ISSN 2077-1304. Met. lit'e Ukr., vol. 31, 2023, Ne 3 (334), 21-28
https://doi.org/10.15407/steelcast2023.03.021
UDC 621.754.56:621.3.02:621.74.02

V.M. Tsurkin, PhD (Phys. & Math.), Associate Professor, Leading Researcher, e-mail: artiomsan@gmail.com,
https://orcid.org/0000-0003-2697-579X

AV. Ivanov, PhD (Engin.), Senior Researcher, e-mail: artiomsan@gmail.com, https://orcid.org/0000-0002-3247-6121
0.0. Zhdanov, php (Engin.), Senior Researcher, e-mail: zhdanoff.aleksander@gmail.com

VLV. Chestnykh, Junior Researcher, e-mail: mykola.chestnykh@gmail.com, https://orcid.org/0000-0001-5553-8076
Yu.N. Degtev, Leading Design Engineer, e-mail: artiomsan@gmail.com

T.G. Kharvtonova, Leading Engineer, e-mail: artiomsan@gmail.com

Institute of Pulse Processes and Technologies of the NAS of Ukraine (Mykolayiv, Ukraine)

Experimental study of the effect of the simultaneous treatment
of the melt with different currents on the quality indicators of
castings

The purpose of the work is to obtain results that would confirm the effectiveness and perspective of using the method
of simultaneous treatment of a liquid alloy based on Al with different types of currents in foundry technologies.

Asitis known the different types of current passing through the melt(alternating, constant, pulsed) are differ from each
other by their different functional capabilities. The each types of currents generate electromagnetic fields with different
amplitude-frequency characteristics and distribution, which determine the sphere of influence. The work proposed
to use an innovative principle of simultaneous passing of at least two currents with different electrical characteristics
through the melt and with different variants of electrode systems. This method made it possible to affect more effectively
on the structure and properties of the melt and, in turn, improve the service characteristics of the casting.

In the work, two series of experiments were performed with the application of melt treatment with three types
of currents and three types of electrode systems in different combinations. Ingot alloys of the Al-Si system was
treated: AK7 (GOST 1583-93), chemical composition: Si (7.3 %); Fe (0.5 %); Cu (0.5 %); Mn (0.07 %), Mg (0.07 %);
Zn (0.2 %); Pb (0.01 %), Al base; and non-standard pre-eutectic silumin additionally doped with certain components
(Si(8%); Fe(0.79 %), Cu(1.98 %); Mn (0.1 %); Mg (0.27 %), Zn (0.44 %), Al base). In contrast to the treatment of one
type of current, an increase the mechanical properties of castings and an effective modification of the elements of the
solid state structure were achieved. Thus, for the first grade of alloy, o, was increased by 13 %, and 5 — by 1.5 times.
Also after simultaneous treatment with different types of currents with defined modes, the value of ¥ was recorded at the
level of 4.4 %. For the AK7 alloy, this indicator is not even specified by the standard. For the second grade of alloy, after
simultaneous treatment with different types of currents, significant grinding of intermetallics to sizes from 8 umto 11 um
was observed, while compared to the original sample, there is practically no segregation of the intermetallic component
by size. The structure of the treated samples is distinguished by the grinding of silicon particles in the eutectic. The total
energy consumption, under certain conditions, for both brands of alloys was reduced by 3 times. The main mechanism
of a positive change in the crystallization ability of the melt is formation of electromagnetic fields superposition with more
powerful thermoforce effect in the treatment object by passing different types of currents simultaneously than when
using one type of current.

Key words: melt, physical experiment, electric currents, crystallization ability, mechanical properties, structural-
phase composition, treatment success.

