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PACS: 62.20.Fe

Yu.M. Podrezov

NANOCRYSTALLINE STRUCTURE FORMATION
UNDER SEVERE PLASTIC DEFORMATION
AND ITS INFLUENCE ON MECHANICAL PROPERTIES

Institute for Problems of Materials Sciences, NAS of Ukraine
3, Krzhizhanovsky Str., Kiev, 03142, Ukraine

Consideration is given to the distinction between nanocrystal strengthening and

Hall-Petch grain size strengthening which varies linearly with d”. The important role
of grain boundary structure in the strengthening formation of nanomaterials is empha-
sized. Static and dynamic recoveries are the main reasons limiting the minimal size of
structural elements under deformation in high-deformed materials. Structural relaxation
proceeding by the recovery mechanism during both the plastic deformation and unload-
ing causes loss of strengthening in high-deformed materials. At the initial stage of re-
peated deformation the recovered cell structure interacts with moving dislocations in a
special way. In the microdeformation level the hardening stress is practically independent
of previous deformation degrees in a wide interval of deformation. The usual increase of
strengthening with rise of deformation is observed only from the yield point.

Introduction

The creation of new high deformation methods offers ample scope for both the
strain hardening theory and deformed materials structure engineering. Equal-
channel angular pressing (ECAP) method was created by Segal [1]. Simple shear
uniform deformation of high intensity can be achieved on a 15x15x150 mm mac-
rosample without changing its sizes (Fig. 1). Another method based on the defor-
mation by twist extrusion (TE) scheme was proposed by Beygelzimer [2] (Fig. 2).
The creation of uniform shear deformation without size changing allows to carry
out repeated deformed treatment in the different (or the same) direction of defor-
mation and, as a result, to control structure formation process under high defor-
mation degrees.

The achievement of high strength in deformed materials with nanostructure is
essentially a more complicated task than it follows from the microscopic theory of
strength. According to the models of this theory, strength of materials is related

with structural element dimension by Hall-Petch equation 6, = 5 + kyd_l/2 or its
Holt variation for cells materials o, = o + kyd_l. The extrapolation to nanoscale of

11
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Fig. 1. ECAP scheme [1]
Fig. 2. Deformation by TE [5]

grain or cell dimension theoretically predicts a very high strength of nanocrystal-
line materials. But experimental results demonstrate essentially worse situation.
A.W. Tompson [3] reviewed experimental data from variety of investigations ob-
tained on high-deformed armco-Fe wires. Relation between flow stress increment
G — o and substructure size is shown in Fig. 3. In this graph we add our data ob-
tained on armco-Fe deformed by ECAP.

Important conclusions about interrelation of structural evolution and strength-
ening of high-deformed materials follow from these results. Firstly, it is the
change of strengthening mechanism from grain size sensitivity (Hall-Petch equa-
tion) to cell size sensitivity (Holt equation) at critical grain size d < 0.4 um. Sec-

ondly, it is the theoretical possibility to

10000 - obtain superhigh strengthening in nano-
] crystalline armco-Fe. It follows from
experimental data (see dashed line) that
extrapolation of experimental data to
> 1000~ . ; nanostructure sizes (10 nm) gives, for
o 1 such material, the value of yield point of

] Xj&%\\ approximately 6000 MPa. But the thread
| conclusion restricts such possibility. Dif-
ficulty is amplified due to the fact that
the cell or subgrain size in armco-Fe
obtained by different methods of severe
plastic deformation (rolling, drawing,
Fig. 3. Effect of cell size on yield point of EC-pressure) cannot be less than 100
high-deformed armco-Fe after ECAP (/) nm. As a result, the yield point for such
and wire drawing (2) [4] material is only 1000 MPa [3-6].

100 ——
0.01 0.1 1.0
d, um
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Experimental procedure

In order to explain the restriction of structural dispersion in deformed materials care-
ful investigations of deformed substructure by TEM were carried out. More important
experimental work was published by Langford and Cohen [6] who investigated high-
deformed armco-Fe wires. Practically the same results were obtained in our work,
where severe plastic deformation in armco-Fe was produced by rolling and ECAP.

Results and discussion

The following expression for f, the fraction of the initial number of cells in a
cross section at any given deformation power can be written

f= " expl-(e-ep)]. 1)
N; in

where Nj, is the initial number of cells per unit cross-sectional area as formed at
some early strain ej, and N is the number of cells per unit cross-sectional area at
some subsequent strain e. Measurements of N have been made during the defor-
mation and corresponding values of f versus e are plotted in Fig. 4. As it can be
deduced from Fig. 4, fis near unity both for wire drawing and for rolling defor-
mation under low and medium deformation degrees. This result is in a good
agreement with the Tailor—Pallany law: both bulk material and structural elements
(grains, cell) have the same shape under deformation. Since ECAP is a process
capable of producing plastic deformation without causing substantial change in
geometric shape of billet, the cell size of ECAP deformed iron at the medium de-
formation degrees is substantially higher.

Under high deformation power principal changing in f{e) dependence takes
place. There is the large decrease in f throughout the subsequent elongation, signi-
fying that substantial dynamic recovery is operative during the cell refinement.
This means that many cells are being lost from the structure simultaneously with
cross-sectional reduction of the re-
maining cells. It is clear that cell wall
1.0 oca%: migration constitutes a very important
aspect of the structural changes and
the critical deformation degree e., un-
der which changing in f{e) dependence
takes place, is a very important mag-
01 nitude. Cell size evolution under de-

formation is accompanied by the in-
— 1 1 T T 11 creasing of cell misorientation.
o 1 2 3 4 5 6 7 According to Tompson’s model [3]
of structural evolution, static and dy-
Fig. 4. The dependence of f-parameter on namic recoveries are the main reasons
deformation degree e:  —rolling, A — ECAP,  limiting the minimal size of structural
0 — wire drawing [4] elements under deformation in high-
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deformed materials. On one hand, many cells are being lost from the structure
during this process, on the other hand, the recovery process promotes boundary
perfection and increases misorientation of cells. But this model cannot explain the
existence of critical deformation degree e., which characterizes start or strong ac-
tivation of this process.

Rybin [7] proposed the disclination model of severe plastic deformation. This
model is based on the analysis of micromechanical stress arising around a dislo-
cation during plastic deformation. According to this model, plastic deformation in
crystals is developed by moving dislocation at a low and medium deformation.
But after transformation of substructure from dislocation forest to cells at ¢; ~ 0.2
a change of deformation mechanism takes place and severe deformation is evoked
by generation of disclination modes without diminution in subgrain size.

Calculation in the framework of disclination model gives critical cell size ~ 0.2 um
for BCC metals. As far as the critical cell size depends on some physical constants
(Burgers vector, elastic modulus, stacking fault energy), for some FCC metals its
value is essentially lower. It is in a good agreement with recent experimental data,
obtained on ECAP deformed Ni and Al where the average size of structural ele-
ment was 30-50 nm [8]. The disclination theory predicts monotonic rise of
misorientation with the increasing of deformation power and does not imply any
spatial features of mechanical behaviour of high-deformed materials after critical
deformation e,.

Near the critical deformation e, there is the change in the mechanical behavior
of materials [9]. The parabolic strain hardening which was observed at the low
and medium deformation degrees was followed by the linear stage of deformation
at high deformation degrees. The growth of the fracture toughness for specimens
with cracks introduced into the plane per-
pendicular to the plane of deformation
was shown.

Mechanical behavior near critical de-
formation e. was observed in high-
deformed armco-Fe after ECAP. The
growth of the fracture toughness for
specimens with cracks introduced into the
plane perpendicular to the plane of de-
formation was shown, and the decreasing
of the fracture characteristic for speci-
mens with cracks introduced into the
Fig. 5. Fracture toughness of strained plane parallel to the plane of deformation
iron: /, 2 —rolling; 3, 4 - ECAP (/, 3 = was observed (Fig. 5). The increasing of
crack introduced into the plane perpen- o Jeformation degree (e > e,) promotes
dicular to the plane of deformation; 2, 4 he chanee of the failure mechanism as:
— crack introduced into the plane paral- the C & . .
lel to the plane of deformation) qua51-<':lea'vage — quasi-cleavage ‘W'lth

delamination. On the contrary, transition
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from the parabolic stage of strain hardening to the linear one is not related with
the change of the deformation mechanism. Therefore the processes occurring near
critical deformation e, are very important and must be investigated more carefully.

The noted features of structure formation in deformed materials predetermine
regularities of designing their mechanical properties. Analysis of strengthening
curves for a deformed material is made usually basing on structural changes occur-
ring in the material at its continuous loading. And it is assumed that each successive
structural condition follows from the evolution of the previous one, and a change of
the deforming stress is a consequence of the evolution. Structure sensitive models of
strain hardening have been described in detail by many authors [10—12].

Practically the same approaches are used to analyze structural sensitivity of me-
chanical properties of prestrained materials [5]. Widely used is the known postulate
of mechanics that deforming stress being achieved in a material at repeated defor-
mation corresponds exactly to deforming stress achieved in it at the unloading mo-
ment at initial deformation. This postulate does hold well in the range of low and
medium deformation degrees for materials which have not susceptibility to recov-
ery process [13]. For example, it was verified enough really in Al-Ti—Cr intermet-
allic specimens in our experiments under uniaxial compression tests, Fig. 6,a. But
this postulate does not hold for materials which have inclination to recovery. Such
results were obtained in aluminium (Fig. 6,b) which is inclined to recovery. Strain
hardening curve obtained by single loading compression test (Fig. 6,b, curve /) was
compared with curves obtained after repeated deformation (second deformation —
curve 2, third deformation — curve 3 and fourth deformation — curve 4). Experi-
mental data show that prestrained materials have both lower yield point and lower
strain hardening coefficient than it follows from the postulate.

600 -
1200 I :
i 3 500 - Ji
1000 - - 400 5
< . % N (
S 500 /7
- o 300
b 1 M
600 200 -
¥2 i
400 +———F—————7— 100 +———F——F——7—7—
0 0.04 0.08 0.12 0.16 0O 02 04 06 08 10
e e
a b

Fig. 6. Stress-strain curves of Al-Ti—Cr alloys (a) (I, 2 — continuous deformation, 3 —
repeated deformation) and of pure Al (b) (1, 2 — continuous deformation, 3—5 — repeated
deformation)
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Unfortunately, due to the fact that conditions of uniaxial deformation are lim-
ited by friction and size effects under compression and by neck formation process
under tension, it is impossible to verify the postulate at high deformation powers
(more than e = 0.4). Therefore, in order to obtain strain hardening curve of high-
deformed aluminium in unified loading condition we have made repeated grinding
of lateral faces of a specimen deformed by single compression. As a result, the
specimen was put into shape of rectangle and tested by repeated compression.
This strain hardening curve (curve 3) lies essentially lower than single one (curve
1) but its start position coincides with the end of last curves obtained by repeated
compression (curve 4). Since the summary hardening curve of predeformed mate-
rials could be obtained by mating results of consecutive loading cycles, but be-
cause of recovery process its strain hardening coefficient may be essentially lower
than one obtained under continuous loading.

In titanium specimens we obtained similar effects [14]. Strain hardening curves
obtained by uniaxial tension (subject to neck formation moment) and data on
hardening of the material after high-deformed rolling were compared (Fig. 7). In
this case, the hardening is stronger essentially for the specimens tested in continu-
ous loading than that for the specimens tested in reloading of predeformed mate-
rial. In particular, failure stress of 1600 MPa is achieved under uniaxial tension of
pure titanium. In high-deformed rolled titanium the stress never exceeds 600—700
MPa. Undoubtedly, a difference of both loading conditions and of specimen tex-
ture should be taken into account in this case. However only these factors do not
in any case explain essential difference in titanium properties in conditions of
continuous loading and pre-deformation states.

Larikov [15] explains the recovery process by increasing the mobility of screw
dislocation components and, as a result, activation of cross slip in plastic defor-
mation mechanism. The processes of structural relaxation proceeding by recovery
mechanism both during plastic deformation and during unloading seem to be the
most important factors to promote loss of strengthening in high-deformed materials.

We analyzed microplasticity curves of
predeformed rolled molybdenum speci-
mens (range of deformation degrees
9-75%). 1t was found (Fig. 8) that at the
initial stage of repeated deformation mi-
croplasticity stress-strain diagrams are
insensitive to pre-deformation degrees
(and therefore to structural state of de-
formed materials). In the microdeforma-

1600

0 ————F———— tion level at 10_5, 10+ and 5107 defor-

0 1 2 3 mation degrees (Fig. 9) the deformation

€ stress is practically the same for all inves-

Fig. 7. Stress-strain curves for Ti: m — tigated materials. Differences start to be
tension, @ —rolling noticeable at 2:10 (yield point). And only
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Stress, MPa

R S L

Microdeformation e, 107 % e

Fig. 8. Microplasticity curves of molybdenum deformed by rolling to different deforma-
tion degrees, %: I —initial, 2—-9,3—-13,4-23,5-39,6—-53,7-63,8—-68,9—-73

Fig. 9. Stress-prestrain dependences of molybdenum deformed by rolling for different mi-
croplasticity levels: ¢ — 5107, * —=2:10°, v —1-10>, A - 510", ¢ = 1-10°*, x — 1-10™

at comparatively high repeated deformation degree 5-10™ the stable increase of
stress with the rise of deformation is observed. Obviously, the hardening curves
obtained at microdeformation levels cannot be explained in the framework of tra-
ditional structural model. In the initial stage of repeated deformation the recovered
cells structure interacts with the moving dislocation in a spatial way.

These data are important for creation of an adequate model of mechanical be-
haviour of high-deformed materials, and may be useful in the explaining of
anomalous dependence of fracture toughness on deformation power of materials
tested in ductile-brittle transition temperature range (see Fig. 5). In this case, the
laws of interaction of dislocations being emitted from a crack tip with primary
structure, in conditions when number of the dislocations is not too large, should be
accounted for.

Conclusions

Cells or subgrain size in armco-Fe obtained by different methods of severe
plastic deformation (rolling, drawing, EC-pressure), cannot be less than 100 nm.
As a result, the yield point for such material is only 1000 MPa. Static and dynamic
recovery are the main reasons limiting the minimal size of structural elements un-
der deformation in high-deformed materials.

The change of mechanical behavior near critical deformation e. was observed
in high-deformed armco-Fe after ECAP .The growth of the fracture toughness for
specimens with cracks introduced into the plane perpendicular to the plane of de-
formation was shown, and the decreasing of the fracture characteristic for speci-
mens with cracks introduced into the plane parallel to the plane of deformation
was observed. Increasing of the deformation degree (e > e.) promotes the change
of the failure mechanism as: quasi-cleavage — quasi-cleavage with delamination.
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Postulate of mechanics, that deformation stress being achieved in a material at
repeated deformation corresponds exactly to deformation stress achieved in it at
unloading moment at the initial deformation, does hold well for materials which
have no susceptibility to recovery process. But this postulate does not hold for
materials which have inclination to recovery. Structural relaxation proceeding by
recovery mechanism both during plastic deformation and during unloading pro-
motes loss of strengthening in high-deformed materials.

In the initial stage of repeated deformation the recovered cells structure inter-
acts with the moving dislocation in a spatial way. In the microdeformation level,
the hardening stress is practically independent of previous deformation degrees in
the wide interval of deformation. Usual increase of strengthening with rise of de-
formation is observed only starting from the yield point (e = 0.002).

The author wishes to thank Prof. S. Firstov and Dr. M. Danylenko for fruitful
discussion. I also thank Dr. D. Verbylo who assisted in the experiments.
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PACS: 81.07.Bc

W.B. AnekcaHgpos, P.I". Yembapucosa, B.[l. Cutaukos

AHANW3 OE®OPMALIMOHHOIO MNMOBEAEHVA MEOU
B PASJIMYHBLIX CTPYKTYPHbIX COCTOAHNAX

YurmMcKkuin rocygapCTBEHHbIN aBUALMOHHBIN TEXHUYECKUIA YHUBEPCUTET
yn. K. Mapkca, 12, r. Ydba, 450000, Poccusa

3D-gepcust OuciokayuoHHou mooenu, pazpabomannoiu Icmpunsvim u Op., npumereHa 0as
aHanuza 0eghopmMayuoHHO20 NOBedeHUs NPU PACMANCEHUU YUCMOU MeOU 8 Pa3iuiHbIX
COCMOAHUAX. KPYNHOKPUCMALIUYECKOM PABHOBECHOM, NOCIE NEPEO2O NPOX00d U 6MOpPO-
20 npoxoda no mapwpymam B, u C pasnoxanaibro2o y2noeozo npeccosanus (PKYII).
Buisenenvt cmaouu I u 1V deghopmayuonnozo ynpounenus, noayuenst Kpussle 360110UUl
NIOMHOCMU OUCTOKAYUL U PA3Mepa sIYeeK 8 3a8UCUMOCHIU O cmeneHu degopmayuu.
Oyenenvl pazopueHmupoBKU mMedicoy CoOCeOHUMU AYEUKAMU, U3 KOMOPLIX clledyent, Ymo C
yeenudeHueM 4ucia npoxooos AYeuKu cmanosamcs bonee pazopuenmuposanHvivu. Ha
OCHOBE CONOCMABNEHUS C U3BECHHBIMU IKCHEPUMEHMATLHBIMU OAHHLIMU NOKA3AHO, YMO
MOOeb A0eK8AMHO OMPadicaem UsMeHeHUs, npousoueouue 6 Cmpykmype oegopmupye-
MbIX 00pa3yo08.

BBenenne

UccnenoBanus mociaeaaux 10—15 ner yOeauTenbHO TPOAEMOHCTPHPOBAIIH,
YTO C TIOMOINBIO METOAAa MHTEHCUBHOW ractuueckoit nedopmamuu (UI1J1), pea-
au3yioniero Oounbliue AeGopManii B YCIOBUSAX BBICOKHX NPUIOKEHHBIX JaBlie-
HUW TIPU OTHOCHUTEIHHO HHU3KHUX TEMIIEpaTypax, MOXHO (OPMUPOBATH HAHOCT-
PYKTYpHBIE COCTOSIHUSI cO cpeaHuM pasmepom 3epeH 100—-300 nm B 0OBbEeMHBIX
3aroToBKax M3 pa3lUYHBIX MeTalioB U ciaBoB [1]. ChopMupoBaHHbIE 00bEM-
HbIE CTPYKTYpPhl U COOTBETCTBYIOILIEE UM AePOPMAIIMIOHHOE MOBEACHHUE 3aBHUCST
ot ocobennocreii UIJ] (ctenenn aedopmarnuu, Mapuipyra, TeMIepaTypsl 1 T.11.).
Opnako MexaHU3MBbI J1e()OpPMaLlMOHHOTO MOBEACHUSI MAaTEPHAIOB, MOABEPTHYTHIX
UITJ ¢ paznuuHOii cTeneHbio AeGopMalui U COOTBETCTBEHHO C Pa3IMYHON MHUK-
POCTPYKTYpPOM, UCCIIeI0BaHbl HeToCcTaTOuHO. KpoMe Toro, k HacTosiemMy BpeMe-
HU YK€ JOCTaTOYHO HAJEKHO YCTAaHOBJICHO, YTO OMNPEAEIECHHBIM OIHOPOIAHBIM
HAaHOCTPYKTYPHBIM COCTOSIHUSIM C BBICOKOYTJIOBBIMHU IPaHUIIAMU 3€PEH, TOJIy4EH-
HBIM JIaHHBIM METOJIOM, COOTBETCTBYET HEOOBIYHOE Ne(hOPMAIIMOHHOE TOBEACHHE
[2]. B wacTHOCTH, OOHAPY>KEHO, YTO €CIIM HAHOCTPYKTYpPa OJTHOPOJIHA, & TPAHHUIIBI
€€ 3epeH MPEUMYILECTBEHHO BHICOKOYTJIOBBIE, TO JUIsl HEE XapaKTEPHO OTCYTCTBUE
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nedopMalimoHHoro yrnpouHneHus [3]. B manHOM ciydae yBenuueHHE CTENEHU Jie-
(opMaIu MOKET COIMPOBOXKIATHCS POCTOM HE TOJIBKO MPOYHOCTH, HO M TIACTHY-
Hoctu (mapamokc UIIM) [4]. B psame cimydaeB HaOm0IaeTCsi BHICOKOCKOPOCTHAS
W/UITN HU3KOTEMIIEpaTypHasl CBEPXIUIACTUYHOCTH [5]. B TO ke Bpemsi MeXxaHU3MBbI
JTAHHBIX MPOIIECCOB BCE €II€ OCTAIOTCS MAJIOU3YYEHHBIMH.

OnHUM W3 BaXHBIX METOJOB HCCIICAOBAHHMS MEXaHHU3MOB J1e(hOpMAIIMOHHOTO
MOBEJICHUSI MAaTEPUAIIOB SIBIISIETCA KOMIBIOTEpHOE MoJenupoBanue. [[ns ero ocy-
IIECTBJICHUS] UCIIOJIB3YETCS LIEIBIA psAJ MOAXO0/0B, PEAIM3YEMBIX Ha OCHOBE TEX
WM WHBIX TeOpuid U Mojenen [6—9]. OxHol u3 HamboJee pa3BUTHIX MoJeNeH Ta-
KOTO poja sBJIETCS AMCIOKAIlMOHHAs Mojeib JcTpuHa—Torta [8], koTopas yc-
MEIIHO MPUMEHSIach JUIsl aHajiu3a BCeX MATU CTaaul AeQOopMaIliOHHOTO YIpOy-
HEHMS MpH O0oNbIINX IUIacTudeckux aedopmarmsx [8,10,11]. B ocHoBy nanHOi
MOJIEJIH TOJIOKEHO Oa3upyrolleecs Ha SKCIEPUMEHTAIbHBIX HAOMIOACHUAX Tpe-
CTaBJICHUE O YEUCTON JUCIOKALMOHHON CTPYKType MaTepuaiios [12].

[lenpi0 HACTOSAIIUMX HMCCICIOBAaHUN OBLUIO MPUMEHEHHE MOJICPHU3UPOBAHHOMN
3D-monenu DctpuHa—ToTa Ans aHanM3a MEXaHHU3MOB Je(OpPMAIIMIOHHOIO TOBe-
JIEHUsl MPU PACTSKEHUHM MEIH B Pa3HbIX CTPYKTYPHBIX COCTOsSHUAX. M3ydanachk
Meb B UCXOJHOM U B COCTOSIHMSIX IOCIIE IepBoro u Broporo (Mapupytsl C u B.)
npoxonoB PKVYII, sBistomierocss OCHOBHBIM CIIOCOOOM NOJYYEeHHUsI OOBEMHBIX Ha-
HOCTPYKTYPHBIX 3aroToBOK B pe3ynbTate UIT/I.

2. Meroauka MoJeJJMpPOBAHUS

IIpuBeaemM OCHOBHBIE YpaBHEHUS, MOJIOKEHHBIE B OCHOBY 3D-BepCcHM MOJEITU
Octpuna—Tota [13]. IIpennonaranu, yTo oOpasell UMEET AYEHCTYIO CTPYKTYPY,
COCTOSIIYIO M3 00JacTel ¢ HU3KOW TJIOTHOCTHIO JUCIIOKAIMi (TEI0 sSYeeK), OK-
PYKEHHBIX CTEHKaMH SYE€EK C BBICOKOW IJIOTHOCTBIO auciokanuil [14]. IlnoTHo-
CTH JIUCIIOKAIINH B CTEHKAX P, U BO BHYTPEHHUX OOJACTSX SUEEK P, CBSI3BIBAIH C
MOJHOM TJIOTHOCTBIO TUCIIOKALUN Pigtal COTIIACHO MPABUITY

ptotalzfpw+(1_f)pca (1)

rae f — oObeMHast 0N CTEHOK sTYeeK, KOTOpast He OCTaeTcs MOCTOSIHHON B TIPO-
necce aedopmaruu. CormacHo padoram [8,10,13] cunranm, 9T0 OTHOCHUTEIIBHAS
00BbEeMHasl 107151 CTEHOK f/ YMEHBIIIAETCSI MOHOTOHHO ¢ Jiehopmariueit

f= o+ (fo-forexplv/77) )

rze fo, foo — HAYAJIbHOE U TMpENeIbHOE €€ 3HAYCHHUS, v - napameTp, XapakTepu-
3YIOUINI CKOPOCTh MU3MEHEHHMsI BEJIMYMHBI f/ B 3aBUCUMOCTU OT MPUBEICHHON Je-
¢opmanuu. Pacuer m3aMeHeHHs OOBEMHOW MONM f MPOBOIMIIM B TpoLEcce Kak
PKYVTI, Tak 1 nocineayromero pacTsKeHHUs.

Cpennuii pazmep siueek d CBS3BIBAIIN C MOTHOM TIOTHOCTBIO AUCIIOKAIMH Pyotal
C TIOMOILIBIO 3aBUCUMOCTHU
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K
d=———, (3)
~/ Ptotal

rae K — mocTossHHBIH KO3 PHUIMEHT MPOMOPIUOHANIBHOCTU Il JAHHOTO MHTEP-
BaJa IeOPMHUPOBAHUS B ME/IH, B3SITOTO B COOTBETCTBYIOIIEM COCTOSIHHH.
OOBEeMHYIO 0MTI0 CTEHOK STYEeK f OTpEeNessid U3 YpaBHEHUS

3 g 33
f=d (5’3 w)

1€ w — TOJIINIMHA CTCHOK SA4YCCK.

; (4)

[IpuBeaeHHbIE HAMPSIKEHUS ch u rg COOTBETCTBEHHO B CTE€HKAaX M BO BHYT-
PEHHUX O0JIACTSX SYEEK PACCUUTHIBAIM C YIETOM COOTBETCTBYIONINX IUIOTHOCTEH
JIUCIIOKALUHI Py, U Pt

1/m

v

v =aGhp, | T |, (%)
Yo
A\ m

v =aGb p,| | | (6)
Yo

rae v.,, Y. — NpUBEIEHHBIE CKOPOCTH Ae(GOPMAIMK COOTBETCTBEHHO B CTEHKAX

s;lYeEK W BO BHYTPEHHHX 00nacTsx, G — MOAYNb CIBHUTra, b — BEJIMYMHA BEKTOpa
Broprepca, y, — ucxomHas CKOpOCTb nedopMaii, 1/m — 9yBCTBUTEIBHOCT Ha-

NPsDKEHUSL CIBUTA K CKOPOCTH Aedopmanuu, o — KOHCTaHTa, 3HAUEHUE KOTOPOW
Opanu pasubeim 0.25 [8,10,13].
JedopMmanionHoe MOBECHUE KOMIIO3UTA OMPENENsUId MPUBEICHHBIM HarpsiKe-

HUEM T, CBA3aHHBIM C IPUBEIEHHBIMH HATIPSDKEHUSIMU T, U T, COIVIACHO TIPABHITY

W = i+ (- )L @)

J171s1 BBITIOTHEHUS YCIIOBUSI COBMECTHOCTH JIE()OPMHUPOBAHUS BJIOJb TPAHUIIBI Pa3-
nena (a3 (BHyTpEHHUX 00JIaCTe M CTEHOK sIYeeK) CUUTAIH, YTO

Tw=Te=7"- (8)

Ypaaenus (5) u (6) TONOTHSIN YPaBHECHUSIMH TAUHAMUKU TIOTHOCTH JTUCIIO-
Kallui B CTEHKaX U BO BHYTPEHHHUX 00JaCTSIX SUEEK:

* . *.p .7 _l/n
p _ 6B = /)" +ﬁB vel=f)py N 9)
" bdf Jb Yo o
1 Jpw 61 AN
A A ey T I B 1o (10)
5 b pd - '3 L,
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[TapameTtp o BBIP)KAET JOJIO aKTHUBHBIX MCTOYHHKOB JWCIIOKAIMA B CTEHKAX
AYEeK, B*— JOJTI0 TUCIIOKAIMM, TOCTYMAIOMUX U3 BHYTPEHHUX OOJIacTel sYeeK B
ee creHku. [lapameTpsl ky U 7 XapaKTepU3yIOT COOTBETCTBEHHO MHTEHCHUBHOCTD
AHHUTHJIIIMOHHBIX NTPOLIECCOB M UX YyBCTBUTEIBHOCTh K CKOPOCTH JIe(OpMalHU.

OBOJIIOLMIO TEKCTYPBl PACCUNTHIBAIM HA OCHOBE BSI3KOIJIACTMUECKON camoco-
rmacoBanHoi (BIICC) momenu, OCHOBHBIE TIOJIOKEHHUSI KOTOPOW M3JIOKEHBI B pa-
6otax [15—17]. IlonukpucTaml NpeACTaBIsAICS 3HAYCHUSIMHU B3BEILICHHBIX OPHEH-
TalMi, KOTOpbIE ObUIN CBsI3aHBI C 3€PHAMH, a Beca MPEJACTABISUIA UX OObEMHBIE
noau. C MOMOIIBIO 3TUX BEJIWYHH OMUCHIBAIN KPUCTAIUIOTPAPHUECKYIO TEKCTYPY
obpasria.

Kaxnoe 3epHO mpencTaBiisiio coOOW BS3KOIUIACTUYECKUN AIUIMIICOMT, TOMe-
IIEHHBIH B 3((EKTUBHYIO BSI3KOIUIACTHUYECKYIO CPEIy, YCPEIHEHHYIO 10 BCEM
3epHaM. [leopmanuio OCyIIECTBISUTM CKOJIBXKEHHEM I10 BCEM CHCTEMaM CKOJIb-
’KEHUs, aKTUBUPYEMBbIM NPUBEACHHBIMU HampsKeHUsMHU caura. CuumTaniu, 4ro
JUIsL OTZIETIBHOTO 3€pHA CIPABEJIMBA 3aBUCUMOCTh TEH30pa MPUBEIEHHOW CKOPO-

ctu neopMalyy B 3€pHE Y’ OT TEH30pa HANPSHKEHUS G

s s s m—1
. . 8ij8k| g o
ro_ y _ c c
Vi=102, " | S| ow=Mjuoy, (11)
s T T
N N
IZIe § — HOMEpP CUCTEMBI CKOJIbKEeHMs, g — TeH3op llmuna, T — moporoBoe Ha-
NpsKEHUE CABUTaA, m — BEJINYMHA, 00paTHast CKOPOCTHOU YyBCTBUTEIbHOCTH.
YpaBHeHUE B3aUMOJICHCTBUS MEXIy BKIIOUEHHEM U 3()(eKTUBHOM cpenoil, Ha

KOTOpOM 0Oa3upyeTcs caMOCOINIaCOBAHHAS MOJEIb, UCIIOIb30BAIU B BUJIE

(yr—?):n"ff(l—E)‘1 :E:MSBC(GC—G), (12)

rae Y — CKOpOCTh NMPUBEACHHOU jaedopMmalu, G — HANpsKeHue, £ — TEeH30p
Dmenou, SBISIOMUNACS OAHOPOAHON (DYHKIIMEH OT MOAATIIMBOCTH O0pasiia u OT-

HOILIIGHUS OCeil ammmnconna, M — HomaTIHBOCTG 00pasia, 3aBHCAAS OT Ha-
npsokeHus B oopasie. [lapamerp n*" noseonser HOJY4YUTh NpubImkenue Teitno-
pa (neff
npubimxenue 3akca (neff = o0). Ciyuait, korga 1 < nett < M, YYUTBIBAET Pa3HULLY
B3aUMOJICHCTBUSL MEXKIY KaXKIbIM OTAEIbHBIM 3epHOM M 3(h(EKTUBHON cpenoi
[18]. B HacTosimieit pabore Obutn BeIOpanbl 3HaueHue m = 50 cormacuo [13] u
TaHT€HIIMAJIbHOE MPUOIMKEHNE, COOTBETCTBYIOIIEE MOJIeIN DcTpuHa—ToTa.
®akrop Teinopa onpenessin Kak OTHOLIEHUE CPEAHEN 110 BCEM B3BELICHHBIM
OpPUEHTUPOBKAM B MOJIMKPUCTAIIIE CYMMbI IIPUBEJIEHHBIX CKOpOCTel nedopmanmu

ff iid
= 0), TaHreHiuanbHoe (17 = m) U KacarenbHoe (n° = 1) NpHOMKEHNS,

Y% TI0 BCEM $-CHCTEMaM CKOJIbKEHHS K 3a/laHHON ckopocTh aedopmarmu & [8]:

% iv

M=l T (13)

—
—_—

m.
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rae V; — oObeMHast 10711 3€peH ¢ IaHHOW OPHEHTUPOBKOW, N — 4ncio 3epeH, L —
YHUCJIO CHCTEM CKOJIbXeHUs. UHTerpanbHbiid daktop Teiopa, COOTBETCTBYIOIIHIA
PacTsLKEHHUIO MOJIMKPUCTAIIA, PACCUUTHIBAINA KaK

tens

or
ML =", (14)
e

r7ie € — MaKpOCKOIMYECKasi CKOPOCTh Aeopmanuu. [Ipu 3TOM y4UTBIBAIH, YTO

I N
V=] X e (15)

o\i=1
[Ipu MonemmpoBanun ouepenHoro npoxoaa PKVYII B kauecTBe BXOAHBIX MapaMer-
POB HCIOJIL30BAJIU JAHHBIE, T0JyYE€HHbIE Ha NIPEALIECTBYIOILEM Tarle 1epopMaLiH.
[Ipu MonenupoBaHUM pacTsHKEHHs oOpaslia B KauecTBE BXOJHBIX IapaMeTpoB
MCIIOJIb30BAIM JIaHHBIE, ITOJIyY€HHBIE B KOHIIE MOJAEIUPOBAHUSA OYEPEIHOTO IPO-

xona PKVTI. Tlo 3Ha4ueHHsIM OObEMHBIX JI0JI€H V; U IPUBEICHHBIX CKOPOCTEH Y, B

KKJIOM CUCTEME CKOJIBXKEHUSI pacCUMThIBaIK (pakTopbl Teitnopa Ha KaKIoM Jie-
¢dopmanronHoM mare ¢ nomouibio ypasuenus (13). Llar nedopmupoBanus ObL1
paBen 0.015. Pe3ynbTaThl MOJEIUPOBAHUS CHPABEIJIMBBI BIUIOTH JI0 3HAYCHUI
UCTUHHOM cKkopocTu aedopmaruu, paBHoit 0.51.

MoaepHuzanys AUCIOKalMOHHOM MoAenu DcTpuHa—ToTra 3akitoyanach B yye-
T€ yria pa3opUEHTHUPOBKHU MEXIY COCETHUMHU SYCUKaAMHU.

OueHky pa3opUEHTUPOBOK MEXKIY SUEHKaMH MPOBOJIWIM [0 METOAY, MPEAJIO-
keHHOMY B [19] u npumenennomy B [11]. IIpu 3TOoM, UCX0as U3 pacCUMTAHHOM
M30BITOYHOHN TJIOTHOCTU JTUCIOKAUUN Pexe = pl — p', BBIUHCISIN paccTOsHUE h
MEXAY COCEAHUMU AUCIOKAIMSIMU B CTEHKaX SYEEK

1

h=— (16)
dPexe
1 Pa30PUEHTHPOBKH MEXY COCETHUMH sTUCUKaMu 10 popMyIie
b
Ozzzbdpexc, (17)

L .
rae p M p' — IWIOTHOCTH AUCIOKALMI pa3sHbIX 3HAKOB.
B kauecTBe MIOTHOCTH M30BITOYHBIX AMCIOKAIIUI MPUHSUIA TUIOTHOCTh JTHCIIO-
KalMi, IOCTYNAIOMNX B IPAHULBI SYEEK Pgy. = P,,. XAPAKTEP IBOJIOLUH H30bI-

TOYHBIX JWCIIOKAIMI pacCUMTHIBAIU ¢ momoulbio ypaBHenus (9). Auddepenunm-
pys BeipakeHue (17) Mo BpeMEHH W YYUTBIBas BEPOSTHOCTh P MMMOOUIH3ANT
JIMCIIOKALMIA, KOTOpast COIJIaCHO BBIIIEyKa3aHHbIM paboTam paBHa P = 1/3, momyunnu

0 = Pbdp,,, = Pbdp,,. (18)

Pa3zopueHTHpOBKM ONpeAessuid B pe3yiabTaTe UHTErpupoBaHus auddepeHnnas-
HoOro ypaBHeHus (18):
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0 = | Pbdp,,d = Pbdp,,(t) p,,(0)]. (19)
0

3nech p,,(0) — IIOTHOCTH AMCIOKALUI B HEZE(POPMUPOBAHHON MeIH.

Jlis mpoBesieHUs! pacyeToB B COOTBETCTBUU C YKAa3aHHBIMU BBILLE ypaBHEHUS-
MH OBUT pa3paboTaH aJrOPUTM M HANKCaHa MpOrpaMMa Ha AJITOPUTMUYECKOM
sa3bike DopTtpan 77. PacyeThl BBIMOIHSIIMA JIJI1 MHTEPBAJIOB U3MEHEHUSI BapbHUpye-
MBIX IAPaMETPOB, BBIOPAHHBIX C YUETOM HKCHEPUMEHTAIbHBIX JaHHBIX U (pU3NUe-
CKOT'O CMBbICIIA.

3HAYeHHUs IPUBEICHHBIX CKOPOCTEH |, B KaXKJIOM CHCTEME CKOJIBKEHUS B 3€p-

He (sueiike) monydanu ¢ nomotnbio BIICC-monenu. CkopocTh caBura B 3epHE
pY BEIOPaHHOW CKOPOCTHOW UYBCTBUTEIBHOCTH IPUHUMAIIN PAaBHOU

K
DI (20)
s=1

CHpaBEAIMBOCTh MOCJIEAHET0 ypaBHEHUs ToKa3aHa B pabore [13].

[TonmukpucTtaymuyeckuii obpasern ObUT mpeacTaBieH cocrosmmM u3 830 B3Be-
LICHHBIX OPUEHTUPOBOK. [Ipearonaranocs, 4To B K101 S4YEUKE MOT'YT IEUCTBO-
BaTh 70 12 okTa’apuyeckux cucteM ckoibxkeHus {111}(110), THnNUYHBIX AJIA
I'lIK-pemetku. IloporoBoe HanpspkeHUE CABUIa Ui BCEX CUCTEM CKOJIBKEHMS
ObUIO NMPHUHATO OAMHAKOBBIM. IlapameTpsl, Mcnosb3yeMble NPU MOJEIUPOBAHUN
negopMalnu pacTsHKEHUEM MEIU B UCXOJHOM COCTOSIHUH, IIOCJIE TIEPBOTO M BTO-
poro npoxonoB PKVII no mapuipyram B, u C, cBenens B Tadm. 1.

Tabauma 1
3HaueHNA nmapaMeTpoB, HCITOJb3YEMbIX ITPH MOACTUPOBAHHUHA
TapameTpsi Hcxonnoe [TepBerit Bropoii npoxon
COCTOSIHUE IPOXOJ Mapuipyt B, Mapupyt C
Py, M 2 510" 5107 810" 810"
Pe, 35.5-10"° 4.5-10™ 0.5-10" 0.5-10™
£ 0.060 0.060 0.060 0.060
i 3.2 3.2 3.2 3.2
:YO: S_l 1 1 1 1
o 0.25 0.25 0.25 0.25
G, GPa 474 474 474 474
m 50 50 50 50
n 10 10 10 10
b, nm 0.256 0.256 0.256 0.256

3Ha4yeHUs1 IMJIOTHOCTEH AMCIOKAaUuil p,, U P, BBIOpPAHBI COTJIACHO JIAHHBIM
[20—22]. [Ipu 3TOM y4YTEHO, UTO pE3yJIbTaThl MOJCIUPOBAHUS HE UYBCTBUTEIIbHBI
K HavaJbHbIM 3HAYCHHUSIM NEPEMEHHBIX, KaK yCTaHOBJIEHO B padote [10].
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OnTuMu3anuy B pe3ysbTaTe MOACITHUPOBAHMS TTOABEPTaIN MapaMeTPhl MOJCITH
a*, B*, ko, K myTem comocTaBieHus MOJENLHBIX KpuBbIX T = f(y") ¢ skcnepu-

MCHTAJIbHBIMU.

3. Pe3yJabTaThl MO IMPOBAHNS M UX 00CY:KIeHHE

DKcrepUMeHTalbHbIE JIaHHbIE, MTOJIyYeHHbIE MTPH PACTSHKEHUU 00paslioB MeIu
B MCXOJHOM COCTOSIHMH, B COCTOSIHUSIX IOCJI€ NIEPBOIrO MPOX0Jia U BTOPOro Mpo-
xona PKVYII no mapuipyram B, u C, npuBenens! Ha puc. 1.

140/ 200
1201 150
< <
1001
= S 100
kl-: 80' kl-:
60 501
2 o
0 02 04 0.6 08 1.0 12 14 0 02 04 0.6 08 1.0 12 1.4
v’ v’
a o
200 2001 s
e
150- 150{%
o] o] /‘
1001 %100-‘
50- 50+
0 02 04 0608 1.0 12 1.4 0 02 04 0.6 08 1.0 12 1.4
Y’ Y’
6 Z

Puc. 1. DkcnepumenTaibHbie (%) U MOAEIbHBIE (—) 3aBUCUMOCTH Je(OpMaIlUH PacTsi-
xeHreM Menu (ydreHa sBoionus (akropa Teinopa): @ — UCXOOHOE COCTOSIHUE, O — TIO-
cie nepsoro npoxona PKVII; 6, 2 — mocne Broporo npoxoaa PKVYII mo mapuipyram co-
orBercTBeHHO B, 1 C

Ha nedopmarimonHo# KpUBOI HCXOMHOTO COCTOSIHHS Y€TKO Pa3inuuMa CTaaus
I nepopmanmonHoTrO ynpouHeHus. XapakTep AeGOpMaIMOHHONW KPUBOM IMOCIIE
nepsoro npoxona PKVYII umeer Gosiee cnoxxublii Xxapakrep. Paznuuumel craguu
III u IV nedopmarmoHHOro ynpoyHeHUs. AHAIOTHYHBIA XapakTep uMeeT aedop-
MallMOHHasA KapTUHA )it Meau nociie Broporo npoxojaa PKVYII mo mapuipyram B,
u C. MojienbHble KpUBBIE, MTOJIYYEHHBIE ISl TAHHBIX COCTOSIHUM, COOTBETCTBYIOT
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9KCHEPUMEHTAJIbHBIM JaHHBIM. YKa3aHHbIE BBIIIE OCOOCHHOCTH Je(hOpMalMOH-
HOT'O IIOBEJIEHUS MEIU INEPEeNaloT TAK)KE MOJEIIbHBIE KPUBbIE 3aBUCHUMOCTH CKO-
POCTH YIIPOYHEHUS OT IPUBEACHHOr0 HanpsbkeHus (puc. 2). [lna menu, noasepr-
nyroir PKVII, cragus 111 xapakrepusyercs 0osiee BBICOKOM CKOPOCTBIO YIPOUHE-
HUS 110 cpaBHEHUIO co ctaauen Il ympouyHeHuss UCXOIHOW MEIU, YTO CBSI3aHO C
0oJiee BBICOKO CTENEHbI0 HAKOIIJICHHOM e opManuu.

250 -
120
100 I 200
< <
% 304 5150- IIT
EDH 60 - ~ "100 -
40 1 50 1 v
0w 0 . . . : :
80 90 100 110 120 130 140 150 160 170 180 190 200
v, MPa v, MPa
a o

Puc. 2. MogaenpHbIE KpUBBIE 3aBUCUMOCTH
CKOPOCTH YIPOYHEHMS OT IPHUBEICHHOIO
HanpspkeHus (ydTeHa 3BOJIONHA (pakTopa
Teiinopa): a — UCXOAHOE COCTOSHHE, O —
nocne nepsoro npoxoaa PKVYII, ¢ — nocie
Broporo npoxoxa PKVII nmo mapmpyram
C (xpuBas /) u B; (kpuBas 2)

0 : . . : :
160 170 180 190 200 210
v, MPa

8

Jnst comocrTaBiieHUsI C MOJIETbHBIMU KPUBBIMH 3KCIIEPUMEHTAJIbHbIE KPUBbHIC
IPEJICTaBJICHbl B BUJIE 3aBUCHUMOCTH «IIpHUBEACHHAsA JehopMalus—IpUBEIEHHOE
HarpspkeHue». C 9TOH 1eNbl0 BBIYHCIUIA HHTETpaibHbie dakTopsl Teitnopa M
JUTSL TIOJTMKPHUCTAJUIA, COOTBETCTBYIOIIME JehopMaluy pacTsbKeHUEM 00pasiioB B
YKa3aHHBIX BBIIIE€ COCTOSHUSAX (Tabi. 2). 3HAUeHUsS MCTUHHBIX HaNpsOKEHUN Ha
HKCIIEPUMEHTAIbHBIX KPHUBBIX MOJEJIEHbl Ha MHTErpaibHbI (aktop Teitnopa, a
3HAYEHUS] UICTUHHOM ehopMaliii yMHOKEHBI Ha HETO.

C noMoOIIbI0 TUCIOKAIIMOHHONW MOJENM KOMIIO3UTHOTO 00pasiia mpejcKazaHa
SBOJIIONNS TIJIOTHOCTEH JUCIIOKAIMMA: OOIIEH Piota], B CTEHKAX SYEEK P,, U OKPY-
JKEHHBIX UMM BHYTPEHHHUX O0JIacTAX — Telle sfueeK p.. I'paduku 3aBucUMOCTE
IUIOTHOCTEH JUCIIOKAIUN OT KPUCTALIOTPaPUUEeCKUX CIBUTOB, YCPEAHEHHBIX IO
BCEM B3BEILICHHBIM OPUEHTUPOBKAM B MOJIMKPHUCTAIIIIE CyMMaM, IIPEACTABICHBI HA
puc. 3.
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Tabmauma 2
IMapameTpsl, oTy4YeHHbIe IPH MO/ICJIMPOBAHNH JeopMaii pacTKeHUEeM MeXn
B Pa3/IMYHBIX CTPYKTYPHBIX COCTOAHUAX

ITapameTpsi Hcxonnoe ITepBriit Bropoii npoxon
COCTOSIHUE IPOXOJ MapipyT B, mapupyt C
o* 0.1600 0.5468 0.5221 0.4838
B* 0.012 0.028 0.035 0.031
ko 3.96 10.68 14.89 12.32
K 10.5010 12.0040 11.9968 12.4381
M* 2.47 2.48 2.47 2.50
7o 0.250 0.145 0.096 0.099
3.5 701 1
3.0 2 6.0 -/
a 25 T 50
EE 2.0 3 QE 40 - 3
2 1.51 < 30/
1.0 20
0.57 1.0
0

0 020406081012 14

12 1
10 1

0,10 m2

S N A~ O ®

Y
a

0 02040608 101214
y}"
6

0 02040608 10 12 14

12
10

0,10 m2

O N B~ OV
()Y
-2
Wil ~

0 02040608 101214
y}"
2

Puc. 3. IlmoTHOCTH Auciokanuii (/ — B CTEHKaxX siueek, 2 — oomias, 3 — B sSiMedKax) B MU
B 3aBHUCHMOCTH OT MpHBEICHHOW Nedopmaru (yureHa sBoitonus (akropa Teinopa)
MIPH PACTSHKEHUHU M3 UCXOTHOTO COCTOSIHUS (a), mocie mepBoro npoxona PKVYII (6), mo-
cie Broporo npoxona PKVYII mo mapmpyram B, (6) u C (2)

Kak cienyer u3 tab:ma. 2, pactshxerue nocie nepporo npoxonaa PKYII compoo-
JKJIaeTCsl YBEIMYEHHEM aKTHBHOCTU UCTOYHUKOB B CTEHKAaX S4YeeK, XapaKTepHusye-
MOW TapaMeTpoM o, o CpaBHEHHUIO ¢ 00pasioM, JePOPMUPYEMBIM B UCXOTHOM
COCTOSTHUHM. DTO MOXHO OOBACHUTH TeM, uTo B mporiecce PKVYII yxe mpousomnmnio
HaKoIUJIeHWe auciokanuil. Hampumep, cormacHo pesyiapTaraM MOJEIMPOBaHUS,
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IIOJIHAs! IUIOTHOCTh JUCIIOKALMK IIPU pacTshKeHUU nociie nepsoro npoxoga PKYII
IIOYTH B JIBa pa3a BbIILIE, YEM IIPU PACTSKEHUU MEIU B UCXOJHOM COCTOSHUM JUIS
crenenu nepopmarmu Y = 0.8. ITpu neopmaruu o Maprpyty C BTOPOit poxos
IPUBOJUT K CABUTY B TOM )K€ INIOCKOCTH, HO TOJIBKO B IIPOTHUBOIOJIOKHOM Halpas-
JIEHWH, YTO HE JIOJKHO M3MEHUTH BEJIMUMHY OTOKA JUCIIOKAIMM, TOCTYAOMUX B
crerku. [Ipu nedopmaru o mapmpyry B BTOpoii mMpoxo1 IPUBOIUT K U3MEHE-
HUIO HarpasjeHus casura. Ilnockoctu cisura nepecekaroTcsl, M, Kak CIIEICTBHE,
00pa3yloTcsl CHJMUME AUCIOKALUU. 3HAYUT, MOTOK JUCIOKALMN, MOCTYNAOUIUX B
CTE€HKH, yMeHblIaeTcs. Cuasuue AUCIOKAlUY YBEJIMUUBAOT BHYTPEHHUE MOJISI Ha-
MPSOKEHUH, YTO BEJIET K aKTUBU3ALMKU UCTOUYHUKOB Ppanka—Puna B ctenkax. Coot-
BETCTBEHHO KOX(P(UIIMEHT o, XapaKTepU3YIONIUH OO0 aKTUBHBIX HMCTOYHHUKOB,
pacteT. B pe3ynbpTrare Takke pacTeT MOTOK AMCIIOKALMM, NOCTYNAOIINUX U3 CTEHOK
BO BHyTpeHHHE 00sacTu. COOTBETCTBEHHO BhIIE U KO3 duLueHT B*, xapakrepu-
3YIOIIMI JJOJTIO AUCIIOKAIMHN, TOCTYNAIOIINX U3 BHYTPEHHHUX 00J1acTel B CTEHKH.

[Ipu yBenuueHuH creneHd AeGopManuy BO BCEX PACCMOTPEHHBIX CIydasx
IUIOTHOCTh AMCJIOKAIMI B CTEHKAX SYEEK pacTeT, YTO JOJKHO NPUBECTH K Kaye-
CTBEHHBIM U3MEHEHUSAM MX CTPYKTypbl. M. Zehetbauer u np. [22] caenanu npen-
HIOJIOKEHHE O MOCTENEHHOM TpaHC(OpPMALMU TUMOJIBHBIX CTEHOK B HAKJIOHHBIE.
Takoil mporecc BelleT K YBEIMYEHUIO PA30PUECHTUPOBOK MEKIY siuekikamu. J[aH-
HOE sIBJIeHHE HaOJI01aJ0Ch HaAMU KaK pe3yJbTaT MPOBEICHHOIO MOJEIMPOBAHUS.
[Ipu sTOM pa3opuEHTUPOBKH MNpH AeHOPMUPOBAHUM IOCIE IPOXOXKICHUS I10
Mapmpyty B, Bbime, yem no mapupyty C (puc. 4). D10 00BsCHSAETCA TEM, YTO
U30BITOYHBIX AUCIOKALMN B CTEHKAaX B IEPBOM Cilyyae OOJIbIlle, YEM BO BTOPOM.
Pasmepnr siueek nocine PKYII naxoasres B okpectHocTH 3HaueHus 200 nm (puc. 5)
Y NIPAKTUYECKU HE U3MEHSIIOTCS IIPU JAJIbHEHIIEM PACTSKEHUU, YTO TAK)XKE HaXo-
JIUTCS B COTJIACHHU C IaHHBIMU 3KCIIEPUMEHTAIIbHBIX HA0II0IeHUH [5].

10 -
j 500+
8 4501
400
< 61 2
<
51— £ 350
o 47 ; ~ 300
5. 2501
2001
01 10y~
0 020406081012 14 0 0204 0608 10 12 14
Y’ Y’

Puc. 4. DBonro1Ms Pa3opUEHTUPOBOK IIPH JehopManuKl pacTsHKEHUEM METH B 3aBUCUMOCTH
OT TIPUBECHHON JleopMariiu caBura; / — UCXOAHOE COCTOSIHUE; 2 — ITOCIIE TIEPBOTO MPOX0-
nma PKVYII; 3, 4 — mocie BToporo npoxona PKYII mo mapmpyram coorBercTBenHo B, 1 C

Puc. 5. DBomonus pazmepa siueek npu AehopManny pacTsHKEHHEM Mequ: [ — UCXOIHOe
cocrosiHue; 2 — nocie nepsoro npoxona PKVII; 3, 4 — nocne Broporo npoxoga PKVII o
MapuipyTam cooTBeTcTBeHHO C u B,
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BriBoabl

1. 3D-Bepcusi MoJienu aaeKBAaTHO OIHUCHIBAeT JehOpMAlMOHHOE MOBEICHUE
MEJIH KaK B HCXOJHOM COCTOSHUM, Tak u nmociie PKVII.

2. YBennuenue unciaa npoxonos npu PKYII npuBoauT k akTHBU3alMKU UCTOY-
HUKOB JHCIIOKAIIMK B CTEHKaxX OoJjiee 4yeM B 3 pasza W JOJIM JUCIOKAIMHA, TIOCTY-
MAaoNMX W3 BHYTPEHHUX OOJacTel sueek B MX CTEHKH, Ooyiee yeM B 2 pasa 1o
CPaBHEHUIO C UCXOAHBIM COCTOSTHUEM.

3. YBenuuenue kodddummenta ko B menu, moaseprayroit PKVYII, 6onee yem B
2 pa3a 1o CpaBHEHHIO C UCXOIHBIM COCTOSIHUEM YKa3bIBa€T HAa aKTUBHU3ALIUIO aH-
HUTWISIIUOHHBIX IIPOLIECCOB.

Hannas pabora Oblna BeimojHeHa B pamkax mpoekta CRDF Ne 10505 Model-
driven manufacturing of nanocrystalline structures (koopaunatop mpoekra Dr. LJ.
Beyerlein) u npu nognepxkke donga OAO «MMKy», UTL] «Aychepp» n1 PHuO
«UuTency (rpant Ne 19-04-02).
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LV. Alexandrov, R.G. Chembarisova, V.D. Sitdikov

ANALYSIS OF THE DEFORMATION BEHAVIOUR OF COPPER IN DIF-
FERENT STRUCTURAL STATES

A 3D dislocation-based model developed by Estrin et al. has been applied to conduct a
comparative analysis of the deformation behaviour of pure Cu in different states: in well-
annealed coarse-grained equilibrium state, after 1 and 2 passes of equal-channel angular
pressing (ECAP) by the routes B, and C. There have been revealed stages III and IV of
the strain hardening, the curves of dislocation density evolution as well as curves of cell
size depending on the strain level have been constructed. Misorientations between neigh-
bouring cells have been evaluated. It follows that with an increase in the number of
passes, cells become more misoriented. On the basis of comparison with the well-known
experimental data, it has been shown that the model reflects adequately changes occurring
in the structure of the deformed samples.

Fig. 1. Experimental (%) and model (—) dependences of the tensile strain of copper (the
Taylor factor evolution has been included): a — initial state, 6 — after 1 ECAP pass; 6, 2 —
after 2" ECAP pass by routes B, and C, respectively

Fig. 2. Model curves for the dependence of strain hardening rate on reduced stress (the
evolution of Taylor factor is included): a — initial state, 6 — after 1 ECAP pass, ¢ — after
2" ECAP pass by routes C (curve /) and B, (curve 2)

Fig. 3. Dislocation densities (/ — in cell walls, 2 — total, 3 — in cells) in copper depending
on reduced deformation (the Taylor factor evolution is included) upon tension from initial
state (a), after 1 ECAP pass (6), after 2™ ECAP pass by routes By () and C (2)

Fig. 4. Misorientation evolution during tensile deformation of copper depending on the
reduced shear strain: / — initial state; 2 — after 1* ECAP pass; 3, 4 — after 2" ECAP pass
by routes B, and C, respectively

Fig. 5. Evolution of the cell size during tensile straining of copper: / — initial state; 2 —
after 1 ECAP pass; 3, 4 — after 2" ECAP pass by routes C and B, respectively
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MODELING OF GRAIN SUBDIVISION DURING SEVERE PLASTIC
DEFORMATION BY VPSC METHOD COMBINED WITH
DISCLINATION ANALYSIS

1Ufa State Aviation Technical University
Ufa, 450000, Russia

?Institute for Metals Superplasticity Problems, Russian Academy of Sciences
Ufa, 450001, Russia

Soffe Physico-Technical Institute, Russian Academy of Sciences
St. Petersburg, 194021, Russia
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Microstructure development during severe plastic deformation by simple shear is mod-
eled using a combination of the visco-plastic self-consistent (VPSC) method and a discli-
nation model. Strain incompatibilities between a homogeneous effective medium and a
grain are calculated by VPSC. These are assumed to result in an accumulation of discli-
nations in the junctions of a grain that are relaxed by a growth of low-angle dislocation
boundaries from the junctions. Predicted misorientation distributions between subgrains
and their parent grains agree semi-quantitatively with experimental misorientation dis-
tributions for geometrically necessary boundaries. The texture after 100% simple shear
was found to be insensitive to the presence of subgrains with misorientations less than 15°.

Introduction

Grain fragmentation and refinement is one of the most important consequences
of dislocation substructure evolution during large plastic deformation common for
crystals of different types [1,2]. Mechanisms and characteristics of microstructural
refinement is a matter of great theoretical and practical importance, particularly in
producing ultrafine grained materials using equal-channel angular pressing
(ECAP) and other methods of severe plastic deformation [3]. In principle, the re-
finement process can be rigorously described in terms of dislocation dynamics,
though full 3-D modeling is a challenging task due to the complex nature of dislo-
cation multiplication, interaction and annihilation in real crystals. Recently, the
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disclination approach has been shown to be very helpful for the description of
elementary processes of grain subdivision [1,4]. It has been proposed that grains
subdivide by the growth of low-angle boundaries due to the motion of partial
disclinations generated at grain boundaries and grain boundary junctions. In turn,
this formalism alone cannot be used to analyze the whole process of grain subdi-
vision, since it neglects the distribution of plastic deformation on slip systems and
does not consider important crystallographic and geometric factors influencing
grain refinement.

On the other hand, polycrystal models are successfully used to study the plastic
deformation of polycrystals and texture formation. These models account for the
distribution of strain among crystallographic slip systems and grains, albeit as an
approximate continuum approach. The VPSC model is one such approach [5].
This model considers each grain as an ellipsoidal inclusion deforming in a homo-
geneous equivalent medium (HEM) representing the whole polycrystal. Very re-
cently, this model has been applied to simulate the texture evolution during ECAP
[6]. However, the one-site VPSC model used in the cited paper neglects the non-
uniformities of the stress and strain within grains that lead to subdivison. Instead, a
very simple geometric criterion of grain subdivision was used and thus internal
grain microstructural development was neglected.

The joint use of disclination models with polycrystal modeling combines the
advantages of both methods and makes a powerful tool for modeling microstruc-
ture development during large plastic deformation. In this combination, VPSC
provides the data on the incompatibilities of strain between the HEM and a grain,
while the disclination model predicts subgrain formation and characteristics. The
aim of the present paper is to develop such a combined simulation scheme for se-
vere plastic deformation. By modeling simple shear we will demonstrate that this
scheme allows one to describe the main microstructural characteristics of grain
subdivision, such as the evolution of misorientations and texture.

Description of the model

Following the basic ideas of the VPSC method, consider an ellipsoidal grain,
Fig. 1,b, deforming in a HEM, representing the average behavior of the aggregate.
Let the strain rate of the HEM be given by a tensor E . For the case of simple
shear, Fig. 1,a, with a velocity gradient tensor in the 1, 2, 3 coordinate system

0 D O
D=|0 0 0], (1)
0 0 0

the strain rate of the HEM is E12 = E21 = D/2, equal to the applied strain rate.

The strain rate tensor of a grain is denoted as € and depends on its orientation. If
the grain deforms differently than the HEM, strain incompatibilities will result in
an accumulation of disclinations in the junctions of this grain that will force its
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splitting. Splitting occurs by redistribution of slip in different domains of the grain
and formation of low-angle dislocation boundaries. To be able to introduce junc-
tion disclinations and obtain a criterion for the splitting, we approximate the grain
by a parallelepiped circumscribing the corresponding ellipsoid (Fig. 1,b). Edges of
this parallelepiped coincide with the axes of ellipsoid. The difference between the
shear strain rates of the HEM and a grain, E12 — &5, are then transformed to the

coordinate frame made by the axes of the ellipsoid (1', 2', 3") (Fig. 1,b). Let ¢;

denote the components of this transformed tensor. Using the formulae in [7] one
can calculate the rates of disclination accumulation on the edges of the parallele-
piped as follows:

O =12623,613.62] 5 =163, 263,612 Q3 =[623,G13> 2612 ]- (2)

If E12 — €&, >0 and when the maximum of Q;, ), Q3 exceeds the critical

value of Q. = 1°, it is assumed that a pair of dislocation boundaries with a misori-
entation vector O = Q) + Q) + Q3 is formed along the diagonals of the parallelepi-
ped as shown in Fig. 1,b. Full relaxation of junction disclinations and a rotation of
two of the four subgrains formed with this misorientation vector result (Fig. 1,c).
The sense of this rotation is chosen such that the subgrains rotate in a direction
nearly opposite to that of the parent grain. Nucleation of subgrain boundaries as
described above will be referred to as the splitting of a grain.

Fig. 1. A model of grain subdivision by a growth of a pair of subboundaries along the
grain diagonals: a — coordinate frame: 1 — shear direction, 2 — normal direction, 3 —
transverse direction; » — a junction disclination quadrupole and a mode of its relaxation; ¢ —
new grains (subgrains) formed due to subdivision

Further straining accumulates new disclinations on the junctions unless the
strength of one of them exceeds Q.. These subsequent disclinations will relax by
evolving along the initially formed low-angle boundaries causing a step-by-step
increase in their misorientation angle. The rotation matrix for these stepwise sub-
grain rotations is accumulated unless the angle of rotation becomes larger than a
value delimiting low- and high-angle grain boundaries (6g = 10° to 15°). When
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this occurs, the grain is considered to subdivide into four grains, which are as-
signed corresponding orientations and further included into the aggregate simu-
lated by VPSC. In turn, these new grains can split and subsequently subdivide
during further straining thus leading to the formation of next-generation subgrains
and new grains. Thus, the number of grains will progressively increase during de-
formation. Each time a grain can contain only one generation of subgrains; new
generations will form when subgrains become independent grains and accumulate
their own internal misorientation.

Results of simulations

To test the proposed simulation scheme simple shear of a polycrystalline ag-
gregate containing initially 200 randomly oriented grains is modeled (Fig. 1,a).
The evolution of the microstructure is described in terms of the calculated number
of splitting/subdivison events per original grain, total number of split/sub-
divisions, misorientation distributions and texture for different values of applied
strain. The low/high angle boundary limit is assumed to be 15°.

