOOBIX TOUEK CUCTEMBI HEOOXOIUMO PEIIUTh KyOUYeCKOe ypaBHEHUE, B
pe3ynbTare MoMydaroTCs TPOMO3IKUE BBIPAXKEHUS, KOTOPBIC 3/1€Ch HE MPUBOIAT-
csi. @a3oBble MOPTPETHI ISl BCEX COOTHOIICHUN BPEMEH pellaKCalluu MOJTHOCTHIO
aHAJIOTHYHBI TOPTpeTam s [3 = 2.

3akarouyenue

[IpoBeneHo uccienoBaHUE CUCTEMbl KMHETHMUECKUX YpPaBHEHUM, OMHMCHIBAIO-
IIMX TUIABJICHHE YJIbTPATOHKOM IUIEHKH CMa3KH, 3aKIFOYEHHOM MEXAy IBYMs
ATOMapPHO-TUIOCKUMU KPHUCTANTMYECKUMU TMOBEPXHOCTSIMU. DTOT MPOIECC pac-
cMaTpuBaeTcs Kak (pa3oBble Mepexojbl MEPBOro M BTOPOTO poja, MPeCTaBIIsAIO-
K€ [JIaBJICHUE KPUCTALTMYECKON M aMOP(PHON CMa30K.

B pamkax monenu Jlopenma (a3oBeIil mepexo1 BTOPOrO pojia OMUCHIBACTCA,
€CJIM MPUHSTH MOCTOSHHBIM MOAYJb CABUTa cMa3ku. [loka3zaHo, 4TO B 3TOM ClIy-
yae B COOTBETCTBHH C SKCIIEPUMEHTOM >KHMJIKOMOJO0OHOE COCTOSIHUE, COOTBETCT-
BYIOIIIEE CTAllMOHAPHOMY (HO HE PAaBHOBECHOMY) YIOPSJOYEHHOMY COCTOSIHHMIO,
peanu3yeTcs Mpu Temueparypax MOBEPXHOCTEW TPEHMsI, NPEBBIMLAOIINX KPUTH-
yeckoe 3Hauenue 1, (7).

®da30BbIH Mepexo/l MEPBOro Pojia UMEET MECTO, €CIIU YUYE€CTh 3aBUCUMOCTh MO-
JIyJIsl CIBUTA OT HaNpsbKeHWH. PaccMOTpeH ciiydaid, Korjla oHa mpeIcTaBieHa Bbl-
pakenuem (32). Jlns 3nadenus nmapamerpa [3 = 2 ¢a3oBblii mepexo/1 IepBoro poaa

peanu3yeTcsi B MHTEpBaJie TEMIIEpaTyp TPYIIHUXCS MMOBEPXHOCTEH (TCO,TC) (35),

(37). Ilpu 5TOM CTaMOHAPHBIE )KUIKO- U TBEPJONOJ00HOE COCTOSHUS Pa3/IeIeHBI
MOTEHITMATBHBIM OaphepoM, KOTOPBIM Ha (a30BBIX MOPTPETAX MPOSBIAECTCS B 00-
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paszoBaHuu cenapatpuchl. [lokazano, uTo st 3 = | moBefeHHE CHCTEMBI aHAIO-
THYHO ciydato 3 = 2.

Jnst ($ha30BbIX TMEPEXOA0B MEPBOTO U BTOPOTO POJA MPEPBIBHCTOE IBHKEHUE
peanu3yercsi, eClii BpeMsl pelaKkCallid TEeMIEpaTypbl CMa3Kd IPEBBIIIACT €ro
3HAYEHHs JUT CIBHTOBBIX HANpsDKeHHH u aedopManuu. B MpOTHBOMOIOKHOM
cllydae cucteMa OBICTPO PeIaKCUPYeT K YHHBEPCAIBHOMY Y4acTKYy.
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A.V. Khomenko, N.V. Prodanov

SYNERGETIC KINETICS OF MELTING OF ULTRATHIN LUBRICANT FILM

The melting kinetics of amorphous and crystalline ultrathin lubricant films confined be-
tween atomically flat crystalline surfaces is studied. The process is presented as the sec-
ond-order and first-order phase transition, respectively. For its description we use the
rheological Lorentz model for viscoelastic matter, where shear stress plays the role of the
order parameter, the conjugate field is reduced to the shear strain, and the temperature is
the control parameter. An analytical and numerical analysis of the phase portraits is car-
ried out in different kinetic regimes for possible limiting cases of ratios between relaxa-
tion times for mentioned variables. It is shown that the interrupted mode of friction (stick-
slip) is realized if the relaxation time of lubricant temperature is much longer than its val-
ues for shear stress and strain. In the opposite case the system rapidly converges to a uni-
versal section determining its kinetics.

