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DOI 10.31489/2021Ph3/6-16
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A.A. Bespalko, D.D. Dann*, M.V. Petrov, E.K. Pomishin

National Research Tomsk Polytechnic University, Russia,
(‘E-mail: dddann@tpu.ru)

Acoustic-electrical testing of defects
in the cement-sand and cement-glass model samples

A complex method of acoustic-electrical testing of defects in dielectric samples made from cement-sand and
cement-glass mixtures is discussed. The paper reports the results of studies of changes in the parameters of
electromagnetic responses and their spectra under pulsed deterministic acoustic excitation of model samples
with defects in the form of solid-state inclusions. The results of mathematical calculations of the time varia-
tion in the stress-strain state induced in a defective dielectric model sample by deterministic acoustic pulse
are presented. The relationship is shown between the parameters of the acoustic excitation and the electro-
magnetic response to the impact in a magnetic field. The study revealed that the specific electrical resistance
of the cement-sand and cement-glass mixtures differs significantly. Excitation of electrical double layers by
acoustic pulses causes an electromagnetic signal, parameters of which depend on the parameters of the acous-
tic impact and acoustic and electrical properties of the material. As a result, a reduced specific electrical re-
sistance of the mixture increases its conductivity. The numerical calculation of the propagation of the deter-
ministic acoustic pulse showed that its parameters change when it passes through a defect with acoustic im-
pedance different from that of the mixture used.

Keywords: non-destructive testing, dielectrics, acoustic impact, electromagnetic radiation, magnetic field,
modeling.

Introduction

At present the increasing number of products is manufactured from solid dielectric materials and
composites. These products are used in various conditions, including extreme ones. Insulators, structural
dielectrics, concrete structures and other practically used dielectrics require regular non-destructive testing
to be environmentally friendly. Early detection of defects in dielectric products is crucial to maintaining
their mechanical and electric strength. The defects in solid materials and products are detected using well-
proven non-destructive testing methods: ultrasonic, acoustic pulse and acoustic emission; electrical and
electromagnetic; magnetic; X-ray and other methods [1-10]. This variety of non-destructive methods is
not always efficient for testing of dielectric materials and structures. This is due to close values of the
acoustic impedance of the media of the product and the defect during ultrasonic sounding and during
acoustic emission testing of the fracture development; lack of magnetic properties in the majority of com-
posites, including dielectric materials; high X-ray permeability in organic and some inorganic dielectrics,
and dangerous effect of radiation on the operator’s health. Therefore, complex destructive testing methods
should be employed based on well-proven algorithms and newly developed ones. Mechanoelectric or
acoustic-electrical [11-19] conversions in solid-state structures can be successfully used to develop such
complex testing techniques. The acoustic-electrical test uses contact acoustic sounding of the test object
and contactless recording of the electromagnetic response to this impact with further amplitude-frequency
analysis of the electromagnetic signal. External acoustic deterministic pulses or acoustic pulses arising in

6 BecTHuk KaparaHavHckoro yHuBepcuteTa



Acoustic-electrical testing of defects...

the material during fracture development induced by mechanical load can be used as a source of vibrations
[11, 12]. As a result of this action, charges or electrical double layers at the interfaces of media, inclusions
or blocks, on crack sides or on other structural defects of the dielectric materials emit electromagnetic sig-
nals.

A mathematical and physical rationale for testing dielectric heterogeneous materials by electromagnetic
signal parameters is reported in [20]. It is shown that mechanical vibrations induced by a normalized single
impact cause a displacement current. Experimental studies [21, 22] also indicate that the passage of acoustic
waves causes EMS generation, which is associated with vibrations of electrical double layers. In this case,
EMS amplitude-frequency parameters depend on the characteristics of acoustic pulses and the charge state of
the defects in the form of inclusions.

Thus, under an external deterministic acoustic impact, defects in the form of solid inclusions or voids
can be successfully tested with regard to the parameters of electromagnetic responses to this perturbation.
The paper discusses the applicability of the acoustic-electric method of non-destructive testing for defective
model composite dielectric materials made from cement-sand (CSM) and cement-glass (CGM) mixtures.
Solid materials with acoustic impedance different from the impedance of the used CSM and CGM compo-
sites were used as defects.

Methods of conducting experiments

For experimental studies of the acoustic-electrical conversion samples were made from a cement-sand
and cement-glass mixture with a size of (50x50x95)x10~° m® with artificial solid parallelepiped inclusions of
different size (Fig. 1). The samples were fabricated in accordance with [22]. The moisture content of the
samples did not exceed 1.5 % of the sample weight, the sand grain size was (2.5-8.0)x10-* m, and the size
of glass fractions varied in the range of (1.5-2.5)x10~* m. For EMS measurements, the side sample surface
of (50%95)x10°° m* was laid out into 15 sites. The width of the EMS measurement sites depended on the size
of the capacitive sensor lobe of the electromagnetic receiver.

A point impact with a ball weighing 8.59x10* kg was applied to the center of the sample end face with
the area of (50x50)x10°° m®. The materials used as inclusions to simulate defects, are presented in Table 1.
The materials were chosen to have their acoustic impedance and electrical resistivity greater or less than z
and p of CSM or CGM.

Magnetic field strength H

Ve I" +— |
|
:@7 Ls . écciustic pulse |

JIDefect— =P b= — — — — — — L

Sample

Y
¥

Mar¥ing of measurement planes

Plane of measurement EMS

Figure 1. A model sample made from the cement-sand or cement-glass mixture with a solid
rectangular inclusion with a magnetic field of strength H applied to the mixture material-defect contact

Four sizes of the rectangular defects used were (1.0x1.0x1.5)x10° m’, (1.5%1.5x2.0)x10°m’,
(2.0%2.0x3.0)x10°m’, and (2.5%2.5x3.8)x 10 °m’. The axes of the defects were coaxial with the sample axes.
The largest faces of the defects were parallel to the larger surfaces of the model samples. The sand/glass—
cement ratio was two parts to one part by weight, and the water-cement ratio was 0.7. Before pouring the
solution, the inclusions were fixed in the mold in the desired position using an elastic dielectric thread. After
solidification, the samples were stored at (20-22) °C for 28 days. The position of the inclusion in the sample
was monitored by digital radiography using the PerkinElmer XRD 0822 detector [23]. Changes in the elec-
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trical resistance R of the samples were measured at frequencies of (1-100) kHz using an LCR-819
immittance meter [24].

Table 1
Acoustic and electrical parameters of the materials used
Specific gravity Longitudinal Acoustic imped- | Specific electri-
No. Defect material of the material sound speed ance cal resistance

Py kg/m3 c, m/s z~106, kg/s-m2 p, Ohm'm
1 Cement-sand mixture (CSM) 1900 2765 5.25 38.4x10°
2 Cement-glass mixture (CGM) 1973 3240 6.39 14.7x10°
2 | Plexiglas (PMMA) 1200 2700 3.24 107-10"
3 | Fluoroplastic (PTFE) 2200 1340 2.95 10°-10"
4 | Ebonite 1150 2400 2.76 10”-10"
5 | Glass, flint 2500 4560 11.4 10°-10"
6 | Magnetite Ore (75 %) 4150 5870 24.34 10—>-107
7 | Duralumin, D16T 2700 6400 17.28 2.8x10°
8 | Brass, L59 8500 4600 39.10 6.5x10°
9 Carbon steel 7800 5890 45.94 1.3x10”’

The resistance measurement error was 0.05 %. The specific electrical resistance of the mixtures was
calculated by the formula
RS
_&S 1
P="; (1)
where R is the sample resistance, S is the area of the channel through which the current flows, L is the chan-
nel length. Graphs of p changes versus frequency for CSM and CGM are shown in Figure 2. Table 1 presents
the value p, = 38.4x10° Ohm'm, which corresponds to the frequency of the highest amplitude in the EMS
spectrum. At equal frequency CGM samples exhibit electrical resistivity p,=14.7x 10° Ohm'm.
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Figure 2. Changes in the specific electrical resistance of CSM and CGM samples

Figure 2 shows that the specific electrical resistance of CSM is lower than that of CGM in the entire
range of the frequencies used. As shown below, this range corresponds to the frequency range of the record-
ing capacitive differential sensor (EDS). The block diagram of the stand used for acoustic excitation and re-
cording of the sample electromagnetic response to this impact is shown in Figure 3. It includes a dynamic
acoustic pulse excitation system AP, a system for receiving and measuring the parameters of electromagnetic
responses EMS. The energy of the acoustic pulse was monitored by measuring the velocity of the impact ball
flight through two optical pairs that consisted of LED and a photodiode. The AP shape was monitored using
a broadband piezoelectric receiver [25]. The measurement data were transmitted from the NI BNC 2120 unit
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[26] or from the Tektronix 2024B oscilloscope to the computer for further amplitude-frequency analysis us-
ing the developed and standard programs.

I|
.y
\v

Piezoelectric lp | Unit acceleration
receiver + Sample +—]of a metal ball and}—
Al | control its speed
5 Wl
-:_]——- E
¥ H
El“‘i?ﬁéi‘ﬁm +——(Power supply unit

v i

NI BNC 2120
Board
or Tektronix
TDS2024B

¥

——* Computer

Figure 3. Block diagram of the stand for acoustic excitation
of electromagnetic signals in the test model samples

In the dynamic acoustic pulse excitation system, a spring device was used to accelerate the ball. The ball
hit a hardened steel plate 2.5x10~ m thick with an acoustic impedance z and hardness close to z, of the ball,
which was in acoustic contact with the sample. The velocities of the flight and rebound of the ball were deter-
mined using two optical pairs that included a light emitting diode LED and a photodiode PD installed at a dis-
tance of 5x10 m from each other. The impact excited an acoustic signal of certain amplitude and time pa-
rameters in the plate. From the plate, the acoustic pulse passed through a layer of mineral oil into the test sam-
ple. Mineral oil was also used to provide the acoustic contact of the sample with a piezoelectric receiver of the
acoustic signals transmitted through the sample. The primary acoustic pulse excited by the ball was close to a
bell-shaped one, and its base duration was 50x10™° seconds. Analog signals from the measuring system of the
ball flight were fed to the measuring eight-channel NI BNC-2120 module. After that, the EMS was transmitted
to the computer. The battery pack provided 6V voltage across the LED and PD of the measuring system. The

ball velocity at the moment of impact Vi2 and that of the rebound from the target Vb2 were calculated with re-

gard to the time of the ball flight and the distance between the optoelectronic pairs. The obtained values of the
velocity and the ball mass (m), as well as the approximation of elastic collision of the ball with the grounded
metal plate were used to calculate the acoustic impact energy transmitted to the sample as

_m
exc_E

where E,,. is the energy induced in the sample upon ball impact. The energy losses of the acoustic pulse in
the plate were not considered. The spring compression was changed to induce the acoustic impact energy in
the test sample within (8-30)x10~ J. The longitudinal speed of sound was measured with a piezoelectric
emitter using the same stand (Fig. 3).

EDS operating in the range from 1 to 100 kHz was used as a receiver of electromagnetic signals. At the
output of the capacitive sensor, the signal could be amplified 10 or 100 fold. The EDS input sensitivity was
5x10* V. The size of the receiving plates of the sensor was (0.5x3.0)x10* m”. During the experiments, the
distance from the surface of the test samples to the nearest plate of the electromagnetic sensor was set within
(1-2)x107 m. The electromagnetic sensor for measuring electromagnetic signals along the entire sample
length was enabled to move along its central axis sequentially over the measurement sites from 0—-1 to 14-15
and backwards. The initially set distance between the receiving plate of the electromagnetic sensor and the
sample surface was maintained stable during EMS measurements using the optical stage dials and the control
plate of a given thickness. A special program was used to normalize EMS to the perturbation created by the
ball impact, and the fast Fourier transform (FFT) program was used to perform its spectral analysis.

E (V=) )
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Theoretical and experimental research

Numerical and experimental modeling was carried out for testing CSM and CGM model samples, in-
cluding those with rectangular defects. Initially, numerical modeling was performed using the concept of
continuum mechanics for elastic wave propagation in a dielectric sample under excitation by deterministic
acoustic pulses. The computational algorithm for determining the parameters of the stress-strain state (SSS)
of the model sample is based on the relations of the mechanics of the deformed body. In the general case, a
system of equations was used, describing the behavior of a deformable solid in space and includes well-
known equations, continuities, and relations between the components of the total strain rate tensor. In addi-
tion, the calculations employed the constitutive relations that specify the relationship between the compo-
nents of the stress and strain tensors:

o, = f(&), 3)

& =", (4)

where X, is spatial coordinates; o is stress tensor components; &; is total strain tensor components.

The numerical implementation was carried out according to a noncentral difference scheme of the se-
cond order of accuracy with respect to the space and time steps [27]. The accuracy of the numerical results
was assessed by the internal convergence of the results when changing the parameters of the finite-difference
grid and time integration steps [28]. The boundary conditions were set in accordance with the laboratory ex-
periments. In calculations, the excitation corresponded to the experiment acoustic pulse in shape, amplitude,
and duration. The calculations were performed for the sample (5.0x5.0x9.5)x10°° m in size with real elastic
properties. For calculations, the following values of CGM properties were set: density
of (1.9-2.3)x10° kg/m’; modulus of elasticity of 4x10'° N/m?; Poisson’s ratio of 0.2; longitudinal wave ve-
locity of 3.2x10° m/s. The calculation was performed for the impact onto the center of the sample end face.
An elastic calculation model was used. The numerical simulation results were visualized using a special
graphics package.

Figure 4 presents the results of modeling the perturbation propagation over the simulated region. The
results were visualized as isosurfaces. At time 5x10° s (Fig. 4a), perturbation propagates over the homoge-
neous region in the form of a hemisphere, which corresponds to the general concepts of the mechanics of
acoustic wave propagation. For clarity, the interaction between the wave front and a carbon steel insert with
sizes of (2.5%2.5x3.8)x10™° m’ was considered. Figure 4b shows how the leading edge of the wave meets a
harder insert and bends it at lateral sides. At the next propagation stage, the wave front moves faster along a
more elastic insert, Figure 4c.

Figure 4. Propagation of elastic perturbation in the model in time:
a) 5x107%s; b) 10x10°s; ¢) 12x10° s.

Thus, the inserts with elastic properties different from those of the base material change the of the wave
process pattern. Changes in the elasticity modulus and material density produce the greatest effect. For ex-
ample, the ratio of the elasticity moduli of carbon steel and the base material differs more than 10 fold. The
smaller the difference in elasticity moduli, the less sensitive the wave process to inhomogeneities. The sums
of rates were calculated for carbon steel, fluoroplastic, magnetite ore, and glass (flint) defects of various siz-
es. Figure 5 presents the example of the calculated changes in the integral characteristics of the sums of dis-
placement rates in layers of CSM (Fig. 5, a, b, ¢) and CGM (Fig. 5, d, e, f) that are close to 75 % magnetite
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ore defects of sizes: (1.0x1.0x1.5)x10° m’, (2.0x2.0x3.0)x10° m’, (2.5%2.5x3.8)x10°® m’. The figure
shows that the displacement rates change significantly in layers close to defects of different sizes. As report-
ed in [10-22], the parameters of acoustic excitation and electromagnetic response to this type of impact are
uniquely related, therefore, the parameters of the recorded EMS will be close to the changes in the sums of
rates shown in Figure 5.

The calculations in Figure 5 show that an increase in the defect size shifts the spectrum towards the
high-frequency region.
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Figure 5. Calculated integral characteristics of the sums of displacement rates in layers close
to 75 % magnetite ore defects of different sizes: a, d) (1.0x1.0x1.5)x10 % m’;
b, €) (2.0%2.0x3.0)x10° m’; ¢, f) (2.5%2.5x3.8)x10 ° m*; a, b, ¢ for CSM; d, e, f for CGM

Further experimental studies were performed for electromagnetic signals and their spectra excited by de-
terministic acoustic pulses in CSM and CGM samples with steel, carbon steel, fluoroplastic, magnetite ore, and
glass (flint) defects. In the experiments an acoustic pulse was applied to the center of the sample end face, and
the receiving electric sensor was located near the lateral surface at a distance of at least 10”m from the impact
point at a height of 2x10~° m. A magnetic field was applied to samples with magnetizable defects, which corre-
sponded to strength /= 1.45x10° A/m on the sample surface (Fig. 1). The magnetic field was applied to sam-
ples made from different model mixtures (CSM and CGM) to reveal its effect on the amplitude of EMS from
magnetizable defects. Previous experiments on the 75 % magnetite ore samples [29] showed that under acous-
tic excitation the applied magnetic field significantly affects the electromagnetic responses.

Initially, the studies were conducted for CSM and CGM samples with a ferrite magnet defect
(1.0x1.0x1.5)x10"° m’ in size without magnetic field and with magnetic field of 1.45x10° A/m applied to the
sample surface. Figure 6 shows electromagnetic signals and their spectra under deterministic acoustic excita-
tion of the CSM sample with a ferrite magnet defect with sizes of (1.0x1.0x1.5)x10"° m® without magnetic
field (Fig. 6 a, ¢) and with magnetic field of 1.45x10° A/m applied to the sample surface (Fig. 6 c, d). The
figure shows that when magnetic field is applied, the EMS amplitude and spectral components increase by
more than 20 %. That increase was observed in all EMS measurements during excitation with acoustic pulses
with similar acoustic pulse amplitudes. In addition, the figure shows a good correlation between the EMS
spectra in both cases.

Figure 7 shows changes in the EMS amplitude and spectra for CGM samples, which have a lower spe-
cific electrical resistance (Fig. 2) with the defect similar to that in CSM samples. In Figure 7 the EMS ampli-
tude and spectra of CGM samples are significantly lower than the amplitude and spectra of CSM samples.
Moreover, magnetization decreases the amplitudes and spectral components of the signal.
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Figure 6. Electromagnetic signals and their spectra upon deterministic acoustic excitation of CSM
sample with a ferrite magnet defect with sizes of (1.0x1.0x1.5)x10"® m® without magnetic field
(a, ¢) and with magnetic field of 1.45x10° A/m applied to the sample surface (b, d)
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Figure 7. Electromagnetic signals and their spectra upon deterministic acoustic excitation
of the CGM sample with a ferrite magnet defect (1.0x1.0x1.5)x10 ° m’ in size without magnetic
field (a, c) and with magnetic field of 1.45%10° A/m applied to the sample surface (b, d)

Addition of a 75 % magnetite ore defect in the CSM sample showed that the EMS amplitude and spec-
tra in these samples without magnetic field and with magnetic field applied tend to decrease (Fig. 8) similar
to previous experiments.
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Figure 8. Electromagnetic signals and their spectra upon deterministic acoustic excitation
of the CSM sample with magnetite defect with s of (1.0x1.0x1.5)x10"° m® without magnetic
field (a, c) and with magnetic field of 1.45%10° A/m (b, d) applied to the sample surface

Discussion and conclusions

The study revealed that the specific electrical resistance of the cement-sand p., and cement-glass pg
mixtures differs significantly (Fig. 2). In addition, the acoustic impedance z of mixtures and defects in the
mixture differs (Table 1). This has a significant effect on the parameters and propagation of deterministic
acoustic pulses in defective samples and on the parameters of the electromagnetic responses excited at the
contact between the sample and the defect materials during acoustic-electrical conversions [19]. Excitation
of electrical double layers (EDL) by acoustic pulses causes an electromagnetic signal, parameters of which
depend on the parameters of the acoustic impact and acoustic and electrical properties of the material [10-
19]. As a result, a reduced p of the mixture increases its conductivity. In turn, increased conductivity facili-
tates the drainage of the EDL charge generated at the contact between the materials of the mixture and the
defect. Then, the EMS amplitude decreases proportionally under the acoustic impact on the electrical double
layer. In this case, the applied magnetic field leads to the polarization of magnetic dipoles and, therefore, to
the drainage of a weakly fixed EDL charge under the action of Lorentz forces. The results of weakening of
the EMS signal amplitudes and its frequency components were significant for CGM samples with a ferrite
magnet defect (Fig. 7) and insignificant for CSM samples with a 75 % magnetite ore defect (Fig. 8). At the
same time, the amplitude of EMS and its spectral components in CSM samples with a ferrite magnet in-
creased significantly. This can be attributed to better dielectric properties of CSM as compared to CGM (Ta-
ble 1) and, as a result, an increased EDL charge.

Thus, the numerical calculation of the propagation of the deterministic acoustic pulse showed that its
parameters change when it passes through a defect with acoustic impedance different from that of the mix-
ture used. The obtained integral characteristics of the sums of the displacement rates in layers close to carbon
steel defects with sizes of (1.0x1.0x1.5)x10° m’, (2.0x2.0x3.0)x10° m’, and (2.5%2.5%x3.8)x10° m’ differ
significantly.

Experimental studies of EMS and its spectral components in CSM and CGM samples showed that sam-
ples with high electrical resistivity show more stable amplitude-frequency characteristics of electromagnetic
signals under similar deterministic acoustic excitation. An increase or retention of EMS characteristics can
also be observed when a magnetic field is applied to defective CSM samples.
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A.A. becnasibko, J1.JI. Jaun, M.B. Ilerpos, E.K. [lomumiun

LleMeHT-KYM K9He eMeHT-IIbIHbI MO/IeJbAIK YJTiJepiHiH
aKaybIH aKyCTHKAJBIK-)JIEKTPJIIK TecTijiey

IlemMeHT-KyM >koHE LEMEHT-IIBIHBI KOCHAJAPBIHBIH IMAJIEKTPIIK YIATUICPIHIH aKaylapblH aKyCTHKAaJBIK-
INEKTPIIK TECTUICYOiH KeLIeHAi oAici TankplIaHFan. Makanaza KaTThl KyHIeri KOChUIbICTap TYpiHAeri
aKaynapsl 0ap MOAENBIIK YITUIEpAIH MMIIYJIbCTI JETEPMHHHMPICHICH aKyCTHKalbIK KO3ybl Ke3iHze
JNIEKTPOMArHUTTIK Aa0bLIIapAbIH HapaMeTpiiepi MEH OJIapIblH CIIEKTPIICPiHiH 03repyiH 3epTTey HOTHKENepi
KapacThIpbUIAbL. J[eTepMUHUPIICHICH aKYCTHKAIBIK HMIIYJIBCICH KO3FaH Ke3[e aKayJbl JHICKTPIIK
MOJETBIIK  YITIHIH KepHeymi-IeGopMalysiIaHFaH ~KYHIHIH  YakbITTBIK ©3TepyiHIH MAaTeMaTHKaJIBIK
ecenTeyiepiHiH HoTmKenepi kenTipinren. ChlHaK 00beKTiCIHIH aKyCTHKAJIBIK KO3y ITapaMeTpJiepi MEH MarHuT
epiciHzeri OCBIHIAN ocepre MEKTPOMAarHUTTIK TAa0bLT apachIHAAFbl OallaHbIC KOpCeTUIreH. 3epTrey Oaphl-
CBIHJIa [IEMEHT-KYM JXOHE IEMEHT-IIBIHBI KOCTIAJIapBIHBIH AJIEKTPIIK KeJeprici alfTapiblkTail epeKmeeHeTiHi
aHpIKTasAbl. Koc oaiekTp KabaTTapbIHBIH aKyCTHKAIBIK HMITYJIBCTApBIHBIH KO3YHl AJIEKTPOMArHHUTTIK
JaOBbUIIBIH IIBIFAPBUTYbIHA OKENE/li, OHBIH MapaMeTpliepl aKyCTHKAIbIK dcep €Ty HapameTpiepiMeH, CoHai-
aK MaTepHaJI/IblH aKyCTHUKAJIBIK XKOHE JJICKTPIIIK KacHeTTepiMeH aHbIKTanaapl. HoTmxkecinne, erep KOCHaHbIH
MEHILIIKTI KeAeprici a3alThuica, OHJA OHBIH OTKI3TIIUTIM apTajbl, ACTEPMHHHPICHICH aKyCTHUKAaJbIK
UMIYJIbCTIH TapaJlyblH CaHIBIK €CenTey HNalilajlaHbUIFaH YATiHIH KOCIIACHIHBIH KeJepriciHeH e3rele
aKyCTHKAIIBIK KeJIepTici 6ap akay aH 6TKCH Ke3/I¢ OHBIH MapaMeTpIIepiHiH 03repyiH KOPCETTi.

Kinm ces3dep. GepikTik OakpuIay, AUIIEKTPHKTEP, aKyCTHKAJIBIK aCEp, MIEKTPOMATHUTTIK SMHUCCHS, MarHUT
epici, MOJCTIICY.

A.A. becnasibko, J1.JI. Jaun, M.B. Ilerpos, E.K. [Tomumun

AKYCTHKO-)JIEKTPHYECKOE TeCTUPOBaHHUE 1e()eKTHOCTH IEMEHTHO-TIeCYaAHbIX

U IIEMEHTHO-CTEKOJIbHBIX MO/IeJIbHBIX 00Pa310B

OOCy>xeH KOMIUIEKCHBI METOJ aKyCTHKO-DJIEKTPHIECKOTO TeCTUPOBAHMS Ae(PEKTHOCTH JUIICKTPHIECKHX
00pa3IoB U3 [EMEHTHO-NIECYAaHOH U IIEMEHTHO-CTeKOJIBHOW cMecel. PaccMOTpeHBI pe3ysbTaThl MCClIeIoBa-
HHUI U3MEHEHHs NapaMeTPOB AIEKTPOMATHUTHBIX OTKIMKOB M HX CIIEKTPOB IPH UMITYJIbCHOM JETEPMHUHUPO-
BaHHOM aKyCTHYECKOM BO30YXJECHHH MOJCIbHBIX 00pa3LoB ¢ AedeKTaMi B BU/E TBEPIAOTEIbHBIX BKIIOYE-
Huit. IIpencTaBneHbl pe3ynbTaThl MaTeMAaTHYECKMX pPacyeTOB H3MEHEHHs BO BPEMEHM HAIPSKEHHO-
1e(hOpPMHUPOBAHHOTO COCTOSIHUSA 1E()EKTHOTO JIMAIIEKTPHIECKOr0 MOJIENBHOr0 00pa3La pH ero Bo30yKACHUH
JEeTepMUHHPOBAHHBIM aKyCTHYECKHM HMITynbcoM. [IokaszaHa CBS3b IMapaMeTpoB aKyCTHUECKOTO BO30YXk[e-
HUSI 00BEKTa TECTUPOBAHMS U 3JIEKTPOMArHUTHOIO OTKJIMKA HA Takoe BO3AEHCTBHE B MarHUTHOM moie. B
IIPOLECCEe UCCIIENIOBAHUM yCTAaHOBIICHO, YTO YAEIBHBIEC 3JIEKTPUUCCKOE CONPOTUBICHUE LIEMEHTHO-TIECYaHON
W IEMEHTHO-CTEKOJBHONH CMecel CYIIEeCTBEHHO OTIMYaeTcs. Bo3OykneHne akyCTHUECKHMH HMITYJIbCaMU
JBOMHBIX 3IIEKTPUUECKUX CJIOEB MPUBOJUT K U3ITydEHHIO 3JIEKTPOMAarHUTHOTO CUTHAJIA, TTApaMeTPhbl KOTOPOTO
OTIPENIENAIOTCS. MapaMeTpaMu aKyCTHYEeCKOTO BO3JACHCTBHSA, a TaKXKe aKyCTHUECKUMH H SNMEKTPUUYECKUMHU
cBoifcTBaMu Marepuaina. B pesymbraTe, eciii yMEHBLIUTh YAEIbHOE COMPOTHUBIEHUE CMECH, TO YBEITHUHUTCS
ee MPOBOAUMOCTh. UMCIICHHBIH pacyeT pacnpoCTpaHEeHHs IETEPMUHHPOBAHHOTO aKyCTHYECKOTO MMITYJIbCa
TOKa3aJl I3MEHEHHE €ro IMapaMeTPOoB IIPU IIPOXOXKICHUH Yepe3 Ae(PEKT C OTIMIAIOIINMCS aKyCTHIECKUM M-
NIeTAaHCOM OT MMIIeZIaHCa HCII0JIB3YyeMOH cMecu oOpasia.

Kniouesvie cnosa: Hepaspyma}oumﬁ KOHTPOJIb, AUDJICKTPUKH, aKYCTUICCKOC BO3Z[eI71CTBI/Ie, DJICKTPOMArHuT-
Hasg DMUCCHsA, MaroHuTHOC I10JI€, MOJACIMPOBAaHUEC.
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Investigation of the influence of the mode of heat treatment of the initial
powder on the efficiency of sintering zirconium ceramics by dilatometry

Using methods of synchronous thermal and X-ray structural analyzes applied to zirconium dioxide powders
partially stabilized with yttrium obtained by chemical coprecipitation the processes of dehydration of these
powders during annealing in air have been investigated. Using the dilatometry method the regularities of
compaction of powder compacts have been investigated with thermal sintering. It was found that the resulting
powders mainly consist of the tetragonal modification zirconium dioxide and are nano-sized. The average
particle size was 25 nm. The resulting powders are characterized by a high degree of agglomeration. It is
shown that an increase in the thermal annealing temperature from 500 to 700 °C leads to partial baking of in-
dividual particles inside the agglomerate, and causes the formation of hard agglomerates, the presence of
which complicates the processes of compaction and subsequent sintering. The presence of such agglomerates
prevents the production of ceramics with high mechanical characteristics: density and porosity. Thermal an-
nealing temperature increase leads to a decrease in the density of the sintered ceramic and a decrease in its
hardness.

Keywords: zirconium dioxide, dilatometry, co-precipitation, chlorides, microscopy, agglomeration.

Introduction

Ceramic materials based on partially yttrium-stabilized zirconium dioxide are increasingly used in vari-
ous fields of science and technology. High hardness allows the use of zirconium ceramics for the production
of cutting and abrasive tools; high melting point and low thermal conductivity are used in thermal insulation
and refractory materials. Zirconium ceramics are used for the production of adsorption-semiconductor gas
sensors [1, 2], thin-film coatings [3, 4], ion-exchange materials, and chemical reaction catalysts [5—7].

All stages of the technological cycle are important to obtain high-quality ceramics [8]. At the stage of
synthesis of initial powders the features of their structure are formed, such as grain size, interface surface and
their state, porosity and other defects [9-14]. Therefore, method of obtaining initial powder play an im-
portant role in obtaining ceramics with high values of mechanical properties [15-21].

Currently, a large number of methods for obtaining nanosized zirconium dioxide powders exists
[22-25]. Many of these methods allow to obtain very high quality powders, but are of little use in condi-
tions of mass production. Among them, the so-called methods of soft chemistry which lead to the for-
mation of a crystalline or semi-crystalline structure without high-temperature treatment, stand out [26], for
example, the coprecipitation method [27]. It is applicable in mass production environment, and at the same
time has a low cost of the finished product. The main disadvantage of this method is a high degree of ag-
glomeration [28].

The purpose of this work is to study of the effect of agglomeration of zirconium dioxide powders, par-
tially stabilized with yttrium, obtained by coprecipitation on the kinetics of the sintering process of powder
compacts.

The method of the experiment

For the production of ceramic material based on partially stabilized zirconium dioxide composition
(ZrO; + 3 mol.% Y,0;) a chemical method of co-precipitation of zirconium and yttrium hydroxides from an
aqueous solution of zirconium and yttrium salts is used: zirconium oxide-dichloride YCl3;x6H,0 and yttrium
chloride 6-water YCl;x6H,0 by adding a 25 % aqueous solution of ammonia to pH 9.5. The hydroxide mix-
ture is washed, dried at a temperature of 90 °C for 12 hours and then annealed at a temperature of no more
than 700 °C. Annealing time is 1 hour. BET analysis of the obtained powders was carried out on the device
“Sorbtometer-M” (Catakon, Russia). Studies were carried out for the initial powders obtained by sol-gel
technology without annealing (type P1) and for P1 powders subjected to annealing in air at temperatures of
500 °C (type P2) and 700 °C (type P3) at a heating rate of 20 °C per minute isothermal exposure for 60
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minutes. Press samples were made by uniaxial static pressing on a hydraulic press PGR-10 (Lab Tools, Rus-
sia). The pressing pressure was varied in the range of 70-960 MPa. The ceramics were sintered in a dilatom-
eter furnace DIL 402 C (NETZSCH, Germany) in an air atmosphere. The air purge rate was 20 mm/min.
Electron microscopy was performed on a JEM-2100 scanning electron microscope (Japan). X-ray diffraction
analysis was performed on an ARL'xtra diffractometer (ThermoFisher Scientific, Switzerland) with a semi-
conductor Si (Li) Peltier detector using monochromatized CuKa-radiation. The diffractograms were meas-
ured in the angle range 20 = (90—120)° at a speed of 0.02 ° ¢™'. The phase analysis was performed using the
PDF-4+ powder database of the International Centre for Diffraction Data (ICDD). The diffractograms were
processed by the full-profile Ritveld method using the Powder Cell 2.4 software package. The density and
porosity of the ceramic samples were determined by hydrostatic weighing in distilled water on a Shimadzu
AUW-220 D (Shimadzu Corporation, Japan) scale with a special prefix. The microhardness was measured
using a Zwick (Germany) ZHVIM microhardness meter. The thermal analysis of the powders was per-
formed on a synchronous thermal analysis device STA-449 combined with a mass spectrometer QMS 403 D
(NETZSCH, Germany).

Experimental results and discussion

Microstructure research. The results of electron microscopy of P1-P3 powders are shown in Figure 1.
From the analysis of the presented results it can be seen that the P1 powder consists of agglomerates of small
primary particles. The small size of the primary particles leads to a significant increase in the surface energy
of the powder system. In combination with the close location of individual particles under the action of Van
Der Waals forces, the formation of multiparticle clusters of individual particles — agglomerates, the shape
and size of which vary very widely [29].

(> N PR I ﬂ
Tiag I-Tm X[ Pos X ‘Deiocus Pos Y |camer‘a Lengih| TitX| Pos X |Dalocus Pos Y ‘Camsra Length|
120000 x|0.1 °[-34,58 um)| - 50,28 pmi - ——200 nm—— 500000 x}-0,05 *|-114,6 pm)| - 2814 um) - ——50 nm-
a C

Figure 1. Electron microscopy of powders (a, b, ¢ are P1, P2, P3 respectively)

In the P2 and P3 powders (Fig. 1b, Figure 1c) separate crystalline particles the size of which increases
as the annealing temperature increases are isolated. At the same time, agglomerates of individual particles
are also observed in the structure of the powder. Thus, the previously established inheritance of the structure
of the initial amorphous xerogels of hydrated zirconium dioxide by nanocrystalline zirconium dioxide is con-
firmed [30]. At the same time, the heat treatment temperature is sufficient for the initial stage of sintering,
which leads to the acquisition of strength by the aggregates and the consolidation of the structure [29].