An invariable feature of research is that their authors

ntroduction. In recent years, the scientific knowledge

on the problem of conductive electric current treatment

(CECT) of a metal alloy in a liquid state for foundry

technologies has been actively replenished with
new data, which are mostly obtained by methods of
mathematical modeling of the generated processes. The
physical experiment adds its contribution, convincingly
showing the effects that affect the structure and properties
of the final product — casting.

use one type of current to influence the melt: direct
current (DC or CC), alternating current (AC), pulsed
current (PC). Based on experimental data, we note the
following. Constant current amplitude (CC) is mainly
characterized by thermal action. PC is distinguished
mainly by force influence. DC and AC have a complex
thermoforce effect on the melt [1; 2]. In addition, it was
previously shown [3; 4] that different types of current

ISSN 2077-1304. Met. lite Ukr., vol. 31, 2023. Ne3 (334) 21



MPOLIECH, TEXHONOT Il TA MATEPIANV NMBAPHOIO BUPOBHULITBA

in the treatment object are formed different functional
effects on the melt according to individual features. First
of all, this concerns the distribution of the primary (basic)
electric field and secondary electromagnetic, thermal,
and acoustic fields, as well as metal flows [4—®6] in
the melt. In the complex, these fields are the sphere of
influence on the melt through its integral loading.

In our opinion, this particular feature of CECT will be
able to increase its efficiency under the conditions of
using the method of simultaneous treatment of the melt
with different types of currents (M — C). For this, it is
necessary to find conditions under which higher quality
indicators of cast metal are ensured than with one type of
current. Of course, under the condition that energy costs
for processing do not increase.

The basis for such an assumption can be known
results, such as the effective simultaneous influence
of crossed electric and magnetic fields on the structure
formation processes of the crystallizing melt [7]. And
the positive effect of the simultaneous treatment of
silumin (CC+PC) in the temperature interval of solidus
standing in order to obtain a globular structure was also
experimentally proven [8].

The aim of the work is to obtain results that would
confirm the effectiveness and perspective of using the
simultaneous treatment method of a liquid alloy based on

Al with different types of currents in foundry technologies.

Characteristics of problem situation. The sphere
of influence on melt is the physical fields that are formed
during CECT. ltis their integral action that transforms the
melt into another thermodynamic state.

For M — C, it is possible to use various options
of electrode systems. Which, are known, form the
topology of the basic electric field with corresponding
consequences for the distribution of secondary fields
[9; 10]. For example, the Fig. 1 shows four such options
for two current sources. Although there may be three or
four current sources. But, for the presented electrode
systems in Fig. 1 should be added that with parallel
electrode and crossed gaps (Fig. 1 b, ¢) it is possible to
provide multidirectional polarities. Thus, we get a multi-
variant principle of application of M — C, which expands
the possibilities of finding conditions for increasing the
efficiency of CECT.

In variant (a) in Fig. 1, one interelectrode gap is
formed for two currents. While the other three variants
form autonomous interelectrode gaps.

The question arises, how is the superposition of
electric currents formed? The answer to this question will
make it possible to determine an adequate procedure
and simulation modeling algorithms in the future.

Fig. 2 shows a comparison of oscillograms of the

)
peoiy
Current Current
source Ne1 source Ne2
©
a
Current o o Current
source Ne1 source Ne2

'-‘

c

Current 0 0 Current
source Ne1 source Ne2
b
Current Current
source Ne1t source Ne2
ey
\ZJ
d

m Examples of variants of electrode systems: a — two-electrode system; b — four-electrode with parallel currents;
¢ — four-electrode with crossed currents; d — three-electrode with V-shaped currents

currents flowing in the interelectrode spaces according
to different versions of the electrode systems.

As we can see, for a two-electrode system, the
superposition of currents has signs of their additivity.
But autonomous pairs of electrodes have their own
conduction channels and have no signs of current
additivity. In this case, the superposition of electric
fields generated by different types of currents should
be determined using simulation modeling methods.
In experimental studies, one should expect a different
effect on the treated object of the specified variants of
the superposition of electromagnetic fields.

