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Abstract

As a result of anthropogenic activities, the environment is polluted by heavy metals. The most im-
portant task is to find methods to control their content in water. Track-etched membranes (TeMs) can be
relatively easily modified by nanometer layers of functional materials with using the Langmuir—Blodgett
technique, which makes it possible to specifically change the structural, selective properties of the membrane
surface and obtain new materials with desired properties. The aim of the work was to develop flexible sensors
for the analysis of lead ions in water based on poly(ethylene terephthalate) (PET) TeMs with perfluoro-
decanoic acid (PFDA) nanolayers. Techniques for modifying TeMs based on PET with a monolayer coat-
ing based on PFDA by the Langmuir—Blodgett method, and with two-layer coatings, formed by soaking
PET TeMs/PFDA in xylenol orange solutions have been developed. The microstructure and local mechani-
cal properties of the sensor surface were studied by atomic force microscopy, and the wettability and values
of the specific surface energy of PET TeMs before and after modification were evaluated using the "ses-
sile" drop method. Based on the measurement of electrochemical characteristics, it was found that
PET TeMs/PFDA have a higher response of electrochemical characteristics compared to PET TeMs and
PET TeMs/PFDA/XO. The limit of detection for lead ions in aqueous solutions at pH = 12 was of 0.652 pg/l
within 5 measurements.

Keywords: atomic force microscopy, flexible sensors, Langmuir-Blodgett technology, perfluorodecanoic
acid
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B pe3ynbrare aHTpOTIOTeHHOM AESITEIHLHOCTH B OKPYKAIOIIYIO CpPeLy TOCTYMaeT OO0JbII0e KOINIECTBO
TSDKENBIX MeTauloB. BakHeiliied 3agaueil sBJISIETCS IMOUCK METOJOB KOHTPOJA HX COAEPKAHUS B
Bozse. TpexoBeie MeMOpaHbI MOTYT OBITH OTHOCHUTENBHO JIETKO MOAM(DHIIMPOBAHBI HAHOMETPOBBIMH
cinosMu  (YHKIIMOHAIBHBIX MaTepHAIOB C HCIIOJIb30BaHMEM Metona Jlenrmiopa—binomxkerr, dro
MO3BOJISIET HAMPABICHHO W3MEHSITh CTPYKTYPHBIE, CEJeKTHUBHBIE CBOMCTBA ITOBEPXHOCTH MeMOpaH
M IT0JTy4aTh HOBBIE MaTePHAIIbI C 33 JaHHBIMU XapakTeprucTukamu. Llens paboTsl — pa3paboTka rHOKIX CEHCOPOB
Ha OCHOBE TPEKOBBIX MeMOpaH W3 MOJMATWIIEHTepedTanarta ¢ HAaHOCIOSIMHU MepHTOPAEKAHOBOW KUCIOTHI
JUTSL aHanW3a WOHOB CBWHIIA B Boje. PaszpaboTaHbl MeToankn MoOaM(UKAIWMK TOIMITHIEHTepedTa-
JmaTHBIX TpekoBbIX MeMmOpan (II9T® TM) MOHOCIONHBIM TOKpPHITHEM Ha OCHOBE Nep(hTOpIeKaHOBOM
kucnotel  (IIOJK) wmeromom  Jlenrmiopa—bmomkerr, a Takke ABYXCIOWHBIMH  MOKPBITHSAMHU
[ /1K /kcunenonoBeiii  opamkeBbiid  (KO) mytém  BeimepxkuBanus [1DTD TM/IIDIK B pacrBopax
KpacuTemns. MeToloM aTOMHO-CHJIOBOH MHUKPOCKOTHH HM3y4eHa MHUKPOCTPYKTYpa W JIOKaJIbHBIE (PU3UKO-
MEXaHWYEeCKHe CBOMCTBA TIOBEPXHOCTH JATYMKOB, METOAOM «JIEXKAllei» KalUlh OlleHEHa CMaYMBaeMOCTb
Y 3HAYEHUS yIeIbHOW MmoBepXxHOCTHOU sHepruu [IDT® TM mo m mocie mMoamdukanuu. Ha ocHoBaHWHU
M3MEPECHHS BOJIbT-aMIIEPHBIX XapaKTEPUCTUK ycTaHoBIIeHO, 4T [IDT® TM/IIDJIK nmerot 6ojiee BHICOKHI
OTKITMK 3JICKTPOXHUMUYECKUX XapakTepucTuk 1o cpasHeruto ¢ [IDT® TM u [IOTO TM/IIDK/KO.
[IpenenpHO momycTUMasi KOHIIEHTpanys oOHapyKeHHs WOHOB CBHHIIA B BOJHBIX pacTBopax mpu pH = 12
cocramia 0,652 MKI/JI B peniesiax 5 u3MepeHHi.

KioueBble cJjioBa: aTroOMHO-CHIIOBAass MMKPOCKONHMS, THMOKME JaT4ydKd, TexHoiorus Jlenrmropa—
bnomxert, nepdropaekanoBast KUCIOTa
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Introduction

Heavy metals are one of the main environmental
pollutants. There are a number of traditional methods
for detecting metal ions: atomic absorption spectrom-
etry, mass spectrometry with inductively coupled
plasma, mass spectrometry and X-ray fluorescence
spectroscopy which are characterized by high sensi-
tivity, good specificity, high accuracy, fast detection,
strong interference immunity and wide linear range.
However, the above methods are characterized by
hardware complexity, high cost and duration. Deve-
lopment of new reliable and portable control meth-
ods is a promising task in the development of micro-
electromechanical systems.

Among sensors for monitoring of the medium,
electrochemical sensors are widely used. Electro-
chemical analysis is portable, sensitive, and can be
used to analyze metals in trace amounts. Increasing
the sensitivity and selectivity is actual in the field of
developing the efficiency of detecting heavy metals
by electrochemical methods [1]. Performance and
sensitivity of the developed sensor largely depend on
the choice of suitable materials for nanocomposite
sensitive layers formation.

Track-etched membranes (TeMs) have the po-
tential to be used as universal and cost-effective
flexible sensors for a variety of applications includ-
ing environmental monitoring, medical diagnostics,
and food safety [2, 3]. In general, choice of mate-
rial for TeMs used in sensor systems depends on the
specific requirements of the application, including
pore size, shape, and chemical or biological func-
tion [4-8].

For example, grafting poly(4-vinylpyridine) into
nanopores poly(vilidene fluoride) (PVDF) TeMs re-
duces the limit of detection of mercury ions to 5 ng/l,
which is much lower than the maximum allowable
concentration for water [9]. PVDF TeMs modified
by graft polymerization of bis[2-(methacryloyloxy)
ethyl]phosphate can be used to detect uranium (de-
tection limit of 17 ppb) [10]. Graft polymerization
of methacrylic acid makes it possible to reduce the
detection limit of cadmium ions by a factor of 10
compared to unmodified membranes [11]. Modified
electrode of electrochemical sensors based on track
poly(ethylene terephthalate) (PET) TeMs [12, 13]
obtained by photograft polymerization of 2-hydroxy-
ethyl methacrylate and subsequent formation of in-
terpolyelectrolyte complexes with poly(allylamine),
additional modification with 4-mercaptophenylbo-

ronic acid, has a detection limit of Cd (II) and Pb
(IT) ions of 50 pg/l-4.25 mg/l and 10 pg/1-4.25 mg/l,
respectively. lons of alkali and alkaline earth metals,
with the exception of magnesium (up to 1 mg/1) do not
affect detecting of lead and cadmium in the analyzed
sample. The grafting (co)polymerization of glycidyl
methacrylate and acrylonitrile (AN) with PET TeMs
[14] makes it possible to obtain sensors with a detec-
tion limit of uranium up to 5.45 ug/l. Modification of
membranes with copolymers with functional carbox-
yl and aminogroups leads to an increase in the detec-
tion accuracy of heavy metal ions due to the forma-
tion of more stable complexes. Thus, UV-induced
graft copolymerization of acrylic acid and 4-vinyl-
pyridine on PET TeMs [15] makes it possible to cre-
ate sensors with detection limits of 2.22 pg/l (Cu®"),
1.05 pg/l (Pb*), and 2.53 pg/l (Cd*"). For sen-
sors modified with poly(4-vinylpyridine), detection
limits are of 5.23 pg/l (Cu®"), 1.78 pg/l (Pb*") and
3.64 pg/l (Cd*") pg/l. Electrodes modified with co-
polymers of poly(acrylic acid) and poly(4-vinyl-
pyridine) are sensitive at concentrations of ions
Cu*" - 0.74 pg/l, Pb* — 1.13 pg/l, Cd**~ 2.07 pg/l.

Track-etched membranes can be relatively easy
modified with nanometer layers of functional mate-
rials by the Langmuir—Blodgett (LB) method. This
method makes it possible to especially change the
structural properties and selectivity of the membrane
surface and obtain new materials with desired char-
acteristics. The introduction of anionic dyes into the
composition of the LB-coating increases the selec-
tivity of the separation and determination of metal
cations in water. A wide range of ligands are avail-
able that can bind selectively to metal ions, includ-
ing crown ethers, calixarenes, and porphyrins. These
ligands can be incorporated into an organic matrix
to provide a selective and sensitive metal ion sen-
sor. For example, crown ethers are well known for
their ability to selectively bind with alkali and alka-
line earth metal ions [16], while porphyrins have a
high affinity for transition metal ions [17]. In [18],
multi-purpose mass-sensitive and electrochemical
LB-multilayer sensors of dicetylcyclene were used
to detect Cu”" up to 10° M in an aqueous solution
containing other analogous metal ions (Zn®" and
Ni?"). There are research results [19] showing the
possibility of using sensitive LB membranes made
of poly(glutamate) containing ionophores coated
with a layer of cross-linked polymer phthalocyanine-
polysiloxane to determine sodium ions in aqueous
solution.
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Polymeric materials can also be used as a ma-
trix material for the nanocomposite layer to provide
mechanical stability and control the thickness of
the layer. Polymers such as poly(ethylene glycol),
poly(vinyl alcohol), and poly(acrylic acid) have been
used in the formation of metal cation-sensitive nano-
composite layers [20]. In addition, quantum dots,
nanoparticles (for example, gold, silver), as well as
functionalized ligands sensitive to metal ions, can be
included in the nanocomposite layer to increase the
sensitivity and selectivity of the sensor.

The aim of the work was to develop flexible
sensors for the analysis of lead ions in water based
on poly(ethylene terephthalate) track-etched mem-
branes with perfluorodecanoic acid nanolayers.

Materials and research methods

PET TeMs with pore diameters of 50 and
100 nm were used as a flexible polymer substrate.
The technique for obtaining TeMs is described
in [21, 22].

Nanostructured sensitive coatings on the mem-
brane surfaces were formed by LB-method using a
horizontal type of precipitation during monolayer
compression achieved by the simultaneous move-
ment of two barriers on the "Automated complex for
modifying membrane surfaces with molecular and
ultrathin layers". The surface pressure () of the film
release was chosen on the basis of the experimentally
obtained isotherms "surface pressure — area per mol-
ecule" in the area of the densest film layer formation
("solid film" phase state).

Monomolecular layers of perfluorodeca-
noic acid (PFDA, AlfaAesar) were applied from
1 mg/ml solutions in a mixture of ethyl nona-
fluorobutyl and ethyl nonafluoroisobutyl -ethers
(Novek 7200). According to PFDA compression
isotherms, the "solid film" phase state corresponds
to surface pressure () is of 5.0 mN/m (Figure 1).

The study of the structure and properties of
monolayers was carried out on pre-hydrophilized
single-crystal silicon wafers in a mixture of aqueous
solutions of hydrogen peroxide and ammonia.

a b c

The modified TeMs were soaked in aqueous so-
lutions of xylenol orange (XO) with a dye concentra-
tion of 0.01; 0.1 and 1 mg/ml during 10 min, 1 hour
and 1 day. The samples were washed in a stream of
distilled water and dried in the air.

The surface structure of the membranes was stud-
ied by atomic force microscope (AFM, NT-206, ALC
"Microtestmachines", Republic of Belarus) using stan-
dard silicon cantilevers FMG 01 ("TipsNano", Russian
Federation) and curvature radius no more than 10 nm.

7, mN/m

0.265 0.315 0.365 0.415 0.465 0.515

Area per molecule, nm?

Figure 1 — Compression isotherm of perfluorodecanoic
acid

The local values of elasticity modulus (£) and
adhesion force (F,) were calculated according to the
Johnson—Kendell-Roberts model based on the data
of the approach-retraction cantilever to the sample
surface in the AFM contact mode (function "static
force spectroscopy") with using cantilevers NSC
11 A (stiffness 3 N/m, Mickromash, Estonia).

The surface wettability was evaluated based on
the measured values of the contact angle (CA) us-
ing DSA 100E by the "sessile" drop method using
two test liquids — distilled water and diiodomethane
(pure 99 %), the volume of the drops — 2 pl. Based
on the CA values, the specific free surface energy (w)
was calculated by Owens—Wendt—Rabel-Kjellble
method.

Sensors were made on the basis of TeMs. Gold
layers 60 nm thick were deposited on both sides
of TeMs by magnetron sputtering using a template
(Figure 2).

Figure 2 — Template layout for spraying (a), sensor holder (), poly(ethylene terephthalate) track-etched membranes
with a sprayed layer of gold (c), sensor holder layout (d), sensor based on poly(ethylene terephthalate) track-etched

membranes (e)
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Size of sensor is 5x 10 mm. Connections were
isolated by fingernail varnish and wax. One side
of the membrane was used as working electrode,
another side was used as counter electrode. These
surfaces were connected to potentiostat EmStat
3 + (PalmSens) using 0.4 mm diameter copper
cables with silver paste. An Ag/AgCl electrode
in 3 M KCI solution was used as a reference elec-
trode.

Calibration and determination of the sensors
performance characteristics of the were carried
out in solutions prepared by sequential dilu-
tion of a standard solution of lead ions (NK-EK,
10 g/ml), varying the concentration of lead ions
from 0.01 mg/1 to 1 mg/l. The pH of the medium
in which the measurements were carried out was
changed using solutions of sodium hydroxide and
acetic acid.

¥, mkm

gL

!d

4X‘ mkm

[ 3]

3 4

X, mkm
d

Square wave anodic stripping voltammetry
curves (SW-ASV) was performed using a stan-
dard solution of lead in an electrolyte of 0.1 M
sodium acetate was performed at deposition po-
tential of 1.2V for 60s, then scanning from —
1 to 1V ata frequency of 50 Hz and amplitude of
20 mV was done.

Research results

Based on AFM studies, it was shown that PFDA
monolayer films on the surface of silicon wafers and
PET TeMs form a uniform dense LB-layer. A num-
ber of pores on the membrane surface are closed by
a modifier monolayer, the diameter of open pores
decreases by 1.5-2.0 times (Figure 3). Roughness
values (R,, R,) of modified membranes (PET-50)
are reduced (Table 1).

¥, mkm

Figure 3 — Structure of initial samples of silicon (a), poly(ethylene terephthalate)-50 (b) and poly(ethylene terephtha-
late)-100 (c) membranes and samples modified ones with perfluorodecanoic acid Langmuir—Blodgett film (d—f)

Table 1

Roughness values of single-crystal silicon wafers and poly(ethylene terephthalate) track-etched membranes

modified with a monolayer of perfluorodecanoic acid

Roughness . . PET-50/ PET-100/
values, nm Si Si/PFDA PET-50 PFDA PET- 100 PFDA
R, 0.1 0.3 23 1.5 3.0 3.0

R 0.2 0.5 3.0 2.1 4.0 4.0

q
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Table 2

Roughness values of poly(ethylene terephthalate) track-etched membranes/perfluorodecanoic acid/xylenol
orange (soaking time — 10 min)

C (X0O) 0.01 mg/ml 0.1 mg/ml 1 mg/ml
Sample PET-50 PET-100 PET-50 PET-100 PET-50 PET-100
R, nm 1.5 1.3 1.7 2.3 1.8 1.0
R, nm 1.9 1.7 2.2 3.0 2.4 1.3

— i

0 1 2

3 4
X, mkm
d e f

Figure 4 — Structure of poly(ethylene terephthalate)-50 (a—c) and poly(ethylene terephthalate)-100 (d—f) membranes
modified with a monolayer of perfluorodecanoic acid after soaking in aqueous solutions of xylenol orange with concen-
trations of 0.01 M (a, d), 0.1 M (b, e), 1 M (c, f) during 10 min

Results of XO modification After soaking for 1 h the pores on the mem-
brane surface are closed, after 1 day conglomerates
up to 1 pum in size are formed (Figure 5), roughness
values increase for PET-100/PFDA membranes
(Table 3).

Thus, the following conditions are optimal for

After soaking of membrane samples with a
monolayer of PFDA in XO solutions with concen-
trations of 0.01 mg/ml, 0.1 mg/ml and 1 mg/ml for
10 min pores on the membrane surface are "opening"
(Figure 4), while the values roughness for PET-50 : :
remains unchanged, for PET-100 are increasing sig- dye adsorption: the concentration of an aqueous so-
nificantly (Table 2) compared to membranes modi- lution of XO is of 1 mg/ml, the soaking time is 1 h,
fied with a fluorinated fatty acid film. which does not lead to desorption of monomolecular

The densest dye layer (according to the AFM  layers in aqueous solutions of dyes. The expediency
data and the values of root-mean-square roughness ©f soaking in the XO solution during 1 h is confirmed
Rq) was formed after exposure to an aqueous solu- by the results of the local mechanical properties of
tion of XO with a concentration of 1 mg/ml. the modified samples (Figure 6).

12
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Figure 5 — Structure of poly(ethylene terephthalate)-50 (a, b) and poly(ethylene terephthalate)-100 (¢, d) membranes
modified with a monolayer of perfluorodecanoic acid after soaking in aqueous solutions of xylenol orange with a con-
centration of 1 mg/ml during 1 h (a, ¢) and 1 day (b, d)

Table 3

Roughness values of poly(ethylene terephthalate) track-etched membranes/perfluorodecanoic acid/xylenol
orange (concentration — 1 mg/ml, soaking time — 1 h and 1 day)

Soaking time 1 hour 1 day
Sample PET-50 PET-100 PET-50 PET-100
R, nm 1.5 2.6 1.1 1.9
Rq, nm 2.0 3.6 1.5 2.7
PET-50; 10 min PET—IOO, 10 min
—e— E.MPa 300 - 1’;" Ng’a
- i A 1§
s -4- F,N 250 .
195 e 200
145 . 150
- 100 b, o ___
95 e it A
- 50
45 0 - s s -
04 0.6 0.8 1 _ 04 0.6 0.8 1
€(X0), mg/ml ¢(X0), mg/ml
a b
_ PET-100, 1 mg/ml
PET-50, 1 mg/ml 200

—e&— E,MPa

250
- —A- - F,nN

250

200 200
150 150
1004  TTe=-___ 100
sob  TTT=- 50
0 1 - 0
0 500 1000 t, min
c d

Figure 6 — Values of the elasticity modulus (£) and adhesion force (£,) of poly(ethylene terephthalate)-50 (a, ¢) and
poly(ethylene terephthalate)-100 (b, d) samples modified with a perfluorodecanoic acid monolayer and aged in xylenol
orange solutions with a concentration of 0.01 to 1 mg/ml (a, b) from 10 min to 1 day (c, d)
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The local mechanical properties of membranes
modified with PFDA do not change with an increase
in the dye concentration XO from 0.1 to 1.0 mg/ml.
After soaking in XO during 1 day, the values of
the elasticity modulus correspond to the initial
values, which indicates that the acid monolayer
was washed out from the membrane surface as
a result of soaking in aqueous solutions of XO
for a long time. An increase in the values of the
elasticity modulus and a decrease in the adhesion

mPFDA
CA BPFDA/XO

Si PET-50 PET-100

a

force of the coatings after soaking in dye solutions
during 1 h are noted.

Based on the analysis of the wettability of the
membrane surface, it was found that the formation
of LB-films of PFDA on PET TeMs does not signifi-
cantly change the wettability of the membrane sur-
faces (Figure 7). The values of the specific surface
energy increase due to the increase in the polar com-
ponent. Subsequent modification with the dye XO
does not lead to significant changes in the CA.

mPFDA

w, mJ/m?
BPFDA/XO

60 1
50 1
40 A
30
20 -

Si PET-50

b

PET-100

Figure 7 — Values of the contact angle (a) and specific surface energy (b) of samples of single-crystal silicon and
poly(ethylene terephthalate) track-etched membranes modified ones with Langmuir—Blodgett films of perfluorodeca-

noic acid with xylenol orange

Results  of measurement of electrochemical

characteristics of sensors

Analysis of the developed sensors on the con-
tent of lead ions in aqueous solutions was carried out
(Figure 8). To optimize the adsorption time and pH
of the medium, sensors based on PET TeMs with a
pore diameter of 100 nm were immersed in solutions
with a Pb®" concentration of 1 mg/l, varying the time
from 5 min to 60 min. According to the results ob-
tained, it was found that the optimal measurement
time is 30 min (Figure 8b). Increasing the adsorp-
tion time of lead cations is impractical due to the fact
that the values of the current strength vary within the

1, pA
80

70
60
50
40

30

confidence interval. An increase in values was estab-
lished with an increase in pH from 3 to 7. In the al-
kaline pH, there was a tendency for a slight increase
in values within the confidence interval (Figure 8c),
which is associated with the formation of various
hydroxyl cationic forms of lead at pH from 6 up
to 12. For PET TeMs modified with PFDA LB-
film and PFDA/XO multilayer coating, the trend of
changing electrochemical characteristics remains
at different pH in solution with Pb*" concentration
of 1 mg/l (Figure 8c). It was found that at pH = 12
the electrochemical signal is higher compared
to pH 7 (Figure 8d). Subsequent studies were carried
out at pH = 12.

I, mA
0.100 | -
0.080 F { } {
0.060
0.040 . . . .
0 200 400 600 800 )
7, min
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Figure 8 — Typical square wave anodic stripping voltammetry curves (¢ = 0,01 mg/l-1 mg/l, pH = (6,7-7), ¢t = 30 min) (a);
calibration curves of peak currents for Pb** of adsorption time based on poly(ethylene terephthalate) track-etched mem-
branes (b); calibration curves of peak currents for Pb>" of pH (c) after 30 min based of adsorption in appropriate Pb*" so-
lution in 0.1 M sodium acetate electrolyte using sensors based on poly(ethylene terephthalate) track-etched membranes
and modified perfluorodecanoic acid and perfluorodecanoic acid/xylenol orange layers; effect of pH on the electro-
chemical signal for Pb®" using sensors based on poly(ethylene terephthalate)/perfluorodecanoic acid/xylenol orange (d)

It has been shown that at pH 12 Limit of De-
tection concentration (LOD) of Pb*" are of 397 pg/l,
0.652 pg/l, 17,7 pg/l using sensors based on PET

TeMs, PET TeMs/PFDA, PET TeMs/PFDA/XO,
consequently (Figure 9a—c). Modification of XO does
not increase the sensor sensitivity (Figure 9, ¢).
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Figure 9 — Calibration curves of peak currents for Pb*" after 30 min using sensors based on poly(ethylene terephthal-
ate) track-etched membranes (@), poly(ethylene terephthalate)/perfluorodecanoic acid (b), poly(ethylene terephthalate)/

perfluorodecanoic acid/xylenol orange (¢)
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We believe that the formation of the LB-layer
of PFDA makes it possible to create a sensor for de-
termining lead ions in aqueous solutions at pH = 12.

Conclusion

Structure of the original poly(ethylene tere-
phthalate) track-etched membranes and the mem-
branes modified with perfluorodecanoic acid and
perfluorodecanoic acid/xylenol orange coating was
studied by atomic force microscopy. Determined that
as a result of the modification of track-etched mem-
branes with a pore diameter of 50 nm by the Lang-
muir-Blodgett layer of perfluorodecanoic acid, the
roughness of the surface decreases, which indicates
a uniform distribution of the modifier film over the
membrane surface. In the case of membranes with a
pore diameter of 100 nm, the pore size is reduced by
1.5-2.0 times. Wettability of the track-etched mem-
branes surface changes insignificantly. It is shown
that the optimal conditions for the formation of the
second layer of the modifier (xylenol orange) are
concentration of an aqueous solution is of 1 mg/ml,
the soaking time in the solution — 1 h.

Based on the results of measuring the electro-
chemical characteristics, it was found that the devel-
oped flexible sensors based on poly(ethylene tere-
phthalate) track-etched membranes with a sensitive
Langmuir-Blodgett layer of perfluorodecanoic acid
have the highest response among all types of sam-
ples studied, the limit of detection for lead ions in
aqueous solutions at pH = 12 was 0.652 pg/l within
5 measurements.
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B cBa3u ¢ x€cTKMMU TpeOOBaHMSAMH MO OIPEACICHUI0 KOHLEHTPALMM Ta30B B pabouell cpene
SIBIISIETCSL  aKTyaJbHOM pa3palboTKa IOJYIMPOBOAHUKOBBIX CEHCOPOB MJIsi OOECICUCHMS OIEPaTHBHOTO
pearupoBaHusi U 0€30MAaCHOCTH TIEpCOHANa B MPOMBIIUICHHBIX U OBITOBBIX MOMeleHusX. Llenbio paboTs
SIBIISITIOCH MCCTIEIOBaHWE Ta304yBCTBUTENIBHBIX M AMHAMUYECKUX XapaKTEPUCTHUK BBICOKOUYBCTBUTEIBHBIX
MaJIOMOIITHBIX CEHCOPOB, M3TOTOBIEHHBIX HA TOHKHX HAHOMOPHUCTHIX IMOUIOKKAX C Tra304yBCTBHTEIHHBI-
MH CIOSMH M3 IOJYNPOBOJHHUKOBBIX OKCHIOB META/UIOB. B 3ToH CBs3M pa3zpaboTaHa KOHCTPYKLMSA
MOJTYIPOBOIHUKOBOIO TI'a30BOTO CEHCOpAa Ha MOAJIOKKE M3 AHOAHOTO OKCHIA ATIOMUHMS. M3roToBieHsI
JaTYUKH C Ta304yBCTBUTEIBHBIMU CJIOSMHU W3 MOJIYNPOBOJHUKOBBIX OKCHAOB METAJUIOB, IOJYyYEHHBIX
METOIOM 0CaXI€HHsI U3 BOOHBIX PACTBOPOB C IIOCIIEAYIOIIUM OT3KUIOM, Ha 0cHoBe In,0,+Ga, 05, In,0;+Sn0,
u SnO,+Pd, HaHecEHHBIX Ha M3MEpUTENbHBIC 3JIEKTPOAbI ceHcopoB. IIpoBenéHHBIE HCCIENOBaHUS
ra304yBCTBUTENBHBIX XapaKTEPUCTHK MOKA3aJIH, YTO MAaKCUMaJIbHOW YyBCTBHTEIBHOCTHIO, OKOJIO 85 %, U
BBICOKUM OblcTpozeiicTBuem K Bo3zzeiictsuio 10 ppm H, npu 410 °C o6nagaror ceHCOphl ¢ IIIEHKaMU U3
SnO, ¢ no6asnenunem Hanouactul Pd. HanGosnpmmas ayBcTBUTENBHOCTE ceHcopa — 250 % npu Bo3aecTBUM
10 ppm CO u temneparype 220 °C gocturayrta npu ucnosib3oBanuu In,O,+SnO,, Bpems cpabarbiBaHus
Tgy COCTaBMIJIO 5 ¢, TOrja Kak uyyBCTBUTENbHOCTH In,O;+Ga,0; m SnO,+Pd Owina Ha yposHe 30-50 %
pu 410-420 °C. MeHblIyl0 4yBCTBHUTEIHHOCTh K BO3AEHCTBUIO BOAOPOJA IMOKa3alM MOIYMPOBOJHHKO-
Bble OKcubl MeraoB In,0,+Ga,0; (70 % npu 420 °C) u In,0,+Sn0O, (30 % npu 250 °C) npu BpemeHH
cpabarbIBaHus Ty, = 20 c. [lomaBaeMasi MOIIHOCTb Ha HarpeBaTell CEHCOPOB BO BCEX PEKUMAX U3MEPEHUIN
cocrapisuta 28—60 MBT. [lomynpoBOTHUKOBBIE Ta30BBIE CEHCOPHI C HU3KUM JHEPTONOTPEOICHHEM MOTYT
OBITH MCIIOJIB30BaHBI IPH Pa3pabOTKe cUCTEM, 00ECTIEUMBAIOIINX KOHTPOJIb KOHLIEHTPALUHU OKCUA YIIIeposa
B paboueii 30He, a TakKe 0OHapyKEHUsI pAHHUX CTaUi BO3TOPaHUSI.

KiroueBble cj10Ba: M0JIyIpOBOJHUKOBBIE OKCUIBI METAJLIOB, [10JIyIIPOBOJHUKOBBIN I'a30Bblil CEHCOP, AaHOAHBIH
OKCHJ] AJIFOMUHUA
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Abstract

Strict requirements for determining of gases concentration in the working environment it is relevant to
develop of semiconductor sensors which provide rapid response and safety of personnel in industrial and do-
mestic premises. The aim of the work was to study gas-sensitive and dynamic characteristics of high-sensitive
low-power sensors made on thin nanoporous substrates with gas-sensitive layers of semiconductor metal
oxides. The low-power semiconductor gas sensor on the anodic alumina substrate has been developed. Sen-
sors with gas-sensitive semiconductor metal oxide layers based on In,0,+Ga,0;, In,0,+Sn0O, and SnO,+Pd
deposited from aqueous solutions with subsequent firing on sensor information electrodes are manufactured.
Studies of gas-sensitive characteristics have shown that sensors with SnO, films with the addition of Pd
nanoparticles have maximum sensitivity of about 85 % and high response rate to 10 ppm H, at 410 °C. The
maximum sensitivity of 250 % to 10 ppm CO at 220 °C was shown by films based on In,0,+Sn0O,, the re-
sponse time 1y, was 5 s, while the sensitivity of In,0;+Ga,0; and SnO,+Pd was 30-50 % at 410420 °C.
Semiconducting metal oxides In,0;+Ga,0; (70 % at 420 °C) and In,05;+Sn0O, (30 % at 250 °C) showed
lower sensitivity to hydrogen, with response time 1y, = 20 s. The sensors power consumption in all measure-
ments was 28—60 mW. Semiconductor gas sensors with low energy consumption can be used in the systems
development that monitor the carbon monoxide concentration in the work area, as well as detect ignition's
early stages.