The diffractograms of the studied powders are shown in Figure 2. As follows from the results obtained,
the P1 powder is X-ray amorphous, while the P2 and P3 powders have a crystal structure characteristic of the
tetragonal modification of zirconium dioxide. With an increase in the annealing temperature, the peaks nar-
row, which indicates an increase in the size of the crystallites.
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Figure 2. Diffractograms of the studied powders

The results of the thermal analysis of the P1 powder are shown in Figure 3.
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Figure 3. TG, DTG, and DSC curves for P1 powder

When the powder P1 is heated, its dehydration occurs, accompanied by the absorption of heat. The DSC
curve shows two endothermic peaks caused by the removal of water present in the test substance in different
states. The first and more pronounced peak (96.5 °C) is associated with the removal of physically adsorbed
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[31], and the second (190.4 °C) is due to the removal of chemically bound water. Both peaks of the DSC
curve are accompanied by a significant decrease in the sample mass (extremes at 93.8 and 201.2 °C on the
DTG curve). The total weight reduction when heated to a temperature of 600 °C was 16.6 %. At a tempera-
ture of 448.2 °C, a sharp exothermic peak is observed on the DSC curve. This thermal effect is not accompa-
nied by a noticeable change in the mass of the sample, which allows it to be associated with the crystalliza-
tion process of partially stabilized zirconium dioxide. This conclusion is confirmed by the previously pre-
sented results of the XRD.

From the consideration of Figure 4 it follows that that the nature of the compaction depends on the type
of powder (P1, P2, P3). For a sample obtained from powder P1 already at the initial stage of heating there is
a noticeable shrinkage of the sample, accompanied by a peak at temperature approximately equal to the crys-
tallization temperature of the tetragonal phase of zirconium dioxide, obtained from the results of thermal
analysis. Also, at the final stage of the process, there is an expansion of the sample, apparently a conse-
quence of the transition part of the tetragonal phase into monoclinic. For samples obtained from powders P2
and P3 there are practically no differences in the nature of the shrinkage process.
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Figure 4. Dilatometric curves of powder compacts P1,
P2 and P3 (curves 1-3, respectively), 4 is thermal annealing mode.

Table 1 presents the results determining the density of compacts p,,, density of ceramics sintered from
them pryarost, porosity ® and microhardness Hy for different types of samples.

Table 1

Physical properties of compacts and sintered ceramics

Sample type Pors g/cm3 Phydrosts g/cm3 Q, %. H,, GPa
P1 2,44 4,98 16,0 9,1
P2 2,53 5,21 10,8 9,4
P3 2,62 5,18 12,3 8,2

Table 1 shows that when using powders P2 and P3 the characteristics of the sintered ceramics are sig-
nificantly higher than when using P1 powder. Highest density and lowest density of sintered ceramics is
achieved by using P2 powder.

Conclusion

Thermal analysis methods were used to study the processes occurring when the powder P1 is heated in
an air atmosphere, obtained by coprecipitation from chloride starting components. The processes of compac-
tion and sintering of powder compacts, made from initial powders P1 and after their annealing at tempera-
tures of 500 and 700 °C (powders P2 and P3, respectively). At the same time, the following was established.

The heating of the P1 powder was accompanied by dehydration, the main part of which ends at a tem-
perature of about 200°C. Total mass yield when heated to 600 °C is 16.6 %. P3 powders obtained by anneal-
ing the initial P1 powder at a temperature of 700°C are characterized by a nanoscale crystal structure. The
average crystallite size according to the results of XRD and microscopy was 25 nm.
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The highest density of ceramics obtained when sintering a sample of powder P2, which is most likely
due to a lower density of agglomerates than in P3 powder.

References

1 Arsent’ev M. Yu. Investigation of some physicochemical properties of ceramics, single crystals, and nanofilms based on zir-
conia, hafnia, and rare-earth oxides / M. Yu. Arsent’ev, P.A. Tikhonov, M.V. Kalinina, N.S. Andreeva // Glass Physics and Chemis-
try. — 2010. — Vol. 36, No. 4. — P. 478-483.

2 Dimitrov D.T. Oxygen detection using junctions based on thin films of yttria-stabilized zirconia doped with platinum nano-
particles and pure yttria-stabilized zirconia / Dimitrov D.T., Dushkin C.D., Petrova N.L., Todorovska R.V., Todorovsky D.S.,
Anastasova S.Y., Oliver D.H. // Sensors and Actuators A: Physical. — 2007. — Vol. 137(1). — P. 86-95.

3 TI'pszaoB P.B. TexHomnorus u cBOWCTBa TOHKOILICHOYHBIX MarepuanioB Zr0Q,—Si0O, : aBroped. auc. / B. I'ps3HoB. — Tomck,
2003. — 21 c.

4 Crisan M. Sol-gel ZrO,-SiO, coatings for optical application / Crisan M., Gartner M., Predoana L., Scurtu R., Zaharescu M.,
Gaurila R. // Journal of Sol-Gel Science and Technology. — 2004. — Vol. 32(1-3). — P. 167-172.

5 Zhang Q.H. Preparation and characterization of zirconia-silica and zirconia-magnesia supports for normal-phase liquid chro-
matography / Q.H. Zhang, Y.Q. Feng, S.L. Da // Analytical Sciences. — 1999. Vol. 15(8). — P. 767-772.

6 Shalliker R.A. The measurement of pore size distribution, surface areas and pore volumes of zirconia, and zirconia-silica
mixed oxide stationary phases using size exclusion chromatography/ Shalliker R.A., Douglas G.K., Rintoul L., Comino P.R., Ka-
vanagh P.E. // Journal of Liquid Chromatography and Related Technologies. — 1997. — Vol. 20(10). — P. 1471-1488.

7 Shalliker R.A. Retention behavior of basica solutes on zirconia-silica composite stationary phase supports in normal phase
liquid chromatography/ Shalliker R.A., Rizk M., Stocksiek C., Sweeney A.P. // Journal of Liquid Chromatography and Related
Technologies. — 2002. — Vol. 25(4). — P. 561-572.

8 Tlopgnmenexwusnii E.H. Knaccupukanust cmoco60B IMOMydeHHs YIBTPAJUCIEPCHBIX OKCHAHBIX IOPOMKOB (0030p) /
E.H. IToxnenexnsiit, A.A. Boiiko. // Becta. ['omen. roc. TexH. ya-Ta um. [1.0. Cyxoro. — 2003. — Ne 1. — C. 21-27.

9 Marpenun C.B. HanoctpykTypHble MaTepuaibl B ManmHocTpoeHun: yued. moc. / C.B. Marpenus, b.b. Oeuknn. — Tomck:
TIIV, 2009. — 185 c.

10 Xacanos O.JI. MeTo KOIJIGKTOPHOTO KOMITAKTUPOBAHHSI HAHO- U TIOJIMIUCIEPCHBIX NOpouKkoB: yued. noc. / O.JI. XacaHoB.
— TITY, 2009. — 102 c.

11 IleBuenko A.B. MUKpOCTPYKTYpHOE MPOEKTHPOBaHHe MaTepuaioB B cucteme Zr0, -Y,0; - CeO, - AL,O; / A.B. IlleBuenko,
E.B. dynuuk, B.B. Ilykpenko, A.K.Py6an // Tlopomikosast metamtyprusi. — 2010. — Ne 9/10. — C. 43-51.

12 Menvie Bekale V. Processing and microstructure characterization of ceria-doped yttria-stabilized zirconia powder and ceram-
ics / Menvie Bekale V., Legros C., Haut C., Sattonnay G., Huntz A.M. // Solid state Ionics. — 2006. — Vol.177. — P. 3339-3347.

13 Lee W.S. Synthesis and microstructure of Y,03-doped ZrO,-CeO, composite nanoparticles by hydrothermal process / Lee W.
S., Kim S. W., Koo B. H., Bae D. S. // Colloids and Surfaces A: Physicochem. Eng. Aspects. — 2008. — Vol. 313-314. — P. 100—
104.

14 Lange F.F. Transformation toughening Part 4. Fabrication, fracture toughness and strength of Al,O; -ZrO, composites
/ F.F. Lange // J. Mater. Sci. — 1982. — Vol. 17. — P. 247-254.

15 bysaxosa C.II. ®opmupoBaHue CTPYKTypsl IOPUCTOM KEpaMMKM, CIICYEHHOH M3 HAaHOKPHCTAJUIMYECKUX IOPOLIKOB
/ C.IL BysixoBa, C.H. KysbkoB // Orueynopsl u TexHudeckas kepamuka. — 2005. — Ne 11. — C. 6-11.

16 Jlykun E.C. OxcuHas kepaMika HOBOTO ToKoJieHus u oOnactu ee npuMenenus / E.C. Jlykun, H.A. Maxkapos, A.1. Koznos,
H.A. ITonoga, E.B. Any¢puesa, M.A. Baprausu, 1.A. Koznos, M.H. Caduna, /{.0. Jlemeuntes, E.W. I'openuk // CTexiio u kepamMuka.
—2008. — Ne 10. — C. 27-31.

17 Bakyno B.C. OcoO€HHOCTH TEXHOJIOTUH BEICOKOILTOTHOI TexHu4eckoi kepamuku / B.C. bakynos, E.C. JIykun // Crexio n
kepamuka. — 2008. — Ne 2. — C. 3-7.

18 Bakynos B.C. Oxcunmuas xepamuka: Criekanme W momsydects: y4ue6. moc. / B.C. bakynos, A.B. Bemskos, E.C. Jlykun,
V.1I. MasxmeroB // MunucrepctBo oOpa3oBanust u Hayku Poccuiickoit @emepammu. — M.: Pocc. XuM.-TeXH. YH-T HM.
JI.1. Menpeneena, 2007. — 584 c.

19 Bamme P.3. HanocTpykTypHBIE MaTepHaibl, MONydYeHHBIE HHTCHCHBHOHM Iutactudeckoit nedopmarmeir / P.3. Banues,
W.B. Anexcanapos. — M.: Jloroc, 2000. — 272 c.

20 MopozoBa JI.B. IlonydyeHne HaHOKEKpaMHMKH Ha OCHOBE JHMOKCHJAa IUPKOHUS C BBICOKOW CTENEHbIO TeTparoHajlbHOCTU
/ J.B. Mopo3zosa, M.B. Kanununa, H.1O. Kopaneko, M.IO. Apcentbes, O.A. [llunopa // ®usnka u xumus crekina. — 2014, — Ne 3.
— C. 462-468.

21 Mopozosa JL.B.IlonyuyeHue HaHOKEpaMUKU Ha OCHOBE JOUOKCUIA LMPKOHUS JUI1 PECTaBPalMIOHHOM CTOMAaTOJIOTUH
/ J.B. Mopo3oBa, M.B. Kaimauna, W.A. [Ipo3goBa, W.T'. [lonskosa, O.A. IllunoBa // Wucturyr cromaronmormu. — 2014, —
Ne 3 (64). — C. 98, 99.

22 TaiipiboB A.®. [lunatoMeTpus KepaMHUK Ha OCHOBE OKCHJIOB aJFOMHHUS U IUPKOHWUS, OTYICHHBIX METOJIOM PACHBUINTCIIb-
Ho# cymiku / A.®. Taiipi6oB, A.D. Unena, I'.B. JIssmuna // MexayHnap. Hayd.-uccies. kypH. — 2013. — Ne 10-1 (17). — C. 49-51.

23 Bopoxuos A.b. CuHTe3 AUCIEPCHBIX METANIOOKCUIHBIX MaTepuanoB. Ku. 2. IInasMoxumMudeckuil METO MOJIyYEHUS. OKCH-
noB titaHa u upkonus / A.b. Bopoxios, A.C. XKykos, T./l. Manuaosckast, B.1. Caukos / otB. pex. T.J]. MamunoBckas. — Tomck:
Uszng-so HTJI, 2014. — 168 c.

24 Andrievski R.A. Nanostructured titanium, zirconium and hafhium diborides: the synthesis, properties, size effects and stabil-
ity / R.A. Andrievski // Russian Chemical Reviews. — 2015. — Vol. 84 (5). — P. 540-554.

25 Pemmens A.A. ®usnka tBepaoro tena / A.A. Pemmens. — ExarepunOypr: YI'TY-YIIN, 2007. — 174 c.

Cepus «dunsukay. Ne 3(103)/2021 21



S. Shevelev, E. Sheveleva, O. Stary

26 Ilerposa E.B. ®usnko-xuMu4IecKre OCHOBBI OJIYUCHUS H CTPYKTYPHO-IyBCTBHTEIBHBIE CBOMCTBA HAHOPA3MEPHBIX OKCHJIOB
p, d - METaIJIOB KaK IPEKypCOPOB KOMIO3UIIMOHHBIX MaTEepHAaIoB: qucc. A-pa xuM. Hayk: 02.00.04 / E.B. IlerpoBa. — Ka3zaus, 2018.
— 344 c.

27 Baccepman .M. Xumudeckoe ocaskaenne u3 pactsopos / I.M. Baccepman. — JI.: Xumus, 1980. — 207 c.

28 KoncrantunoBa T.E. IIpou3BoacTBO HAHOIUCIIEPCHBIX IOPOIIKOB AMOKCHAA IMPKOHHS: OT HOBAaUMU K HHHOBAIUSAM
/ T.E. Koncrantunosa, U.A. Jlanmnenko, B.B. Tonkwuii, B.A. I'mazynoBa // Hayka naHOoBarmmu. — 2005. — Ne 1. — C. 78-87.

29 TamaxoB A.B. Crpykrypa mopomkosoro kommakra. — Y. 1. / A.B. T'anaxos // HoBbie orneynoper. — 2014, — Ne 5. —
C.22-32.

30 HMBano B.K. MccnenoBanue 3BOMIONHMN ME30CTPYKTYPBI THAPATUPOBAHHOTO AMOKCHIA IUPKOHMS HA Pa3HBIX CTAAUSAX Tep-
muueckoit oopadorku / B.K. MBanos, I'.Il. Kouna, C.B. I'puropses, O.C. Ilonexaesa, B.M. I'apamyc // ®usnka tBepmoro tema. —
2010. —T.52. —-Ne 5. — C. 898-904.

31 KynsmerseBa B.b. CuHTe3 HaHOKPHCTAIUINYECKOTO JUOKCHIAA LIUPKOHHSA, CTAOMIM3UPOBAHHOTO OKCUIOM MTTPHS, U HHU3-
kotemneparyproro crekanus / B.b. Kymsmersesa, C.E. ITopo3zosa, E.C. I'nenuna // 13B. By30B. I[lopomikoBast Metayuryprus 1 QyHK-
HMoHaJIbHbIE MOKphITUS. — 2011. — Ne 2. — C. 3-9.

C. llesenes, E. lllesenesa, O. Crapslit

Bacrankpl YHTAKTHI TEPMUSIIBIK OH/IEY PEe:KUMiHIiH HIUPKOHNSI KePAMUKACHIH
ANJIATOMETPHUSA diciMeH OipikTipy THimMaTirine acepin 3eprrey

XUMHSUIBIK TYHABIPY S/ICIMEH aJIbIHFaH UTTPHIAMEH KapTbhUIail TYpaKTaHIbIPbUIFaH [IUPKOHUS YHTaKTapblHA
KaTBICTBI CHHXPOH/IbI TEPMHSUIBIK JKOHE PEHTICH/AIK KYPBUIBIMABIK TaIAay 9iCTEPiH KOJJaHa OTHIPHII, ayaa
OHJIeY Ke3iHJIe OChI YHTAKTap/blH JCTHAPATALMs MpoLecTepi 3eprreiiai. JunaroMeTpus oiciH KojgaHa OThI-
pbIIl, TEPMHUSIIBIK KYWHAIpYy Ke3iHAE YHTAaKThl KOMIIAKTUIEPIiH ThIFbI3Ay 3aHIbUIBIKTAPbl TEKCEPIJIreH.
ANbIHFAH ~YHTaKTap HETi3iHeH UMPKOHUHIIH TeTparoHanbAi MOJU(UKALMICBIHAH TYPaIbl JKOHE
HaHoeJeMepi O6ap ekeHairi anslkTaiasl. bemmekrepain opramna memmepi — 25 M. By perre anbiaran
YHTAKTap arjoMepalysHbIH JKOFapbl JopexeciMeH cunarranaibl. TepMUsIIBIK KYHIIpy TeMnepaTypachbHbIH
500-gen 700 °C-ka feitin jxorapbuIaybl arjioMepar iliHzeri xeke OeeKkTepAiH inriHapa micipityine skerin
COFaTBIH/IBIFBI KOPCETUIreH >XOHE KaTaH arjioMeparTapAblH MHaiiia OOoJyblHA OKeNeli, OJapIbiH OOIybl
BIKIIAM/Iay JKOHE KEeHiHTi CHHTE3/ey IpolecTepiH KublHIataapl. MyHIail arjsoMeparrap/biH maiia 0oJysl
TBIFBI3/IBIFBl MEH KEYCKTUI JKOFapbl MEXaHHKAJIBIK CHIATTaMalapbl 0ap KepaMUKaHbl ajyFa Kelepri
kentipeai. TepMHSUIBIK — KYHIOIpy — TeMIepaTypachlHBIH  JKOFapbUIaybl — KYHIIpIIreH —KepaMHUKaHBIH
THIFBI3/IBIFBIHBIH TOMEHICYiHE JKOHE OHbIH KATThUIBIFBIHBIH TOMCHACYIHE dKeIe].

Kinm ce30ep: TUpKOHUH JUOKCHUAI, IMIIATOMETPHS, TYHOA TY3Y, XJIOPHATEP, MUKPOCKOIIHS, arJIOMEpalus.

C. llleenes, E. llleBenena, O. Ctapsiit

HccienoBanue BJAMAHUS PEKUMA TEPMHUYECKOI 00padOTKH HCXOTHOTO MOPOIIKA HA
3(pPeKTUBHOCTH ClIeKAHUSI IMPKOHUEBOI KEPaAaMUKH METO0M JTHJIATOMETPHHI

C ucnonap30BaHHEM METOA0B CHHXPOHHOTO TEPMHUYECKOTO M PEHTTEHOCTPYKTYPHOTO aHaIn3a MPUMEHUTENb-
HO K TTOpOIIKaM AUOKCHA IUPKOHHUS, YACTHYHO CTAOMIIM3UPOBAHHOTO MTTPHEM, NMOIYUYEHHBIX METOIOM XHU-
MHYECKOTO COOCAXKASHNUS, UCCIEOBAHbI MIPOLECCH! JETHIPATalui 3THX MOPOLIKOB MPH OT/KUTEe HA BO3LyXe.
ITpn oMoy MeToa AUNATOMETPUH M3ydEeHBl 3aKOHOMEPHOCTH YIUIOTHEHHS MOPOIIKOBBIX KOMIAKTOB IPH
TEPMUYECKOM CIIEKAHUU. Y CTAHOBICHO, YTO [1OJYy4CHHBIC IOPOIIKU COCTOAT NPEUMYILIECTBEHHO U3 TETparo-
HaJIbHOH MOIU(UKAIUK JUOKCHIAa IMPKOHUS M UMEIOT HaHopadMmepsl. CpemHmii pasMep wacTui — 25 HM.
IIpu 3TOM moTyyeHHBIEC MOPOLIKH XapaKTEPU3YIOTCSl BEICOKOM CTeNeHbto arnomepanuu. IlokazaHo, 4To yBe-
JIMYEeHUE TeMieparypsl Tepmudeckoro orxkura ¢ 500 go 700 °C npuBOAUT K 4aCTUYHOMY NPHUIIEKAHHUIO OT-
JIeNIbHBIX YaCTHI] BHYTPH arjioMepara, U BbI3bIBaeT (POPMHUPOBAHHUE HKECTKUX arjoMepaToB, HATMYHE KOTOPBIX
3aTPYAHSET MPOIECChl KOMIIAKTUPOBAHUS M TOCIEAYIOLIEro crekaHus. Hamuume momoOHBIX ariomepaToB
MPENATCTBYET MOMYYEHUIO KEPAMHUKH C BBICOKUMU MEXAaHUUECKUMH XapaKTEePUCTHKAMH: TNIOTHOCTBIO U MO-
puctocthio. IloBbIIEHNE TEMMEPATYphl TEPMUIECKOTO OTXKHUIA MPUBOJUT K CHIKEHHIO TJIOTHOCTH CIIEUEH-
HOM KepaMHKH U CHIUKEHHIO €€ TBEPJOCTH.

Kniouesvie cnosa: JUOKCHUJ HUPKOHUSA, TUTIAaTOMETPU, COOCAKECHUE, XTIOPU/IBI, MUKPOCKOIIN, arJIoMepalus.
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Modeling the dynamics of charged drop of one liquid
in another under the action of an electric field

The work is devoted to the study of the features of the behavior of a group of droplets of one viscous liquid in
another under the influence of various physical fields. When considering the dynamics of two drops under the
action of an electric field it is assumed that a drop in the form of a sphere with radius @ will be placed in an

electric field with an intensity E , investigates how droplets will react to each other under the influence of an
electric field. A mathematical model has been built and a computer program has been developed for the nu-
merical solution of this problem. The behavior of several drops in an electric field is studied for different
physical parameters of the material of the drops and the environment, as well as for different initial distribu-
tions of drops and the strength of the electric field. It is shown for the first time that emulsion droplets distrib-
uted in space, under the action of an electric field, begin to move and after a certain time a new stationary
structure of droplets is formed. It was found that the relaxation time depends on the electric field strength, the
size of the droplets and their initial distribution.

Keywords: droplet dynamics, electromagnetic field, dispersed system, mathematical model, computer model,
computational domain, dynamics of an emulsion system.

Introduction

The theoretical and experimental study of the behavior of individual drops of one viscous liquid in an-
other under the influence of various physical fields (thermal, acoustic, electromagnetic) is of great im-
portance in solving technological problems in various industries. A huge number of scientists from all over
the world have been and are engaged in research on various aspects of this problem and have contributed to
solving the problem [1-3]. In the case of one drop, the results obtained by the authors of this work are given
in [4].

An emulsion is considered, consisting of spherical drops of one viscous incompressible fluid, distribut-
ed in the volume of another viscous incompressible fluid, immiscible with the first. Both liquids are consid-
ered to be dielectric. When considering the dynamics of two drops under the action of an electric field, it is
assumed that a drop in the form of a sphere with radius ¢ will be placed in an electric field with an intensi-

ty E , investigates how droplets will react to each other under the influence of an electric field.

Figure 1. Interaction of two emulsion droplets in an electric field.
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Mathematical model of the dynamics of two drops
Consider two spherical emulsion droplets i and j of the same diameter d =2a, the distance between
which R, (Fig. 1). It is assumed that the drops do not have a significant effect on the distribution of polariza-

tion charges in them and, using the point-dipole approximation, the electrostatic force acting on i-th drop
from the j-th drop can be determined by the formula:

=@ E],_, (M

where p; is the equivalent dipolet moment of the i-th drop (determined by the formula
p = 4meye fa’Eyé,, and EO, E'J of the strengths of the electric field of the external environment and the
electric field of the j-th drop, which are calculated, respectively, through the electrostatic potentials of the

3
external environment, i.e.: ¢, = —Eyr [1 -B (%) ]cos 0 and dropo, =—-Er cos0 . Substituting into

a+2
&4 a—-1

— =—W t:
e:’ ’B a+2 cge

(4

formula (1) the expressions p, ¢, ¢4 and @ =

4
o a - . -

F& =F, (R—”) [(3cos?6;; — 1)é, + sin26,;é5].
3 (2)
F,= EnsoscdzﬁzEg :

When deriving formula (2) it was assumed that the origin of the spherical coordinate system is at the
center of the i-th drop. Strictly speaking, formula (2) is exact only under the following conditions: the dielec-
tric constants of the environment and droplets differ insignificantly, i.e., § — 0; the diameter of the droplets
is much less than the distance between them, i.e., R;;/d — .

A qualitative analysis of formula (2) makes it possible to predict the nature of the motion of two drops
under the action of an external electric field.

a) If the drops are located along the electric field strength vector coinciding with the direction of the ax-
isz (6;j = 0) , then the vector ﬁs will be directed along the vector &, and the drops will attract.

b) If the line connecting the centers of the drops is perpendicular to the intensity vector (8;; = m/2),
then the direction of the vector ﬁg- will be opposite to the direction of the vector &, and drops will repel.

¢) In case of an arbitrary arrangement of drops the force ﬁg- will rotate them, trying to arrange them in
the direction of the intensity vector.
If the distance R, between the emulsion drops, it becomes enough, a short-acting repulsive force ap-

pears small (Fig. 2a)

L R —d)._
Fh1= enf ),

where « is characteristic distance at which repulsive forces act.

'/Pé‘ [ L/2-1z)-d/2

+ + + + +

a) between drops; b) between a drop and an electrode

Figure 2. To the definition of repulsive forces
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The repulsive force between the drop and the electrode is described similarly (Fig. 2b):
L/2—|zi|—d/2ja
n b

4

F™(R)=-F, exp(—x y

where 7 is normal vector to the electrode surface directed inward of the emulsion, z, is axis coordinate of
the drop center Z.

A mathematical model of the dynamics of an emulsion system in an electric field, taking into account
the considered forces, can be written by the following equation [5]:
SR ST E(R0,)+ FI(R,.0,) |+ S (R )+ FH(R) + B (R
dl‘z _;[ i/'( ij? ij)+ ij( ij l]):|+; ij( ij 2 ij)+ i( i)+ i ( i) (5)

J#i

m

where I?l. is the radius vector of the center of the 7, th drop, m =énd * is the drop weight, Fi”(él_) is the

force of hydrodynamic resistance, according to the Hadamard-Rybchinsky formula. ZE}‘)(R;,G;/) is the
Jj=1
force of the electrical interaction between the i-th drop and the electrodes.
The solution of the ordinary differential equation (5) with closing relations (2)-(4) and a given initial
distribution of drops will allow us to determine the dynamics of each drop in the emulsion and, thus, to simu-
late the dynamics of the emulsion as a whole under the action of an electric field.

Computer model of the dynamics of two drops

To build a computer model and carry out numerical modeling of the dynamics of emulsion drops in an
electric field, we first write expressions for the forces entering the equations of the mathematical model in
the two-dimensional case, using the global Cartesian coordinate system.

The strength of the electrical interaction between the i-th and j-th drops 13; depends on distance R, be-
tween drops and angle 6, between the vector of the electric field strength and the vector connecting the cen-

ters of the drops. Suppose that all emulsion droplets are in the plane (y, z), the coordinates of the center of the
i-th drop in the global Cartesian coordinate system we denote (y,, z,) . Then we can write that:
, sin 9[/. P .

R.

ij ij

Vector F"U" in the local polar coordinate system associated with the i-th drop, it is decomposed in the

Zj—Z

i

R, = \/(yl. -y +(z,—z;)", cosb, =

vectors of the local basis €, and ¢, : E; = (F“;)r e + (E;’)e -é, , where

4 4
| d | a) .
(Fl./. )r =F, [R—J (3cos’ 6, —1), (E.j )9 =2F, (R—J sin,, cos 6, .

ij ii
Because the relationship between the reference vectors of the local and global coordinate systems are

given by €, =sin0-¢e, +cos0-¢., ¢ =cos0-¢,—sin0-e_, then the projections of the vector F“; on the axis

z

of the global cartesian coordinate system (y, z) will be written in the following form:

4
(F;)y = (F;;)r sin@, + (17“;)6 cos0, = F, [%J sin 0, (5cos2 0, - 1) ,

i

4
(F";)Z = (E; )r cos, —(17“;)9 sin@, = F, (RiJ cosh, (SCOS2 0, - 3) .

i

The components of the vector of the repulsive force and the force of hydrodynamic resistance are writ-
ten in a similar way in the global Cartesian coordinate system:
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=k

(7),

, V.N. Kireev
R, —d) . . ;—d
exp| —«x 7 sin@,, (FU )z =—F exp| —«x cos B, ,
(Ff) =-np.d 2t @, (F:'h) =-np.d S
y Moy, dt : Ho+p, dt

Thus, we finally write the second-order differential equation (5) describing the dynamics of drops in an
electric field in the form of a system of first-order differential equations (6):

ay; _
a "
dz; _
d "
dui S e % = = h
a =) P 2E) (),
i i
dV & e & ~r = h
=2 (Fr) + 2(F) +(F),
L o
J#i J#i

(6)

The initial conditions are the coordinates of the initial position of the drops in space and their initial ve-
locities (in all the results below, it is assumed that the drops at the initial moment of time are at rest).
For numerical simulation, consider water droplets in oil. Basic parameters for numerical simulation are

given in the Table 1.

Table 1
Basic parameters for numerical simulation

Parameter Symbol Unit of Measurement Value
Drop diameter d m 10°
Electric field strength E, V/m 10°
Parameter characterizing the repelling force of drops K - 10

Environment
Relative dielectric constant €, - 7.3
Dynamic viscosity I, Pas 107"
Drops

Relative dielectric constant €, - 23.6
Dynamic viscosity L, Pa-s 107

We begin numerical modeling by considering a system consisting of two drops in view of the possibil-
ity of carrying out a relatively simple qualitative analysis.

Results

Figure 3 shows the time dependences of the coordinates of the centers of drops of the same diameter for
the cases when the centers of the drops at the initial moment of time are located on one of the coordinate ax-
es symmetrically about the origin. The droplet diameters are the same, and the initial distance between them
is 1 cm, i.e., ten times the diameter of the droplets. Curves of different colors correspond to different drops.
If at the initial moment of time the centers of the drops are located on the y-axis (i.e., the vector connecting
the centers of the drops is perpendicular to the z-axis and accordingly to the vector of the electric field
strength), then the drops begin to move along the y-axis in opposite directions (Fig. 3 a).
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Figure 3. Dependence of the coordinates of the centers of drops of the same diameter on time

A similar result was described in [5]: the existence of a critical value of the electric field strength was
experimentally established, above which oppositely charged droplets began to repel. It can be seen from the
Figure 3a that in two hours the distance between the drops increased by 1.5 times. At large times, the dis-
tance between drops will continue to increase slightly, and then the drops will stop at a certain distance de-
termined by the force of hydrodynamic resistance.

A qualitatively different behavior of drops is observed in the case when the centers of the drops are lo-
cated along the vector of the electric field strength (Fig. 3 b). In this case, the motion of the drops has an os-
cillatory character: first, the drops come closer to each other until the repulsive force becomes greater than
the force of electrical interaction, after which the drops change the direction of movement to the opposite.
Then the strength of the electrical interaction increases, the drops approach again, etc. After some time, the
position of the drops stabilizes, and they are located in the direction of the electric field strength vector in
close proximity to each other (the final positions of the drops are schematically shown in Figure 3 and on all
the following red and blue circles).

Figure 4 shows the time dependences of the coordinates of the centers of drops of different diameters
for the cases when the centers of drops at the initial moment of time are located on one of the coordinate axes
symmetrically about the origin. The diameter of the red drop is five times the diameter of the blue drop. The
initial distance between the centers of the droplets is still 1 cm.
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Figure 4. Dependence of the coordinates of the centers of drops of different diameters on time
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In principle, the nature of the droplet motion remains the same as for droplets of the same radius: drop-
lets located perpendicular to the electric field strength vector are repelled, and droplets located along the
strength vector are attracted, making oscillations. A drop with a smaller diameter (blue in Figure 4) is more
affected. Figure 4 b shows that the small drop moves 6 mm, while the large drop moves a little more than 1
mm. An important parameter that determines the nature of the interaction between drops is the dimensionless
parameter k, characterizing the repulsive force between the drops (see formula (4)). This parameter depends
on the physical properties of the drop material and the environment, as well as on the properties of the enve-
lope surrounding the drop. Specific parameter value k should be determined from appropriate experiments.
Figure 5 shows the dependences of the coordinates of the centers of drops of the same diameter for different
values of the parameter «.

For small values of the parameter « the value of the repulsive force is too small and non-physical in-
terpenetration of drops into each other is observed (Fig. 5 a). The interpenetration of drops stops when the
parameter is K close to 100 (Fig. 5 b). A further increase in the parameter leads to a slight increase in the
amplitude of oscillations, which does not affect the steady state of the drops (Fig. 5 c). Therefore, in further
calculations the value of the parameter will be used k¥ =100.
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Figure 5. Dependence of the coordinates of the centers of drops of the same diameter on time

Consider the situation where the vector is connecting the centers of drops at an angle o to the vector of
the electric field strength. Figures 6 and 7 show the dependences of the coordinates of the centers of droplets

of the same diameter on time and the trajectory of the droplets at angles o =+45° and o =—45" accordingly.
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As expected, the movement patterns in Figures 6 and 7 turned out to be symmetrical, therefore we will
only analyze in detail the results in Figure 6. In contrast to the previous results, Figure 6 a shows four curves.
Curves of different colors correspond to different droplets, the solid curve shows the change in the y coordi-
nate, and the dashed curve shows the change in the z coordinate. It can be seen that under the action of an
external electric field the droplets are subjected to a rotational moment and move to a stationary position
along a curved trajectory (Fig. 6 b) simultaneously experiencing damped oscillations. In a stationary posi-
tion, the drops are located on the z axis (i.e., in the direction of the electric field strength vector) symmetri-
cally relative to the origin.
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As shown earlier (see Figure 3 a), if the angle o between the vector of the electric field strength and
the vector connecting the centers of the drops is equal, then at the selected value of the strength the drops
move in opposite directions. For it angle values is o close, but smaller, drops also begin to move in opposite
directions, however, the radial component of the electric interaction force increases, the trajectory is curved,
the direction of movement of the drops changes to and the drops begin to approach (Fig. 7, a, b). If the angle
o is less than 45°, then the opposite motion of drops is not observed (Fig. 8).
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The magnitude of the electric field strength has a significant effect on the time to reach a steady state

(Fig. 9). If with strength 2-10° V/m drops come to a stationary position in about two hours (Fig. 9, c), then
with a four times lower intensity B/m, this takes more than ten hours (Fig. 9, a).
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Figure 9. Dependence of the coordinates of the centers of drops
of the same diameter on time at different strengths of the electric field

When simulating a system of three or more drops, all of the above regularities are observed, however,
the dynamics of interaction is much more complex.