Fig. 1. Phase portraits of the solid-like state (7, = 2.5, g =0.5): a — T¢ << 1g =17, 6 —
To<<Tg = 1715 6 — Ty << T¢ = Tg. In this and the next figures the dashed line indicates
points where phase trajectories have a vertical tangent and the dotted line — points where
phase trajectories have a horizontal tangent
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Fig. 2. Phase portraits of the liquid-like state (7, =3.3,2=0.5): L. a — T << Tg= IOZTT, o-
Te<<Tg=Tp, 86— T <<TIr= 102'[0; IIa—-15<<Tg= IOZTT, 06— Tg<<Te=Tp 8~ Tg<<Tp=
= lozTg; I a-1r<<t1g= lozTg, 06— Tr<<Tg=Te, 6 —Tr<<Tg= 102'[0

Fig. 3. Phase portraits for a first-order phase transition (7, = 0.9, g= 0.6, 0= 0.1, a = 0.75):
La-Te<<Tg=10"T7 6 - Te << Tg=Tp, 6 — Te << Tr= 101; I: @ — Tg << T = 10’17, 6 —
Tg <<2 Te=T17,8—"Tg<<Tr= 102'[5; I a -1 <<1g= 102'[5, 0—-Tr<<Tg=Te, 6 —Tp<<Tg=
=10"1g
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27 ¢pespags 2007 r.
ucnoansercs 100 jger
€O THSI POKIE€HHUs BUIHOTO Y4EHOT0,
akageMHuKa
Baagumupa UBanoBuya

APXAPOBA

(1907—1997 rr.)

Bnagumup MBanosuu Apxapos poawics B I. Onecce. ITocne okonvanus B 1931 r.
JleHuHrpaACcKOro MOJIUTEXHUYECKOI0 MHCTUTYTa paboTan B (PU3UKO-TEXHHUYECKOM
urctutyte y A.®. Modde, a 3aTrem — B ['OpbKOBCKOM (PU3UKO-TEXHUIECKOM MHCTH-
tyre. B 1937 r. B.1. ApxapoB nepee3xaer B CBepaioBcK, riae okojio 30 jer pabota-
et B MHcTUTYTE DM3uKku MeTaiuioB Y panbekoro ¢unmana Axkagemun Hayk CCCP u B
VYpanbckoM rocyapcTBEHHOM YHUBEpPCHTETE, TJie UM ObLIa OpraHM30BaHa OJHA U3
nepBbix B CoBerckoM Coro3e kadenpa GU3UKy TBEPAOTO Tena.

B 1965 r. B.1. ApxapoBa n30uparoT 1elCTBUTEIbHBIM YICHOM AKaJIeMHUH Ha-
YK YKpauHbl, U B CBSI3M C OopraHusanuei J[OHEHKOro Hay4yHOro LEHTpa OH IIO
nmpuriameHuto akajaemuka A.A. ['ankuHa nepeeskaer Ha padoty B r. Jlonenk. B
Honenkom ¢usuko-rexuunueckoM uHcTHTyTe HAH VYKpamHsl oH opranu3oBai
CEKTOp MeTaJuryprudeckoil ¢pu3uky, a B JJoHEIKOM rocyJapcTBEHHOM YHUBEPCH-
TeTe — Kadeapy peHTTeHOMETAIUIO(U3HKH.

C 1975 mo 1992 rr. B.. ApxapoB — Hay4HBIH pyKOBOAUTENb J[OHEIIKOTO OT-
Jienia MUKpOJIETHPOBaHMUA cTand MHcTUTyTa mpoOieM MaTepuaioBEACHUS WM.
N.M. ®pannesnua HAH Ykpannsl, a ¢ 1992 r. 1o nocineaHux aHe CBOEH KU3HU
(1997 r.) on — rnaBHbIN HayuHbll coTpyanuk lon ®TU HAHY.

B cnucke nayunbix Tpyno B.M. ApxapoBa HacuuThiBaeTcs okoisio 500 myo0-
JMKAIUH, OTHOCSIIMXCSI B OCHOBHOM K (DM3UKE TBEPAOro Teja.

Ero monorpadun «OkucIeHre METaJIOB TIPY BBICOKUX TemmepaTtypax» (1945 1.)
u «Kpucramnorpadus 3akanku ctamu» (1951 r.) sBUIMCH OAHUMHU U3 TEPBBIX
KPYIHBIX paboT Mo 3TUM MpobdieMaM B MHPOBOH HayKe.

B Teuenne MHOTHX JIET M 10 KOHIIA CBOEH JKU3HU OH OBLI PEIAKTOPOM MEXIY-
HapoHoro X)ypHana «Oxucienue metamioBy (Oxidation of Metals).

Hogoe, yto B.1. ApxapoB BHEC B HayKy, MOKHO C(OPMYIHPOBATH TaK:
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— BIICPBBIC BBEJI IPEICTABICHHE O KOJUIEKTHBHBIX JJIEMEHTAapHBIX aKTaX B
T Gy3MOHHBIX Tpoleccax M MoKa3ajl BO3MOXKHOCTb KJIACTEPHOTO MEXaHU3Ma
peakimoHHou muddy3uu;

— OTKpBUI SIBJICHHE MEXKPHUCTAUIUTHON BHYTPEHHEW afcopOIMH B TBEPIBIX
TEJNax U ONUCAN IPUPOAY 3TOTO SIBJICHMUS;

— yIIIyOuJI MpeCTaBICHHE O MEXaHU3ME MapTEeHCUTHOTO TMPEBPALICHUs B Me-
Tajulax U CIUIaBax;

— BBEJI TMOHATHE O ME30CKONUYECKHUX (KOJUIEKTUBHBIX) SIBJICHUSAX U 000CHOBAJ
UX ONPENENSIONLYIO POJib B (POPMUPOBAHUH CBOMCTB TBEPABIX TEIL.

