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Peculiarities of hydrogen absorption by melt spun
amorphous alloys Nd Fe.,

V.I. Dubinko, O.M. Bovda, O.E. Dmytrenko, V.M. Borysenko, 1.V. Kolodiy

National Science Center “Kharkov Institute of Physics and Technology”
Kharkov 61108, Ukraine

A fierce exothermic reaction was detected in Nd, Fe, films with sufficient degree of amorphous phase upon filling them with
hydrogen or deuterium, which resulted in the melting of the samples and the Cu foil, in which the samples have been wrapped.
Quantitative analysis have shown that the amount of heat produced in large Nd, Fe,  samples in our experiments is 80100 kJ per g
of hydrogen, which cannot be explained by DSC data on the heat produced in small samples under different heating-cooling balance.
Possible reasons for the discrepancy are discussed including low energy nuclear reactions taking place at the initial stage of hydride
formation.

Keywords: hydrogen storage, amorphous alloys, exothermic reactions.

[pu rifpysanni mBuako 3araproBanux miiBok Nd, Fe 3 Benukum crynenem amop¢usaii BUsBIeHa CHJIbHA €K30TepMiuHa
peakiis, sika MPU3BOAUTH JI0 IUIABJICHHS 3pa3KiB 1 MiIHOI (ONBIH, B SKOI 3arOPHYTI 3pa3Ku. AHa3 IT0Ka3aB, IO IIUTOMA KiIBKICTh
Ter1a, 0 BUINAEThCA Y BeMMKUX 3paskax Nd, Fe B Halux ekcriepuMeHTax, Ha MOPAOK MepeBepllye MUTOMY KilbKiCTh Tera,
BHPOOJIEHOTO B HEBEIMKHX 3pa3Kax METOIOM IU(epeHIianbHoi KaaopuMeTpii. OOroBOPIOIOTHCS MOXKIIMBI MPUYMHHU PO30IKHOCTI, B
TOMY YHCII, 13 3aJTy4eHHSIM HU3bKOCHEPTeTUUHHX SIICPHHUX PEaKilii, 110 NPOTIKAIOTh Ha MOYaTKOBOMY eTarti GOpMyBaHHS TiIpUIiB.

KurouoBi ciioBa: 36epiranHs BojiHIO, aMOp(dHi CIUIaBH, K30TEPMiUHI peakIlii.

[Tpu THapupoBaHMK OBICTPO 3aKaleHHBIX TieHOK Nd, Fe = ¢ Oonbmiod cremeHpio amMoppusanuu OOHAPYXEHA CHIbHAS
9K30TepPMHUECKas PeaKmusi, KOTopas MIPUBOIUT K IUIABICHUIO 00pa3oB U MEAHOH (OIIBIH, B KOTOPYIO 3aBEPHYTH 00pa3ibl. AHAIN3
HoKasall, 4To yJENbHOE KOJMIECTBO TEIUIa, BhIAEsomeecs B Oonpuux obpasuax Nd,Fe & B Hammx oKCnepuMeHTax, Ha MOPAIOK
MIPEBOCXOUT yAEIbHOE KOMMUYECTBO TEIJIa, MPOU3BOAUMOTO B HEOOIBIINX 00pa3iax MeTofoM AU depeHInanbHONi KaTopuMeTPHU.
OO0Cy)XaaloTcsi BO3MOXKHBIE IPHYMHBI PACXOXKJICHUS, B TOM YHCIE, C NPHUBJICUCHHEM HHU3KODHEPIeTHYECKHUX SACPHBIX PEaKIHi,
MIPOTEKAIOIINX Ha HAYaIEHOM JTare 00pa3oBaHUs THAPHIIOB.

KonroueBnle ciioBa: XpaHeHHe BOJOPOAA, aMOP(HEIE CIUIABBI, IK30TEPMHIECKUE PEaKIIUH.

Introduction

The Nd-Fe alloys are known to readily absorb
hydrogen, and this property is especially pronounced
for melt spun Nd, Fe, alloys that have amorphous
structure and can absorb up to 2.4 wt% of hydrogen
[1]. The interaction of hydrogen with amorphous
metals has been studied extensively [2]. These studies
were motivated by both scientific and technological
interests, mainly the potential use of amorphous hydrides in
hydrogen storage technology. The use of amorphous alloys
as an alternative new energy storage material, however,
still contains technical difficulties, in terms of limited
hydrogen cycling ability, relatively high activation energy,
fragileness of the host material after hydrogenation, which
need further examinations.

In this paper, we explore the kinetics and
thermodynamics of hydriding of melt spun Nd, Fe, alloys

Fig. I Installation "Strychka" for fabrication of metal
films with a complicated nonequilibrium structure.

© Dubinko V.1., Bovda O.M., Dmitrenko O.E., Borysenko V.M., Kolodiy 1.V., 2016
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o

0002 Nd90Fe10"

1um

Fig. 2 The appearance (a) and surface morphology (b)
of the melt spun Nd90Fel0 films. (c) u3menuts Ha Fig. 2
The appearance (a), surface morphology (b) and unite cell
(c) of the melt spun Nd90Fe10 films.
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that have amorphous structure similar to that of Nd, Fe,,
alloys investigated in [1].

Material fabrication and characterization

The melt spun Nd, Fe , films have been produced in
the installation “Strychka” (Fig. 1) by the deposition on a
copper wheel rotating with a high speed that provides fast
cooling at a rate up to 10°K/s. The rotation speed can be
varied to obtain a required degree of disorder. The films
are several cm in length, several mm in width and ~10
to 30 microns in thickness. Their appearance and surface
morphology is shown in Fig. 2. One can see that the film
surface is extremely rough containing a lot of micron
size caverns, which is a common property of this type of
materials.

The microstructure of the films consists of a
combination between two crystalline phases Nd-a
(low temperature hcp phase, T<683°C) and Nd-B (high
temperature bce phase) and amorphous phase Nd,Fe .,
which is shown in Fig. 2c.

The unite cell of amorphous phase Nd Fe ., entering
the initial microstructure of Nd, Fe, .

The lattice parameters of the crystalline phases and
their relative fraction in respect to the amorphous phase
changes slowly with time and is substantially different for
the films produced in 2016, 2010 and 2008, as can be seen
from the table 1.

6000 -
*- Nd-au
¢ ¢-Nd-p
I, cps ¥ \‘w* . .
W ¢ 2208.2016
MMWWWWﬂW P A i P
4000 ‘
J“ | 27.11.2010
b ph - iebarr My b
2000
0 T T T T T T
30 40 50 60 70 80
26, deg

Fig. 3 Diffractograms of three films produced in
different years, where the height of the diffraction peak
corresponds to the crystalline fraction in a sample X
= 11% (blue curve); 19% (green curve) and 47% (red
curve).

Fig.3 shows X-ray diffractograms of three different
films, where the height of the diffraction peak corresponds
to the crystalline fraction in a sample. Let the integral
intensity of diffraction lines of a crystalline phase be A,
and the integral intensity of ‘disordered’ phase be A . Then
the relative fraction of crystalline phase can be expressed
as X :

A

— e 100%, 1
T A +4, M)
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Table 1

Relative fraction and lattice parameters of crystalline phase in Nd Fe, films produced in different years and

measured in 2016.

P ti
roduction Phase A Lattice parameters, A
year X, = € —100%
C + d

Nd-o a=3,659;c=11,784
2008

Nd-B 47 a=4,171

Nd-a a=3,656;c=11,804
2010

Nd-p 19 a=4,170

Nd-a a=3,658;¢c=11,801
2016

Nd-B 11 a=4,171

The samples in Fig. 3 correspond to X = 11%; 19%
and 47%, respectively, and in the following section, we
describe the response of samples to a slow heating in the
hydrogen atmosphere.

Kinetics and thermodynamics of the hydrogen
absorption by the samples

Hydrogenation of samples with X = 11% and X =
19% was done under hydrogen pressure ranging from 0.2
to 3.4 bar and temperature increased gradually by electric
heater. Active hydrogen absorption usually started slightly
below or above 300 °C, and its rate and character depended
on the hydrogen pressure. Above ~ 1 bar, hydrogenation
was accompanied by a substantial heating of the samples,
which resulted in the sample melting. An extreme example
for the initial pressure of 3.4 bar is shown in Fig. 4. One
can see an instant drop of pressure accompanied by a fierce

—— Sample temperature
—— Outside temperature
—— H pressure

7

g

IS
S

w
S

N
S

Temperature, °C / Pressure, kPa

100

q —

-1x10° 0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10°
Time, sec

Fig. 4 Nd, Fe , films with X = 11% of a mass 2.3713
g wrapped in a Cu foil of a mass 1.6225 gram. The
loading ratio measured by the H pressure drop after
hydrogenation was ~1.6 H per metal atom (~1.36 wt%
H). ‘Outside temperature’ is measured at 2 mm distance
from the external ceramic wall of the reactor.

exothermic reaction resulting in a sample heating spike.
Duration of the heating spike was about 40 seconds, while
the maximum registered temperature was 570 °C, which
appears to be an underestimate.

Examination of the resulting appearance of the NdFe
alloy, which has been wrapped in a Cu foil before the
testing (Fig. 5.), shows that the alloy and the Cu foil have
melted together around the thermocouple, which indicates
that the maximum temperature was higher than 1000 °C,
since the meting temperature of Nd, Fe, is 685 °C and the
meting temperature of Cu is 1085 °C.

XRD analysis of the hydrogenated material has shown
that all the amorphous phase has transformed into two
crystalline hydride phases, fcc NdH, and hcp Nd,Fe H,
shown in Fig. 6.

Fig. 5 Nd, Fe  films with X = 11% of a mass 2.3713 g
wrapped in a Cu foil of a mass 1.6225 gram before (a)
and after (b) hydrogenation at a rate shown in Fig. 4.

BicHuk XHY, cepis «®isukay, sun. 25, 2016
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Fig. 6 Unite cells of fcc NdH2 (left) and hcp
Nd2Fel7H4.6 (right) phases. NdH2 is a dominating
phase containing a majority of absorbed hydrogen.
mmMeHuTh Ha Fig. 6 Unite cells of fcc NdH2 (a) and hep
Nd2Fel17H4.6 (b) phases. NdH2 is a dominating phase
containing a majority of absorbed hydrogen.

The amount of heat produced by hydrogenation
The energy required for heating the Nd, Fe  films and
Cu foil from 270 to 1100 °C and for melting the Cu foil is
given by

y
AQwarercu (AT ) = CyapemnareAT + Coyme, AT + O 'me, =1263 1

AT =830 K, )

where  mpyyp, =2.3713 g, mp, =1.6225 ¢ and
J

Cyare = 0.214 g~—K, Cc, =0.385 7 K are the

BicHuk XHY, cepia «®isunkay, sun. 25, 2016

masses and the heat capacities of NdFe films and Cu foils,
respectively, Oy, =207/ g is the latent heat of

melting of Cu.

The energy required to heat the walls of ceramic
(ALO,) chamber tube around the samples from 295 to
308 °C is given by

AQ 41,0, (AT)= Cano,Ma0,AT =13221J,
AT =13K, 3
WheremA1203 :93.5 gandCA1203 :1105]/(8-]()

are the mass and the heat capacity of the ALO, tube
surrounding the samples (the tube inner diameter 10 mm,
outer diameter 20 mm, the sample length 100 mm).

So the minimum amount of heat produced by the
observed reaction (without account of the heat dissipation)
can be estimated as 2585 J given by the sum:

A,y = Ayuesc (830 K)+AQ 10, (13K) =1263 141322 1=25851 | (4)

Dividing this heat by the amount of absorbed hydrogen
that caused the reaction, 0.031 g, one obtains a specific heat
of hydrogen absorption as

Oy = 25857/0.032g=80170T/g, (5

which will be compared with a direct DSC measurements
in the following section.

Differential scanning calorimetry of Nd  Fe

Differential scanning calorimetry (DSC) is a
thermoanalytical technique in which the difference in
the amount of heat required to increase the temperature
of a sample and reference is measured as a function of
temperature. The temperature program for a DSC analysis
is designed such that the sample holder temperature
increases linearly as a function of time.

Fig. 7 shows the results of heating the small Nd, Fe
samples (11.9 and 18.8 mg) in the pure Ar atmosphere (red
curves) and in the mixed atmosphere of H and He (blue
curves). In the first case, the lower red curve shows zero
weight gain, which means that Ar is not absorbed by the
sample, as expected. The upper red curve shows one small
exothermic peak at 510 °C and a larger endothermic peak
at 676 °C. The former corresponds to the crystallization of
amorphous phase of Nd, Fe, , while the latter corresponds
to the melting of Nd, Fe  alloy.

The lower blue curve shows the weight % increase
of the sample due to the H absorption, which amounts to
~1wt% at the temperature of the first exothermic peak
on the upper blue curve (14.78 J/g) and to 5.52 wt% at
the temperature of the second and much more powerful
exothermic peak (438.6 J/g). From these data, one can
evaluate the amount of heat released in the first and in the
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Fig. 7 DSC of Nd,Fe  samples in the Ar (11.9 mg;
heating rate 20 K/min - red curves) and H/He atmosphere
(18.8 mg; heating rate 10 K/min - blue curves).

second reaction per gram of absorbed hydrogen: Q, = 1500
J/gand Q,=9800J/ g.

Thus, a specific heat of hydrogen absorption in a DCS
experiment is given by Q +Q, = 11300 J/g, which is almost
an order of magnitude less than 80170 J/g estimated in our
hydrogenation experiments. It means that the underlying
reactions taking place in our experiments should be
different from those taking place in a DSC installation.

Deuterium absorption by Nd, Fe, mixed
with Cu powder

In this experimental setup, we used deuterium
atmosphere and attempted to prolong the deuterium
absorption stage and avoid melting of the samples by
mixing a powder produced from Nd, Fe , with Cu powder
and packing the mixture in a Cu tube. In this way, deuterium
access to Nd, Fe & was delayed, and the heat produced
under hydrogenation in 1.722 g of Nd, Fe, was distributed
over all the material of the mixture and the tube with a total
mass of 14. 372 g. As a result, the sample temperature T
did not exceed the furnace temperature T, by more than 5
°C even during the most active deuterium absorption stage
that lasted 40 min (Fig. 8), and the overall time when T >
T, was about 15 min. Taking into account the heat balance,
one can estimate the total produced heat as 2190 J and
the specific heat of hydrogen absorption as 102100 J/g,
which is close to our estimate 80170 J/g of the specific heat
produced under hydrogenation of pure Nd, Fe samples.

Discussion

Specific heat produced per one gram of absorbed
hydrogen or deuterium in our reactor conditions seems
to be much higher than that in DSC installation, which
means that the underlying reactions should be different. We
have tested samples with a mass in the gram range, while
DSC samples were ~ 10 mg, which could imply different
heating-cooling balance affecting the reaction route.
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Fig. 8 Nd, Fe, powder with X = 11% of a mass 1.7222
g mixed with Cu powder of a mass 2.2526 g, wrapped
in a Cu foil of a mass 0.43955 g and packed in a Cu tube
of a mass 9.565 g. The loading ratio measured by the
weight gain after D absorption was ~1.1 H per metal
atom (~1.834 wt% D).

One of the possible reasons for abnormal heat
production is known to be the low energy nuclear reactions
(LENR) that take place in heavily deuterated palladium
[3] or hydrogenated nickel [4] under nonequilibrium
conditions. These reactions can be triggered by localized
anharmonic vibrations (LAVs) created at sufficiently high
temperatures at special places of the disordered lattice
[5-9]. Another driving mechanism of the LAV creation
is irradiation that can displace atoms from equilibrium
positions far enough to induce anharmonic vibration mode
[10]. In view of that, it is desirable to fill the alloys with
hydrogen or deuterium or the H-D mixture directly under
irradiation and to measure their response to such combined
treatment.

Conclusions and outlook

A fierce exothermic reaction was detected in Nd, Fe
films with sufficient degree of amorphous phase upon
filling them with hydrogen or deuterium, which resulted in
the melting of the samples and the Cu foil, in which the
samples have been wrapped.

Quantitative analysis have shown that the amount
of heat produced in Nd  Fe samples in our experiments
cannot be explained by DSC data on the heat produced in
small samples.

One of the possible explanations of this discrepancy
is based LENR taking place at the initial stage of hydride
Jformation, when 80+90% of amorphous phase in the films
produced LAVs [5-10] that triggered LENR. Subsequently,
the amorphous phase transforms to crystalline hydrides
where the LAVs do not form, which stops the LENR. Upon
cooling, various hydride phases are observed by X ray
analysis: NdH, (fcc) and Nd,Fe H, , (hcp).

In order to initiate LENR, it is desirable to make the
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hydrogenation directly under irradiation and to measure the
response to such combined treatment. This problem needs
further investigations.

The Nd-Fe structure explored in the present study
may be not the only one that could provide the necessary
conditions for the LAV induced LENR. In spite of a
huge body of investigations of materials connected
to the hydrogen storage problem, they have not been
focused on the investigation of the energy production
under hydrogenation. In the cases when abnormally large
enthalpies of hydride formation have been reported, the
samples have been destroyed by the reaction, similar to
case under investigation in this report. There is a need to
re-investigate some of these materials with a due control
of the heat production under hydrogenation and external
triggering.

Among the promising candidates to be investigated
are the Ti-Zr-Ni melt-spun alloys that can take various
structures ranging from amorphous to quasi-crystalline,
Laves phase, etc., which can store large amounts of
hydrogen and provide the necessary conditions for the LAV
excitation in the hydrogen subsystem.
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The influence of electrical current pulses on the plastic deformation
of copper

O.S. Mazitov, S.V. Lebediev

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

The paper studied the influence of electrical current pulses with density of 300 — 900 A/mm? and duration of 4-10*s on the
plastic deformation of the technically pure copper. The deformation curves under and without the influence of current pulses during
the deformation of specimen were obtained. The comparison of obtained curves was carried out. It was determined that the passing of
electrical current pulses during the deformation of copper leads to the resource of plasticity growing.

Keywords: electroplastic effect, plastic deformation, electrical current pulses.

B po6oTi BUBUCHO BIUTHB IMIYIIbCIB SIEKTPUYHOTO CTpyMy TrycTuHo 300 — 900 A/mMMm? Ta TpuBaiicTio 4-10 ¢ Ha MIacTHUHY
nedopmanito TexHiuHO yncToi Mini. bymn orpumani nedopmaniiini kKpuBi mpH BIUIUBI Ta 0€3 BIUIMBY IMITYIIBCIB CTPyMy B IIpOLECi
nedopmariii 3paska. Bylio BUKOHAHO MOpPIBHSHHS OTPHMMAaHHMX KPHBHX. BCTaHOBIEHO, IO MPOXO/PKEHHS IMITYIBCIB CICKTPHYHOTO
cTpyMy Iipu e opmMarii MiZii IPUBOAMUTE 10 3POCTAHHS PECYpPCy IIACTUYHOCTI.

KurouoBi ciioBa: enexrporiacTuaHuii eekT, miactuana gedopmartis, iMITyIbCH IEKTPUIHOTO CTPYMY.

B paGoTe M3y4eHO BIMSHHE HUMITYJIBCOB AJICKTPHYECKOr0 TOKa IIOTHOCTHIO 300 — 900 A/MM? u anutenbHOCTBIO 4:10 ¢ Ha
IUTACTHYECKYIO Je(OPMAIMIO TEXHWYECKH 4MCTOH Meau. beumm momydens! nedopMalMoOHHBIE KpPHBBIE NPU BO3JCHCTBHHM H Oe3
BO3/ICHCTBHUSI HMITYJILCOB TOKa B Iporiecce aedopmariu obpasua. BbUio BEIOTHEHO CPABHEHHE MONYYCHHBIX KPUBBIX. YCTaHOBJICHO,
YTO MPOXOXKJICHHE NMITYJIbCOB IEKTPHYECKOTO TOKa MPpH eopMaliii MeN MIPUBOAUT K BO3PACTAHHIO pecypca IIIaCTHYHOCTH.