Conclusion

The mathematical model has been constructed and an algorithm has been developed for the numerical
solution of the problem of the motion of two or more drops in an electric field, and a computer program has
been created that implements this algorithm. The behavior of several drops in an electric field is studied for
different physical parameters of the material of the drops and the environment, as well as for different initial
distributions of drops and the strength of the electric field. It is shown that emulsion droplets distributed in
space, which are initially at rest, begin to move under the action of an electric field, and after a certain time
(relaxation time) a new stationary droplet structure is formed. It was found that the relaxation time depends
on the electric field strength, the size of the drops and on their initial distribution. The resulting structures,
depending on the parameters of the medium and the field, are either threadlike formations of drops oriented
in the direction of the electric field, or separate chains of drops. In addition, the type of the structures formed
also depends on the type of the selected dependence, which expresses the repulsive force between the drops.
The obtained numerical results are in qualitative agreement with the known experimental data.
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DJIEKTP OPIcCiHiH dcepiHeH Oip CYiBIKTHIH 3apSAATAIFAH
TAMIIBLIAPBIHBIH 02CKa CYHBIKTAFbI JUHAMHMKACBIH MO/eJ1Iey

Makana opTypii (HU3HMKaIBIK OpicTepAiH (3IEKTPOMAarHUTTIK KYIITEPHAiH) SCEpiHEH Oip TYTKHIP CYHBIKTHIH
TaMIIbLIap TOOBIHBIH 0acKa CYHBIKTarbl KO3FAJIBICHIHBIH EpPEKIIeIIKTepiH 3epTTeyre apHanraH. bip TYTKbIp
CHIFBUIMAWTHIH CYWBIKTaH TYPaThIH JXKOHE J€¢ OHBIMEH apajacHalThIH, CKIHIII TYTKBIP CBHIFBIIMAHTBHIH
CYMBIKTBIH KeJEeMiHJe TapaiFaH, C(epanblk TaMIIbUIAPIBIH SMYJIBCHSACH KapacThIppurraH. Eki CYHBIK
JMJICKTPHUK OOJIBIT CaHasa(bl. DJIEKTP OPICIHIH oCepiHeH €Ki TaMIIBIHBIH JUHAMUKACHIH KapacTHIPFaH/a, d
paguycel Gap mrap Topi3ai TaMIIbUIAp KEepHEYIIri E Gonarsin JNIEKTP OpiCiHE OPHAIACTHIPBUIA/IBI JKOHE
JJIEKTP OPICIHIH acepiHeH TaMIUbIIapAbH Oip-OipiHe Kanalt ocep ereTiHi 3epTrenreH. OChl €CEeNTiH CaHIBIK
mIemimMin Taly YIIH MaTeMaTHKAIBIK MOJENb KYPBUIBII, KOMIIBIOTEPIIK MporpamMMa JXacalabl. DJICKTp
epicinzeri OipHele TaMIIbUIAP/IbIH KO3FAIbICH TAMIIBLIAP/IBIH MaTEPHUAIIbl MCH KOpIIAFaH OPTaHbIH dPTYpIIi
(U3MKaNBIK ITapaMeTpIepiHe, COHBIMEH KaTap TaMIIbUIAPABIH dPTYPIIi OACTANKbI YIECTipiMaepi MEH JIIEKTp
opiciHiH KepHeyJirine OalIaHbICTBl 3epTTei. DJICKTP OPICIHIH SCepiHeH KEHICTIKTe TapajiFaH dMYJIbCHsI
TaMIIBLIApbl KO3Faja OacTaWThIHABIFBI JKoHe Oenridai Oip yakpITTaH (penakcaiys yakbITbIHAH) KeiiH
TaMIIbUIAP/bIH KaHA CTALMOHAPJIBIK KYPBUIBIMBI MHaiia OonaThiHbl OipiHINi per KepcerinreH. Penakcanus
YaKbITBl JIEKTP OPICIHIH KepHEYJiriHe, TaMIIbUIAPIBbIH MeJILepiHe KOHE OJIapJblH aJFallKbl TapalyblHa
r
0allIaHBICTEl SKEH/IT aHBIKTAaJNABl. Typi TaMIIbLIap apachIHAAFEI F UTEprilm KyIIiHe Toyesiai OoJbm
KeJIeTiH, Maiaa GoJiFaH KypbhUIBIMAAp, COJI OpTa MEH OpICTiH IapameTpiiepine OallIaHBICTEI HEMEce JJICKTP
opici OarbITHIMEH OaFbITTAIFaH XKINl TOPI3[EC TaMIUBLIAPIBIH TY3UIiMIEepi HeMece TaMIIBUIAPBIH Oelek
Ti30ekTepi 6oJIbIN Kenei.

Kinm ces0ep: TaMIIbUIapIblH AWHAMUKACHI, JJIEKTPOMArHHUTTIK ©pIC, AUCHEPCTi XyHe, MaTeMaTHKalbIK
MO/1eJ1b, KOMIIBIOTEPIIIK MOJIEIIb, €CENTEY aiiMarbl, IMYJIbCHS KYHECIHIH JMHAMUKACHI.

H.K. [Ixaitun6exos, b.C. Illanabaesa, B.H. Kupeen

MOI[eJII/IPOBaHI/le AUHAMUKHU 3aPAKECHHDBIX Kall€JIb O).IHOﬁ AKUAKOCTH
B I[pyFOﬁ nox I[eﬁCTBHeM INEKTPUIECCKOI'0 IO

Crathsl TOCBsIIlIEHA HCCICAOBAHHIO OCOOCHHOCTEH MOBEICHHS TPYIIIbI Kalelb OTHOH BSI3KOIl JKHUIKOCTH B
Ipyroid MOA NEeWCTBHEM pa3IMYHBIX (U3MUECKHX ITOJIel (RJIEKTPOMArHMTHBIX cui). PaccmoTpeH cocras
OMYJIBCUH, COCTOSANICH U3 CHEPUUECKHX Karlelb OTHOW BSI3KOW HECKHMMACMOM JKUIKOCTH, PACIIPEIICIICHHBIX B
00beMe APYToil BA3KOW HEC)KUMAEMOU KHUKOCTH, HECMEIIUBAIOIIEHCS ¢ rmepBoit. O0e HKHUIKOCTH CUUTAIOTCS
nudnekTpudeckumu. [Ipu paccMoTpeHun JUHAMUKY JBYX Karlelsb 10 JeiCTBUEM JIEKTPUUECKOT0 MO Kall-
mu B (hopMe miapa ¢ paguycoM a OyayT IOMEHICHBI B DJIEKTPUIECKOE T0JIE C HAIIPSKCHHOCTHIO E , ¥ ICCIIEIIO-
BaHa peakuus Apyr Ha Ipyra Hoj AeiicTBUeM 3ieKkTpudeckoro nouis. Iloctpoena MatemMaTuyeckas MOJEIb, U
pa3paboTaHa KOMIBIOTEPHAS MPOTrpaMMa JUTsl YHCICHHOTO PEIICHHs JaHHOH 3anaun. V3ydeHo moBeneHue He-
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CKOJIBKUX Karelb B 3JI€KTPHUECKOM MOJIE TIPU PA3INYHBIX (PU3MYECKHX MapaMeTpax MaTepuaia Kameib U OK-
py’Karolielt cpefbl, a TaKKe MPU Pa3TUYHBIX HA4YaJIbHBIX PACIPENENEHUIX Kalellb M HaMps KeHHOCTH 3JIeK-
TpUYEcKOro mouisi. BriepBble MOKa3aHO, YTO PAcIpeeNeHHbIE B MPOCTPAHCTBE 3MYJILCHOHHBIE Kallld IOJ
JEHCTBUEM SJIEKTPHUYECKOTO MMOJISI HAYMHAIOT JBIDKEHHE W Yepe3 OINpeesICHHOEe BpeMsl (BpeMs pellaKCarim)
o0pa3yeTcst HOBasI CTAllMOHApHAsI CTPYKTypa Kamelb. Y CTaHOBICHO, YTO BPEMs pPeaKCalliM 3aBUCHT OT Ha-
TIPSHKEHHOCTH JIEKTPUIECKOTO TI0JIs, Pa3MepOoB KalleNlb M OT UX HadalbHOTO pactpezneneHus. O6pasyromuecs

r
CTPYKTYPBbI, BUJL KOTOPBIX 3aBUCUT OT CHUJIbI OTTAJIKUBAHUA MEKIAY KallJIAMU E , B 3aBUCHUMOCTH OT IIapa-

METPOB CPEeAbl U OIS, MPEACTABISIIOT cO00M MO0 HUTEBHHbIE 00Pa30BaHUs U3 Kallellb, OPHEHTUPOBAHHBIE
0 HANPaBJIECHUIO 3JEKTPHUUECKOTO TI0JIs, INOO OTAENbHBIE LETIOYKH Kallelb.

Kniouesvie cnosa: JAVHaAMHUKa Kall€lib, SJIEKTPOMArHuTHOE I10JIE, UCIIEPCHAs CUCTEMA, MaTEMATUYECKass MO-
J€JIb, KOMIIBIOTEPHAsA MOAECIIb, pacueTHAsA 06J'[aCTb, JUHAMHUKa 3MyJ'IbCPIOHHOI>i CUCTCMBI.
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Determination of the reduced electric field in surface
dielectric barrier discharge plasmas

In this paper the experimental determination of the reduced electric field (E/n) in plasma of dielectric copla-
nar surface barrier discharge (DCSBD) at atmospheric pressure was demonstrated. The plasma characteristics
and the experimental setup properties were described, and the optical emission spectrum of the plasma was
also measured. The results of optical emission spectroscopy showed the presence of nitrogen molecular bands
in the emission spectrum of DCSBD. In particular, the second positive and the first negative systems, as well
as low intensity OH and NO lines were identified. The main transport properties of electrons, such as mobili-
ty, mean average energy, and diffusion coefficients were calculated using the BOLSIG+ open source soft-
ware. The dependence of the ratio of intensities of the nitrogen spectral lines on the reduced electric field, the
dependence of the E/n on plasma power, and the dependence of the electron energy distribution function
(EEDF) on E/n were obtained. An algorithm in the form of a block diagram for determining the reduced elec-
tric field by the BOLSIG + program and experimentally measured spectral line intensities are presented. The
utilized method are quite simple, accessible and versatile.

Keywords: plasma, dielectric barrier discharge, spectroscopy, reduced electric field, lines intensity, nitrogen
spectrum, Boltzmann equation.

Introduction

Dielectric barrier discharge (DBD) is a discharge ignited between electrodes, one or both of which are
covered with a dielectric [1, 2]. The DBD can generate high-density atmospheric pressure plasma jets using
an air flow as a source gas [3]. At the same time, the generation of DBD does not require large vacuum in-
stallations, which favorably distinguishes its operation in comparison with other types of discharges [4]. An-
other distinctive feature of the dielectric barrier discharge is the ability to generate low-temperature, “cold”
plasma at atmospheric pressure, which is a key point in the processing of crops, biological samples, and var-
ious polymeric and heat sensitive materials. Also, atmospheric pressure plasma (APP), obtained on the basis
of a dielectric barrier discharge, is widely used in plasma medicine, water disinfection, nanotechnology and
thin film coating [5, 6].

There are two types of dielectric barrier discharge: volume dielectric barrier discharge and surface die-
lectric barrier discharge. A bulk DBD consists of two parallel electrodes covered with a dielectric layer, or
two electrodes located on a dielectric plate. Plasma is generated in the volume of the gap between the elec-
trodes. The configuration of the surface dielectric barrier discharge is as follows: one electrode is located on
the surface of the dielectric plate, the other electrode is embedded on the other side of this plate and the dis-
charge is ignited directly on the surface of the dielectric [7]. There is also a surface coplanar dielectric barrier
discharge, which occupies an intermediate position between volume and surface discharges. The difference
between this discharge is that both electrodes are built in into the dielectric, and the discharge is ignited on
the surface of the dielectric.

The wide range of applications of atmospheric pressure plasmas requires a detailed study of the optical
properties. The electric field plays a key role in the motion and spatial distribution of charged particles in
low-temperature plasmas. The advantage of optical diagnostic methods is that they are non-contact and do
not affect the object under the test. Methods based on optical radiation or absorption are characterized by
relatively simple measurement equipments.

Several spectroscopic methods can be used to determine the values of the electric field. One of the opti-
cal methods is Thomson scattering. However, in such case the scattered laser signal is very weak and several
orders of magnitude lower than the incident laser beam, and therefore requires an accurate and expensive
installation to evaluate it. Also, there are special requirements for the laser: the laser power must be high
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enough to obtain an intense scattered signal, and at the same time laser radiation should not introduce pertur-
bations on the diagnosed plasma itself [8].

The Stark shifting is also used to measure the electric field of atmospheric pressure plasmas. Stark polari-
zation spectroscopy uses the Stark effect, which affects the emission spectra depending on the local electric
field. Electric fields cause a splitting of energy levels, and a shift of these levels, depending on the electric field.
In general, the Stark shift is widely used for dense plasma with electron density above 10'® cm™, and for these
plasma conditions, the theoretical data that can be taken for evaluation are well studied. However, this method
requires a monochromator with very high resolution, which is usually not easily available [9].

The method of fluorescence spectroscopy includes exposure of the object under study and collection of
scattered radiation. Next, a spectrum is generated with different intensities in a given wavelength range.
The disadvantage of this method is the necessity to use additional CCD (charge-coupled device) cameras, for
visualization of laser-induced fluorescence, which complicates the measurement process [10].

This article demonstrates the determination of the reduced electric field (E/n) of a coplanar surface bar-
rier discharge by measuring optical emission spectroscopy and solving the Boltzmann equation [11].
The described method is quite simple, accessible and versatile.

Experimental setup

The experiments were carried out on an RPS400 setup. The RPS400 is an atmospheric pressure plasma
generator which provides an uniform plasma area of approximately 8 cm x 20 cm. The RPS400 system uses
a diffuse coplanar surface barrier discharge cell to generate plasma at ambient air, which enables the pro-
cessing of plastics, metal, wood and glass based products. A schematic diagram of the DCSBD setup is
shown in Figure 1 [12]. The conductive electrodes are parallel to each other and embedded in a ceramic die-
lectric. Plasma is formed on the ceramic surface over an area of 80 mm * 200 mm and reaches a height of
about 0.3 mm. The electrodes are made of silver with width of 1.8 mm, thickness of 0.1 mm, length of 230
mm and are located at a distance of 1 mm from each other. The thickness of the ceramic layer between the
electrodes and the plasma is 0.4 mm. The discharge was activated by a sinusoidal high voltage (17 kHz, ap-
proximately 3 kV peak-to-peak) supplied with an HV plasma power supply. The power of the supplied dis-
charge can be manually adjusted from 80 W to 400 W.
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Figure 1. The schematic diagram of electrodes and optical measurement system of DCSBD

Method for determining the reduced electric field

To study the chemical composition and kinetic reactions of the discharge the optical properties of the
DCSBD were studied. To achieve this goal the SolarSystems optical emission spectrometer was used. The
spectrometer consists of an optical lens system that records a signal collected in a single unit, an optical fiber
and the spectrometer itself. Signal registration is performed by a linear Toshiba TDC1304CCD detector. A
personal computer was used to digitize and process the signal.

The ratio of the intensities of the spectral lines of nitrogen can be represented in the form of equation
(1) [13]. The left side of the equation is the ratio of the intensities of the nitrogen lines, is found experimen-
tally through the obtained spectrum, and the right side, in particular the reaction rate constant (), is found
numerically through the BOLSIG + program [14]. The rest of the values are constant for certain experi-
mental conditions (Table 1):
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13(5) _ kB(%)Tg Tp Tair 1
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where R is the intensity ratio of the nitrogen lines, / is the intensity of the certain line, k is the reaction rate
constant, 7, is the lifetime of excited or ionized states of nitrogen molecules, 7 is a parameter that depends
on the sensitivity of the photo detector, 7,;, is the lifetime in air, indices B and C indicate the following reac-
tions (ionization and excitation) of the nitrogen molecule [15]:

NS (B2, 9 =0 - X?¥F,9 =10),391,4 nm,

N,(C31,,9 = 0 - B3[1;,9 = 0), 337,1 nm.

R =

Table 1
Lifetimes of radiative and of excitation states of some excited states of a nitrogen molecule and ion
Reaction of a nitrogen molecule Radiation lifetimety (ns) | lifetime of excitation states T, (ns)
(c3m,9=0-B%1,9 =0) 40 0,62
(B234,9 =0 - X2%F,9 =0) 60 0,134

From the obtained spectrum we could find the ratio of the intensities of the first negative system of the
nitrogen molecule N; (B2Yf,9 = 0 > X?Y},9 = 0) to the second positive system of the nitrogen molecule
N,(C3M,,9 = 0 - B3Iy, 9 = 0), which appear at wavelengths of 391.4 and 337.1 nm, respectively.

At the same time, in the BOLSIG + program we can calculate the reaction rate constant, choosing dif-
ferent values of E/n and appropriate database for cross sections. BOLSIG+ is a free and user-friendly com-
puter program for the numerical solution of the Boltzmann equation for electrons in weakly ionized gases in
uniform electric fields, conditions which occur in swarm experiments and in various types of gas discharges
and collisional low-temperature plasmas. The principle of the program and the formulas used are described
in detail by the authors of this program [11].

When the experimental data coincide with the numerical result (BOLSIG +), we extract the electron en-
ergy distribution function (EEDF), which is the main quantity for studying kinetic processes in plasma and
other transport properties for their further use in calculations and numerical simulations. If the results do not
coincide, we return to the selection of E/n in the BOLSIG + program until they coincide with our experi-
mental results. This algorithm is graphically displayed in Figure 2.

Calculating the reaction rate
constantin BOLSIG +

Enter of input parameters
including E/ N

v

Choice of chem. composition
and corresponding proportion &
of gases -
Spectrum
measurement - -
Calculation of the reaction
rate constant
1 Comparison of results
v
= ;ig%ﬁ —_— | Matches-? | | calculation of R taking into
account constants

Using spectral line
integration A4 Entering a
No 3

Yes differentE/ N
J, value
Extraction of transport
properties and EEDF

Figure 2. Algorithm for determining the reduced electric field by calculating transport properties
in the BOLSIG + program and experimental measurement of the intensities of nitrogen spectral lines
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Results and discussion

The experiments were carried out in the plasma power range from 200 W to 400 W with a step of 50 W.
It can be seen from the results of the experiment that with an increase in power the surface of the DCSBD
discharge cell is gradually filled with multiple microdischarge channels (Fig. 3). Complete filling of the sur-
face is observed at a power of 220 W. At a power of 400 W the surface of the discharge cell is uniformly and
closely filled with dense plasma. Below discharge cell surface images are shown at 220 W applied power
(the surface is completely filled with micro-discharges) and at a power of 400 W (maximum power) (Fig. 3).

a) b)

Figure 3. Images of the surface of the discharge cell at powers of 220 W (a) and 400 W (b)

Using optical emission spectroscopy, the chemical composition of the DCSBD was determined. Molec-
ular nitrogen bands, namely the second positive (N, (C-B)) and the first negative (N, + (B-X)) systems were
observed in the emission spectrum. In Figure 4 the observed peaks from 300 nm to 470 nm are composed of
OH (308 nm) radicals, N, (337 nm and 357 nm) and N," (380 nm, 390 nm, 427 nm and 470 nm). Due to the
large number of nitrogen molecules in the atmosphere, nitrogen bands are naturally dominant. OH radicals
are also visible due to the presence of water vapor in the air [16]. The line intensities of other radicals and
chemically active molecules, such as NO, which are common for air plasma under room conditions, were
negligibly low due to the low density and effective collisional quenching of the corresponding excited states.

— 200 W
18000
) N',(B-X,1-0 ——300w
N,(C-B,0-0) N ) 100 W
15000 -
:E 12000 -
2 OH
B
&
9000
z
g
E 6000
N, (B-X,0-0)
3000 Nf ?
0 -
I ' ) ' )
300 350 400

wavelength(nm)
Figure 4. DCSBD spectrum different applied powers

The values T (391,4 nm) and T-(337,1 nm) show the sensitivity of the photodetector at the respective
wavelengths. Information on the sensitivity of the photodetector is indicated in the technical documentation.
In the technical documentation of our Toshiba TDC1304 optical device the wavelength starts from 400 nm,
but we are interested in the wavelength from 300 to 400 nm, namely 337.1 nm and 391.4 nm, where the rota-
tional structures of the nitrogen molecule are recorded. To find the sensitivity of the wavelengths of interest
to us, we extrapolated the graphical data (Fig. 5). As a result, the sensitivity ratio of the photodetector at the-
se wavelengths was Tb/Tc =1.19.

To calculate the total intensity of the nitrogen spectral lines, the molecular spectrum was integrated over
the wavelength taking into account the rotational structure of the molecule. After calculating the total intensi-
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ty of the lines of interest to us, their ratio was calculated for further comparison with the results obtained by
solving the Boltzmann equation.
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Figure 5. (a) the sensitivity of the photodetector from 400 to 1200 nm, (b) estimation
of the sensitivity in the range of 300—400 nm using the extrapolation of the graph

As mentioned above, the BOLSIG + program was used to solve the Boltzmann equation for electrons.
The input parameters are the E/n value, the composition of the plasma-forming gas in a percentage, the de-
gree of ionization, the gas temperature, and the overall density of particles. As a result, the solution of the
equation gives transport properties, including the reaction rate constants k, which was subsequently used to
numerically calculate the ratio of spectral lines. The rate constants for different values of E/n are shown in
Table 2. The results of determining the ratios of spectral lines and their dependence on the values of the re-
duced electric field are shown in Figure 6. Figure 6 shows that the dependence in the range from 400 to 600
Td is linear. This graph can be used as a gradient-level curve and is convenient in that it allows to quickly
and visually evaluate the reduced electric field, comparing it with the obtained experimental ratios of spectral
lines.

Table 2
Reaction rate constants for different values of reduced electric field
. Reaction rate constants(m’/s
Reduc%d/rfl(efg)lc field N,(C311,,9 = 0 - B311,,9 = 0) NZS(BZ)Z{;,ﬁ =0- X2y}9=0)
11 eV (A=337.1 nm) 18,7 eV(A= 391,4nm)
420 0.2032E-14 0.9336E-16
430 0.2085E-14 0.1014E-15
480 0.2330E-14 0.1465E-15
520 0.2503E-14 0.1886E-15
560 0.2658E-14 0.2658E-14
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Figure 6. Dependence of the intensity ratio of the spectral
lines N3 (391,4) and N,(337,1) on the reduced electric field (E/n)

Further, the above procedure was repeated for different E/n. Figure 7 demonstrates the dependence of
the reduced electric field on the discharge power. It is expected that an increase in power leads to an increase
in E/n as an increase in power is accompanied by an increase in high-voltage applied to the electrodes of the
discharge cell. The obtained values of E/n for air plasma in a surface barrier discharge are in agreement with
the results of other related works [17,18] where the investigated plasma and discharge geometry, conditions
are quite similar.

800 —| 10° Pa
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E/n (Td)
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Power (W)
Figure 7. Dependence of the reduced electric field on the discharge power

EEDF is important for studying the various properties of the plasma, since it is necessary for characteri-
zation of kinetic processes with the participation of electrons [19]. The EEDF obtained for different values of
the reduced electric field shows an increase in the energy and also in the number of fast electrons at the tail
of the distribution (Fig. 8). At the same time, the number of low-energy electrons decreases slightly. The in-
crease in the electron energy can be explained by the fact that the increase in E/n makes an additional contri-
bution to the kinetic energy of the electrons, since the electrons mainly gain the energy due to the electric
field, accelerating by the Coulomb forces in the gaseous medium. In our case, an increase in E/n means a
direct increase in the electric field, since the pressure of the plasma-forming gas remains constant at room
conditions. A slight decrease in the number of low-energy electrons is due to the fact that their energy also
increases and they contribute to the number of high energy electrons on the tail of the EEDF.
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Figure 8. The electron energy distribution function at different values of the reduced electric field

In addition to the EEDF, solving the Boltzmann equation using the BOLSIG + program makes it possi-
ble to determine the transport properties of electrons, such as average energy, mobility, diffusion coefficient,
and Townsend coefficient, the results of which are shown in Table 3.

Table 3
Transport coefficients for different values of the power
Power Mean energy Mobility*N Diffusion coefficient Townsend coefficient o

(W) (V) (m*V*s)™) ((m*s)") (m)

200 8.962 0.8318E+24 0.5339E+25 0.4318E-20
250 9.098 0.8264E+24 0.8264E+241 0.4535E-20
300 9.643 0.8067E+24 0.5562E+25 0.5427E-20
350 10.18 0.7888E+24 0.5732E+25 0.6345E-20
400 10.71 0.7722E+24 0.5894E+25 0.7279E-20

The quantitative values of these parameters allows to correctly model and calculate various kinetic
properties of a gas-discharge plasma at atmospheric pressure by different numerical simulation methods.

Conclusion

A method for the determination of the reduced electric field (E/n) of diffuse surface dielectric barrier
discharge plasma by emission spectra was demonstrated. The method is based on the experimental measure-
ment of the intensity ratio of nitrogen spectral lines and the solution of the Boltzmann equation. The experi-
ments were carried out at different applied powers from 200 W to 400 W with a step of 50 W. The depend-
ence of the line intensity ratio on E/n was obtained, and the main transport properties of electrons and EEDF,
which are necessary for numerical simulation of plasma properties, were calculated. The dependence of E/n
on the applied discharge power was plotted. The obtained experimental data might be useful for the study of
kinetic processes of DCSBD plasma.
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A.A. Myranun, E.A. Ycenos, A.K. AkuibauHoBa,
M.K. loc6omaeB, M.T. I'abnymmun, T.C. Pamazanos

JAmanekTpiaik 0eTTiK TOCKAYbUIIBIK Pa3PAATAFbI INIA3MAHBIH
MEHIIIKTI 3JIEKTP OPiCiH AaHBIKTAY

Maxkanana arMocepaiblk KbICBIMIAFbI JIMAJICKTPIIK KOIUIAHAPIIBIK OCTTIK TOCKAYBULABIK Pa3psATarbl
(AKBTP) wmenmikri smektp epicin (E/n) skcmepuMmeHTTIK Typae aHbIKTay KkepcerinreH. Ilmasma Men
9KCHEPUMEHTAJIBIK KOH/BIPFBIHBIH TapaMeTpiiepl CUMaTTaIFaH KOHE IIa3MaHbIH ONTHKAIBIK SMHUCCHSIIBIK
crieKTpi anbHIbL. ONTHKAJBIK SMHUCCHSIIBIK CIEKTPOCKOMHsHbIH HoTmkenepi JJKBTP coynerneHy criekTpinze
MOJICKYJIANbIK a30T JKOJAKTaphIHBIH OOJYbIH KOPCETTi, aram alWTKaHjAa, eKiHIN OH jkoHe OipiHui Tepic
Kyitenepi, coHbiMeH Karap uHTeHcHBTUTNi TeMeH OH ixoHe NO chekTpiik ChI3BIKTap IKykeci.
DeKTpOHAAPABIH HETi3ri TachIMANBIK KAaCHEeTTepl peTiHAe KO3FaIFBIITHIK, opTama 3Heprus, nudysus
koa¢pduienti BOLSIG+ ambik GarmapnamaiblK KacaKTaMachlH KOJIIaHa OTBIPBIN ecenTesmi. MeHIiKTi
JJICKTP OPICIHIH a30TTHIH CHEKTPIIK CBHI3BIKTAPBIHBIH HMHTEHCHUBTUITIHIH apaKaTbIHACHIHA TOYEJJILIIT,
KyaTTBIH JKOHE JJIEKTPOHAAD SHEPrHsACHIHBIH Tapaly ¢GyHKumsaceiHeH (DOT®d) E/n-re Toyemmimiri
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anpikranasl. BOLSIG+ 6argapiaMachkiHaa MEHIIIKTI DJICKTDP OPICIH aHBIKTAY KOHE CIIEKTPIIK ChI3BIKTAP/IbIH
MHTCHCHUBTLIITIH OJIIIey alropuTMi Oiok-cxema Typinjae kepcerinres. Ilaiinananbuirad o/1ic OHAIIBIFBIMEH,
KOJDKETIMIUTITIMEH jKoHE aMOeOanThIFbIMEH SPEKIICICHICH.

Kinm cesdep: mna3zma, IUAIEKTPIIK Oapbepiik pa3psifl, CIEKTPOCKOINMS, MEHIIIKTI 3JI€KTpP Opici, CHI3BIKTap
HMHTCHCHBTLIr, a30T cHeKTpi, bombiMan TeHueyi.

A.A. Myranum, E.A. Ycenos, A.K. AkuiibInHOBA,
M.K. Hoc6omnaes, M.T. 'abnymmun, T.C. Pamazanos

Onpenesnenne NpuBeIeHHOr0 JIEKTPUYECKOI0 MOJISl B IJIa3Me
AMIJIEKTPUYECKOr0 MOBEPXHOCTHOI0 0apbepHOro pa3psiaa

B crartee mpomeMOHCTPHPOBAHO SKCNEPUMEHTABHOE ONpEeTIeHHE MPUBEJEHHOTO 3JIEKTPHYECKOTO MO
(E/n) andiexTpuyueckoro KOIIaHapHOTO MOBepXHOCTHOTO Oapseproro paspsaaa (JKIIBP) npu armocdeprom
napieHnd. OMHCaHbl XapaKTEePUCTUKY IIa3Mbl U SKCIIEPUMEHTAIbHON YCTaHOBKH, OBbLIT MOTy4YeH ONTHYECKUI
SMUCCHOHHBIH CHEKTp IIa3Mbl. Pe3ynbTaTel ONTHKO-3MUCCHOHHOM CHEKTPOCKONUH IIOKa3aly Haaudue B
cnexrpe usnydenus JKIIBP mMonexyaspHBIX I0OIOC a30Ta, & IMCHHO BTOPOH IOJIOXUTENILHON U MEpBOH 0T-
punartenbHoil cucreM, a Taroke JuHUM OH 1 NO ¢ HU3KOHM MHTEHCHBHOCTBIO. BblIM paccuuTaHbl OCHOBHBIC
TPaHCHOPTHEIE CBOMCTBA AJIEKTPOHOB, TAKUE KaK ITOJBIDKHOCTD, CPEIHSS SHEPTHs, KodhdunueHT muddys3un,
C IOMOMIBIO OTKPBITOro mporpaMmHoro nakera BOLSIG+. bpuin momy4eHs! 3aBUCUMOCTU COOTHOLIECHUSI MH-
TEHCUBHOCTEH CNEKTPAJIbHBIX JIMHUI a30Ta OT MPHBEICHHOTO 3IEKTPUUECKOTO MOJIS OT MOLIHOCTH, yHKINH
paciipenesieHus: SHeprun 3ekTpoHoB (PPDI) ot mpuBeneHHOro 3nekTpudeckoro nois. IIpencrasnen anro-
PUTM IEUCTBUI AJIs OIIpEIEICHUS IPUBEIECHHOTO JIeKTpudeckoro nois B nporpamme BOLSIG+ u skcnepu-
MEHTAIbHOTO U3MEPEHUs] HHTEHCHBHOCTH CIIEKTPANIbHBIX JINHUH B BUJE OJI0K-cxeMbl. Vcronbp30BaHHbIH Me-
TOJI OTJIMYAJICS JOCTATOYHOU POCTOTOM, JOCTYIIHOCTBIO U YHHUBEPCATIBHOCTBIO.

Kniouesvie cnosa: Iiasma, Z[I/I3H€KTpI/I‘IeCKI/II71 6apLeprIﬁ paspdan, CICKTPOCKOIIUA, IIPHUBEACHHOC
DJIEKTPUHICCKOC 10JIC, UHTCHCUBHOCTDH HHHHﬁ, CIICKTp a30Ta, YpaBHCHHUC EOJILIIMaHa.
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Processing of industrial waste by plasma-chemical method

In this paper the results of the processing of magnesium fluoride by plasma-chemical method to obtain
periclase and a solution of hydrogen fluoride (hydrofluoric acid) were presented. For the industrial implemen-
tation of plasma technologies it is necessary to study the main parameters of plasma processes for obtaining
reducing gases and processing metal oxides with them, to solve the issues of their hardware design, to in-
crease the service life of plasma torches for their use in continuous metallurgical processes. The purpose of
this work was to determine the conditions for the plasma-chemical process of processing magnesium fluoride.
Thermal analysis of magnesium fluoride on a TGA/DSC2 thermogravimetric analyzer was performed.
Thermogravimetric analysis showed that in the temperature range under consideration the process is endo-
thermic, and at a temperature of ~1280 °C a phase transition of the 1st kind is observed due to the melting of
magnesium fluoride. The fractional composition of MgF, and MgO powders was studied using the
Analysette-22 Nanotech laser diffraction analyzer. The results of the evaluation of the fractional composition
of powders have a significant difference. At the same time, the convergence of the data obtained using laser
diffraction and electron microscopy methods was found.

Keywords: industrial waste processing, plasma chemistry, magnesium fluoride, magnesium oxide,
thermogravimetric analysis, granulometric composition.

Introduction

In plasma metallurgy the processing of ores (oxides, etc.) is carried out by their thermal decomposition
in plasma. A reducing agent (carbon, hydrogen, methane, etc.) or a sharp cooling of the plasma flow that vio-
lates the thermodynamic equilibrium is used to prevent reverse reactions. Plasma metallurgy allows for direct
reduction of metal from ore, significantly accelerate metallurgical processes, obtain clean materials, and re-
duce fuel consumption (reducing agent) [1, 2]. The disadvantage of plasma metallurgy is the high consump-
tion of electricity used to generate plasma. However, the use of low-temperature plasma makes it possible to
comprehensively solve the problems of metallurgy and energy and significantly improve the environmental
situation in industrial areas through the use of gaseous energy fuels and reducing agents used in blast furnace
smelting and metallurgy processes. In the future the role of plasma chemical technologies will increase and
will be quite profitable in industrial applications. Having a high reduction potential, plasma gases can pro-
vide elective processing of slurries of the main metallurgical processing processes, containing, in particular,
non-ferrous and rare metals. Thus, the use of plasma can solve the problems of creating waste-free technolo-
gies and the shortage of raw materials in non-ferrous metallurgy [3, 4].

Beryllium is obtained by reducing beryllium fluoride with magnesium according to the technological
scheme in JSC “Ulba Metallurgical Plant”. In this case, the follaving reaction is carried out:
BeF,+Mg—MgF,+Be. The requirements for beryllium for use in the nuclear industry in terms of the content
of impurities are of fundamental importance [5]. Beryllium fluoride BeF, must be of high purity, since the
impurities are practically not removed during the reduction process. When conducting a reaction with a stoi-
chiometric component ratio it is not possible to obtain a good separation of the reaction products, so a signif-
icant excess of BeF, is usually introduced into the charge. Good results are achieved when administered in a
mixture of magnesium in an amount of only 75 % stoichiometric. Excess BeF, makes the slag more fusible
and fluid, dissolves BeO, reduces the equilibrium amount of magnesium in the reaction mixture, and partial-
ly binds MgF, with magnesium fluoride. To remove slag, magnesium and intermetallic impurities from
magnesium-thermal beryllium, it is subjected to vacuum melting in induction furnaces in crucibles made of
beryllium oxide at a rarefaction of 133-267 Pa and a temperature of 1500—550 °C. In this case, free magne-
sium and beryllium fluoride evaporate, and non-volatile impurities MgF,, VeO, Ve,C, etc. in the form of slag
float to the surface of the melt or settle to the bottom of the crucible. After this operation, the MgF, is fil-
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tered, washed, and sent to the dump. Thus, there is an urgent task of processing the waste of magnesium flu-
oride formed at beryllium production in the process of magnesium thermal reduction of beryllium fluoride
and the sale of magnesium fluoride as a commercial product.

The authors of the work carry out experimental work on the processing of magnesium fluoride by a
plasma-chemical method, by exposure to steam plasma to produce periclase (MgO) and capture gaseous
products and to obtain a solution of hydrogen fluoride (hydrofluoric acid). For the industrial implementation
of plasma technologies, it is necessary to study the main parameters of plasma processes for producing re-
ducing gases and treating metal oxides with them, to evaluate the economic efficiency of plasma-
metallurgical processes, to solve the issues of their hardware design, to increase the service life of plasma
torches for their use in continuous metallurgical processes.