When studying the effect of M — C, the previously
obtained conditions of CECT with one type of current
should be used [10—14]. To lead current into the melt,
we use thin titanium electrodes with an insulated side
surface. The end of the anode is located near the

bottom of the container (crucible), and the cathode — at
the surface of the melt. The optimal dose of electrical
energy density (W) which should lead into the melt, is
determined by the previously obtained ratio W/E = 1
[12; 13], where E is the same order of magnitude as
the crystallization energy density (~10% J/m?®). For alloys
based on Al, this dose corresponds to the interval from
0.6-10% J/m3 to 6°108 J/m® during the treatment time t.
Thus, for a separate mass of the alloy, using the ratio W/E
= 1, the processing time was preliminarily determined in
the experiment with its selected parameters. The melt
was processed at a temperature that did not exceed
the standing temperature of the liquidus by 100 °C. The
main role of the physical experiment is to establish the
final effect of CECT, in particular, with M — S. That is,
obtaining high indicators of the quality of castings.
Experimental verification of M— S. An ingot charge
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M Characteristic current oscillograms of the electrode systems presented in Fig. 1: a — sum of AC (50 Hz) and DC
(100 Hz); b — the sum of DC (100 Hz) and PC (1 kHz); ¢ — the sum of DC (100 Hz) and PC (1 kHz); a; b — two-electrode system;

¢ — four-electrode system

of casting pre-eutectic alloys based on Al was smelted in
a resistant furnace in metal lined crucibles at a melting
temperature of 750 °C. The slag was removed, performed
for 30 minutes with mixing of the melt. After 15 min. of
isothermal aging, slag removed and melt was mixing
again. Even then, they performed current treatment at
a temperature of 750 °C and pouring into the mold. To
obtain control samples, a melt that was not treated with
current was poured. The mass of alloy M = 570 g, which
was enough to obtain standard samples — witnesses
for the study of mechanical properties. The sample mold
was heated to 200 °C, the pouring temperature was
from 700 °C to 710 °C. In the first series of experiments,
the AK7 alloy was treated (GOST 1583-93), chemical
composition: Si (7.3 %); Fe (0.5 %); Cu (0.5 %);
Mn (0.07 %); Mg (0.07 %); Zn (0.2 %); Pb (0.01 %), Al
base. For CECT, electrodes option (a) in Fig. 1 and AC
(50 Hz) and DC (100 Hz) current sources were used.
We compared the results of processing with one type
of current with the results of processing according to
the principles of M — C. The equality of the dose of the

energy density injected into the melt W = 2:108J/m?® was
maintained, which was the same value both with CECT
of one of the two types of current, and in total, with the
production of M — C. At the same time, the processing
time f = 16 min. In addition, M — C processing was
performed for 10 min. and 5 min., that is, with lower
energy consumption, respectively W = 1.25-108 J/m?
and W = 0.7-10% J/m3. Table 1 summarizes data on the
mechanical properties of specimens. Fig. 3 shows their
microstructures.

The application of M — C showed a better effect on
the obtained mechanical properties than CECT with one
type of current. Moreover, such a result was obtained
by reducing the treatment time by almost 3 times,
and, therefore, the energy consumption. Thus, ¢, was
increased by 13 %, and 3 — by 1.5 times. It is important
to note that after M — C, the value ¥ was recorded at
the level of 4.4 %. For the selected alloy, this indicator
is not even indicated by the standard. Analysis of the
microstructure of the specimens showed the presence
of a homogeneous grain structure after M — C, grinding