KiroueBblie ci1oBa: snekrpormiacTuaeckuit 3 Gext, miacTuueckas 1edopManus, UMIYIbChI IEKTPUIECKOro TOKA.

Introduction

It is known that lattice defects and deformation
conditions (such as strain rate and temperature) influence on
the mechanical properties of metal. But also the influence
of phonons and electrons of conductivity on dislocations
motion exists. It is possible to affect on the crystal by the
flux of high-energy electrons in the electric current pulse
[1, 2]. The phenomenon of sharp reduction of resistance
to deformation of the metal and growing of plasticity by
passing of current pulses is called the electroplastic effect. It
is stated that the critical value of the electric current density
exists and above that value the picture of deformation
changes qualitatively and it cannot be explained only by
influence of temperature and (or) magnetic field. When
the direction of the drift velocity of electrons is along the
direction of external force there is the maximum effect [3].

There is a big amount of experimental results at this
time which demonstrate the influence of the electrical
current pulses with large densities on the plastic flow of
pure metals and alloys [4]. In available works it was found
that the electroplastic effect is observed when the drift
velocity of electrons is higher than velocity of dislocations
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motion. However, issues that deal with a lattice heating
and controlling the phenomenon on the microscopic level
remain outstanding.

In this context, it might be useful to study this
phenomenon at higher densities of electric current
considering the Joule’s heating and other related exposures
on the deformable specimen. It will allow to separate
the influence of thermal and athermal processes on the
deallocation of dislocations from stoppers and their
displacement in the crystal lattice [5].

Object and methodology of the experiment

To carry out the tasks assigned in the work copper
specimens were used. Impact on the object was carried out
by the external load, temperature, electrical current pulses.
Tests were carried out by the universal testing machine,
which had the next technical characteristics:

- creating loads on the specimen up to 2-10° N with
ultimate sensitivity of 10? N;

- registration of elongation during active loading
with sensitivity of 5-10° and relative deformation of 5-102
%03
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- strain rate range of 10— 1025,

For research a roll of technically pure copper wire
with diameter of 0,8 mm was made in factory. While the
preparation the wire was cut into segments with length
of 50 mm and in order to reduce the number of defects
in the specimens created by rolling the annealing with
temperature of 450°C and vacuum of 10> mm was made.

Electric current pulses generator which created single
and multiple pulses with current up to 1 kA, duration
of ~10° — 10* s and voltage of 65 - 400 V was used in
experiment. Discharger with frequency of 400 — 1250
Hz also was used in the work. To make experiments with
annealed lattice defects during passing of pulses we need
to have a big drifting velocities of electrons with density of
10°— 10* A/mm? and duration of 10— 10 s.

Electric scheme consists of the next elements: 1 —
control block; 2, 3 — thyristors; 4 — inductor; 5 — specimen;
6 — capacitor bank; 7 — voltmeter; 8 — standart resistance of
1 mOhm; 9 — oscilloscope; 10 —load resistor; 11 —capacitor
bank of 20 mF; 12 — 220 V supply; 13 — transformer; 14 —
diode bridge.

015
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Fig.3. The scan of the electric current pulse in time.

Main scheme characteristics: current of (0,1 - 10)-10°
A; working voltage of 60 — 450 V; pulse duration of (1,4
- 18)-10° s; bell-shaped pulse; steepness of the front and
slope are 4-10°and 2:10° kA/s respectively; the smallest
duty cycle in automatic turning on mode is of 1 s.

Results and discussion
To define the influence of electric current pulses on
deformation characteristics of metal the loading curves in
coordinates load P — time t, obtained without (j=0) and with
the electric current pulses (j#0), were compared (fig.4).
P

4 | 4@5

Fig.1. Electric scheme of the pulse machine.

Relation of current and duration that is shown on fig.2
is regulated by changing the voltage on supply. Calibration
of pulses by amplitude and duration is carried out by Rigol
DS1052D oscilloscope. In addition, the graphic image of
electric current pulse was carried out (fig.3).

50-300 V

J
1
1-5 us

Fig.2. Single pulse curve in voltage — tome coordinates.
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t
Fig.4. The load — time diagram in the area of elastic and
plastic loading of copper specimens with diameter of 0,8
mm without (1) and with (2) electric current pulses.

The initial area of P(t) curve of the polycrystalline
copper (99,5 %) without electric pulse exposure
(dependence 1) allows to define: the effective elastic
modulus in the specimen — moving rod of loading machine
system (<E>), yield stress (), strain hardening coefficient
(6=do/de). The electric current pulses exposure on the

Fig.5. Deformation curves under different values of
densities of electric current (1 — 0 A/mm?, 2 — 291 A/
mm?, 3 — 500 A/mm?, 4 — 708 A/mm?, 5 — 916 A/mm?).
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elastic and plastic area of loading curve is shown on fig.4
(dependence 2).

It is already known that there is no clear explanation
how electric current pulses influence on plastic deformation
of metals and alloys.

Examples of the influence of electric current pulses
in continuous mode on deformation curve character of
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Fig.6. The dependencies of strengthening characteristics
on electric current density, a — plasticity resource, b —
conditional yield stress, ¢ — ultimate tensile strength.
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polycrystalline copper specimens are shown on fig.5. As
can be seen, electric current pulses of different density
influence on deformation curve character in different ways.

Let us consider the influence of electric current density
on mechanical characteristics of copper. Dependencies
€,..0); 0,,0), 6,(j) are shown on fig.6 respectively, where
¢ . — plasticity resource, 6, — conditional yield stress, o, —
ultimate tensile strength. ’

As can be seen from these three figures, ultimate
tensile strength, plasticity resource and conditional yield
stress are increasing non-monotonously and the maximum
is observed at j = 500 A/mm? It is also noteworthy that
plasticity resource and ultimate tensile strength at 900 A/
mm? are approximately equal to the value when there is
no exposure of electric current pulses whereas conditional
yield stress with current density higher than 700 A/mm?
increases rapidly.

It can be seen from graphics that with current
density up to 500 A/mm? both ultimate tensile strength
and plasticity resource increase which is abnormally.
This effect, supposedly, occurs in the result of exposure
of electric current pulse that influence on dynamics of
the dislocations motion. Probably, that with passing of
electric current pulse the velocity of dislocations motion
increases, whereas with its absence velocity decreases and
dislocations are starting to concentrate in the specimen.
Thus, the specimen becomes stronger.

In addition, the role of adiabatic heating was
considered. Let us evaluate the temperature increase of the
copper specimen with unit volume from the relation:

AT = (p - <t>- cp-l ‘D) - <2, (1)
where specific electrical resistance p = 1,73:10* Ohm'm
(without temperature dependence); duration of pulse at
the level of 0,7+ is <t> = 107 s; specific heat capacity c,
= 3,85:10% J-’kg'K"' (without temperature dependence);
density D = 8,93-10° kg'm3. Then, for current density
values of (291 and 916) - 10° A/m? temperature increase AT
will be 2,1 and 20,6 K respectively.

While electric current pulses are passing through,
some of the electrons interact with atoms of crystal lattice
causing the latter to oscillate with frequencies higher than
phonons have. Such oscillations are called breathers [6].
When the flux of electrons passes through the crystal lattice,
the latter starts to shake. Therefore, dislocations continue
their motion and do not accumulate near the stoppers. In
the result of dislocations motion the plasticity of specimen
grows, that can be seen on fig.4 (a). After definite moment
(G = 500 A/mm?) the plasticity starts to decrease. This
is explained by the strengthening of specimen at high
densities of dislocations.

Conclusions

1. The influence of electric current pulses on plastic
deformation of the technically pure copper with temperature
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of 300 K is shown.

2. It was stated that with determined density (j=500 A/mm?)
the maximum value of plasticity resource and ultimate
tensile strength is observed.

3. It was found out that values of strengthening
characteristics with current of 900 A/mm? approximately
coincide with the values when there are no electric current
pulses.
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Towards to the theory of magnetoplasma waves on the
semiconductor nanotube surface
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The effective mass approximation is used to consider plasma and magnetoplasma waves in electron system on the surface of
the cylindrical semiconductor nanotube. The electron-electron interaction is taken into account within the framework of the random
phase approximation. In the case of degenerate electron gas the spectral windows on the wavevector-frequency plane and the spectra
of the waves are obtained. Their frequencies undergo quantum oscillations of the de Haas-van Alfven type which are attributed to
the Fermi level traversing the sub-zone boundaries in the electron energy spectrum. The spectrum and the damping of waves in the
non-degenerate electron gas were found. In a magnetic field parallel to the cylinder axis the frequencies of the magnetoplasma waves
undergoes the Aharonov-Bohm type oscillations appearing with changing magnetic field strength.

Keywords: magnetoplasma waves, semiconductor nanotube, random phase approximation, spectral windows, spectrum and the
damping of waves, de Haas-van Alfven type oscillation, Aharonov-Bohm type oscillation.

VY HabmmxeHHI epeKTHBHOI MacH pO3NNISNAIOTHCS IUIA3MOBI 1 MarHIiTOIUIa3MOBI XBWJIL Y CHCTEMi €JIEKTPOHIB Ha IOBEpPXHI
IUTHAPUYHO] HANMIBIPOBIAHUKOBOI HAaHOTPYOKH. EJEKTpOH-eleKTpOHHA B3a€MOJII0 BPAaXOBYEThCsl y HAONIDKEHHI XaOTHUHHX (as.
V BHUMaJIKy BUPODKEHOTO EIEKTPOHHOTO a3y 3HaW/ICHI MOJ0KEHHs BIKOH MPO30POCTi I XBHIb HA IUIONIMHI XBHJIBOBUH BEKTOP-
4aCcTOTA TA CIIEKTPH IIMX XBHIIb. IX 4aCTOTH BHTIPOGOBYIOTH KBAHTOBI ocuuaANii Tumy ne I'aasza-Ban Anbhena, 06yMOBIEHi IepeTHHOM
IPaHUIb MiJ30H Y CIEKTPi eHeprii eeKkTpoHiB piBHeM Depmi. 3HaNAEHO CHEKTp i 3racaHHs XBUJIb Y HEBUPOHKCHOMY €JIEKTPOHHOMY
rasi. Y MarHiTHOMy HOJIi, MapajieIbHOMY OCi IIMIIIH/IPa, YaCTOTH MAarHiTOIIA3MOBHUX XBUJIb BUITPOOOBYIOTH OCLIMIISLIT THITY AapOHOBa-
Bowma 3i 3MiHOIO HANPY>KEHOCTI MarHITHOTO ITOJIS.

KonrouoBi cjoBa: MarmiToria3MoBi XBHIII, HAIIBIPOBIJHUKOBA HAHOTPYOKa, HAOMIDKEHHS XAaOTHYHUX (a3, BIKHA IIPO30POCTI,
CIIEKTp 1 3racaHHs XBHJIb, OCHWILLIT TUIY e ['aaza-BaH Anbdena, ocumnii Tumy AapoHoBa-boma.

B npubmmxennu 3¢hexTuBHON Macchl pacCMaTPUBAIOTCS MUIa3MEHHBbIE U MarHUTOIMJIA3MEHHBIE BOJHBI B CUCTEME JIEKTPOHOB
Ha TIOBEPXHOCTH IMJIMHJIPUYECKON IOTYNPOBOJHUKOBOH HAaHOTPYOKH. DJIEKTPOH-JIEKTPOHHOE B3aMMOJAECHCTBHE YUUTBHIBACTCS B
TIPUONIVKEHUH XaoTHYeckuX (a3. B cirydae BBIPOXKIEHHOTO JIEKTPOHHOTO ra3a HaiIeHb! OJIOKSHNS] OKOH IIPO3PAYHOCTH JUTS BOJH Ha
IUTOCKOCTH BOJTHOBOI BEKTOP-4aCcTOTA ¥ CIIEKTPHI BOJIH. VX 4aCTOTHI HCIBITHIBAIOT KBAHTOBBIE OCIMILISINY THIIA Jie ['aa3za-Ban Anb(deHa,
00yCIIOBIICHHBIE TTepeCeUeHHeM T'PAHHUI] TTOJ30H B CIIEKTPE YHEPIHU >IeKTpoHOB ypoBHeM PDepmu. HaiineHns! cmekTp m 3aTyxaHne
BOJTH B HEBBIPOXKICHHOM 3JIEKTPOHHOM ra3e. B MarHnTHOM mose, mapaielbHOM OCH IUIMH/PA, YaCTOTHl MATHUTOIIA3MEHHBIX BOJIH
HCTIBITHIBAIOT OCLMIUISAIINY THIIA AapoHOBa-boMa ¢ n3MeHeHneM HanpsKEHHOCTH MarHUTHOTO OIS

KoroueBble ci10Ba: MarHUTOIUIA3MEHHBIC BOJIHBI, ITOJYIPOBOIHHKOBAas HAHOTPYyOKa, MPHOIMKEHHE XaOTHYeCKHuX (a3, OKHa
IIPO3PavYHOCTH, CHEKTP M 3aTyXaHHe BOJH, OCHMLIIMN TUMa Jie ['aaza-Ban AnbdeHa, ocrmniuy tuna AapoHoBa-boma.

Introduction

A keen interest of researchers in electron nanosystems
on curving surfaces [1,2] is attributed to a number of
reasons. These systems are functional elements of many
devices and engineering gadgets. The perfection of
experimental setup allows for production of these systems
in a laboratory framework. For theorists these systems
are convenient objects for field-testing of novel methods
of computations of physical values. The curvature of the
structure and external magnetic field enrich the picture
of phenomena occurring in nanostructures. The control
methods of their properties become more diverse.

Various effects have been found on curving surfaces
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in such electron systems, which cannot be reproduced in
those of the plane geometry. Among them are the effects
of hybridization of the spatial and magnetic quantization
of electron motion, the modification of the hamiltonian
of the electron system [2,3], the unusual performance
of conductance [4] and magnetic response of the system
[5], the peculiarities of the screening of electron-electron
interaction [6], the specific resonances in electron scattering
produced in carbon nanotubes [7] and quantum wires [8]
by impurity atoms, etc.

The typical examples of the curving surface
nanosystems are carbon and semiconductor nanotubes [1-
7]. The electron energy spectrum in these systems is zoned.
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It allows due to a small number of electrons near the zone bottom for use of the effective mass approximation. This
approximation enables to describe qualitatively, and often quantitatively, the properties of this kind of systems.

Plasma oscillations of the electron gas density on the curving surface were investigated in Ref. [9]. However, the
dispersion relationships of the spectrum and damping of plasmons are not given therein [9]. The present paper considers
plasma and magnetoplasma waves on the surface of a cylindrical nanotube. We employ the effective mass approximation
with the electron-electron interaction being considered in the random phase approximation. We consider the spectrum of
density oscillations of degenerate electron gas in Section I and of the non-degenerate gas in Section II. The magnetoplasma
waves on cylindrical surface in the longitudinal magnetic field are considered in Section III.

Degenerate electron gas
In the effective mass approximation the wave function of stationary electron state on the surface of cylindrical
nanotube has the following form:

eim(p 1 ik 1)

1
Yo (0:2)= ™

where m = 0,%1,... is the azimuthal quantum number, & is the projection of electron wave vector to the cylinder axis

Z, @ is the polar angle, L is the length of the tube. The electron energy in the state (1) is:
) K
8mk =6‘0m +—. (2)
2m,

-1
Here m,, is the effective electron mass, €0 Am a2 is the rotational quantum, a is the tube radius. Herein the
3k

quantum constant is assumed to be equal to unity.
The spectrum (2) consists of many one-dimensional subzones. The electron state density

3 2m, L

v(s)= 3 T _lg — 3)

a m

has the square root singularities at the subzone boundaries &,, = £y~ . In this formula the summation is done over those

values of m for which the expression under the root is positive. By calculating the sum according to the Poisson formula,
we obtain:

v(e)=2m.alL 1+2ZJ0 27[1\/E ,
I=1 o

where J o 1is the Bessel function. In the limit & >> &, we have

1
2 (¢ Awl & 7
=2mual|1+=| 2L —cos| 27l [ £ -Z
v(e)=2m,a +7z(5) lz_;ﬁcos{ﬁ "

-1
The density of states oscillates with varying \/g with the period ( Zm*a) . The monotonous term 2m,.al. is

equal to the density of states of the two-dimensional electron gas on the area S = 27al .
In the random phase approximation, the dispersion equation for the spectrum of plasma waves on the surface of the
nanotube has the form [6]:

U (9) _
1 3 P,(¢g.0)=0, 4)
where
v, (q) = 47[?21," (a |q|)Km (a|q|) (5)

is the cylindrical harmonic of the electron Coulomb interaction energy, € is the electron charge divided by the background

dielectric constant, I,, and K, are the modified Bessel functions [10], B, is the delayed polarization operator which
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depends on the projection g of the wave vector to the axis z and frequency @ . With the aim to consider further the
magnetoplasma waves, we shall derive the value of £, for the electron gas in the magnetic field B, which is parallel to

the cylinder axis:

fgm’+m +q)o _f Em'ko
By (g.0)= 3 a1 ki())’ ©

m'ko E(m'+m)(k+q)o ~ Em'ke ~ @~
where
2 2
) k
Emhs =Eo| M+— | +——+oupB (7
0 My

is the electron energy in magnetic field [5], @ = 7za2 B is the magnetic flux through the tube cross-section, ® = 277%

is the flux quantum ( e is the electron charge, ¢ is the speed of light), £ is the electron spin magnetic moment, o = *+1
is the spin quantum number, f is the Fermi function.

The function (6) depends on |g| and satisfies the following symmetry properties:
ReP,(q,—w,~®)=ReP, (q,0,D),
ImP, (¢,—0,-®)=-ImP, (¢,0,D), (8)
P, (q.0,-®)=PF,(q,0,P).

Using P, Z um' » W€ obtain at zero temperature:

—quo, —w,+ Q. —@® vo @, +Q,  — o
RGPWOl-m'(C],a)):—m*L ln| q m;—m q mm |+ln| qu q mm | ,
2rq | ~qUpy + @+, — @ | |qum/+m—a)q+§2mm/—a)
0<qg<ky —kpims
Re P (g.0) = | 0 =
m b b
278G | QU = Oy + Ly — @ )
ki —kprim <q <k +kgims
ReP%.. (¢,0) oL, qug,+a)q+Qmm,—a)|
m )
2rq —qu,f;r+a)q+§2mm
q> ko + ks
m,L
ImPgmr(q,w):—m{ [ (qU +w, +Q, )J@[ m+m—a)q+Qmm,—a)J+
+®[ (q Upiom — @y +€2,, )J@[qu +o,+Q, ,—a)]},
0<qg<ky — k,‘;m,
Im P =L o o (g — 0, + Q) O] 0T Qo 10
m mm'(q’a))_ 2|C]| O =\ GO sm = Og + 325 GOy + @g + 82y — @ |, (10)
kgr—k ' <q<k0+km+m,
m,L
ImPy],(q,0)=— 2l G)[a) —(—qu,‘;r +ao, +Qmm:)}®[qu,‘;' + @, +Q, — a)},
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Here
> k% [2
L, =—m = " VH) ~ Eme an

is the electron limiting velocity in the subzone with the number (ma o ) ,

2
®
Eme = €0 (m + —] +ougB
D

2
is the subzone boundary, @, = qAﬂ , Mo is the chemical potential at zero temperature,
%k

Q &

m'oc (12)

mm' = 8(m'+m)0' -

are the frequencies of electron vertical transitions, ® is the Heaviside function.