Experimental part

Experimental-industrial plasma-chemical plant for processing industrial waste was created on the basis
of JSC “Ulba Metallurgical Plant”. In the process of plasma-chemical decomposition of magnesium fluoride
by ionized water vapor with the formation of solid magnesium oxide, a large amount of hydrogen fluoride
gas is released, the workplace must be equipped with exhaust ventilation. Effective protection of personnel
requires a set of sanitary measures: from personal respiratory protection to extensive measures to prevent air
pollution. In addition, the operation of the plasma torch is accompanied by a strong whistling sound and a
very bright flame of the torch. Therefore, when working a gas mask, a welding light filter and anti-noise
headphones are used. Prevention of environmental air pollution involves the prevention of unorganized air
escape from rooms with high pollution, as well as the cleaning of industrial and ventilation emissions.

The installation for studying the process of plasma-chemical decomposition of magnesium fluoride to
produce its oxide and hydrogen fluoride consists of a plasma torch, a steam generator, a power source and a
reaction chamber. For the operation of the plant, a power source of the DV-1 ore-thermal furnace with an
operating voltage of 600 V was used. A plasmatron was developed and created for the plasma chemical pro-
cess (Fig. 1).

clamp

electrode with hafnium

Figure 1. Assembly drawing of the plasma torch

A low-pressure steam generator (up to 2 kgf/cm?) is manufactured to supply the plasma torch with wa-
ter vapor, which provides the plasma torch with steam at a temperature of up to 130 °C. During the tests, a
coil for superheating steam to temperatures of about 300 °C was additionally included in the design of the
installation, which excludes steam condensation in the cooled areas of the plasma torch.

The dimensional characteristics of MgF, and MgO powders were studied using the Analysette-22
Nanotech laser diffraction analyzer (Fritsch, Germany). The device allows to determine the particle size dis-
tribution in the range of 0.01-2000 microns. The principle of operation is the diffraction of coherent laser
radiation on small particles. The samples are dispersed in a liquid medium (in this case, water), and the sta-
bility of the colloid is maintained by ultrasonic treatment. Micrographs of the powders were obtained using a
scanning electron microscope JSM-5610 (Jeol, Japan).

Thermal analyses were performed on a TGA/DSC2 thermogravimetric analyzer (METTLER TOLEDO,
Switzerland) [6]. The sensitivity of the balance is 0.1 micrograms over the entire measurement range. The
sample weight was 88.366 mg. The sensitivity of the scales is 0.1 micrograms. The experiments were carried
out in the temperature range of 20-1300 °C, in the atmospheric air current, at a heating rate of 10 ° per min in
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corundum and platinum crucibles. The phase transition heats were calculated as the area under the measured
peak according to ISO 11357-1 DIN 51007.

Research results

The research resultsof the dimensional characteristics of MgF, and MgO powders are shown in Figures
2 and 3: each point of the integral curve Q3(x) shows how many percent of the particles have a size less than
or equal to this one; each point of the histogram dQ3 (x) shows the number of particles in percent with this
size. Table 1 shows the results of the study of the size distribution of microparticles.
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Figure 2. Size distribution of MgF, powder microparticles
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Figure 3. Size distribution of MgO powder microparticles
Table 1
Results of the particle size study
MgF, MgO
QBR). % X, pm QBR). % X, pm
10 55,1 10 28,5
20 84,2 20 151,4
30 109,2 30 256,8
40 135,7 40 353,6
50 167,2 50 470,6
60 208,7 60 612,1
70 269,1 70 7278
80 368,8 80 835,9
90 617 90 968,3
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As can be seen from Table 1 and Figure 3, the size distribution of MgO particles has a polymodal dis-
tribution and contains large agglomerates (Fig. 4 b, d). The obtained data coincide with the results obtained
using electron microscopy (Fig. 4). It is worth noting that in the method of processing solid waste particles
suspended in the plasma stream, an important parameter is the particle size of the initial substance (in our
case, MgF,), which is fed to the plasma in the form of a powder. The following processes take place in the
plasma flow: heating of raw material particles to a high temperature, their melting, evaporation, chemical
reactions, formation of product particles, cooling. However, there is a possibility of heterogeneous interac-
tion of solid and liquid particles of the feedstock with the plasma, leading to the appearance of larger parti-
cles. The product may contain impurities of the starting metals and the reducing agent. This is the main dis-
advantage of the plasma-chemical method — a wide particle size distribution and low selectivity of the pro-
cess [7]. As can be seen from Figure 2, the size distribution of MgF, particles is monomodal. This particle
distribution does not contribute to the dense packing of the particles in the process of making MgF, bri-
quettes, since the voids between the particles are filled with a binder. To solve this problem a method for
manufacturing MgF, briquettes is being developed to improve the homogeneity of the chemical process in
the plasma in the future.

Figure 4. SEM image of powders and detailed analysis: a) and b) MgF,; ¢) and d) MgO

The vapor-water plasma, depending on the temperature, consists of hydrogen, oxygen and their deriva-
tives H, O, OH, H+, O+, O++, and electrons. This composition of steam-water plasma determines its redox
character and high environmental friendliness during various plasma chemical processes. Strong intraatomic
bonds, due to the small size of the hydrogen atom, determine the highest values of the enthalpy in the steam-
water plasma. For example, its enthalpy at 5000 K is 7.25 times greater than the enthalpy of air with the
same temperature. This determines the high rate of thermal interaction with other technological components
involved in the plasma chemical process, compared to other plasmas. In addition, the steam-water plasma
does not contain in its composition ballast components such as nitrogen in the air plasma, which means that
the plasma chemical reactions are carried out with the highest possible thermal efficiency. The operating
temperature in the low-temperature plasma jet is 5000 °C or more, which makes it possible to implement a
large number of high-temperature metallurgical processes. To assess the possibility of their implementation,
first of all, it is necessary to perform a thermogravimetric analysis of magnesium fluoride (Fig. 5).
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Figure 5. Results of thermogravimetric analysis of magnesium fluoride MgF,

The thermogravimetric analysis of magnesium fluoride showed that the sample is practically stable
when heated to 1080.73 °C. A small gain of 0.035 % can be attributed to the oxidation of magnesium fluo-
ride when heated to 325.5 °C. The sample combustion process starts at 1080.73 °C and ends at 1260 °C. The
endothermic effect at 1260.54 °C and the mass loss are associated with the melting of magnesium fluoride.

Conclusion

A pilot plasma chemical plant for processing industrial waste has been created. The installation for
studying the process of plasma-chemical decomposition of magnesium fluoride to produce its oxide and hy-
drogen fluoride consists of a plasma torch, a steam generator, a power source and a reaction chamber.
Aplasmatron was developed and created for the plasma chemical process. The condition of the plasma-
chemical process of processing magnesium fluoride is determined. Thermogravimetric analysis has shown
that the process temperature range under consideration is endothermic, i.e., its implementation requires an
external heat supply, and the combustion process of magnesium fluoride begins at 1080.73 °C and ends at
1260 °C. On the basis of the conducted experimental studies aimed at studying the granulometric composi-
tion of the initial MgF, powder, it was found that the particle size distribution has a monomodal character
and contains large agglomerates. This can lead to incomplete recycling of magnesium fluoride waste into
magnesium oxide of low-temperature and high-temperature modifications.
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OHOIpicTIK KAJIABIKTAPABI IJIA3MOXUMHUSJIBIK JAIiCIIEH OHIEY

Makanana mepukia3 oHe (TOpibl cyTeri (IUIaBUK KBIMIKBUIBI) EPITIHAICIH aly MakcaTbIHAA MarHuit
GTOpUIIH IUIA3MOXHUMMSUIBIK TOCUIMEH KadTa eHmey OOMbIHINA HOTIXKeNIep YCHHBUIIBL [lnazmainbik
TEXHOJIOTHSUIAPbl OHEPKACINTIK iCKe achlpy YIIIH KajllblHA KEJNTIpYy Ta3fapblH alyIblH JKOHE OJNapMeH
MeTaJul OKCHATEpiH OHACY[IH IUIa3MaliblK MPOLECTEPiHiH HEeri3ri mapaMeTpiepiH 3epTrey, OJapbl
anmapatypaiblK peciMaey, Y3AIKCI3 MeTauTyprusuiblK MpoLecTepie KOJAaHy YINiH IUIa3MOTPOHIAPABIH
JKYMBIC PECYpPCHIH apTThIPy MOCEJENEepiH IIelly KaXeT. Bys KyMBICTBIH MakcaTbl MarHui ¢ropuui
OHJICYNIH IUIa3MOXMMUSIBIK TIPOIECIHIH IIapTTapblH aHBIKTay. MarHuil (GTOpHUIiHEe TEPMIUSUIBIK Taiaay
TGA/DSC2  TepMOrpaBHMETPUSUIBIK ~ aHAIM3ATOPBIHAA OKYPri3inai. TepMorpaBHMETPHSUIBIK — Tangay
KapacTBIPBUIBIT OTBIPFaH TEMIIEpaTypa [Hala3OHBIHIA IPOLECC OJHAOTEPMHSUIBIK koHe ~1280 C
TeMIeparypaia MarHuil GTOpuAiHIH epyiHe OaiimaHbICThI 1-1i THHITET] (ha3anblK aysICy Oap eKeHiH KOpCeTTi.
MgF, xxone MgO yHTakTapbiHbIH (GpakiusuiblK KypaMbl Analysette-22 Nanotech nasepiik Au(pakuusiIbIK
AHAJIM3aTOPbIH/A 3EPTTENreH. YHTAKTap/AblH (pakuusiblK KypaMmblH Oarajiay HOTHXKENEpl aiTapiibIKTai
alipIpMaIIbUIBIKKa Me. Bbyn skarnmaiina nasepuik Audpakumst »OHE >JICKTPOHABI MHUKPOCKOIHMS SAICTepiH
KOJIJIaHy apKbUIbI AJIBIHFAH MAJIIMETTEP/IIH YKCACTBIFbI QHBIKTAJIIBL.

Kinm ce30ep: eHEpKACINTIK KAIIBIKTAPABI KaiiTa oHJCY, IIIa3MOXHMUS, MarHuil (QTOpHI, MarHUH OKCHI,
TEPMOTPaBUMETPHUSUIBIK TAIAAY, TPAHYIOMETPHSIIBIK KYpaMm.

M.K. Keuibiikanos, K. A. Illectakos, XX.b. Carqonauna, b.K. Paxagunos, A.b. KenecOexos

HepepaﬁoTKa NPOMBINIVICHHBIX OTX00B IJIAa3MOXUMHUYEC€CKUM crnocooom

B crarpe ObLIH IpeAcTaBICHBI Pe3yJIbTaThl 10 epepaboTke Gropuaa MarHus MIa3MOXUMHUYECKUM CIIOCOO0M
C LEJIBIO MOJIy4eHUsl eprKIIa3a U pacTBopa (HTOPUCTOro BOAOPOAa (IUIABUKOBOM KUCJIOTHI). [y mpoMbILI-
JICHHOH peann3anuyl IUIa3MEHHBIX TEXHOJOTUH HEOOXOAMMO HCCIIeOBAaTh OCHOBHBIC NTapaMeTphl IUIa3MeH-
HBIX HPOIECCOB MOyYEeHHsS BOCCTAHOBHUTEIBHBIX I'a30B U 00paOOTKH MMM OKCHAOB METAIJIOB, PEHIUTH BO-
TIPOCHI UX amIapaTypHOro o(opMiIeHus, MOBBIIIEHHS pecypca paboThI IIIa3MOTPOHOB [UISl IPUMEHEHHUS UX B
HETIPEePHIBHBIX METAJUTyprHYEeCKUX nponeccax. L{enbro qanHoi paboTh SBISUIOCH ONpeeIeHHe YCIOBUS MIPo-
BEJCHMS IUIa3MOXUMHUUYECKOTo Iporecca nepepaboTku ¢ropuna marHus. [IpoBeaeH TepMHYECKUi aHaIM3
¢dTopuna Maruust Ha TepMmorpasuMerpudeckom ananuzarope TGA/DSC2, koTopslii mOKa3aj, 4To B paccMmar-
pHBacMOM [MaIa30HE TEMIEPATyp IPOLECC SIBISIETCS dHAOTEPMHUYECKHUM, U pu Temuepatype ~1280 °C Ha-
6aronaercs pa3oBblii epexon 1-ro pona, 00ycIoBICHHbIH IaBaeHueM Gropuaa Maraus. OpakHOHHbIH cO-
craB mopomkoB MgF, n MgO wuccrnenoBan Ha ja3epHOM IudpakIoHHOM aHanmm3atope Analysette-22
Nanotech. Pe3ynbraTsl oneHKH (QpakIHOHHOTO COCTaBa MOPONIKOB MMEIOT CYIIECTBEHHOE paszinuume. Ilpu
9TOM OOHapy)XeHa CXOAUMOCTb JAaHHBIX, IIOJy4EHHBIX C UCIIOJIb30BAHHEM METOJOB Ja3epHON IU(PpPaKINU U
JJIEKTPOHHONW MUKPOCKOITHH.

Kniouesvie cnosa: nepepaboTka MPOMBILIICHHBIX OTXOJOB, INIA3MOXUMHUS, (TOPUI MarHus, OKCHA MarHus,
TEPMOIPaBUMETPUYECKUN aHAJIN3, TPAHYJIOMETPUYECKUIA COCTaB.
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Influence of a rough surface on the aerodynamic
characteristics of a rotating cylinder

The article considers the influence of the relative roughness of a cylindrical blade on aerodynamic
characteristics. It is known that the operation basis of blades under consideration is the Magnus effect, which
is characterized by appearance of a lifting force (Magnus force), when the cylinders rotate in a transverse
flow. This force is used to rotate the wind wheel, similar to lifting force, but can have a much larger value
when selecting optimal conditions, both geometric and aerodynamic. The authors conducted a comparative
analysis of cylinder layout with a relative roughness (0.005 + 0.02). Experimental studies of aerodynamics
process of rotating cylinders were carried out in the aerodynamic laboratory using the T-1-M wind tunnel at
an air flow value of 5 to 15 m/s. Graphs of dependences of rotating cylinder's lifting force and drag force on
the changing air flow velocity and on relative roughness, k/d, are obtained. For further study experimental
cylinder layout’s aerodynamic parameters, the most optimal is the variant with a relative roughness value of
0.02, which had high indicators, was selected. In the course of experimental studies, graphs of the dependence
of the values of lift and drag force on the angles of attack of a single rotating cylinder with a rough surface on
the speed and angle of attack of the wind flow (0°, 30° and 60°) were obtained. It is established that the
effective angle of attack is 0°, at which aerodynamic characteristics’s maximum values were obtained.

Keywords: cylinder, aerodynamics, Magnus effect, wind tunnel, relative roughness, angle of attack, lifting
force, drag force, air flow.

Introduction

The cylindrical body is classically an integral element of almost all acrohydrodynamic apparatuses and
heat exchange devices. In the process of developing a multi-blade wind turbine with power elements in the
form of rotating cylinders of variable cross-section at the initial stage, it was necessary to study the aerody-
namics of cylinders of constant cross-section [1-3]. In particular, the acrodynamic phenomena and processes
that are of interest arise when the cylinder flows transversely and the cylinder rotates simultaneously around
its axis [4-9].

The Magnus effect, which was first described in 1853 by the German physicist Heinrich Magnus [10-13],
occurs when the air flows around the rotating cylinders. The aerodynamics of a cylindrical blade operating
on the basis of the Magnus effect was studied. The influence of the cylindrical blade shape on the Magnus
force value is estimated using particle image velocimetry [8].

The two-dimensional transverse flow of a rarefied gas flow around a rotating circular cylinder was stud-
ied by means of calculations using the test particle method. A distinctive feature of the work is the identifica-
tion of mechanisms for changing the sign in the values of the lifting force. The influence of the angular ve-
locity of rotation on the pressure distribution in the cylinder is considered [9].

According to the results of another work, the main parameters of the rotating cylinders influencing the
efficiency of the propeller are its speed of rotation and elongation, while at low settings it is the relative
speed of rotation of the cylinder, such parameters are the Reynolds number, relative roughness of the cylin-
der surface and the degree of turbulence [10].

Comparative studies on the torque generated by improving the surface roughness of wind turbine blades
based on the Magnus effect were conducted [14, 15]. The results showed that the torque coefficient generated
by the sandpaper is 0.079-0.016, which is almost five times the value of the torque coefficient of a cylinder
with a smooth surface. An additional advantage is that the roughness of the ground surface significantly in-
creases the performance of the wind turbine up to four times based on the torque, compared to smooth surfaces.
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These important data indicates that when using a rough surface it is possible to optimize the aerody-
namic parameters of the cylinders as much as possible.

The purpose of this work is to analyze the dependence of the aerodynamic parameters of a cylinder with
a rough surface, as well as to determine the optimal value of the angle of attack of the air flow.

Experimental part

The study of the aerodynamic characteristics of the cylinder was carried out on a laboratory stand,
which allows to measure the lift and drag force at different values of the cylinder rotation speed [13, 16].

Special nets and devices installed in the channels of the wind tunnel made it possible to ensure a suffi-
ciently uniform air flow in the working part over the entire cross-section. The flow rate varies in the range
(5+15) m/s.

Figure 1 (a, b) shows a sample of a cylinder with a rough surface, as well as a diagram of an experi-
mental setup for studying the aerodynamics of a rotating cylinder in a flow. To conduct experimental studies
on the aerodynamics of a rotating cylinder when flowing around the air flow, a model with a rough surface
was made. The ram air velocity was measured with a Skywatch Atmos cup anemometer. The drag force and
the lift force of the cylinder were measured using an aerodynamic balance. The angle of attack of the
cylindrical blades was measured by comparison with rigid control (reference) instruments.
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b) Scheme

1 is the study cylinder; 2 is the mounting frame layout with aerodynamics and weights;
3 is the scales that measure the force of drag; 4, 5 is the scales measuring the lift force; 6 is the rack mounting
of cylinders; 7 is the motor for rotation of the cylinder; 8, 9 is the confuser and diffuser wind tunnel

Figure 1. Working part of the T-1-M wind tunnel

The diameter of the cylinder layout is 0.15 m, the length is 0.3 m. The manufactured cylinder with a
rough surface is driven by a belt drive powered by an autotransformer of a variable-speed electric motor. The
cylinder is easy to start, friction is reduced as much as possible due to special lubrication and a high degree
of grinding of the axis of rotation and the inner surface of the cylinder.
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The geometric scheme and size of the sample of the cylinder under study with spherical ends is shown
in Figure 2.

w4

L

1 — left hemisphere, 2 — right hemisphere, L = 300 mm, D = 150 mm
Figure 2. Geometric diagram of the sample, a rotating cylinder with spherical ends

The value of the relative roughness of the cylinder layout varies from 0.005 to 0.02.
The formula for determining the relative roughness:

- k
k=—,
d
where £ is the average height of the protrusions of the roughness of the cylinder surface, microns; d is the
diameter of the cylinder, m. The roughness distribution over the cylinder surface is uniform. The surface

grain density of the rough medium is 100—120 pcs/cm’.
Results and discussion

Experimental studies of the aerodynamic parameters of a single rotating cylinder with a rough surface
under different wind flow regimes and relative roughness values are carried out.

Figure 3 shows a graph of the dependence of the lifting force of a single rotating cylinder on the air
flow velocity with relative roughness values of 0.005-0.02.
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Figure 3. Graph of the dependence of the lifting force of the rotating cylinder
on the change in the air flow velocity and on k/d: 1) 0.005, 2) 0.01, 3) 0.02.

As can be seen from Figure 3, with an increase in the value of the relative roughness (surface rough-
ness), the lifting force of the cylinder increases. This is due to the fact that during the rotation of the cylinder
with an increase in the relative surface roughness the resulting boundary layer expands.

It is known [17] that the roughness provides a continuous flow around the cylinder, compared to the
smooth surface of the cylinder. This is due to the stronger “grip” of the boundary layer with a rough surface
than with a smooth one. The rough surface, most effectively captures the air particles moving around the
wall area when the cylinder rotates, which in turn creates a rotational air flow, thereby increasing the effi-
ciency of the work.
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Figure 4 shows a graph of the dependence of the drag force of a rotating cylinder on changes in the
air flow velocity and relative roughness. Hence, it can be concluded that the roughness also has a signifi-
cant effect on the drag force by forming micro-roughness when flowing around the air flow. In the case of
a turbulent boundary layer, the effect of roughness becomes stronger and earlier, the greater the relative
roughness of the surface. The drag force of the rough surface will mainly consist of the resistance of the
roughness bumps streamlined by the air flow.

FILf

14

u. m/s

Figure 4. Graph of the dependence of the drag force of a rotating cylinder
on the change in the air flow velocity and on k/d: 1) 0.005, 2) 0.01, 3) 0.02

To further study the aerodynamic parameters of the experimental cylinder layout the most optimal
variant with a relative roughness value of 0.02 was selected, which had high indicators.

In the course of research the dependences of the lifting force and drag force of a single rotating cylin-
der with a rough surface on the speed and angle of attack of the wind flow (0°, 30° and 60°) were ob-
tained, and shown in Figure 5 (a, b, ¢).

As can be seen from the figure 5 (a, b, c)... the amount of lifting force increases to a certain value of
the cylinder rotation speed (in our case, u=11 m/s), with a further increase in speed a sharp increase in lift-
ing force is not observed. When conducting a comparative assessment of these dependencies, it was found
that with the direct transverse direction of the wind air flow (angle of attack of the flow 0=0°) the maxi-
mum lifting force of 3.5 N is achieved with a flow speed of 15 m/s, almost 4 times more than with a simi-
lar speed value with an angle of attack 0=60°. This is explained by the fact that at small values of the angle
of attack up to 10° the flow pattern is attached, at angles of attack from 10° to 30° the character of the de-
tached flow is symmetrical vortices, and at average values of the angles of attack 30° to 60° an invariable
asymmetric vortex pattern occurs, in which transverse forces are formed, pressure on the cylinder is exert-
ed [18].

The measurement of the horizontal component of the aerodynamic force generated by the flow
around the rotating cylinder makes it possible to determine the dependence of the drag force on the speed
and direction of the air flow.

As can be seen from the figures, the qualitative nature of the presented dependencies at different an-
gles of attack of the air flow practically repeat each other.

An increase in the values of the air flow velocity leads to an increase in the drag force of the rotating
cylinder. As a result of the conducted studies the comparative efficiency of the rotating cylinder with a
rough surface is shown, at the angle of attack of the air flow a=0°, with the direct transverse direction of
the wind air flow, the flow velocity of 15 m/s-the maximum value of the drag force of the rotating cylinder
is equal to 12 N.
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Figure 5. The dependence of the lifting force and the drag force of a rotating cylinder
with a rough surface on the air flow velocity at an angle of attack of the wind flow (0°, 30° and 60°)
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Conclusions

This paper presents the results of studies of the aerodynamic characteristics of cylindrical blades of a
wind power plant. During the execution of the work:

— a comparative graph of the dependence of the lifting force and drag force on the change in the air flow
velocity and the relative surface roughness is obtained. Based on the results of these studies, the optimal sur-

face of the cylinder layout with a relative roughness (k£ ) of 0.02 was chosen, which gives a stronger adhe-
sion of the boundary layer to the surface than other rough surfaces considered;

— the dependences of the lifting force and the drag force at the angles of attack of 0, 30, 60 degrees are
obtained and analyzed. Comparing these dependencies it was found that at a flow rate of 15 m/s, the maxi-
mum value of the drag force and lift force, 12 H and 3.5 N respectively, is achieved, which entails an in-
crease in the efficiency and efficiency of the wind power plant (the angle of attack was 0°).
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H.K. Tanamea, A.P. baxTeioexosa, JI.JI. MunbkoB, C.A. Bojierenona,
H.H. Hlyrombaea, A.K. Tneybeprenosa, b.A. Tokrapbaes

AlfHaIMAaJIbI WWJIMHAPAIH 23POAMHAMMKAJIBIK
cUnaTTamMachbiHa KeAip-0yAbIp OeTiHiH dcepi

Maxkanaza UWIMHAPIIK KalaKUIAHBIH THICTI KeAip-OyABIPIBIFBIHBIH a3pOJUHAMMKAIBIK CHIIATTaMalapra
acepi KapacTeIpsurraH. KapacTeIpbuIaThIH KaJaKIIanapablH JKYMBICEIHBIH Heri3i Marayc s¢dekrici exeHairi
Oenrini, on DWIMHAPIEPAl KeJIAEHEH arblHMEH alHaiIbelpy KesiHge keTepy KymriniH (MarHyc KyIIiHIiH)
nmaiiza OONybIMEH cHIaTTananbl. By KyII jKell JOHFalafblH allHaIABIPY YIIH KOJIAaHBUIAIBI, KOTEPrill
KYIIKEe yKcac, OipaKk TeOMETPHSUIBIK CHSKTHI JKOHE adpOJMHAMHUKAJBIK OHTAWIIBI >Karjaiiapisl TaHIaraH
Ke3/ie dJaeKaiiia yikeH MoHre ue 00iysl MyMKiH. JXKymbicTeiH aBropnapst 0,005-ten 0,02-re neiiiH e3repetin
CaJIbICTBIPMaNbl  KeOip-OyAbIpiabl  OSTTi IMIMHAPIEPAIH MakKeTiHe Tanjayiap OKypri3mi. AftHammansl
WWIMHAPJIEPAIH a’poArHAMHKA YACSpIiCiH 3epTTey OOibIHIIA TIKIpHOETiK 3epTTeyiep aya arbIHbIHBIH MOHI
S-ten 15 wm/c kesinpe T-1-M adpomuHaMUKaNbIK KYOBIPBIH TaiifajaHa OTBIPBIN, adpPOANHAMHKAJIBIK
3epTXaHaja Kypriziigi. AHHanIMai bl WIMHAPIIH KOTepy KYIIi MEH KeAepri KYILIiHIH aya arbIHBIHBIH
JKBULIAM/IBIFBIHBIH ©3TepPYIHEH KOHE THICTI KeXip-OyIbIpJIBIFbIHAH TOYSNIUNTIHIH rpaduri amslHasl, k/d.
Mumaapain ToxipuOeNik MakeTiHiH a3poANHAMUKAIBIK KOPCETKIMTEPIH OJaH dpi 3epTTey YIIIiH, XKOFaphl
KepceTKimTepre ue OonFaH, THICTI Kemip-OyabIpibrbHEH 0.02 MOHIMEH €H OHTAMIbI HYCKa TaHJaJJIbL.
Toxipubenik 3eprreynep OapbICBIHIA JKEI AaFbIHBIHBIH OKBULIAMIBIFBI MEH Ia0ybul OypBIIIBIHAH
(0°, 30° xone 60°) Oeri kemip-Oyapip Oip alHaIMaNIbl UIMHAPAIH MIa0ybU1 OYPHIITAPbIHAH KOTEPY KyIIi
MEH KeZepri Kyur MoHAepiHiH Toyenaimik rpadukrepi ambiagsl. Tuimai mrabysut Oypeiubt 0° exeHmiri
AHBIKTAJIABl JKOHE JKYMBICTBIH aBTOpJIApbl A3POJMHAMMKAJIBIK CHIATTAMalapblH MaKCHMAaJIbl MOHJEPIH
alJbl.

Kinm ce30ep: numHp, aspoauHaMuka, Marunyc s ¢dexrici, aspoquHaMHUKaNbIK KyYObIp, THICTI Kelip-Oyabip,
m1a0ysuT OYphINIBL, KOTEepy KYIIi, KeAepri KyIIi, aya aFbIHEL.

H.K. Tanamesa, A.P. BaxTeioexoBa, JI.JI. MunbskoB, C.A. bonereHosa,
H.H. lllyrom6aesa, A.)K. Tneyoeprenosa, b.A. Toktap6aes

Biansinue mepoxoBaTou MOBEPXHOCTH HA a3POAMHAMHUYECKHE
XapPaKTEePUCTUKHU BPAaLIa0UIerocss HMJIMHIAPA

B craThe paccMOTpPEeHO BIMSIHUE OTHOCHTEIBHON IIEPOXOBATOCTH LMIHHAPUIECKOHN JIOMACTH HA a’pOAMHA-
MHYECKHE XapaKTePUCTUKH. VI3BECTHO, 4TO OCHOBOI paboThl paccMaTpUBAaeMBbIX JlonacTeil apisercsa sdexr
Marnyca, KOTOpPbIi XapakTepu3yeTcs MOSIBICHUEM IOABEMHOW CHIbI (CHIIBI Marnyca) mpH BpalleHHH LH-
JIMHJPOB B IIOIEPEYHOM IOTOKE. DTa CUJIa UCIIONIB3YETCs Al BPalleHHUs BETPOKOJIECa, AHAJIOTUYHO IOABEM-
HOHU cHIle, HO MOXKET IMETh ropas o OOJBIIYIO BEIMYUHY P IT0100pE ONTHUMAIBHEIX YCIOBHH, KaK F€OMeT-
PHUECKHX, TaK ¥ a9pOJHHAMUYCCKAX. ABTOPHI pabOTHI MPOBENIN CPABHUTEIBHBIN aHAIN3 MAaKeTa MIIHHAPOB
C OTHOCHUTEJIBHOHU IIEPOXOBATOCTBIO, KOTOpas Bapbuposanack oT 0,005 go 0,02. DxcriepuMeHTalIbHbIE HCCIIE-
JIOBaHUs TI0 U3Y4YEHMIO MPOLEcca a3pOANHAMUKHU BPAILAIOMIMXCS LIIHHAPOB ObLIM NMPOBEIECHBI B a9POJHHA-
MHYECKOH Ja00paTOPHH ¢ UCHOJIB30BaHUEM a’dpoAnHamuueckoil Tpyde T-1-M mpu 3Ha4eHUH BO3IYIIHOTO
noTtoka ot 5 10 15 m/c. Ioy4ens! rpaduku 3aBUCUMOCTEH MOJbEMHON CHIIBI M CHIIBI IOOOBOTO CONPOTHBIIC-
HHS BPAIIAIONIETOCS IMINHIPA OT U3MEHEHHsI CKOPOCTH BO3YILIHOTO MOTOKA M OT OTHOCUTENIBHON HIEPOX0-
BaTOCTH, k/d. JIyisi manmbpHEHIIero ucciexoBaHus adpoJMHAMUYECKIX TT0Ka3aTeel SKCIIepUMEHTAILHOTO Ma-
KeTa HWINHIpa ObUT BEIOpaH Hanbosee ONTHMAIbHBIH BAPHAHT CO 3HAYEHHEM OTHOCHTEIILHOW IIepOXOBaToO-
ctu 0,02, KOTOpBII UMeN BBICOKUE ITOKa3aTeNd. B Xo/e sKclepUMEHTalbHBIX UCCIICA0BAHUN NOTy4EHBI Ipa-
(KM 3aBHCHMOCTEH 3HaUEHHH 1TOIbEMHON CHIIBI ¥ CHIIBI JIOOOBOTO COIIPOTHUBIICHHS OT YIJIOB aTaKU OJWHOY-
HOI'0 BpAILAIOIIErocs LMIMHAPA C MIEPOXOBAaTOM MOBEPXHOCTBIO OT CKOPOCTU U yIVIa aTaKH II0TOKa BETpa
(0°,30 u 60°). YcranosneHo, uto 3¢ (GeKTUBHBIM YIJIOM aTaku seisercs 0°, mpu KOTOPOM aBTOPBI PaboThI
MOTYyYUIN MaKCUMAaJIbHbIE 3HAUEHUS a9POJNHAMHYECKUX XapPAKTEPUCTHK.

Kniouesvie crosa: nunuuap, aspoauHamuka, sGgdexkrt Marnyca, aspoguHamuueckas TpyOa, OTHOCHTENbHAS
IEPOX0BATOCTb, YTOJ aTaKH, MOJbEMHAsI CHJIA, CUJIa COMPOTHUBIIEHHS, BO3AYIIHBII MOTOK.
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Prototyping of a concrete maturity sensor with a hermetically
sealed housing made of two-component plastic

The construction industry, traditionally considered quite conservative, is now going through a marked
change. With competition intensifying, companies have begun to gradually adopt various digital technologies
to reduce construction costs, such as the wireless concrete monitoring sensors, which implement a tempera-
ture-strength monitoring method for concrete. Each device has its technological features, which are taken into
account in the development of the concepts. Enclosure design is the most important stage of product devel-
opment. An enclosure made in-house has many advantages and disadvantages. The most important part of the
design of an electronic device enclosure is the preliminary research stage. This article presents features of
wireless monitoring sensor enclosure design. A data acquisition station (DAS), also referred to in the network
topology as a “gateway”, will be used to collect data from the wireless monitoring sensor over the selected
protocol. The server application was created based on HTML, PHP, CSS, JavaScript. Testing of the wireless
monitoring sensor, SDS, and the server application working together showed full functionality. A study is al-
so given on the determination of concrete strength using the developed sensor according to the ASTM meth-
od and using the IPS MG 4.0 by GOST.

Keywords: enclosure design, strength, sensor, software, concrete curing temperature, requirement,
non-destructive testing of concrete, monitoring.

Introduction

The concrete strength is the main characteristic that establishes the ability of concrete or reinforced
concrete structure to bear the design loads. Standards specify that there are four steps in the use of the meth-
od of calculating the current strength of concrete by its maturity: establishing the maturity-strength relation-
ship in the laboratory; embedding maturity sensors inside the formwork at the construction site; sensor read-
ing of concrete maturity at the construction site; data analysis [1-3]. The first phase involves the develop-
ment of a housing for a wireless concrete strength monitoring sensor.

All electronic devices are quite different in their functionality and set of tasks. Despite this, there is a
common set of rules that can be applied to the design of a product enclosure. Enclosure development consists
of several stages [4]:

— Creation of the product concept. At this stage the idea goes through a commercial success analysis.
Competing products are identified and a technical level map is drawn up. The technical level map is a com-
parative table that identifies the unique combination of product functionality and business model to ensure
the commercial success of the device being created. Specialists and experts in the required industry prepare a
technical and commercial proposal and a product concept design describing the functional features and bene-
fits. In parallel, business analysts create a business plan based on the selected business model and expert as-
sessments. As a rule, the result of this stage is a finished product [4];

— Technical development of the product. At this stage, a conceptual design (PD) is created, terms of ref-
erence (TOR) are developed, specifications are created, and product use cases are analyzed. A device feasi-
bility study is carried out, often culminating in the assembly and testing of a product prototype. The selected
software, and hardware solutions are evaluated, and the problem areas from the point of view of further tech-
nical implementation, platform performance, and other important characteristics are studied. The result of the
technical study of the product is a decision on the correctness of the chosen platform and the justification of
technical solutions;

— Development of an electronic device, including the specification of the list of components to be used,
the design of the circuit diagram, and the creation of a list of components. The interface is designed, the
function tree is built and the control concept is created. Simultaneously with the development of the schemat-
ic diagram, the design of the device enclosure is completed. Based on the sketch, a model and design of the
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device are developed. The software architecture developed in the previous stage is implemented and the
software is adapted and finalized. All kinds of tests are developed to check the correctness of both software
and hardware;

— At this stage prototypes are created to test their performance and to eliminate possible errors made in
the previous design stages. Prototypes have the advantage of solving marketing problems. At this stage,
components are procured, and production is placed on the manufacture and assembly of printed circuit
boards. After the assembly of the sample PCBs, the operating system and bootloader are ported, drivers, low-
level procedures, and application software are finalized. All product components are assembled and integra-
tion testing is performed. The result of this stage is the production of working prototypes and changes to the
design documentation based on the results of integration testing;

— At this stage, the device class and the need for testing are determined. Based on the preliminary re-
sults of the certification, the protocols with the results of the measurements are generated and, if necessary,
changes are made to the design documentation;

— Preparation for production and release of a pilot batch. A pilot batch is the starting point for serial
production and a check on the manufacturability of the device in real production. At this stage, product de-
fects that were not detected on a small number of prototypes are identified and minor adjustments are made
to the circuit, enclosure design, and printed circuit board,

— Full support by the developer for an industrial product that is ready for implementation.