Keywords: semiconductor metal oxides, semiconductor gas sensor, anodic aluminum oxide
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BBenenue

Cpenn Bcero MHOTOOOpasusi CEHCOPOB B
COBPEMEHHOH aHaJMTUYECKOW ammapaTtype ocoboe
MECTO 3aHUMAIOT IIOJIyIPOBOJHUKOBBIE Ta30BBIE
CEHCOPBI, TPUHIUN JCHCTBUS KOTOPHIX OCHOBaH
Ha CIOCOOHOCTH OKCHIOB, Takux kak Ga,0;,
SnO,, ZnO, In,0;, MoO;, WO; u gp., usme-
HATH CBOHM DJJEKTPOPU3NYECKHE XapaKTePUCTUKH
B pe3yibTaTe MEXaHW3MOB aJcopOInu-Iecopo-
MW, TPOTEKAIONMX Ha WX IIOBEPXHOCTH MpH
B3aUMOJICUCTBMM C razoBol cpemort [1-3].
B  cimywae  npuMeHeHHMS ~— TOJIYNPOBOJIHHUKOB
n-tuna (SnO,, Ga,0;, In,0,, WO; u np.) npu
a7CcopOIMi JOHOPHBIX Ta30B WX TPOBOJUMOCTH
yBenmumuBaeTcs [4—6]. g n-morynpoBOIHUKOB
TUITUYIHBIMA JIOHOPaMU SBIISIOTCS ra3bl-
BoccraHoButenun H,, CO. JlerupoBanue mIEHOK
SnO, kartanutuyecku axkTUBHbIMU MeTaytamu (Pt,
Pd, Ag) Benér K yBEIMYCHHIO 4YYBCTBUTEIBHOCTH
k CO, H,, CH, [7-9]. i1 nocTuxeHus: BBICOKOM
YYBCTBUTEIBHOCTH CEHCOPOB TPUMEHSIOT TaKXkKe
ra3ouyBCTBHUTEIbHBIE CJIOM CIIEIYIOIIEro COCTaBa:
Zn0-Sn0O,, SnO,-~WO;, SnO,-Mo0O;, MoO,;-Fe,0,
U JIp., KOTOpPbIE XapaKTEpU3YIOTCS JIOJTOBPEMEH-
HOHM CTa0WJILHOCTBIO BBIXOJHBIX Iapamerpos [10—
12]. M3meHsisi coctaB M PeXUMBI TEPMOOOPaOOTKH
METAIJIOOKCUAHBIX KOMIIO3UTOB MOJKHO OKa3bl-
BaTh BJIMsHUE Ha Mopdooruto, cBoiictsa [13, 14],
pazMep 3€peH U yAEIbHYIO  ITOBEPXHOCTH,
YTO TMO3BOJSIET  YIAYYIIUTH YyBCTBHTECIBHOCTD
CEHCOPOB NPU BO3ACHCTBUU OIpPENENEHHBIX THIIOB
ra3oB [15]. IloBbllleHHE YyBCTBUTEIBHOCTH IOJTY-
MIPOBOJAHUKOBBIX OKCHJIOB METAJUIOB JIOCTHTaeTCs
MyTéM MX HAHOCTPYKTYPHPOBAHUS NPU HAHECCHHH
Ha TIOBEPXHOCTh TIOPHCTOTO aHOJHOTO OKCHJIa
amroMuaus  (manee — AOA), o00ecneunBaroIIero
(hopMHupoBaHHWE OMHOPOJIHBIX TOHKUX IIIEHOK.
3anonHeHne ynopsgodeHHbx MaTpull AOA, obna-

JAIOMIMX  JIOCTATOYHOM  MEXaHWYEeCKOW  IMpod-
HOCTBIO M ymnpyroctsio [16, 17], mnomxynpoBon-
HUKOBBIMH  OKCHIAMH  METaJUIOB  TIO3BOJISIET

(hopMupoBaTE HAHOCTPYKTYPHPOBAHHBIE KOMIIO-
3UTHBIC TUIEHKH C OONBIION YIOEIhbHOW IOBEPX-
HOoCcThIO [18]. Mcmonmp3oBaHmWe TakuxX IUIEHOK Ha
AOA B kauecTBe UyBCTBHUTEIBHBIX CIIOEB Ta30BBIX
CEHCOPOB  IO3BOJISIET  CYIIECTBEHHO  YIIYYIINUTH
paboune XapaKTEpPUCTHKH CEHCOPOB, CIOCOOCT-
BYeT CHWKEHHUIO WX JHepromorpebieHus u obec-
MEYUBACT BBICOKYIO aAre3vro IUIaTUHBI K IIOJ1-
moxke [19-21].

bonpmoe BiamsHume Ha pabodne mapameTpsl
TUIEHOK METaJUIOKCHJIOB, KpOME COCTaBa M JIETH-
pyromux 100aBOK, OKa3bIBAIOT METOIBI MX (op-
MUPOBaHUS, KOTOPBIE OMPEEISIOT TONIIHHY, MOp-
¢donoruto u ux cocras [22,23]. Ilpu ancopOuun
ra30B MHTErpajbHbIe M3MEHEHHS 3JeKTpodusniec-

KHX  XapaKTepUCTHK  IUIEHKH  ONPEIeISIOTCS
IpOLECCAMH, IMPOUCXOIAIIMMI HA ITOBEPXHOCTH.
Cpenn  W3BECTHBIX  METOAOB  (OPMHPOBAHMUS

MHOTOKOMITOHEHTHBIX TIOJYITPOBOJHUKOBBIX OKCH-
OB MeTauioB Hambosiee 3(hHEKTUBHBIME, 00Oec-
MEYMBAIOIMMHU  IIHPOKHE BO3MOXKHOCTH  pery-
JUPOBAHUS MHKPOCTPYKTYPHl IDIEHOK W MHO-
TOCIIOMHBIX ~ KOMIIO3UIIMM,  SBISIOTCS  METOJBI
KHUJIKOW XVUMHH — 30JIb-T€Ilb, XUMUYECKOE OCaXKIIe-
HUE, XapaKTEepPHU3YIOIIHECs TPOCTOTOM, EIIeBU3-
HOM TEXHONOTMH, BO3MOYKHOCTBIO IPOBOAMTH
CHHTE3  Pa3HOOOpa3HBIX  IUIEHOYHBIX  CHCTEM
pa3aMYHOM TOJIIMHBI MMKpPOCTPYKTYpPHl M COC-
TaBa [24-26]. Bonpmioe 3HaueHwe mns dPPEKTHB-
HOM W cTaOWiabHOW paboOThl CEHCOPOB HMEIOT
KOHCTPYKTHBHBIE pEIEHHs, CHOCOOHBIE B MOJIHOM
Mepe peaqn30BaTh JOCTOMHCTBA M BO3MOJKHOCTH
HCIOJIb3yEeMbIX MaTepUaloB, M TJIaBHOE, MOHHU3UThH
SHEpPronoTpedIeHrne B  MIUPOKOM  JIMATa30HE
pabounx Ttemmeparyp. Ha mpakTtuke HaiimeHo pe-
LIEHHE, CHOCOOHOE KOMIUIEKCHO PELIMTh 3Ty
Mpo0iieMy — HWCIMOJb30BaHME B Ka4deCTBE OCHOBBI,
Ha KOTOPOM M3rOTaBIMBAIOT CEHCOp, MOAJIOKKU
3 AOA [27-29]. K nocrounctBam AOA oTHO-
CSATCS  BBICOKHE DIIEKTpo(HU3MYeCKHe CBOMCTBA,
cTaOWIIbHBIE XUMHYECKHE M MEXaHMYEeCKHe Xa-
paktepuctuku [30]. DTO TO3BOISIET HCIOIH30BATH
€ro Kak B KauecTBE IUAJIEKTPUUYECKON MOJTOKKHU
JUTSL  pa3MeIIeHHsT KOHCTPYKTHBHBIX 3JEMEHTOB,
TaK W B KauecTBE HAHOCTPYKTYPHPOBAHHOM
MaTpullbl uis  (OPMUPOBAHUS UyBCTBUTEIHHOTO
CJI0S TMYTEM 3aTIOJTHEHUS TIOP Ta309yBCTBUTEIHHBIM
MarepuasioM. Hawnomopuctas ctpykrypa AOA
obecrieunBaeT CTPYKTYpHUPOBaHUE Ta309yBCTBH-
TEJBHBIX TUIEHOK, MHOT'OKpPAaTHOE YBEIMYEHHE WX
aKTHBHOM TOBEPXHOCTH M CHW)KEHHE MOTpeO-
nsieMoit momHoCTH [31, 32].

Llenpto  paboOTBI  SIBISUIOCH — HMCCIEIOBAHHE
ra30uyBCTBUTEIBHBIX W JUHAMHYECKHUX Xapak-
TEPUCTUK  TOJYHIPOBOJHUKOBBIX  MaJIOMOIIHBIX
CEHCOpOB, M3TOTOBJIEHHBIX Ha TOHKHMX HaHO-
MOPUCTBIX ~ TIO/UIOKKaX W3 aHOAHOTO  OKCHa
QIIOMMHHS € Ta304yBCTBUTEIBHBIMU  CIOSMHU
W3  TIONYIIPOBOJHHUKOBBIX  OKCHIOB  METAJIOB
Ha OCHOBE WH/MA, 0JIOBAa, TS W HAHOYACTHIL
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najyiaaus Ipyu BO3JAEHCTBUM HU3KUX KOHILIEHTPALUI
BOJIOPO/A M OKCHJIA YTIIEPOAa.

KOHCTPYKTHBHO-TEXHOJIOTHYeCKHE PellleHUsl

B kaudecTBe MOUIOKKH JUIsI MaJOMOIIHOTO
MOJTYTIPOBOJTHUKOBOI'O Ta30BOT0 CEHCOPA HCIHOJb-
soBaii AOA tommumuon 50 mxm. Ha ocHoBanun
MpOBEJAEHHBIX  pacuy€roB, C TOYKU  3PEHUs
MUHUMM3AIUY  TEIUIOBBIX IOTEpPh, OMPEENICHBI
pa3Mepbl KOHCTPYKTHBHBIX JJIEMEHTOB CEHCOpa.
Kpucrann  ycrpoiictBa  mpeacTaBiseT — co0oii
noioxkKy u3 mopucroro AOA. Ha Humxuel ero
cTopoe, pasmepom 1,35% 1,35 MM, B [IEHTPaIbHOI
obmacTd TOMIOXKKH, MIomaaso 180x 180 MKMZ,
pa3MeméH IUJIaTUHOBBIM Harpesareiab pa3MepoM
140x 140 mxm”. Ha paccrosaun 20 MKM OT HEro

a

b

pacnonoxensl ~ [-oOpa3Hble  CKBO3HBIE  OKHa
B TOMIOXKKE pasmepoM 440x 130 mxm”. Ilupuna
MPOBOJHUKOB HarpeBarelisi cocraBiisieT 30 MKM,
3a30p MEXJIy HUMH — S5 MKM. ['‘eoMerpuueckas
dbopmMa W pasMmepsl HarpeBaTeisl  MOKa3aHBI
Ha pucyHke la. Ha oOpaTtHO! CTOpOHE IOIIOKKH

B LCHTPAIBHOH YaCTH KpPUCTAUIA, pPa3MepoM
180x 180 MKM?,  PACIIONIOKEHBl  H3MEPHUTEIBHBIC
QJNIEKTPOJIbI  HANPOTHB  I[EHTPAILHOW  YacTh

HarpeBatens (pucyHok 10). [laHHBIE DIEMEHTHI
KOHCTPYKIIUHM BBIMIOJIHEHBI M3 IUIATUHBI ITUPUHON

30 MKM  KaXIBId, pacCTOSHHE MEKIy HHUMH
10 Mmxm.  CoenmWHHUTETBHBIC TMPOBOMHHUKH  Har-
peBaTelis, H3MEPHUTEIbHBIX  3JIEKTPOJOB, KOH-
TAaKTHBIX IUIOIIAOK PACIOJOKEHBI HA IPOTH-

BOTIOJIOXKHBIX CTOPOHAX KPHUCTAIIA, 3ePKATBLHO APYT
K JIpyTy.

Pucynok 1 — Tonosorus kpucTauia nojxynpoBOAHIKOBOIO [a30BOr0 CEHCOPA C YKa3aHHEM I'€OMETPHYCCKUX Pa3MEPOB:
a — Harpesareb; b — I3MEPUTEIIbHBIC DIIEKTPO/BL; ¢ — (poTorpadus KpucTauia, pa3BapeHHOro Ha r’HOKHE IPOBOIHUKH

Figure 1 — Topology of semiconductor gas sensor with its geometric dimensions: a — heater; b — measuring electrodes;

¢ — photo of crystal boiled into flexible conductors

TTonnoxku AOA IIOJIy YaJIx yTEM
ANEKTPOXUMUYECKOTO  aHOAMPOBAHMS — 3arOTOBOK
u3 dombru Al (99,99 %) pasmepom 60 %48 mm’.
[lepen aHoAMpOBaHMEM NPOBOIWIN XHMHYECKYIO
U MEXaHHUYECKyr 00paboTky 3aroroBok. CHauana
yAalsUId  OpraHWYecKHe 3arpsa3HeHus OCH3MHOM
«Kanmoma» ¥ criaxkuBamTd  MHKPOHEPOBHOCTH
Ha TOBEPXHOCTHU 3aroToBOK B pactBope NaOH
(10 % mac.) B teuenne 15-20 c. Ilocne uero ocy-
LICCTBISIM YIUIOTHEHHE (OJIbIH, MEXaHHYECKOEe
MOJIUPOBAHKUE MOBEPXHOCTH M TEPMOPUXTOBKY [32].
[Tocne 00paOOTKM 4YHCTOTAa TOBEPXHOCTH allto-
MUHHEBBIX 3aT'OTOBOK COOTBETCTBOBaNa 12 Kiaccy.

[ToaroToBneHHbIE MOTUPOBAHHBIC ANIOMHHHUE-
BbIE 3arOTOBKM MOABEPrajyd ONepalnud ABYX-
CTOPOHHETO JIIEKTPOXHUMUYECKOTO aHOJUPOBAHUS

B BoxHoMm pactBope C,H,0, (6,3 % mac.) Ha
miybuny S5 MxMm mpu Hampsbkenuu 50 B ¢ mpen-
BapuTeIbHON pasBeprkoit 1 B/c mpu Temmeparype
14-16 °C. CxopoCTh aHOAMPOBAHUSI B ITUX YCJO-
Busix cocrasisuia 0,272 mxm/mMuH. CdopmupoBaH-
HBIM  <oKkepTBeHHBI» cinoii  AOA  CeneKkTUBHO
yIaJIsiad B pactBope oprodochOopHOl KHCIOTHI
u XpoMmoBoro anruapuaa [33,34]. B pesynsrare
3TOH omepalMd Ha TOBEPXHOCTH AJTIOMHUHMUSA
COXpaHWJICS YIOPSIOYCHHBIH MHKpopenbed oTre-
YaTKOB OKCHJIHBIX S[Y€EK <(OKEPTBEHHOI0» CIIOS
okcuja. Jlamee oJlHy M3 CTOPOH IOJNYYEHHBIX 3aro-
TOBOK 3aKpbIBaJIM CJIOEM XUMHMYECKH CTOMKOIO
naka (manee — XCJI) TonmmmHON okono 15 MkM
W CyNMIM T@pU  KOMHATHOM  TeMIeparype
B TeueHne 40 MMH M B TepMOKaMmepe Ipu
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temneparype 90 °C B Tteuenne 10 wmunH. [loB- mucTwmpoBaHHas Boja 158 mu/m mpu  Temre-
TOPDHOE OJHOCTOpPOHHEE aHOAWpoBaHWE amio- parype 18-22°C B Tewenme 25 mmH. Js
MUHHMEBOM 3arOTOBKM IPOBOAWIM B TEX JK€ OUYUCTKM IOPUCTOH CTPYKTYpBI OT 3arpsi3HEHUH U
JNEKTPOXUMUYECKUX YCIOBHSAX, 4YTO UM TIEPBOE  KOPPEKTUPOBKH IOPUCTOCTU  CHOPMHUPOBAHHYIO
aHoZMpoOBaHue. Bpemsi aHOAMPOBaHMSA COCTABISUIO  IOMUIOKKY — IIOCJIEAOBAaTeNbHO  oOpaboranu B
245 muH. 3a 310 BpeMsi Ha HenokpbiToi sakom  HNO; (90 % mac.) mnpu 18-20°C B TedeHue
cropore ¢opmupoBancst ciaoii AOA rtonmmuod 1 muH u B pactBope H,SO, (20 % mac.) npu 50 °C
50+1 MKM. DJexTpudecKkue pexumbl aHoaupoBa- B TedeHue 10 muH. IlopmcTtocTh Okcmma cocTaB-
HUS 337aBaJIM C IIOMOIIbIO CUCTEMHOI0 MCTOYHMKA Jisuia okoio 18 %. Ilomyuennsle momioxku AOA
MUTAHUSI TIOCTOSTHHOTO TOoKa Keysight N5S7524, mnpoMbIBaiu B IUCTAUIMPOBAHHOW BOJE, CYIIWJIH
pEeTHCTpalii0O W MOHUTOPHHT in situ mapamerpoB 1npu Ttemmeparype 160°C B Ttedenme 30 MuH.
mporecca IMPOBOAMIAM C INOMOIIBI LU(GPOBOro  MopQosioruio moBepXHOCTH M IOINEPEUHbIE CKOJIbI
mynstumeTpa  Keysight 344704, coeaMHEHHOTO  HAHOMOPHCTHIX mominoxkek n3 AOA HaOmomamn
nocpeactBoM USB-unTepdelica ¢ NMepCcOHATFHBIM B CKAaHUPYIOMIAN O3JIEKTPOHHBIM MUKpockon Hi-
KOMITBIOTEPOM C YCTAHOBJICHHBIM TIPOTPaMMHBIM  fachi S-806  Tpu  yCKOPSIOIIEM  HAaIPsHKEHUH
obecnieuennem Bench Vue. 20 xB. Ha pucynke 2 npusenensl ¢ororpadun

[loce ¢popmupoBanust ciosi AOA TpeOyemoil  MOBEpXHOCTH (PUCYHOK 2a), TIOTIEPEYHOTO cede-
TOMIIUHBI ¢ TOMIOKKH yramumu cnoid  XCJI  Hua (pucyHok 2b) m oOpaTHOW CTOpOHBI (pHCY-
W CEIIGKTUBHO CTPAaBWJIM OCTaBINHWICS TIOCIe HOK 2¢) HaHomopuctod momnoxku u3  AOA,
aHOIMPOBAHUS CJIOM AMIOMMHUSI B  pacTBope C(HOPMHPOBAHHOH IO ONMCAHHOMY TEXHOJOIH-
cienytomero cocrasa: CuCl,—1,251/n, HCl— 171, yeckomy MapupyTy.

49" U

500nm 15,0V x1,00k SE(U) 50,0um ) U so0mm

Pucynok 2 — M300paxeHnst MOJIOKKHA AHOJHOTO OKCHIA AIIOMUHHMS, IOTy4YEHHbIE C IIOMOIIBIO CKaHHPYIOLIETo
DJIEKTPOHHOTO MUKPOCKOIIA: a — oBepxHocTh 100™ yBenuuenue; b — ckon 1000* ysenuuenue; ¢ — oOparHas CTOpoHa
100" yBenuuenue

Figure 2 — Scanning electron microscope images of the anodic aluminum oxide substrate: a — surface 100 magnifica-
tion; b — cross-section 1000* magnification; ¢ — bottom side 100* magnification

[anee Ha MOANOXKKY C ABYX CTOPOH METOAOM  IUIOINAAOK. PasneneHue MOMIOKKH Ha OTAEIbHBIE
MarHeTPOHHOI'O OCAXKICHHUS C HCIHONb30BAaHMEM  KPUCTAJUIbl 3aJaHHOrO pasMepa M (HOpMHPOBAHHE
BaKyyMHOH ycraHoBKU Edwards ESM100 mpum B HHMX CKBO3HBIX OTBEPCTHH OCYLIECTBISIOCH
paboueii wmomHOocTH W =100BT wu pgaBneHHWH  OJHOBPEMEHHO JKHUIKOCTHBIM TpaBieHueM AOA
B pabouell Kamepe P=5x10" MOap Hanocunmu B H,PO, (50 % mac.) mpu temneparype 50 °C
miatuHy TommuHOM 300 HM. 3arem mpoBommiM B TedeHHe S MuH. Ha pucynke lc  mokasaHa
IBYXCTOpOHHIOIO  (oronmurorpaduio  u  Mero-  QoTtorpadus KpucTaia CEHCopa, pa3BapeHHOIO
JOM IUIa3MOXMMHYECKOTO TpABIECHHs IIJIaTUHBI Ha BHEIIHWE KOHTAKThl Kopryca ceHcopa. J[lo
B atmochepe C;F¢/N, (dopMupoBanu TOHNOJNOTHIO HPOBENEHMS  MCOBITAHUM  OBUIM  HM3MEPEHBI
HarpeBarenss C OAHOM CTOPOHBI  IOUIOKKH,  BOJIETAMIIEPHBIE XapaKTEPUCTHKU M 3aBHCHMOCTH
a ¢ o0paTHOW CTOPOHBI — TOIOJIOTHIO M3MEPUTENb-  TEMIIEpPaTypbl HarpeBa KpHUCTaula OT IMOAaBaeMON
HBIX OJJIEKTPOJOB W  BHEHNIHMX KOHTAKTHBIX  MOIIHOCTH Ha HarpeBarelb. N3mepenus
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TEMIIEPaTypsl  OCYHIECTBISIM ~ OECKOHTAKTHBIM
MeromoM B mpenenax 200-550 °C crammoHapHBIM
BBICOKOTOYHBIM IH(PPOBEIM HH(PpPAKpaCHBIM  ITH-
pomerpoMm [IMPAC IPE — 140 co cHeKTpaJbHBIM
nranazoHoM 3,9 MkMm. CoONpOTHBIICHHE HarpeBa-
Telel B OTOOPAHHBIX IS TIPOBEICHHUS HCIBITAHUN
ceHcopax cocrasisuio 22,0+2,0 Om. Ha pucynke 3
MIpEJICTaBIIeHa 3aBUCUMOCTh TeMIIepaTyphl CEHCOpa
OT T0J]aBa€MOI MOIITHOCTH Ha HarpeBareb.

t,°C
500 r

400

300 |

0 1 |

20 410 60 80
P, mW
Pucynok 3 — 3aBUCUMOCTh ~ TeMIepaTypbl  KpUCTaJIa

CCHCOpa OT MoJIaBaeMou Ha HarpeBaTejib MOITHOCTH

Figure 3 — Dependence of sensor temperature on the sup-
plied power to heater

B kauecTtBe Tra30uyBCTBUTENBHBIX  CIIOEB
WCIOJB30BAIM  CJIEAYIOLIME COCTaBbl OKCHAHBIX
KOMITO3UIMM, IIHPOKO HCIHOJIB3YEMBIX B CEHCO-
puke: In,0,+Ga,05 [35,36]; In,0,+Sn0O, [37-39];
SnO,+Pd [40-43]. [JIns nomaydyeHHs UHAMN-
TaJIJIMEBBIX OKCHJHBIX KOMIIO3MIMHM CHayama To-
TOBWJIM PAcTBOP HUTPATOB 3THX METAJUIOB MyTEM
pactBopenus 10 r Ga(NO;); B 20 M1 1eMOHU30BaH-
Ho#i Boabl U 30T In(NOs); B 20 M1 1€eMOHHM30BaH-
HOM BOAbL. PacTBOpBI cMelIMBalU, OCAKICHUE
THJIPOKCUAOB MHIUS W 0JIOBa OCYIIECTBISUIU
BogHbIM pactBopoM NH; (30 % mac.) 1o 3HaueHus
pH=7,5. KonnougHslif pacTBOp T'HAPOKCH/IOB
(3071b), MOJYYEHHBIH TMOCIE OYUCTKH OT 3JIEKTPO-
JUTOB  LEHTPUPYTUPOBAHMEM M  XUMHYECKOH
aKTUBAllMM B YJIBTPa3ByKoBOH BaHHE (2 MHH) Ha-
HOCWJIM JI03aMH TI0 2 MKJI Ha TIIOBEPXHOCTb
n3MepuTenbHbIX AnekTpoaoB mpu 70 °C. Kaxaslid

HAaHECEHHbIH CIIOW  BBIIEPKUBAIM TIPU  ITOU
temrneparype B TeueHue 20c. g nomyuyeHus
OTHOPOAHBIX Ta304yBCTBUTEIBHBIX IUIEHOK JOC-
TaTOYHOW TONIIHUHBI (=5 MKM) HAHOCWIH JIO
10 cnoéB, mocne 4Yero KpUCTALIBI OTKUTAIU
B MydenpHor nieun mpu 700 °C B Teuenne 40 MUH.
Hus  QopMmupoBaHHS  Ta309yBCTBUTEIHHOTO
CJIOSI HA OCHOBE OKCHIHON Komno3uuuu In,0;+Sn0O,
nepBoHayanabHO pactBopsuid 30 r In(NO;); B 20 Mn
JenoHn30BaHHOM Boxel W 151 SnSO, B 30 Mn
BogHOTO pactBopa KOH (1 % mac.). [lomyueHHbie
pacTBopel cMmemmBanu W jpoBoawian pH cocraBa
Io 3HadeHWS &8 MmyTéM J00aBleHUS pacTBOpa
KOH (1 % mac.). IloarotoBky 3051 W €ro HaHe-
CEHME TPOBOAMJIM IO BBHIIICONMUCAHHONW METOJIHUKE.
Jdnst  momydeHuWsl  OJHOPOJHBIX  T'a304yBCTBU-
TEeTBHBIX ITUIEHOK 3aJaHHOW TOJIIUHBEI (<7 MKM)
HaHOCUIH 10 20 croéB.
Oxcun onoBa mMmony4yand IyTEM pPacTBOPEHHUS
SnCl, B 20 M1 [eMOHM30BaHHOM BOJBI
no0aBJIeHUS BOJHOTO  pacTBOpa aMMHaKa
(50 % mac.) no pH = 8. IlomydyeHHyI0 CYCHEH3UIO
BBIICP)KUBAIM 24, 3aTeM THJAPOKCHJI  OJIOBA
BBICTSUIM  [EHTpU(YTUpOBaHWEM,  OTMBIBAIIN
OT W30BITKA OJJIGKTPOJIUTOB M  aKTHUBUPOBAIU
B yIbTpa3ByKoBoii BaHHe. [locie yero B cycneHsuto
nobasmsumn S min BomHoro  pactBopa  PdCl,
(5 % mac.). IIpuroToBiEeHHBIH TakUM 0OpPa3OM
KOJUIOMJIHBIA pPAcTBOp HAHOCHIM Ha Pa3orpeTyro
MOBEPXHOCTh TMOJUIOKKH (KPUCTAJUIA) KareJIbHBIM
cocoboM 1o 2 MKI. IIpomMexyTo4yHyIO CYHIKY
cinoés mposoamwnu mpu T =100°C, ana dop-
MHUPOBAHUSI Ta304yBCTBUTENBbHOrO ciost SnO,+Pd
WIEHKH oTkuranu npu Temneparype T =700 °C
B TeueHue 40 MuH.