Wnen Bnagumupa MBanoBu4a ApxapoBa HaxoJsAT TBOPUECKOE Pa3BUTHUE B pa-
00Tax ero yueHMKOB U IOCIEJ0BATENEH.
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Id¢poc b.M. Buyrpennee TpeHue u (Ga3zoBbie MPEBPAIICHHUS B CIIJIaBax
Ha OCHOBC I_II/IHK_aJHOMI/IHI/Iﬁ B 3aBHCHMOCTH OT CTCIECHH INIACTHYECKOU

D1 (<T1 107 00V 201171 SRS STRURSRPPRR 4 144
CmocapeB B.B. (cM. KUprimmoB AKL) c.eeeeeiiiiiiiiiiieeeeeceee 3 137
CMmeptenko I1.C. (cm. ITamuetpalT H.AL) ceeiiiiiiieeeeeeeeee e 4 153
CvupHOB C.B. (cM. DDPOC B.M.) ..oeiiiiiiiiiiiieeeee e 1 87
CMmousikoB A.A. (cM. KOpIIyHOB AVL.) ..oociiiiiiiecieeceeee e 4 68
CnupugonoBa I.M., Bepe3a O.FO. OcoGnuBocTi (a30BOro ckiamgy

KBABIEBTEKTHK ....veeuvieuteentieaiteateesuteeteessteanseesaseanseesseesnseesaseenseesaeeenseessseenseenans 2 85
Cnyckanwok B.3. (cM. benomeHKo B.AL) ..o 4 159
Cnyckanwok B.3. (cM. TTameHKO B.IL) ....cooiiiiiiiiiieiee e 1 72

Cnyckanwk B.3., MatpocoB H.U., Ynmko B.B., IlaBiosckas E.A.,
CennuxoBa JI.®., Kaoguu H.H. Biusinue paBHOKaHAJIbHOTO MHOTOYT-
JIOBOTO NPECCOBaHMSA B KOMOMHAIIMM C THAPOAIKCTPY3UEH M OT)KUTOM Ha

CTPYKTYPY U CBOMCTBA CIIABA 00T ......oeiiiiiiiiiiiieeeeeeeee e 2 43
Crapoctiok H.IO. (cm. HukonaeHKO FO.M.)......ooviiiiniiiiiiiiiieeieeeee 2 63
CohiHk0B A.C. (cM. JI00aTKHH C.B.) .ioooiiiciiieciiieciieeecee e 4 23
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CoinkoB C.I'. (cm. beirens3umep SLE.) .cccoooiiiiiiiiiie e,
CobiueBa B.S. (oM. TTameHKo BIL) oo
TapenkoB B.JO. (cM. BOMYEHKO B.A.)...ccuoiieiiiiiiiiieeeeee e,
TapenkoB B.FO. (cM. BoitueHKO J[.WL.)....ccoveeviiiiiiiiiiieicceecceee e
Tatyp C.B. (cM. BaOymKIH A H.)...oooviiiiiiiiieeeee e

Tepexos C.B. BupnaibHoe ypaBHEHHE COCTOSIHUS «PELIETOYHOIO» rasa U

€ro MOBEICHUE B OKPECTHOCTHU KPUTHUECKOM TOUKHU (PA30BOTO MEPEXoa........

Tepexo C.B. O BO3MOXHOCTM NPUMEHEHHUS ICEBJOKBATEPHUOHOB K

OTMCAHUIO KHHETHUCCKUX TTPOIICCCOB ....vveevvrervreenreeeraesseessreeseesseeesseessseeseens
Toapuc B.M. (cM. BambKoB B.HL.) ..cooviiiiiiiiiiiiiiiieee e,

Tokuii B.B., [lepexpectoB b.U., Ky3pbmun E.B., lanunenxo H.A.,
KoncrantunoBa T.E., Toknii H.B. VImnegancHas cieKTpoCKONUs Ke-
paMUKHU Ha OCHOBE HAHOKpHUCTANIMYecKuX mnopomkoB ZrO, + 3 mol%

Y03, KOMIIAKTUPOBAHHBIX TUAPOCTATUYCCKUM JABIICHUEM........eerveeerenenns
Toxuit H.B. (cM. TOKHI B.B.)..cooviiiiiiiciee e

Tpounkas E.Il., Yaoanenko B.B., I'opOenko E.E. /lunamuueckast mart-

puna 1 (GOHOHBI B KPHCTA/IaX WHEPTHBIX TA30B IPH BHICOKUX JTABJICHUSIX ......
TposiHuyk HU.O. (cM. TpyXaHOB C.B.) .coociiiiiiiiiiiiiieiece e,
TpyxanoB A.B. (cM. TpyXaHOB C.B.)...ccccoviiviiiiiiiiieecee e,

TpyxanoB C.B., ®enoroa B.B., Tpossnuyk H.O., Tpyxanos A.B.,
®utra U.M., Szymczak H. BrausiHue ruapocTaTHueckoro JaBJICHHUS Ha