The next step is to verify that the software works and to determine the “strength-maturity” relationship
obtained in advance by laboratory testing of the concrete composition chosen, according to the ASTM
C1074 maturity method.

Features of hull design

One important feature is the design of the enclosure after the stuffing has been completed [5]. In gen-
eral, plastic parts are produced on special machines — injection moulding machines (IMMs), on which
moulds corresponding to the parts are installed [6]. Molten plastic is injected under pressure into the mould
cavity of the mould, after which it is cooled and opened to remove the part [7].

The faster and cheaper production of moulds has led to maximum standardization of the elements. As a
result, mould making is essentially reduced to the creation of mould inserts. A high proportion of the cost of
the moulds is made up of high-grade steel, which accounts for around 80 % of the cost of the moulds. The
quality of the steel used in the molds determines the lifetime of the mold [8]. The leading mold maker is
China. The price of moulds in China varies greatly from manufacturer to manufacturer, although it is several
times cheaper than in Europe. On the mould production time, Europe is inferior to China. The main problems
when dealing with Chinese manufacturers are the difficulty of controlling delivery times and quality [9].

The main material used for enclosures in the electrical industry is plastic. It is widely used because of
its good appearance, shiny surface, sufficient plasticity, and ability to retain its properties over a wide tem-
perature range. It should be noted that parts with special properties require more careful selection of material.
In addition to ABS plastic, materials such as polystyrene, polycarbonate, glass-filled polyamide are often
used [10]. The aforementioned materials are colored by adding a pigment of a certain color. This way any
color can be obtained, but the coloring technology requires the use of specialized equipment. To avoid such
problems, super concentrates (plastic granules dyed with excessive amounts of pigment) are used [11]. Plas-
tic injection moulding may seem a simple enough process, and with the emergence of inexpensive Chinese
and Taiwanese machines it has become even more affordable. However, the efficiency and reliability of such
production will be very low, no better than casting the body in a polyurethane or silicone mould of your own
making [8]. Polyurethane and silicone moulds are often used in the production of various products. Not only
plastic but also plaster and even concrete can be poured into them. A silicone mould can also be made by
hand. The base ingredient for the mould is a silicone ingredient. It is a set of liquid silicone and catalyst, i.e.
hardener. The working principle is simple: the 2 components are mixed in certain proportions and the result-
ing mixture is poured over the object to be removed from the mould.

Development of the Reinforced Concrete PM enclosure

The development of the enclosure was carried out for a wireless sensor for monitoring reinforced con-
crete structures. Computer-aided design (CAD) software was used for visualization. There are many analogs
of such programs on the market, the classification is presented in Table 1 [9].
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Table 1
Classification of CAD programs
Ne Program l;zsekct(z) rg;;l;);lrt%/) ;)rflgclle User level Not recommended for use
1 | Google SketchUp |Simple enclosures Newcomer Projects for series production
2 |Blender All enclosures Beginner and above |Projects with complex geometry or surfaces
3 |COMPAS-3D All enclosures Beginner and upper |Projects with complex geometry
4 |SolidWorks All enclosures Beginner and upper | Projects with a complex surface or design
5 |Inventor All enclosures Specialist -
6 |NX All enclosures Specialist -
7 |CATIA All enclosures Beginner and upper |-

After selecting the computer visualization software, the board and the main components of the device
are modeled in 3D. Around the resulting 3D model the enclosure is built. An important role at the stage of
construction of the 3D model is played by dimensions of parts, which should be envisaged in 2D. Accuracy
of measurement excludes possible alterations [12]. To check the dimensional accuracy at an early stage of
the 2D sketch a ream is made on heavyweight paper (Fig. 1).

Figure 1. The reamer from the 2D drawings

Blender [13] is used to visualize the future model of the sensor housing in 3D. In Blender, the construc-
tion of the enclosure starts around the board from the largest dimensions and gradually progresses to smaller
ones (Fig. 2) [12].

Figure 2. The 3D model of building a square enclosure around the board

According to the initial sketch, the activation mechanism and cable entry hole are provided on the top
of the enclosure, with a rib through which a clamp will be passed to hold the transducer in a stationary posi-
tion. Rubber gaskets (Fig. 3, a) and a gland for the hole through which the cable enters the sensor housing are
used to seal the housing. The gland consists of the body, gasket, gasket nut, gasket, and fixation nut
(Fig. 3, b). The gasket and gasket are made of neoprene. The body, packing nut, and retaining nut are made
of nylon. The gland is installed using a pipe wrench (gas wrench).

62 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Prototyping of a concrete maturity...

(@) (b)
Figure 3. Elements for sealing the enclosure: a) rubber gasket; b) gland for PG7 cable.

The 3D model in STL format is transferred to the 3D printer software. The software allows the model to
be automatically or manually positioned in the virtual workspace [14]. All auxiliary elements are then gener-
ated and the amount of consumables, as well as the printing time, is calculated (Fig. 4).

M Cura - 14.06.1 _ O] x
Micura-14061 R (= <

File Tools Machine Expert Help

Advanced I Flugins I

Quality

Layer height (mm}) ID.2
Shell thickness {mm) ID.S

Enable retraction v

Fill

Bottom|Top thickness {mm} |0.6

Fill Density %) IZU—

Speed and Temperature

Print speed (mm/s) ISD

Support
Support bype INone 'l
FPlatform adhesion type INone 'l

Figure 4. 3D printer software for calculating the number of consumables and time to print

Print auxiliaries are considered to be materials to support the parts as they are positioned over the print-
ing area. Before the printing process begins, the model is automatically divided into horizontal layers and
the paths of the printhead are calculated. The 3D printing process then starts: a heating head with spinnerets
(extruder) melts thin plastic filament (fishing line) and layers it according to the data in the mathematical 3D
model (Fig. 5) [15].
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Figure 5. The process of printing on a 3D printer

Once the product has been printed, auxiliary structures are removed by hand or dissolved using a spe-
cial solution. As a result of the printed model, it is possible to see flaws in the construction and design of the
enclosure. When attempting to assemble the enclosure, insufficient rigidity of the enclosure walls was de-
tected. Therefore, the next solution is to return to the previous stage and make corrections to the model. You
can modify the finished model by using improvised materials, for example, using liquid plastic, plasticine, or
cardboard to increase the thickness of the part or add a new element. The more prototypes produced, the
more flaws will be identified and the final product will be as well thought out as possible (Fig. 6, a, b).

(@) (b)

Figure 6. Refinement of the printed model: a — refilling the plastic on the edges
of the upper body, b — increasing the height of the bottom body rim with paper

When pouring the silicone, the moulds must be able to fit together smoothly. The first part of the mould
must have holes and the second part must have protrusions.

The curing time of the plastic after printing is about 20 minutes. During the design and casting process
the hull underwent no small amount of modification. At the time of the virtual model the edges of the hull
were enlarged so that the joint between the top and the bottom was tight, and after 3D printing rigidity ribs
were added (Fig. 7).
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Figure 7. Prefabricated sensor housing

Once the enclosure is ready, testing should be carried out to check the performance.
User interaction with wireless sensor

User interaction with the wireless sensor measurement suite begins with the software (Fig. 8). The user
accesses the software via the browser on a mobile device or personal computer. The user selects an existing
project or creates a new one, where they specify its name, location, and, if necessary, additional information.
Once the project has been fully created and the project data verified, the required number of temperature
gauges is added. The concrete composition to be monitored on-site is then selected. It is to be noted that a
concrete composition has a concrete strength-maturity curve obtained by performing concrete tests based on
the ASTM C1074 maturity method. This dependency is entered into the database by the administrator of the
wireless sensor's owner.
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Figure 8. New project creation page

Experimental studies of the selected concrete composition

A series of tests was carried out to check the operation of the wireless sensor: two 50x50x50 cm cubes
were prepared by ASTM C 1074, in which the sensors were immersed and the hardening temperature of the
concrete was measured for 28 days at 0.5-hour intervals (Fig. 9).
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Figure 9. Experimental studies

The strength tests of the specimens by the nondestructive control method were performed using a shock-
pulse device IPS MG4 [16-17] (Fig. 10).

Figure 10.The strength tests by IPS MG4

The strength values were then calculated according to the standards [1, 16, 17].
Results and Discussion

The maturity function by ASTM C 1074 is a mathematical expression that uses the measured tempera-
ture history of the cement mix during the curing period to calculate an index indicating maturity at the end of
that period. Using the calculated maturity index and the strength to maturity ratio, the strength of the con-
crete is estimated. So the results of concrete strength by ASTM are presented in Figure 11 a, b and by GOST
in Figure 12.
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Figure 11. Results of determination of concrete strength by ASTM: a) box 1; b) box 2
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Figure 12. Concrete strength by GOST

To verify the operation of the wireless monitoring sensor two boxes with the sensor were tested by
ASTM C 1074; the determination of strength using the IPS MG 4.0 by GOST [16-17] was performed as
well. The results showed that the convergence of the values obtained in the tests with the wireless monitoring
sensor and by IPS MG 4.0 was satisfactory.
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The following conclusions can be made based on the results of the studies: the received data of strength
by the sensor has a high degree of reliability, as evidenced by results that were received by the national
standard. A slight difference is observed at the initial stage of concrete curing, on the second day the
temperature regimes specimens are aligned.

Also based on the results of the work it has been revealed that the shape of the enclosure plays an im-
portant role in the design of an electronic device. The specifications and operational requirements of the de-
vice have a direct impact on the cost of the product, with the design, testing, and serial production of the en-
closure accounting for a significant part of the cost. Each stage in the development of an enclosure is a criti-
cal moment, and one of these is the construction of the 3D model, where several basic rules must be ob-
served: there must be no collisions and overlapping parts; all parts must assemble and fully match each other;
use uniform dimensions for enclosure walls and repeating parts; and use symmetry and mirror placement of
parts. Once the enclosure is ready, testing must be carried out to check the performance with software.

Conclusions

The development of new materials, equipment, and quality control techniques makes it possible to ob-
tain products with high strength, durability, and resistance to wear and tear. In addition to high product quali-
ty in the form of building structures, construction companies are also aiming to make a profit. For example,
by optimizing the removal cycles of the formwork, time can be saved and overhead costs and labor can be
reduced. Timely detection of the point of maturity of a reinforced concrete structure and the decision to load
it can generate additional profits by reducing the construction time. There are alternative methods of calcu-
lating and predicting the strength of concrete based on modern technology, such as embedded sensors and
sensors. The presented embedded wireless sensor for monitoring reinforced concrete structures has no ana-
logs in Kazakhstan. To further verify the performance of the solution, laboratory tests of concrete samples
were conducted, the results of which will be used as an initial matrix to be loaded into the server application.
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E. Vtenos, A. Tyne6ekoa, C. Axaxxanos, I1I. Kapacos, /[. bazapbaes

EXiKOMIIOHEHTTI INIaCTHKTEH 7KacaJIFaH repMeTHKAJIBIK KOPILYChI
0ap 0eTOHHBIH KeTIIy CEeHCOPBIHBIH POTOTHIIIH 2&Kacay

JlacTypni Typae KOHCepBaTUBTI JEN CaHANATHIH KYPBUIBIC MHIYCTPHACH! Ka3ip aifTapiblkTail e3repicTepleH
eTyze. bocekenecTikTiH Kylueroi jkarialiblHAA KOMIIAHMSUIAD KYPBUIBICKA JKYMCANAThIH ILBIFBIHIAAPABI
TOMEHACTY YULIIH OpTYpii UU(PIBIK TEeXHOJOTHsUIapAbl OipTiHAen KojmaHa Oactaabl, Oyl OETOHHBIH
TeMIeparypanblk-OepikTik 0akpliay oficiH icke achlpaThiH TeMipOeToH KoHcTpykuusuiapbiHbiH (TBK)
MOHUTOPHHITIK CBIMCHI3 JaTduri Oojbll TaObuiagbl. Op KYPBUIFBIHBIH ©3IHIIK TEXHOJOTHSJIBIK
epeKmIernikTepi 6ap, onap TYKeIpbIMAaManapbl a3ipiey kesinne eckepineni. Kopmyctsiy nusaiiHer — eHIMAIL
JaMBITY/IBIH MaHBI3IEI Ke3eHi. ©3 OHAIPICIHIH KOPITyCHl KONTETeH apTHIKIIBUIBIKTapFa a, KEMIILTIKTepre ae
ne. DJEKTPOHMBIK KYPBUIFBI KOPITyCHIH ITaMBITYABIH MaHBI3ABI OeJliri — ajjplH-aja 3epTTey Ke3eHi.
Maxkanana TBK KopIyChIH TaMBITYIbIH epeKIIenikTepi OepiiareH.

Taxnanran xarrama boitbiHma TBK-man nepexrepai KuHAy VIIIH JKENUTIK TOMOJIOTHSAAA «ILTIO3» JIel
atanatelH jaepekrepai xuHay craHuumsicel (JDKC) xompanbuiran. Cepsepiik koceimima HTML, PHP, CSS
sxoHe JavaScript merizinge kypsuiel. TBK, JIXKC »xoHe cepBepiik KOCBIMIIAHBIH OipJIeCKEeH KYMBICBIH
TeTijey TOJbIK (HYHKINOHANABUIBIKTE KopcerTi. Conmaii-ak, ASTM C1074 crangapTeiHa coiikec TaHIalNFaH
KOCTIaHBIH «OEpIKTIK KETUTy» TOYeJIAIIriH aHbIKTay OOHBIHINA 3epTTeyiaep KeNTipUIreH, OHbI MaiaanaHyIsl
CEHCOPABIH OariapIaMabIK KacaKkTaMachlHa eHTi3e.

Kinm coe30ep: XOpIyCTHIH Iu3aiHBI, OEpIKTIri, CEHCOpHI, OarJapiaMalbIK >KacaKTaMachl, TalalTapel,
OETOHHBIH KaTalo TeMIIepaTypacsl, 0eToHabI Oy30aii OaKbUIay, MOHHTOPHHT.

E. Ytenos, A. Tyne6ekoa, C. Axaxxanos, I1I. Kapacos, /[. bazapbaes

Pa3pafoTka npoToTHIAa JaTYMKA 3PEOCTH 0€TOHA C TepMETHYECKUM
KOPIYCOM M3 IBYXKOMIIOHEHTHOTO TJIACTHKA

CrpouTensHas HHIYCTPUS, TPAJUIHOHHO CUNTAIOIIASICS JOCTATOYHO KOHCEPBATHBHOM, celfuac MPOXOAUT de-
pe3 3aMeTHBIC U3MEHEHUS. B yCcloBMsIX yCHICHUS KOHKYPEHIUH KOMIIAHHU Hadajld ITOCTENICHHO IIPUMEHSTh
paznuuHble LH(POBbIC TEXHOIOTHH U1 CHUJKEHMS 3aTpaT Ha CTPOMTEIBCTBO. TakuM U sABIseTcs OECIpoBOI-
HOW JaT4YMK MOHHUTOpPUHTA jkene300eToHHbIX KoHcTpykuuil (BJIM), peanusyromuii MeTon TemiepaTrypHO-
MPOYHOCTHOTO KOHTPOJISA 6eTOHA. Y KaXKIOro yCTPOWCTBA CBOM TEXHOJIIOTMYECKHE OCOOEHHOCTH, YTO YUHTHI-
BaeTcs MpU pa3paboTke KoHIENToB. Jlu3aiiH kopmyca — BakHeHmmii stan pa3zpabotkn mszpenus. Kopmyc
COOCTBEHHOTO M3TOTOBJICHUS 00/IajaeT Kak MHOTMMH TMPEUMYIIECTBAMH, TaK U HefocTaTkaMu. BakHelimas
4acTh Pa3paboTKU KOpITyca IEKTPOHHOTO YCTPOICTBA — 3Tl MpeABapUTEIBHEIX HCCIenoBaHUN. B craThe
TIpECTaBIEHBl 0cOOeHHOCTH pa3paboTku kopiryca BJIM. s c6opa nanubx ¢ BJIM 1o BEIOpaHHOMY ITPOTO-
xoiry Oyner ucromnb3oBathest Ctannms coopa manubix (CCJl), MMeHyeMast B TOIOJIOTUH CETH KaK «ILIIO3).
CepBepHoe npuiiokeHue cosnapaioch Ha ocHoBe HTML, PHP, CSS u JavaScript. TectupoBanue coBmecT-
Hoit paboTtel B/IM, CCJl u cepBepHOTO NPHIOKEHHUS MOKa3ano MONHY (QyHKIHOHANbHOCTh. Kpome Toro,
TPUBEAEHBI HCCIIEN0BAHUS MO ONPEAENEHNIO 3aBUCUMOCTH «IIPOYHOCTb — 3PENOCTh» BBIOPAHHOIO COCTaBa
cmecu cornacHo cTtangapty ASTM C1074, koTopble 3aTeM MOJb30BaTeldb 3aHOCHT B HPOTrPaMMHOE
obecriedeHNe JaTunKa.

Kniouesvie cnosa: KOHCTpYKIUSI KOpIyca, IIPOYHOCTh, JAaT4MK, IPOTpaMMHOE OOecIedyeHHe, TeMIepaTrypa
TBep/eHUs OeToHa, TpeOoBaHNe, Hepa3pyIIaONIHii KOHTPOJIb OETOHA, MOHUTOPHHT.
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Research of methods for introducing TiO, nanoparticles into
a micron matrix of BeO and TiO, powders and their effect
on the rheological properties of a casting slip

This article presents the research results of methods for introducing nanodispersed TiO, powders into a mi-
cron matrix of beryllium and titanium oxides. It is shown that the presence of nanoparticles over 5.0 wt.%
negatively affects the rheological properties of the casting slip and vice versa, the addition of nanoparticles in
the range of 0.1-2.0 wt.% contributes to reducing the viscosity and increasing the casting ability of the slip-
ping mass. Macrostructural analysis of the sintered billet indicates the complete absence of structural ele-
ments in the form of conglomerates of nanoparticles, or nano- and micro-TiO, particles. The developed
method of introducing nanoparticles makes it possible to obtain products with their uniform distribution over
the entire volume of the workpiece by slip casting under pressure. Further, the authors of the scientific work
planned to research the effect of nanoparticles on the thermophysical and impedance characteristics of the ob-
tained ceramics. Research into the effect of nanopowders on the electrophysical properties of beryllium ce-
ramics is not known in the scientific world. The most important properties that the BeO+TiO, ceramics
should possess is the ability to absorb ultrahigh frequency radiation, while it should heat up a little, i.e., con-
duct heat well. It is necessary to introduce the TiO, phase into the composition of the BeO ceramics as much
as possible to obtain a high coefficient.

Keywords: TiO, nanoparticles, charge, casting slip, rheological properties, beryllium oxide, ceramics, macro-
structure.

Introduction

Currently metals and alloys are increasingly being replaced by ceramic materials that have not only heat
resistance and high strength, but also special electrical properties, for example, the ability to absorb electro-
magnetic radiation, which contributes to their widespread use in electronic engineering [1-2].

It is known that when TiO, microparticles are added to the composition of ceramics based on BeO, its
dielectric constant and electrical conductivity with appropriate heat treatment in a reducing atmosphere can
change significantly [3—4]. The main advantages of absorption (BeO + TiO,) ceramics include the absence of
magnetic properties and decomposing compounds, and the thermodynamic stability of properties in a wide
temperature range [5]. It has been established that the addition of TiO, impurities to BeO of at least 30 wt %
leads to a significant increase in the dielectric constant, and an increase in the degree of TiO, reduction is
accompanied by an increase in the dielectric loss tangent [6].

Currently the most effective material is the composition BeO+30wt.% TiO,. Improvement of the per-
formance characteristics of such ceramics can be achieved by introducing TiO, nanoparticles into its compo-
sition, which will contribute to the expansion of the operating frequency range, increasing the stability of
parameters during operation and the impact of external factors, expansion of the nomenclature in the field of
special applications [7].

Radiation is absorbed by the entire volume of the particle with a decrease in the size of TiO, particles,
down to nanoscale values [§].

A smaller crystal size leads to a larger specific surface area and, consequently, to an increase in the
number of active centers, bulk and surface defects available for reactions. Reducing reactions proceed more
efficiently and changing the electrical and chemical properties. As a result of the quantum size effect, the
energy structure changes significantly, leading to optical absorption, photoluminescence, optical nonlinearity
and other properties [9].

Thus, the questions of the influence of TiO, nanoparticles on the mechanisms of billet formation and
the rheological properties of the casting slip of (BeO+TiO,)-ceramic have not been studied. There is no clear
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justification for the effect of TiO, nanoparticles on the phase composition and mechanisms of structure for-
mation, structure of such ceramics during sintering [10].

Synthesis and research of nanophase high-temperature ceramics with increased density, thermal con-
ductivity, special structural and electrophysical properties is useful for electronic engineering and instrument
making in means of radar, navigation and long-distance communications. Interest in composite ceramics
based on beryllium oxide with introduced impurities is caused by the needs of new areas of radio electronic
engineering and special instrumentation, the development of modern long-distance communication systems,
radar and navigation, and broadband systems for special purposes. Beryllium oxide in the process of sinter-
ing composite ceramics gives TiO, increased density, mechanical strength and thermal conductivity. Differ-
ent ratios of TiO, components in ceramics and the degree of its reduction make it possible to control the
amount of ultrahigh frequency absorption by such ceramics. In connection with the above, the development
of a technology for obtaining a new material based on beryllium oxide modified with TiO, nanopowders is
an important task. The aim of this work is to study the methods of introducing nanodispersed TiO, powders
into the micron matrix of beryllium and titanium oxides.

Material and methods of research

The measurement of the specific surface area was determined on a device for dispersive analysis of the
PSC series, the principle of operation of which is based on the method of gas permeability of Kozeny and Kar-
man [11].

The determination of the bulk density of the researched powders was carried out according to the ap-
proved factory methodology based on the determination of the bulk density of a unit volume of free bulk pow-
der. The bulk density of the powder with this measurement method is determined by the formula:

P;—Pq

Y= (1

where, y — bulk density of powder, g/cm’; P, — powder cylinder weight, g; P, — empty cylinder weight, g;
v — calibrated cylinder volume (25 cm’) [12].

The microstructure, granulometric structure, and phase analysis of powders and sintered samples were
studied by using a scanning electron microscope with a JSM-6390LV, 2007 energy dispersive microanalysis,
with a resolution in high vacuum up to 3 nm and the possibility of obtaining images in secondary and reflect-
ed electrons.

X-ray phase analysis of the powders and the obtained samples was carried out by using an X'PertPRO
X-ray diffractometer of thr PANanalytical firm, 2005.

The main parameter of the slip mass «casting ability» was determined on a special factory-made instal-
lation PLC-1, which is designed to determine the casting ability of hot thermoplastic slips prepared from ce-
ramic mixes under conditions close to the operation of injection molding machines [13].

Determination of viscosity # in the temperature range 55-80 °C was carried out by using a rotational vis-
cometer RV-8.

The measurement sequence was in accordance with the recommendations of the factory instructions,
where the viscosity value was calculated by the formula:

n= KP+m—F

2)
w
where 7 — experiment of material viscosity, poise; P — the total weight of the load installed on two cups, g;
m — weight of cups with hooks, g; F — friction loss in bearings, g; w — inner cylinder rotation speed, sec’,
which is calculated by the formula:

5
w == 3)
where T — time of five revolutions of the inner cylinder; K — device constant, which depends on the dimen-
sions of the working cylinders and the height of the material loading, cm™-s™, is calculated by the formula:

R 4)

= w22z h/(F-r) 3 (31|
where R — the radius of the pulley on which the thread is wound, cm; r; - radius of the inner cylinder and hem-
isphere, cm; 1, — radius of the outer cylinder, cm; h — immersion height of the inner cylinder into the materi-
al, cm; g — acceleration of gravity 981 cm/s” [14].
The value of apparent density was determined according to [15].
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Results and discussions

It is necessary to carry out complex physicochemical and mechanical studies of the feedstock and sin-
tered products obtained on its basis to predict and correctly interpret the mechanisms of structure formation
in ceramics based on BeO with the addition of micro- and nanocrystalline TiO, powders, the formation of a
structure with specified parametric characteristics and properties.

The highly sintered beryllium oxide powder used in this work was obtained by grinding sintered ceram-
ic scrap in vibrating mills. The characteristics of the powder meet the requirements of TU 95-143-79, for
grade «B2» (Table 1).

Table 1
The main characteristics of the used powder of beryllium oxide grade «B2»
Characteristic, Ne of batch p 67
Bulk weight p, x10° kg/m’ 0.77
Specific surface area S, cm’/g 11 000
Moisture % weight 0.08
Average crystal size, pm 5
boron 1.7-10=
silicon 7.3-10-
manganese 8.2:10—"
iron 5.1-10=°
magnesium 5.2-10-°
chrom 1.0-10-*
nickel 1.1-10-°
Elemental content . >
of impurities,% wt aluminum 3'2'1074
’ copper 8.0-10—
zinc 7.5-10-
calcium 4.2:10-
silver 1.1:10-
cadmium 1.2:10=
lithium 6.7-10-"*
sodium 8.7:10-
The amount of impurities,% wt 0.14

The main characteristics of the used micron TiO, powder of the rutile modification in terms of quality
and chemical composition, according to the passport data, are given in Table 2.

Table 2
Main characteristics of the used micron TiO, powder, RK grade, rutile modification
The name of indicators TI requirements, % Analysis results
Mass fraction of titanium dioxide,%, not less 99 99.5
Mass fraction of rutile form,%, not less 97 100
- : - 5
Mass fraction of iron compounds in terms of Fe,03,%, 0.08 0.05
no more
Mass fraction of phosphorus compounds in terms of
N 0.03 0.03
P,05,%, no more
Mass fraction of sulfur compounds in terms of Si0s,%, 0.03 0.01
no more ) )
Mass fraction for silicon compounds in terms of
T 0.15 0.15
Si0,,%, no more
Mass fraction of «metallic iron»,%, no more 0.02 0.01
Specific surface, cm’/ g, within 33004600 4060
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Micron titanium dioxide powder was additionally sieved with a vibrating sieve through a metal mesh
Ne 0045. Powders with a specific surface area of at least 4500 cm?/g were selected. The average particle size

was 5—10 um. Surface morphology and particle size distribution of micron TiO, powder after sieving is
shown in Figure 1 (a, b).

a) — magnification of 5k, b) — magnification of 20k

Figure 1. Micrographs of micron titanium dioxide powders

The X-ray diffraction pattern of a micron TiO, powder is shown in Figure 2, small peaks indicate the
presence of permissible admixtures (Fe,O;, P,Os, Si0,).

T
20=27.4
_—
BT
g
20=41.2
| | l
, WL ; A J LJ.. . SIS .U__,____J'k e F Y AL et g, g o
1A ) @ ® A ® % o o

20, degree (Cu, Ka)

Figure 2. X-ray diffraction pattern from a titanium dioxide sample for 20 values in the range from 0° to 120°.
Deciphering the values of the angles (20=27,4; 260=36,0; 26=39,1 etc.) and peak intensities in the «Quantax 70»
program indicates the complete compliance of the sample with the rutile modification of TiO,

Thus, the micro-powder used in the research contains 99.53 wt%, which corresponds to TI 301-10—
020-90. The element-wise content of impurities is also within the permissible values. The results of X-ray
structural analysis indicate its full compliance with the rutile modification, which confirms the conditionality
and the possibility of manufacturing serial ceramic products using factory technology.

Titanium dioxide nanopowder obtained by the method of electric explosion of a conductor (Fig. 3 a, b.)
was used to manufacture experimental samples in order to study the methods of introduction and the effect of
nanoparticles on the rheological properties of the foundry slip, their uniformity of distribution in the volume

of the micron matrix. A nanopowder is a mixture of irregularly shaped particles ranging in size from 5 to 10
nm.
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a) magnification 400k, b) magnification 100k
Figure 3. Micrograph of TiO, nanoparticles obtained by the method of electrical explosion of a conductor

Along with nanoparticles >10 nm, there are formations up to 15 nm in size, which, apparently, are ag-
glomerates of smaller particles. As a rule, the shape of all particles is close to spherical. The research of the
particle size distribution showed that the nanopowder has a logarithmically normal distribution with an aver-
age particle size of 10 nm. Deviation from the average size is no more than 20 %.

The research results by the XRF method are shown in Figure 4.

o2

20=25.3

lnlem;lty, (au)

20=37.8 26=47.8

26, degree (Cu, Ka)

Figure 4. X-ray diffraction pattern from a TiO, nanopowder sample for 20 values in the range from 0° to 120°.
Deciphering the values of the angles (20 = 25,3; 20 = 31,0; 20 = 37,8,0 and etc.) and peak intensities
in the «Quantax 70» program indicates the complete compliance of the sample with the anatase modification of TiO,

The insertion of nanoparticles into the composition of the charge is one of the most difficult tasks from
the technological point of view [16]. Nanoparticles must be evenly distributed over the entire volume of the
charge, to exclude their possible coagulation and agglomeration. The problem was solved in several ways:
mixed dry and in a liquid medium in a roller mill; in a liquid medium in a specially designed impeller-type
reactor with continuous bubbling with compressed air.

The dry mixing method failed to achieve a uniform distribution of particles in the volume of micron
powders, due to the fact that the components of the charge are distributed mainly along the perimeter of the
working chamber, under the action of centrifugal force, while mixing occurs only in the direction of rotation
of the drum. The slip mass from the charge obtained by this technology was not prepared.

The method of introducing nanoparticles in which mixing of the charge components was carried out in
a specially designed impeller-type reactor was the most effective. The installation is a cylindrical vertically
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located stainless steel tank on a rigid base, inside which a shaft with blades is installed, during the rotation of
which the charge is mixed, and compressed air is continuously supplied in the lower part (Fig. 5).

1 — electric motor; 2 — compressed air supply channel; 3 — shaft with blades; 4 — charge;
5 — supply of compressed air for bubbling the charge; 6 — drain hole.

Figure 5. Schematic diagram of the P-60 reactor operation

Air bubbles, rising up according to the Archimedes law through the entire volume of the charge, allow
the movement of flows in the liquid not only in the horizontal, but also in the vertical direction.

Samples were obtained with additives 5; 10; 15; 20; 25; 30 wt.%.%Ti0}%"° rest of BeO and 0.1; 0.5;
1.0; 1.5; 2.0 wt.%Ti02*™°+Ti05™+70 wt% BeO to study the effect of the method of introducing nanoparti-
cles into the micron matrix of beryllium and titanium oxides, on the uniformity of their distribution and the
effect on the rheological properties of the casting slip.

The mixtures of the following composition (1-x)BeO+xTiO, were obtained by using the developed
technology for introducing nanoparticles, Table 3.

Table 3
Values of the main parameters of the charge with the addition of TiO%“"° nanoparticles
i . _ o x=0.1 x=0.15 x=0.2 x=0.25 _ o
(1-)BeO+XTiO, x=0.055%) | oo Usve | oot | (ashp | X03G0%)
Ssp., cmz/g 16200 17000 17700 18000 18100 18400
Nat. weight,, glom’ 0.76 0.74 0.70 0.67 0.63 0.60

As can be seen from the data in Table 3, the specific surface area predictably increases with an increase
in the concentration of TiO, nanoparticles. It should be noted that the specific surface area of the beryllium
oxide powder BeO used in this study was 11000 cm®/g.

The indicator of the flowability of the charge is the bulk density, that is, its density in the unconsolidat-
ed state, which takes into account not only the volume of the material particles themselves, but also the space
between them, also decreases with an increase in the concentration of nanoadditives. For both physical char-
acteristics, there are tendencies of change inherent in the presence of nanoparticles.

Further, slip masses were prepared for each percentage composition on the basis of an organic binder —
wax, paraffin, oleic acid at the rate of LOI (loss on ignition) — 9.5 %. The rheological properties of the ob-
tained slip batches are presented in Table 4.
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Table 4
Rheological properties of thermoplastic slips based on beryllium oxide
with the addition of nanoparticles 5-30 wt.% TiO%*"’

. x=0.05 x=0.1 x=0.15 x=0.2 x=0.25 x=0.3

(1-)BeO+xTiO, (5 %) (10 %) (15 %) (20 %) (25 %) (30 %)
LOI, % 9,5 9,3 9,4 9,2 9,3 9,3
Viscosity, Pa-s 45 59 72 88 93 107
Casting capacity, mm 76 62 41 33 27 16

In the process of casting blanks using TiO, nanopowders it was noted that the rheological properties of
the slip mass strongly changed with an increase in their concentration: the slip became viscous and difficult
to mix (Table 4). This is due to the fact that nanoparticles, having a highly active surface, require the intro-
duction of a much larger amount of organic binder, compared with micron-sized TiO, powders, which nega-
tively affects the properties of slips (viscosity and castability) and the quality of sintered products in the form
of the presence of shells, impurities and excessive porosity.

As it is known, the casting ability of a slip characterizes its suitability for casting articles of a given con-
figuration. It is a conditional complex characteristic that depends on the viscosity and the rate of solidifica-
tion. The lower the viscosity and speed of solidification of the slip, the higher its casting ability. In turn, the
viscosity determines the ability of the foundry mass to continuously fill the mold during the casting process.
It is possible to increase the casting ability indicator by adding a binder to the slip mass, however, the more
binder in the slip, the worse the quality of the sintered product, since after the operation of burning the bind-
er, the evaporated organic matter leaves behind defects in the form of various cavities and pores. Thus, for
the purity of the experiment, it was decided not to increase the castability of the slip by adding a binder.
Forming a billet by slip casting is possible by increasing the pressure applied to the slip in the case of a low
casting capacity.

