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Dislocation-kinetic approach to tensile stress-strain curve
calculation for “flat” aluminum polycrystals

E.E. Badiyan, A.G. Tonkopryad, O.V. Shekhovtsov

V.N. Karazin Kharkiv National University, Svoboda Sq. 4, Kharkiv, 61022,
evgeny.e.badiyan@univer.kharkov.ua, shekhovtsov@yahoo.com.

The dislocation-kinetic approach is used for the stress-strain curve calculation for "flat" pure polycrystals of metals with average
grain sizes d in the range from 10 to 500 xm and a thickness D > 2d which were stressed in tension at a constant strain rate and moderate
temperatures. The strain-hardening of "flat" pure aluminum polycrystals has been theoretically studied on the basis of the solution of
the kinetic equation for the dislocation density. The effects of reduction in the conditional yield strength and strain-hardening coefficient
and deviation from the Hall-Petch relation with decreasing specimen thickness have been found.

Keywords: "flat" pure polycrystals of metals; strain-hardening; tensile stress-strain curve; kinetic equation for the dislocation
density.

JlucrokariiHO-KiHeTHYHHUHN MMiXiJ 3aCTOCOBAHO JUIsl PO3paxyHKy aedopmaniiiHoi KpuBol "IDIOCKHX" YHCTHX IOJIKpHCTAIIB
METaJiB i3 CepeaHiMH po3MipamMu 3epeH d B inTepsai Bif 10 1o 500 xm i ToBumHOIO D > 2d, siki 1e(hOpMYIOTECS 32 YMOB OJJHOOCHOTO
PO3TATY 3 MOCTIiHHOO MWBHAKICTIO AedopMaril Ipy HOMipHUX TeMIepaTypax. Ha ocHOBI pillieHHs KIHETHYHOTO PiBHSAHHS JUIs IYCTUHN
JHCIIOKALlil TEOPETHYHO IOCITipKeHO AedopMariiiie 3MiHeHHS "IIOCKHUX" YHUCTHX MOTIKPUCTAIIB aTOMiHil0. BUsABICHO 3HMKCHHS
YMOBHOI TpaHHI IUIMHHOCTI, KoedimieHTa AedopmamifHOro 3MiIlHEHHS 1 BigXWJIEHHS BiJ chiBBigHomeHHs Xomia-Ilerda mpu
3MEHIICHHI TOBIIUHH 3Pa3KiB.

KirouoBi ciioBa: "Mmiocki" 9UCTI MOMIKPUCTAIN METANIB; NeOpMalliifHe 3MIilHEHHS; KpUBA PO3TATYBaHHS;, KIHETHYHE PIBHSHHS
JUISL TYCTHHH JIHCITOKAITiH.

JIMCIOKAIIMOHHO-KUHETHYECKAN TOX0J] HCIONb30BaH Ul pacyera JeGOpMAIMOHHONW KPHBOH "IUIOCKHX" YHCTBIX
HOJIMKPHCTAIUIOB METAJIJIOB CO CPEIHUMHE pa3Mepamu 3epeH d B untepsaie ot 10 go 500 um u tommunoit D > 2d , nepopMupoBaHHBIX
B YCIIOBHSAX OJHOOCHOTO PACTS’KEHHUS C TIOCTOSHHON CKOPOCTBIO JedopMalnu pH yMEpeHHBIX TeMiieparypax. Ha ocHoBe pemeHus
KHHETHYECKOTO YPaBHEHHS U IUIOTHOCTU IHCIOKAIMH TEOPETHYECKH HCCIEAOBAHO Ne(OPMAIMOHHOE YHNPOYHEHHE "TUIOCKHX"
YHCTHIX MOJUKPUCTAIIIOB aMfoMUuHIA. OOHApYXEHO CHIDKCHHE YCIOBHOTO Ipefesia TeKydecTd, KodddunumenTa nedpopMamoHHOTO
YIPOYHEHHUS ¥ OTKIIOHEHHE 0T cooTHOIIeHHsT Xouta-IleTya npy yMeHbIIEHHN TONIUHEI 00pa3IioB.

KonroueBnle cioBa: "miockue" YHCTHIE IOJIMKPHUCTAUIBI METAUIOB; Ne(OpMalMOHHOE YNPOYHEHHE, KPHBas PacCTSHKEHUS,
KHHETHYEeCKOEe YpaBHEHHUE ISl INIOTHOCTH JUCIIOKAIIHI.

Introduction

The microscopic dislocation theory of a polycrystals
ductility is based on kinetic equations that describe the
evolution of the dislocation density in a material with an
increase of plastic deformation [1, 2]. The dislocation-
kinetic approach makes it possible to obtain the dependence
of the flow stress on the average grain size, temperature,
degree and rate of deformation. The hardness and ductility
characteristics of metal polycrystals can depend not only
on the average grain size d, but also on the transverse size
D (thickness or diameter) of tensile specimens. In [3], the
interaction of the size factors D and d is analyzed using the
kinetic equation for the dislocation density and the effects

of'the reduction in hardness and the deviation from the Hall-
Petch relation during the plastic deformation of specimens
with a micro- and nanograin structure with a decrease
in their transverse size are theoretically considered.
Investigation of the strain-hardening of "flat" * polycrystals
with average grain sizes in the range from 10 to 500 um is
of interest. Both average grain size and specimen thickness
should influence on the plastic flow of such sheets.

Equation for evolution of dislocation density
in "flat" pure polycrystalline specimens
In pure polycrystalline materials, which were stressed
in uniaxial tension at a constant strain rate &, given that

" In this study, specimens with a rectangular cross section whose sizes are related by the inequality D << w < [, where D is the
thickness of the specimen, w and / are its width and length respectively, and the ratio of the specimen surface area to its volume

S./V>>1cm" are called "flat".

https://doi.org/
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the diffusion mechanisms for the dislocation annihilation in
the boundaries and in the body of grains are absent at low
and moderate temperatures, the change in average
dislocation density p with increasing shear deformation
y = me, where m = 3,05 is the Taylor factor, can be written
according to [2] as

P =k, p. (1)

In this expression, the first two terms on the right-
hand side describe the accumulation of dislocations in
a polycrystalline material due to the presence of grain
boundaries (b is the Burgers vector, S describes the
intensity of dislocation accumulation in grains because the
grain size limits the mean free path length of dislocations)
and the dislocation multiplication by double cross-slip of
screw dislocations (k]. describes the intensity of dislocation
multiplication on forest dislocations), and the third term
describes the decrease in the dislocation density due to
annihilation of the screw portions of dislocation loops (k,
is the coefficient of annihilation of screw dislocation). In
general, the coefficient f which is defined as the relative
fraction of grains contributing to the grain-boundary
hardening can be found as f = I — A4S/ S, where A4S is the
total area of grains in the specimen cross section which are
directly adjacent to its surface, S is the cross-sectional area
of the specimen. For specimens with a rectangular cross
section, we can write

p=1-

2d 2d 4d’
_+__

D w  wD (22)

In specimens, which were investigated in this study,
2d <D <<w, so
2d
p=1-—— (2b)
D

We can see that the grain-boundary hardening depends
on the ratio of d- and D-factors [3]. If only two grains are in
the cross section of the specimen (2d = D), so that both are
surface, the grain-hardening is practically absent and the
coefficient f is zero.

Equation (1) is used for the theoretical description of
strain-hardening of polycrystalline metals with average
grain sizes in the range from 10 to 500 um [2]. It is assumed
that the transverse size D (thickness or diameter) of the
deformed specimens is much higher than the average grain
size d, so that the number N = D/d of barriers in the form of
grain boundaries in the specimen thickness is significantly
greater than 1 and = 1. In such samples, the flow stress is
controlled by the grain size (d-factor) [3].

In [4, 5], the kinetic equation for the change in the
dislocation density with increasing shear deformation in a
single crystal is formulated:

BicHuk XHY, cepia «®isunka», sun. 29, 2018

dp _[ny  (Ss)ns

dy b V)b
(©)

+(km _kim +kfp1/2)p_kap2-

Here the terms in the first bracket on the right-hand
side describe the work of dislocation sources inside a crystal
with a bulk density 7, and surface dislocation sources with
a density n,. The terms in the second bracket describe the
dislocation multiplication processes by double cross-slip
on obstacles of non-deformation origin (the coefficient
k), for example, the accumulation of impurity atoms, and
deformation origin (on forest dislocations, the coefficient
k=1 0 / b), and also the immobilization of dislocations on
obstacles (the coefficient &, ). The two coefficients depend
on the D-factor in the kinetic equation (3) [6]. Thus, the
departure of dislocations from a thin crystal through its
surface (the annihilation of dislocations with the surface)
leads to their loss from the multiplication process. Since the
total path length of dislocations through the crystal is equal
to the ratio D /m , where m = sin ¢, ¢ is the angle between
the slip plane and the tensile axis, then k, = sin ¢ /bD. In
addition, the contribution of surface dislocation sources to
the process of generating dislocations at the initial stage of
crystal deformation increases with increasing ratio S/ V.

If the crystal is pure, then we can neglect the terms
withn and k_in (3) [6, 7]. Then equation (3) takes the form

dp (S \ng 32 2
Pdy ( v ) y Ktk Pt —kpt @

In large crystals, the first two terms on the right-hand
side of (4) give an insignificant contribution to the evolution
of the dislocation density [7]. However, their role increases
with decreasing thickness of the specimen D. Dimensional
effects arise that were investigated in [3, 6, 7]. For values
of D less than some critical value, we can neglect the last
two terms in (4), and we obtain a kinetic equation for the
dislocation density in micro- and nanoscale crystals with
allowance for only the D-factor [3, 7]:

dp _ng m,
Pday b1, bD

where L, is the length of the Frank-Read source.

Simultaneous action of d- and D-factors in micro-
and nanocrystalline pure samples, which had a transverse
dimension in the micro- and nanoscale, was theoretically
investigated in [3]. To this end, the terms from the right-
hand sides of (1) and (5) were included in the kinetic
equation. The term k/ was neglected because the average
grain size was small. As a result, the following equation
was obtained

P, (&)
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dp _ ng +ﬁ(D,a’)p_&

ap _ kPP (6
dy b5, bd C ppP e ©

P

Here it is taken into account that L, = d,D, where the
parameter d; < / determines the influence of various factors
on the density and action intensity of dislocation sources.

In this paper, the combined action of d- and D-factors
in "flat" pure polycrystalline specimens of metals with
average grain sizes d in the range from 10 to 500 um,
which corresponds to conventional polycrystals [2], and a
thickness D > 2d is theoretically studied. To this end, all
the terms from the right-hand sides of equations (1) and
(4) were included in the kinetic equation for the dislocation
density, as a result of which it acquired the form

pd_f)zﬁp{&jn_u
dy  bd 4

where
Ss oLyl 2 (8)
V D w D

Tensile stress-strain curve calculation based on
equation of dislocation kinetics
To obtain the tensile stress-strain curve o (¢, d, D),
we transform equation (7) using expressions y = me,

o = mr and the Taylor equation 7 =aubp"?, in which a is
the interaction constant of dislocations with one another, u

is the shear modulus, to the form

3
odo = _mk, (' +a,0° +a,0° +a,), (%)
de 2
where
k,
a, =—maub —
14
a, =—| ——-"" |(maub b
2 bk, ka( Hb)", (o)
S\ ng 4
a, =—|—= |——(maub
3 (ijka( u1b)

After that, we integrate (9a) and obtain the dependence
of the flow stress on deformation in an implicit form:

8

—L(Al ln‘a—ol‘ + 4, ln‘a—az‘ +
mk

+ %A3 ln‘o'2 +§10+§2‘ +

(10a)

L CWE4+4)

ng_(égl/z)z
sarctg (0 +&12) /& = (&2 ) + C = ¢.

The integration constant C is determined from

condition
1/2

c(0)=maubp,” , (10b)

where p, is the initial dislocation density at & = 0. It is noted

in [2] that the p, is due to the activation of dislocation

sources in the grain boundaries: p, = f, /db, where 8 is

the parameter that characterizes the effectiveness of grain

boundaries as sources of dislocations and depends on the

density of grain-boundary sources.
In (10a),

o= (—q/2+((p/3)3+(q/2)2 )" )l/3+ . (10d)
(—ar2-(r+@27)”) +ars

—_ 2 /2 _
p=-a,/3 4a3’ (10¢)

q=2(-a,/3)’ +8a,a,/3-a’a,.

The quantities 4 »A4,4,4,are defined as a solution of
the system of equations

A+A4,+4,=1
(& -0)4+ (& -0) 4 +(-0,-0,)4,+4,=0 (106
(& -¢o)A+ (& -¢o)A, +o,0,4,+(-0,-0,)4,=0
(-£,0) 4 +(-¢,0)4,+0,0,4,=0
in which
1/2
& =a/2+((a /2 -a,+)"
s (10g)
& =n/2+(( /27 ~a,)".
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Figure 4 shows an example of the tensile stress-strain
curve for polycrystalline aluminum calculated according to
(10). In the calculations, the parameter values given in [2]
were used (Table 1). For the density of surface dislocation
sources, the estimated value 7, = 10° cm was taken according
to [6]. When calculating the immobilization coefficient &, , we
assumed that m, =sinz/4 = 1/42.

Table 1.
Parameter values for polycrystalline Al used in calculations
in accordance with formulas (10) given in [2].

u, GPa b, nm o k B,

a

27 0,286 0,32 11 107

The dependence in Fig. 1 is ambiguous. It is seen from
(10a) that the function & (¢) has an asymptote at a value of 6=,
when ln|0' - 01| — —oo (this does not apply to In |O' -0, |,
since o, takes negative values as indicated by the calculation).
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Fig. 1. Dependence of the flow stress on the degree of
plastic deformation with the asymptote o, = 27 MPa for a
“flat” pure polycrystalline Al specimen with D =500 um,
w=2cm,d=100 um.

The upper segment of the dependence o () which is
partially shown in Fig. 1 has negative values of the strain-
hardening coefficient @ = d o/ d & . The presence of segments
with positive and negative values 6 is associated according
to [6] with the competition of processes of generation of
dislocations and their departure. The equilibrium between
these processes is established with increasing deformation (the
asymptote o = o, in Fig. 1). A possible physical interpretation
of the ambiguous nature of the dependences o (¢) is discussed
in [6]. For example, it consists in the fact that the deforming
stress will change stepwise between the upper and lower
segments of the dependence o (¢) under conditions of strong
slip heterogeneity. It was observed in experiments on the
compression of gold microcrystals [8, 9]. In the absence of
a noticeable slip heterogeneity (high density of dislocation
sources), dependences o (¢) become single-valued and smooth
in the type of the lower segment in Fig. 1.

Yield strength and strain-hardening
of "flat" polycrystal
According to the empirical Hall-Petch relation [10, 11]

O'y:ao+Kyd’”2, (11)
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where o, is the conditional yield strength, K, is the Hall-
Petch coefficient, the parameter o, corresponds to the
yield strength of a single crystal. In calculations based
on formulas (10) in the interval of average grain sizes of
"flat" Al polycrystals from 10 to 70 um for thicknesses
of 500, 250 and 150 um, the deviation from the linear
dependence o, —d “Y2(11) is manifested at D = 250 um
and it becomes good is noticeable at D = 150 um (Fig. 2).
Fig. 3 shows that the conditional yield strength increases
with increasing thickness in specimens with different
average grain sizes.

12 +

"
10

a,., MPa
D_\Nw-:xmo-«um:s
w

,10 0,14 0,18 D“ZZ 0,26 0,30 0,‘34
d ™" (um)
Fig. 2. Dependence of the conditional yield strength on
the average grain size for “flat” pure polycrystals Al of
width w =2 cm with different thicknesses: 1 - D =150 um,
2 -D =250 um, 3 - D=500 um.
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Fig. 3. Dependence of the conditional yield strength on the

specimen thickness for “flat” pure polycrystals Al of width

w =2 cm with different average grain sizes: 1 - d =70 um,

2-d=30um,3-d=20um.