COCTOSIHUE CTIMHOBOT'O CTEKJIA B MAHTAHUTAX ...veenvenrenreenreennenseenseneesieenseennens
Typka B.H. (cM. [ITamaeB P.B.) ......coooiiiriiiieeee e

Typkesnu B.3., I'apan A.I'. TepmoanHaMHUECKUl pacueT quarpammbl

coctostaus cucteMbl Al1-Ni—C nipu naBiennn 6 GPa ..........ccceevvvieeiennnen.
®enoroBa B.B. (cM. TpyXaHOB C.B.) ...coociiiiiiiiiiiiiieiececeeeee e,

®enbaman J.I1., Bacuienko T.A., Kanyruna H.A. Vcreuenne merana

U3 YIJIS B 3aMKHYTBIN pe3epByap: poiib siBineHui 1uddy3un u GuiabTpammi ....
@upcroB C.A. (cM. [Toape30oB FO.H.) ...cccvvvveiiiiiieieeee e,
@uta U.M. (cM. TpyxaHOB C.B.) ..coooiiiiiiiiiiiiiiiiiiccicececcececee

XavarypoB A.U. BiusiHue naBieHus Ha CNUH-3aBUCUMOE TYHHEIHUPO-

BaHHUE B KOHTAKTAX FE—ALO3=FC ..ottt

Xomenko A.B., IIpoganoB H.B. Cunepretrnyeckas KMHETHKA IJIaBJie-

HUSL YIABTPATOHKOMN TIEHKHU CMA3ZKH ..vevereeeeiirieeeniereeesniieeeessninreeesnnneeessnnnees
Xox10B B.A. (CM. APTEMOB A H.)...oooiiieiiieiieeeeeeeee e
XoxJ10B B.A. (CM. KOCCE A M.) oo
XpucroB A.B. (cM. BaproxuH B.H.) .....ooooiiiiiiii e,
XpuctoB A.B. (cM. llenecT B.B.) ...ooooiiiiiiiiiiieiieieeeee e,
Yaobanenko B.B. (cM. Tpounikast E.IL).....cccoooviiiiiiiiiiieeeeeee e,
Unmko B.B. (cM. BeTomeHKO B.AL) c..ooooiiiieiceecee e,
Ynmko B.B. (cM. CriyckaHIOK B.3.) ...ooiiiiiiieiceeee e,

Ilanaes P.B., [Ipynauxos A.M., Baproxun B.H., Typka B.H., SIxo-
Bell A.A., ’Kuxapes U.B., beasie b.B., I'puniknx B.A. Ocobennoctu

3
1
4
3
2

4

3

4
4

3

4

2

4
4

3
2
1
2
1
4
2

108
72
115
76
51

27

55
148

69
69

25
103
103

103
88

64
103

99
37
103

164
60
115
38
28
25
159
43

187



du3zuka ¥ TeXHUKA BLICOKHX AaBjenunii 2006, tom 16, Ne 4

pocTa IUIEHOK HUTpUJA Yriepoaa B MPUCYTCTBUU TPABALIUX KOMIIOHEHT

B POCTOBOM ATMOCHEPE ...eevvieneieeiiieiieeieeiieeteeieesereenseesnteenseessseeseesseeenseennnas 3 88
Iesect B.B. (cM. BaproxutH B.H.) ...coooviiiiiiiiiiiiee e 1 38
lenect B.B., Xpucros A.B., Jleuenko I'.I'. Biusiane nedopmarumn

Ha (ha30BBIN MMEPEX0,T BRICOKUN CITMH—HHU3KHUK CITHH MO TABICHHUEM ........... 2 28
IMlemsaikoB A.A. (cM. TTammeHKO B.IL) c.oooiiiiiiiiiiiceeeeee e, 1 72
unuiao B.B. (cM. BOXOHOB B.B.) ....coooiiiiiiiiiiie e 4 123
IMumkuH B.M. (cM. CKBOPHOB A.L.) ..coiiiiiiiiieiieeiieieeeee e 4 144
Idpoc B.M. (cM. CKBOPIIOB A.N.)....ooviiieiiieeiiieciie ettt 4 144

Id¢poc B.M., I'nmaakosckuii C.B., Cmupnos C.B., [Ipokodpsea O.B.
DddekTsl macTuueckon aegopmanuu rerepodasHbIXx MaTepUaIoB C Me-

TACTAOUITEHOM CTPYKTYPOM ...eevvveenrieiiieiieniieeitesiteeieeneteeteesieesseessaesseesseeenne 1 87
SAxoBen A.A. (cM. HTamaeB P.B.) ....coooviieiiiieee e, 3 88
SAnymkeBud K.M. (cM. BOXOHOB B.B.) ..ooiiiiiiiiiiiiie, 4 123
Baranovskiy A.E. (cM. Grechnev G.E.)......ccccocvvviviiiiiiiiiieeeeeee e, 4 110
Efros B.M. (cM. MiSIUK ANAIZE])...cueeeviiiiieiieiiieieeriie et 4 49
Eriksson O. (cM. Grechnev G.E.).....ccccoooviiiiiiiiiice e 4 110
Fil V.D. (cM. Grechnev G.E.) ...ccooooiiiiiiiiicieceeceeeeeee e 4 110
Gabrelian B.V. (cM. Lavrentyev A.A.) c..coccieeecieeeiee e 4 135
Galet Ana (cM. BYKHH I'.B.)..cooiiiiiiiiiiiice e I 51
Galet Ana (cM. BaproxuH B.H.) ....cccoiiiiiiiiiec e 1 38