Work on forming the blanks was carried out on a micro-casting unit for casting thermoplastic slips of
factory design (Fig. 6).

block 2

gl‘;“ ‘ |, - —

B s

Al R R

1 — slip mass in the evacuation reactor; 2 — shaft with blades; 3 — evacuation channel;
4 — electric motor; 5 — steering wheel for pressing the casting mold; 6 — formed blank; 7 — casting mold;
8 — heating circuit; 9 — compressed air supply channel; 10 — slip mass in a casting reactor.
Figure 6. Photo and schematic diagram of the micro-casting installation

The pressure on the slip was proportionally increased with an increase in the concentration of nanopar-
ticles to maintain the required pouring rate, according to the graph shown in Figure 7.
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Figure 7. Graph of the dependence of the pressure change on the slip from the concentration
of nanoparticles in the range of 5-30 wt.% Ti03?"°, batches 1-6, respectively

Next, samples were obtained, the composition of which is shown in Table 5. In order to improve the
rheological properties of the casting slip the amount of added nanoadditives was limited from 0.1 to 2.0 wt.%
Ti052m°,

Table 5
Values of the main parameters of the charge with the addition of nanoparticles 0.1-2.0 wt%
Ne The composition of the charge Sp., cmM/g Nat. weight., g/cm’
batches P ’
P1 BeO +29.9 wt.%Ti04™ + 0.1 wt.%Ti053"° 12700 1.07
P2 BeO +29.5 wt.%Ti05™+ 0.5 wt.%Ti052"° 13800 1.03
P3 BeO +29.0 wt.%Ti05" + 1.0 wt.%Ti052"° 14600 0.97
P4 BeO +28.5 wt.%Ti05"+ 1.5 wt.%Ti05"° 15700 0.93
P5 BeO +28.0 wt.%Ti05" + 2.0 wt.%Ti052"° 16200 0.90

The specific surface area also increases with the introduction of nanoparticles up to 2.0 wt% into the
volume of the charge. The specific surface area of the beryllium oxide powder BeO used in this study was
also 11000 cm?/g, and the specific surface area of the titanium dioxide powder was 10000 cm?/g. The indica-
tor of the flowability of the charge, the bulk density, also does not significantly decrease with an increase in
the concentration of nanoadditives, remaining in the permissible range of values.

Further, slip masses were prepared for each percentage composition on the basis of an organic binder —
wax, paraffin, oleic acid at the rate of LOI (loss on ignition) — 9.5 %. The composition of the wax paraffin
components and the slips preparation technology are identical.

The rheological properties of the obtained slips batches are presented in Table 6.

Table 6
Rheological properties of thermoplastic slips with the addition of nanoparticles 0.1-2.0 wt.%
Characteristics Pl P2 P3 P4 P5
LOI, % 9.6 9.4 9.2 9.2 9.2
Viscosity, Pa's 49 48 44 43 40
Casting capacity, mm 63 65 71 78 83

As can be seen from Table 6, the rheological properties of slips with the introduction of nanoparticles in
the range of 0.1-2.0 wt.% remain at an acceptable level. The casting ability of the slip increases with an in-
crease in the concentration of nanoparticles, it becomes less viscous. Thus, a relatively small number of in-
troduced nanoparticles allows maintaining a minimum volume of organic binder while maintaining the cast-
ing properties of the slip mass at an acceptable level.

Due to the increase in casting capacity, the pressure on the slip was decreased in proportion to the in-
crease in the concentration of nanoparticles, according to the graph shown in Figure 8.
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Figure 8. Graph of the dependence of the pressure change on the slip from the
concentration of nanoparticles in the range from 0.1 to 2.0 wt.%, batches 1-5, respectively

The observed effect is explained by the filling of voids between solid and larger powder particles with
particles of smaller fractions, as a result of which the density of the charge increases, and the reorientation of
large grains contributes to a decrease in friction against the walls of the tooling.

On the obtained samples there are many fragments of the TiO, phase and pores after sintering, predom-
inantly round form with the size up to 3 mm, indicating the processes of conglomeration of nanoparticles.
The number of fragments increases in proportion to the introduced amount of Ti
troduction of nanoparticles 5.0-30.0 wt.% (Fig. 9).

0%2"° in the case of the in-

The figure signature number corresponds to the batch number according to: P1— 5wt.%Ti052";
P2 — 10wt.%TiOB; P3 — 15wt.%Ti0NaM0; P4 —20wt.%TiOBN0; P5 25wt %TiOB3Mand P6 — 30wt.%TiOBM°.

Figure 9. Macrostructure of samples containing TiO, nanoparticles. Magnification x 16

Thus, it is not possible to obtain a completely homogeneous sample without pores and impurities con-
taining nanoparticles from 5 to 30 wt% TiO..
Figure 10 shows the macrostructure of samples containing nanoparticles of 0.5-2.0 wt%.

The figure signature number corresponds to the batch number according to:
P2 — 0.5wt.%Ti052"°; P4 — 1.5wt%Ti053?"°and P5 — 2.0wt%Ti052"°

Figure 10. The macrostructure of samples with containing nanoparticles of TiO,. Magnification x 16

As can be seen, the macrostructure of the samples with a nanoparticle content of up to 2.0 wt% is rather
uniform with this method of introducing nanoparticles, there are practically no grouped fragments of the
TiO, phase. Thus, it is not possible to obtain a homogeneous, dense sample with the introduction of nanopar-
ticles in excess of 5 wt%.
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Conclusions

1. In this work an effective method is proposed for introducing nanodispersed TiO, powders into a mi-
cron matrix of beryllium and titanium oxides, in which air bubbles, rising upward according to the Archime-
des law through the entire volume of the charge, allow the movement of flows in the liquid not only horizon-
tally, but also in the vertical direction.

2. It has been experimentally shown that the addition of nanoparticles from 5 to 30 wt% Ti032"° nega-
tively affects the casting properties of slips (viscosity and casting ability) and, consequently to the quality of
sintered products in the form of cavities, impurities and excessive porosity.

3. As aresult of research, the effect of the concentration of nanoparticles on the main technological pa-
rameters, such as specific surface area, bulk density, viscosity, casting ability, pressure on the slip during
billet molding, the optimal concentration of nanopowder of TiO,, — 0.1 — 2.0 wt. % was established,
providing normal indicators of technological parameters.
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TiO, nano0esmexTepin BeO :xone TiO, yHTaKTaAPBIHBIH MUKPOHIBIK
MATPHUIACHIHA €HTi3Y JAICTEPiH KIHE 0JIAPABbIH KYI0 HIJINKEPiHiH
PEeoJIOTUSJIBIK KacHeTTepiHe dcepiH 3epTTey

Makanana naHoaucreperi tutan okcuai TiO, yHTakrapbiH OepHIUTHHA MEH THTaH OKCHATEPiHIH MHKPOH
MaTpHIAChIHA €HTI3y QJICTEpiHiH 3epTTey HOTHXKeNepi KepceTinreH. 5 %-maH jKorapbl HaAHOOEIIEKTePIiH
0oJybl KYIO LIIMKEPiHIH PEOJIOTHSUIBIK KacHeTTepiHe Tepic acep ereai »koHe kepicinme, 0,1-2,0 mac. %
apaJIbIFBIH/IA HAHOOOIIIEKTEeP/IH KOCBUTYBI TYTKBIPIIBIKTEl TOMEHJICTYTe JKOHE JKBUDKBIMAJIBI MacCaHbIH KYIO
KaOineTiH apTThIpyFa BIKOAX eTedi. ArperaTtainraH JaifblHIaMaHbl MAaKpOKYPBUIBIMABIK — Tajay
HaHOOOJIIIEKTEP/IIH KOHIIIOMEpaTTapbl HEMece HaHO- JKoHe MUKPO- TiO, GemmekTepi TYpiHAe KYPBUIBIMIBIK
JJIEMEHTTEPIiH TOJBIK OonMaybIH Kepcereni. HanoGemmekTep i eHri3yAiH aMbIFaH 9/ici OHIMAI IUTUKep.Ii
KYIO apKbUIbl JaibIHAaMaHbIH OYKiJ KeseMiHe Oipkeski TapaTyFa MYMKIHIIK Oepeni. FbuUIbIME JKYMBICTHIH
aBTOpJapsl OoJsallakTa ajblHFAH HAHOOOJILEKTepi 0ap KepaMUKaHBIH JKbUTy (DM3MKAIBIK JKOHE HMMIICIAaHC
cHIaTTaMaliapblHa HaHOOeJIIEKTePIiH 9CepiH 3epTTey i xKocnapiaanbl. FulbIMM oleMIe HAHOYHTAaKTap.IbIH
Oepriunii KepaMUKAChIHBIH JJIeKTPO(U3UKAIBIK KACHETTEpiHe aCepiH 3epTTey Typausl Oenrici3. bepumnnit
OKcHJI )koHe THTaH okcuaTepi Kocrnackl BeO+TiO, kepaMUKachIHBIH €H MaHBI3/(bI KaCHeTTepiHiH Oipi — aca
JKOFapFbl XKUUTIKTE COyJeJIeHyAl CiHipy Kabineri, oa a3 KbI3ybl KepeK, SFHH JKBUIYABI >KaKChl OTKi3ei.
XKoraper koapdurmentti anmy ymin BeO kepamuka xypambiHa TiO, ¢a3acklH MYMKIHJITIHIIE KOI €HTi3y
KepeK.

Kinm ce30ep: TiO, HaHOOeIIIEKTEp], MIMXTA, KYIO HIIAKEPi, PEOJOTUSUIBIK KacHeTTepi, Oepuinii OKCHIi,
KepaMMKa, MaKPOKYPBIIbIM.

A.B. IlaBnos, E.E. Aitbimxanos, XX.b. Carnonauna, A.b. Kaceimos, J1.P. baiixan, M.C. XKamnaposa

HUccaenoBanue MeTo10B BBeAeHust HaHoyacTun TiO,
B MUKPOHHYI0 MaTpuly nopomkos BeO u TiO, n ux BiusiHus
HA PeoJIOrMYeCKUe CBOMCTBA JUTEHHOI0 IJINKepa

B crarbe mpeacTaBieHbl pe3yabTaThl UCCICIOBAaHUN METOAOB BBEAEHHS HAHOAMCIEPCHBIX MOPOIIKOB TiO,
B MUKPOHHYIO MaTpHUIly OKCHIOB Oepw/umist M THTaHA. [loka3aHO, YTO HaJIW4Me HAHOYACTHI[ CBBIIIE
5,0 mac. % oTpuIaTeNbHO BIMSET Ha PEOJIOTHIECKHE CBOICTBA JIMTEHHOTO MIINKepa, U, Ha000poT, KobaBIe-
HUe HaHovacTull B auana3oHe 0,1-2,0 mac. % crnocoOCTBYeT CHIKCHHUIO BSI3KOCTH H ITOBBIIICHHUIO JINTCHHON
CIIOCOOHOCTH HIIMKEpHOIT Macchl. MaKpOCTPYKTYpHBIN aHAlN3 CHEYEHHOW 3arOTOBKU CBHUJIETENLCTBYET O
IIOJIHOM OTCYTCTBUM CTPYKTYPHBIX JIEMEHTOB B BUJI¢ KOHITIOMEPATOB HAHOYACTUL] MIM YaCTHUL HAHO- U MUK-
po-TiO,. Pa3zpaboTannslii crioco0 BBeICHUS HAHOYACTHUI] MO3BOJIAET MOJIYYaTh M3ACNIUSI C UX PAaBHOMEPHBIM
pacIipeniesieHueM o BceMy 00beMy 3arOTOBKH METOZOM LIUTMKEPHOTO JIUThS [TO]] IaBleHHEM. B nanpHelmem
ABTOPbI HAyYHOH PabOTH! IUIAHUPOBAIM HCCIENOBATH BIMSHUE HAHOYACTHUI] HA TEIIO(QU3NYECKUE U UMIIE-
JAHCHBIC XapaKTEPUCTHKH MOJTy4eHHOH kepaMuku. OO mMccienoBaHMAX BIMSAHUS HAHONOPOILKOB Ha 3JIEK-
Tpodu3mueckue cBoCTBa OEPMIUTNEBOM KEPaMHUKU B HAyYHOM MHUpE He n3BecTHO. CaMbIMU BayKHBIMHU CBOM-
CTBaMH, KOTOPBIMU J0JDKHA 001anaTh kepamuka BeO+TiO,, ato ciocodHocTs mornoniats CBU-u3inydenue,
TIPU 3TOM OHA JJOJDKHA MaJi0 HAarpeBaThCs, T.€. XOPOIIO IIPOBOAUTE TeIwio. J{iIs MOTydeHUs! BBICOKOTO KOd(-
(urreHTa HEOOXOAMMO KaK MOKHO OOJIBIIEe BBOJUTE B cocTaB kepamuku BeO ¢a3zy TiO,.

Kniouesvie cnosa: nanouactuusl TiO,, muXTa, OUIUKEP, PEOJOTUYECKUE CBOMCTBA, OKCHA Oepuiuins, Kepa-
MHKa, MaKpOCTPYKTYpa.
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Statistical evaluation of morphological parameters of porous
nanostructures on the synthesized indium phosphide surface

A constructive method for estimating the surface morphology of nanostructured semiconductors, which con-
sists in determining the main statistical characteristics of the aggregate structure of nanoscale objects on their
synthesized surface is presented. In terms of the indium phosphide semiconductor with a synthesized porous
layer on its surface, it is shown that the evaluation of the main statistical characteristics allows a deeper un-
derstanding of the kinetics of the pore formation process during typical electrochemical treatment of the crys-
tal. The determination of the main statistical metrologically based characteristics (indicators of the distribu-
tion center, variation, and shape of the distribution) allows us to understand in more detail view the processes
occurring during electrochemical processing of crystals. In the long run, this will make it possible to create
nanostructures with predetermined properties, which will become the basis for the industrial production of
high-quality nanostructured semiconductors.

Keywords: synthesis, semiconductors, surface morphology, measurement, aggregate structure, statistical
analysis, indium phosphide, Imagel.

Introduction

Currently, nanotechnology is the industry demonstrating the fastest development rates. It is widely used
to create ultra-fast and super-powerful computers [1, 2], in electronics (lasers, photonics) [3], alternative en-
ergy [4, 5], information technologies (information transmission and storage) [6], environmental monitoring
(wastewater, air, soil) [7], as well as in a number of other utmost relevant applied aspects of science and
technology [8, 9].

The necessity for this is that nanomaterials are characterized, as a rule, by a much larger proportion of sur-
face atoms, which determine the dominant features of the physical and chemical properties of materials [10].
Thus, structuring the surface of semiconductors leads to an increase of their effective area by tenfolds, which
has an important practical consequence for improving the efficiency of photo-emmissive energy converters [11,
12]. In addition, quantum-dimensional effects begin to appear at the submicron level [13]. This property is pos-
sessed by quantum dots [14, 15], nanoconductors [16], nanowires [17], porous layers [18], etc.

In this regard, the synthesis of nanostructures with specified functional characteristics and, first of all,
controlled sizes of nanoobjects remains as a crucial problem in recent decades. This is emphasized in
such program documents as «Strategic Research and Innovation Agenda for Nanomedicine, European Tech-
nology Platform on Nanomedicine, 2016-2030» [19], «<EU US Roadmap Nanoinformatics, 2017-2030»
[20], «Continuing to Protect the Nanotechnology Workforce: NIOSH Nanotechnology Research Plan for
2018-2025» [21].

The complexity of solving this problem is due to the fact that two competing mechanisms always oper-
ate during the formation of surface nanostructures: the nanostructures generation with specified properties
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[22] and the self-organization of nanoobjects [23]. Overcoming this contradiction is possible only with a
complete, detailed analysis of the statistical characteristics of the synthesized surface morphology, the most
promising tool for which is the analysis of microscopic images of the surface of nanomaterials using statisti-
cal methods [24].

The article presents the results of representative metrologically based studies of the surface morphology
of a nanostructured semiconductor, namely, the establishment of statistical characteristics of the pore distri-
bution over diameter in a typical process of nanostructure synthesis, which, along with previously obtained
results of the trend of their dependence on etching time [25], allows creating crystals with a predetermined
aggregate structure.

Methods and materials

The surface morphology of a nanostructured semiconductor during its synthesis was studied experimen-
tally on the example of a sample of n-type single-crystal indium phosphide (por-InP) with surface orientation
(111) [26]. Porous surface layers of indium phosphide were obtained by typical electrochemical etching of a
sample in a hydrochloric acid solution (10H,O+1HCI). The etching time t=20 min, current density of
j =150 mA/cm’. Plates of indium monocrystalline phosphide were polished before etching and cleaned with
alcohol and vinegar. The pores on the plate were formed in a standard electrolytic cell with platinum at the
cathode [27]. After this they were dried in air and subjected to short-term drawing in a nitrogen stream to
stabilize the properties. The morphology of the synthesized nanoobjects was studied using a JEOL-6490 ras-
ter electron microscope with a resolution of up to 3.0 nm, accelerating voltage (0.3-30) kW; magnification
from x5 to x300,000; types of contrast (secondary and reflected electrons): topographic, compositional, and
shadow.

For representativeness of the experiment, 10 crystal plates were examined and 5 observations of the
morphology of nanoobjects on the surface of each sample were made, the results of which were within the
limits of confidence intervals of + 5 % for the measured value P = 0.95.

Raster processing of photomicrographs under surface analysis based on selected morphological charac-
teristics was performed using the ImageJ program. Statistical processing of results was performed using the
Origin Pro program.

The main tasks of analyzing photomicrographs of the surface of nanostructured samples are:

- statistical processing of the obtained in the measurement process of objects parameters;

- determination of the average values of the values obtained;

— the construction of graphic dependences for visualization of the analysis process.

A two-dimensional image, obtained using a microscope, in a certain approximation could be considered
as a matrix, the indexes of which describe the numbers of rows and columns, and the numerical values of
elements characterize the color intensity. The main parameter that characterizes a digital image is its resolu-
tion (the number of pixels in the original image and the color depth).

The morphological parameter used for the analysis is the average pore diameter, despite the fact that the
pores have a cone shape-the diameter of their Don is less than the diameter of the surface section, for sim-
plicity of research, but without losing the generality and correctness of the results obtained, it was considered
that they have a cylindrical shape in the lumbar section.

For statistical estimation of the pore distribution by diameter the values of the indicators of the average
diameter series in ascending order were ranked and sorted. To estimate the distribution series the main statis-
tical indicators of the distribution center are found: the mode, median, and simple arithmetic mean of its val-
ue, as well as indicators of variation in the pore distribution series over the diameter. The change in the varia-
tion of the distribution of the series over the diameter in the aggregate was carried out using absolute and
relative indicators, which were determined by calculating the asymmetry coefficients, Pearson, and the ac-
cess indicator.

Results and Discussion

Figure 1 shows a typical micrography obtained using a microscope of the studied fragment of one of the
samples. Visual analysis of photomicrograph shows that the synthesized surface of indium phosphide is
densely covered with pores. The pores shape the tracks. The nature of these tracks are micro-scratches on the
surface of the plate [28]. They can also be caused by uneven impurity distribution and the crystallographic
orientation of the semiconductor plate [29]. Along the track line, the pores tend to merge and form long
channels [30]. Isolated pores are mostly cylindrical in cross-section. Some areas have massive etched pits,
the appearance of which is most often associated with the release of dislocation to the surface [31, 32].
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X40,000
Figure 1. Morphology of por-InP:

Figure 2 shows the raster processing of microphotograph performed in the ImageJ program. To increase
the contrast of the pore borders, a Bandpass filter based on Fourier transform is used allowing to remove
both high and low spatial frequencies in the image [33]. The Watershed algorithm is used to separate adja-
cent crystallites and pores with indistinct boundaries [34].
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Figure 2. Results of processing a microscopic image of the sample surface using the ImageJ program
a) after the binarization process, b) after using the Watershed algorithm

For the studied sample fragment the number of pores was calculated (there were 558 of them) and their
size distribution Ry = [d i, dpmax] (Fig. 3), where N = 6 is the number of distributions, dn, and dp.x are the min-
imum and maximum pore diameter in microns. For statistical estimation of the pore distribution by diameter it
is necessary to rank and sort the value of the indicators of the average diameter series in ascending order.
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Figure 3. Histogram of pore distribution by size

To estimate the range of pore diameter distribution by size the above-mentioned indicators were defined
as follows.
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Indicators of the distribution center. This class of indicators includes: the simple arithmetic mean of
pores — (d ); the most common value of the average diameter — the mode (M, ) and the diameter value that
falls in the middle of an ordered population — the median (A, ), which serves as a good characteristic in an

asymmetric distribution of data, because even in the presence of outliers of data it is more resistant to their
influence. In symmetric distribution series the values of the mode and median coincide with the average pore
value [35]:

d=M,=M,, (1)
and in moderately asymmetric ones, they correlate as follows [36]:
3d-M))~d—M,. )

The indicators of the distribution center obtained from the results of the performed studies are presented
in Table. 1.

Table 1
Indicators of the distribution center of a number of pore diameters

Indicator Identification Value, pm

Arithmetic mean of the n
. = 72 0.0683

diameter, d .
Mode, M, The most common diameter value is the number of repetitions f = 86 0.07136
Median. M the value of the diameter that divides the sizes of the pore distribution

> Me . . . 0.07136

series by diameter into two parts

Thus, you can state that the mode and median of the series coincide, but exceed the average value. Such
a series is considered conditionally symmetric.

Variation indicators. This class of indicators is presented in Table 2. Its study is of great practical
importance and is a necessary component in the variational analysis. This is due to the fact that the av-
erage, being equal in effect, performs its main task with different degrees of accuracy: the smaller the
differences in individual values of the attribute to be averaged, the more homogeneous is its total value,
and, consequently, the more accurate and reliable the average value is, and vice versa [37]. Therefore,
by the degree of variation, we can judge the variation limits in the pore diameter, the homogeneity of the
total value of diameter values.

Table 2
The variation indicators of the pore distribution series by the diameter
Indicator | Identification | Formula | Value
1 | 2 | 3 | 4
Invariable indicators of variation
oy Difference between maximum and minimum 0.156407
Variation span, um . R=d_ —d_
pore diameter values max  “'min 4
Arithmetic mean from absolute divergences of . Z‘ d _Z‘ 7
Mean deviation, pm’ individual pore diameter values from the overall p==__1 0.0222
average Z S
The arithmetic mean of the deviation squares of Z( d _g)z 7
Dispersion, pm? each pore diameter value from the arithmetic or=2=__7" | 0.000821
mean value z f
Mean square deviation, pm STD o =,/0? 0.0286
—\2
Fixed dispersion, pm? Capable estimate of the variance §2 = Z(d" _d) 0.00552
n—1
Estimation of the mean square . 5
- The square root of the fixed variance §= \/s_ 0.0743
deviation, um
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1 | 2 | 3 | 4
Relative indicators of variation

Measure of the relative spread of total values: o

Coefficient of variation, % shows what percentage of the average pore di- v=— 41.92
ameter is its average spread d
Characterizes the proportion of the average val- D

Relative linear deflection, % ue of pore diameters of absolute divergences K, == 3248
from the average quantity d

In Table: f— the sum of the frequencies of variation in the series, and n — the number of features.

Thus, the results of these studies allow us to conclude that since the coefficient of variation is greater
than 30 %, but less than 70 %, there is a moderate variation in the pore diameters of the synthesized semi-
conductor surface.

Indicators of the distribution form. One of the main characteristics of the distribution form is its sym-
metry, that is, when the frequencies of any two variants equidistant on both sides of the distribution center

are equal to each other; in any other case, the distribution is considered unbalanced. The criterion for the de-
gree of symmetry of the distribution is the asymmetry coefficient [38]:

A

SRR 3)

where M3 is the central moment of the third order of the pore diameter distribution series, s — mean-square
deviation.

The central moments of the pore distribution series by diameter calculated from the results of the meas-
urements performed are shown in Figure 4.
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Figure 4. Diagram of the central moments distribution to determine
the significance of the skewness of the pore diameter distribution series

It is determined that in our case A, = 4.254, which indicates that there is a right-sided asymmetry in the
resulting distribution.

The significance of the skewness indicator was determined using the mean square error of the skewness
ratio [39, 40]:

Sgs =

6(11 —2)
(n+l)(n+3) ' “)
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In this case it is considered that if |4 |/s, <3then the asymmetry is insignificant, its presence is ex-
plained by random circumstances. If |4,|/s,, -3, then the asymmetry is considered significant and the distri-
bution of the feature in the general population is not symmetric.

As a result of the analysis of the measurements performed it was found that S, = 0.171, i.e.,
A

distribution: larger pores predominate in this fragment of the porous surface, and pores with dimensions
smaller than the average diameter are much rarer. This correlates with the previously obtained result [25]: the
number of pores and their size distribution depends on the time of crystal etching — the longer the pro-
cessing of the crystal, the greater the number of primordial pores will appear on the surface. In general, the
effect of the synthesis time (t, min) on the size (¢, pm) of the pore mass of the corresponding trend equation
has the following form [25]:

/s, =4.254:0.171=24.93>-3, and it can be argued that in the study there is a significant asymmetry of

d=0.143F +4.447 t— 10.779. (5)

Obtained structural skewness indicators allow us to assess the skewness only in the central part of the
distribution, that is, in the main mass of sizes, where they do not depend on the boundary values. However,
despite this, such characteristics are an important element in the analysis of the pore distribution by size, as
they help to analyze the main mass of the pores, and do not take into account those pores that are unprovable,
such as germ pores, which are still very small in size, and massive pores, which are classified as etching pits,
resulting from the digestion of surface defects and dislocations in a typical method of electrochemical syn-
thesis.

Conclusions

Experimental studies of the surface morphology of nanostructured semiconductors are carried out on
the example of a synthesized porous layer on an indium phosphide crystal. Representative metrologically
capable results were obtained using the most efficient modern software tools for analyzing microscopic im-
ages and statistical methods.

As a result, the characteristics of one of the main parameters of the aggregate structure of the synthe-
sized porous layer are determined — the pore diameter distribution on semiconductors during their electrical
etching, namely the median (M,= 0.07136 pm), mode (M,= 0.07136 pm) and the arithmetic mean diameter

(d =0.0683 pm), on the basis of which it is concluded that the pore diameter distribution series is condition-
ally symmetric.

This variation was found to be moderate. Structural indicators of skewness allowed us to establish an
important element of the pore growth mechanism which correlates with previously obtained results [25] —
the longer the crystal is processed, the greater the number of primordial pores will appear on the surface, the
greater the pore size spread.

Thus, the presented methodology can become an effective tool for the characterization of porous
nanostructures on the crystal surface, and the results obtained are an important link in the structural analysis
of nanostructured semiconductors. In the future they can ensure the formation of nanostructures with adjust-
able properties and quality levels, which is a solution to a complex technological problem of our time.
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H.N. Kocau, B.b. borsmaxkos, 11.T. bormanos, SI.A. CeraukoBa

HNuamii pocuninin cuaTe31€JTreH 0eTiHaeri KeyeKTi HAHOKYPbLIbIMIAPAbIH
MOP(}OJIOTHSJIBIK apaMeTPJIePiH CTATUCTHKAJIBIK 0araJiay

HaHOKypBUIBIMIBI JKapThUIail OTKI3TilTepaiH OeTTik MOpP(OJIOTHICHH OaranayqplH KOHCTPYKTHUBTI 9ici
YCBIHBUIFaH, OJI OJIAp/bIH CHHTE3/eIreH OeTiHaeri HaHOeeM i 00beKTIIePIiH JKUBIHTHIK KYPbUIBIMbIHBIH
HETi3rl CTaTUCTUKAJIBIK CUIaTTaMalapblH aHBIKTayJaH Typajabl. beriHae cMHTe3nesreH Keyekri KabaTel 6ap
uHIUH GocduATi KKapThUIAll OTKI3MILITIH MBICATBIH NalJalaHblll, HEri3ri CTaTUCTHKAJBIK CHUITaTTaMalapibl
Garasiay KpUCTAJIBI 9JCTTEr] ICKTPOXUMUSIIBIK OHICY Ke3iHIe KeYeKTep/i KaJbllITacThIpy MPOLECIHIH K-
HETUKAaChlH TEpeHIpeK TyCiHyre MyMKiHAIK Oeperinairi kepceTinreH. Herisri  cTraTHCTHKAIBIK
METPOJIOTHSUIBIK HET13/IeNIeH CUITaTTaMaliap/ibl aHbIKTAY (Tapaly OpTaNIbIFBIHBIH KOPCETKILITEP], BAPUALIMSACHI
KOHE Tapaiy GopMacsl) KpUCTANIAPAbl DICKTPOXUMHUSIIBIK OHICY Ke3iHe 60JaThIH IPOLECTEPIl TONBIFHIPAK
TyciHyre MyMmKiHIik Gepeni. bonamrakra Oyt aniblH ajna aHbIKTaIFaH KacueTTepi O0ap HaHOKYPBUIBIMIAP.IbI
KYpYyFa MYMKIiHIiK Oepe/i ®KaHe jKOFapbl canajibl HAHOKYPBUIBIMIBI )KapThulail OTKI3TiIITepaiH OHEPKICIITIK
eHipiciHe Heri3 6onabl.

Kinm ce30ep: cunte3, xapTbulail eTkisrimrep, 6eTTik Mopdonorus, ejmemzaep, arperaTThlk KYpbUIBIM,
CTaTHCTUKAJIBIK Tayay, nHaui Gpocduai, Imagel.

H.U. Kocau, B.b. boasmiakos, 1. T. bormanos, S1.A. CeraukoBa

Cratuctuyeckasi oneHKa Mop¢o10ru4ecKux nokasareeil NopucTbIX
HAHOCTPYKTYP HA CHHTE3MPOBAHHOM MOBEPXHOCTH (pochuia uHaus

IIpencraBiieH KOHCTPYKTUBHBIA METOA OIEHKH MOP(OJIOrHH MOBEPXHOCTH HAHOCTPYKTYPHUPOBAHHBIX IIOITY-
TIPOBO/IHUKOB, KOTOPBIH 3aKJIIOYACTCSI B ONPENEIICHUH OCHOBHBIX CTATHCTUYECKHX XapaKTEPHCTUK arperat-
HOU CTPYKTypHI HAaHOpPa3MEpHBIX 00BEKTOB Ha MX CHHTE3MPOBAHHON moBepxHocTH. Ha mpumepe momympo-
BOJHUKA (hochuaa UHANS C CHHTE3HPOBAHHBIM IIOPUCTBIM CIIOEM Ha €r0 IIOBEPXHOCTH MOKA3aHO, YTO OI[CHKa
OCHOBHBIX CTaTHCTHYECKHX XapaKTEPUCTHK IMO3BOJISIET TIIyOke MOHATh KMHETHKY Mpoliecca MopoodpazoBa-
HHS [IPU TUITMYHOM 3NIEKTPOXUMUYECKOH 00paboTke kpucramna. OnpeneneHne OCHOBHBIX CTaTHCTHYECKHX
METPOJIOTHYeCK 000CHOBAHHBIX XapaKTEPUCTHK (MOKa3aTeNlel LEHTpa paclpeaeieHus], Bapuauui 1 GopMbl
pacrpe/eneHns) Mo3BosieT 0ojee JeTalbHO MOHSITH MPOIECCHI, TPOUCXOASAIINE BO BPEMs 3IEKTPOXHMHYE-
CKOI 00pabOTKM KPHCTAIIO0B. B mepcneKkTiBe 3TO MO3BOJUT CO3/[aBaTh HAHOCTPYKTYPHI C 3apaHee ONpere-
JICHHBIMHU CBOMCTBaMH, CTaHET OCHOBOH JUISI IPOMBIIIJIEHHOTO M3TOTOBJICHUSI HAHOCTPYKTYPHPOBAHHBIX I10-
JIYTIPOBOJHUKOB BEICOKOTO YPOBHS Ka4eCTBa.

Knioueswvie cnoga: cunTes, MOIYNPOBOAHUKH, MOP(OJIOTHS TIOBEPXHOCTH, H3MEPEHUSI, arperaTHast CTpyKTypa,
CTaTHCTHYECKHH aHaM3, pochun namus, Imagel.
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Influence of surface structure and morphology of PEDOT:
PSS on its optical and electrophysical characteristics

This paper presents the results of a study of the effect of modification of the structure of the PEDOT: PSS
polymer with hole conductivity on the optical and electrophysical properties of an organic solar cell. It was
found that the modification of a polymer film with ethyl and isopropyl alcohols leads to a change in the mor-
phology and roughness of the film surface. It has been determined that annealing of films in alcohol vapor
promotes the formation of more uniform films. It is shown that upon modification of the PEDOT: PSS film in
alcohol vapor the absorption spectrum shifts the absorption maximum of PEDOT to the short-wavelength re-
gion of the spectrum, the absorption of the aromatic PSS fragment decrease. X-ray phase analysis showed
that after surface modification with alcohol vapor, the PEDOT and PSS chains change their structure. It is
shown that the structural features of the surface morphology of PEDOT: PSS affect the electrophysical pa-
rameters of the films, such as the effective extraction rate and the effective time of flight of charge carriers.
It was found that the modification of the surface of the PEDOT: PSS film leads to an improvement in the
electrical transport properties of the films.

Keywords: PEDOT: PSS, Izopropanol, Ethanol, surface morphology, thermal annealing, aromatic fragment
PSS, optical spectroscopy, impedance spectroscopy.

Introduction

PEDOT is a relatively new member of the conductive polymer family. It has a fairly high electrochemi-
cal and thermal stability of electrical properties [1]. PEDOT is composed of ethylenedioxythiophene mono-
mers (EDOT). However, EDOT is insoluble in many common solvents and is unstable in the neutral state as
it rapidly oxidizes in the atmosphere. To improve its properties a polyelectrolyte solution (PSS) is added to
EDOT, resulting in an aqueous suspension of PEDOT: PSS. Each phenyl ring of PSS monomer has one acid-
ic SOsH (sulfonate) group. Films with different properties can be obtained depending on the content of com-
ponents, doping concentration, and particle size. The work function of the electron is approximately 5.2 eV.
Due to the PSS content, the pH is between 1.5 and 2.5 at room temperature [2].

Morphology has a strong effect on the efficiency of generation and transport of charge carriers in
PEDOT: PSS. The reason for this effect was the inhomogeneity of the films, which sharply reduces the effi-
ciency of charge transport [3]. Thus, the main reason for the low indicators of transport characteristics is the
tendency to aggregation and low solubility of active compounds, since crystallization of the components in
PEDOT: PSS leads to the formation of polycrystalline domains, which are characterized by undesirable grain
size and suboptimal crystalline ordering [4, 5]. However, the problems associated with the influence of the
structural feature of PEDOT: PSS on fundamental parameters, such as the efficiency of electron transport of
charge carriers, are still completely unsolved.

In this article studies were carried out on the effect of structural changes in the PEDOT: PSS polymer on
the morphological, optical, and electrophysical parameters of the films. To change the structure, the hole-
conducting polymer PEDOT: PSS was annealed in vapors with a certain concentration of alcohols. The results
were analyzed by comparing the surface morphology, optical and impedance spectra of PEDOT: PSS films.