10r
u

HccnenoBanue ra3oayBCTBHTEJIbHBIX
XapaKTEPUCTUK

HccnenoBanne ra304yBCTBHUTENBHBIX —Xapak-
TEPUCTUK TOTYIPOBOIHUKOBBIX Ta30BBIX CEHCOPOB
MPOBOAVIIN TIPH BO3ACHCTBUU MaJbIX KOHIICHTpA-
M Bojopoda MW OKcuaa ymiepoaa. OTKIMK
xumugeckoro ceHcopa x H, u CO wuccnenosaics
Opy  3HAUEHUSAX  NOTPEONIIeMOM  MOIHOCTH
B guanaszoHe or 28 MBt mo 60 mMBT, uTOo 0Oecme-
YUBAJI0 TEMIIepaTypy HarpeBa YyBCTBUTEIHHOTO
asneMeHnTa B auamazonHe ot 220 °C mo 420 °C.
Hccnenosanue XapaKTePUCTUK XUMUYECKHUX
CEHCOPOB  TIPOBOIWIOCH C  HCIIOJH30BAHUEM
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IKCIIEPUMEHTAJIBHOTO ~ CTEHJA, COCTOSILEro W3
razoporo Oamtona ['CO III'C, pemyxropa BKO-
25-MI, ra3zocMecutenbHOM ycTaHOBKM  EAST-
GAS, wusmepureneil Temmeparypbl U BIAXXHOCTU
TESTO 625, uzmepurensi ra3oBoro noroka. 'azom-
pa3baBuTeNneM CIYXXHMJI MCKYyCCTBEHHBIH BO31yX
(cocraB: N, — 79 %, O, — 21 %). HenmocpeactseHHO
HU3MEpEeHHs IapaMeTpoB CEHcopa MPOBOIWINCH
B COCTaBe MOIYJIs YHpaBICHUA M IEPBUYHOIN
00pabOTKH, COCTOSILICTO W3 MCTOYHUKA IHTAHHS

(Keysight N57524), umudpoBoro  MyJasTUMETpa
Keysight 344704, HOPMHPYIOIIEr0 YCHUJIHTENS U
MHUKPOKOHTpOJIIEpa,  00ECIEUMBAIOIIEIO  ChEM,

yCWJICHHE M Tepeady OLU(POBAHHOIO CHrHaja
(mporokonr UART), a Taxke OTOOpakeHUE BBIXOJ-
HOTO CHUTHajla Ha MOHHTOpPE  KOMIBIOTEpA.
OmnepaTuBHBI KOHTPOJb 32 XOJOM 3KCIEPHUMEHTa
OCYILECTBISUICS. 1O HHpOpManuu, (GUKCHPYEMOH
HN3MEPUTEIbHBIMA NPHOOpPaMHU, a TaKke MaHOMET-
POM M pacxoAoMepaMu Tra3oreHeparopa, KOTOpbIE
nepefaBanach Ha IEPCOHAJIBHBIA  KOMIIBIOTED.
[ToBTOpHBIM LUK ~ M3MEPEHMM  HauMHAJICS
C BKJIOUCHMS KJIallaHOB ras3oreHeparopa B CO-
YeTaHNH, OOECIEeYMBAIOIIEM MHUHHMMAJIBHOE COIEp-
KaHWE HCXOAHOTO Ta3a B Ta30BOM  CMECH.
[locne mpeaBapuUTENBHON NPOKAaYKH CMECh IOAa-
Bajach B M3MEpHUTENIbHYIO sdeiiky. Ha ocHo-
BaHMM HH(pOpMAIMHK, IOJy4yaeMoOH Iocie NpoBe-
JeHUS TSITH LUKIOB HM3MEPEHHH W MOCIeayrole-
ro YCPEAHEHHs [aHHBIX, 3a(UKCHPOBAHHBIX IPHU
OJMHAKOBBIX ~ KOHLGHTpalUMsAX Ta30BOH  CMecH,
paccuUnuTHIBAIOCH 3HAuUCHHE COIIPOTHBIICHUS
YyBCTBUTEJIBHOTO cjios  ceHcopa. CeHCOpHbI
orkimuk  (AR=R,, —R,,) ONpenemsuics  Kak
pa3sHOCTb  MEXAYy  CONPOTHBICHHEM  CEHcopa
IpH  BO3/CHCTBHM aKTHBHOIO Tasza (R,,) ¥
COIIPOTHBJIEHHEM ceHcopa B  Bosayxe (R,;,)
IpU OAHOM M TOM JKE 3HAYEHWH MOIIHOCTH
Harpesatessi. UyBCTBUTENIBHOCTh (CUTHAN) CEHCOpa
paccunTbiBanach Kak S = (R,,/R,;,)* 100 %. Bpems
cpa0aThlBaHUs Ty, ONPEAENNIOCh OT MOMEHTa
peakuMu CceHcopa IPU BO3ACHCTBUU KOHLEHTpPA-
UMM rasa 0 BpeMeHu goctwxkeHus 90 % ypoBHs
CTaOMJIBHOTO 3HAUYEHHsI CUTHAJIA.

Ha pucynke4 npuBeseHbl  3aBUCHUMOCTU
CUTHAJIOB  CEHCOPOB C  Ta30YyBCTBUTEIBbHBIM
ciroeM In,0;+Ga,O; or Bpemenn Boszeicteusa H,
¢ koHueHTpanuei 10 ppm (pucyHok 4a) 14, =10 ¢
n CO c xonmentpammerr 10 ppm (pucynok 4b)
32 BpeMsA Ty, =30c npu pasHOH TeMmeparype
KpUcTajyla ceHcopa. Bpemss Bo3Bpara 1pu

BO3JEHCTBUN Bogopona cocrtasisier 25-30c, npu
BO31EeHCTBUN oKcuaa yrepona 10-20 c.

R/Ro
*100%
80
gas +H, L gas - H,
70 -
60
2 (420 °C)
50 /
40
30
20 r
1 (250 °C)
10
0 L LS
0 5 10 15 20 25 30 35 40 45 50 t,s
u
R/Ro
*100%
120 gas +CO gas -CO
100 | L
80 r
60 - 2 (420°C)
40 +
1(250°C)
20 /
0 L L L 1 L 1
0 5 10 15 20 25 30 35 40 45 50 ¢s
b

Pucynok 4 — 3aBICHMOCTh BEIWYHMHBI CHTHANAa CEHCOpPA
C Ta309yBCTBUTENBHBIM cioeM In,0;+Ga,0; oT BpemeHn
BO3/eiicTBUS Ta3oB ¢ KoHueHTpanumei 10 ppm: a—H,
mpu temnepatype 250 °C (xpuBas 1) m 420 °C (xpwu-
Bas 2); b— CO mpu temmeparype 250 °C (xpuBas 1) u
420 °C (xpuBas 2)

Figure 4 — Dependence of sensor signal on exposure
time with In,0,+Ga,0; gas-sensitive layer to gases with
concentration of 10 ppm: a —H, at 250 °C (curve 1) and
420 °C (curve 2); b—CO at 250 °C (curve 1) and 420 °C
(curve 2)

M3 nosyyeHHBIX 3aBUCUMOCTEH  CIEYET,
YTO Ha YYBCTBHUTEIHHOCTh CEHCOpa Ha OCHOBE
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In,0;+Ga,0; mpu BO3AEHCTBHHM BOAOpOIA H
MOHOOKCHJa yIyiepona ¢ KoHIeHTpamuei 10 ppm
pemaroliee  BIUSHHE OKa3blBaeT TeMIIEparypa,
MpH 3TOM MaKCHMalbHBIA curHanm cencopa 70 %
k H, (pucyHok 4a, xpuBas 2) mocTUraercs IpH
temneparype 420°C u 80 % x CO (pucyHok 4b,
kpuBas 2) npu temneparype 420 °C, 9To cooTBETCT-
ByeT MOTpeOIsieMOll MOIIHOCTH Ha HarpeBaTese
33 MBr u 60 MBT, coorBerctBenHo. Ilpu Temme-
parype 250°C (33 MBT) dYyBCTBUTENBHOCTH K
Bonopoxy cocraBmwia Bcero 30 % (pUCYHOK 4a,

R/Ro
*100 %

[ gas + H, gas - H,
9% ‘
80 r ' \
70

/’\ 2 (410°C)

60
50 |
40 t
30
a0 L 1 (380°C)
10
0 . N

0 5 10 15 20 25 30 35 40 45 5018

a

kpuBas 1), a kK CO — 10 % (pucynoxk 4b, xpusas 1)
npu 250°C (33 mBT). Ilpm stom nus 1i€HOK
In,0,+Ga,0; 3aBUCHUMOCTb  4YyBCTBUTEIBHOCTH
k CO or TtemmepaTypsl HMeeT Oojiee BBIpaKEH-
HBII XapakTep.

Ha pucynke 5 npuBeneHs! rpaduku 3aBHUCH-
MOCTH CHUTHAQJIOB CEHCOPOB C Ta304yBCTBUTEJIb-
HbIM croeM SnO,+Pd or Bpemenu Bosneiictus H,
¢ xoumeHtpamued 10 ppm (pucynok 5a) m CO
¢ xouneHtparueit 10 ppm (pucynok 5b) npu pas-
HOU TeMIlepaType KpUcTajla CEHCOopa.

R/Ro
* 0,

100% gas +CO gas -CO

80 r

70

60 ¢ 1(380°C)
50 r /

40 r

2(410°C)

30 r

20

10

0 , i —

0 5 10 15 20 25 30 35 40 £, s

Pucynok 5 — 3aBUCHMOCTb BEIMYMHBI CUTHala CEHCOpa C ra304yBCTBUTENbHBIM cioeM SnO,+Pd oT BpemeHu
BO3JEUCTBHUs ra3oB ¢ KoHueHTpauuei 10 ppm: a — H, npu temneparype 380 °C (xpusas 1) u 410 °C (xpuBas 2);
b — CO npu Temneparype 380 °C (kpuast 1) n 410 °C (kpuBas 2)

Figure 5 — Dependence of sensor signal on exposure time with SnO,+Pd gas-sensitive layer to gases with concentra-
tion of 10 ppm: @ — H, at 380 °C (curve 1) and at 410 °C (curve 2); b — CO at 380 °C (curve 1) and at 410 °C (curve 2)

MaxkcumanpHOE 3HAa4YeHHWE CHTHajla CeHcopa
Ha OCHOBE OKCHJIa OJIOBa M TaJIIaus MPH BO3JEH-
ctBun H, ¢ xoHunenrpammeint 10 ppm cocraBuio
85% mpu Temmeparype 410°C wm momaBaemoit
MOIITHOCTH Ha HarpeBarenb 57 MBT (puCYHOK Sa,
kpuBas 2). Ilpn HeCKOIbKO MEHBIIEH TeMIleparype,
okomo 380 °C (54 MBT), 3HaUcHWE CHWTHAIa TaKOTO
ceHcopa yxe paBHO 67 % (pucyHOK Sa, kpuBas 1).
I[Ipu  »>TOM Bpemsi cpabaTbIBaHUSI ~COCTAaBIISIET
Tyo =5 c. UyBctBuTENnbHOCTS K CO 1OCTHraeT Mak-
CHUMAaJIbHOTO 3Ha4eHusi Tojbko uepe3 20-25¢, u
e€¢ BemmumHa coctapuser 70 % mpum Temmeparype
380°C (54 mBt). [Ilpm Ttemmeparype 410°C
(57 MBT) 9yBCTBHTEIBHOCTH CEHCOpa TPUHUMACT
3HayeHue 45 % mnpu T4, =25c. Bpems BosBpara

MpA BO3JCHCTBHH BOAOPOAAa W OKCHAA YIVIepoja
cocraBisier 10-20 c. bonpuioe BiIusSIHUE Ha CEH-
COpHBIE CBOMCTBAa TOHKHX TUIEHOK, B TOM YHCIE U
Ha SnO,, oka3bIBaeT MOPQOJIOTHs, TaK KaK BKIAJ
MOBEPXHOCTH B W3MEHEHHE 3JIEKTPO(YU3NIECKIX
XapaKTepUCTUK TIPU aJCOPOIMH Ta30B  SIBISETCS
OTIPEIEITSTOTIIM.

Ha pucynke 6 mnpencraBieHbl 3aBUCHMOC-
TH CHUTHAJOB CEHCOpa C Ta309yBCTBUTEIHHBIM
CI0EM W3 TIONYIPOBOAHUKOBBIX METAJIOKCHIOB
In,05+SnO, OT BpeMeHH BO3NEHCTBUS HNETEKTHU-
PYEMBIX Ta30B.

Curnam ceHcopa C Ta3049yBCTBHUTEIHHBIM
cioeM Ha ocHoBe kommosuuuu In,O;+SnO, npu
Bozneiicteun  CO ¢ koHmeHTpamuei 10 ppm
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mpu Ttemmeparype 220°C (28 MBT) cocraBun
150 % B Tedenme 5c, HO TPONOIKAI pAcCTH B
tedenue 30 ¢ mocie momaun raza u goctur 250 %
(pucyHok 6, xpuBas 2). Ilpu BosneiictBum H,
¢ xoHneHTpanueit 10 ppm npu temmeparype 220 °C
(28 MBT) 9yBCTBHUTENIBHOCTh COCTaBWJIA BCETO
oxono 30 % (pucynok 6, xpusas 1). [locturayras
MOIITHOCTh TOTpeOneHuss 28 MBT, HeoOxommmas
JUIS  TIONZICpKAHWS HEMPEPBIBHON TeMITeparyphl
ra304yBCTBUTEILHOTO CJOS  TIOJTYITPOBOTHUKOBO-
ro ceHcopa Ha ypoBHe 220°C, Moxer OBITH
3HAYUTEIHHO YMEHBIIICHA /IO €IWHUI] MHUJUINBATT

npu HUCIIOJIb30BAHNN pexuma HUMITYJIbCHOT'O
HarpeBa [44, 45].
R/Ro
*100%
gas +CO gas -CO
250 / )
200 r
150
100
gas +H2 1 gas -H2
50 /
O 1 1 1 1 —
0 5 10 15 20 25 30 35 40 t,s

PucyHok 6 — 3aBHUCHUMOCTb CHUTHajJa CEHcopa C Ta3o-
YyBCTBUTEIBbHBIM cioeM In,0;+SnO, or BpemeHn
BO3JIecTBUA ra3oB ¢ KoHueHTpanueil 10 ppm: H, npu
temneparype 220 °C (xpuBas 1), CO npu temmepatype
220 °C (kpuBas 2).

Figure 6 — Dependence of sensor signal on exposure time
with In,0;+Sn0O, gas—sensitive layer to 10 ppm: H, at
220 °C (curve 1), CO at 220 °C (curve 2)

[lpn cpaBHEHWH peE3yNIbTATOB HCCIEIOBAHHUN
XapaKTePUCTHK  Ta30BbIX CEHCOPOB C  Traso-
YYBCTBHTEJIBHBIMU  CIIOSMH W3 CMCIIAHHBIX
MOy POBOTHUKOBBIX OKCHJIOB METaJUIOB
(pucyHok 7), oOHapyeHO, YTO MaKCHMaJIbHOM
YYBCTBUTEJIIBHOCTBIO K  BOJIOPOAY  OOJafaroT
ceHCOphl ¢ mi€HkaMu u3 SnO, conep:KaluMu
MuKkpo- u HaHouactuiel Pd (85 % mpu 410 °C)
(pucyHOK 7a). OTH Ke TUIEHKH XapaKTepHU3YIOTCS
BBICOKOM CKOPOCTBK) PpEaKLMM IIPU BO3JACHCTBUU
BOJOPOJA (Tgy = 5 C).

R/Ro
*100% gas H,
SnO,+Pd (410°C)

/

90 r

80

70

AN

60 In,04+Ga,05 (420°C)

50 |
40
In,0,+8n0, (250 °C)
30
20

10

0
0 5 10 15 20 25 302, 8
a
R/Ro
*100%’ gas CO
250 | In,04+Sn0, (250 °C)
200
150
100 L In,0;+Ga,0; (420°C)
50 \
o . _ SnO+Pd (410°C)
0 5 10 15 20 25 30 ¢, s
b

Pucynok 7 — 3aBHCHMOCTh CHTHaJa CEHCOpa C Tazo-
9yBCTBUTENBHEIM cioeM In,05;+Ga,05, In,0;+Sn0O,
u SnO,+Pd or Bpemenu BozgeiictBus rasos: a—H,
¢ koHneHTpanueid 10 ppm; b —CO ¢ KoHUEHTparuen
10 ppm

Figure 7 — Dependence of sensor signal on exposure time
with a gas—sensitive layers In,0;+Ga,0;, In,0;+Sn0O,
and SnO,+Pd: a—H, with the concentration 10 ppm;
b — CO with the concentration 10 ppm

MeHbIIIyl0  4yBCTBHTEIBHOCTH K  BOJOPO-
Iy TIOKa3aJd IIOJTYNPOBOJHUKOBBIC COCIUHEHHS
In,0,+Ga,04 (70 % npu420 °C) u In,0,+Sn0O, (30 %
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npu 220 °C) npu 1y, =20 c¢. Curnan cescopa npu
BO3JICHCTBUY MOHOOKCHZIA yIJepoja IpeacTaBlIcH
Ha pucyHke 7b. MakcuManbHYI0 YyBCTBHTEIIb-
HOCTh 250 % mpm 220 °C mokazajam CEHCOpPHI
¢ miéHkaMu Ha ocHoBe In,0;+SnO, 3a Bpems
Ty = 30 ¢, TOrna Kak uyBCTBUTENBbHOCTH In,O;1+Ga,0;
u SnO,+Pd 6buta Ha yposae 30-50 % mpu 410-
420 °C.

3akjayeHue

Pa3paboraHa KOHCTPYKIUS ¥  TEXHOJOTHS
MOJIYYEHUs] MOJYIPOBOAHUKOBBIX Ta30BbIX CEHCO-
POB C HHU3KHM DHEPrornoTpedieHHeM Ha OCHOBE
OKCHJa aIOMHHHS ToamuHoM 50+1 MKM, dYTO
MO3BOJISIET C BBICOKOM YYBCTBUTEIBHOCTBIO JIE-
TEKTUPOBAaTh BO3JEHCTBUE MOHOOKCHUJA  YIJe-
pora W BOIOpOAAa B BO3AYLIHOM Cpele C KOH-
ueHtpatusimu 10 ppm. IlpuBeneHbl pe3ynbTaThl
SKCIIEPUMEHTANbHBIX HccaeaoBanuil. OnpenenéH
paboumii  AMara3oH  TEeMIEparyp,  KOTOPHIH
coctaBun 220-420 °C. beicTpoaeiicTBUE CEHCOPOB
¢ y4yéTOM THUMNA raza U ra3ouyBCTBUTEIBHOIO CIIOS
ompeneisercs B auamnazoHe ot Sc¢ go 20 c mpu
MOIIIHOCTH TIoTpednenus ot 28 MBT 1o 60 MBT.

IIpencraBnenHbie B padoTe€ CEHCOPHI MOTYT
OBITh HCITONIB30BAaHBI TIPH Pa3padOTKE CHUCTEM,
00ecrnevnBarIuX KOHTPOJIb KOHIICHTPAIMHA OKCH/Ia
yriaepojaa B pabodeil 30He, a Takke OOHAPYIKEHUH
PaHHUX CTaJui BO3rOpaHUsl.
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MeToabl OLIEHKH TOYHOCTH CUCTEM I'MPOCKONMUYECKON
CTA0MIM3AIMH BHEOKAMEPHI HA NMOJABUKHOM 00bEeKTE

B.B. MarBeeB, U.A. Bexuiep, E.W. IlonnTtkoB, M.I'. [Toropesos

Tynvckuil 20cy0apcmeeHHblll YHUGEPCUmen,
np. Jlenuna, 92, 2. Tyna 300012, Poccus

Hocmynuna 16.01.2024
Hpunama k newamu 04.03.2024

s moBbILIEHWS KadyecTBa BHU3YaJIbHOH HWHQOpPMAlMM, TNOCTyNamolled ¢ BHICOKaMep, HX
YCT@aHaBIUBAIOT HA IIATQPOPMBI CUCTEM THPOCKOMMYECKON CTaOMIM3alny, 00ecreunBaronme TpedyemMyio
OpPHEHTAIMIO ONTHYeCKoH ocHu. Llenpio paboThl sBIsIach pa3paboTKa MaTeMaTHYECKOTO OIMCaHuS,
MO3BOJISIIOLIECTO OLIEHUTH TOYHOCTH CUCTEM IMPOCKOITMYECKON CTaOMIIM3alK BUJCOKaMEPhl Ha TOIBUKHOM
00beKTe, IMOCTPOCHHOM Ha MHKPOMEXaHWYECKHMX JaTyhKax HepBHUHOW uHPopManuu. PaccMmorpena
JIBYXOCHAsl CHCTEMa THPOCKONMYECKOW CTaOWIM3aluKM BHICOKaMepbl Ha MOABWXHOM oObekTe. JlaHo
MaTeMaTH4eCcKoe OMNHMCAaHHE OJHOTO W3 KaHAJOB CHUCTEMbl CTa0MIM3allMKd C YOpPABICHHEM IO YIIy H
yIIOBOH ckopocTu. M3mepeHue yria OTKIOHEHHUS! MIAaTGOpMbl OT IIOCKOCTH TOPU30HTA M €€ YITIOBOM
CKOPOCTH 00eCHe4eHO MHMKPOMEXaHMYECKHMMHU aKCEeJIIEPOMETpaMH M THUPOCKONAMU COOTBETCTBEHHO.
[osicHena ¢u3nueckas MpUpona BO3HUKHOBEHHS CHHXPOHHBIX IOTPEHIHOCTEH CHUCTEMBI CTaOWIM3alMH
IPU YIJIOBBIX KONEOAaHMSIX MOABMKHOrO oObekTa. JlaHa OLEHKa CHHXPOHHOM MOTPEIIHOCTH CHUCTEMBI
crabunm3anuu npu konebaHusx oObekta ¢ wactoToil 30 ['m. [IpuBexeHo aHanuTHUECKOE COOTHOLICHHE
JUIsSL OLICHKH TOTPEHIHOCTEH CHCTEeMbl CTAOMIM3aLUH, BBI3BAHHBIX CIy4YalHBIMH MOTPELIHOCTSIMH THPOC-
KOIIOB M akcenepoMmeTpoB. [lokasaHo, uto eciu cradbuiam3anusi miaaropMbl OCYIIECTBISETCS TOJIBKO
[0 CHTHAJaM THPOCKOINOB, COACPKAIMX B M3MEPEHUSX CIydalHble MOTPEHIHOCTH TUMa Oeyoro mryma,
TO 3TO NPHUBEAET K JApeldy MmIaThopMbl CO CPETHUM KBaAPAaTHUYECKHM OTKJIOHCHHMEM, MPOMOPIHMOHAIb-
HbIM KOPHIO KB3JIpaTHOMY H3 BpeMeHH. [IpM 3TOM NOCTOSHHBIA BO3MYNIAIONIMH MOMEHT HE OTpa-
OarbiBacTcs. [IpuBeneHO MareMaTHYECKOE ONMCAHHME «CMas3a» H300paKeHUs BHICOKAMEphl NPH KO-
nebaHusxX  1aTGopmbl, BBI3BAHHBIX  CIYYalHBIMH  HOTPEIIHOCTSIMM ~ MHEPLUHUAIBHBIX  JTaTYHKOB.
[IpounmoctprupoBan >3QQeKT cMaza H300pakeHUsI IPU PA3TUMYHBIX TapaMeTpax KojJeOaHui mIaT(opMBbl.

KiroueBble cj1oBa: cucreMa CTa6I/UII/I3aHI/II/I, BUACOKaMEpa, TMPOCKOII, aKCEJICPOMETpP, CMa3 I/1306pa)KeHI/ISI
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Abstract

Video camera, are installed on platforms of gyroscopic stabilization systems in order to improve the
quality of visual information and provide the required orientation of the optical axis. The goal of the work was
to develop a mathematical description that allows evaluating accuracy of gyroscopic stabilization systems
for a video camera on a moving object, built on micromechanical sensors for primary information. A biaxial
system for gyroscopic stabilization of a video camera on a moving object is considered. A mathematical
description of the channel of the stabilization system with control over angle and angular velocity is given.
Measuring the angle of deviation of the platform from the horizontal plane and its angular velocity is pro-
vided by micromechanical accelerometers and gyroscopes, respectively. Physical nature of the synchronous
errors' occurrence in the stabilization system during angular vibrations of a moving object is explained. An
assessment of the synchronous error of the stabilization system when the object oscillates with a frequency
of 30 Hz is given. An analytical relationship is presented for estimating of the stabilization system errors is
caused by random errors of gyroscopes and accelerometers. It is shown that if the platform is stabilized only
by gyroscope signals containing random errors such as white noise in the measurements, this will lead to the
platform drifting with a standard deviation proportional to the square root of time. In this case, the constant
disturbing moment is not processed. A mathematical description of the “blurring” of the video camera image
during platform vibrations caused by random errors in inertial sensors is given. Effect of image blur for vari-
ous platform oscillation parameters is illustrated.

Keywords: stabilization system, video camera, gyroscope, accelerometer, image blur
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BBenenue

I[J'ISI ITOBBIIIICHU A KadycCTBa BH3yaJ'IBHOfI
nH(pOpMaIK, TIOCTyHaroImed ¢  BUAEOKaMep,
WX yCTaHABIMBAIOT Ha IIATPOPMBI  CHUCTEM

rupockonmyeckoit  cradbmmsamun  (CI'C), obec-
MEYNBAIONIUX TPeOyeMyl0 OpPHEHTALMIO0 ONTHYeC-
koW ocu. Hawubonee moONHYIO CTaOWIM3ALINIO
BHJeOKaMephl  BBIMONHAIOT — TpéxocHele CI'C,
HCKIIIOYAIOIINE BIIMSHUE NPOU3BOJIBHOIO YIIIOBOIO
nBIKeHus oowvekTa. HecMotpst Ha To, 4To IBYXOC-
Hele CI'C obecneunBaroT cTaOWwiIn3aLUi0 BHICO-
KaMepbl BOKPYT NIBYX OCEH, OHHM JIOBOJBHO HYacTO
MPUMEHSIOTCS Ha TIOJABM)KHBIX OOBEKTax, TaK Kak
MPOCTHI B KOHCTPYKTUBHOM HCHOJHEHHHM M 00Ja-
JAl0T MEHBIIUMH MAacCO-TadapUTHBIMU XapaKTe-
pucTHKamMu 1o cpaBHeHHIo ¢ TpéxocHeiMu CI'C.
B kauecTBe JaTyMKoOB NEPBUYHON HH(OpPMALUU
CI'C cpeaHero ¥ HH3KOrO Kjacca TOYHOCTH
IPUMEHSIOTCS ~ MHKPOMEXAHHYECKHE  THPOCKO-
nel (MMI') 1 MuUKpOMEXaHMYECKHE aKCeIepOMeT-
pel (MMA), 3amayeil KOTOpBIX SBISETCS HU3Me-
peHue MapaMeTpoB, XapaKTEPU3YIOMIHUX OTKIIO-
HeHHe TMIaT@opMbl OT 3aZaHHOTO  TOJIOKCHHMS.
Muxkpomexannueckue rupockonsl CI'C  mpen-
Ha3HAueHbl MAJIS1 IOJYyYEHHUs CHUIHAJOB, HPOIOp-
LUOHAIBHBIX ~ YIJIOBOH CKOPOCTH  ILIAT()OPMBI.
MMA B cocraBe CI'C mpu aBmwkeHHH OOBEKTa
0e3 yckopeHHi (DYHKIMOHUPYIOT B KadeCTBE
H3MEpUTENCH YIJIOBBIX OTKJIOHEHUH II1aT(OPMBI
OT IUIOCKOCTH TOPHU30HTA.

B nacrosmee Bpems mno Teopun CI'C
n3BecTHa oOmmpHas surteparypa [1-11]. B pabo-
Tax [1-3] mpuwBomWMTCA  MareMaThdeckas ~ MoO-
JIellb  THPOCTaOMIIN3aTOpa, 3alliCaHHas B IPOEK-
UAX a0COTFOTHOM YIJIOBOM CKOpOCTHU
mwiatpopMbl Ha CBsI3aHHbIE C Hel ocu. Takas
MaTeMaTH4yecKass MOJENb  fABJSAETCS  JIOBOJBHO
MPOAYKTUBHOM M TOJy4YHWsia Pa3BUTHE U aHAIU-
32 W CHHTe3a TMpOCTaOMIN3aTOPOB Ha PasIMUHBIX
TUPOCKOIMUYECKUX JaTIUKAX: JUHAMHUYECKU
HacTpaMBaeMbIX  THpockomax [4],  BOJOKOHHO-
ONTHYECKUX THpockomnax [5, 8], ma MMI [7, 11],
Ha MEXaHMYeCKHX Tupockomax [1,2], Ha BOIHO-
BBIX TBEpIOTENbHBIX rupockomnax [10]. B moxas-
JSIIOILIEM YHCJI€ HCTOYHHKOB JIMTEpaTyphl OTCYT-
CTBYET OLEHKA BIMSHUS HHCTPYMEHTAJIbHBIX
MOTPEeIIHOCTEH TUPOCKOIIMYECKUX JATYMKOB
Ha TOYHOCTh CTa0WJIM3AlMU WU TIOTPEIIHOCTH
ABTOCOTIPOBOXKICHHUST 0O BEKTOB.

Ilenmsto  paboOTBHI  SBIISIIACH
MaTEMATUYCCKOI'O OIIMCaHMus,

OIICHUTh TOYHOCTh CHUCTEM T'HPOCKOIHUYECCKON
cTa0WIM3aIi ~ BUJICOKAMEphl HAa  MOJBHKHOM

00BeKTe, TOCTPOEHHOW Ha MHUKPOMEXaHHYECKHX

paszpaboTka
MO3BOJISIOLIECTO

JATYMKaX MepBUYHON MH(POPMALIUH.

3JIeKTp0KI/lHeMaTI/I‘IECKaH cxemMa
)]ByXOCHOﬁ CHCTeMbI CTA0MIM3AUU

OJNeKTpoKMHeMaTu4eckass cXemMa IOCTPOEHHUs
nByxocHoi CI'C Bumeokamepsl 1O yIiiaM TaHTa-
Ka M KpeHa npuBeneHa Ha pucyHke 1. ITmardopma
C YCTAaHOBJICHHOM Ha HEW BUACOKAMEPOH HMeEEeT
JIB€ CTEIEHU CBOOOIBI OTHOCUTEIBHO ITOJBHK-
HOro OOBEKTa: BpaIICHUE BMECTE C PaMOil BOKPYT
ocu X M COOCTBEHHOE BpalICHHWE BOKpPYr OcH Z.
Ha miardopme ycTaHOBIEH Takke HHEpLUallb-
HBI m3MepuTenbHbli Moaynb (MHM), Bkitowaro-
mmid B obmem cinydae tpu MMIT u tpu MMA.
WM BBIBISIOT OTKJIOHEHWE TUIAT(GOPMBI  OT
TpeOyeMoro YIJIOBOrO MOJNOXKEHHS MU (POpPMHUPYIOT

CHUI'HAJIbI, nocrynaromue B BBIYUCINUTECIIBHO-
mpeoOpasyromiee  yCTpoOWcTBO,  opmupyromee
VIOPaBISIONINE CHIHATBI HA JBHrarelid  CcTadu-
JIM3aluu.