For the aggregate a simulated shear strain of £, = 1.0 (equivalent von Mises
strain Epy, = 1.12) resulted in 30 subdivisions; one grain subdivided 6 times, some
grains 2 and 3 times, and others only once. The lower the strain rate of a grain, the
more rapidly it divides into subgrains. Accumulation of a 15° misorientation suffi-
cient for the first subdivision occurred after £, = 0.36. Among 230 grains in the
final aggregate, 152 grains are split into subgrains with misorientations less than 15°.

For each new grain and subgrain, the identity of their parent grain is recorded,
which allowed a conditional misorientation distribution function f{0) to be calcu-
lated. In calculating this function, misorientations 0 of all new grains and sub-
grains with respect to the current orientation of their parent grain is taken into ac-
count. This function is calculated instead of the true distribution function, since in
the 1-site VPSC neighborship of grains is not defined. Nevertheless, f{0) can give
semi-quantitative information on the distribution of misorientations of subbounda-
ries. Histograms representing the distribution for three values of the shear strain
are plotted in Fig. 2,a—c. In accordance with trends observed in experimental data
[8—10], the distribution becomes wider and the average misorientation increases
with increasing strain. The dependence of the average misorientation angle on the
strain plotted in Fig. 2,d agrees quantitatively well with experimental data ob-
tained on the substructure of cold-rolled metals [8—10].

Presented in Fig. 3 are the pole figures calculated for the polycrystal subjected
to Ejp = 1.0. Fig. 3,a has been calculated using output from the standard VPSC
code, Fig. 3,b for the aggregate of 230 grains resulting from combined
VPSC/disclination simulations, i.e. taking into account the orientations of only
grains including those newly formed during deformation, while Fig. 3,c addition-
ally includes all subgrains rotated to less than 15° with respect to their parent
grains. Generally, during the simulation with grain subdivision texture develops in
the same way as in the standard VPSC code. Maxima are located along the same
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Fig. 2. Evolution of the conditional misorientation distribution function during simple
shear strain up to Eys = 0.23 (a), 0.68 (b), and 1.12 (c) and a plot of the average misori-
entation angle of subgrains with strain (d)

Fig. 3. Pole figures for a polycrystal with 200 initially random grains deformed by simple
shear up to Eypr= 1.12: a — after a standard VPSC simulation (number of grains 200); b —
after a VPSC/disclination simulation neglecting subgrains with misorientations 6 < 6y = 15°
(final number of grains 230); ¢ — as in b, additionally including subgrains (final number
of grains and subgrains 382). Intensity level increment is equal to 0.95. Direction of
shearing and axes are defined in Fig. 1,a
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directions and have nearly the same value for all three cases (9.54, 9.64, and 9.56,
respectively). It would be expected that the presence of low-angle misorientations
of up to 15° inside grains would result in a significant spread of the texture. Sur-
prisingly, however, only slight differences in the pole density in the vicinity of
some maxima are observed in Fig. 3,c as compared to Fig. 3,a. Nevertheless, all
the simulated pole figures are in a good qualitative agreement with well-known
experimental data on standard textures for simple shear (see, for example [15]).
This result may not be too surprising as standard VPSC has proven to predict well
first ECAP pass textures in many materials (See [13] and [ 14] and references therein).
However, the coupling between misorientation evolution and texture is expected to
become stronger under larger strains and strain path changes, such as in ECAP.

Discussion

We have presented a simple model, which combines the advantages of both the
VPSC polycrystal model and a disclination model for subgrain boundary nuclea-
tion and evolution and provides a possibility to study the substructure evolution
during large plastic deformation. The key feature of this model is a split-
ting/subdivision criterion that is based on the disclination concept.

The relaxation of junction disclinations occurs by a complicated process of re-
distribution of slip near the junctions under the combined action of applied and
internal stresses. This process has to be analyzed with a model that accounts for
the non-uniformity of stress and strain inside grains. This can be done in terms of
the n-site VPSC model [11] or a finite-element simulation. However for mul-
tiscale modeling, these methods would be computationally too expensive. Instead,
physically-based models can be used to understand the modes of relaxation of
disclinations. The model presented here is the simplest one of these. More sophis-
ticated models can be put forward on the basis of an energetic analysis of discli-
nation systems. The development of such models is under way [12]. Nevertheless,
even with the simplest disclination subdivision criterion, this combined approach
is capable of describing some important structural characteristics of heavily de-
formed polycrystals and thus can be used to simulate the ECAP process.

Recent electron microscope studies of cold-rolled polycrystals provided exten-
sive data on the substructure evolution during large deformation. One of the im-
portant findings of those works is that geometrically-necessary boundaries
(GNBs) form on two different scales [9]. The boundaries formed on a smaller
scale slightly larger than the cell size have misorientations less than 6°, whereas
the GNBs formed on a larger scale slightly smaller than the grain size can have
misorientations exceeding 15°. It is the latter type whose average misorientation
angle increases with strain in good accordance with the predictions presented in
Fig. 2,d [9]. One can suggest that the first type of GNBs forms due to an inhomo-
geneity of strain inside grains, while the second type forms due to the incompati-
bility of strain of neighboring grains, by an accumulation and relaxation of junc-
tion disclinations.
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Thus, the model presented in this paper describes well the formation and pa-

rameters of the largest-scale substructure in deformed metals, which is character-
ized by truly large-angle misorientations and most important for grain refinement
by severe plastic deformation.

Finally, only slight differences of the final texture are found between the stan-

dard and modified VPSC codes for the case of simple shear up to 100%. How-
ever, for deformation with strain path changes, such as in multi-pass ECAP, a
more significant influence of grain subdivision on texture can be expected.

This research is funded by a Los Alamos National Laboratory — Initiatives for

Proliferation Prevention Project Ne T2-0197.
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MOLENN YITMEPOOHBLIX HAHOTPYBOK N PACMNPEAOENEHNE
QNEKTPOHHOW MNOTHOCTW B HUX

[oHeLknn unsmko-TexHnyeckuin MHCTUTYT M. A.A. NanknHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpaunHa
E-mail: voloshin@host.dipt.donetsk.ua

Tlocmpoenvl Hekomopbie MOOenU YenepoOHbIX HAHOMPYOOK, KAK MAKCUMALbHO Npubiu-
JICEHHBIX K PeabHblM CIPYKMypam, mak u eupmyaivbhvix. Paccuumano pacnpedenenue
anekmponnou niomuocmu (OI1) 6 nux. [lokazana 603MONCHOCMb YeNEeHANPABIEHHOZ0
obpazosanus obracmeil nosviwennou 11 onpedenennoll ghopmoi, npeononazarouas uz-
MEHEHUS INEKMPUYECKUX, MASHUMHBIX U NPOYHOCHIHBIX CEOUCE.

BBenenune

B pabote paccuutsiBacetcs pacnpenenenue Ol B HaHoTpyOKax mMomuduimpo-
BaHHBIM cTatuctudeckum meronom (MCM). B stom metone D11 nonyvaercs Hemo-
CPEICTBEHHO KaK PEAKLUs AJIEKTPOHHOM IOJCHUCTEMBbl HA MOHHBIE ICEBIONOTEH-
LIMaJIbl, MUHYS IPOMEXYTOUHYIO CTaJIUIO pacdeTa 3JEKTPOHHOrOo cnekrpa [1-3].

MCM no3BossieT HaxXoauTh pacnpenesnenue D11 s KpUCTamioB, COCTOSIIUX
U3 MOHOB JIOOBIX 31eMeHTOB Ta0nuibl Menaeneesa. [Ipu stom mox D11 monuma-
€TCsl TUIOTHOCTh 3JIEKTPOHOB TOJBKO HECKOJbKHMX BHENIHMX (BaJ€HTHBIX) IJIEK-
TPOHHBIX KOHpHUrypauuid ganHoro atoma [4]. OcranbHble IEKTPOHBI COBMECTHO
C SIIPOM COCTaBJISIOT OCTOB atoMa. Mcnonb3zoBanne MCM B pacueTrax 3JI€KTPOH-
HOM CTPYKTYpPBI CKUMAIOIIUXCS T UMEET €CTECTBEHHbIE TPAHULIBI TPUMEHUMO-
CTH, & IMEHHO, aTOMHBIE OCTOBBI HE JIOJKHBI IEPEKPBIBAThCS. B pesynbrare pac-
YeTa MOXHO MOJTYYUTh 3JIEKTPOHHYIO TUIOTHOCTh B KaXJAOW TOUKE 3JIEMEHTapHOU
A4YEHKH, a 3aTeM — KapTy pacipelelIeHHsI 3TOM BeTUYUHBI Ha TI000OM cpese.

B npenpinymux nyonukanusx MCM npuMeHsics 1 OObsICHESHHS WIH TIPe/I-
CKa3aHUs CBOMCTB KOHKPETHBIX pealbHbIX KpUCTAIIIOB [4—7]. B HacTosmie pado-
T€ OH BIIEPBBIC UCIOIB3YETCs JUIsl aHAIM3a CBOMCTB BUPTYaJIbHBIX MOJIEIIEH.

ITocTpoenue moaeJeit

Jns mocTpoeHuss MOAENEN MOKHO TOJIb30BaThCs pa3HbIMU MeToaukamu. Hau-
OoJiee OOIICH SBISIETCSI METOIMKA, KOT/1a OCHOBHBIM 3B€HOM BBIOMPACTCS KOJIBIIO
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U3 JI000ro Yucia yriaepoaHbIX aTOMOB. ATOMBI B KOJIbIIE MOTYT HaXOAMTHCS Ha
OJIMHAKOBBIX PACCTOSHMSX APYT OT APyra WiW Ha Pa3HbIX, HO PACIOJIOKEHHBIX B
orpezeNieHHOM nopsifke. BepxHee KOJIblIo MOXKET HAacIauBaThCsl HAa HIKHEE C 3a-
JAHHBIM [TOBOPOTOM MM 0€3 Hero H T.J.

Ho MoxHO B KauecTBe 3B€Ha BBHIOpATh CyMMY HECKOJBKHX KOJIEILl, TOCTPOCH-
HBIX B OINpEJETIeHHOM mnopsiake. Tak, U3 yepegoBaHusi CyMMbI ABYX KOJell, HaXo-
JSIIMXCS APYT OT ApYyra Ha PacCTOSHUU \J3/2a, B KOTOPOM aTOMBI PACIIOIOXKe-
Hbl Ha PacCTOSHUSX: a — 2a — a — 2a (pUYeM BepXHee KOJBIO MOBEPHYTO Ha
OJIMH IIIar 10 OTHOIIEHUIO K HIDKHEMY), MOTydaeTcs TPyOKa, MOBEPXHOCTh KOTO-
poii OyzeT cocTOsTh U3 TeKCaroHOB — PABHOCTOPOHHUX LIECTUYTONbHUKOB. Takas
CBsI3b Ha3BIBaeTCs «kpeciom» [8,9], ona mocrpoeHa Ha puc. 1,a,0. Eciu paccros-
HUSL U MEXAY KOJbIIAMH, U MEXIY aToMaMH B KOJblle OyAyT OJAMHAKOBBIMH, TO
NOBEPXHOCTh TPYOKH OyJeT cocToATh U3 KBaaparoB (puc. 1,6,e). Hakonen, coBo-
KYIMHOCTh TPYOOK COCTaBIISIET KPHUCTaUl OINpeaeseHHoW cummerpuu. B pabote
MPUBOJIATCS. CTPYKTYPHI, ONPEIENIIeMbIe IBYyMEPHBIMU Te€KCArOHATBHON (Kpecio)
W KBaJpaTHOM pemerkamu. LlenenanpaBieHHoe naMeHeHue pacnpeneneHus 11
BO3MOYKHO MPU ONPENCTIEHHOM U3MEHEHUHU PACCTOSHUS, a 3HAUYUT, U B3aUMOJICH-
CTBUSI MEX1Yy HOHAMHU, COCTABIIAIOIIMMHU KpUCTall. PaccTossHUSI MeXy HIOHAMU B
3BEHE, MKy 3BEHBSIMH M, HAKOHEI], MEXy TPYOKaMU B MOJENSX MOTYT OBITH
M3MEHEHBI OTAENBHO NI KaX/JI0r0 U3 3TUX PACCTOSHUMN, a Takke B 000N KOM-
OMHAIMH, YTO TMO3BOJSET MOJIYy4YaTh JOBOJBHO IMUPOKHHA CIIEKTP PA3TUYHBIX BU-
noB pactpenenenus Jl1.

Mogesan, B KOTOPBIX PACCTOSIHUSI MKy ATOMAMH YIJIepo1a COOTBETCTBYHOT
CBSI3SIM B ajiMa3e U rpadure npu atMocgepHoOM J1aBJIeHUHN

Ha puc. 1,a,6 cneBa nzobpaxeno pacrpenenenue Ol B AByX B3aMMHO MEpICH-
TUKYISPHBIX cpe3ax MOJETH YIiaepoaHON TpyOKH, MaKCHMaIbHO MPUOIMKEHHOM
K peaJbHO CYLIECTBYIOIIUM CTpyKTypaM. Ee oHOCI0/Has NOBEPXHOCTh COCTOUT
M3 TEKCaroHOB C PACCTOSHUAMU MeXmy moHamu yrimepoaa d = C—-C = 1.42 A
(amanoruyHo cTpyktype rpaduta). duamerp tpyoku D = 5.42 A, paccrosuue
MEXTy OCSAMHU OMkaimux Tpybok ¢ = 8.52 A. PaccTosHMEe MeXTy HOHAMH yTIJle-
poia B KOJIbLIE MEHbIIE, YeEM MEXTy Kosublamu. [103ToMy B 11epBOM ciiyyae CBsI3b
MEXIy yriepoJaMH KOBaJICHTHas, a BO BTOPOM — MOHHas, T.e. 6ojee cnabas. Ilo
BCeli JTMHE TPYOOK BIOJIb TIOBEPXHOCTH, KaK BHYTPEHHEH, TaK M BHEIIHEH, UMEIOT-
Cs CJIOM OIMHAKOBOM 1o BennuuHe OlI, 4T0 MOXKeT mpeanonaraTh 3JIEKTPONPOBOI-
HOCTh. B mroOBIX HampaBlieHUsX, MEPHIEHAMKYIAPHBIX OCSIM TPYOOK, UMEIOTCS 00-
JacTi MUHMMaIbHOM Ol 1, 4TO CBUAETENBCTBYET O HEBO3MOXKHOCTH B JAHHOM CIIy4ae
3IIEKTPONPOBOAUMOCTU MeXIy TpyOkamu. TpyOku B KpHCTaie HaXOAATCS Ha J0C-
TATOYHO OOJIBIIIOM PACCTOSIHUU, YTOOBI MaJIo BIIUATH YT Ha Apyra. (B manHOM city-
yae ¢ = 8.52 A. Mexy 6mukaifimivu aroMamMu coceHuX TpyOok 8.52 —5.42=3.1 A,
IIPU 3TOM JIOCTUTAETCS MUHUMAJIbHO BO3MOKHOE B IAaHHOM pacdeTe B3aUMOJIEHCT-
BUE Mexay Tpyokamu). DIl Ha BHEIIHUX MOBEPXHOCTAX ITUX TPYOOK OBICTpO cria-
JTaeT /10 HyJIS Ha CepeIMHE PACCTOSHUS MEXIY HUMU.
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1 Puc. 1. Pacupenencuue D11 B HaHOTpyOKax
0 C TIOBEPXHOCTHIO, BBUIOKCHHOU MpaBUIIb-

HBIMHU IIIECTHYTONbHUKAMU (a, 6) W KBa-
patamu (8, 2) ¢ aTOMaMH yriepoaa B BEp-
IIWHAX: d, 8 — TOPU3OHTANBHEIN pa3pes; 0,
2 — BepTUkajibHbId. KpecTuku — HOHBI yT-
nepona, wdpsi — JI1 B e/A°

Ha puc. 1,8,e n3o06paxeno pacnpenenenne DI B 1ByX B3aUMHO MEpPIIEHU-
KYJISIPHBIX Cpe€3ax YIrJepOJHON TpyOKH, OJHOCIONHAS MOBEPXHOCTh KOTOPOU
COCTOUT M3 TETPArOHOB C PACCTOSAHUSAMHM MEXJy HOHAMH yriepoja Kak B
Konblle, Tak ¥ Mexay konenamu d = C—C = 1.5 A (amanoruyno cTpykType
anmasa). Juamerp tpyoku D = 3 A. PaccrosHue Mexay ocsiMu Tpyook ¢ = 6 A,
MOCKOJIbKY PacCTOSIHUE MEXJY MOHAMH YriepoJa B KOJbIE U MEXIY KOJb-
aMU OJMHAKOBOE, U CBS3M MEX]Y YyriiepoJaMH BO BCEX CIydasX OJMHAKO-
Bble, KOBAJIEHTHBIE, MpoYHble. COOTBETCTBEHHO MUHUMaJIbHOE B3aUMOEHCT-
BHE MEXAy OJNMKallIMMH aTOMaMHU COCEIHUX TPYOOK MpPUHHMAETCs Ha pac-
crosinuu, paBHoM 6 — 3 = 3 A. Tak xe, kak Ha puc. 1,6, 110 Bceil AIuHE TPY-
00K BJOJIb MOBEPXHOCTU, KaK BHYTPEHHEH, TaK W BHEIIHEH, UMEIOTCS CIOU
onuHakoBoi mo BenuunHe DII. M B 3TON Moaenn B3auMHOE BIMSHUE TPYOOK
MHUHUMAJbHO.
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CuJjibHO cKaThie MOJIeIH TPYOOK

W3menenue BIusHUSI TPYOOK MPU WX COJNMIKEHUHU TOCIIEIOBATEIHLHO MOKA3aHO
Ha puc. 2. Kak BuauM, 3TO BIUSIHUE MUHUMAJIBHO Ha pucC. 2,a, MOCKOIbKy Ol
MEXIy TpyOKaMu MPUOIMIKAETCS K HYITIO.

15

;

—_
o O = N

S = N Wk U J X

Puc. 2. N3menenne DIl B kpuctamuie U3 HAHOTPYOOK C HMOBEPXHOCTHIO, BBUIOKECHHON
KBaJpaTaMu (BEepTUKAIbHBINA pa3spes): a — PacCTOSHHE MEXIY OcaMH Tpybok 6 A; 6 —
KPHUCTAJLT CKaT B /IBa pasa, pacCTOSHUE MEXTy ocaMu Tpy6ok 3 A; 6 — B kpucrane, cxa-
TOM B JIBa Pa3a, PACCTOSIHUE MEKIy OCAMH TPYOOK JIOMOJHUTEILHO YMEHBIIEHO 10 2.25 A
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Pacnipenenenne OI1 Ha BepTUKATIBEHOM cpe3e TPYOKH M3 TETParoHOB, B KOTOPOH
BCE PAaCCTOSHUS YMEHBILIEHBI BJJBOE, M300paKeHO Ha puc. 2,0. PaccTosHue Mexmy
ocamu 3 A. TIpu 3ToM HcUe3 i MPU3HAKH SIEKTPONPOBOIHOCTH TI0 BHEIIHEH T10-
BEpXHOCTH TPyOKH, a DI Ha BHYTpeHHEH MOBEPXHOCTH pe3KO Bo3pocia. Breuar-
JIeHHE TaKOBO, YTO 3JIEKTPOHBI COMU3UBIIUXCS TPYOOK B3aMMHO OTTAJIKUBAIOTCS U
yBenuuuBaioT DI BHyTpeHHHUX CIOEB.

Ha puc. 2,2 TpyOKH COMMKEHBI 10 PaCCTOSHUS MeXTy ocamu 2.25 A, a mexmy
OmuKaiIIMK aToMaMu coceHuX Tpy6ok — 10 0.75 A. TlombiTka momyduts Gec-
KOHEUHBIN CJIOW OHOW TUIOTHOCTH MEXIY IBYMs TPYOKaMu M3 TETPAaroHOB MpHU
CIIMSIHMM WX BHEIIHUX JIOKaIbHBIX DI mpuBena kK ToMy, 4TO TaKoro cjIosi He o0pa-
30BaJIoCh. BMecTo Hero chopmupoBaiics JOKaIbHBIN CTYCTOK BbICOKO# JII, cBs-
3BIBAIOIINN KOBAJICHTHO HAINlEPEKPECT YEThIpe OMmKaiiue noHa ABYX KOJIEL.

3akarouyeHue

B 3akimoueHne MOXKHO CKa3aTh, YTO 3aKOHOMEPHOCTH (HAJIMYNE HEMPEPBIBHBIX
JUHUN OAMHAKOBOM TJIOTHOCTH TIO BCEH JUTMHE TPYOKH, MaKCUMAJIbHOM TIJIOTHO-
CTH MEXIY UOHAMHU U T.J.), BBITEKAIOLIUE U3 CPABHEHUS PEATbHOU CTPYKTYpHI C
BUPTYQJIbHOW, aHAJOTUYHBI. DTO TO3BOJISET IS JATbHEHIIEH paboThl UCIIOIB30-
BaTh 0oJiee MPOCTHIE MOJIEIH.
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V.A. Voloshin, V.G. But ko, A.A. Gusev, T.N. Shevtsova

MODELS OF CARBON NANOTUBES AND ELECTRON-DENSITY
DISTRIBUTION

Several models of carbon nanotubes, that are maximally approximated to real structures or
virtual, have been constructed. Electron-density (ED) distribution in the tubes has been cal-

culated. It is shown that a purposeful formation of regions of increased ED and of a definite
shape is possible involving changes in the electric, magnetic and strength properties.
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Fig. 1. ED distribution in nanotubes with the surface composed of regular hexagons (a, 6)
and squares (6, 2) and with carbon atoms at vertices: a, ¢ — horizontal section; 6, 2 — verti-
cal one. Small crosses — carbon ions, numerals — ED in /A’

Fig. 2. Change in ED in crystal from nanotubes with the surface composed of squares
(vertical section): a — distance between the axes of tubes makes 6 A; 6 — double compres-
sion of the crystal, distance between the axes of tubes makes 3 A; ¢ — in doubly com-
pressed crystal, distance between the axes of tubes has been additionally decreased to
225A
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V.A. Nadtochiy', VV.P. Alyokhin?, M.M. Golodenko'

MICROPLASTICITY OF SUBSURFACE LAYERS OF DIAMOND-LIKE
SEMICONDUCTORS UNDER MICROINDENTATION

1Slovyansk State Pedagogical University
19 Gen. Batyuk St, Slovyansk, 84116, Donetsk Reg., Ukraine
E-mail: slavgpi@slav.dn.ua

2Moscow State Industrial University
16 Avtozavodskaya St, Moscow, 109280, Russia
E-mail: topstaff@msiu.ru

Experimental confirmations of the influence of the free surface of a chip on processes of
plastic deforming under indentation such as a decrease of the effective activation energy
of dislocations with reduction of load on the indenter and a considerable decrease of
temperature of the beginning of polygonization processes, when annealing microhardness
rosettes in the field of small impresses, are obtained. A possibility of dislocation motion
by means of creeping at temperatures lower than brittleness threshold temperature was
shown on the example of GaAs.

The researches of last years have shown a possibility of plastic deformation in
diamond-like chips below plasticity threshold temperature down to temperature of
liquid nitrogen. However the mechanism by which the crystal form is changed is
not completely clarified with reference to conditions of microindentation (the
main technique of microplasticity detection in conditions of high brittleness of
objects). A number of experimental data testifies to an essential influence of ab-
normal features of the facilitated origination and motion of dislocations in near-
surface area of a chip on the general kinetics of the deforming of stuff, including the
area below the brittleness threshold temperature. Considerations about possibility of
non-dislocation mass transfer mechanism and about essential part of point defects
in dislocation motion in covalent crystals under indentation have been suggested,
though in the structural plan these problems have not been treated yet.

In this work a special role of the surface in dislocation motion facilitated, as
contrasted to the motion in the volume, was investigated. By the straight structural
methods on the example of GaAs the change of dislocation motion mechanism
from slip to creeping at the transition into the temperature range of brittle failure
has been shown. The point defects are playing the determining role in this process.
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Fig. 1. A dislocation rosette near to the indenter impress on the plane (111) of Si single
crystal (test temperature 1000 K) (a) and the deformed area detected by the level-by-level
etching ()

The tests were conducted on Si single crystals. The sample was deformed with
indenter on plane (111) at 1000 K by means of the device PMT-3 equipped with a
heater. After processing with the selective Sirtl etchant a characteristic rosette
(Fig. 1,a) from dislocations moving in slip planes {111} inclined to the chip sur-
face and intersecting it along directions (110) was revealed near to the impress.

In Fig. 1,6 the configuration of plastically deformed area obtained during the
level-by-level analysis of dislocation structure is shown. The deformed area is
shown in section along a ray of the rosette. It was important to find out how the
deformed area changes at reduction of the penetration depth of the indenter into
semiconductor. The ratios of the characteristic dimensions /A, and //hy were taken
as criteria for estimation. Here / — the maximum ray length, /4, — bedding depth of
rays, hy — full bedding depth of dislocations.

The results of researches in coordi-
nates //h = f(h) are represented in Fig. 2.
The obtained data demonstrate evident
tendency to primary propagation of
dislocation half-loops of the rays in a
thin near-surface layer i.e. to some
stretching of the deformed area along
the surface, while the size of the im-
press decreases. The observed regu-
larities can be explained from a posi-
0 _ tion that motility of dislocations in-
creases when deformations are local-
ized in a thin near-surface layer [1].

It was of interest to find out, how
the energy parameters of plastic flow-
ing under indenter change when de-
formation is localized in a thin near-

P,N
01 05 1 2

I/h

h, um

Fig. 2. The change of the geometrical para-
meters I/h, (curve I) and I/hy(curve 2) of the
deformed area depending on the penetration
depth of the indenter. For curve I i = h,,
for curve 2 h = hy
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surface layer. With this purpose impresses of a standard Vickers indenter were
made at temperature 300 K under loads from 25 up to 200 mN on a chemically
polished surface of dislocationless mark GDG-10 Ge. Then indenter was removed
and the chips were annealed in inert medium at different temperatures in the interval
700-800 K during 45 min. After detecting the dislocation structure in selective
etchant the measurement of rays of maximum length were carried out (1-2 rays in
each rosette). For each load the measurements were carried out on 25-30 rosettes.
A simple method of estimating the running velocity of single dislocations in
chips with diamond grating from the analysis of dislocation rosettes detected near
impresses and obtained at temperatures higher than the brittleness threshold or
after the annealing of impresses made at room temperature was offered in [2]. The
method is based on usage of an empirical equation for velocity of dislocations

v=Bt"exp(-U/kT), (1)

where U — activation energy of motion of dislocations; B, m — constants; T — act-
ing stresses, k — Boltzmann constant; 7' — absolute temperature. Having accepted
stress acting on dislocation, which moves in the force field under indenter, ac-
cording to [3]:

T_P(1—2v)y2—x2

ey +x7) @

where v — Poisson’s ratio; P — load on indenter; x, y — coordinates of an analyzed
point, Kabler et al. [4] have derived the final relation for the maximum length of a
rosette ray in the form

1 m 1
] ~ BZm+1P2m+1t2m+l exp| — u , (3)
Qm+1)kT

where ¢ — time of exposure under loading, constant m = 1.
This method allows to determine the value of activation energy of dislocation

motion from the temperature relation lg/ = f (T _1). The values of effective acti-

vation energy of growth of dislocation rays in a rosette with temperature depend-
ing on load on the indenter are adduced in Table.

Table
Load on indenter P, mN Activation energy U,, eV
200 0.59 £0.09
100 0.51+0.23
50 0.3+0.2
25 0.26 +0.08

Adduced in Table values of U, are much lower than that known from literature
for Ge and obtained by direct measurement of the velocity of single dislocations
and dislocations moving at the head of a line. Chaudhuri et al. [4] for dislocations
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moving at the head of a line have received U= 1.6 £ 0.05 eV. The low limit of the
spread corresponded to the highest tensions and upper one to the lowest. Kabler
[5] has established that for single screw dislocations the activation energy U =
1.47 eV at all stresses and for 60° it changes from 1.49 eV at t = 80 MPa up to
2.25 eV at 1 = 8 MPa. According to Schéfer [6], who investigated mobility of sta-
bilized single dislocations in the stress range 1-150 MPa, the activation energy is
1.62 £ 0.1 eV. Johnson [7] for high levels of stresses (up to 600 MPa) adduces
U=14-22¢V.

Our data in coordinates / = (T) are adduced in Fig. 3. The curves 5 and 6 are taken
from [8]. They also are obtained while testing Ge single crystals on a plane (111), but
at loads on indenter of 1 kN and 2 kN. It is known [8] that the maxima on curve / =
AT) correspond to homologous temperature ¢* = 7/T,, = 0.85 (7, = 1209 K — Ge
melting temperature) at which a sharp temperature dependence of critical shearing
stress begins. At the annealing temperature ¢ > ¢* the process of formation of a
dislocation rosette is more and more determined by the development of polygoni-
zation processes which hamper the scattering of dislocations in their slip planes.
In the mentioned temperature range the rapid deceleration of growth of dislocation
rays is observed. The value #* characterizes a changing of the plastic deformation
mechanism. It is intimately connected to rigidity of the crystal lattice relatively to
motion of dislocations [8]. The results in Fig. 3 demonstrate that while load on the
indenter is decreasing the maximum on the curves / = f{T) is essentially moving
into the area of lower temperatures down to ¢ = 0.55.

The results of the first and second
series of experiments testify to chan-

110

[ p 1 ges of plastic deformation conditions
Ge(111) at indenting thin near-surface layers of
90 1 diamond-like semiconductors.
5 It was shown [9,10] that conditions
70t ° . . . . .
g of slip of dislocation loops resting on
~ 50 | the surface of the chip do not corre-

spond directly to any model [10-12]
owing to essential influencing of the

4
ﬁg surface on motion of dislocations.
A-'MI o

30

10+ Shown on the example of Ge and Si

: bt [1] the capability of the surface to act
600 800 1000 1200 a5 a source and sink for vacancies

I, K comes to the accelerated movement of
Fig. 3. Dependence of ray length of a dislo-  steps as a result of channel diffusion
cation rosette on the annealing temperature ~ Of point defects that eases the motion
for the samples tested at room temperature  of bends. It is marked [13] that shape
by microindenting with different loads on  and size of dislocation loops at their
the indenter P, 107 N: [ — 25, 2 — 50, 3 — thermally actuated slip in Ge and Si
100, 4 - 200, 5 — 1000, 6 — 2000 are largely determined by vacancy

47



Pdu3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

equilibrium concentration and rate of their diffusion, while in combinations A3Bs5,
where differences in motility of adjacent 60°, o and [ dislocations are very great,
these parameters are determined mainly by concentration and rate of diffusion of
vacancies of a definite type.

The determining role of point defects in the facilitated motion of dislocation loops
near to the chip surface is demonstrated in our experiments on microindentation. The
experiments were conducted in the temperature range of brittle failure of diamond-like
semiconductors. The scattering of dislocations near to an indenter impress in the men-
tioned semiconductors at 7= 300 K is not detected by optical methods [14] because of
availability and stringent directivity of covalent bonds. At the same time experiments
on the uniaxial pressing of Ge [15—18] as well as our experiments on microindentation
of GaAs demonstrate a capability of scattering of dislocations if a chip with the marked
impresses is subjected to a long-term deformation by uniaxial pressing.

GaAs (AGChT-1-25a-1) single crystals in the shape of rectangular parallelepi-
peds with dimensions of ribs 2.4 x 3.1 x 3.2 mm oriented in the stated succession
accordingly to crystallographic directions [01 1], [011] and [100] (Fig. 4,a) were
used. The impresses were put on the lateral surfaces (011) and (011) at loads on
the indenter of 200 mN. Then the sample was pressed along the direction [100] up
to the stress ¢ = 83 MPa and was maintained under loading during 120 h at 300 K.
After the removing of loading the dislocation structure shown in Fig. 4,b was de-
tected near to the impress by means of selective chemical etching. Each couple of
pits introduces apparently outlets of prismatic half-loop having stepped aside from
the area of stress concentration by creeping. In Fig. 4,a the flow of vacancies from
the right-hand side to the indenter impress is represented with the broken lines.

Under the uniaxial loading by pressure p = oy, the equilibrium vacancy con-
centration on end faces reduces to [10,19]:

C=Cyexp(-c .V, kT), 4)

P § [100]

NS

(011)

NS

77 7 777

a

Fig. 4. The deformed sample of GaAs with the marked indenter impress (labeled with a
dagger). The arrows indicate flows of vacancies (a). The dislocation structure near to the
indenter impress (b)
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where C —equilibrium vacancy concentration in the unloaded chip, V, — atomic
volume. For lateral surfaces p = 1/3cy, and C = Cyexp(-o,,V,/3kT). The flow

of vacancies from the lateral surfaces to the end faces (and to the indenter im-
press) appears owing to the arising difference of concentrations. Simultaneously
the flow of atoms in opposite direction appears. Near to an impress there is a su-
persaturation on interstitial sites [20]. Prismatic interstitial dislocation loops can
arise under the action of stresses and mentioned supersaturation. The flow of va-
cancies will promote their movement and partial stress relief near to the impress.

Thus in near-surface layers of diamond-like semiconductors the process alter-
nate to the thermally actuated mechanism of overcoming high Peierls barriers by
the slip of dislocations is realized. The thermally actuated mechanism requires, in
the brittle failure field, stresses of the order of idealized shear strength of chips. It
was shown that at high temperatures the motion of dislocations near to the surface
can occur owing to simultaneous slipping and creeping [1]. That conditions high
mobility of dislocations.
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BNVAHUE OABTEHVA HA CBOMCTBA CIOXHbIX OKCMOOB UTTPUSA

1Yparn;cn<vu7| rocygapcTtBeHHbI yHuBepcuteT uMm. A.M. [opbKoro
np. JleHuHa, 51, r. Ekatepunbypr, 620083, Poccusa
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MHCcTUTYT BbiCOKOTEMMEpPATYpHON anekTpoxumun YpO PAH
yn. Akagemuyeckasn/C. Kosanesckon, 22/20, r. EkatepuHbypr, 620219, Poccus

Memoodom umnedanchoil cnekmpoCcKOnuu UCCie008aHbl NEKMPULECKUE CEOUCMBA OKCU-
0086 YBayCuy sMny 509 u YBayCuy sMng 5Sy 50s npu oasnenusx 15—45 GPa. Onpedenenvl
obracmu cyuecmeo8anus 8 OKCUOax (hazoswix nepexodos. Hccnedosano erusnue 3ameHvl
yacmu KUciopooa Ha cepy.

B Hactosmieii paboTe BBIOJHEHBI HCCICNOBAHUS HWMIIENIAHCA COCIUHEHHMA
YBa;Cuy sMng 509 u YBay,Cuj sMng 5Sg 5s0g. M3yueHne cinoxXHBIX CBEPXIIPOBO-
JSAIUX OKCHJIOB, HAaXOMSIIMXCSA B YCIOBUSAX CBEPXBBICOKUX C)KATHM, METOJIOM
MMIIEJAHCHOM CIIEKTPOCKONUU J0 CHUX MOp HE IPOBOIUIOCE.

s renepanyn nanennii 10 S0 GPa vcnonb30Baiy Kamepy BBICOKOTO JIABJICHUS C
HAKOBAIHHAMH THUIIA 3aKPYTJICHHBIN KOHYC—IIJIOCKOCTb U3 UCKYCCTBEHHBIX MOJIMKPUCTAN-
JIMYECKUX alIMa30B «KapOOHA0». DTH KaMepbl ObLTH BIIEPBbIE MPEUIOAKEHBI IS CO3/1a-
HUS CTAaTUUECKUX JaBjieHuid MerabapHoro quanaszona JI.d. Bepemaruasiv u E.H. SIkos-
nieBbM [1].

B skcnepuMeHTax UCHOIB30BAIH 3aKPYIJICHHBIH KOHYC C paguycoM MpHUOIu-
sutenbHo 1 cm. TonmmHa 006pa3ioB, U3MEPEHHBIX B MECT€ KOHTAaKTa HAaKOBAJICH
nocie 006paboTku, cocrapisiia 2—15 um. /lnamerp koHTakTHOrO MsATHA ~ 0.2 mm.
[lorpemtHOCTh OLIEHKM JABJICHUS 3aBUCUT OT MEXAHUYECKHUX CBOMCTB C)KATOIO
MaTepuaia U He npesbimaer 15% g quanazona 15-50 GPa.

DNeKTpUYECKHEe CBOMCTBAa OOpa3llOB MCCIECNOBAIM METOJOM HWMIICTaHCHOM
CHEKTPOCKOMUHN B OOJACTH YaCTOT 1-10° Hz na npubope Solartron FRA 1174.
JIis MCKITIOYEeHHsI AJIEKTPUYECKOro Mpo0osi HampsbkeHue Ha oOpaslie He IPEeBbI-
maio 20 mV.

[Tpu ananu3e pe3yabTaTOB YUUTHIBAIM BKJIAJ MMIIEaHCAa HAKOBAJIECH B OOIIMIA
uMmrienanc. Onucanue pe3ynbTaToB OCYIIECTBIISUIN 110 CXEME, B KOTOPYIO BBEACHBI
3JIEMEHTBI, XapaKTepPU3YIOIINEe Pa3InYHbIE MPOIIECCHI, TPOUCXOAIINE B 00pasIie:
COIMPOTHBIIEHUE, EMKOCTbh, dJIEMEHT MOCTOssHHOU ¢a3bl (DI1D). MUmnenanc DI1D
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ONMCBHIBAETCS BBIPAXKEHUEM Z = Aio " (rme ® — gactora, A — MOCTOsTHHAsI, HE 3a-
BHCSIIAsl OT YaCTOThI, 77 — BEJIMUMHA TTOKa3arens creneHu JI1D).

Konnenmust OI1® yacTto MCnosib3yeTcsi Npyu MOJEIHMPOBAHUU MMIIEIAHCA CIIOXK-
HBIX 2JIEKTPOXUMHUECKHX CHCTEM U TO3BOJISICT aHAIM3UPOBATh d(PPEKTHI, KOTOPHIE
3aTPYAHUTEIILHO MCCIENIOBATh MPSMBIMUA CIIOCOOAMHU (IOMOHUTEIBHBINA TPAHCIIOPT
3apsiaa, IEepOX0BATOCTh U HEOJHOPOAHOCTh TOBEPXHOCTH AJIEKTPOJIOB U T.I1.) [2].

HeobxoammMo moauepKHyTh, YTO MPOIECCHI COCTABIICHHS U MPOBEPKU DIICKTPH-
YEeCKOM HKBUBAJICHTHOW CXeMblI (TI03BOJISIONICH ONpeaenuTh U3 rogorpadoB BKIa-
JIbI B UMITEJIAHC OT UCCIIETYEMOT0o 00pa3iia U KOHTAKTOB AJIEKTPO/00pa3ell, Belu-
YUHY #1) BEChbMa TPYIOEMKH M BBIOOpP TaKOW CXEMBI HE BCETJa SIBISIETCS OJHO-
3HauHbIM [2]. [ToaTOMy B Hacrtosieli paboTe Mbl HE TMPUBOJAMM COCTABJICHHBIC
HKBUBAJICHTHBIE CXEMBbI, pACCMATPUBAsl UX Kak MpeaBapuTesibHble. Kpome Toro, Ha
JAaHHBIX 00pa3lax HaM He YAaJIOCh BBIJICTUTH BKJIAJ B CONMPOTUBIICHUE STUYCHKH OT
o0pa3ia u TpaHuLIbl ATEKTPO/00pasell Ha HU3KUX 4aCcTOTaX, HOCKOJIBKY IMPHU 3TUX
4acTOTax COMPOTUBIICHUE siueiiku mpeBbimaeT 20 MQ.

beutn  momydensl  romorpadgel mmmemanca  YBa;CuysMngsOg m
YBa,Cujy sMng 559 5s0g npu gaBnenusx 15-50 GPa npu komHaTHOHN TemmiepaType
Y UCCJIEIOBaHbl YaCTOTHBIE 3aBUCUMOCTH MPOBOJAMMOCTU MPU YKA3aHHBIX JaBJie-
HUAX. AHanu3 Buja rogorpadoB, a TaKKe 3aBUCUMOCTEH TaHTEHCA yria JUAJIeK-
TPUYECKUX TOTEPh W COMPOTHBICHUS HA MOCTOSHHOM M IMEPEMEHHOM TOKE OT
JABJICHUS TIO3BOJIMII ONIPEACIIUTh 00JIACTH CYIIECTBOBaHUS (ha30BBIX MEPEXO/IOB B
uccienyeMbix coequHeHusax. [lokazaHo BiMsHUE Ha CBOWMCTBA 3THX COCIMHEHUM
3aMEHbI YaCTH KUCJIOpPOJia Ha Cepy.

ITpu HopMasbHOM JaBiieHuun okcuabl Y BayCuy sMng sOg9 n1 YBayCuy sMng 5S¢ 503
SIBJISIIOTCS  CBEPXMPOBOJHUKAMH C TEMIIEPATypOH CBEPXIIPOBOMSILETO Mepexoja
cooTBercTBeHHO 67 M 62 K. Yaensnas npoBoaumocts npu 300 K cocrtaBiser
3.98 p,LS/m JJIsL YBazcuZ'5Mn()‘509 u 0.87 uS/m JJIs1 YBazCu2_5Mn0‘SSo'5Og.

Ha puc. 1 npuBenensr rogorpadsl UMIIEJaHCa ISl UCCIETOBAaHHBIX 00pa3IoB
npu HarpyxeHun. ['ogorpadgsl umrenanca s 000ux 00pas3IoB XOPOIIO aIpPOK-
CUMHPYIOTCS TIOTYOKPYKHOCTBIO B 00J1aCTH BBICOKMX 4acTOT. LIeHTp momyokpyx-
HOCTH CMeIeH Hike ocu abcuuce. C pocTOM JIaBlIEHUSI CONIPOTUBIICHUE, OTCEKae-
MO€ MOJYOKPYKHOCTBIO TPU HU3KUX YacTOTaxX, yMeHbinaercs. [Ipu noseiieHun

P, GPa
P, GP ,
1500] o150 ***°*%ss, 1000] ¢ 150 03

G o 292 °°o° @] 0 269
-~ 10004 o 25 N a 292
E Ve N 5001 + 335
= 5001 "™ = = 355
0 0 A 432

0 1000 2000 3000 0 1000 2000

ReZ, QO ReZ, QO
a 7]

Puc. 1. l'ogorpadsr umnenanca oopaznoB YBayCuy sMng 509 (@) u YBayCuy sMng 5S¢ 503
(6) pu Harpy>kxeHUH
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Puc. 2. l'ogorpadsr umnenanca oopazmnoB YBayCuy sMng 509 (@) u YBayCuy sMng 5S¢ 503
(6) Ipu Harpy>KEHUW U CHATUHU HATrPyKCHUS

JABJICHHUSI BHUJI HU3KOYACTOTHOM 4YacTu romorpada uckaxaercs. VckaxeHus Ha-
omomaroTces B obnactax aaBiaeHuid 27-28 u 36—37 GPa mns YBay;Cuy sMng 509 1
23-26 u 31-33 GPa ana YBayCu; sMng 55 50g. [Ipu pasrpyxkenun oOpa3ios
ronorpad mmnemanca mis YBar,Cuy sMng sOg I€KUT HIDKE, YeM MPU Harpyxe-
Hud, a 11 YBayCuy sMng 5S¢ 50g — Beimie. C pocToM JaBieHHs pa3ivnyue roJo-
rpadoB yMeHbIaeTcs (puc. 2).

Ha puc. 3 npencraBieHbl 3aBUCHMOCTH COMPOTUBIICHHS OT JABJICHUS TIPU Pa3HBIX
4acToTax MepeMeHHOro Toka. C pocTOM NaBJCHUs COMPOTHBICHHUE YMEHBIIACTCS.
HeOombime ero ckauku HabOmogarorcs B obOnactu gaBnenmii 23—25 u 37-40 GPa
st YBayCuy sMng sO9 1 23-25 u 36—38 GPa nns YBa,Cuy sMng 5S¢ 50sg.

Ha 3aBHUCHMOCTSIX TaHTEHCA yria JUAICKTPHUYECKUX MoTeph tgd (puc. 4) oOHa-
pyXeHbl MakcUMyMbI B oOacTu nasiennii 38—40 GPa mis YBa;Cuy sMng 509 1
29-32 u 35-36 GPa mna YBayCuj sMng5Sg 50g. Hanumume makcumyma cBuje-
TEJIbCTBYET O BOSHUKHOBEHUH BOJU3M 3TOM 00nacT (a3oBoro nepexoja (Makcu-
MyM tgd MOXKET MPEIIeCTBOBATh ()a30BOMY MEPEXOTY).

4000 - FkHz  4000- £ KHz
3500 ¢ * 800 3500 —— 800
105
30001 30001 —= 200
106 - 35
Ci 25001 2800 2300 o 800
N A L
& 2000 2000 s 200
1500 4 15004 35
10001 : 10001
500 : : 500 I
15 25 35 15 25 35
P, GPa P, GPa
a o

Puc. 3. bapuyeckue 3aBHCUMOCTH COMPOTHBIICHUS 00pasnoB YBar,Cup sMngsOg (a) u
YBayCuy sMng 5S0.50g (6) ipu pa3HbIX YaCTOTaX MEPEMEHHOT0 TOKa f
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Puc. 4. bapnueckne  3aBucumoctd  tgd  oOpasmoB  YBayCup;sMngsOg9 (a) wm
YBayCuy sMng 5S0.50g (6) ipu pa3HbIX YaCTOTaX MEPEMEHHOT0 TOKa f

W3 npoBeieHHBIX UCCIIEIOBAHM OBLITU CIETIAHBI CIICIYIONINE BHIBOIBI.

B coegunennn YBa;Cuj sMng 509 cymmecTByeT oOpaTumblii (ha3oBbIi epexo
npu nasneHusx 38—40 GPa, a B YBa,Cuy sMng 5S¢ 50g — npu 30-32 u 3638 GPa.
3aMeHa 4acTH KUCJIOPOJia Ha Cepy MPUBOIUT K CMEIICHUIO 00J1acTH (ha30BOTO Tie-
pexona B o0nacTh Oojee HU3KHUX JABJICHHUHA M K TOSIBICHUIO JOMOIHUTEILHOTO
¢dazoBoro nepexoa.

HccnenoBanust BBIIOJHEHBI TIPH YacTUUHON (uHaHcoBor momaaepxkke CRDF
(Ek-005-X1), rpanta CRDF u MunucrepcrtBa obpazoanus PD (BRHE, Post
Doctoral Fellowship, award EK-005-X1, annex 7, No Y 1-05-09).

1. JIL.®. Bepewaeun, E.H. Axoenes, I'H. Cmenanos, K.X. bubaes, b.B. Bunocpaoos,
IMucema B XKOT® 16, 240 (1972).
2. Impedance Spectroscopy, J.R. Macdonald (ed.), Wiley, N.Y. (1988).

O.L. Kheifets, A.N. Babushkin, S.N. Shkerin

INFLUENCE OF PRESSURE ON PROPERTIES
OF COMPLEX YTTRIUM OXIDES

The electrical properties of oxides YBayCuy sMng 509 and YBayCus sMng 5Sg 5sOg at pres-

sure 15—45 GPa have been investigated by the method of impedance spectroscopy. The
regions for the existence of phase transitions are determined. The influence of substitution
of a part of oxygen by sulphur was investigated.
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Fig. 1. Hodographs of impedance for samples of YBayCuzsMngsOy (a) and
YBa,Cuy sMng 5S¢0 505 (6) at loading

Fig. 2. Hodographs of impedance for samples of YBa;CuzsMngsOy (a) and
YBayCu; sMny 550,503 (6) at loading and unloading

Fig. 3. Barometric dependences of the resistance for samples of YBayCuy sMng 509 (@)
and YBa;Cuz sMng 5S¢.503 (6) at different frequences f of the alternating current

Fig. 4. Barometric dependences of tgd for samples of YBayCussMngsOg (a) and
YBa,Cuy sMng 550503 (6) at different frequences f of the alternating current
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PACS: 81.40.—z, 81.40.Vw

B.M. 3cppoc’, O.B. Mpokodhbesa’, C.B. Magxosckuii?, N.B. Nonaase ',
B.P. I5apa32

BIIMAHWE HANPAXEHHO-AE®OPMNPOBAHHOIO COCTOAHNA
HA PA3YMNOTHEHWVE N MEXAHUYECKME CBOVCTBA CTANEN
C METACTABMUIIbHOW CTPYKTYPOW

1,D,OH€L|,KVII7I P M3nKO-TEXHMYECKMI MHCTUTYT M. A.A. ManknHa HAH YkpauvHbl
yn. P. JllokcemBypr, 72, r. foHeuk, 83114, YkpaunHa

2Ypaj'||:.0|<m|7| rocyaapCTBEHHbIV TEXHUYECKUA YHUBEPCUTET
yn. Mupa, 19, r. EkatepuHbypr, 620002, Poccus

Hzyuenvr cmpykmypHvie u ¢azogvie npespaujeHus 8 MemacmaduibHbIX aYCMeHUmMHbIX
cmansix Ha ocnhose Fe—Cr—Ni- u Fe—Mn—Cr-meepovix pacmeopos npu mepmomexanuye-
ckotl obpabomxe (TMO). Peanuzayusi 0anHbiX npedpawyeHuil 8 UCCie008aHHbIX CINAJISX C
MemacmaduIbHbIM AYCMeHUmoM npu nAacmu4eckol degopmayuu noo 0asieHuem u/um
omnycke 6 yukie TMO conpogodicoaemcs nosviuleHueM KOMIIEKCA MeXAHUYeCKUx
ceoticma.

BBenenue

Jns cnabocTaperoninx Hep>KaBeIOMUX CTajed 3QPEeKTUBHBIM CIIOCOOOM J10C-
THXKEHUS BBICOKMX 3HAYECHH MPOYHOCTHBIX CBOMCTB siBiisieTcss TMO [1]. B aToit
CBSI3U B paboTe M3ydeHsl JeGopMallmoOHHO-MapTeHCUTHBIe mpeBpameHus (AMII)
B cTayiix Ha ocHOBe cucteMbl Fe—Cr—Ni(Mn) ¢ pa3Ho#l cTaOUILHOCTHIO ayCTCHH-
Ta npu nepopmanuu B ruxiie TMO.

MaTepna.mﬂ U ME€TOAbI UCCJICI0BAHUA

OObekTamu uccieaoBaHus cIykuiau kak ctanb 01 X18H10I'3C2M2 (3198) co
cTaOWIbHBIM aycTeHUuTOM, Tak 1 ctanmu 01X17H8I2C1.5 (31U126) u 03121X13 ¢
METacTa0WIbHBIM ayCTEeHUTOM. lIpenBapuTenbHYI0 TIACTUYECKYIO JehOopMaIUio
cranei B ukiie TMO ocCyliecTBIssIA METOJaMU XOJIOJTHOTO BOJIOYEHHUS U THAPO-
akeTpysuu (I'9).

B pabote nccnenoBaim CTpyKTypHO-(ha30BO€ COCTOSTHUE YKA3aHHBIX CTaleH B
3aBUCHUMOCTH OT CTETCHH IUTACTHYECKON JeopMamuu 1 MOCIEAYIOMEr0 OTIyCKa
C TIOMOIIIBIO PEHTTEHOCTPYKTYPHOTO aHANIM3a, MUJIATO- U BOJIOMOMETPHH, a TaK-
K€ MCTIBITAaHUH Ha PACTSHKEHUE CTaHIAPTHBIX 00pa3IloB.
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Pe3ysabTarhl 3KCIIEPUMEHTA U 00CYyKIeHHEe

Jlis Hep)KaBEIOLIMX CTaje ¢ pa3IMyHOW CTaOMIIBHOCTBIO AayCTEHHTa JOCTH-
JKEHHE BBICOKMX 3HaYeHUW mpoyHOoCTH oOecneunBaeTcss TMO. Benymas pons ee
3aKJIFOYUTETBHON onepanuu (OTIYCKa) MPOSBISIETCS B 3TUX CTajsX Onarojaps
CTPYKTYPHBIM H3MEHEHHUSM, MOJArOTOBIEHHBIM MpPEALIECTBYIOIUM aedopmMupo-
BaHuewm [1,2].

OddextuBHocth TMO craneit JaHHOTO Kilacca TECHO CBs3aHa C MPOOJIeMOi
CTaOMIIBHOCTHU Y-TBEPAOTo pacTBopa U MoiaHoTod mporekanus [IMIL Ilpu stom
CYILIECTBYET MpsiMasi 3aBUCUMOCTh HHTEHCUBHOCTH YIPOYHEHUS OT 00BEMHOM J10-
m a-¢a3el gepopmanuu. Hanbonee mpoayKTUBHO NMPUCYTCTBHE O-MAapTEHCHUTA
CKa3bIBAECTCS IIPHU OTITYCKE.

B nukne TMO aycTeHUTHBIX cTaiel BakHas pojib IUIACTHYECKOTO IePOpMHU-
pOBaHMsI MPEJICTaBIsSIETCA BIOJIHE O4YeBUAHON. [Ipu 3TOM HEOOXOAUMO YYHTHI-
BaTh, YTO IUIacTUYECKas Aeopmainus sBISETCS OJAHOBPEMEHHO MPUYMHONW BO3-
HUKHOBEHUSI B MaTepuaje HECIUIOIIHOCTEH, 3BOJIIONUS KOTOPhIX CIIOCOOHA IMpH-
BECTH K HEOOPAaTUMOMY Pa3pPhIXJICHHUIO U MOCIEAYIOIIEMY pa3pyIIECHHIO.

Ha puc. 1 ans uccnenoBannsix craneit 398 u 3126 nmpuBeneHsl KpHUBHIE,
ONMCHIBAIOLIUE 3aBUCUMOCTD IOKA3aTelsl MOBPEXIEHHOCTH  OT BEIMYUHBI Je-
dbopMmaiuu pu BoJoYEHUH. BUaHO, 4TO XapakTep M3MEHEHHUs! » CBs3aH CO CTa-
OuIBHOCTBIO Y-(a3sl mo oTHomeHuto k JIMII, nporekaroemMy B Xo/e IiacTuye-
CKOT'O TEYEHUS.

Takum 006pazom, MOJTyUYEeHHBIE PE3yIbTaThl CBUAETENBCTBYIOT, YTO MIPHU XOJIO/-
HOM BOJIOYEHHMH HaOJII0JIaeTCsl MPOLeCC HAKOIUIEHHUS HECIUIOIIHOCTEH, KOTOPHBI
Oonee akTuBeH MpH nedopManuu MetactadmibHoi cramu 3U126. B Heili ¢ 601b-
1ieil BEpOATHOCTbIO MOTYT OBITh MOJY4YeHbl KPUTHUECKHE 3HAUEHHUS MOKa3aTels
MOBPEXICHHOCTH M, [3].

HeoGxoanMo oTMeTUTh, 4TO 3(PHEKTUBHOCTh HAKOIUICHHS OBPEXICHHOCTH B
METAINIMYECKUX MaTepuagax MOXKET ObITh ocjabjieHa 3a CUeT pPeryJMpOBaHUS
peanu3yeMoil cXxeMbl HapsXKEHHOTO COCTOSTHUS MpH iedopmanuu [4].

st Hanbosee 3BECTHBIX CIIOCOOOB 00PabOTKM METAIIOB JIaBJieHuEM [S] HU3-
KM€ 3HAUYEHUS MM0Ka3aTellsl HalpsHKeHHOTo cocTOsiHUA 1 (1 = o/7, Tae o — cpeiHee

0.8

0.6 Puc. 1. Hakomenue mo-
BPEKACHHOCTH ® B MPO-

8 04 Iecce XOJIOOHOT'O BOJIO-

yenus craneit 3198 (1) n
31126 (2

0.2 )

0.0 ' . .

0 20 40 60 80
€, %
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ruapocratuyeckoe HanpsbkeHue (o = —P), T — UHTEHCUBHOCTh KacaTeNIbHbIX Ha-
NPsDKEHUN ) TOCTUTAIOTCS TIPH UCIIOJIE30BAHUN TEXHOJIOTHA e OPMUPOBAHUS TTO]T
naBinenueM, Hanpumep ['D. Jlns ykazanHoro cmocoba HarpyxkeHus M = (—6.0)—
(—1.15), B TO BpeMs Kak Jj1sl cCXeMbI 0OBIYHOTO BostoueHus 1 = (—1.15)—-0.5 [4].

Ha puc. 2 npencraBieHbl 3aBUCHUMOCTH M3MEHEHHS TpejeNia MPOYHOCTU Oy,
IUIOTHOCTH P, @ TaKKe€ 00bEMHOM J10JIM O-MapTEHCUTA OT CTENEeHH AeopMaluu €
MIPH XOJIOTHOM BOJIOUEHUH MeTacTabuibHOoM ctanu 31U 126.

25 7.84
40}
<2.0! 17828
A oD 30+
= Bl
‘1.5t 17802 ool
. . &
°10f — 17.78 10l
1] A 0L : : :
0 20 40 60 80 0 20 40 60 80
g, % g, %
a o

Puc. 2. V3MeHenue npejena MpOYHOCTH Gy, TUIOTHOCTH P (@) W KOJUYECTBA O-MapTCH-
cuta (6) B 3aBUCHMOCTH OT CTEIICHH JehOpMAaINH € TIPH XOJIOJHOM BOJIOYCHHH METacTa-
omnpHOM cTanu 31126

B pesynbrare xonoanoro Bonouenust ctamu 31126 co crenensto ooxkatus € = 80%
npezen MPOYHOCTH Gy YBEIUYMBACTCS MPUMEPHO B 3 paza. [Ipu 3ToM KOIHUYeCTBO
o-MapreHcuTa aedopmarun gocturaet ~ 40%. OgHOBpeMeHHO HaOIroaeTcst pas-
PBIXJIGHUE CTalMd, O YeM CBUACTENbCTBYET CHUKCHHE TUIOTHOCTH p. V3MeHeHue
yYKa3aHHBIX XapaKTEPUCTHUK Ui cTerneHu o0xarus € = 80% Mpu MocieayomemM oT-
nycke cramu 31126 (HarpeB xonoaHo1e(hOpMUPOBAHHBIX 00PA3IIOB MPOBOIMICS B
untepBaiie Temnepatyp 7 = 0—1000°C ¢ Beiaepxkoii 1 h) npuseneno Ha puc. 3.
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Puc. 3. Bousaue temmeparypbl OTITycka 7 Ha W3MEHEHHE Mpeiesia MPOYHOCTH Gy U
IUIOTHOCTH P (a), a Takke 00BEeMHOM J0NH o-MapTeHCHTa aedopManuu U GU3NIECKOi
IIMPUHBI PEHTIeHOBCKOM tunuu (220), B (6) B cranu 31126
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BunHo, 4T0 BOCCTaHOBIEHHE P B XOJI€ MOCIEAYIOIIErO OTIYCKa MPOUCXOIUT B
temriepatypaoM uHTepBasie AT ~ 400—-700°C. IIpu 3TOM MOXHO OTMETUTH, YTO
JanbHEeWIee MOBBILICHHE TeMIepaTyphl OTIYCKa MPAKTUYECKH HE M3MEHSET Be-
JUYHUHY TUIOTHOCTH.

AHalu3 MOJIyYEHHBIX Pe3yJbTaTOB CBUAETEILCTBYET, uyTO B mpouecce TMO
metactabuibHOl ctamu 3M126 Haubonee BBICOKHHM YpOBEHb MPOYHOCTHBIX
CBOWCTB JIOCTUTAETCS TPH MOCIIeAyromieM oTiycke B uatepBaie AT = 500°C (puc. 3).
Habmogaemoe ymenbienue miotHocTd Ap = 0.7% (cM. puc. 2) oTpaxkaet pa3Bu-
BAaIOLLUICS MPOLIECC Pa3phIXJICHUs B pe3ysibTaTe (GOPMHUPOBAHUS U 3BOJIIOLUU Jie-
(bexTHOH CTpyKTYpbl. I3MEeHEeHUe BEIMUUHBI p CIEAYET CB3aTh, 10-BUIUMOMY, B
OCHOBHOM € 00pa3oBaHHEM YIPYrOpaBHOBECHBIX CyOMUKpPOTPEIIMH, BO3HUKAIO-
IIMX B BEPUIMHAX JUCIOKAIIMOHHBIX CKOIUIEHUH, W MOSBIEHUEM O-MapTEHCHUTA
nedopmaruu [6]. [lockonmbky oTmyck cranu 31126 npuBOIUT K TTOJITHOMY BOCCTa-
HOBJICHHIO MCXOJHOW BEJIHYUHBI P, MOXKHO CUMTATh, YTO MPOLIECC PAa3pPBIXJICHUS
HE BBIXOJWJI 3a Mpenesbl JTOKPUTHUECKOTO pocTta MHUKpoTpewmuH. Kpome Toro,
3P PEKT BOCCTAHOBJICHUS P JOMOJHUTEIBHO YCHIIMBAETCS MPOTEKAIOIIUM 00paT-
HBIM Ol—>Y-TIPEBPAILIEHUEM.

Kak 6but0 0TMEYeHO BbINIE, CIIOCOOHOCTh ayCTEHUTHBIX CTajiel (0COOEHHO ¢
MeTacTadMIbHOM Y-(ha30il) K HAKOIUICHHIO HECIUIONIHOCTEH MOXKET PeryJrpo-
BaThCs MyTeM BbIOOpa Takoil cxembl JehOpMUpPOBAHMS, MPU KOTOPOH JOMHHHU-
PYIOLIMMU CTaHOBATCS CXKMMAIOIINE HAIPSKEHUS.

B 5101 cBs13u B paboTe ObUTH BBINOIHEHBI SKCIIEPUMEHTHI 0 1e(hOPMUPOBAHUIO
MeTofaMu ['D ¥ 0THOOCHOTO pacTsHKEHUsI (JI71s1 CpaBHEHUS) METacTaOMIIbHOM aycTe-
HuTHOM ctamu 03121X13. Pe3ynbraThl TaHHBIX MCCIEIOBAaHUNA, XapaKTEpU3YIOLIIE
¢da30BbIii cOCTAaB U MEXaHMYECKHUE CBOMCTBAa B MCXOJHOM COCTOSIHUHM (3aKajKa OT
1050°C) u mocne I'D co crenenbio obxkarust € = 30%, npuBeeHBI HA pUC. 4.

Buano, uro nmocne I'D cramp 03121X13 ucneiteiBaer aktuBHoe [IMII (tipu-
pocTt g-da3bl cocTaBiseT 56%, a a-mapTeHcura — 7%).

B 1o e Bpems mocne nedopmaruu pactsbkenueM ctanb 03121X13 mpu co-
[OCTaBUMOM MOJHOTE pa3Butus y—€-JMII xapakrepusyercst 0osiee BBICOKOW HUH-
TEHCUBHOCTBIO 0OpazoBaHus o-mapreHcuta (Co = 14%). Habmromaemoe cHuxe-
HUE COJepXKaHUs o-MapTeHcHuTa rnocie I'D MoKHO OTHecTH 3a cueT 3¢ddexra mo-
JABJICHUS Y, E—>O-IPEBpAIlleHUs NpHU AedopManuu noj gasienueM. HeoOxonumo
OTMETHTb, YTO JIOTOJHUTENLHBIA BKJAJ B YIPOYHEHHE METACTAOMIILHOM CTalu
03I'21X13 mipu I'D moxeT OBITH BbI3BaH 00pa3oBaHUEM Je(POpPMaAITMOHHBIX JIBOM-
HUKOB B Y- U &-(hazax.