The combined action of d- and D-factors causes
the appearance of yet another dimensional effect which
manifests itself in the dependence of the strain-hardening
coefficient of a "flat" polycrystal on its thickness. Taking (9a)
into account, we obtain for the strain-hardening coefficient:

_do

do B mk
de

a

0

(O'+a1+a20"1 +a3a’3). (12)

Here the flow stress o is given by (10). The results of
calculations using formula (12) are shown in Fig. 4. The
Dependences a,,(D) u 6(D) in Fig. 3 and 4 are amplified
as 2d approaches to D (the coefficient § tends to zero in
accordance with (2b)).



Dislocation-kinetic approach to tensile stress-strain curve calculation for ‘‘flat” aluminum polycrystals
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Fig. 4. Dependence of the strain-hardening coefficient

on the specimen thickness for “flat” pure polycrystals Al

of width w = 2 cm with different average grain sizes (1 -

d=70pum, 2 -d=30um, 3 -d=20 um) ate=1%.

The determination of the strain-hardening coefficient
at a deformation € = 1% for the values of the average
grain size in the range from 100 to 250 um as a function
of the specimen thickness 600 ym < D < 1200 um leads
qualitatively to the same results as in Fig. 4. At the thickness
D = 1200 pm, the conditions D << wand S,/ V' >>1 cm’
which were formulated for “flat” polycrystals are almost
at the limit. For specimens with the average grain size d =
500 um, the condition D > 2d is satisfied for D > 1000 xm.
Thus, the values of d = 500 um and D = 1200 ym are near
the applicability limits of the model of strain-hardening of
“flat” polycrystals.

Conclusions
1. Onthe basis of the dislocation-kinetic equation, a relation
for calculating the stress-strain curve o (¢, d, D) for “flat”
pure polycrystals of metals with average grain sizes in
the range from 10 to 500 um, such that 2d < D, which
were stressed in uniaxial tension at a constant strain
rate and moderate temperatures was obtained.
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2. Using the example of the analysis of the calculated
dependence o (¢, d, D) for “flat” pure Al polycrystals
with a width w = 2 cm and different thicknesses in the
range 150 < D < 1200 um, it was established that the
interaction of d- and D-factors causes a reduction in
the conditional yield strength and deviation from the
Hall-Petch relation with a decrease in the specimen
thickness. The dimensional effect is also manifested
in a reduction in the strain-hardening coefficient of a
“flat” pure Al polycrystal with decreasing its thickness.

3. The kinetic equation (7) and the solution (10) describe
the strain-hardening of a “flat” polycrystal as a result
of an increase in the average dislocation density in
it without taking into account their inhomogeneous
distribution in the material. When studying strain-
hardening and the formation of dislocation structures
for large plastic deformations, it is necessary to include
collective effects in ensembles of strongly interacting
dislocations that lead to the formation of cellular and
fragmented dislocation structures.
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Electrical properties of stacks of many long Josephson junctions

A. Grib", R. Vovk', S. Savich', V. Shaternik?
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We investigated numerically I'V-characteristics and power of emission from stacks with various quantities of long Josephson
junctions (up to 6 junctions) which interacted inductively with each other. Parameters of junctions were chosen close to those for
MoRe-Si(W)-MoRe heterostructures. We set Gaussian spread of about 0.01% of critical currents along junctions. Electrical properties
of a stack consisted of three junctions was investigated in details. Zero-field steps at voltages corresponding to frequencies of various
modes of electromagnetic waves in the stack were found in the IV-characteristic. We showed that positions of zero-field steps in
IV-curves were in good agreement with predictions of the theory. The highest maximum of power of emission corresponded to the
so-called in-phase mode at which all voltages over junctions in the stack oscillate in-phase. Considering stacks with many junctions,
we showed that power of emission at the voltage of the resonance which corresponds to the in-phase mode is proportional to the square
of quantity of long junctions in the stack that is the characteristic of coherent emission.

Keywords: Josephson junctions; coherent emission; synchronization; zero-field steps.

Mu JOCHiMIN YHCENBHO BOJIBT - aMIIepHI XapaKTepHCTHKU Ta MOTYXXHICTh BUIIPOMIHIOBAHHS HavyoK 3 PI3HOIO KUIBKICTIO
KOHTakTiB JIxo3edcoHa (10 6 KOHTAKTiB), IO B3a€EMOMIIOTH IHAYKTUBHO OAWMH 3 ofaHuUM. [lapamerpu KoHTakTiB Oynu BuOpaHi
OnMM3pKUMU 10 mapameTpiB retepocTpykryp MoRe-Si(W)-MoRe. Mu 3agamu rayciB po36ir kputnanux crpymis 6mmssxo 0.001%
B3MIOBXK KOHTAKTiB. EJEKTpHYHI BIACTHBOCTI MayKH, sKa CKIajaiacs 3 TPhOX KOHTAKTIB, OymM NeTaidbHO HOocCiipkeHi. CXOIMHKA
HYJILOBOTO TTOJIS IIPY HAIpyTax, sIKi BiAMOBIAIM YaCTOTaM Pi3HHX MOJ| €JIEKTPOMArHiTHUX XBHJIb B Madvii Oyiy 3Hal/IeHi Ha BOJIBT -
aMIepHiH XapakTepucTULi. MU NOoKa3ally, 110 ITOJI0KEHHs CXOANHOK HYJIBbOBOTO IHOJIS HA BOJIBT - aMIIEPHUX XapaKTepPUCTHKaX JoOpe
Y3TOKEHI 3 TEOPETHYHUMH TependadeHHIMU. HalOinpmmii MakcMyM eMicii BimoBiaB Tak 3BaHiil cuH(pa3Hii Momi, IpH sAKil Bci
HaIpyTy Ha KOHTaKTaX OCHWIIIOIOTE CHH(a3HO. PO3NIsHYBIM naduxy 3 6ararbMa KOHTaKTaMU, MU TI0Ka3aJIH, 0 MOTYXHICTb eMicii mpu
pe30HaHCHII Hampys3i, sika BiAnoBifae cuH(pa3Hiil MOAI, IPONOPIIiHHA KBaIpaTy Yncia JOBrMX KOHTAKTIB Y Maylli, [0 € XapaKTepHHM
JUTSL KOTEPEHTHOT eMicii.

KirouoBi ciioBa: xorTakti [>ko3e(coHa; KOTEpEHTHA €MiCisl; CHHXPOHI3aIlisl; CXOAWHKH HYITHOBOTO MO,

MBI HcciieioBail YUCIEHHBIMU METOIaMH BOJIBT - AMIIEPHbBIE XapaKTEPUCTUKU U MOIIHOCTh SMHCCHM OT MayeK ¢ pa3IUYHbIM
KOJIMYECTBOM JUIMHHBIX JPKO3E(COHOBCKHX MEPEXO0B (0 6 MEepPeXo0B), KOTOPBIE HHIYKTHBHO B3aHMOAEHCTBOBAIM APYT C JPYTOM.
Msr1 3agamu rayccoB paszdpoc 0.01% KpHTHYECKHX TOKOB BIOJIb MEPEXOAOB. DIEKTPUUECKHE CBOMCTBA ITAUKH, COCTOAIIEH n3 TPEX
NIepexoa0B, ObUTH MOAPOOHO McciienoBaHbl. CTyNEeHEKH HYyJIEBOTO MOJIS MPH HATPSDKEHHUSIX, COOTBETCTBYIOIIMX YacTOTaM Pa3sIMIHbIX
MOJ 3JIEKTPOMAarHUTHBIX BOJIH B Iauke, ObUIM HaliIeHbI Ha BOJIBT - aMIIEPHOI XapakTepucTuke. Mbl MOKa3aiy, 4TO MO3UIMU CTYTIEHEK
HYJICBOTO TOJISI HA BOJIET - aMIIEPHBIX KPUBBIX HAXOSATCS B XOPOIIEM COINIACHH C MPeACKa3aHUAMH Teopun. HanBeicmii MakCHMyM
MOIIHOCTH 3MHCCHU COOTBETCTBOBAJI TaK HAa3bIBaeMOH CHH(pA3HOH Moje, B KOTOPOH BCEe HAIPSDKCHHS HAa KOHTAKTaX B Iadke
ocuMUIMPYIOT cuH(a3Ho. PaccmaTpuBasi madyky cO MHOTMMHU KOHTaKTaMHM, MBI ITOKA3aJIH, YTO MOIIHOCTb AIMUCCHH HPH PE30HAHCHOM
HamnpsHKEHUH, KOTOPOE COOTBETCTBYET CUH(a3HOH Mojie, MPOoNopLUHOHaIbHA KBaAPaTy KOIUYECTBA ATUHHBIX IEPEX00B B MayKe, YTO
SIBIICTCS XapaKTEPHBIM JUISl KOTEPEHTHOH SMUCCHH.

KuroueBnie ciioBa: 1x03e()cOHOBCKYE TIEPEXOJIbl; KOT€PEHTHAsI SMUCCHST; CHHXPOHH3AIMS; CTYIIEHbKH HYJIEBOTO HOJIS.

Introduction

Recently, the huge progress was made in the creation
of sources of coherent emission made of many intrinsic
Josephson junctions on the base of high-temperature
superconductors [1-3]. These sources work in the sub-
terahertz and terahertz region of frequencies [1]. This
gives the possibility to develop ultrafast nonlinear terahertz
spectrometers, terahertz imaging systems, the high-resolution
Michelson interferometer [1-3]. It is proved experimentally
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and theoretically that the mechanism which leads to strong
synchronization of radiation of junctions in the stack is
connected with the interaction of Josephson generation with
cavity resonances and the formation of self-resonant steps
in the I'V-characteristic in the absence of externally applied
magnetic field (the so-called zero-field steps) [4, 5]. In the
present paper we apply basic ideas of the developed theory
to stacks of junctions made on the base of low-temperature
superconductors which can be more stable sources.



Electrical properties of stacks of many long Josephson junctions

At first we discuss the formation of zero-field steps
in the solitary Josephson junction. Zero-field steps are
close related to Fiske steps which appear at voltages which
correspond to frequencies of geometrical resonances
in the system when the Josephson junction is placed in
some magnetic field [6, 7]. However, when the magnetic
field is absent, steps in the [V-curve can not appear in the
homogeneous junction [8]. If the distribution of critical
currents is inhomogeneous and symmetrical (just this case
we discuss in the paper), zero-field steps appear at voltages
v, that correspond to even geometrical resonances:

v, =L, 1)
where @ is the quantum of magnetic flux, c is the velocity
of light in the junction, D is the size of the junction and
p=1,2... is integer. It is proven also that some disorder of
the distribution of critical currents leads to the formation of
zero-field steps [9-11].

The theory of electric properties of stacks of Josephson
junctions was developed and proved experimentally in
Refs. [12-15]. One of the main results of this theory is
that in the stack of m junctions with inductive interaction
between superconducting layers the Fiske step is split to m
branches. For example, the even Fiske step at the voltage
v, calculated from Eq. (1) is split to m branches which
positions are determined as follows:

yom _ D cp ! > @
p.p D 1+2S COS(ﬂp'/(m + 1))

where p'=1..m is integer and S is the normalized
constant of inductive coupling of layers [13]. However,
it has been shown that in the stack of two junctions with
disorder of critical currents zero-field steps are split also [9-
11], and positions of steps in the [V-curve can be calculated
from Eq. (2). The coefficient o = L, /L which characterizes
the relation of the mutual inductance L between junctions to
the inductance L of the junction in a stack [9-11] coincides
with the constant of inductive coupling S in Eq. (2). Due to
the interaction between layers, some modes of excitations
are formed in the stack and each of the branches of the
zero-field step corresponds to its own mode. Amongst these
modes there is the mode of fully coherent oscillations of
all junctions (it is the so-called in-phase or coherent mode
with p' = m which corresponds to the branch with highest
voltage). Just at the branch of the coherent mode oscillations
of voltages over junctions can be fully synchronized.

In the present paper we investigate numerically V-
characteristics and power of coherent emission from stacks
of long Josephson junctions. Parameters of junctions and
the whole stack are chosen close to those for MoRe-Si(W)-
MoRe heterostructures which have appropriate values of
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the characteristic voltage and the density of critical current
[16-18]. We discuss the [V-curve of the three-junction stack
in details and prove the existence of the coherent mode.
Then we investigate stacks with different numbers of long
junctions and investigate the dependence of emitter power
on the quantity of junctions at voltages of the in-phase
mode.

The model

For calculations of IV-characteristics and power
of emission from the stack of many long junctions we
follow the method developed in Ref. [9]. Each of the long
junctions with indices i=1...m is divided to n segments with
indices j=1...n. Each of the segments has the capacitance
C,.J. (we suppose CI.J.=C for all segments) and the resistance
R, . Loops between centers of segments in each of the
long junctions has the inductance L. Current conservation
conditions and conditions of quantization of magnetic flux
are as follows:

o Ccdo.. @ do .
oC (/)2’” +—2 Pis +1,, sing, =
27 dt 27R, , dt . 7
=1, —Ifj_l,j + II.RJ.J+1 i a3
i=1‘..m, }=2...n—1’
=L It AL LI+
®0
+ E(¢i,]—l - (Pi,j): 0, 4)

i=2.m—1, j=2..n,

where [, is the bias current (we suppose that the same bias
current flows through all segments, so the total bias current
through the stack is equal to /=nl,), @ is the difference of
the phase of the order parameter across the segment, Cij is
the critical current of the segment, @, is the quantum of
magnetic flux, / fj_]’ ; 1s the ac current in the loop between
two segments with indices j-/ and j which are placed within
the i-th long junction, L x is the mutual inductance between
adjacent long junctions. To describe emission from the
system, we attached contours with the resistance R, the
inductance L, and the capacitance C, to the upper and lower
superconducting electrodes at both ends of the stack. Then
for junctions with indices j=/ and j=n such equations are
valid (boundary conditions):

d*o. do.
q)OC qil’l + q)o o +]Ci15in(pil =
27 dt 27R,, dt h '
dq
=7, +1F —=*, ©)
b i,1,2 dt
i=1..m,
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dz ' do.
CCL Oy Oy Aoy
27w dt 27Z'Ri,n dt ’ ,
dq
=1,-1} , +—> (©)
L

i=1..m,

L9, p @+i:&i_d(p’vf
‘dr*  ‘dt C, 2z dt
j = l,l’l s (7)

where ¢ is the charge that passes the inductance L,
Normalized to the quantity of long junctions voltage over
the stack is equal to

- %L<i(i%}>, ®

27 mn \ 5 \D

where the sign <> means the averaging on time which is
much large than the period of Josephson generation.

Ac power of emission P, from ends of the system was
calculated as follows:

2
P zi gi dq)i,j B d(pi,j ,
/ Ra 272' i=1 df dt (9)

j=Ln
The system of Egs. (3)-(7) was solved by the method
of Runge-Kutta. [V-characteristics and power of emission

fro the left end of the stack P, were calculated with the use
of Egs. (8), (9).

Results and Discussion

Now we discuss main conditions for the formation
of zero-field steps. One of them is the mentioned in the
Section 1 inhomogeneous distribution of critical currents
along the junction. In junctions made on the base of low-
temperature superconductors it is impossible to create the
inhomogeneous distribution due to self-heating like it is
in high-temperature superconductors [11]. The necessary
distribution can be created by some disorder of critical
currents. Another condition for the appearance of zero-field
steps is that the frequency of the geometrical resonance
should be inside the interval of frequencies of Josephson
generation. To fulfill this condition, the stack should have
a length of order of hundred micrometers. This means
that junctions in such a stack have large capacitances.
However, zero-field steps in [V-curves of junctions with
large capacitances are hard to reveal. Both mentioned
conditions are satisfied in heterostructures which consist of
superconducting electrodes made of molybdenum-rhenium
alloy with the critical temperature of about 9 K and a
hybrid tunnel barrier made of silicon with nanoclusters of
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(the MoRe-Si(W)-MoRe heterostructure) [16-18]. These
junctions have some capacitance due to non-fully grown
nanoclusters. Our first treatment of IV-curves of such
structures showed that zero-field steps appear in such
structures [19].