Computing and converting
device

Pucynok 1 — Cxema JBYXOCHOM
MTUYECKOH CTaOMIIN3alluK BUICOKAMEPhI

CHUCTEMBI THPOCKO-

Figure 1 — Diagram of a two-axis gyroscopic stabilization
system for a video camera

MoMeHTBI, pa3BHBacMble [BHTaTeNsIMH CTa-
OunM3auny, BO3BpPAIIAIOT IUIATPOPMYy B HCXOI-
HOe yIIoBoe monoxeHue. Yamie Bcero miardopme
npUIaéTcsi HEM3MEHHOE MOJIOKEHHE OTHOCHTEIb-
HO TIJIOCKOCTH TOPH30HTa C TOYHOCTBIO /O TO-
TPEIIHOCTEN CTa0MIIN3alny.
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JImHamMuyeckasi MoJieJIb CHCTEMBI
THPOCKONMMYECKOH CTA0NIN3anun

Hunamuueckue ypaBHenus CI'C  o0ObruHO
3aMUCHIBAIOTCSI B a0CONOTHBIX YITIOBBIX CKOPOCTSX
wiargopmel  [1-3], momoOHO  OBICTpOBpAaIAIO-
mieMycss  pOTOpPY-BONUKY — KJIACCUYECKOIo  TPEX-
CTETMIEHHOTO FMPOCKOIIa (PUCYHOK 2).

Platform

p
@,

PucyHok 2 — YrioBbsie CKOPOCTH TIATHOPMBI

Figure 2 — Platform angular velocities

B wuneansHOM ciydae yIIOBBIE CKOPOCTH
mwraropmbl f ¥ @” HpH ABYXOCHOM cTabuiusa-
UM JTOJDKHBL OBITH BCEra paBHBI HYIIO IIPU IIPOU3-
BOJIbHBIX JBOJIOLMAX IOABMXKHOTO oObekTa. [Ipu
OTIMYHBIX OT HyJs YIJIOBBIX CKOPOCTAX @©f H
®” ¥X MHTETPMPOBAHHE 110 BPEMEHHU XapaKTepH-
3yeT YIJIOBBIE MOTPELUIHOCTH CTA0MIU3AIHNI:

t t
€, :jmfdt, €. :jmfdt.
0 0

Paccmorpum nunamuky tmiargopmer CI'C 1o
KaHally KpeHa. B »ToM ciydyae mMaremaruueckyro
Mozens CI'C MOXKHO omucaTb CHUCTEMOM ypaBHE-
Huit Buga [11]:

Jol +bo= Myy —k,o—M,sign(d); (1)

2)
)
“4)
)

Y — P .
(X,—(Dx —0y;

o — p.

8x _(’Ox’

TipMpp + Mg u,;

: _ p
Tu,+u, =U(0,e_,0,..

),

rne J-—npuBeaéHHBIH K ocd  BpaumeHuss X
momeHT  umHepiuun  CI'C; b — xoaddunuent
BA3KOTO TPEeHHsl; Mpp — MOMEHT, pa3BUBaeMbIN
JBUrareneM  crabunmsanuu;  k, — KoOQPUIUEHT

TSOKCHHUA TOKOIIOABOAOB; O — YIOJI IOBOPOTAa pPaMbl
OTHOCHUTCJIBbHO IOABUXHOI'O 00BeKTa (Kopr[yca

CI'C); M, — aMniuTyza MOMEHTA CUJI CyXOT'O TPEHHUS
B ocu crabunm3zanun X; ©y— yIioBas CKOPOCTb
KpEeHa IOJBIKHOIO OOBEKTa; €&, — MOTPELIHOCTD
crabumusanuu, Tg; kjp — OCTOSHHAS BPEMEHH W
KOY(PPUIIUEHT TIepenayn 0 MOMEHTY JIBUTATENSI
cTabuIM3aIn COOTBETCTBEHHO); u — HaTpsi-
JKeHHWe, TIOIBOIMMOE K JBHUTATeNto CcTaduim3a-
iy U(o?,e ,0,...)— QYHKIUS, peanu3yromas 3a-
KOH yIpaBIeHHs MIaTopmoid; T, u, — HOCTOSIHHASI
BPEMEHH U BBIXOTHOE HANIPSHKEHHUE yCHITUTES.

VYpasuenne (1) xapakTepuzyeT paBHOBECHE
MOMEHTOB, JEHCTBYIONINX IO OCH CTAaOMIM3alHN
miarGopmMel X, B KOTOPOM IeMII(UPYIOMHA MO-
MEHT hQL , MOMEHT CHJI CyXOro TpeHHUst M, sign(c.)
M MOMEHT TSDKEHHS TOKOIIOABONOB 3aBUCAT OT
B3aMMHOTO JBM)KEHHUS paMbl U O00BEKTa Ha yToi o
C YIIOBOH CKOpOCThIO . KuHemaruueckoe coort-
HomeHne  (2)  XapakTepw3yeT  B3aUMOCBS3h
OTHOCUTEJILHOM YIJIOBOM CKOPOCTH paMbl (), ,
abcomoTHOH yrmoBoii ckopocTn marGopMel © u
YIJIOBOH cKOpocTH 00beKTa ®y OOBIYHO B pexxuMe
cradmmm3anuu  abCONMIOTHAS  YITIOBash CKOPOCTh
m1atopMbl  3HAUMUTENIBHO  MEHBIIE  yTJIOBOU
CKOPOCTH 00BbEKTa ®” << ®, , IOITOMY AJIs1 MOMEH-
Ta CHJI CyXOro TpEHHS CHEeJIaeM CIeAyoliee
nmomytieHue [1]:

M,sign(a)= M sign(o” —o,) = —Msign(o,). (6)

B sToM crmydae MOMEHT CHIJI CyXOTO TPEHHS
MpH JBWKEHUH OOBEKTa paccMaTphBaeTcs Kak
BO3MYIIAIOIIUNA MOMEHT.

VYpaBuenue (3) xapakTepuszyeT B3aUMOCBSI3h
HOTrPEIIHOCTH CcTa0win3auuu €y € aOCOMIOTHOM
YIIOBOH  CKOpOCThIO mnardopmbl ®f. YpaBHeHus
(4), (5) xapakTepw3ylOT IHWHAMHYECKUE MOIETH
JIBUTATEIS CTAOWITH3AINH U YCHUITATEIS.

Ha pucynke 3 mpuBeneHa CTpyKTypHas cxema
omHoro kanajma CI'C, momydeHHass B COOTBETCT-
Bun ¢ ypaBHeHusmu (1)—(5), ¢ yu€rom momyre-
uus (6). Ha Bxome CI'C meHCTBYIOT BO3MYIIAIOIITHE
MOMEHTBI,  KOTOPBIE  CTpPeMsTCS  OTKJIOHHTH
mwrathopMy OT TIEPBOHAYAIFHOTO  ITOJIOYKEHHSL.
B pesynprare mmardopma BpamaeTcss B MpOCTpaH-
cTBe ¢ abCOMIOTHOH YIMOBOH CKOPOCTHIO ®F, KO-
TOopasi TPEACTaBIseT COOOW YIIIOBYIO CKOPOCTH
npeiida mrathopMel, m3mepsemyo MMI':

UF = km(('oxp + Vl“)’

U,

rae i BBIXOJIHOW ~ CHTHAJ ~ THPOCKOIIA;
k, ko3¢ duuuent nepemauun [B/(pan/c)]; v. —

HWHCTPYMCHTAJIbHAA NNOTrPEHIIHOCTD TUPOCKOIIA.

33



Tpubopwvr u memoowl usmepeHul
2024.T. 15. Ne . C. 30-39
B.B. Mameees u op.

Devices and Methods of Measurements
2024,15(1):30-39
V.V. Matveevy et al.

® - +
—X, <
o=0l-oy
1
N .
Platform drift Stabilization
angular velocity error
p
&Ik > > 1 Ox - 1 &,
Js+b s
- D Y
—>| sign > M0 =
¥ 8
Y
= = T + e’
b ¥ Vi ay V,
_A
L 1
Disturbing moments ke, ke
Ur =+ -+ Ua
Fap - ky -« v
My | Tes+1| u| T,s+1

Pucynoxk 3 — CTpyKTypHas cxema CHCTEMbI THPOCKOIIMYECKON CTAaOMIIN3AIMH 110 KaHAITy KpeHa

Figure 3 — Block diagram of the gyroscopic stabilization system along the roll channel

Bbime  ObUIO  OTMEUEHO, YTO HMHTErpai 1o
BPEMCHH OT YIVIOBO# CKOpocTH ®/ ompenesser
MOTPEIIHOCTh  cTaduiM3auuu  wiaTGopmbl 110
yray €. Ilpm manom ymie €, BBIXOAHOW CHrHai
aKceJiepoMeTpa ONpeeNsIeTCs] COOTHOLLICHUEM:

U,k (ge +a,+v,),

rie U, — BBIXOAHOH CHTHal aKcelepoMeTpa; g —
YCKOpEeHHE CBOOOIHOTO TAICHUS; dy HOCTY-
HaTelbHOE YCKOPEHHE IOABMKHOTO OOBEKTa; v, —
MHCTPYMEHTAJIBHBIE TIOTPEITHOCTH  aKCeJIepOMeT-
pa; k, — koapduueHt nepenaun [B/(m/c2)].

CurHan ynpasJjeHHUs 10 YDy W YIJIOBOH CKO-
poctu U = U, + U, ycunuBaercs U mopaércest Ha
aBuratenb cradbwimsanmu. [locneqHuii pa3Bu-BaeT
MOMEHT Ppasrpy3ku My, CTpPeMSIIUICS KOMIIEH-
CHPOBATH BIMSHHE BO3MYILAONIMX MOMEHTOB.

Bausinue BuOpaumnii 0CHOBaHHMS HA TOYHOCTh
CTA0OMIM3aLNHU

HOI[ ﬂeﬁCTBHeM BCCBO3MOXKHBIX nepuo-
JUYCCKHUX BOSMYIIICHI/Iﬁ HO,I[BH)KHLIfI 00BEKT
COBCpIIACT YTJIOBLIC KoJIeOaHus BOKpPYI' CBOCTO
HOEHTpAa MacCC, KOTOpPbIC MPUBOAAT K IIOABJICHUIO
TaK HAa3bIBACMbIX CHUHXPOHHBIX HOI‘pe].HHOCTefI

CI'C[11]. BO3HUKHOBEHHE CHHXPOHHBIX IIOT-
pelHoCcTeld CBSI3aHO C TeM, 4YTO B IIpolecce
KoneOaHuit (BuOpamuii) OOBEKTa HWMEET MECTO
«3axBar» TUIATGOPMBI MOMEHTAMH CHJI CYXOTO
U BSI3KOTO TpPEHHWs, B pe3yibTrare dYero B
ompenenéHHbIE MOMEHTHI BpeMeHH Iuiatdopma
JBIKETCA KaK EIMHOE IIeNI0e C KOJIEOIIOITIMCS
oOvekToM. Ecimm 00BekT coBepmaeT KolieOaHWUS,
K TIpUMeEpY, MO YTy KpeHa C YIIIOBOH CKOPOCTHIO
0y = Asin(oy?), rae 4, o, — aMIUIMTYJa U Kpyrosas
4acTOTa YTJIOBOM CKOPOCTH KOIeOaHWH OObeKTa
COOTBETCTBEHHO, TO H3-3a BS3KOTO TpEHHUS Ha
wiargopMmy OyIeT JeldCTBOBATh TapMOHUYECKHN
BO3MyILIAaOMUN MoMeHT Absin(w,f). Urto kacaercs
MOMEHTa CHJI CyXOTO TpPEHHUS, TO MpPH OMUCAHHUU
ero ¢yHkmen sign( ) TapMOHHYECKHE KOJIeOaHUs
00BeKTa TPHUBEAYT K BO3MYINAIOIIEMY MOMEHTY
B (hopMe TIpSIMOYTOJILHON BOJTHBI (PUCYHOK 4).

I[Ipu pasznokeHWHn NTPSIMOYTOJIBHOW  BOJIHBI
Msign(sin)oyt)) B psaag Dypbe MOIy4UM CyMMy
TapMOHHMK C aMIUIUTYyIaMH W YacTOTaMH, NpH-
BEJIEHHBIMU HA PUCYHKE 5.

N3 pucynka 5 cruemyer, 4To JEHCTBHE CHII

CYyXOro TpPEHHUs TMpH KoJeOaHUAX OCHOBAHMS
9KBHUBAJIEHTHO CyMME€ TapMOHUK C 4YacTOTaMH,
KpaTHBIMH ~ 4acToTe KoieOaHud  oObeKkTa ¢
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kodpdurmentamMmu 3, S5, 7, Ha pucynke 5
MpUBE/ICHA TAKXKE CJWHCTBEHHAas TapMOHHMKA Ha

4acToTe KONeOAHMH HOCHTENS (), BHI3BAHHAS
MOMEHTOM CHJI BI3KOTO TPEHHS.
M@®),0,()
|
; -/ E
of <‘ /2 ’

t
Pucynok 4 — VrioBas ckopocts 00bexTa (1) 1 MOMEHT
CHII CyXOro TpeHus (2)

Figure 4 — Angular velocity of the object (1) and
moment of dry friction forces (2)

Ab
il
2 My gy
B noae M AM, 4M,
5 r 9
< T
P Q Q 0
®, 3o, 50, Tw, 9w,
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PucyHok 5 — AMILINTYIHBI CHEKTP CHJI CyXOro H
BA3KOTO TPEHUS

Figure 5 — Amplitude spectrum of dry and viscous fric-
tion forces

Jns oueHkn BIUSHHS KoneOaHUI OOBeKTa
paccMOTpUM  TepenaToyHyro  (QyHKIUIO, Xapak-
Tepm3ytonyro peakiuio margopmel CI'C Ha cywm-
MapHbIid BO3MYLIAOUINI MOMEHT:
£.(5) _

M,(s)
(s +1)(T,s +1)(Js +b)
T (s D) [s(Tys + D(T,s+ 1)(Js +b) +k k (gk, +K,9)]

Vv s O

D (5)=

()

Ecnu orpaHu4MTHCS TOJIBKO IEPBOI rapMOHUKOM
pasyoxkeHusi B psaag Dypbe MOMEHTa CHJI CyXOro
TPEHUS, TO CHHXPOHHYIO IOTPELIHOCTb CHCTEMBbI
cTa0WIN3anuy MOXKHO IOJMYyYUTh M3 IepeaTOYHOM
¢ysakmmu (7) cnemxyrommmM oOpa3om:

4M
sx=|<I>B(jcoo)|( °+Abj. ®
T
OneHnm CHUHXPOHHYO MOTPEIIHOCTh
CI'C  mms  crnemyrommx — mapaMmeTrpoB: J=

= 0,001 kr™”, k,, = 4 HM/B, k, = 1,0-10° B/(pan/c),

k= 3,0-107 B/(M/c?), k09 DUILHUEHT BS3KOTO TPEHHS
b = 1,010* Hwmec, MOZYJb MOMEHTa CHJI CyXOro
Tpeauss M, = 0,01 H'-M, mocTosiHHBIE BpeMeHH
yeuwnurens u jpurarens 1, = 10%¢, T = 107 c.
Ilyctp yroBas CKOpOCTh KojieOaHWH OObeKTa
MIPOUCXOAAT ¢ amIuuTymou 1,65 pan/c m dactoTon
30I'm. B osrom ciywae B coorBercTBUu C (8)
aMIUTATY/la CHHXPOHHOW ITOTPEIIHOCTH COCTABHT

0,03 °, koTOopas MOXET MPUBECTHU K CMazy
HU300paKEHUS TIPH ChEMKE.

OTmeTrM eme HECKOJIbKO  0CcOOeHHOCTen
CI'C. Ilpy NOCTOSHHOM BO3MYILAIOIIEM MOMEHTE
YCTaHOBUBIIASCS  TMOTPEIIHOCTh  CTaOWIIH3aIiH
oTIpeniessieTCst COOTHOIIEHUEM:

8)‘”‘"( r) — ME
X *
k;mkykﬂg
TakuM 00pa3oM, TOYHOCTH CTAOMIIM3AINH

MOXKET OBITH IOBBIIIEHA COOTBETCTBYIOIIUM BBI-
Gopom mnpousseneHus k,,kk.g c yaérom obec-
He4eHHss HEeOOXOMMMBIX 3aracoB YCTOWYHBOCTH.
Ecim Obl cTaOmnmsanus OCYIIECTBISIACH TOJBKO
no rupockonam (k, =0), To mepenaroyHas QyHK-
IS 3AMKHYTOH CHCTEMBI HMesa Obl BUJ:

e.(s
(I)B(s)=—"( ) =

M (s)

(Tos + (T s+ 1)(Js +b)

T S(Is+D)(Tys + (s + 1) (Js+b) +k

¥

)

k_k

aB (1)] ,

u3 koroporo ciemyet, uto CI'C He orpabarbiBaeT
MOCTOSIHHBIA ~ BO3MYIIAIOIIUA MOMEHT B BHUIY
HaMW4YUsl B 3HAMEHATeJe IepeJaTovyHon (yHK-
mnu (9) B KauecTBe COMHOXHUTENIS —oOIeparopa
Jlanutaca s.

Jst ymyamenus kadectsa cradbunmsanun CI'C,
MMOCTPOCHHOM TOJBKO HAa THPOCKOMWYECKUX HATUH-
Kax yTJIOBOW CKOPOCTH B CHCTEMY OOBIYHO BBOJAT
M30IPOMHOE KOPPEKTUPYIOIIEe yCTPOHCTRO [2]:

1+7s 1
W(s)= =—+1,
Ts
COUETAIONIee IMPOMOPIHOHATBHEIA W WHTCTPH-

PYIOIIMH 3aKOHBI PEryJUpOBaHUS OO WHTETPO-
muddepenrpyromee 3BeHO:

Ts+1
W(s)=———, (I, <T,).
T,s+1
Hanuuue wHTErpupoBaHMs B  HU30IPOMHOM
3aKOHE MOXKET IMPUBECTU K HaKaIlJINBAHU O

MOTPELIHOCTEH M0 YNy OTKJIOHEHHs IIaT(hOpPMBbI,
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yro 0€3 cHenuajbHbIX MEp IPHUBEAET K YXOAY
I1aT(GOPMBI OT NIEPBOHAYAIBHOTO MoJoKeHHus. Kpo-
Me Toro, ardopma He n30HparenbHa K KaKOMy-
100 HANPaBICHHUIO WIN K MJIOCKOCTH TOPU30HTA.

BiMsinMe HHCTPYMEHTAJIbHBIX NOTPelIHOCTeH
THPOCKOIIOB M aKCeJePOMETPOB

[Mpenedpexém MOCTOSTHHBIMHU BpEeMEHH
yeunurenst u asurarens (7, = 0, 7, = 0). B atom
cllyyae mepenaroyHbiec (YHKIUH, XapaKTepH3YIO-
[Me PEaKIUI IIaTPOpPMbl HA HHCTPYMEHTAJIb-
HbIC TMOTPEUIHOCTH THUPOCKOMA M aKCEeIepOMETpa,
OTIPEICIISIOTCS CICAYIOIINM 00pa3oM:

€.(5) K.

=—— : (10)
1.(5) T°s +2ETs+1"

.(s) =

e, (s) _

v, ()

K, (11

(I) 5)= T E]
o(8) T*s* +2eTs5+1

e K. = km/(gkg)'l; K, = g' — xoadduumentsr
b

nepefaun; §=—=———=—=  — OTHOCUTEIbHbII
2 \ ']k;uak l'kgg
kodpPuIUeHT aeMnUPOBaHUS: OTHOCHUTEIBHBIN

K03 GUIMEHT NeMIIpUPOBAHUS; T =

MOCTOSIHHASI BPEMEHH [C].

[IpeacraBuM MHCTPYMEHTAJIBHBIEC MOTPELIHOC-
TH THPOCKOIIA M aKceJepoMeTpa MOACISIMHU 0eoro
IIyMa CO CIEKTPAIBHBIMA TUIOTHOCTSIMH S| [pauz/c]
ns, [m%/c*]. Torza PEe3yABTUPYIOLIAsi NOTPEIIHOCTh
CHCTEMbI CTAa0MIM3aLUHU IPUMET BU:

e ES +E2S)E K,
i 2gk (b+k k k,) '

(12)

Tak kak OOBIYHO BS3KOE TpPEHHE B OCIX
cTa0MIM3aly He BEJIHKO, To b << kanykm u
cootHotreHue (12) mpuoOperaer BU:

178
ot (’JrnSaJ ,
2¢\ n

rae n = k,/k, — orHOmIEeHHE KO2(DDHULIUEHTOB B Ka-
HaJax yrja u yIIIoOBOH CKOpOCTH [pan/(m/c)].
OneHuM cpegHee KBaJpaTHUECKOe OTKJIOHEHHE
(CKO) morpemnocteit CI'C mist MEKpoMexaHUIec-
KHUX TUPOCKOIIOB U aKCEJIEPOMETPOB CO CHEKTpallb-
HBIMH IUIOTHOCTSMHM IIyma: S, = 0,05° [rpanycz/c],
S, = 0,01% [m*/c’] npu n = 3 [pan/(m/c)]. Ha ocno-
Banuy 3apucumoctH (13) umeem 6, = 0,22°,

(13)

2

Cnenyer oOpaTHTh BHUMaHWE, 4YTO €CIIH
Obl TaTdopma CTAOMIU3UPOBAIach TOIBKO II0
curHasiaMm rtupockonos, To CKO mnorpemnoctu
cTa0MiIM3aluy,  BBI3BAHHOE  OCNBIM  IIyMOM
TMPOCKOIIA, OIPEAEISIIOCH Obl COOTHOILICHUEM:!

o' ()= S

st mmyma MMI u3 npenpinyiiero pacuéTHOro
npuMepa IpU UIMTENbHOCTH (YHKIMOHUPOBAHUS
300 ¢ Oymer nakoruieno CKO morpemrHoctu
crabmnmzanuu o', = 0,87°.

AKcenepoMeTpbl, IMOMHUMO IOJIOKHTEIBHOTO
a¢dexra — npumaHus W3OUpPATENBHOCTH TAaT(op-
MBI K TIIJIOCKOCTH TOPHU30HTA, MOTYT IIPUBECTH
K IOTPEIIHOCTSIM, OOYCJIOBICHHBIM YCKOPEHHBIM
IBWKEHHEM oObekTa. [Ipu aBMXKEHHH C ycKope-
HUSIM 4, AaKCEIEepOMETpBl OyAyT YCTpeMIISTbH
wiathopMy K KaXyLIEHCs BEPTHKAIM, HOAOOHO
¢u3nueckoMy ~ MasTHUKY IPH  YCKOPECHHOM
NEepeMEeIeHHH TOYKHM ero mnozaseca. IIpu mnrens-
HOM JBWXXCHHH C YCKOPEHHEM YyCTaHOBHUBILIAS-
C  TOTPEHIHOCTh  MIaT(GOpPMBI  ONpPEAENIeTCs
COOTHOLICHUEM €y~ dy/g W MOXKET JOCTUraTh
3HAUNUTENIbHBIX BEJINYHH.

Mopenb cma3a n3o0paskeHust

CymiecTByeT HECKOIBKO (PaKTOPOB, KOTOPBIC
MOTYT BBI3BaTh CMa3 Ha W300paKECHUU:

— JIBYDKEHUE H300paXKeHYsI (CLSHBI UIIH KaMEPhl)
BO BPEMsI €TI0 PErHCTPAIIUH;

— HEKOTOPbIE 00BEKTHBBI CIIOCOOHBI CO3/1aBaTh
adhdexT cmaza m3-3a abeppanuii WM APYTHX
ONTUYECKUX OCOOCHHOCTEH;

— BUOpaIMsIMH KaMepbl BO BpeMsl ChEMKH;

— CTJIQKMBaHUE M3-32 CKATHSI TAHHBIX;

— 93 dexT «bokey.

OCOOCHHO KPUTHYHBIM  SIBJISICTCS ~ MCIIOJb-
30BaHUE JOITUX BBIJEPKEK, HApPUMEpP B CyMep-
KaxX, B YCJOBHAX, KOTJla Kamepa IIO/BepKeHa
BUOpaIMsAM, YTO HETATUBHO CKa3bIBaeTCd Ha Ka-
YeCTBE U300paKeHHUSI.

OnuH W3 METOJOB MOJICIMPOBAHUS CMa3aH-
Horo wm3o0paxenus G(u,v) Oasupyercs Ha HCKa-
KaromeM omeparope H(u,v) W OCYIIECTBISACTCS
B 4acTOTHOM obmactw [11]:

G(u,v) = F(u,v) H(u,v),

IJe U,V — KOOpJAWHATBl B 4YacTOTHOM 00JacTH,
pan/mukc; F(u,v) — HeUCKaxEHHOE M300pakeHUe
B YaCTOTHOH 001acTH.

JlonmycThM, YTO CMa3biBaHHUEC BO3HHKAeT B
nporecce PaBHOMEPHOTO  YIVIOBOTO  JIBUIKCHHUSI

(14)
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KaMepbl 3a BpPEMSI AKCIO3HLIMU T OTHOCHTEIBHO
onTudeckod ocu (O, TOrga oONTHYECKas OCh
O’ w3MeHHWTCS Ha yrom o. AOCTparupysch OT
paauanbHOM  AMCTOPCHUM  ONTHYECKOW CHUCTEMBI
KaMephbl, pacCMOTPUM MOJENb KaMepbl ¢ TOYEYHOI
nuadparMoi, Wit cTeHoIa (PUCYHOK 6).

Pucynox 6 — Mogens BueOKamMepsl ¢ ToueqHOU auad-
parmoit

Figure 6 — Model of a Pinhole Camera

B pesynbrare yrioBoro ABMKEHHS IOIYYHM
CABUI B TIPOCTPAHCTBE INPEIMETOB Ha BEIMYHHY
Y=tga(htf"), tme [ —dokxycHOe paccTosHHUE
00beKTHBa, M; /h —BbICOTA OOBEKTa Hajg IIO-
BEPXHOCTBIO, M.

Tax xax A>>f", To Y= htgo npu a<w/2, tme
@ — YIJIOBOE M0JI€ 3pEHUs1 OOBEKTHBA KaMEpbl, I'pajl.

Crpoennpyem Y Ha marpuiry (poTonpuéMHOTO
YCTPOHCTBA, PACIONOKEHHOIO IEPIEHANKYIIPHO
ontuueckod ocu O. B pesynbrare MNoayyuMm
NPOEKIMIO cABHra Y, KOTOpas BbIpaXaeT W3
CJIEAYIOIIET0 PaBEHCTBA!

!

hof
Torma Y = f" tgo.
Y4uuThIBask JUCKPETHOCTH MATPHIIBI, TTOJTyYaeM:

tgo' =

Y’ =aN, tae a — pazmep nukcensi, M; N — KOJTHIECTBO
MTACKIICH, IPUXOSIINXCS Ha MPOESKIINIO cBura V.

IIpenmnonoxum, 4To YIIIOBOE IBHKEHHE TaHTaxa
1 KpCHa COBECPIIACTCA Ha YIJIbL 9 Y OTHOCUTECIILHO
ocu Z u X turaropmbl. Torma BEIMYHMHBI CIIBHTA
nuKcesen L, v L, OnpeesstoTes Kak:

L = Ath npu 9 < /2;

x

_L

pu y < /2.

Ly tgy

y
B pesymprate XapakTepUCTHKA JIBHYKCHHS

KaMephl k(u,v) B 4aCTOTHOHM OOJIACTH OTMPEIEISITHCS
Kak:

v

Y
N
rae MxN — pazmep QUIbTpa, IUKC.
B Takom cnywyae mepenarouHas —(QyHKOMS
UCKKEHUS ONPEEIIsIeTcs TaK:

Hu,v)= sinc[k(u,v)]exp[—jnk(u,v)].

kv = Loy

[IpoBenémM KOMIBIOTEPHOE MOACIMPOBAHHE
JUI. OLCHKH BIUSHHS YIJIIOBOTO JBHMIKCHHUSI Ka-
MEpbl OTHOCHTEIBHO ONTHYECKOW OCH Ha YIJIBI
9 ¥ y Ha KayecTBO CMa3aHHOro H300pakeHHs. B
KaueCcTBE CHHMKA HCIOJIb3YeTCsl CIIyTHHKOBAs Kap-
Ta ¢ paspemieHueM MXN = 448475 nukc 1 npocT-
PaHCTBEHHBIM pasperuennemM K <K, =5,51%5,54 m/mvke.
[IpeamonoxumM, uYto (OKYCHOE paccTOsHHE Ka-
MEpbl OAMHAKOBO MO OCSAM X U y, KaK M pa3Mep
nukeens, torpa fC=f"=f"=4 MM u a=a, =
=a,= 1,4 Mxm. [Jlanee Ha u300paxeHHe BBOAUTCAH
cMa3 (pUCYHOK 7) B cOOTBETCTBHH ¢ (popmyioii (14).