BriBoabl

Jnst aycreHUTHBIX cTajel Ha ocHoBe cucTeMbl Fe—Cr—Ni 3¢ deKTUBHBIM CHOCO-
OOM JIOCTHKEHUS BBICOKMX 3HAUEHUM MPOYHOCTHBIX CBOMCTB siBsiercst TMO. OnHa-
KO Tpu Tuiactudeckoi aedopmarmu B mukiae TMO Habmromaercst pa3pbIXJeHUE ay-
CTEHUTHBIX CTaJleil BCJIEICTBHUE HAKOIUIEHHS HECIUIOMIHOCTENW (MHKpOIIOpP M MUKPO-
TPEIIKH ), KOTOPOE 3aMETHEE MPOSIBIISIETCS B CTANISX C METACTAOMIBLHBIM ayCTEHUTOM.
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1001 — ' L
g 801 n ] Puc. 4. BiusHue muacTuueckoil ne-
£ ¢dopmannu Ha (azoBbI cocTaB (a) U
g 601 € & 9
a, MEXaHWYEeCKHE CBOWCTBa (6—7) crayu
§ 40+ 1 ] 03121X13 (Tger = 20°C): 1 — ucxoaHoe
. cocrosiaue; 2 — pactsbkenne (€ = 30%);
8 20 T 'Y 'Y B 2 . s
= 3-ID (e=30%)
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B a10i1 cBs3u 6onee 3pPeKTUBHO OCYIIECTBISTH 1ehOpMAIIUIO MO TaBICHH-
eM, Harrpumep 0.

Bonee BricOKass MHTEHCUBHOCTH Ae(OPMAIIMOHHOTO yrpouHeHus npu ['D me-
TacTaOMIIBLHOM CTaIM Ha OCHOBE cUCTeMBbI Fe—Cr—Mn cBsI3bIBaeTCS C peaau3aimeit
MapteHcuTHoro y—e-JIMII u akTuBHU3anueidl mnpoieccoB aehOpMalliOHHOTO
JBOMHUKOBaHUS B €- U y-(azax.
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B.M. Efros, O.V. Prokofyeva, S.V. Gladkovskii, L.V. Loladze, V.R. Baraz

EFFECT OF STRESS-STRAIN STATE ON FRACTURE
AND MECHANICAL PROPERTIES OF METASTABLE STEELS

The deformation structure and phase transformations in metastable austenitic steels based
on Fe—Cr—Ni- and Fe—-Mn—Cr-solid solutions at thermomechanical treatment are studied.
The realization of these transformations in the investigated metastable austenitic steels at
plastic deformation and tempering in the whole cycle of thermomechanical treatment is
accompanied by the changes of their mechanical properties.

Fig. 1. Accumulation of structure damage ® during cold drawing of steels 31198 (/) and
31126 (2)

Fig. 2. Changes in ultimate strength o, density p (a¢) and quantity of a-martensite (6)
depending on degree of deformation € at cold drawing of metastable steel 311126

Fig. 3. Influence of tempering temperature 7" on changes in ultimate strength o5 and den-
sity p (@), as well as on volume fraction of deformation a-martensite and physical width
of the (220), B X-ray line (6) in steel 31126

Fig. 4. Influence of plastic deformation on phase composition (@) and mechanical proper-
ties (6—0) of steel 03121X13 (Tger = 20°C): 1 — initial state; 2 — tension (¢ = 30%); 3 —
HE (e =30%)

60



du3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

PACS: 71.20.Be, 75.10.Lp

B.N. Banbkos, A.B. lonoB4yaH

N3MEHEHWE SHEPT MM OCHOBHOI'O COCTOAHNA MnAs
NP MHAYUNPOBAHHbBIX JABINEHMEM MATHUTOCTPYKTYPHbIX
MEPEXOOAX «BbICOKNN CMUH-HU3KNA CMINH»

[oHeuknn unsmko-TexHnyeckmn MHCTUTYT um. A.A. NanknHa HAH YkpaunHbl
yn. P. JliokcemBypr, 72, r. [oHeuk, 83114, YkpaunHa

Tlepsonpunyunnvim memooom FP-LMTO uccredosanocy ocnognoe cocmosinue MnAs ¢
eexcazonanvrol (B81) u uckasicennoti pombuyecxou (B31) xpucmannuueckoi cmpyxmy-
poii. Iloxazano, umo 6 3mom coeounenuy npu UsMeHeHuu 00vema peuemKu nPouUcxooum
HenpepuleHblL Nepex00 Om GblCOKO- K HUBKOCHUHOBOMY COCMOoAHUI0. Mcxo0s u3 pe3ynv-
mamoe pacuema NOJHOU SHeP2UU UCCLedYeMOll CUCTHeMbl KaK (DYHKYuU napamempos
CMPYKMYPHLIX UCKANCEHUU, YCMAHOBNIEHO, YMO 8bICOKOCNUHOB0E COCMOsANUEe N00asisem
CMPYKIMYPHbIE UCKANICEHUs, a HUBKOCNUHOB0e — Haobopom, ycunusaem ux. Ilpeononooice-
HO, YMO KA4eCMEEHHAsl UHMEPNPEMAayUsi MEXAHUIMA MASHUMOCMPYKIMYPHLIX NEPEX0O08 6
MnAs oondxcna ucxo0ums U3 npeoCmasienus 0 2NA6eHCMEYiowel poiu cmenenu 3anoJ-
HEeHUs «AHIMUCEAZVIOWUX» COCMOSHUL KOJIeKMUBUZUPOBAHHBIX HOCUMENel MASHeMU3MA.

BBenenue

[Ipu armochepHOM NaBICHUH OCHOBHOMY COCTOSHHIO MnAS COOTBETCTBYET
«BBICOKOCTIMHOBas» (eppomarautHas (FM) daza ¢ HuKenb-apceHUTHON KpH-
CTaJUIMYECKOU CTpykTypou B8, (rpymma P63/mmc). [lon naBnenuem P ~ 8 kbar
HaOroaeTcst «HU3KOCIMHOBas» FM-¢paza ¢ pomMOWdYecKol KpHCTaITUYECKOM
crpykrypoit B31 (rpymna P,,,) [1,2]. IlocnenHsst Mmoxer ObITh OnMcaHa Kak HC-
KaxxeHHast B8|-cTpykrypa (puc. 1). KonnuecTBeHHOI Mepoii HCKaXEHUS PEILIeTKH
B8] MOryT CIy’KUTb MapaMmeTpbl @ = i‘ gz\/ c, e= i‘ gx‘/ a << @ AJi Maprasia u
¢1 = tlaiy/a, e; = 1| a./c << @ ansg meibska [3], Toe

g=uy—uytu3—uy,

(1a)

a=uy— Uy —uz+tuy,

g1 = us—ug+ug—uy,
(16)

aj =us—ue+ u7 — ug;

Uy — BEKTOp CMCIICHNA aTOMOB n-u MOAPCHICTKH.
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H(pc/4 [TpubnmkeHHO CTPYKTYpHBIN (ha30BbIi
— ,,,—-Fi-\\\ nepexoa B8 «» B31 MOXHO omnucarh, BbI-
| A OpaB B Ka4eCTBE MapaMEeTPOB CTPYKTYPHOTO

_ | Te — —-1|" nopsiika 6e3pa3MepHbIe BETUUUHBL O, Q.

| ¢,al4 K HacTosmemMy BpeMEHU UMEETCsl JOCTa-
TOYHO MHOI'O 3KCIEPUMEHTAIBHOTO U TEO-
pETHYECKOro Marepuala, 4ToObl IoJiararh,
YTO IMEPEXOAbl «BBICOKMH CHUH—HU3KUU
cruH» B MnAs U pOJACTBEHHBIX €MY COEJIH-
HEHUSIX CBSI3aHBI C U3MEHEHUEM JIOKAJIbHO-
r0 MarHUTHOTO MOMEHTAa MOHOB MapraHua,
CO3/1aBa€MOI0  KOJUIEKTUBU3UPOBAHHBIMU
3d-anektponamu. CieayeT OTMETHTh, YTO B
paccMaTpuBaeMoOM CIllydae U3MEHEHHE I0JI-
HOTO CIIMHAa Mn He CBSI3aHO C mepepaclpe-
JICJICHUEM JIOKAJIM30BAHHBIX 3JIEKTPOHOB IO
Puc. 1. Dnementapuas kpuctamm-  ATOMHBIM YPOBHAM N0J NEVCTBUEM KpHUCTAJI-
yeckass sueiika MnAs B pombuue-  THUYECKOTO IOJIA. B naukTHIax 3d-MeTamios,
ckoil ycraHoBke. ATomsl Mn (e) u K KOTOPBIM OTHOCHTCS MnAS, JIOKanbHbIH
As (0) moka3zaHbl CMEIICHHBIMH W3 MarHUTHBII MOMEHT OIPENENSAETCA 0o0OMeH-
CBOETO TOJIOYKEHUS B MCXONHOM HU-  HBIM PaCILEIJICHUEM JOKAJIBHOM CIIMHOBOU
KEeNIb-apCEHUIHON pemeTke. ¢ U ¢ IUIOTHOCTH B PE3yJbTaTe >KECTKON KOHKY-
COOTBETCTBYIOT OOO3HAYCHUSIM ISt PEHIIMA MEXAY BHYTPUATOMHON OOMEHHOM
crpykrypst B31. Llugpsr — HOMEpa  sueprueil u KMHETHUECKOH PHeprueii siek-
aTomoB basnca TPOHOB B KpHCTa/UIe. DTH SHEPTHU Ha He-
CKOJIBKO TMOPSIKOB MPEBBIIIAIOT IHEPTHUIO
KpUCTAJIMUECKOro mnoiid. M3mMeHeHne oOMEHHOro paclleIyIeHHs, Halpumep, B
pe3yabTaTe yBEJIMYEHHUS LIUPUHBI 30HBI MPUBOAUT K U3MEHEHHIO 33aCEIEHHOCTH
CIIMHOBBIX MOJIOC W, KaK CIEJACTBUE, K U3MEHEHHI0 MAarHUTHOTO MOMEHTa BCEU
CHUCTEMbI 3JIEKTPOHOB U JIOKAJIbHOTO MarHUTHOIO MOMEHTa aTOMa B YaCTHOCTH.
IToaTroMy wucTopuuecku yctosiBmuecs it MnAs TEpMUHBI «BBICOKMH CIHHY,
«HU3KUH cruB» [1,2] B3STHI B KaBBIYKHU, IOCKOJIBKY HE CBSI3aHbI C TPAAUIIMOHHBIM
ONpEJIETICHUEM CIIMHOBBIX COCTOSIHUM B MarHeTHKax C JIOKAIM30BaHHBIMH HOCH-
TEJISIMU MarHeTu3ma.
Henpto HacToOAmIEH paboOTHI SIBISETCS aHAIN3 MEXaHH3Ma MarHUTOCTPYKTYp-
HBIX MEPEXO0JI0B «BBICOKUM CMIMH—HU3KUN COUH» B MnAs moJl JaBJI€HUEM Ha OC-
HOBE NIEPBONPHUHIIUIIHBIX PACUETOB ITOJIHOW SHEPTHH.

1. Hcxoanbie NPEANOCHIJIKH U METOAMKHA PacCueTOB

HawnGosiee moaHbI MEpBONPUHIMITHBINA pacueT apceHua Maprania ObLI Impo-
BeJleH B [4], rae u3ydanack TOJBKO CTpykTypa B8,. Ham He u3BecTHBI paboThI, B
KOTOPBIX OBbI U3 MEPBBIX MPUHIUIIOB M3y4alach BO3MOXKHOCTh CTPYKTYPHOTO (a-
30Boro nepexojia B8 «» B31 u nosBiueHus «HU3KOCIIMHOBOWY» (pa3el B31(FM).
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YToObl U3y4UTh BIMSIHHE TMIPOCTATUYECKOIO JaBJIEHUS HA OCHOBHOE COCTOS-
HUE CUCTEMBbI, MbI MIPOBEJIU CAMOCOIJIACOBAHHBIA PacdeT SHEPIMH OCHOBHOI'O CO-
cTostHusE MnAs Kak (yHKIMH JABYX MapaMeTpPOB CTPYKTYPHOTO TOPSAKA (O U P
IIPU Pa3IUYHBIX 00bEMax AJIEMEHTApHOM SYEeHKH, 4TO TO3BOJIMIIO MIPOCIEAUTD YC-
JIOBUSI YCTOWYMBOCTH BBICOKOCTTMHOBOM (B8, ¢ = @ = 0) 1 HUCKa)KCHHOW HHU3KO-
criuHoBOM (B31, @ = ¢ > 0) MarHUTOYNOpsI0YEHHBIX (Ha3.

PacueTsl mpoBOAMIIM NOJHONOTEHIMATIBHBIM HEPEIATUBUCTCKUM MeTOI0M FP-
LMTO [5], xoTopsiii yuuTbiBaeT 3(pPekThl HECPEPUIHOCTH JICKTPOHHOM ILIOT-
HOCTU U KPUCTALTUIECKOTO MOTEHITMANIA, OTPEACIISIONINE CTPYKTYPHBIH (a30BBIii
nepexoJ tumna cMmeueHus. CnuH-opOuTaIbHOE B3aMMOJEICTBUE Ui BaJIEHTHBIX
COCTOSIHMM HE€ y4MUThIBaJM. MaKcUMalbHbIE 3HAYEHUsl YIJIOBOIO MOMEHTA B pa3-
JIO)KEHHSIX TI0 cPpepruecKruM rapMoHuKaM 0a3ucHBIX QyHKIUH BHyTpu MT-cdep,
B nepepasznoxenusix MT-opOuraneit BHe MT-cep, a Takke npu pasnokeHUH
KPUCTAJIMYECKOTr0 NOTEHIMANA U 3apsI0BOM MJIOTHOCTH PaBHbI COOTBETCTBEHHO
2, 4 n 6. nTerpupoBaHue 1o 30He bpuiuirosHa NpOBOAUIIN € UCIOIb30BAaHUEM B
ee HenpuBoaumoit yactu 50 (B8) u 45 (B31) k-touek. CornacHO 3KCHEPUMEHTY
(c/a)pg, = 1.532, (c/a)p31 = 0.8845, (b/a)p31 = 0.57735. IlockonbKy HaC MHTEPECO-

BaJIO BJIMSIHUE TpagueHTa IeKTPOoHHOU TIoTHOCTH (GGA) Ha COOTHOIICHHE Me-
K1y SKCIIEPUMEHTAIbHBIMU U PAaCUE€THBIMU 3HAYEHUSIMHU CTPYKTYpPHBIX Iapamer-
POB, TIOJIHYIO AHEPTHUI0 JIBYX CTPYKTYpPHBIX (a3 MnAsS BBIUMCISUIM B IBYX MpHU-
ONMMOKEHUSAX JUIsI OOMEHHO-KOPPENSUOHHOTO (PYHKIIMOHANIA: MPUOIMKEHUN JIO-
kanbHOU T1oTHOCTH (LDA) n1 GGA ¢ mapamerpuzarueit mo Bocko [6—8].

2. Pe3yabTaThl pacyeTroB

Ha puc. 2 npuBeaeHbl 3aBUCUMOCTH TOJHOM SHEPIrUU OCHOBHOI'O COCTOSIHHS
TUIIOTETUYECKOI0 TapaMarHuTHOro MnAs oT napameTpoB CTPYKTYpPHOTO IOPsIIKa
¢, @1 ¢ ucnoib3zoBanueMm LDA- (a) u GGA- (6) npubnmxenuii. [Ipu sTom 06beM
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Puc. 2. 3aBucumocts nomHoU 3Hepruu E(@,p1) — £(0,0) OT BeNMMYUHBI CTPYKTYPHBIX HC-
KaKESHHUH ¢, 1 6e3 yueTa (a) u ¢ yueToM (6) TPaANuCHTHBIX ITOIIPaBOK

63



Pdu3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

AIIEMEHTAPHOHN S4YeWKU Ha (OPMYINIBHYIO eIuHHIY V() BHIOpaH paBHBIM 3KCIIEpHU-
MEHTaJIbHOMY 3HAUEHUIO NPU KOMHATHOW TeMIepaType U aTMOC(hEpHOM JaBICHUH
33.72 A®. 06a MIPUOJIMHKEHUS TAFOT MUHUMYM TIOJTHOW SHEPTUH IPU KOHEUHBIX 3HAYe-
HUSIX TTApaMeTpoB CTpyKTypHOro nopsiaka: ¢ = 0.16, ¢ = 0.14 (LDA), ¢ = ¢; = 0.17
(GGA) u ¢ = 0.2, ¢; = 0.24 (3xcnepumenT [9]). D10 03Ha4aeT, 4To Mpu armochep-
HOM JIaBJIEHUM U OTCYTCTBUM MAarHUTHOIO NOpAaka MnAs B HU3KOTEMIIEPATypPHOM
COCTOSTHUM JIOJDKEH HMMETh CTpyKTypy B31. Ilpm 3TOM pacxokieHue pacyeTHBIX
(T'=0) u sxcnepumMenTanbHbIX (314 < T'< 400 K) 3HaueHuii mapamMeTpoB CTPYKTYp-
HOT'O TIOPSIIKAa MOYKET OBITh BBI3BAHO KaK HEIOCTATOYHO IMOJIHBIM YYETOM I'paeHTa
AJIEKTPOHHOM IJIOTHOCTH, KOTOPBIM TOIBKO YacTUYHO yuTteH B GGA, Tak u Tem, 4To
SKCIEPUMEHTAIIbHBIE IaHHBIE MOTYYEHBI IIPH KOHEUHBIX TEMIIEpATypax.

B panpHelinieM ucciieoBaHMsI yCTOMYMBOCTH CTPYKTYpbl 531 OTHOCUTENBHO
CTpYKTypHOTO (pa3oBoro nepexona B31 «» B8 npoBOAMUIHN BIOJIb IUHUU @ = (] C
ucrnonb3oBanueM LDA-npubnuxeHuss s 0OMEHHO-KOPPEISAIMOHHOTO (DYHK-
nuoHana. Ha puc. 3 npuBeneHbl 3aBUCUMOCTH IIOJIHOM SHEPrUM OT IIapaMeTpOB
CTPYKTYpPHOTO TOpsIIKa MpH pa3ivuHbIX AaBieHusix. [Ipu atmocdepHom nasie-
vuu V/Vy = 1 (puc. 3,a) cylmecTBoBaHHE METACTAOMIBHOW HEMArHUTHOU (a3bl
B31 ¢ ¢ = 0.15 monmycTrMoO, OJTHAKO YHEPTrEeTUYECKU OOJIee BHITOIHON OKa3bIBACT-
Csl «BBICOKOCTIMHOBAs» HeuckakeHHass FM-daza B8 ¢ ¢ = 0. Ilon naBmeHuem
(V1Vy = 0.8, puc. 3,0) curyanus MeHsieTcss. MUHUMYMY TTOJTHOW SHEPTHUU COOTBET-
CTBYET MCKaXeHHasi «HH3KocnuHoBas» FM-daza ¢ ¢ = 0.21. Bo3mMoxHO Takxke
CYIIECTBOBAaHUE METacTaOMIbHOM HeMarHuTHOU ¢a3el B31 ¢ ¢ = 0.2. Takum oOpa-
30M, B [TOJIHOM COOTBETCTBUU C IKCIIEPUMEHTAILHBIMU JaHHBIMH [ 1,2] yCTaHOBJIEHO:

1. ITpu atMochepHOM HaBICHUH «BBICOKOCTIMHOBBINY FM-Topsiiok He JomycKaeT
CYIIIECTBOBaHME CTAOMIILHON MCKaXEHHOM CTPYKTyphl B31. MuHumymy moiHOM
HEPTUU COOTBETCTBYET «BBICOKOCTIMHOBas» FM-dasa co cTpykrypoii B8;.

2. 'mapocraTrueckoe AaBjieHHE CTaOMIM3UPYET «HU3KOCTUHOBBINY FM-opsiaok.
MuHMMyMY TOJHON SHEPrHHM COOTBETCTBYET «HHU3KOCHHHOBas» FM-¢aza c uc-
Ka)KEHHOHU CTPYKTypoil B3 1.
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Puc. 3. 3aBucuMocTH TOJHOM SHEpPruv £ M MarHUTHOTO MOMEHTa MapraHna M,
(crutomTHAs TMHUS) OT BEIMYUHBI CTPYKTYPHBIX HUCKaxkeHu# npu V' = Vy (a) u V' = 0.8V
(6) Bnons KM @ = @1 B LDA-nmpubnmxenun: A — M =0, e — FM
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BriBoabl

Ha ocHoBe nosiy4yeHHBIX pe3ysIbTaTOB Mbl MPULUIA K BBIBOJY, YTO KauECTBEH-
Hasi MHTEpIpEeTalys MEXaHW3Ma MarHUTOCTPYKTYpPHBIX IE€pexoloB B MnAs
JOJIKHA MCXOAUTh U3 MPEACTABIEHUS O IJIaBEHCTBYIOLIEH POJIM 3aIllOJIHEHUS aH-
TUCBS3YIOIUX d-cocTosiHUM. [loJ aHTUCBA3YIOUIMMH MOHMMAIOTCS COCTOSIHHS,
KOTOpbIE JIeXKAT BBIIIE CEPEIUHBI d-30HbI B HEMarHUTHOM ciy4ae. [Ipu aTmo-
chepHOM JaBIEHWW WX BKJIAJ B IUIOTHOCTH AJICKTPOHHBIX COCTOSIHHM (puc. 4)
NpUOJIMKEHHO ONMMCHIBAETCS (PparMEHTOM KpPHBOW B MHTepBasie sHepruu ot 0.75
1o 1.1 Ry (puc. 4,a, NM). Ha 3ToM pucyHKe HI>KHUH W30JUPOBAHHBINA MUK COOT-
BETCTBYET S-COCTOSIHUSIM HEMArHUTHOTO 3JIEMEHTA, a OCHOBHAsl IPYIIa IHKOB,
yepe3 KOTOpPYI TPOXOAUT ypoBeHb DepMu, NPUHAICKUT p—d-rudpuan3u-
POBaHHBIM cOCTOSIHUAM (4p-As, 3d-Mn). OCHOBHOM BKJIaJ B IUNIOTHOCTb COCTOSI-
Hul Ha ypoBHEe Depmu BHOCAT 3d-cocTostHus Mn. [1ockonbKy BKIIabl COCTOSTHUN
4p-As HE3HAYUTEIBHBI, TO NMPUOIMIKEHHO MOXHO TOJaraTh, 4YTO JHY d-30HBI CO-
otBetcTBYET 0.4 Ry, ee cepennne — 0.75 Ry, a moronky — 1.1 Ry.

[Ipu cymiecTBEHHOM 3alOIHEHUH AHTUCBA3YIOLIMX COCTOSHUM, BO3ZHHUKAIOIIEM
B «BBICOKOCTIMHOBOI» (pa3e (Hampumep, i Moa30HbI «cnmuH—BBepx» (Up), puc.
4,a) sHepreTuyeckue cBsi3u Mn—Mn o0ecrednBalOT MUHUMYM TOJHON SHEPruUn
JUISL HUKeTb-apceHUIHOM peretku (¢ = ¢ = 0). B HemarautHoii (puc. 4,a, NM) unu
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Puc. 4. BiussHue ruApoCTaTUYECKOTO NABICHHUS W CTPYKTYPHBIX MCKAXCHHHA HA TUIOT-
HOCTB cocTostHuN MnAs: a — V="Vy, ¢ =0; 6 — V= 0.8Vy, ¢ = 0.2. BepTuKaibHO! TUHU-
el mokazaH ypoBeHb @epmu Ef
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c1ab0OMarHuTHON «HU3KOCTTMHOBOM» (puc. 4,0) (ha3e ykazaHHBIE CBSI3M OCiiabeBa-
IOT M3-32 YaCTUYHOTO OIYCTOIIEHHS aHTHCBS3YIOUINX COCTOSHUM. DTO MPUBOIUT
K TOBBIIICHUIO POJIM JPYTUX THIIOB CBSI3EH, 00ECIICUYMBAIOIINX MUHUMYM TIOJTHOM
SHEpruu A cTpykrypsl B31 (em. puc. 3,a, M = 0 unu puc. 3,6, FM).
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V.I Val’kov, A.V. Golovchan

CHANGE IN THE ENERGY OF MnAs GROUND STATE
UNDER THE PRESSURE-INDUCED «HIGH SPIN-LOW SPIN»
MAGNETOSTRUCTURAL TRANSITIONS

The first-principles method FP-LMTO was used to investigate the ground state of MnAs
with the hexagonal (B8;) and distorted rhombic (B31) crystal structure. It is shown that in
the compound, during the change of lattice volume, there occurs a continuous transition
from the high- to the low-spin state. Basing on the results of calculation of the total energy
of the investigated system as a function of parameters of structure distortions, it has been
determined that the high-spin state suppresses structure distortions, while the low-spin
one enhances the same. It is assumed that a qualitative interpretation of the mechanism of
magnetostructural transitions in MnAs should proceed from the idea of the predominant
role of the degree of filling the «antibonding» states of collective magnetism carriers.

Fig. 1. Unit cell of rhombic MnAs structure. Mn (o) and As (©) atoms are displaced from
their position in the initial nickel-arsenide lattice, @ and ¢ correspond to notation for
structure B3 1. Numerals stand for numbers of basal-plane atoms

Fig. 2. Dependence of the total energy E(¢,01) — £(0,0) on value of structure distortions
¢, ¢1 with no allowance (a) and with allowance (6) for gradient corrections

Fig. 3. Dependences of the total energy E and magnetic moment of manganese My
(solid line) on value of structure distortions for V' = ¥y (a) and V' = 0.8V (6) along line
¢ = ¢ within the LDA-approximation: A — M =0, e — FM

Fig. 4. Influence of hydrostatic pressure and structure distortions on density of MnAs
states: a — V="1p, 0=0; 6 — V= 0.8Vy, o = 0.2. The vertical line shows the Fermi level Er
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PACS: 81.30.Kf, 81.40.Vw

M.B. Oertapes, T.W. HawyxuHa, J1.M. BopoHoBa

BINAHWE BbICOKOIO JABNEHMA NPU NPEOBAPUTENBHON
XONOAHOW OE®OPMALIN CTANM 30XITCH2A HA OBPA3OBAHUE
AYCTEHUTA B MEXKPUTUYECKOM NHTEPBAJIE TEMINEPATYP

UHcTuTyT dmaunkm metannos YpO PAH
yn. C. Kosanesckow, 18, r. EkatepuHbypr, 620219, Poccus
E-mail: highpress@imp.uran.ru

Hccneoosano enusinue 6bicoko20 0asieHus npu npedsapumenvHol dedhopmayuu Ha oopa-
306aHue aycmenuma npu Hazpege degopmuposannou cmanu 30XI'CH2A ¢ medxckpumu-
yeckom unmepeane (MKH) memnepamyp. /lepopmayus 6 ycrosusx 6vicoko2o 0asienus
obecneyusaem OOILULYIO NIOMHOCHIL MECH 3APOACOCHUST AYCHMEHUMA — GbLCOKOY2N0BbIX
epanuy, npugods K NOGLUUEHUIO CKOPOCMU U NOIHOMbl npespawjenus. Dmo 6vizvigaem
Kadicyweecs cnudicenHue memnepamypvl Acs. B ycrosusx uzomepmuueckoeo mazpesa
npeodsapumeinvbras oeghopmayus oo 6blCOKUM OdGNleHUeM He Glusem HA MemMnepamypy
Hauana obpazosanus aycmenuma (Acj).

CTpyKTypHOE COCTOSIHME CTalld CYHIECTBEHHO BJIMSIET Ha Ipoliecc oOpa3oBa-
HUS aycTeHuTa npu Harpese [1,2]. YBenuuenue neeKTHOCTH MCXOJHOM CTPYK-
TYpbI MOBBIIIAET CKOPOCTh M MOJHOTY o—y-nipeBpaiieHus B MKW temnepatyp u
OJTHOBPEMEHHO WHTEHCH(PUIIMPYET PEKPUCTALTU3AIMIO HETpeBpamieHHoro dep-
puta. OTKUT TIpU TEMIIepaType HUXKE TeMIIepaTypbl Ac| CTalM, UMEIONIeH mocie
nedopMaluu MPOKATKOM U CABUIOM IOJ JAaBJICHHUEM OJUHAKOBYIO TBEPAOCTH U
CpPEeIHMI pa3Mep FJIEMEHTOB CTPYKTYphI, OKa3all, UTO pa3BUTHUE PEKPUCTAIIIN3A-
IIWW 3aBUCUT OT KBA3UTHUIPOCTATUUECKOTO JIaBlIeHUs mpu Aedopmariuu [3].

Lenbio paboTel OBLIIO MCCIENOBAHUE BIMSHHS BBICOKOTO JaBJICHUS TpHu Aedop-
MaIlMH B HAKOBAIBHAX bpumxmena Ha oOpa3oBanue ayctenuta B MKW temmeparyp.

Cranp 30XI'CH2A nocne ynydmienus (3akanku u otmycka npu 650°C, 60 min)
nedhopmupoBanu cnurom nox aasieHuem 10—-11 GPa u mepexkpectHo# mpokar-
Koil. PacueTHas crenenp nedopmanuu npu cIBure cocraBuia e =3.5ue=6.5, a
npH MpokaTke e = 3.5. 3arem 00pasipl HarpeBajau B COJMISTHONW BaHHE C BBIJICPKKA-
mu oT 1.5 10 240 min u oxnaxaanu B Boge. OObEeMHYIO OO ayCTEHUTA OTpe/ie-
JISUTA TI0 KOJTMYECTBY MapTEHCUTa B CTPYKType mocie 3akanku. [locne gegopma-
1 ¢ e = 3.5 u e = 6.5 TBEpAOCTh U pa3Mep JIEMEHTOB CTPYKTYPbl COCTaBHIIN
cootBercTBeHHO 4.5 1 7 GPa; 0.15 u 0.05 um. B pe3ynbrare caBura noj JaBie-
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HUEM C O00CHMMH CTeTeHsSIMHU AePOpMaIMKM CTPYKTypa CTaM 0Opa3oBaHAa MHKPO-
KPUCTAJUIMTAMH C BBICOKOYIJIOBOM pa30pUEHTUPOBKOM 110 rpanuuam. Ilociue mpo-
KaTKU B CTPYKType HAOIIOAI0TCS KaK MUKPOKPUCTAUIUTHI, TaK M TUCIOKALUOH-
HBIC SIYEUKHU C MAJIOYTIIOBOM Pa3OPUEHTUPOBKOM.

OObemMHas 10751 ayCTEHUTA BO3PAcTaeT C yYBEJIWYEeHUEM BbLIepKKH mpu 750°C
(puc. 1), nocturas Mmakcumyma mnocie orxura B rederre 60 min (90 u 85% coor-
BETCTBEHHO IOCJIE CABUTA C ¢ = 3.5 W mpoKaTKu). B Xxoze nanbHeuen BeIIepKKU
JIOJIsl ayCTEHUTa yMeHbIaercsi, Ho u nocie 240 min ona Ha 10—20% BbImIe pas-
HOBECHOTO 3HaueHus. B oOpasuax, nepopmMupoBaHHBIX CIBUTOM IO JaBICHHEM
c e = 3.5, mocne Bcex BBIACPKEK N0JIT o0pa3oBaBierocs aycteHuta Ha 5—20%
Oospiie, 4eM B 0Opasiax, 1eOpMUPOBAHHBIX MPOKATKON C TOW e CTEIEHBIO.
[ocne Beimepkku 10 min u Gosnee TBEPAOCTb CTAIM KOPPEIUPYET C 0OBEMHOM
JI0JIeH MapTEHCUTA B CTPYKType (puc. 2).

100
X
5 7
= 80
5
% 6
= o
o 60 g
= (Dn 5
S o
o 40 9
2 £ 4
(]
E 20 s ;
=
0 2 Wy
no 153 10 3060 240 no 153 10 3060 240
heating heating
Duration of austenization, min Duration of austenization, min

Puc. 1. Bmustaue ucxomguoro coctosaus ctamu 30XI'CH2A Ha KMHETHKY OOpa3oBaHUS
aycrenura rpu 750°C: e — 6e3 neopmaruu; ¢ — npokatka ¢ e = 3.5; ¢ — cuBur ¢ e = 3.5;
A—cnBurce=06.5

Puc. 2. Teepmocts mocie 3akanku 3 MKW cramm 30XI'CH2A ¢ pa3audHBIM HCXOTHBIM
coctosiHueM: ® — Oe3 nedopmarn; ¢ — npokatka ¢ e = 3.5; ¢ — caBur ¢ e = 3.5; A —
CABHT C e = 6.5

VYBenuuenue crenenu aedopManuu 10 e = 6.5 B YCIOBHUSIX BBICOKUX JIaBJICHUN
CYILIECTBEHHO YCKOPSIET O—Yy-IIPEBPAIllCHHE, U MAaKCUMYM JOCTUTAETCS MOCTE BBI-
nepxkku 3 min. O0bemMHast 10711 aycTeHUTa Mpu 3ToM cocTasisier 95-100% [2].
To ecth Takas Aeopmarus IPUBOIUT K KaXYIIEMYCsl CHIKEHHUIO TEMIIEPaTyphI
Acz ot 770 (ompeeIeHHON AUIATOMETPUYECKH B HEJe(OPMUPOBAHHOM CTAJH) 110
750°C. OO6pa3oBaBIIMCS ayCTEHUT OKAa3bIBACTCA METACTAOWJIBHBIM, TOCKOJBKY
IIPH YBEJIMUYEHUH BBIIEPIKKH €0 00beMHAs I0JIsI YMEHBIIIASTCSI.
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Bricokoe naBienue npu gedopMaliuu BbI3bIBA€T YCKOpPEHHE OOpa3oBaHUS U
YBEJIMYEHHUE JI0JI METACTaOUIBHOTO ayCTEHNUTA, HO HE BIUSAET HAa BPeMs BBLACPK-
KU, IPUBOJISIICH K 00pa30BaHUIO €r0 MaKCUMaIbHOI'O KOJIMYECTBA.

VYBenuyeHue cTerneHu aegopMaluu B MCCIEJOBAHHBIX IMpeaesiaX MPUBOIUT K
CHIKCHUIO TOYKH A (3.

Jlonst aycTeHuTa B NIEPBbIE MUHYTHI BBLACPKKHU JOJKHA OBITh MPONOPIMOHATb-
Ha KOJMYECTBY OOpa30BaBIIMXCS 3apOJIbIIIeH, T.e. MecT 3apoxaeHus. [locne ne-
dbopmaru CABUTOM M IPOKATKOM ¢ e = 3.5 TBEpAOCTh CTaJIM, OTpaKaromias MioT-
HOCTh JIe()OPMALMOHHBIX JePeKTOB, ObUIa OAMHAKOBOW. [Ipu 3TOM B CTpyKType
nociie MPOKAaTKU MPHU PaBHBIX pa3Mepax M0Jii MUKPOKPUCTANIUTOB, a CJEI0Ba-
TEJIbHO, U BBICOKOYTJIOBBIX I'PaHMIl MEHbIIIE, YEM TIOCIIE CABHUTra. 3HAUUT, OOJIbIIast
MOJIHOTA MpEBpaIlleHusl B CTallU, Je(OPMUPOBAHHOI CABUIOM O] IaBJICHUEM, HE
MOJKET OBITh O0BSICHEHA, KaK B [ 1], OombIiieii oOmiel TuioTHOCTHIO edekToB. [Tocme
caBura ¢ e = 6.5 MUKPOKPUCTAJUIUTHI B 3 pa3a MeJibue, 4YeM Toclie clIBUra ¢ e = 3.5,
U aycTeHUTa obOpaszoBasiock Oosbiie. CrienoBaTenbHO, MOTHOTA MIPEBPALICHUS CO-
OTBETCTBYET IJIOTHOCTH BBICOKOYTJIOBBIX TPAHUI] B HCXOJIHOM CTPYKTYpE.

Crenenb nedopmanvu U IaBJICHUE HE OKa3bIBAIOT CYIIECTBEHHOTO BIMSIHUS HA
pacTBopeHue KapoumHoi ¢aspl mpu uzorepmudeckoit Beimepxke B MKIM. O6ora-
IIEHUE AayCTEHHUTA YIJIEPOJOM, MPOXOIIEe C YBEIUYCHUEM BBIIEPXKKHU, MPHBO-
IUT K 0oJiee BBICOKOW TBEPIOCTH 3aKAJICHHOW CTAJIM MPHU PaBHOW O0OBEMHOMU J0JIe
MapTeHcuTa (pUC. 2) U TMOSBIEHUIO OCTATOYHOIO ayCTEHUTa IIOCIE BBIIEPKKU
30 min u Oonee.

B psge pabot, Hanpumep [1], oOHapyeHO, YTO MpeaBapUTeNbHas XOIOAHAs
nedopmanus IPUBOIUT K CHUKEHHUIO TEMIIEpaTyphl Ac.

Temneparypa Hauana oOpazoBanus aycrenuta B ctamm 30XIT'CH2A, onpene-
JICHHasl JUJIATOMETPHUUYECKUM MeTonoM, cocTaBmia 715°C. OOpasubl HarpeBaiu
npu 720; 710 u 700°C ¢ BeiAepkkamu oT 1.5 1o 240 min 1 mocneayromen 3aKa-
Kol B Boje. CpaBHMBAIM pa3BUTHE MPEBPALICHUS NPU U30TEPMUUYECKOM HarpeBe
craimu 30XT'CH2A nocine cnenyronux oopadotok: 1 — ymydmenus 6e3 aedopma-
11Y; 2 — yAy4lUIeHUs] U NEPEKPECTHOM MpOoKaTKu ¢ e = 3.5; 3 — 3aKkanku Ha Map-
TEHCHUT, TUAPOIKCTPY3UHU ¢ npotuBoAaBicHueM ¢ e = 0.6 u ormycka nipu 200°C,
60 min; 4 — yIy4IIeHus ¥ CIABUTA MO JaBiieHHeM ¢ e = 6.5. JlehekTHOCTh CTPYyK-
TYpbl OIIEHUBAJIA IO TBEPJIOCTHU CTAJIU, KOTOpasl MOCJIE UCXOAHBIX 00pabOTOK CO-
CTaBJIsIJIa COOTBETCTBEHHO 2.7; 4.5; 5.4 u 7 GPa.

AycTeHHuT 00pa3yeTcs Mpu U30TEPMUUYECKON BBIIEPKKE KaK BBIIIE, TAK U HUXKE
TeMnepaTrypbl Acy, ONPEACICHHON TUIaTOMETPUUECKH, HE3aBUCUMO OT UCXOJIHOM
o0pabotku. OOpa3oBaHHIO ayCTEHHTa B H30TEPMUYECKUX YCIOBHSIX BCErna
npeanecTByeT MHKyOaunoHHsi nepuo. C yBeauMueHueM cTeneHu aedopmanuu
MHKYOAIlMOHHBIN MEPUOJI YMEHBIIACTCS, a IPH CHIDKEHUH TeMIIepaTyphl CYIIEeCT-
BEHHO yBEIHYMUBAETCs (TabauIa).

IIpu 710-720°C B nedopMHpOBAHHOW CTal, coAepKalleil OOJIBIIYIO IUIOT-
HOCTh JI€()EKTOB, ayCTCHUT 00pazyeTcs ObICTpee W B OOJIbIIEM KOJUYEeCTBE (0CO-
6enHo nocne 00paboTku 4), uem B HeaepopMupoBaHHOH. CHHKEHUE TEMIIEPaTyphI
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Ta0numa
HN3menenue o0bemMHoi 10,14 aycTteHuTa (%) B ctaau 30XI'CH2A
B Ipolecce M30TepMHUYECKOii BhIAEPKKH BOJIU3N TeMNepaTypsl Acy

Temneparypa [TpoaomKUTENPHOCTD BBRIACPKKH, Min
n3oTepMuueckon | OOpaboTka
BELIEPKKH, °C 1.5 10 60 240
1 0 0 20 20
720 2 0 10 30 —
3 0 5 25 25
1 — 0 <1 5
2 - <1 7 10
710 3 - <1 7 10
4 — 5 10 10
1 — 0 <1 <1
2 - 0 <1 <1
700 3 - 0 <1 <1
4 - <1 <1 <1

Huenupyet 3ToT 3ddext. [Ipu 700°C Bo Bpems MHKYOAIIMOHHOTO TEPHOJA,
npesbimaromero 10 min, gepopmuponannas (o0paboTku 2 u 3) cranb pekpu-
CTAJUIN3YeTCsA, W K Hadalxy oOpa3oBaHMSA ayCTeHUTa IE(PEKTHOCTb CTPYKTYPHI
NOHMXKAETCs 10 Osm3koro ypoBHA. OO6paboTka 4 00yCIIOBIMBAET MOCIE TaKOTO
HarpeBa PEKPHCTALIM30BAHHYIO CTPYKTYPY C (EppUTHBIM 3€pHOM pa3MepoM
0.5 um. B cranu ¢ Takoli CyOMHKpPO3EpHUCTON CTPYKTYpOW MHKYOAIlMOHHBIN I1e-
puoa oOpa3oBaHMs ayCTEHHUTA 3aMETHO Kopodue (Tabnuna). OgHako, He3aBUCHMO
OT HMCXOJHOM 00paboTKHM, OOBEeMHas JOJA ayCTEHHUTa, OOpa30BaBIIETOCs IMPH
700°C, cocrapnsier okono 1%. [Ipu temneparype Hike 700°C oOpa3oBaHue ay-
CTCHHUTA HEe 0OHAPYKEHO.

Takum 00pazom, MPUIOKEHHE BBHICOKOTO KBa3HTHIPOCTATHYECKOTO JABICHUS
npu AedopMaIy yBeIU4UBaeT MOJHOTY O—Y-TIpeBpalieHus npu Harpese B MKU,
TEM CaMbIM MPUBOJIS K CHIKECHHIO TOUKH Ac3. B ycrnoBHsx n3oTepMuueckoro Ha-
rpeBa INpeaBapuTeNbHas aAedOpMalus 1MOJ BBHICOKMM JaBICHHEM HE BIHSIET Ha
TeMIIepaTypy Hadana oOpa30oBaHUs ayCTeHNUTA Ac.

PaGoTa BrITlONTHEHA Npu (PMHAHCOBOM moaepkke rpanta PODOU 04-03-96132
Y TpaHTa NOAJIEPKKH Beylux Hay4HbIx mkos HII-778.2003.
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M.V. Degtyarov, T.I. Chashchukhina, L.M. Voronova

EFFECT OF HIGH PRESSURE AT PRELIMINARY COLD
DEFORMATION OF STEEL 30XI'CH2A ON AUSTENITE FORMATION
IN INTERCRITICAL TEMPERATURE RANGE

Effect of high pressure at preliminary deformation on austenite formation upon heating
the deformed steel 30XI'CH2A in the intercritical temperature range (ITR) has been in-
vestigated. Deformation under high pressure ensures a high density of sites for austenite
origination, i.e. the large-angle incoherent grain boundaries, thus increasing the rate and
completeness of transformation. As a result, the temperature Ac3 seems decreasing. Dur-
ing the isothermal heating the preliminary deformation under high pressure does not in-
fluence the temperature of initial austenite formation (Ac).

Fig. 1. Influence of the initial state of steel 30XIT"CH2A on kinetics of austenite formation
at 750°C: e — no deformation; 4 — rolling with e = 3.5; ¢ — shear with e = 3.5; A — shear
with e = 6.5

Fig. 2. Hardness of the ITR quenched steel 30XI"CH2A of different initial state: ® — no
deformation; 4 — rolling with e = 3.5; ¢ — shear with e = 3.5; A — shear with ¢ = 6.5
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.. Paab6, K.H. Makapebiyes, P.3. Banues

OCOBEHHOCTWN HANPAXXEHHO-AE®OPMNPOBAHHOIO COCTOAHUA
NP1 PABHOKAHAJIBHOM YTJTIOBOM NMPECCOBAHNA
C NPOTUBOOABJIEHNEM

UHCTUTYT hM3nKM NepcnekTnBHbIX MaTepuanos,

YUMCKMIN rocyaapCTBEHHbIN aBUALVMOHHbBIA TEXHUYECKUA YHUBEPCUTET
yn. K. Mapkca, 12, r. Ydba, 450000, Poccus

Email: k_makarychev@mail.ru

Lenvio pabomul A671510CHL U3YUEHUE GIUAHUSL NAPAMEMPOS 0OPAOOMKU HA Xapakmepu-
cmuKu u nogederue yibmpamenxozepuucmolx (YM3) mamepuanos. Ilposedeno uccredo-
samue HanpscenHno-oegpopmuposannoco cocmosanus (H/[C) meonoil 3aeomosku memo-
00M CemoK U MemoooM KoHeuHblX demenmos (MKD) npu pasHoKanamibHOM Yen080Mm
npeccosaruu ¢ npomugooasneruem (PKYIIII) u 6e3 neco (PKYII). Makcumanvuwiil yposeHs
npomueooasienus 0 ucciedyemoz2o mamepuana meou mapxu M1 cocmasnsin 450 MPa.
B pezynomame uccnedosanusn nonyuenvl wucieHuvle 3HAYEHUS. YPOGHSL HAKONIEHHOU Oe-
Gopmayuu 8 RPOOOILHOM U NONEPEUHOM OUAMEMPATLHBIX CeYeHUsX 3a20MOBKU, A MAK-
Jrce cpasHumensvHule oantvle napamempos HJ[C npu npeccosanuu 6 yciosusx npomueo-
oaenenus u 6e3z nezo. Buvisasnenvl ocobennocmu H/[C 6 ouace deghopmayuu u e2o érusiHue
Ha deghopmupyemocms medu npu CO30aHUU NPOMUBOOABTEHUST HCECMKUM NYAHCOHOM U
ee Mexanuueckoe nogederue ¢ YM3-cocmosnuu.

BBenenue

Ha ¢opmupoBanune YM3-ctpyktypsl npu PKVYII Gonbiioe BinsiHUEe OKa3bIBa-
10T mapaMmeTpsl nipeccoBanus [1]. K nHanbonee BaxxupiM mapamerpam npu PKVYII
otHocsitess HIAC u mapuipyT nipeccoBanus [1]. O6 3ToM Takke CBUAETEIHCTBYIOT
paboTsl [2,3], B KOTOPBIX TTOKa3aHa TCHACHIIHS MTOJYYCHHS 00Jiee METTKUX 3€PEeH U
JAJIBHENIIET0 MOBBILIEHUS TPOYHOCTH Y M3-Meu Npu UCIOJIb30BAHUU NTPOTUBO-
JaBieHus. BeI3pIBaeT MHTEpEC, KaKOe ke BIUSHHUE OKa3bIBa€T NMPOTHUBOAABICHUE
Ha JaedopManOHHOE TMOBEACHUE U Je(POPMHUPOBAHHOE COCTOSHHE 3aroTOBOK.
VYuuTtbiBas, 4TO CYIIECTBYET MpsiMasi 3aBUCUMOCTh MEXIY Ie(hOpMUPOBAHHBIM
COCTOSIHUEM U CTPYKTYPHBIMH M3MEHEHUSIMH B MaTepHajax, He0OXOAMMOCTb TO-
JTOOHBIX MCCIIEIOBAHUN SBIISIETCS aKTyaJbHOM. Takxke cileayeT y4yuThIBaTh IMOJIO-
YKUTEJIBHOE BJIMSHUE BBICOKOI'O YPOBHS THPOCTAaTHUECKOTO JABJICHUS B yCIOBH-
AX, OJM3KUX K BCECTOPOHHEMY C)KaTHUIO, Ha Je(OPMUPYEMOCTh MaTepUaIoB. ITO
OOCTOSATENILCTBO JIOJDKHO TMPHUBOAMTH K MOBBIIMIEHHOW J1e(OpMHUPYEMOCTH TPH
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PKVIIII [4]. O603HaueHHBIE TPOOIEMBI OBLITH TTPEAMETOM HCCIICIOBAHUN U TIPEI-
CTaBJIAIN I/IHTepCC C TOYKHU 3peHI/I$I BJIIMAHUA HpOTI/IBOl[aBJICHI/HI Ha OI[HOpOIIHOCTB
ne(hOpMUPOBAHHOTO COCTOSTHUSA U e(hOPMUPYEMOCTH 3arOTOBOK.

MeToauka IKCICPUMEHTA U OCHOBHBIE pPe3yJibTaTbl

UccnenoBanue aedopmupoBanHoro cocrosiuus npu PKYII npoBoauam Ha cra-
T YCTOMYMBOTO TeueHHs Marepuaia. [ skcriepuMeHTa Opaiu 3aroTOBKH pa3-
Mepamu 16 x 16 x 100 mm u3 menu mapku M1. [lpu u3yuenun nedopmMupoBaH-
HOTI'0 COCTOAHUSA UCIIOJIB30BAJIN MCTOAUKY, 6&3pr10H_IYIOC$I Ha IOJOXKCECHUAX TCO-
pUU KOHEYHBIX JlehopMalnuid, r1e napameTpsl 1e(opMHUpPOBAHHOTO COCTOSIHUS OIl-
PEACTIAIOTCA MpPU COMOCTABJICHUN HUCXOIHBIX W KOHCYHBIX (bOpM " napamMcTpOB
sueriku. KoopauHaTHyro ceTky (4 X 4 mm) HAaHOCHJIM MEXaHUYECKHM CIIOCOOOM
Ha O/IHY M3 PaBHBIX YacTe 3arOTOBKH, Pa3pe3aHHYIO B MPOJOJbHONW BEPTUKAIb-
HOM WJIM TOPU3OHTAIIBHBIX ITOCKOCTSX (puc. 1).

Y

Puc. 1. Cxema pa3pesku ¢ yKazaHHEM HCCIEAYEeMBIX TUIOCKOCTEH (@) W oOImmiA BUI HC-
XOJTHOM KOOPAMHATHOM CETKH ()

du3nuecKoe COCTOSHUE Marepuana M padoTy, 3aTpayrMBaeMyro Ha (OpPMOU3-
MEHEHHE, XapaKTEePU30BaIl HMHTEHCUBHOCTHIO neopmanuu casura [1]:

FZ\/Ew/812+8§+8§ (1)

WM HAaKOTUICHHOU aedopmariueit

8i=\E 812+8%+8§, (2)

rae I' — uaTeHCMBHOCTH nedopmaliuu CABUTA; €1, €, €3 — IIaBHbBIE nedopmanuu;
€; — ICTUHHAs HAaKOIJIEHHAs Jedopmarius.

I'maBHBIE nedopmanuu ONpenessuid M0 U3MEHEHUIO KOOPAMHAT JeUTEebHON
CETKH 110 METOJMKE, IpeicTaBieHHoH B [1] (puc. 2). Pe3ynbTaThl, MOTy4eHHBIC 1O
BbIIHGOHHCElHHOﬁ MCTOOHUKCE, CpaBHI/IBaJII/I C pe3yanaTaMH, HOHy‘IeHHbIMI/I 10 M¢E-
TOAMKE, MMPEJACTaBICHHON B [ 1], rIe MHTEHCUBHOCTH JAe(POPMALIMH OTPEIEIISUTH TI0
yI1y HAKJIOHA STYEeK CETKH TMocie nedopManun

I'=tgy. 3)
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0 m )% ap an

a 0

Puc. 2. OOmwmii Buja s9eek KOOPAWHATHON ceTku 1o (a) u mocne (6) nedopmanuu s
CTaJM yCTOMYMBOTO TEUCHHS MaTepuaia (Mexb Mapku M1) B mpomOILHON BEPTHKATH-
HOW TUaMETPANBHOM TUIOCKOCTH IMOCIIE OJTHOTO IHMKIIA MTpeccoBaHus (TAC do, d12, @22, d11,
a1 — MapaMeTpel U3MEHEHHOM sIYeHKH, Y — YroJl € HaKJIOHA)

I'unpocratudeckoe napinenue B ovare nedopmanuu npu PKVYII onmpenensmu
coryiacHo [5] mo ¢popmyne

_ Do +k(u+cthD) )
I — pctgd ’

p

TZie po — BEIMYMHA OCEBOTO MPOTHUBOJABICHUS CO CTOPOHBI BBIXOJHOTO KaHaa,
CO3/1aBa€MOT'0 KECTKUM IyaHCOHOM; k — TpeeN TeKy4eCTH Marepuala; |[L — KO-
s durmeHT TpeHus Ha pabouMx MOBEPXHOCTAX MaTpuilsl, @ — monoBwHA yria
NepecevueHus KaHajaoB (B JaHHOM ciydae 45°).

OcHOBHBIE pPe3yJIbTATHI U UX 00CY:KIeHUe

Jns mpoBenieHHs 3KCIIepUMEHTOB Obula co3maHa ycranoBka s PKVIIIL c
MakcuManbHOU critoi mpotuBoasienus 900 MPa. Ee cxema u oOmuit Bua npej-
CTaBJIEHBI HA pUC. 3. YCTaHOBKA OCHAIIIEHA KOMITbIOTEPHBIM YIIPABICHUEM.

P

Ilyancon
IIPEe CCOBAHMS

ITyancon
MPOTHUBOIABIICHHS

a 9]

Puc. 3. Ycranoska gua PKVIIII: a — cxemMa ocHAacTKH, 6 — OOILMI BHU
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Hccneooseanue H/IC 3azomoeok

B pesynbrate mccnemoBaHui TONydYeHBI JeOPMAIMOHHBIE KAPTUHBI MOCIE
onnoro mukina PKYII u PKVYIIII menu (puc. 4).

<1\ ——
J%- Sy |lu.||s||||m :nlfmrllmlnul'uulunl
i e e sl 'tlr'olr "l I8

]
1

Hillli

ol

AR TR
a = 1lo ' 1l

!rllli!|i|lllil|!':| !lll‘.‘l'!F‘.I‘HH liHlHH‘HI
7 8

]

4

6 2

Puc. 4. O0muii BUI KOOPIAWHATHONH CETKH TOCJIE OJHOTO ITUKJIA MPECCOBAHHUS MEITHOMN
3aroToBkH B ceueHusIX XOY (a, 6 — cootBercTBeHHO Tiociie PKYIT u PKVIII) u ZOX (8, 2 —
nociie PKYIT u PKVYIIIT)

dopma 3aroToBKH, MPEACTABICHHAs HA PHC. 5,q, MOJy4EHA TOCTE 5 IHUKIOB
PKVII. Ona cBUAETENBCTBYET O TOM, UYTO B MpoIecce AeGopMaiui MOXKET OT/e-
JSATHCS YaCTh 3arOTOBKH, HAXOJAIIASACS B 3aCTOMHON 30HE ocHacTku. Cpe3 3aro-
TOBKU MPOMCXOAUT MO HauboJiee eCTeCTBEHHOMY ITyTH TE€UEHHs MeTajia, OTBe-
YaromeMy JeHCTBUSAM MaKCHUMAabHBIX CIIBUTOBBIX HampspkeHui. [lomyuenHas mo-
cie nedopmaruu dopma ceTKH (CM. puc. 4,a) TakKe CBHIETEILCTBYET O Cpe3e
4acTH MaTepHualia Ha Ha4allbHOUM cTaauu npeccoBanus. [Ipy 3ToM B MOMEHT cpesa
¥ HEKOTOpOE BpeMsl MOCIIe HEr0 HIKHUMN Pl sUeeK MPUoOpeTaeT HEeNpaBUiIbHYIO
(hopMy, UCKaXKAIOTCS BEPXHHE PSIIIbI TYEEK, U TOJBKO OIMKE K 3aBEPIICHUIO TIPO-
recca HalJroqaeTcsl cTa0MIn3anys TEYEHU.

[Ipu co3manny MPOTUBOJABIICHUS OT/IEICHUE YaCTU 3aTOTOBKH HE MPOUCXO/IUT,
OJIHAKO 3acTOiHasi 30Ha MPUTOPMAXKMBAET TEUEHHE MeTalyla B MPUKOHTAKTHOM
HIDKHEH 30HE 3arOTOBKU. JTa 30HA OMPEACISETCS MO PEe3KOMY M3MEHEHUIO Ha-
KJIOHA siueek ceTku (puc. 4,0). OHa pacronokeHa B HIHKHEH 9acTH MCCIIETyeMOTo

Puc. 5. ®opmer MetHOM 3aroToBKH mocie 5 mukiaoB PKVYII (a) u 28 nukios PKVIIII (6)
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cedyeHust u cocrapisieT okono 20% ot obmiero oobema 3arotoBku. [Ipu sTom He-
OJTHOPOJHOCTH JepopMalii BO3pacTaeT U B HIDKHEH NMPUKOHTAKTHOW 30HE IMPH-
MEpPHO B JIBa pa3a MPEBBIILIACT 3HAYCHHsI HAKOTJIEHHOM Ae(opMaliii OTHOCUTENb-
HO OCTQJIbHOM YacTH 3arOTOBKH Ha CTAIUU YCTOMYMBOro TeueHus. Cyas mo BUILY
CETKH, Cpe3 3arOTOBKH, IIO-BUUMOMY, BCE-TaKH MPOUCXOINUT, HO M3-3a OOJIBIIIOTO
TUAPOCTATUYECKOTO JABICHUS M YCIOBUW BCECTOPOHHETO CHKATHS UMEET MECTO
3aje4yrBaHue 00pa3yIOIIMXCS TPELIUH.

AHau3 KapTHH KOOPJAMHATHOW CETKH mocie nedopMmanuu B miockoctu ZOX
(puc. 4,8,2) yka3pIBaeT Ha 00JI€€ OJTHOPOTHOE TEUCHUE MaTeprasa B 3TOM CEUYCHUU
IIPU UCMOJIb30BAaHUU IPOTUBOABIICHUS.

Onenku H/IC nporueccoB sl yCTOMUMBOM CTaiuu MPECCOBAHUS IMPENCTaBIIE-
HBI B Ta0J. 1. AHaMM3 JaHHBIX TaOJUITBI CBUIETEILCTBYET O TOM, uTo Tipu PKVYII
noJjiyueHo 6osee paBHOMepHOe AedopManmoHHOe mosie. OAHAKO B MPUKOHTAKT-
HOW HM)KHEW 30HE HAaKOIUIeHHast 1edopMaliysi HUXKE, YEM B OCTAIbHOM 3arOTOBKE.
[Tpu ucnonp3oBanuu PKVIIII muist 5T0# 30HBI MOTyueHa oOpaTHast KapTHUHA.

Tab6muna 1
3HaYeHHUs1 MCTUHHBIX JedopManuii 1JIs1 CTAAUU yCTOiYnBOro Teyenus npu PKYIIL
u PKVIIII nocJie o1HOT0 HMKIIa

HakonneHnHas ucTiHHAsS TehopMaItus
> v T'uapocratuyeckoe
Bun HEHTPAILHOMN Yac- | B HYDKHEH mpu-
" B INIOCKOCTH JIaBJICHHE B O4are
00pabOTKH | TH 3arOTOBKH B |KOHTAKTHOM 30HE 70X nedopmarn, MPa
mrockoctd YOX | miockoctu YOX PMAaliH,
PKVII 1.13 0.90 0.02 780
PKVIIIIT 1.10 2.10 0.05 1204

Bnusanue npomueooasnenusn na degpopmupyemocms mamepuaios

Hedbopmupyemocts Meau B niporiecce PKYIT u PKVIIII onenuBanu st map-
mpyta Bc, kak Hanbonee 3¢ dexTuBHOrO M1t popmupoBanuss Y M3-CTpyKTYypHI.
[Ipn PKVII 3aroToBka 10 MoMeHTa pa3pyuieHus Bblaepxkana 20 MUKIOB IIpecco-
BaHusi. OOIMA BUJ 3aTOTOBKH C TPEHIMHOW B HAMPABICHUH IJIOCKOCTH CIBHUTA
nocyie 20 MUKJIOB MpecTaBieH Ha puc. 6. [lomydeHHbIN BU pa3pymieHus: Hauoo-
nee xapaktepeH A npouecca PKVILL

Puc. 6. 3aroroska mocie 20 muxiioB PKYII o mapmpyty Be
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[Tpu PKVYIIII nedopmupyemocth Meau 3HaYuTENBHO BhImIe. [locie 28 mukimon
MpeccoBaHUS HE HAONIONAIoCh JaKe MPU3HAKOB, CBHJIETEIBCTBYIOIIMX O BO3-
MOKHOM paspyieHuu. Hanbomnee BaXXHBIM MPU3HAKOM SIBJISICTCSI BOSHUKHOBCHHE
«rpebeHKN» Ha BepXHEH MmoBepxHocTH oOpas3ia. Hamu sxe monyden obOpaser ¢ abd-
COJIIOTHO POBHBIMH MOBEPXHOCTSAMH (CM. puc. 5,0). JlanbHeiimee aepopmuposa-
HUE OBbLIO MPHUOCTAHOBJICHO.

[Toxosxue pe3yabTarbl ObUIH MOTYYEHBI TP 00pabOTKE MAJIOTIIACTUYHBIX BBI-
COKOIIPOYHBIX AIFOMHHHMEBBIX cITaBoB Tuma 6061. Ecnu 6e3 mpoTHBOJaBICHUS
MaTepual pa3pyliajics Mocjiae BTOPOro LUKIA MPEeCCOBAHUS, TO MPH UCIOJIb30Ba-
HUM NPOTUBOAABJIEHHUS criioi okosio 600 MPa — Tonbpko nocie 5—6 1UKIIOB.

Mexanuueckoe noseoenue YM3-meou

BnusiHre npoTHBOJABICHHS HA MEXaHMUECKOE MTOBEICHHE MEAN OBLIO N3yYeHO
IU1sl MapiipyTa npeccoBanus Be (Tabi. 2). [Ipu 3ToM cpaBHUBaIU COCTOSIHUS, T10O-
aydennsie nocae 1, 4 u 16 mukino PKYIT u PKVYIIII. Mammunssle rpadpuku Ha-
rpy3Ka—IepeMelieHle Mpyu UCIBITAHUN Ha PACTSHKEHUE CTAaHAAPTHBIX 00paslioB
JIMaMETPOM 3 mm MpeCTaBICHbI HA pUC. 7.