Grechnev G.E., Baranovskiy A.E., Logosha A.V., Panfilov A.S., Fil
V.D., Ignatova T.V., Shitsevalova N.Yu., Eriksson O. Pressure effect
on electronic structure and magnetic properties of MBg and MB), borides...4 110
Ignatova T.V. (cM. Grechnev G.E.) ....ccccoiviiiiiiiiiieeeceeeeee e 4 110
Khyzhun O.Yu. (cM. Lavrentyev ALA.)...coocceirieiniieiiieeeeeeee e 4 135
Lavrentyev A.A., Gabrelian B.V., Vorzhev V.B., Nikiforov 1.Ya.,
Khyzhun O.Yu., Rehr J.J. X-ray spectroscopy studies of the electronic
structure and band-structure calculations of cubic TaC,N;-, carbonitrides...4 135

Logosha A.V. (cM. Grechnev G.E.).......cccociiiiiiiiiiiiiiieieceeeeeeeee 4 110
Mikheenko P. (cM. APTEMOB A.H.) ..ooooviiiiiieiieeeeeeeee e 3 60
Misiuk Andrzej, Efros B.M. Pressure-induced transformations during

annealing of silicon implanted with OXygen .........ccccceeevvievcieencieeeie e, 4 49
Nikiforov LYa. (cM. Lavrentyev A.A.) .cccoooviiiiniiiiiieeieeeieeeeeeeee e 4 135
Panfilov A.S. (cM. Grechnev G.E.)......ccccooviiiiiiiiiieceeceeeeee e 4 110
Pashinskaya E.G. Power aspects of energy dissipation during plastic de-

formation in different stressed states. Part 1 ...........ccooooiiiiiiiniiiniiniiiee, 4 79
Prokofiev E.A. (cM. Stolyarov V.V.) ..o 4 49
Prokoshkin S.D. (cM. Stolyarov V.V.) ..o 4 64
Raab G.I. (cM. Semenova LP.).......ccoeiiiiiiiicceceee e 4 84
Raab G.I. (cM. Utyashev F.Z.) .....ccoiiiiiiee e 4 73
Real José A. (cM. BYKHH I'.B.) oooiiiiiiiiiiee e 1 51
Real José A. (cM. BaproxuH B.H.) .....ccccoviiiiiiiiiicceee e 1 38
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Rehr J.J. (CM. Lavrentyev ALAL)...cccie et eeiee e eeeeeree e 4 135
Saitova L.R. (cM. Semenova LP.).....c.cccooiiiiiiiiiiiicceeeeeee e, 4 84
Semenova L.P., Saitova L.R., Raab G.I., Valiev R.Z. Superplastic be-
havior of ultrafine-grained Ti—6A1-4V ELI alloy produced by severe

plastic defOrmMation ...........ccecviieiiiiiieeeee e e e 4 84
Shitsevalova N.Yu. (cM. Grechnev G.E.) .....c.ccccooiiiiiiiiiiiiiiccecceeee 4 110
Stolyarov V.V., Ugurchiev U.Kh., Trubitsyna I.B., Prokoshkin S.D.,

Prokofiev E.A. Severe electroplastic deformation of TiNi alloy .................. 4 64
Szymczak H. (cM. TpyxaHOB C.B.) ...ooooiiiiiiiieiieeeeceeee e 4 103
Trubitsyna LB. (cM. Stolyarov V.V.). ... 4 64
Ugurchiev U.Kh. (cMm. Stolyarov V.V.) ..o, 4 64
Utyashev F.Z., Raab G.I. Mechanisms and model of structure formation

in metals during severe deformation ...........cccceeeveieecieeniieenie e 4 73
Valiev R.Z. (cM. Semenova LP.).......cccoeiiiiiiiiiieeceeeeeee e 4 84
Valiev R.Z. The new trends in SPD processing to fabricate bulk nanos-

tructured MAtETIALS ......oouviiuiiiiiieiieiere e 4 9
Vorzhev V.B. (cM. Lavrentyev A.A.) cccocecieeeiieeiee et 4 135
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The 5™ International Conference

“HYDROGEN ECONOMY
AND HYDROGEN TREATMENT OF MATERIALS”
(HTM-2007)

Ukraine, Donetsk, May 21-25, 2007

The general idea of the HTM—-2007:

At this historical moment a critical question of the world hydrogen movement is a ne-
cessity of a wide information exchange among leading representatives of hydrogen en-
ergy community, hydrogen-materials—safety one and of industrials, having an experience
in hydrogen production and employment. With good reason one can expect that just this
exchange of views and knowledge will initiate a new understanding of the main bifurca-
tion points on the way to hydrogen civilization.