From the Egs. (9) and (10) one can see that the polarization operator real part as function of the frequency @ has
logarithmic singularities at the region boundaries on the plane (q,w) , in which the collisionless damping of plasma
waves is absent. The boundaries of these regions are derivable from the formula (10). The polarization operator imaginary
part is zero in the spectral windows for such plasma waves that are limited by parabolas on the plane (q, a)) .

It follows from the equation (10) that each of the subzones in the electron energy spectrum is connected with a branch
of plasma waves that propagate along the tube axis. In particular, for the branch with the number m = 0 the frequencies
of the transitions (12) are zero and the dispersion equation (4) is reduced. Let us present the solution of this equation in
the absence of magnetic field in the ultra-quantum limits, where only the lowermost subzone ' is filled up. In this

case, there is a parabolic spectral window which is limited by the parabola @ = qu; — @, and by the axis ¢ on the plane

(q, a)) , the region is above the parabola @ = qu, + , and to the right of the parabola @ = —quy, + @, , in which the
collisionless damping of the waves is absent. The analysis of the equation (4) indicates that in this case there are no

solutions for the equation (4) in the parabolic spectral window. They do exist above the parabola @ = qu; + @, and in

the region of the collisionless damping. Above the parabola @ = qu; + @, , We have the following solution:

2
wy(q) = quy +a)qcth&. (13)
m,;(q)
In the long-wavelength approximation ga << 1, we shall use the expansions [10]:
2
Iy (x) Ko (x) ~In—,
xe”
2 2 2

zm(x)Km(x)zzi 1—@ (m=2.3....),

m m—1

where x <<1, ¥ =0,577... is the Euler number. In this approximation using the formula (13) we obtain the plasmon
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spectrum:

_2
e 2
500(61):7q1n g

(15)

The dispersion of this wave is normal. In the region ga >>1 the dispersion curve (13) comes close to the parabola

® = quy + @, from above.
The plasma wave collisionless damping region is situated on the plane (q,a)) between the parabolas

0 =qVyta,, ®=qUy -0, and @ =—qu, + @, . In this region the solution of the dispersion equation (4) in the

case under consideration has the form:

27r2q
a)o(q)=qz)0+a)qth—. (16)
m.; (q)
In the long-wavelength limit we obtain hence:
3
q
@y (q)=quo + o,
4dmie” In
age”

In the limit ga >>1 the dispersion curve (16) approaches the parabola @ = quy + @, from below. It corresponds

to the damping plasma wave.
In the absence of magnetic field in the case of long wavelengths qU K @ (U — the Fermi electron velocity) we
obtain the following equation from the formula (9):

ReR)(q,@ Z® (17)

where £,, = é‘om'2 is the subzone boundary with the number 71" . In case of a large number of filled subzones, we

employ the Poisson formula for calculation of the sum:

i @(m)= i de(p(x)ez”ilx. (18)

m=—co [=—0 _

Then for the mode m =0 at ga < 1 we obtain:

=2 )
o0 (q) =2 gin—2 [Ho| 14 L S5 Lgom o] (19)
T qae}/ 80 T IUO ZZIZ 80

The wave frequency undergoes quantum oscillations of the de Haas-van Alfven type with the Fermi energy variations
being 4 , as accounted for by crossing of the subzone boundaries by the Fermi level. The Fermi energy is associated with

the linear density n = ]% of electrons via the relationship:

1

i
= —‘/2m*50 Z[——m ] :
The period of oscillations with varying 4/t is equal to / /2m* a - 1t is determined by the electron effective
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f ¢o
mass and by the tube radius. The relative oscillation amplitude ~ ,U_ is small at gy > & .
0

Let us consider the dispersion of modes with the numbers 7 > 0. In the long-wavelength limit, we obtain from the

formula (9) that

ReP, = 2m. L 3 O e 20)
T ' G)—Qmm

m

where the summation is performed over those values of 72’ , at which the sub-root expressions in (11) are positive.

The sum in Eq. (20) is calculated according to the Poisson formula (18). In the dispersion equation (34) we still consider
that ga < 1. In addition, we shall restrict ourselves to the case of high frequencies that satisfy the inequality:

2
&] My

®>> & [m +
) )

/,Uo
Here { g_} is the number of filled subzones. Then from the formula (20) we obtain:
0

2\/%111 ML, 2 \ﬁz J1(27rl\/'170j @n
(a) - ) Ho =1 %0

where J; is the Bessel function. In this case, the solutions of the equation (4) have the form:

o} (q)=512+252 2m*goyo[l+l(aq)zlnﬂ} 1+ 802 J,| 27l {,uo
2 2 Ho 5! &o

2
_ 2
a),%,(q):g,%,+2e2 2m,Egmul l——4ij;qzl) 1+= fZOZlJl(Zﬂl /ZIOJ (22)
0 /=1 0

(m :2,3,...).

The cut-off wave frequencies with the spectrum (22) are equal to:

2 2, A=2 2 fé‘o — 1 o

w; (0)=¢, +2e“\2meomuy| 1+— |— > =J,| 27l [

m() m oMty . ﬂolzll 1 Z 23)
(m:1,2,...).

The dispersion of these waves is anomalous. Their frequencies undergo the above-considered oscillations associated
with the traversal of the subzone boundaries by the Fermi level.

Non-degenerate electron gas
In this Section we employ the Boltzmann distribution function to compute the polarization operator (9), (10) in the
absence of magnetic field. The real and imaginary parts of the polarization operator of the Boltzmann electron gas are as

follows:
ReP,(g.0) :%\/”"zj@:(x;m,)_p(x;w», (24)

+2 2
Im P, ( | | m*ﬂ ( B ’”’”J ( B ’"’”j (25)
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where
Ze ﬁgom
2
1 7 e
F =—P.| d ,
(x) N __[O yx—y
x:fim' =$ m;ﬂ (ab_r iQ,inm/), Qfm/ =2m£0(};1 j k&m = 221* x;flmr, 0y =0tao,,

[ is the inverse temperature. The number of electrons N, as included in (24) and (25), is associated with the

chemical potential £ via the relation:

’ o0 2 o0 272
o m=—o0 \ %0 B [=—o0 Peo

Here we use the formula [11]:

o0 2
> exp[ (m+b J z exp[ 7l ]cosZ;rlb. (26)

m=—o0 l— —00

To calculate the spectrum and the damping of the mode with the number m = 0 we use the following expressions:

e SRS

2 2
ImPO q,0 /2ﬁm*ﬁshﬂ—exp( ﬂz—*w_gi
q M

“

@7

In the long-wavelength limit g7y, << 1 (7, is the Debye screening radius), we obtain the following from the formula
(27):

N2
Re Ry (g,0)= - Z}z ,

(28)
2
ImFy(q,0)= N ﬂm*ﬂﬂa}exp __ﬂm*g) )
gV 2 2q
Then from the dispersion equation in the case of ga << 1, we obtain the plasma wave spectrum
2e°n 2
o (q)= ¢’ In——. (29)
m. aqe
The decrement of the damping of this wave
ImP(g,0
7(9)=—3 (2.0() (30)
ReP(q,0(q)
ow (q) ( )
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70(61)\/;(’1;'8]/600 (q)exp —%(%T(q)jz : G1)

The dispersion of the wave with the spectrum (29) is normal, the damping decrement (31) diminishes exponentially
at —>

is equal to

The real part of the polarization operator (24) at |m| > () within the long-wavelength limit is:

2 2
Rep, = {m'— @ }—m— . (32)
280

__N B o _ ml|_ o _m
- s g,

In the case of the high frequencies that satisfy the inequality

m 1
@ >>2me, E+— ,

Pey

one can use the asymptote of the function F(x) ~ )C_1 at x >> 1. Then the expression (33) is approximated by

2Ngym

Re P, =5~ (34)

0" —&,

By substituting this expression in the dispersion equation (4) at ga << 1, we obtain:
2 2 h52 (aq )2 aq

on (q) =gy +2egyn|1+—"—In—|, (35)

a2q2
a)i (Q):gf’l +2?280n|m| - (m:iz’i3’) (36)

4(fm] 1)

The wave dispersion with the spectrum (35), (36) is anomalous. The cut-off frequencies in the spectrum of these
waves are

2
Wy,

(0)=e,, +28>gn|m|. (37)
To compute the decrement of the damping of the modes with the numbers |m| > 0 , we shall make use of the formula

(30), (34) and of the imaginary part of the polarization operator (25) that is equal in the long-wavelength limit to:

ImP, =—— N B Be. (38)

|m| 20 2
Then the decrement of the damping of the waves with the spectrum (35), (36) is as follows:

P 2
71(q)= i}fgg)\/f § o 2( 9) 1+(“§) ln% , (39)
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y (Q)=—E48°n2 B g fonld)),_aa”
" |m|a)m(q) & 2 4(|m|—1)

(m=42,%3,..). (40)

.7 o . . : -3
The ratio ~ "y . decreases with increasing mode number in proportion to |m|
m

Magnetoplasma waves
In the magnetic field, which is parallel to the cylinder axis, the energy of electron is given by Eq. (7), while the
polarization operator of degenerate electron gas is derived in Eq.(9), (10).
Let us obtain the solution of the dispersion equation (4) in the ultra-quantum limit, when only two subzones are filled

. + . . . .
with the numbers (m, O') = (O, i) =0~ . In this case, there are lobe and triangular spectral windows in the wave vector-

frequency plane besides the parabolic spectral window which is found between the parabola @ = ql)(-)Ir -, and the axis
¢ , and also besides the collisionless wave damping region above the parabola @ = quy + @y and to the right of the
parabola @ = —quy + @, . The lobe spectral window is confined within the parabolas @ = quar + o, and
@ = qu, — @, , and the triangular spectral window is limited by the parabolas @ = —quo +w,, ®=quy — @, and
the axis ¢. The coordinates of the lobe window uppermost boundary in the plane (q, a)) are

m -2 +2 _
(m* (UO Yo ) > (UO — Uy )) Af g <m, (UO - Ua— ) , solutions for the equation (4) exist in the lobe spectral

window above the parabola @ = qu, + o, and in the regions of collisionless damping. The dispersion law of

magnetoplasma wave in the lobe spectral window is
I
2

2 2 2

vy +0g 277°q g (v -\ Dy
wy(q)=q————+ow,cth—————| —|vy —Uy | +————| . (41)
O( ) m*U()(Q) 4 ( 0 O) Sh2 27[2q
m*UO(q)

At small values of ¢ the spectrum of this wave is linear. With increasing ¢ , the dispersion curve (41) comes closer

to the lobe boundary @ = ql)(;L ta,. The appearance of the quantum number of the magnetic flux % in the
0

formula (7) has its effect on the wave spectrum brought for consideration in Section I. In particular, the formula (19), in
the presence of magnetic field and taking into account (26), takes the following form:

4> 2 / 1 (e /u
1) =——¢gln—— sin27zl |20 c0s27rl . 42
ola)="a qac’ uo;zl‘ £ D -

This formula does not account for the spin splitting of the levels. Besides the oscillations of the de Haas-van Alfven
type, which were considered in Section I, appearing with changing £4; , the wave frequency undergoes oscillations of the

Aharonov-Bohm type appearing with changing magnetic field. The period of these oscillations is equal to one quantum
of the magnetic flux @, . In the magnetic field, the linear electron density 7 is connected with the chemical potential

M via the relation:
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2 o V2
n=;%% I(L:—((:— m+¢TO

The frequencies of modes with the numbers |m| >0

also undergo the Aharonov-Bohm type oscillations. In the

formulae (22), (23), under the sign of the sum Z , it
/

)
appears the factor cos 27/ —.
0

Conclusions
The energy spectrum (2) of electron on the nanotube
surface is a set of one-dimensional subzones, the positions
of the boundaries of which are not equidistant. As a result,

the density of states (3) oscillates with changing \/2 with

-1
the period (\lzm*a) . This accounts for the oscillations

of plasma wave frequencies in the degenerate electron gas

with changing value of v 0 . These oscillations resemble

the de Haas-van Alfven oscillations of electron gas
magnetization that emerge with changing magnetic field
strength. This distinction is attributed to existence of the
non-equidistant boundaries of the subzones in the spectrum
(2). The cause of the oscillations is a jumping density
variation of the density of states, when the Fermi level
traverses the subzone boundaries. The measurement of the

period of the oscillations allows to obtain /m,a . To be

able to observe these oscillations, it is necessary to have the
capability to change the Fermi level of electrons on the tube
like it is done in the two-dimensional electron gas [12].
While measuring the plasmon frequencies on tubes with

different values of m,,a, ti,, a spread of the frequency

values should be expected, caused by the oscillations.

In a magnetic field, which is parallel to the cylinder
axis, the Aharonov-Bohm oscillations appearing with
changing magnetic field will be superposed on the
magnetoplasma wave frequency oscillations of the de
Haas-Van Alfven type. The reason for the former

oscillations differs. Their period does not depend on £4,
and is equal to one quantum of the magnetic flux @ . It
related to the area 77 a2 , which is occupied by the projection

of the orbit of electron to the plane z =0, and it does not

BicHuk XHY, cepia «®isunkay, sun. 25, 2016

depend on the energy of the electron.

The oscillations described here can be observed in
experiments on the measurement of the cross-section of
scattering of the light and electrons by plasma waves on the
nanotube surface.
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Stimulated Doppler effect on the surface of a gas bubble
thermocapillary trapped by a laser in an absorbing liquid

V.I. Lymar, N.A. Kazachkova, O.l. Kofman, N.V. Slabunova, N.A. Luzan

V.N. Karazin Kharkiv National University, Svobody Sq., 4, Kharkiv, 61022, Ukraine
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A possibility to control the gas bubble size in an absorbing liquid through the laser thermo-capillary trapping has been
demonstrated. The coarse structure of the observed interference patterns in reflected and transmitted lights are explained qualitatively
within the framework of a two-ray approach. The movement of interference fringes can be treated as manifestation of the Doppler
effect because of the moving bubble walls. The method to measure the relative refractive index value for moving contiguous media
by means of the Doppler shifts ratio measurement has been proposed. There is a two times discrepancy between Doppler shifts ratio
value predicted theoretically and measured in the experiment. It is following from a special stimulated character of the Doppler effect
at experimentally realized non-equilibrium thermodynamic conditions, that are imposed by the laser light field.

Keyword: thermocapillary trap; gas bubble; laser beam scattering; interference pattern; refractive index; Doppler eftect.

[IponeMOHCTPOBAHO MOMKIIMBICTh KOHTPOJIIO Ta YIPABIIHHS PO3MIPOM Ta30BOi OynbOalIKH, sKa 3HAXOAWTHCS Yy MOTIMHAIOUIN
CBITJIO PiIMHI Ta 3aXOIICHA Y JIa3epHy TepMOKAIuipHy nacTky. [ pyda cTpykrypa inTepdepeHifHIX KapTHH, 10 CHOCTEPIiraloThest
y BiZOUTOMY Ta HMPONIECHOMY CBITIIi, IOSCHIOETHCS SKICHO B paMKax JBOIPOMEHEBOro HaOimkeHHs. Pyx iHTepdepeHuiitHuX cMyr
MOXKHA PO3INISAATH SIK MposiB edekty Jloruiepa Ha pyXoMHUX CTiHKax OyiabpOamiky. 3arlpoIloHOBAaHO METOJ BU3HAYECHHS BiTHOCHOTO
[OKa3HHKa 3aJOMJICHHS [BOX CYMDKHHX CEPEIOBHIL 3 PyXOMOKO I'DaHHICIO PO3/iTy MK HHUMH 4epe3 BHMIpPIOBaHHS BiIHOIICHHS
JIOTUIEPIBCBKHX 3CYBIiB 4acToT. HasiBHE JBOKpAaTHE PO3XO/DKEHHS Y 3HAQYEHHSX IIbOTO BiIHOLICHHS, Hepen0adeHoro TEOPETHYHO Ta
BUMIPSTHOTO €KCIIEPUMEHTAIIBHO, TTOSICHIOETHCS SK MPOSIB 0COOIMBOIO BUMYIIEHOTO Xapakrepy edekty Jlomiepa, sKuil peaizyeTbes
eKCIIEPUMEHTAJILHO [IPH HEPIBHOBAXHHUX TEPMOAMHAMIYHUX YMOBAX, 3yMOBJICHUX JIi€10 JIA3EPHOTO BUIIPOMIHIOBAHHS.

KirouoBi cjioBa: TepMOKamiJisipHa MacTka; ra3oBa OynbOallKka; poO3CIFOBaHHS JIAa3€PHOTO CBiTIA; iHTep(hepeHIiiHa KapTHHA;
MOKA3HHK 3aJIOMIICHHST; edekT [lomiepa.

[TpomxeMOHCTPUPOBaHA BO3MOKHOCTh KOHTPOJSI M YIPABICHUs pPa3MEPOM Ta30BOTO Iy3bIPbKA, KOTOPBI HAXOAUTCS B
MOTVIOMIAIOIIEeH CBET KUAKOCTH M 3aXBaueH B JA3€PHYI0 TEPMOKAMMULIPHYIO JIOBYIIKY. [ pybasi cTpykTypa HHTep(hepeHINOHHBIX
KapTHH, KOTOpbIe HAOIIONAIOTCS B OTPAKEHHOM M IPOMYLICHHOM CBETE, OOBSICHSICTCSI KAYeCTBEHHO B PaMKax BYXJIy4eBOIO
npubmkeHus. JBrmkeHne nHTepHEPEHIIMOHHBIX TTOJI0OC MOYKHO PacCMaTPUBATh Kak MposBiicHue 3G dekra Jlomiepa Ha BIKYIIHXCS
CTEeHKax My3bIpbKa. [Ipeniosker MeTo Onpe/ieNieHNs] OTHOCHTEIIFHOTO MOKA3aTesl MPEIOMIICHUS! IBYX CMEKHBIX CPE C IBHKYIICHCS
TpaHMLCH pa3jiena MeXIy HUMH ITOCPEICTBOM M3MEPEHHs OTHOIICHUS JOIUICPOBCKUX CIABHIOB YacTOT. MMeromieecs IBYXKpaTHOE
pacxokeHre B 3HAYCHUSIX ITOTO OTHOIICHUS, MPEICKA3bIBAEMOT0 TEOPETHIECKH U N3MEPEHHOTO IKCIICPHUMEHTAIIBHO, OOBICHSETCS
Kak TMpOosiBJIeHHE OCOOEHHOrO BBIHYXICHHOTO Xapaktepa 3(dekra Jloriepa, KOTOPBIH peanu3yercst SKCIEPHUMEHTATbHO MPU
HEPABHOBECHBIX TEPMOANHAMHYECKUX YCIOBHUSIX, 00YCIOBICHHBIX ACHCTBHEM Ja3ePHOTO M3y ICHHSI.

KioueBble ciioBa: TepMOKAMWUISIPHAS JIOBYIIKA; Ta30BbIA IMYy3bIPEK; PACCESHUE JIa3€PHOTO CBETa; HMHTEPPEPCHIMOHHAS
KapTUHA; TI0Ka3aTelb npesioMieHus; dpdekr Jlomiepa.

Introduction

Light fields are subjected to substance distribution for
the most of the well-known classical optical phenomena in
nature, but soon afterwards laser invention and, especially,
after particles laser trapping experiments, it became clear
that alternative contrary situations are possible up to and
including Bose-Einstein condensation. Microparticles with
relative refractive index n>1 are trapped easily by means
of known Ashkin’s dipole force technique. To trap particles
with n<1, e.g. gas bubbles in liquid, it becomes rather more

involved [1]. But because of surface tension temperature
dependence it is possible to trap the gas bubble easily
using so-called dissipative thermo-capillary force in the
absorbing liquids [2, 3]. A broad size range of the bubbles,
captured by a light beam, a large action radius and a high
specific value of the capturing force are some of the useful
thermo-capillary trap properties [4]. In the process they
are evidently adjustable varying with the liquid medium
absorbance. It is believed our results also can be regarded
as an increasing appeal of the optical thermo-capillary gas
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Fig. 1. Principal experimental scheme of the laser
thermocapillary trap: He-Ne — laser used; P — linear
polarizer; L — convergent lens; C— cell with an absorbing
liquid; S1 and S2 — plane screens. Photo inset shows
observed on screen S2 pattern of Gaussian laser beam
thermal self-defocusing.

bubble trap technique.