Tabmuna 2
Pe3yabTaThl MeXaHH4eCKHX HCHBITAHMIA npu TemnepaTtype 20°C u ckopocTn
pactsiukeHusi 1 mm/min mexn M1 nocie PKYII u PKYIIII no mapmpyty Be

Bun Yucno IIpenen IIpenen nmpounoctr | OTHOCHUTEIBHOE
00paboTKn ITUKJIOB tekydectu, MPa | npu pactsokenun, MPa | ynnmaenue, %

OTxur — 100 145 40

1 307 318 11

PKVYII 4 404 422 10
16 380 400 13

1 291 302 10

PKVYIIIT 4 471 482 10
16 414 425 12

0 NN TN TN TN TN T N N T N N N T 0 N TN T N T TN T N Y O T | |é| 11
0.0 05 1.0 1.5 2.0 0. 0.5 1.0 .5 20
Displacement (elongation), mm isplacement (elongation), mm

a o
Puc. 7. Mammnasble rpadyKi Harpy3Ka—IepeMelieHne Ipy UCTIBITAHNHA Ha PACTSKCHHE

CTAaHIAPTHBIX MEIHBIX 00pa3ioB AuameTpoM 3 mm: a — mocie PKVYIIL, 6 — mocme
PKVTIIIT: ¢ — 1 nukn, m — 4 nukia, A — 16 UKIOB

UO
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AHanu3 MOJIyYEHHBIX PE3yJbTaTOB MOKAa3bIBA€T, YTO MPOTHBOJABICHHUE CIIO-
COOCTBYET MOBBINIEHUIO OOIIET0 YPOBHSI MPOYHOCTH. MakcuMaibHas pa3HHIlA
HabmoaeTcs nocie 4 HUKIoB U coctaBiseT 15% mo cpaBHeHHIO ¢ Aedopmupo-
BaHUEM 0e3 mpoTuBoaBieHus (cM. Tabmd. 2). Takoit (hakt, BUANMO, 3aKOHOMEPEH
U CBUJETEILCTBYET O OoJsiee HANPSKEHHOM CTPYKType U 0oJjiee OCTPOH TEKCType
JUTISL 3TOTO COCTOSIHUA. AHAIM3 MIACTUYECKUX XapaKTEPUCTUK MO3BOJISIET MPOCIIe-
JUTh TEHACHIIMIO K MOBBIIICHHUIO MJIACTHYECKHUX CBOMCTB JIIsl 000MX BUIOB 00pa-
O0otku k 16 mukmy npeccoBanus. IIpu 3TOM TPOUCXOIUT HEKOTOPOE CHUKCHHE
npo4yHocTd. J[aHHble (aKThl CBUAECTENBCTBYIOT O MPOMCXOASIIUX Ipoleccax pe-
JAKCALMK HAMPSHKEHUM, CTPYKTYPHBIX U TEKCTYPHBIX U3MEHEHUSIX.

Cnenyer oOpaTUTh BHMMaHUE Ha TOT (DaKT, 4TO YK€ MOCJIE OJHOTO LHKJIA
MPECCOBAHUS JIOJIsI paBHOMEPHOH JehopMalliy MpU pacTsHKEHUN HE3HAYUTEIIbHA.
B Tabn. 3 mpuBeaeHbI BKIIAIbI pABHOMEPHOHN U JIOKAJILHOU JeopMaIiuu I BCcex
UCIIBITAHHBIX 00PA3IIOB.

Tabmuma 3
Pe3yabTaThl HcciieqoBaHus BKJIAI0B PABHOMEPHOM U JIOKATbHOH TedopMannn
npu pactskeHun oopasuos u3 Meau M1 nociae PKYII u PKYIIII no mapmpyty Be

Bun o6paboTku Yuciio UKIOB BKnaﬂvHe(bOpMaHHH’ % v
paBHOMEPHOMH JIOKAJILHOM
OTxuT - 82 18
1 4.5 95.5
PKVII 4 4 96
16 6.5 93.5
1 2 98
PKVTIIIT 4 3 97
16 4.2 95.8

AHanu3 MOJYYEHHBIX MAHHBIX MOKa3bIBaeT, 4To Mo cpaBHeHUt0 ¢ PKVYII nmpu
PKVYIIII nonst paBHOMEpHO# eopmanuu cHIKaeTcsa. B To jxe Bpems ¢ yBennde-
HUEM KOJIMYEeCTBAa LIMKJIOB M COOTBETCTBEHHO HAKOIUIEHHOW nedopmauuu is
000MX TPOLIECCOB MPOCIECKUBACTCSA TEHACHIUS K YBEIMUECHUIO BKJIa/1a paBHOMEp-
HOH jedopMaruu.

3akao4YeHue

Hcnonp3oBanne mpoTUBOAABICHUS cuiioi, paBHoW 450 MPa, npu mpeccoBa-
HUU Meau Mapku M1 npuBOAMT K MOBBIMIEHUIO THAPOCTATUYECKOTO JABJICHUS B
ouare nedopmanuu ¢ 780 go 1204 MPa. IIpu 5ToM B MPUKOHTAKTHOW HMKHEU
00J1aCTH 3aTOTOBKH JUISl CTaMU YCTOMYMBOTO TEUEHUSI BO3ZHUKAET 30HA C HEOHO-
POJHO TOBBIIIECHHON HMHTEHCUBHOCTBIO J1e(OopMallMi OTHOCUTEIBHO OCTAJIbHON
YacTHU UCCIIEyEMOr0 CeUeHMs. JTa 30Ha cocTaBisieT okoso 20% OT uccienoBaH-
HOT'O CEYEHMsI 3arOTOBKHU.

[Tpu PKVIIII noBeimaercss 1eopMUPYyEMOCTh MEIH M, COOTBETCTBEHHO, IO-
JABJIAIOTCS MPOLIECCHI TPEIMHOOOpa3oBaHusl. Vcnonbp3oBaHue NpOTUBOIABICHUS
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BJIMSIET HAa MeXaHW4eckoe mnoBenecHue YM3-marepuanon, nojgydeHHbix PKVYIIL.
[Ipn nporuBonaBnenun cuiioil, paHoir 450 MPa, Bo3pacTaroT XapaKT€pUCTUKU
npo4yHocTH nociie 4 u 16 uukinoB. Takke M 3THX YCIOBUH MPOCIEKUBAKOTCA
TEHJCHLIUU 110 YBEIMUYEHUIO IIIIaCTUYHOCTH.
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G.1. Raab, K.N. Makarychev, R.Z. Valiev

FEATURES OF THE STRESSED-STRAINED STATE DURING
THE EQUAL-CHANNEL ANGULAR PRESSING WITH BACKPRESSURE

Influence of parameters of pressure treatment on characteristics and behavior of ultrafine-
grained (UFG) materials has been studied. The stressed-strained state (SSS) of copper
billet has been investigated by net method and finite-element method during the equal-
channel angular pressing with backpressure (ECAPBP) and without it (ECAP). For cop-
per of quality M1 the maximum level of backpressure was 450 MPa. Numerical values of
the level of accumulated strain in the diametrical cross- and longitudinal sections of the
billet have been estimated, comparative data for SSS parameters during pressing under
backpressure and without the same have been obtained. Peculiarities of the SSS at defor-
mation site and its influence on deformability of copper during backpressure generation
by rigid punch and on its mechanical behavior in the UFG-state have been revealed.

Fig. 1. Slitting scheme with the investigated planes shown (a) and general view of the
initial coordinate net ()

Fig. 2. General view of coordinate net cells before (a) and after (6) deformation for the
stage of steady flow of material (copper of quality M1) in the longitudinal vertical dia-
metrical plane past one cycle of pressing (where ao, @12, azxs, aii, a1 — parameters of
modified cell, y — angle of its inclination)

Fig. 3. Plant for ECAPBP: g — attachment scheme; 6 — general view

Fig. 4. General view of coordinate net past one cycle of pressing copper billet in sections
XOY (a, 6 — past ECAP and ECAPBP) and ZOX (s, 2 — past ECAP and ECAPBP)
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Fig. 5. Shapes of copper billet past 5 cycles of ECAP (a) and 28 cycles of ECAPBP (6)
Fig. 6. Billet past 20 ECAP cycles by route Bc

Fig. 7. Machine-made load-displacement plots during tensile tests for standard copper
samples, 3 mm in diameter: a — after ECAP; 6 — after ECAPBP: ¢ — 1 cycle, m — 4 cy-
cles, A — 16 cycles
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PACS: 81.40.—z

Wn.I. CeMeHOBa1, B.B. ﬂaTbILle, r.X. CaLI,VIKOBa1, P.3. Banves’

CTPYKTYPA N MEXAHUNYECKME CBOMCTBA
TUTAHOBbLIX JJIMHHOMEPHbIX NONY®ABPUKATOB,
MONYYEHHbLIX MHTEHCMBHOW NNACTUYECKOW OESOPMALMEN

1

UHCTUTYT (bM3UKN NepCnekTUBHbLIX MaTepuaros,
YUMCKMIN rocyaapCTBEHHbIN aBUALMOHHbBIA TEXHUYECKUA YHUBEPCUTET
yn. K. Mapkca, 12, r. Yda, 450000, Poccus

2HayHHO-KOHCprKTOpCKoe TexHonorn4yeckoe 6topo «Mckpa»
yn. MNywkuHa, 81, r. Ydha, 450000, Poccusa

Ilpeocmasnenvt pezyromamoi UCcie008aHull 6IUAHUS KOMOUHUPOBAHHBIX PEHCUMOB mep-
momexanuueckoi oopabomxu (TMO) na muxpocmpykmypy u mexaHuyeckue ceoucmea
nonygabpuxamos uz mexuuyecku yucmoeo mumarna. Kombunuposannwiii mexnonoeuye-
CKUll npoyecc 6KmoYal 8 cebs pasHoKanaiwhoe yenosoe npeccosanue (PKYII) u TMO.
Hcnonvzosanue 0annoil cxemvl depopmayuis nO3G0AULO NOTYYUMb VILINPAMENKO3EPHU-
cmole (YM3) 3acomosku u3 mexnuuecku uucmozo mumana Grade 2 ouamempom 6.5 mm
u onunoti 0o 1000 mm. Uzyuenvi ocobennocmu hopmuposanusi YM3-cmpykmypor 6 3a-
20MOBKAX, I60TI0YUSL MEXAHUYECKUX CBOUCME HA PA3TUYHBIX dMANAX MEXHOL02UYECKO20
npoyecca. Ycmawnoeneno, umo ¢hopmupoganue 00HOpooHot YM3-cmpykmypol 6 nony-
(abpuxame u3 MmexHUUECKU YUCNO20 MUMAHA C PA3MEPOM 3epeH a-gaszvl okono 70 nm
NO36051€M NOBBICUNb NPOYHOCHHbIE XaAPAKMEPUCMUKY 6 2.5 paza no cpasHeHuro ¢ uc-
XOOHbBIM OMONACHCEHHBIM cocmosiHuem. [lnacmuunocms npu smom cocmasuna 12%.

BBenenue

K nacrosimiemy BpeMeHH UCCIeI0BATENSIMHU 10Ka3aHO, YTO U3MEIbYCHHUE 3€pHa
B METaJUIaX U CIUIaBaxX M CO3JaHUE B HUX CHEUUATbHOW YM3-CTpYyKTyphl MTO3BO-
JSIOT 3HAYUTENBHO YIYUIINTh X (PU3NKO-MEXaHUYECKUE CBOMCTBA, TaKUE Kak
MPOYHOCTh, COMPOTUBICHHUE YCTAIOCTH, CBepXIuiacTUYHOCTh [1]. IIpoBeneHHbie
panee wuccienoBaHus [2—4] MoOKa3adud BO3MOXHOCTH ¢opMupoBanus YM3-
CTPYKTYpbl B 00bEMHBIX 3arOTOBKAX M3 TEXHUYECKU YUCTOTO TUTAHA, UCIIONb3YS
PKVTI, coxpansiromiee 6€3 U3MEHEHUS T€OMETPUUYECKUE pa3Mepsl 3aroToBKU. Ogi-
HAKO M3TOTOBJICHHE BBICOKOMPOYHBIX MOJIy(}HaOpHUKaTOB 3aJaHHBIX pPa3MEpoB C
YM3-CcTpyKTypoil B MPOMBIIUICHHBIX YCIOBUSAX IMPEACTaBISET co00il camocTos-
TenbHYI0 podiemy. C 0AHON CTOPOHBI, 3TO PELIEHUE 3a]a4, CBI3aHHBIX C TPYIO-
€MKOCTbI0, TPOU3BOAUTEIILHOCTBIO TEXHOJIOTUYECKOr0 MpoLecca, ¢ YMEHbIIIECHH-
eM kod(durmenta ucnonp3oBanusa Metaia u Ap. C apyroit cTopoHsl, 310 GHop-
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MHUPOBAHUE B 3aroTOBKax MO BCEH JJIMHE OAHOPOAHOM YM3-CTpyKTYypHl U CTa-
OMJIBHO BBICOKMX MEXaHHMYECKHUX CBOMCTB.

B nanHoif paboTe paccMOTpeH MaTepHATIOBEIYSCKUN aCTEKT MpoIecca Mmomy-
YEeHHUs BHICOKOIPOUHBIX MOTy(haOpUKaTOB M3 YHCTOTO TUTAHA JUTMHOM Oosiee 1 m.
B ero ocnoe nexutr PKVII, B pesynprare kotoporo Qopmupyercs YM3-
COCTOSIHHE B MCXOJHOM 3arotoBke. [locneayronme cragun TMO sBisitoTcst B oc-
HOBHOM (hopmMooOpa3yromuMu OmnepalusMy, B Mpolecce KOTOPBIX Aedopmariu-
OHHOE BO3/ICHCTBHE TaKXKE OKa3bIBACT 3aMETHYIO POJIb B CTPYKTYpOOOpPa30BaHUH
nosrydadpukara u ero cBoucTB. Llens manHO# paboThl — CHCTEMaTHYECKHUE UCCIIe-
JIOBAHMSI SBOJIFOIIMH MUKPOCTPYKTYPBI U MEXaHUYECKUX CBOMCTB TUTaHA HA KaX-
JIOW CTaJuM U3TOTOBIIEHUS Mostydadpukara.

Martepuajabl 1 MeTObI HCCJIETOBAHUS

Jnis mpoBeieHUs UCCIIEIOBaHUN ObUIM MCIIONB30BaHbl rOpsiYeKaTaHble MPYTKU
nuamerpoMm 40 mm u3 TexHudecku uucroro turana Grade 2 (Ti — ocHoBa, C —
0.07%, Oy — 0.25%, Fe — 0.3%, N — 0.05%) mpousBonctBa CIIA. Crpykrypa
npyTkoB Grade 2 mpezcTaBiseT coboil TIOOYIAPHYIO CTPYKTYPY C pasMepoM 3ep-
Ha 0-(a3bl ¥ B IONEPEUHOM, U B IIPOAOIBHOM ceueHuu 25-30 pm.

3aroroBku noasepranu PKVII o pexumy: 7'=450°C, yron 90°, mapmipyt Bc,
4 npoxona [3]. Iocnexyromme TMO npoBoauIu B HECKOJIBKO CTaauil ¢ oOmien
HaKoIJIeHHOHN aedopmarmeit okono 80%. Bua 3aroroBok Ha HMpOMEXYTOUYHBIX
CTaMAX MPECTaBIIEH Ha puc. 1.

2
ﬂ Puc. 1. 3arorosku u3 turana Grade 2
——— 6 Ha PA3IMYHBIX CTAIUAX U3TOTOBJICHHUS
= °
a

HccnenoBanust MHUKPOCTPYKTYPbI HPOMEXKYTOUHBIX 3arOTOBOK Ha CTaIHsIX
TEXHOJIOTUYECKOT0 Mpoliecca MPOBOJMIN METOAAMHU ONTHYECKON MeTautorpadun
Y IIPOCBEYMBAIOLIEH 37€KTpOHHOM MuKpockonuu (IIOM). Mexanudeckue ucnbl-
TaHUsI Ha PACTSHKCHUE BBINIOJHEHbI NMPU KOMHATHOW TeMIlepaType Ha MalluHe
Instron co ckopocThIO HarpyxeHus | mm/min Ha CTaHIAPTHBIX 00pasmax ¢ aua-
MeTpoM pabouyeif yactu 5 mm.

Pe3y.J'II>TaTLI HCCJICJOBAHUA U HX oﬁcymeﬂne

DKcrepUMEeHTAbHBIE PE3YNIbTaThl UCCIEAOBAHMS 3BOIOIMU CTPYKTYPHI B 3a-
roroBke MetonoMm IIOM mpezncraBieHsl Ha puc. 2. YCTaHOBIEHO, YTO mocie 4
npoxoaoB PKVYII kak B mpo1o1pHOM, TaK U B MOMEPEYHOM CEUCHUSIX (OPMUPYET-
csi paBHOOCHas YM3-cTpykrypa ¢ pazmepom 3epeH 0.3—0.7 um (puc. 2, I). He-
3HAYUTEIBHOE DPAa3MBITHE PE(IIEKCOB CBUICTEIBCTBYET O JIOCTATOYHO HU3KOM
YpOBHE BHYTPEHHUX HampspkeHui. bonblnoe KommyecTBO 4eTKUX pediIeKcoB IO
KOJIBLIAM 3JIEKTPOHOTPAMMBI TOBOPUT O TOM, YTO OOJBIIMHCTBO 3€PEH B CTPYKTY-
pe UMEIOT BBICOKOYTJIOBBIEC TPAHHIIBI.
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Puc. 2. Mukpoctpykrypa tutana Grade 2 nocne: [ — PKVII, 4 npoxona; II — PKVII, 4
npoxoja + TMO (e = 60%); Il — PKVTII, 4 npoxona + TMO (e = 80%); @ — nonepeyHoe
cedeHue, 6 — npoaonsHoe; [[OM

Ha mepBbix cragusax TMO npoucxomusio MOMOJHUTEILHOE H3MEIbUeHUE W
dbopMUpOBaHKE B CIUIaBE 3epEHHO-CYO3epeHHON CTPYKTYphl. Pasmep OTaenbHBIX
3epeH pocturan 150 nm. AHanmu3 3JEKTpOHOrpaMM TOKas3aji, YTO B CTPYKTYpe
MPUCYTCTBYIOT KaK BBICOKO-, TaK U MaJOYIJIOBbIE TPaHUIIbI, a3UMYTaJIbHOE pa3-
MBITHE TOYECUYHBIX PEQIICKCOB YKa3bIBAET HA YBEIMYCHHE BHYTPCHHHUX HaIpsiKe-
Hull (puc. 2, II).
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ITocne xoneunou omnepanuu TMO B monepeyHOM CEYEHUH 3arOTOBKU CTPYK-
Typa CTAaHOBUTCSI OJHOPOJHON M PaBHOOCHOM, B MPOJOJIBHOM — COXPAHSETCS €€
BBITSIHYTOCTh B HampasieHuu aedopmammu (puc. 2, III). Ilpu sTom BugHO, YTO
NPOUCXOIUT JaJbHEHIIee H3MeNbYCHUE 3epPEeHHO-CY03epeHHON CTPYKTYphl. B
MPOJOJIBLHOM CEYEHHH 3aroTOBKH 3€pHAa C SIBHO BBIPAXEHHOW CYOCTPYKTYpoOu
CWJIBHO BBITSIHYTBI BIIOJIb HaIpaBlIeHUs AedopMaliiy, a B TOMEPEUHOM — UMEIOT
paBHOOCHYIO (hopMy co cpeaHuM pazmepom okoiio 100 nm. Iudpaknmonnas kap-
THHA XapakTepHa s YM3-COCTOSIHUS C MPEUMYILECTBEHHO BBICOKOYIJIOBBIMU
rparunamMu. [110THOCTE AUCIOKaNMii oueHb BbhIcoKas u o [I9M-u3o00pakeHusMm
CTPYKTYpBbI IOACUNTATh €€ BEIUUYUHY HE NPEACTABUIOCH BOSMOKHBIM.

N3 TaGmurel BUIHO, 4TO (DOPMUPOBAHUE CTPYKTYPHI ¢ pazmMepom 3epHa 0.5-0.7 um
Ha craauu uHTeHcuBHOU aedopmaru PKVYII naer 3ameTHoe ympouHeHHe cruia-
Ba. [locnenyromas onepanus TMO ¢ cymmapHO# HaKOIJIEHHOH Aedopmariieit 10
60% 3a cuer ONOJHUTEIBHOIO U3MENIBYEHHSI CTPYKTYpBI 10 pa3Mepa 3epeH 150 nm
U HakKoIJIeHUs Je(PEeKTOB KpPUCTAIUIMYECKOTO CTPOEHHUS IO3BOJIMJIA IMOBBICUTH
npoyHocTs 10 1030 MPa, uro yxe B 2.5 pa3a Bblllle IPOYHOCTH CILIaBA B COCTOSI-
HUU TIocTaBku. [Ipu 3TOM HaOMIOAAIOCH CHMYKEHUE TuTacTHIHOCTH 10 12%. YBe-
JMYeHHe HaKoIUIeHHOH aedopmarun 10 80% 3a cyeT co3aaHus BHICOKOH IIIOTHO-
CTH TUCIOKALUU B CTPYKTYpe U (hOPMHUPOBAHUS METAIOrpapuuecKor TEKCTYpPHI
CHOCOOCTBOBAJIO MOBBIIICHUIO MPeJieNia TeKYYEeCTH M0 CPABHEHHIO C OTOXKEHHBIM
COCTOSTHMEM IOYTH B 3 pa3a. BennunHa cyxeHUS Yy HEMHOTO YMEHBIIMIACH, YTO
o0ycioBiIeHo Oojiee BBICOKOU JIoKanu3anueil qegopmanun B Y M3-06pa3nax npu
pacTsDKeHUU MTPU KOMHATHOM TeMIieparype.

Tabnuma
MexaHnuyeckue CBOMCTBA 3ar0TOBOK M3 TUTAHA HA Pa3IMYHBIX CTATUAX
nedopManOHHO-TEPMUYECKO 00padoTKu

CocrosiHHE os, MPa | 692, MPa 3, % v, %
Hcxomroe 440 370 38 60
PKVTII, 4 mpoxona 630 545 22 51
PKVTI, 4 npoxoaa + TMO (& = 60%) 1030 845 12 51
PKVTI, 4 npoxoaa + TMO (& = 80%) 1150 1100 11 56

HccnenoBanne MexaHUYECKUX CBOMCTB MO JJIMHE MOMydadpukaTa IpoBOIMIN
Ha CTaHJIApPTHBIX 00pa3liax, BIPE3aHHBIX IO JIMHE 3aroTOBKH. Pa3zdpoc 3HaueHuit
MIPEJIEIOB MMPOYHOCTH U TEKY4eCTH 00pa3IloB COCTABISET B cpeaHeM 5%, 4TO CBH-
JETeNbCTBYET 0 (hopmMupoBanuu Y M3-CTpyKTyphl, OAJHOPOJIHOW MO JUTMHE 3aro-
TOBKH.

3ako4YeHue

Takum 00pazom, pe3ysbTaTbl UCCIEAOBAHHS HBOJIOLUN MHUKPOCTPYKTYPHI U
MEXAHUYECKUX CBOMCTB JJIMHHOMEPHBIX 3arOTOBOK Ha Pa3HbIX CTAAMIX UX HU3TO-
TOBJICHHS ITIOKA3aJIM BO3MOKHOCTH IIOJyYEHHUS BBICOKOIIPOYHOI'O COCTOSIHUS B
JUIMHHOMEPHBIX TUTAHOBBIX Moiy(adpHukaTax, UCHOIb3ys HHTEHCUBHYIO TJIACTH-
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yeckyto aedopmaruio. OCHOBHAs PoOJib B TEXHOJOTUYECKOW cXemMe 00paboTKH
npuHauiesxxuT PKYII, B pe3ynbrare KOTOpOro ynpoyHEHHE JTOCTUTaeTCsl 3a CUET
MHTECHCUBHOT'O M3MeNIbYeHUs CTPYKTyphl. COoXpaHeHue JOCTaTOYHOW MIIaCTUYHO-
ctu YM3-turana nocie PKYII no3zBonser nposectu popmooOpasyromue onepa-
mun TMO, KoTopble CIOCOOCTBYIOT JTOMOJIHUTEIBHOMY M3MEIbUCHUIO 3e6PEHHOU
CTPYKTYpbI 3arOTOBKH ¥ ()OPMHUPOBAHMIO BBICOKOW IUIOTHOCTH JAWCIOKanuidi. B
uTore B noiydadpukare U3 TEXHUUYECKH YUCTOTO TUTaHa JTMHOW 10 1 m obecrie-
yuBaeTcsi JOPMHUPOBAHUE OTHOPOIHON Y M3-CTPYKTYpBI C pa3MepOM 3epHa OKOJIO
70 nm, 4TO MPUBOAMT K MOBBIIIEHUIO TPOYHOCTHBIX CBOMCTB CIlJIaBa B 2.5 pa3a 1o
CPaBHEHHIO C OTOXOKEHHBIM COCTOSIHUEM M K COXPAaHEHHUIO XOpOIIEH IIACTUYHO-
ctu 1o 11%.
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LP. Semenova, V.V. Latysh, G.H. Sadikova, R.Z. Valiev

MICROSTRUCTURE AND MECHANICAL PROPERTIES
OF LONG-SIZED Ti RODS WITH ULTRA-FINE GRAINED STRUCTURE

Recent studies of the effect of processing routes on microstructure and mechanical prop-
erties of long-sized rods out of nanostructured Ti are reported. The developed processing
consisted of equal-channel angular pressing (ECAP) and thermomechanical treatment
(TMT), it enabled to process ultra-fine grained (UFG) rods out of Ti of commercial purity
Grade 2 6.5 mm in diameter and more than 1000 mm long. The paper presents the fea-
tures of UFG structure in processed rods and evolution of mechanical properties at vari-
ous stages of the technological process. It was established that the formation of homoge-
neous UFG structure in the rods out of CP Ti with a-phase grain size about 70 nm al-
lowed a 2.5 times increase of the ultimate strength in comparison with the initial annealed
state. Ductility of the rods constituted more than 12%.

Fig. 1. Billets out of Ti Grade 2 at various stages of their fabrication

Fig. 2. Microstructure of Ti Grade 2 after: [ - ECAP, 4 passes; Il - ECAP, 4 passes + TMT
(e = 60%); IIl — ECAP, 4 passes + TMT (g = 80%); a — cross section, 6 — longitudinal;
TEM
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PACS: 62.50.+p, 81.40.Vw, 81.40.Rs

A.N. ,D,epFIFI/IH1, B.B. MVIJ'IFIBCKI/II7I2, B.M. 3cbpoc3, B.A. 3aBan|/|m|/|H1,
J1.B. ﬂonanses, H.b. Cﬂ(:t)poc3

BNVAHWE YOAPHO-BOTHOBOIO HAMPY>XEHUSA HA ®A30BbIN
COCTAB /1 CBONCTBA CTANM 05IM20C2

1I/IHCTMTyT dpusnkm metannos YpO PAH
yn. C. Koeanesckon, 18, r. EkatepnHOypr, 620219, Poccus

2V|HCTVITyT Tennouankn akcTpemarnbHbIX cocTossHun PAH
yn. Wxopckas, 13/19, r. Mocksa, 127412, Poccus

S,EI,OHeu,KMM PU3NKO-TEXHUYECKMI MHCTUTYT uM. A.A. ManknuHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa

Hccneoosano enusnue yoapHo-601H08020 Hazpyxcenus Ha oopasyvl cmanu 05120C2.
Toxazano, umo obpasywvl, nodgepeHymole AOUAOAMULECKOMY YOAPHO-BOTHOBOMY CIHCA-
muro umnyrocom oaenenuss 45 GPa onumenvhocmoio 1 Us, uCnvlmvi8arom uacmuyHoe
obpamuoe a—>y-npegpaujerue, 00yCr08IEHHOE IKCMPEMATLHO 8bICOKUM OABIEHUEM.

OKCTpeMaJIbHbIE INIOTHOCTH 3HEPTUH, BBICOKHE JIaBJICHHUS, CIIBUTOBBIE HaIIpsi-
JKEHUS B yIapHOU BOJIHE MOTYT BBI3BaTh paziUYHbIe (a30BbIe MEPEXO/Ibl B CILIa-
Bax. PaHee ObuUIO McciIeOBaHO BIUSHUE BBICOKOTO JaBjieHHs Ha (ha3oBble Ipe-
BpaiieHus B craysax. [lo mpaBuny Jle-1Ilarense gaBieHune MOMKHO 3aA€p:KUBAThH
Y—>Ol-TIpEBpaIleHHe, MOCKOJIbKY 3TOT MPOIIECC UJET ¢ yBeIudeHrueM oobema [1].
HelicTBuTenbHO, B [2] mOKa3aHO, YTO MO BO3JEHCTBHEM BCECTOPOHHETO CHKATHS
nop nasieHueM ~ 1 GPa cHukaercs Temmeparypa Hadajla MapTE€HCUTHOTO Ipe-
BpalleHus, yMeHbIaercs 3(Q(eKT mpeBpaiieHus: ayCTeHuTa B MapTEHCHUT. Brico-
KO€ JJaBJICHHE MPU BCECTOPOHHEM CKATHM TaKKe YMEHbIIAET TeMIepaTypy u 3¢-
dexT oOpatHOTO O —>Y-mipeBpamieHus [3]. B UCXOAHOM COCTOSIHMM TapaMarHUT-
Has ctainb 05120C2 coaepkUT Maoe, MArHUTOMETPUYECKH KOHTPOJIUPYEMOE KO-
JIMYeCTBO O-(pa3bl, 4TO MO3BOJSET MArHUTOMETPUYECKH KOHTPOIUPOBATH (ha3o-
BB COCTaB CTaJIM MPHU BO3JICUCTBUM BhICOKOTO AaBieHus 10 45 GPa, pa3BuBae-
MOTO IIPH YJaPHO-BOJTHOBOM Harpy>KeHHH.

MaTepnaJI U METOAUKA UCCJICI0BAHUSA

O6pa3upr cramu 05120C2, 3akanenHbie o 950°C B Macino, UMeNU JAUAMETP
10 mm u tommuuy 1 mm. Ogun u3 Hanbosnee 3HPEKTUBHBIX CITOCOOOB CO3MaHUS
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B HcclenyeMblx oOpa3lax 3KCTpeMalbHbIX IUIOTHOCTEH HSHEPruu U BBICOKOIO
JABJICHUS — MCIIOIh30BAHUE XUMUYECKOW YHEPTUH, BBIICISIONMICHCS IPU JE€TOHA-
MU KOHJEHCHUPOBAHHBIX B3PHIBYATHIX BEIECTB 3a BpeMs MOPSAKAa HECKOJIbKHX
MUKpOCeKYyH. B pamkax maHHOW paOOThI MPUMEHSUTMCH B3PHIBHBIC METATEIbHBIC
ycTpoiictBa (BMY) mist co3ganust B 00pasiie MMIYJIbCHBIX JaBiieHuit 10 ~ 45 GPa
C JUTUTENBHOCTBIO ~ 1 LS MOCPENCTBOM yJapa METALUTHYECKUX IUIACTHH, pa3o-
THaHHBIX MPOAYKTaMHU JETOHAIIMKM B3pPhIBUATOrO BellecTBa. JlaHHBIE yCTpoilcTBa
MO3BOJIAIOT TUIOCKUM O0pa3oM MeETaTh JIOPATIOMUHUEBBIC MIACTHHBI TOJIIUHON
4—10 mm u nuamerpom 90—100 mm co ckopocThio 1.13-3 km/s. CxemaTudeckoe
nzoOpaxenne u mapamerpsl BMY npuBenenst Ha puc. 1. [laHHOE yCTpoiicTBO
CIOCOOCTBOBAJIO MPOXOXKACHUIO TUIOCKON yAapHOW BOJIHBI 4Yepe3 oOpasel] ¢ am-
TUTHTY/I0H, 00EeCTIeUnBAIOIIEH yKa3aHHOE BHIIIC UMITYJILCHOE JTABICHHE.

1

Puc. 1. Cxema ycTtpoiicTBa Ayt
coxpaHeHus: oOpasia B cOope co
B3pPBIBHBIM METATEIBHBIM YCTPOU-
CTBOM: [ — B3pBIBHAs JUH3a; 2 —
ynapHuk; 3 — (QoKycupyloliee
KOJIBIIO; 4 — OXpaHHOE KOJbIIO; 5 —
amIyna Juis COXpaHEeHUs 00pasia;
6 — TabneTka; 7 — MeAHas NpoOKa;
8 — ucciaemyemsbrii obpazer; 9 —
OXpaHHas TUTACTUHA

9 8 7 6

Jlyis mpoBeIeHUsT MATHUTOMETPUYECKHUX HCCIICIOBAHUI MCXOHBIE 00pa3Ibl U
MIOJABEPTHYTHIE YAAPHO-BOJIHOBOMY HArpyXEHUIO MNPOXOIUIN JIIEKTPOXUMHUYE-
CKYIO TIOJIMPOBKY IMOBEPXHOCTH JJISl YIAIECHUS BOZMOXKHOTO 3arpsi3HEHUS TIpU 00-
pabotke. M3mMepeHne MarHUTHBIX CBOMCTB OOpa3IOB OCYIIECTBISUIM HAa MarHUT-
HBIX Becax Papajes c aBTOKOMIIEHCAIMEH.

JKCIepUMeHTAJIbHbIE Pe3yJbTAaThl U UX 00CYy:KIeHHe

Ha ncxomubix 3akaneHHbix oopasnax ctanu 051'20C2 u obpasmax mocne yaap-
HO-BOJIHOBOT'O Harpy>kKe€Hus Mpu KOMHATHOM TeMIepaType MPOBEIeHbl U3MEPEHUS
yIeIbHOW HAMATHUYCHHOCTH G B 3aBUCHUMOCTH OT HAMPsDKEHHOCTH MAarHUTHOTO
nosist H (puc. 2). BugHo, 9T0 B HICXOAHOM COCTOSTHUM 00pPa3Ilbl IPEACTABIISIOT CO-
00l MmapaMarHeTUKU C BKIIOYEHHEM HEKOTOPOH oMU (eppoMarHUTHOHN (hasbl
(kpuBas /), 0 4eM CBHUJIETEILCTBYET TUCTEPE3UCHas 3aBUCUMOCTh G(H). CiemnoBa-
TEIHHO, B HCXOJTHOM COCTOSIHUM B TapaMarHUTHOW CTalId MPUCYTCTBYET HEKOTO-
poe komnuectBO o-(hassl (~ 0.7% mno BenuunHe HamarHudeHHocTH). [lo koapuu-
TUBHOU cuJjie olleHeH pa3Mmep kpuctamuutoB ~ 300 nm. OOpasiisl, MoABEeprHyThIe
aanabaTHYecKoMy YIapHO-BOJTHOBOMY CxKaTuio 10 naBieHus 45 GPa, takke sB-
JISIFOTCSL AYCTEHUTHBIMU C BKITIOYCHHUEM HEKOTOPOH 0NN (-(Pa3bl, MOCKOIBKY
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Puc. 2. 3aBucuMocCTh yaensHON HamarandeHHOCTH ¢ ctainu 05120C2 ot HanmpsHKeHHOCTH
MarHUTHOTO TOJIs1 H TIpu KOMHATHOM Temreparype: / — HCXOMHBIN 3aKajJeHHBIA 00paserl;
2 — o0paser noclie yaapHO-BOJIHOBOTO HarpyxeHust P = 45 GPa; 3 — ucxoanslii oOpasen
mociie Beimep kku 15 min mipu 7 = 600°C; 4 — oOpaser mociie y1apHO-BOJTHOBOT'O Harpy-
skenus P =45 GPa u Bepgepxku 15 min mpu 7= 600°C

COXpaHseTCs rucTepe3ucHas 3aBucuMocth G(H) (kpuBas 2). OqHako BHIHO, YTO
yJlenbHas HAMarHMYeHHOCTh B 3 pa3a MEHbIIIE, YeM B UCXOJHOM 00pasiie, U COOT-
BeTCTBYeT conepkanuio 0.2% a-¢asbl ¢ pazMepoM KpuctaimauTos ~ 150 nm.

HarpeB ucxomnsix o6pasnoB go temmeparypsl 600°C ¢ 15-MUHYTHON BBI-
JEP>KKON IIpU 3TOM TeMIeparype MPUBOIUT K ABYKPATHOMY MOHIKEHUIO COAEp-
xaHus o-(pasbl (KpuBas 3). AHATOTUYHBIA HarpeB o0pasloB, UCHBITABIINX yap-
HO-BOJIHOBOE BO3/CHCTBHE, MPUBOAUT MPAKTUUYECKH K HCYE3HOBEHHIO O-(Pa3bl
(xkpuBast 4).

[IpoBeneHbl uccaeI0BaHUS TEMIIEPATYPHON 3aBUCUMOCTH yJIeTbHOM HamMarHu-
YEeHHOCTH HCXOTHBIX 00pa3IoB M MOJBEPTHYTHIX YIAapHO-BOJIHOBOMY BO3JCHCT-
BHIO CO CKOPOCTBIO UX HarpeBa 2 deg/min. Ha puc. 3 npeacraBieHbl 3aBUCUMOCTH
o(7) B mone H = 2 kOe. BunHo, 9T0 ynenbHass HAMAarHUYEHHOCTh TTOHIKAETCS C
poctom Temmepatypsl u pu 600°C kak uCX0IHbIE 00pa3Ibl, TAK U MOIBEPTHYTHIE
yapHO-BOJIHOBOMY BO3/JEHCTBHIO IOJHOCTBIO MEPEXOAAT B MapaMarHUTHOE CO-
crosiaue. Takum oOpaszoMm, Temmneparypa Kiopu o-daser cocrasmser 600°C, uyto
TUIIUYHO JUISl O.-MAapTEHCUTA, U HE U3MEHSETCS M10CIIE yIapHO-BOJIHOBOIO BO3/EH-
CTBUSL.

B ycnoBusix aguadaTndeckoro yiapHO-BOJIHOBOTO CxkaTHs 10 naBieHus 45 GPa
BO3MO)KHBIE C/IBUTOBBIE HANpPsDKEHUS B 0Opasliax He MPUBOJAT K 00pa30BaHUIO Map-
TeHcHuTa JIeopMaIiH, IOCKOIBKY HE MPOUCXOAUT YBEINICHUE HAMAarHUYCHHOCTH
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Puc. 3. 3aBucUMOCTb yAeIbHOW HaMarHu4eHHOCTH & ctanmu 05120C2 B MarHuTHOM TIOJIe

H =2 kOe ot Temmnepatypsl: / — UCXOIHBIN 3aKaleHHBIN oOpasel; 2 — obpasel mocie
yAapHO-BOJIHOBOrO Harpyxenus P =45 GPa

o0pa3iioB. HanpoTus, BEICOKOE IaBICHUE U SKCTPEMANIbHBIE IJIOTHOCTH YHEPTHH,
MoJIy4yaeMble B yIapHOU BOJIHE, HE TOJBKO MOAABIIAIOT 00pa30oBaHUE MapTEHCHUTA,
HO ¥ TIPUBOJST K YMEHBIIIEHUIO €T0 JIOJIM B 00pa3iax. ITo MOXKET ObITh 00yCIOB-
JIEHO TIMKOBBIM DPa30TPEBOM OO0pa3loB, CHOCOOCTBYIOIIUM OOpaTHOMY Ol—>Y-
MPEBPAICHUIO, HO B YCIOBHUSIX BBICOKHMX CKOPOCTEH TEIUIOOTBOJA OOpasia, 3a-
KIIIOYEHHOT'O B MEJIHYIO aMIyjy, HaOI0JaeTcsl JINIb YaCTUYHOE MO0 TOJBKO B
JOKaJIBHBIX 00JacTAX o—>y-mpeBpaiuenue. [Ipuuem, kak mokasaHo B [3], BeICOKOE
JaBJICHUE 3HAYUTEIBHO TIOHWKAET TEMIIEPATypy OOpPaTHOTO O.—>Y-IIPEBPALICHUS 1
ero 3¢dexr. [loaTomy HaOmomaercss coxpanenue B oopazmax 10 0.2% o-dassr
MOCJIe yJIapHO-BOJIHOBOTO BO37ciCTBUA. Panee B [4] HaMu HaOMIOAAIOCh B CTa-
OMJIBHBIX MapraHIEBbIX ayCTEHUTHBIX CTAJSAX, MOJBEPTHYTHIX CIBHUTY IOJ BBICO-
kuM nasiaeHueM 8 GPa, oOpazoBaHNe o-MapTEHCHUTA B JIOKAJIBHBIX 00J1aCTAX. DTO
OOBSCHSIIOCH TIPOIIECCAMU PACCTIOEHHSI, KOTOPBIC TIPUBOST K MIOHMKESHUIO COJepIKa-
HUSI Mapratiia B MUKpOOOJIacTsX, YTO MEPEBOIUT UX B METACTaOMIIBHOE COCTOSIHUE.
B manHOM citydae Takue MpoIecchl, BEPOATHO, HE HIYT, TOCKOJIBKY 3TO TPUBOIUIIO
Obl K TIOBBIIIEHUIO YAETbHOW HAMAarHUYEHHOCTH 00pa3IOB, UCTBITABIINX yJApHO-
BOJIHOBOE BO3JeiicTBHe. He MpoucXoauT U M3MEHEHHe COCTaBa MUKPOKPHCTAILIH-
TOB 0-(ha3bl, MOCKOJIBKY COXpaHseTCs MOCTOsIHHAs TeMiiepatypa Kiopu 06pa3ios.
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Takum obOpazom, o6pasiel ctasm 05120C2, moaBeprHyThIe aarnabaTHYECKOMY
y1apHO-BOJIHOBOMY CKaTHIO UMITyJIbcoM AaBiieHus 45 GPa pnutenbHOCTBIO 1 s,
UCTIBITBIBAIOT YaCTUYHOE O0paTHOE O.—>Y-NPEBpalleHne, 00YCIOBIEHHOE IKCTpe-
MaJIbHO BBICOKUM JIaBJICHUEM.

M. Cohen, Acta metall. 1, 85 (1953).

A.U. Cmpeeynun, JI.A. Menvuuxos, ®MM 8, 406 (1959).

JLA. Menvnuxos, b.K. Coxonos, A.U. Cmpezyrun, DMM 15, 357 (1963).

AU Jlepseun, b.M. Dppoc, B.A. 3asanuwun, JI.B. Jlonaosze, H.b. Dppoc, B.I1. Ilu-
moeun, ®TBJI 13, Ne 3, 55 (2003).
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A.IL Deryagin, V.V. Milyavsky, B.M. Efros, V.A. Zavalishin, L.V. Loladze, N.B. Efros

INFLUENCE OF WAVE-IMPACT LOADING ON PHASE COMPOSITION
AND PROPERTIES OF STEEL 05I20C2

Influence of wave-impact loading on 05I'20C2 steel samples has been investigated. It is
shown that the samples subjected to the adiabatic wave-impact compression by pressure
pulse of 45 GPa during 1 pus experience partial reverse o.—y transformation due to ex-
tremely high pressure.

Fig. 1. Scheme of device for keeping sample as a unit with exploder-thrower unit: / —
lens-exploder; 2 — striker; 3 — focusing ring; 4 — guard ring; 5 — ampoule for sample pres-
ervation; 6 — tablet; 7 — copper plug; 8§ — investigated sample; 9 — guard plate

Fig. 2. Dependence of specific magnetization o of steel 05I'20C2 on magnetic field
strength H at room temperature: / — initial quenched sample; 2 — sample after wave-
impact loading, P = 45 GPa; 3 — initial sample after a 15 min holding, T = 600°C; 4 —
sample after wave-impact loading, P =45 GPa and a 15 min holding, 7= 600°C

Fig. 3. Temperature dependence of specific magnetization ¢ of steel 05I220C2 in mag-
netic field H =2 kOe: I — initial quenched sample; 2 — sample after wave-impact loading,
P=45GPa
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PACS: 72.80.Rj, 81.40.Vw

A.H. Ea6yLLIKVIH1, ALO. Bom<osa1, E.O. O6paau,oaaz, O.B. Hapblera1

AJNIEKTPUHECKNE XAPAKTEPUCTUKU OOHOCTEHHbIX
YIMEPOLHbIX HAHOTPYBEOK PA3HOM TEXHONOIMMM NONYYEHNSA
MNP OABNEHNAX OO 50 GPa

1S/pa1'||:.0|<m|7| rocynapCTBeHHbI yHuBepcuteT um. A.M. Mopbkoro
yn. IleHnHa, 51, r. Ekatepunbypr, 620142, Poccus

2V|HCTVITyT obwen dpunsmkn PAH
yn. N'ybkmHa, 38, r. Mocksa, 119991, Poccusa

Hccnedosanvl memnepamyphvle 3a8UCUMOCU CONPOMUBTIEHUSL 00PA3YO08, BKIIOUATOUUX
ooHocmeHuble yenepoonvie Hanompyoxku (OVHT) u nonyuenuvix no pasHviM mexHoaio2u-
am npu daenenusix om 20 0o 50 GPa, ¢ unmepsane memnepamyp om 100 0o 400 K. O6-
Hapyoicen psi0 0cobeHHOCmel 8 NOBeOeHUU DNIEKMPULECKUX XAPAKMEPUCTUK 00pa3yo8 6
unmepeane oasnenui 27—42 GPa. Habriwooaemvie usmeneHus 31eKmpuiecKux ceoucme
HeoopamuMul.

BBenenne

VYrnepoaHsie HaHOTPYOKH 00JaTAIOT YHUKAIBHBIMH (DU3UKO-XHUMHUYECKUMU
CBOWCTBaMH, TAKMMH KaK 3aBUCUMOCTH SJIEKTPOHHON CTPYKTYpbl HaHOTPYOKH OT
yIjla OpUeHTAlUK TPaUTOBOM IIOCKOCTH OTHOCHUTEIBHO OCH TPYOKH (XHPaTbHOCTH),
KaWUIIPHBINA 3(pQeKT, aHOMaIbHO-BBICOKAsi MPOYHOCTh HA PACTsDKEHHE M U3THO,
BBICOKHE SMUCCHOHHBIC XapaKTEPUCTHUKH (CM., Hartp., [ 1]).

W3BecTHO, YTO 1MOA IEHCTBHEM BBICOKOTO JABJICHUS B 00pasliax, COAep KaIInx
OVYHT, npoucxoast HeoOpaTUMbIe U3MEHEHHS JIEKTPUUECKUX CBOWCTB, YTO MO-
&KeT OBITh CBSI3aHO KaK C pa3pyLICHHEM CTPYKTYphI 00paslia, Tak U ¢ 3apOKJICHH-
eM HOBbIX (a3. Llenp Hamiero ucciaenoBaHUsl — U3YUYEHHUE BIUSHUS MPOLEHTHOIO
cogepxkanuss OYHT B oOpasime Ha xapakTep H3MEHEHHS €ro 3JIEKTPHUYECKUX
CBOIMCTB B pe3ysbTare C)KaTHs MO/ BHICOKUM JIaBJICHUEM.

JKCIEPUMEHT

UccnenoBansl 06pa3iel OVHT aByx THIOB: MOTYyYEHHBIX METOJOM TepMHYC-
ckoro pacnsuteHus rpaputa (copepskanue OYHT ~ 40%) [1] u metongom HiPCO
(comepxanne OYHT ~ 90%) [2].

JUst u3ydeHust SeKTPUIECKHX CBOMCTB 00paslia B yclnoBUsX AaBieHuit 10 50 GPa
UCIONTh30BaM Kamepy Bbicokoro naeieHus (KBJI) ¢ HakoBadbHSMH, U3TOTOB-
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JIEHHBIMHM M3 CUHTETUYECKUX MOJUKPUCTAIUIMUECKUX alMa30B «kapOoHamo» [3].
Heo06xoauMo 0TMETUTH, YTO HAaKOBAJIBHU TAKOTO TUIA MPOBOIAT JICKTPUUESCKUN
TOK, ¥ UX CONPOTHBIICHUE NTPAKTUYECKH HE 3aBUCUT OT JABJICHHS U TEMIIEPATYPBI.
Jns narpyxenuss KBl ncnonp3oBanu HU3KOTEMIEpaTYpHBIA Ipecc, obecredn-
BAIOIIMH BO3MOYKHOCTh U3MEHEHUS JIaBJICHUs IIPU J1I000H TemnepaType oOpasia B
unrepBaiie 4.2—400 K. Bonee moapo6HO MeTOIMKA SKCIIEPUMEHTA ONUcaHa B [4].

Pe3ysabTarhl 3KCIEpUMEHTA U UX 00CYKIeHUE

OOHapyXeHO, UTO B pe3yJIbTaTe CXKATHsI MOJ] BEICOKUM JIaBJICHUEM 3JICKTpUie-
CKHE€ CBOMCTBa 00pa3lOB MEHSIIOTCS HEOOpAaTUMO, B YACTHOCTH CONPOTHUBIICHHE
YBEJIMYUBACTCS MOYTH B MOJITOpa paza. Ha puc. 1 nmpuBeaeHbl TUITMYHBIC 3aBUCH-
MOCTH JIoTapru(dma COMpOTHBICHHS OT OOpaTHOM TeMIiepaTyphl Ijsi 00pasioB ¢
Pa3HBIM COACPKAHUEM IIPUMECEH.

3.754 6.0+

InR, Q
InR, O

3.50+
5.5 44 GPa
45 GPa
3 '6l'§_1'1|2 2 4 6 871 10
1000/7, K 1000/T, K
a 9]

Puc. 1. 3aBucumoctu jorapudma CONMPOTHUBIECHUS OT OOpAaTHOW TeMIIepaTyphl sl 00-
pasuoB ¢ 40- (a) u 90%-ubM (6) conepxkanuem OYHT

BuaHo, 4TO ¥ B epBOM, U BO BTOPOM CJIy4asiX MOXHO BBIICIHUTH JIBE 00JIacTH
C Pa3IMYHBIMU 3HAYCHHUSAMH HSHEPIUM aKTHBALMM, HO HA TEMIIEPATypHOU 3aBHCH-
MOCTH COIIPOTHBIIEHUS 00pasia ¢ BeicokuM coaepxanueM OYHT nmeercs eme u
nepexojiHas 00J1acThb.

IIpu comocraBiaeHnn OGapUUYECKUX 3aBUCHUMOCTEH SHEPIUU aKTHBALUU 00pa3-
LIOB JJIs1 IBYX TEMIIEPATyPHBIX UHTEPBAIOB (PHC. 2) TAKKE€ MOKHO BBIICIUTh HE-
KOTOpbIE 00IIHE YEPTHI.
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Puc. 2. bapruueckue 3aBUCHMOCTH SHEPTrUU aKTUBauu 00pas3ios ¢ 40- (a) u 90%-HbIM
(6) comepxannem OYHT mis nByx TemmepatypHbIX uHTEepBasioB: 0 — 7' < 250 K, A —
T>250K

s o6pasna ¢ 40%-ubm conepkanueM OYHT (puc. 2,a) npu HU3KOH TemIe-
paType SHeprusi akTHBAIMK Mana (MOpsiiKa TEIUIOBOM SHEPTryuu) U MPAKTUUYECKU
HE MeHsieTcsl ¢ pocToM jaBiieHus. C TMOBBbIILIEHHEM TeMIIepaTyphl €€ BelnYhHa
BO3pacTaeT u B uHTepBasie oT 25 10 37 GPa cunbHO MEHSETCS B 3aBUCUMOCTH OT
naBnenus (3xctpemymbl BOm3u 30 u 35 GPa). HecMoTpst Ha mManyto BeTUYUHY
SHEPruM aKTUBAIIMHU, HAOI01aeMble 0COOCHHOCTH MOYKHO CBSI3aTh C aKTHBAIIUOH-
HBIMH TIPOIIECCAMH, T.K. TTOJO00HBIE 3aKOHOMEPHOCTH OOHAPYXKEHBI U ISl 00pas-
110B ¢ 90%-ubM copepxanriem OYHT (puc. 2,0). BenuunHa sHepruu akTUBALUU
npu T > 250 K 3nauutensHo OoJbllie, 4eM B TIEPBOM ciydae. B maTepBaie ot 25
1o 37 GPa takxe UMEIOTCS SKCTPEMYMbI, HO OHH CMEIIEHBI B CTOPOHBI MEHBIIIUX
JaBJICHW, W BO3HUKAeT eme oauH MuHUMYM npu 42 GPa. Ilpu Temmeparypax
menbIne 250 K BenudrHa SHEpruu akTUBAllMU Mana. TeM He MeHee 0COOCHHOCTH,
BO3HHKAIOIINUE Ha Oapudeckoi 3aBucuMoctu B uaTepBaie ot 30 mo 45 GPa, cko-
pee BCero CBsi3aHbl HE C TEIUIOBBIMU (P (eKTaMu, a ¢ aKTUBAIIMOHHBIMU TPOIIEC-
camH, IOCKOJIbKY B 3TOM HMHTEpBaJie 1aBJICHUI UMEIOTCSA SKCTPEMYMBbI, TaKHE XKe,
KaK B MPEABIAYIINX CIydasX.

Pe3ynbTaThl MpoBeIEHHBIX KUCCIEIOBAaHUI MOKa3aid, YTO MPOLEHTHOE COoAep-
xanne OYHT B oOpasiie, HECOMHEHHO, BIUSET Ha XapaKTep U3MEHEHHUS €ro dJIeK-
TPUYECKUX CBOMCTB IOJ] IEHCTBHEM BBICOKHX AaBiieHHH. [Ipudem, yem uurie 00-
paselr, TeM Ooiee JeTalbHO MOKHO MPOCIEIUTh 3TH U3MEHEeHHsI. TakuM 00pa3oM,
OUYEBUJIHO, YTO IMPEJICTABICHHBIE B JAHHON paboTe pe3yibTaThl OTPaXaroT MOBe-
JEHUE DTEKTPUUECKUX XapaKTepUCTUK HemocpencTBeHHo kommakta OYHT, a He
npuMecei, coJepKaluxcs B oopasie.

1. A.B. Eneyxuii, YOH 172, 402 (2002).

2. V.A. Karachevtsev, A.Yu. Glamazda, U. Dettlaff-Weglikowska, V.S. Kurnosov, E.D. Obraz-
tsova, A.V. Peschanskii, V.V. Eremenko, S. Roth, HIPCO SWNT: Raman spectros-
copy at 300 and 5 K. Photoelectric and optic properties of fullerenes P128.
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3. JL.®. Bepewaeun, E.H. Axoenes, T.H. Cmenanos, K.X. bubaes, b.B. Bunocpaoos,
[Mucema B XKOTD 16, 240 (1972).
4. AIO. Boaxoea, I'.B. babywxuna, A.H. babywxun, MeTtacTaOUIbHBIC COCTOSHHUS H

(dazoBbie mepexonbl, CO. HaydHBIX TPYAOB HMH-Ta Temiopusukun YpO PAH, Bbim. 5.
198 (2001).

A.N. Babushkin, Ya.Yu. Volkova, E.D. Obraztsova, O.V. Narygina

ELECTRIC PROPERTIES OF DIFFERENT TECHNOLOGY SINGLE-WALL
CARBON NANOTUBES AT PRESSURES UP TO 50 GPa

Temperature dependences of resistance of samples of single-wall carbon nanotubes
(SWNT) of different technology have been investigated in the pressure and temperature
range between 20 and 50 GPa, and 100 and 400 K, respectively. Some peculiarities in
behaviour of electric properties (resistance and activation energy) of samples have been
found in the pressure range 27-42 GPa. These changes are irreversible.

Fig. 1. Temperature dependences of resistance of samples containing 40 (a) and 90% (6)
of SWNT

Fig. 2. Baric dependences of activation energy of samples containing 40 (a) and 90% (6)
of SWNT for two temperature ranges: 0 — 7<250 K, A— 7> 250 K
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PACS: 81.40.Ef, 61.72.Mm

H.N. MaTtpocos, B.B. Yunwko, B.1O. AmutpeHko, E.A. lNaBnosckas,
J1.®. CeHHukoBa, B.3. CnyckaHtok, B.B. YabaHeHko, C.B. Bacunbes,
3.A. MeaBeackas, B.A. LLleByeHko

BIIMAHNE PABHOKAHAJIbHOIO MHOIOYTNioBOIo NPECCOBAHNA
HA CTPYKTYPY, ®A30BbI COCTAB M CBOMCTBA CIJIABA Nb-Ti

[oHeLknn nsmko-TexHn4eckuin MHCTUTYT M. A.A. NanknHa HAH YkpaunHbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa
E-mail:chishko@ukr.net

Hccneoosano nogedenue cnnaga HUOOUN—MUmMaH, usMeHeHue e20 CmpyKkmypHoz2o, ¢aszo-
6020 COCMOSIHUIL U C8OUCME NPU 0OPAOOMKE PAGHOKAHATLHBIM MHO20Y2I08bIM NPECCO8a-
Huem (PKMVII). Tlokazana 603moicHOCHb pOpMUPOSAHUSL 8 CHIABE CIMPYKMYPbL, O1A20-
NPUAMHOU OJi NOBbIUEHUS MOKOHeCYWel CHOCOOHOCTU.

BBenenune

CornacHo nuTEpaTypHbIM JaHHBIM [l1—4] W3MEHEHHME KPUTHYECKOTO TOKa
CBEPXIPOBOJHUKOB Ha ocHOBE cryiaBa Nb—Ti mocie negopmanuu U TepMoodpa-
OOTKM CBsI3aHO C U3MEHEHHEM BHYTPEHHETO CTPOCHHS CBEPXIPOBOISINIEIO MaTe-
puaina, pa3MepoB CyOCTPYKTYPHBIX 3JIEMEHTOB U IUIOTHOCTH JedekToB. [Ipu sTom
HanOoJIbIlIee BIMSHUE HA YBEIMYEHHE KPUTHUYECKOTO TOKA OKAa3bIBACT pacraj
[-TBepOrO pacTBOpa C BHIICICHUEM O-(Pa3bl.

Hacrosimmas pabota mocBsiieHa H3y4eHNI0 IOBECHUS MaTepraia, N3MEHEHUI
€ro CTpyKTypHOTO U (ha30BOT0 cocTosiHuii U cBoiicTB pu PKMVTII, korna 60b-
mas IriacTudeckas jaegopManusi MPUBOIUT K (HOpMUpOBaHUIO CHElUbUUECKON
cyomukpokpuctamumueckoit (CMK) cTpykTypsr.

Ilens manHO¥M pabOTHl — BBIACHEHHE ycioBui nonydeHus: CMK-cTpykTypsl u
UCCIIEIOBaHNME €€ BIUSHUS Ha CTeNeHb [3—a-mnpeBpamienus craBa Nb—Ti u ero
(bu3HYecKue CBOMCTBRA.

Martepuajbl 1 METOIbI HCCIETOBAHNUS

B kadecTBe 00BEKTOB UCCIIEIOBAHHIA HCIIOIH30BAT OUMETAJUIMIECCKHE TPYTKH
crutaBa Huoomii—turan (Nb—60 at.% Ti) B meqnoit (MOO6) marpurie. Beidop mate-
puasia 00yCJIOBJICH IUPOTON €ro MPUMEHEHHsS U TeM, 4TO JeopMaIus mpu KOM-
HATHOU TeMIlepaType He BBI3BIBAET B HEM PETaKCaIUIO TI0 MEXaHW3MaM JUHAMH-

95



Pdu3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

YECKOM pEeKpUCTAIIM3ALUH, TIOATOMY OOecleueHbl YCIOBUS Ui HEMPEPHIBHOTO
HAKOTUICHHUS Je(EKTOB ¥ COOTBETCTBYIOIIETO U3MEHEHHSI CTPYKTYPHI.

[Ipytkn n3 crmaBa 60T, monydeHHble ropstauM mpeccoBanueM npu 750°C,
muametpoMm 15 mm nmoasepraniu PKMVYII 6e3 usMeHeHus: ce4eHus 3arOTOBKU Ha
1abopaTopHOIl ycTaHOBKE, CMOHTUPOBAaHHOW Ha 0a3e TUAPABIMYECKOro Ipecca
yeumuem 250 tf (puc. 1).

== | Puc. 1. Ycranoska nns PKMVII u ee yr-
10— l ®/1 JoBast cxema: | — KOHTeWHep, 2 — MyaH-
1 "4‘/ ; o, COH, 3 — pabouasi BTyJKa ¢ HAKJIOHHBIM
3‘\?%,__ ; ‘, KaHaJoM, 4 — paOouasl BTyJlKa C BEpPTH-
£ __ | i | ®\ KaJbHBIM KaHAJIOM, 5 — KanuOpyromas
L—‘T l 3 BTyJKa, 6 — 00oiimMa, 7 — INNOHKA, § —
6 l e 1 l nojcraska, 9 — ¢uanen, /0 — mWNHIIbKa,
T 11 — 3aroToBka. @ = ®3 = 80°, ®, = 70°
8
= .

OO6pa3sibl st nedopmaruu Beipe3anu BeIicoTol ot 45 1o 80 mm. MccnenoBanu
CXEMY INPECCOBAHMS C YETBIPbMS KaHAIAMU C €JIUHUYHON MHTEHCHUBHOCTBIO JiE-
dbopmaru 3a oguH UK Al = 1.42 1 35KBUBaJICHTHON CTENEHBIO MeopMaluu e =
= 0.82. CreneHb eMMHUYHON UCTUHHOW Ne(opManuy e Onpenessuii COrJIaCHO pe-
KoMeHAausaM padoTsl [S]. Hakorutenue nedopmanyy npu yKa3aHHBIX BBIIIE YCIIO-
BUSX OCYILECTBIISUIM IOBTOPEHUEM LIUKJIOB MPECCOBaHMs B MHTEepBajie ot 1 no 20.

Jna uneneHanpaBieHHOro (OPMUPOBAHMSI CTPYKTYPHI CILIaBa B Ka)XJAOM IIO-
CIIEAYIOIIEM LMKJIE IMPECCOBAHMs IMPYTKOBYIO 3aroTOBKY IIEpPEBOpAuMBaIM Ha
180° BOKpyr ocHM MOMEPEYHOrO HAIMPABJICHUS U MOBOpaunBaiu Ha 90° BOKpyr ee
npoaoasHoN ocu. JlaBienue npeccoBanus cocrasisiiio 600-800 MPa. Ctpykrypy
00pa310B Uccae10BaI METOIOM ONTHYECKONH MUKPOCKONHUH C TIOMOIIBIO METal-
aorpadudeckoro Mukpockomna «Heopot». MUKpOTBEpAOCTh U3MEPSIIN HA IPHOO-
pe [IMT-3 npu narpyske 50 g.

O creneHu —o-TpeBpalieHUs] CYAUIU 10 0ObEMHOH J10Jie TeKcaroHaabHOM
o-¢aspl, obpazoBasieiics mpu aedopmaliyi, Ha OCHOBAaHWU PE3yJbTAaTOB H3Me-
PEHUI MUKPOTBEPAOCTH U PEHTTEHOCTPYKTYPHBIX UCCIIEN0BaHUN. PEHTTeHOBCKUI
($a30BBIN aHATIN3 ¥ U3YYCHHUE TTapaMETPOB TOHKOUM CTPYKTYPHI (Dokr, Ad/a) IpoBO-
iy Ha nudpakromerpe JJPOH-YMI ¢ npuMeHeHHeM METOA0B KaueCTBEHHOTO
Y KOJIMYECTBEHHOTO aHAIN30B.