Table 1
Mechanical properties of specimens
Tensile Yield strength Elongation Reduction
Treatment principle strength, o, gth, 9 ’ Hardness,HB
B c,., MPa 5, % ¥, %
MPa 0.2
Without treatment 161 103 2.0 — 76.5
AC (50 T'w), t = 16min.; W= B
2:108 J/m3 145 102 24 76.5
DC (100 I'y), t= 16 min., W
= 510° Jjm" 176 111 3.0 — 76.5
AC +DC, t=16 min., W=
10y 162 125 2.4 3.6 76.5
AC +DC, t=10 min.,, W=
1.25-10°/m 163 120 2.0 1.6 76.5
AC +DC, t=5min., W=
0,7-108J/m? 182 102 3.0 4.4 76.5
GOST 1583-93 157 — 2.0 — > 50

of eutectic elements, and a more rounded form of o —Al.
In the second series of experiments, according to the
specified method, ingot pre-eutectic silumin, additionally
alloying with certain components (Si (8 %); Fe (0.79 %);
Cu (1.98 %); Mn (0.1 %); Mg (0.27 %); Zn (0.44 %),
Al base) was melted. This alloy does not correspond

to the well-known brands defined by the standard.
Therefore, we aimed to show the effectiveness of M
— C, even on a non-standard alloy. Without treatment
(Fig. 4), a significant amount of iron-containing § phase
was found in the eutectic. Copper forms the compound
CuAl,, and Mg and Si form the compound Mg,Si. In
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a b
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t=10 min.; d —AC + DC, t =5 min.

addition to these strengthening phases, Al CuMg
(S-phase) and Al Mg.Cu,Si, (o-phase) are present in
small quantities, and also n—FeMg,Si Al;; Cu,Mg,Si Al
a—(Fe, Mn),Si,Al.

Table 2 shows the treatment modes of second
series. Table 3 shows the quantitative characteristics of
specimens microstructure. Microstructure control was

M Microstructures of specimens: a — without treatment, control; b — AC + DC, t = 16 min.; ¢ — AC + DC,

carried out using the Quick PHOTOINDUSTRIAL 3.2
program. Table 4 shows the indicators of mechanical
properties.

To compare the given results and determine their
rating, we will use such a non-standard indicator as
treatment success [15; 16]. For each sample, the
coefficient of treatment success k, can be determined

M Microstructure of the experimental alloy, without treatment

by the sum (or multiplying) of the relative indicators k,
consisting of a comparison of such parameters as the
minimum size of the primary dendrite; run of primary

dendrite size values; number of intermetallic phases;
minimum size of intermetallics; range of intermetallic size
values; temporary burst resistance. To calculate the value

Table 2
Treatment regimes at M — C in the second series of experiments

Specimen No. Treatment regimes
26 Without treatment
27 Electrode system b) in Fig. 1, t = 10 min.; DC + AC
28 Electrode system b) in Fig. 1, t = 16 min.; DC + AC
29 Electrode system b) in Fig. 1, t = 5 min.; DC + AC
30 Electrode system d) in Fig. 1, t = 5 min.; DC + AC
31 Electrode system a) in Fig. 1, t = 16 min.; PC
32 Electrode system a) in Fig. 1, t = 16 min.; DC + PC
33 Electrode system a) in Fig. 1, t = 10 min.; DC + PC
34 Electrode system a) in Fig. 1, t = 5 min.; DC + PC
35 Electrode system b) in Fig. 1, t = 16 min.; DC + PC
36 Electrode system b) in Fig. 1, t = 10 min.; DC + PC
37 Electrode system b) in Fig. 1, t =5 min.; DC + PC