Experimental scheme and results

Our experimental setup is extremely simple (Fig. 1).
A linearly polarised laser beam is focused on the cell C,
containing an absorbing liquid, by means of the converging
lens L. The cell is arranged between the screens S, and
S, to observe the interference patterns (see lower) in
reflected (RL) and transmitted light (TL). The polarizer
P is used to control the laser beam power. There is some
degree of freedom in the choice of laser types and liquids,
but, evidently, laser light wavelength has to fall into the
absorption band of the liquid. He-Ne-laser at A = 632.8
nm and power P = 15 mW jointly with ethanol solution,
coloured by brilliant green dye, has been applied in our
experiments. The photo in Fig. 1 demonstrates thermal
self-defocusing (thermal lens aberration) observed on the

Fig. 2. The interference patterns observed on the
screens S1 in reflected (upper) and S2 in transmitted
(lower) lights after the gas bubble capture. The drawing
schemes explain the patterns in an approach of two-
ray interference: @ and ®' are angles of incidence and
refraction on the gas bubble surface; 20, and ©, are
angles of deflections in reflected and transmitted lights.
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screen S, created by a focused Gaussian laser beam in the
solution mentioned above. But if the gas bubble is captured
by the beam [2], then interference patterns shown in photos
of Fig. 2 are appearing sharply on the screens S, and S,.
The radii of circular interference fringes are increasing or
decreasing with time obviously in the process of bubble
size change. As arule, at laser power P~ 10 mW, diameters
of the interference circles grow if a gas bubble is trapped
in a dense solution, and, on the contrary, they reduce if
capturing takes place in a dilute solution. It is noticeable
that this evolution process can be controlled by means of
the linear polarizer P. The process of changing the size
of captured gas bubble can be stopped by increasing or
decreasing the laser beam power and directed toward gas
bubble growth or collapse at will.

Two-ray interference and Doppler effect

The interference pictures in the photos (Fig. 2) have
both coarse (CFS) and fine fringe structures (only the CFS
is noticeable in the photos). Certainly, Mie theory [5, 8]
or generalized Lorenz-Mie theory [6] has to be applied to
explain the structure completely. But one way of looking at
the CFS is in terms of two-ray interference. Beam courses
are sketched on the schemes in Fig. 2 at zero and maximum
angles of deflection (n=1.360 is taken as the initial value
for ethanol). If 20 and © are deflection angles in RL and
TL accordingly, their magnitudes determine interference
circles radiuses, ® and ®' are angles of incidence and
refraction on a bubble surface (Fig. 2), then the following
correlations take place:

0,=2-0'-0inRL; §,=2-(0'-6) in TL;
sin@' =n-sinf :
In doing so, an optical path difference is arising in RL:
A, (0)=d-(2-cos@ —n-(sin, +sin0)-tan (6’ - 0)).(1)
And the same in TL:
A (0)=d-(cost —n-cos@)-(1-sind'). (2

Here d is a bubble diameter. If this value is changing
with time then, for a constant interference order, the values
of deflection angles have to be changed both in RL and
in TL. It clarifies the interference patterns movement. Let
time derivatives be specified by primes. Then we have at
the limit of zero deflection angles from (1) and (2):

8 (0)1 8 (0)] =2/ (n=1) =|o, /5.5

In Eqn. (3) the last fraction is the ratio of Doppler
frequency shifts for the waves reflected from (6w ) and
transmitted through (3w ) the moving dielectric interface
[7]. Hence observed interference patterns time evolution
can be treated as a manifestation of the Doppler effect on
the moving bubble walls. Measurement of the Doppler
shifts ratio (DSR) gives the method to determine the
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Stimulated doppler effect on the surface of a gas bubble thermocapillary trapped
by a laser in an absorbing liquid
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Fig. 3. The time dependences of the transmitted I
(upper red) and reflected I, (lower blue) signals at
moving interference patterns of Fig. 2; the observation
angle (n®, forI and 2@, for I ) is equal to 1/15
rad. The experimental value of Doppler frequency shifts
ratio is dw / dew = 71/6.

refractive index n value in the vicinity of the bubble.

To carry out the measurement, optical fibers were
arranged instead of the screens S and S, (Fig. 1). Reflected
and transmitted signals were communicated by means of the
fibers to photomultipliers and further to computer after an
analogue-digital transformation. One of the measurement
results is displayed in Fig. 3. The transmitted signal L is
sketched by the upper red curve, the reflected I, — by
the lower blue.

In doing so the angle of observation (n-®, for I and
200, for 1) was ~1/15 rad. According to (3) at initial
value n=1.360 the DSR has to be equal about six, while
from Fig. 3 it results in 71/6, i.e. close to twelve.

At first glance, this two-times disagreement is
naturally connected with a rough estimate of our two-
ray interference model. To elucidate the question the
MiePlot-4503 program [8] was applied to the problem of
a plane wave scattering on the gas bubble surrounded by
ethanol. At reasonably small deflection angles in RL and
TL the program gives the DSR value about 63/10, which is
in a satisfactory correspondence with Eqn. (3). Therefore,
both Mie theory, and two-ray interference model results in
the same DSR. Another source of the discrepancy could
be caused by the motion of the gas bubble centre in the
process of a bubble growth or collapse [9]. But a more
attentive examination of this item testifies to the validity
of Eqn. (3): a displacement of the bubble as a whole has no
influence on the optical path differences A (0) and A (0) in
the RL and TL accordingly.

Stimulated Doppler effect
From the above discussion it follows that the theoretical
approaches do not take into account one essential feature
of the experiment — the movement of gas bubble walls is
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stimulated by the laser light. At the limit of zero deflection
angles the Doppler effect takes place on the moving back
bubble surface only, both in RL and TL, because the front
bubble wall is constantly in contact with an immobile wall
of the cell [2]. Let a photon of the laser light be an incident

on some small-scale area of the back bubble wall
SRS A

e 3 ho

v-oM

15-v*M

Fig. 4. A photon of the laser light is an incident on some
small-scale area of the back moving bubble wall: @ and
o are the frequencies of the photons incident on and
passed through the surface accordingly;
refractive index of the liquid; v is the velocity of the

n is the
moving interface.

(Fig. 4). If 6M is some mass, connected with that area (the
sense of OM will be adjusted later on), then the following
impulse-energy conservation laws have to be fulfilled:

Py =P+ V- SM; 4)
h-w,=h-o+v-6M/2. 5)

Here (f)o , h- 0)0) is an impulse-energy of the
incident photon; (i’a h-w ) is the same of the transmitted

one; (V-ﬁM, v’ -5M/2) is the same of the mass SM.

Assuming ® = o, and in the collinear geometry, as it is
shown in Fig. 4, we have:

5Mzih'a’°-(n—1); (6)
v-C
_(n—l)-v
&ot =0—0, =+ “ @, (7

2-c

In Eqns. (6, 7) the upper sign corresponds to the counter
movement of the incident wave and the interface (as in Fig.
4), the lower sign — to their passing movement. Perhaps,
the 6M could be named, to some extent, as a “mass defect”
of the treated small-scale area in the process of photon
transition through the surface, the movement of which is
stimulated by that transition. In our case this “mass defect”
has rather a classical, non-relativistic nature: if oM is a
positive, then a gas condensation process is occurring into
the liquid; at opposite condition the liquid evaporation into
the gas phase is preferred. The condensation-evaporation
processes are controlled in our experiment by means of the
laser light intensity value and it is possible because non-
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equilibrium thermodynamic conditions, created by the
laser beam, have realized in our system.

Eqns. (6) and (7) describe stimulated Doppler effect
(SDE) at the collinear geometry in TL. The well-known
substitution of the refractive index » value on minus unity
[10] in these equations leads to the formulas, which deal
with the SDE at the collinear geometry in RL:

2.h-

5M~$M; ®)
Ve

&or:a)—coozirl-a)o. )

Certainly, Eqns. (6) - (9) corresponds to the particular
cases of the more general non-collinear SDE. From Eqns.
(4) and (5) it is straightforward to deduce the extended
relations for the SDE “mass defect” M and Doppler shift
dm:

§Mz—12-v-512; (10)
\%
[
5a)=a)—a)oz§' -0k, (11)

where Sk =k —k o 1s the wave vector change in the

process assuming @ ~ a)o .

Eqgns. (6), (8) or (10) points out the fact that the
process of interface movement should be consistent with
the process of mass release or deposition. In contrast to the
classical Doppler effect (CDE), the SDE is not possible
simultaneously in transition and reflection on the same
portion of the surface because of the different signs and

values of M in RL and TL. If the SDE takes place at small
deflection angles in transmition, then the CDE should be
observed at the same angles in reflection or vice versa.
We suppose it is the former that has been realized in our
experiment. Doppler frequency shifts at the CDE are two

times greater than the corresponding SDE shifts, 6w, , do,
or 6w in Eqgns. (7), (9) or (11). Then the DSR dw /3w, value

ought to be double of the result of Eqn. (3), if the CDE is

present in RL and the SDE — in TL. Finally, it is necessary
to note, that at a non-stimulated nature of the gas bubble
growth or collapse it is the classical DSR value of Eqn. (3)
that should be observed in experiments, since only the CDE
should take place on the bubble walls.

Summary

As it has been mentioned above, laser beam thermal
self-defocusing is observed in our experiment. It indicates
of the noticeable optical nonlinearity of the used liquid. The
measurement of the DSR gives a possibility to determine
the refractive index value n including a nonlinear optics
contribution. Therefore, at the limit of zero deflection
angles we have:

ow, 4 71
ow,

t

n-1_6

(12)

Calculated by Eqn. (12) value n~/.338 is much better
than by using Eqn. (3). But we have to take into account
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that our measurements were carried out at the non-zero
observation (deflection) angles. Under the assumption that
the SDE takes place as well at the total internal reflection
on the bubble periphery, it follows from Eqn. (11) the linear
angle correction to the DSR is equal to 21-0 /(n—1)*, here
n-0 is the observation angle in TL, its magnitude is equal to
1/15 rad. An approximately half of that value is accounted
for the angle half-width of the self-defocusing pattern
shown in the photo-inset of Fig. 1. That is why we suppose
that only the half of the angle correction written above is
suitable to correct the DSR value:

4  n6 71

o,
n—1 (n—]) 6

(13)

Last equation results in n=1.3539. It is the latter
value that we consider as final and therefore the refractive
index variation An=0.006 is caused by the thermal
optical nonlinearity. These results are in sufficiently well
accordance with the experimental estimations obtained in
the earlier research [2, 9].

In conclusion, the refractive index determination by
means of the DSR measurements is well suited method
for optical applications, especially in the field of nonlinear
optics.
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Effect of NbN doping on forming of the structure in diamond-
(Fe-Cu-Ni-Sn) system and physico-mechanical properties of this
composites

V.A. Mechnik', E.S. Gevorkyan?, N. A. Bondarenko',
S.R. Vovk?, I. M. Chursina3?, R.V. Vovk?®
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2Ukrainian State University of Railway Transport (UkrSURT), Feyerbakh square 7, Kharkov 61001, Ukraine
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In this study the changes in the structure of the transition zone of diamond — metal bond and the metal bond in composites
diamond-(Fe-Cu-Ni-Sn-NbN), after sintering in an oven at 800C for 1 hour in dependence of the parameters of the hot mounting
pressing and their influence on the mechanical and tribological properties, was investigated. It is shown that an increase in pressure
from 100 to 200 MPa and with a duration of the hot mounting pressing from 2 to 3 minutes, the composition diamond-(49,98Fe-
31,36Cu-8,82Ni-7,84Sn-2NbN) provides an increase of 4,3 times in the wear resistance of the samples by improving the retention
of the diamond grains of the metal bond and increases the strength limits upon compression from 758 to 890 MPa and upon bending
from 754 to 880 MPa. This is consistent with a change in the phase composition, the morphology and the structure of the phase
components of the composite. It was found that samples of composites diamond-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN) have higher
wear resistance than the composites diamond-(51Fe-32Cu-9Ni-8Sn) of about 3,8 times and 2, 4 times higher regarding the samples
diamond-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2CrB2), obtained under the same conditions. Thus, in the composite metal bond with the
addition of powder NbN, grinding of the elements of the structure occurs, which is accompanied by the disappearance of the pores at
the interphase boundaries. It was elucidated the mechanism, which provides increase (enhances) the tribological properties of such
composites.

Keywords: Diamond, iron, copper, nickel, tin, niobium nitride, metal bond, transition zone, phase, composite, pressure,
temperature, structure, properties, wear resistance.

JlocHimkeHo 3MiHU CTPYKTYpH TEPEXiTHOT 30HH aiMa3-MeTalieBa 3B’ s3Ka 1 MeTalleBoi 3B s3KH B kommosuTax anmas-(Fe-Cu-Ni-
Sn-NbN) micinst criikausst B ipec-(opmi B medi mpu temneparypi 800 °C Brpogok | rox 3a1exHO BiJ mapaMerpiB rapsidoi gonpe-
COBKH Ta JIOCJI/DKEHO iX BIUIMB Ha MEXaHi4Hi 1 TprOoioriyni BaactuBocTi. [lokazano, mo 30imbimenns tucky Big 100 mo 200 MIla i
TPHUBAJIOCTI Trapsvoi JOMPECOBKH Bix 2 10 3 XB Komro3uty ainmas-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN) 3abe3nedye miJBUIICHHS
B 4,3 pa3u Oro 3HOCOCTIMKOCTI 3a paXyHOK MOJIIILIEHHS yTPUMaHHS alIMa3HUX 3ePeH METAJICBOIO 3B’ 3KOI0 Ta IiJBHUIICHHS TPAHHII
MIITHOCTI i yac cTUcKy Bix 758 no 890 MIla i 3runanns - Bin 754 no 880 MIla. Ile mo0Ope y3romkyeTbes 3i 3MiHOK (Ha30BOroO
CKJIay, MOpQoIoriero (Ha30BUX CKIATOBUX Ta CTPYKTYpOIO KOMITO3HUTY. BeraHOBIEHO, 1o 3pa3ku anmas-(49,98Fe-31,36Cu-8,82Ni-
7,84Sn-2NbN) maroTh 3HOCOCTI#KiCcTh BHIlE, HIXK 3pa3ku anma3-(52Fe-32Cu-9Ni-8Sn) B 3,8 i 2.4 pasu ais 3paskis anmas-(49,98Fe-
31,36Cu-8,82Ni-7,84Sn-2CrB,), onepxanux B ofiHaKoBUX yMoBax. [Ipy iboMy B MeTasIeBiii 38’3111 KOMIO3UTY 3 I0OABKOIO MOPOIIKY
NbN BinOyBaeThcst HOAPIOHEHHS €IEMEHTIB CTPYKTYPH, AK€ CYyIPOBOKYETHCS 3SHUKHEHHSIM TI0p Ha MK(pa3HUX TPAHHLIX. 3’ ICOBaHO
MEXaHi3M, AKuii 3a0e3nedye MiJBUILEHHS TPUOOIOTTYHUX BIACTUBOCTEH TaKMX KOMIIO3HUTIB.

KrwouoBi ciioBa: anmas, 3aimi3o, Mijib, HiKelb, OJIOBO, HITPH]] HI00II0, METalieBa 3B s3Ka, epexiHa 30Ha, (ha3a, KOMIIO3UT, THCK,
TeMIIeparypa, CTpPyKTypa, BIaCTHBOCTI, 3HOCOCTIHKICTb.

V3ydeHbl M3MEHEHHs CTPYKTYPhI IEpPEeXOIHOH 30HBI ajaMa3 MeTaIMdecKasl CBSI3Ka M METaJUTMYECKON CBSI3KE B KOMITO3HMTax
anmva3(Fe-Cu-Ni-Sn-NbN) nocie crekanus B mpecc-popme B neun npu  temneparype 800 C B TedueHue 1 4 B 3aBUCHMOCTH OT
rapaMeTpoB ropsiueil 0 MPecCOBKU U HCCIIEOBAHO MX BIHMSAHHE Ha MEXaHMYeCKHe U Tpubonormueckue cpoiictpa. Ilokasano, uto
yBenuueHue nasnerus ot 100 go 200 MIla u npogomKUTeTBHOCTH TOpsiUeii TOMpeccoBKU OT 2 10 3 MUH Kommo3uiunanMas(49,98Fe-
31,36Cu-8,82Ni-7,84Sn-2NbN) obecreunBaeT OBBIIIEHNE B 4,3 pa3a H3HOCOCTOMKOCTH 00pA3IIOB 3a CUET YITyUIICHUs yACPKUBAHUS
aJIMa3HbIX 3€PEH METAUIMYECKON CBSI3KOM U MOBBIIICHHS MPEAETIOB MPOYHO-CTU MpH cxkatuu oT 75810 890 MIla u usrube ot 754
no 880 MIla. DTo xopomio comracyercs ¢ M3MeHeHHeM (a30BOro cocraBa, MOP(HOIOruy (Ga3oBBIX COCTABISIIONIMX U CTPYKTYPHI
KOMIIO3UTa. YCTAQHOBJIEHO, 4TO 00pa3mbl KOMMO3HUTOB ain-ma3(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN) HMEOT HM3HOCOCTOMKOCTH
BhIIIE, YeM komro3uThl anmas(51Fe-32Cu-9Ni-8Sn) B 3,8 u 2,4 pasa mist o6pasios anmaz(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2CrB2),
TIOJTyYSHHBIX B OJMHAKOBBIX YCIOBHSX. [IpHM 3TOM B MeTa/uTMUeCKOW CBsI3Ke KOMIO3HUTa ¢ J100aBKoi mopomka NbN mponcxomauT
H3MeTBIeHIE AEMEHTOB CTPYKTYPHI, KOTOPOE COMIPOBOXK/IAETCS HCUS3HOBEHHEM TT0p Ha MeX(a3HBIX TpaHHIaX. BEIICHEHO MeXaHM3M,
KOTOpPBIII 06ecneunBaeT MOBBIIIEHNE TPHOOTOTHYECKNX CBONCTB TAKUX KOMIIO3UTOB.

KonrouoBble cioBa: anmas, jxenes3o, Meb, HUKENb, OJIOBO, HUTPHJ HHOOWS, MeTalIMYecKasl CBsSI3Ka, lepexofHas 30Ha, (a3a,
KOMIIO3HT, aBJICHNE, TEMIIEPaTypa, CTPYKTypa, CBOMCTBA, H3HOCOCTOUKOCTE.
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Introduction

At the present time, intensive research works in the
diamond composite material (DCM) system diamond-(Fe-
Cu-Ni-Sn), which are used for the manufacture of tools for
stone processing and mining industries, are conducting,
regarding the nature of the physical and chemical processes
occurring during the formation of the composition, their
influence to the structure and the properties [1, 2]. These
processes are determined the structure-phase state of the
composition in all steps of sintering and the mechanical
properties of the DCM [3, 4]. Such DCM should have
high hardness, strength, durability (wear resistance) and
reliability, should have the ability to be self-sharpening
and be chemically inert to the reactants of coolant.
Specific results obtained in the study, have applied to the
development of new DCM with predetermined properties
[5-11].