TokoHecyyro crnocoOHOCTh UcX0aHOTO U nedopmupoBanHoro PKMVII criinasa
OLIEHMBAJIM TIEPECYETOM KPUBBIX HaMarHMYMBAHUS 0Opas3loB, BHIPE3aHHBIX M3 3aro-
TOBOK B BUZIE Ky0a co cTopoHOU 5 mm, cHATHIX mpu 4.2 K BO BHENIHEM MarHUTHOM
nosie 10 15 T u opuenTanmeii oOpasiia B HEM 10 TPEM TJTaBHBIM HaIPABJICHUSIM.
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Pe3yJIbTaTBI IKCMIEPUMEHTA U UX oﬁcymenne

B ncxoanom ropsiuenpeccoBanHoM cocTosiHuM criaBa 60T Habmromaetcs (puc.
2,a,0) TUNIUYHAS TEKCTYpUpOBaHHAas IMoJiocyaTasi CTPYKTypa C MOMEPEYHbIM pa3-
MepoM 3epeH 1.1 pm, B monepeyHoM cedeHnu oOpa3sla BHIHA BUXPEBasi CTPYKTypa
nuHui TedeHus. CriaB uMeetr ofgHoga3HbIH COCTaB, MPEACTABISIONINN [(-TBep-
neiid pactBop ¢ OLIK-pemieTkoi, XOTs corflacHO paBHOBECHOU (ha30Bol muarpam-
M€ TIpU JOCTATOYHO MEIJIEHHOM OXJIAX/IEHUU COCTaB CIUIaBa MOXKET OBITh JABYX-
¢azupiM. Ilo pe3ynbraTam M3MepeHUN MUKPOTBEPJOCTH CILJIaBa B UCXOJHOM CO-
crossaun H,, = 1400 MPa M0XHO IpeANOIOKHUTh O HAJIMYUU MaJIoOd 0OBEMHOM
Joau (ClesoB) BTOPOM TeKcaroHaNbHOW o-¢a3bl. PenTreHorpadguyeckum meTo-
JIOM TIpH CheMKe oOpasma oOHapyKMBAaeTCs TONBKO [-¢aza, BeImeacHUs o-(azbl
HE BBISBIISIIOTCA BBUIY Masoro (< 1%) o6beMHOro cofep)kanusi Ipu BeIOpaHHON
YYBCTBUTEIHLHOCTU U3MEPEHUI.

4

LED:

329

SRy
‘3

Puc. 2. Mukpoctpykrypa cmasa 60T mociie PKMVYII (x 500): a, 6 — ucxoauslit odpa3zerr,
COOTBETCTBEHHO IONEPEYHOE M TIPOJIOJILHOE CEUCHUE; 6, 2 — JieopMHUpOBaHHBIH (e = 16.4),
COOTBETCTBEHHO MONIEPEUHOE U MPOAOIBHOE CEUCHUE
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Uccnenyemas cxema PKMVYII u mapuipyT 06paboTKu 3ar0TOBOK (POPMUPYIOT
B cmuase 60T CMK-cTpykTypy, KOTOpasi XapakTepU3YeTCsl CHJIBHO PpPa3MbITON
TEKCTYPOU WJIM MMPAKTUUECKUM €€ OTCYTCTBUEM (pHC. 2,8,2).

Crenens nedopmannu e = 3.28 (4 UKIA IPECCOBAHUSA) COOTBETCTBYET Hayaly
dbopmupoBanusi CMK-cTpykTyphl. JIeHTOUHBIE 3e€pHA CTAHOBATCS HAMHOTO YK,
BBITSIHYTOCTh MEHEE BBIPAKEHHOMW; CKOIUICHHS TUCIOKAalMKA Kak Obl pa3OMBaroT
JUIMHHBIE 3epHa Ha KOopoTkue ydacTku. [lo Mepe yBenndeHusi cymmapHoil gedop-
MallMy pa3MepHasi CTPYKTypHasi OJTHOPOJHOCTH NoBbIimaercs. [lpu e > 10 popmu-
pyertcs ctabunbHas ogHopoaHas CMK-cTpykTypa npu pa3MbITON TEKCTYpE.

B nedpopmupoBannom PKMVII o6pasne ypoens Hanpsbkenuit Il pona moBsi-
maercs u cocrapiser 1.18-107° Jutst crenienu aedopmanmu e = 3.28 u 1.22:107 —
s e = 16.4 (puc. 3). U3 aToro ciemyer, 4To ¢ yBeTUYEHUEM CTETIEHU aedopma-
nuu B uHTEepBasie e = 3.28—16.4 ypoBeHb MHUKPOHANPSIKCHUH Aa/a u3MeHseTcs
HECYILECTBEHHO. J[pyroii mapamerp TOHKOW CTPYKTYpPbI — BETMYHHA OJIOKOB Doy, —
B MHTEpBaJIe cTeneHu Aedopmanuu 10 e = 3.28 pe3ko ymeHbmaercs ¢ 1088 no
162 nm, 3atemM cTaOUIM3UPYETCs, BHIXO/A Ha HachIleHHe 10 151 nm BIIJIOTH 110
crenenu aedopmaruu e = 16.4. AHaTIOTHYHBIN XapaKTep BIWSHUS HAKOTUICHHOU
nepopmanmu PKMVYII nabmrogaercst v uis U3MEHEHHsI MUKPOTBEPIOCTH CIUIaBa
(puc. 4). Ilpu nedopmaruu e = 3.28 3HAYCHHE MUKPOTBEPAOCTH BO3PACTACT C
1400 no 1700 MPa, npu HakoruieHn# aedopmanuu e = 16.4 BenuyrHa MUKPOTBEp-
JOCTH Majlo U3MEHSIETCS, UTO OTpa)kaeT OCOOCHHOCTU BIIMSIHUS 3HAKOIEPEMEHHOM
HEMOHOTOHHOM AeopMaliii Ha MEXaHU3Mbl 1 MHTEHCUBHOCTh YIIPOYHEHHSL.

1.4 17007
1000 11.2
= 800 1107, & 1600
= log — =
. 600 0 § -
Q° 1Y 1500+
400 70‘4
200 ]
0.2 1400
0 0.0 : : ‘ :

0 5 10 15
e

Puc. 3. 3menenue napaMeTpoB TOHKOW CTPYKTYPBI Dy, Aa/a ipu nedopmanuu crasa

Puc. 4. 3meHeHne MHUKPOTBCPAOCTH B IIPOIECCC I[e(l)OpMaLII/II/I CIllTaBa

Jnst MOHOTOHHOM edopMaliuy, HAIPUMEpP TPATUIIMOHHOTO THAPOIIPECCOBAHMUS
1o JaHHBIM paboT [6,7], XapakTepHa WHas (C MOHOTOHHBIM POCTOM) 3aBUCUMOCTH
MHUKPOTBEPJOCTH OT cTerneHu Aeopmauuu. s ruaponpeccoBanus ¢ e = 3.28
MUKPOHANPSDKEHUs Aa/a nocturatot 3Haderuit ~ 4.3-10°. TIpu PKMVYII B 1po6-
HOM pPEXHME MHTCHCHBHOCTH YBEIWYCHHS] MUKPOUCKKEHUN KPUCTAILTUYECKOU
peIIeTKH MEeHbILIEe BBUY HEKOTOPOH pellakcallii MUKPOHAIPSDKEHUH B pe3ysbTare
Kak 0ojiee HMHTEHCUBHOTO JIPOOJICHUS CTPYKTYPBI, TaK M MPEPHIBUCTOIO 3HAKOIIE-
PEMEHHOT0 MPOTeKaHus mporiecca aepopmupoBanus [8].
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MeHbIIyI0 BEIMYUHY OCTATOYHBIX MHUKPOHAINPSHKEHUH MOKHO OOBSICHUTH
MHOTOKpPATHBIM TE€pPEPACTIPEICTICHUEM MUKPOUCKAKEHUN KPUCTAILNTMYECKOU pe-
IETKM ¥ OCTaTOYHBIX HamnpspbkeHud Il pomga mpu KakaoM MOCienyroleM ovare u
uKie aedopMaIui B pe3yabTaTe MOSBICHUs OOJBIIOTO YUCIIa HAMPABICHHMA, TI0
KOTOPBIM MOKET MPOU30MTHU 3JIEMEHTApHBIM CABUT B MUKpOoOObeMax AepopMu-
pyemoro cruiaBa. OJTHOBPEMEHHO C 3TUM IE€PEPACIIPENEICHINE MUKPOUCKAKEHUIN
MEXy OTACIbHBIMH MUKPOOOBEMaMH CILIaBa, IJIACTHYECKU ehOPMUPYEMOTO 11O
npooHoMy pexumy PKMVII, cmocoOCTByeT HHTEHCHBHOMY TMPOLIECCY APOOTICHUS
0JIOKOB MO3auKH, UHTEHCUBHOMY J1€()OPMHPOBAHUIO OTAEIBHBIX KPUCTAJUIUTOB, B
pe3yabTare 4uero u Habmogaercs menkoaucnepcHas CMK-crpykrypa.

OddexruBHOCTs Tpanuy CMK-CTpyKTypbl Kak IIEHTPOB MUHHHHIA MarHUTHOTO
MOTOKAa MOXKET OBITh 3HAUUTENIBHO yCUJIEHa OO0pa30BaHMEM Ha HUX BBIICICHHUN
o-daszel. Criermduueckast cTpykrypa, co3nandas npu PKMVII crimaBa, ¢ ee BRICOKOM
OJTHOPOJTHOCTBIO U IUIOTHOCTBIO TPAaHMI] OOYCIIOBIMBAET OOJErYeHHOE 3apOABIIIC00-
pa3oBaHue 3a CUET yMEHbIIeHUs TUPQPYy3NOHHBIX MyTel aTOMOB TUTaHA K TPAHHLIAM.
Harpes u nedopmaryst Takoii CTpyKTYpBbI IPUBEAYT K YCKOPEHUIO 3—>0-TIpeBpaIieHust
U TIOBBIIIICHUIO MOJHOTHI €ro npoTekaHus. CTaOUIbHOCTD MapaMeTPOB TOHKOW CTPYK-
Typbl, chopmupoBanHoit PKMVTII, coxpansiercs B quanazone temreparyp 10 400°C.

AHanmn3 U3MEHEHHsS] OTHOCUTEIbHOM HMHTEHCHUBHOCTH PEHTTECHOBCKHMX JIMHUHN
o-(hazbl 00pa3LoB, CBUIETENLCTBYIOUICH O €€ KOJIMYECTBE, TTOKA3bIBACT, YTO B Jie-
dopmupoannom PKMVII (e = 16.4) oOpa3ue npucyrctyeT 10 3% a-da3sbl.

Ha puc. 5 npuBeneHsl pe3yiabTaThl U3MEHEHUSI B 3aBUCUMOCTH OT MAarHUTHOTO
MOJIsI TOKOHECYIIEH CIOCOOHOCTH MacCHMBHOTO oOpasma, npomeamero PKMVYII
(e= 16.4), B cpaBHeHHH c 00pa3loOM, HE MOJBEPraBUIMMCS Takoi oOpaboTke. Kak
cnenyet u3 pucynka, PKMVYII npuBonuT k 6osiee BHICOKOMY YPOBHIO TOKOHECYITICH
CIOCOOHOCTH BO BCEM JMana3oHe MarHUTHHIX nojei. [locne nedopmarmu PKMVYII
HaOJII0IaeTCsl OTYETIIMBOE MOBBIIICHUE HAMArHWYMBAHUsI CIJIaBa BCIICICTBHE 3aKpe-
TUICHHSI MATHATHOTO TIOTOKA HA TPAHHIIAX KPUCTAJUIMTOB M BBIICICHUSX O-(ha3bl.

12 12
R _1ot,
E gl \ £ sl
<6l l, =< 6t
BN s
‘_:_\U 4 L A\.\ !—1‘\ 4 L
~ ‘\'\.\ ~" \
2¢ =SS TTU 2F e
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Puc. 5. Toxonecymiast cnocooHocTh cruiaBa 60T B ucxognom (—A—) u aedhopMupOBaH-
HOoM PKMYVII (—e—) cocrosHusAX: a — HanpasieHue 1, 6 — HanpaBieHus 2 u 3
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BriBoabl

1. O6paboTka cBepxmnpoBosiiero cmiasa 60T merogom PKMVYII npuBoaut
dbopmupoBannio CMK-CTpyKTypsl ¢ paccesHHOW TEKCTypou (mpu OOoNbIION
IUIOTHOCTH TPAHUI] 3€pEH) M BBICOKOW OJHOPOJHOCTBHIO, OOJIeryaromei 3apo/ibl-
meoOpa30BaHNE BBIJEICHHUH O-(pa3bl.

2. B oOpasnax, u3rotosiaeHHbIX U3 aedopmupoBanHsix PKMVYII 3arotoBok,
o-(ha3pl OoJbIIE, YEM B TOPSIUEIIPECCOBAHHBIX, a CTENEHb TEKCTYPHUPOBAHHOCTU
HIDKE WM TIPAKTHYECKU OTCYTCTBYET.

3. BenmnunHa MUKpPOTBEPAOCTH U MUKPOHANPSHKEHUH y 00pasmoB, 00padoTaH-
HeIX PKMVII 1 TpagunmoHHBIMM METOAAMH, MO-Pa3HOMY 3aBHCHUT OT CTEIIEHHU
HakorieHHoH nedopmanuu. [Ipumenenne PKMVYII Ha HauansHOM cTaauu mepe-
nena 3arotoBok ciiasa 60T B nznenue ymydimaer AeopMUpyeMOCTh MaTeprana.

4. IoBbImenns: HyHKIIMOHAIBHBIX CBOMCTB crutaBa Nb—T1 MOKHO JOCTHYB CO-
YeTaHUEeM ONTHMHU3UPOBAHHBIX Je(POPMALMOHHO-TEPMUUYECKUX METOJ0B 00pa-
0O0TKH, peanu3anreil KOMOMHAIIMM HEMOHOTOHHOM 3HaKONEepeMeHHOU nedopma-
i PKMVYII 1 MoHOTOHHOM nedopManuu TpaaUIMOHHBIM THAPOIPECCOBAHUEM
U BOJIOYEHHEM, OO0ECIEUMBAIOIIUM BO3MOKHOCTh BapbHpPOBAHHUS pPa3MEpOM H
IUIOTHOCTBIO BBIJICTICHUH B O0Jiee IUPOKUX Mpeernax.
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N.I Matrosov, V.V. Chishko, V.Yu. Dmitrenko, E.A. Paviovskaya, L.F. Sennikova,
V.Z. Spuskanyuk, V.V. Chabanenko, S.V. Vasilyev, E.A. Medvedskaya, B.A. Shevchenko

INFLUENCE OF DEFORMATION BY EQUAL-CHANNEL MULTIPLE-
ANGLE PRESSING ON STRUCTURE, PHASE COMPOSITION
AND PROPERTIES OF Nb-Ti ALLOY

Behavior of niobium-titanium alloy, changes in its structural, phase states and in proper-
ties have been investigated for the case of treatment by equal-channel multiple-angle
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pressing (ECMAP). A possibility of structure formation favorable for increasing the cur-
rent-carrying capacity has been shown.

Fig. 1. ECMAP plant and its angular scheme: / — container, 2 — punch, 3 — operating bush
with inclined channel, 4 — operating bush with vertical channel, 5 — calibrating bush, 6 —
holder, 7 —key, 8 — support, 9 — flange, /0 — stud, /1 — billet

Fig. 2. Microstructure of alloy 60T after ECMAP (x 500): a, 6 — initial sample, cross-
section and longitudinal section, respectively; 6, 2 — deformed (e = 16.4), cross-section
and longitudinal section, respectively

Fig. 3. Changes in parameters of fine structure Dy, Aa/a during alloy deformation
Fig. 4. Changes in microhardness in the process of alloy deformation

Fig. 5. Current-carrying capacity of alloy 60T in the initial state (—A—) and ECMAP-
deformed state (—e—): @ — direction 1, 6 — directions 2 and 3. ®; = ®3 = 80°, @, = 70°
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PACS: 72.20-

A.1O. MonnaeB1, P.K. ApCJ'IaHOB1, JLA. CaﬁnynaeBa1, A.H. 5a6yUJKV|H2,
T.C. Nlax?, C.B. Tatyp?, C.®. MapeHkuH®, C.I'. Muxaiinos®

®A30BbIE NMPEBPALLEHNA B CdAs, N ZnAs, NP BBICOKOM
OABJIEHNA

1V|HCTVITyT dm3mkm [larectaHCKOro Hay4Horo ueHTpa PAH
yn. M. Aparckoro, 94, r. Maxa4dkana, 367003, Poccus
E-mail: a.mollaev@mail.ru

2Ypaj'||:.0|<m|7| rocyaapCTBeHHbI yHuBepcuteT um. A.M. Mopbkoro
np. JleHuHa, 51, r. Ekatepunbypr, 620083, Poccusa

3 o .
WHcTuTyT 0buewn n HeopraHuyeckon xumumn um. H.C. KypHakosa PAH
Mocksa, Poccus

Ha opuenmuposannvix monoxpucmannax CdAsy; u ZnAs; uzmepenuvl yoenvhoe 371eKmpo-
conpomuenenue u Koagpguyuenm Xoara npu euopocmamuveckom oasnenuu 0o 9 GPa u
onpedenenvl bapuuecKkue 3a8UCUMOCTIU INEKMPOCONPOMUBTEHUSL NPU KEAZUSUOPOCHAMU-
ke 00 50 GPa. B CdAs; na bapuueckux 3a8Ucumocmsx 21eKmpoconpomueieHus u Kodg-
Guyuenma Xoana npu nooveme daenenusi npu P ~ 5.5 GPa nabnroodaromes ghazosvie ne-
PEX00bl, NONOJNCEHUsT KOMOPLIX He 3ABUCAM OM KPUCMALLOZPAPYUUECKOL OpUueHmayuu
obpasya. B ZnAs; npeononacaemcs naiuuue 08yx (pazosvix nepexooos. 1) 6 ouanazone
oaenenuti P = 10—15 GPa u 2) npu P = 25-30 GPa.

BBenenne

JuapceHuapl IMHKA U KaJMHUS OTHOCATCS K MOJYIPOBOJIHUKAM A"BY u KpH-
CTAJUIM3YIOTCSI B MOHOKJIMHHOW M TETPAaroHAJIbHOW CHHTOHHUSX COOTBETCTBEHHO.
OCO0EHHOCTBIO CTPYKTYp ITHUX COCIUHEHHH SBISCTCS HAIWYHE, HAPSAIY CO CBS-
3sitMu M—As, cBsi3eld Mexay aromaMu As, KOTOpbIe 00pa3yroT 3Ur3arooOpasHbie
CTPYKTYpBI, BBITIHYTBIC BI0OIb ocH C, 4TO 00YCIOBIMBAET 3HAYUTEIHHYIO aHU30-
TPOIHUIO JIEKTPUUECKUX CBOMCTB [1].

ZnAs; nu CdAs, — HaMeHee UCCIeJIOBaHHBIE COCTMHEHUS TPYIIITHI AHBV. JIn-
TEepaTypHbIC JaHHbBIE, TTOCBSIICHHBIC U3YUYECHUIO (a30BBIX MEPEXOJ0B B ITUX CO-
eMHEHUSAX TIOJ JIaBJICHUEM, KpailHe OTpaHUYEHBl W MPOTUBOPEYMBHI. {751 mmosm-
KPUCTAJUTMYECKUX 00pa3iioB ZnAs) yAeIbHOE JIEKTPOCONPOTUBICHUE U3MEPEHO
Ha HakoBaJbHiIX bpumxmena npu gaBiaeHusix no 11 GPa npu 25°C [2], a ana
CdAs, — B ammaparax BBICOKOTO JaBIICHHUS TUIA «HAKOBAIBHS C JYHKOW» [2,3].

102



du3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

[IpencraBisio HHTEPEC UCCIIEAOBAHUE YIIEITBHOTO JIEKTPOCONIPOTUBICHUS U (-
dekta Xosa Ha MOHOKPUCTAUTMUECKUX 00pasiax ZnAs, u CdAs,.

MeToauka 3KCIIEpUMEHTA

brutn n3MepeHs! ynenbHOe AJIEKTPOCONPOTUBIEHHE p U KoddduiueHT Xosia
Ry nHa obpasznax CdAsp u ZnAs, npu ruapoctatudeckoMm aasieHnu A0 9 GPa B
anmnaparax BeIcOkoro aasienus tuna «Topoum» [4,5] u no 50 GPa B anma3HbIX
KaMepax BBICOKOIO [aBJICHHS C HAKOBAIbHIMHM THIA «3aKPYIJIEHHBIH KO-
HYC—IUIOCKOCTbY, U3TOTOBJICHHBIMUA U3 CUHTETUYECKUX aJIMa30B [6,7].

HNccnenosansr qe rpymmsl 00pas3ioB #-CdAs,, KOTOpbIE NMENU CIIETYIOIHe mapa-
wetper: 71 = (3-4)10"* em™, p = 7-11 Qrem u 1 = (1-2)-10"* em™, p = 27-40 Q-cm
cooTBeTcTBeHHO. O0pasiibl ObUIM OPHUEHTUPOBAHBI TaK, YTOOBI pedpa mapauiesne-
MUTICIOB COBIAJAIM C Kpucramuiorpapudeckumu HampasieHusmu [100] u [001].
Monokpuctamisl p-ZnAs, npu rugpocratuieckoM aaieHuud a0 9 GPa umenn
ciemyromuye napameTpel: p = 6.3 Q-cm, |Ry| = 7.25 cm’/C. KoHTaKTEI TUTISL U3Me-
pPEHUs DIEKTPUYECKUX CBOMCTB U3TOTOBIISUINA ITAUKOW IPUIIOSMU HAa OCHOBE OJIOBA.
[TorpemHOCTh U3MEPEHUI IIEKTPOCONPOTUBIIeHU, 3P dekra Xoima U JaBIeHUs
HE MpeBbIIIajga COOTBETCTBEHHO 13; 3.5 u 3%.

Pe3yabTarsl M 00Cy:KIeHUS

B monokpuctamiax CdAs) BBIpE3aHHBIX 1O KPUCTAUIOTpapUUecKuM HarpaBie-
ausiM [100] u [001] Ha Gapuyeckux 3aBucumocTsx p(P) u Ry(P) mpu KOMIIPECCHH
HabroMaeTcst CTpYKTYpHBIN (pazoBsiii iepexon npu P = 5.5 GPa (puc. 1). Ha o6pas-
1aX, OPUEHTHUPOBAHHBIX MO KpUcCTaJUiorpaduueckomy HampasieHuto [100], mpu
P =3 GPa nabmonaercsa eme oauH makcumyM (puc. 1,a). Kaptuna B oOpasnax,
BBIPE3aHHBIX 10 KpUcTauiorpadpudyeckomy Hampasieruio [001], umeer

10*
10*
4 2 1
10°
g 110°
T 2
O}IO
0".101
10° {107
107! I . . . .
0 2 4 6 8 10 0 2 4 6 8
P, GPa P, GPa
a o6

Puc. 1. bapudeckne 3aBUCHMOCTH YIEIHHOTO 3JIEKTPOCONPOTUBIICHUS p (KpuBas /) u
ko3 Puumenta Xomna Ry (kpuBas 2) mist o6pasnoB CdAs), OpueHTHPOBAHHBIX 110 KpH-
craiorpadudeckum HarnpasineHusM [100] (a) u [001] (6), mpu KOMHATHOH TeMIiepaType
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7
6 1800
g Z 1600 2
P :
. 1400
) -
1 1200 ™
0
0
0 2 4 6 8 10

P, GPa

Puc. 2. bapudeckne 3aBUCHMOCTH yIIEIHLHOTO
3NEKTPOCONPOTUBICHUS P (KpuBas /) U Kod¢-
¢unuenta Xomna Ry (kpuBas 2) ZnAsp mpu
KOMHaTHOM TeMIiepaType

OoJiee CIOXHBIN xapakTep. B HuX
O0Hapy>KEHO J1BA MaKCUMyMa: IpH
P=1.8 GPau P =3 GPa (puc. 1,0).
[TosiBNeHHE STUX MAaKCHMYMOB, Be-
POSITHO, CBSI3aHO C OCOOEHHOCTSIMU
30HHOH CTpyKTYpel CdAs,
CKOJIbKY W3BECTHO, YTO B €ro 3a-
MPEIICHHOW 30HE€ MMEIOTCA OJHMH
MEJKHUH U ABa TTTyOOKUX TOHOPHBIX
ypoBH# [1]. ®a30BbIii epexo] Ha-
OmogaeTcss Takke U IMpH JEKOM-
npeccun nasienusa P~ 3.1 GPa.
AHanu3 3Haue€HU KOHLIEHTpaIi

I10-

u noasmxHocrelr CdAs, 1o u mocie
(da3zoBoro mepexoma sl 0OpasIIoB,

OpHEeHTHpOBaHHBIX 10 HanpasieHusiM [ 100] u [001], mo3BosisieT caenars BBIBO, UTO B
000HX ciTydasix Mbl UMeeM (Pa30BbIi TIEPEXO0/1 MOTYIPOBOTHUK—TIOTYTIPOBOHUK.
C poctroM naBiieHHs BeMUrMHA p B ZnAs) majaeT Ha NMOPSAOK, a Ry — Ha JiBa

nopsiaka. [Ipu P =7 GPa p u Ry BBIXOJAT Ha HACKIEHHE (puC. 2).

Tak kak B ZnAs, no ananoruu ¢ CdAs, oxxugaemMblii (ha30BbIN epexo] He ObLT
0oOHapy>KeH, MBI MPEIOJIOKHIIN, YTO OH JOJDKEH HaOIroAaThCs mpu Ooliee BhICO-
kux naBieHusx. C 3Toil 1enbio ObUTH MPOBEICHBI NCCIECIOBAaHNS B aIMa3HBIX Ka-

Mepax npu gasineHusax 1o 50 GPa.

[Ipu yBenmuueHuH NaBiieHUs, HauMHasg ¢ HEKoToporo 3HadueHus P > 10 GPa,
compoTuBlieHne oOpasua p-ZnAs, ymenbpinaercs u npu 35-40 GPa umeer mak-
cumyM (puc. 3,a), KOTOpBIH ObI HAMU UHTEPIIPETUPOBAH KaK (a30BbIi EPEXOI.

6

20 30 40
P, GPa

0 10 50

a

12

R10°Q

0

8 L

6

4

2

0

0 10 20 30 40 50

P, GPa
o

Puc. 3. bapuueckue 3aBHCHMOCTH CONTPOTUBIIEHUS R ZnAs, s 1-ro (a) u 3-ro (6) nuk-
JIOB TIOJ/beMa U cOpoca JaBlieHUs TIPU KOMHATHOM TeMITEpaType
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CpaBHUTENBHBII aHAINU3 PE3yAbTATOB, MOJYYEHHBIX MPU THAPOCTATUYECKOM J1aB-
JICHWU U B aJIMa3HBIX KaMepax, MO3BOJISIET MPEANOI0KHUTh, YTO B JHANa30He JaB-
nenuit P = 10—-15 GPa nabmonaercst pactsaHyThiid (a3oBblii mepexoa. Heodpabdo-
TaHHBIN JTaBIEHUEM Marepuan npu aasiaeHuH okoio 10 GPa nmeer BecbMa BbICO-
koe (~ 3- 10° () conpoTUBIIECHUE.

[Tpu cHMXEHUHU AaBJICHUS MOCIE TOCTHXKEHHS! €r0 MaKCMMaJbHOTO 3HAYEHUs
Oapuyeckasi 3aBUCUMOCTb CONPOTHBIICHUSI HE COBIIAJAeT ¢ TAKOBOM ISl HCXOM-
HOTO MaTepuasia. B mocieayromux uKiIax MOBBILICHUS U CHUKEHUS JaBJIEHUS
CONIPOTUBIIEHUE 00paslia M3MEHSETCS C HEKOTOPBIM THUCTEPE3UCOM. 3aMETHUM,
YTO €CJIM CHU3UTH AaBJICHHE O aTMOC(PEPHOro, TO MPU MOCIEAYIOIIEM Harpy-
KEHUH OapuiecKoe TMOBEICHUE COMPOTHBIICHUS COXPAHSAETCA M OTIUYAETCSA OT
HCXOJTHOTO.

[TonmyyeHHble AaHHBIE CBHIETENBCTBYIOT, YTO NpH 00pabOTKe IaBleHHEM B
ZnAs; BO3HHMKAIOT HEOOpaTUMbIe M3MEHEHHUs, U oOpasyromascs (a3a BBICOKOTO
JABJICHUSI OCTAE€TCSA YCTOMYMBOW MPH HOPMAJIbHBIX YCIOBHSIX.

3aka04YeHue

Ha opuenTupoBaHHBIX MO KpucTauiorpadudeckum HampasieHusMm [100] u
[001] oOpasuax n-CdAs wnHabmogamuchk (a3oBble MEpPeXoAbl MOIYIPOBO/I-
HUK—TIOJynIpoBoAHUK Tipu P = 5.5 GPa npu nogseme nasnenus u P = 3.1 GPa
npu cOpoce nmaBienus. ClenaH BBHIBOJ O HE3aBHCHUMOCTH IOJOXEHHS (Pa3oBOro
nepexo/ia OT KpUCTaIorpauuecKux HarnpaBiIeHHH.

Ha ocHoBe ananm3a Oapudeckux 3aBUCUMOCTEH p-ZnAs, p(P) mpu rugpocrta-
tudeckoM nasiernn 10 9 GPa u R(P) npu kBazuruapocratuke 10 50 GPa aBropsl
MPUIIM K 3aKJIIOYEHUI0, YTO B Auamna3oHe aaBiaeHud P = 10—15 GPa, BeposTHO,
umeercs (a3oBblif nepexoa. Bropoit ¢a3oBblii nepexoa HabI0AaETCS Ha KPUBOM
R(P) npu kBazuruapocrarudeckom aasiennu P = 25-30 GPa. Jlyis oqHO3HaYHOTO
perienus o mpupoje (Ha3oBbIX MEPEX0 0B B apCECHUAAX KaJMHUS U IIMHKA HE00XO0-
JTUMO TPOBECTU PEHTICHOCTPYKTYpPHBIE HCCIEIOBAHUS B M3y4aeMOM JMana3oHe
JaBJICHUH.

Pabora BeImonHeHa npu ¢puHaHcoBOU noanepxke Poccuiickoro ¢onma ¢pynna-
MEHTaJbHBIX uccienoBanuid (mpoekThl Ne 02-02-17888 u Ne 03-02-17677) u nipo-
exkta PAH «®u3nka 1 MeXaHWKa CHIIBHO CXKAaTOTO BEIIECTBAa U MPOOJIEMBI BHYT-
PEHHETr0 CTPOEHUS 3€MJIU U IIJIAHET.
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S.F. Marenkin, S.G. Mikhailov

PHASE TRANSFORMATIONS IN CdAs; AND ZnAs;
AT THE HYDROSTATIC PRESSURE

In the oriented monocrystals of CdAs; and ZnAs, there have been measured the specific
resistance and Hall coefficient at the hydrostatic pressure up to 9 GPa and baric depen-
dences of electrical resistance at the quasi-hydrostatics up to 50 GPa have been deter-
mined. Phase transitions whose locations are independent of the crystallographic orienta-
tion of the sample have been observed in CdAs; on the baric dependences of electrical
resistance and Hall coefficient at pressure rise for P = 5.5 GPa. Two phase transitions
have been supposed to be in ZnAsj, the first one in the pressure range P = 10—15 GPa and
the second one at P =25-30 GPa.

Fig. 1. Baric dependences of the specific resistance p (curve /) and Hall coefficient Ry
(curve 2) for samples of CdAs; oriented along crystallographic directions [100] (@) and
[001] (6) at the room temperature

Fig. 2. Baric dependences of the specific resistance p (curve /) and Hall coefficient Ry
(curve 2) of ZnAs; at the room temperature

Fig. 3. Baric dependences of ZnAs, resistance R for the ™ (a) and 31 (6) cycles of pres-
sure rise and relief at the room temperature
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PACS: 81.20.Sh, 81.40.—z

B.A. benoweHko, B.H. BaptoxuH, KO.B. BosHsik

MOONDPUKALINA KPUCTAIITTNIYIOWNXCA NOJNIMMEPOB
C NCMONb3OBAHVMEM PABHOKAHATNBHOW
MHOIOYIrTOBOW 3KCTPY3UA

[oHeLKnIn PU3NKO-TEXHNYECKUI MHCTUTYT uMm. A A. ManknHa HAH YkpauHbl
yn. P. Jllokcembypr, 72, r. loHeuk, 83114, YkpaunHa

Ha npumepe norusmunena nuskou nromuocmu (IHIOHII), noausmunena 6vlcoxou niom-
nocmu (II9BI1), noauamuoa-6 (I14-6) uccredosamvi 803MONCHOCHMU PABHOKAHATLHOU
MHo2oyenosou axempysuu (PKMY3) onsa ocywecmenenus cmpykmypHou moouguxayuu
Kpucmannusylowuxcs noaumepos. Ilokazano, umo degopmayusi NOTUMEPHLIX 3420MOBOK
VKA3AHHBIM MEMOOOM NPUBOOUM K XAPAKINEPHBIM USMEHEHUAM 8 CNeKmpPax WupoKoyeio-
6020 penmeenosckoeo paccesnus (LLIYPP), nosedenuu muxpomeepoocmu, Komopbvie Gul-
3bI6AIOMCSL NEPECMPOUKAMU KPUCTHATIUYECKOU CIPYKINYDbL.

BBenenune

TpaguMoHHBIMHE cXxeMaMH Ae(OpPMHUPOBaHUS MOJUMEPHBIX MAaTepUANIOB, MPH-
BOJISIIIIUMU K HAKOTUICHUIO OOJBIINX TUIACTHYECKHUX Ne(opMaInid, SBISIOTCS KPY-
YEHHE TUCKOBBIX 3arOTOBOK Ha HaKoBaJbHAX bpumikmeHna [1] u paBHOKaHaIbHas
yraosas 3kcrpys3us (PKVYD) mwmHapuyeckux WM NpU3MaTHYECKUX 3arOTOBOK
[2]. Pe3ynbTaThl MHOTOYMCIEHHBIX MCCJIEIOBAaHUNA MPOJAEMOHCTPUPOBAIN 3HAYU-
TEJIbHbIE MOTEHLUHUAJbHBIE BO3MOXHOCTH YKa3aHHBIX METOJOB JJisi CTPYKTYPHOM
MoupuUKaKu noauMepoB. Bmecte ¢ TeM Kaxblii U3 HUX 00J1aaeT CyIIeCTBEH-
HBIMH HefocTaTkamMu. KpydeHuIo moj1 BRICOKUM JIaBICHHEM MOTYT OBITh TIOJBEp-
JKEHbI HEeOOJbIINEe 00bEMBbI BELIECTBA, UTO OTPAHUYUBAET €ro nmpumeHeHue. J[is
JOCTIKEHUST HeoOxonumoro pesyibrata PKYD Tpebyer MHOrokpaTHoro moBTO-
peHus mporecca n1ehOpMUPOBAHUS, YTO CHUXKAET €€ MPOU3BOIUTENBHOCTh. Kpo-
Me TOTO, IocJie Takoi 00paboTKM UCKaxaeTcs: popMa 3aroTOBKH, OHA IpHodpeTa-
€T BUJ U30THYTOTO CTEPXKHS, YTO YCJIOXHSET MPOBEIECHNE MHOTOIMKIOBOTO Jie-
dbopmupoBaHUS.

B nocnennue roapl MOgydniIM pacpoOCTpaHEHHWE HOBBIE METO/bI HAKOIUICHUS
OO0JBIINX TUIACTHYECKUX Ae(opMaliiii, OCHOBaHHbIE HA PocToM caBure. OauH u3
Hux — metog PKMYD [3], B mponiecce KOTOPOM MUJIMHAPUYECKAsk 3ar0TOBKA MPO-
JABJIMBAETCA YEPE3 YCTPONCTBO, COCTOSIIEE U3 HECKOJIBKUX Map KaHAJIOB OJHOTO
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JTMaMeTpa, MepeceKaronuxcsl o1 3alaHHpIMU yriaamu (B otiauuue ot PKYD, rae
MPUCYTCTBYET TOJILKO OJIHA MTapa KaHAJIOB).

PKMYVYD mmupoko ucnosb3yercs st GopMUpPOBaHUS HAHOCTPYKTYPHBIX CO-
CTOSIHHI METaJUIMYECKUX MATepUaNIOB [4] U MOATBEPIIIa CBOIO BBICOKYIO A dhek-
TUBHOCTh. MOXHO OXHUAATh, YTO MPUMEHEHHE ATOr0 MeToja OyJeT Tak ke -
(GEeKTUBHO U A7l CTPYKTYPHOU MOAU(UKALIUU MTOJIMMEPOB, XOTS MPEANOIaracMbIi
pe3yNbTaT HE CBS3aH ¢ 00pa30BaHWEM HAHOCTPYKTYp. B HacTosieit paboTe Brep-
BbIEe HcclenoBaHbl Bo3MOxHOocTH PKMVYD mo otHomenutro k amopgHO-
KPUCTAIIMYECKUM IOJIMMEPaM.

Martepuajbl H METOAUKA IKCIIEPUMEHTA

B pabote ncnonszoBanu ycrpoictBo st PKMYD ¢ wersipeMs gedopMupyro-
MU KaHaJaMU (TPexyryioBast SKCTPY3usi). YTIIbI IEpecedeHus] KaHaJIOB COCTaB-
s 01 = 75°, 0, = 60°, 63 = 75°. DKCTpYy3HIO OCYIIECTBISUIM Ha TUApABIMYE-
CKOM TIpecce CO CKOPOCThIO IepeMenieHus 3aroToBku 1 mm/s. [leopmupoBanue
NPOM3BOAWINM TpPHW KOMHATHOM M TOBBIIICHHBIX TeMIeparypax. B mocrmennem
ciyyae AeGopMHUPYIOUIHA OJOK HarpeBajau ¢ momouibio neud. [Iporecc MHOrO-
IIUKJIOBOM SKCTPY3UH BBIITOJIHSIIM MHOTOKPATHBIM IPSMBIM [IEpEMEIIEHUEM MaTe-
pHanza OTHOCHTENBHO Ae(OPMHUPYIOIINX BTYJIOK. BenmnumHy SKBHBalIeHTHOH Ie-
dopmanuy paccuuThIBaIM 10 hopmyIe:

= ctg0;

e=2 L.

25

O60bexktamu uccaenoBanus Owpuiu IIDHII, TIOBII m ITA-6. 3aroToBkaMu

st PKMYD cnykuii npyTKH MOJUMEPOB, MOJTYYECHHBIE IKCTPY3UEH U3 pac-

mwiaBa. OHU UMENU MIHMHAPUYECKYI0 GOopMy ¢ AuamMeTpoM 15 mm u JUIHHOM
50 mm.

Nsmepenne mukpoTBepaocTu H, nposoauin Ha npudope IIMT-3 npu narpys-
ke Ha uHAeHTop 0.2 N Ha MOJIMPOBAHHBIX TOPIIAX 00PA3IIOB MOCIE KAXKIOTO UK
nedopmuposanus. Cpennee 3nauenue H,, onpenensnu o 20 oTneyaTkam.

PentrenoctpykrypHble ucciieqoBanus BbIIONHIM MeToaoMm LIIYPP na pentre-
HoBCcKOM audpakromerpe JIPOH-3. Ilpu stom ucnoms3oBamu Fe K -uzmydenue,
¢unpTpoBaHHOE Mn. ChbeMKy BellM B peKUME Ha OTpakeHHe ((hOKYCHpOBKa MO
Bperry—bpenrano). Cucrema yrpapieHHs: TOHHOMETPOM CoJiepkaia OJIOK yIipaBie-
HUSI PEHTTCHOBCKUM JU(PPAKTOMETPOM, 00SCIICUNBAIOIINIA PEKUM €ro PadoThI C Ta-
pameTrpami, 3anaHHbIMM uyepe3 OBM tuna IBM. M3yuenne MHMKpPOCTPYKTYphl U
MukpodoTorpadupoBaHre MPOBOAMIA Ha ONTUYECKOM MHUKPOCKOIE B OTPKEHHOM
cBere. BrIsBIeHNE CTPYKTYPhI OCYILECTBIISUTH Ha MOJIUPOBAHHBIX MMOBEPXHOCTSX 00-
pasLoB [10CJIE UX TPABJICHMUS.

ITosryyeHHbIe pe3yabTaThl U HX 00CyKAeHHE

N3BecTHO, YTO 1S TOJMMEPOB BEIMYMHA MHMKPOTBEPAOCTU H|, MpOnopuuo-
HaJIbHA Mpe/ieTy TEeKYYeCcTH Gy Martepuaia [4], mostomy 06 U3MEHEHUU MOCIIEAHE-
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o CYIWJIH T10 MOBEIECHUIO Hu' Takoii mox-

90 - 3 XOJl TIO3BOJIUJI HE TOJIBKO YIPOCTHTH IPO-
R0 L HeAYpY MEXaHHYECKHUX HCIBbITaHUN, HO U
MOJyYUTh WH(OPMALIUIO 00 OJHOPOJTHOCTH

70 nedopMaluu Mo ceueHuro 3KcTpynaros. Ha

& puc. 1 mpuBeACHBI TUMTUYHBIEC 3aBUCUMOCTHU
zh i YCPEIHEHHBIX M0 CEYEeHHI0 00paslia 3Haue-
\mi 45 F HUN MHUKPOTBEPAOCTH OT BEIUYHUHBI IKBHU-
BaJICHTHOH aedopmaunn H, (e) mis wuc-

35+ CIIEIOBAaHHBIX  IOJIMMEPOB, IOJYYEHHBIX

2 npu Temmneparypax skctpy3uu 1, = 80°C

25 - (ITSHII, II5BIT) u 200°C (ITA-6). Kpussie

l | i UMEIOT JKCTpEeMajbHBIH BUJ C MaKCHUMY-

MOM, BEpPIIMHA KOTOPOIO COOTBETCTBYET
epBOMYy LUKy AedopMupoBaHusa. Takoe
JKE€ IIOBEIECHUE ﬁu YCTAaHOBJIEHO M IS
Puc. 1. 3aBUCMMOCTH CpegHETO 3Ha-

YCHUA MUKPOTBEPAOCTU OT BEJIMYUHBI
y HKCTPYAATOB IPU MEPBOM LIUKIE nedopma-
OKBHBAJICHTHOU Z[C(bOpMaL[I/II/I JJI

TI3HII (1), TIBI (2), TIA-6 (3) UM HEOAHOPOJIHOE, MHUKPOTBEPAOCTH MO-
HOTOHHO YBEJIMUMBAETCS MO HAIPaBJICHUIO

OT IIEHTpa K Kparo obpasua (puc. 2). MHo-

apyrux T,. Pactipenenenue Hy, 0 CCYCHUIO

TFOKpaTHOE UUKIMPOBAHUE, YMEHbINAs CpeHUE 3HAUeHus H,,, OIHOBPEMEHHO H3-
MEHSIET U XapakTep ee pacrpeneneHus. C pocTom 4uciia HUKIOB MPOUCXOIUT UH-

BEpCHsl B NOBEIECHUU f): ee 3HAUECHUs y Kpas W3JENUsl CTAHOBSITCS MEHBIIMMH,
deM B HeHtpe. [Ipu stom BenuyuHa |, B IEHTPATbHON YaCTH 3arOTOBKH IPH €€

MHOTOKPaTHOM JIe()OPMHUPOBaHUHU HE U3MeHseTcs. Msmepenus pacnpenenenus H,
Ha IPOJIOJIBHOM CEYEHMHU DKCTPYZaTa B HANpaBJIEHUH OT LIEHTPa K Kparo oOpasua
(MepneHaUKyYISIPHO OCH IMIIMHAPA) MOKa3aJId aHAJOTMYHBIN pe3yJbTar.

JlaHHBIE PEHTIE€HOCTPYKTYPHBIX UCCIEAOBAHUN CBUAETEIBCTBYIOT O MEPECTPOI-
K€ KpUCTAJLIMUYECKOM CTPYKTYyphl, BbI3biBaeMoi mpoueccom PKMVYD. Ha ato yka-
3bIBAIOT U3MEHEHHs B MHTErPAJIbHBIX MHTEHCUBHOCTAX / TU(PPAKIUOHHBIX MaKCH-
MyMOB. B kauectBe npumepa Ha puc. 3 npuseneHsl cuekTpsl LIIYPP, nonyuennsie

1
- 70 L N Puc. 2. Pacripenencuue
¥ —
= P MHKPOTBEPAOCTH MO Cce-
5 60 geHnio obOpaszma I1A-6
T nocre riepsoro (/), BTo-
3 poro (2), tperbero (3)
l l l l uukios PKMYD
1 3 5 7
Centre r, mm Edge
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(110)

(010) (200) 3

1 1

18 24 30
206, grad

Puc. 3. ludpakrorpammer ucxoaHoro (/)
u nedopmupoBaHHbIXx 00pasznos [1DBII
nocie nepsoro (2) u Broporo (3) UUKIOoB
PKMVYD

g TIOBII. HakomieHne miacTH4eCcKOU
nedopMaluu MPUBOANT K YMEHBIICHHUIO
uateHcuBHocter (110) u (200) makcu-
MYMOB, COOTBETCTBYIOIIMX OPTOPOMOH-
YECKOM peleTKe, W HMHTEHCUBHOCTH
(010), cooTBeTCTBYIOLIEH MOHOKIMHHON
pemierke. [lo cpaBHEHUIO C MCXOAHBIM
obpasnom /11y ymenbmaercs B 1.1 paza
pu nepBoM U B 1.2 pasza mpu BTOPOM
nukie aepopmupoBanus. s Irog 3TO
yMeHbllIeHue cocranisier 1.4 u 1.5 pa3, a
MHTEHCUBHOCTD (1) YMEHBIIAETCS COOT-
BercTBeHHO B 1.1 1 1.2 paza.

JlaHHbIE ONTUYECKOW MUKPOCKOIHH I10-
ka3pBaroT, uto PKMVYD o0ycnoBmuBaer
(dbopMupoBaHHE OPUEHTUPOBAHHBIX HAIMO-
JIEKYJSIPHBIX 00pa30BaHUi, MO-BUAUMOMY,
MPEACTABIISIONIUX COOOM TMaKeThl JIAMEJICH.

[IpuBeneHHble pe3ynbTaThl MO3BOJISIIOT
cunutath, 4yr0 PKMVYD smiserca >ddek-
TUBHBIM METOJIOM CTPYKTYpPHOU MOmuQu-
Kalluu aMOp(HO-KPUCTAJUIMYECKUX O~

MEpOB, CIOCOOHBIM IMOBBIIIATH WX MPOYHOCTHBIC XapakTepucTUKU. OOpaslipl, MOIy-
yenHele MetofoM PKMVYD, B ormmmune or PKYD umeror HewmckaxeHHYI0 (opmy.
MakcumarnbHOe YIpOYHEHHE HAO0IAeTCsl IIPU TIEPBOM LIUKIIE IEPOPMHUPOBAHUS. Y C-
TAHOBJIEHHAsl 3AKOHOMEPHOCTh CYLIECTBEHHO OTJIMYAaeTCs OT TOT0, YTO HAOJOAAeTCst
AJId MCTAJINIMYCCKUX MATCPUAJIOB. I[J'ISI HUX MNPCAIIOYTUTCIIbHBIM ABJIACTCSA HAKOII-
neHue 0onpImMX aedopMaluii B pe3yabTaTe MHOTOKPATHOTO ITUKIUpOBaHus [3].

1. B.A. ’Kopun, M.P. Kucenes, B.U. Ponoyeun, A.Il. Tuxonos, 1AH 378, 64 (2001).
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3. B.H. Bapioxun, HH. Mampocos, 3.A. Meoseockas, JI.@. Cennurosa, A.b. [[yzaoxo,
A.B. Cnyckanwox, ®TB]] 13, Ne 1, 48 (2003).

4. F.J. Balta Calleja, Structure development during polymer processing, Kluwer Aca-

demic Publishers, Dordrecht (2000).

V.A. Beloshenko, V.N. Varyukhin, Yu.V. Voznyak

MODIFICATION OF CRYSTALLIZING POLYMERS
BY THE EQUAL-CHANNEL MULTIPLE ANGULAR EXTRUSION

Potentialities of the equal-channel multiple angular extrusion (ECMAE) for structural
modification of crystallizing polymers have been investigated on the example of low-density
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polyethylene (LDPE), high-density polyethylene (HDPE) and polyamide-6 (PA-6). It is
shown that deformation of polymeric billets by the mentioned method results in typical
changes in spectra of the large-angle X-ray scattering and in the behavior of microhard-
ness as a result of crystal structure rearrangements.

Fig. 1. Dependences of the average value of microhardness on amount of equivalent de-
formation for LDPE (/7), HDPE (2), PA-6 (3)

Fig. 2. Distribution of microhardness in the cross-section of PA-6 sample after the first
(1), second (2) and third (3) cycles of ECMAE

Fig. 3. X-ray diffraction patterns of the initial (/) and deformed HDPE samples after the
first (2) and second (3) cycles of ECMAE
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PACS: 62.20.Fe, 62.80.+f

B.J1. bycos

MOrnoweHNE YINbTPA3BYKOBbIX BOJTH
B NMIACTUYECKU OE®OPMNPOBAHHbLIX NMONUKPUCTAJINAX

[oHbacckas rocygapcTBeHHasi MalLMHOCTpOMTENbHAs akageMums
yn. WkaguHoBa, 72, r. KpamaTtopck, 84313, YkpauHa

s nracmuyecku degpopmuposanuvix noauxpucmannos I'lIK-, OLK- u I'TIY-memannog
U CNIABO8 BLINOJHEH pacdem Kodgguyuenma noenoujenus yiompasgykosoix 6oin (¥Y3B)
Ha @cex 2Manax 380moyul OUCTOKAYUOHHLIX CIPYKIMYD, GKII0YAs 0OHOPOOHYIO (ppaec-
menmayuro. Tloxazano, yumo ons I'lIK- u OL[K-memannos na akycmuueckou Kpugou yc-
manocmu (3a8ucumocmu Ko3puyuenma 3amyxanus om 4ucia Yukios) 803MONCHO NO-
A6AeHUe MUHUMYMA.

BBenenune

N3BecTHO, uTO KO3 PuImeHT 3aTtyxanus ¥Y3B oy B MoIuMKpucTauiax omnpeje-
JsIeTCs CyMMOUM KO3 (HUITMEHTOB pacCessHUsl Oy M TOTJIOMIEHHS O,p. B [1] pac-
CMOTpeHO paccesiHre Y 3B B (hparMeHTHPOBAHHBIX MOJMKPUCTAIAX HAa TPAaHUIAX
3epeH nedopmarmonHoro mpoucxoxacHus. [lormomenne Y3B onpenensercs
CYMMOU BKJIAJIOB OT: TepMoynpyroro 3ddexra, TUCIOKAIMOHHOTO TPEHHUS, Mar-
HUTOYNPYTOT0 B3aMMOJEHCTBUS, B3AUMOJICHCTBUS C AIEKTPOHAMH MPOBOJIUMOCTH
U KosnebaHusAMHU pemeTkd u T.14. [2,3]. B ycnoBusx miactudeckoil aedopmanuu

pl ~pl\ ¢
(ITJT) € oCHOBHBIM BKJIQJIOM IIOTJIOIICHUS, 3aBUCSIINM OT (€ = FE, aBnsercs
v

JUCIIOKAIIMOHHOE TOTJIONIEHHE — TIOTePH Ha TPEHUE MPH KOJICOAHUSIX TUCITOKAIU-
OHHBIX CErMEHTOB B TOJIE PACHpOCTpaHSIOMIEHCS ynpyroil BojiHbl. B kadecTBe
DJIEMEHTOB 3aKPEIUICHHs] MOTYT OBITh MPUMECHBIC aTOMBI U MEPECEUYCHUS TO-
BIDKHBIX JTUCJIOKAIIMKA TP MHOKECTBEHHOM CKOJIb)KEHUU [4], mpuBOAsSIIAE K 00-
Pa30BaHUIO JUCIOKAIMOHHOM CETKH.

3a mocneAHue JECSTh JIET 3aBUCUMOCTb Oyp, OT [T/l B MerareprieBoM auamna3oHe
V3B paccMmarpuBaiy TOJIBKO Ha PAHHUX CTaIUsaX JaedopMariuu it MOHO- [S] 1 1o-
JMKPUCTALTMYECKUX [6] 00pa3loB 4MCTHIX MeTaiwioB. OCHOBHOE BHUMAaHHE ObLIO
YZI€JICHO 3aBUCUMOCTH TIOJHOTO 3aTYXaHUs O,y U CKOPOCTU pacrpocTpaHenus ¥Y3B ot
[1JI Bo BceM nuama3oHe 3HaueHWM Aedopmanuii BIUIOTH A0 paspymienus [7-9]. B
JTAHHOW paboTe paccMOTpeHO morJomieHre ¥Y3B B 00pasiiax, moaBepraeMpix MAKIH-
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geckoMy Harpyxesmo f, = 10-100 Hz ¢ ammmrynoii nedopmammm o' =

-3
=(0.5-4)-10 ~ B ycInOBHSX TUIOCKOTO YHCTOTO M3rH0a ¥ CHMMETPUYHOTO IUKJIA HC-
nbITaHui. [Ipy 5KCKITI03MBHOM BO3/1€iCTBIM 1e()OPMAIIMOHHOM BOJIHBI C YaCTOTOM f;,
o ext -4
U aMIUIUTYI0U nedopmanun € < g (CM. IpHIOKEHHE, s kene3a g ~ 7.67-10 )
3IIEMEHTaMH 3aKpETIeHHs KOJICOMIOIIUXCSI CETMEHTOB SIBIISIOTCS IPUMECHBIE aTOMBI,

ext ext o
a IIpu g; <eg <eg a — Y3JbI JUCIOKAITMOHHOU CETKH. XapaKTep AHAJIOTUYHBIX I10-

t

Teps Y3B sABnsETCS pe3oHaHCHBIM Ipu €1 < g, TJe JJIMHA CETMEHTOB Lg paBHA

CPEIHEMY PACCTOSHUIO MEKIY IPUMECHBIMU aTOMaMH L., 1 nipu g; < € < SZXt ,rne L

paBHa paCCTOSHUIO MEXTy y3JIaMU AUCIIOKAlIMOHHOMN ceTKH Ly [3].

[IpencraBnsier uHTEpeC A IMJIACTUYECKU Ne(OPMUPOBAHHBIX MOJIMKPUCTANI-
JIOB PA3JIMYHBIX METAJIOB U CILJIABOB B YCJIOBUSX LIMKIMYECKUX HCIBITAHUN TPO-
U3BECTU PacUeThl O, BO BCEM JAMara3oHe 3HaueHWH F, BKItouyask 00JIacTh OJIHO-
pPOIHOI (parMeHTaINH, B UHTEPBAJIC YaCcTOT 10°~10” Hz B6m3M MaKCUMyMa Me-
XaHUYECKOTO CIeKTpa noryomenus [2,10].

Teopernyeckas MoaeJb

B cTpyHnHoi1 Mogenu [2,3] BEIpaKEHUE Olyp, UMEET BU:
2
oy, = aN| -2 | F(o)dAL? . (1)
®o
3nech a — yncioBor kKoddduimeHt, a = 8.686;

y=2=Y )

CpTE

(rme v — xoapdumuent Ilyaccona, ¢, — ckopocTh pacnpoctpanenus Y3B (p =/, 1)
. -2 7

B MOJIMKPHUCTAIaX); A — IJIOTHOCTh AMCIOKaLMi, cm 5 o = 2nfy. fy = 10" Hz;

My — COOCTBEHHAs YacToTa KOJIcOaHUM CErMeHTa,

1/2

1| 2G
op=| 3)
L|p(l-v)
(rme G — Monynb CABUTA, P — INIOTHOCTh MaTepuana);
2 2 2|
2
Fo)=4[1-| 5 || +| = A (4)
O ®g ) \ @9
(roe d — BenuumHa neMIUpOBaHHSI,
i--"2_ 5)
npb
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B — xoaddunuent ruHamMuyeckoro TopmMoxkenus, P (myas); b — BeaudrHa BEKTOpa
broprepca).

Ota Teopus YIOBIETBOPSET SKCIEPUMEHTY IpH 3HAYEHUsIX B B mpenpenax
0.05-0.8 mP u e cermentoB Ly = 10 =107 m [3]. U3 seipakennit (1)—(5)
SICHO, YTO BCE MapaMeTphl, 3a UCKII0UeHHeM A U Ly = L, 0CTaloTCsi HeM3MEHHBIMU
B npouecce [1JI. [IpuBeaem skcriepuMeHTaIbHbBIE PE3YJIbTAThI, OTPaKAIOIIHNE 3a-
BUCUMOCTb A 1 L oT E Al 4eThIpeX OCHOBHBIX 3TAroB BOJIOLUUHN AUCIOKAIIUOH-
HBIX CTPYKTYyp [11]:

1. OnnoponHoe pacnpeneneHue nuciokanuid. [moTHOCT A MeHsieTcs B mpe-
nenax ot 10° 10 10° cm ™.

2. O6pazoBaHue KIYOKOBBIX TUCIOKAIIMOHHBIX CTPYKTYp (KT'yThI, KIIyOKH, KO-
CBl, KJIacTepsl U T.11.). [lIOTHOCTH A MeHsieTCs B AMarnazoHe 10°-10" em™

3. ®OopMHUpPOBAHUE SIUEUCTON CTPYKTYpBI C yriamMH pa3opueHTUpoBkHu ~ (.1°.
Bnytpu sueek pazmepom 0.1-1.5 pum auciokauuym paBHOMEPHO PaclpeesieHbl C
motHoctsio A ~ 10" em ™. Buytpu crenok sueex Tonmuuo# f = 0.01-0.1 um
PaBHOMEPHOCTb PACHpPEeNCHHsI COXPAHAETCs, HO A B HECKOJIBKO pa3 OoJIbIIIe.

4. ®opMUpOBaHHE OJHOPOJHON (PparMEHTHUPOBAHHOW CTPYKTYphl. BHyTpu
(parMeHTOB UMEET MECTO OJTHOPOAHOE pachpeaeneHue quciaokanuii. [lmotHocts A
3aBUCHUT OT TUIA Kpuctaumiyeckoil pemerku: aia ['TIK-mertannoB oHa cHMkaeTcst
M0 OTHOUIEHUIO K SIYEUCTON CTPYKTYpE 10 ~ 10" cm_z, s OLK-metaioB A He

MPEBBIIIACT ~ 10° cm_z, st [TTY -metannoB 3HaueHust A 3aHUMAIOT MPOMEXKYTOY-
HOE TOJIOKEHHUE.

B.B. PoiOvH BBISIBHII XapakTep SBOIOIMN CTPYKTYPHBIX COCTOSHUI B TIPOIIECCE
ITJ1: «xaxxmoe mocieayrolee CTPYKTYpHOE COCTOSIHHE (OJHOPOAHOE pachpeiesieHne
JMCIIOKALNNA, SYEHKH, (parMeHThbI) 3apOKIaeTcs B HEApax MPeIbIIyILero ... JIUIIb
TMOCJIE TOTO, KaK MOCIIEIHEE 3aBEPIIUT CBOE IBOIIIOIIMOHHOE PA3BUTUE U CTAOUIU3UPY-
ercs» [11, c. 57]. Cnenys ckazaHHOMY, MPEINOIOKUM, YTO JUCIOKAIIMOHHAS CeTKa
SIBJSIETCS] TIPOCTPAHCTBEHHOM M KyOW4ecKoM, a JytnHa Ly MOXKeT ObITh HaljieHa Yepe3
CpeIHEE PACCTOSTHUE ¥ MEX]TYy OJJHOPOIHO pacipeieieHHbIMU AUcioKarmsamu [ 11]:

L=L,=L.=r, r=A" (6)

Koaddurment nuaamMuaeckoro TopMoxKeHus B moapoOHO paccMoTpeH B [12, ¢. 265].
Ero 3HaveHus, u3MepeHHbIE MO TOJBWKHOCTH HHAMBHIYATbHBIX JIHCIOKAIUH,
coctaBysitoT (B mP) 0.17-0.7 (mst Cu), 0.19-0.26 (Al), 0.4 (Zn); usmepeHHbIC O
aMIUTMTYJHO-HE3aBUCUMOMY BHYTpeHHeMy TpeHuio — 0.12—0.85 (Cu), 1.7-3.1 (Al),
0.37 (Pb). dnsa meramnoB ¢ OIIK-pemieTkoil mpou3BeneM OIEHKY 1O KPUBBIM
MOJIBI>KHOCTU WHAWBUAYAIBHBIX TUCIOKAIIUN U3 COOTHOILICHUS

B= lim ——, (7)

TAC G — NPUIIOKCHHOC HANPSAKCHUC, V — CKOPOCTh ABWIKCHUA WHIWBUAYAJIbHBIX
muciokarmid. [l momubaena By, = 1.77 mP [13, c. 53], ans xene3a Bge = 1.62 mP
[12, c. 233].
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[MoxcraBum (6) B (1) 1 mpuaeM K cIeayroe 3aBUCUIMOCTH O, OT A
oy = mF(o,00(A))A™. (8)

B pabote ncnons3oBansl Tabnuunbie 3Hauenus G, v, p, ¢j, ¢;, b [14] (B cTpyH-
HOUM Mozenu nedeKThl MOIyNst Ag U CKOPOCTH A, IPUHUMAIOTCS MalbIMH [2], 1
3aBucuMocTsMu G(m), v(w) B pacuere mpenedperaem). s Cu, Al, Zn, Pb, Fe,
Mo 3HauyeHus1 m MPUBEICHBI B TAOIUIIE.

Tabnuma
Meramt (mr10'%)" (m10'%)"
Al 0.223-2.232 0.454-4.537
Cu 0.192-0.958 0.398-1.992
Fe 1.703 3.084
Mo 0.334 0.628
Pb 2.686 8.287
Mg** 3.333 6.306
Zn*H* 0.337 0.657

*KoaduuueHTs! m; u m; A7 TPOJOIBHBIX U MONEPEUHBIX BOJIH.
** s Mg u Zn npunumaerces v = 0.3.
*#* st Zn B3sTO pacueTHoe 3HaueHue G = cq; — c1p/2 [10].

PesyabTaTsl pacyera
1. Memannw ¢ I'l]K-pewiemxoit

Jlo mosiBIIeHHs] JUCIOKAMOHHBIX CETOK CErMEHThlI JIJIMHOW L. ONpEeNesstoT
3Hauenre kod(dunuenta nornomenus Y3B ucxoanoro nonukpucramia oy . Ha
BTOPOM U TPEeThEW CTaAusAX KpuBoW ynpouHeHus [1J] monvkpucranaioB ocyniecTB-
JSETCSI IO HECKOJIbKMM CUCTEMAaM CKOJIBKEHUSI, YTO TMPUBOIUT K OOBEMHBIM JIHC-
JIOKAallMOHHBIM ceTKaM. Ecaum MCXOIHOE COCTOSHHME — OTOXOKCHHBIM IOJUKPHU-
CTaJlJI, TO CETKH BO3MOXKHBI, HAUMHasl ¢ 00pa30BaHUs KIIyOKOBBIX CTPYKTYp — BTO-
pOro 3Tama 3BOJIOLMY U B TEYEHHUE MOCIENYIOUMX 3TanoB. Onumem npeamnosa-

TaeMBIM X0 U3MEHEHHUS Oy}, C TIOMOIIIBIO (6).

i y -1
Ha BTOpom orame o, BO3pactaeT Or oy 10 3HaueHwmit 222.38-3304.0 m

(mmst Al) m 191.78-1916.2 m! (mns Cu), a 3aTeM MOHOTOHHO YOBIBA€T COOTBET-

cTBeHHO 10 2.23-4537 m ' m 1.92-19.92 m ' B pesynbrare (pOPMUPOBAHUS
ssuencToi cTpykTypsl. CorntacHo yrBepkaeHuto [11, ¢. 4] Ha sTane oOpazoBaHus
OJIHOPOAHOM (parMEeHTUPOBAHHON CTPYKTYPBI Oy, ONPEIEIISIETCS BEIPAKEHUEM

Oap = fr0u + 2002, ©)

rae fi, oy, U f, 0y — 00beMHBIC J0JIU U KOA()PHUIIMEHTHI TOTJIOMIECHUS TYCHUCTOU 1
(parMeHTHPOBaHHOI CTPYKTYp COOTBETCTBEHHO. Ha maHHOM 3Tane f, n3MeHseTcs
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B nuamnazone 0.1-0.3 u o, MOHOTOHHO pacTteT A0 22.32—451.98 m ! (Al) n
19.16-199.12 m ™" (Cu) B 3aBHCHMOCTH OT B 1 THMa najaromiei BoHbI (/, 7).