Note. PC parameters; pulse frequency f = 1 kHz; period of current bipolar impulse T = 43 us, energy of one pulse W, = 0.022 J.
DC parameters: | = 12 A, U=0.8V, f=100 Hz. AC parameters: | =16 A, U =0.8V, f = 50 Hz. The treatment time t and the value
W were determined in the same way as in the first series.
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Table 3
Quantitative microstructure parameters of specimens
Specimen | Amount of Minimum Maximum Range of Amount Minimum Maximum Range
No. eutectic, % size of size of primary of inter- size of size of of inter-
primary primary dendrite metallic inter- inter- metalides
dendrite, dendrite, size, pm phases, % | metalides, | metalides, size, pm
um um pum pum
26 24.32 16 155 139 10.92 20 89 69
27 32.8 11 60 49 10.45 20 60 40
28 28.5 9 63 54 7.58 11 28 17
29 26.34 12 94 82 11.89 8 30 22
30 25.43 9 50 41 8.63 8 23 15
31 21.98 8 38 30 2.8 7 25 18
32 31 15 87 72 6.5 7 76 69
33 27.99 12 87 75 6.37 11 30 19
34 29.63 11 57 46 3.94 11 20 9
35 20.53 10 76 66 4.78 10 15 5
36 22.98 12 70 58 5.19 13 144 131
37 35.96 10 60 50 5.73 8 16 8
Table 4
Quantitative indicators of mechanical properties
Specimen No. Tensile ;It::ngth %er Elongation 3, % Brinell hardness, HB
26 170 1.66 76.3
27 175 1.6 76.3
28 179 1.4 78.3
29 185 1.66 80.4
30 183 1.2 80.4
31 180 1.6 78.3
32 169 1.0 80.4
33 175 1.2 78.3
34 178 1.4 78.3
35 180 1.0 80.4
36 182 1.4 78.3
37 185 1.6 78.3

of k, it is necessary to divide the best indicator from the
list by the indicator which characterized the specimen.
For example, for specimen No. 37, indicator k, which
characterized the minimum size of the primary dendrite,
is equal to 8/10 = 0.8. According to this procedure, the
ratings of k_ coefficients for all specimens in the second
series were determined. For the six specimens that had
the best result, data are given in Table 5.

The data in Table 5 evidence that in the first four
included specimens obtained by treatment with two
electrodes with PC (No. 31), but at t = 16 min.; treatment
with four electrodes with DC + PC (No. 37, No. 35) at
t =5 min. and t = 16 min.; by DC + PC treatment with

two electrodes at t = 5 min. (No. 34). As we can see, for
the selected alloy of the second series, a positive result
was obtained for both two- and four-electrode systems
when using one and two currents together. But if pay
attention to energy consumption, the advantage belongs
to specimen No. 37 and specimen No. 34. As for the first
series of experiments, we emphasize that treatment for
5 minutes, both according to scheme (a) and scheme (b)
in Fig. 1, has the best perspective for further research.
Note that treatment schemes (¢) and (d) in Fig. 1 did not
show rating results. Although it should be noted that only
selected treatment regimes were used in this experiment.
Thus, for the next analysis, the first four results in Table 5

Table 5
Success coefficient of specimens
Specimen 31 37 34 30 29
k, 0.27 0.14 0.14 0.11 0.06 0.06
ISSN 2077-1304. Met. lit'e Ukr., vol. 31, 2023. Ne3 (334) 25



Specimen No. 35

2

Specimen No. 34

M Microstructures of best specimens from Table 5

should be selected. Fig. 5 shows the microstructures of
the samples that had the best k_ values.

In both series of experiments, under the action of
electric currents on the melt with the combined action
of electromagnetic fields, the crystallization process and,
accordingly, the microstructure of the specimens change.

Thus, for the non-standard alloy, there is grinding
of structural components: significant grinding of
intermetallics to sizes from 8 umto 11 um, while compared
to the original sample, there is practically no segregation
of the intermetallic component by size. The primary
dendrites of the solid solution were crushed almost
twice. The growth forms of iron-containing intermetallics
are changing. Partial dissolution of silicon inclusions and
intermetallics in the solid solution is observed, as well
as the formation of crystallization centers that increase
the strength of aluminum grains and Al-Si eutectics.
The growth of a-Al crystals occurs in the mode when
first-order dendrites have rounded ends, and second-
and third-order branches are practically absent. The
structure of the treated samples is characterized by the
grinding of silicon particles in the eutectic. Thus, the
experimental studies conducted at this stage showed
that the treatment of selected alloys with different types
of currents makes it possible, depending on the types of
currents and the electrode system, to effectively modify
the structure of the treated alloy and reshape its structural
and phase composition. The results of experimental
studies confirmed the role of the combination of current
types and the type of electrode system on the treatment
result. The main mechanism of a positive change in
the crystallization ability of the melt is formation of the
electromagnetic fields superposition with more powerful
thermoforce effect in the treatment object by passing
different types of currents simulaneously than when
using one type of current.