Experimental

To change the surface morphology PEDOT: PSS was subjected to heat treatment at a certain ratio of
ethyl and isopropyl alcohol vapors. The structural formulas of the compounds are shown in Figure 1. The
preparation of the substrates was carried out according to the procedure [6, 7]. We used PEDOT: PSS (1 %,
Ossila Al4083), Izopropanol, Ethanol (pure 99.9 % Sigma Aldrich). Before starting the experiments, the
PEDOT: PSS solution was filtered through a 0.45 micron filter. Films PEDOT: PSS were obtained on a silica
glass surface by centrifugation (on a SPIN150i centrifuge manufactured by Semiconductor Production Sys-
tem) at a rotation speed of 5000 rpm.
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Figure 1. Chemical structure of Ethanol, Izopropanol, PEDOT and PSS

The topography of the film surface was studied using a JSPM-5400 atomic force microscope (AFM)
(JEOL, Japan). A special modular program for analyzing scanning probe microscopy data (Win SPMII Data-
Processing Software) was used to process the images obtained with AFM. Surface morphology and rough-
ness of PEDOT: PSS thin films were analyzed from AFM images. The images of the surface of the PEDOT:
PSS films were obtained in the semicontact scanning mode. The absorption spectra of the samples under
study were recorded on an AvaSpec-ULS2048CL-EVO spectrometer (Avantes). The impedance spectra
were measured using a P45X potentiostat-galvanostat in the impedance mode. The X-ray diffraction patterns
of the films were obtained on a Rigaku SmartLab X-ray diffraction. To measure the impedance spectra on a
CY-1700x-spc-2 sputtering apparatus (Zhengzhou CY Scientific Instruments Co., Ltd) an aluminum elec-
trode 200 nm thick was applied to the surface of the films in a vacuum at a pressure of 10° Torr. Fitting of
impedance spectra was carried out using the EIS-analyzer software package.

Results and Discussion

Images of the surface morphology of the PEDOT: PSS films are shown in Figure 2. Figure 2 shows that
the PEDOT: PSS film has a granular structure. At the same time, large formations are observed against the
background of a fine granular structure, the surface roughness is 0.63 nm.

PEDOT: PSS 80 % PEDOT: PSS/ 70 % PEDOT: PSS/ 50 % PEDOT: PSS/
20 % ethanol 30 % ethanol 50 % ethanol

80 % PEDOT: PSS/ 70 % PEDOT: PSS/ 50 % PEDOT: PSS/
20 % isopropanol 30 % isopropanol 50 % isopropanol

Figure 2. Pictures of the surface morphology of films
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After treatment with alcohol vapor for 10 minutes the proportion of large particles decreases signifi-
cantly, the film surface becomes smooth, the surface roughness becomes 0.56 nm for ethyl alcohol, and
0.49 nm for isopropyl alcohol. A further increase in the concentration of alcohols in vapors leads to a
smoothing of the film surface. Table 1 shows the roughness values of PEDOT: PSS films at different ratios
of alcohols.

Table 1
Surface roughness of PEDOT: PSS films
Sample R,, nm

PEDOT: PSS 0,63

80 % PEDOT: PSS/20 % ethanol 0,56
70 % PEDOT: PSS/30 % ethanol 0,53
50 % PEDOT: PSS/50 % ethanol 0,48
80 % PEDQOT: PSS/20 % isopropanol 0,49
70 % PEDOT: PSS/30 % isopropanol 0,47
50 % PEDOT: PSS/50 % isopropanol 0,45

X-ray diffraction patterns (XRD) of PEDOT: PSS thin films modified in ethyl and isopropyl alcohol
vapors are shown in Figure 3. Two separate peaks observed at 20 at 3.5° and 25.6° in the original PEDOT:
PSS film correspond to spatial lattices parameters d 25.2 A and 3.5 A, calculated according to Bragg's law
2dsin® = A.

254

20 4

Intensity

-
o
1

0 10 20 30 40 50 60

20 ( deg)

Figure 3. X-ray diffraction patterns (XRD) of PEDOT: PSS thin films:
1 — PEDOT: PSS, 2 — 50 % PEDOT: PSS/50 % ethanol, 3 — 50 % PEDOT: PSS/50 % isopropanol

The diffraction maximum observed at 3.5 °, with a spatial lattice of 25.2 A, can be attributed to the
distance between the lamellae (d 100 A) of the PEDOT and PSS chains. After treatment in vapors of ethyl
and isopropyl alcohols a slight change in the distance between the lamellae from 25.2 to 23.2 A is observed
(Fig. 3). A decrease in the distance between two points in the X-ray diffractogram indicates that the PEDOT
and PSS chains pass from the benzoid structure to the quinoid structure; therefore, after modification in ethyl
and isopropyl alcohol vapors, the structure becomes more planar.

Figure 4 shows the absorption spectra of the standart PEDOT: PSS films and films held for 10 minutes
in alcohol vapor. The semiconducting polymer film PEDOT: PSS has a maximum at a wavelength of 4; =
224 nm with a spectral half-width of 28 nm (Fig. 4). In the absorption spectra of all PEDOT: PSS films, a
shoulder with a maximum at 260 nm is observed, which is associated with the absorption of the aromatic
fragment of PSS [8]. The position of the absorption maxima of the films obtained by holding PEDOT: PSS
in alcohol vapor does not change, the half-width of the spectra increases. Table 2 shows the characteristics of
the absorption spectra of the PEDOT: PSS films.
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Figure 4. Absorption spectra of PEDOT: PSS films

The absorbance value at the absorption maximum does not undergo significant changes. The treatment
with alcohol vapor leads to a decrease in the values at the short-wave and long-wave maxima. It is known
that, due to its hydrophobic properties, the PEDOT polymer does not dissolve in ethyl and isopropyl alco-
hols; in turn, PSS has a high degree of hydrophilic properties [9]. The treatment with alcohol vapor of the
PEDOT: PSS film leads to a decrease in the absorption spectrum of the aromatic PSS fragment [10].

Table 2
Characteristics of the absorption spectra of PEDOT: PSS films upon annealing in the atmosphere

Sample Adsorption peak D, D, FWHM, nm
A7, M /3, nm
PEDOT: PSS 224 260 0,28 0,03 28
Ethanol
80 % PEDOT: PSS/20 % ethanol 224 260 0,27 0,03 29
70 % PEDOT: PSS/30 % ethanol 224 260 0,26 0,03 29,4
50 % PEDOT: PSS/50 % ethanol 224 260 0,25 0,02 32
Isopropanol

80 % PEDOT: PSS/20 % isopropanol 224 260 0,26 0,03 29
70 % PEDOT: PSS/30 % isopropanol 224 260 0,24 0,03 31
50 % PEDOT: PSS/50 % isopropanol 224 260 0,22 0,02 32

The observed changes in the absorption spectra of the films are associated with the structural features of
PEDOT: PSS. Initially, without preliminary exposure to alcohol vapors, the film has a granular structure,
with intense absorption of the aromatic PSS fragment in the spectrum. After keeping the film in alcohol va-
por, the graininess of the film decreases, and the optical absorption density of PSS also decreases. Subse-
quent treatment with alcohol vapor leads to a further drop in the absorption of the aromatic fragment in the
film. Thus, treatment with alcohol vapor leads to a change in the optical absorption spectra associated with
the structural features of the film, due to a decrease in the amount of the aromatic PSS fragment.

The analysis of the impedance measurement results was carried out according to the diffusion-
recombination model and for the fitting an equivalent circuit was used, shown in Figure 5 (a) [11]. Figure 5
(b) shows a diagram of the movement of charge carriers in a PEDOT: PSS film.
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a) equivalent electrical circuit; b) diagram of the movement of charge carriers in the film

Figure 5. Scheme of the transport of charge carriers in the film.

Figure 5 (a) shows the following parameters of the equivalent circuit for obtaining the hodograph of
semiconductor films: R1 and R2 are the resistances corresponding to the resistances R, and R..; CPEl, a
constant phase element, is an equivalent circuit component that simulates the behavior of a double layer, but
is an imperfect capacitor.

Figure 6 shows the impedance spectra of the standart PEDOT: PSS films and films treated in isopropyl
alcohol vapor in a 50/50 ratio. Table 3 shows the values of the electrophysical parameters of the films, where
ke 1s the effective rate of carrier extraction with PEDOT: PSS, 7.4 is the effective time of flight of charge
carriers through the PEDOT: PSS, R, is the resistance of the PEDOT: PSS film, R,,, is the resistance of
charge carrier transfer to boundary PEDOT: PSS/electrode associated with the extraction of charge carriers
with PEDOT: PSS. As can be seen from the data in Table 3, annealing in isopropyl alcohol vapor affects the
resistance of the PEDOT: PSS film (R,) and the resistance of charge carrier transfer at the PEDOT:
PSS/electrode interface (R.,). The resistance of the PEDOT: PSS film is rather high; after annealing at a

temperature of 120 °C, a decrease in the resistance of the film by more than two times is observed. Aging in
isopropyl alcohol vapor leads to a twofold decrease in the resistance of the PEDOT: PSS film without ther-
mal annealing. Subsequent annealing slightly decreases the film resistance.
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1 — PEDOT: PSS; 2 — PEDOT: PSS after thermal annealing; 3 — 50 % PEDOT: PSS/50 % isopropanol;
4 — 50 % PEDOT: PSS/50 % isopropanol after thermal annealing.

Figure 6. Light impedance spectra of PEDOT: PSS films at voltage
parameters -500 mV and frequency from 100 kHz to 0.5 Hz

Changes are observed in the value of the resistance of charge carrier transfer at the interface PEDOT:
PSS/electrode (R..;). The R, resistance is most important for the unannealed PEDOT: PSS film. Upon ther-

mal treatment of the film, R,,, is more than halved. At the same time, when the film is treated with alcohol
vapors, R;, and R,,, are halved.
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Table 3
The value of the electrophysical parameters of the films
Sample R,,Ohm | R,,Ohm kyps” To MS
Standart PEDOT: PSS 145,9 24532 443 22,57
Annealed film of standart PEDOT: PSS 65,5 11097 56,8 17,61
50 % PEDOT: PSS/50 % isopropanol 66,2 11161 92,5 10,81
Annealed film of 50 % PEDOT: PSS/50 % isopropanol 63,7 9010,6 93,5 10,70

It should be noted that the value of R,,, determines the efficiency of carrier injection from PEDOT: PSS
films, and the smaller the value of R,,, the greater the efficiency of accumulation of charge carriers in the
cell. The quantities k,; and 7, characterize the efficiency of carrier extraction from the PEDOT: PSS film
and the effective time of flight of charge carriers along the PEDOT: PSS. Annealing the film insignificantly
affects k. and 7.4; at the same time, treatment with isopropyl alcohol vapor increases the efficiency of carrier
extraction from PEDOT: PSS films by a factor of two and decreases the effective time of flight of charge
carriers. The holes injected into the PEDOT: PSS diffuse to the electrode where they recombine with the
electrons. The fast transport of the injected holes to the outer electrode is very important, since this reduces
the likelihood of their reverse recombination. In our case, the fast transport of holes is ensured by changing
the structure of PEDOT: PSS after treatment with isopropyl alcohol vapor; as a result, the efficiency of
charge transport at the PEDOT: PSS/electrode interface increases.

Conclusions

An analysis of the experiments showed that a change in the structural features of PEDOT: PSS affects
the generation and transport of charge carriers. It was found that thermal annealing of PEDOT: PSS films in
isopropyl alcohol vapor leads to a change in the morphology and structure of the film, to an increase in the
degree of domain homogeneity, and a decrease in roughness. X-ray phase analysis showed that after surface
modification in ethyl and isopropyl alcohol vapors, the PEDOT and PSS chains pass from the benzoid struc-
ture to the quinoid structure. Upon modification of the PEDOT: PSS surface, a decrease in the absorption of
the aromatic PSS fragment is observed in the absorption spectrum. It is shown that changes in the structure
and morphology of the PEDOT: PSS surface affect the electrophysical parameters of the films. It was found
that the modification of the surface of the PEDOT: PSS film leads to the optimization of the electrical
transport characteristics of the film. Fast transport of holes is ensured by changing the structure of PEDOT:
PSS after treatment with isopropyl alcohol vapor, as a result of which the efficiency of charge transport at the
PEDOT: PSS/electrode interface increases.

This research is funded by the Science Committee of the Ministry of Education and Science of the Re-
public of Kazakhstan (Grant No. AP08856176).
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A K. Aiimyxanos, K.C. Poxkosa, A.K. 3elinnnenos, T.E. CeiicembexoBa

PEDOT: PSS KypbLIbIMbI MeH 0€TTiK MOP(}0J10TrHsiICHIHBIH OHBIH
ONTUKAJIBIK JKOHE JIEKTPOPU3UKAIBIK CHIIATTAMAJIapbIHA Jcepi

Makanana kewmTiktik etkisrimriri 6ap PEDOT: PSS mnonumepiHiH KypbUIBIMBIH OPraHUKAJbIK KYH
YALIBIKTAPbIHBIH ONTHUKAJBIK JKOHE 3JIEKTPOGHU3UKAIBIK KACHETTepiHe MOU(BHUKALUAIAY/bIH 9CEPiH 3epTTey
HoTIKesepi kenripinred. [lonumepii KaOBIKIIAHBI ATUIT )KOHE HU3OMPOIUI CIUPTTEpiMEH MOogudUKALHsIAY
KaObIKIIa OeTiHiH MOP(OJIOTUICHl MEH KeHip-OyIbIPJIbIFBIHBIH ©3repyiHe SKeNleTiHi aHblKranasl. Couprrep
OynmapbIHIarsl INICHKANAPABI KYHIipy OipTeKTi IIeHKaIap bl Ty3UTyiHe IKnai ereTini nonenaesai. PEDOT:
PSS xaObIKmacelH crouprrep OynapblHa Moaudukanusulay Kesinge, skyTsurty crekrtpinge PEDOT
MaKCHMaJJbl KYTBUIybl CHEKTPJiH KbICKa TOJKBIHIABIK aiiMaFblHa aybICybl, COHaaii-ak PSS xom wicti
(parMeHTiHIH >KYTBUIYBIHBIH ToMeHAeyl Oailkamansl. Penrtrenmix ¢aszansik Tangay PEDOT xeme PSS
Ti30ekTepiHiy cnupT OyIapblHbIH OCTiH ©3repTKeHHEH KeHiH OJapIblH KYPbUIBIMBIH ©3TepPTETiHIH KOPCETTI.
PEDOT: PSS 6errik MOp}OIOTUSICBIHBIH KYPBUIBIMIBIK €PEKIIeNiKTepi, KaObIKIIanapIslH THIMII LIbIFapy
KBUIIAMJIBIFBI JKOHE 3aps] TachIMaNAAyIIbUIAPJbIH THIMII YIIY YaKbITBI CHSAKTBI 3JIEKTPO(MH3UKAIBIK
napamerpiepine ocep eremi. PEDOT: PSS kaObikuraceiHblH OeTiH MoauduKanusuiay KaObIKIIagap b
AIIEKTPIIIK-TPAHCIOPTTHIK KACHETTEPIH )KaKCcapTyFa dKeJeTiHI aHbIKTaIbL.

Kinm cezoep: PEDOT: PSS, Izopropanol, Ethanol, 6ertik Mop¢oorus, TepMusIIBIK Kyiaipy, xom uicti PSS
(parMeHTi, ONTUKAJIBIK CIIEKTPOCKOIINS, IMIIEIAHC CIIEKTPOCKOIIHSICEL.

A K. Aiimyxanos, K.C. Poxkosa, A.K. 3elinnnenos, T.E. CeiicembexoBa

Bausinue cTrpykrypsl 1 Mmopdgosiornu nosepxnoctu PEDOT:
PSS Ha ero ontuveckue 3jieKTpopu3nvecKkne XapaKTepuCTUKH

IIpencraBieHsl pe3ynbTaThl UCCISNOBAHMS BIMSHHS Moxudukanuu crpykrypsl nomuMmepa PEDOT: PSS ¢
JBIPOYHOM TIPOBOAMMOCTBIO Ha ONTHYECKHE M DJIEKTPO(H3MUecKHe CBOMCTBA OpPraHUYECKOM COJIHEYHON
AYeHKH. YCTAHOBICHO, YTO MOAM(MUKALMA MOJUMEPHOHN IUICHKH 3THIOBBIM M H3OIMPONMIOBBIM CHHPTaMU
HPUBOIUT K N3MEHEHUIO MOP(]OJIOTrHN U 1IEPOXOBATOCTH MOBEPXHOCTH IUICHKH. JI0Ka3aHO, YTO OTXKHUI ILIe-
HOK B Tapax CIIUPTOB CIIOCOOCTBYET (hOPMUPOBAHUIO O0jIee OAHOPOJHBIX MIeHOK. ITokazaHo, 4To mpu MoaM-
¢uxanuu wienkn PEDOT: PSS B mapax coupToB, B CIEKTpe TMOTNIOLICHHS HAOII0AAaeTCsl CABUT MAaKCHMyMa
nornouieHuss PEDOT B KOpOTKOBOJHOBYIO 00JIaCTh CIIEKTpPA, a TAK)KE YMEHBLICHHE MOTJIOLICHUS apoMaTu-
yeckoro ¢parmenta PSS. PentreHoda3oBblif aHaam3 1mokasai, 9To Hocie MOJU(UKAINK TOBEPXHOCTH Hapa-
mu cruproB nenu PEDOT u PSS menstior cBoio crpykrypy. IlokasaHo, 9TO CTpyKTypHBIE OCOOCHHOCTH
Mopdoiornu nosepxHoctd PEDOT: PSS oka3bIBaioT BinsiHHE Ha 3IEKTpOoQH3NUecKUe mapaMeTphl INICHOK,
Takue Kak d(QPeKTHBHAs CKOPOCTh U3BJIeUEHHS 1 AP ekTHBHOE BpeMs ITpoJieTa HOCUTENeH 3apsiaa. Y cTaHOB-
JIeHo, 4To Mojudukanus nosepxHocTH wieHkn PEDOT: PSS mpuBomut x ymaydmieHuro 31eKTpOTPaHCIOPT-
HBIX CBOMCTB ILIEHOK.

Kniouesvie crosa: PEDOT: PSS, Izopropanol, Ethanol, Mmopdonorusi moBepXHOCTH, TEPMHYECKHN OTKHT,
apomarnueckuil pparmeHnt PSS, ontuueckas CEKTPOCKOINS, UMIIEAAHCHAS CIIEKTPOCKOIHS.
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High entropic coatings FeCrNiTiZrAl and their properties

In our proposed empirical model the anisotropy of the surface energy and the thickness of the surface layer of
the high-entropy FeCrNiTiZrAl alloy are calculated. The thickness of the surface layer of this alloy is about 2
nm, which is an order of magnitude greater than the thickness of the surface layer of complex crystals, but is
of the same order of magnitude as that of metallic glasses. The hardness and other properties of the high-
entropy alloy are the same as for metallic glasses, but are 2-3 times higher than the hardness of stainless
steels. The surface energy of the high-entropy FeCrNiTiZrAl alloy is about 2 J/m2, which corresponds to the
surface energy of magnesium oxide and other crystals with a high melting point. But unlike these crystals, the
friction coefficients of a high-entropy alloy (~ 0.06) are much lower than that of ordinary steels (~ 0.8). We
have theoretically shown that the friction coefficient is proportionally dependent on the surface energy and
inversely proportional to the Gibbs energy, which significantly decreases for a high-entropy alloy, leading to
low friction. The high hardness and low coefficient of friction of the high-entropy alloy facilitates the deposi-
tion of coatings from them on structural metal products, which contributes to their widespread use.

Keywords: high-entropy coatings, hardness, friction, wear resistance, nanostructure, microhardness.

Introduction

In high-entropy alloys, as a result of the effect of intense mixing, the entropy contribution increases,
which stabilizes the formation of a solid solution with a simple structure [1-3]. Based on Boltzmann's hy-
pothesis on the relationship between entropy and system complexity, the configurational change in entropy
AS,onr during the formation of a solid solution of n elements with equiatomic content can be calculated using
the following formula:

AS s =—RIn(1/n)=RIn(n), (N
where R is the universal gas constant, n is the number of mixing elements.

Atn =5, AS..r = 1.61R approaches the value of the melting entropy of most intermetallics (about 2R).
However, it was later shown that a high entropy of mixing is not a necessary condition for the formation of a
single-phase solid solution, but the very term for the name of such an alloy continues to remain in use [4-9].
There are foreign reviews and some dissertations on high-entropy alloys [10-12], but research in this direc-
tion is only gaining momentum. We also investigated some high-entropy alloys and coatings obtained by
mechanical alloying and magnetron sputtering of targets [13-15].

In our proposed empirical model, not only the anisotropy is calculated, but also the thickness of the sur-
face layer of the high-entropy alloy [16-18].

Objects and research methods

To prepare the FeCrNiTiZrAl target the corresponding equiatomic metal micropowders were used. Fur-
ther, the obtained metal composition was loaded into a mill glass, which was made of tungsten carbide, and
grinding balls with a diameter of 5-10 mm were also made of tungsten carbide. Having filled the glass of the
mill with Galosha gasoline, the mill was connected to the rotation connector at a speed of 500 revolu-
tions/minute for 5 hours. Then the metal composition was dried, pressed into a disc 100 mm in diameter and
5 mm thick, and placed in a thermal furnace in which the required vacuum was maintained. The process it-
self took 3 hours. The FeCrNiTiZrAl target was used in the deposition of coatings (Fig. 1).
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Figure 1. Tablets from FeCrNiTiZrAl alloy (a), target with tablets from FeCrNiTiZrAl alloy (b)

Electron microscopic examination was carried out on a scanning electron microscope (SEM) MIRA 3
from TESCAN (Fig. 2).

SEM HV: 20.0 kV WO: 587 mm | MIRA3 TESCAN SEM HV: 20.0 KV Wo:888mm || || ||| MIRA3 TESCAN
View field: 7.70 pm Det: SE 2um View field: 45.6 ym Det: SE 10 ym

SEM MAG: 36.0 kx e I SEM MAG: 6.06 kx Performance In nanospace

a) b)

Figure 2. SEM image of the FeCrNiTiZrAl coating in argon 2 pm (a) and 10 um (b)

X-ray fluorescence electron spectroscopy (XPS) of FeCrNiTiZrAl coatings for argon is shown in Fig-
ure 3, and the chemical composition is presented in Table 1.

Figure 3. XPS of FeCrNiTiZrAl coatings at two points

Table 1
Chemical composition of the target (at.%)
Alloy Fe Cr Ni Ti Zr Al
FeCrNiTiZrAl 39,6 19,8 11,8 6,9 8,7 5,5
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The chemical composition (Table 1) indicates that we have a high-entropy alloy (5-40 at.%). The ob-
tained values of the mass concentration of the elements of the composite cathodes were used to calculate
their stoichiometry in the analyzed compound. The values of mass concentration at. % of elements are taken
from the experimental data (Fig. 3 and Table 1) — Fesg6Cr9gNij; gTig9Zrg 7Als 5.

Investigations of the morphology (Fig. 4) of the FeCrNiTiZrAl surface obtained by magnetron sputter-
ing in vacuum were carried out on a JSPM-5400 atomic force microscope (AFM) manufactured by JEOL.

Figure 4. AFM image of the FeCrNiTiZrAl surface (a) and its fractal structure (b) at two points

We used a HVS-1000A microhardness tester (Fig. 5a). This instrument is designed using the latest ad-
vances in mechanics, optics, electronics and computer technology to test the hardness of metallic and non-
metallic materials, especially small parts or thin hardened layers. The general scheme of the installation for
determining the friction coefficients is shown in Figure 5b and includes: 1 — known clamping weight
(15-25 mg), 2 — sample, 3 — sliding surface, 4 — measuring table, 5 — force transducer, 6 — electronics
unit and drive.

-

Figure 5. Microhardness tester HVC-1000A (a) and installation
diagram for determining the friction coefficients (b)
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Calculations of the surface energy will be carried out according to the formula derived under the as-
sumption that there are no first-order phase transitions in these substances up to their melting point [16]:

) 7,
Gy = (_p];[ j ["e,ar, ®)

o

where p is the density of the crystalline substance, and M is its molecular weight, Tm is the melting point, cp
is the molar heat capacity, ly is the thickness of the first coordination sphere in the [hkl] direction, which for
crystals with body-centered (bcc) and face-centered (fcc) ) is given by the relations [19, 20]:

Im3m, Z=2;1,,, =a; 1}, = av/2; L —a/A3,
Fd3m, Z=4;1,,, =a; 1, —a/~2; L, =2a/+3.

The parameter R(I) is related to the surface energy o. In [18] we showed that the following relation is
fulfilled with an accuracy of 3%:

3)

c=10"-T,, 4)
where T, is the melting point of the solid (K). The ratio is fulfilled for all metals and for other crystalline
compounds. For T =T, from [18] we get:

R(I); =0.24-10"v. (5)
Equation (5) shows that the surface layer of thickness R(I) is determined by the molar (atomic) volume

of the element v = M/p, M is the molar mass (g/mol), p is the density (g/cm’), which periodically changes in
accordance with the table D.I. Mendeleev. For HEAs, the following ratios are valid:

T,=Ye(T,),
M =Y 6 (M), ©)
p= ici(p),-,

where (T,); is the melting point of each alloy element (K), (M); is the molar mass of each alloy element
(g/mol), p is the density of each alloy element (g/cm’), ci is the concentration of each alloy element, n is the
number of alloy elements. All these calculations are carried out using Table 1. Equation (4) can be rewritten
as:

o(hkl)=107 - T -1(hkl), (7)

where 1 (hkl) for crystals with body-centered (bcc) and face-centered (fcc) cubic structures is given by
relations (3) ata=1.

Experimental results and their discussion

Let's make calculations according to (5), (6) and (7), taking reference data on Ty, M, p [21].

Table 2
Surface layer thickness and surface energy anisotropy FeCrNiTiZrAl
Ghkl
Alloy (hkl) Structure Tm K R(I), nm ml/m
100 1,9 1644
FeCrNiTiZrAl 110 Fd3m 1644 1,4 1174
111 2,2 1934

Our proposed empirical model is schematically shown in Figure 6. It is an ideal atomically smooth sin-
gle crystal without vacancies, dislocations and other defects.

The de Broglie layer Ry = AdB = h/p for metals ranges from 0.01 nm to 0.1 nm. Quantum dimensional
effects begin in this layer. The main quantum-dimensional structures include structures with a two-
dimensional electron gas — epitaxial films, MIS structures, heterostructures, etc.; structures with one-
dimensional gas — quantum threads or wires; structures with zero-dimensional gas — quantum dots, boxes,
crystallites [22].
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Figure 6. Schematic representation of the surface layer [18].

In the R(I) layer with pure metal atoms, there is a reconstruction and relaxation associated with the rear-
rangement of the surface [23]. For gold, the lattice constant is equal to a = 0.41 nm and the surface is rear-
ranged at a distance R(I)s, = 1.2/0.41=3 three atomic monolayers. The size effects in the R(I) layer are de-
termined by the entire collective of atoms in the system (collective processes). Such «semiclassical» size ef-
fects are observed only in nanoparticles and nanostructures [24]. Experimentally, they can be observed in
very pure single crystals, when the regime of grazing incidence of X-ray radiation is observed and in the case
of an angle of incidence equal to or obviously smaller than the critical angle with total internal reflection
[25]. In this case, the refractive wave decays exponentially at sizes on the order of a nanometer. For example,
this dimension is 3.1 nm for silicon and 1.2 nm for gold. The result of this process is wave motion, which
propagates along the surface and reflects the thickness of the surface layer [23].

The R(II) layer extends approximately to the size R(II) = 9R = R.,, where the bulk phase begins. Di-
mensional properties begin from this size. By nanomaterials it is customary to understand materials, the main
structural elements of which do not exceed the nanotechnological boundary of ~ 100 nm, at least in one di-
rection [25-27].

Table 2 shows that the structure of FeCrNiTiZrAl has a surface layer thickness of about 2 nm on aver-
age, which is 5-6 monolayers and is a nanostructure.

Considering the case when the alloy is formed from its constituent elements under isobaric conditions,
the change AGmix of mixing from the initial element-by-element state to the state after fusion can be ex-
pressed as:

AG,,, =AH, . —TAS_.. . ®)

An equilibrium state is a state with a minimum of free energy. Figure 7a (according to equation 1)
shows an increase in the entropy of mixing with an increase in the number of elements for equimolar alloys.
It is seen that the entropy of mixing for the phases of the solid solution increases from a small value for con-
ventional alloys to a large value for high-entropy alloys of the composition [2].

Based on the effect of entropy of mixing, it is possible to divide the variety of alloys into three fields, as
shown in Figure 7b. Low entropy alloys are traditional alloys. High-entropy alloys are alloys with at least
five basic elements. Medium entropy alloys are alloys with 2—4 basic elements. The high-entropy effect of
activation of the formation of a disordered solid phase occurs in essence in the field of high-entropy alloys
and should be present to a lesser extent in medium-entropy alloys. Stabilization of a simple solid solution
phase is important for the microstructure and properties that can be obtained in these materials [2].

mix
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Figure 7. The increase in the entropy of mixing to the number of elements in equimolar
alloys in a disordered state (a), the division of the world of alloys by the entropy of mixing (b) [2].

It should be noted that the thickness of the surface layer equal to R(I) = M / p for high-entropy alloys is
significantly lower than for structures of 4-5 and more elemental composition (Table 3) [18]. Table 3 shows
that the thickness of the surface layer R(I) of the most common crystals is an order of magnitude greater than
the thickness of the surface layer of high-entropy alloys.

Table 3
Thickness of the surface layer of complex crystals [18]

Group of pomegranate R(I), nm Group of pomegranate R(I), nm
Mg3A12(SIO4)3 25,9 Ca3FGZSi3012 21,1
FC3A12(SiO4)3 19,7 Ca3Ti2(Fezsi)Olz 22,7
MH3A12[SiO4]3 19,6 Ca3F€2(SiO4)3 18,8
CazAlL[S104]3 21,7 Cas(VAIFe)(Si0y)3 26,2

This indicates a strong compression of the crystal lattice, reducing its molar (atomic) volume according

to equation (5).

Comparing the thickness of the surface layer of high-entropy alloys from Table 2 with the thickness of
the surface layer of metallic glasses, we found a great similarity (Table 4), R(I) is not more than 2 nm [28].

In our opinion, there is a lot in common between high-entropy alloys and metallic glasses. Let's com-
pare the mechanical properties of high-entropy alloys, metallic glasses and traditional stainless steels. Ta-
ble 5 shows that the microhardness of high-entropy alloys and metallic glasses is approximately the same,
but 2-3 times higher than that of stainless alloys. This means that the mechanisms for the formation of high-
entropy alloys are similar to those for the formation of metallic glasses.

The first metallic glass Au;sSi,s was obtained by group in the USA in 1960 [29], and the first high-
entropy alloy was obtained by Chinese researchers in 2004 [1-3], that is, 40 years later than metallic glasses.

Table 4
Thickness of the surface layer of metallic glass [28]
Glass M, g/mol p, g/sm’ R(I), nm
Mg65Cu25Y10 40,7 3,8 1,8
Pd40Ni40P20 72,3 8,9 1,4
Fe7gSi10B12 47,6 6,7 1,2
Ti5()Be5()ZI'1() 36,6 3,7 1,7
Fe40Ni40P14B6 50,8 7,2 1,2
Ni49F629P14B6A12 56,7 7,8 1 ,2
ZI'62CL122A110FC5DY1 77,6 7,0 1,9
Zr415T1133Cu5 sN1jgBey s 53,8 5,7 1,6
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Table 5
Microhardness p of high-entropy alloys (HEA), metallic glasses (MS) and stainless steels (NS)

HEA u, HV [10] MS u, HV [30] NS u, HV [21]
FeCrNiTiZrAl 585 FegoBoo 1100 316 Stainless steel 189
(our alloy)

CoCrFeNiMn 659 Fe,sMo,Byo 1015 17-4 PH Stainless 410

steel
CrNiTiZrCu 890 Fe40Ni40P14B6 640 Stellite 6 (base 413
Co-Cr)
AlTiVFeNiZr 800 FesP5C, 760 Hastelloy C (based 236
on Ni-Mo-Fe)

MoTiVFeNiZr 740 Fes5Si9B1» 890 18X2H4MA 269
CuTiVFeNiZrCo 630 Ni;5SigBy7 860 15XCH/, 335
MoTiVFeNiZrCo 790 Co75S51;5B1 910 20XT'HP 197

Let us now turn to Table 2 and consider the anisotropy of the surface energy of FeCrNiTiZrAl. Table 2
shows that the maximum surface energy chkl is achieved in the [111] plane. Metals with a face-centered cu-
bic (fcc) lattice are deformed along close-packed octahedral [111] planes in close-packed <110> directions.
In cube-shaped lattices along the direction of the edge there are fewer atomic units than the diagonal of the
cube in the bec lattices or the diagonal of the fcc face, where there are more atomic units. The same is true
for the planes that intersect the faces of the bee and fec lattices. Since atomic units differ in different crystal-
lographic directions, and hence their density differs, this leads to the fact that the physical and chemical
properties exhibit anisotropy of these properties in crystalline solids.

It is rather difficult to experimentally study the energy of the surface of a solid, because the atoms are
not in a liquid, where they are mobile, but rather strongly linked by intermolecular interactions. They become
mobile only at a temperature close to the melting point of a solid. At room and lower temperatures, the sur-
face energy of a crystal can be determined only by knowing its crystal structure, that is, only in the case
when it is possible to do the work of splitting the crystal in one direction or another, if the destruction of the
solid itself was brittle [31]. This method was developed in 1930 by Obreimov [32] and consisted of splitting
the crystal along the cleavage plane, which bends and the connected dynamometer measures the force pre-
venting this. The work of this force gives the value of surface energy. Gilman [33] (Table 6) measured the
surface energy of a number of crystals using this method at the temperature of liquid nitrogen (T = -196 °C).
The error obtained in determining the surface energy by the method of splitting a crystal is from 10 to 20%.
Comparing tables 6 and 2, we find that magnesium oxide and silicon oxide have similar values of surface
energy for HEAs if we take into account that these values were obtained in experiments at T =-196 °C.

Table 6
Surface energy of some crystals [33]
Crystal LiF (100) MgO (100) CaF, (111) CaCOs (100) Si(111) Zn (0001)
o, mJ/m’ 340 1200 450 230 1240 105

The anisotropy of the surface energy leads to the fact that the melting temperature of various faces be-
comes different and, with a decrease in the particle size, it changes according to the law [34]:

T(r):TO[ _&Dj, ©)
T

where T is the melting point of the bulk sample.

Table 7 shows the coefficients of friction FeCrNiTiZrAl, measured by us on the installation in Fig-
ure 5b. The average values are ~ 0.06, which noticeably distinguishes them from traditional steels, where the
steel-steel friction coefficients are ~ 0.8.
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Table 7
Coefficients of friction of samples sprayed for 2 hours in argon
Number of Coefficients of friction of samples with FeCrNiTiZrAl sputtering
measurements over copper plate over aluminum plate
1 0,075 0,044
2 0,067 0,091
3 0,092 0,044
4 0,076 0,059
5 0,074 0,062
6 0,072 0,047
7 0,086 0,054
8 0,074 0,050
9 0,092 0,055
10 0,109 0,050
Average 0,081 0,055

Within the framework of the thermodynamic approach for the dry friction coefficient, we obtained the
following formula [34]:
G-S

k =R0-23.N, (10)

where ¢ is the specific surface energy of the material, S is the contact area, T is the temperature, AG’ is the

Gibbs energy, N is the average number of elementary fracture carriers (proportional to the number of de-
fects), C is a constant.
But according to the molecular kinetic theory, the friction force F ~ k is equal to:

F:J'chzc-L, (11)

where o is the surface energy (table 2), L is the length of the traveled path.