2. Memannwt ¢ I'l1Y-pewemxoi

Oco6ennoctu I1]] momukpucramos Zn, Mg, Pb uzBectnsr [15-17]:

1. ITJI mo ogHO# cucTeMe CKOJIbKEHUSI BCETAa OCYIIECTBISIETCS COBMECTHO C
MIOBOPOTOM 3€pHA KakK IIeJIOT0 U B MPUTPAHUYHBIX 30HAX (30HAX CTECHEHHOW Je-
dbopMaluu) myTeM MEK3epEeHHOT0 MPOCKaab3biBaHUSA. DparMeHTanus KaK aKKo-
MOJALIMOHHBIN IIPOLIECC COCPEIOTOUYEHA B TEX KE MPUTPAHUYHBIX 30HAX, IPUYEM
f>=0.01-0.1[16,17].

2. TToBOpOTHI 3epeH 00YCIOBIMBAIOT BOSHUKHOBEHHE MEIKUX TPELIUH MPaKTH-
YEeCKHU € caMoro Havana rukiupoBanusi. Cornacto (6) u (9) Ha 3Tane ogqHOPOAHOU
(parmMeHTanMu o, cocrasiser 8.42-259.81 m! (Pb), 9.93-187.9 m! (Mg) u

1.06-20.8 m™" (Zn).
3. Memannwt ¢ OI]K-peutemxkon

Mexanusm I1J] 1 xapaktep 3BOJIONUU JUCIOKAIIMOHHBIX CTPYKTYp st OLIK-
MeTtauioB Takue ke, kak u ans ['TK-meramnos. [lns pacuera o, UCHOIB3yeM
-1
BeIpaxkeHus (6) 1 (9). 3HaUeHUS O, COCTaBAT Ha JaHHOM JTamne 444.4-804.3 m

(Fe) m 99.53-186.88 m! (Mo) nipu f5 = 0.3 1151 060MX TUIIOB BOJIH.
4. Cnnaewl

B nacrosmieit pabote orpaHUYMMCS CTASIMU TIOCIIE 3aKaJIKU M OTIycKa. B 3a-
KaJCHHBIX CTaJsX MPH OJHOOCHOM PACTsDKEHHHM 00pazoBaHHE (pparMEeHTHpPOBAH-
HOHM CTPYKTYpBI Ipoucxoaut 0e3 ¢opmupoBanus suenctou [11, c. 74]. Ilmot-
HOCTb A MOHOTOHHO BO3pPACTaeT OT ~ 1.2:10" em™ (Tp OTHOCHUTEIILHOM CYIKe-
Hun y = 0) 1o 510" cm ™ (mpu y = 0.55). fIcHO, UTO MOTEPSIMU HA JUCIIOKALIU-
OHHOE TPEHHUE JUISl ITHX cTajeld MOXHO mpeHeOpeus. M3BectHo [18, c. 158], uro
npu otnycke craieit npu temneparypax ot 100 1o 400°C mioTHOCTh AUCIOKALMI
CHIDKAETCS 10 10'°-10" cm_z, a ipu temneparypax ot 400 no 700°C — eme Ha
HOPSIOK: 10 10” cm ™. Anaus IIOKa3bIBACT, YTO IPU YCTAIIOCTHBIX UCIBITAHUAX
OTITYIIEHHBIX CTaJIbHBIX OOPA3I0B HA MEPBBIX TPEX ATAMAX IBOJIOLMHU Olyp, CHUXKA-
ercs oT 880.56-1595.21 m . no 9.2—-16.7 m_l, a Ha fTane (pparMeHTalll — BO3-

in
pacTaer K BEJIMYUHE Olgp, f5 .

B 3akmiouenue omnpenenuM BIUSHHE APYTUX BHAOB MOTEPh HA MOTJIOLIECHUE
V3B [2,3,19]:

1. Tepmoynpyrue moTepu B MeTaJIaX ISl TPOIOJIBHBIX BOJIH TIPH fi7 = 10’ Hz
nopsiaka 0.01-0.54 m_l(nnﬂ Pb 2.5 m_l). JIst TIONepEeYHBIX BOJIH OTH IIOTEPH OT-
CYTCTBYIOT.

2. BzaumonelcTBre ynpyrux BOJIH C 3JIEKTPOHHOM MOACUCTEMOM CTaHOBUTCS
3aMEeTHBIM Ipu TemnepaTtypax Hrke 10 K [2,3].
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3. Ilpu xOoMHaTHOHN TemmepaType M B AMANA30HE YaCTOT < 10° Hz 3aTyxaHue
YOPYTHX BOJIH SIBJSIETCS] MPAKTHYECKU TEMIIEpaTypHO-HE3aBUCUMBIM [ 3, c. 218].

4. DKcnepuMeHTaIbHbIC JaHHBIE O BIMsHUM Oombinoii I1/], B uactHocTH (par-
MEHTAlMM, Ha MarHUTOYIIPYro€ B3aUMOACUCTBHE B JINTEPATYPE OTCYTCTBYIOT, HO
ormeuaercs [19, c¢. 119], yTo noMeHHass MarHUTHAsI CTPYKTypa B KPEMHHUCTOM XKe-
Je3¢ IPETepreBacT CYLIECTBEHHBIC W3MCHECHHsS, BBI3BAHHBIC IIMKIMYECKHM Ha-
IPY>KEHHUEM.

O0cyxneHne pe3yJibTaTOB U BHIBObI

CpaBHUM pacueTHbIE 3HAYEHUS Olap, TOTYUCHHBIE JUISl MJIACTUYECKU Ae(POpMHU-
POBaHHBIX TMOJUKPUCTAIUIOB BBIIICHA3BAHHBIX METAJUIOB M CIUIABOB, C AKCIIEpPU-
MEHTaJIbHBIMH 3Ha4eHUsAMHU 0O [20,21] HemedOopMHPOBAHHBIX IOJUKPUCTAIIIOB
npu cpenHeit Benuunne 3eped D = 30—60 um u fi; = 10" Hz. Onpenenum coBMme-
CTHOE BIIMSIHUE PACCESHUS U MOTJIOLIEHUS Ha XapaKTep TEOPETUYECKON aKycTHuye-
CKOM KPHBOM YCTaNOCTH [ 1] — 3aBUCUMOCTH Oy OT YUCIIa HUKIOB V.

1. Ha nepBom 3Tarne 3BOJTIOLUH JUCIOKAUOHHBIX CTPYKTYpP MOTJIOLIEHUE BbI-
3BaHO KOJICOAHUSMH IHMCIOKAIIMOHHBIX CETMEHTOB Ha MPUMECHBIX aToMax U
Olap << Ol 111 BCEX METAJIOB, KpoMe Mg.

2. Ha Bropom stane mnsa otoxokeHHbIX ['IIK- u OLIK-meTannoB o,y UCOBITHI-
BACT MOJIOKUTEIBHBIM CKAYOK [Q,p] < O s I'TIY-meTamioB auciokaloHHbIE
CETKH HE BO3HHUKAIOT, U 0O4(/N.) BBIpOXKAAETCS B IUIATO (OTCYTCTBHE CKayka): a)
pu KOMHATHO# Temneparype st Pb; 6) mpu 100—200°C u BbIime — ayis Mg u Zn.

3. Ha TpeTbem sTare S4YeucTor CTPYKTYpPbl COOTHOIIEHUE Ol << Oy UMEET Me-
CTO Ui BceX 0e3 UCKITFOUEHUSI METAIIJIOB.

4. Ha sTane omHOPOJHON (PparMEHTHPOBAHHOW CTPYKTYpPBI PAacCCESHUE U JIHC-
JIOKALIMOHHOE MOTJIOIICHHE KaK COCTABIISIIOLINE 3aTyXaHUs SIBJISIOTCS TPOTUBOIIO-
JI0KHO HamNpaBJIeHHBIMU, KOHKypUpYyIomUMHU (akropamu. Eciau cormacuo [1] oy
cHmxkaercs B 1.5-2.6 pa3za, T0O o, BO3pacTaer Ha oauH-ABa nopsaka. Jns ['K- u
OLIK-MeTaiyioB POCT 0Ly, B OCHOBHOM OINPEETSAETCS 3HAYCHUSIMH THHAMUYECKO-
0 TOPMOKEHHsI B 1 00BeMHOM 107U f7. JIJIsl TUX METaIOB COBMECTHOE BIIUSTHUE
Os M Oy, MOKET IPHUBECTU JHOO0 K BBIXOAY Ha MJIATO, MO0 K MOSIBICHUIO MUHHU-
Myma Ha oy(N,). CyiecTBoBaHHE HECKOIBKHUX (POPM aKyCTUUECKOW KPUBOHM ycTa-
JIOCTU MOKET OBITh BBI3BAHO OTHOCHUTEIIBHO OOJNBIIMM pazOpocoM B BCIIEICTBUE
Pa3IUYHBIX IPUYMH: HEOJHOPOJHOIO paclpeesieHusl TUCIOKalMii jieca 1Mo oobe-
My 00pasia, SKCIePUMEHTAIBHBIME MOTPEITHOCTAMU U T.A. PopMa MUHHMyMa
og(N,) ompenensercs, MO-BUIUMOMY, TaKK€ CTEIEHBIO CHIIOBOTO BO3JICHCTBU.
Hns I'TTY-meTtannoB, B 4acTHOCTH Il Pb, BIHsSHHAE TUCIOKAIIMOHHOTO IOTIIONIE-
HUS Ha MOPSIOK MPEBBIIIAET TEPMOYIPYTUe MOTEpH (laHHBIE O O Ay Pb u Zn B
JUTEpaType OTCYTCTBYIOT); AJi1 Mg 3HAUE€HHUS Olp U O [20] — BEIMUMHBI OJJTHOTO
MOpSAIKA, YTO MOKET MPHUBECTU K CYHIECTBOBAHWIO MUHUMYMa Ha aKyCTHYECKOU
KPHUBOU YCTAJIOCTH.
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5. Jlns cranieil BaXXKHYIO pOJIb UTPAET UCXOJHAs CTpyKTypa. ISl 3aKaJleHHBIX
CTajJiell BIIUSIHUE Olpp HA XapakTep aKyCTUYECKOW KPUBOM YCTaJIOCTH HE3HAYM-
TCIIBbHO. I[JISI OTIMYHICHHBIX cTaJied Ha MEPBLIX TPEX 3TAalax 3BOJIONUN UMCCT MC-
CTO MOHOTOHHOE CHUXEHHUE O, Ha OJMH-IIBA MOPSAJKA, HA ATane OJHOPOIAHOU

(parmeHTanMK — BO3BPAT K 3HAYCHHUIO Olyp /5 -

IHpunooicenue
PaccmoTpuM BiMsiHHUE NPUMECHBIX aTOMOB HA JHUCIOKAIIMOHHOE IOTJIOLICHHUE
V3B, B yacTHOCTH aTOMOB yriepoja B o-Fe, mpu BblllIeyKa3aHHBIX 3HAUYEHUSAX
CHJIOBBIX M YaCTOTHBIX XapaKTEPUCTHK M KOMHATHOW Temmepatype. IIpumMecHbie
aTOMBI U CETMEHTHI JUCIOKAIIMOHHON CETKU SBISIOTCSA MOTEHIHMATbHBIMU Oapbe-
pamu Ui MOJABMKHBIX AMCIOKanuii. OLEHUM CTENEHb UX BO3ACUCTBHSA Ha IOJ-
BHJKHBIE JUCJIOKALUU C IIOMOIIBIO CPEHErO0 BPEMEHU TEPMUYECKU AKTUBUPYEMO-
ro nmpeogoneHus 6apwepa T, [11, ¢. 161]:

Tae = T0 eXp((]]f?j, (I1.1)

rne ty=f; ! (fs — yactoTa KonebaHUN OUCIOKALMN MOJ JIEHCTBUEM TEIUIOBOTO

JIBHYKEHHSI aTOMOB, fy7 ~ 105! [15, c. 137]);
U(c)=Uy —GbAxL,,, (I1.2)

Up — BbICOTA MOTEHIIUATLHOTO Oapbepa,
Uy = j F(x)dx, (T1.3)

F(x) — cuna B3aumoieiicTBHsI Kak (DyHKIIMS PACCTOSIHHS X BJIOJIb HAIIPABJICHUS /; B
IJIOCKOCTH CKOJILKEHHUS C HOPMAJIBIO 71j; G — BEJIMYHMHA CIBUTOBOTO HAIIPSKECHHUS
B CHCTEME CKONbXKenus (/;, 1)),

o=1(c5" +cf n;, (IL4)

-3
rie oj — TeH30p BHEIIHErO CHIOBOIO HAIPSKCHMS; 1y =G5 = (0.5-4)10G;
Gl[f — TEH30p HAIpPsKEHUs, BO3HUKAIOWIEro B Y3B; npu *KUIKOCTHOM CBSI3U Ibe-

30mpeoOpazoBaTelisi ¢ 00pa3loM aMILTUTYAHOE 3HaYCHUE cla] ~ B, rne Py — am-

IUTUTYIa 3BYKOBOTO JIaBJICHUSI B KUIKOCTH, Py = p,.c,Oyig, Uy — aMILTUTYy1a
CMEIIEHNS YacTHUIl, Uy = 1~10_10 m [22, c. 30]; Py = 103 N/mz; Ax — mmpuHa
PHEPreTHUECKOTo Oapbepa; L, — IUIMHA OTpe3Ka MUCIOKAIUHU, MPUHUMAOIIETO
y4acTHE B aKTHBAIIHH.

Jnst mpumecHbIx aToMOB Uy paBHa SHEPIUU B3aUMOJICHCTBUS aTOMOB YIiiepoaa
W a30Ta ¢ cioKareit, Up ~ 0.5 eV [15, c. 133]; Gre = 4.8-10'° N/m? [14, c. 37];
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7
a G,
PwCw

Il cpe= ¢; = 3.23-10° m/s [14], pre = 7.87-10° kg/m’ [14] u obAXL, = 0.675 eV,
kT =2.53-10" eV. Otciona u3 (IL.1) Tpc ~ 7.43-10* 5. Ananoruuno mis atomos

1/2
2
Lo=Ar=3b=1510"m; oV z[pFecFePUJ — 41510’ N/m%; oV ~ 107

Cu, pactBopennsix B Matpuuie Al, Al — B Cu, Mg u Zn 3nauenus Uy ~ 0.1-0.3 eV
[15, c. 133] 1 BEeJIMUUHBI Ty MBI IO CPABHEHUIO C Ty).

B oTHOlIEHMM BakaHCUN OTMETHM, YTO paJualibHbIE CMENIEHUS BOKPYI BHE-
JPEHHOT'0 aToMa MPUMEPHO B 6 pa3 Ooublie, 4yeM BOKpYr BakaHcud [4, c. 181], u
SHEprus B3aUMOJIEHCTBUS NUCIOKaMu ¢ BakaHcued W; = Uy < 0.015 eV, T.e.
BIIMSTHUEM BaKaHCUI MOXHO MPeHEeOpeUb.

Jost nepecevenuit qucnokanuit Uy onpenensiercst cymmon W u Wez, tme W —
SHEPTUsl B3aUMOACUCTBUS sAep AUCIOKauil, W, = aGb3, a=0.1-0.2 [4, c. 248],
Harpumep ais xxenesa W, = 7.49 eV; sHeprus B3auMozeicTBUs YIPYTUX MOJEH Jic-
JOKaui W, ; 3aBUCKT OT THIIA IMCIIOKALMH, 00pasylolIMX CETKY, XapakTepa Hepece-
YeHU (OT MPUTSATHBAIOIIMXCS WM OTTAIKUBAIOIIMXCS COSAUHEHUI), YIJIOB BCTPEUN
JMCIIOKAIIMH, MEPECEKAOMIMXCS TUIOCKOCTeR U T.11. [4, ¢. 200]. Dueprust W, MoxkeT

U3MEHATHCA OT HYJId 10 3HA4YCHWM INOpsaKa i;szLa. Ipu L, = 20-100 A,

max|J¥, ;| ~ 83 eV, npu Ax > 20b, GbAXL, ~ 6.7-13.4 eV. Tpn Wz = 0 1 U(o) >

>0.24eV,tne c > 2.24 10_3G BpeMs aKTUBALIUU Ty ~ 10, TAE T — nepuog Y3B.
N3 cooTHOMNICHNS

exp(Uk(;)j >10°, (I.5)

pU KOTOPOM T << Ty, HaiiileM IpeenbHOe 3HaYCHHE |G)|, HUXKE KOTOPOTO He

HPOUCXOAUT OTPHIB MOJBIDKHBIX IHCIOKAIMi OT aTOMOB yriepoja WM a30Ta:
—4

o~ gG = 7.67-10 "G, u nyuHa KOJEOTIONUXCS CETMEHTOB PE3KO COKpAIIAeTCs

. a
JI0 3HAYECHUU 7 = ﬁ , [15, ¢. 155], rne r — paccTossHME MEKYy aTOMaMH yTJIepO-
l/c

Jla B peleTKe, ¢ — 00beMHOE COJIep)KaHue yriiepoja, a — napamerp pemietku. [pu
¢ = 0.1-0.15% 3Hauenue r = 3a. OTMETUM, YTO B JAHHOM pacyeTe BIUSIHHUEM H3-
BECTHBIX aTMoc(ep mpuMeceit U KOppeNSIMOHHBIX 3((HEKTOB MEKIY MPUMECHBIMH
aToMaMu (0Opa3oBaHME 30H) MPHU MUKIMYECKUX UCTIBITAHHUIX IpeHeOperaem.
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V.L. Busov

ABSORPTION OF SUPERSONIC WAVES IN PLASTICALLY
DEFORMED POLYCRYSTALS

Coefficient of the supersonic wave absorption has been calculated for plastically de-
formed polycrystals of BCC, FCC, FCP metals and alloys at all stages of dislocation-
structure evolution, including the uniform fragmentation. It is shown that in the case of
FCC and BCC metals a minimum may occur on the acoustic curve of fatigue (the de-
pendence of attenuation factor on the number of cycles).
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PACS: 81.20.Ev

B.l. Anekcees, HO.A. dapaa, A.C. JomapeBa, I".I1. MuxanneHko,
T.B. Psabununa, B.H. MNpsagko

M3rOTOBNEHUE N3LOENUN N3 KAPBUOOCTANN
C NCMNOJIbSOBAHVNEM METOOA TMAPOIMNPECCOBAHNA

HayuyHo-npoun3BoacTBEHHOE NpeanpusTue «3TanoH»
yn. P. Jliokcembypr, 72, r. loHeuk, 83114, YkpauHa

Ilposedeno uccnedosanue GIUAHUA SPAHYIOMEMPULECKO20 COCMAsa Ovicmpopedicyujeti
cmanu Ha NIOMHOCMb NPeccosoK. H3yuensl MUKpocmpykmypa u cgoucmea uzoenuii no-
cie AHeuoKohasHo2o cnekanus u nociedylouei mepmoobpabomru. Memooom nopowxo-
60U MEMANTYPeUU 8 COYEMAHUU C SUOPONPECCOBAHUEM NOTYYEHbl MATONOPUCHble U30e-
JIUS U3 KApOUOOCTANY, UMeIoWUe BbICOKULL YPOBEHb IKCHIYAMAYUOHHBIX CEOUCME.

Kapbunocranu — 3T0 HOBBIN Kj1acC MHCTPYMEHTAIbHBIX MAaTE€pPHalIOB, KOTOPHIE
WHTEHCUBHO HCIIONB3YIOTCS B HacTosmiee BpeMs. OHM MPECTaBISIOT COO0M KOM-
MO3UI[MOHHBIE MaTepuabl, COCTOSIINE U3 3epeH KapOuIOB WM KapOOHUTPHUAOB
TYrOTJIaBKMX METAJUIOB, PAaBHOMEPHO pPAclpeAelieHHBIX B MaTpPHUIIE U3 JETUPO-
BaHHOU cTaiu. [lomydaroT ux MeTogaMu mopomkoBoid Metamutypruu [1]. Kapou-
JOCTAJH CITY>KaT JUISl U3TOTOBJICHUSI METAILIOPEXKYIIET0 HHCTpyMeHTa. OJHaKO He
MeHee 3(PPEKTUBHO OHM MOTYT HCIIOJIb30BAThCS ISl U3TOTOBIIEHUSI U3HOCOCTOM-
KUX W3]V, paOOTaIoNMX MPU BBICOKUX CKOPOCTSIX M TEIUIOBBIX 3HAKOIEpe-
MEHHBIX Harpyskax (Hampumep, pOJUKOB BBOJHBIX KOPOOOK MPOKATHBIX CTAHOB).
[To cnyxeOHBIM XapaKTEpPUCTUKAM OHHU 3aHHUMAIOT MPOMEKYTOYHOE TOJOKEHUE
MEXly TBEPAbIMH CIUIABAMH U JIETUPOBAHHBIMHU CTaJsIMHU, cOoueTasi TBEPAOCTh U
M3HOCOCTOMKOCTB MEPBBIX C MPOYHOCTHIO U BA3KOCTHIO MOCAEAHUX [2].

B nanHo# paboTe M3y4eHBI YCIOBUS MOTYYEHUS TJIOTHBIX U3HOCOCTOMKHUX W3-
JENUN U3 CMECH MOPOIIKOB ObICTpopexyieit ctanmu POMS®D3 u 20% kapbuna tu-
taHa TiC (kapOumocTaan) METOJOM THAPOCTATUYECKOTO MPECCOBAHUS M TOCe-
JYIOILETO CIIEKAHUS.

CaolicTBa KapOUIOCTaIM 3aBUCIT OT COCTaBa, JAUCIEPCHOCTH U MOpPdOIOruu
yactull OwicTpopexymei ctamu U TiC, MUKPOCTPYKTYpPhl MAaTpPHIIbI, HATUYHS B
Hell nedekToB u Ap. TexHoaorus noaydeHus KapOouIoCTaau 3aKiIoyaeTcs B cMe-
[IMBaHUY ITOPOIIKOB TYTOIUIABKUX KapOUOB CO CTALHOM CBSI3KOW, U3METbYCHUN
cMmecH, (OPMOBAaHUU MPECCOBOK U CIIEKAaHUM UX B BaKYyMHBIX e€4ax MpU TeMmIle-
parype 1350-1400°C. YnnoTHeHHe IPECCOBOK MPOMCXOIUT B PE3YiIbTaTe JKUIKO-
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¢aznoro cnekanus. [IpenMymiecTBO 3TOH TEXHOJIOTUH — BO3MOXKHOCTB TTOTyYEHHS
3arOTOBOK, MAKCUMAJIbHO MPHOIMKEHHBIX IO (JOPME K TOTOBBIM U3/CITHSM.

C menpio ONTHMH3AIMN PEKMMa M3TOTOBJIICHUS W3JICIHHA MCCIEAOBAHO BIIHS-
HHUE TPaHYJIOMETPHUECKOr0 COCTaBa OBICTPOPEXKYIIEH CTalIK Ha IUIOTHOCTH Ipec-
COBOK (puc. 1,0). XapakTepucTHKa MOPOIIKA CTAIN MOCIE U3MEIbUCHHS B TeUe-
Hue § h B BUOpalMOHHOM MeNbHUIIE MpeICTaBlIeHa B TabHIIe.
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Fractional composition of powder, um Fractional composition of powder, um
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Bulk density of powder, g/cm
;
Relative density of billets, %

Puc. 1. 3aBHCHMOCTh HACHITIHOM TJIOTHOCTH TOPOIIKA (@) ¥ OTHOCHTENLHOM TUTOTHOCTH 3aro-
TOBOK ITOCJIE THAPOCTATHYECKOM 00paboTKH (6) 0T (hpaKIMOHHOTO cocTaBa ropoiika POMSd3

Ta0numa
@DpakUMOHHBII COCTaB MOPOIIKA ObICTPOpe:KyIei cTaau POMSD3
IIpouenTHOE Pa3mep vactur, pm
COACpIKaHuC <800 <500 <250 <160 <90 <63
(paximn >500 | >250 | >160 > 90 > 63 > 40 <40

<800 5 34 27 14 6 14 3
<250 - - 12 22 13 27 26
<90 - - - - 8 48 44
<40 - - - - - - 100

Hcrnonp30Bamu  MOpOHIOK  ObIcTpopexymier cramm PO6MS®D3  dpakiuun
(<40)—(< 250) pum, cpeanuit pazmep yactull kapouna turana < 10 um. Cwmere-
HUE TIOPOIIKOB OBICTPOPEXKYIIEH CTAIM U KapOuaa TUTaHa OCYIIECTBIISUIM B BHO-
PAIMOHHBIX MENBHUIAX, TJI€ OJHOBPEMEHHO MPOUCXOIUT U U3MEIThUYCHUE YACTHI]
nopoika. [[ns Oosiee paBHOMEPHOTO CMEUIMBAHUS LIUXTY AOIMOJIHUTEIBHO IO-
MeNIanu B cMecutelb. @opMOBaHHE CMECH OCYIISCTBIISIM B TUAPOCTATE HA THJ-
paBiryeckoM mpecce. OnTUMaIbHBIN YPOBEHB JaBIEHUS cOCTaBisul S—6 kbar, Tak
KaK MpU JaBICHUSX, MEHbIINX 5 kbar, MpOYHOCTH MPECCOBKU HEIOCTATOYHA IS
nanpHenen pabotel ¢ 3arotoBkoil. [Ipm nmaBnmenusx Beime 6 kbar mmoTHOCTH
MPAKTUYECKH HE BO3pacTaeT (KpuBasi BRIXOAUT Ha HacklmeHue). Kpome toro, mpu
OTHOCHUTEIIbHO MJIOTHOCTU 3aroTOBOK Ooisiee 75% B mpoliecce CrieKaHus 3aTpya-
HEHO BBIJICIICHUE OKHUCH YTIIEpoa, 00pa3yIoleics Py B3aNMOICHCTBUH yIIIepO-
Jla C MOBEPXHOCTHBIMU OKHCHBIMM IUIEHKaMH, YTO MOXXET IpPUBECTU K pa3z0yxa-
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HUIO 3arOTOBOK B Tporecce cnekanus [3]. 'mapoctaTnyeckoe JaBJICHHUE MOJI0XKH-
TETHHO BIUSET HA PABHOMEPHOCTD YCAJIKH M3 MIPH CIIEKAaHUH U 00eCTieynBa-
€T OJTHOPOJIHYIO MJIOTHOCTh U3JENui. Yike npu 00paboTKe MOPOILIKOB JaBICHUEM
(o criekaHMsI) CUEIUICHHE MEXKY YaCTUI[AMH M MPOYHOCTh MPECCOBOK yBEIUYH-
BaroTcs. OOpa3oBaBmIecs TPy 00pabOTKe TaBIEHUEM MECTa COSAMHEHUS YaCTHIl
IpH TIOCTICAYIONIEM CIICKAaHUM SIBISIOTCS OOJIACTSMU WHTEHCUBHBIX MU Y3UOH-
HBIX mporeccoB. C yBeTUUYEHHEM pa3Mepa YacTUIl OBICTPOPEKYIIEH CTaau MIoT-
HOCTb M3JIeNUil I0CiIe THAPOCTATUYECKOW 0OpaObOTKH MOBBIACTCS: TSl TOPOIIKA
¢dpaxun < 40 um IOTHOCTH U3AENUS COCTaBIsIET 65—67%, B TO Bpems Kak AJis
¢dpakuun < 800 — 83%. D10 CBA3aHO C pa3HON HACBHITHOW IUIOTHOCTHIO MOPOIIKA
paznuuHo#t ¢ppaknuu (puc. 1,a).

CripeccoBaHHbIE U3JENUS TOABEPTaIy KUAKO(DA3ZHOMY CIIEKaHUIO — OJHON U3
BOKHEHIINX TEXHOJOTUYECKUX OMNepaluid, MPUMEHIEMbIX B MOPOIIKOBOW MeETa-
nypruu. CriekaHue TPUBOIUT K YCAJKe MPECCOBAHHOTO M3/EIUS W TOBBIIICHUIO
€ro MEXaHMYECKUX CBOMCTB, MPEXJE BCEro MPOYHOCTU, CIIOCOOCTBYET CHATHUIO
OCTaTOYHBIX HANPSHKEHUH MOCIE MPECCOBAHMUS, BOCCTAHOBJICHUIO OKHUCIOB. Oc-
HOBHBIMH TEXHOJIOTMYECKUMHU MapaMeTpamMH CIIEKaHHs SBISIOTCS TemIepaTyp-
HBII PEKUM U TIPOIOKUTEIHHOCTH TIpoIiecca.

CriekaHHe MPOBOIMIN B BaKyyMe 10'-10~ mm Hg. TexHOMOTHYEeCKHUA UK
cniekanust coctasisut 30 h. Harpes 3arotoBok B kamepe OCYyLIECTBIISUIA CTYIIEHYATO.
N3otepmuueckas BblIepKKa MpH KUAKOPa3HOM CIIEKaHUH MPUBOAUT K Ooee paB-
HOMEpPHOMY pacCHpesieNeHHI0 XUIKOM (a3pl o o0bemy. Temmeparypa crekaHus
cocrapisia 7' = 1370—1390°C, Beinepkka 2 h. CtyneH4yaroe oxjakaeHHE TPOBO-
JIAITK C BBIJIEPYKKAaMU TIpU TemnepaTypax (azoBoro npespamierus. OMUCaHHBIN pe-
YKUM TO3BOJISIET MOIYyYaTh U3/1EIUsI C OTHOCUTENBHOM INIOTHOCTBHIO P = 95-97%.

OCHOBHBIMH TIOKa3aTENSIMH ONTHMATbHONH MHKPOCTPYKTYPHI KapOumocTamu
ABJISIIOTCS] pacupezeseHne kapOul0oB TUTaHA B CTaJIbHON MaTpulle, MIOTHOCTh
Martepuaina u (a3oBbIil COCTaB MaTPHUIlbl. MUKPOCTPYKTYpa CTallK MOCIe OTKHU-
ra mpezacTtaBieHa Ha puc. 2. [lociae omkura xapouaoctaib UMeeT TBEPAOCTb
38—45 HRC, urto mo3BoisieT ee mMexaHM4ecku oOpabarwiBaTh. [locne 3akanku
MUKPOCTPYKTYpa COCTOMT U3 CMECH BBICOKOJETMPOBAHHOIO OECCTPYKTYpPHOIO
MapTeHCUTa, HEPACTBOPEHHBIX KapOUIOB U OCTATOYHOTO ayCTeHHMTA. BenmunHa
3epHa I0CJe 3aKaJKU CTajeil OT ONTUMAJIbHBIX TEMIIEPATYP COOTBETCTBYET 9-My
6amy mkansl [OCT 5939-82. Ormyck ObICTpOpEXYyIIEH CTadd 3aKII0YaeTCs B
BBbIJICJICHUN AMCIEPCHBIX KapOUIO0B U3 MapTEHCUTA U MPEBPAILIEHUH OCTAaTOYHO-
0 ayCTeHHTa B MAapTEHCUT. DTO CONPOBOXKMACTCA YBEIMYEHHUEM TBEPAOCTH
(BTOpUYHAsT TBEPAOCTHb) M TMOJY4YCHHEM HEOOXOJAMMON H3HOCOCTOMKOCTH U
IPOYHOCTH. MaKCMMaJIbHO BO3MOKHOE TPEBPAIIEHNE OCTATOYHOTO ayCTEHUTA B
MapTEeHCUT MOKHO OCYILIECTBUTH JIMILb IOCJIE€ HECKOJIBKUX IMKJIOB HarpeBa u
oxnaxaeHus. Ilociae TpeTbero OTmycka KOJMYECTBO OCTATOYHOTO ayCTEHUTa
MUHHMAJIBHO U MPaKTUYECKHU BECh MapTEeHCUT oTnyuieH. [locne 3akanku u Tpex-
KpaTHOTO OTIYyCKa KapOUI0CTallb, MOTydeHHAs KUIKO(DA3HBIM CIICKaHUEM, UME-
eT BbIcOKyIo (64—67 HRC) TBepaocTh.
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Puc. 2. MukpocTpykTypa KapOumocTa-
11 mocine otmxkura, x 125, ®pakuus mo-
pomika OBICTPOPEXKYIIeH cTamu, pm:
a—-<40;6—-<90;6—-<250

Taxum 00pazoM, METOJOM MOPOIIKOBOKW METAJUIYPIHH B COUYETAHHM C THAPO-
CTaTMYECKUM IPECCOBAaHUEM YAAETCs MOJIydyaTh MaJIONOPUCTBIE M3ZENus U3 He-
CIUIABJISIIOIMXCS KOMIIOHEHTOB C PAaBHOMEPHBIM pacIpeiesieHUEM MEeNKO3EepHHU-
cThIX (pa3 (6e3 npumeHeHus iactTudukaropa). s U3roToBIeHUS PEXKYIIEro HH-
CTPYMEHTa PEKOMEH/IYETCSI HCIIOIB30BaTh MOPOIIOK Menkoi (< 40 um) dpaknuu,
a sl M3JeNuid, paboTarmux Ha U3HOC, — ppakuuu < 250 pum.

[IpoBeneHHbIE NPOU3BOACTBEHHBIE MCIBITAHHUS MOKa3ald, 4YTO H3HOCOCTOM-
KOCTh MOJYYEHHBIX M3JETUIl HAXOIUTCS Ha YPOBHE aHAJIOTUYHBIX 3apyOEKHBIX
15631 (117178

1. T.A. Ilymnanckas, B.A. Bynanos, B.I'. 3vipanos, ATnac CTpyKTyp HOPOIIKOBBIX Ma-
TepuajIoB Ha OCHOBE kene3a, Hayka, Mocksa (1986).

2. JLA. Hosusax, UHCTpyMeHTanbHEIC cTanu, HaykoBa mymka, Kues (1996).

3. C.C. Kunapucos, I'A. Meepcon, B.C. Ilanos u Op., B ¢0.: CrieueHHbIC H3HOCOCTOMKHUE
Mmatepuainsl. Hayunsie Tpynst MUCuC, Metamnyprusi, Mocksa (1977).
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V.P. Alexeyev, Yu.A. Darda, A.S. Domareva, G.P. Mikhailenko, T.V. Ryabinina, V.N. Pryadko

MANUFACTURE OF PRODUCTS FROM CARBIDOSTEEL
BY HYDROSTATIC PRESSING

Influence of granulometric composition of high-speed steel on density of pressed prod-
ucts has been investigated. Microstructure and properties of products after the liquid-
phase sintering followed by thermal treatment have been studied. Low-porous carbi-
dosteel products possessing high service properties have been manufactured by the pow-
der metallurgy method combined with the hydrostatic pressing.

Fig. 1. Dependence of the bulk density of powder (a) and relative density of billets past
the hydrostatic processing (6) on fractional composition of powder P6M5®3

Fig. 2. Microstructure of as-annealed carbidosteel, x 125. Fraction of high-speed steel
powder, um: a — < 40; 6 — < 90; 6 — < 250
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PACS: 72.20.-1

A.1O. MonnaeB1, n.K. Kammnoa1, P.K. ApCJ'IaHOB1, A.B. Marowle,u,oa1,
Y.3. 3anw6e|<0|31, C.o. MapeHKI/IHZ, B.M. HOBOTOpLI,eBZ, C.I". Muxaiinos?

®A30BbIE MEPEXOAbLI B MATHATHbBIX MONYMNPOBOOHNKAX
Cd1_xMn,GeAs; U Cd1_xCryGeAs, NMPU TUOPOCTATUYECKNX
AOABIEHNAX OO 9 GPa

1V|HCTVITyT dm3mkm [larectaHCKOro Hay4Horo ueHTpa PAH
yn. M. Aparckoro, 94, r. Maxa4dkana, 367003, Poccus
E-mail: a.mollaev@mail.ru

2 o .
WHcTuTyT 0buen n HeopraHuyeckon xumumn um. H.C. KypHakosa PAH
Mocksa, Poccus

Hzmepena memnepamypHas 3a8UcumMocms YOeibHO20 INEKMPOCONPOMUBIEHUS U KO-
Guyuenma Xonna npu ammocpeprom oagieHuu ¢ memnepamyprom unmepgane 77—-420 K
Ha HOBbIX MacHumHblx noaynposoonuxax Cdj_.Mn,GeAs; ¢ paznuunvim codepoicanuem
mapeanya (x = 0.06 u 0.18). Ilo 6apuyeckum 3a8UCUMOCIAM YOETbHO20 3NIEKMPOCONPO-
mueaenus p u koappuyuenma Xoana Ry obnapysicenvl cmpykmypHule ¢azosvie nepexo-
ovl Ha oopaszyax Cdj_Mn,GeAs, u Cd;CriGeAs,. U3 3asucumocment p(T) u Ry(T) pac-
CUUMAHbL MEXAHUIMbL PACCESTHUSL HOCumenel npu ammocgeprnom oaeieHuu. B obnacmu
KOMHAMHbIX memnepamyp no 3asucumocmsam p(P) u Ry(P) onpedenenvl xapakmepucmu-
yecKue MouKy u napamempuvl (azo8020 npespaujenus, OUHAMUKA USMEHeHUs. (Paz06020
cocmasa om 0agneHus.

BBenenue

CeMeicTBO TPOMHBIX MOJIYIMPOBOJHUKOB C 0011l (Gopmyoii A“BWC;/ , SIB-

JSIOIIENCS KPUCTANIOXUMUYECKUM aHAJIOTOM TOJIYIPOBOJAHUKOB AHBIV, WHTEH-
cuBHO u3yvaerca nociennue 40 ner. OgHako 10 HEIABHErO BPEMEHH TBEPIbIE
pacTBOpBIL, COAEpIKAIINE MapraHell, He paccmarpuBaiuch [1]. B mocnennue roapl
00JbIIOE BHUMAHHE YJenseTcs pa30aBIe€HHbIM MarHUTHBIM MOJIYIPOBOJHUKAM
BBHU/IY BO3MOKHOT'O ITPUMEHEHHUSI B YCTPOMCTBAX, OJHOBPEMEHHO MCIOJIb3YIOIINX
MarHuTHBIE W TIOJYIPOBOJHUKOBBIE CBOMCTBA. Hambosnee M3ydeHHOU SIBISETCA
cucrema GaAsMn, ognako temneparypa Kwopu 7¢ B Helt He npeBbimaeT 110 K.
JIJist ICTIOIB30BaHUs B CIUHTPOHUKE HYXHBI (DEpPOMArHUTHBIE MOIYIPOBOIHUKH
¢ Tc > 300 K. HenaBHo BeIcOKOTEMIEpaTypHbIH (eppomMarHeTusm Obl1 0OHApy-
xeH B xanpkonupurax CdGeP, : Mn, ZnGeP,Mn [2—-4] u ZnSnAs,;Mn [5], B KO-
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Topeix T¢c > 300 K. B MOHX PAH BnepBble OblT MOMY4EH XaIbKOIUPUT
CdGeAs; : Mn, B xotopom T¢ = 355 K [6]. I[lo nanHbIM peHTreHO]a30BOrO aHa-
Jau3a Bce 00paslbl UMENU CTPYKTYPY XaJIbKONUPUTA U SABJSUIUCH OJHO(MA3HBIMU.
W3mepenus namaranyeHHocty npoussoawin CKBHJI-mMarnutomeTpom, a 3iek-
TPOCONPOTHUBJICHUS — YETBIPEX30HAOBBIM MeToAOM. [lapamarHuTHas BOCIpHUHM-
YUBOCTH ObLIa U3MEPEHA BECOBBIM METOOM C JIEKTPOMArHUTHOW KOMIICHCAIHEH.
Temnepatypa Kropu 7¢ onpezaensercs Kak TemrepaTrypa MakCUMyMma Ha KpUBOM
3apucumocTd dM/dT ot T (rne M — HaMarHUYEHHOCTh) AJIsi cOcTaBoB 3 U 6%. Be-
muunHa T pocturaia 355 K — 3To caMoe BBICOKOE 3HAaYC€HHE B CHCTEMax

AHBIVC;/ : Mn. Bce Boimensnoxxennoe Ha npumepe CdGeAs, : Mn no3BoJsier
C/leNaTh BBIBOJ OO0 aKTyaJlbHOCTH HCCIIEIOBAaHUI SHEPreTHYECKOro CIEKTpa Io-
JOOHBIX COeTMHEHHUI MPH aTMOC(HEPHOM U BBICOKOM JIaBJICHUH M UX MOBEICHUS B
001acTH MOJIMMOP(HOIO NPEBPALLECHHS ITPU BCECTOPOHHEM CHKAaTHUH.

MeToauKa U TEXHHUKA IKCIePUMEHTA

W3mepeHuss mOpoBOAMIM HA MOHO- M IOJUKPUCTAUIMYECKUX OOpasiax
p-Cd;_:Mn,GeAs; (coorBercTBeHHO X = (.06 1 0.18) B anmapatax BHICOKOTO JaB-
neHus tana «Topou» Mpu ruapocTaTideckux nasieHusx 10 P < 9 GPa B obmnac-
T KOMHATHBIX TEMIIepaTyp Ipu noabeme u copoce nasienus [7,8]. Cuntes 00-
pa31oB NPOBOJMWIN U3 BHICOKOUUCTHIX MOpoikoB CdAs; u Ge, mpUroToBICHHBIX
M3 MOHOKPHUCTA/UIOB. MapraHer, U XpoM ucrnoiab3oBaau Mapku YJIA. OOpasisl
umenu (popmy napamnenenunena ¢ pazmepamu 3 x 1.0 x 1.0 mm, oTHOPOIHOCTB
00pa31oB KOHTPOJIMPOBAIHU 1O 3HAYEHUSM P U Ry 4ETBIPEX30HJA0BBIM METOJIOM.
OcHoBHbBIE AJIEKTPOPUINYECKUE TapaMeTpbl HUCCIIEJOBAHHBIX OOpPAa3lOB Mpea-
cTaBJieHbl B Ta01. 1, rae p, Ry U [y — COOTBETCTBEHHO YZEJIbHOE COIIPOTUBIICHHE,
kod¢durmeHT Xosia u MOBUKHOCTh HOCUTEICH.

Tabmauma 1
DJieKTpou3nyecKue NapaMeTpbl 00pa3LoB IPU KOMHATHOI TeMIepaType
" aTMOC(epHOM TaBJIeHUH

Obpasus! Ne X Ry, emC' | p, Q-em | py, em™V 5™
1 0.06 2250 10 75
p-CdiMnGeAs, 2 0.18 10 0.23 434
p-Cd; xCrxGeAs; 3 0.01 - 0.04 —

Pe3yabTaTsl n3MepeHni, 00cyKIeHne

B unrepBane remnepatyp 77.6-450 K na kpucramnax Cd;_Mn,GeAs, ¢ pa3-
JIMYHBIM COJIEp>KaHUEM MapraHiia U3MepEeHbl JEKTPOIIPOBOJHOCTh G, KOA(hdULU-
eHT Xoyuia Ry nipu atMocepHOM JaBJICHUH. Pe3ynbTaThl SKCIIEpUMEHTA TPUBE-
JeHbl Ha puc. 1 (3auepHEHHBIMU CUMBOJIAaMU 00O3HAUEHBI JaHHbIE, OTHOCALIUECS
K o0pasiy Ne 1, a cBeTneiMu — K 00pasity Ne 2). Haiinenasie o TeMrepaTypHOn
3aBUCUMOCTH JIJIs1 XOJUTOBCKOM moaBKHOCTH Wy(7) (oOpaszerr Ne 1) cremeHHbie
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Puc. 1. 3aBucUMOCTb yAE€IBbHOW MPOBOAH-
MocTH ©, kKo3(hdummenta Xomna Ry u
XOJUJIOBCKOH IOJBM)KHOCTH [l OT TeMIle-
parypsl T anst obpasuoB Ne 1 (3auepHeH-
HbIe CUMBOJIBI) 1 Ne 2 (CBETJIbIE CUMBOJIBI)

—0.8

1.05
3apucumoctd py ~ 7 " upg~T B

UHTEpBaJaX TEMIIEPAaTyp COOTBETCTBEH-
HO 150-250 m 260—400 K mno3Bonsior
ClleNaTh BBIBOJ O TOM, YTO B TIEPBOM HH-
TepBaJie TeMIeparyp mpeodIasaroT pac-
CesTHHSI Ha HOHAX IPHMECH, & BO BTOPOM —
paccesiHUs Ha KOJICOaHUSAX PEIICTKH.

Ha puc. 2 npencraBieHsl 3Kcnepu-
MEHTAJIbHBIC PE3YJIbTAaThl HCCIICI0BA-
HUS OapUYECKUX 3aBUCUMOCTEH y/Ieib-
HOTO 3JICKTPOCOIPOTHUBIICHUS M KO3(-
¢unmenta Xosia Ui 00pasloB Kpu-
crawioB Cd;_.Mn,GeAs; (o6pa3ibr Ne 1
u 2) u Cd;_,Cr,GeAs; (obpazer Ne 3).
N3 Gapuyeckux 3aBHCHMOCTEH yemb-
HOTO JJIEKTPOCOMPOTUBJICHHSI CIIEAYET,
9TO TMpPHU TOABEME AaBlieHUs (puc. 2,
KpuBas /, 3aUepHEHHBIC CUMBOJIBI) P Me-
Hsercs caabo go gasiaenua P < 0.9 GPa.
DT0 O00YCIOBIEHO TEeM, YTO CialbIii

POCT KOHLIEHTPALIUK HOCHUTENEH 3apsjia KOMIEHCUPYETCS MaJeHUEeM HX IMOJBHXK-
Hoctu. [Ipu P = 0.9 + 0.1 GPa ynenbHOE CONPOTUBIECHHUE PE3KO MAIa€T MOYTH HA
5 mopsinkoB — HaunHaeTcs (a3oBwiit nmepexon; npu P> 1.6 GPa kpuas p(P) BbI-
XOJIUT Ha HachlllleHue, (pa30BbIl NEPEXO0]T 3aBEPIIACTCS.

P, GPa
6

Puc. 2. 3aBUCUMOCTH YACIBLHOTO compoTuBicHus p (@) u kodddunuenta Xomia Ry (6)
ot gasnienust P ans oopasuoB Cd;_.Mn,GeAs, (kpussie /, 2) u Cdi_Cr,GeAs, (kpuBas
3). HoMepa KpUBBIX COOTBETCTBYIOT HOMEpaM 00pa3IioB
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B o6mactu naceimenus p(P) npu P > 1.6 GPa BenuunHa yneabHON 3IEKTPO-
npoBoaHoctd ¢ ~ 3000 O em™ snaunrenso IIPEBBIIIAECT TEOPETUYECKHU pac-
CUUTAHHbBIC 3HAYCHUSI MUHUMAJIbHOW METAJUIMYECKON MPOBOJIUMOCTH [9], KoTOpast
0 pas3HBIM OllcHKaM coctasiser ot 200 xo 1000 0 em™. Do nossonser yT-
BEPXKJaTh, YTO B KOHIIE ()a30BOT0 MEPEX0/ia UMEET MECTO METAJUTMYECKas IMPOBO-
nuMocThk. [Ipu cOpoce maBnenus (puc. 2,a, Kpubas /, CBETIIbIC CHMBOJIbI) 3aBHCH-
MocTh p(P) ucnbiThiBaet rucrepesuc u npu P = 0.6 + 0.05 GPa nabmogaercs ¢a-
30BBII NIEPEXOI.

AHaJIOTUYHBIN ClieHapuii HaO01aeTCss U Ha 0aprYecKo 3aBUCUMOCTH KO3(-
¢urnmenta Xomna (puc. 2,0, kpubas /). [locie ¢gazoBoro nepexona B o01acTu Ha-
ceiienus npu P > 1.6 GPa koHueHTpaus HOCUTEIEH COCTABISIET ~ 1020 cm_3,
YTO elle pa3 MOATBEPKAAET HAMYMe MEeTaTM4ecKor mpoBoauMocTH. Hamuuue
rucTepesrca Ha Oapuyeckux 3aBUCUMOCTSIX P(P) u Ry(P) u ToT (hakT, 4TO BEH-
YUHBI P U Ry Ipy aTMOC(HEPHOM JIaBJICHUU U MOCJE CHATUS JaBJICHHS COBIIAAIOT,
MO3BOJISIIOT cienarh BeiBOJ, uTo B Cdi_Mn,GeAs; (obpazerr Ne 1) oOHapykeH
00paTUMBIN CTPYKTYPHBINA (Pa30BbIi IEPEXO MOTYIPOBOTHHK—METAILI.

B oOpaszue Ne 2 mpu moxbeme aasnenus (puc. 2,a, KpuBas 2, 3au€pHEHHBIC
CHUMBOJIbI) OapuiecKas 3aBUCUMOCTh yJIEJILHOTO conpoTHuBieHus p(P) 10 maBie-
Hui P < 4.5 GPa mensiercst cnabo, 4To 00yCIIOBIEHO B3aWMMHOW KOMIIEHCAIIUEH
W3MEHEHUS KOHLIEHTPALUU U MO/IBMXKHOCTH HocuTenel 3apana. [Ipu P=4.5+ 0.2 GPa
3HaueHue p(P) pe3ko majgaeT MmovTH Ha TpH Hopsaka u npu P > 6.5 GPa Beixoaut
Ha HaChILIEHUE, HACTYIAaeT MeTaum3anus, ¢ = 2850 Q_l-cm_l. IIpu cOpoce nas-
neHus: (CBETJIbIE CHMBOJIBI) HAONIOAAETCS 3HAYMTEIBHBIM THUCTEPE3UC U MPHU
P=3.1 £ 0.1 GPa na kpusoii p(P) umeeT mecTo (pa3oBsIii nepexoa. bapuueckas
3aBUCUMOCTh K03 duimenta Xoimia (puc. 2,0, kpuBasi 2) uMmeeT 0oJiee CIOKHBII
xapakrep. Ha Helf MOXKHO BBIIEINUTH YeThIpe 00sacTh: 1) mpuMecHOM MpOBOIMMO-
ctu — P < 0.6 GPa, Ry pacrer ¢ naBieHueM; 2) UCTOILIEHUS HOCUTEJICH 3apsiia —
P =0.6-1.9 GPa, Ry BeIxoauT Ha miato; 3) nageHus kodpdumrenta Xosuia mnoy-
TH JI0 HYJIS C MOCJEIYIOIMIMM BO3pacTaHUeM, MPUYMHA KOTOPOTo 00CyXaaercs, —
P =1.9-4.5 GPa u 4) dazosoro npespaienus — P = 4.5-6.5 GPa. B obGnactu HachI-
menust Ry(P) npu P> 6.5 GPa xoHmeHnTparius Hocuresnei 3apsiia n = 5- 10 em™.

[Ipoananu3upoBaB noBeAcHue Oapuyeckux 3aBucumoctedt p(P) u Ry(P) mis
obpasziia Ne 2, mMoxkHO To aHanmoruu ¢ oOpasiom Ne | caenaTh BBIBOJA, YTO B
Cd;_xMn,GeAs; (x = 0.18) Taxxe umMeeT MecTO OOpaTUMBIN CTPYKTYpHBIN (ha3o-
BbIi1 Iepexo MoIynpoBOHUK—METaL.

B o6pasie Ne 3 Cdgg9Crg o1GeAs; da3oBsiii mepexoa HabmrogaeTcs mnpu
P ~ 4.8 GPa (puc. 2,a, xpusas 3).

CpaBHeHHE Pe3yJbTaTOB, MOJYYEHHBIX B HacTosel padore u B [8,10—12], ¢
U3BECTHBIMHU JAHHBIMU PEHTIC€HOCTPYKTYPHBIX HCCIEI0BaHUN (Pa3oBBIX MEpPeXo-
JIOB TOJ naBjacHueM [13] mo3BoimIIO clenaTh BBIBOJ O TOM, YTO HAOJIOAaCMBbIM
TEPMOJIMHAMUYECKUI TUCTEepe3nC (Tabil. 2) B MCCIEAOBAaHHBIX 00pa3liax COOTBET-
CTBYET HAIMYUIO CTPYKTYPHOTO (pa30BOr0 Mepexoia Mnoja JaBICHHUEM.

129



Pdu3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

Tabmauma 2
Xapakrepucrtuueckue napamerpsl (GPa) uccienosannbix 00pasnos
B 00J1acTH ()a30BOIr0 NpeBpallleHHs

OOGpasibt Nel x | Py | P | Po |Pmp|Pct|Pcr| Py | PL| Py |Pp|PGT|PGF
110.06]0.9]1.6[0.75[1.25]0.8|0.7]0.6]0.1]0.75]0.35] 0.8 [0.5
210.18/4.5]6.5(3.8[55(25[20(3.1]2.0]3.8[2.55]25](1.1

p-Cd_xMn,GeAs;

Ha ocHoBe mpencraBieHuil 0 MoBeACHUN TeTepodasHbIX CTPYKTYp MO JaBiie-
HUeM B obOsiactu (pazoBoro mpespaimenus [14—19], meTononoruu, U3J0KEHHON B
pabote [20], 1 cOOCTBEHHBIX IKCIIEPUMEHTAIBHBIX JaHHBIX OIPEICIICHbI XapaKTepH-
CTUYECKHE TOYKH M MapaMeTpsl (a30BOro mnepexoja: TOUKd (hazoBOro paBHOBECHS
Py, Toukn MeTacTabuIbHOTO paBHOBECHUS Ppfp, THCTEPE3UC TEPMOINHAMHYCCKHUI
Pgt, tuctepesuc GaykTyanMoHHBIA PGp NpU NogbeMe U cOpoce JaBiCHUS ISt
BCEX MCCJIEIOBAaHHBIX 00pa3ioB. [lomyueHHbIC pe3ynbTaThl MPUBEACHBI B Ta0M. 2.

Ha ocnoBe momemu rerepodasnas crpykrypa—sddexruBHas cpena [19] u teopun
MPOTEKaHMsI PacCUMTaHa JUHAMHUKA U3MEHEHUs] 00BEeMHOMN JT0JTH McXoMHOH ¢aszbl C) 0T
nasienus: ipu P, Ci1=1u G, =0, anpu P, C; =0u C, = 1. 3necs C; u C; — OTHOCH-
tenbHbIe 00beMbl haz: Cy = Vi/(Vi + V3), Co=V/(Vi + V), Ci+ Cy=1 (tne Vi, Vo —
00BbEM COOTBETCTBEHHO MCXOMHOM 1 oOpa3yroreiics (a3. Ha puc. 3 npeacrasieHa 3a-
BUCHUMOCTb 00BEMHOM 1011 UCcXOMHOU ¢a3bl C| OT JaBIIeHUs MPU MObeMe U cOpoce
nasienus 1ist 00pasuoB p-Cd;_,Mn,GeAs; ¢ pa3u4HbIM COACPKAaHUEM MapraHIia.

L b L P P P P
1.0 1.0 W i v” |
0.8 - 0.8
0.6 - 0.6

) S)

0.4 - 0.4

0.2- 0.2

0— ‘ 0_ L‘,

——

0.0 1.0 20 3.0 4.0 0.0 2.0 4.0 6.0
P, GPa P, GPa
a o

Puc. 3. 3aBucumocts 00beMHON n0aH McX0AHOH (a3el C| OT AaBJICHUS MPH MOAbEME U
copoce nasnenus msa Cdy_Mn,GeAs,: a — odpaser; Ne 1, 6 — oOpasery Ne 2
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3akaroueHue

B marautHbiX momynpoBomHukax Cdi_ Mn,GeAs; (x = 0.06 u 0.18) u

Cd;_Cr,GeAs; (x = 0.01) oOHapykeHBI CTPYKTYpHBIE (ha30BbIE MEPEXOJIbI, OIPe-
JIEJIEHbl XapaKTepUCTUUECKHE TOUKH, apaMeTpbl (a30BOro NMpeBpalleHust u pac-
CUMTaHa AWHAMHKA H3MEHEHUS ()a30BOT0 COCTaBa C N3MEHEHUEM JaBJICHUS.

Ha ocHoBe mosy4eHHBIX SKCHEPUMEHTAIbHBIX PE3yJIbTaTOB MOKHO C/ENaTh BbI-
Boj, uto p-Cd;_Mn,GeAs; sBiseTcss yaoOHBIM MaTepuajaoM il CO3JIaHHs Pe3u-
CTHUBHBIX MOJYIPOBOJHUKOBBIX AaTYMKOB JlaBiieHHUs. 3MeHeHue NpoLeHTHOro Co-
nepxanus mapradia B Cd;_Mn,GeAs, Mo3BoJISIET PETyIMPOBATh MMOJIOKEHUE TOUKH
dazoBoro nepexona (PErepHON TOYKK) HA IIKAIE BBICOKMX IABJICHHH B JIOBOJHHO
LIMPOKUX Tpenenax, B HameM ciydae oT P=0.9 £ 0.1 GPa no P=4.5 + 0.2 GPa.

Pabora BeimonHeHa npu ¢puHaHcoBoi noanepxke Poccuiickoro ¢ponaa ¢pynna-
MEHTaJbHBIX uccneaoBanuit (mpoektsl Ne 02—02—17888, No 03—02—-17677).
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A.Yu. Mollaev, I.K. Kamilov, R.K. Arslanov, A.B. Magomedov, U.Z. Zalibekov,
S.F. Marenkin, V.M. Novotortsev, S.G. Mikhailov

PHASE TRANSITIONS IN MAGNETIC SEMICONDUCTORS
Cd4_xMn,GeAs, AND Cd¢_,CrGeAs,
AT HYDROSTATIC PRESSURE UP TO 9 GPa

The temperature dependence of specific resistance and Hall coefficient has been meas-
ured at the atmospheric pressure in temperature range 77—420 K on new magnetic semi-
conductors Cd;_Mn,GeAs; with different content of manganese (x = 0.06 and 0.18). By
the baric dependences of specific resistance p and Hall coefficient Ry there have been
revealed the structural phase transition on the samples of Cd;_Mn,GeAs, and
Cd;_Cr,GeAs,. From the p(7) and Ry(7) dependences the mechanisms of the carrier
scattering at the atmosphere pressure have been calculated. Characteristic points, pa-
rameters of phase transformation, and dynamics of changes in phase composition with
pressure have been determined in the region of room temperatures by the p(P) and Ry(P)
dependences.

Fig. 1. Dependence of conductivity o, Hall coefficient Ry and Hall mobility pg on tem-
perature T for samples Ne 1(black symbols) and Ne 2 (light symbols)

Fig. 2. Dependences of resistivity p (a) and Hall coefficient Ry (6) on pressure P for
samples of Cd;_Mn,GeAs; (curves /, 2) and Cd;_,Cr,GeAs; (curve 3). The curve num-
bers correspond to those of samples

Fig. 3. Pressure dependence of the volume fraction of initial phase C; at pressure rise and
relief for Cd;_.Mn,GeAs): a — sample Ne 1, 6 — sample Ne 2
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PACS: 81.40.Ef, 61.72.Mm

B.3. CnyckaHiok, E.A. MNasnosckas, B.B. Yuwko, B.1O. IMuTpeHko,
J1.®. CeHHukoBa, H.W. MaTpocos

BIIMAHWE JEOOPMALIMN PABHOKAHAIIbHBIM MHOIOYINOBbIM
MPECCOBAHMEM W ONNTENBHOWN TEPMOOBPABOTKM
HA ®A30BbI/ COCTAB CIMJTABA Nb—Ti

[oHeLknn nsmko-TexHn4eckuin MHCTUTYT M. A.A. NanknHa HAH YkpaunHbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa
E-mail:chishko@ukr.net

Hccenedosana 603mM0dcHOCHb  NOGbIUEHUS  (DYHKYUOHANLHBIX CBOUCME CHAA8A HUO-
outi—muman nymem Oegopmayuu PAGHOKAHANLHHIM MHO2OY2I08bIM NPECCO8AHUEM
(PKMYII) u onumensnoti mepmoodpadomru. Ipumenenue PKMYII npusooum x axmu-
suU3aAYUU 3APOOLIUEOOPA308AHUS BMOPUYHOU Q-(DA3bL U YEETUUEHUID 00beMHO20 cooep-
grcanus 0o ~ 3%. Ilocne onumenvrou (~ 47 h) mepmoobpabomxu Koauwecmso a-ghasvi
yeenuuusaemcs ¢ 3 00 9%.

BBenenune

DyHKIIMOHATBHBIE CBOMCTBA CBEPXIIPOBOJHUKOB Ha OCHOBE criaBa Nb—Ti or-
PEAETSIOTCS B OCHOBHOM CTPYKTYPHO-(a30BBIM COCTOSIHHEM (XapaKTepOM CTPYK-
TYpbl U pa3MepoM 3epeH (CyO3epeH), 0ObeMHBIM COJACpPIKAHWEM, TIJIOTHOCTHIO U
pa3MepoM BTOPUYHBIX ()a30BBIX BBIJECICHUI). DTO COCTOSHUE, B CBOIO OUYEPE/Ib,
3a/1aeTCs TPEIBAPUTEIHLHON MHOTOMApPUIPYTHON 00pabOTKO# (IIpeapICTOPUEH )
MaTepuana: MHKPOJETHPOBAHMEM HA CTaUd METAIYPTHUH O- U [3-cTaOuim-
3aTOpaMy U HEUTPAJIbHBIMHU AJIEMEHTAaMH, Pa3HOHAIIPABICHHON MeXaHOTepMHYe-
CKOM 00pabOTKOW CIMTKOB, COBMELICHUEM JIETUPOBAHUA M MEXaHOTECPMHUYECKOM
00paboTKH, TUAPOIIPECCOBAHUEM COOPOK, ONTUMH3AIMEH AePOPMAIIMOHHBIX pe-
KUMOB TPaJUIHOHHBIX METOJO0B 00pabOTKM (MPECCOBaHUS W BOJIOYCHUS), Jie-
dbopmarireit B COYeTaHUH C JUTUTEIBHBIMU MMPOMEKYTOYHBIMA TEPMOOOpAOOTKAMU
[1-5].

PKMYVII, ocymectBisiemoe 0e3 M3MEHEHHUsI CEUEHHUs 3aroTOBKH B JIPOOHOM
peXHME C SIMHUYHOMN 3a IUKI MHTEHCUBHOCTHIO (e < 1), B CHIIy CBOMX TE€XHOJO-
THYECKUX OCOOEHHOCTEH — HEMOHOTOHHOW 3HAKOMEPEMEHHOW TUIACTUYECKOU Je-
dopmaiuu — crocoOcTByeT (HOPMHPOBAHUIO 0COOOTO, HEAOCTHKIUMOTO TPAIHIIH-
OHHBIMU METOJIAMH CTPYKTYPHOTO cocTOsiHUS [6,7].
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Takast cTpyKTypa ¢ MpaKTHYECKH OTCYTCTBYIOLIEH TEKCTYpHPOBAHHOCTBIO, C
I'PaAMEHTOM IIJIOTHOCTH JHCIOKALMH, PETYISIPHBIM YepeOBaHUEM Mallopa3Mep-
HBIX 00J1aCTEeH ¢ BHICOKOM W HU3KOW TUIOTHOCTBIO JTMCIIOKAIMA CITOCOOCTBYET BBI-
JICICHUIO Ha TpaHUIax Cy03epeH AMCIEPCHBIX BTOPUYHBIX (a3, SBISIOIIUXCS
[IEHTPaMH 3aKpeTJICHNI KBAHTOB MarHUTHOT'O TTOTOKa.