The Subject Matter of the HTM-2007

Plenary Sessions: » Advances in the vectorial movement “Hydrogen Energy — Hy-
drogen Economy — Hydrogen Civilization”
« Problems of Safety and Efficiency of Hydrogen Technologies
and Hydrogen Energy Systems
Section Sessions: * Theory and Technology of Hydrogen Treatment of Materias;
Hydrogen-induced Structure and Phase Transformations
* Noble and Rare Metals in Fuel Cells and Hydrogen Energy
Technologies
 Hydrogen Degradation of Materids, Prevention of Unpredicted Hy-
drogen Wrecksin Gas, Chemica, Petrochemical and Atomic Industry
Round-Table Meeting: ¢ Hydrogen Economy and Materials: Are There Any Troubles on
the Road to Hydrogen Civilization?

Co-organizers:

INTERNATIONAL ASSOCIATION FOR HYDROGEN ENERGY
THE JOINT SCIENTIFIC AND COORDINATIONAL COUNCIL ON THE PROSPECTS
OF TRANSITION TO HYDROGEN ECONOMY
PERMANENT WORKING INTERNATIONAL SCIENTIFIC COMMITTEE
ON HYDROGEN TREATMENT OF MATERIALS

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
INTERNATIONAL CENTER ON HYDROGEN ENERGY TECHNOLOGIES
UNIDO-ICHET

DONETSK NATIONAL TECHNICAL UNIVERSITY
in cooperation with some Ukrainian, Russian and international scientific organizations.

To know more about HTM-conferences, please, see The International Journal of Hy-
drogen Energy (1997, Vol. 22, No. 2/3; 1999, Val. 24, No. 9; 2002, Val. 27, No. 7-8;
2006, Vol. 31, No. 2) and visit the Website: www.dgtu.donetsk.ua/hydrogen/

Address for correspondence:

Professor Victor A. Goltsov Dr. Eng. Lyudmila F. Goltsova
Chairman of HTM-2007 Scientific Secretary

E-mail: goltsov@physics.dgtu.donetsk.ua  E-mail: goltsova@fem.dgtu.donetsk.ua
Donetsk National Technical University, 58, Artyom Street, Donetsk 83000 Ukraine
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KYPHAJI
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUM»
OBBABJIAET O HIOAIINCKE
HA 2007 TOJ,

B xypHaie myOnukyroTcs paboThl B 00JaCTH (DU3UKH, MEXAHUKHA M TEXHHKH,
BCKPBIBAOIIMUEC POJIb BBICOKOI'O HABJICHUA KaK HHCTPYMCHTA JIA U3YUCHUA U
dbopmupoBanus GU3NICCKUX U MEXAHUYECKUX CBOMCTB MarepuanoB. OcoObIii HH-
TCpEC MNPCACTABIIAIOT q)yH,Z[aMeHTaJIBHBIC HCCJIICAOBAaHUA, YCTAHABJIWBAIOMINC
B3aMMOCBSI3 MHKpPO- U MaKpPOCBOWCTB, a TaKK€ OCHOBAHHBIC Ha 3TOM TPUKIIAJI-
HBIC pa3p360TKI/I MO0 MPUMCHCHUIO BBICOKHX I[aBJIeHI/Iﬁ I CO3JaHUs MATCPpHUAIOB
C 3aJIaHHBIMU XaPaKTEPUCTUKAMH.

CTaTBI/I, HaIpaBJIKICMBIC B PCAAKIUIO, HC HJOJIKHBI 6I:ITB OHy6JII/IKOBaHI:I NI
npeHa3HAYCHBI ISl OITYOJIMKOBAHHS B APYTUX U3ATEIbCTBAX.

TemaTnka s;KypHaJa

— DIIEKTPOHHBIE ¥ KHHETUYECKHUE CBOMCTBA TBEP/IbIX TEI.

— @u3nKa MarHUTHBIX SIBJICHUM.

— dDa3oBbIE EPEXOIBI.

— CeKTpOCKOIHUS TBEPABIX TEI.

— du3nKa TPOYHOCTH ¥ TUIACTUYHOCTH.

— ®du3nveckoe MaTepruaIoBeIcHUE.

— O6paboTka MaTeprasIoB TaBJICHHUEM, HHTCHCUBHBIE TUIACTHYECKHE
nedopMaruu.

— AnmapaTypa BBICOKOTO JaBJICHUS, TEXHUKA YKCIIEPUMEHTA,
TEXHOJIOTUIECKOe 000pyI0BaHuE.

Kpome pabot mo ¢u3uke u TEXHHKE BBICOKHX JaBICHUHN >KypHAJ MyOJIUKYEeT
PE3YIbTAThI I/ICCJIG,ZLOBaHI/Iﬁ U3 CMCXKHBIX 06HaCT€I>'I Inpu TOM YCJIOBHUH, YTO OHH
MOTYT OBITh UCITOJIb30BaHbBI B TPOPMIHPYIOIEH 00IaCTH.

IIpaBuna oopMieHHs pyKONKMCEH 1)1 AaBTOPOB KypHaj1a
«®A3UKA U TEXHUKA BBICOKHUX JABJIEHUM»

Penakuus >xypHama MpOCUT aBTOPOB NpPH TOJATOTOBKE CTaTel PYKOBOJCTBO-
BaTbCs M3JI0)KCHHBIMU HIDKE TMpaBriiaMu. Matepuaisl, opopmieHHbIe 6€3 co0ITro-
JIEHUS TIOCIETHUX, K PACCMOTPEHUIO HE IPHHUMAIOTCS.