Conclusions

1. For the effective preparation of the alloy in the liquid
state for crystallization, itis proposed to use the innovative
principle of simultaneous passage through the melt of at
least two currents with different electrical characteristics
with different options of electrode systems.

2. The results of physical experiments with treatment
of cast aluminum alloys with direct (rectified) current,
alternating and pulsed current, as well as two-, three-
and four-electrode systems showed the effectiveness
and prospects of using a new method of melt treatment
in foundry. Note that only selected treatment modes
were implemented in this study. For a more thorough
analysis of the method, it is necessary to expand the set
of treatment parameters.

3. In contrast to the traditional principle of treatment
the melt with one type of current, an increase in the
mechanical properties of castings and an effective
modification of the elements of the solid state structure
have been achieved. At the same time, the total energy
consumption per treatment can be reduced by almost 3
times.

4.In our opinion, a positive change in the crystallization
ability of the melt is achieved mainly through by the
formation of a superposition of electromagnetic fields
with a more powerful thermal and force effect in the
object of processing while passing different types of
currents than when using one type of current.

5. The development of scientific and scientific-
technological principles of the principle of simultaneous
processing of the melt with different currents will allow to
determine both more effective modes of processing of
the melt, as well as the principles of purposeful control
of processes, which achieve the best processing result.
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AHoTauin

IHemumym imnynbcHux npouecie | mexHonoeit HAH YkpaiHu (Mukonais,
YkpaiHa)

EkcnepuMeHTanbHe AOCHIAKEHHS BNIMBY Ha NOKa3HUKW SKOCTi BUNMBKIB OQHOYACHOI
00po6KM Po3NnaBy PisHUMKM CTPyMaMK

Uinb poboTn — oTpumaty pel3ynbtatu, ski 6 nigTeepaxyBasin e@ekTUBHICTb Ta MNePCrnekTUBHICTb 3aCTOCYBaHHSI METoAY
0AHO4YacHOI 06pPO6KM PIAKOro criiaBy Ha OCHOBI Al Pi3BHVUMY CTPYMaMU y TEXHOJIOTISIX INBaPHOI0 BUPOOHULTBA.

Sk BiAOMO, PI3Hi TUMY CTPYMY, LLO MPONYCKaloTh YePe3 po3rias (3MiHHWU, MNOCTIVIHUM, IMY/IbCHWUI), XapakTepu3yoTbCs
PIBHUMY  PYHKLIIOHATIbBHUMUN MOXJIMBOCTSIMU. Tunun CTPYMIB reHepytoTb y po3raasi BiAMIHHI 3a aMmriiiTyAHO-4aCTOTHO
XapakTepuCTUKOIO Ta PO3MOAIIOM PIi3HI MEPBUHHI €/1eKTPOMArHiTHI noss, sKki i BU3Ha4yaloTb coepy BravBy. Y poboTi
3arporoHOBaHO BUKOPUCTOBYBATU IHHOBALIVIHWIA MPUHLMI OAHOYACHOIO rporycKaHHs 4yepe3 po3niaB sk MiHIMYyM ABOX
CTPYMIB 3 PIBHUMU €IEKTPUHHUMU XapaKTePUCTUKAMU MNP PIBHUX BapiaHTax eneKkTpoaHux cuctem. Lie aano amory 6inbLu
epeKTUBHO BI/IMHYTU Ha CTPYKTYpy Ta BAACTUBOCTI PO3MaaBy Ta, B CBOKO 4Yepry, rnoKpaLunuTy C/yXOO0BIi XapakTepucTuku
BUIBKA.