200

300

400
400

400

Pucynok 7 — Bnusiue OTHO-

IBUKCHUS
CUTEJIbHO ONTHYECKOW OCH Ha H300paKeHHE

yTII0BOTO

Figure 7 — Effect of angular motion relative to the optical
axis on the image
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CMoziemipyeM BIMSHHE BO BPEMS DKCIIO3HIIMU
M300p@KEHUS. CHHXPOHHOW M HHCTPYMEHTAIlb-
HOM  MOrPEIHOCTH  CTa0WIM3allid  Ha  yIIbI
e, =¢,=0,03° u 0, = 0,22° Ha wH300paKEHHE
(pucyHoK 8).

9=0.03",y=0.03

O

%l

PucyHnok 8 — Biiusiuue CHHXPOHHOM M HWHCTpyMEHTAlb-
HOM MOTPEITHOCTH CTA0MIIM3AINH Ka4eCTBO H300PaKEHUS

Figure 8 — Effect of synchronous and instrumental stabili-
zation error on image quality

Pe3ynbTaThl NpOBEAEHHOTO MOJEIUPOBAHUS
CBUJICTEIILCTBYET, YTO KayecTBO HM300paKeHUS
Oy/lieT CHMXKAThCSl C YBEJIMYCHHWEM YIJIOB KpeHa H
TaHraka BO BpeMs JKCIO3WIUHU. TakuM oOpaszom,
JUTSL TIOBBINICHHWSI KadecTBa W300paKeHUs HE00-
XOaUMO yMeHbInaTe Tpenne B moasece CI'C nu
CHIDKATh YPOBEHb IIYMOB JAaTYUKOB IEPBUYHOM
WHPOPMAIUH.

3akio4eHue
CdopmupoBana CTPyKTypa CHCTEMBI TH-
pOCKONMYECKOW  cTaOmimM3anmuyd  BHJIEOKaMepHhI

C YOpaBIEHHEM MO0 YTy W YIJIOBOH CKOPOCTH.
Iloka3aHo, YTO JaHHBIM 3aKOH CTAOMJIM3ALMHU
MOXET ObITh C(HOPMHPOBAH HA OCHOBE CHTHAJOB
MUKpPOMEXaHWYEeCKUX  THPOCKONIOB W aKce-
JIEPOMETPOB. YCTAaHOBJICHO, YTO TIPH peau3aliu
YUCTO THUPOCKOIIMYECKON CHCTEMBI CTaOWIH3aIiH
CIIy4allHbI€ TIOTPEIIHOCTH THUPOCKOTOB BBI3OBYT
npeiid 1rardopMbl CO CPETHUM KBAJAPATHUCCKUM
OTKJIOHEHHEM, MPOIOPIHOHATIFHBIM KBaJPATHOMY
KOPHIO U3 BPEMEHH.

[lokazaHo, dYTO TpWBJIEYEHHWE CHUTHAJOB
aKCeIepOMETPOB  TIO3BOJIUT  YCTPAHWUTh  Apeid
m1atopMbel ¥ TPUAATh € CBOHMCTBO H30Mpareib-
HOCTH K IUIOCKOCTH Topu3oHTa. llpuBenena
aHAJIMTHUYECKass  3aBUCHMOCTH,  ITO3BOJIAIOIIAS
OIIEHUTh TOTPEITHOCTh CHCTEMBI CTAOWIHM3AINH,
BBI3BaHHYIO ITyMaMH THPOCKOTIOB U aKCEIEepPOMET-
pOB. PaccmoTpenst (hm3uaeckue OCHOBBI

BO3HUKHOBEHHSI ~ CHHXPOHHBIX  IIOTPEIIHOCTEH,
BBI3BAaHHBIX HAJIWYHEM CHJI BS3KOTO H CYyXOTO
TPEHHSI B OCSAX CTA0MIM3AIlNU, KOTOPbIE MPHBOIST
K KoJIeOaHUsSM TUTaT(GOpPMBI CHHXPOHHO C KoyeOa-
HueM oOwekrta. [lokazaHo, 4TO mNpH ONMHCAHHUU
CHHXPOHHBIX MOTPEnTHOCTEH JIOTTYCTHMO
OrpaHUYMUTHCS TIEPBOM TApPMOHUKOW Pa3IOKEHUS
B psaag Dypbe (QyHKIMHM OT MOMEHTa CHJI CYyXOTO
TpeHus. JlaHO aHaANIWTHYECKOE COOTHOIIEHHE,
MTO3BOJISIONIEE OIIEHUTh CUHXPOHHBIE MTOTPEITHOCTH
CHUCTEMBI CTa0MIIN3AIINN.

[IpennoxkeHo  MareMaTH4eckoe  ONMUCAHHE
«cMaza» HW300pakeHUs, KOTOpOe€ OCHOBAaHO Ha
¢bunsTpanu M300paXKCHUS B YACTOTHOM 0OJacTH.
[IpuBeneHsl WCKaXXeHUS H300paXKEHHUS  BHJIEO-
KaMepbl, BBI3BAHHbIE CHHXPOHHBIMH W CIyd4aii-
HBIMH TIOTPENTHOCTSMHU CHCTEMBI CTAOMITH3AIIH.
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Abstract

It is necessary to control temperature using thermoelectric sensors for steel products surface alloying
in conditions of microarc heating. The using S-type thermocouples possibility has been substantiated, main
factors affecting the measurement results have been established, and the the reproducibility index functional
dependence on the measured temperature has been determined, as a result of previous studies. However,
additional influencing factors that may affect to the heating process kinetics and the temperature measure-
ments results were not taken into account. The purpose of the work was a steel temperature measurement
results uncertainty generalized assessment during microarc heating, taking into account most complete in-
fluencing factors set. Influencing factors comprise: average coal powder particle size (X1), sample diame-
ter (X2); chromium content in steel (X3). The measurement error was denoted Y. The dependence is obtained:
Y =-4.032X1 - 0.095X2 + 0.0058X3 + 3.414. Thus, in the studied range of values, an increase in the pow-
der particle and the samples diameter size leads to a decrease in the measurement error, and the chromium
content increase leads to its increase. Therefore, the temperature measurement error during microarc heating
can be reduced with decrease the sample heating rate, as well as with increase the heat transfer intensity from
its surface to the material depth due to an increase the size, and, accordingly, the processed products mass.
Next, the studied factors values distribution laws were evaluated. For X1 and X2, the normal distribution law
is adopted, for X3 — uniform. Taking into account each factor's influence coefficients, and the total uncertainty
estimate introduced assessment by them, a generalized uncertainty estimate was found: U = 1.1 °C. The mi-
croarc heating temperature measurement method quantitative assessment detailed of the accuracy makes it
possible to take into account all significant influencing factors and their total measurement uncertainty con-
tribution. The obtained temperature measurement's total uncertainty value from the three studied factors can
be used as a priori information as a type B uncertainty during the microarc saturation process.

Keywords: temperature measurement, measurement results uncertainty estimation. microarc heating, steel
surface hardening
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OuneHkKa TOYHOCTH MeTOIA U3MEPEHNsl TeMIIePATYPbI
B Mpouecce MUKPOAYIrOBOIr0 HArpeBa HA OCHOBE MOKa3aTeJiei

BOCIIPOU3BOIUMOCTH A HCOHpEI[CJIéHHOCTI/I

M.C. Crenanos, U.I'. KonuisikoBa

Jlonckotl cocyoapcmeenuvlii mexHu4ecKull yRugepcumen,
nn. Laeapuna, 1, 2. Pocmos-na-/{ony 344000, Poccus

Iocmynuna 24.11.2023
Ipunama k newamu 23.01.2024

,Z[JIH MMOBEPXHOCTHOI'O JICTUPOBAHHA CTaJbHBIX I/I3I[CJIHI>'I B YCIOBHUAX MHUKPOAYTOBOTO HarpcBa
HEOOXOAMM KOHTPOJIb UX TEMIIEPATYPhI C TIOMOIIBIO TEPMOIIEKTPUIECKIX AaTYMKOB. B paHee mpoBencu-
HBIX UCCICOAOBAHUAX O6OCHOBaHa BO3MOXHOCTbh ITPUMEHCHUA TEPpMOIIap TUIIA S, YCTaHOBJICHBI OCHOBHBIC
(akTOpBI, BIUSIONINE HA PE3yJIbTAThl U3MEPEHHIA, oTipe/iesieHa (yHKIIMOHAIbHAS 3aBUCHMOCTbD TI0Ka3aTest
BOCHIPOU3BOANMOCTH OT I/I3Mep$[eM0ﬁ TEMIICPATYPhI. OI{HaKO IIPpU 5TOM HE€ YUUTBIBAJIUCh JOIMOJIHUTCIIbHBIC
(akTOphI, KOTOPBIE MOTYT OKa3bIBaTh BIMSHHE HA KHHETHKY IIpollecca HarpeBa M pe3yibTaThl H3MEPEeHU I
temrepatypbl. Llenb paboThl — 0000IIEHHAS OICHKA HEONPEACIEHHOCTH PE3yJIbTaTOB H3MEpPCHUM
TEMIEPaTyphl CTAIH MPU MUKPOAYTOBOM HarpeBe ¢ y4€ToMm Hauboliee MOJHOT0 KOMIUIEKCA BIMSIOIIUX
¢dakropoB. Omnpexnensuin BiusiHUE (AKTOPOB: CPEIHUH pa3Mep YacTHIl YroJbHOTO mopomka (X1),
nuaMmeTp oOpasmoB (X2); coaep:kaHue B CTaIu Xpoma (X3) Ha MOTPEmHOCTh ¥ U3MEPEHUSI TEMIIEPATYPHI.
[Tonyuena 3aBucumMocTh: ¥ = —4,032X1 — 0,095X2 + 0,0058X3 + 3,414. Takum oOpa3omM, B U3YUYECHHOM
Uara3oHe 3HAYCHUH yBEIWYEHHE pPa3MEepOB YacTHI[ MOPOIIKA W Juamerpa oOpasloB IMPHUBOJUT K
CHUKEHUIO MOTPEITHOCTH U3MEpPEHNH, a MOBBIIIEHHE COIepKaHMs XpoMa — K e€ Bo3pacTanuto. [loaTomy
MOIPEIIHOCTh U3MEPEHUI TEMIIEPATYPhl IPU MUKPOILYTOBOM HAarpeBE MOXKET YMEHbBIATHCS P CHUKEHUU
CKOpPOCTH Harpesa 06pa3u0B, a TAaK¥XKC MOBBIIICHNHN MHTCHCUBHOCTU TCIUIONEPCAAYU OT UX IMOBCPXHOCTHU
BIIYOb MaTepuaa 3a C4eT yBeIMYCHHUs pa3MepOB, U, COOTBETCTBEHHO, MacChl 00padaThIBaEMBbIX H3JIEITHH.
BrInoTHEHa OlIEHKa 3aKOHOB paclpeiejeHus 3HaueHUH necaeoBaHHbIX pakropos. Jns X1 u X2 npunst
HOpPMAaJIBHBIM 3aKOH pacrpeneicHus, A X3 — paBHOMepHbIH. C y4éToM KO3(p(GUIMEHTOB BIMSHUS
Ka)K10ro (hakTopa BHITIOJTHEHA OI[eHKa BHOCUMOM MMM CyMMapHOW HEONpeAenEHHOCTH U HaiieHa o01as
onenka Heompenenéunoctu: U = 1,1 °C. [leranu3upoBaHHas KOJIUYECTBEHHAS OIEHKA TOYHOCTH METOJa
A3MEPEHU TEMIEpPaTyphl IIPH MHUKPOAYTOBOM HArpeB€ MO3BOJIAET YYECTh BCE€ 3HAYMMBIE BIIMSIOLIAE
(akTOpBI M yUECTh WX BKJIAJ B CYMMapHYIO HEONpeaAeNEHHOCTh n3MepeHnid. [Ipu mpoBenennn npoiecca
MHKpPOJYIrOBOTO JIETMPOBAHUS IOJIYYEHHOE 3HAYEHUE CYMMApPHOWH HEONPEAEIEHHOCTH HW3MEPEHUN
TeMIepaTypbl OT TPEX HCCICNOBAaHHBIX (AKTOPOB MOKHO HCIIOJIb30BaTh B KAdyeCcTBE AalpUOpPHOU
nH(pOpMaIK KaK HeoNpeEIeHHOCTh THIA B.

KnioueBble c10Ba: m3MepeHUe TEMIIEPATy b, OIIEHKA HEOMPEACTIEHHOCTH Pe3yIbTaTOB H3MEPEHUH, MUKPOILYTO-
BOI HarpeB, MOBEPXHOCTHOE YIIPOUHCHNE CTAIIN
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Introduction

The electrophysical action methods are proposed
for the to intensify steel products surface hardening
traditional processes [1-14].

One of them is microarc alloying. With this
method product is immersed in a metal container
filled with coal powder, followed by passing an elec-
tric current in the circuit: power source — container —
coal powder — steel product. As a result, multiple mi-
croarc discharges occur at the metal-powder medium
boundary, which effect leads to product heating, dur-
ing which its surface is diffusively saturated with al-
loying elements to form a hardened coating [15-17].

Process temperature is the main technological
parameter during thermally exposed to a material,
so, the measuring task of it in accelerated microarc
heating conditions is relevant.

It was found in previous studies that the steel
microarc heating process and the temperature mea-
surement results using thermocouples are influenced
by two factors groups: technological factors, which
include electric current in the circuit strength, coal
powder burnout degree and size of its particles,
which determine the heating intensity, as well as the
product size and the chemical composition of its ma-
terial, which affect the heat removal intensity from
the surface deep into the metal, and metrological fac-
tors, including the multiple measurements number ,
thermocouple calibration, thermocouple sample [ 15—
18]. In particular, in [ 18], the measuring temperature
possibility using type S thermocouples in steel mi-
croarc heating process was substantiated. Instance of
some factors, such as thermocouple calibration, coal
powder burnout degree, current in the circuit, multi-
ple measurements number, and the thermocouple in-
fluence to the measurement results was established.
The other factors' exploration, which influence was
required separate confirmation, had been considered
inappropriate due to the experiment complexity.

A multifactorial stepwise nested experiment was
conducted with the results analysis using the ANO-
VA method for each temperature level separately in
accordance with GOST R ISO 5725-3-2002, the in-
dicators of repeatability and reproducibility, as well
as the reproducibility index functional dependence
the measured temperature [18].

The aim of this work was to take into account
other factors that may also affect the temperature
measurements accuracy during microarc heating: the
coal powder particle size, the samples diameter, the

chemical composition of samples material, in form
of their uncertainty comprehensive assessment, con-
sidering repeatability and reproducibility indicators
which was established previously (based on the rec-
ommendations of ISO 21748:2017).

Therefore, it is advisable to comprehensively
assess temperature measurement results uncertainty
to determine their accuracy, taking into account re-
peatability and reproducibility indicators which were
previously established, as well as the above-men-
tioned influencing factors effects.

The objective of the work was the accuracy
generalized assessment, considered steel tempera-
ture measurements results uncertainty in microarc
heating process using repeatability and reproduc-
ibility estimates with the most complete influencing
factors set.

Research methodology

The experimental setup presented in [18] was
used for research. Two S-type thermocouples were
used — working thermocouple (tolerance class 2 with
permissible deviations limits £1.5 °C in the range
of 0-600 °C and 0.0025 7, where T is the measured
temperature, in the range from 600 to 1600 °C ac-
cording to GOST R 8.585-2001), and reference
thermocouple (the 2nd category model with an er-
ror not exceeding £0.9 °C, with an operating range
of 300-1200 °C following GOST R 52314-2005),
which were hammered into the side cylindrical steel
samples surface with a length of 35 mm at the same
level for fully registration researched factors influ-
ence.

An alternating current with a frequency of 50 Hz
was used to power the installation, the current in the
circuit was 3.0 A, and the current density on the sur-
face of the samples was 0.53 A/cm’.

Influencing factors had been chosen: coal pow-
der particle size (anthracite grade A according to
GOST 25543-2013), samples diameter; steel chro-
mium content as the most common alloying element.

Coal powder particle size is the factor X1, which
determines the particles number in contact with the
sample surface, and, accordingly, the microarc dis-
charges number due to which it is heats and deter-
mines the heating kinetics. During the experiments,
carbon powders with nominal particle sizes of 0.4,
0.6, 0.8 mm were used.

The samples diameter is the factor X2, of which
their mass depends on, and, accordingly, the heat in-
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tensity removal from the surface deep into the met-
al [19]. To assess this factor influence, samples with
a diameter of 12, 18, and 24 mm were used.

The steel chromium content is the factor X3 that
affects the thermal material conductivity, which also
determines the heat removal intensity from the sur-
face deep into metal. To assess this factor influence,
the values of 0.13 and 28 wt.% Cr were selected.
Steels samples were used: grade 20 according to
GOST 1050-2013, containing up to 0.25 wt.% chro-
mium, grade 20Cr13 with a chromium content in the
range of 12.0-14.0 wt.%, and grades 15Cr28 with

a chromium content in the range of 27.0-30.0 wt.%
following GOST 5632-2014.

The experiments were carried out at each X4
temperature level in the range from 400 to 1200 °C
in increments of 200 °C. 27 different experiments
were conducted, which results allowed us to obtain
135 conditional equations for determining the re-
gression model.

A 3-level fractional factor plan was adopted for
conducting experimental studies. The influencing
factors values following the experimental plan are
presented in Table 1.

Table 1
Experiment planning matrix in absolute values of factors
Experience number Factors
X1, mm X2, mm X3, weight %

1 0.4 12 0
2 0.6 12 0
3 0.4 24 0
4 0.6 24 0
5 0.4 12 13
6 0.6 12 13
7 0.4 24 13
8 0.6 24 13
9 0.8 12 0
10 0.4 18 0
11 0.6 18 0
12 0.8 18 0
13 0.8 24 0
14 0.8 12 13
15 0.4 18 13
16 0.6 18 13
17 0.8 18 13
18 0.8 24 13
19 0.4 12 28
20 0.6 12 28
21 0.8 12 28
22 0.4 18 28
23 0.6 18 28
24 0.8 18 28
25 0.4 24 28
26 0.6 24 28
27 0.8 24 28
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The working thermocouple (WT) reading de-
viation from the actual current temperature value
determined by the standard thermocouple (ST) in
the microarc heating process was taken as the output
value Y.

Thus, the measuring task was to determine coal
powder particle size, sample diameter, and the sam-
ple material chromium content as input values in each
experiment, obtaining the temperature measurement
results using the working thermocouple, and deter-
mining the measurement result error by comparing
it with the measurement result, which was received
with standard thermocouple.

The LS-200 sieve analyzer manufactured by HT
Machinery (Japan-Taiwan) was used for sieving coal
powder, the coal particles sizes were determined us-
ing a BT-2900 laser analyzer from Bettersize Instru-
ments Ltd (China) with measurement limits from 0.1
to 1000 pm and accuracy up to 0.01 um.

The samples diameter measuring following
GOST 2590-2006 on the requirements for the steel
grade, considered the tolerance of 0.4 mm, was per-
formed with an accuracy significant margin using a
micrometer MK-25 with an absolute measurement
error value limit of £5 um.

The chromium content in the samples was deter-
mined using a ZEISS CrossBeam 340 auto-emission
scanning electron microscope with an Oxford instru-
ments x-max 80 X-ray microanalyzer with a mea-
surement accuracy of up to 0.01 wt.%.

In each experiment, the specified diameter
sample made of steel with the specified chromium
content was used following the experimental plan.
Thermocouples were hammered into the sample
surface side, after which it was immersed in a metal
container and filled with coal powder with required
size particles (Table 1).

After the measurements were performed in each
experiment, the sample was replaced with a new one,
the thermocouples were capped and a new coal back-
fill was used.

The experiment was carried out in the tempera-
ture range from 400 to 1200 °C in increments of
200 °C, in each experiment the specified range was
passed 2 times.

The STATISTICA software package was used
for the obtained data statistical processing.

Research results and their discussion

The temperature measurements results follow-
ing the planning matrix are presented in Table 2.

During obtained results analysis, it was con-
sidered that the experiment temperature is a not-
controlled factor, and the thermocouple calibration
characteristic may be different at the different tem-
perature values ranges. Therefore, temperature can
be considered as an additional factor X4.

In addition, it has been suggested that changes
in the physical properties of X1-X3 at different tem-
perature levels may affect the measurement error. To
verify this assumption, the correlation coefficients
following values were obtained: (X1, X2) = 0; r(X2,
X4)=0.00009; r(X3, X4) = 0.002. Thus, it was found
that presumably correlated values cannot have a sig-
nificant joint effect on the output value, and therefore
it was decided to reject the model taking into account
the researched factors and temperature mutual influ-
ence.

It should be considered that the change in the
measurement method accuracy at measured temper-
ature different levels was taken into account in the
mathematical model for the reproducibility indica-
tor [18]. If the previously studied factors generalized
contribution [18] is conditionally represented as a
free term d, then the desired dependence can be rep-
resented as:

Y=aX1+bX2+cX3+d.

The found equations system solution has the
form:

a=-4.03229; b =-0.09521; ¢ =0.005765; d = 3.414382.

Therefore:
Y=-4.03229X1 — 0.09521X2 + 0.005765X3 + 3.414382.

From the expression obtained, it can be seen
that in the studied values range, an increase in the
coal powder particles size and the samples diameter
shifts the measurement error to a values negative
range, and an increase in the chromium content in
the heated steel leads to an increase in the positive
error component.

The constant term included in the regression
equation takes into account the output indicator trend,
which is not considered in this regression equation.

Thus, to reduce the temperature measurement er-
ror during microarc heating, it is necessary to reduce
the sample heating rate and increase the heat transfer
intensity from its surface deep into the material.

The sample heating rate is reduced by reducing
the carbon particles adjacent number to the sample
and, accordingly, the microarc discharges number
heating it.
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The samples heat transfer from the surface deep
into the material increases with an increase in their
mass due to an increase in diameter, and decreases
due to a decrease in thermal conductivity as a result
of chromium alloying [19].

For each influencing factor, accuracy studies
have not been conducted before, so they were ac-
cepted as type A uncertainty sources. For this, fol-
lowing GOST R 8.736-2011, the studied factors val-
ues distribution laws were evaluated.

Coal particle diameters were measured with
nominal values of 0.4, 0.6, 0.8 mm. Based on the
three general aggregates obtained values results,
weighing 100 g each, the coal particles sizes distri-
butions selected values of this factor are obtained,
shown in Figure 1.

To check the distribution normality, the Pear-
son criterion y° was used with a criterion value of
o00s = 21.96, the calculated values for the distribu-
tions (Figure la, b, c¢) are 21.67117, 21.95738 and
14.32143, respectively, so in all cases the normal
distribution law is adopted.

It can be seen from the histograms that for
the distributions in Figure la, b, the kurtosis and
asymmetry differ from the theoretical ones for
the normal distribution. For both of these distri-
butions, there is an asymmetry, for the histogram
in Figure la — excess in excess. The histogram in
Figure lc is closest to the theoretical normal dis-
tribution. A certain smaller coal particles fraction
excess relative to the nominal value does not have
a noticeable effect on the microarc heating process
dynamics.

The dispersion of the parameter values is esti-
mated as the average value of the intra-group vari-
ance:

2 2 2
2 _ 004+ 096+ 00s

3 =0.000915 (mm?).

Ox

To evaluate the distribution samples diameter
values law, 3 batches of 75 pieces each were made.
The size distributions in the samples are presented as
histograms in Figure 2. It is established that the Pear-
son criterion xz, the calculated values of which for
distributions (Figure 2a, b, c¢) are equal to 1.268285,
0.879434 and 5.530104, respectively, allows us to
accept the compliance hypothesis with the normal
distribution law, taking into account the criterion
value %) o5 = 9.488.

It can be seen from the histograms that there is a
slight asymmetry for all three distributions.
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Figure 1 — Coal particles distribution size histograms with
a nominal size of 0.4 mm (a), 0.6 mm () and 0.8 mm (c)

This parameter values dispersion is estimated as
the average value of the intra-group variance:

2 Ou* oM Ou 004077 ().

Ox>

To evaluate the chromium content distribu-
tion law in the samples from steels 20, 20Cr13, and
15Cr28, 5 measurements were performed on each of
the 15 samples. The results are shown in Figure 3.

To test the compliance hypothesis with the theo-
retical uniform distribution, the Pearson criterion x>
was used [20].
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Figure 2 — Histograms of the distribution of the actual
sizes of the sample diameters: ¢ — 12 mm; b — 18 mm;
¢—24 mm

The calculated values of y* for the distributions
(Figure 3a, b, ¢) are 0.6933, 0.7145 and 0.8267, re-
spectively, which, taking into account the criterion
value of ¥%, 45 = 9.488, allows us to accept the com-
pliance hypothesis with the uniform distribution law.

The parameter values dispersion is estimated as
the average value of the intra-group variance:

2 _ 05 +c’123 +G§s
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Figure 3 — Chromium content distribution in steel sam-
ples 20 histograms (a), 20Cr13 (b), and 15Cr28 (c), wt. %

Taking into account the each factors influence
coefficients of considered, an assessment of the total
uncertainty introduced by them was performed:

U, = /(-4.03)°6%, +(-0.10)°%, +0.0°6%, =0.122 (°C).

Taking into account the uncertainty established
as a thermocouple calibration result, the reproduc-
ibility of SR standard deviation, and the total uncer-
tainty found from the additional factors studied, it is
possible to write:
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U*=8;+U’+U;.

For the thermocouple used in the experiment,
according to calibration data, U, = 0.57 °C, the re-
producibility standard deviation S, =0.87 °C [12],
uncertainty from additional factors U, = 0.122 °C.

Then the overall uncertainty estimate is:
U=1.047°C~=1.1°C.

It should be noted that the uncertainty from
the studied factors was established based on the
intra-group variances averaged values and proved
to be commensurate with the reproducibility in-
dex. Thus, when assessing the temperature mea-
surements results uncertainty, it is advisable to use
the studied factors contributions estimates found
to the total uncertainty and attribute them to the
uncertainty of type B. The contribution from the
thermocouple used, which is determined by its
calibration results, also belongs to the uncertainty
same type.

The reproducibility standard deviation value can
vary significantly depending on the measured tem-
perature and can be determined by the previously
obtained mathematical model [18].

As a result, a detailed quantitative temperature
measurement method accuracy assessment for mi-
croarc heating in the steel products surface alloying
process was obtained, which allows taking into ac-
count all significant influencing factors.

Thus, the generalized uncertainty assessment
takes into account the fullest possible factors in-
fluence acting in the measuring temperature mea-
surement results accuracy process. At the mea-
surement method reproducibility standard devia-
tion determining stage, the following were taken
into account: current in the circuit, thermocouple
calibration, coal powder burnout degree, multi-
ple measurements number, and thermocouple in-
stance. Additionally, the factors considered: coal
powder particle size, samples diameter, sample
material chemical composition are taken into ac-
count by their influence on the measurement re-
sults uncertainty.

Such an assessment can be used to compare the
temperature measurement methods quality in simi-
lar measuring and production tasks, when identify-
ing and considering influencing factors, for periodic
experimental measurement method correctness veri-
fication and the measuring installation functioning,
taking into account metrological reliability indica-
tors.

Conclusion

An increase in the coal powder particle size
and the samples diameter leads to an increase in the
temperature measurement error negative component
during microarc heating, and an increase in the chro-
mium content shifts the error towards positive val-
ues. To reduce the temperature measurement error,
it is necessary to reduce the sample heating rate and
increase the heat transfer intensity from its surface
deep into the material.

During the microarc surface alloying techno-
logical process, the temperature measurements total
uncertainty obtained value from the three studied
factors can be used as a priori information as a type
B uncertainty.
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Abstract

Optical glass ceramics based on oxyfluoride glasses activated by rare earth ions have attractive properties

for development of lasers and near-infrared amplifiers, since they combine properties of fluoride crystals with
low phonon frequencies and chemical and mechanical properties of oxide matrices. Spectroscopic properties
of activator ions in crystalline and glass phases of glass-ceramics can differ significantly. Thus, it is possible
to determine impurity ions’ distribution between these phases by means of absorption or luminescence spec-
tra analysis. The main goal of this work was to develop a method for determining the concentration of Tm?>"
and Ho>" ions in the crystalline, PbF, and glassy phases of glass ceramics after secondary thermal treatment
of thulium-doped and thulium-holmium co-doped oxyfluoride glasses. Spectroscopic characteristics of oxy-
fluoride glasses activated by Tm®" ions and co-activated by Tm®* and Ho>" ions, as well as glass ceramics
obtained from the original glasses as a result of secondary heat treatment were studied. It was established by
X-ray phase analysis method that under certain heat treatment conditions crystalline B-PbF, phase is formed
in those glasses. Absorption and luminescence spectra of Tm®* and Ho®* impurity ions in the original glass
and in B-PbF, crystals were compared with their ones in glass ceramics. A method for determining the con-
centration of ions in the crystalline and glass phases of glass ceramics was proposed on the basis of this com-
parison. Dependence of Tm*>* and Ho* ions distribution between the glass and crystalline phases on different
regime of glasses' secondary heat treatment was studied.