At first, we calculated IV-characteristics and power
of emission for the stack of three Josephson junctions with
values of parameters close to those for MoRe-Si(W)-MoRe
heterostructures. For the correct choice of parameters we
introduced the fictive width of the stack W = 2.5¢10* m.
The length of the stack was D = 1.3+10* m. The density of
critical current was J_ = 9/(0° A/m?, the critical voltage was
V_ = 2 mV, the thickness of the superconducting layer was
7 = 60+10° m, the thickness of the barrier was & = 210"
m, the velocity of light in the junction was ¢ = 4.9+10” m/s,
the capacitance per square area was C,= 3.5¢107 F/m’.
Then we divided each junction in the stack to 60 segments
with the length & = D/n = 2.17+10° m and found for one
segment C = 1.9+10"? F and the McCumber parameter
B = 47.8. The Josephson length of penetration of magnetic
field was 4, = 5.6°10° m, so the relation A, << I was
fulfilled. The value of the inductance of the segment L was
defined from the relation L = &/(c’C) = 1.01°10"° H. The
value of the parameter S=0.2/ was calculated with the use of
Ref. [13]. We set Gaussian spread of critical currents /0],
(or 0.01%) for each of the segments. Parameters of external
contours were L =10 H, R =300 Ohm, C, = 9.6°10""* F.

The calculated IV-characteristic of the three-junction
stack is shown in Fig. la. In this plot we used reduced
units, namely, i = [,/[ with [ is the averaged critical
current, v = V/Vc, P = Pj/(lm V). This IV-curve was
obtained by means of sweeping of the bias current, i. e.
the bias current in the hysteretic region was decreased
to zero at the first sweep, then increased again above the
hysteretic region, then was decreased to i=0.34 and then
was increased again. According to Eq. (1), the zero-field
step in the IV-characteristic of the solitary junction should
be at v,_ ,=0.39. For the stack with three junctions this zero-
field step should split into three steps: Vo, =034,v
p,:220.39 and v, 1_[7‘:3:0.4 7. These modes are called as the
anti-phase mode, the decoupled mode and the in-phase
mode, correspondingly [20]. Calculated positions of steps
are shown in Fig. 1a by arrows. It is seen that arrows almost
coincide with steps. The plot of emitted power on the
voltage is shown in Fig. 1b. As it was expected, the highest
maximum of pl(v) is at the voltage Vp:],p*:_e:0-47’ which
corresponds to the frequency of the in-phase mode. Thus,
we investigated electrical properties of the stack with three
junctions with the small Gaussian distribution of critical
currents and without applied magnetic field and found the
good agreement of our numerical results for positions of
zero-field steps and emitted radiation with predictions of
the theory [12-15]. Note that earlier this theory was applied
for Fiske steps of stacked junctions in magnetic field [13].
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Fig. 1. 1(a): the IV-characteristic of the stack of three
Josephson junctions. The curve is obtained during
sweeping of the bias current. Positions of voltages of zero-
field steps calculated with the use of Eq. (2) are marked by
arrows. 1(b): the dependence of ac power on voltage.

Now we investigate the dependence of power of
emission in many-junction stacks on the quantity of
junctions in the stack. We used such values of parameters:
W = 3.0¢10-4 m, D = 1.0°10-4 m, Jc = 1105 A/m2,
V.=473mV, 7= 5010°m, d = 2¢10° m, ¢ = 6.7°10" m/s,
C,=3.510° F/m’, n = 60, ¢ = 1.67+10°m, C = 4.5°10" F,
p.=062.0,4,=3710°m, L =13610""H, S = 0.2, the
Gaussian spread of critical currents was /(-+/ and parameters
of external contours were L =/ 0° H, R,=300 Ohm,
C, = 2.3+10° F. The first resonance step for the solitary
junction calculated from Eq. (1) was equal to V,_ =029V,

In calculations we decrease the bias current in the
hysteretic region and define power of emission from
maxima of the plot P ,=f(V) at voltages which correspond
to in-phase modes. This method is usually used in
experiments when the dc current-biased scheme is applied.
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Fig. 2. The dependence of maximal power P, emitted
from the stack on the quantity of junctions m in the stack.
Solid line is the approximation of calculated data by the
dependence P,(m) = Am’ with 4 = 1.25¢10-9 W.

The deficiency of this procedure is clearly seen from Fig. 1a.
During the decrease of the bias current there is a jump of
voltage from the resistive branch of the IV-curve to the
step in the region of its bottom. The maximum of emission
power is in the vicinity of the jump. The larger is the
McCumber parameter the smaller is the jump, so it is hard
to detect the solitary in-phase mode. Because the position
of the right edge of the jump is defined by the step on the
IV-curve, the obtained value of the power of emission at
this point is the arbitrary point at the maximum. Therefore,
we applied averaging of these values over 5-6 calculations
of IV-curves with different steps.

The plot P, = f{m) is shown in Fig. 2 (circles). The
solid line in this plot is the dependence P (m) = Am’ with
the coefficient A = 1.25¢10° W that is close to the value
of emitted power for the solitary junction (P,(1) = 1.5¢10”
W). It is seen that the approximation describes our data with
good accuracy. According to the theory of synchronization
[21], in the case of fully coherent emission the ac emitted
power is proportional to the square of the quantity of
junctions: P,(m) = P,(1)sm’, where P (1) is power of
emission of one solitary long junction, and in the case of
fully decoupled junctions the power of emission is equal
to P,(m)=P (1)*m. Thus, we make a conclusion that at the
in-phase mode voltage oscillations across long Josephson
junctions in stacks are synchronized. With the use of this
mode one can create sources of coherent emission.

Conclusions
In this paper we investigated IV-characteristics and
emission of stacks with different amount of Josephson
junctions which interact inductively with each other. We
set small Gaussian spread of critical currents (about /0]
or 0.01%) along junctions in stacks and found zero-field
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steps in I'V-characteristics. We showed that voltages at
which zero-field steps appeared can be calculated with
the use of Eq. (2) of the theory [12-15] which was earlier
applied to stacks placed in external magnetic field. This
result is in agreement with our previous investigations [9-
11] in which we found that the zero-field steps in a stack
of two inductively interacting long Josephson junctions
was split to two steps and positions of these steps in the
IV-curve was defined by frequencies of normal modes. We
also investigated the dependence of emitted power at the
voltage which corresponds to the frequency of the in-phase
mode and proved that voltages across long junctions in the
stack oscillate in-phase.
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An alternative explanation for the nonlinear behavior
of the oscillating tuning fork immersed in He |l
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Experiments have been carried out on the excitation of hydrodynamic flows in superfluid helium under forced vibrations of a
quartz tuning fork immersed in a liquid. Nonlinear oscillations that arise with an increase in the driving force are investigated and are
manifested by distortion of the shape of the resonant amplitude-frequency characteristic in comparison with Lorentz curves typical for
an extremely small force. Nonlinear resonance curves are described using the Duffing equation, the parameters of which are established
by comparing the theoretical calculation with the experimental data. Dependence of the velocity of vibrations of the tuning fork legs
on the driving force established with the use of the Duffing equation, is close to that previously obtained for the quasi-laminar flow of
He II and containing a cubic velocity contribution due to the mutual friction caused by scattering of phonons by quantized vortices in
a turbulent flow.

Keywords: quartz tuning fork; turbulence in liquid helium; scattering of phonons by quantized vortices.

ITpoBeneHO EKCHEePUMEHTH MO TOPYLICHHIO TiJPOAMHAMIYHHMX MOTOKIB Y HAAIUIMHHOMY Tefii NpH 3MYIIEHHX KOJNHBaHHSX
KBapIIOBOTO KAMEPTOHA, 3aHYPEHOTO B pianHy. JJoCimkeHO HeiHiHHI KOJMBaHHS, SKi BHHUKAIOTh IIPU 301JIbIIEHHI CHUJIH, 110 3MYIIIYE,
1 MPOSIBISIIOTECS TIEPEKPydyBaHHAM (POPMH pPE30HAHCHOI aMILTITYIHO-YACTOTHOI XapaKTEPUCTHKH B TOPIBHSAHHI 3 JIOPEHIIEBUMH
KPUBHMH, TUIIOBUMH [UIS TPAaHWYHO Majoi cuiau. HemiHilHI pe30oHaHCHI KpWBI OMUCaHI 3 BUKOpPHUCTaHHAM piBHsSHHA Jlyddinra,
IapaMeTpH SIKOTO BCTAHOBJICHI IPY MOPIBHSAHHI TEOPETHYHOTO PO3PAXyHKY 3 EKCHEPUMEHTAIbHUMHU JaHUMH. 3aJIeXKHICTh IIBUAKOCTI
KOJIMBaHb HDXKOK KaMEpTOHA BiJl CHJIM, IO 3MYIIY€, YCTAaHOBJICHA 3 BUKOPUCTAHHAM piBHAHHS J[y(QdiHra, BUSBISETbCS ONU3BKOT 10
3aJIeKHOCTI, paHille OTpuMaHoi Ui KBa3inaminapHoro mmHy He 11 i yrpumyrodoi KyOiuHMIA 10 IIBUIKOCTI BHECOK Y CHITY B3aEMHOTO
TepTs, 00yMOBJICHOI pO3CitoBaHHAM ()OHOHIB Ha KBAHTOBAHUX BUXPaX Yy TypOyJI€HTHOMY MOTOLII.

KirouoBi cji0Ba: KBapIioBuii kKaMepToOH; TypOYJICHTHICTD B P1IKOY T'ellii; po3citoBaHHs (JOHOHIB Ha KBAHTOBAHMX BHUXOpPaX.

[IpoBeneHBI AKCHEPUMEHTHI MO BO30YXKICHHIO THAPOJMHAMUYECKHX ITOTOKOB B CBEPXTEKydUeM TENMH IIPH BBIHYKAECHHBIX
KoJieOaHMsIX KBapIEBOrO KaMepTOHA, MOTPYKEHHOTO B XKHIKOCTh. VccnenoBanbl HelTMHEeHHbIe KolleOaHusl, KOTOPble BOSHUKAIOT TPH
YBEIMYEHUN BBIHYXKIAIOMIEH CHIIBI U NPOSBISIOTCS MCKaKEHHEM (OPMBI PE30HAHCHOH aMINIMTYZO-9aCTOTHOH XapaKTePUCTHKH MO
CpaBHEHUIO C JIOPEHUEBBIMU KPWUBBIMU, TUIIUYHBIMU IJIs1 MPEACIIBHO Maioi cunbl. Henuuernbie PE30HAHCHBIE KPHUBBIC ONHUCAHBI
C HCIONB30BaHHEM ypaBHeHHs JlydduHra, mapameTpbl KOTOPOTO YCTAHOBIICHBI IPH CPAaBHEHHH TEOPETHYECKOTO pacdeTra C
9KCIEPUMEHTAIBHBIMHU JaHHBIMH. 3aBUCHMOCTb CKOPOCTH KOJIeOaHMII HOXEK KaMEPTOHA OT BBIHYKJAIOIIEH CHIIbI. YCTaHOBJICHHAs
¢ HCTonb30BaHHEM ypaBHeHUs Jlyddunra, okaspiBaeTcsi OMM3KOH K 3aBHCHMOCTH, paHee IONYydYeHHOH IS KBa3WJIAMHHAPHOTO
teuenust He Il u conepixarueii kyGuueckuii o CKOPOCTH BKJIAJ B CHITy B3aUMHOT'O TPEHUsI, 00yCIOBICHHOH paccesHueM (OHOHOB Ha
KBAaHTOBaHHBIX BUXPSX B TypOYyJICHTHOM ITOTOKE.

KiioueBble cj10Ba: KBapleBbIH KaMEPTOH; TypOYJI€HTHOCTD B XKUJIKOM I'€JIUH; paccesiHie pOHOHOB Ha KBAHTOBAHHBIX BUXPSIX.

Introduction and task statement When working with tuning forks with the prongs
One of the mostly used methods of studying the of different sizes, one can change the frequency of the
laminar and turbulent flow regimes in superfluid helium is resonances and the form of the amplitude-frequency

the method of a quartz tuning fork immersed in a liquid. characteristic (AFC) [2]. Moreover, as established

The quartz tuning fork differs favorably from the bodies of
other geometry, first of all with high quality factor which
attains ~ 70°. Also essential is the availability of quartz
tuning fork (they are manufactured in industry), as well as
their high durability [1].

https://doi.org/

during an experimental study of the appearance and
development of superfluid turbulence in the temperature
range down to ~ 20 mK, under increasing the velocity of
movement of the tuning prongs up to 0.02 m/s the shape
of the resonant AFC starts to deform. This deformation

© Gritsenko ., Dubchak T., Mykhailenko K., Sheshin G., Sokolov S., 2018

L Gritsenko, T. Dubchak, K. Mykhailenko , G. Sheshin , S. Sokolov

is explained in [2,3] as a result of the nonlinearity of
tuning fork oscillations. Turbulent flows in He II at higher
temperatures, /40 and /50 mK, were investigated in Ref.
3 by the quartz tuning fork method. It was shown that the
deviation from the linear dependence of the tuning fork
velocity on the exciting force was observed at oscillation
velocities exceeding 0.04 m/s. The physical reason for
the nonlinearity observed in [2,4] is, probably, the effect
of an attached mass associated with quantum superfluid
fluid vortices located in a thin layer of a liquid near the
surface of a tuning fork, and there are the arguments [3] in
favor of the fact that nonlinear deformations of AFC are
connected with the appearance of an additional, nonlinear
force of mutual friction due to the scattering of thermal
excitations on the quantized vortices.

The observation of nonlinear effects at the excitation
of the motion of He II by a quartz tuning fork calls an
attention to the adequate description of the fork nonlinear
resonance. The possibility of such a description appears
when one uses the equation of a nonlinear oscillator [4,5]
in the presence of an excitatory force. A separate case of
the equation proposed in [4] is the Duffing equation [5],
in which, unlike [4], the coefficient is set to zero with a
quadratic displacement of the x term in the left-hand side
and only the cubic term is available:

Ix(t)  de(t) 0
+ + oy x(t)+ " =——=; (1)
a7 dr pX(0) + i m
here x — deviation of the tuning fork leg from

equilibrium position in presence of the excitatory force
F(t)=F,coswt, w, is resonance frequency of the tuning
fork, y = 2zAf is attenuation and Af is the width of the
resonance line. Here m being effective mass of tuning
prongs and ux’ accounts the nonlinear behavior of the
oscillator with u being the coefficient of nonlinearity.
This term leads to a resonant frequency shift compared to
o,. Moreover, depending on the sign of u, the resonance
frequency of the oscillations is shifted toward higher or
lower frequencies.

In this paper, for the analysis and adjusting of
experimental data we apply the Eq. (1), which provides
almost the same results as the more general equation [5],
but at the same time is more convenient in calculations.
The aim of the analysis is finding out the connection
between the nonlinear mode of oscillation of the tuning
fork prongs and the change in the dependence of the
velocity of oscillation on the excitatory force. The aim
of actual work is the establishment and research of such
a connection, as well as the clarification of the possible
influence of the nonlinear force of mutual friction in the
superfluid fluid on the nonlinear behavior of the resonator
- quartz tuning fork.
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Measurement procedure and experimental results

We used a miniature quartz tuning fork, kindly
provided to us by the laboratory of Lancaster University,
with a resonant frequency in the vacuum of 24983.72 Hz,
length of the leg is 1,810 m, thickness and width of the
legs are 75 and 90 mkm, respectively. The cell and the
measurement procedure were previously described in
detail [3,6,7]. The studies were made with the solution
fridge working at two operating regimes. In one of them we
pumped out “He from a one-Kelvin bath whereas a working
solution was condensed in the solution refrigerator. This
mode was used to determine the constant of the tuning fork
in the experimental cell cooled down to 7' = /.4 K. In other
measuring mode the solution fridge worked providing the
temperature of the cell and the test fluid of /40 + I mK.