C npyroii cTOpOHBI, Takas OJHOPOIHAS AMUCIEPCHAs CTPYKTypa C MajbIM
YPOBHEM MHKPOHANPSHKEHUH 00eCIeYrBaeT yIOBICTBOPUTEIBHYIO TEXHOIOTHYE-
CKYIO TUIACTHYHOCTb, JIOCTaTOYHYIO JUIS IepejieNia 3ar0TOBKU B MIPOBOJIOKY (M3/1e-
JMe) W, CIIET0BATEIFHO, BO3MOKHOCTh peaM3aliy MpeiaraéMoro crocoda mo-
BBILIICHUS CBEPXIIPOBOAIINX XapaKTEPUCTHK.

JlpyruM 3HaYMMBIM TTOJIXOZIOM B paloTe SBJISIETCS IPUMEHEHHE Ha CTausiIX o0pa-
60tk 3aroroBkn PKMVII mymmTenbHbIX TepMo0o0paboToOK B TEMIIEPATypHOM JHamna-
30HE, COOTBETCTBYIOIIEM JBYX(a3HOH oONacTH AuarpaMMbl COCTOSIHHH CIIIaBa
Nb-Ti. bnarogaps sTomy oxkunaercs GopMHpOBaHUE elie Oosiee OIaronpusTHOrO
JUIsL TIOBBILIIGHNS! TOKOHECYIIEH CIOCOOHOCTH CTPYKTYpPHO-()a30BOrO COCTOSHHUS C
YBEIMYEHHBIMU O0BEMHBIM CO/ICPKAHMEM U IJIOTHOCTHIO BhIACIEHUHN O-(Da3bl.

OCHOBHBIM HampaBICHUEM HCCIECIOBAHUH SBISETCS ONpPECICHUE BIMSIHUS
nepopmanmu PKMVYII u tepmoobpaboTku Ha (ha30BBI COCTaB M CTPYKTYpHOE
COCTOSIHHE CBEPXIPOBOAHMKA U3 crutaBa Nb—T1i.

MarepuaJbl 1 METOAbI HCCJIEIOBAHUM

B kadecTBe 0OBEKTOB HCCIIEOBAHUN B SKCIIEPUMEHTAX HCIIOJIb30Bald OuMe-
TaJNTMYeCKUe NMPYTKU criaBa Huobuvi—tutan (Nb—60 at.% Ti) B megnoit (MOO)
MaTpHlIe.

[Ipyrkn u3 crmaBa 60T, momydeHHble ropsuuMm npeccoBanueM npu 750°C,
nuametrpoM 15 mm noasepranu PKMVII 6e3 n3MeHeHus: CeUeHHs 3arOTOBKH 110
YeThIpeXKaHAJIbHOU cxemMe JeopMalii ¢ yriamMu repecedeHus kaHamoB Q = Q3 =
=80° u Q, = 70°, eAMHUYHON 3a ITUKJ WHTEHCHUBHOCTHIO AehOpMaIMK CIABUTA
AT = 1.42 u SKBUBAJICHTHOU cTerneHbio nedopmaiuu e = 0.82 [8].

Jlns ueneHarpaBieHHOTO (OPMUPOBAHMSI METKOAMCIIEPCHONW HETEKCTYpPHUPO-
BAaHHOW CTPYKTYpBI CIUIaBA B KaXJOM MOCIEAYIOUIEM ILIMKJIE MPECCOBAHUS 3aro-
TOBKY mepeBopaunBaivi Ha 180° BOKpyr OCH MOMEPEYHOro0 HAINpPaBJICHHUS U MTOBO-
paunBanu Ha 90° BOKpYr ee MpoaosIbHOM ocu. JlaBeHne NpeccoBaHMs COCTABIIA-
10 600-800 MPa. Hakoruienne negopManuu mpu yKa3aHHBIX BBIIIE YCIOBHSX
OCYILIECTBJISUIM IOBTOPEHUEM LIMKJIOB IPECCOBAHUS B MHTepBane 4—8—12—-16-20.
[ToHast HakoTIeHHAs AedopManusi cocTapisa e = 16.4.

TepMocTaOUIBHOCTD CTPYKTYPBI, chopmupoBanHoi B criaBe PKMVII ¢ nHa-
KOIJIEHHOH e = 16.4, u3ydanu npu TeMIiepaTypHOM BO3JCHCTBUU B TedeHHe 1 h B
nuanasone temmepatyp 300; 350; 400 u 450°C.

HarpeB nedopmupoBaHHBIX 00pa3loB C BBIICPKKON JUTMTEIBHOCTHIO OT 1 110
47 h npoBoawny B Bakyyme 10~ mm Hg.

MUKpOCTPYKTYpY, TOHKYIO CTPYKTYpY, (HU3UKO-MeXaHWYEeCKHUE CBOWCTBA
CIIaBa 1ocie Ae(opMarmoHHO-TEPMUYECKO 00pabOTKH HCCIeI0BATIN METOIaMH
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ONITUYECKOH MHKPOCKOIINHU, PEHTTEHOCTPYKTYPHOTO aHajn3a ¥ MHKPOHHICHTH-
poBaHus. XUMHUYECKUN COCTAB U3y4dalld HAa PACTPOBOM IJIEKTPOHHOM MHKPOCKOTIE
JSM-T300 ¢ »HEproarcepCHOHHON MPUCTABKOW JJI JIOKAJIbHOTO aHanmm3a Link
860-500.

Pe3yabTaThl M HX 00Cy:KIeHHE

Pe3ynbrarsl ONTUYECKOM MUKPOCKOIIMU, PEHTICHOBCKUX HCCIIEIOBAHUM TOH-
KOH CTPYKTYpbl CBUAETEILCTBYIOT O TOM, YTO B 00paslax, MOABEPrHYTHIX Je-
dopmaruu PKMVII B npoOHOM pexkuMe Oe3 M3MEHEHHUS CEueHUs 3arOTOBKH,
CTpyKTypa Oojiee OJTHOPOAHAS W MEJIKOJUCHEepCHas, ¢ 0ojiee HU3KOM CTENeHBIo
TEKCTYPUPOBAHHOCTH, Y€M B ciydae 0OpabOTKU TPaIUIIMOHHBIM TOPSYHM IIpec-
coBaHMEM. XapaKTEepHBIE pa3Mephbl AIEMEHTOB CTPYKTYpHI (CyO3epeH) cOCTaBIIs-
10T 100-200 nm B oTinume oT 3TOM ke Xapakrepuctuku ~ 1100 nm ans ropsiye-
MIPECCOBAHHBIX 00OPA3IIOB.

[locnenyromuii Harpes ¢ BelAepkKo# pu TemnepaTtype 300-450°C ne npuso-
TUT K CYIIECTBEHHOMY M3MEHEHHIO XapaKTepHOTO pa3Mmepa CTPYKTYphl (cyO3e-
peH) nedpopmupoBanHoro PKMVII crimaBa. 9T0 MOKHO OOBSICHUTH TE€M, YTO IO
rpaHuLiaM cy03epeH BBIACIAIOTCS AUCIIEPCHBIE YAaCTUIIBI BTOPOI 0-a3bl, MpemnsT-
CTBYIOLIME UX pocTy. BMmecTe ¢ Tem HabmonaeMoe yMEHBIICHUE IUPUHBI PEHT-
T€HOBCKHUX JIMHUW M YPOBHS MUKPOHAIpPsKEHUH Aa/a CBUAETEILCTBYET 00 aKTH-
BU3AIIUH MTOJIMTOHMU3AIMHY CIIaBa B MPOIEcce TEPMHUECKOTO BO3ACUCTBUS B yKa-
3aHHOM JHara3oHe TEMIEPaTyp U CHUKEHUU IIPU 3TOM IUIOTHOCTHU JUCIIOKAIUi B
Tene cyosepeH (puc. 1).

130} 11.2
“—/ 110%
§ 120+ ' - Puc. 1. TepmocTaOUnbHOCTH TOH-
% 1.8 \§ KO# cTpykTypsl crmaBa 60T,
Q110t = - < chopmuposannoit PKMVYTI
'\—>
.. 10.6
100— : : . :
0 100 200 300 400 500
T, °C

Pe3ynbpTaThl peHTI€HOBCKMX MCCIIEOBAaHUI MOKa3bIBAIOT, YTO MPEIBAPUTEIIb-
Hoe BozneiictBue PKMVYII npu nonmHol cTpyKTypHOU MpopaboTke MaTepuasa 1o
CEUCHMIO U BBICOTE 3arOTOBKU NPUBEJIO K aKTUBU3ALMK 3apOAbIILIe00pa30BaHUSL
BTOPUYHBIX (a3 M YBEJIWYEHUIO 00beMHOro coxaepxkanus a-hassr 10 3%. Coor-
BETCTBYIOIAsl CTPYKTypa C OOJIBLION IUIOTHOCTBIO U COAEPIKaHUEM MEJIKOAUC-
NEepCHBIX YacTHll o-(a3sl popMupyercs B mpouecce aedhopManii ¥ MHOTOKpAT-
HBIX JUIUTEJIBHBIX POMEXYTOUYHBIX OT/KUTOB.

Ha ocHoBaHuU pe3ynbTaTOB PEHTICHOCTPYKTYPHOTO aHAIM3a U MUKPOUHICH-
TUPOBAHUS yCTAaHOBJIEHA ONMTHUMAaJIbHAsI TeMIieparypa TepmooopadoTku (400°C).
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HccnenoBanne MUKpOTBEPIOCTH (pHUC. 2) n1ehOpMUPOBAHHBIX 00Pa3IIoB MOCIe
HarpeBa npu Temieparypax B auanazone 300—450°C nmo3BossieT KOCBEHHBIM 00-
pa3oM OLIEHUTh IPOLIECCHI, MPOUCXOASIINE IPU pacHae B-TBepaoro pacTtopa, u
poas CMK-ctpykTypsl, cpopmupoBanHoit PKMVII.

1700

| ]
Puc. 2. Bennunna MUKpOTBEPIOCTH B
3aBHCHMOCTH OT TEMIIEPATYPhl OTIKUTA

11600' \ / npu BeIIEpxKKe 1 h

1500

H ,MPa

0 100 200 300 400
T,°C

VYBenuueHue TemrepaTypbl OT>KUTa JIJIs CIlJlaBa B MHTEepBaje AByx(a3zHoil 00-
JaCTU JUarpaMMBbl COCTOSIHUS IPUBOJUT K TOBBIIICHUIO HHTEHCUBHOCTH IPOLIEC-
ca pacrajga ¢ BBIACIICHHEM BTOpOM (Da3bl, 00pa3oBaHUIO KOTOPOH CIIOCOOCTBYyET
chopmupoBanHas B nporecce PKMVII cTpykrypa ¢ BBICOKOH IIOTHOCTBIO T'pa-
HUIl. DTUM MOKHO OOBSCHUTH YBEIMYEHHE MHKPOTBEPIOCTH C MOBBIIICHHEM
TEMIIEPATYPbI OTXKUra BILIOTH 10 Temneparypsl 400°C.

[IpeBbllieHne 3TOil TemrepaTyphl NPUBOAUT CIUIAB JIaHHOTO COCTaBa B OJIHO-
¢a3Hyo 001acTh. YMEHbIIEHHE MHUKPOHANPSHKEHUH, pa3pyIIeHue ONTUMAIbHOM
CTPYKTYpbl HE CHOCOOCTBYIOT aKTUBHOMY 3apOJbIIIC00pa30BaHUIO MPU MEJJICH-
HOM OXJIX/ICHUH CIUIaBa U3 oAHO(a3HOI obnacTu. B cBsA3M ¢ 3TUM, KaK BUIHO U3
pHuc. 2, MUKpPOTBEpPAOCTh Npu Temreparype crapeHus 450°C ymenpiaercs. ITu
U3MEHEHUS TMOJTBEPKAAIOTCS YCHUIIEHUEM WU OCIa0JICHUeM Ha PEHTICHOTpaM-
Max JIMHAH o-(a3sbl.

Ha puc. 3 mnpuBeneHsl pe3ynbTaThl HCCIEAOBAHMM BIUSHHS JedopMaluu
PKMYVII u mocnenyromieit TepMooOpabOTKH Ha W3MEHEHHs (ha30BOTO COCTaBa
crutaBoB 60T. [Tocne mpoBeneHus AnuTenbHBIX (10 47 h) TepmooOpaboTok 0Opas-
11oB, nehopmupoBanHbix PKMVYII, o6bemMHOE conepskanue a-(a3bl Mpu OJHOPOI-
HOM pacHpeesieHuu yBeauuuBaercs ot 3 10 9%.

10

Puc. 3. 3aBucuMOCTE 0OBEMHOTO COMEP-
JKaHUA 0-(a3bl OT ITUTETHLHOCTH OTKUTA
mpu 400°C: [ — ucxoaHeli obpaser, 2 —
obpabotannkiii PKMYII
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3aBUCUMOCTh KOJUYECTBA O-(a3bl OT YBEJIWYEHMS [UIMTEIBHOCTU BBIICPKKU
npu Temnepatype 400°C sBisieTcs HEMOHOTOHHOM. Hanmuune aByX y4acTKOB BO3-
pacTaHusl KOJIM4YecTBa 0-(a3bl, pa3JeeHHbIX 3aMETHHIM MUHUMYMOM, Ipeoa-
raeT ¥ OTpakaeT MEXaHM3MBbI BBIAEICHUS U pocTa o-(pa3bl. BHayane KoiaumuecTBo
a-(ha3bl BO3pacTaeT, BEPOSITHO, 32 CUET YBEIMUEHUS YUCIIA 3apOJIbIIICH, KOTOpbIe
00pa3yIoTCs Ha TUCIOKAIMAX U MPAKTUYECKU HE PACTYT. 3aTeM MEXaHHU3M Hcyep-
IIBIBAETCSl B CBSI3U C YMEHBIIEHUEM INIOTHOCTU AMCIOKALUHI B Telle ss4eeK 1 oopa-
30BaHUEM 0oJiee YETKOW SYEHCTON CTPYKTYphl. MUHMMYM Ha 3aBUCUMOCTH KOJIH-
yecTBa 0-(pa3bl OT BpeMEHHU OTXKHTra B IPOMEXyTKe 3—5 h MOXXHO OOBSICHUTH TPO-
LIECCOM PacCTBOPEHUS YACTHIL C pa3MEPOM, MEHBIIUM KPUTUYECKOT0, KOTOPBIE IPU
yX0Jle WIM aHHUTWIALUHN JUCIOKALWN OCTaJNCh B 00beMe sueeK, He MOMaB Ha
CyOrpaHHMIIbl, a CTaOUIIBHBIC 3apPOJIBIIIN ellle He ycrenu BeipacTu. [locnemyrommii
3HAYUTENNbHBIA MOABEM OOBEMHOIO COAEP)KaHUS 0-(a3bl MPOUCXOAUT B TaKOM
cllyyae 3a cyeT JMHEHHOTO POCTa 3apObIIIeH, 3aKpEIJICHHbIX Ha CyOTpaHuIaXx.
Pestomupyst pe3ynbTraT MUKpOAaHalIHM3a CIUIaBa, MOXHO OTMETHTh AU(Py3noH-
HYIO TIpupoy (a30BBIX MpeBpalieHuil f—o B 00pasiax, IpomeAmuX IIUTeb-
HYIO TepMooOpaboTky. Habmromaercs mepepacnpenenenue smeMeHToB Ti u Nb,
CIUIaB CTAaHOBUTCS HEOJHOPOIHBIM IO COCTaBY, (POPMHUPYIOTCS YUACTKH, 00eI-
HeHHble T1 u oboramennbie Nb. KonmnuecTBeHHas orieHka ¢Ga3oBOH HEOTHOPOJI-
HocTH B crutaBe 60T Ha oroxokeHHbIX oOpasmax (400°C, 47 h) noka3biBaeT u3me-
HeHHe cocTasa 110 7.5%, 94TO COOTBETCTBYET 00pa30BaHUIO BTOPUYHBIX (a3.
Bbinenenne aucCnepcHBIX YacTHI]

1900+ a-(basbl ¥ OOEIHEHUE MATPHIbI TUTA-

< 1800) HOM BBI3BIBAaCT HM3MEHEHHE (Qu3HUe-
ckux cBoiicTB. Ha puc. 4 npuBeneHbl

zﬂi 1700+ pe3yabTaTbl U3MEPEHUNM MHUKPOTBEP-
16001 noctu  nedopmupoBanHoro  PKMVII
CIIJIaBa B 3aBHCHMOCTH OT JUTUTEIBHO-

1500¢ CTHU BBIIEPXKKHM TMIPU TeMIeparype

0 10 20 30 40 50 400°C, xoTOpBIE KOPPEIUPYIOT C H3-

T, h MEHEHHsSIMU KoimuecTBa o-¢a3sl. Be-

Puc. 4. BiusHue JIIMTEILHOCTH TepMoo6-  JTHUMHA MUKPOTBEPIOCTH H), 1O ceve-
PabOTKU Ha MHKPOTBEPIOCTh HUIO ¥ BBICOTE 00paslia CyIIeCTBEHHO

HE M3MEHSIETCS, HEPaBHOMEPHOCTh
MUKPOTBEPAOCTH (Hmax/Hay) coctaBisier 1.06, 4TO MOATBEpXkKAAaeT TOITHOTY
CTPYKTYpPHOU MPOPaOdOTKH U OMHOPOAHOCTH CTPYKTYPHOTO COCTOSIHUS.

BriBoabl

1. DPPeKTUBHBIM METOAOM BO3ACUCTBHUS Ha CTPYKTYpY U (pa3oBbIi cocTaB
CIUIaBa Ha dTarax IOJyYEHHs MPYTKOBBIX 3arOTOBOK JUISI IMPOBOJIOKH SIBIISETCS
XOJIO/IHAsl, HEMOHOTOHHAs, 3HAKOMEPEeMEHHas, IacThuueckas nedopmanus cro-
cobom PKMVII Oe3 uzMeHeHus ceueHns 3aroToBku. dusznueckas OCHOBA BO3IEH-
CTBHSI COCTOMT B co3aaHuu npu obOpaborke PKMVII Gonee OmarompusiTHOM
CTPYKTYPHI (MEITKOIUCIIEPCHOM, C OOIBIICH MIIOTHOCTHIO TPAHUI] 3€PEH), UTO BIIO-
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CJICICTBUM TIPH IPOUYUX PABHBIX TEXHOJOTMUYECKHUX YCIOBUSX NMPHUBOAUT K IOBBI-
HICHUIO conepkaHus o-¢pa3bl B cruiaBe 60T mocie MTeNnbHBIX TePMOOOPaOOTOK.
2. TepmocTaOUIBHOCTD CTPYKTYpHI, cpopmupoBanHoit PKMVII, Haxoaurcs B
nuana3zone remnepatyp 1o 400°C.
3. CoueranueM paznu4HoOi no BenuunHe aepopmannu PKMVII, remnepatypbl
U JUTUTEIBHOCTH TEPMOOOPAOOTKM MOXHO BapbUpPOBATh KOJIUYECTBO, pasMep U
pacrosioKeHue BbIIETICHNUHN 0-(ha3bl B LIMPOKUX Ipezesax.
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V.Z. Spuskanyuk, E.A. Paviovskaya, V.V. Chishko, V.Yu. Dmitrenko, L.F. Sennikova,
N.I. Matrosov

INFLUENCE OF DEFORMATION BY EQUAL-CHANNEL MULTIPLE-
ANGLE PRESSING AND OF DURABLE THERMAL TREATMENT
ON PHASE COMPOSITION OF Nb—Ti ALLOY

A possibility of improvement of functional properties of niobium-—titanium alloy at the
expense of deformation by the equal-channel multiple-angle pressing (ECMAP) and of a
durable thermal treatment has been investigated. The application of ECMAP results in
activization of secondary a-phase nucleation and in the increase of content by volume to
about 3%. After a durable (~ 47 h) thermal treatment, the quantity of a-phase increases
from 3 to 9 %.

Fig. 1. Thermal stability of the 60T-alloy fine structure formed by ECMAP
Fig. 2. Value of microhardness depending on the annealing temperature for 1 h holding

Fig. 3. Dependence of a-phase content by volume on the duration of annealing at 400°C:
[ — initial sample, 2 — ECMAP-treated one

Fig. 4. Influence of thermal-treatment duration on microhardness
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PACS: 81.40.—z

AWN. LIJeBeneB1, B.H. Baproxvm2, C.I. CbIHKOBZ, A.B. PeweTos?

KOMBNHUPOBAHHAA OE®OPMALINOHHAA OBPABOTKA
BTOPUYHbIX AJTIOMUHMEBBLIX CIMITABOB

1,D,|_l «TexHockpany OO0 «Ckpan»
yn. CTtagmoHHas, 32a, r. [oHeuk, 83102, YkpavHa

Z,EI,OHeu,KwZ PU3NKO-TEXHUYECKMI MHCTUTYT uM. A.A. lMankuHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpaunHa

H3yueno enusanue uHmMeHCUBHbIX NACMuUYecKux deopmayuii u nociedyrowell oeghopmayu-
OHHOU 00pabomxu mMemooom npsamozo npeccosarnus (I111) na xoneunvle mMexanuyeckue ce0u-
cmea psaoa 6MOPUUHBIX ATIOMUHUESbIX cniasos. llokazano, umo unmeHcueHas niacmude-
cKas deghopmayust SHAYUMENLHO YIyHuaenm MexHOI0UYECKYI0 NIACMUYHOCIb THAKUX CRlA-
6086, MO NO360JI51eM NPOBOOUMb UX OdbHeliee hopMoodPaA308aHUe U NOTYYAND UZ0ETUS C
BbICOKUMU MEXAHUYECKUMU CEOUICMBAMU.

BBenenue

[Ipu nepepaboTke BTOPUYHBIX aTFOMUHUEBBIX CIIABOB JIOM U OTXOJBI aTIOMU-
HUEBOTO CHIPhSl YACTHYHO CMENIMBAIOTCS MEXAY COOOW M B TaKOM BHJIE Iepepa-
0aTBIBAIOTCS HA 3aBOJIaX BTOPHYHBIX IBETHBIX MeTaiwoB (BLIM). B pesynbrare
9TH 3aBOJIBI BBITYCKAIOT BCETO JUIIL 5% Ae(OpPMHUPYEMBIX CIJIABOB, B TO BpEeMsl
KaK MPEANpUsATUs, padoTaloIe Ha TEPBUYHOM ChIpbe, — 70% TakuX CIIJIaBOB.
Jlonis JoMa ¥ OTXOJIOB aJTIOMUHUEBBIX J1e(POPMUPYEMBIX CIUIABOB, MOCTYITAOIITNX
Ha 3aBoJpl BIIM, B 4—6 pa3 npeBOCXOAUT UX BBIYCK BCIEACTBUE TOTO, YTO MPO-
Osiembl cOopa U pasnenku Jioma [ 1-3], a Takke TUIaBKU | JIUThS [4] SABISIOTCS OC-
HOBHBIMHU CIICP)KUBAIOIUMU (DAaKTOpaMH YBEIHYCHHUsS MPOIICHTHOTO COJAEP KaHUS
QTIOMUHHMEBBIX CIUTABOB C JOCTATOYHBIM YPOBHEM ILIACTUYHOCTH B 00IIEM 00be-
M€ IIPOU3BOACTBA BTOPUYHOIO aTFOMUHHUS.

IToBblllIEHHE TIACTUYHOCTH YKA3aHHBIX CIUIABOB SABJISIETCA OJIHOW M3 BaXKHEW-
KX 33/1a4 B [[BETHOW METAJUTYpruu. BeIomHEHNE ee O3BOJIMIO OB ropasio 3¢-
(heKTHUBHEE UCITOIH30BAaTh BTOPUYHOE CHIPHE.

CylIecTBYIOT pa3iuyHbIe HANPABICHUS PELICHUs ATOU 3a1a4u:

— Mou(UITMPOBaHKE PA3TUYHBIX (Da3 KPUCTATUTU3AUOHHOTO MPOUCX OKIACHUS
(Ha cTaIMKU METAJLTYPTHUYECKOTO TIepeiena);

— TEXHOJOTUYECKHE TPHEMbI TIPH MPOU3BOACTBE OTIMBOK (HAMpaBIICHHAS W
YCKOpEHHAasi KpUCTaJUTN3allus);
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— pa3paboTKa CrenuaIbHbIX PEKUMOB TEPMOOOPAOOTKH.

Huzkas miiacTHYHOCTh BTOPUYHBIX ATIOMUHHEBBIX CIIABOB O0YCIIOBIICHA, KaK
MIPAaBUJIO, BBICOKOM J0JIE€l KPYMHBIX M30BITOUHBIX (Pa3, pacroyioKEHHbIX Ha Tpa-
HUIax 3epeH. KpoMe Toro, Kk OXpymuMBaHMIO THX CIIABOB M BO3HUKHOBEHHIO
rpyOOKPUCTAIIMYECKON CTPYKTYpPBl MPUBOAUT MOBBIIMIEHHOE COJIEp’KaHUE B HUX
KPEMHHSI, KOTOPhI UMEET 3HAUUTEIbHOE XMMUYECKOE CPOJCTBO C MAarHUEM, Ke-
JIE30M W MapraHIieM B o0pa3yeT ¢ HUMH (a3bl U COCTUHECHHS.

OmHUM W3 METOJOB, MO3BOJISIOMIMX IMOBBICUTH TEXHOJOTHUECKYIO IIaCTHUY-
HOCTb QJIIOMHHHMEBBIX CIIJIABOB M3 BTOPUYHOTO CHIPHS, SBISETCS TOMOTCHHU3AIH-
OHHBINM OTKUT. Ero paznuunbie peXUMbl paccMOTpeHbl B pabote [5]. [Tnactuue-
CKHME XapaKTEPUCTUKHU JIMTEUHBIX AIFOMUHUEBBIX ciuiaBoB AB87 u AKSM2 nocne
TOMOT'€HHU3allMOHHOIO0 OTKUIa 10 peXUMaM, yKa3aHHBIM B [S5], ylIy4IIMiInCh. JTO
MO3BOJIUJIO TIPOBECTH MX JehOpPMAIUIO0 THAPONPECCOBAHUEM C KOI(PHUIIMEHTOM
BBITSDKKU L < 6. BMecTe ¢ Tem crenyer 3aMeTUTh, YTO OOJbIIasi ATUTEIBHOCTD
(Bocemb 1 0OoJiee 4acoB) ONepalii TOMOTCHH3AIMOHHOTO OT)KUTa MOXKET CYIIIECT-
BEHHO YBEIMYUTH TPYAOEMKOCTh MOATOTOBKU 3TUX CIUIABOB K 1€(hOPMUPOBAHHIO.

[To HameMy MHEHHIO, 3HAUUTEIbHBIC TIEPCIEKTUBRHI B IJIaHE MOBBIIICHUS TEX-
HOJIOTUYECKOW TIACTHYHOCTH BTOPHYHBIX ATFOMUHHEBBIX CIUIABOB MUMEIOT METO-
6l 00paboTkn MeTayioB naBieHueM (OMJI). Xopomio M3BECTHO, 4TO OOJBIINE
IacTu4deckue aedopMaliuu MPUBOIAT K TUCTICPTUPOBAHUIO PA3TUYHBIX XPYIKUX
BKJIIOUEHUH, YeM MOKHO BOCIOJIB30BaThCS ISl Pa3apoOSieHUs] XpYIKOTrO BTEK-
THUYECKOT0 Kapkaca. [ 1aBHOe MpH 3TOM HE JOMYCTUTh Pa3pyLICHUs: MaTepuala 10
3aBeplIeHUs] Tpoliecca paznpolnenus. JlaHHas 3amada MOXKET ObITh pellieHa Iy-
TEM YBEJIMYCHUS THPOCTATUUECKOTO JABJICHUS B o4are JeopMaluu.

[lenpto HacTosmiel paboOThl OBUIO CO3/IaHHWE TEXHOJIOTHH Je(OpMAIIMOHHON
00pabOTKM BTOPUYHBIX AJTIOMHHHEBBIX CIUIABOB, MO3BOJISIOIIEH MOBBICHTH HX
TEXHOJOTHYECKYIO IUIACTUYHOCTh U Pa3ApOoOUTh XPYIKHUIM SBTEKTUUECKUIN KapKac.

OO0paboTKy OCYIIECTBIISUIM KOMOWHHUPOBAHHBIM METOJIOM J1e(OpMallii — BHH-
ToBOM 3KCcTpy3ue (BD) ¢ mocnenyromum I1I1 Ha & 12 mm. Meton BD [6,7] uzna-
YaJbHO ObUT pa3paboTaH € LENbIO MOIYUYSHHS YIBTPAMETKO3ePHUCTBIX CTPYKTYp B
00BEMHBIX METAIIIMUECKUX 3ar0TOBKaX. B oTiimdme OT Takoro TpaaulMOHHOTO HC-
NOJIb30BaHMs B JaHHOM pabote BD ciyxuina HHCTpyMEHTOM Uit APOOSICHUS XPyTI-
KOT'0 MEK3€pPEHHOr0 KapKaca B JIUTHIX 3arOTOBKaX BTOPUYHOTO anmoMuHus. Koneu-
HBII Tpo¢uis (MpyTok) nomyyanu mytem [1I1.

MeToauka NMpPOBE€ACHUSA IKCIICPUMECHTAJBHBIX ncc.neszaHnﬁ

B Hpouecce 3KCHCpI/IMeHTaJIBHBIX I/ICCJ'IGI[OBaHI/Iﬁ 6LIJII/I HNCITIOJIb30BAaHLbI qupre
o0pa3lia CIIaBOB BTOPUIHOTO ATFOMUHUS CIICAYIONIET0 XMMHYECKOTO cocTaBa, %o:

Ne1: A1-99.3, Si—0.15, Fe — 0.32, ...;

Ne2: Al-98, Mg —0.59, Si—0.16, Cu—0.75, Fe — 0.49, ...;

Ne 3: Al-88, Mg —0.19, Si — 9.5, Mn — 0.36, Cu—0.15, Fe — 0.84, ...;

Ne 4: Al-93, Mg —2.28, Si— 0.3, Mn — 0.6, Cu—0.2, Zn — 2.9, Fe — 0.4, Cr —
0.09, ....
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JIutbe 3aroTOBOK MPOBOAWJIM B IMJIMHApPUYECKHE (GOpMBI B BHJIE TPYOBI aua-
MeTpoM 35 mm, M3rOTOBIEHHOW M3 ayCTEHUTHON KOPPO3HMOHHO-CTOMKOW CTaiu
12X18HI10T, ycTtaHOBIEHHOI B pe3epByape ¢ BOJAOH MJisi YCKOPEHHOIO OXJIaX7e-
HUsL. Metammuueckue GOpMbI U3 3TOM CTaIM UMEIOT Malblii KO3((QUIMEHT JIUHEH-
HOTO PACHIMPEHUS, XOPOILIO COTIPOTUBIISIOTCA AEHCTBUIO PACIUIABICHHOTO METaa,
nonroBedHsl. Kpome Toro, pocraTodHasi TEIUIONPOBOIHOCTh (POPMBI 3HAYUTEILHO
YCKOpSIET OXJIX/IEHUE 3aIUTOr0 B HEe CIUiaBa. YCKOpPEHHas KpHUCTaUTU3aIus
CIIJIaBa MO3BOJIAET MOIYYUTh OONBIIYIO TNIOTHOCTD, YEM IPU MEUIEHHOM OXJIaXK/e-
HUM, KOTJa METaZT IMEET MaKCUMAaJIbHYIO MPEIPacloNOKEHHOCTh K BOSHUKHOBE-
HUIO IYCTOT U MEXKPHCTAUIMYECKUX PBHIXJIOT. MEIKOUCIIepCHbIE BhIIETICHUs (a3
Y 3HAYUTEIILHO OOJIbIIAs OJHOPOJAHOCTh CTPYKTYPHI, HAOIIOAaeMble TIPU OBICTPOM
KPHUCTAJUIN3AIMH, CTIOCOOCTBYIOT 00Jiee BHICOKOM MIACTUYHOCTH CIUIABA.

W3 nuThIX 3aroTOBOK M3TrOTaBIMBAIM OOpas3lbl JJIH-

R28 Hot 100 mm mnst BO (puc. 1). Ix nedopmanuio ocyiiecTs-

\ JIAJIA Ha YCTAHOBKE NI Temiod BD, cMOHTHpOBaHHOU Ha

npecce ycunuem 2500 kN u umeromeit cienyromue xapak-

TEPUCTHUKH: TEMIEpaTypa HarpeBa KOHTEHHepa U MaTpHUIbI

no 400°C, ckopocth nedopmupoBaHusS 3 mm/s, MakCH-
ManpHOe yeunue npotuBoaaBienus 500 kN.

| B nccnenoBaHusax UCTIONB30BAIM JIBA BAPUAHTA YCTAHOB-

ku (puc. 2). [lepBbiii, npeaHa3HAYCHHBIN IS TTPECCOBAHUS

18 3aroTOBOK C BUHTOBOM MaTpULEH M YCTPOMCTBOM IS IIPO-
THUBOAABJIEHUA (puc. 2,a), MPUMEHSUIH C 1IeJIbI0 MHOTOKpaT-

Puc. 1. ITonepeu- HOM 00paboTKH HccleayeMoro Marepruana. Bropoit BapuaHT
HOE CeyeHue 00- YCTaHOBKH, COAEPIKAILEH BUHTOBYIO MaTpPHILy, I10J KOTOPOU
pasua s BD pa3MeleHa KoHuU4eckas jaedopmupyromas marpuma (puc.

2,0), ucnonb3oBanu ais uzydenus 111 crinasa.

O6pa3u51 N3 BTOPUYHLIX AJTFOMUHUCBBIX CIIIABOB IMOJABCPraji CJICAYHOIIUM
BUJIaM J1e(hOpPMAITMOHHON 00pabOTKHU:

Oo6pazen Ne 1:

— 1 mpoxox (np.) BD +II1, £ = 135°C, o6mias nakorieHHas aedopmanus e = 2.5;

— 7 up. BO, t =20°C + I1I1, ¢ = 135°C, e = 9.4 (nepssle 6 npoxonos BO mnpo-
BOJIMJIM HA YCTAaHOBKE, MOKa3aHHOMW Ha puc. 2,a, ipu ¢t = 18°C; 7-it nmpoxox BD +
+ I1I1 — Ha ycTaHOBKE, MOKa3aHHOW Ha puc. 2,0, ipu ¢ = 135°C).

Oopa3zen Ne 2:

— 1l op. BO+1II1, £ = 130°C, e = 2.5;

—5np. B3, r=18°C+1IIL t=125°C,e="7.1.

Oo6pa3zen Ne 3:

— 1 np. BD +1I1I1, £ = 250°C, e = 2.5;

—5mp. B3, t=250°C +I1I1, t = 250°C, e = 7.1.

Oopazen Ne 4:

— 1 op. BD+1II1, £ = 150°C, e = 2.5;

—5mp. B3, r=150°C +I1I1, t = 150°C, e = 7.1.
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Puc. 2. CxembI yCTaHOBOK I MHOTOKpaTHOU B3 (@) 1 KoMOMHMPOBAaHHOH AehOopMAaITOHHOM
(6) 0bpaboToK: I — ImyaHCOH, 2 — KOHTEHHEp, 3 — 3aroTOBKa, 4 — (hajIbIII3aroToBKa, 5 — BUHTO-
Basi MATPHIIA, 6 — IUTYHXEP MPOTUBOIABIICHHS (a) ¥ KOHUYECKas ieopMUpYFoLIast MaTpuria (6)

Hedopmupoanue no cxeme 5(7) mp. BD + 111 mpoBoawau B ABE CTAIHH:

1) 4(6) p. BD ocymiecTBisiau Ha yCTaHOBKE JIsl MHOTOKpaTHO#M BD (puc. 2,a).
JIJisi TIOBBIIIIEHUSI YPOBHSI TUIPOCTATHYECKOTO JaBIEHUS B odare jaedopmaruu
MIPY BBIJIABIIMBAHUM 3arOTOBOK CO3JaBajid MPOTUBOIaBieHue nopsaka 200 MPa;

2) mocnenuuii mpoxox BD + III1 BBIMONHSIM HAa YCTAHOBKE I KOMOMHHUPO-
BaHHOU nedhopMaIimoHHONW 00paboTku (puc. 2,0).

ITonyuyeHHbIE IPYTKU MOABEPTald MCIBITAHUAM Ha pa3pblBHOM MamuHe. Jlns

MCCJICIOBAHMI HA PacTsHKEHUE MCTOIB30BAIM 00pasiisl AuameTpoM 12 x 70 mm,
1

CKOPOCTB PACTsDKEHUS COCTaBIIsUIa 3 mm/min, CKOPOCTh Aedopmanuu — 7- 1077

AHau3 CTpYKTYp MPOBOIMIN Ha MeTaJuIorpapruecKux nuiMdax B MonepeuHom
CEYCHUH 3ar0TOBOK Ha ONTHYECKOM MHKpockorne Neophot 32 (B cBeTsoM mojie Ha
otpaxkenue npu yBeaudeHuu 500). OOpa3nsl mnudoBaaIu U MOJIUPOBAIN aTMa3-
HbIMHU TlacTamu, TpaBuwiu B peaktuse 10% HF, 20% HCI, 30% HNOs, 40% H,0

IIPY KOMHATHOM TEMIIEPATYpE.

Pe3yabTaTsl cc/ieloBaHU M UX 00CYyKIeHH e

MexaHWuecKue CBOMCTBA MCXOJHBIX JUTBIX 3arOTOBOK M TOJBEPTHYTHIX Jie-
dbopmarmoHHON 00paboOTKe MPUBEACHBI COOTBETCTBEHHO B Ta0. 1 1 2.

Kak Bugno u3 cpaBHenus Tabin. 1 u 2, nocne aeopmManmoHHON 00paboTKH BTO-
PHUYHBIX CIUIAaBOB IMPOM30ILIEN 3HAYUTEIbHBIN POCT KaK MPOYHOCTHBIX, TaK U IUIa-
CTHUYECKUX XapakTepucTHK. [IoBbIIeHNEe TOCIETHIX HAOMI0JAeTCs Y BCEX HUCCIe-
JIOBAaHHBIX CILIABOB, Jaxke Y coaepxkaniiero 9.5% Si. Tak, B UCXOTHOM COCTOSTHHH
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Tabmauma 1
MexaHu4uecKkHe CBOHCTBA HCXOIHBIX JMTHIX 3ar0TOBOK
Ne 06-| Xumugecknii PN 00.2 ) 1 Fy ‘ Fy
pasua| cocras,% | ™% N/mm? % mm?>
Al99.3 10.9 96.5 84 11 17 113 93.3
1 A199.3
(nrasKa Ne 2) 5.6 50 35 43 8 113 -
8.65 76.5 — — — 113 —
2 Al98 11.2 99 81 - - 113 -
3 Al 88, 5 44.2 - 0 - 113 —
Si9.5 8.5 75.2 60 1.5 — 113 —
Al 93, 5.25 46.5 44 1.5 0 113 —
! Mg 2.28 6.7 62 — 1.5 12 ] 1075 | 95
Tabnuma 2
MexaHu4eckHe CBOMCTBA 3aroTOBOK, Je(hopMupoBaHHBIX MeToaoM B + 1111
Ne 06-| Komuuectso |Temnepa-| Prax, | Os ‘ 00.2 0 \ Fo | Fi
pasua | npoxonos B | typa, °C | kN N/mm’ % mm?
7 135 186 165 135 12 28 113 | 81.7
1 135 174 | 159 137 21 70 11093 | 33.2
1 135 163 | 149 119 22 67 11093 | 35.8
135 16.1 147 114 22 72 11093 | 30.2
5 1 130 32.7 | 299 | 263 14 30 1093 | 77
5* 125 28.4 | 251 197 1.5 13 113 | 98.5
1 250 22.2 | 203 180 12 13 11093 | 95
3 250 22.8 | 209 164 7 10 11093 | 984
250 23.4 | 207 160 17 20 113 | 90.7
4 1 150 36.6 | 324 | 269 3.8 11 113 | 100.2
5* 150 334 | 296 | 259 5 13 113 | 98.5

[Mpumeganus: 1. * — obpaser ¢ TpEHIMHOM.

2. MakcumaiabHOe gasienue 130 atm.

3. BD o6pasmoB Ne 1 u 2 BeITIOTHEHA TP KOMHATHOM TeMIlepaType, a mocie/-
Huit npoxoxa BO + IIT — npu 130°C.

CIIaB UMeJ Ype3BbIYaiiHO HU3KYIO (Topska 1.5%) mmactiuunocts. [locne o6pabot-
ku 1o cxeme 1 nip. BO + I1I1 ero mnactiuunocTs Bhipocna Ao 7—12%, a nedopmupo-
BaHue 1o cxeme 5 np. BO + 111 no3Bonmio yBenmunTh miacTuaHocTh A0 17%. Ilo-
BBIIIEHHUE TIACTUYHOCTH, TI0-BUAUMOMY, MOKHO OOBSICHUTB APOOIEHHEM TPyOOKpH-
CTJUTMUECKON JTUTOW CTPYKTYpPBl M PEUIETKH, OOpPa30BaHHOW HEMETAJUTMYeCKUMHU
BKJIIOUEHHSIMU, TI0]1 IeHCTBUEM MHTEHCUBHBIX IUIACTUYECKUX AedOopMaLuii.

Ha puc. 3 moka3aHbl CTpYKTYphl, HOJy4eHHbIE cO HIIM(OB U3 cruiaBa Ne 3.
Tak, B MCXOJHOM COCTOSHUM CIUIAB MMEET XAPAKTEPHYIO JIUTYIO CTPYKTYpY C
KPYIHBIMH JICHAPUTHBIMU 0Opa3oBanusiMu (puc. 3,a). [Tocae 4 npoxonos BD na-
Omromaercst apoOieHue ACHAPUTOB, (GOPMUPYETCS WX TMPEUMYIINECTBEHHAs Ha-
NPaBJICHHOCTb, CTPYKTypa OJIHOpoJHa mo o0bemy (puc. 3,6,2). O6paboTka 10
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cxeme 1 mp. BD + IIIl npuBOoAUT K CHJIBHOMY WM3MENBYCHHIO JICHIIPUTOB, TEpe-
pacmpeeNieHrIo uX 1Mo o0beMy oOpasma. JIeHIpUThl HaXOAATCSA B KOJIOHUSX, YTO
CIOCOOCTBYET MOBBIIICHUIO MJIACTUYHOCTH CIUIaBA.

Puc. 3. Ctpykrypst obpaszua Ne 3: @ — ucxonnas aurasi; 6 — nocie 1 np. B + I1IT; ¢, 2 —
nocye 4 p. B3 cooTBeTCTBEHHO EHTpabHOW U NepudepuitHoi yacTeit oOpasia

O6pa3ier Ne 1 1 2 umeroT 6oJiee BHICOKHE TUIACTUYECKUE XapaKTEPUCTHKHU TI0-
cie oopadotku mo cxeme 1 mp. BO + I1I1, yem mocne mHOTOKpaTHO# BD € moce-
nytorum [1I1. [To MEHEHHIO aBTOPOB, ATO CBSI3aHO C TEM, UYTO CEpHIO MPoxoaoB BD
OCYILIECTBIISUIM NPU KOMHATHOW TEMIIEpAType, CIEICTBUEM YETO CTAJO HAKOILIe-
HHE TTOBPEKICHUN CTPYKTYPHI M CHIKEHUE TIACTHYHOCTH 00pa3ioB. OO0paboTKy
JAHHBIX CILIABOB, IMO-BUAMMOMY, HEOOXOIMMO BECTH C TIOJJOTPEBOM WJIU K€ MPHU
0o0Jiee BHICOKOM YpOBHE MPOTHUBO/IaBICHHUS.

BoIBOaBI

Ha ocHoBe BBINOIHEHHBIX AKCIEPUMEHTATIbHBIX HCCIEIOBAaHUI MOXXHO cle-
JaTh BBIBOJ O TOM, 4TO Teruiag BD ¢ mpoTuUBOJaBIEHHEM NMPUBOIUT K XOPOIIEH
popaboTKe JTUTON CTPYKTYPhI U pa3apo0IeHHUIO XPYIIKOTO MEK3EPEHHOT0 KapKa-
ca B JIMTBIX 3arOTOBKaX BTOPHUYHOIO aJIOMHHMA. B pe3ynbraTe moBblmaeTcs Iuia-
CTUYHOCTbH CIJIaBa U MOSBISIETCS BO3MOXKHOCTh €ro mocienyoliei nepopmanun
TpaguIMOHHBIMU MeTogamu OM/] ¢ nenbio npuaanust HeoOXoAUMOM (HOPMBL.
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KomOunupoBanHas nedopmanronHas oOpaboTKa BTOPHYHBIX ATFOMHUHUEBBIX
cruaBoB 1o cxeme BD + I1I1 mo3Bomsier momydats npouiIbHBIE U3/IENHUs C BBICO-
KUM YPOBHEM MEXaHUYECKUX XapaKTEPUCTHK.
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B.A. Ilonos, l1petable MeTaiutel Ne 6, 64 (1986).

B.C. Jlobanos, 11Betabie meTamuiel Ne 9, 96 (1986).

M.M. Pymuam, I'.I". lllaopun, I'.E. I'onbobyxm, lIBeTHbie MeTammsr Ne 5, 87 (1985).
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(2002).

6. A.E. Beuicenvzumep, B.H Baproxun, /[.B. Opnos, C.I". Cuinkos, BUHTOBas SKCTpy3us —
nporiecc Hakorienus aedopmanuu, TEAH, Jonerk (2003).

7. A.E. Beticenvzummep, C.I. Cuinxos, /[.B. Opnos, A.B. Peuwiemog, KIIII Ne 6, 15
(2004).

8. A.U. llegenes, AE. beticenvzumep, C.I. Coinkos, I3B. By30B. L|BeTHass MeTaTyprust
Ne 4,54 (2004).

9. AE. beiicenvsumep, A.B. Pewemos, C.I. Cvinxos, [{.B. Opnos, A.U. Illesenes, A.C. Coin-

xoe, T.I1. 3auxa, B ¢0.: COBEpIICHCTBOBAHKE MPOLIECCOB U 000PYI0BaHUs 00pabOTKH

JaBlieHHEM B METAJUTypruy U MammHocTpoenun, KpamaTtopek (2004), c¢. 358—363.

I S

A.L Shevelev, V.N. Varyukhin, S.G. Synkov, A.V. Reshetov

COMBINED DEFORMATION WORKING
OF SECONDARY ALUMINIUM ALLOYS

The influence of severe plastic deformation followed by deformation working by direct-
pressing method on final mechanical properties of a number of secondary aluminium al-
loys has been studied. It is shown that severe plastic deformation much improves tech-
nological plasticity of the alloys, thus favoring shape forming and making products of
better mechanical properties.

Fig. 1. Cross-section of sample for screw extrusion

Fig. 2. Schematic showing of plants for repeated screw extrusion (a) and combined de-
formation (6) working: / — punch, 2 — container, 3 — billet, 4 — false-billet, 5 — screw die,
6 — backpressure plunger («) and conical deforming die (6)

Fig. 3. Structure of sample Ne 3: @ — initial, as cast one; 6 — past 1 pass of screw extrusion +
+ direct pressing; 6, 2 — past 4 passes of screw extrusion of central and peripheral portions
of the sample, respectively
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PACS: 81.40.Vw

B.H. BaptoxuH, T.T. Mopos, A.C. CbiHkoB, A.E. Benrenb3nmep,
E.W. MNyweHko

BITMAHNE PEXKMMA U CITOCOBA OBEPABOTKN OABJTIEHUEM
HA CTPYKTYPY U TEPMUYECKYK YCTOMNYMBOCTb AMOP®HOIO
CINABA Fegg 6C024.4Si2 9B3 1

[oHeLKnIn PU3NKO-TEXHNYECKUIN MHCTUTYT uM. A A. ManknHa HAH YkpauHbl
yn. P. Jliokcembypr, 72, r. loHeuk, 83114, YkpauHa

Memooamu penmeeno8ckoll Oudpaxyuu u pesucmomempuy U3yieHo IusHue npeosapu-
menvbHoU 0bpabomku cuopocmamuveckum oaeieruem (OIJ]) u eudposxcmpysueti (OI3)
HA CMpyKmypy u mepmudeckyro ycmouuugocms amopgprnozco cniasa (AC)
Feg96C0244Si29B3.1. Tlokazano, umo nocne OIJ] u OI'D amopgnoe cocmosinue cniasa
coxpausemcs. Ilpu smom oOHapysicenvl USMEHEeHUs GeNUYUH UHMEZPATbHOU WUPUHBL 2AT10
u cmenenu xoeepenmuocmu cmpykmypol AC. Tepmuueckas ycmotyugocms Cniasa nocie
Ol u OI'D npu enruuune omuocumenvHou degpopmayuu y = 16% cHudxcaemcs, a nocie
OI'D npu w = 60% — nosviwmaemcsa. I[Ipedsapumenvuvie OIJ] u OI'D ne uzmensaom
MeXaHu3m, nocredo8amenbHOCmy 8bldenenuss U aszosvlii cocmag npooykmos Kpu-
Cmannu3ayuu.

YHUKaNbHBIE CBOWCTBA (BHICOKUM YPOBEHBb (DHM3MKO-MEXAHHMYECKUX W (PU3UKO-
XUMHUYECKHX TapaMeTpoOB) METAIUIMUECKHX CIUIABOB B aMOp(HOM W HAHOKpHU-
CTANIMYECKOM COCTOSIHUSX [1,2] HACTOATENBHO 3aCTaBIISIIOT MCKAaTh HOBBIE U CO-
BEPIIIEHCTBOBATh MMEIOLIUECS CIMOCOOBI MONTYYCHHs] TaKUX MAaTEpHajoB B BUJC
MacCHBHBIX 00pa3loB M 3aroToBOK. Benyliee MecTo cpeau HUX 3aHUMArOT METO-
JTbI KOMITAKTHPOBAHMSI, UCIIOJIb3YIONINE PA3INYHbIe BUBI 0OpaOOTKH TaBICHUEM
[3-5].

Lenp HacTosme paboTel — U3y4UHTh BiMsiHUE npeaBapuTenbHbix O/l u OI'D
Ha CTPYKTYPY U TepMUdecKyr0 ycToiunBOCTh AC Fegg 6C024.4S12 9B3 1.

MaTtepuaj u MeTOIMKA IKCIIEPUMEHTA

Amopdubiit crutaB Fegg 6C024 4512 B3 1 momydeH ObICTpON 3aKajlkoWd M3 pac-
ITaBa Ha BPAIAIONIEMCsl TUCKE B BHJIE JICHTHI IUPUHONW 11 mm mpu TonmmHe
0.025 mm. O6paboTka gaBiaeHuem BoinoaHeHna nyms (I u II) cmocobamu.

I cioco6 npeacrasiser coboii npensapurensuyto OI'/l. Ona npoBenena npu
KOMHATHOW TeMmIepaType B MOBTOPHO-CTATHUYECKOM DPEKUME C Pa3HbIM YHCIOM
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nukioB (n = 1, 3, 5) Harpyxenus ipu gasieHuu P = 1 GPa u moapo6HO onmcana
B [6]. B mannoii pa6ore OI'/l ocymiecTBieHa B OBYX peKUMax, OTIMYAIOIIMXCS
BPEMEHEM BBIICPKKH MOJT HArpy3koil t. B mepBoM pexxume npu n =1 u n =3 ais
Ka)KJ0ro 1ukJia Harpyxenus T = 180 s, Bo BTopoM —npu n = 1 u n = 5 cooTBETCT-
BeHHO T = 300 s u T = 60 s, T.e. cymMMapHO€ BpeMsl 0] Harpy3Kou ObLJI0 OJMHa-
KOBBbIM U paBHbIM T = 300 s.

IT coco6 — npensaputensHas OI'D. Jlns aToro orpe3ok neHtsl / (puc. 1) mm-
Hoi 100 mm nomMenianu Mexay AByMs IOJOBUHAMM LWJIMHIPUUYECKOMN 3ar0OTOBKU
3 nuameTpoM 24 mm M 3amaKOBBIBAJIM B MEIHYIO TPYOy C BHYTPEHHUM JIHAMET-
poM 24" mm u HapyXHbIM 28 mm. OguH U3 TOPUOB 3arOTOBKH 3aKPbIBAIU
BHYTPEHHEH 3arimynikoi 4 ¢ KaHaBKaMH, B KOTOPBIE 3aKaThIBAJIM MEAHYIO TPYOy C
LEeNbI0 TePMETH3AlMU 3arOTOBKM OT BBICOKOTO JaBJICHHS, M YyCTaHABIMBAJIU
BHEIIHIOIO 3alVIyIIKY M3 IPOYHOM CTalM Ul IPEIOTBPALIEHUS «OTCTPEay 3aro-
toBKH. OI'D mpoBOAMIIM B YCTAHOBKE JIJIs1 THAPOTIPECCOBAHMS C pa00OYHM KaHaJIOM
KoHTeiHepa ¢ 50 mm, creneHsMu OTHOCUTENbHOH aedopmanmn y = 16 u 60% u
YPOBHEM JIaBJICHUS TUIPOIKCTPY3HH cOOTBETCTBEHHO P =420 u 1100 MPa.

1 2 A 3

e R A 7
B A 4 T\
._‘E‘ixh\
5 4 JI ;

Puc. 1. Cxema ynakoBku nents! st OI'D: I — amopdHas neHra; 2 — megHas TpyOa; 3 —
pa3pe3aHHbIil CTaIbHON IWIMHAP; 4 — BHYTPEHH:S 3ariyllKka; 5 — BHEIIHAS 3aryIka

CTpyKTypHBIE JaHHBIE TOJIYYEHbI METOJIOM PEHTI'CHOBCKOW ITU(pPaKUUU B
(GUIBLTPOBAaHHOM jKeJIe3HOM u3nydeHun Ha ycranoBke J[POH-3 u doTomeromom B
Cr K -m3nyuennn B kamepe Jlebas—Illeppepa na ycranoske YPC-55.

3a Mepy TEpMUYECKONW YCTOMUMBOCTH CILIaBa MIPUHATA Temieparypa 7 Havaia
KpUCTaJUTH3aluy, GUKcUpyemasi mpu HarpeBe o0pasioB co ckopoctbio 0.25 K/s
METOJaMH PE3UCTOMETPUM WM PEHTIEHOCTpyKTypHOoro aHamusza (PCA). Dnek-
TPOCOIPOTHUBICHUE R M3MEPEHO (C MOTPEIIHOCTHIO +2:107 ()) 4-KOHTaKTHBIM
METOJIOM Ha IOCTOSHHOM ToKe. [lanenue HanpskeHus (mpomnopiuoHanbHoe AR)
u Temneparypa (¢ TouHoctbio £1.0 K) mpu HarpeBe o0pa3iioB 3amucanbl C IOMO-
mpto 6-xkaHasnbHOro noreHuuomerpa KCII-4. IIpoananusupoBaHbl TemmepaTyp-
HbIE 3aBUCUMOCTH OTHOCHTEJIBHOTO 3JIeKTpoconpoTuBieHus R/Ry (R, Ry — Texy-
1iee ¥ M3MEpPEHHOE Nepe]] HayalloM HarpeBaHUs 3HAYCHHs 3JIEKTPOCOIPOTHUBIIE-
HUS 00pasia).
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Pe3yabTarhl M HX 00CyKIeHHE

I cnoco6 (OI'J). Manusie PCA, npuBeneHHbIE HAa pUC. 2, CBUIACTEILCTBYIOT O
TOM, 4TO Ttociie npeasaputenbHoit OI' /] amopdHOE cocTosiHUE CIIaBa COXpaHseT-
csi: mupaKkMOHHBIE KAPTUHBI MPEICTABISIIOT COOON IIMPOKOE Tajio, MAaKCUMyM
WHTEHCUBHOCTH KOTOPOT'O COOTBETCTBYET yrily 20 = 57.2° u mpakTHYeCKH HE 3a-
Bucut ot pexuma OI'J[. Onnako ToHkas cTpykTypa AC, xapakrepuszyemasi TaKu-
MU BeJIMYMHAMM, KaK MHTEerpalibHas IIKMPHHA [3 Tajo U cTeneHb & KOrepeHTHOCTU
ctpyYKTYPHI (& = Ieon/(Ieoh + Lincon)> TAE Ieoh U Lincoh — MHTEHCUBHOCTH COOTBETCT-
BEHHO KOTE€PEHTHOT0 (TaJI0) U HEKOTEPEHTHOTO PACCESIHUS PEHTI€HOBCKHX JTydeid)
MpeTepneBaroT 3aMeTHbBIE U3MeHeHusA. Tak, ¢ poctom umncia uukiaoB OI'/] Be-
auuuHa B pacter, a § — YMEHBINAETCs, NOCTHTass MHHUMAJIBHOTO 3HAYCHUS
npu n = 3.

3000 ——m———————————————
| | Puec. 2. IudpakrorpamMmsl, moiy-
2500 4
YeHHbIe A7 00pa3loB HCCIeaye-
2 5000k | moro crutasa 6e3 OI'Jl (xpuBas [ —
5 £=0.65,p="7.2°) umocne OI'/]: 2 —
£ n=3,6=060p=75%3-n=>5,
5 1500 E=063,p=73%4-n=1,E=
=0.63,p="7.3°
1000 - .
500 1 1 1 1 1 1

Ha puc. 3 npuBeaeHbl KpUBbIE U3BMEHEHUSI OTHOCUTEIIBHOTO 3JIEKTPOCONPOTUB-
nenust R/R(, monydeHHble pu HarpeBe obpasmno 6e3 u mocie OI'Jl. Temmeparypa
Hayvaja KpucTan3auuu 7 (COOTBETCTBYET TeMIlepaType MepBOro pe3koro naje-
HUA R) CHWXaercs ¢ poctoM n. MunnManeHoe 3HaueHune 7y = 718 K mosydeno
st oopasia, moaseprayroro OI'J] mpu n = 3 (mns o6pasna 6e3 O] T = 728 K).
Kpome Toro, u3 ananusa gaHHbIX puc. 2 ciaenyer, uto pexxuM OI'Jl He oka3bIBaeT
CYIIECTBEHHOT'O BIUSHUS Ha BeNWYMHY 7y M KOHKPETHBIA BHUI KpUBBIX R/Ry(T).
CymiecTBEHHOE 3HAYEHUE MPU 3TOM MMEET CyMMapHasi NpOJOJIKUTEIbHOCTh BbI-
Jep kKU o0Opasiia moJ Harpy3koi. Temmeparypa, Ipu KOTOpoil HaOIro1aeTcs BTO-
poe pe3Koe MajieHnue R Ha KpUBBIX PUC. 2, COOTBETCTBYET HAYally BTOPOM CTaanu
kpuctaun3auuu. [lo nanasiM PCA, nepBast cranus — nepBUYHasi KpUCTaIA3a-
U C BBIJIETICHHEM TBEPAOTrO pacTBopa Ha ocHOBe o-Fe. KoHewuHblil mpomykT
KPUCTATU3AIMH TIPEACTaBIsAEeT cOo0O0i CMeCh TBEPIBIX PACTBOPOB HAa OCHOBE
nByx ¢a3 (puc. 4): a-Fe (OLK) u 6opuna Fe,B (OLT). Kpome Toro, PCA-
JTaHHBIE CBUJIETEIIbCTBYIOT O TOM, 4TO npeaBaputenabHas OI'J] He u3meHser mexa-
HU3M, MOCIIE0BATEILHOCTh BBIJCIEHHUS U (Pa30BbIi COCTAaB MPOAYKTOB KpUCTA-
JV3ALMH.
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Puc. 3. TemnepaTypHble 3aBUCUMOCTH OTHOCHTEIHLHOTO JIIEKTPOCONPOTUBICHUS R/R)
Jutst 00pasios criaBa 0e3 (0, Ty =728 K)unocne OI'J: x —n=3, T, =T7TI8 K; A—n=35,
T,=723K;o-n=1,T,=723 K

0.8

Puc. 4. Iudpakrorpammsr 00pasnoB mocie HarpeBa A0 973 K (oxiaxkaeHue ¢ MeUbio)
oe3(Humnocne OI'/: 2—n=1;3-n=3;4—n=5

II coco6 (OI'D). IMocne mpeasaputenbHoit OI'D CIUIOMIHOCTE JEHTHI HapyIIa-
etcs. [Ipu otHOcuTenbHOM nedopmanun y = 16% neHTa mo Bcel AJMHE paclie-
NMJIaCh Ha CJIOH, PACIOJIOKEHHbIE TI0J] yIiioM 45° k ocu neopMHUpOBaHUs, a TO-
cie nedpopmanuu 10 ¢ = 60% pazapodbuiiack Ha OTIENbHBIE KycOuKH. CTPYKTYp-
HbIe JaHHble nociie OI'D momydeHsl GOTOMETOOM € MOCIEAYIOIUM MUKPO(DOTO-
METpPUpPOBaHHEM B MHTEpBasie yrioB 0 = 25-80°. U3 puc. 5 BUIHO, YTO U TOCIIE
OI'D amopdHoe cocrosiHHME crulaBa coxpaHsercs. Ilpu 3Tom cienyer oOpaTUThH
BHMMaHUE Ha HEMOHOTOHHYIO 3aBHCHUMOCTh BeldMuYuH & U . CTeneHb & Kore-
pertHoctu cTpykTypbl AC nocne OI'D npu y = 16% Bozpocna g0 & = 0.09, a npu
v = 60% — nonusunace 10 & = 0.03 (s oOpaszua 6e3 OI'D € = 0.08). Mcnonb3o-
BaHMe (OTOMETOJIa MO3BOJIMIO B 0OJee HArJIITHOM BHJE BBISBUTH BIUSHHE Jie-
dbopmarnoHHbIX 3(PGEeKTOB Ha HEKOTEPEHTHYIO YacTh OOIIeHd WHTEHCHBHOCTHU
paccesiHusl pEeHTT€HOBCKHX JTy4el UCClieAyeMbIMU 00pa3laMH.