In [12, 13] was shown that directed changes in the
structure and phase composition of the transition zone
diamond-metallic bond of the DCM diamond-(51Fe-32Cu-
9Ni-8Sn) by varying with technological parameters of the
hot mounting pressing after sintering in the mold in the oven,
allow a significant impact on their physical and mechanical
properties. In these works, is also noted that the presence
in the microstructure of a transition zone of lamellar
precipitates of graphite neighboring the diamond grains, it
is a major cause of premature failure by a mechanism of
intense cracking and falling of diamond grains with a metal
bond, as well as the deterioration of the composite. The
study of the carbon (non-diamond) interaction, formed in
the surface graphitization of diamond grains, with the metal
bond components during sintering compositions diamond-
(51Fe-32Cu-9Ni-8Sn) in the mold in an oven at 800C for
1 hour followed by hot mounting pressing, showed that the
formation of Fe3C nanostructures in the transition zone
allows higher values of the metal bond regarding hardness,
the strength limits under (upon) compression and bending,
as well as the wear resistance of the DCM in various
conditions of their practical use [14]. In [14], it was noted
that an increase in pressure from 100 to 200 MPa and hot
mounting pressing from 2 to 3 minutes, provides complete
decarburization in the transition zone diamond-metal bond
and increases 2 times the wear resistance of the DCM.

Hence, correlations between the structure of the
transition zone, phase composition and the physical
-mechanical properties of DCM on the one hand and their
wear resistance from the other were observed.

To improve the mechanical and performance
properties of DCM, in the initial materials is introducing
hromium diboride (CrB2) additives in a small amount
comparing with the basic components [15-18]. Thus, a
necessary condition to provide the desired structure and
properties of the DCM is not only a uniform distribution
of the components in the bulk metal bond, but also the
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realization of the interaction of carbon, formed during
graphitization of the surface diamond grains in sintering
process of the composition, with the solid phases o-Fe and
CrB2 during its hot mounting pressing. Borides, nitrides,
carbides and silicides of the transition metals as activating
materials [19] continue to play a major role in enhancing the
durability and the performance properties of heterophase
composites and, in the opinion of the lead experts, they
will remain on such positions for many more years [20-
23]. Often when using such additives, the transition zone
is contaminated by the reaction products, which generates
structural instability and degrades the DCM properties
[15, 16]. Laws of structure formation in the system in the
presence of solid additives, such as NbN, are not currently
investigated.

The aim of this work is to study the impact of the NbN
additive in the composition diamond-(51Fe-32Cu-9Ni-
8Sn), as well as the effect of the technological modes of the
hot mounting pressing on the structural-phase state of the
transition zone and to the metal bond, the mechanical and
tribological properties of sintered at 800 C for 1 h in the
mold in the oven composites and to identify the mechanism
for the improvement of their structure, to increase the wear
resistance and, as well, to compare the results with the data
obtained in [14, 17, 18].

Experimental methods

The objects of the experiment were: powder mixtures
51Fe-32Cu-9Ni-8Sn and diamond-(51Fe-32Cu-9Ni-8Sn).
From these, were obtained pellets at room temperature and
at a pressure of 100 MPa, as well as samples of metal bond
and DCM (10 mm in diameter and with thickness of 8 mm)
and thin foils (with thickness 80-100 nm). To produce DCM
samples, was used powders of diamond AS160T, graininess
400/315 (TU 2-37-344-85), iron PZH1IM2 (GOST 9849-
74), copper ICP-1 (GOST 4960-75), nickel GNU (GOST
9722-79), tin PO-1 (GOST 9723-73), chromium diboride
(CrB2) (70.62% wt. Cr and 29.30% wt. B) and niobium
nitride (NbN) (86.82% wt. Nb and 13.10% wt. N),
produced by the Donetsk plant of chemical reagents. The
methodology in batch processing, the process parameters
to obtain DCM samples and the experimental methods of
their tribological properties are described in detail in [14].
To study the microstructure and properties of the DCM
samples, it was taken into account the data regarding the
dependence of the wear of the Cutting Diamond Segmented
Circles (CDSC), 320 mm in diameter in the cutting process
of the granite (Janevski deposit, Ukraine), with a thickness
of 30 mm at a speed of longitudinal flow of 100 cm/min
and cutting capacity of 300 cm?*/min, from the content of the
NbN in the batch diamond-(51Fe-32Cu-9Ni-8Sn), obtained
by us (Table 1).

The work elements (40,0 mm x 12,0 mm x 3,2 mm)
were sintered in the mold in a muffle furnace at 800 C for 1

31



Effect of NDN doping on forming of the structure in diamond-(Fe-Cu-Ni-Sn) system and physico-mechanical
properties of this composites

Table 1
Dependence of the wear of the CDSC from the NbN
content in the composition of DCM
Specific consumption
of diamonds, ct / m? of

Circle NDN content :
cutting area
1 0 1,80
2 0,5 1,18
3 1,0 0,95
4 1,5 0,68
5 2,0 0,35
6 2,5 0,81
7 3,0 1,63
8 4,0 2,34
9 5,0 3,26
10 6,0 4,00

hour, followed by hot mounting pressing under pressure of
200 MPa. The most resistant to abrasion proved CDSC (5),
of which the work elements contained in the composition
of the initial batch 2% (wt.) NbN. This became the basis
for determining the optimal composition of the batch
and the study of the structure and the properties of the
DCM. The microstructure of the metal bond and of the
transition zone diamond-metal bond of DCM samples and
the associated diffraction patterns were examined with
the transmission electron microscope SELMI TEM with
a potential acceleration of 125 kV at a resolution of 0,18
nm. The quantitative phase composition of the metallic
bond was calculated using the package MAUD. Thin foil
specimens from DCM for the study of the microstructure of
the transition zone, and metal bond obtained by polishing in
the electrolyte 20% HC10O4 + 30% HNO3 + H20.

The diffraction patterns from the NbN powder
and the sample of the metal bond with composition
49,98F¢-31,36Cu-8,82Ni-7,84Sn-2NbN  obtained by the
diffractometer DRON 4.13S in the emission of copper anode
in Bragg-Brentano geometry in the range of angles 20° ~ 20
~ 80°. The X-ray phase analysis was performed by standard
methods using the software package X - powder [24]. The
diffraction spectrum of the samples as a set of revised values
of the interplanar spacing of the crystal lattice phase d,
and the relative intensities of the reflexes of this phase /i
were identified by comparing with the references from the
catalogs ASTM-ICPDS [25]. The morphology of the surface
of the transition zone and its chemical composition was
studied in a scanning electron microscope SELMI SEM -
106M, with a potential acceleration of 20 kV. Quantitative
calculations of chemical composition performed using ZAF
correction method and the software package magelanes
3.1. Determination error: for heavy elements ~ 0.01% (wt.),
for light elements ~ 1% (wt.).

The microhardness of the samples was determined by
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the PMT- 3 device using a Vickers indenter at a load of
4,91 N. Print sizes were measured at a magnification of 25
times. The hardness was calculated by the formula Hb =
0,4636P / x2, where P - load; x - indentation diagonal. The
limits of the compressive strength and bending strength
was investigated by the standard method (error ~ 5%).
The tribological tests were performed on samples of QAM
multi-functional apparatus for testing materials of friction
without lubrication scheme disc (corundum counterface
of medium hardness SM-2 vitrified 7K15 diameter of 60
mm and a width of 8) -palets (sample KAM), which was
established on the basis of serial car IMASH- 20-75 [26].
The normal load on the sample at the disc was 500 g, the
disc rotation speed was 300 rev/min and the duration of
steps was: burnishing works and testing, 0,5 and 4,0 hours,
respectively, which corresponds to the friction path (L) 1,7
and 13,6 km. During the tests, it was recorded the friction
coefficient f, the massive wear Am, defined by the weight
loss of the samples in weighing analytical balances VLA-
20g-M (accuracy +4 mg) and the mass wear intensity Im
(I =Am/L).

Results and discussion
Structure of NbN and the condition of the initial materials
before and after sintering
X-ray and diffractometric studies shown, that the
niobium nitride (NbN) in the initial state has a two-phase

1800 —
Zz Nbd N3Nb4 N3 No4 N3 Nb4 N3 Nb4 N3 Nb4 N3
5 1 (111) (200) (002) @0) (311) (113)
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1400 4 (004) | (100) / (102) (006) (304)
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Fig. 1. The X-ray diffraction diagram of NbN in the
initial state.

structure. Thus, on the X-ray diffraction diagram of the NbN
powder (Fig. 1), are recorded interference reflexes from the
planes, (111), (200), (002), (220), (311), (113) for phase
Nb4N3 (tetragonal) with a crystal lattice period a = 0,4382
nm, ¢ = 0,4316 nm, V = 0,8288 nm3 and (004), (100),
(102), (006), (304) for the NbN phase (hexagonal) with a
crystal lattice period a=0,2956 nm and ¢ =1,1270 nm, V =
0,8531 nm3, which is consistent with the bibliography [25]
and the experimental data [19].

Factual studies have established that NbN powder
in the initial (bulk) state consists of irregularly shaped
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Fig. 2. SEM images of NbN particles in the initial state (a, b) and cold pressed fractogram of the NbN powder at a
pressure of 100 MPa (c); photomicrographs of the initial mixture 49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN (d), the
briquette, obtained from the initial mixture at a pressure of 100 MPa, (d) and bond sample (e) obtained at a temperature
of 800 C for 1 hour with hot mounting pressing at a pressure of 100 MPa.

particles, the average size of which ranges between 10-30
pm (Fig. 2a), although we meet also some larger particle
size (up to 50 um) (Fig. 2b) with a developed surface. It
is characteristic that particles larger than 40 pm have an
irregular shape with relief with irregularities, the number

BicHuk XHY, cepia «®isunkay, sun. 25, 2016

of which increases by increasing the particle size. In the
particles smaller than 20-30 pm, by reducing further the
size, the irregularities are smoothed out. When compacting
at room temperature, the NbN particles do not change the
shape, between them is observed gaps, that predetermined
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by the insufficient compaction pressure (100 MPa). The
strength of the compact in this case is determined by the
mechanical clamping of particles (Fig. 2c). The shape
and the dimensions of powders of iron, copper, nickel,
tin, and niobium nitride NbN to the resulting mixture, in
comparison with separate particles in the initial state, has
not changed (Fig. 2d). During briquetting the mixture, i.e.
in the process of cold compaction at a pressure of 100 MPa,
the shape of particles of iron, copper, nickel and niobium
nitride does not change (Fig. 2e), although, compared with
the initial state, they are compacted more strongly (Fig. 2a,
b, d). However, in the process of pressing the mixture, all
particles are deformed due to their contact each other. Thus,
there is a relatively uniform distribution of all components.
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Fig. 3. The XRD diagram of the surface of the sample
with a metallic bond of composition 49,98Fe-31,36Cu-
8,82Ni-7,84Sn-2NbN, obtained by sintering in the
mold in an oven at 800 C for 1 hour with hot mounting
pressing at a pressure of 160 MPa for 3 min.

During sintering the briquette, the compaction of the bond
components occurs by adjusting the surfaces of adjacent
particles to one another, which contributes to a compact
contact at the interphase boundaries in the composite bunch
(Fig. 2f). In addition, the sintered metal bond sample is
characterized by a homogeneous structure throughout the
volume, which is an advantage and points to prospects for
its use in DCM technology. All this affects the structure and
properties of the DCM.

Table 2.
The diffraction data for the metal bond sample
d nm 20, deg 1, Phase hikl

0,33594 | 26,5333 | 464,12 | CuNiSn, 511
0,3284 29.5934 | 574,53 NDN 004
0,30192 | 29,5879 [ 546,64 | CuNiSn, 600
0,25074 | 35,8172 | 561,99 Cu, Sn, 002
0,23046 | 39,0861 | 579,46 Nb,N, 111
0,22482 | 40,1091 | 658,25 | Cu/NiSn, 511
0,22465 | 40,1409 | 588,10 Cu,,Sn, 210
0,22131 | 40,7733 | 533,36 NbN 100
0,22036 | 40,9576 | 522,45 | CuNiSn, 642
0,21090 | 42,8822 | 579,03 Nb N, 200
0,20727 | 43,6727 | 949,84 Cu 111
0,20278 | 44,6909 | 901,66 a-Fe 110
0,19798 | 45,8348 | 571,58 Cu,,Sn, 300
0,18793 | 48,5764 | 476,25 Cu, Sn, 302
0,18375 | 49,6121 | 543,15 Cu 200
0,18001 | 50,7152 | 529,04 a-Fe 200

Fig. 3 shows a diffractogram of the metallic bond
sample 49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN, obtained
by sintering in the mold in an oven at 800 C for 1 hour,
followed by hot mounting pressing at a pressure of 160
MPa for 3 min. The interference maxima on the X-ray
XRD from the (111) and (200) for phase for copper (lattice
parameter a = 0,3608 nm); (110) and (200) for iron (a =
0,2863 nm); (002) (210) (300) (302); (211) CulOSn3;
(511) (600) (551) (642) Cu9NiSn3 (a = 1,801 nm); (111)
(200) and (220) Nb4N3 (a = 0,4382 nm) and (004), (100)
NbN (a = 0,2956 nm, ¢ = 1,1274 nm) are consistent with
[25] and the corresponding parameters for copper, iron,
and niobium nitride [19]. Diffraction data (interplanar
spacing, relative intensity, the angles 20, phase and lattice
indices (hkl), corresponding to the interference maxima),
are shown in Table 2. Crystal structure and quantitative
phase composition of the bond sample are shown in Table
3. Analysis of the results showed that during the formation
of the metal bond sample occurs elements’ interaction
that forms solid solutions on the basis of copper and iron

Table 3.

The crystal structure and phase composition of the metal bond of DCM

Lattice parameter, nm

Phase PG
A
Cu Fm3m 0,3608
a-Fe Im3m 0,2857
Cu,NiSn, F-43m 1,8010
Cu, Sn, hP26 —
NbN C6/m2 0,2952
Nb,N, - 0,4381

34

8

Concentration phase, % (wt.)

C SEM XRD
- 41,8 442423
38,5 34+ 1,8
107 12,1 £1,9
- 71+1,3
1,1271 - 22409
0,4312 - 0,4 +0,7
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Fig. 4. TEM images of the sections of the transition zone diamond-metal bond of the samples 1 (a), 2 (b), 3 (), 4 (f)
and microelectrongraphs of its fragments for samples 1 (b), 2 (d): (a, b) - p=100 MPa, t =2 min; (c, d) - p= 100 MPa,
t=3 min; (e) - p =200 MPa, t =2 min, (f) - p =200 MPa, t = 3 min.
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(main phases), which is confirmed by the change in lattice
parameters compared to the pure elements for copper (a
= 0,3615 nm) and iron (a = 0,2864 nm), as well as the
formation of new phases - Cu9NiSn3 and Cul0Sn3.
Comparison of the results with the data of [14]
shows that the introduction of NbN in the amount of 2%
(wt.) in the composition of the metal bond sample 51Fe-
32Cu-9Ni-8Sn affects the phase formation in the process
of its formation. Furthermore, the content of the sintered
sample of the formed phases Cu9NiSn3 and CulOSn3 is
respectively 12.1% (wt.) and 7.1% (wt.), which can affect
the mechanical and tribological properties of the DCM.

The structure of transition zone diamond-metal bond of
the sintered samples DCM

The results of the structural studies of the transition
zone diamond-metal bond of DCM samples obtained
from the batch diamond-(49,98Fe-31,36Cu-8,82Ni-
7,84Sn-2NbN), sintering in the mold in an oven at 800 C
for 1 hour, in dependence from p-t parameters of the hot
mounting pressing, is shown in Fig. 4. The microstructure
of the transition zone diamond-metal bond of obtained
DCM samples (Fig. 4, a, c, e, f) is radically different
from the above described microstructure of sintered
samples of the metal bond. The structure of the transition
zone diamond-metal bond of the sample 1, obtained at a
pressure of 100 MPa, under hot mounting pressing for 2
minutes, is composed of copper phase and niobium nitride,
which are uniformly distributed in the absence of graphitic
inclusions (Fig. 4a). The grain size in the transition zone
does not exceed 100 nm. Furthermore, niobium nitride
NbN is present as inclusions in spherical shape, average
particle size is from 10 to 100 nm, which is considerably
smaller than the niobium nitride in the initial state (10-50
pum) (see Fig. 2a, b). As a result, the microstructure of the
transition zone of the sintered DCM sample includes both
nano-sized crystals of copper separated by almost invisible
boundaries and nanoscale inclusions of niobium nitride.
In this case, the contact diamond-metal bond is very tight;
the boundaries between the grains are thin, clearly formed,
with no visible pores and cracks, which has a positive effect
on the performance properties of the DCM.

At the roundabout prints of the mikroelectrongraphs
of this sample are clearly visible the interference reflexes
for the phases of Cu and NbN (Fig. 4b). Copper phase
grains are textured in the directions (311), (220), (200)
and (111) and niobium nitride phase grains in the direction
(004). Expansion of the diffraction peaks on circular (ring)
imprints indicating a low degree of crystallinity of these
phases. By increasing the duration of the hot mounting
pressing from 2 to 3 minutes, the structure of the transition
zone remains practically unchanged (sample 2) (Fig.
4c). In this case, the copper phases grains textured in the
directions (311), (200) and (111) and niobium nitride phase
grains in the direction (100). Expansion of the diffraction
peaks in the ring imprints on mikroelectrongraphs of this
sample once more confirms the low degree of crystallinity
of the phases of Cu and NbN (Fig. 4d). Diffraction data
(interplanar spacing and phase identification codes of the
crystal lattice (hkl)) for samples 1 and 2 are shown in
Tables 4 and 5. The calculated values di for the phases are
coincide with the data in [18], indicating the reliability of
the results. Thus, our experimental data on the structural
state of the transition zone of the investigated composites
and their comparison with previous experimental data [5-7,
9-11] suggest that the use of the NbN in the composition
diamond-(51Fe-32Cu-9Ni-8Sn) completely eliminates the
phase transformation diamond = graphite at the sintering
stage, which is very important to improve the structure and
the working (exploitation) properties of such DCM

It was revealed that when the pressure of hot mounting
pressing increases from 100 to 200 MPa in samples 3 and 4
is formed a solid nanograin structure of the transition zone
with uniformly distributed phase a-Fe and NbN (Fig. 4, e,
f). A characteristic feature of these results is the absence of
both the graphite inclusions in the transition zone and the
formation of carbide phases, which reduces its brittleness
and, as a consequence, is very important to improve the
structure and improve service properties such DCM.

Below are the studies that were carried out regarding
the effect of the structure of the transition zone of the
obtained DCM samples to their physical, mechanical and
tribological properties.

Peculiar properties of the transitional zone diamond-

Table 4 Table 5
The diffraction data of the transition zone for the sample The diffraction data of the transition zone for the sample
DCM 1 DCM 2
d, (calculation), | d, (experiment), Phase i d_(calculation), | d. (experiment), Phase il
nm nm nm nm

0,2570 0,2580 NbN 400 0,2079 0,2080 Cu 111

0,2079 0,2080 Cu 111 0,1810 0,1808 Cu 200

0,1811 0,1808 Cu 200 0,1661 0,1470 NbN 110

0,1280 0,1270 Cu 220 0,1092 0,0900 Cu 311
0,1090 0,1090 Cu 311
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Fig. 5. TEM images of sections of the transition zone diamond-bond samples 5 (a), 8 (b), 9 (c), 10 (d), 11 (e), 12 (f),
obtained by sintering in a mold in an oven at 800 C for 1 hour, followed by hot mounting pressing at: a) p = 100 MPa,
t=2 min; b) p=100 MPa, t =3 min; ¢) p =100 MPa, t =2 min; d) p= 100 MPa, t = 3 min; e¢) p =200 MPa, t = 2 min;
f) p =200 MPa, t =3 min.
metal bond in composites: diamond-(Fe-Cu-Ni-Sn-NbN)  diamond-(Fe-Cu-Ni-Sn-CrB2) (samples 9-12) and their
(samples 1-4), diamond-(Fe-Cu-Ni-Sn) (samples 5-8), impact on the tribological properties.
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The comparison of the peculiar properties of the
structure of the investigated samples diamond-(49,98Fe-
31,36Cu-8,82Ni-7,84Sn-2NDbN) (samples of the first type)
and their analogues, diamond-(51Fe-32Cu-9Ni-8Sn)
[7] (samples of the second type) and diamond-(49,98Fe-
31,36Cu-8,82Ni-7,84Sn-2CrB2) (samples of the third type)
[10, 11], obtained by sintering in the mold in an oven at a
temperature of 800 C for 1 hour, followed by hot mounting
pressing, shows that exist common identities as well as
fundamental differences.