The resistance thermometers of RuO, were used to
determine the temperature. They were placed on the plate of
the dissolution chamber and directly in the fluid under study.
The thermometers were calibrated using a crystallization
thermometer based on the pressure measurement along the
’He melting curve. The accuracy of the measurement and
temperature stabilization was =/ mK being provided by the
heater connected by the feedback with the resistance sensor
CryoBridge S72A.

In the beginning of the experiment, we measured the
quartz tuning fork frequency in a vacuum under different
excitatory forces and 7 = /.4 K. Sine-wave constant
amplitude U, which is fed from the generator to one of
the electrodes of the tuning legs, set the magnitude of the
excitatory force, which was determined as F, = aU/2.
On the other electrode, the frequency dependence of the
amplitude of the ac current / was measured. This quantity
is connected with the oscillation velocity of the tuning legs
v as v = I/a. The piezoelectric constant of the tuning fork
was determined from the AFC measured in a vacuum [6].

In Fig. 1 we show typical AFC for a tuning fork in a
vacuum obtained with different excitatory forces.

. :/\

0,01}
2

m/s

24983,70 24983,76
0 2
Fig. 1. Velocity of the oscillation of tuning legs in

vacuum at different excitatory forces, bottom-up:
1,51-101, 1,51101; 6,05101%; 1,21<10 N. [6].
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It is clearly seen in Fig. 1 that at high excitatory
forces and, consequently, high voltage amplitudes U one
observes a nonlinear oscillation regime that manifests
itself in the deformation of the form of the frequency
response. Also the resonance frequency decreases with an
increase in the excitatory force. Maximum excitatory force
in Fig. 1 is 7,2910” N, while the oscillation velocity in
the resonance maximum was 0.4 m/s, and the resonance
frequency was decreased by 0.048 Hz comparing with the
value at the minimum excitory force. After measuring in
vacuum, the solution refrigerator was cooled down to 7 <
1 K, to study the flows in *He. Passing through the nitrogen
trap, helium traps and filling capillary, helium attained the
experimental cell and condensed there.

Experimental dependences of the oscillation velocity
of the tuning fork legs in presence of the excitatory force at
temperature of /40 mK, obtained in various experiments,
are shown in Fig. 2. As is seen in Fig. 2, at oscillation
velocities v > 0.046 m/s one observes a noticeable
deviation from the linear dependence v(F',) shown by the
solid line. As was suggested in Ref. 6, this deviation may
be explained by the appearance of an additional frictional
force that arises due to an increase of the density of
quantum vortices and the scattering of thermal excitations
- phonons - on their cores (mutual friction) [8]. The flow
of helium characterized by the deviation the dependence
o(F,) from the linear one was called a quasi-laminar in
the work [6]. This flow is characterized by the above-
mentioned new dissipative mechanism [8].

The force of mutual friction is proportional to the
cube of the velocity of the legs: F, ~ v’, which is typical
for a turbulent flow (dotted line in Fig. 2). As a result, the
total friction force has the form F, = /qu + nv® (solid and

9

Fig. 2. Dependence of the oscillation velocity of the
tuning fork legs on the excitatory force at 7' = /40 mK.
Solid line is linear dependence v ~ F,. Dotted line is for
turbulent flow mode (v’ ~ F,), dot-dash line is calculation
accounting the force of mutual friction [3]. Bar-dashed
dotted line is the calculation based on the solution of the
non-linear Duffing equation, described below in the text.
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dotted lines) [3, 6] where 4 =1.32+1 07 kg/s and n = 4,62+10°
kg-s/m?, and well describes the experimental data. At the
experimental temperature of /40 mK, the first term, as
shown in Ref. 3, is completely determined by the force of
friction in the quartz tuning fork material and is due to the
bending oscillations of its prongs.

All the amplitudes of the oscillation velocity were
measured at the maximum of the resonance curves. At
the same time, the resonance curves, at increase in the
excitatory force, are deformed due to a nonlinear additional
frictional force. In this connection, in [3, 6], we were to
analyze the types of AFC curves in the quasi-laminar
flow regime. It was shown that the dependence v(F))
of Fig. 2 may be conveniently divided into five ranges
characterized by a specific type of AFC (characteristic
AFCs for each range are given in the works [3, 6]): (I)
— region of laminar potential flow He II. Characteristic
AFC of this region is shown in Fig. 1 of Ref. 3 and is
approximated by Lorentzian. AFC for region II is shown in
Fig. 2a of Ref. 3. As was noted, this region is characterized
by spontaneous jumps between laminar potential and
turbulent currents. Region III was previously depicted
in Ref. 6 in Fig. 3 and is characterized by the fact that
the AFC starts to be asymmetric relatively the maximum
of the resonance curve, and there is a "collapse" towards
the lower frequencies. The asymmetry of the AFC curve
increases with increasing applied excitatory force until
the instability does appear on the resonance curve, being
the characteristic feature of the nonlinear behavior of
the oscillating body. It should be emphasized that in the
region III, regardless of the measurement conditions, one
observes both quasi-laminar and turbulent flows. Fig. 3 of
present paper and work [6] shows the AFC, measured at a
stable quasi-laminar flow regime without the transition to
turbulence.

L
'}

7] '

é 0,10- !

o

0,05- F=2510"H
24301,9 24302,0
f,Hz

Fig. 3. Amplitude-frequency characteristic of tuning fork
for region III with excitatory force F) = 2,510’ N. Solid
curve - calculation using non-linear Duffing equation.
1 and 2 are the points of the beginning and end of the
instability on the resonance curve.
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In the regions IV and V, the shapes of the resonance
curves are qualitatively identical, and in these regions the
breakdown in the turbulent flow was observed, in each of
the experiments carried out, in the form of a sharp decrease
- a jump from the quasi-laminar to turbulent flow. For
region IV the curve is shown in Fig. 2b of Ref. 3 and for
area V - in Fig. 4 of Ref. 6. As can be seen in Fig. 4 of
Ref. 6, in the region V the shape of the resonance curve
is strongly deformed in comparison with Lorentzian, and
in Fig. 2 it is evident that at the maximum of AFC, the
velocity of oscillation of the tuning legs ceases to depend
on the applied force.

The fact that the nonlinearity of the oscillation of the
tuning fork legs in the regions II-V arises, probably, because
of the appearance of an additional nonlinear force of mutual
friction in He II, is supported by the measurements made
in vacuum. When measured in a vacuum, the amplitude
of the velocity was almost three times higher than that at
the maximum amplitude of oscillation in He II (see Fig.
1), but there was no markedly expressed nonlinearities of
oscillations (deformation of the form of AFC). Thus, it can
be argued that the nonlinearity of the oscillations of the
tuning fork legs observed in He II, is due to the nonlinear
friction force in the liquid, in which the tuning fork is
immersed. A similar conclusion was made in the work [2].

Results and discussion

As was noted above and as was shown in Fig. 2 of
Ref. 3, as well as in Figs. 3 and 4 of this work, an increase
in the excitatory force causing the oscillation of the legs
of the tuning fork, leads to the nonlinearity of oscillations,
which manifests itself in the deformation of the shape of the
AFC until the appearance of instability of the oscillations
and reduction of their resonance frequency. To describe
these effects, we solve the equation (1) with respect to the
modulus of amplitude of the oscillation velocity . The
result is

p="to 0
m \/(a)ﬁ - - a)buz)Z +w’y’

;@

where @, and o are the resonance frequency of the tuning
fork in the vacuum and the current frequency, respectively,
bv? is the factor which, according to [5], is proportional
to the square of the amplitude of the oscillation velocity
and the coefficient b is connected with the coefficient of
nonlinearity in Eq. (1) by the relation x=2ab.

The dependence of the velocity on the frequency
of nonlinear oscillations calculated by Eq. (2), is shown
in Fig. 4 using a constant value b = 40 s/cm?, which, as
will be shown later, is close to the average value in all the
experiments carried out. It can be seen that even for low
excitatory forces the frequency dependence of velocity
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demonstrates a slight asymmetry caused by the nonlinearity
of oscillations (dashed line, F, = 1,510 N). With the
increase in the excitatory force, the velocity also increases,
and the nonlinearity of oscillations is expressed more and
more (a dashed-and dotted curve for 7, = 3+10'° N), which
leads to a decrease in the resonance frequency and the
appearance of instability (points 1 and 3). Instability appears
at point 1 if one moves from the left to the right towards to
point 1, further movement in frequency continues to the
right from the point 2. When moving in frequency in the
opposite direction, i. e. from the right to the left, instability,
as one might expect, should appear at point 3, with further
motion towards lower frequencies from point 4 (hysteresis).
However as it was shown in Ref. 2, the measurement of
AFC when moving from high frequencies to lower ones
and back, give practically identical result. The reason for
this is unclear and additional research is needed to clarify
the problem. It can be assumed that the nonlinear behavior
of the system tuning fork - superfluid is described by the
nonlinear term in (2), which origin is mainly connected
with the fluid and processes in it. If the nonlinear behavior
is related with the properties of the tuning fork itself, then
instability at point 3 of Fig. 4 with decreasing frequency
would be observed.

0,15
3 gp
\ .\‘\.
0,10+ ’ \'\_\
72} 1 '~ -
é / RN Se.
- 4 / ~< ~
2 005+ _.-° ’ RN
P L’ ~
0,00 L .
24302,00 24302,05

>

Fig. 4. Amplitude-frequency characteristics, calculated
using Eq. (2): dashed line - calculation for F) = 1,5¢10"""
N and b = 40 s/cm’; dashed-and-dotted line - for F, =
310" N and b = 40 s/sm’. Arrows show the jumps of
the amplitude of oscillations in the event of instability.

It should also be noted that the value of b in Eq. (2)
strongly affects the form of the frequency response of
velocity, which is determined by this equation. Value of b
was estimated by comparing the calculated dependence with
the experimental data for the AFC, measured at different
excitatory forces for the corresponding experimental
data @, @, y, m and F,. The b is the only adjustable
parameter. Thus, selecting the value of the coefficient b
one can attach the agreement with experimentally obtained
resonance curves. Solid lines in Fig. 3 is the result of such
calculations.
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Note also that at excitatory forces corresponding to
the regions II, III, and IV, the resonance curves are well
described completely, and for the excitatory forces of the
region V, the coefficient b was determined from the part
of the curve to the left of point 1. In this frequency range,
when the instability finished at point 1 of Fig. 4 of Ref. 6,
the velocity value was always below than that at point 2 of
Fig. 4 and did not coincide with the values corresponding to
the right side of the calculated resonance curve. One should
remember that, as it follows from the Fig. 2, the velocity at
point 2 of region V is practically constant being and does
not depending on the force.

The obtained values of b are shown in Fig. 5 for
AFCs which are the result of all measurements. Interval
of the excitatory force in Fig. 6 corresponds to the range of
values of the excitatory forces in Fig. 2. The figure clearly
shows that there is a huge scatter of the values of b. The
solid line corresponds to the root-mean-squared value
in the studied range, the mean value of the coefficient of
nonlinearity coefficient g is 9.2¢10'6 s?m?. At the same
time the measurement accuracy of the frequency strongly
affects the value of b. The nonlinearity coefficient can
also be determined from the data of Ref. 3 presented as
p=n(e; /m). In this case u = 2,5+10"° sm? which is more
than three times less than the above value obtained in the
actual article. Such a noticeable difference between our
values of u and those of Ref. 3 may be attributed to the
fact that the dependence of the damping coefficient y on
the geometry of the problem was not taken into account in
Ref. 6.

100}

2

b, c/m

10+

0,05 0,10 0,15 0,20
L, m's

Fig. 5. The values of b, determined from the experimental
data on the dependence of the velocity of oscillations
on the excitatory force using the non-linear Duffing
equation. The solid line is the average value throughout
the range of exciting forces. The dotted line is done for
b =50s/m’.

To determine the effect of the excitatory force on
the amplitude of the velocity of the tuning fork prongs
in the nonlinear regime, using the Eq. (2), the frequency
dependences of velocity were calculated for different
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excitatory stresses and forces. The value of the velocity
corresponding to the end of the instability was determined
- point 2 in Figs. 3 and 4, corresponding to the maximum
velocity. For low excitatory forces, if the instability was
absent (regions I and II), the velocity was taken at the
maximum at the resonance frequency of the frequency
dependence of velocity. Thus, the dependence v(F,) was
obtained allowing comparison with experimental data. The
best agreement between the estimated and experimental
data was achieved at b = 50 s/m?, calculation is shown
in Fig. 2 by bar-dashed-and-dotted line. Dot-dash line on
Fig. 2 shows the dependence accounting the contribution
of mutual friction force, cubic in velocity, in addition to
the linear contribution [3], the dotted line corresponds
to the turbulent flow when F, ~ v’. As is seen from the
figure, when considering the nonlinearity of oscillations
(deformation of the shape of the resonance curve), the
amplitude of the velocity is a nonlinear function of the
applied force. One observes also a rather good agreement
between experimental data and the calculation made using
the Duffing equation (bar-dashed dotted line in Fig. 2).
Note that mean value is within the scatter of the values of
b. Thus, one concludes that the experimental data in Fig.
2 can be described both with the solution of the Duffing
equation (1), and with the consideration of the cubic term
in the expression for the force of mutual friction.

Experimental data indicate that the velocity does
not depend on the excitatory force in the region V with
relatively high these forces (see Fig. 2). The frequency
dependence using the Duffing equation can be described
only to the left from the point 1 of the beginning of
instability (see Fig. 4).

Conclusions

In present paper, the study is carried out of nonlinear
phenomenaaccompanying the oscillations ofa quartztuning
fork, submerged in superfluid helium. The nonlinearity
of the oscillations of the tuning fork legs is manifested
by the deformation of the shape of the resonance curve
for the amplitude-frequency characteristic of the tuning
fork. It is shown that the nonlinear frequency response is
well described using the Duffing equation for a nonlinear
oscillator, by which the dependence of the oscillation
velocity of the legs on the excitatory force is treated. It
is shown that the same dependence can be obtained by
adding a term, cubic in velocity, to the expression for the
mutual friction force in the quasi-laminar flow regime.
This term is due to the scattering of phonons by quantized
vortices of He II, whose density increases with increasing
velocity of oscillations. In addition, such a behavior may
also indicate an increase in the attached mass or a decrease
in the plasticity of the tuning fork due to the appearance of
quantum vortices fixed to the surface of the quartz tuning
fork.
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Thus, the results of our research indicate that the
nonlinearity of the tuning fork oscillations is mainly due
to the dissipative processes in the superfluid fluid, in which
the tuning fork oscillated, which is accompanied by the
appearance of a nonlinear term in the dependence of the
velocity of oscillations on the excitatory force.
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Topological methods in measurement
and research of nonlinear dynamical systems

Yu.S. Kurskoy, Yu.P. Machekhin, A.S. Gnatenko
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The authors substantiate the need to create a special theory of measurement and analysis of measurement results for nonlinear
dynamical systems. The theory should be based on the principles of the open systems theory, dynamic chaos theory and synergetics
theory. The authors analyzed the main topological methods and tools for studying of nonlinear dynamic systems. The main characteristics
of nonlinear dynamical systems (interval values of dynamic variables, strong dependence on initial conditions and noise, complex,
often chaotic dynamics, evolution) were systematized. It was proposed the next topological tools for analysis of measurement results
in nonlinear dynamical systems: measurement portrait, Shennon entropy, fractal dimension, forecasting time.