100} -
80+ 1 Puc. 5. MukpodoTtomMeTpruecKue
8 I KpHBBIE JJ1s1 00pa3loB ciutaBa 0e3
g 60r 1 O (xpusas 1 — & =0.08, B = 5.8°,
S 40+ i Y = Hincon/Heoh = 4.6) 1 mocnie OI'D:
;‘i i 2—y=16%,£=0.09,p=53°y=
20t h H |1 =32:3-y=60%£=003,y=94

I ] CO!
O L . . . . . -

20 30 40 50 60 70 80
0, grad
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s onpenenenust Ty obpasubl caBa 6e3 u nocie OI'D (¢ = 16 u 60%) Ha-
rpesid OJHOBPEMEHHO co ckopocThio 0.25 K/s (kak u mpu MCTIOIb30BaHUN METOAA
pesucromerpun) 1o 725; 733 u 873 K, Osictpo oxnaaunu u npoenu PCA. Oxka-
3aj0¢h, 4To B 0Opasue nocie OI'D npu y = 16% u Harpese no 725 K Hapsiny c
amopduoit ooHapyxeno ~ 10% kpucrammnueckoit (o-Fe) ¢aspl, a npu ¢y = 60%
npu Harpese 10 733 K (HamoMHHM, 4TO CIjiaB 6€3 mpeaBapuTeIbHON 00paboTKu
umeet Ty = 728 K) 3adukcupoBano ~ 2% kpuctauinueckoi ¢assl (puc. 6). Ta-
KuM 00paszoM, mpenBaputenbHas OI'D mpu BenwunHE OTHOCUTENBHOU aedopma-
muu ¢ = 16% cHimkaer, a npu y = 60% — MOBBIIIAET TEPMUYECKYIO YCTONYH-
BoCcTh uzydaemMoro AC. [Ipu »ToM MexaHu3M, MOCIEI0BATEILHOCTh BBIICIICHUS U
($a30BbBIN COCTaB MPOYKTOB KPUCTATUTHU3AIUNA HE U3MEHSIOTCS (puc. 7).

T T T T T T 250 B 7
80+ B
-3 ] 200+ .
2% 1 2150
~ ~
201 2 1 50 .
] 1 1
0 i 1 1 " 1 " 1 " 1 " 1 n I- O C I 1 1 1 1 1 1 1 " 1 n 1 ]
20 30 40 50 60 70 80 20 30 40 50 60 70 80
O, grad 0, grad

Puc. 6. Mukpodoromerprueckre KpuBbie 111 00pa3loB CiijlaBa mocie Harpesa a0 733 K
0e3 (/) umocne OI'D: 2 —wy =16%; 3 — v = 60%; ® — a-Fe

Puc. 7. MukpodoTomMeTpriecKre KpuBble i 00pa3loB ciuiaBa nocie Harpesa 1o 873 K
6e3 (/) umocne OI'D: 2 —wy =16%; 3 —y = 60%; ® — a-Fe, A — Fe;B

AmMopdHOe cocTOsIHHE CIIIaBa TEPMOJIMHAMUYECKH HeycToiunBoe. [Ipensapu-
TenbHast 00paboTKa J1aBJIeHUEM, BbI3bIBas 3aMETHbIE U3MEHEHHSI B TOHKOU CTPYK-
Type AC, cmocoOCTBYeT MPOTEKaHUIO MPOoIlecca HEOOPATUMOM CTPYKTYpPHOU pe-
nakcanud. [locmenHss B paMKax MUKPOCKOIMYECKOW MoJeNu [7] mpoTekaer my-
TEM PEKOMOMHAIIMN ¥ aHHUTHIISILUN CTPYKTYPHBIX Je(EKTOB p- U n-TUIOB. B 3a-
BUCHUMOCTH OT IpeoOiafjaHusl TOr0 WM MHOTO IpoIecca MOXET ObITh YCKOPEH
WM 3aMeJIJIeH Tpolece Kpuctaum3auuu npu Harpese AC (06a tumna 3tux nedex-
TOB Y4acTBYIOT B IIPOLIECCAX MACCOMIEPEHOCA).

[onyuennsle B paboTte TaHHbIE yKa3bIBatoT, 4to nocie Ol u OI'D npu y = 16%
TepPMHUYECKas YCTOWYUBOCTh CIUIaBa MOHU3WIACh. OHAKO BIMSHUE 3TUX 00pabdo-
TOK Ha TOHKYIO CTPYKTYpY CIUIaBa OKa3aJoch pazauyHbiM. C pOCTOM UHUCIIA IIHK-
noB OI'Jl cTeneHb KOTepeHTHOCTH & yMeHbIIaercs, a nocie OI'D npu y = 16% —
yBesnuuuBaercs. C Mo3ULMK KIacTepHOW MOJENH [§8] 3TO 03HAayaeT, 4To B IEPBOM
Clly4ae pacTeT J0Jisl HEYNOPsI0YEHHbBIX 00J1acTell CTPYKTYPBI, AAIOIIUX OCHOBHOM
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BKJIaJ] B HEKOT€PEHTHYIO YaCTh MHTEHCUBHOCTHU PAaCCesHUSI PEHTT€HOBCKUX JTy4eil.
Bo BTOpoMm ciydae, HA060pOT, yBETUUMBACTCS OIS KJIACTEPOB (CKOIUIEHHE aTo-
MOB C YHOPSAOYEHHBIM PACIOJIOKEHUEM aTOMOB, YJEPKUBAEMbIX TEM WM WHBIM
TUIIOM CBSI3H), IPUHUMAIOIIUX Y4acTHE B KOTEPEHTHOM paccestHuu. HbIMH CJ10-
Bamu, nocne OI'D (npu v = 16%) crenenp nopsiaka B crpykrype AC yBenuuuBa-
€TCs U CIUJIaB OKAa3bIBaeTCs 00JIee MOTOTOBICHHBIM K IIPOIECCY KPUCTALIA3AINH
Ipu JajbHeHeM ero HarpeBe. MOXHO NPEANOI0KUTh, YTO B IEPBOM CiIydae
(mocne OI'l) Hapsmy C mpoleccaMH MepepacrpelesieHus] yKe HMEIOIIUXCS
CTPYKTYPHBIX J€(EKTOB BOSHUKIN HOBbIE, KOTOPBIE MPH MOCIEAYIOIIEM HarpeBe
CTalld IEHTPAMU KPUCTALTU3AlMU. B TONB3y 3TOrO MPEeArnoioKeHHsI CBUICTEb-
CTBYIOT JaHHbIE 110 MU3MEPEHUIO YIENbHOIO 3JIEKTPOCONPOTUBICHUS (OHO BBIIIE
Ha 15% B o6pasuax nocine OI'/l) u noBenenue kpusbix R/Ry(7). Ilocie OI'D npu
v = 60% BennumHa & CHU3MIIACH IPUMEPHO B 3 pa3a 1o CPaBHEHUIO C 00pa3LoM
6e3 OI'D. Tepmudeckas ycToMunBocTh oOpasiia mociae OI'D okazanach camoil BbI-
COKOH, T.€. B pe3yJbTare INpeABAPUTEIbHON 00pabOTKU CTPYKTYpHBIEC IE(EKTHI,
MO-BUJIMMOMY, CTalld MeJIbY€ M TepMOJMHAMUYECKH Oosiee yCTOWYMBBIMU. [lis
KOPPEKTHOTO OOBSCHEHHUS TMONYYCHHBIX JAHHBIX HEOXOIUMO W3YUUThH BIIHSHHE
npeaBaputenbHblx OI'J] 1 OI'D Ha KWHETHKY MPOIECCOB CTPYKTYPHOM pelakca-
[IUU ¥ KPUCTAIUTU3AIUN UCCIIEyeMOTO CIIIaBa.

BriBoabl

1. [Tocne mpenBaputenbubix OI'Jl 1 OI'D amopdHOE COCTOSHUE UCCIETYEMOTO
CIUIaBa COXPAHSETCS, HO TOHKAsl CTPYKTYpPA €ro NpeTepreBacT 3aMETHbIE N3MEHEHNSI.

2. Tepmuueckasi ycToWuuBOCTh ciutaBa nocie OI'/] ¢ pocToM yucia UUKIOB 7
CHWYKAETCs, JOCTUrasi MUHUMAJIbHOTO 3HaueHus npu n = 3. [Ipu 3ToM Temnepary-
pa Hayaja KpUCTAJIM3ALMU cIiaBa T ONpeaensieTcss CyMMapHbIM BPEMEHEM BbI-
JIepKKH 00paslia 1moj Harpy3koi u He 3aBUcHT oT pexuma O[],

[Tocne OI'D npu otHOCcUTENbHOU nedopmanuu y = 16% TepMuyeckas ycToi-
YMBOCTh CIUIaBa MOHWXKAETCs, a IpU Y = 60% — yBeINYMBAETCSI 10 CPABHEHUIO CO
crutaBoM 6e3 OI'D.

3. OI'/l u OI'D He M3MECHSIOT MEXaHMU3M, IIOCIICAOBATCIIFHOCTh BEHIACICHUSI U
¢da30BbIi cOCTaB MPOAYKTOB KPHUCTAUIM3AIMK MPU IMOCIEIYIOIEM HarpeBe Hc-
cleyeMoro aMop(HOTo CIiiaBa.
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V.N. Varyukhin, T.T. Moroz, A.S. Synkov, Ya.E. Beygelzimer, E.K. Pushenko

INFLUENCE OF THE REGIME AND TYPE OF PRELIMINARY
PRESSURE TREATMENT ON THE STRUCTURE AND THERMAL
STABILITY OF AMORPHOUS F669_6C024_4Si2_983_1 ALLOY

The effect of preliminary treatment by means of hydrostatic pressure (PT) and hydroex-
trusion (EXT) on the structure and thermal stability of the amorphous alloy (AA)
Feg9.6C024.4S12 9B3.1 was studied using X-ray diffraction and the resistance measurement.
It is shown that after PT and EXT the amorphous state of alloy remains stable, but its fine
structure is changed taking into account the variation in the integrated width of halo and
coherence degree of the structure. The thermal stability of the alloy is decreased after PT
and EXT to the relative deformation ¢ = 16%, but that is enhanced after EXT to vy =
60%. PT and EXT do not alter the crystallization mechanism, the sequence of the crystal-
line phase formation, and the phase composition of the crystallization products.

Fig. 1. Plan of the amorphous ribbon packing for the preliminary treatment by means of
hydroextrusion: / — amorphous ribbon; 2 — copper tube; 3 — cut steel circular cylinder;
4 — internal plug; 5 — external plug

Fig. 2. X-ray diffraction patterns of the investigated alloy without PT (curve / — & = 0.65,
B=7.2°andafter PT: 2-n=3,£=0.60,3=7.5°3-n=5,=0.63,3=73%4-n=1,
£=0.63,="7.3°

Fig. 3. Temperature dependences of the relative electrical resistance R/Ry for alloy sam-
ples without (o, Ty = 728 K) and after PT: x —n=3, T,=718 K;A—n=15, T, =723 K;
o-n=1,T,=723K

Fig. 4. X-ray diffraction patterns for alloy samples after heating to 973 K followed by
quenching without (/) and after PT: 2—n=1;,3-n=3;4—-n=>5

Fig. 5. Microphotograms from alloy samples without (curve I — &= 0.08, p = 5.8°, y =
= Hincoh/Heoh = 4.6) and after EXT: 2 — y = 16%, £ =0.09, B =5.3°,y =3.2; 3 — y = 60%,
£=0.03,y=94

Fig. 6. Microphotograms from alloy samples after heating to 733 K without (/) and after
EXT: 2 -y =16%; 3 —y =60%; ® — a-Fe

Fig. 7. Microphotograms from alloy samples after heating to 873 K without (/) and after
EXT: 2 —y=16%; 3 —y =60%; ® —a-Fe, A — Fe,B
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PACS: 72.15.Gd, 72.60.+g, 81.40.Vw

B.T. D,osrvu7|1, AN. ﬂI/IHHI/IK1, B.K. I'IpOKoneHKo1, B.W. Ml/lxa17|n0|3,1
B.A. Xoxn0|31, A.M. Ka,u,owlu,eBaz, AA. LUeMFlKOB1, B.IN. ﬂau.l,eHKo1,
H.I. KI/ICGJ'Ib1, H.B. D,aBbl,u,eﬁKo1, H.E. nI/ICbMeHOBa1, A.N. |_|y3bIHFI1,
B.A. Cbiuesa’

MArHUTOHEOOHOPOOHOE COCTOAHNE MAHITAHNTOB
La-Sr-CUCTEMBbI

1,E|,0Heu,|<w7| PU3NKO-TEXHUYECKMI MHCTUTYT uM. A.A. lNankuHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpaunHa

2Mocn<oscr<vu7| rocygapcrtBeHHbIn yHuBepcuteT uMm. M.B. JTomoHocoBa
r. Mocksa, 119899, Poccusa

H3yuena memnepamypras 3a8ucumocms HamacHuueHHocmu M, HayanbHOl MAZHUMHOU 60C-
npuuMyugoCmU Y U d1eKmpoconpomuenetus R monoxpucmanna maneanuma Lay g755rg 1:sMnQOs.
Tloxkazano, umo nuzkomemnepamypnuuwiii nux y (T = 150 K) cosnaoaem ¢ munumymom R u
00ycnoeien paspyuenuem opoumaIbHo20 Ynopsooyuenus U nosaeieHuem 60abUuo2o yucia
Hocumeneu. Bonuszu mouxu Kopu (T =200 K) y ucnoimvieaem ciadwlii oCyuiiupyouuti
MAKCUMYM, CEA3AHHBIIL C NePexo0oM 6 napamazHumuoe cocmosimue. « Ocyunisaiyuuy ces-
3bIBAIOMCSL C CYUECMBOBAHUEM 8 00pA3ye HEOOHOPOOHO20 COCMOSHUSL MUNA MAZHUTNHBIX
Knacmepos. Bozoeticmeue @HewiHe2o euopocmamuyeckoeo oasienus 00 10 kbar npuso-
OUm K YMEHbUICHUIO DNIeKIMPOCONPOTNUGIEHUS U CMEWEHUIO NO MeMNnepamype 9KCmpemy-
M08 R, umo ceszano ¢ ysenuuenuem 0601iH020 0bMena u 00U eppomasHumHol (aszol.
Obnapysiceno, umo memnepamypHas 3a6UcCUMOChb ) OJisl Kepamuieckux oopazyos
(LaysSroz);Mn;,O; (0 <x <0.4) Hocum «08y2opOvLly Xapakmep, Ymo MOACem ceude-
MeNbCMBOBAMb 0 3HAYUMETbHOU MASHUMHOU HEOOHOPOOHOCMU KePAMUKLL.

1. BBenenue

B nHacrosiiiee BpeMsi HHTEHCUBHO UCCIIEAYIOTCS MEPOBCKUTOINOI00HBIE PEIKO-
3eMenbHbIe MaHTaHUTHI TUNa R, M, MnO; (rae R — TpexBanenTHsie nousl La, Pr,
Nd u apyrux penko3eMeabHBIX JIEMEHTOB, M — nByXBaJIeHTHbIE MOHBI St, Ca,
Ba). Oto cBsi3aHO ¢ HAOMIOJaEMBIM B HUX KOJIOCCAJIbHBIM MAarHUTOPE3UCTUBHBIM
3 dexkToM B MepCrneKTUBOM UX MpakTUudeckoro mpumeHnenus [1-4]. Jlns oObsc-
HEHMS JJAaHHOTO 3¢ (heKTa MPUBIEKAIOTCS Pa3TUUYHbIe MEXaHU3MBL: IBOWHONW 0OMEH
3unepa, aquHamuyeckuii ddpdext Ana—Temnepa [5,6], MexaHu3M, CBA3aHHBIA C
CYIIIECTBOBAaHHEM MAarHUTOABYX(A3HOTO COCTOSIHUS, XapaKTEPHOTO JJIsi MarHUT-
HBIX TOJIYTPOBOJHUKOB [7—12].
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[lenbto HacTosimiel pabOTHI SABISIETCS BBISICHEHHE CBSI3U PE3UCTUBHBIX dKCTpe-
MYMOB C CYIIIECTBOBAHHEM PA3JIMYHBIX MArHUTHBIX (a3 ¥ BIUSHUS HA HUX BBICO-
KOT'O THJIPOCTAaTUYECKOTO JaBJICHUS.

2. MeToauka moJiy4yeHusi M UccjieJ0BaHUA 00pa3oB

MounokpucTananueckue oOpa3ibl BbIPALIEHbl METOJOM IUIaBaIOIIEH 30HBI C
panuarnonssiM HarpeBoM [13]. Kepamudeckue oOpasipl (MOJTUKPUCTAIIIBI) T1O-
Jy4yaly MO CTaHJapTHOM KepaMUYEeCKOW TEXHOJOTHMH M3 CMECH MOPOIIKOB OKCH-
noB Lay0s, SrCO;, Mn3;O4 mapku «HA». CUHTE3UPYIOMIHMI OTXKUT TTPOBOIUIN
mpu 900°C B Teuenne 20 h, 3aTem mocie TIIATETLHOTO MEPETUPAHUsS U TTPECCcoBa-
HUS B TaONETKH UX criekanu npu temrneparype 1150°C B reuenue 21 h.

M3mepeHne MarHuTHBIX CBOMCTB OCYILIECTBIISUIM Ha BUOPAIMOHHOM MarHuUTO-
METPE U MHAYKTUBHO-YAaCTOTHOM YCTAHOBKE, AJIEKTPONPOBOJHOCTH OIpPENEISIIN
YEeTHIPEX30HIOBBIM METOI0M. MarHuTHYI0 BOCIPUUMYUBOCTD U3MEPSUIA MOTYJIs-
LIMOHHBIM METOJOM IpU OCHOBHOM uactore moxyisuuu 330 Hz, amnoutyny mo-
TyJUPYIOUIEro 1mojs u3MeHsui B npeaenax 1—10 Oe.

UccnenoBanust nox aasnenuem o 10 kbar mpoBoauinn B kamepe BHICOKOTO J1aB-
JIEHUA TUMa UWIMHAP—TIOpUIEHb U3 HEeMarHuTHBIX MarepuanoB bpb2 n XHIO40. B
KaueCcTBE CpPEJipl, MEpEAAOIIEl 1aBIE€HUE, UCIIOIb30BAIM CMECh KEPOCHUH—MACIIO
(1:1). TemmepaTypy U3MEpsIU TEPMOMETPOM, KAITHMOPOBAHHBIM TPH Pa3IAYHBIX
JIABJICHUSX, a JaBJIEHUE — MAHTAHWUHOBBIM MaHOMETPOM COIPOTHBIICHHS.

3. JKkcnepuMeHTAJIbHbIE Pe3yJbTAThl U UX 00CYy:KIeHHe

B pabore nccnenoBanbl HaYallbHAsE MATHUTHAS BOCTIPUUMYHUBOCTD ), YIACIbHAS
HAaMarHM4eHHOCTh M, CONMpOTUBICHHE R W MarHUTOPE3UCTUBHOCTbH MOHOKPH-
ctaia coctaBa Lag 75519 12sMnO3 ¥ TOTUKPUCTAIITMYECKHUX (KEpaMUIECKHIX) 00-
pasnoB (Laolgsr0.2)1,an1+xO3 (0 <x< 04)

60F 270 3
2602 \%. Puc. 1. Temnepatyp-
50 F Tl
sol H o Hasl 3aBUCUMOCTh Ha-
\ MarHu4eHHoctd M
40 - 560 '0.. (kpuBas /), oTHOCH-
%0 g 2 \/ TEBHOTO COTMPOTHB-
g 30r 4 40 . \ nenust R/Ry3 ¢ (2) m
g" Q:S i \ .\ HavyaTbHOM MarHUTHOM
20 2 20- b H BOCIIPHUMYHUBOCTH
I \ \ (arb. units) (3) mo-
B ' s NN _
10 ok e '\:\ o HOKPHCTAJUINYECKO
o ro oOpasma cocraBa
or 20 ..."'0-0 Lay 75510.12sMnOs3
Piid I WP | PR

50 100 150 200 250 300 350 400
7K
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400

300

K

s 200

100

OO 0.10

Puc. 2. dazoBas amarpaMma MOHOKpPH-
craioB La; ,Sr.MnO; [14]. Kpucramnu-
yeckue cTpyktypsl: O, O, O" — opTopom-
orueckne, R — pomOosnprdeckas. Maraur-
HBIE CTPYKTyphl: PM — mapamarauTHas,
FM — ¢eppomarautHas, CA — cKomeHHas
aHTHU(EpPOMarHuTHAsL. DJIEKTPOHHBIE CO-

Ha puc. 1 npuBenensl Temmneparyp-
HBIE 3aBUCUMOCTH Y, M 1 R 1 MOHO-
kpuctamia Lagg7s5510.12sMnO3. Bugno,
4ro B obmact Temneparyp 150 u 200 K
MUKA BOCHPUMMYHUBOCTU ) COBMAAAOT
COOTBETCTBEHHO C MUHUMYMOM U MakK-
CUMYMOM pE3UCTHUBHOCTH R, a Ha 3a-
Bucumoctu M(T) HaOIOIAIOTCS COOT-
BETCTBEHHO CKAa4OK W pe3kuil cnang M
(T¢ = 208 K). CornacHo (azoBoii qua-
rpamme cuctembl La;_Sr,MnOs [14]
(puc. 2) ansa x = 0.125 npu temnepary-
pax T < 140 K oOpa3zen; HaxoauTcs B
FM/I-cocrostnun (ycnoBHbIE 0003HaYe-
HUS CM. B MOJPUCYHOUHOH MOAIMHUCH),
rze HabmoaaeTcss OpoOUTaIbHOE U 3apsi-
JIOBOE YIOPSJOYCHUE HOHOB Mn*" u

crosaus: 1 — JAUBJICKTPUYCCKOC H30JIATOP-

Mn** [14-16]. Ilpu 3TOM, KaK BUIHO
HOe, M — MeTajIM4ecKoe

u3 puc. 1, y — MuHUManbHa, a R u M —
BesnkH (3aBucumoctb M(T) usmepena
B mojie H = 1.13 kOe). [Tux BocnpuumunBoct npu 7 = 150 K cooTrBercTByeT
marauTHoMy nepexony FM/I <> CA/I u cTpykTypHOMY (pa30BOMY MEpexony
0" < O'. Ormerum, yto B obmactu O’ ¢a3oBoil nuarpaMmbl HaOIIOIAIOTCS
Oombine sH-TeUIepoBcKue aAedopmannun okTa’apoB MnOg, a B obmactsax O" u
O — mamnsrie [15].

Tak Kak MHIAYKTHBHO-YAaCTOTHAs YCTaHOBKa (paKTHUYECKH (DUKCHUPYET Koyeha-
HUS peppOMarHUTHOIO MOMEHTa B 00pa3iie IpH BO3AEHCTBUM EPEMEHHOTO Mar-
HUTHOTO TOJIsI, TO MakcuMyM ¥(7) CBUAETEIBCTBYET O MHHUMAJIBHOM 3HAUYECHUH
M0JISI MATHUTHOW aHU30TPOIIMU B ATOM JMarna3zoHe temmneparyp. OueBuHO, 4TO B
obmactu FM/I «uCTOYHMKOM» TOJSI MarHUTHOM aHU3OTPOIIMU SBISiETCS OpOu-
TaJbHOE yIopsigoueHue, a B oomactu PM/I — ssH-TennepoBckue uckaxeHus (KOTo-
pbie B obmactu O’ mpuMepHO Ha MOpsAoK Oonbiie, yeM B obsnactu O’ ¢dazoBoit
nuarpaMmmsbl [15]). Mbl mpeamnonaraem, 4To B 3alITPUXOBAaHHOW obyactu (puc. 2)
npu x = 0.125 nabmonaercs cmech ¢az: CA/l u FM/M unu FM/I [17]. Habmto-
JAEMBI 371eCh IMIMPOKHH MO TeMmmepaType ¥ OONBIIONW MO aMIUIMTYAE IMHK BOC-
NPUAMYHUBOCTH, MO-BUJMMOMY, COOTBETCTBYET MUHUMYMaM OpPOHUTaJIBHOTO YIIO-
pAIOYEHUS], SH-TEJUIEPOBCKUX HCKaXEHUM M, CJIeJ0BAaTEIbHO, MOJS MarHUTHON
annzorponuu. [Ipu 3TOM, Kak BUIHO U3 puc. 1, HAMarHWYEHHOCTh M ocTaeTcs Bce
emie OOJBIION, U TOJILKO HE3HAYUTENIbHOE CKaYKOOOpa3HOe €€ YMEHbILEHUE MO-
xeT roBopuTh ckopee o CF-, uem o CA-daze. B 1o xe Bpems peskoe najeHue R
0 MUHUMAJIbHOTO 3HAUEHUsl CBHUJETEIbCTBYET O MOSBICHUHM OOJBIIOrO 4HCIa
HOCHUTENEH, UTO TaKXkKe SIBJISAETCS CIEACTBUEM UX JIEIOKAIU3alUUd U COOTBETCTBYET
Pa3pyIICHUIO OPOUTATILHOTO U 3apsIOBOTO yropsmodeHus [ 14—16].
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Bropoii ik x(7) («BBICOKOTEMINEpPATYpHBI») CBS3aH C MEPEXO0JIOM B IMapa-
MarHuTHoOe u3ossTopHoe coctosiaue (7¢ = 208 K). Bunno, uto B obnactu 7¢ Ha-
0JIr01al0TCS OCHMJUISILIMM BOCIIPUMMYUBOCTH, KOTOPBIE C YBEIMYEHHEM TeMIlepa-
TypBl yMEHBIIAI0TCs, HO HaOmonatores 1o 7' = 270 K, rae, kak cienyeT u3 puc. 2,
MMEET MECTO CTPYKTYpHBIN (a3oBelil mepexon O — O. OTMETUM yIUBUTEIHHOE
U BaXHOE OOCTOATEIHCTBO: OoCILIAIMH ¥ (7) HAOMIOMAIOTCS B MapamMarHUTHOU
obnactu ganexo 3a Toukor Kiopu (AT = 60 K). MbI cBsA3BIBaEM 3TH OCHIIIISAIIAA C
dbeppoMarHuTHBIMU KJIacTepamu, KOTOpbIe HaOII0ar0TCs U B paiione ¢, U B ma-
paMarHuTHOM oOyiactu ($a30BOM AMArpaMMbl. AMIUTATYAA U XapaKTep OCIHILISA-
[IUI TOBOPAT O TOM, UTO (peppOMArHUTHBIC KJIACTEPHl 00J1al0T JTOBOJIBHO OO0JIb-
IIMM MarHUTHBIM MOMEHTOM U UX K0JieOaHUsI He3aBUCHUMBI (HE CUHXPOHU3HPOBA-
Hbl). Kpome TOTO, BHIHO, 9TO TIpH MPUOIMKEHUH K T U3 0071aCTH BBICOKUX TEM-
neparyp amIUIMTy[a JaHHBIX OCHWUIALMN U MX orumdaromas BO3pacTaioT, a 3TO
3HAYMT, YTO KOJUYECTBO KJIACTEPOB M UX CYMMAapHbIA MarHUTHBIA MOMEHT yBe-
JNYMBAIOTCSL.

Bunumo, u B paiione 7¢ HabIrOgaeTcs MarHUTOHEOIHOPOJHOE COCTOSIHHE W
cocymectBytoT obnactu CA-, FM/M- u PM/I-coctosinnii. C yBenTuYeHUEM TEM-
nepaTypbl pacTeT 00beMHas 107 HepeppoOMarHuTHOM (as3bl, 4TO MPUBOIUT K TO-
BBIIICHUIO COMTPOTUBIICHUS, U Ha NTuKe 3aBUcUMOCTU R(T) mpOUCXOAUT CMEHA Me-
TAJUTHYECKOTO TUIA MTPOBOAUMOCTH (TIPEBATUPYET CIIUH-TIONSPHU3OBAHHBIN JIpeiid
HOCHUTEJICH ) Ha TIOJYPOBOAHUKOBBIN (MPEBAIMPYET aKTHUBAIMOHHBIN THUIT TPOBO-
mumoctn). Temneparypa nuka pe3ucTUBHOCTU 71, COOTBETCTBYET MOPOTY MEPKO-
JSUM, KOTJa OTAeNIbHbIE MarHUTHBIE KJIACTepbl OOBEINHAIOTCA U 00pa3yloT He-
IIPEPBIBHBIE ITYTH Ul IPOTEKaHUs Hocutene Toka (FM-marpuny) npu noHuxe-
HUM TeMmnepaTypbl U «pa3Ban» FM-marpuibl Ha oTaenbHble FM-knactepsl npu
MOBBIIIEHUH TeMiiepaTypsl [3]. OTMETUM, 4TO MarHUTHasE HEOAHOPOAHOCTb MO-
JKET CO371aBaThCs M Pa3IMUHON cTeneHbto FM-ynopsgouenus (¢ pa3lIuyHO#M cTe-
MEHbIO KOJUTMHEAPHOCTH MAarHUTHBIX MOMEHTOB). BO3MOXHO, YTO «OCUUIUISIIUN»
¥ TIPOSIBUIIUCH «SIPKO» B pe3yibTaTe Cy-

10F 1 IIIECTBOBAHUS HAMPSHKCHUN W OJIOUHOTO
o CTPOCHUS MOHOKPHCTAJIJIA.

0.8 ‘i Ha puc. 3 npezncrasieHsl TeMmmepa-
g 0.61 ll. ; TYpHBIE 3aBUCHMOCTH COIPOTUBIEHHUS R
2 04F \ —— npu gasneHnn P = 0 u 10 kbar. Bugso,

\‘ / 5 T uro nipu P = 10 kbar snekrpoconpoTns-

02 T JIEHWE YMEHBINAETCsI, a SKCTpeMyMbl R(7T)

0 1 O 0 ' 2(') 0 ' '3';) 0 cmemaTcss. OTMETHM BaXHBIA  (akT,
X YTO B 00JIACTH HHU3KUX TEMIICPATYP MBI

HE OOHAPYXHWIU CMEHbl METANTHYEeCKOro

XapakTepa MPOBOAUMOCTH Ha IIOJ -
Hust R oT Temneparypbl 7 MOHOKPUCTAILIU- paKtTep VP OBOAMMOC OIynpo
yeckoro obpasia cocTasa LagsrsSto 1,sMnO; BOJIHUKOBBIH (PE3KOTO POCTa COIPOTHB-

MpH BO3ACHCTRIN BHEMHEro napierys P, JCHIS, CBS3AHHOTO C OPOMTATBHBIM U
kbar: 1 —0:;2—10 3apANOBBIM  YIIOPAAOYEHHEM). B03MOXK-

Puc. 3. 3aBHCHMOCTB 3JIEKTPOCOIIPOTHBIIC-
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HO, YTO MpHu OoJiee HUZKUX TEeMIIepaTypax MOJYIPOBOJHUKOBBIN XOJ COMPOTHUB-
nenus Oyner HaOmomatbes [18,19]. I'mppocrtatudeckoe AaBiIeHHE YMEHbLIAET
paccrosiHue cBsized Mn—O, aCUMMETPHIO PEIICTKH, Yoyl ¢ (M3TU0 JIMHUM CBS3HU
Mn—O-Mn) u yron Mex1y CIIMHAMH f, COCEHMX MOHOB Mn, 4TO CONPOBOXKIAETCA
YBENIMYCHHEM OOMEHHOTO MHTErpajia CoceHuX MOHOB Mn. Bospacranue nBOMHOTO
oOMeHa TPHBOIUT K YBEIMUYCHHUIO (peppoMarHuUTHON (paspl, 4TO, B CBOIO OYEpEb,
BBI3BIBACT YMEHBIIICHNE CONTPOTHRICHUS Tipu naBieHun P = 10 kbar [20,21]. Tem nHe
MEHee B HEKOTOPBIX paboTax OTMEYAeTCsl, YTO JJAaHHOT'O MeXaHH3Ma HEJAO0CTaTou-
HO T HaOI0JaeMbIX OOJIBIINX U3MEHEHUHN COMPOTUBIICHUS U CMEIIEHUS TOYKU
Kropu 1 yTo ropaszno Gosbllee BIMSHUE OKA3bIBACT U3MEHEHHUE 3JIEKTPOH-pEIIe-
TOYHOTO B3auMozehcTBus [21-23]. ATbTepHATUBON TaKOW HIMPOKO pacmpocTpa-
HEHHOHM TOYKE 3pEHHS MOXKET OBITh MOJIENb 3BOIONMU (DEPPOMATHUTHBIX «KJIa-
CTepOB» (YBEIMUYEHHUS UX NEHCTBYIOLIETO 00beMa U, CIIe0BATEIbHO, MOBBIIICHUS
AIIEKTPOIPOBOTHOCTH 00pa3ia) Mo BO3IeHiCTBUEM BHEIIHETO JABJICHUS.
[IpencraBisieTcsi MHTEPECHBIM CPaBHUTH PE3YNbTAaThl, NOJIYYEHHBIE JUISI MOHO-
KpHCTalia, C aHAJIOTHYHBIMU Pe3yJIbTaTaMu JJIsl KepaMuueckux oopasios. C 3Toit
1eIbI0 ObUTH HCCeoBaHbl KepaMuku cocTaBa (Lag gSrp2)-xMn;,O3 (0 <x <0.4).
[To Hamum u3MepeHusM 3aBUCUMOCTh R(7) B 3TUX 00pasiax HCIBITHIBAET TaKOM
e MUK BONMu3u ¢, Kak U B UCCIETOBAaHHOM MOHOKpucTaiie. Pe3ynpTaTsl nuzme-
pEHUl TeMIepaTypHOU 3aBUCUMOCTH HAYaJIbHOM MarHUTHOW BOCIIPUMMYHUBOCTH B
JTaHHBIX KEpaMUYECKUX 00pasliax MpeacTaBiieHbl Ha puc. 4. BuaHo, 4yro 3aBucu-
mocTth ¥(7) nemoHCcTpUpyeT aBa MakcumyMa. CormnacHo ¢a30Boil Auarpamme (CM.
puc. 2) o0pa3ibl TaHHOTO COCTaBa MPU U3MEHEHUH TeMIepaTyphl TOJKHBI UCIIBI-

X, arb. units

Iy LJ

O 1 L 1 L L
340 360 340 360 340 360

T K

300 320 340

Puc. 4. TemnepaTypHasi 3aBUCUMOCTb Ha4aJIbHOM MarHUTHON BOCIIPMUMYMBOCTH ), Kepa-
Mudecknx o0pasros cocraBa (LaggSry,)1Mny ., O3 ams x, paBabix: 1 —0; 2 —0.2; 3 - 0.3;
4 — 0.4 (temneparypa omkura 1150°C, 21 h)
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ThIBaTh nepexoa 3 FM/M-coctostaust B8 PM/I, T.e. Ha 3aBucumoctu % (7) HOmKEH
HaOJII0AaThCS OMH MUK. MBI HHTEPIIPETUPYEM «IBYropObIii» xapakrep x(7) kak
MarHMTOHEOJHOPOJHOE COCTOSTHUE KepaMH4ecKoro obpasmna: (eppoMarHuTHas
¢aza uMeeT pasUYHbIE CTEINIEHU CIIMHOBOTO YHOpPsA0YeHUs u Temneparypy Kio-
pu. Ciaexyer OTMETUTh, YTO TIMK Ha 3aBUCUMOCTH R(7) HaOMIOgaeTCs MpU TeX Ke
TEeMIeparypax, 4ro u «AByropOsiii» muk ¥ (7) (3TO OTHOCHUTCS Kak K KepamHKe,
TaKk ¥ K MOHOKpHUcTauty). OmHako, XoTs muk R(7) 3aHMMaeT 3aMeTHO OoJee MIMpo-
KU TeMIiepaTypHbIi Mana3oH, OH He IPOSBIIAET aHOMAINH, XapakTtepHoit 1ist x (7).

BriBoabl

1. TemnepaTypHble 3aBHCHUMOCTH CONPOTHBJIEHHMS HMMEIOT JBa 3KCTPEMYyMA,
COBMAJIAIOIIME IO TEMIIEpPAType ¢ MUKaMH MarHUTHOW BOCIIpUMMUYUBOCTH. Husko-
temrepaTypHbiil ik ¥ (7) st MoHOoKpucTaina La—Sr-cucteMbl CBsI3aH ¢ pa3py-
[IEHHEM OpOUTAIBHOTO U 3apsI0BOTO YHMOPSAJOUYEHUS U YBETMYCHHEM YHCIIa HO-
cureneil (coorsercTByeT MUHUMYMY R(7)), B TO BpeMsl KaKk BBHICOKOTEMIIEPATyp-
HBIM MUK COOTBETCTBYET MCUYE3HOBEHUIO OOMEHHBIX B3aMMOJICHCTBHI U pa3pyliie-
HUIO CaMOIIPOM3BOJIbHON HAMarHM4eHHOCTH (Touka Kropn).

2. Ocumwmsuun ¥ (7) B obmactu BeIcOKOTeMIiepaTypHoro nuka (7¢), KOTopbie
HaOJI01al0TCA M B MapaMarHUTHOW o6nacTu (a3oBOW JAMarpaMMbl, CBsI3aHbI, TO-
BUJMMOMY, C CYILIECTBOBAaHHEM MAarHUTHBIX KJIaCTEPOB.

3. BozneiicTBue Ha MOHOKPHUCTA/I BHEIIHETO TMAPOCTATUYECKOTO JABJICHUS
no 10 kbar mpuBOAWT K M3MEHEHHIO XOJa 3aBUCUMOCTH HHU3KOTEMIIEPATypPHOU
BeTBH R(7) ¢ MOXYIpOBOJHUKOBOM Ha METAJUIMYECKYIO B JAHHOM TeMIIEpaTypHOM
UHTEpBajie. Y MEHbIICHUE COIPOTUBIICHHs 00pa3lia U CMeIlleHUe 10 TeMIIepaType
skcTpeMyMoB R(7) CBSI3aHO C yBEIHMUEHHEM IBOMHOTO oOMeHa u nonu FM-dasbl.
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INHOMOGENEOUS MAGNETIC STATE OF La-Sr SYSTEM
MANGANITES

The temperature dependence of magnetization M, initial magnetic susceptibility y, and
electroresistance R for single-crystal manganite Lagg75Sr12sMnO3 has been studied. It is
shown that low-temperature maximum of y (7' = 150 K) matches the minimum of R and
is caused by distortion of orbital ordering and occurrence of large quantity of carriers.
Near the Curie point (7 = 200 K) there is a weak oscillating maximum of y that is caused
by transition into paramagnetic state. «Oscillations» are associated with existence of
magnetic clusters in the sample. External hydrostatic pressure up to 10 kbar decreases the
electroresistance and displaces in temperature the extrema of R due to increase of double
exchange and fraction of ferromagnetic phase. It has been found for ceramic samples
(LapgSrp2)1-:Mny,0O3 (0 < x < 0.4) that the temperature dependence of i has two maxima.
This indicates that the ceramics have large magnetic inhomogeneities.

Fig. 1. Temperature dependence of magnetization M (curve 1), relative resistance R/R,73
(2) and initial magnetic susceptibility x (arb. units) (3) of single-crystal sample
Lay 75510.12sMnO;5

159



Pdu3uka ¥ TeXHUKA BLICOKHX daBjeHnii 2005, rom 15, Ne 1

Fig. 2. Phase diagram of single crystals La;_Sr,MnOs [14]. Crystal structures: O, O’, O" —
orthorhombic, R — rhombohedral. Magnetic structures: PM — paramagnetic, FM — ferro-
magnetic, CA — canted antiferromagnetic. Electronic states: I — dielectric insulator, M —
metallic

Fig. 3. Dependence of elecroresistance R on temperature 7 for single-crystal sample
Lag g75510.12sMnO3 under external pressure P, kbar: 1 —0; 2 — 10

Fig. 4. Temperature dependence of initial magnetic susceptibility y for ceramic samples
(LaggSro2)1-:Mn,O3 at x: 1—0; 2 —0.2; 3—0.3; 4 — 0.4 (annealing temperature 1150°C,
21 h)
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IHHAMATHU
IABAJIBJIA ABPAMOBHUYA 3ABAJICKOI'O

02.06.1927-22.03.2005

22 MapTa ymen u3 ku3HH JaBaiaba Aépamosmuy 3SABAJICKHM. Yyscrso
OTPOMHOH TOTEPU OXBATHJIIO HE TOJIBKO €ro ONM3KHX M YYCHHKOB, HO M BECh
00JbIION KOMIEKTUB MHCTUTYTA. [Ipolanich He TOJIBKO C YU€HbIM, BHECIIUM Be-
COMBIH BKIIaJ] B pa3BUTHE (DU3MKKU MAarHUTHBIX SIBJICHUN, HO M C YETIOBEKOM, KOTO-
PBIii OHMIIETBOPSUT OECKOPHICTHOE CIIY)KEHHE HayKe, ObLI1 3aMedaTeIbHbIM Te/1aro-
TOM, BOCIIUTATENIeM Hay4dHOU Monoaexu. EMy He Halo ObLIIO IPOU3HOCUTH JJIUH-
HBIE PEYU C MPU3BIBOM YUYHUTHCS, pabOTaTh — OH caM CBOEH KHU3HBIO, MPEAAHHO-
CTBIO HayKe, MIOCTOSTHHBIM TBOPYECKUM TOPCHHEM YTBEPKIAN, YTO KU3Hb B HAYKE
HEOOBIKHOBEHHA, HHTEPECHA U CTOUT TOT'0, YTOOBI TIOCBATUTH €i BCEro ceosl.

Tax oH xun u padortan, 6€3 TUITHUX CIOB TOJHOCTHIO OTJABAsICh HAYKE U CBO-
UM IPUMEPOM BOOJIYILIEBIISIS BCEX, KTO C HUM PSAOM padoTal U yUHIICS.

Onsaneg AGpamoBuy 3aBaackuil poawics 2 uroHs 1927 r. B ropone Musuiepo-
BO B CEMb€ TEXHUUYECKUX MHTEIIUTEHTOB. B cBs3u ¢ paboToit oTia OHM mepeexa-
mu B Kazaxcran, a motom — B MockBy, oTkyna B aBrycre 1941 r. cembst 3aBaj-
CKHX, KaK U BCE pyCCKHe HeMIIbl, ObUIa mepecerieHa 3a Ypai. Tskenas >KM3Hb BO
BpeMsl BOWHBI HE TOMeIIalla MalbYMKy MOJYyYUTh Xopolee oOpasoBanue. Ero
YUUTEISIMU OBLIIM 3BaKyHMpOBaHHBIE Mpodeccopa W MpernofaBaTeNu pa3IndHbIX
MOCKOBCKHUX BY30B. OHM CyMeNH HE TOJIBKO OOYYHTh DNBajib/ia, HO U MPOOYANTH B
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HEM MHTEpEC K 3HaAHHUSIM U HayKe HACTOJIbKO, YTO OH 3a0YHO 3aKOHYMI TEXHUKYM,
a 3aTeM — 3KCTepHOM (pusnueckuii Gpaxkynbprer CBEpIIOBCKOTO YHUBEPCHUTETA.

B 1956 r. DnBanba AGpamMoBUY MOCTYIHI B aCIUPAHTYpy B MHCTUTYT QU3MKH
MeTaiioB Ypanbsckoro HayyHoro nieHtpa AH CCCP B r. Cepiioseke. B 1964 r.
OH 3alllUTHII KaHAUJATCKYIO AMCCEPTAINIo, B KOTOPOil OTpadaThIBaIUCh METOMIbI
NOJIy4YEeHHUsI CUJIbHBIX MAarHUTHBIX IIOJIEH, MCCIIEAOBAIIOCH HEOOpAaTUMOE MapTeH-
CHUTHOE TpPEBpallleHHEe B AyCTCHUTHBIX CTalsAX, MHIYLIUPOBAHHOE HUMITYJIbCHBIM
MarHUTHBIM MOJIEM.

C 1966 r. u no nocnennero nHs J.A. 3aBaJICKui BCEW CBOEH TBOPUYECKOM JKU3-
HBIO OB cBsi3aH ¢ JloHenkuM (PU3NKO-TEXHUIECKUM UHCTUTYTOM. MHCTUTYT, O€3
IpeyBeINYEHus, — ero Aeso, ero 00Jib, €ro cyacThe. 3/1eCh OH MpPOIIeN MyTh OT
3aBeAyroIIero jJadoparopuei 10 aupektopa. B 1974 1. 3amuTui TOKTOPCKYIO
muccepranmio, B 1980 cranm mpodeccopoM, B 1978 n3zdpan 4ieHOM-KOPPECTOHIECHTOM
AkazeMuu HayK YKpauHBbI.

TpynHo npeacTaBUTh KOHPEPEHIUU 110 MarHeTu3My 0e3 ero ydactusi. OTKpbI-
THE U TIPOBEJICHHUE 3aceJaHUi BCETIa OKHUBIISIIMCH SIPKUMHU U 3aIIOMHHAIOITMMHUCS
BBICTYIUJICHUSAMU DJBanbaa AOpamMoBuYa. B KaXI0M M3 HMX HaXOIWJIOCh MECTO
JUI ONTUMHMCTUYECKOTO HANyTCTBHSI M OPUTHHAIBHOTO HAYYHOTO COOOILICHMS-
«U3IOMHHKHY, 0€3 KOTOpOro He 00X0AWICS HU OJHH A0Kian J.A. 3aBaacKoro.

DOnBanbl AGPaMOBHY SIBJISIETCS OCHOBATEJIEM TEMAaTHKHU, CBSI3aHHOW C KadecT-
BEHHO HOBBIM IOJIXOJIOM K aHAJU3y MarHUTHBIX U CTPYKTYPHBIX CBOMCTB MaTe-
pHANOB MPH BBICOKUX JIaBJICHUSX U B CUJIbHBIX MarHUTHBIX MOJisAX. VM BHepBbie
OBLIIO BBEJICHO MOHATHE METACTaOMIBHBIX (Da3, CKPBITBHIX B 00JACTH OTPHUIATENb-
HBIX JIaBJIEHUH, W pa3paboTaHbl METOJbl UX MHAYLUPOBAHUS CHJIbHBIM MarHUT-
HBIM [10JIEM B (heppOoMarHeTukax.

OTH NOJIXO0/bI OKA3aJUCh IUIOJOTBOPHBIMU HE TOJIBKO JISi MPOBOMSAILIMX Mar-
HETHUKOB, HO M JUUIsl CETHETOAUNIIEKTPUKOB. MeTacTabuiIbHbIe 00JIacTH IPU CerHe-
TO3JIEKTPUUECKUX MEPEeX0Jax M «CKPBIThIE» COCTOSHHS B (heppoaudsieKTpuKax
BOIIUIM B OOMXOJI MCCIIE0BATENIEH, UCIIOIB3YIOIUX CHIIBHBIE SJICKTPUUYECKUE T0-
JI51 U BBICOKUE THAPOCTATUYECKHE JaBIICHUS.

Jpyrum HampaBieHueM, pa3BUTHIM O.A. 3aBajcKuM, Obula MarHUTHas HM-
MyJbCHAs CHEKTPOCKOMHUS. DTOT MOAXOJ IMO3BOJISUT BOCCTAaHABIMBATH KapTUHY
pacnpe/eneHns HU3KOJIeKaluX TEPMOB 3-d-HOHOB Ha OCHOBE MAarHUTHBIX U3Me-
pEHUI NTUAJIEKTPUKOB C CHJIbHOM OJHOMOHHOM AHU30TPONUEH B MMITYJIBCHBIX
MarHUTHBIX MOJIAX OOJIBIION HAMPSHKEHHOCTH.

Tpu Monorpadum, Hanucanueie D.A. 3aBaJCKUM, MO-TIPEKHEMY aKTyaJIbHBI
KaK ydeOHbIE MOCOOMS M JAIOT MPEACTaBICHHE O €ro TBOPUYECKOM MOJXOJe MpU
UCCIICIOBAaHUM Pa3HOOOPa3HBIX MAarHUTHBIX M 3JEKTPHUECKUX CBOICTB TBEPAOTO
tena. Hanpasnenus, npeioxeHHsle J.A. 3aBajCKuM, YCHEHIHO MPOJOJIKAOT
pa3BUBaTh €ro0 YUEHUKHU, CPEAHN KOTOPHIX 4 nokTopa u 21 kaHauaat Gpu3nko-mare-
MaTHYECKHX HayK.

Onpanba A6paMoBHY 0013171 HE3ayPSITHBIM TAJIAHTOM HE TOJIBKO YYE€HOTO, HO U
OpraHu3aTopa Hay4Horo mnporecca. Ha mpoTspkeHnH IeBsITH JIeT OH ObUT 3aMeCTUTe-
JIEM TMPEKTOpa MHCTUTYTA 10 Hay4yHOH padore, a ¢ 1987 mo 1997 1r. — mupeKkTopoM.
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C camoro Hayayia u3gaHusl pecyOIMKaHCcKoro cooparka «du3nka u TeXHUKA
BBICOKMX JaBiieHui» B 1980 r. D.A. 3aBajickuif MHOTO BPEMEHH IMOCBSILAET ITOU
paboTe cHayasiia B JIOJDKHOCTH 3aMECTUTENsl TJIABHOTO penakTopa, a ¢ 1987 r. —
IJIaBHOTO penakropa. imenno ycunusamu OaBanbaa AGpamosuda B 1991 r. cbop-
HUK OBLT TpeoOpa30BaH B KypHaJ, TJIABHBIM PEAaKTOPOM KOTOPOTO OH OCTaBaJICS
BIIOTH 710 1999 r.

OnBanbn AGpamoBuy ObuT (panatom Hayku. Jlo mocimeqHux aHEH OH padoTtan
COBETHHKOM JIUPEKIIUU, IPUHUMAN Y4aCTHE B CTAHOBJIICHUH OCHOBHBIX HAYYHBIX
HaIpaBJCHUN JESITCIIBHOCTH WHCTUTYTA, PYKOBOIWI KOHKPETHBIMH HCCIIEIOBaA-
HUSIMH, IPOBOJIUMBIMH B OT/I€JIE MATHUTHBIX CBOWCTB TBEPJIOTO TeMa.

HaBcerna B Hamieil maMsiTH OCTaHETCS WHTEJUTMTEHTHOCTh DnBasibjia AOpamo-
BUYA, €T0 100pOTa, TEPIUMOCTh, ACIUKATHOCTh, YMEHUE paboTath ¢ oapMu. OH
obnazan HeOOBIKHOBEHHBIM YMEHHUEM CO3/1aBaTh TBOPYECKYIO aTtMochepy, TeM
CaMbIM 3a)KWTasl JIIOACH W O0bEeNUHSS UX B TBOpUECKOM mowcke. OTpoMHYIO pa-
JIOCTh €My JIOCTABJISUTH HAYYHBIE HAXOIKU U JOCTHXKCHUSI €T0 YUYECHUKOB.

DOnBanba AOpaMoBUY OBLT YyJECHBIM CKPOMHBIM Y€JIOBEKOM, C KOTOPHIM BCe-
raa Obuto TpusATHO oOmaThes. [lamare 00 DaBanpiae AOpaMoBHUYE COXPAHUTCS B
Iyliax BCeX, KTO €ro 3HaJl, B €r0 TPYyAax, KOTOPbIE eIlle AOIAT0 OYAyT IIUTHPOBATh-
Csl 1 UHTEPECOBATh MOJIOABIX (DU3UKOB.
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KYPHAJI
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUM»
OBDBABJIAET O IOAIINCKE
HA 2005 T0/

B xypHaie myOnukyroTcs paboTsl B 007aCTH (DU3WKHM, MEXAHUKHA W TEXHHKH,
BCKPBIBAOIIUEC POJIb BBICOKOI'O HABJICHUA KaK HHCTPYMCHTA JIA U3YUCHUA U
dbopmupoBanus GU3NISCKUX U MEXaHUYECKUX CBOMCTB MaTepuanoB. OcoObIi HH-
TCpEC MNPCACTABIIAIOT q)yH,Z[aMeHTaJ'H:HBIe HCCJIICAOBAaHUs, YCTAHABJIWBAIOMINC
B3aMMOCBSI3 MHKpPO- U MaKpPOCBOWCTB, a TaKK€ OCHOBAHHBIC Ha 3TOM TPUKIIAJI-
HBIC pa3pa60TKH MO0 MPUMCHCHUIO BBICOKHX I[aBJ’IeHI/Iﬁ I CO3JaHUs MAaTCPpUaAIOB
C 3aJIaHHBIMU XaPaKTEPHUCTUKAMH.

CTaTBI/I, HaIpaBJIKICMBIC B PCAAKIUIO, HC HJOJIKHBI 6I:ITB OHy6JII/IKOBaHI:I NI
NpeHAa3HAYCHBI ISl OITYOJIMKOBAHHS B APYTUX U3ATEIbCTBAX.

TemaTnka s;KypHaJa

— DIIEKTPOHHBIE M KHHETUYECKHUE CBOMCTBA TBEP/IbIX TEI.

— @u3nKa MarHUTHBIX SIBJICHUM.

— ®Da3oBbIE NEPEXOIBI.

— CeKTpOCKOIHUS TBEPABIX TEI.

— du3nKa TPOYHOCTH ¥ TUIACTUYHOCTH.

— ®Ou3uvecKoe MaTepruaIoBeICHUE.

— O6paboTka MaTepuasIoB AaBJICHUEM, HHTCHCUBHBIE TUIACTHYECKHE
nedopMaruu.

— AnmapaTypa BBICOKOTO JaBJICHUS, TEXHUKA YKCIIEPUMEHTA,
TEXHOJIOTUIECKOe 000pyI0BaHuE.

Kpome pabot mo ¢u3uke u TEXHHKE BBICOKHX JaBJICHUHN >KypHAJI MyOJIUKYeT
PE3YIbTAThI HCCJIGI[OBaHI/Iﬁ N3 CMCXKHBIX O6JIB.CT€I>'I Inpu TOM YCJIOBHUH, YTO OHH
MOTYT OBITh UCIIOJIb30BaHbI B TPOPMIHPYIOIEH 00IaCTH.

IIpaBuia ogopmiienns 1y aBTOPOB KypHaJIa
«®A3UKA U TEXHUKA BBICOKHUX JABJIEHU»

Penakuus xypHama MpOCUT aBTOPOB IPH TOJATOTOBKE CTaTel PYKOBOJCTBO-
BaThCs M3JI0)KCHHBIMH HIDKE TpaBHiIaMu. MaTepuaisl, opopMieHHbIE 6€3 co0ITIo-
JICHUS TTOCTIeTHUX, K PACCMOTPEHHUIO HE TPUHUMAIOTCH.

B >xypHane myOnrKytoTCsl CTaTby Ha PyCCKOM, YKPAWHCKOM U aHTJIMHCKOM SI3bIKaX.

B penaxiuio HammpaisioTes 2 3K3eMIUBIpa pYKOIHMCH (BKIIIOYAst BCE €€ JIEMEH-
ThI), HaOpaHHO# B porpamme Word 7-it unu 97-it Bepenii mpudrom tuna Times
pasmepom 14 1.1. uepe3 1,5 uHTEpBaa Ha OJHON CTOpOHE JHcTa popmara A-4.

ITonst: neBoe — HE MeHee 3, BepxHee U HUKHee — 2, mpaBoe — 1,5 cm. Bee cTpa-
HUIIBI HEOOXOJMMO IPOHYMEPOBATh.
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Pykomnuchk nomkHa OBITH BEIYMTAHA U TTOATNKCAHA aBTOPOM (COaBTOpaMHu).

Heo6xoaumMo npenocraBieHue 3JIEKTPOHHOM BEPCUM CTAThU HA JAUCKETE MO0
nepeaya 1o JIEKTPOHHOM MoYTe:

E-mail: pashinska@mail.ru.

KoMniieKTHOCTH pyKONHUCH

Pykomnuch 10omKHA COlepKaTh TEKCT CTAThU, aHHOTAIUIO, CITUCOK JINTEPATYPHI,
MOJIPUCYHOUHBIE HAJNCH, KOMILJIEKT PUCYHKOB, CBEJICHUSI 00 aBTOpax.

1. Texer crarbu. Ha nepBoil cTpaHuiie yKa3bIBatOTCSA:

— kiaccudukanuoHHbIN uHAEKC 1o cucteme PACS;

— MHUIHAIBEI U (haMUTTIH aBTOPOB;

— Ha3BaHUE CTaTbU;

— TIOJTHBIN TTOYTOBBIN aAPeC YUPEKACHHUS, B KOTOPOM BBIIIOJIHEHA padoTa.

Ha3zeanue cratbu AOMKHO OBITH KpaTKUM, HO MH(OpMaTuBHBIM. He nomycru-
MO TMpHMEHEHHE B HEM COKpalleHHi, kpome cambix obmenpuusaTeix (BTCII,
'K, AMP u ap.). Ucnonb3yembie aBTOpaMu aOOpeBHATYypbl HEOOXOIUMO pac-
@ poBaTh IPU MEPBOM UX YIIOMUHAHUU.

Pazmepnocmu dusnueckux BenwumH (B cucremMe CH) mo Bcelt pykomnucu
JOJKHBI OBITh HAa QHTIMICKOM SI3bIKE. B ECATUYHBIX YHCIIaX Mepel JECATHIMU
CIIETyeT CTaBUTh TOUKY.

2. Ta6auubl J0KHBI OBITh HalledyaTaHbl HA OTIENBHBIX CTPAHUIIAX U HUMETh
3arojioBKu. O0s3aTeNbHO YKa3aHUE €IMHUI] U3MEPEHUS BETUYMH.

3. @opmyJsbl xenaTesbHO HAOUpaTh B peJakTope ypaBHEHUH. Bce MHIEKCHI
JOJIKHBI OBITh Ha aHMVIMACKOM f3bIKE. DKCIOHEHTY ClielyeT 0003HauyaTh Kak
«eXp», a He KaK «&» B CTEICHHU.

4. UnmocTpanuu JODKHBI OBITh M3TOTOBJIEHBI aKKypaTHO Ha Oenol Oymare
win Kanbke. POTOCHUMKHU MPUHUMAIOTCS TOJIBKO YETKHE W KOHTpacTHhIe. Ha
000poTe pUCYHKA CIIeIyeT yKa3aTh (MSATKUM KapaHIamoM) ero HoMmep, haMuiuu
ABTOPOB M HA3BAHUE CTAThU, IPU HEOOXOTUMOCTU MOMETHTH «BEPX» U «HU3». B
3JIEKTPOHHOW BEPCUM BCE PUCYHKHU TpeOyeTcsl MpeloCTaBUTh B YEPHO-OEIoM Ba-
puanre, oTIeNbHBIMU Qaitnamu B cnenyromux popmatax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynok, momemnrae-
MBI HA BCIO IIUPHHY CTPAHUIIBI, JOJDKEH UMETh pa3Mep Mo ropu3oHTamu 14 cwm,
Ha '. ctpanunsl — 7 cMm. [ns pucyHkoB B pactpoBbix (bitmap) dopmatax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe paspe-
menue — He MeHee 300 dpi. Ilpu sTom B (aiisie pasmep n300pakeHUs IO TOPH-
30HTAJIM, BKJIIOYas IMOAIUCH 10 OCSAM, ITODKEH ObITh He MeHee 800 mukceneh ms
pUCYHKa Ha 2 upuHbl cTpaHulbl U 1600 nukceneil — Ha BCIO IUPUHY.

5. AunoTtanus (He Oonee 15 cTpoOK) HOIDKHA COAEPKAThH 1IeNb pabOTHI, METO
ee JIOCTH)KEHUS, OCHOBHBIEC pe3yJbTaThl. B penakinio mpeacTaBiseTcss TeKCT aH-
HOTaluHU (C YKa3aHHEM aBTOPOB M HA3BaHHsI CTaThU) HAa PYCCKOM M aHTJIHHCKOM
SI3bIKAX (Ha OTACIBHBIX CTPAHMIIAX).
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6. Cniucok JMTEepaTypbl IPUBOJUTCS B KOHIIE CTAThU B MOPSJIKE YIOMUHAHUS
B TekcTe. B 6ubnnorpaduyeckoM onucaHuM yKa3bIBalOTCs WHUIMAIBI U (haMHUITHH
BCEX aBTOPOB, a Jlajee:

a) Js KHUTU — Ha3BaHUS KHWTHW, WU3MIaTENbCTBA M TOPOJA, TOJ W3IaHus (B
KPYTJIBIX CKOOKax):

A.D. Hogpghe, Puzuka kpucramion, [ 13, Mockaa (1929).

0) nns craThu 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. CBeneHusi 06 aBTOpax HEOOXOIMMO MPEJACTABUTh HA OT/CIBLHON CTPaHUIIE,
/1€ YKa3bIBAIOTCS:

— TIOJTHBIE UMS$1, OTYECTBO U (haMUIIHSI aBTOPOB;

— ciyeOHbIe ¥ IOMAalIHKUE a/ipeca U TeJae(OHbI aBTOPOB;

— E-mail u anpec Internet.

CrnenyeT yka3arh, ¢ KEM U3 aBTOPOB MPEIMOUYTUTEIBHO MOAJIEPKUBATH CBS3b
pu paboTe Ha/T CTAThEH.

CosoxkynHocmos HA36aHUs CMAMbU, AHHOMAYUU, PUCYHKOE U NOOPUCYHOYHBIX
noonucetl 00IHCHA 0A8AMb ICHOE NPedCcmasieHue 0 Cymu pabomeol.

Obpawaem enumanue asmopos Ha To, 4to, HaunHas ¢ 2002 1., xxypran ©®TB/]]
pedepupyercs U uHACKCHpyeTcs pedepaTuBHBIM KypHainoM Chemical Abstracts,
YKpauHCKUM ATEHTCTBOM IO 3aIIUTE aBTOPCKUX MpaB, Y KPAaMHCKUM JJIEKTPOH-
HBIM XypHasIoM «Jlxepenoy». AHHOoTanuu kaxxaoro seinycka @TB/] Ha pycckom u
AHTJIMHCKOM SI3bIKaX pa3MEIIAlOTCsl COOTBETCTBYOMKUMHU pupmamu B Internet, uto
JIeaeT KypHaJl JOCTYIHBIM ISl AaHTJIOSI3bIYHBIX CIIEIIUATUCTOB.
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NHO®OPMAIIUA O TIOAIINCKE
HA )KYPHAJ «®U3UKA Y TEXHUKA BHICOKHX JTABJEHU»

Kypnan «Pusnka u TEXHUKA BHICOKUX JIaBJICHUI» BKIIIOYeH B Karajor mepuo-
nudecknx uinanuii Ykpaumubel Ha 2005 rox (moammcHoi mHaekc 74528). Kpome
TOT0, MOAMKUCATHCS HA JKYpHAJ MOXHO HEMOCPEACTBEHHO B PEeJaKLIUU KypHaa.

KypHan BeIxoauT pa3 B 3 mecsua (4 Homepa B Tof).

CronMocTh noanucku (0e3 yuera CTOUMOCTH NEPECbLUIKH), IPH.:

— U1t PUBUYECKHUX JTUI] Ha 3 Mmecsana — 20

Ha 6 mecses — 40

Ha 12 mecsieB — 80
— JUISL FOpUAMYECKUX ULl Ha 3 mecsua — 40

Ha 6 mecsieB — 80

Ha 12 mecsues — 160
Jis odopmiieHUsT MOANUCKH B PENakIMd HEOOXOAUMO B €€ aapec BBICIAThH
MHAChMO-3aKa3 Ha TOJIMHUCKY C yKa3aHWEeM OaHKOBCKHUX PEKBHU3UTOB W TOYHOTO

azapeca.

AZlpec pelaKIuH JKypHAJa:
VYkpauna, 83114, r. Jlonenk, yiu. P. JlrokcemOypr, 72

3a 7ONOJHUTENBHOM HH(pOpMaIMel clieayeT oOpamarbes

no teneony (062) 311-22-02.
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