In particular, it is shown that the main phases of
the metallic bond of DCM samples of the first, second
and third types, obtained under identical conditions, are
solid solutions based on iron and copper intermetallics
Cu9NiSn3. It should be noted that the other phases in the
metal bond samples of the first type are Cul0Sn3, NbN
and Nb4N3, and Ni3Sn and Ni3Sn, CrB2 in second and
third type, respectively. This means that the formation of
phases in the system depends on the composition of the
initial materials.

A fundamental difference of the structure of the
DCM samples is the construction of the transition zone
diamond-metal bond. Thus, the structure of the transition
zone diamond-metal bond of the samples of the first type in
dependence on the parameters of the hot mounting pressing,
is consisting of phases Cu, NbN (see Fig. 4 a-d) and (or)
o-Fe and NbN (see Fig. 4e,f) with complete absence of
graphitic inclusions, cracks and micropores. Whereas, the
structure of the transition zone diamond-metal bond of
DCM samples of the second [14] and third [17, 18] types,
differs substantially from the structure of the metallic bond,
because to its formation affects the interaction of carbon
which is obtained by the surface graphitization of diamond
grains at the stage of sintering, with the solid phases.
Thus, the structure of the transition zone of the sample 5,
manufactured from the batch diamond-(51Fe-32Cu-9Ni-

8Sn) at a pressure of 100 MPa and a holding time under
pressure for 2 minutes, consisting of Cu, Ni3Sn phases
with graphite inclusions (Fig. 5a). This is the reason for
its destruction and premature loss of diamond grains with
a metal bond, which reduces the wear resistance of DCM.

A distinctive feature of the structure of the transition
zone in the sample 8, obtained from the same batch, at a
pressure of 200 MPa, is the presence of Fe3C nanoscale
layers and no graphite inclusions (Fig. 5b). This effect is
due to the fact that the carbon which is formed in the surface
graphitization of diamond grains at the stage of sintering
the composition interacted with the solid phase a-Fe during
its hot mounting pressing, by forming iron carbides. This in
turn, provides the decarburization in the transition zone of
the DCM sample, which can prevent premature failure of
the transition zone and deposition (falling out) of diamond
grains from the metal bond of the composite.

The transmission electron microscopy (TEM) data
(presented in Fig. 5c-f), shows that the structure of the
transition zone diamond-metal bond of DCM samples of
third type (samples 9-12) also depends on technological
parameters of the hot mounting pressing. Thus, the structure
of the transition zone in the DCM samples (samples 9 and
10) obtained under insufficient pressure values (lower than
200 MPa) and with duration of the hot mounting pressing
less than 3 minutes, is consisting of Cu, Ni3Sn phases with
graphite inclusions (Fig. 5c, d), which serves the cause of
its premature failure of the mechanism of intensive cracking
and loss of diamond grains from the bond of the composite.

Whereas, the structure of the transition zone diamond-
metal bond of DCM samples (samples 11 and 12) obtained
under insufficient pressure values (lower than 200 MPa),
consists of layers of carbides Fe3C, Cr3C2 and Sr7C3 with
a nanometer thickness (Fig. Se, f). Thus, in the transition
zone of these samples there are no graphite inclusions,
micro-cracks and pores. The mechanism of formation of

Table 6
The mechanical properties of the DCM samples
Duration Microhardness H,, GPa Strength Strength
Pressure p, otht limits upon limits upon
Sample mounting . .
MPa pressing ¢ Cu Ni.Sn aFe compressive  bending R,
Lo 3 R _, MPa MPa
min em

1 100 2 2,82 - 3,67 758 754
2 3 2,84 - 3,80 790 781
3 200 2 2,95 - 4,20 856 830
4 3 3,35 - 4,40 890 880
5 100 2 2,50 2,63 2,93 710 610
6 3 2,61 2,67 3,16 720 625
7 200 2 2,70 3,05 3,42 800 635
8 3 2,79 3,33 3,74 826 650
9 100 2 2,60 3,76 2,93 730 640
10 3 2,70 2,82 3,46 750 645
11 200 2 2,80 3,03 3,96 780 655
12 3 2,92 3,48 4,12 840 675
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these layers is explained due to the fact that carbon obtained
by graphitizing the surface layer of diamond grains in the
sintering compositions interacted with a-Fe and CrB2
under hot mounting pressing, forming iron and chromium
carbides.

Thus, as a result of the conducted research, it was found
that several factors affect to the formation of nanostructures
in the transition zone diamond-metal bond sintered in mold
inthe ovenat 800 C for 1 h ofthe composites diamond-(51Fe-
32Cu-9Ni-8Sn). The main factors are: The composition
of DCM, including the existence of hardening additives
niobium nitride and chromium diboride, pressure and the
duration of hot mounting pressing. It should be noted some
advantages of this method for producing DCM compared
with other methods. Firstly, the metal components of the
composite in the initial state have sizes ranging ~ 5-50 pm,
i.e. in our case the burnishing of powder mixtures do not
require the use of nanoparticles in their composition, that
reduces the possibility of oxidation of the initial materials
in the process of batch burnishing at one hand, and on the
other, it significantly reduces the cost of DCM.

Secondly, in the caseg of samples of the second
and third type, that is, when occurs phase transformation
diamond —> graphite, carbon, which is formed in the
surface graphitization of diamond grains under sintering
the composition, ceases natural sources in improving
mechanical and tribological properties of the DCM.
Thirdly, the correct choice of introducing additives and
technological parameters of hot mounting pressing is
the key for obtaining DCM with useful new properties.
Furthermore, during the formation of the DCM samples,
occurs significant milling of the structural elements of the
transition zone diamond-metal bond. To confirm these
conclusions, studies regarding mechanical and tribological
properties of the DCM, was carried out.

The results of determination of microhardness (Hv),

strength limits upon compressive (Rem) and upon bending
(Rbm), of sintered at 800 C with a duration of 1 h in
the mold in an oven followed by hot mounting pressing
composites  diamond-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-
2NbN) (samples of the first type) and their analogues,
diamond-(51Fe-32Cu-9Ni-8Sn) (the samples of the second
type) [14] and diamond-(49,98Fe-31,36Cu-8, 82Ni-7,84Sn-
2CrB2) (examples of the third type) [17, 18], sintered in
the same conditions as the samples of the first type, are
shown in Table. 6. Analysis of the data showed, that the
mechanical properties of the DCM samples depending
from both, composition and technological parameters of
their hot mounting pressing. Thus, by increasing pressure
of hot mounting pressing of the composition diamond-
(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN)  (samples  of
the first type) from 100 to 200 MPa and the duration of
the process from 2 to 3 minutes, is observed an increase
in microhardness in the sections of the metal connection
for the phase Cu from 2,82-2,84 GPa (samples 1 and 2) to
2,95-3,35 GPa (samples 3 and 4) and for the phase a-Fe
from 2,67-3,80 GPa (samples 1 and 2) to 4,20-4,40 GPa
(samples 3 and 4). This increases the value of strength limits
upon compressive from 758 to 890 MPa and upon bending
from 754 to 880 MPa. The mechanism of this improvement
is likely consisting of the compacting of the structural
components of the composite and, as a consequence, of the
disappearance of pores at the interfaces boundaries, as well
as in the boundary of the section diamond-metal bond.

A similar tendency in the dependencies on the
mechanical characteristics and the duration of hot mounting
pressing is preserved for the DCM samples of second type
(samples 5-8), but their mechanical properties have smaller
values than the samples of the first type. When administered
chromium diboride to the composition diamond-(51Fe-
32Cu-9Ni-8Sn), is observed a slight increase in strength
properties (samples 9-12) in comparison to the samples

Table 7
The tribological properties of the DCM samples
Coefficient of friction, / Massive wear Am, g Wear intensity / , g/Km
Sample

Burnishing Testing burnishing Testing burnishing Testing

1 0,207 0,092 0,040 0,106 0,0236 0,0078

2 0,211 0,096 0,039 0,095 0,0229 0,0070

3 0,220 0,105 0,018 0,027 0,0106 0,0020

4 0,223 0,108 0,017 0,025 0,0101 0,0018

5 0,203 0,088 0,089 0,184 0,0518 0,0135

6 0,206 0,089 0,080 0,168 0,0471 0,0124

7 0,211 0,094 0,052 0,111 0,0306 0,0082

8 0,216 0,098 0,041 0,094 0,0241 0,0069

9 0,209 0,096 0,083 0,170 0,0488 0,0125

10 0,209 0,108 0,080 0,160 0,0470 0,0118

11 0,227 0,112 0,038 0,074 0,0223 0,0054
12 0,229 0,116 0,032 0,060 0,0188 0,0044
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5-8.

The results of the tribological tests of the obtained
DCM samples (coefficient of friction f, massive wear
Am, wear intensity Im) paired with an abrasive circle of
electrocorundum are given in Table 7. The analysis showed
that the tribological properties of the DCM samples, as
well as the mechanical properties, are depending from the
composition of the initial materials and the technological
parameters of the hot mounting pressing. We note some
differences in the nature of changes in the tribological
properties of the DCM samples in dependence from their
composition and technological parameters of hot mounting
pressing and the duration of the experiment. It can be seen
that after a period of burnishing (friction path 1,7 km), all
DCM samples (samples 1-12) exhibit a relatively high
coefficient of friction f (0,207-0,223), compared with
values of the coefficient of friction £ (0,092-0,116) after the
testing period (friction path 13,6 km). This is due to the fact
that the step of the burnishing of DCM characterized with
an increased wear due to intense friction with the metal
bond with the abrasive circle, since the diamond grains
have no enough time to be exposed to a sufficient amount.

It was revealed that the tribological characteristics of
the DCM samples after testing in two stages are depending
on the parameters of hot mounting pressing. Thus, when
pressure is increased from 100 to 200 MPa and a holding
time under pressure from 2 to 3 minutes, there is observed
some increase in the coefficient of friction f, from 0.092 to
0,108 and the reducing of the mass wear Am from 0,040 to
0,017 g, as well as (is observed) the reducing of the Im from
0,0236 to 0,0101 g/km, for the samples of the first type
after the burnishing period (friction path 1,7 km) (Table
7, samples 1 and 4). These data are in good agreement
with the classical theory of wear, according to which the
wear intensity of DCM naturally decreases by increasing
the hardness of the metal bond. However, according to
our data from TEM (Fig. 4) results that the main reason
for increasing the wear resistance and strength properties
of the samples of the first type is the distinction in the
structure of the transition zone diamond-metal bond. Thus,
from Fig. 4a, b could be clearly seen that the structure of
the transition zone of the sample 1 is composed of Cu and
NbN phases, and the structure of the transition zone of the
sample 4, of a-Fe and NbN phases (Fig. 4 f). In this case we
observed increase in the strength limits upon compressive
Rem from 758 to 890 MPa and upon bending Rbm from
754 to 880 MPa (tab. 6, samples 1 and 4) and the increase
of the wear resistance of the composite is 2,3 times (Table
7, samples 1 and 4). This in turn provides an improved
retention of the diamond grains and the metal bond and, as
a consequence, increases the wear resistance of the DCM.
With increasing friction paths from 1,7 to 13,6 km, it is
observed a decrease in the coefficient of friction f and in
the wear intensity Im, at the testing, for the DCM samples.
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This process is most notably expressed at the sample 4 for
which the coefficient of friction f, the mass wear Am and
the wear intensity Im are reaching the values 0,088, 0,025
and 0,0018, respectively. These data, once more, show that
the structural phase state of the transition zone diamond-
metal bond is the main reason for the increase of the wear
resistance of the DCM.

The schematic picture of wear of the DCM 5-8
samples (samples of the second type) under friction,
implemented in our experiments, is not changed comparing
to DCM 1-4 samples (samples of the first type). However,
the deterioration (wear) of these DCM is developing more
intensively. Thus, by increasing the pressure of the hot
mounting pressing of the composition diamond-(51Fe-
32Cu-9Ni-8Sn) from 100 to 200 MPa and the duration of
the process from 2 to 3 minutes, is observed a decrease of
mass wear Am and in wear intensity Im for the burnishing
stage, from 0,089 to 0,041 g and from 0,0518 to 0,00241 g/
km respectively (Table 7, samples 5 and 8). With increasing
friction path from 1,7 to 13,6 km it was also observed a
decrease in the values of the mass wear Am and the wear
intensity Im from 0,184 to 0,094 g, and from 0,0135 to
0,0069 g/km, respectively. Such a process of deterioration
is also related mainly to the structure of the transition zone
diamond-metal bond. Analysis of Fig. 5b shows that the
structure of the transition zone of sample 8 obtained at a
pressure of 200 MPa, consist of the phases a-Fe and layers
Fe3C of nanoscale thickness in the absence of graphitic
inclusions. Whereas the structure of the transition zone of
the samples 5 and 6 are obtained at a lower pressure of
hot mounting pressing (100 MPa), consists of the phases
Cu and Ni3Sn with graphite inclusions (Fig. 5a), which is
the reason for its premature failure of the mechanism of
intensive cracking and deposition of diamond grains from
the metal bond.

For the samples of third type (samples 9-12) effect
of reducing the mass wear Am and the wear intensity Im
when the pressure of the hot mounting pressing increases,
is expressed more strongly in comparison with the samples
of the second type (samples 5-8). Thus, by increasing the
pressure of the hot mounting pressing from 100 to 200 MPa
and the holding time under pressure from 2 to 3 min, is
observed a decrease of the wear mass Am and of the wear
intensity Im for DCM samples after their testing stage at
burnishing step from 0,083 to 0,032 g and from 0,0488 to
0,0188 g/km, respectively (Table 7, samples 9 and 12). With
increasing friction path from 1,7 to 13,6 km, the values of the
wear mass Am and of the wear intensity Im decreases from
0,170 to 0,060 g and 0,0125 to 0,0044 g/km, respectively
(Table 7, samples 9 and 12). The effect of improving the
wear resistance of the sample 12 as compared with sample
9, is explained due to the presence of nanostructure Fe3C,
Cr3C2 and Sr7C3 without graphite inclusions in the first
(Fig. Se, f), which is providing the increase of the strength
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limits upon compressive (Rem) from 730 to 840 MPa and
upon bending (Rbm) from 640 to 675 MPa. Whereas the
structure of the transition zone of samples 9 and 10 consists
of phases Cu, Ni3Sn with graphite inclusions (Fig. 5c, d),
which reduces the mechanical properties of such DCM
(Table 7). The mechanism of formation of the nanostructure
in the transition zone of DCM samples 11 and 12, is
explained due to the fact that the carbon which is formed
during the surface graphitization of the diamond grains at
the stage of sintering of the composition, is interacted with
the solid phase a-Fe and CrB2 during its hot mounting
pressing, forming carbides of iron and chromium. This in
turn, leads to decarburization of the transition zone and
improves the mechanical properties of DCM.

Thus, the analysis of the data show that the introduction
of additives CrB2 into the composite diamond-(51Fe-
32Cu-9Ni-8Sn) leads to lower wear intensity Im of DCM
from 0,0069 to 0,0044 g/km (Table 9, samples 8 and 12,
respectively), which provides an increase of the wear
resistance by 1,6 times. Even more pronounced effect of
enhancing the wear resistance (by 2,6 times) is observed
when we use NbN additives, which is associated with the
formation of two-phase structure of the transition zone (o.-
Fe and NbN phases) with reduced fragility parameters and
more milled grains, as well as the formation of a metal bond
structure with increased strength parameters. The observed
important effect of the formation of a special structure of
the transition zone in the DCM system diamond-(Fe-Cu-
Ni-Sn), points out the necessity to continue these studies,
in order to establish the generality of this effect for DCM
of other systems, to obtain direct evidence of the effect of
additives NbN, CrB2 and (or) other additives of transition
metals on the formation of the structure, with which are
mainly related physical-mechanical and operational
properties of the DCM. It should be noted that is observed
correlation between the structure of the transition zone
diamond-metal bond and the wear resistance of DCM [7].

Conclusions

In this work, the changes in the structure of the
transition zone diamond-metal bond and metal bond in the
compositions diamond-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-
2NbN), diamond-(49,98Fe-31,36Cu-8,82Ni  -7,84Sn-
2CrB2) and diamond-(51Fe-32Cu-9Ni-8Sn) after sintering
in the mold in the oven at 800 C for 1 hour, in dependence
from the p-t parameters of hot mounting pressing and
their influence on physical -mechanical and tribological
properties of sintered composites was investigated.

1. It was found that the metal bond of the composite
diamond-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN)
regardless of the technological parameters of hot mounting
pressing, consists of solid solutions based on iron and
copper of variable composition and phases CulOSn3;
Cu9NiSn3, Nb4N3, NbN, and the transition zone diamond-

BicHuk XHY, cepia «®isunkay, sun. 25, 2016

metal bond in dependence from the hot mounting pressing
may consist of phases Cu; NbN and (or) a-Fe; NbN, as
well as of the combination of these phases.

2. It was established that by increasing the pressure
from 100 to 200 MPa and the hot mounting pressing from
2 to 3 minutes of the composition diamond-(49,98Fe-
31,36Cu-8,82Ni-7,84Sn-2NDbN) after sintering in the mold
in an oven at 800 C for 1 hour, is providing a 4,3 times
increase of the wear resistance of the composites due to the
increase of the microhardness of the bond sections for the
phases Cu from 2,85 to 3,35 GPa, for the a-Fe from 3,67
to 4,40 GPa, for the strength limit upon compressive from
758 to 890 MPa and for the strength limit upon bending,
from 754 to 880 MPa. This is in agreement with the change
in the phase composition, the morphology of the phase
components and the structure of the composite.

3. It is shown that composite sample diamond-
(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2NbN) have abrasive
wear resistance higher than composites diamond-(51Fe-
32Cu-9Ni-8Sn) 3,8 and 2,4 times more than the samples
diamond-(49,98Fe-31,36Cu-8,82Ni-7,84Sn-2CrB2),
obtained in the same conditions. Herewith in the composite
of metal bond occurs milling of the elements of the
structure, which is accompanied by the disappearance of
the pores at the interphase boundaries.

4. Different character of the wear of the studied DCM
is explained due to the fact that the interaction of the
elements in dependence from the type of additive in the
process of the formation of the composition takes place in
different ways and has different effects on the structure and
properties:

- The increase of the wear resistance of DCM samples
of second and third types is due to the formation of the
transition zone diamond-metal bond of nanostructure
respectively from Fe3C and Fe3C, Cr3C2 and Sr7C3, as
the result of the interaction of the carbon, which is released
at the surface graphitization of diamond grains in the
sintering phase of the composition with solid phases a- Fe
and CrB2 during the hot mounting pressing, which helps
to improve the adhesion properties at the boundary of the
diamond-bond section.