Keywords: nonlinear dynamical system; topology; chaos; Shannon entropy; fractal dimension.

ABTOpamMu OOTPYHTOBAHO HEOOXiJHICTh CTBOPEHHS CIENialbHOI Teopii BUMIPIOBAaHHS Ta aHAi3y pe3yJbTaTiB BUMIPIOBaHHS B
HeNHIHHAX IMHAMIYHUX CHCTeMaX. Teopis MOBHHHA IPYHTYBATUCS HA MPUHIUIIAX TEOPil BIAKPUTHUX CHCTEM, AMHAMIYHOTO XaocCy,
CHHEPIeTHKUA. ABTOpAMH BUKOHAHO aHAJi3 TOMOJOTIYHUX METOIIB Ta IHCTPYMEHTIB IOCIIXKCHHS HENIHIMHUX AUHAMIYHUX CHCTEM.
CucreMaTtu3oBaHi OCHOBHI XapaKTEPUCTHKH HENIHIMHUX JUHAMIYHAX CHUCTEM, Cepell SKUX: IHTEPBaJbHICTh 3HAYCHH JHHAMIYHHX
3MIHHHX, CHJIbHA 3aJIe)KHICTh BiJ] MOYATKOBHX YMOB 1 IIyMiB, CKJaJHA, YacTO XaOTHYHA THHAMIiKa, CBOIIOIis, 3ampornoHOBAaHO
IHCTPYMEHTH aHaji3y pe3yJbTaTiB BHMIPIOBaHHS: MOPTPET BHMipioBaHHs, eHrpomis llleHHoHa, (pakTasbHa PO3MIpHICTH, Hac
nepen0adyBaHOCTI.

Ku1ro4uoBi ci1oBa: HelniHiliHA AMHAMiYHA CHCTEMa; TOMOJIOTIS; Xaoc; entporis llleHHOHa; PpakTanbHa PO3MIPHICTS.

ABTOopamMu 000CHOBaHA HEOOXOAMMOCTb CO3MAHMS CIIEHHANbHOM TEOPUH M3MEPEHHsS M aHalIu3a PE3yIbTaTOB H3MEPEHUS B
HEITMHEHHBIX TUHAMUYECKHX CHcTeMax. TeopHs JOKHA OCHOBBIBATHCS HA MPHUHIUIIAX TEOPUH OTKPBITHIX CUCTEM, JHHAMHUYECKOTO
Xaoca, CHHEPreTHKH. ABTOpaMH BBINIOJHEH AaHAIN3 TOMOJOTMYECKHX METOJOB W HMHCTPYMEHTOB HCCIEIOBAHHMS HEITWHEHHBIX
JUHAMHYECKHX cHcTeM. CHCTeMaTH3MPOBAHBI OCHOBHBIE XapPAKTEPHCTHKU HEIMHEHHBIX AMHAMHYECKUX CHCTEM, CPEIH KOTOPBIX:
HMHTEPBAIbHOCTh 3HAYEHHUI AMHAMHYECKHX ITEPEMEHHBIX, CHIIbHAS 3aBICHMOCTh OT Ha4aJbHBIX YCIOBHH U IIyMOB, CIOXKHAs, 4acTO
XaoTH4ecKas JUHAMMKa, 9Bononus, IIpeioxkenspl TONONIOrHYecKie HHCTPYMEHTBI aHAIN3a PEe3yJIbTaTOB U3MEPEHUS JUHAMHYECCKUX
NIePEMEHHBIX HEMHEHHBIX THHAMUYECKHX CHCTEM: IOPTpeT M3MepeHus, sHrponus llleHHoHa, GpakranbHas pasMepHOCTb, BPeMs
MPeICKa3yeMOCTH.

KuroueBble ciioBa: HenmmHeHast AMHAMIYECKas CHCTEMa; TOIOJIOT UL, Xaoc; sHTponus lleHHOHa; GpakTanbHas pa3MepHOCTS.

Introduction.

One of the most important scientific tasks today is
a study of the self-organization processes and complex
hierarchical systems. They talk about research, forecast
and management of characteristics: climate, ecosystems,
biopopulations, physical devices (such as a laser) and
living organisms (such as a human). All of these objects
are classified as open nonlinear dynamic systems (NDS).
Their general characteristics include: the nonlinearity of
dynamics, strong dependence on the initial conditions
and external influences, possibility of chaotic behavior
and self-organization. Studies of nonlinear processes and
systems are devoted to the works of A.N. Kolmogorov, E.
Lorentz, S. Smale, 1. Prigogine, H. Haken, V.L. Ginzburg
et al. [1-6].
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For research, forecast and management of NDS we
must create the new methods for experimental research and
measurement. Despite the urgency of the issue, the problem
of measuring the NDS characteristics until recently was
not considered. The authors pointed out the discrepancy
between the physical and mathematical foundations of
the deterministic classical measurement theory and the
processes in NDS [10-12]. For research and measurement
in NDS we develop the special measurement theory
(Nonlinear Metrology) [10]. It is based on the principles of
the next interdisciplinary theories: the information theory,
open systems theory, dynamic chaos theory, synergetic
theory, and a number of others.

The task of this paper is to make a classification
of the dynamical systems, to study their common
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characteristics, that are important for measurement, and to
choose the mathematical methods and tools for analysis of
measurement results and forecast the dynamics of complex
systems.

1. Classification of the dynamical systems.

A dynamical system is any object (a set of objects) or
process (a set of processes). For them the concept of a state
is unambiguously defined as a set of the quantities values
[X,(),.., X,()] at any time ¢ and the law of evolution
F(X,, t) of the initial state [X,(¢)),... X, (¢,)] is given:

FLX, (1) X, ()] = [X, (0,00 X, (D). (1

A dynamical system can be described by a differential
equation of the next form:

dX, (1)

= =F[X,@®),..X,®)] )

The space of all possible states of the system described
by expression (1) forms a phase space. The dimension
of phase space, as well as of the system dimension, is
determined by number of the dynamic variables X (z) (DV).

The dynamic systems include the systems of any
nature: physical, chemical and biological objects, societies
and populations, ecosystems and financial markets,
computing processes and information transformation
processes [13]. Classification of dynamic systems can be
made based on the nature of origin and the basic properties
of the systems.

By the nature of origin, the dynamical systems can be
classified as: physical, chemical, biological, information and
other systems. By the basic properties, their classification
can be performed on the following grounds:

- by nature of dynamics - deterministic, stochastic and
chaotic, linear and nonlinear systems;

- by interaction with an external environment - open
and closed systems:

- by possibility to converse an energy into a heat -
dissipative and conservative systems;

- by the nature of a state change - continuous and
discrete systems;

- by possibility of self-organization - evolving and
not-evolving systems;

- by structure - single-level and multi-level, complex
hierarchical systems.

Let’s consider the main features of these systems.
Deterministic systems are the systems whose DPs change
over time according to a strictly defined law F(X,, ¢).
Stochastic systems are characterized by the random DVs
behavior, the values of which can be described by the
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mathematical apparatus of probability theory. Chaotic
systems are the systems with a chaotic dynamics. Linear
systems are the systems with a linear or linearized law
of evolution F(X,, t). Nonlinear dynamical systems are
the systems whose evolutionary law can’t be described
by a linear or linearized equation. The values of NDS
DVs change in a nonlinear way. Moreover, the evolution
law F(X,, t) of real NDS can be described analytically
extremely rarely. Therefore, as a rule, we can’t to make
a long-term predication of the NDS state. We should to
note that a linear system is also deterministic system, but
a nonlinear system, because of complex dynamic, can’t be
referred to either deterministic or stochastic systems. It can
be classified as a partially deterministic system.

Open systems, according to I. Prigogine, are the
systems through which the flows of energy and entropy
can flow [4]. In case of the large flows, the nonlinear
self-organization (evolution) processes can take place in
such systems. They are characterized by the spontaneous
appearance of a complex, often chaotic, structure. Closed
systems, respectively, have properties that are opposite to
open ones.

Dissipative systems are the open systems that
operate far from the thermodynamic equilibrium and are
characterized by the possibility of dissipation (dissipation)
of energy coming from outside. Conservative systems are
the systems with conservation of energy.

Continuous and discrete systems are characterized by
a continuous or discrete, respectively, character of the DVs
values change. But in the case of discrete measurement
even the continuous systems are considered as the discrete
ones.

Evolutionary systems are the systems with the
evolution and self-organization functions, which are
expressed in decreasing of entropy and increasing of order.
A distinctive feature of a hierarchical, complex system is
a multilevel structure, each level of which includes the
interconnected subsystems.

This classification is incomplete. In a number
of publications we can find such types of systems as
concentrated and distributed, autonomous and non-
autonomous; self-oscillatory and other systems.

If the object of research can be classified as a linear,
closed, conservative and deterministic system that for
measurement and evaluate their results we can use the
methods and tools of the classical measurement theory.
The cornerstones of it are: the principle of the existence of
the single value of the measured quantity, the satisfaction of
the measurement results with the central limit theorem and
correctness of the ergodic hypothesis [14]. The nonlinear,
dissipative, chaotic, evolutionary systems require a
fundamentally different approach to the measurement [15].

The most difficult objects for the research, correct
measurement and mathematical description are the open,
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dissipative, hierarchical NDS with the chaotic dynamic and
self-organization possess. Such systems include the laser,
human, ocean and other complex systems. At the same time,
the study of chaotic processes in dissipative NDS is one
of the fundamental tasks of modern natural science. DVs
of such systems are characterized by interval values, the
central limit theorem is not satisfied, the ergodic hypothesis
is not always confirmed. Dynamic variables must be
correctly measured using the measurement models and
approaches that are maximum appropriate to the properties
and processes in NDS. A correct measurement of the NDS
DVs is an obligatory condition for the estimation of current
status but allow us to forecast and manage the real systems.

2. Methods and tools for NDS research.

For NDS research it was created a number of
interdisciplinary theories. The brightest of they are: the
theory of dynamic chaos [13], synergetics [5], theory of
dynamical systems [12]. They solve problems of research,
modeling and forecasting of the NDS dynamics. Their
methods are widely used in applied problems of the broadest
direction - from laser engineering to arrhythmology and
neurodynamics [16, 17]. The analysis of the main provisions
and tools of these theories will allow us to construct a new
theory for measurement of the NDS DVs.

The researchers apply two methods for NDS study,
that are differed in the type of mathematical model [12].
The first method is based on the mathematical modeling of
a system and searching of the evolution function F(X,, ?)
(2). The state of the system at the time is a point in the
phase space, given by the DVs values [X,(¢),... X, ()]
and evolution function F(X,, ¢). The system state change
corresponds with the movement of the "depicting" point,
which describes the phase trajectory. A set of phase
trajectories forms a phase portrait of a system. The phase
portrait and evolution function make up the mathematical
model of a system. The phase portrait serves as an object
for studying the dynamics. The evolution function allows
us to predict the DVs values. The problem of the described
method is a complex mathematical problem of searching of
the evolution function F(X,, 1).

The second method focuses on the functional side of
a system. It does not allow us to study all features of the
internal structure of a system. The system is interpreted
as a "black box" with input [X,(t,),... X, (t,)] and output
[X,(®),... X,(®)] the DVs values. In this case, the "black
box" plays the role of the evolution function, transforming
the inputs into the outputs, and the mathematical model is
determined by the spaces of the inputs and outputs.

The first method has comprehensive information
about a system, but in a practice it can be implemented
only in rare cases. The second method does not allow us
to investigate all the features of a system, but it allow us
to determine the DVs values at the time intervals and to
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construct an incomplete, discrete phase portrait. We think
that the second method is most suitable for constructing the
models for measurement in the real NDSs.

2.1. Phase portrait.

A phase portrait is the most popular tool of the
qualitative theory of dynamical systems [18]. The
researching of it allows us to know: the type of system
dynamics (deterministic, stochastic or chaotic), Lyapunov
exponents, forecast time et al [13]. The values of the system
states can be represented by a matrix of dimension nxm
(here n is the number of DVs and m is the number of DVs
measurements) in the next form:

X,(%) - X, ()
3)

X\(,)...X,(t,)

A phase portrait can be limited and unlimited in
space, can increase or decrease. The phase volume of the
conservative systems is conserved but the phase volume of
the dissipative systems is not.

A special kind of a phase portrait is an attractor. It
is the state of the dynamical system to which a system
aspires in the time during their development. The presence
of an attractor indicates a "special" dynamics of a system.
There is a strange attractor witch often is a testament of
the chaotic dynamics of NDS. Its distinguishing feature
is the exponential instability, which is expressed in the
exponential discrepancy of the phase portrait trajectories
and the fractal dimension [13].

The analysis of a phase portrait is often used in
the applied researches of NDS [17]. In the framework
of the nonlinear metrology the authors propose to use
the "measurement portrait" instead of the classical
measurement equation (model equation). It is a graphical
and numerical display of the DVs measurement results
DV. The measurement portrait is a phase portrait of the
NDS trajectory, constructed with the uncertainties or
measurement errors [20]. This approach allows us don’t
find the evolution function.

2.2. Topology and other characteristics of NDS.

S. Smale linked the topology of a phase space and
the dynamics of a system [3]. He abandoned the idea of
observation an individual trajectory that requires the
solution of the equation (2), and proposed to investigate
the integral phase space and its geometric structure. Studies
have shown that topological transformations of a phase
space are a reflection of the physical processes. Thus, the
scattering and loss of energy by a system are expressed in
the compression of the phase portrait. Approximately the
same phase portraits indicate a similar dynamics of the
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systems. If the shape of the phase portrait is accessible to
the visual representation, the system can be solved.

The geometric study of the phase portraits allows
obtaining such data about NDS as: the nature of the
dynamics, time horizon for the DVs values prediction,
intervals of the DVs values. We can determine: the
attractor volume, Lyapunov exponents, Shannon entropy
and Kolmogorov entropy, attractor dimension, and other
quantities. We suggest use some of these characteristics for
analysis of the measurement results in the case of NDS.

2.2.1. Lyapunov exponents are used for study
the dynamics of a system in the vicinity of an arbitrary
trajectory. They characterize the degree of stretching and
contraction of the phase portrait along the selected phase
trajectories. If the two close trajectories x,(¢) and x,,,(¢)
are chosen so that x,,(t) = x,(1)+&(t), £(0)=¢,& > 0 that
the next function:

= —lim | O
E[&0)] = lim t IHLJ(O)} (4)

takes a finite series of the Lyapunov exponents
{li } ,i=1,2,...,n, the totality of which forms the Lyapunov
spectrum [13]. The number of Lyapunov exponents
corresponds with the attractor dimension D , which can be
fractional:

Ly N )
K
1= i+l

here j is the Lyapunov dimension, it is determined from the
expressions:
<0.

The total Lyapunov exponent A can be considered
as an indicator of a stability of a system dynamics. When
A =0 it is Hamiltonian system. It has a stable dynamics,
the processes occurring in it can be regarded as deterministic
processes, the volume of the phase portrait is unchanged
AV, =const. When A >0 the phase portrait volume is
growing AV, T, the NDS dynamics is chaotic. If A <0
the phase portrait volume decreases , that typical for the
dissipative systems.

2.2.2. Entropy. For topological analysis of the
NDS phase portrait the Shannon (H-entropy( and the
Kolmogorov-Sinay (K-entropy) are used. H-entropy
(or information entropy) is one of the key concepts of
the information theory [21]. For a system that can be in
the states X, with probability distribution density p(X,),
Shannon entropy is given by the next formula:

Mtk +o+h, >0, A+, +..+A

Jj+l

H ==Y p(X,)In p(X,). ©)

i=1
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Entropy is a measure of the order or disorder of the
system. According to (6), The Shannon entropy assumes
large values when the distribution density p= p(X,) has
the values small. If a number of values N is bounded, then
the entropy is maximal for the uniform distribution law
H—>InN for p(X,)—>1/N. The entropy is minimal
H — 0 for the normal distribution law when p(X,)—>1,
The entropy of a strange attractor is higher than the entropy
of a regular attractor. The entropy of chaotic and random
dynamics is higher than the entropy of an ordered motion.
The change of the H-entropy values indicates a change in
the NDS dynamics.