Keywords: oxyfluoride glass ceramics, ions of Tm®* and Ho®*, absorption and luminescence spectra
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OnTHueckass CTEKIOKepaMHMKa Ha OCHOBE OKCU(TOPUIHBIX CTEKOJN, aKTUBUPOBAHHAS HOHAMH
PEOKO3EMETBHBIX JJIEMEHTOB, O0O0IaaeT MpPUBICKATEIFHBIMI CBOHCTBAMH ISl pa3pabOTKH Ja3epoB |
ycunuteneil B OmmkHEd WH(pakpacHOM 007acTH CIEKTpa, TaK Kak codyeTaeT B cebe CcBOHCTBa (TOPHUIHBIX
KPHUCTAIJIOB C HU3KMMH YacTOTaMH (POHOHOB M XHMHUYCCKHE W MEXaHHUCCKHE CBOWCTBA OKCHIHBIX MATpHIIL.
B crekinokepamuuecknx MaTepuanax CIEKTPOCKONMYECKHE CBOICTBA HOHOB-aKTMBAaTOPOB B KpHUCTAJ-
JMYECKOM W CTEKISTHHOW (pa3ax MOTYT HMETh CYIIECTBEHHBIC pa3nuums. B 3ToM ciydae cnekTpaibHEBIC
METOJIbl HCCJIEIOBAaHMUS IO3BOJISIOT YCTAHOBUTh B KAaKOW CTENEHH MPUMECHBIE MOHBI PACHPEIENISIOTCS
MEKIy ATHMH ¢a3amu. Llenpro maHHON paboTHI SBISUIACH pa3padOTKa CIEKTPAIFHOTO METOAA OTPEIeNICHHUS
KOHIIGHTPAIl[UM HOHOB TyIHMsS U TOJIbMHsI B Kpuctamnudeckod, PbF,, u cTexknsHHON (a3ax CTEKIOKEpaMUK,
TIOJTyYEHHBIX TIPH BTOPHYHON TEIUIOBOH 00PabOTKe OKCH(TOPHAHBIX CTEKON, aKTHBHPOBAHHEIX MOHaMu Tm’"
¥ COAKTHBUPOBAaHHBIX MoHamu Tm’  u Ho’'. B paGoTe u3ydammnch CIEKTPOCKOMMYECKHME XapAKTEPUCTHUKH
OKCH(DTOPUAHBIX CTEKOJ, AKTHBHUPOBAHHBIX HOHAMU Tm*" u COAaKTHBUPOBAHHBIX HOHAMU Tm** u Ho’,
a TaKXkKe CTEKJIOKepaMHUK, TOIYYEHHBIX M3 HMCXOIHBIX CTEKOJ B pe3yjbTare BTOPHUYHOW TepMOOOpabOTKH.
Meromamu peHTreHO(]a30BOr0 aHann3a yCTAHOBIEHO, YTO TIPH ONPENENEHHBIX YCIOBHUSIX TEpMOOOpPabOTKH
B HHMX oOpasyercss kpucramauueckas ¢asa p-PbF,. IlpoBeneHO cpaBHEHHE CIHEKTPOB IOMIOLICHUS U
JIIOMUHECIICHIIMM T[PUMECHBIX HOHOB Tm® u Ho' s UCXOIHOM cTekie, B Kpucramiax f-PbF, ¢ mux
CIIEKTpaMH B CTEKJIOKEpaMHUKE, U Ha OCHOBE 3TOr0 NPEUIOKEH METOJ| ONpENEJeHUs] KOHLEHTpaluX HOHOB
B KPUCTAJIMUECKOW M CTEKIISIHHOW (pazax. M3yueHa 3aBUCHMMOCTh pacIpe/ielieHHs] HOHOB Tm** u Ho*" MEXKTY
CTEKJISIHHOM M KpHCTaJNIM4ecKoi (pa3aMu B 3aBUCUMOCTH OT PEXHUMa BTOPUYHON TePMOOOPAOOTKH CTEKOI.
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Introduction

Transparent glass ceramics doped with ions
of rare earth elements combine the mechanical and
optical properties of a glass matrix and the spectro-
scopic characteristics of rare earth elements ions in a
crystalline environment. In glass ceramics, rare earth
ions are partially incorporated into the glass and into
the crystalline phases, which makes it possible, to
some extent, to "design" the spectroscopic properties
of glass-ceramic materials. Oxyfluoride glass ceram-
ics are attractive due to the low phonon frequencies
of fluorides (CaF,, SrF,, PbF,, etc.), which leads to a
decrease in the probability of nonradiative decay of
rare earth ions due to electron-phonon interactions.
This is important for the development of lasers and
amplifiers in the long-wavelength region of the spec-
trum [1-3].

A large number of works are devoted to the
preparation of such materials and the study of
their properties, for example, [4-10], where the
creation of glass ceramics with Tm3+:PbF2 [5—
7], Er’":PbF, [8], Nd’":(CdF,+PbF,+YF;) [9],
Tm*":( CdF,+PbF,+YF;) [4], or glass ceramics co-
activated by several types of rare earth ions, for ex-
ample, PbF,, with Yb*", Eu’" and Tm*", Ho’" or Er’”
ions [10] is reported. The temperature conditions for
the formation of the crystalline phase were estab-
lished based on the results of studying phase transi-
tions using differential scanning calorimetry (DSC).
Secondary heat treatment of the glasses, which re-
sulted in the formation of a crystalline phase, was
carried out at a temperature close to the glass transi-
tion temperature.

The presence of a crystalline phase in glass ce-
ramics can be determined by various methods. For

example, using X-ray phase analysis [4—10], elec-
tron transmission microscopy [4, 6, 9], Raman spec-
tra [5, 8], absorption and luminescence spectra [5,
7, 10, 11]. It was shown in [11] that, under certain
conditions, secondary heat treatment of oxyfluoride
glasses with Tm,O; leads to the appearance of a
B-PbF, crystalline phase with thulium ions in them.
The presence of a crystalline phase was manifested
in a characteristic change in the shape of the spectral
line of the thulium ions in the absorption spectrum in
the region of 1700 nm.

The purpose of this work was to develop
a spectral method for determining the concentra-
tion of thulium and holmium ions in the crystalline,
B-PbF,, and glass phases of glass ceramics obtained
by secondary heat treatment of oxyfluoride glasses
activated with Tm®” ions and co-activated with Tm>"*
and Ho®" ions.

Objects and research methods

The synthesis of initial glasses of the compo-
sition Si0,-GeO,-PbO-PbF,-CdF, with a variable
content of Tm,0O;, (glass series A) and with a vari-
able content of Tm,0O, and Ho,O; (glass series B)
was carried out in an electric furnace at 950+50 °C
at a maximum temperature for 30 min until the glass
melt is clarified. The glasses were annealed at a tem-
perature of 300 °C. The synthesized glasses are of
good optical quality, homogeneous, and their amor-
phous nature is confirmed by X-ray diffraction. The
concentration of thulium and holmium ions in each
sample was determined based on the experimentally
determined density using the Archimedes method
and the molar content of thulium and holmium ions
in the original glass (Table 1).

Table 1

Density of glasses, molar content of Tm,0; and Ho,O;, concentration of thulium and holmium ions in the original

glasses (series A and B)

Al A2 A3 A4 Bl B2 B3 B4
p, glem’ 5.93 6.08 6.04 6.13 5.97 5.87 6.06 6.08
Tm,0;, mol %  0.10 0.50 1.00 2.00 - 1.64 1.63 1.62
Npp 10 cm™ 0.64 3.24 6.32 12.4 - 7.19 7.3 7.33
Ho,0;, mol % - - - - 1.26 0.17 0.84 1.24
Npo» 10 ¢cm™ - - - - 5.55 2.72 3.64 5.37
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To obtain glass ceramics, the glasses were sub-
jected to secondary heat treatment. Heat treatment
regimes are designated as follows: if, for example,
the glass was heated at a temperature of 71 °C for
t1 hours, then it was heated at a temperature 72 °C
for £2 h, then this regime is designated as follows:
T1°C/t1h+T12°C/t2h. The nature of the forming crys-
talline phase was determined from diffraction pat-
terns obtained by X-ray diffraction on a Bruker D8
Advance X-ray diffractometer. Absorption spectra
were recorded on a Cary 5000 spectrophotometer
(Varian (AgilentTech)) at room temperature. Sta-
tionary luminescence spectra were recorded using
a laboratory setup based on an MDR 23 monochro-
mator (LOMO), a lock-in amplifier SR830 (Stanford
Research Systems), and a PbS photodetector with a
preamplifier. Luminescence was excited by laser di-
ode radiation, 800 nm, < 1 W, focused on the edge of
the wedge-shaped side of the samples to avoid reab-
sorption of luminescence, leading to distortion of the
spectral line shape. The luminescence spectra were
corrected for the spectral sensitivity of the recording
system. The correction technique is described in [12].

A diagram of low-lying energy levels of thulium
and holmium ions indicating absorption, lumines-
cence transitions and the main channels of excitation
energy transfer is presented in Figure 1.

Absorption and luminescence spectra

of oxyfluoride glasses and lead fluoride
crystals activated with thulium ions and
co-activated with thulium and holmium ions

The absorption spectra of the original glass
samples (series A) are presented in Figure 2. The
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assignment of spectral lines was made based on
work [13].

The absorption spectra of series B glasses with
thulium and holmium ions are shown in Figure 3.
The assignment of spectral lines was made based
on work [14]. The absorption spectra presented in
Figures 1 and 2 are characterized by a typical set of
spectral lines that correspond to transitions from the
states of thulium ions, 3H6, and holmium ions, 518,
with the lowest energy values to states with higher
energy values indicated in the figures. The literature
reports the results of a study of the spectroscopic
characteristics of lead fluoride crystals with thu-
lium and holmium ions: Tm3+:PbF2 [15,16] and
Ho’":PbF, [17-19].

Figure 4 shows the spectra of the absorption
cross sections of these crystals in comparison with
the spectra of the cross sections of the glasses under
study at the transitions *H,—"F,, (Tm’") and *I,—’ I,
(Ho™).
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Figure 1 — Diagram of the lower energy levels of thulium
and holmium ions
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Figure 2 — Absorption spectra of the original oxyfluoride glasses of series A
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Figure 3 — Absorption spectra of the original oxyfluoride glasses of series B with thulium and holmium
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Figure 4 — Spectra of absorption cross sections of crystals Tm3+:PbF2 [15] (@), Ho3+:PbF2 [17] (b) and spectra of absorp-
tion cross sections of thulium (a) and holmium () ions in glasses of series A and B

As can be seen from the presented data, the
spectra of the absorption cross sections of thulium
and holmium ions in a lead fluoride crystal and in
glasses are significantly different qualitatively from
each other.

The luminescence spectra of thulium and hol-
mium ions in the PbF, crystal, calculated on the basis
of the data presented in [15, 19], and in glasses, re-
corded by us, on the transitions 3F4—>3H6 (Tm*"), and
’1,—°I (Ho>"), on the contrary, do not have signifi-
cant qualitative differences (Figure 5). The lumines-
cence spectra of thulium ions in glasses excited to the
*H, level show two lines: in the region of 1500 nm
and 1800 nm (Figure 5a), corresponding to the transi-
tions *H,—°F, and *F,—’H,, respectively. The inten-
sity of the first line decreases relative to the intensity
of the second with an increase in the concentration
of thulium ions, due to an increase in the probability
of non-radiative transfer of excitation energy from

the *H, level to the “F, level according to the cross-
relaxation mechanism: *H,+H,—°F,+F, [20] (Fi-
gure 1). In the luminescence spectra of glasses co-ac-
tivated with thulium and holmium ions (Figure 50),
two lines are distinguished: the first, in the region
of 1800 nm, corresponds to the transition *F,—’Hj
(Tm>"), the second, in the region of 2000 nm, refers
to the transition °I,—I (Ho’"). As the concentration
of holmium ions increases, the intensity of the second
line increases relative to the first, which is due to an
increase in the probability of nonradiative transfer of
excitation energy according to the following scheme:
*F,(Tm*")—°I,(Ho™) [14] (Figure 1). The results ob-
tained show that the lines in the absorption spectra of
thulium and holmium ions, corresponding to transi-
tions between lower levels, are convenient for analyz-
ing what fraction of thulium and holmium ions enters
the crystalline phase and what remains in the glass
phase in glass ceramics based on oxyfluoride glasses.
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Figure 5 — Luminescence spectra of Tm®** and Ho" in glasses of series A () and B (b) and in PbF , crystals [15, 19]

Changes in the absorption spectra
of thulium ions during secondary heat
treatment of oxyfluoride glasses

At the first stage, changes in diffraction patterns
and absorption spectra of glass samples with thulium
ions (series A glass) were analyzed during the forma-
tion of a crystalline phase in them. For this purpose,
the glasses were subjected to a secondary heat treat-
ment at a temperature close to the glass transition
temperature, Tg = 384.5 °C, which was determined
from the DSC curves (Figure 6). When the heat treat-
ment of the initial glasses is 350 °C/2 h, the X-ray
diffraction patterns are diffuse and do not show signs
of the formation of a crystalline phase.
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393.5°C
2(I)0 3(I)O 4(I)0
Temperature, Celsius degree

-0,10 : : .
100 500 600
Figure 6 — Differential scanning calorimetry curve of se-
ries A glass

There are also no qualitative changes observed
in the absorption spectra. When the secondary heat
treatment temperature increases to 400 °C, changes
which are typical for glass-ceramic materials were
revealed in the diffraction pattern of glass A4 with
the formation of a crystalline phase of lead fluo-

ride B-PbF, with space symmetry group Fm3m (Fi-
gure 7). The position of the peaks is slightly shifted
relative to the reflections of a nominally pure "bulk"
PbF, crystal, which is due, in our opinion, to the in-
clusion of Tm®" ions into the PbF, crystals with par-
tial replacement of Pb*" ions [10].
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Figure 7 — Diffraction patterns of heat-treated glass-
es of series A at 350 °C/2h + 400 °C/3h

The absorption spectra of glass samples
A4 and A3 after secondary heat treatment,
350 °C/2h + 400 °C/3h, are presented in Figure 8. As
can be seen, here only the spectrum of sample A4 re-
veals characteristic signs of the entry of thulium ions
into the PbF, crystalline phase.

With an increase in the time of secondary heat
treatment at a temperature of 400 °C, the formation
of a crystalline phase also occurs in sample A3. Thus,
Figure 9 shows the absorption spectra of samples A4
and A3 after they were heated at a temperature of
400 °C for 9 h, where characteristic signs of the entry
of thulium ions into the PbF, crystalline phase are
clearly visible.
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Figure 8 — Absorption spectra of glass ceramic samples obtained from glasses A3 (a) and A4 (b). Secondary heat treat-
ment: 350 °C/2h + 400 °C/3h. 1 — calculation; 2 — experiment; 3 — Tm3+:PbF2; 4-Tm*" glass
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Figure 9 — Absorption spectra of glass ceramic samples obtained from glasses A3 (a) and A4 (b). Secondary heat treat-
ment: 350 °C/2h+400 °C/9h. 1 — calculation; 2 — experiment; 3 — Tm*":PbF,; 4 — Tm’": glass

Note that during heat treatment, opaque areas or
"clouding" appeared in some glass ceramic samples,
which is apparently due to the nonuniform distri-
bution of the crystalline phase in the volume of the
sample.

To analyze changes in the absorption spectra
during the formation of glass ceramics from initial
glasses during secondary heat treatment, we use the
approach proposed in [11], where the spectrum of
the glass ceramic absorption coefficient &, (L) is
presented in the form:

kabs (7\‘) = 6glabs (7\’) Nngm+ cscrabs ()\’) Nchm =
= 0% u(}) Ny X, 46 4y (W) N, X, (1)

where 6%, (A), 6, () are the absorption cross sec-
tions of thulium ions in the glass and crystalline phas-
es, respectively; Ny, N¥;, = Ny, X,, N7, = Ny, Xo

are the concentrations of thulium ions in the original

glass sample, in the glass and crystalline phases of
the transparent part of the glass ceramics, respec-
tively; X, and X, are parameters that characterize the
relative content of thulium ions in the glass and crys-
talline phases, respectively. Then, the part of thulium
ions, X;, which is located in the opaque part of the
sample can be defined as X, = 1-X-X,.

Parameters X, and X, were determined in the
process of fitting the calculated spectrum (1) to the
experimentally determined one of the absorption
coefficient of series A glass material in the region
of 1700 nm, *H,—F,, after secondary heat treat-
ment. Fitting was carried out using the direct search
method [21]. Note that the parameters X, and X, var-
ied independently of each other. The spread of their
values for different initial fitting conditions did not
exceed 5 %. The calculation results are presented in
Figures 8 and 9.
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Figure 10 shows the dependences of the ob-
tained parameters X; and X, on the time of secondary
heat treatment of glass at 400 °C.
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Figure 10 — Dependences of parameters X; and X, on
the duration of secondary heat treatment of glasses A3
and A4 at 400 °C

As can be seen from the presented results, with
increasing time of thermal treatment of glass, the
proportion of thulium ions in the crystalline phase
increases. It should also be noted that in this case,
the portion of thulium ions, which is concentrated in
the scattering (opaque) regions of the glass material,
also increases. Thus, about 10 % of thulium ions are
contained in the opaque regions of glass ceramics
obtained from glasses A3 and A4 with a secondary
annealing duration of 9 h.

Changes in the absorption spectra of thulium
and holmium ions during secondary heat
treatment of oxyfluoride glasses

Secondary heat treatment regimes for series B
glasses were also selected based on DSC curves (Fi-
gure 11). Glass transition temperature is 386 °C. Ata
heat treatment temperature of 350 °C with a duration
of 25 h, all obtained X-ray diffraction patterns have a
diffuse shape characteristic of amorphous materials.
The absorption spectra of all series B glasses also
do not change during this secondary heat treatment,
both for the bands related to thulium and holmium
ions. However, when the temperature increases to
360 °C, the diffraction patterns corresponding to
samples B3 and B4 with a secondary heat treatment
time of more than 30 h show the appearance of sev-
eral peaks indicating the formation of a crystalline
phase, see Figure 12. Positions of the observed dif-
fraction peaks, as in the case of series A, correspond

to a crystal structure with space group symmetry
Fm3m and indicate the cubic phase of B-PbF,. The
unit cell parameter of this phase increases slightly
with increasing holmium oxide concentration [22].
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Figure 11 — Differential scanning calorimetry curve of
glass series B
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Figure 12 — Diffraction patterns of heat-treated glasses
of series B at 350 °C/30h + 360 °C/50h

Analysis of the absorption spectra of samples B3
and B4 during the formation of a crystalline phase in
them shows that the band in the region of 1700 nm,
which corresponds to the *Hy—"F, transition of Tm’*
ions, undergoes a change. In the spectral region of
2000 nm, corresponding to the *I;—"I, transition, no
significant changes are observed. To quantitatively
analyze changes in the absorption spectra of series
B glasses, a formula similar to formula (1) was used:

Kapy (V) = 0517, (A) Ny Xy+ 0, (M) Ny Xy +
+GngoX3 +6% 1 (M Ny Xy (2)

By varying the parameters X;; = 1, 2, 3 and 4,
the calculated absorption spectrum was fitted to the
experimentally obtained one. Figure 13 shows ex-
amples of such fitting.
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Figure 13 — Absorption spectrum of glass B4 with secondary heat treatment at 350 °C/25h (@) and glass B4 with sec-
ondary heat treatment at 350 °C/30h + 360 °C/50h (b). 1 — calculation; 2 — experiment; 3 — Tm3+:PbF2; 4 — H03+:PbF2;

5—Tm’":glass; 6 —Ho’":glass

Calculations using formula (2) revealed that the
value of coefficient Xj is close to one, and coefficient
X, is close to zero for both B3 and B4 glass samples.
This indicates that holmium ions under such condi-
tions of secondary heat treatment do not enter the
crystalline phase of series B glasses. However, it fol-
lows that an increase in the content of holmium ox-
ides, starting from 0.84 mol %, promotes the entry of
thulium ions into the crystalline phase of the result-
ing glass ceramics, see Figure 14.
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Figure 14 — Values of parameters X, and X, at differ-
ent heat treatment times at 360 °C

An annealing duration of more than 40 h does
not lead to a significant increase in the content of
thulium ions in the crystalline phase. It should also
be noted that glass ceramics of series B have bet-
ter optical quality compared to glass ceramics of
series A; the content of thulium ions in opaque ar-
eas with an annealing duration of 40 h or more is
about 5 %.

Conclusion

It is shown that the analysis of lines in the ab-
sorption spectra corresponding to the transitions
*He—"F,, (Tm’") and °I;—’L, (Ho"), allows us to
establish in what proportion thulium and holmium
ions are distributed between the glass and crystalline,
B-PbF,, phases in the resulting glass ceramics and
find the corresponding concentrations of impurity
ions. It was established that an increase in the con-
tent of holmium oxide in the thulium and holmium
co-doped original glass promotes the entry of thuli-
um ions into the crystalline phase, while no spectro-
scopic manifestations of the entry of holmium ions
themselves into the crystalline phase were detected.
In general, such a spectroscopic method can be used
to study glass ceramics with other ions of rare earth
elements.
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Abstract

Crack resistance of two types of glass was studied — cover glass (0.17 mm thick) and slide glass (2 mm
thick) using an improved technique through the use of the probe methods, which makes it possible to increase
the accuracy of determining the crack resistance of glass. Colorless silicate glass was used. Crack resistance
was determined by the Vickers pyramid indentation method. Microstructure of glasses surface and deforma-
tion region after indentation were studied using an atomic force microscope. Mechanical properties of glasses
were determined by nanoindentation. Surface relief of a glass slide is rougher than that one of a cover glass.
Roughness R, for a cover glass is less than for a slide glass. Specific surface energy value of 0.26 N/m is
higher for the slide glass compared to the coverslip. One elastic modulus value £ of the cover glass is 48 GPa,
and that one of the slide glass is 58 GPa. The microhardness value H is almost the same for by the glasses
and amounts to 6.7 GPa for a slide glass and 6.4 GPa for a cover glass. Atomic force microscope images of
deformation region after indentation with a Vickers pyramid show that the first cracks appear at a load of
1 N on the slide glass, and at 2 N on the cover glass. At a load of 3 N, the cover glass is destroyed. Based on
the results of crack resistance calculations it was found that critical stress intensity coefficient K, values are
1.42 MPa-m"? for a glass slide, and 1.10 MPa-m"? for a cover glass.

Keywords: cover glass, slide glass, crack resistance, indentation method, atomic force microscopy
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OmnpenesieHre TPEIMHOCTONKOCTA IOKPOBHOI0 U NPEAMETHOIO
CTEeKJIa METOI0M UHACHTHPOBAHUS ¢ BU3yaIu3alueil METoI0M
ATOMHO-CUJI0BOM MUKPOCKOIIUU

B.A. Jlanuukas ', [T.A. Ky3nenosa'?,|C.A. Unmxnk'?

IHHcmumym menno- u maccooomena umenu A.B. Jlvikosa HAH Benapycu,
va. I1. Bposxu, 15, 2. Munck 220072, Beaapyco
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np-m Hesasucumocmu, 65, e. Munck 220013, benapyce

Hocmynuna 29.01.2024
Ipunama k newamu 06.03.2024

[IpoBeneHs! ncciea0BaHus TPEIIMHOCTOMKOCTH CTEKJIAa IBYX BUIOB — IMMOKPOBHOTO (TommuHa 0,17 Mm)
Y TIPEeIMETHOro (TOJIIMHA 2 MM) II0 YCOBEpPILIEHCTBOBAHHON METOAMKE 3a CUET MPUMEHEHMs 30HOBBIX
METO/IOB, IO3BOJISIOUINX IMOBBICUTH TOYHOCTH OIpEEeNICeHUs] TPEIMHOCTOMKOCTH cTekia. Mcmonb3oBanu
OeCIBETHOE CHIIMKATHOE CTEKJIO. TPEIMHOCTORKOCTD OMPEIeNIsuId METOAOM WHIACHTHPOBAHUS TTHPaAMUION
Bukkepca. MHKpOCTPYKTYpy IOBEpXHOCTH CTEKIa M 00JacTh JAedopMaluu TOCie WHISHTUPOBAHMS
WCCIIEZIOBAJIM HAa aTOMHO-CHJIOBOM MHKpOCKOMe. MexXxaHHYecKHe CBOMCTBA CTEKJIa OIpeNessuid METOIOM
HaHOMHJICHTUPOBaHUs. Penbed) MOBEpXHOCTH y MPEAMETHOTO CTeKsa Oojiee MIEepOXOBaThl 10 CPABHEHUIO
¢ IOKPOBHBIM cTekioM. IllepoxoBaTocTs R, y IOKPOBHOIO CTEKJIa MEHBIIIE [10 CPABHEHUIO C IIPEIMETHBIM.
VnenvHas oBepxHocTHast sHeprust 0,26 H/M BbIlIe y IpeIMETHOTO CTEKIIA 110 CPABHEHHUIO C MTOKPOBHBIM.
Mopnyns ynpyroctu E'y mokpoBHoro crekia cocrasisieT 48 I'Tla, y mpenmernoro — 58 ['Tla. MukpoTBépocTsb
MpakTUYeCKu coBmamaer u coctaBisier 6,7 I'Tla y mpemmernoro crtekna u 6,4 I'Tla y mokpoBHOTrO.
Ha ACM wu3oOpaxkeHusx oOiactd JeopMalMy IOCIe HMHICHTUPOBAaHUS NUpamMunoi Bukkepca
YCTaHOBJIEHO, YTO IEPBbIE TPEIINHBI MOABISIOTCS Npu Harpy3ke 1 H Ha mpeaqmMeTHOM cTekiie, a Ha MOKPOB-
Hom — mnpu 2 H. Ilpum marpy3ske 3 H mokpoBHOe cTekio paspymaercs. [lo pesynasratam pacuéra
TPEIINHOCTOMKOCTH YCTAHOBJIEHO, YTO KPUTHUCCKHH KOI(MQUIMEHT HHTEHCHUBHOCTH HampsbkeHUd K.

IUISL IPEIMETHOTO CTeKIIa paBeH 1.42 MIla-m'?, a K ;¢ U1 IIOKPOBHOTO cTekiIa paseH 1.10 MITa-m"?.

KimoueBble cjioBa: IIOKPOBHOEC CTEKJIO, IIPEAMETHOEC CTEKIIO, TpeHIHHOCTOﬁKOCTB, METOJ MHIACHTUPOBAHUS,
ATOMHO-CHJIOBast MUKPOCKOITUA
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Introduction

Glass is a material which is widely used in ev-
eryday life, various technologies, medicine, and mi-
croelectronics. However, the glass is a very fragile
material. Mechanical properties (including the crack
resistance) of the glass may change depending on
its composition [1-5]. Internal stresses [6] and glass
thickness of the product can also affect to the crack
resistance. Glass deformation under load occurs in
different ways: from the crack’s formation (in which
the integrity of the glass as a product is still pre-
served) to the complete destruction (this is the de-
struction of the product into parts) [7-9]. The most
common method for determining crack resistance is
the indentation method [2, 3, 5, 10]. The crack resis-
tance varies from 0.38 to 1.79 MPa-m"? depending
on the composition of the glass [2, 10]. Previously,
in [11-13], an improved method for determining crack
resistance by the indentation method was described
through the use of high-precision probe methods
(atomic force microscopy and nanoindentation). This
makes it possible to increase the accuracy of deter-
mining the crack resistance of brittle solid materials.

The aim of the work was to determine the crack
resistance of two types of glass (cover glass and slide
glass) using the indentation method with visualiza-
tion of the deformation area using atomic force mi-
croscopy and determination of the mechanical prop-
erties by nanoindentation.

Experimental details

Slide glass and cover glass were used for the
study. Slide glass type is: colorless silicate glass
(according to TU 9464-012-52876859-2014), di-
mensions 26x26+1.0 mm, thickness 2+0.2 mm.
Cover glass type is: colorless silicate glass (accord-
ing to TU 9464-012-52876859-2014), dimensions
18x18 £+ 1.0 mm, glass thickness 0.17 + 0.02 mm.

The determination of the crack resistance was
conducted using the indentation method [11-14]. In-
dentation imprints were performed on a PMT-3 mi-
crohardness tester (LOMO, St. Petersburg, Russia).
A Vickers tip was used as an indenter. The load on
the indenter varied from 0.01 to 5.0 N. Three inden-
tations were performed at each load.

Structure of the glass surface, topography of the
indentation imprints and formed cracks on the glass
were determined using a Dimension FastScan atomic
force microscope (AFM) (Bruker, USA) in Peak-
Force QNM mode. The standard silicon cantilevers

of the NSC-11 type (Mikromasch, Tallinn, Estonia)
were used. The radius of the probe tip is 25 nm and
the console stiffness is 6.1 N/m.

Microhardness H, elastic modulus £ and de-
formation n (plastic and elastic deformation) of the
glass were determined using a Hysitron 750 Ubi na-
noindenter (NI) (Bruker, USA) [15]. A Berkovich
diamond indenter with a curvature radius of 60 nm
was used. During nanoindentation, the deformation
curves are continuously recorded. As a result, data
on the applied load and the corresponding the inden-
tation depth are obtained in the form of the depen-
dence function F' = f{h). On each sample, 9 indenta-
tions were performed with a constant load of 5 mN.
Microhardness and elastic modulus were also deter-
mined depending on the depth. In this case, the load
varied from 0.2 to 10 mN.