- The increase of the wear resistance of DCM samples
of the first type (samples diamond-(49,98Fe-31,36Cu-
8,82Ni-7,84Sn-2NbN)) is explained by the formation
of a longer lasting (stronger) contact on the boundary
diamond-metal bond section by the hard compression of
the diamond grains by o-Fe and NbN particles whereas
milling the elements of the structure to nanoscale sizes. The
mechanism of this process has not yet been studied, which
is of interest for further research.

Legend (Notation)

P, is pressure of the hot mounting pressing; t, is the
duration of the hot mounting pressing; a, b, c¢ are the
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lattice parameters; (hkl), is lattice indices; di, is interplanar
distance; 0, is the diffraction angle; Ii, is the relative intensity
of reflexes; Hv, is microhardness; Rcm, is the strength limit
upon compressive; Rbm, is strength limit upon bending; f,
is the coefficient of friction; L, is the friction path; Am , is
the mass wear; Im, is the wear intensity

10.

11.
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V]IK 538.945+537.312.62
PACS: 74.72.-h Cuprate superconductors.

Peculiarities of the relaxation processes in ReBa,Cu,O,
(Re =Y, Ho) single crystals at room temperature in air atmosphere

Yu. l.Boyko, V.V.Bogdanov, R. D. Markov, R.V.Vovk

V. N. Karazin Kharkiv National University, 4 Svobody sq., 61077 Kharkiv, Ukraine

The time dependencies of the resistivity of ReBa,Cu,0, (Re=Y, Ho) single crystals with varying degree of deviation from oxygen
stoichiometry was investigated. It was found that the accelerated transport of oxygen ions in the initial stage of the implementation
process can be carried out along the one-dimensional non-stoichiometric vacancies’ clusters in single file diffusion regime. The final
stage of oxygen ions diffusion in ReBa,Cu,0. (Re=Y, Ho) is described by the usual classical diffusion mechanism.

The substitution of yttrium by holmium significantly affects the charge redistribution and changes the efficient interaction of
ions in CuO-planes, thereby modifying the diffusion mass transfer mechanisms in the oxygen subsystem. Thus there is a change in the
duration of the time intervals, corresponding to the oxygen ions’ single file and classical volume diffusion mechanisms.

Keywords: ReBa,Cu,O, single crystals; doping; oxygen diffusion kinetics; structural relaxation processes; single file diffusion.

JocitipKeHo 3aleKHOCTI Bill yacy BEIMYMHH eleKTpoonopy MoHokpuctaiis ReBa,Cu,0, (Re =Y, Ho) 3 pisHum crynenem
BIZIXWJICHHS BiJl KHCHEBOi crtexioMerpii. [lokazaHo, IO NMPUCKOpPEHHH TPaHCIOPT iOHIB KHCHIO HAa IOYATKOBIH crTanii mpouecy
BIIPOBA/KEHHS PEaTi3y€eThCsl Y30BK OTHOBUMIPHUX CKYITUSHb HECTEXHOMETPHIECKNX BaKaHCIH MeXaHi3MOM OJTHOKaHAIbHIN audys3il
(single file diffusion). 3axmrouna crais BupoBampkeHns ioHis kucHio B ReBa,Cu,0, (Re =Y, Ho) omucyeThest KITacCHIHAM MEXaHi3MOM
00’ eMHOT 1uQy3ii.

3aMiHa iTpil0 Ha TOIBMIN ICTOTHO BIUIMBA€E HA MEPEPO3MOALT 3apsay 1 3MiHIOE e(eKTHBHY B3aeMoio i0HIB B CuO-IuiomuHax,
THM CaMHM, Moaudikyroun nudysiliHe epeHeceHHsT peYOBHHY B KHCHEBiH miarparui. [Ipy npomMy BigOyBaeThCsi 3MiHa TPHBAIOCTI
YaCcOBHX IHTEPBAJIIB, BiIMOBITHUX MEXaHI3MIB OIHOKaHAIIBLHOI 1 00°eMHOI 1n(y3ii i0HIB KHUCHIO.

Karouosi ciosa: Monokpucramu ReBa,Cu,O, ; monmyBanHs; KiHeThka qn(y3ii KHCHIO; penakcaliiiHi mporecy; oHOKaHaIbHA
Tudys3is.

Hcenenosanpl 3aBUCMMOCTH OT BPEMEHHM BEJMYMHBI DJIEKTPOCONPOTUBIEHHS MOHOKpHucTamios ReBa,Cu,0, (Re=Y,Ho) ¢
Pa3JIMYHON CTENEHbIO OTKJIOHEHHUS OT KUCIOPOAHOM cTexuomeTpuu. IToka3aHo, 4TO yCKOPEHHBIM TPaHCIOPT MOHOB KHMCIOPOAA HA
HavaJIbHOI CTaJNK Ipolecca BHEAPEHHS pean3yeTcs BIOJIb OTHOMEPHBIX CKOIICHHH HECTEXHOMETPHYECKNX BAaKaHCHI MEXaHH3MOM
ofiHOKaHanbHOM qudysuu (single file diffusion). 3akmounTensuas cTaaus BHeApenus HoHOB kucnopoaa B ReBa,Cu,0, (Re=Y, Ho)
OIMCHIBACTCS KIIACCHIECKUM MEXaHN3MOM 00beMHOM 1uddy3nm.

3amMeHa UTTPUS Ha TOIBMHUI CYIIECTBEHHO BIMSET Ha IepepaclpesieNieHne 3apsaaa U u3MeHseT 3pdeKTuBHOe B3aUMOCHCTBHE
1noHOB B CuO-TUIOCKOCTAX, TeM caMbiM, MoAuGUIHpys Andy3nOHHBII EPEeHOC BEIIECTBA B KUCIOPOIHON nozapemierke. [Ipu sTtom
MIPOUCXOJUT U3MEHEHHE [UIUTEIbHOCTH BPEMEHHBIX HHTEPBAJIOB, COOTBETCTBYIOIIMX MEXaHM3MaM OJHOKAHAJIBHOW M OOBEMHOI
muddy3un HOHOB KHUCIOPO/Ia.

Karouesbie cioa: Monokpuctamisl ReBa,Cu,O, ; nonmposarme; KNHETHKA TUQ(Py3HH KUCIOPO/A; PENAKCAIMOHHBIE TPOLECCHI
OIHOKAHATBHAST D y3HsL.

Introduction

Study of mass transfer processes [1,2], along with the
research of charge and heat transfer processes [3-5] are
important tools to understand the nature of high-temperature
superconductivity (HTSC), which still remains unclear,
despite the more than 30-year intensive experimental and
theoretical investigations.

Notably, in HTSC compounds the diffusion processes,
in addition to the classical thermally activated mechanism
[1,2], can be relatively affected by the application of high
pressure [6,7], and intensively occur at “aging” of the ex-
perimental samples [8-10]. Thereby, the mass transfer can

be carried out by a number of specific mechanisms: single-
file diffusion, upward diffusion, and others [2,11,12,13].
The YBa,Cu,0O, crystal is a well-known and one of
the most studied ionic compounds regarding the so called
“high-temperature” superconductivity [14]. An important
feature of the structural state of this crystal is the presence
in its lattice of one-dimensional ordered clusters formed by
oxygen vacancies [13]. The formation of such structural
defects due to the layered nature of the crystal lattice of
the compound, as well as deficiency of oxygen ions, char-
acterized by a parameter (x). The superconducting proper-
ties of the YBa,Cu,0, system (for example the transition
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Fig. 1. The dependence of electrical resistivity of K1-K4 single crystals from the time of exposure in air at room
temperature a — YBaCuO (T =92K); b — YBaCuO (T =48 K); ¢ — YBaCuO (T =42 K); d — HoBaCuO (T =73 K).

temperature to the superconducting state T, the electrical
resistivity p, the critical current density J ) are essentially
depend on the degree of filling of vacancy clusters by oxy-
gen ions, ie. on the value of the parameter (x). Thus, for
example, when the value of (x) changes from ~ 0.1 to =
0.4, a decrease for the T, is observed from T, = 92K to T, =
50K, and when the value (x) > 0.5, the superconductivity
in this crystal disappears [15]. Similar dependencies from
the value of (x) are also observed during the investigation
of other characteristics of the YBa,Cu,O, system. This is
associated with the formation of one-dimensional chains
of oxygen ions (clusters) that are formed as the clusters of
vacancies are filled. Oxygen clusters together with Cu ions
form the so-called U-centers that are capable to generate
coupled electric charge carriers [16].

Formation of clusters occurs by the diffusion of oxy-
gen ions during high temperature annealing of crystal in
an oxygen atmosphere. As evidenced by the results of [2],
the diffusion filling of the YBa,Cu,O, crystal by oxygen
ions takes place by two different mechanisms. At the initial
stage when we have a large deficit of oxygen ions ((x) >
0.4) the process of filling of the crystal lattice by oxygen
ions occurs in the regime of “single file” diffusion [17].

44

This accelerated transport of oxygen ions is replaced by
the usual classical volume diffusion mechanism at the final
stage of the process, when the parameter (x) — 0.1. Based
on this fact, it is natural to assume that many of the relax-
ation processes observed in the crystal at room tempera-
ture, can also be controlled by these mechanisms of oxygen
ions diffusion.

As is known [15,18], a characteristic feature of
YBa,Cu,0, compound is the relative simplicity of the
full or partial substitution of the yttrium by rare-earth ions.
Thus, as in the case of other rare earth elements, when
implementing the substitution of Y by the paramagnetic
ions Re = Ho, Dy, the superconducting properties of the
optimally oxygen doped of the ReBa,Cu,0, compounds
with (x) <0.1, do not change significantly [15]. Apparently
this is due to the localization of these ions away from
the superconducting planes, which, in turn, prevents the
formation of long-range magnetic order. At the same time it
is known that the samples of the HTSC system 1-2-3, with
non-stoichiometric composition regarding the oxygen, the
rare earth ion may serve as a “sensor”, sensitive to the local
symmetry of its environment and to the charge density
distribution, since the change in these parameters affect the
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electric field that forms the electronic structure of the ion
[1,19]. Notably, in HoBa,Cu O, the oxygen self-diffusion
processes is affected by the larger holmium atom, leading
to a change of the oxygen ions interaction in the CuO-
planes [20].

Oxygen is sufficiently contained in the conventional
air atmosphere in which usually-most of the crystals are
stored. To verify the legitimacy of the assumptions made,
we investigate the relaxation of the electrical resistance of
four ReBa,Cu,0, (Re =Y, Ho) single crystals that were
kept for a long time (more than three days) at room tem-
perature in air atmosphere. Presentation of the results of
this study and their discussion is devoted to this article.

Experimental methodology

The ReBa,Cu,0, (Re =Y, Ho) single crystals were
grown by the gold crucible solution-melt technology as
described in previous work [21]. For the resistive measure-
ments four crystals: K1, K2, K3 (YBa,Cu,0, ) and K4
(HoBa,Cu,0, ) have been used. Measurement of the elec-
trical resistance of the samples was carried out by the stan-
dard four-point scheme using two pairs of silver contacts.
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The measurements were performed in the drift mode for
two opposite directions of transport current to eliminate the
impact of interference signal. The temperature was mea-
sured by platinum thermistor, the voltage on the sample
and the control resistance by V2-38 nano-voltmeters. The
critical temperature was determined at the maximum point
on the dp/dT curves in the region of the superconducting
transition.

To reduce the oxygen content the samples were an-
nealed for a day at temperature 680 °C and 690 °C (YBa,C-
u,0,_ samples) and 600 °C (HoBa,Cu,O,  sample) in vac-
uum. After annealing, the crystals were cooled until room
temperature for 2-3 minutes. Then, they were mounted in
the measuring cell and cooled until liquid nitrogen temper-
ature for 10-15 minutes. All measurements were performed
as the sample heating. To investigate the effect of annealing
at room temperature, the sample after the first measurement
of p(T), was held for several hours at room temperature
and repeated measurements were performed. This proce-
dure was repeated several times. The last series of measure-
ments was carried out after the total exposure of the sample
at room temperature for 5 days.
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Peculiarities of the relaxation processes in ReBa,Cu,0, (Re =Y, Ho) single crystals at room temperature in
air atmosphere

Results and discussion

The results of these measurements are presented in
Fig. 1. As in previous work [2], we can clearly observe the
two-stage process of the resistivity reducing with the ex-
posure time. At the initial stage (approximately 20 hours),
accelerated kinetics took place, which is replaced by a
slower one, emerging to the saturation at up to three days
exposure.

To identify the physical nature of this result, as in [2],
we used the fact that at room temperature and above, the
YBa,Cu,0, , (x)=0.6, is a common semiconductor. Ac-
cordingly, an increase in oxygen ions concentration causes
an increase in the electrical conductivity and the cor-
responding decrease in the electrical resistivity p. At the
same time, the change in the oxygen concentration in the
crystal with time t is described by the same law as the av-
erage displacement of the diffusing oxygen ions into the
crystal: <L>=(2Dt)"? (where D is the diffusion coefficient)
[22]. Consequently, we can determine from the time depen-
dence (1/p*=1{(t) the time dependence of the mean square
displacement of oxygen ions in the process of their diffu-
sion penetration in crystal <L?>=1{{t). In turn, the <L*> =
f(t) dependence defines the ion diffusion mechanism: the
<L>>~t"? dependence corresponds to a single file diffu-
sion, and the dependence <L*>~t is consistent with the
common classical volume diffusion [17]. Using the experi-
mental data presented in figure 1, we processed them by us-
ing the (1/p*) =1{(t) dependence (see. Fig. 2). From this fig-
ure it follows that the initial stage of the relaxation process
p=1(t) is controlled by a single file diffusion mechanism,
and at the final stage of this process occurs in the classical
diffusion regime.

At the same time it can be seen that the duration of
the first stage greatly depends on the oxygen concentra-
tion in the sample, and on the type of the rare-earth ion.
In the YBa,Cu,O, single crystals the longest stage of the
<L*>~t"? dependence corresponding the single file diffu-
sion is observed in the sample with the minimum T =42 K
(and, accordingly, with the maximum oxygen deficiency).
With the increase of T, up to 48 K (and, accordingly, as the
oxygen deficiency is reduced), in crystal K2, the duration
of this stage decreases and reaches to the minimum in the
sample with T =90 K. This result confirms the formulated
our assumption that the process of filling of crystal lattice
with oxygen ions in the single file diffusion regime is most
easily implemented in the samples with its maximum oxy-
gen deficiency (x)<0.4, whereas the conventional classi-
cal mechanism dominates at (x) — 0.1.

It is observed that in the case of HoBa,Cu,O, crystal,
despite the relatively high T =73 K, the single file diffu-
sion is the dominant regime. As noted above, in the case
of the Y substitution by other rare-earth elements, there
is no significant change occurring regarding the electrical
characteristics in the optimally doped samples (x)<0.15.
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At the same time, as shown in [23], all the characteristic
changes in the shape of the temperature dependence of the
resistivity and the absolute values of the resistivity param-
eters that were observed during isobaric annealing of the
samples at room temperature in the case of HoBa,Cu O,
compounds, carried a much more pronounced character in
comparison with the YBa Cu,0, samples. As mentioned
above, in the case of HoBa,Cu O, samples, a specific role
in the structural ordering in the system is due to yttrium
substitution by holmium, which has a much larger ionic ra-
dius, which, in turn, leads to a change in the oxygen ions’
interaction in the CuO-planes. Indeed, as is known from
previous studies [19], when the yttrium substituted by other
rare earth elements with larger ion radius, there occurs a
significant qualitative changes in T (x) dependence. Thus,
the characteristic for the YBa,Cu,0O, dependence T, (x)
with two plateaus at 60 and 90 K degenerates into a much
sharper monotonic dependence [19]. So, we can assume
that in the case of deviation from oxygen stoichiometry
the HoBa,Cu,0, compound should be characterized by a
much more unstable oxygen superstructure in comparison
with the YBa,Cu,O, . This, in turn, can significantly affect
to the diffusion mechanisms and the nature of the diffusion
processes in the samples that we observed in the experi-
ment. A certain role in this case may also play the specific
mechanisms of quasi-particle scattering [24-29], due to the
presence structural and kinematic anisotropy in the system.

It should be emphasized that and some other relax-
ation processes that are observed in the high-temperature
oxide superconductors can also be described by similar ki-
netic laws. As an example, we can mention the time depen-
dence of the temperature in which the pseudo-gap opens
(T*), during exposure of the sample at room temperature
in air atmosphere [23] as well as the two-stage relaxation
of the electrical resistance of single crystals YBa Cu,O, in
the process of high hydrostatic pressure-induced redistribu-
tion of the labile oxygen [30].

Conclusions

Based on this study we can conclude that in all high-
temperature oxide superconductors, characterized by oxy-
gen ions deficiency, and in particular, in the YBa,Cu,O,
compounds, the relaxation of the electrical resistivity at
room temperature that is observed, is controlled by the
single file and the classical oxygen ions volume diffusion
mechanisms. The substitution of yttrium by the holmium
significantly affects the charge redistribution and change
the interaction of oxygen with the CuO-planes, thereby
modifying the diffusive transport of matter in the oxygen
sublattice. Thus, there occurs a significant shift of the time
intervals corresponding to the single file and the classical
oxygen ions volume diffusion mechanisms.
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The internal stress relaxation modeling in the polygonization in
alkali halide single crystals

D.V. Matsokin, I.N. Pakhomova
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4 Svobody sq., 61022, Kharkov, Ukraine
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The evolution of the dislocation system during annealing in the absence of external loading after the three-point bending of a
single crystal with a NaCl-type lattice, pricked out along the cleavage planes is modeled with the discrete dislocation dynamics method.
The change of the average shear stresses value produced by the dislocation structure in the surrounding crystal and stresses acting on
the dislocation ensemble themselves are obtained.

Keywords: dislocation dynamics, internal stress, polygonization.

MeTonoM JIHMCKPETHOI AMCIOKAidHOT JMHAMIKK TPOMOEIBFOBAHO EBOJIOLII0 ANCIOKAIIHHOT CHCTEMH MpU BUTLHOMY Biamami
ITiciIs TPUTOYKOBOTO 3TMHY MOHOKpHcTana 3 rparkoro tumy NaCl, mo GyB BHKOJOTHI IO IUIOMIMHAX CIHaifHOCTi. BU3HAYEHO 3MiHY
BEJIMYMHHU CEPEIHIX 3CYBHUX HAIPYKEHb, SIKi yTBOPIOE ANUCIOKALIIHHUI aHCAaMOJIb B OTOYYHOUOMY KPHCTAJTi, Ta JIOKAJbHHUX HAIPYKEHb,

1[0 JIF0Th Ha caMi JIUCIOKAIlil aHCaMOIIIO.

KirouoBi ciioBa: qrHaMiKa AUCITOKAMii, BHYTPINIHI HAPY:KEHHS, ITOJITOHI3aIlis.

MeTo10M JTMCKPETHON IMCIOKAMOHHON AMHAMUKM POMOZCIIMPOBAHA HBOJIOLUS JTUCIOKAIIHOHHOM CHCTEMBI IIPU CBOOOIHOM
OTIKUTE MOCIIE TPEXTOYSUHOTO U3rnda MOHOKpuUcTaia ¢ pemerkoil Tuma NaCl, BEIKOIOTOrO 10 INIOCKOCTAM craiiHocTu. OnpeneneHo
H3MEHEHHUE BeJIMYMHBI CPEAHUX CIABUTOBBIX HAIPSHKEHUI, CO3/1aBaeMbIX JUCIOKAI[MOHHBIM aHCAMOJIeM B OKPYKaloIeM KpHCcTaule, U
JIOKQJIBHBIX HAIPSDKCHUH, NSHCTBYIOMNX HA CAMH IUCIOKAIlMH aHCaMOIIs.

KuioueBble cJj10Ba: THHAMUKA JUCIOKALMI, BHYTPEHHNE HATIPSIKCHHUS, TOJTUTOHH3ALIHL.