The using the Kolmogorov entropy allowed us to
introduce a rigorous criterion of chaotic, as an unstable by
Lyapunov motion with positive metric entropy K >0 [13].
Analyzing the phase portrait of a system, the K-entropy is
defined as:

K lim 2ld®)/dO)] )
d(0)—0 t

here d(0), d(t) are the distances between two nearby
trajectories at the initial and current time, respectively:
d(t) =|x,() - x,1)]-

According (7) the K-entropy characterizes the degree
of'the trajectories divergence, and the degree of randomness
of the system dynamics. It is related to the Lyapunov
exponents (4) by the expression:

K= j >k, (x)du. ®)
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So when the system has chaotic dinamyecs its entropy
K>0.

The Shannon entropy, S-theorem by Yu. Klimontovich
[21], entropy scales, we consider as a tool for estimating
of the deviation of a system from an equilibrium state.
The entropy analysis was used before in the human health
measurement model [23] and for estimating the temperature
during the laser cooling of particles [24].

2.2.3. Fractal dimension. Many of the NDS processes
have the property of self-similarity or scaling - invariance
under multiplicative scale changes. Self-similarity can
be strict or approximate. A self-similar object or process
looks unchanged when you zoom in or out the scale.
Such objects and processes include the Brownian particle
motion, turbulent flows, strange attractors, time series of
the measurement results [25].

The most striking feature of the objects self-similarity
is their unusually fine structure. Such objects B. Mandelbrot
called the fractals [26]. The importance of fractals lies
in the fact that they are able to model a huge number of
objects, phenomena and real-world processes, real NDSs.
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The fractals are characterized by Hausdorff (or fractal)
dimension D,, It takes fractional values in the interval
0< D, <3. For a fractal curve 1 <D, <2, for a surface
2 < D, <3, apoint has dimension D, = 0, for a continuous
line D, = 1.

Fractal dimension is used in various practical
applications to identify the objects and processes. The
special interest is its use for analysis of NDS phase
portraits and the measurement results time series
x(t,),...,x(t,) [27]. For determination of the time series
fractal dimension D, we use the statistical method of the
normalized range (R/o - analysis), derived empirically by
P. Hurst [25]. The indicator /1, is associated with D, by
next expression:

D,=2-H, )

The Hurst index , is determined using the value R/o,
here R is the range between the maximum and minimum
values of the increment function x(i, #) , the value o is the
standard deviation:

R(?) = max x(i, n) — min x(i, n),
1<i<m 1<i<m

Wim=Y (-5 . (0
i-1

here X, is the arithmetic mean of the values x(z,),...,x(z,) -
The correlation R/o is related with parameter H, by
formula:

R/G=(n/2)HR. (11)

In [27] the fractal analysis (9)-(11) was used for
analyze the dynamics of the laser radiation frequency. The
author proposed a fractal scale for evaluating the results
of measurements with reference points D, = 1, D, = 1,5,
D, = 2, separating different dynamics characters. If
D,, = 1 it means that the dynamics of the system is strictly
deterministic. If D, = 2 the system behaves in a regular
way, but the spread of the measured results is very large,
that doesn’t allow us to use the methods for processing of
the measurement results. If D, = 1,5 the process is random.
The dynamics corresponds with Brownian motion with
independent (Markov) increments. For analyze of such
systems characteristics we can use the statistical methods.
In the case when 1 <D, < 1,5 or 1,5 <D, <2 the process
is non-Markov, chaotic, persistent and antipersistent,
respectively.

The fractal dimension allows us to estimate the trend
of the DV dynamics of NDS and can be used to predict its
values.
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2.2.4. Forecasting time. One of the main and
oldest tasks of analyzing systems and time series of DV
measurement results has been the task of forecasting their
dynamics. In some cases, the purpose of the forecasting
is not the value of an individual DV, but forecasting of
dynamics and its trend. For this, the fractal analysis (9)-
(11) and the fractal scales [27] are applied.

Thetime interval when we can do the correct forecasting
of the system dynamics is called the forecasting time or the
forecasting horizon. The forecasting time depends on the
degree of determinism of the NDS dynamics (the maximal
for a deterministic system and minimal for random and
chaotic systems) and metrological possibilities [29].

In the case of chaotic NDS, a weak impact of the initial
conditions or a small change in the system parameters cause
to unpredictability of the resulting motion in finite time,
which J. Lighthill [30] called the "forecasting horizon" (or
forecasting time). The forecasting time 7, is related to the
Lyapunov exponent A (7) as:

1 1
T (A= ——1log—- (12)
for( ) 7\‘ gg

max

here 7, _is the maximum Lyapunov exponent.
In practice, the forecasting time (12) is often calculated
using the next simplified formulas:

1 1
Tfor(K):Ebeor(k):}\l_' (13)

max

The term "forecasting time" is important for the
formulation of the measurement equation (model equation)
of DVs. We suggest use this value as the correctness time
of the measurement equation for NDS case.

3. Measurement principles for NDS case.

The measurement of the NDS DVs is a multi-factor
experiment. The processing of the measurement results
in a multifactorial experiment is aimed at obtaining the
basic scientific data in the new form of mathematical
models and their interpretation. We shouldn’t only to
calculate the average value of the measured quantity or its
dispersion [14]. The theory of nonlinear measurements,
measurement and analysis models should correspond with
the properties of such systems. Let’s consider the important
for measurement procedures real NDS properties.

The dynamics of NDS has a complex, non-linear,
including chaotic, character. NDS exchanges energy and
information with the environment and other systems, it is
influenced by external factors. The influence of some factors
(and noises) is critical for the system, it is can changes the
dynamics from random to regular, chaotic, and vice versa.
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Thestateofthe NDS atatime moment ¢is characterized
by the n-dimensional state vector X[X,(¢),...X,(®)]. The
DV X,(¢) value changes in time, but stays in the interval
X <X, <Xx™ . This interval is due to the functionality
of the system. If the DV value outputs of the interval it
means that the system destroys.

The phase portrait of NDS in a chaos state is a
strange attractor. The exponential dispersal of the phase
trajectories leads to the fact that the measured quantities
can take any values in the frame of the attractor. If at the
moment of measurement 7, the DV value X is in the interval
[, (t) = u,(t,). v, (1) +u,(6)]  (here 3, () t,) are  the
estimation and uncertainty of the X, measurement result at
the time ¢)) that in tine the DV value will located in attractor
frame [ Vi = Uins Vinax T U ] (D€T€ Vi, Vi s Uinins U, ATE
the estimates and uncertainties of the measurement of the
X minimum and maximum values):

[y (1) =1, (1), v, (1) +u;(1))] €
€ [ymin - umin > ymax + umax ]

(14)

The next, after ¢, time DV values become predictable
within the attractor frame (14).

Systems can evolve, some of them have the self-
organization function.

Based on the described properties, the authors offer
the next topological tools for analyzing the measurement
results for NDS case:

1. the time series of the DVs measurement results
3);

2. a measurement portrait (a phase portrait with
the measurement uncertainties), constructed on the
measurement results (3);

3. the Lyapunov exponents (4);

4. the Shannon (6) and Kolmogorov entropies (8);

5. a fractal dimension (9)-(11) of the measurement
time series (3);

6. a forecasting time (13).

In this case, the all quantities values must contain an
error (or uncertainty of the measurement results).

The application the physical approaches, topological
mathematical methods and tools of nonlinear metrology
makes it possible to provide studies of systems with
complex, nonlinear dynamics. The topological methods
and tools for measurement result analysis help to evaluate
the reliability of the measurement data and give a
possibility to predict the NDS dynamics.

Conclusions
1. The classification of dynamic systems by origin and
properties is performed. It is shown that the dissipative,
nonlinear dynamical systems are the most difficult for
research, measurement and forecast.
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2. The necessity of creating a special theory of
measurement and measurement results analysis for
nonlinear dynamical systems is substantiated.

3. The analysis of the main topological methods and
tools (including topological methods and tools) for the
study of nonlinear dynamical systems is performed:

4. The main characteristics of non-linear dynamical
systems are systematized, among them: interval values
of the dynamical variables, strong dependence on initial
conditions and noises, complex, often chaotic dynamics,
evolution,

5. In accordance with the main characteristics of
nonlinear dynamical systems, the next topological tools
for analyzing the measurement results are proposed:
measurement portrait, entropy, fractal dimension,
forecasting time.
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Superplasticity of alloy 01420t
with the initial bimodal grain structure

D. E. Milaya'?, V. P. Poyda?, V. V. Bryukhovetskiy', A. V. Poyda'

! Institute of Electrophysics & Radiation Technologies NAS of Ukraine,
Chernyshevskaya St. 28, P.O. Box 8812, Kharkov, Ukraine, 61002
2 V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022

The temperature — strain rate conditions of high-temperature structural superplasticity are determined for the 01420T alloy with

the initial bimodal structure. The structural state of specimens of alloy 01420T, superplastically deformed to failure under the conditions

of high-temperature structural superplasticity, is studied. It is revealed that in the working part of specimens of the alloy 01420T during

the superplastic deformation fibrous structures forms as a result of the viscous flow. They are localized in grain boundary cavities and

cracks. The probable causes of partial melting of the 01420T alloy and the mechanism of its superplastic deformation are analyzed.
Keywords: superplasticity; grain boundary sliding; structural anisotropy; bimodal structure.

Jus crutay 01420T 3 BuXigHOH OiMOJANBHOIO CTPYKTYPOIO BHU3HAUCHI TEMIIEPAaTypHO-IUBHIKICHI YMOBH HPOSIBY
BHCOKOTEMIIEpaTypHOI CTPYKTYpHOI HaJIUIaCTHYHOCTI. BuBuUeHO cTpykTypHHM cTaH 3paskiB cmiaBy 014207, HagmuiacTugHO
npoaeOpMOBaHUX 10 PyHHYBaHHS B YMOBaX BHCOKOTEMIIEPATYpHOI CTPYKTYypHOI HaAIUIaCTHYHOCTI. BusBieHo, mo B poGodiit
yacTHHi 3pa3kiB cmaBy 01420T npu HagmIacTH4HOT 1edopMaliii yTBOPIOIOTHCS BOJIOKHHCTI CTPYKTYPH B PE3YJIBTaTi B'SI3KOTO IIIHHY.
Bonu nokasnizoBaHi B IpEMeXeBUX I0opax i TpimuHax. [IpoananizoBaHo HMOBIpHI MPUYMHU YacTKOBOTO IuIaBiIeHHs ciuiaBy 01420T i
MeXaHi3M HOoro HaAIUTACTHYHOT ieopMmartii.

Koro4uoBi c1oBa: HaaIIacTHUHICTD; 3epHOMEXEBE IIPOKOB3YBaHHS; CTPYKTYpHA aHi30TpOIIis; OiMOmanbHa CTPYKTypa.

Jns crmaBa 01420T ¢ mexonHO#M OMMOIANBHON CTPYKTYpPOH OINPENENICHBI TEMIIEPaTypHO-CKOPOCTHBIE YCIIOBUS IIPOSIBICHUS
BBICOKOTEMIIEPAaTypHOH CTPYKTypHOH CBEpXIUIACTUYHOCTH. M3ydeHO cCTpykTypHOe cocTosHHe oOpasnoB cmiasa 01420T,
CBEPXIUIACTHYHO HPOAS(HOPMHUPOBAHHEIX O Pa3pyIICHUS B YCIOBHSX BBICOKOTEMIIEPATYPHOH CTPYKTYpHOM CBEPXILIACTUYHOCTH.
Bruneno, uro B paboueii wactu oOpasmoB cruaBa 01420T mpu cBepXruracTudeckoil aedopMaiiin 00pa3yroTcsi BOJOKHHCTBIC
CTPYKTYPHI B pe3yiIbTaTe BI3Koro TedeHust. OHH JIOKaJIM30BaHbI B IPUTPAHIYHBIX ITOpax U TpemuHax. [IpoaHan3upoBaHb! BEpOSTHBIE

MPUYHHBI YaCTHYHOTO TutaBneHus criaBa 01420T i MexaHU3M €ro CBepXILIaCTHYECKOH Aedopmanuu.

KnroueBble ci10Ba: CBEpXIUIACTHYHOCTB; 3€PHOTPAHUIHOE
CTPYKTypa.

Introduction

It is known that semifinished products of industrial
deformable aluminum alloys in the initial state have an
inhomogeneous structure [1, 2]. In order for these alloys
to exhibit the effect of structural superplasticity (SSP), it
is necessary to perform their additional thermomechanical
treatment aimed at forming a uniform ultrafine-grained
structure. It takes time and additional energy costs. In
this connection, it becomes necessary to determine the
temperature — strain rate conditions for the development of
the SSP for various deformable aluminum alloys that, in the
initial state, have a non-uniform grain structure.

The results of experimental studies aimed at
determining the temperature — strain rate conditions in
which specimens of the 01420T alloy with the initial

bimodal structure during their deformation in the creep

https://doi.org/

IMIPOCKAJIb3bIBAHNUEC; CTPYKTYpHasi aHU30TPOIIUSL; 6I/IMOHaHI>HaH

regime at a constant flow stress show the SSP effect are
considered in the article. It also contains data on the
structural state of superplastically deformed specimens of
this alloy and the concept of their superplastic deformation
mechanisms (SPD).

Materials and methods of the experiment

Medium-durable alloy 01420T (5,0-6,0%Mg;
1,9-2,3%L1i; 0,09-0,15%Zr; 0,1-0,3%Si; 0,3%Fe; 0,1%Ti;
0,3%Mn; 0,005%Na; base Al, % wt.) has strength limit
6, =440-470 MPa [3]. This alloy belongs to the lightest of
aluminum-lithium alloys. Its structure is matrix-type. In
the 01420T alloy of the Al-Mg-Li system in equilibrium
with the matrix phase (a-solid solution on the aluminum
base) there are such phases: f (Mg,Al), y (Mg, Al ),
o0 (AlLi), S, (MgLiAl,) [3]. It is found that a stable phase

© Milaya D.E., Poyda V.P., Bryukhovetskiy V.V., Poyda A.V., 2018
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S, is predominantly localized at the grain boundaries of
the matrix phase, forming them almost continuous [3].
In the body of the matrix phase grains, in addition to the
above phases, phase particles §' (AL Li) are also located,
which provide hardening of the alloy after artificial aging,
as well as dispersed particles of 8’ (ZrAl,). They are used
for stabilization of the grain structure of aluminum alloys
at high homological temperatures [1-3].

Mechanical tests of the alloy 01420T specimens
with dimensions of the working part of 10 mm and cross
section of 3.0-5.0 mm were performed in air by straining
in a creep mode at a constant flow stress in accordance
with the procedure detailed in at [4]. The experimental
creep curves recorded using a Sanwa PC 500a digital
multimeter were rearranged in the coordinates "true
strain" - "time" and served to determine the true strain
rate €. .

To detect grain boundaries during metallographic
studies, a chemical etchant of the following composition
was used: /7 ml of HNO,, 5 ml of HF, 78 ml of H,O.

The grain structure, cavity morphology, and fibrous
structures in the specimens were examined using a light
microscope MIM-6 with a Pro-MicroScan digital camera
and a scanning electron microscope Tescan VEGA 3
LMH, as well as standard quantitative metallography
methods [5].

The average grain size «d» was determined from
microphotos by the method of random secants [5].