B pob6oTi BukoHaHo ABi cepii ekcriepuMeHTIiB 3 3aCTOCYyBaHHSIM 06pO6KM PO3riaBy TPbOMa Tunamu CTPYMIB Ta TpboOMa
TUNnamy eIeKTPOAHUX CUCTEM Y PI3HUX BapiaHTax criosay4eHHsi. O6po6nisan JyLukoBi 3nmBku cuctemu Al-Si: AK7 (FTOCT 1583-
938), ximivHoro cknany: Si(7,3 %); Fe (0,5 %); Cu (0,5 %); Mn (0,07 %); Mg (0,07 %); Zn (0,2 %); Pb (0,01 %), ocHoBa Al; Ta
HecTaHAapTHUI JOEBTEKTUYHUIA CUITYMIH, AOAATKOBO JleroBaHuii neBHuMmu komrnoHeHTamum (Si (8 %);Fe (0,79 %); Cu (1,98
%); Mn (0,1 %); Mg (0,27 %); Zn (0,44 %), Al ocHoBa). Ha BiamiHy Bif 06p06Ky po3riaBy OAHUM TUIOM CTPYMY AOCSrHYTO
30i/1bLLIEHHSI NOKa3HWKIB MexaHiYHUX B1aCTUBOCTEN BUINBKIB Ta e(DeKTUBHE MOANQIKYBaHHS e1eMeHTIB CTPYKTYpu TBEPAOIO
cTaHy. Tak, 41 NepLUIoi Mapku criiasy o, 30iIblleHO Ha 13 %, a & — y 1,5 paau. Takox, nicsis 0AHO4aCHOI 06POGKM PIBHUMM
cTpymamu 3agikcoBaHo BeandnHy Y Ha piBHi 4,4 %. [ns cnnaBy AK7 uev noka3HukK HaBiTb HE 3a3Ha4eHO cTaHaapToM. s
APyroi Mapku criiaBy rnicsis 0AHOYaCHOI 06POBGKU PIBHUMU CTPYMaMu CrIOCTEPIracTbCsl 3Ha4YHe roaApIGHEHHs iHTepmeTanigiB
10 PO3MipiB Big 8 Mkm 0 11 MKM, pu LibOMY MOPIBHSIHO 3 BUXILHMM 3pa3koM, NpakTU4HO BifICYTHSI cerperauyis iHTepmeTasnigHoi
Cck1aaoBoi 3a po3mipom. CTpykTypa o06pob6sieHnX 3paskiB BiApPIi3HIETLCS MNOAPIOHEHHSIM HYaCTUHOK KPEMHIO B €BTEKTULII.
BarasibHi eHeproBuTpaTu, 3a OKPEMUX yMOB, /151 000X MapOK criiaBiB 3MeHLLEeHO y 3 pa3n. OCHOBHUM MEXaHI3MOM MO3UTUBHOI
3MiHW KpucTanisauiviHoi 34aTHOCTI po3rniaBy € popMyBaHHs B 06’ €kTi 06p0OKM rpy 04HOHACHOMY POy CKaHHI Pi3HUX CTPYMIB
cyrnepno3uLii enekTpoMarHiTHUX rnosiB 3 GisbLL MOTYXXHOK TEPMOCUIIOBOIO €0, aHXK MNPy 3aCTOCYBaHHI 0AHOIrO TUMY CTPYMY.

- Poannas, Qi3ndHW eKCNepUMEHT, €/IEKTPUYHI CTRYMU, KpycTanidaliiHa 34aTHICTb, MexaHIiuHi
Kniouosi cnosa B/1ACTUBOCTI, CTPYKT - /i jLLIHI 6po6
E YKTYPHO-(Ma30Bui ckiaz, yCrilHiCTb 06pOOKU.
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