The elastic recovery m,,, and plastic defor-
mation 1,,,,,, were calculated from the shape of the
stress-strain curves F = f(h) [16]. The mechanical
energy W,,, performed during indentation is only
partly spent on the plastic energy W, [16]. When
the applied load is removed, part of the energy (elas-
tic recovery energy W,,.) is released. Relation (1)
contains information characterizing the plastic prop-
erties of the test sample:

elast

nelas = > (1)
t I/Vz‘ol‘al

where Wtolal = VVelast + Wplast'
The plastic component is equal to:

T]plozst = (1 - nelast) : 100% (2)

To determine critical stress intensity coefficient
K¢, the following formulas were used [11-13]:

weoon{t] (2] 2}
reom(s) (2] ]

where P is the load on the indenter, ; / is the crack
length near the indentation imprint, m (Figure 1);
c is the crack length from the center of the inden-
tation imprint, m; «a is the length semi-diagonal of
the indentation imprint, m (Figure 1); H is the mi-
crohardness, GPa; E is the elastic modulus, GPa;
@ is a constant, an indicator of the bond reaction
in the crystal lattice, @ = 3. The ¢/a ratio must be
determined to select the formula. If ¢/a <2.5, then

1
Ha?
(<)

A3)

1
Ha?
(o)

(4)
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Palmquist cracks (Figure 1) form in the sample and
the calculation is carried out according to formu-
la (3) [12, 17, 18]; if ¢/a > 2.5, then median cracks
(Figure 1) form in the sample and the calculation is
carried out using formula (4) [12, 17,18]. Formulas
(3) and (4), as already shown in [12], were chosen
for calculation as the most reliable. The values of H
and E obtained by the NI method were used as mi-
crohardness and elastic modulus in K- calculations.

side view

Vickers
c/a<2.s imprints
\ Palm(t]ist /
cracks

7

Wiodian oacks——

Figure 1 — Indentation imprint with indication of cracks
and them type

Results and discussion

AFM-images with the surface profiles of the
cover and slide glass are shown in Figure 2. On the
surface of the cover glass and slide glass there are
stripes oriented in the same direction. The surface re-
lief of the slide is slightly more developed than that
of the cover glass (Figure 2b). The surface roughness

14.3 nm

a
E |
2500 -
= |
on
2 o
2 -
S -500 -
S
m 1 T T T T T T T T T 1
0 1 2 3 4 5
Profile length, pm

Cc

of the slide glass and cover glass they are close in
terms of values (Table 1). Only the roughness R, of
the cover glass is lower compared to the slide glass.
Specific surface energy for the slide glass (0.26 N/m)
is higher compared to the cover glass (0.08 N/m).

Table 1

Roughness (R,, R,, R) and specific surface

energy v of glass
Gl
ass > M R,, nm R,,nm v, N/m

type

Slide 1.24+£0.06 1.58+0.08 3.51+£0.18 0.08+0.01
glass

COVer | 164005 1574008 2.6440.13 026+ 001
glass

Mechanical properties of two types of glass
were studied under constant (Table 2) and increasing
load (Figure 3) by the nanoindentation method.

Table 2
Mechanical properties of glass

Glass
type E’ GPa H? GPa nplust’ % Nelase> %
Slide 58+3 6.7£0.2 37.8+5.7 62.2+9.3
glass
Cover  yeuy 64402 337451  66.3+9.9
glass

g

=

=

.20

Q

=

2

=

£-1.5 1

Profile length, pm
d

Figure 2 — Atomic force microscope images of the cover glass («) and slide glass (b) (in a field of 5x5 pm?) with surface

profiles (¢, d)
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Based on the study results of the mechanical
properties of glasses at a load of 5 mN (Table 2),
it was found that the elastic modulus £ of the cov-
er glass is 48+1 GPa, and that of the slide glass is
58+3 GPa. Microhardness H is almost the same
and amounts to 6.7+0.2 GPa for the slide glass and
6.4+0.2 GPa for the cover glass. Mechanical prop-
erties values are lower than those of pristine silica
glass and fully densified silica glass [19]. Microhard-
ness practically coincides with the values in [20]. It
can be said that the composition of the glass can sig-
nificantly affect the mechanical properties and, sub-
sequently, the strength characteristics of the glass.

100 -
< ° ® cover
& xslide
N 90 N
0
= .,
!
o
g 80 A
2
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S
= 70 : . . ;
0 50 100 150 200
Indentation depth, nm
a
12 -
Q‘f ® cover
&) Xslide )&8‘
)
10 t}’)‘("p
g o
o0,
2
< 8 0 gt0n s o X
2 oo XXX
2 " x*x'
I
= -
6 T T T T
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Indentation depth, nm
b
s I slide
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€ ;|
g
<
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0 : ——
0 50 100 150 200 250
Indentation depth, nm
C

Figure 3 — Dependences of elastic modulus («) and micro-
hardness (b) on indentation depth and indentation curves
(c) on the slide glass and cover glass

When studying microhardness H with increasing
load (from 0.2 to 10 mN), it was found that the val-
ues are almost the same for both glasses (Figure 35).
Elastic modulus £ of the slide glass at small depths
(up to 70 nm) practically does not change, and then
increases to 80—85 GPa (Figure 3a). For the cover
glass, the elastic modulus decreases with increas-
ing depth from 50 to 100 nm. After depth 100 nm,
the elastic modulus remains virtually unchanged —
73-75 GPa. Plastic deformation of the slide glass
is higher than that of a cover glass and amounts to
37.8 % and 33.7 %, respectively (Table 2, Figu-
re 3c).

Morphology of the indentation imprints on the
glasses surface has been studied after studying the
surface morphology of the glasses and mechani-
cal properties. It has been established first cracks
appear at a load of 1 N on the slide glass, and on a
cover glass — at 2 N using the AFM method. Cracks
(Figure 4), which appear parallel to the edges of
the imprint at low loads (up to 1 N), are breaks, not
cracks [2]. These breaks initiate the appearance of
the radial cracks when large loads are applied [2].
The structure of the deformation area is similar to
the structure in [2, 7, 21, 22]: there are imprints on
the glass surface with breaks along the verges of the
imprint and cracks spreading from the corners of the
imprint.

Also, from the AFM images, the diagonals
length d and the indentations depth % for the slide
and cover glasses were determined (Figure 5). For
both the slide and cover glass, the values of /& and
d are almost the same up to a load of 2 N. Cover
glass is destroyed at a load of 3 N (Figure 5b). The
¢/a ratio for the cover and slide glasses is given in
Table 3.

Table 3
c/a ratio for slide glass and cover glass
c/a

Load, N .

Slide glass Cover glass
1 1.3+0.1 —
2 2.0+£0.2 22402
3 2.1+£0.2 destruction
5 22+0.2 destruction

It is established that c¢/a < 2.5 and Palmquist
cracks form in the glasses (Table 3). The critical frac-
ture intensity coefficient K, should be calculated us-
ing formula (3).
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Figure 4 — Atomic force microscope images of the indentation imprints on the surface of a cover glass (a, b) and slide
glass (¢, d) at 0.01 N (a, ¢, ) and 2 N (b, d, f) and their profiles
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Figure 5 — Dependence of the diagonal length and indentation depth on the load for slide glass (@) and cover glass (b)
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According to the calculation results, it was
found that K. for the slide glass is equal to
1.42+0.03 MPa-m'?, and K, for a cover glass is
1.10+0.05 MPa-m"?. The K, values obtained in this
work are close to the values in [10] for silicon oxyni-
tride glasses and B,0;-based glasses.

The destruction of the cover glass under a load
of 3 N is associated with its smaller thickness com-
pared to the slide glass. Thus, the glass thickness can
influence the value of the fracture toughness: the
thinner the glass, the lower its breaking force.

Conclusion

The crack resistance of two types of glass (slide
glass and cover glass) was determined using an im-
proved indentation method. The used of probe meth-
ods (atomic force microscopy and nanoindentation),
which allowed it possible to accuracy increase of
determining the crack resistance of glass. Colorless
silicate glass was used.

Using a Vickers pyramid was carried out inden-
tation. The deformation area was visualized using
atomic force microscopy. The mechanical properties
of glasses were determined by nanoindentation (at a
constant load and with increasing load).

Based on atomic force microscopy images,
it was established that there are stripes oriented in
the same direction on the surface of the cover glass
and slide glass. The surface relief of a slide glass
is slightly more developed than that of a cover
glass. The specific surface energy is higher for the
slide glass (0.26 N/m) compared to the cover glass
(0.08 N/m). The elastic modulus £ of the cover glass
is 48 GPa, and that of the slide glass is 58 GPa. The
microhardness H is almost the same and is 6.7 GPa
for the slide glass and 6.4 GPa for the cover glass.
The elastic modulus E of the slide glass at small
depths (up to 70 nm) practically does not change,
and then it increases to 80—85 GPa. For a cover glass,
the elastic modulus decreases with increasing depth
up to 100 nm, and then remains virtually unchanged
(7375 GPa).

Atomic force microscopy images of the defor-
mation area after indentation with a Vickers pyramid
show that the first cracks appear at a load of 1 N on
the slide glass, and at 2 N — on the cover glass. The
cover glass is destroyed at a load of 3 N. The diago-
nals length d and the indentations depth h for the slide
and cover glasses are practically the same up to a
load of 2 N. It was found that Palmquist cracks form
on glass of both types during indentation. The crack

resistance K. for a slide glass is 1.42 MPa'm'?, and
for a cover glass is 1.10 MPa'm"?.
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DKCIIpeccHOe OmpezeNieHHe AIIEMEHTHOTO COCTaBa CTallell M CIIJIaBOB Ha OCHOBE JKeie3a SBISEeTCS
aKTyaJbHOM 3a/aueil, I pelIeHHs KOTOPOH MOXKeT TPHUMEHSTHCS Ja3epHO-HCKPOBAasS AIMHCCHOHHAS
CHEeKTpOCKomus. HemocTaTrkoM OfHO- WM MHOTONIAPAMETPHYECKHX pEIIeHUH 3TOM 3afadm SBISETCS
WX TIONYKONMYECTBEHHBIM Xapakrtep. lLlempio paboTel  sBIsmack  pa3paboTka  KOJHMYECTBEHHBIX
MHOTOTIapaMETPHYECKUX KaTMOPOBOK KOHIEHTpPAIMi Habopa XHMHYECKHX OHIIEMEHTOB, JOCTATOYHOTO
JUT TIPOBE/ICHWS HMACHTHU(HUKAINA HU3KOJETHPOBAHHBIX CTajed MO AMHCCHOHHBIM CIIEKTpaM HH3KOTO
paspemenus. [{ns mocTpoeHHs KanmnOpOBOK MPUMEHSIICS MHOTOMAPAMETPHUECKHA METOA YaCTHYHBIX
HaUMEHBIINX KBaJ[PaTOB. YMEHBIIICHNE BIUSHUS N30BITOYHOCTH ITUPOKOITOIOCHBIX IMHCCHOHHBIX CIIEKTPOB
Ha pe3yJbTaThl KOIMYECTBEHHOTO aHallM3a JOCTHTAJIOCh MyTEM IMOWCKa KOMOWHAIIMU JIBWKYIIMXCS OKOH,
cofiepKalIuX Ha OHY CIEKTPAIbHYIO TEPEMEHHYIO OOIbIe, YeM ONTHMAalIbHOE KOJIMYECTBO JIATEHTHBIX
MEPEMEHHBIX JUIS IUPOKOIIOIOCHONH MHOTOMapaMeTprueckoil Moaenu. Takke s TOBBIMICHHS] TOYHOCTH
KaTMOPOBOK HCIOIB30BANIACh KOPPEKIHs 0a30BOM JIMHUAW C TIOMOIIBIO aalTHBHOTO METOAAa HaWMEHBIINX
KBaJI[paToB CO IMTpagoM M MTEPATUBHBIM TepecdéToM BecoB. [lo ma3zepHBIM SMHUCCHOHHBIM CTEKTpam 65
ATAJIOHHBIX 00pa3IoB HU3KOJIECTHPOBAHHBIX CTaJCH, 3apeTHCTPUPOBAHHBIM B THAIA30HE JTMH BONH 172—
507 aM co crnekTpaibHBIM pasperierreM 0,5 aM u marom 0,1 HM, TTOTydeHBl KaTHOPOBKH KOHIICHTPAITHH
yIIepoaa co CpeAHeKBaIpaTHIHBIM OTKIIoOHeHHeM He xyxe 0,059 % B amamazone mo 0,8 %, mapranma —
0,02 % u 2,0 %, coorBeTcTBeHHO, XpoMa — 0,009 % u 1,0 %, kpemuaus — 0,021 % u 1,2 %, aukemnst — 0,04 %
n 0,8 %, mequ — 0,019 % u 0,5 %, Banagus u Tutana — 0,005 % Oe3 orpannueHus quamna3ona. [lomydeHase
MHOTOTIapaMETPHUYECKIE MOAEITH SBISIOTCS KOJTMYECTBEHHBIMHU ISl YKa3aHHBIX AIIEMEHTOB, YTO MO3BOJISET
OTIPENEISTh COPT MCCIEMYyEeMBIX CTalel SKCIPECCHBIM 00pa3oM Ha MPOWM3BOJCTBE WM NMPH WX BTOPHUIHOU
repepaboTKe.

KaioueBble cioBa: JIA3C€PHO-UCKPOBAasA 5MHUCCHUOHHAA CIICKTPOCKOIIHA, MHOIOIIapaMeTpuiICCKasa KaJ'II/I6p0BKa,
MCTO/] YaCTUYHBIX HAMMCHBIIUX KBAJAPAaTOB, HU3KOJCTUPOBAHHBIC CTAJIN
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Abstract

Express determination of the elemental composition of steels and iron-based alloys is an urgent problem.
Laser induced breakdown spectroscopy can be applied for its decision. The disadvantage of single- and mul-
tivariate modeling the elemental composition of steels is the semi-quantitative accuracy of the models. The
aim of the study was developing quantitative multivariate calibrations of the concentrations of a set of chemi-
cal elements sufficient to identify low-alloy steels using low-resolution emission spectra. The multivariate
partial least squares method was used to create the calibrations. Reducing the effect of redundancy of wide-
band emission spectra on the results of quantitative analysis was achieved by searching combination moving
window containing one spectral variable more than the optimal number of latent variables for the wideband
multivariate model. Further improvement of calibration accuracy was achieved by using the adaptive it-
eratively reweighted penalized least squares algorithm for spectrum baseline correction. Based on the laser
emission spectra of 65 reference samples of low-alloy steels registered in the wavelength range 172-507 nm
with a spectral resolution of 0.5 nm and a step of 0.1 nm, the following calibration models were developed:
for carbon concentration with a root mean square error 0.059 % in the range <0.8 %, for manganese —0.02 %
and 2.0 %, respectively, chromium — 0.009 % and 1.0 %, silicon — 0.021 % and 1.2 %, nickel — 0.04 %
and 0.8 %, copper — 0.019 % and 0.5 %, vanadium and titanium — 0.005 % without range limitation.
The obtained multivariate models are quantitative for eight elements. These models give the possibility
to identify the grade of low-alloy steels in an express manner at the stages of production or recycling.

Keywords: laser induced breakdown spectroscopy, partial least squares, spectral variable selection,
low-alloy steels
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BBenenue

JlazepHO-MCKpOBas 3MHCCHOHHAs  CHEKTpPO-
cxonust (LIBS — laser induced breakdown spectros-
Copy) HaxOIUT NPHUMEHEHHE B pa3HbIX 00JacTsiX
HayKd W MPOU3BOJICTBA OJaromapsi BO3MOXKHOCTH
peanuzanuu OBICTpOTO u 3¢ (heKTUBHOTO
KaueCTBEHHOTO ¥  KOJMYECTBEHHOTO  aHaln3a
AJIEMEHTHOTO cocTaBa. M3 MIMPOKO MCHOIB3yEeMbIX
B TIPOMBIIUIEHHOCTH CIUIAaBOB 0CO00€ MpPaKTHYeC-
KO€ 3HAa4eHHe WUMEIOT CTaJl W CIUIaBhl Ha OCHOBE
Keneza. B 3aBUCHMOCTH OT 00NAcTH MPUMEHEHHS
CTallell U CIJIaBOB, OHU JIOJDKHBI UMETh OIpeNeEH-
HbIe (PM3UYECKUE, XUMHUYECKHE W TEXHOIOTHIECKIE
CBOMCTBA, KOTOpbIE OMPEAEINSAIOTCS JT00aBKaMu u
MIPUMECAMH PAa3TUYHBIX XUMHUYECKHX JIIEMEHTOB.
Hampumep, yrieposa sBisSeTCS OCHOBHBIM 3JIEMEH-
TOM B CTasIX W CIUIaBaX Ha OCHOBE JKejie3a H
OTIPE/IETICHNE €r0 COJEp)KaHUsS SBISETCS BaXXHOU
3amaueit juisi mpumenenms wmetoma LIBS. Ilo
COJIep’KaHUIO yTIJIepojia CTallu Kiaccu(puuupyoTcs
Kak Huskoyriepoaucteie (mo 0,25 %), cpemHe-
yraepoaucteie  (no 0,3-0,6 %) u  BBICOKOYTIIE-
ponuctsie (6onbiie 0,8 %). OnpenencHue IEMEHT-
HOTO CcoOcTaBa CTajiei M CIUIaBOB Ha OCHOBE
JKejle3a TO3BOJISIET IPOBOAWTH KOHTPOJbL  Ka-
YyecTBa Ha TMPOM3BOJACTBE IMYTEM  IMPOBEPKH
COOTBETCTBHSI COJEP)KAHMsI MpHMecei W 100aBOK
TpeOOBaHHUSAM  CTaHAAPTOB U  CHEUUHUKALUT
W OCYWIECTBIATH KJIACCH(DUKAUMIO TIpH  BTO-
puuHOW mepepaboTke. B OonblmIMHCTBE Mpak-
THueckux — npuwioxkenuit  LIBS  mpuBogutes
KinaccuuKanys, MOIpasyMeBalolias NPOBEICHUE
KAueCTBEHHOTO aHajlu3a JJIEMEHTHOI'O COCTaBa
o0wekToB [1]. HemocTarkoM paboT, MOCBSAIIEHHBIX
CO3/IaHMI0 OJIHO- WJIM MHOTONapaMeTPUIECKHIX
perpeccuoHHbIX Mojened ¢ mpuMmeHeHuem LIBS,
KaK TPaBWIIO, SBIISETCS HMX ITOJYKOJINYECTBEHHBIH
xapakrep [2, 3]. B npubmmkéHHOM paccMOTpeHHH
WHTEHCUBHOCTh H3JIy4€HUS Ha [UIMHAX BOJH
XapaKTepPUCTUYECKUX JIMHUW JIMHEMHO 3aBUCHUT
OT KOHIIGHTpAallUd XWMHYECKOTO DJIEMEHTa B
nceaeayeMoM  obpaszie. OmHako — W3MEHEHHe
coctaBa oOpasiia, Kak TIPaBWIIO, TaKXKe BIHSET
Ha B3aMMOJEWCTBHE W3TY4YCHHS Jla3epa C BEIIecCT-
BOM U CBOWCTBa (Temrmeparypa, OJHOPOJHOCTh H
Ip.) OOpa3yrommieiicss HecTallMOHAPHON TIUIa3MBblI,
YTO TPUBOAUT K OTKJIOHEHHIO OT JIMHEHHOHU
3aBUCHMOCTH MHTEHCHBHOCTH W3JIy4E€HHUS Ha JJIH-
HaX BOJIH XapaKTePUCTHYECKUX JIMHUN D3JIeMeHTa
OT ero KOHIeHTpaluu B oOpasue. Jlus nuHul

yraepoja JIOTIOJTHUTEIIbHBIM MCKaXAIOIINM
(haKTOpoM SIBJISIETCS HAJMYME YIJIEKHCIOTO Tasa
B OKpPYXKAIOIIEH SKCIEPUMEHTAIbHYI0 YCTAaHOBKY
armocdepe [3]. Kpome Toro, nepekpoiTHe Xapakre-
PUCTHUYECKUX CIEKTPAIBbHBIX JIMHUH JIETHPYTO-
IMX DJIEMEHTOB W  JKelle3a W3-3a  HU3KOTO
paspeleHusl CIeKTpajJbHON ammaparypsl B IOpTa-
TUBHBIX YCTPOMCTBAX MPUBOJUT K YXYIIICHUIO
XapaKTePUCTUK KOJUYECTBEHHOI'O aHalM3a CTajei
¢ nomombto Meroaa LIBS. B Takux ycnoBusix Bcé
game  NPUMEHSIOTCS ~ METOAbl  MHOTOIapa-
METPUYECKOT0 aHalu3a C LeNbl0 HaXOXKACHUS
KOPpPEISLUUNA MEXIY HW3MEPEHHBIMU CHEKTPATbHbBI-
MU JaHHBIMU UM KOHIIGHTpaUueWd aHanu3upye-
Moro BeriecTsa [4, 5].

B mHacrosmeit paboTre paccMOTpeHBI OBa
BapHaHTa TOCTPOEHHS MOjeJeil KaluOpOBOK cOC-
TaBa HU3KOJIETUPOBAHHBIX CTaled MO SMUCCHOH-
HBIM CIIEKTpaM HHU3KOTO pa3pelieHUs], peaJu30BaH-
HBIE C TOMOIIBIO JBYX PAa3HBIX JIA3€PHBIX HCTOY-

HUKOB BO30YXICHHS W pPa3IHYHBIX METOJIOB
aHaJin3a MHOTOITapaMETPUUCCKUX JaHHBIX,
U IIOKazaHa BO3MOXHOCTbL IMOJJYUCHHA  KOJH-
YEeCTBEHHBIX MoJieNieil ais Habopa 3JEeMEHTOB,
JNOCTaTOYHOTO  JUIA  XapakTepH3aluH  copra
HCClIelyeMOM CTalu.
JKCIepUMEeHT

HccnenyempiMu  oOpasmamMu  SBISUTACH - 65

sTanioHoB cranei mpousBoactBa MCO (Poccus) u
IMZ (Ilonema). [enbro paboThl OBLIO MOCTPOCHUE
KamMOpOBOYHBIX Mojeneil koHueHTpauuit C, Mn,
Cr, Si, Ni, Cu, Mo, V, P, S, Ti u Al. Ucnonp3ye-
MBI HAOOp ATAJIOHOB XapaKTEPU3YeTCsS HU3KOMH
KOppensuuei paccMaTpUBAaEeMbIX KOHIIEHTpalui
XUMHMUYECKHUX  DJeMEeHTOB. JIig  HaxoXAeHus
PErpecCUOHHBIX 3aBUCUMOCTEH CONEp KaHUs IIEeCTU
OCHOBHBIX JJIEMEHTOB FHCIIOJIb30BaJINCh 3TaJOHBI,
B KOTOpBIX KoHIeHTpanus C He npessimana 0,8 %,
Mn<2,0%, Si<1,2%, Cr<1,0%, Ni<0,8 %,
Cu <0,5 %.

[IpuMmeHsITUCh J1BA HMCTOYHUKA BO30YKICHHUS
mna3Mel. [lepBoiid — onvcaHHblid B [6] ABYXKaHAJb-
HEI Nd:YAG 7nasep ¢ Momysimueii 100pOTHOCTH,
M3ITyYaloMMi TaKeThl CABOCHHBIX HMMITYJIbCOB Ha
nnuHe BOJHBI 1064 HM B MEPUOAMYECKOM PEKUME
¢ yactotoii 1o 10 I'n, sHeprueit ummnymnsca 55 m/[x.
Bropoii — KoMImakTHEII 1a3ep Ha ApOMEBOM CTEKIIC
C JWOJIHOM HaKauyKoW, TEHEPUPYIOUIMN IMaKeThbl
m3 89 mmmymnwscoB oOmieit sueprueit 40—45 m/Ix
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Ha JUIMHE BOJHBI 1535 HM, yacToTa ClieOBaHUS
nakeroB 5 I'u. M3mydeHue ma3epHO-3PO3UOHHOMN
I1a3Mbl € TIOMOIIBIO ONTHYECKOro OJoka u
ONTOBOJIOKHA COOMpaeTcss Ha BXOJHYIO IIEINb
MajiorabaputHoro  crnekrpomerpa  FireFly 4000
U pErucTpupyercs B Juana3zoHe JJIMH BoJH 172—
507 HM co cnekTpalbHbIM pasdpemnieHueM 0,5 HM
n marom 0,1 aM. Bpems »skcmo3unuud OTHOTO
KaJipa, B KOTOpOE TOMaaeT OJHWH IMMaKeT JIa3ePHBIX
UMITyJIbCOB, cocTaBisieT 190 mc. B kaxmoit uz 5
WCCIIEyeMbIX TOYEK Ha TIOBEPXHOCTH JTaJIOHA
peructpupyerca 60 KagpoB. DMHCCUOHHBIE CIICKT-
pBlI, TIOMyYeHHBIE TpH BO3OYXKICHUH ILIA3MBI
Ja3epoM Ha HPOMEBOM CTEKJE, XapaKTepU3yIOT-
ci MeHbIIeH WHTEHCHBHOCTHIO, TpeOytomen
OOJIbIIIET0 BPEMEHH HAKOIUICHUS, M  OOJbIIUM
ypoBHEM (OHOBOTO CHTHala TI0 CpPaBHEHUIO
CO CHEeKTpaMH, TONYYCHHBIMH TIPH WCIOJIH30Ba-
Hun  Nd:YAG nazepa. [lpu  wucnonb3oBaHuu
Jmazepa Ha 3pOWEBOM CTEKJIE JUIS YCTaHOBJICHHS
cTabumpHONH  2po3un  TpeOyercss  OOMbINUit
MPOMEXKYTOK BPEMEHHU IO CPaBHEHHIO C BO30YXK-
neareM Nd:Y AG nazepoM.

O0pabdoTKa CIEKTPOB U NOCTPOCHHE
KaJ1u0pPOBOYHBIX Mojeel

Juis  ycTpaHeHMs BIMSIHUS —TTOBEPXHOCTHBIX
3arps3HeHUi (OYHCTKAa TMOBEPXHOCTH) B MOJEIH-
POBaHMU HE YYHTHIBAIUCH TepBble 10 HMITyIbCOB
npu Bo3Oyxkaennn tazMbl Nd:YAG nazepom u
20 WMIyTCOB TIpH  BO3OYKICHHH  JIa3epOM
Ha 9pOueBoM crekie. KoiauuecTBO H3bIMaeMbIX
AMITYJTECOB OIPENEISIOCh JOCTIKEHUEM ITOCTOSH-
HOTO 3HAYCHMS] HUHTErPajbHOM 1O  CHEKTPY
WHTEHCUBHOCTH 3MuccHH. [lanee B Kakaol u3 5
WCCIIEZIOBAaHHBIX TOYEK IMOBEPXHOCTH OCTABIIHECS
UMITYJIbChI OBLIM MPOaHAJIM3UPOBAHBI HA HAJUYKC
BBIOPOCOB: TPH OTKIOHCHWH CYMMapHOW WHTEH-
CHUBHOCTU CIIEKTPa OT BEIUYHMHBI CPEAHETO 3Haue-
HUS TI0 BCEM UMITyJIbCaM B paccMaTpuBacMOit
Touke Oonee yeM Ha 10 % 3TOT CHEKTp B JalibHEH-
meM He yuuThiBasics.  OcraBiimecss — Iocie
WCKJTIOUEHUS] BRIOPOCOB CHEKTPHI OBLTH yCpEeIHEHBI
Mo 5 TOYKaM Ha TMOBEPXHOCTH U OTPAHUYCHEI
nuana3oHoM JirH BoJH 230-480 HM, Kak MOKa3aHO
Ha TMpUMEpe TUIHUYHOTO CIEKTpa OJHOTO U3
stanioHoB cepuu IMZ na pucynke 1. Takum oOpa-
30M, KaXKIBIH OTallOH XapaKTepU30BaJICS €IIH-
CTBCHHBIM YCPEIHEHHBIM 10 TOBEPXHOCTU U
T10 JIA3ePHBIM UMITYJIbCaM 3MHCCHOHHBIM CIICKTPOM.
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Pucynox 1 — DMuccroHHBIHN crIeKTp TasioHa cepun IMZ,
MOJIYYEHHBIH TNpH BO30YXKICHUH IUIA3Mbl H3JTy4YCHHEM
Ja3epa Ha 5)pOHUEeBOM CTEKIIe

Figure 1 — Emission spectrum of the IMZ series standard
obtained by exciting the plasma with Er-doped glass laser
radiation

[lepen mocTpoeHHeM KaaHMOPOBOK KOHIICHT-
pamuii  XMMHYECKHUX  JJICMEHTOB  METOJIOM
YaCTUYHBIX HAMMEHBIIMX KBAJPATOB IO YCPEJ-
HEHHBIM SMHUCCHOHHBIM CIIEKTPaM 3TaJIOHOB HU3KO-
JIETUPOBAHHBIX CTAJIEW Uil KaXKJAOW MOJAEIH IpH
HEOOXOJMMOCTH ~ 3a/laBajlaCh BEPXHsII TpaHuIa
JlMara3oHa KaJIMOPOBKUA M HCKIIOYAIUCH 00pa3Iiibl
C HYJICBOH W C TIOBTOPSIONIMMHUCS 3HAYCHUSIMU
KOHLIEHTPALMU pacCMaTpUBAEMOTI0 JIEMEHTA.

MeTon YacTHUYHBIX HAaWMEHBIIUX KBaJ[PAaTOB
(PLS — partial least squares) [7] — oquH U3 METOIOB
aHaJIu3a MHOTOIAPAMETPUYCCKUX JaHHBIX, IIHPO-
KO TPUMEHSIONIMNACS JUIsl pPelICHHs 3aja4 Kjac-
cudukanun [8] u xamubOposku [9]. Ilpu peanunsa-
MU METOJa  WCIIOJIb3YKOTCS  JIBE€  MaTpUIlbI
JAHHBIX: MarpHla CHeKTpoB X pa3MepHOCTBIO
IxJ (komudecTBO OOpa3lOB HA KOJUYECTBO CIICKT-
PalbHBIX TIEPEMEHHBIX) M MaTPHIA KOHIICHTPAIHH
Y paszmepnoctsio /x1. I'maBHoOI nenpro ananmsza PLS
SBIISIETCSl TTOMCK MAaJIOMEPHOTO TIOATIPOCTPAHCTBA
B IPOCTPAHCTBE Pa3MEpPHOCThIO J+1, 0OBenuHsI0-
mem Marpunbl X u ¥, B KOTOpPOM KOppEsILus
MPOEKIIMH 3TUX MaTPHUILl MaKCHMaJIbHa.