To reveal grain boundaries on the surface of the
working part of superplastically deformed specimens of
the investigated alloy, along with chemical etching, the
deformation relief method was used, which was described
in [4].

Results and Discussion

As a result of structural studies, it was determined
that the initial grain structure of the working part of
specimens of the 01420T alloy prepared for mechanical
testing is bimodal (Fig.1).

The overwhelming majority of grains that are
concentrated in the colony, occupying a large area in
the working part of the specimens, are ultra-small. Their
average size is approximately 5 um (Fig.1, a). In some
sections of the working part of the specimens, which have
the form of strips (Fig.1, b), the major oblong grains are
mainly concentrated (Fig.1, c). They are separated from
each other by low-angle boundaries, which are parallel or
approximately perpendicular to the strain direction of the
specimens. The average size of large polygonized grains
is approximately 25 um. In the strips, there is also a certain
number of equiaxial fine grains, which have high-angle
boundaries. Their average size is about /2 um. Specimens
of the alloy 01420T were deformed in the creep regime at
a constant flow stress ¢ = 2.0-7.0 MPa and a temperature
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T = 520°C, at which, as was determined in [6], partial
melting of the 01420T alloy occurs. It leads to the
formation of the local arias of the metastable liquid-solid
phase on the grain boundaries.

As a result of the mechanical tests, it was determined
that specimens of the 01420T alloy, which had undergone
thermomechanical treatment, exhibit the effect of high-

Fig.1. Characteristic types of the initial bimodal
microstructure of the working part of specimens of alloy
01420T; a - a colony consisting of ultra-fine grains; b -
colony in which large and small grains are concentrated;
¢ - characteristic types of grains which are in the colony,
shown in Fig. 1, b. Light microscopy.
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temperature SSP. Analysis of creep curves, one of which
is shown in Fig.2, showed that they have small areas of
unsteady creep and some stages of accelerated creep.
The main deformation, which is several hundred percent,
specimens of alloy 01420T accumulate, deforming
superplastically at the stage of flow, which corresponds
to steady creep. It is determined that the values of the
true deformation rates of specimens of the alloy 01420T
deformed at 7= 520°C and flow stresses ¢ = 2.0-7.0 MPa
lie in the range 103-107 s,

It is determined that the maximum elongation to
failure 6, which is 450%, is observed in specimens
superplastically deformed at 7= 500°C, ¢ = 4.5 MPa and
the true strain rate &, = 2.2+107s"'. These temperature
— strain rate conditions are optimal for the manifestation
of the effect of high-temperature SSP of specimens of
the investigated 01420T alloy with the initial bimodal
structure.

15,0

ZEY WS W

U, mv

7,60

3,75

0

142541 17:50:49 20:20:49 T, hh.mm.co
Fig.2. The experimental creep curve of a specimen of the
01420T alloy superplastically deformed to failure under
the optimal conditions at T = 520°C and a flow stress
6 =4.5 MPa.

Figure 3 shows a general view of a specimen of the
01420T alloy deformed to failure under the optimum
conditions of high-temperature SSP in comparison with
the initial one.

Fig.3. The general view of the specimen of the 01420T
alloy deformed to 450% under the optimal conditions of
the high-temperature SSP in comparison with the initial
one.
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It was found that, at a macroscopic level, the
superplastic flow of specimens of the 01420T alloy was
stable, and their failure occurred without neck formation.
Figure 4 shows a characteristic view of the deformation
relief formed on the surface of the working part of the
specimen of the 01420T alloy deformed to failure under the
optimal conditions of the high-temperature SSP. It can be
assumed that it arose as a result of the development of grain
boundary sliding (GBS), which was intensively carried
out along the high-angle boundaries of ultrafine and fine
grains with the participation of grain-boundary cavities in
accordance with the SPD mechanism proposed in [7], and
also on the low-angle boundaries of large grains.

% M Nt :
SEM HV: 30.0 kV WD: 15.93 mm
View field: 1000 pm Det: SE 200 pm
SEM MAG: 415x  Date(m/dly): 04/11/18

Karazin National University

Fig.4. A characteristic view of deformation relief formed
on the surface of the working part of the specimen of the
01420T alloy superplastically deformed to failure under
the optimal conditions of the high-temperature SSP.

It should be noted that the observed mutual sliding
of large polygonized grains occurs through low-angle
intergranular boundaries parallel to the strain direction,
which is not characteristic for existing classical ideas of
the development of GBS under conditions of a micrograin
SSP [2]. The GBS of polygonized grains over low-angle
boundaries was observed by us earlier in the investigation
of the SSP of alloy 1933 [8].

Figure 5 shows the characteristic microstructure
of the working part of specimens of the alloy 01420T,
superplastically deformed under the optimal conditions
to failure, obtained using light microscopy methods. It is
determined that as a result of heating the specimens of the
alloy 01420T to the test temperature, and also during their
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Fig.5. Characteristic types of microstructure of the working
part of specimens of alloy 01420T, superplastically
deformed to failure under the optimal conditions of high-
temperature SSP. Light microscopy. The direction of
stretching is horizontal.

SPD, the bimodal structure, due to the development of
static and dynamic recrystallization, basically turns into a
homogeneous grain structure.

This is evidenced by the absence in the microstructure
of the working part of specimens of colonies of grains that
have substantially different sizes and shapes (see Fig.5).
It was found that the predominant number of grains in the
working part of specimens superplastically deformed to
failure under the optimal conditions of the SSP is ultra-small.
Their average size is about /0 um. However, in some of its
parts, a few large polygonized grains, separated by low-
angle boundaries, have been preserved (see Fig.5, b). Their
average size is approximately 20 um. In the structure of the
alloy there are also fine grains, whose average size is 15 um.

It is determined that in the working part of the
specimens during their SPD, grain boundary cavities were
formed and developed due to the GBS. The average size of

32

cavities is comparable with the average size of the mutually
slipping grains adjoining them (see Fig.4 and Fig.5). In
the structure of the failured specimens, along with grain-
boundary cavities, magisterial cracks formed because of
their unification are observed.

As a result of the research of the characteristic types
of deformation relief of the specimens of the 01420T alloy
working part, fibers were found (see Fig.6), localized in
near-surface grain boundaries and microcracks. It is found

SEM HV JIIJ 0 KV _‘:'Vbié a1mm i --VEIG 3- TESCA
View field: 5.7 pm Det: SE 20 pm
SEM MAG: 5.27 kx  Date(m/dly): 11/20/17

Performance in nanospace

SEM HV: 30.0 kV D | VEGA3 TESCAN

View field: 20.0 pm Det: SE 5 pm
SEM MAG: 17.3 kx  Date(m/dly): 11120117

Performance in nanospace

Fig.6. A characteristic type of fibrous structures formed in
specimens of the alloy 01420T superplastically deformed
to failure under optimal the conditions of the SSP.
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that the ends of these fibers are connected to the surface
of grain-boundary cavities and cracks formed in the course
of GBS when the grains are separated from each other
along grain boundaries approximately perpendicular to
the extension direction. On some fibers (see Fig.6, b) there
are drops. The number of fibers formed in the near-surface
grain-boundary cavities is different. Apparently, it depends
on the volume of the metastable liquid phase localized at
the grain boundaries perpendicular to the strain direction
of the specimen.

The presence of fibrous structures and a characteristic
form of their morphology indirectly indicate that the SPD
of the specimens of the 01420T alloy with the original
bimodal structure, as well as of the other multicomponent
aluminum alloys alloys [6, 8-16] and observed by other
authors [17, 18], takes place with the presence on high-
angle and low-angle grain boundaries of viscous metastable
liquid-solid phases on some sections.

Let us analyze the probable causes of the formation of
a metastable liquid phase in specimens of the 01420T alloy
at high homological temperatures, using the ideas that were
presented in [6, 8-16, 20, 21].

Apparently, the most probable reason for the formation
of a metastable liquid phase in the specimens of the 01420T
alloy, which takes place during the heating of specimens
to the test temperature 7 = 520°C and during their SPD
at this high homological temperature, is the local melting
of the border sections of grains (their "mantle" and those
sections of grain boundaries in which the aluminum-based
solid solution has an increased concentration of lithium
and magnesium atoms in comparison with the nominal
composition of the alloy. As is known, the atoms of these
elements, which are in the form of segregations at the grain
boundaries or dissolved in aluminum-based solid solution
to the limiting concentration, significantly reduce the
melting temperature of the alloy in the local sections of its
specimens [22].

It can also be assumed that a number of particles of the
S, phase containing magnesium and lithium, dissolve in an
aluminum-based a-solid solution during the heating of the
specimens to the test temperature due to the development
of diffusion processes in the solid state. The particles of
the S1 phase remaining at the grain boundaries, which
did not have time to dissolve at the time of the start of
the SPD of the specimen, the nonequilibrium structural
components into which this phase come in, as well as other
intermetallide phases containing magnesium and lithium,
apparently melt and also are foci of partial melting of the
alloy. As a result of its realization, the areas occupied by the
metastable liquid phase nucleate on the grain boundaries.
The study of the surface of the working part of specimens
of alloy 01420T, deformed to failure, showed that it is
covered with loose oxide films (see Fig.5). This suggests
that in the course of SPD, dynamic oxidation of the surface
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of solid grains as well as the surface of inclusions of the
metastable liquid phase, which was present in small
amounts at grain boundaries, intensively took place.
Because of this, apparently, the formation of fragile oxide
films consisting of ALO,, MgO, and magnesium spinel
MgAlO,, characteristic for multicomponent aluminum
alloys doped with magnesium, occurred [23-25]. It can be
assumed that during the SPD, the metastable liquid phase
accumulates a certain amount of dispersed particles formed
upon the breakdown of loose oxide films. This process
apparently leads to the formation of viscous suspensions at
grain boundaries of inclusions according to the mechanism
described in [27], which consists of a melt of aluminum-
based a-solid solution and dispersed particles, which are
fragments of oxide films. The resulting liquid-solid phase
apparently has an important influence on the development
of deformation and accommodation processes occurring
during the SPD of specimens of the 01420T alloy.

It can be assumed that in the solid sections of the
working part of the specimens of the investigated alloy
01420T during the SPD, such basic deformation mechanisms
seem to act simultaneously and self-consistently: GBS,
intragranular deformation, diffusion creep. Apparently, at
the early stages of superplastic flow of specimens of the
011420T alloy, intragranular deformation, due to slipping
and creeping of lattice dislocations, will develop both in
large polygonized grains and in those small and ultra-fine
grains in which the stresses, in accordance with the Schmid
law, reached a critical shear stress. As is known [2], the
interaction of lattice dislocations with grain boundaries
during SPD is used to create a nonequilibrium state of the
high-angle grain boundaries, over which the GBS takes
place. It can be assumed that intense GBS on solid sections
of the high-angle boundaries of small and ultra-fine grains
occurs simultaneously with the viscous flow in those sections
of the high-angle boundaries of fine and ultra-fine grains,
as well as at low-angle boundaries of large grains parallel
to the strain direction, which contain a viscous liquid-
solid phase in accordance with the positions of the models
described in [20, 21, 27, 28]. The effective accommodation
to GBS in this case is due to the development of diffusion
processes in the solid and liquid phases, as well as a result
of the dislocation sliding in the core of grains and near
their boundaries. Because of coordinated implementation
of deformation and accommodation processes in the
microstructure of the working part of the specimens of
the 01420T alloy, an intensive grain rearrangement takes
place. It can be assumed that viscous flow of a metastable
liquid phase localized at high-angle grain boundaries
perpendicular to the strain direction due to the opening of
grain-boundary cavities during GBS leads to the formation
and development of fibrous structures in the SPD process
of specimens of the 01420T alloy in accordance with the
mechanism described in [9, 11].
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The joint manifestation of all deformation and
accommodation mechanisms creates favorable conditions
for the stable flow of specimens of the 01420T alloy with
the initial bimodal structure and ensures their SPD by
hundreds of percent.

Conclusions

1. The temperature — strain rate conditions are
determined for which specimens of the 01420T alloy with
the initial bimodal structure exhibit the effect of high-
temperature structural superplasticity.

2. The structural state of specimens of alloy 01420T,
superplastically deformed to failure under conditions of
high-temperature structural superplasticity, is studied.

3. It is revealed that in the working part of specimens
of the alloy 01420T during the superplastic deformation, as
a result of the viscous flow, fibrous structures forms. They
are localized in grain boundary cavities and cracks.

4. The probable causes of partial melting of the 01420T
alloy and the mechanism of its superplastic deformation are
analyzed.
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Effect of high hydrostatic pressure
on various diffusion mechanisms in oxygen deficient
ReBa,Cu,O,_ (Re=Y, Ho) single crystals

Yu.l. Boyko, G. Ya. Khadzhai, N. R. Vovk, R. V. Vovk, |.L. Goulatis

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022

In present paper the effect of high pressure on the relaxation of the electrical resistivity at room temperature of oxygen
nonstoichiometric ReBa,Cu,0, (Re =Y, Ho) single crystals are investigated. It is established that the hydrostatic pressure significantly
intensifies the process of diffusion coalescence in the oxygen subsystem. At the same time, the intensity of the redistribution of labile
oxygen significantly changes when yttrium is replaced by holmium.

B paGote uccienoBaHO BIMSHHE BBICOKOTO NABICHHS HA PEIAKCALMIO IEKTPOCONPOTHBICHUS NPH KOMHATHOI TeMmieparype
monokpucramios ReBa,Cu,0, (Re=Y, Ho) HecTeXMOMETPUYECKOTO 1O KUCIOPOLY COCTaBa. YCTAHOBJIEHO, YTO THAPOCTATHIECKOE
JlaBJIeHHEe CYIIECTBEHHO HHTeHCUpHUIMpyeT nporecc andQy3HMOHHOH KoaJecHEeHIMH B KUcIopomHod mnoxacucteme. [Ipum stom
HHTEHCUBHOCTb IIepepacipeieeHus JIaOMIbHOTO KUCIOPOa CyIIeCTBEHHBIM 00pa3oM H3MEHSETCs IPU 3aMEHe UTTPHUS Ha TOIBMHH.

B paboTe mcciaenoBaHO BIMSHHE BBICOKOTO NABJICHHS Ha PEIAKCALMIO AJICKTPOCONPOTHBICHHUS IPH KOMHATHOIl TeMmIeparype
monokpuctamioB ReBa,Cu,0, (Re=Y, Ho) HeCTEXHOMETPHYECKOTO MO KHCIOPOMY COCTaBa. YCTAHOBIECHO, YTO THAPOCTATHIECKOE
JIaBJICHHE CYLIECTBEHHO HMHTeHCH(HLMpPYyeT mporecc Iu(Qy3nOHHOH KOAISCUEHIMH B KUCIOPOAHOW moacucteme. Ilpu stom
MHTEHCUBHOCTB Iepepacnpe/ieeHns Ja0HIbHOTO KUCIOPOa CyIIECTBEHHBIM 00pa30M U3MEHSETCs IIPH 3aMEHE UTTPHS Ha IOJIbMUIA.

Introduction

As is well known, the presence of labile oxygen [1,2]
in high-temperature compounds (HTSC) ReB,Cu,O,
(Re = Y or other rare earth element) leads to the
appearance of a non-equilibrium state that can be
manifested during the application of high pressure [3,4],
a step by step change in temperature [5,6], long-term
storage [7-9], contribute to phase separation processes
[10,11], ascending diffusion [12,13] and the appearance
of various superstructures [14-16]. All these processes
have a significant effect on the physical properties of
HTSC in both the normal and superconducting states
and are most clearly manifested in the case of oxygen
deficient samples [17,18].