Equation (10) shows that the coefficient of friction is proportional and increases with increasing surface
energy according to (11), that is, the value of ¢ from Table 2 should lead to an increase in the coefficient of
friction. But the opposite picture is observed experimentally, the friction coefficient decreases, which contra-
dicts the molecular kinetic theory but becomes explainable from the point of view of our formula (10), which
contains the Gibbs formula in the denominators and significantly decreases for a high-entropy alloy accord-
ing to formulas (8) and (1). Since tribological properties play an essential role in technology, high-entropy
alloys and coatings will take a worthy place among structural materials.

Let us now turn to Figure 4, where AFM images show the waviness of the surface. We measured the
microhardness multiple times every 0.5 mm on an electronic microhardness tester HVS-1000A. The results
are shown in Figure 8.
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Figure 8. Autowaves in the FeCrNiTiZrAl coating [35]
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In both cases, a quasiperiodic structure is observed, i.e., wave process. Figure 8 shows that the wave-

length is about 10 m, i.e., the mass transfer rate is ~ 10™ m/s. Since the rate of mass transferV ~+/D/t ,
then for the diffusion coefficient we obtain the estimate D ~ 10 m?/s. This corresponds to the low diffusion
regime [36].

We considered the problem of crystallization of a deposited coating in the form of a cylinder of finite
dimensions with a movable interface. The non-stationary equation describing this process in a movable cy-
lindrical coordinate system moving according to the law p(t) has the form [37-39]:

2
a—Tzoc 8_E+lﬁ(r6_T) , (12)
ot 0z ror\ or

where a is the coefficient of thermal diffusivity.
As a result, the solution is obtained in the form:

T(r,z)= % IO(%J :

The radial and axial components of the temperature gradient are equal:
T_2T, )
o zn \R)
TR,
oz \/;zz \'R )
Both equations containing the Bessel functions Io(2r/R) and [;(21/R) show the wave character of the
coating solidification (Fig. 9).

104
Jo(x)
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Figure 9. Graphs of Bessel functions (compare with Figure 8)

The theory of crystallization of a cylinder of finite dimensions developed by us belongs to problems
with a moving phase interface and is called the Stefan problem [40]. Boundary value problems of this type
differ significantly from the classical problems of heat conduction or diffusion. This difference is associated
with the motion of the phase separation according to an arbitrary law, so that the separation of variables by
classical methods is not feasible. The method of integral Fourier transforms is also not allowed. The motion
of the phase boundary leads to nonlinearity of the system of equations, which causes the appearance of
autowaves.

Industrial testing of high-entropy coating

At Karaganda CHPP-3, a hammer mill that has high economic indicators is used in systems with direct
fuel injection and can work under pressure. In these mills the fuel is crushed mainly by the impact of ham-
mers (beats), and partially also abrades between the beaters and the mill body. The main problem in the op-
eration of coal grinding mills is the high abrasive wear of the beaters, the service life of which averages 500
hours.

In this work, an attempt is made to increase the service life of the beaters of coal grinding mills by me-
chanically activating them in a tumbling drum, followed by the application of hardening coatings from high-
entropy FeCrNiTiZrAl alloys (Fig.10a). Studies have shown that with the FeCrNiTiZrAl coating the micro-
hardness increases by about 1.6 times; wear resistance increases 7.5 times; the coefficient of friction decreas-
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es almost 10 times, and the resource of the beater increases almost three times, which is economically very
significant.

The turbomechanical plant in Karaganda mastered the blades for the T-100/120-130-2 TMZ steam tur-
bine. It is a single-shaft three-cylinder unit with two cogeneration steam extractions (upper and lower) and
two exhausts. The main cause of erosive wear of the blades of low-pressure stages of steam turbines is cavi-
tation phenomena during the shock-droplet effect of wet steam on certain zones of the blades during the op-
eration of the turbine. Coating was carried out on prepared turbine blades made of steel grade 20X13. The
vacuum chamber was evacuated to a pressure of 0.003 Pa, then the PINK was switched on, Ar was injected
to a pressure of 1 Pa, a negative bias potential of 1000 V was applied to the substrate, and the blade surface
was cleaned and heated for 10 min. Then the argon pressure was lowered to 0.1 Pa, and the magnetron was
turned on. The displacement on the blades was reduced to 150 V, the magnetron current was kept constant
3 A. The blades were located in the chamber at a distance of 15 cm, the spraying time was 1 hour. Turbine
blades with spraying are shown in Figure 10 b.

b)

Figure 10. Beater for coal grinding mills coated with FeCrNiTiZrAl (a), turbine blades coated with FeCrNiTiZrAl (b).

Conclusion

In our proposed empirical model, the surface anisotropy and the thickness of the surface layer of the
high-entropy FeCrNiTiZrAl alloy are calculated. X-ray fluorescence electron spectroscopy of FeCrNiTiZrAl
coatings for argon and chemical composition showed that we have formed a high-entropy alloy, the thick-
ness of the surface layer of which was 2 nm. In our opinion, there is a lot in common between high-entropy
alloys and metallic glasses. Comparison shows that the microhardness of high-entropy alloys and metallic
glasses is approximately the same, but 2-3 times higher than that of stainless alloys. This means that the
mechanisms for the formation of high-entropy alloys are similar to those for the formation of metallic glass-
es.

Studies have shown that the maximum surface energy chkl is reached in the [111] plane. Metals with a
face-centered cubic (fcc) lattice are deformed along close-packed octahedral [111] planes in close-packed
<110> directions. The anisotropy of the surface energy leads to the fact that the melting point of different
faces becomes different and with a decrease in the size of the coating, it changes according to the hyperbolic
law.

The equation (10) we obtained shows that the friction coefficient is proportional and increases with an
increase in the surface energy according to (11), that is, the value of ¢ should lead to an increase in the fric-
tion coefficient. But the opposite picture is observed experimentally, the friction coefficient decreases, which
contradicts the molecular-kinetic theory but becomes explainable from the point of view of our formula (10),
which contains the Gibbs formula in the denominators and decreases significantly for the high-entropy one.
Since tribological properties play an essential role in technology, high-entropy alloys and coatings will take a
worthy place among structural materials.

The wear of the Hadfield steel used at CHPP-3 occurs in (500-550) hours of continuous operation. That
is, after the high-entropy coating of FeCrNiTiZrAl, the resource of the mill increases almost 3 times, which
is economically very significant.

The microhardness of our FeCrNiTiZrAl coating is not inferior to high-entropy equiatomic alloys. Such
wear resistance of the FeCrNiTiZrCu coating means that the structure of the coating is not only high-entropy,
as evidenced by the chemical composition, but also ordered. The ordering of the coating corresponds, as a
rule, to dissipative structures. They differ from equilibrium structures in that for their existence they require a
constant influx of energy from the outside (magnetron deposition of a coating).
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KorapsuTponusiiibl FeCrNiTiZrAl :xa0bIHaapbI KoHE 0J1apAbIH KacueTTepi

ABTOpIap YCBIHFaH SMIHUPHKAIBIK Mopenbae sxorapbHTponnsuisl FeCrNiTiZrAl xopbITHachlHBIH OeTKi
SHEprusl aHM30TPOIMACHI KoHE OCTKi KaOaTTHIH KaJbIHABIFE ecenTenreH. KopeITnanslH O6eTki KaOaThIHBIH
KaIBIHABIFBI IIaMaMeH 2 HM Kypainsl, OyJ Kypaesi KpHCTanmapiblH OeTki KaOaThIHBIH KaJIbIHIBIFBIHAH
YJIKeH Oouica ja, JIeTeHMEH, peTi OOMbIHIIA MeTayl INBIHBUIApBIMEH caiikec Keneni. YKorapbIdHTPONHSUIBI
KOPBITIIAHBIH KaTTHUIBIFBI JKOHE 0acka Ja KacHeTTepi MeTalul LIbIHbUIAapAiKiMeH Oipaei, Gipak TOThIFyFa
Te3iMai Gonartap/blH KarThuibiFbiHAH 2-3 ece skorapbl. JKorapenuTponusiibl FeCrNiTiZrAl KopbITiachbHbIH
Gerrik sHepruschl mamamen 2 Jlx/M> Kypaiabl, Oyl MarHWii OKCHAI MEH GalKy TeMIepaTypachl KOFapbl
backa KpucrammapAblH OeTKi dSHeprusichlHa coiikec keniexi. bipak Oy KpucramaapiaH ailblpMallbUIbIFbL,
JKOFapBIPHTPOIISIIB KOPHITIIAHBIH YHKenic kodddunnenTrepi kapamaibiM Oomarrapra Kaparaama (~ 0,8)
anpexaiina TemeH (~ 0,06). Yiikenic xoaddunmenti GeTki sHeprusira MpONOPIHOHAT TYPAE Tyl eKeHIH
JKOHE JKOFAPBIPHTPOIISIIBI KOPHITIIA YIIIH €9yip a3aibIll TOMEHT] Yiikenicke okeneTiH [ m66c sHeprusicsIHaH
TOYeNJIUIri Kepi TPONOPIMOHAN EKECHIH TEOPHSUIBIK TYPFBINAH KOPCETUIreH, >KOFapBISHTPOIHMSIIBI
KOPBITIIAHBIH JKOFapbhl KaTTBUIBIFBIMEH YHKelNlic KOI(h(HIMEHTIHIH TOMEHIr oJapibl MeTalaH j>KacalFaH
KOHCTPYKUMSIIBIK OyHbIMIapIbH O€TiHe KaJbIITACTBIPYFa BIKMAJ €Till, OCbl OYHbIMIapIbIH KOJIAaHBICHIH
KEHEWTyre OH 9CEpiH THUTi3eal.

Kinm ce30ep: KOFapbIPHTPOIHUSIIBIK KaObIHAAp, KATTBUIBIK, YIHKENiC, TO3yFa TO3IMIUIK, HaHOKYPBUIBIM,
MHUKPOKATTBUIBIK,

B.M. FOpos, A.T. bepaubexos, H.A. bensru6exos, K.M. Maxanos

BoicokoanTponuiinbie nokpbiTust FeCrNiTiZrAl u nx cBoiicTBa

B npennokeHHON aBTOpamMH 3MIIUPUUYECKON MOJAEIN PacCUUTaHbl aHU30TPONHMs MOBEPXHOCTHOW SHEPIUM U
TOJIIIMHA TIOBEPXHOCTHOTO €105l BBICOKO3HTponuitHoro cmaBa FeCrNiTiZrAl. TonmuHa cnost HOBEPXHOCTH
9TOTO CIUIaBa COCTABISIET OKOJIO 2 HM, KOTOpas Ha IOPSAOK IPEBBINAET TONIIHUHY MOBEPXHOCTHOTO CIIOS
CJIOXHBIX KPHCTAJUIOB, HO MMEET TaKOH JKe MOPSJIOK, KaK M MeTaJUIMYeCKHe CTeKJIa. TBEeplIOCTb M Apyrue
CBOIfCTBa BEICOKOYHTPOIMITHOTO CIUIaBa OJAMHAKOBBI ¢ METAJUIMIECKUMH CTEKJIaMH, HO B 2—3 pa3a IpeBEbIIIa-
10T TBEPAOCTH HeprKaBelomux cTajueil. [loBepxHOCTHAs HEprust BEICOKOdHTpomnmifHoro cmaBa FeCrNiTiZrAl
cocTaBiseT 0koyio 2 JIk/M?, YTO COOTBETCTBYET MOBEPXHOCTHOM SHEPIHH OKMCH MATHHS M IPYTHM KPHCTAJ-
JaM ¢ BBICOKOIl Temmeparypoil miasieHus. Ho, B OTJIMYME OT 3THX KPHCTALIOB, KOI(QQUIUEHTH TPEHUS Yy
BBICOKOIHTPOIMKUHOTO CIl1aBa 3HauuTensHO Hiwke (~ 0,06), yem y oObruHbIX ctanei (~ 0,8). Teopetuuecku
HAMHU TI0Ka3aHO, YTO KO3(G(UIUMEHT TPEHHs NPONOPLHOHAIEHO 3aBHCHT OT MOBEPXHOCTHOH 3HEPrHu U 00-
paTHO MPOMOPILHOHANBHO 3aBHCHT OT 3Hepruu I'mb60ca, KoTOpast 3HAUMTENBHO YMEHBIIAETCS ISl BBICOKOIH-
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TPONMIHOTO CIIaBa, IPUBOASA K HU3KOMY TPEHHMIO. BrICOKas TBEpIOCTh M HU3KHH KO3(GUIMEHT TPEHUS BbI-
COKO3HTPOIUIHOIO CIjlaBa CIOCOOCTBYIOT HAHECEHHIO NMOKPBITHI M3 HUX HAa KOHCTPYKIMOHHBIE U3AENUS U3
METAJUIOB, YTO CIIOCOOCTBYET UX IIMPOKOMY IIPUMEHEHHIO.

Kniouesvie cnosa: BLICOKO3HTpOHPII71HBIe HNOKPLITHSA, TBEPAOCTH, TPECHUC, H3HOCOCTOﬁKOCTb, HaAHOCTPYKTYpa,
MUKPOTBEPAOCTb.
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Photocatalytic water splitting of nanocomposite
materials based on TiO, and rGO nanorods

The paper presents the results of a study of films formed by titanium dioxide nanorods and deposited on their
surface of reduced graphene oxide by electrochemical deposition. Nanostructured films based on TiO,
nanorods were prepared in a 100 ml stainless steel autoclave with a fluoroplastic insert from a solution con-
taining 35 ml of deionized water (H,0), 35 ml of hydrochloric acid (HCl) (36.5 %, Sigma—Aldrich) and
0.25 ml of titanium butylate C;cH340,4Ti (97 %, Sigma—Aldrich). The addition of reduced graphene oxide to
the structure of titanium dioxide nanorods increases the specific surface area of nanostructures from
29.3 m%g to 63.1 m*/g. Calculations based on the film impedance spectra have shown that the optimal depo-
sition time of reduced graphene oxide on the surface of TiO, nanorods is 3 minutes, since it has a low recom-
bination coefficient and a long electron lifetime. Studies of the photocatalytic activity of nanomaterials and
registration of the released hydrogen and oxygen gases have shown that when the films are irradiated for
5 hours, the amount of hydrogen released varies from 50 to 225 mmol/cm?.

Keywords: nanorods, graphene oxide, specific surface area, photo-splitting of water.

Introduction

Hydrogen is practically not found on Earth in its pure form and must be extracted from other com-
pounds using various chemical methods. According to the source [1], 75 million tons of hydrogen are con-
sumed annually in the world. Moreover, three-quarters of it is carried out by steam conversion of methane
and natural gas, and this consumes about 205 billion m® of gas. Almost everything else is obtained from coal
and only 0.1% (~100 thousand tons) is extracted by splitting water by electrolysis or in
photoelectrochemical cells and solar thermochemical systems. Sunlight can be used to directly produce hy-
drogen from water using modern photoelectrochemical, thermochemical, and photobiological processes. Di-
rect use of sunlight is the most efficient way to produce hydrogen, as it avoids energy losses. According to
the European Commission, the main investors in the development of hydrogen energy were the United States
(~$500 million), Japan (~$300 million) and the EU countries (~$230 million). The leading countries also
include South Korea (~$100 million) and China (~$60 million). In the future, the main regions for fuel cell
sales are India, China, and Africa, where the development of the telecommunications market is largely con-
strained by an imperfect power supply system. In the countries of the former USSR, including Kazakhstan,
investments in the development of hydrogen energy are very small. Therefore, conducting fundamental re-
search that will generate new scientific information can contribute to the development of hydrogen produc-
tion technologies in our country.

In the process of photodegradation of water, there is a need to create highly efficient photocatalysts that
can absorb solar radiation and divide the water molecule into hydrogen gas and oxygen.

For effective photocatalytic splitting of water, photocatalysts are used, the band gap of which should
cover the oxidation potentials of water, which are +0 and +1.23 V with respect to the normal hydrogen elec-
trode (NHE) at pH= 0. Such photocatalysts include wide-band semiconductors such as ZrO,, ZnO, TiO,,
WOs [2, 3], perovskite materials of the composition CaTijosCug 203, Rh/Ta/F: SrTiO;, Cr/Ta/F: SrTiOs,
etc. [4].

Among the listed photocatalysts, titanium dioxide (TiO,) occupies a special place due to its physical,
optical, electrical and photocatalytic properties. Using various synthetic approaches, it is possible to obtain
zero-dimensional, one-dimensional and two-dimensional nanostructures of titanium dioxide [5—7]. Its one-
dimensional formations, such as nanorods, have a number of advantages over zero-dimensional and two-
dimensional ones. 3—dimensional electron transport is carried out in films made of TiO, nanoparticles.
The features of agglomeration of dioxide nanoparticles during thermal annealing significantly affect the pos-
sibilities of electronic transitions between them. Non-intensive chemical binding leads to a decrease in the
efficiency of electron transport. In view of this, when using TiO, nanorods in the process of photocatalytic
decomposition of water it is possible to expect a preferential transport of electrons along their walls, which
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will reduce the transfer time from the charge carrier generation centers to the chemical reaction boundary,
and also, when optimizing the design will allow to achieve a smaller number of surface defects. In addition,
TiO, nanorods in controlled synthesis may have a higher specific surface area than spherical nanoparticles.
However, a significant disadvantage of TiO, nanorods is its wide band gap (about 3.2 e¢V), which indicates
the absorption band only in the ultraviolet region of the electromagnetic wave. Increasing the sensitivity of
such films in the visible region can be achieved by using hybrid nanostructures, for example, in combination
with graphene. To date, graphene (a monatomic layer of graphite) nanostructures are promising materials for
use in photovoltaics, electronics, photocatalytic water splitting and in systems for cleaning from organic pol-
lutants [8—11]. Grapheme is optically transparent, chemically functional, has a high mobility of charge carri-
ers and the value of the specific surface area. The production of graphene nanostructures is well studied and
it can be easily obtained by the well-known Hammer method [12]. In practice, graphene oxide is often syn-
thesized. But for the transport of electrons through the material, it is necessary to restore the sp> aromatic
structure of graphene oxide, which results in reduced graphene oxide. Often, recovery occurs by chemical,
photochemical, and hydrothermal methods [13—15]. The use of graphene nanostructures in semiconductor
films made of titanium dioxide nanorods will improve the separation of electron-hole pairs, increase the ab-
sorption capacity of semiconductor films in the visible region of the electromagnetic wave, and lead to an
increase in the specific surface area of nanostructures as a whole. These factors are expected to significantly
improve the photocatalytic activity of the films.

Experimental

Nanostructured films based on TiO, nanorods were prepared in a stainless steel autoclave with a
fluoroplastic insert. A solution containing 15 ml of deionized water, 15 ml of HCI (36.5 %, No. 320331,
Sigma—Aldrich) and 0.25 ml of titanium butylate C;sH304Ti (97 %, No. 244112, Sigma—Aldrich) was
poured into a 50 ml fluoroplast insert. TiO, nanorods were synthesized on FTO substrates (7 ohms/cm’, No.
735167, Sigma—Aldrich), previously purified by ultrasound treatment in a mixture of deionized water, ace-
tone and 2-propanol (volume ratio 1 : 1 : 1) for 30 min. The prepared FTO substrates were then placed in the
autoclave with the conductive side down. The temperature treatment was carried out in a convective furnace
(8,2/1100, SNOL). The furnace temperature and the synthesis duration are 200 °C in the range from 100 °C
to 200 °C and from 6 to 24 hours, respectively. The resulting samples were washed with deionized water and
dried at room temperature. The samples were then calcined at a temperature of 500 °C for 2 hours in air.

Further, to obtain the NR TiO,/rGO composite material, commercial rGO powder (Reduced Graphen
Oxide, Cheaptubes Inc.) was delaminated in 0.1 M pH 9.32. phosphate buffer solution (PBS, Na,HPO,, and
NaH,PO,) and treated in an ultrasonic bath for 90 min to form a brown colloidal RGO dispersion with a con-
centration of 0.5 mg/ml. The deposition was carried out using a three-electrode system (HC TiO, as the
working electrode, Pt foil as the counter electrode, and Ag/AgCl electrode as the reference electrode) at the
ELINS electrochemical plant (R-20XV, Russia). The number of graphene oxide sheets deposited was con-
trolled by a deposition time of 1 to 15 minutes. After precipitation the NR TiO,/rGO composite material was
washed with ethylene glycol and deionized water and then dried at room temperature.

Images of the sample surface were obtained using a scanning electron microscope (SEM) (MIRA 3
LMU, Tescan). The voltage at the accelerating electrode was 20 keV.

Spectrophotometric measurements were carried out on an automatic scanning spectrophotometer Solar
CM 2203 (Solar) in the wavelength range of 250-800 nm with a spectral resolution of 0.5 nm.

The textural characteristics of synthesized samples were calculated on the basis of nitrogen adsorption and
desorption isotherms at a temperature of 77K obtained at the quantachrome volumetric unit («Sorbi», USA).
The specific surface area of the samples was estimated by the Brunauer-Emmett—Taylor method (BET).

A photoelectrochemical cell was used to record the released hydrogen. The cell window is quartz
(Minihua Store). The opposite electrode is platinum. The solutions were separated using a Nafion filter.
Nanostructures of titanium dioxide and graphene oxide were used as the working electrode. Both sides of the
cell were pre-purged with a stream of argon gas. Then, when the sample was irradiated, samples were taken
and identified on an Agilent gas chromatograph (Lomonosov Moscow State University).

Based on the obtained impedance spectra for the films the electrophysical parameters of the Z-500PRO
impedance meter (Elins, Russia) were calculated when irradiated with a xenon lamp with a power of 100
MW/cm®. The amplitude of the applied signal was up to 25 mV, and the frequency range was from 1 MHz to
100 MHz. Platinum coatings used as the opposite electrode were deposited from an ethanol solution of
H2PtCl6 by electrochemical method on glass substrates with a conductive layer of FTO. The electrodes were
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glued together. A polymer film Meltonix (Solaronix, Switzerland) with a thickness of 25 microns served as a
spacer between the working electrode and the removal electrode in the solar cell.

Results and discussions

Figure 1 shows the surface morphology of NR TiO, films. As can be seen from the figure, before the
deposition of graphene oxide nanolayers, the film consists of titanium dioxide nanorods. The average length
of the nanorods disoriented with respect to the substrate surface in this case was ~120 nm and the average
diameter ~ 43 nm (Fig. 1a).

A-clean; b-1 min.; ¢-3 min.; d-5 min..

Figure 1. SEM images of the NR TiO,/rGO nanocomposite

When the deposition time is about 1 minute, graphene oxide sheets are formed on the surface of the NR.
Graphene oxide is dispersed over the entire surface of the TiO, NR, which can form a conducting network
between them. With an increase in the duration of the deposition process to 3 and 5 minutes, the number of
deposited sheets increases, and with a 5 minute deposition the surface is completely covered with graphene
oxide flakes. This will allow the TiO, NR to inject its photogenerated electrons into the graphene oxide
sheets under the action of light, ensuring their efficient transport to the FTO layer and further registration of
the photocurrent.

The study of the specific surface area of nanocomposite materials was carried out by the method of low-
temperature nitrogen adsorption. To do this the nanocomposite material is separated from the substrate. If
necessary, the process was repeated until sufficient mass was obtained to change its specific surface area.
The samples were thermotrained at a temperature of 95°C for 180 minutes in the «SorbiPrep» pretreatment
unit with a constant flow of adsorbate gas at a speed of 2 I/min. The measurement was carried out at a liquid
nitrogen temperature of 77 K. Nitrogen was used as an adsorbate. Table 1 shows the dynamics of measuring
the specific surface area of nanocomposite materials of the composition NR TiO,/rGO as a function of the
electrochemical deposition time.

Table 1
Specific surface area of nanocomposite materials of the composition NR TiO,/rGO and NT TiO,/rGO

Specific surface area Full pore volume
No Sample p Sper. m /e \})p, o’ /e
1 rGO 600 0.416
2 NR TiO, 29,3 0,165
3 NR TiO,/ rGO 1 min 45,1 0,213
4 NR TiO,/ rGO 3 min 52,8 0,231
5 NR TiO,/ rGO 5 min 63,1 0,249

Cepus «dunsukay. Ne 3(103)/2021 117



T.M. Serikov, A.E. Sadykova

From the presented data it can be seen that the addition of TiO2/mgo to the HC structure significantly
increases the specific surface area of the nanostructures. Thus, for HC films the specific area before the dep-
osition of graphene oxide was 29.3 m®/g, after which it increased to 63.1 m’/g, as well as the volume of the
adsorbed gas.

The nitrogen adsorption-desorption isotherms for all samples have the same appearance, except for the
volume of adsorbed nitrogen. At low relative pressures (P/P less than 0.1) an increase in nitrogen adsorption
is observed on the isotherms, which indicates the presence of micropores. With an increase in the relative
partial pressure for the samples, the volume of adsorbed nitrogen increases. In accordance with the [UPAC
nomenclature, the obtained isotherms belong to the type IV isotherms with a hysteresis loop, reflecting the
process of capillary condensation in mesopores.

The electric transport properties of nanocomposite materials were studied by the method of impedance
spectroscopy. From the central arc of the impedance spectra, the effective recombination rate keff, the effec-
tive electron lifetime teff, the electron transport resistance in titanium dioxide films Rw, and the charge
transfer resistance Rk associated with electron recombination were calculated according to the above meth-
od. Figure 2 shows the hodographs in Nyquist coordinates for the synthesized samples.

25+
20+
5
15
£
—
10 4 —0— NR TiO2/1GO_5min
—0— NR Ti02/rfGO_3min
—A— NR Ti02/fGO 1min
54 —— NRTiO:
T T T T T T T 1
0 10 30 40 50
ZIQG, Om

Figure 2. Impedance spectra of nanocomposite materials

The electron transport resistance in the nanocomposite R,, and the charge transfer resistance Ry will de-
pend directly on the number of electrons received from the number of free electrons. If we take into account
that the size and thickness of the semiconductor film are identical for all systems only the deposited layers of
graphene oxide will affect the resistance value. The brief calculations are presented in Table 2.

Table 2
Electric transport properties of films based on nanocomposite materials
Sample Kegr, ¢! Teff, C Ry. Om R, Om
NR TiO, 15 0,06 45 3
NR TiO,/ rGO 1 min 12 0,08 42 2
NR TiO,/ rGO 3 min 11 0,09 39 2
NR TiO,/ rGO_5 min 14 0,07 41 2

The method allows us to calculate the main electric transport properties of nanocomposite films. How-
ever, a number of conclusions can be drawn from the results obtained. From the tabular data it can be seen
that in the TiO, / mgo_3 min NR a low recombination coefficient and a long electron lifetime are observed.
This indirectly indicates that in these cells the recovery of the electrolyte at the electrolyte/catalyst interface
(graphene oxide) is more efficient than in the others.

The edge of the absorption spectrum of HC TiO, appears in the UV region of the spectrum around
380 nm. RGO also absorbs in the UV zone, the maximum of its absorption spectrum is at 230 nm. At the
same time, the RGO film is almost transparent in the wavelength range from 400 to 800 nm. SiO,-GO
nanocomposites also actively absorb light in the UV region of the spectrum. Along with this, there is a
broadening of the absorption band in the visible range of the spectrum.
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Figure 3. Absorption spectra of a nanocomposite of the composition NR TiO,/rGO

Next, the photocatalytic activity of nanomaterials was investigated. The results of the experiments are
shown in Figure 3.
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Figure 4. Photocatalytic cleavage of NR TiO,/rGO water

From the presented data it can be seen that the addition of TiO, to the HC structures in various concen-
trations leads to an increase in their photocatalytic activity and water splitting. Moreover, it is necessary to
determine the optimal concentration of graphene oxide. In this case, the best generation of hydrogen is ob-
served by electrochemical deposition within 3 minutes, compared to other nanocomposite layers.

Conclusion

Electrochemically, sheets of reduced graphene oxide were deposited on the surface of the TiO, NR at a
deposition time of 1, 3, and 5 minutes. The influence of the preparation conditions of nanostructured materi-
als on their specific surface area, structure, electrophysical, optical and photocatalytic properties is investi-
gated. The addition of TiO, rGO to the NR structure significantly increases the specific surface area of the
nanostructures. Thus, for NR films the specific area before the deposition of graphene oxide was 29.3 m’/g,
after which it increased to 63.1 m®/g, as well as the volume of the adsorbed gas. Low recombination coeffi-
cient and long electron lifetime are observed in films made of HC TiO, / rGO 3 min.
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T.M. Cepuxkos, A.E. Cagsixosa, [1.A. Kan6up6aesa, A.C. bantabekos, A.C. KaromoBa

TiO, xone rGO Heri3iHaeri HAHOKOMIO3UTTI MaTepHuaJIapaa
(poToKaTANN3 APKBLIBI CY/bI BIABIPATY

Makanana TUTaH AUOKCHJI HAHOO3EKIIeIepi )KoHe OHBIH OeTiHe 3JIEKTPOXUMISIIBIK dMICIMEH TYHIBIPBUIFaH
rpadeH OKCHAIHEH KaJbINTacKaH KaObIpHIakTapisl 3epTTey HoTwkenepi kenripinred. TiO, HaHO®O3€eKIIeNepi
HETI3IHJe ’KacalfaH HAHOKYPBUIBIMIABI KaObIpmakrap kememi 100 My ToT OGacmaiTeIH OoNaTTaH >KoHE
(TOpoOIUTACTTAH JKacaFaH aBTOKIAB iIIiHJE CHHTE3/eNe/]i. ABTOKIIABTHIH imIiHe 35 MJI HOHCHI3IaHIBIPBUIFaH
cy (Hy0), 35 ma ty3 xeiukeuier (HCI) (36,5 %, Sigma-Aldrich) xone 0,25 mi TuTan OyTHUIATHIHBIH
CisH3604Ti (97 %, Sigma—Aldrich) koceiHmpickl 0ap CYHBIKTBIK JaiiblHaanaapl. TUTaH JHOKCHII
HAaHOO3CKUICIEPiHiH KypamMblHa TpadeH OKCHIIH KOCY, HAaHOKYPBUIBIMAAPIbIH MEHIIIKTI OeTiHiH ayMarblH
29,3 M%/ r-Hau 63,1 M*/ r-Fa neitis apTThIpansl. KaObIpIIakTapablH HMICIAHC CIIEKTPIEPiH KOTAAHA OTHIPHIII,
xyprizinren ecenreynep TiO, HaHOe3eKIIenepiHiH OeTiHe rpaeH OKCHAIHIH OHTAWIBI TYHIBIPY yaKBITHI 3
MHUHYTTBI KYpalTBIHABIFBIH KOpPCeTTi, ce0e0l OHBIH pekoMOuHaIus kKod(dunmenTi esre yirinepre Kaparanaa
TOMEH JXOHE DJIEKTPOHIAPIBIH OMip CYPy YakbITHI korapbl. HanomarepmanmapaslH (OTOKaTATUTHKAIIBIK
OeJCeHIIIri MEeH CyTeri )KoHe OTTETiHiH OeJiHreH ra3apbiH TipKeldy OapbIChIHIA, KaOBIpIIAKTapasl 5 caraT
coymeneHaipy Kesinae GeriHeTiH CyTekTiH Momepi 50-1eH 225 MMOTIb / cM>-Te [eifiH e3repeTiHin KopCeTTi.

Kinm ce30ep: nHanoctepykeHs, rpadeH okcui, 6eTTik aynaH, CyabIH (OTOBIABIPAYHL.

T.M. Cepuxos, A.E. CagsixoBa, I1.A. )Kanbup6aesa, A.C. banra6ekos, A.C. KatomoBa

PoTOKATAINTHYECKOE PACIIEIIEHHE BOAbl HAHOKOMIIO3UTHBIX
MaTepuaaoB Ha ocHOBe HaHocTep:xkHel TiO, u rGO

IIpencTaBineHbl pe3ysbTaThl HCCICIOBAHUS IIIEHOK, 00pa30BaHHBIX HAHOCTEPXKHSAMH JHMOKCHIA THTaHa M
OCaXJEHHBIX Ha MX IIOBEPXHOCTb BOCCTAHOBJIECHHOTO OKCHZA IpadeHa, METOLOM IEKTPOXMMHYECKOTo Oca-
xaeHus. HaHoCcTpyKTypHpOBaHHbIE IUICHKH Ha OCHOBE HaHocTepxkHed TiO, mosydanu B aBTOKIJIABE U3 He-
prKaBerolei cranu ¢ GpropomaacToBoil BcraBkoi oobemoMm 100 M1 U3 pacTBOpa, colepKaiero 35 Ml Aeuo-
HuzoBanHOH Boasl (H,0), 35 mi consnoit xkucnotst (HC) (36,5 %, Sigma—Aldrich) n 0,25 mn 6ytunara -
ta"a C;¢H;3604Ti (97 %, Sigma—Aldrich). /lobaBienne B CTpyKTypy HaHOCTEp)KHEl JUOKCHAA THTaHA BOC-
CTAHOBJICHHOTO OKCHJIA Ipa)eHa YBEIMYHBACT YAEIbHYIO ILIOMAb IOBEPXHOCTH HAHOCTPYKTYP OT 29,3 MY/T
10 63,1 M*/r. TIpoBeIeHHBIE PacueThl MO CIEKTPAM HMIIEJAHCA IUICHOK [OKA3all, 4TO ONTHMAIEHOE BPEMs
OCaXJeHMsI BOCCTAHOBIICHHOT'O OKCH/Ia IpadeHa Ha MOBEepXHOCTh HaHOcTepikHeH TiO, cocraBiser 3 MUH, Tak
KaK JUIsl Hero HaOJoaeTcss HU3KUi K03 GUIMEHT PeKOMOMHALMN U JJIUTEIbHOE BPEMS JKH3HH JIEKTPOHOB.
HccnenoBanust (HOTOKATANUTHYECKOI aKTUBHOCTH HAHOMATEPHAJIOB M PETHCTPALUS BBIACISIEMbIX I'a30B BO-
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Photocatalytic water splitting...

JI0pOZia ¥ KUCJIOPOoJia MOKa3alli, YTO NPH OOJIyYCeHUH IUICHOK B TEYEHHE 5 U KOJIMYECTBO BBIIEIAEMOTI0 BOJIO-
poza Bapsupyercs ot 50 10 225 MMOIB/cM.

Kniouegbie cnosa: HaHOCTEp)KEHb, OKCHI TpadeHa, yaenbHas ITOBEPXHOCTb, (HOTOPACIICIUICHHE BOIEI,
o0irydyeHue.
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