Introduction
It is well known that the plastic deformation of
single crystals is largely determined by the movement of
dislocations. The plastic deformation velocity provided by
the motion of dislocations is defined by Orovan:

&= pbv,

where p—density of the moving dislocations, b—the Burgers
vector value, v — the average velocity of dislocations.

In turn, the velocity of dislocations motion depends on
the applying stress and the dislocation mobility. Effective
stress applied to the dislocation is the sum of the external
applying stress to the sample, and the stress from all
sources within the crystal (internal stresses). In a fairly pure
crystals main source of stress is the dislocation ensemble.

Thus, the factors that determine the rate of the crystal
deformation are: external stresses (O, ); dislocation
density; dislocation mobility which depends on the
temperature and relative position of dislocations
(dislocation configuration); the value of the internal stress
(0,, ), which depends on their relative position at a
constant dislocation density. If the external stresses we can
change (we could put a define level of the external stresses),
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the internal stresses are determined mainly by the prehistory
of the sample (so we could not influence on a level of
internal stresses).

The internal stresses for creep or active loading tend
the

et — O - Whereas in the absence of the external

to  hinder movement of dislocations and

Geﬁ” =0

influence G, =G,

nt *

The field of elastic stresses generated by dislocations
is inhomogeneous. We can use superposition principle to
the stress. Then the level of stress will substantially depends
on the point within the crystal. Therefore, we considered it
in terms of the average value of the internal stresses G, .
If the value of the external stresses is insufficient for the
new dislocations multiplication, it makes sense to talk
about internal stresses only as a consequence of the
dislocations interaction themselves.

In considering the dislocation subsystem evolution of
the crystal in the absence of external stress (for example,
with the annealing in the absence of external loading)
the relaxation of the internal stresses will be, mainly by
reducing the number of dislocations (annihilation or
following dislocation to the surface). The dislocations
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ensemble will change it’s configuration at a sufficient
temperature and time. The question arises, how the rebuilt
dislocations change the internal stress?

In the literature there are conflicting data regarding
this. From the fact that the internal stresses do not change
till they reduce several times [1 - 3].

The internal shear stresses in the equilibrium position
can be extremely small for dislocations forming a stable
dislocation structure. Therefore such a dislocation can
move even by applying slight external stress. However, in
order to finally leave the stable structure (and contribute
to plastic deformation) dislocation should overcome the
potential barrier, much greater stress must be applied (for
example, when the dislocation leaves the infinite symmetric
tilt boundaries [4, 5]).

The problem of calculation of the field of elastic
stresses generated by the dislocation ensemble has been
theoretically solved in a few simple cases. For example,
it was solved for an infinite symmetrical low-angle
boundaries and slip bands with equidistant dislocations
[4]. Tt is difficult to solve for intermediate dislocation

during the self—oranization

- -

process (in particular, in the polygonization) because of
cumbersome calculations. Our goal was to determine by
computer simulation the average shear stress value in the
polygonization process. Furthermore, since the dislocation
mobility is determined by elastic stress acting on them
values of shear stress acting on a dislocation during
polygonization are calculated.

Model description

Using discrete dislocation dynamics method we
can make a forecast of dislocation ensemble evolution
and estimate the share stresses values which affect on
dislocation mobility.

In this paper, by the discrete dislocation dynamics
modeling (detailed simulation procedure is described
in [6]) the internal average shear stress relaxation in the
polygonization process in alkali halide single crystals
with the NaCl type lattice is considered. The crystal was
pricked out along the cleavage planes and deformed under
three-point bending scheme. Such a deformation scheme is
convenient because in the central part of crystal basically
only edge dislocations with mutually perpendicular Burgers

“ % 2 N

Fig.1. Dislocation configuration. a, b — initial distribution; ¢, d — £ =200 min , T = 550°C. NaCl.
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vectors are formed. The dislocation lines are parallel to
the bending axis. Then the problem of the distribution of
dislocations and their movement actually becomes two-
dimensional.

In this model, internal stresses are caused by the
dislocations. Each dislocation produces around itself an
elastic stress field. This field acts on the rest of the ensemble
of dislocations. We assume that the velocity of movement
of the dislocation line elements at each point is determined
only by the total force acting on the element [6]. This
model can be used when the radius of the dislocation line
curvature greatly exceeds the average distance between
dislocations.

The values of elastic moduli and the Burgers vector
and parameters combining the dislocation velocity with the
value of the applied stress were taken for NaCl crystals.
There is easy slip system {110} <110> in crystals with the
NaCl type lattice. We choose the coordinate axes so that
the x and y axes are oriented along the {110}, the z axis is
directed along the banding axis [001].

A system consisting of a straight edge dislocations
mutually  perpendicular  Burgers

with vectors

(«A» — EA =(b,0,0) u «B» — ﬁB =(0,5,0,)) is

considered. The dislocation lines directed along the z axis.
Such type of dislocations are formed in pricked out along
the cleavage planes <100> crystals during three-point
bending with respect to an axis parallel to the {100}.
Periodic boundary conditions were used to avoid
dealing with features associated with the crystal surface.
There is the rectangular area of the size L X L, of the
sides parallel to the Burgers vectors direction (it was
determined that an arbitrary orientation of the rectangle
sides in the Xy plane does not change the results, if the size
of the area is much larger than the average distance in the
range dislocations). There are qualitatively the same results
S

an|<§
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0 50 100 150 200 t, min
Fig. 2. The average shear stress value created by the
dislocation ensemble in the surrounding crystal vs. time.

T=550°C. NaCL

50

when selecting L, and L in range 100 — 500 pm.

The initial dislocations distribution in the crystal
deformed by three-point bending is shown (fig.1 a, b). The
dislocations are located in two mutually perpendicular
sliding bands. The initial dislocations positions within the

area ( X;, ), ) have been set. The contents of this area was
repeated 8 times in the surrounding (on the sides and
corners) rectangular areas:

x;=x,+mL, m=0,%1;

y,=y,+nL, n=0,%l;

m and n are not simultaneously zero. The dislocation
interaction with each other and with all the «clones» in
neighboring areas is considered. If the dislocation leaves
the selected area, such as a dislocation enters the area from
the opposite side.

The first we settle the define initial dislocation
arrangement by three point bending plastic deformation.
After bending plastic deformation there is no external
stresses, and the temperature is sufficient for the active
dislocation creep. The number of dislocations is constant.

Results

In the process of modeling the average shear stress
value created by the dislocation ensemble in the crystal is
calculated. In order to reduce the effect of point observation
location the stresses is calculated in 200 points uniformly
distributed around the circumference whose radius is
greater than tenfold L . The results are averaged.

In addition the total shear stress (normalized to the
dislocation number) acting on the dislocation ensemble
themselves is calculated.

The dependence of the average shear stress from time

is shown in fig. 2. O')(:y is shear stress at the initial time. It

would seem that this average shear stress should be reduced
Gluc

loc

10 |

08 |

06 |

04 |

02

0 L 1 L 1 L

0 50 100 150 200
Fig. 3. The local average shear stress value created by
the dislocation ensemble vs. time. T = 550°C. NaCl.

7, min
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during dislocation self-organization process (from the
placement of the dislocations in the slip bands to build
dislocation boundaries) but average shear stress has
changed near 5%. This suggests that if we considered the
dislocation density reducing by annihilation process or
dislocations leaving by crystal surface, then the effect we
have obtained would not put evident contribution to the
average shear stress reducing.

The simulation result agrees qualitatively with the
conclusion reached by in [7]. Where it is stated that the
dislocation self-organization in a condition of forbidden
climb, the average shear stress is not changed. In our case,
there are the two types of dislocation motion (sliding and
climb) thus the average shear stress is reduced, although
not so essential.

The internal local shear stress acting on the dislocation
ensemble decreases during polygonization 5-10 times
(depending on the dislocation density and the initial
configuration) (fig. 3). The internal stresses relaxation
must be experimentally tangible and will lead to the fact
that dislocations are easier to respond to small external
influences.

The simulations presented above indicate that the
dislocation ensemble configuration affects significantly
the level of local shear stresses acting on the individual
dislocations, and has virtually no effect on the average
shear stresses value produced according to the ensemble in
the surrounding crystal.

BicHuk XHY, cepia «®isunkay, sun. 25, 2016
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In Memoriam of Emanuil Aizikovich Kaner

Now we celebrate the 85" anniversary of Emanuil Aizikovich Kaner — a
corresponding member of Ukrainian Academy of Sciences, the brilliant theoretical
physicist, the outstanding scientist and teacher boundlessly devoted to science, the
wonderful lecturer and educator.

E.A. Kaner was born in Kharkov on November 19, 1931. In 1954 he graduated
from the Physics and Mathematics Faculty of Kharkov State University. Besides the
diploma on the basic specialty “theoretical physics”, he defended an experimental thesis
on optics. Further, during the whole his scientific activity, E.A. Kaner was interested in
experiments and much collaborated with experimenters.

E.A. Kaner was one of brilliant representatives of the theoretic school by .M.
Lifshits. The most important E.A. Kaner’s investigations refer to the theory of plasma
phenomena in metals. Due to the discovery of cyclotron resonance and other his works
in this area, the conventional notions on a metal as a medium where any propagation
of electromagnetic oscillations is impossible have been revised. E.A. Kaner predicted
the existence of different types of such oscillations able to propagate deep into the
metal, he revealed a new mechanism of their absorption (so-called Landau’s magnetic
damping), developed the theoretical concepts on the single-particle ballistic mechanism
for metals anomalous transparency.



One of the first, E.A. Kaner began the investigations on magnetic acoustics of metals.
He predicted the acoustical cyclotron and helicon-phonon resonances, the resonance
in open orbits, giant quantum oscillations of sound speed, strong non-adiabatic effects
under the electron-ion interactions; he developed the theoretical basis for the magnetic
acoustic-electronics of metals on Rayleigh waves.

E.A. Kaner contributes much into the development of the problem of instability
and propagation of waves in semiconductor and gas-discharge plasma — predicted a
helicoid instability of coupled sound and spiral electromagnetic waves, developed the
theory of a new type cyclotron parametric instability in semiconductors.

The productive scientific ideas by E.A. Kaner were realized in the statistical theory
of radio-waves propagation in the turbulent troposphere and wave scattering at hydro-
meteors, in the area of radio-location, and other areas of the modern radio-physics.
Last his years E.A. Kaner actively studied the magneto-impurity waves in metals, the
problem of a magnetic breakdown, acoustic properties of low-dimensional disordered
systems, non-linear electrodynamics of metals and semiconductors.

E.A. Kaner is the co-author of two fundamental discoveries: 1) The Cyclotron
Resonance in Metals (Azbel-Kaner’s resonance), 1966; 2) Electromagnetic Surges in
Conducting Medium (anomalous propagation), 1970.

For the cycle of works on the magneto-acoustical spectroscopy of metals E.A.
Kaner was awarded by the State Premium of Ukraine (1980).

For more than two decades E.A. Kaner carried out an active educational work as
the Professor of Kharkov State University. He is the author of general courses on the
electrodynamics and on the theory of metals. He developed a lot of tasks for teaching
the theoretical physicists also nowadays.

All the methodical achievements by E.A. Kaner are based, first of all, on his highest
professional level as a scientist. The communication with this outstanding scientist,
brilliant and widely erudite man was a main stimulus for Kaner’s learners. His principal
motto, rather appeal, was the statement: “Every man should grow over himself”.

E.A. Kaner successfully combined his scientific and educational activity with great
organization work. He was a member of the editorial board of journals “Solid State
Communications”, “Physics of Low Temperatures”, and “Ukrainian Physical Journal”.

E.A. Kaner was a head and an active participant of a lot of scientific seminars.
He asserted that the seminar is not a resting-place, but the place for the most intense
scientific work. He communicated with young men very much. He considered the
scientific activity as the best kind of bringing-up work. His passion and enthusiasm
for science influenced much on all his learners (among them there are more than 20
Candidates and 11 Doctors of Sciences) who now actively work in many countries of
the world.

Already for 30 years after E.A. Kaner’s death, the International Jubilee Seminars
take place in Kharkov Scientists House every five years, and annual seminars are

carried out for his memory in Kharkov National University named after V.N. Karazin.
Editorial Board



IHOOPMALIIA JUUISI ABTOPIB CTATEN
xypHaiy «Bicauk XHY». Cepist «Dizuka»

VY xypHani «Bicauk XHVY». Cepis «®i3uka» IpyKyIOTBCS CTAaTTi Ta CTHUCII 32 3MICTOM ITOBIJIOMJICHHSI, B SIKMX
HaBeJIeH1 OpUTiHANBHI PE3yNbTaTH TEOPETHYHUX Ta EKCTIEPUMEHTANIBHHUX OCHIKeHb, a TAKOXK AHAJITHYHI OTJISIH
JTepaTypHUX JHKEpeI 3 Pi3sHOMAaHITHUX aKTyalbHUX TMpo0iieM (i3uKH 3a TEMaTHKOIO BHIAHHS.

Moga craTeii — yKkpaiHChKa, aHTIIIHChKA Ta POCIHCHKA.

TEMATUKA XYPHAITY

1. Teopernuna dizuka.

2. di3uka TBEPIOTO Tija.

3. ®i3uKa HU3BKUX TEMITEPATyp.

4. di3uKka MarHiTHAX SIBUIIL.

5. OnTrka Ta CeKTPOCKOTTis.

6. 3araspHi nUTaHHA GI3UKK 1 cepel HUX: METOJOJIOTIS Ta icTopis (i3WKH, MareMaTHyHi MeToau (i3MYHHX

JIOCITIPKCHB, METOIKA BUKJIAaHHs (DI3UKHU Yy BUIIH [IKOJ, TEXHIKA Ta METOAMKA (Di3UYHOTO CKCIICPUMEHTY TOIIIO.

BUMOTI'M 1O O®OPMJIEHH S PYKOITUCIB CTATTEN

3aranbHUI 00CAT TEKCTY PYKOIUCY CTATTi MOBHHEH 3aiiMaTH He Oiibiie, HiX 15 CTOpiHOK.

Pykommic crarTi cKIamaeTbes 3 THUTYIBHOI CTOPIHKH, Ha SIKi BKa3aHHO: Ha3Ba CTAaTTi; IHIIIANKM Ta TIPi3BHINA
aBTOPIB; MOIITOBA a/Ipeca YCTaHOBH, B sKii Oyia BUKOHaHa poOoTa; Kiacudikauiiiauii ingekc 3a cucremamu PACS Tta
VJIK; anoTanii Ha OKpeMOMY apKylIi 3 TpI3BUILEM Ta iHilliaJlaMH aBTOPIB 1 Ha3BOIO CTATTi, BUKIAAEHI YKPaiHCHKOIO,
POCIHCBKOIO Ta aHNIIHCHKOIO MOBaMH; OCHOBHHUI TEKCT CTATTi; CIUCOK JITEPATypH; MIAMKCH MiJl PUCYHKaMH; TaOJuIIi;
pHUCYHKH: Tpadiku, POTO3HIMKH.

AHorarris moBuHHA OyTH 32 00'eMoM He MeHbII Hik 500 ciMBomiB. CtaTTs HOBUHHA OyTH CTPyKTOpOoBaHa. BICHOBKHI
MOTPIOHO MTPOHYMEPOBATH Ta B HUX MOTPiOHI OyTH BUCHOBKH a HE TEepeTrcaHa aHOTAaIlis.

EnexTpoHHMI BapiaHT pyKONHCY CTaTTi MOBUHEH BIAIOBIJaTH TAaKUM BHMOTaM: TEKCT PYKONHCY CTaTTi IOBHHEH
Oytu HaOpanuii y popmati MicrosoftWord Bepcii 2013, BupiBHIOBaHHS TEKCTY MOBUHHE OyTH 3/1iHCHEHE 32 JIIBUM KpaeM,
rapaitypaTimesNewRoman, 6e3 npornucHnx OyKkB y Ha3Bax, OyKBH 3BHYalHI PSJKOBI, 3 MOJISMH JIIBOPYY, NTPABOPYY,
3Bepxy 1 3HM3Yy 10 2,5 cM, popmynu noBuHHI OyTn HaOpaHi B MathType (He Hmxkue Bepcii 6,5), y hopMyrnax KUPHIHLs
HE JIOITyCKA€ETHCS, CHMBOJIM 3 HIDKHIMHU 1 BEpXHIMH iHAEKcaMH ciin Habuparu B MicrosoftWord, mmpuna dhopmynu He
oimemre 70 MM, rpadikm Ta GoTtorpadii HeoOXigHO ToxaBaTH B TpadiuHoMy (opmari, pospizHeHHS He MeHmne 300 dpi,
romupeHHst (aiyliB NOBUHHO OyTH *.jpg, IIMPUHOIO B OJIHY UM JIBI KOJIOHKH, JUIS OJHI€T KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 MM, JuIsl 1BOX KOJIOHOK — 16 MM. Macmitad Ha mMikpodororpadisx HE0OXiJHO MPEACTABIATH Y BUIVIAA MaclITaOHOT
JHHIAKY.

BUMOI'U IO O®OPMIJIEHH I I'PA®IKIB
TopmuHa minii He Oinbme 0,5 MM, ane He meHte 0,18 MM. BemnanHa miTep Ha mianucax 10 pUCyHKiB He Outemt 14
pt, ane He menme 10 pt, rapHiTypa Arial.

ITPUKIJIA L OPOPMIJIEHHA CITMCKY JIITEPATYPU
1. JLJI. Jlannay, E.M. JIu¢muu. Teopus ynpyrocru, Hayka, M. (1978), 730 c.
2. N.N. Iranos. OTT, 25, 7, 762 (1998).
3. A.D. Ashby. Phys.Rev., A19, 213 (1985).
4. D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.

J1O PEJAKLIT HAJJAETHCA

1. IBa po3apyKoBaHi IPUMIpPHUKH PYKOIIUCY CTATTi, AKi MiAMHUCaHi ii aBTOpaMu.
2. EnexTpoHHa Bepcis pyKOMHCY Ta aHi MI0/10 KOHTAKTIB /IS CIITKYyBaHHS 3 11 aBTOpaMu. J{J1s 11h0T0 MOTpiOHO HazicIaTn
€JIEKTPOHHOIO TIOIITOY0, TUTEKH Ha anpecy physics.journal@karazin.ua.
3. HampaBiieHHS BiJ yCcTaHOBH, j¢ Oyina BUKOHaHa poOOTa, 1 aKTH €KCIIEPTU3H Y ABOX NPUMIPHUKAX; aJpecy, Pi3BHUIIE,
MOBHE iM’s1 Ta 0ATHKOBI aBTOPiB; HOMepH TenedoHiB, E-mail, a Takox 3a3HaYUTH aBTOpa PYKOIHCY, BiIIOBIAILHOTO 32
CIUJIKYBaHHS 3 PEAAKII€I0 )KYPHAITY.

Marepianu pykomucy cTarTi MOTpiOHO HampaBIATH 3a ajpecoro: Pemakmis sxypHamy «BicHuk XapKiBCBKOTO
HarfioHaneHOTO yHiBepcuteTy imeni B.H. Kapasina. Cepis: ¢isuka», Jlebeney C.B., disuunuii daxymsret, Maiizan
CBobomu, 4, XapkiBcbKHii HamioHaNEHUH yHiBepcuTeT iMeHi B.H. Kapasina. texn. (057)-707-53-83.



Hayxose Bumanns

BicHMK XapKiBCbKOro HaLioHanbLHoro yHisepcuTety

imeHn B.H.KapasiHa

Cepisa “®Disuka”

BUMNYCK 25

36ipHKK HaykoBUMX Mpaub

YKpaiHCbKO, POCIMCLKOO Ta aHrMiNnCbKOK MOBaMW.
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