B xypHasne myOiaMKyroTCs CTaTh Ha PYCCKOM, YKPAMHCKOM U aHTJIMHACKOM SI3bIKaX.

B penaknuro HampaBisroTCs 2 9K3eMIUISIpa PYKOIHCH (BKIIFOYasl BCE €€ AJIeMEH-
ThI), HaOpaHHO# B porpamme Word 7-it unu 97-it Bepceuii mpudrom tTuna Times
pazmepoM 14 1.1. yepe3 1,5 uaTepBana Ha OAHON CTOpOHE JHcTa hopmara A4.

ITonsa: neBoe — HEe MeHee 3, BepXHee U HUKHee — 2, mpaBoe — 1,5 cM. Bcee crpa-
HUIIBI HEOOXOIUMO MPOHYMEPOBATH.

Pykomnuch nomkHa ObITh BEIUMTAHA U MTOIMCAaHA aBTOPOM (COaBTOPAMH).
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HeoOxonuMo mpenocTaBieHUe JICKTPOHHOW BEPCHU CTAThU HA JHMCKETE JTINOO
nepeava mo dIEKTPOHHOM moyre:
E-mail: pashinska@mail.ru.

KoMIuieKTHOCTBH pyKkonucu

Pykonuch nomkHa coaepkaTh TEKCT CTaTbH, aHHOTAIIUIO, CIIUCOK JIUTEPaTypPHl,
MOJIPUCYHOYHBIE MOAMKUCH, KOMIUIEKT PUCYHKOB, CBEJICHHS 00 aBTOpax.

1. Tekcr craTbu. Ha nepBoii cTpaHulle yka3bIBalOTCA:

— KJaccU(pUKAIMOHHBIN uHeKC 1o cucteme PACS;

— MHUIHAIBI U (haMUIINH aBTOPOB;

— Ha3BaHUE CTAThU;

— TIOJTHBIN MOYTOBBIN aJpeC YUPEkKACHUS, B KOTOPOM BBINIOJIHEHA padoTa.

Hazeanue cratbu JOMKHO OBITH KPaTKUM, HO MHPOpMATUBHBIM. He momyctu-
MO TIpUMEHEHHWE B HEM COKpamieHuH, kpome cambix obOmenpuuateix (BTCII,
'K, AMP u np.). Ucnons3yemble aBTOpaMu abOpeBHATypbl HEOOXOAMMO pac-
mu@poBaTh NpU NEPBOM UX YIOMUHAHUU.

Paszmepnocmu ¢usznueckux BenuunH (B cucreMe CH) mo Bceil pykomucu
JOJIKHBI OBITh Ha aHTJIMICKOM f3bIKE. B NEeCATHUHBIX YHClaX Mepel AECATHIMU
CJIeTyeT CTaBUTh TOUKY.

2. Tabanubl 10KHBI ObITH HarmleuyaTaHbl Ha OTIENbHBIX CTPAHULAX U UMETh
3aronoBku. O0s3aTENBHO yKa3aHUE SIUHUI] U3MEPECHHUSI BETUUYHH.

3. ®opMyJibl KenaTebHO HAaOUpaTh B pelakTope ypaBHEHUN. Bce mHIeKch
JOJKHBI OBITh Ha AHTJIMACKOM SI3BIKE. DKCIOHEHTY clieyeT 0003HauaTh Kak
«eXp», a He KaK «€» B CTEIEHHU.

4. NiumiocTpanuu J0DKHBI OBITH M3TOTOBIICHBI aKKypaTHO Ha Oeroil Oymare
win Kaipbke. POTOCHUMKHU NMPUHUMAIOTCS TOJBKO UYETKHE W KOHTpacTHble. Ha
o0opoTe pUCYHKa clielyeT yKa3aTh (MSATKUM KapaHAalioM) ero HoMep, paMHInu
aBTOpPOB M Ha3BaHHUE CTAThU, MPU HEOOXOIUMOCTU MOMETUTh «BEPX» U «HU3». B
9JIEKTPOHHOW BEPCUU BCE PUCYHKH TpeOyeTcs MpeJoCTaBUTh B UEPHO-OEIOM Ba-
puaHTe, oTaeabHBIME (aitmamu B cneayommx Gopmatax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynoxk, nmomerrae-
MBI/ Ha BCIO IIMPUHY CTPaHUILIbI, JOJDKEH UMETh pa3Mep Mo rOpu30oHTaIU 14 cwm,
Ha %2 crpaHunsl — 7 cM. g pucyHkoB B pacTpoBbix (bitmap) ¢opmarax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, momyctumoe paspe-
menue — He Menee 300 dpi. Ilpu sToM B (aiine pazmep nzoOpakeHUs! O TOPH-
30HTAJIM, BKJIFOYas MOAMIUCH IO OCSAM, JOKEH ObITh He MeHee 800 mukceneh s
pUCyHKa Ha > mupuHbl crpaHuibl U 1600 nukcenell — Ha BCIO LIUPUHY.