The modification of the structural and electrophysical
characteristics of superconducting materials can be
achieved by applying various external influences [19-21]
and is an important experimental tool of modern solid
state physics. In particular, the study of the effect of the
external hydrostatic pressure [22,23] on the structural
state and transport processes in ReBa,Cu,O, single
crystals, is a source of important information necessary
for elucidating the microscopic mechanism of “high-
temperature” superconductivity, which until now remains

https://doi.org/

unclear [24]. Taking this into account, experimental
methods have proved to be of a particular importance,
allowing us to reveal the parameters of superconductors,
which most significantly affect their physical
characteristics in the normal and superconducting states.
One of the most important methods is the use of high
pressure [25-27], since this not only makes it possible to
clarify the role and the influence of structural features of
the system on the superconducting states formation, but
also enables to model the conductive characteristics and
critical parameters of the superconductor.
Acharacteristic feature of the YBa,Cu,O, , compound
is the relative simplicity of the complete or partial
substitution of yttrium by its isovalent analogues, which
enables the variation of the conductive characteristics,
and thereby can verify the adequacy of theoretical
models. In this respect, the substitution of yttrium by the
holmium, which has a sufficiently large magnetic moment
(10.61u,and 9.7u, in HoBa,Cu,0, ), allows us to predict
a qualitatively different behavior of the system due to the
paramagnetism of HoBa,Cu,O,  in the normal state [2]. It
is of interest to study oxygen deficient samples, in which
the rare-earth ion can serve as a sensor sensitive to the
local symmetry of its environment and to the distribution

© Boyko Yu.l., Khadzhai G. Ya., Vovk N. R., Vovk R. V., Goulatis |.L., 2018



Effect of high hydrostatic pressure on various diffusion mechanisms
in oxygen deficient ReBa,Cu,0, (Re=Y, Ho) single crystals

of charge density, since their change affects the crystal
field that forms the electronic structure of such an ion [6].

In this work, we study the effect of an external
hydrostatic pressure up to 5 kbar on the temperature
dependence of the electrical resistance p(7) in the ab plane
of ReBa,Cu,0, (Re =Y, Ho; x=0.3-0.47) single crystals
in the temperature interval from 300 K to the temperature
of the superconducting transition 7.

Experimental methodology

The crystals were grown by the “solution-melt”
method in a gold crucible as was previously described
[18]. The samples had the shape of a parallelepiped
with dimensions YBa,Cu,0, - 2x1.8x0.5 mm’ and
HoBa,Cu,0, - 1.9x1.9x0.5 mm’. The largest area of the
sample corresponded to the crystallographic ab plane.
Initially, the samples were heat-treated in oxygen flow at
T = 400° C for five days to saturate them with oxygen
completely, i.e., to reduce the parameter x to a value
~0-0.1.

The temperature dependence p(7) was first measured
during the heating of the multiplier under atmospheric
pressure. The pressure was then gradually increased
at room temperature. When the desired pressure was
reached, the multiplier was cooled to a temperature 7 <
T, and after that the p(7) measurements were carried out.
Following the measurement at the maximum pressure,
the pressure was lowered to atmospheric pressure and the
p(T) measurements were repeated.

In addition to the p(7) dependence, we carried out
isothermal measurements of the change of the electrical
resistance p at temperature 300 K as a function of time
under pressure = 5 kbar, as well as after its removal. In
this experiment, the maximum exposure time reached =
80 hours.

Results and discussion

In previous work [29], the results of the electrical
resistance time relaxation dependence atroom temperature:
curve | - after the application of pressure 5 kbar and curve
2 - after the pressure released were presented. Thus, it
was determined that after the pressure was removed, the
equilibrium resistance value was reached much faster than
when the pressure is applied. To explain the latter result,
we proposed that the observed phenomenon is due to the
difference in the diffusion paths of the pressure-induced
process of elongation-shortening of oxygen ion chains in
Cu-O planes.

Thereafter [6], we provided evidence that the
diffusion of oxygen ions in the ReBa,Cu,0, (Re=Y, Ho)
compounds can take place via two mechanisms. At the
initial stage of the process, the single-channel diffusion
mechanism is dominant, whereas in the final stage the
diffusion of oxygen ions is limited by the conventional

36

mechanism of classical diffusion. In the first case, oxygen
ion diffusion is characterized by the <L?> ~#/”? dependence
and in the second case by the <L?> ~ ¢ dependence.

The study of the time dependence p=f(T) carried
out previously [29] (relaxation curves) also indicates
that in this case there are two stages: a fast initial stage
and a slower final stage. This result can also explain the
existence of two mechanisms for the redistribution of
oxygen ions induced by the application of pressure. To
confirm the correctness of this assumption, we processed
these relaxation curves by constructing the (p,/Dp)’=f(T)
dependences, which, in fact, determine the operation of
the one or the other oxygen ions’ diffusion mechanism
(refer to Figure 1).

Figure 1, in our opinion, confirms the correctness
of the previously stated assumption that the application
of an external pressure of ~5 kbar causes the diffusion
redistribution of oxygen ions in the formation-decay of
the oxygen clusters in the ReBa,Cu,0, (Re =Y, Ho)
compounds. Herewith, the diffusion of oxygen ions
process is realized by two mechanisms: By the single-
channel diffusion mechanism and by the conventional
classical diffusion mechanism (at the final stage of the
process).

The entire set of the experimental results obtained,
agrees well, if presume that the external hydrostatic
pressure intensifies the appearance of several (at least two)
phases in the studied samples, characterized by different
values of the transition temperature Tc. In our opinion this
is due to the process of the redistribution of the oxygen
ions in the volume of ReBa,Cu,0, (x=0,4) crystals.
The pressure accelerates the diffusion coalescence
process [30] of microscopic clusters of various sizes
oxygen vacancies formed in the crystal due to the oxygen
deficiency. As a result of the coalescence, oxygen ions
are redistributed in the crystal, which leads to an increase
of a number of sufficiently large in size ordered one-
dimensional clusters of oxygen ions. At the same time,
the parameter x decreases. Accordingly, the number of
specific structural entities - negative U-centers, capable
of generating coupled charge carriers [31] increases. In
this case, a higher concentration of U-centers corresponds
to higher values of T, of the superconducting phase.

As it was mentioned above, the establishment of
the equilibrium value of the resistance R(t—wo) after
the pressure removal occurs almost twice faster than
under the action of pressure. This experimental fact is
also explained within the framework of the proposed
coalescence of oxygen clusters mechanism. Indeed,
under the pressure application conditions, the process
of filling clusters with oxygen ions by the accelerated
“one-file” diffusion mechanism is realized only at the
initial stage, and further, this process and the decrease in
electrical resistance, is limited by the slower mechanism
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Fig.1. Time dependences of the electrical resistivity at room temperature in coordinates: p,,, - t and 1/p°, —t for
YBa,Cu,0, ((a) and (b)) and HoBa,Cu,0, ((c) and (d)) single crystals, measured immediately after application
(curves 1) and removal (curves 2) of high hydrostatic pressure.

of classical diffusion. After the pressure removal the
process of more intensive increase in the size of oxygen
clusters is suspended. Herewith, as the time passes,
the number of not fully completed clusters increases
and there is a relaxation of the resistance. Under these
conditions, the movement of oxygen ions is at much
shorter distances and can be realized in the “one-file’
diffusion regime, practically, until the equilibrium value
p(t—x). A certain role in this may be played by the
presence of structural and kinematic anisotropy in the
system [32-37].

Notably, despite the higher Tc and the smaller oxygen
deficiency, in the case of the HoBa,Cu,O,  samples, all the
characteristic changes in the form of the electrical resistivity
temperature dependences and the absolute values of the
resistive parameters that were observed during the pressure
application-removal process at room temperatures were
not less pronounced than for the YBa,Cu,0, samples.
Apparently, in the case of HoBa,Cu,0O, _, the substitution
of yttrium by holmium which has a larger ionic radius, can
play a role on the structural order in the system, which in

BicHuk XHY, cepia «®isunka», sun. 29, 2018

turn leads to a change in the interaction of the oxygen ions
in the CuO planes. Indeed, as is known from the literature
[1,2,6,29], when yttrium is replaced by rare-earth elements
with a larger ionic radius, significant qualitative changes
occurinthe T (x) dependences. Therefore, the characteristic
for the YBa,Cu,O, ; T (x) dependence with two plateaus, at
60 and 90 K, degenerates into a much sharper monotonic
dependence [1,2]. Thus, it can be assumed that in the case
of deviation from oxygen stoichiometry, the HoBa,Cu,O,
compound should be characterized by a much more
disordered oxygen superstructure in comparison with the
YBa,Cu,0O, .

Thus, we can conclude, that the external hydrostatic
pressure P = 5 kbar substantially intensifies the process of
the diffusion coalescence of oxygen clusters, i.e., causes
the growth of their average size. In turn, the increase in the
size of oxygen clusters leads to an increase in the number
of negative U-centers, the presence of which leads to
the appearance of a phase capable of generating paired
carriers of electric charge and, accordingly, characterized
by a higher transition temperature 7.
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Microwave-stimulated superconductivity in the vortex state

V. M. Bevz, R. V. Vovk, V. A. Shklovskij, A.l. Bezuglyj, O.V. Dobrovolskiy

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022
dobrovolskiy@physik.uni-frankfurt.de

In the mixed state of type-II superconductors
penetrated by an external magnetic field in the form of a
lattice of Abrikosov vortices, the dc resistance is known
to increase with increasing velocity of the vortex lattice
[1]. Accordingly, vortex pinning sites impeding the vortex
motion are widely used to preserve the low-dissipative
response of the system [2]. In our recent experiments we
subjected superconducting Nb films with nanogrooves
to a high-frequency ac current stimulus [3-5]. By tuning
the number of mobile and pinned vortices by varying the
magnetic field around the so-called matching values, Fig.
1, we observe a completely opposite effect [6]. Namely, the
vortex-related microwave excess loss for mobile vortices

8 r + 1 v 1

m - max mw loss for

- pinned fluxons at

"y 6 matching fields

(7]
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>
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Fig. 1. Vortex-related microwave losses as a function of
the magnetic field value for a series of microwave power
levels, as indicated. While at lower ac power levels, the
microwave loss is minimal at the so-called matching
values (7.2 mT and 9.6 mT), when the vortex lattice is
commensurate with the periodic pinning nanostructure,
at high power levels the minima turn into maxima
indicating that pinned vortices dissipate less than the
mobile ones.
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becomes smaller than for pinned vortices in a certain
range of power levels at ac current frequencies above 100
MHz. This is distinct from the well-known phenomenon of
microwave-stimulated superconductivity in the Meissner
state [7, 8]. Thus, our findings appeal for the development
of a theory of microwave-stimulated superconductivity in
the vortex state. Generalization of the theory is currently
under way and the theoretical results soon will be presented
in comparison with the experimental data.[1] E. H. Brandt,
Rep. Progr. Phys. 58 (1995) 1465.
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IHOOPMALIIA IS ABTOPIB CTATEN
xypHaiy «Bicauk XHY». Cepist «Dizuka»

VY xypHani «Bicauk XHVY». Cepis «®i3uka» IpyKyIOThCS CTAaTTi Ta CTUCII 32 3MICTOM IOBIJIOMJICHHSI, B SIKHX
HaBeJIeH1 OpUTiHANBHI PE3yNbTaTH TEOPETHYHUX Ta EKCIEPUMEHTANBHHUX TOCHTIKCHb, a TAKOX AHAJITHYHI OTJISIH
JTepaTypHUX JHKEpel 3 Pi3sHOMAaHITHIX aKTyalbHUX TMpo0iieM (i3uKH 3a TEMaTHKOIO BUIAHHS.

Moga craTeii — yKkpaiHChKa, aHTIIIHChKA Ta POCIACHKA.

TEMATUKA XXYPHAITY

1. TeopeTnyna dizuka.

2. di3uka TBEPIOTO Tija.

3. ®i3uKa HU3BKUX TEMITEPATyp.

4. di3nKka MardiTHUX SIBUIIL.

5. OnTrka Ta CHeKTPOCKOITis.

6. 3arayspHi nUTaHHA (I3UKM 1 cepel HUX: METOJOJIOTIS Ta icTopis (i3WKM, MareMaTHyHi MeToau (i3MYHHX

JIOCITIPKCHb, METOJIMKA BUKJIAaHHs (DI3UKH Yy BUIIIH IIKOJ, TEXHIKA Ta METOAMKA (Di3UYHOTO SKCIICPUMEHTY TOIIIO.

BUMOTI'M 1O O®OPMJIEHH S PYKOITUCIB CTATTEN

3aranbHU 00CAT TEKCTY PYKOIUCY CTATTI MOBHHEH 3aiiMaTH He Oijibiie, HiX 15 CTOpiHOK.

Pyxommic crarTi CKIamaeTbes 3 TUTYIBHOI CTOPIHKH, Ha SKi BKa3aHHO: Ha3Ba CTAaTTi; iHIIIaNK Ta Tpi3BHIIA
aBTOPIB; MOIITOBA a/ipeca YCTaHOBH, B sKii Oyia BUKOHaHa poOoTa; Kiacudikauiiiauii ingekc 3a cucremamu PACS Tta
VJIK; aHoTanii Ha OKpeMOMY apKylIi 3 TpIi3BUILEM Ta iHilliaJlaMH aBTOPIB 1 Ha3BOIO CTATTi, BUKJIAAEHI YKpaiHCHKOIO,
POCIHCBKOIO Ta aHINIIHCHKOIO MOBaMH; OCHOBHHUII TEKCT CTATTi; CIIUCOK JITEpaTypH; MiAMKCH IiJ PUCYHKaMH; TaOIuIIi;
pucCyHKH: Tpadikd, GOTO3HIMKH.

AHorarlis moBuHHA OyTH 32 00'eMoM He MeHbII Hik 500 ciMBomiB. CtarTs HOBUHHA OyTH CTpyKTOpOoBaHa. BHCHOBKHM
MOTPiOHO MIPOHYMEPOBATH Ta B HUX MOTPiOHI OyTH BUCHOBKH a HE TEpenrcaHa aHOTaIlis.

EnexTpoHHMii BapiaHT pyKONHCY CTaTTi MOBUHEH BIAIIOBIJaTH TAaKUM BHMOTaM: TEKCT PYKOIHCY CTaTTi IOBHHEH
Oyt HaOpanuil y popmari MicrosoftWord Bepcii 2013, BupiBHIOBaHHS TEKCTY MOBUHHE OyTH 3/1iiCHEHE 32 JIIBUM KpaeM,
rapuitypaTimesNewRoman, 6e3 nporucHux OykB y Ha3Bax, OyKBU 3BHYalHI PSJKOBI, 3 MOJSMH JIIBOPYY, NIPaBOPYHY,
3Bepxy 1 3HM3Yy 10 2,5 cM, popmynu noBuHHI OyTH HaOpaui B MathType (He Hmkue Bepcii 6,5), y hopMynax KUPHIHLS
HE JIOIyCKA€ETHCS, CHMBOJIM 3 HIDKHIMHU 1 BEpXHIMH iHAEKcaMu ciin Habuparu B MicrosoftWord, mmpuna ¢hopmynu He
oimemre 70 MM, rpadiku Ta GoTtorpadii HeoOXigHO ToxaBaTH B TpadiuHOMy (opmari, pospizHeHHS He MeHmie 300 dpi,
rompeHHst QaiiyliB HoBUHHO OyTH *.jpg, IIMPUHOIO B OJIHY UM /IBI KOJIOHKH, JUIS OJHI€] KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 MM, JuIs 1BOX KOJIOHOK — 16 MM. Macmirad Ha mMikpodororpadisx HE0oOXiJHO MPEACTABIATH Y BUIVIAAl MaclITaOHOT
JHHIAKY.

BUMOI'U 10 O®OPMIJIEHHSI T'PA®IKIB
TopmuHa miHii He Oinbmie 0,5 MM, ae He MeHmIe 0,18 MM. BenmnanHa niTep Ha mianucax A0 pucyHKiB He Outem 14
pt, ane He menme 10 pt, rapritypa Arial.
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