5. AuHoranus (He O6ojyee 15 CTpOK) JOJKHA CONEpKaTh IeNIb PadOTHI, METO/T
€€ JIOCTIKEHUs, OCHOBHBIC Pe3yNbTaThl. B penakiuio mpeacTaBiseTcss TEKCT aH-
HOTalMU (C yKa3aHUEM aBTOPOB M Ha3BaHUS CTaTbM) HA PYCCKOM M aHTJIHIICKOM
s3bIKax (Ha OTAEJBHBIX CTPAHUIAX).
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6. Cniucok JMTepaTypbl IPUBOJUTCS B KOHLIE CTAThU B MOPSJIKE YIOMUHAHUS
B TekcTe. B 6ubnuorpaduyeckoM onucaHuM yKa3bIBalOTCS WHUIMAIBI U (haMHUITUH
BCEX aBTOPOB, a Jlajee:

a) Js KHUTU — Ha3BaHUS KHHWTHW, W3MIaTeNbCTBA M TOPOJA, TOJ W3IaHus (B
KPYTJIbIX CKOOKax):

A.D. Hogpgpe, Puzuka kpucramion, [ 3, Mockaa (1929).

0) nns craThbu B JKypHalie — Ha3BaHHE, TOM, HOMEp JKypHaja, HOMEp MepBoi
CTpPaHUIIbI CTAThH, TOJI U3JIaHUS (B KPYTIBIX CKOOKaX):

V.V. Kabanov, J. Demsar, B. Podobnik, D. Mihailvic, Phys. Rev. B89, 1497
(1999).

7. IloapucyHo4YHbIe MOANMCH TaK XK€, KaK U aHHOTAIMH, IPEICTABISIOTCS Ha
JIBYX SI3BIKaX.

8. CBeneHust 06 aBTOpax HEOOXOIUMO MPEJACTABUTh HAa OT/ACIBLHON CTpaHUIIE,
/1€ YKa3bIBAIOTCS:

— TIOJTHBIE UMS$1, OTYECTBO U (haMUIIHSI aBTOPOB;

— ciyeOHbIe ¥ IOMalIHKUE a/ipeca U Teae(OoHbI aBTOPOB;

— E-mail u anpec Internet.

CrnenyeT yka3arh, ¢ KEM U3 aBTOPOB MPEINOYTUTEIBHO MOAIEPKUBATH CBSI3b
pu pabOTe HA/ CTAThEH.

CosoxkynHocmov HA36aHUs CMAMbY, AHHOMAYUU, PUCYHKO8 U NOOPUCYHOYHBIX
noonucetl 00IHCHA 0A8AMb ICHOE NPeodcmasieHue 0 Cymu pabomeol.

Obpawaem enumanue asmopos Ha To, uto, HaunHas ¢ 2002 r., xxypran ®TB/]]
pedepupyercs U uHACKCHpyeTcs pedepaTuBHBIM KypHanoM Chemical Abstracts,
VYKpauHCKUM ATEHTCTBOM IO 3aIlIUTE aBTOPCKUX MpaB, Y KPAaMHCKUM JJIEKTPOH-
HBIM XypHasIoM «JDxepenoy». AHHOoTanuu kaxxaoro Beinycka @TB/] Ha pycckom u
AQHTJIMHCKOM SI3bIKaX pa3MEIIAlOTCsl COOTBETCTBYOIKUMHU (pupmamu B Internet, uto
JIeaeT KypHaJl JOCTYIHBIM JJIsl aHTJIOSI3bIYHBIX CIIEIIUATUCTOB.
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NHO®OPMANUA O TIOAIINCKE
HA )KYPHAJ «®A3UKA Y TEXHUKA BHICOKHX JABJEHU»

Kypnan «Pusnka u TEXHUKA BHICOKUX JIaBJICHUI» BKIIIOYeH B Karanor nepuo-
nudecknx uinanuii Ykpaumubel Ha 2006 rox (moammcHoi mHaekc 74528). Kpome
TOT0, MOAMKUCATHCS HA JKYpHAJ MOXHO HEMOCPEACTBEHHO B PEJAKLIUU KypHaa.

KypHan BeIxoauT pa3 B 3 mecsua (4 Homepa B Tof).

CronMocth noanucku (0e3 yuera CTOUMOCTH MEPEeCbLIKH), IPH.:

— 1t PUBUYECKHUX JTUI] Ha 3 Mmecsana — 20

Ha 6 mecsies — 40

Ha 12 mecsieB — 80
— JUISL FOpUAMYECKUX Ul Ha 3 mecsua — 40

Ha 6 mecsieB — 80

Ha 12 mecsues — 160
Js odopmiieHUsT MOANKUCKH B PENakIUMd HEOOXOIWMO B €€ aapec BBICIAThH
MHAChMO-3aKa3 Ha TOJIMHUCKY C yKa3aHWEM OaHKOBCKUX PEKBHU3UTOB W TOYHOTO

azapeca.

AZipec peJaKIUH JKypHAJa:
VYkpauna, 83114, r. Jlonenk, yiu. P. JIrokcemOypr, 72

3a 1ONOJHUTENbHOM HH(pOpMaIHel clieayeT o0pamarbes

no teneony (062) 311-22-02.
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