Ilpy 1OCTpOEHHMH PETPECCHOHHOM MOjEeNU
UCTIOJB3YIOTCS JIBE HENEePEeCeKaroNUecss BBIOOPKU
STAJIOHOB CTayiel: oOydaromias W IPOBEPOUHAsL.
Cormmacio [10] xommyecTBO 00paslioB B HHUX
ompenesseTcss KOJIMYECTBOM K JIATEHTHBIX IIepe-
MEHHBIX (Pa3MEpPHOCTHIO HAMJIEHHOTO TOAMPOCT-
paHctBa). OOyyarommasi BBIOOpPKa JIOJDKHA COZAEPKaTh
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He MeHee 24 oOpa3moB npu k < 3 wimu 6k ipu k > 3.
[IpoBepounasi BbIOOpKa JOJDKHA COZAEPKaTh HE
meHee 20 oOpas3ioB, kKanuOpyemas KOHIICHTpAIHs
XUMHUYECKOTO 3JIEMEHTA B KOTOPBIX HAXOAUTCS
B TpeJeliax HWHTEepBalia, OXBaThIBAEMOrO 00pa3-
maMu oOydaromiel BEIOOPKH, TIpH k < 5 win 4k mpu
k>5. Takum oOpa3oMm, moctpoeHue moxeian PLS
u (opMupoBaHuE BBIOOPOK SBJISIOTCS B3aUMO-
3aBUCUMBIMH TIporieaypamu. Eciam cooTHoIeHus
MEXIy Pa3MEPHOCTHI) MPOCTPAHCTBA JIATEHTHBIX
TIEPEMEHHBIX U KOJHMYECTBOM 00Opa3IioB B BEIOOpPKAX
He OymyT yAOBJICTBOPSTH YyKa3aHHBIM  BBIIIC
YCIIOBHUSIM, HEOOXOMUMO YBEIHYUTHh KOJIHYECTBO
UCCIIeyeMbIX 00pa3loB WIIM YIPOCTHTh MOJEIb
(YMEHBIIUTH  BEJIWYWHY 1), YTO HEH30eKHO
npuBeA€T K norepe €€ touHoctd. IIpu 3ToM cy-
LIECTBYET HECKOJIBKO CIIOCOO0B (POPMHUPOBAHUS
BBIOOPOK M3 HCCICAYEMbIX 0OpasIloB: paBHOMEPHOE
pacmpeneneHne 10 KaJuOpyeMoMmy —IapameTpy,
meron  Kennapga—Croyna [11], kmactepHblit
ananm3 [12], choydaiiHoe pacmpeneneHue W Jp.
B nanHO#l paboTe ns TOBBIMICHHS YCTOWYH-
BOCTH MHOTOTIAPaMETPUICCKUX KaTHOPOBOK OBLIO
ucnonb3oBano  10-xkpaTHoe ciywaiiHOe —(opMu-
poBaHHE BBIOOPOK C TMOCIEAYIONUM yCpenHe-
HueM mozenel. IIpu 3ToM mo aBa 3TajgoHa ¢ Mak-
CUMajJbHOM W MHUHUMAJIbHOM  KOHUEHTpaluei
JNIEMEHTa OTOMPAUCh B OOYYaIOIIyI0 BBIOOPKY
JUISL COXPaHCHHS WHTEPIOJSIIIMOHHOTO XapakTepa
MOJIEJIeH.

KauectBO ~ KanmmOpoBKM  XapakTepHusyercs
BEJIMYMHAMHM OCTaTOYHOTO OTKIJIOHEHHWS MpeicKa-
3aausi RPD (residual predictive deviation) u
CPEIHEKBAIPAaTUYHOTO  OTKIIOHGHHS  TIpEJICKa-
3aHAA KOHIEHTPAIlMd B MPOBEPOYHON BBIOOpPKE
RMSEP (root mean square error of prediction):

1 2
RMSEP = |— Z(Y o Ypredicted) ’
n test
e Y u Y iea JTaJIOHHAsl BEJIUMYMHA KOH-

LIGHTPAllUd XHMHUYECKOTO dJIeMEeHTa U €€ OLEH-
ka MeromoM PLS 1 n oOpas3ioB, BXOASIIAX
B IIpOBepouHyio BbIOOPKY. Bemumumna RPD, xo-
TOpasi XapakTepu3yeT pa30poc pe3yabTaToB OTHO-
CUTEIPHO TIPSIMOW EAMHWUYHOTO HAKJIOHA B KO-
OpIUHATaX »HTAJOHHAs BEIUYHHA OLICHKa U
MIPEICTABIACT COOOM OTHOIICHWE OCEH JIUTHIICA,
OMHCHIBAIOIIECTO JAaHHBIE B OATOM MPOCTPAHCTBE,
SIBISIETCSL  [OKa3aTelieM  KAaueCTBEHHOIO WU
KOJJMYECTBEHHOTO XapakTepa Mopaenu. YucieHHO
RPD paBHO OTHOILIEHUIO CPEAHEKBAAPATUYHOTO

OTKJIOHEHHS KaJMOpyeMOU KOHIICHTpAIlMH B BHI-
OOpKe K CpeTHEKBAAPATHYHOMY  OTKJIOHEHHIO
kamuopoBku. Ilpm RPD <2 wMomens cuuraeTcs
HEJI0CTAaTOYHO TOYHOH ISl PAKTUYECKOTO MCTIONb-
30BaHMs, B JIMANa30HE OTHOCHUTEIFHOTO OTKIIOHE-
HUAA OT 2 10 3 OIEHKH HOCAT NPHUOIM3UTEIILHBIN
KOJIMYECTBEHHbIM  XapakTep, RPD >3  cBujge-
TEJIbCTBYET O TMPHEMJIIEMOM  KOJINYECTBEHHOM
xapakrepe moaenu [13].

[IpemoOpaboTKa 3aperHCTPUPOBAHHBIX CIICKT-
POB 3aKifodajach B KOpPPEKIHMH 0a30BOW JIMHUH
U HOPMHPOBKE CIIEKTPOB Ha HMHTEHCHUBHOCTH
Ha JUIMHE BOJIHBI XapaKTepHOW HSMHUCCHOHHOMN
JIUHUW JKele3a. BBIOOp IIMHBI BOJHBI 00OCHOBaH
B [14], Tme moka3aHO, YTO HOPMHPOBKA Ha JIMHHIO
Fe Il 252.0609 HM npUBOAUT K Jy4lIUM MHapaMeT-
paM KanuOpoBOYHBIX Momeneit. Koppeknus 6a3o-
BOHl JIMHWW BBHITIOJHEHA C TOMOIIBIO aJalTHBHOTO
METOZla HAaWMEHBINUX KBaJparoB co mTpadoM
1 UTEePaTHBHBIM TiepecuéToM BecoB (airPLS — adap-
tive iteratively reweighted Penalized Least Squa-
res) [15]. MeTtox OTHOCHTCS K BHIAM IIOJHHO-
MHUATBHON ammpoKCUMAIlMA W €ro IPEUMYIIECTBO
3aKIII0YaeTcs B OTCYTCTBUM  HEOOXOIUMOCTH
B TpenBapHUTeNIbHON WH(pOpMamu 00 OOHApyKeH-
HBIX TIMKaX W OCOOEHHOCTAX crekrpa. llemeByro
¢yakmmo Q merona airPLS moxHO mpenctaBuTh
B BHJIE:

m m
Q= E,Wi|xi_zi| + Z‘Zj_zj—l
i1 =

IJie B MEPBOM ClIaraéMOM YYTE€Ha CyMMa B3BEIICH-
HBIX  pa3sHOCTEH  CHEeKTPaJbHBIX  TEpEMEH-
HBIX X; M OTCUETOB 0a30BOM JIMHUM z;; BTOpPOE
claraeMoe ONMCHIBAET TNIAIKOCTh 0a30BOM JIMHUU;
M — KOTMYECTBO  CIIEKTPAIBHBIX  TEePEMEHHBIX.
Koadpdumment A 3amaér KOMIIPOMHCC MEXKIY
TOYHOCTHIO aNMNpPOKCHUMAllMd ¥ IJIaJKOCThIO Oa-
30BO0M JMHUM. HauvanbHble 3HAYEHUS BECOBBIX
k03¢ GuuMeHTOB W, paBHbl eauHuue. Mrepauus ¢
HaXOX/IECHUs 0a30BOH IJIMHUM HWCIIONB3YET pPa3HH-

2

5

Ly MEXIy CHEKTpaJbHbIMH IEPEMEHHBIMU U
orcuétaMn  0a30BOM  JIMHWH, ONPEACIEHHBIMHU
Ha IpebIIyLIEM 3Tarle:
-1
0, x,—z >0
1
w. = .
4 t(x —Z,H)/‘dl‘ -1
, x,—z <0

1

3neck BEKTOp d COCTOMT M3 OTpHUIATEIbHBIX
3JIEMEHTOB Pa3HOCTU BEKTOPOB X U 7' B [16]
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JIOCTynHa peanm3anus ainroputMma airPLS B Buge
MPOTPaMMHOTO OOECTICUCHUSI C OTKPBITHIM HCXOI-
HBIM KOZIOM.

Jis  yiydimeHusT KadecTBa KaJMOPOBOYHBIX

MoOJieNied  Takke ~ ObI  NMPUMEHEH  BHIOOp
CIIEKTPAJILHBIX TMEPEMEHHBIX C ITOMOIIBI) OpPUIH-
HaJIbHONH MoOAM(HKAIMKA METOJa KOMOWHAIMU

MBUKYIIUXCS OKOH (scmwiPLS — searching com-
bination moving window interval PLS)[17].
Ocobennocteio  Meroga scmwiPLS  sBisercs
BBIOOD HIMPWHBI JABWXKYIIETOCS WHTEepBaia (OKHA)
Ha eIUHUIY OOJbIIE, YeM KOJIMYESCTBO JIATEHTHBIX
MIEPEMEHHBIX, OMNPENCIEHHBIX IPH TOCTPOCHUHU
mupoxononocHot mozxenu PLS. Takum obpazom,
MpH YCIOBHH COXPaHEHHWsS BO3MOXKHOCTH BbIOOpa
JIATCHTHBIX ~ IICPEMEHHBIX Ha  JItoOOM  JTare
BBITIOJIHGHUSI aJTOPUTMA [IUPUHA JABMIKYIIUXCS
OKOH OTPaHWYIMBACTCS MHUHHUMAJILHBIM 3HAUCHUEM.
Meron scmwiPLS  peanusyercs  criemyromum
o0pa3oM: TOCiIe TPOXOKACHUS TEPBBIM OKHOM
BCEro CIEKTPAJbHOTO JHara3oHa W IOCTPOCHUS
Ha KaxnaoMm 1uare monenu PLS, yuuteiBaromeit
TOJILKO CIIEKTPaJIbHbIC TEPEMCHHBIC BHYTPH OKHa,
OHO (PUKCUPYETCsI B TOJOKECHUU C MUHUMAJbHBIM

3HAQUCHHEM  CPEIHEKBAJPATHYHOTO  OTKJIIOHCHHUSI
kanmuOpoBku. Cleayromme CHeKTpadbHbIe OKHA
AHAJIOTMYHO  CJBUTAlOTCS B  MpeAeiax  BCero

JMara3oHa HM3MEpPEeHUH W OOBEOUHSIOTCS C yXKe
3a()UKCUPOBAHHBIMM OKHAaMH IPU MHHHUMAaJIbHOM
3HaueHnH RMSEP nmns xanmOpoBOYHON MOmENH,
MOCTPOEGHHOH 1O  OOBEOMHEHUIO  BBIOPAHHBIX
MHTEPBAJOB. OJTOT  @ITOPUTM  HPOROIIKAETCA
BIJIOTH JI0 TIOCTPOEHHUS IIHPOKOIIOJIOCHOW Mojie-
ma  PLS. MuHumMyM 3aBUCHUMOCTH  BEJIUYHHBI
CPEeTHEKBAAPATHYHOTO OTKJIOHEHHS OT KOJIMYECTBa
BKJIIOYEHHBIX B MOJIENIb CHEKTPAIBHBIX HHTEpBa-
JIOB COOTBETCTBYET ONTHMAIILHOW Momenn scmwiPLS.
Ha pucynke 2 mpencraBieH mnpuMep IaHHOMN
3aBUCUMOCTH JJsl KaJIMOPOBKM KOHLEHTPALUH
Mapraiia. BuaHO 3HaunWTeNbHOE yMEHBIICHHE
BenmnunHel RMSEP B ciydae mpumeHeHus: BbIOO-
pa CIEKTpaJbHBIX MEPEMEHHBIX IO CPaBHEHHIO
C MHCIIOJIb30BAaHMEM BCEro H3MEPEHHOIO CIEKTpa
WIM  €IMHUYHOTO  CIEKTPAJIBHOIO  WHTEpBasa
JUTSL HAXOXKICHUS PETPeCCUOHHON 3aBUCUMOCTH.
Pesynbrarel KaquOpPOBKM KOHLEHTpALMU IIec-
TH OCHOBHBIX XHMHYECKHX OJJIEMEHTOB TpU BO3-
OyXXIEeHUH TIa3Mbl Jla3epoM Ha SPOMEBOM CTEKJIe
npencraBieHbl Ha pucyHke 3. Ilapamerpsl perpec-
CHOHHBIX MOJeNieii TpUBEAeHb B TaOnuue s
BCEX PacCMOTPEHHBIX IEMEHTOB M JJIsl 000MX HC-
MOJIb30BAHHBIX JIJIsI BO30YXK/ICHHSI TUIa3MBI JIa3epOB.

3neck mpu ycpemHeHu 1o 10 MopensM OTKIIOHE-
HUE OIpeneNnsercs Ui BCeX HCCIeIOBAaHHBIX
obpasmoB 0e3 pasgerneHHus Ha OOyJalomyro |
MIPOBEPOYHYIO BHIOOPKH.
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PucyHnok 2 — 3aBUCHMOCTb  CPEIHEKBAJAPATUYHOIO OT-
KJIOHCHUSI KIMOPOBKM KOHILEHTPAIlMM Maprafna Iio
MIPOBEPOYHON BBIOOPKE OT KOJIMYECTBA CIEKTPAIbHBIX
OKOH, yYUTBIBAEMbIX B MOJIEJIN TP BO30Y KACHHUH IIa3Mbl
Ja3epoM Ha IpOUEBOM CTEKIIe

Figure 2 — Dependence of the root mean square error
of the manganese concentration calibration for the test
dataset on the number of spectral windows taken into ac-
count in the model for plasma excitation by an Er-doped
glass laser

Tabnuya/Table

XapakTepHCTHKH KaJHMOPOBOYHBIX MoAesel 1JIs
KOHLIEHTPAILHI BCeX HCCaeIyeMBbIX 3JIeMeHTOB

Characteristics of calibration models for the

concentrations of all studied elements

Nd:YAG laser Er-doped glass laser

RMSE, % RPD RMSE, % RPD
C 0.048 4.0 0.059 33
Mn 0.020 24.2 0.019 25.1
Cr 0.009 27.8 0.007 36.3
Si 0.018 10.3 0.021 8.7
Ni 0.040 4.3 0.029 6.0
Cu 0.019 7.1 0.013 10.4
Mo 0.038 2.0 0.045 1.7
A% 0.003 27.6 0.005 19.3
P 0.014 1.6 0.016 1.4
S 0.005 1.6 0.004 1.8
Ti 0.003 18.6 0.005 11.5
Al 0.005 2.0 0.004 2.6
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PucyHnok 3 — 3aBUCHMOCTH OIICHKM KOHLIEHTPALMH IIECTH OCHOBHBIX XMMHUYECKHX JJIEMEHTOB MeTogoM scmwiPLS
OT 3TAJIOHHBIX 3HAYECHUH 110 IMUCCUOHHBIM CIIEKTPaM IPH BO30YK/IEHHUH I1J1a3Mbl JIa3epOM Ha I)pOUEBOM CTEKIIe

Figure 3 — Estimation of the concentration of six basic chemical elements by the scmwiPLS method vs the reference
values. Models are based on emission spectra of plasma excited by an Er-doped glass laser
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Juis obenx mpuOOPHBIX peanu3aiuii Mmoiyde-
Hbl KOJHMYECTBEHHBIE KAIMOPOBKM KOHIICHTPAIUN
mectu ocHOBHBIX (C, Mn, Cr, Si, Ni u Cu) u nByx
JIOTIOJTHUTENBHBIX XuMu4eckux 3iemeHToB (V u Ti).
[Ipu BO30YX/IEHUU IIIa3MBbl JIa3epOM Ha IPOMEBOM
CTEKJI€ MHOTOIApaMETPUYECKUe MOJENH  JJIs
kounentparmii C, V, Ti u Si obnagaror XyammMu
XapaKTEepPUCTUKaMU [0 CPaBHEHHIO CO CIIy4aeM
ucnosnb3oBanuss Nd:YAG nazepa, uisi KOHIEHTpa-
muit Cr, Ni u Cu HaOnro1aeTcsi MpOTHUBOIIOIOKHAS
TEHJCHIIUA, cojepkaHue Mn B HU3KOJIETUPOBaH-
HBIX CTalsiX B OOOMX PAaCCMOTPEHHBIX CIydasx
XapaKTepHu3yeTcs MIPaKTHYECKU OJIMHAKOBOM
TOYHOCTBIO.

3akjao4eHue

MOXHO cjenaTh BBIBOJ, YTO IPUMCHEHHE
METOJIOB aHam3a MHOTOIIapaMEeTPUUYCSCKUX
CIIEKTPOB HHU3KOJETHPOBAHHBIX CTaJIeH, TOIydYeH-
HBIX C [IOMOIIbID  Pa3IMYHBIX  MPUOOPHBIX
peanuzanuii  J1a3€pHO-UCKPOBOM  3MUCCHOHHOM
CIIEKTPOCKOTIMM B JAWamna3oHe mH BolH 230-
480uam ¢ pazpemennem (0,5 HM, TO3BOJSET
MOJIy4YUTh  KOJIMYECTBEHHBIC  Pe3yJIbTaThl  JJIs
BEJIMYMH KOHIEHTpAlMii Habopa XMMHUYECKUX
DJIEMEHTOB,  JOCTATOYHOTO  JUISI  TPOBEACHUS
uneHtTubukanun cranu. OOHapyKXeHHE BBHIOPOCOB
B OMHUCCHOHHBIX CIEKTpPax, HX YCPEIHCHHE
Mo OOJBIIIOMY KOJUYECTBY JIA3€PHBIX HMITYIHCOB
M 10 TIOBEPXHOCTH  DJTaJOHHBIX  OOpPAa3IloB,
HOPMHUPOBAaHHE  CIEKTPOB HA  HMHTCHCHUBHOCTH
XapaKTepHON JIMHUM JKeje3a, KOppPEeKuus 0a3oBoit
JUHUH CHEeKTpoB MeTogoM airPLS, mHOrOoKpatHOE
ciaydaitHoe — (opMHpOBaHHME — TPEACTABUTEIBHBIX
BBIOOPOK JTAJIOHOB B COOTBETCTBUU C HEOOXOIH-
MbIM JUIS MOJCIMPOBAHUS KOJIMYSCTBOM JIATCHT-
HBIX CTPYKTYP, BBIOOD CIIEKTPaJIbHBIX MEPEMEHHBIX
C TIOMOIIbI0 KOMOWMHAIIMK JBWKYIIUXCS OKOH
[O3BOJIMJIM ~ IOBBICUTH  TOYHOCTh  KaJIUOPOBKU
KOHIICHTpaIii  yriaepoaa (CpeaHEKBaIpaTHIHOE
otknonenne 0,059 % u ocraToyHOe OTKJIOHEHHE
3,3), maprarama (0,019 % u 25,1 cOOTBETCTBEHHO),
xpoma (0,007 % u 36,3), kpemuus (0,021 % u 8,7),
aukens (0,029 % u 6,0), menu (0,013 % u 10,4),
Banagust (0,005 % wu 19,3) u Turana (0,005 %
u 11,5) ™MerogoM YaCTUYHBIX HAWMCHBIIHNX
KBaapaTtoB. HeoOXoamMo OTMETHTH, UTO HECMOTPS
Ha OTCYTCTBHE B HCIIOJIB3yEeMOM CIIEKTPAIEHOM
AAfa3oHe  XapaKTePUCTUYCCKUX  OIMHCCHOHHBIX
JUHUH  yriepojga W IIPOBEIECHHE HW3MEPEHUM
HEIOCPEJCTBEHHO B  aTMOC(EPHBIX  YCIIOBHUSX,

NOJy4YeHHbIE KaIMOPOBOYHBIE MOJEIH 00JanaroT
Y0BJIETBOPUTEIBHBIMU JUTSL MIPAKTHYECKOTO
IIPUMEHEHUs] XapaKTEepUCTUKAMU KaK TIpU BO3-
Oy)XIEeHMH IUIa3Mbl ~ M3JyYEHHEM  CIIBOCHHBIX
umnysibcoB Nd:YAG nasepa, Tak U T'eHEpHUPYIO-
IIEro MakeTsl U3 8—9 MMIyJIbCOB Jiazepa Ha Hpoue-
BOM CTEKJIE.
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Crarpy, HampaBlICHHbBIC B PENAKIMIO JKypHaja, JIOJDKHBI YIOBJICTBOPSTH TpPeOOBaHMSAM «MHCTPYKIMM O MOpsiIKe
oopmieHus KkBaaH(pUKAMOHHON HAay4yHOH paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Mareprax cTaTbd HOIDKCH COOTBETCTBOBATh ITPO-
(wITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTaBICHUSI.

3. IloctynuBiIne B peAaKIUIO CTaTbU MPOXOJST JBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAaHUS — aKTYaTbHOCTh TeMa-
THUKHU, I/IH(i)OpMaTI/IBHOCTB, Hay4YHas HOBU3HA.

4. CraThs IpeACTABISIETCS B paclieuaTaHHOM U B 3JIEK-
TPOHHOM BHJE B (opmaTe TEKCTOBOTO pemaktopa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 meneHus
Ha KOmoHKH). OOBEM CTaThil HE MJOIDKCH TIPEBBINIATH
14 crpanu, Briodas TekeT (mpudt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnuipl, rpadpudecknii Ma-
Tepuall, BCIO HEOOX0MMYI0 HH(OpMaLnIo Ha aHIIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHuIle CTaThu yKa3bIBaIOTCS: Ha-
3BaHME CTaThH, (aMuwinud aBTOpoB ((amuius aBropa,
C KOTOPBIM CJIEZyeT BECTU MEPENuCKy, OTMeuaeTcsi 3BE3-
JIOYKOH M YKa3bpIBAaeTCs €ro ajpec OSJIEKTPOHHOW MOou-
THI), HA3BaHWUA W TOYTOBBIC ajpeca opraHu3anuil (ynuima,
HOMEp JI0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PYCCKOM W aHTIIMHCKOM s3bIKaX. CTaThbs BKITIO-
gaeT: aHHOTanuio (B mpexenax 200-250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBeeHUE, B KOTOPOM JICTAETCs Kpat-
KM 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMyampyer-
Cs 11eJ1b pabOThI; OCHOBHYIO YacTh; 3aKJIIIOYEHHUE, B KOTOPOM
B CXKaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJyYEHHBIS
pe3yabTaThl ¢ yKa3aHHEM WX HOBM3HBI, NMPEUMYLIECTB U
BO3MOKHOCTEHN MPUMEHCHUA; CIIMCOK HCIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/IH, KJIFOUECBBIC CJIOBA, CITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MNPEACTABIIAIOTCA Ha PYCCKOM
1 QHIVIMHCKOM fA3BIKAX.

6. AHHOTanMs IOKHA OBITH WH(POPMATHBHOHN (co-
JIepKaTh «BBDKIMKY» M3 BCEX Pa3/IeIOB CTAThH — BBEJICHUS
C yKa3aHHEM IIeTH PadOThl, METOAWKH, OCHOBHOHM 9acTH U
3aKITIOUCHU ).

7. I'pacdmueckuii Marepuan DOJKEH OBITH KOHTPACT-
HBIM U 4€TKUM. HeoOXxoammo mpuaepKuBaThCsl €IUHOO-
Opa3us TEXHWKH HCIIOJHEHUsS] OJHOTHITHBIX HILIIOCTpa-
uuii. PucyHOK JoipkeH pacrnonararbesi mociie  adsara,
coziepyKallero cchlIky Ha Hero. He nomyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasjelia W crarbu. M30-
6paSPITeJ'IBHBIﬁ Mar€puall BCTaBJIACTCA B TCKCT CTAaTbH,
a Takke Ja€Ttcsl B BHJE OTIACNBHBIX (aitnoB (popmar tif,
jpg, paspemenue He meHee 300 dpi). Texct Ha prcyHKax
HabMpaeTcs OCHOBHOM TapHUTYPOIl; pa3mMep KeTiis Con3Me-
pUM C pa3MepoM pHCYHKa (KeJaTelbHO 8 IMyHKTOB). Bce
PUCYHKH HYMEPYIOTCS B COMPOBOXKIAIOTCS TTOIPHCYHOU-
HBIMH TroAnucsiMu. PparMeHTsl pHUCYHKa 0003HAYAIOTCS

CTPOYHBIMH KYPCUBHBIMHU JIATHHCKUMH OYyKBaMH — «a»,
«b» u T. . Hagnucw Ha pHCyHKax M TOAIKCH K PHCYH-
KaM JIaloTCs Ha PyCcCKOM M aHIIIMICKOM si3blkax. Bcee co-
KpameHus: 1 0003HaYeHUs! JOJDKHBI OBITh pacimgpoBa-
HBl B ITOAPHCYHOYHOW IIOANMMCH. PHCYHKHM IKelaTelbHO
MIPE/IOCTaBISATh B 1[BeTe. Ha prcyHKax JOMKHBI ObITH yKa-
3aHbl OCH C 0003HAYEHHEM IPUBOJMMBIX BEIMYMH U Mac-
mraboB. Ha rpadukax He Hy)XKHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CIIM 3TO He ocummiorpamMma. Bo Bcex cirywasx
Ha pUCYHKaX JOJDKEH OBITh MpHUBEAEH MacIITal.

8.V rpadukoB, WMEIONMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JOJDKHBI OBITH OTKPBITHI, & 3aCE€UKH Ha-
IIpaBJICHBI BHYTPb paMKH. Ha prcyHKkax, MpeacTaBIsIFonx
co0oii rpaduKky 3aBUCHMOCTEH, HE CIIeyeT JIeNlaTh pa3Mep-
HYIO CETKY, CJICyeT JaTh JIMIIb 3aCEYKH Ha OCSX, MPUYEM
BCE 3aCEUKH JIOJDKHBI ObITh onndposanbl. Ecii ocu Ha pu-
CyHKax oIM(poBaHbl, TO OHHM 3aBEPIIAIOTCS Ha ITO3UIINU
OYepeIHOM 3aCeuKH, IJIe 3aceyKa HE CTAaBUTCS, & BMECTO
YHCIIOBBIX 3HAYEHHUH TAaroTCsi 0003HAYCHUS IEPEMEHHOI 1
enuHMIa u3MepeHus. Ecin ocn He orudpoBbIBAIOTCS, TO
OHU 3aBEPILIAIOTCS CTPEIKAMH, PSIJIOM C KOTOPBIMH JArOTCS
0003HaYCHNS TIPEMEHHBIX 0€3 eIMHUI] H3MEPEHUSI.

9. IonyToHoBBIe (oTOTpaduu MPUOOPOB MM UX Ua-
CTEH MPEICTABISIOTCS TPH MyONUKAMK B TEX CIIydasx,
KOT/Ia OHM HECYT CYIIECTBEHHYIO MH(OPMAIHMIO, KOTOPYIO
HeIb3s1 BEIPa3UTh MHBIM criocoboM. dotorpaduu T0IKHB
OBITH BBHICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMHU, C XOPOIIO
Pa3IMYUMBIMHU JICTAISIMH.

10. Wmmoctpanmu (rpaduku, auarpaMmbl, CXEMBbl,
4YepTekH), pucoBaHHbie cpenactBamu MS Office, momkHBI
ObITh KOHTPAacTHbIMU W uy€TkuMmH. Hemomyctumo HaHece-
nue cpencrBamu MS Word kaknx-Jm00 351eMEHTOB MTOBEPX
BCTABJIIEHHOTO B (haill pyKONHMCH PHCYHKA (CTPENKH, MOA-
IMUCH) BBHUIY OONBIIOrO pHCKa WX MOTEPH HA dTalax pe-
JTAKTUPOBaHMA 1 BEPCTKH. MIumocTpannuy HOMKHBI UMETh
pasMepbl, COOTBETCTBYIOIIME HX HHGOPMATUBHOCTH:
8-8,5 cMm (Ha onHY KOMOHKY), 17—17,5 cM (Ha 1BE KOJOH-
k1) win 23 cM (Bo Bech aucT). [loaToMy skenmarenbHO M30-
OparkaThb OT/ICIBbHBIC HJIEMEHTHI ¥ HA/IIIMCH Ha PUCYHKE TaK,
4TOOBI IIPH YMEHBUIEHHH MaciiTaba pHCyHKa JIO OJHOTO
13 YKa3aHHBIX pa3MepoB OYKBBI U HUQPHI TPHOOPETH BbI-
coTy 2-2,5 MM, DJIIEMEHTHI CXeM 3—5 MM, OT/IeIbHbIe TOUKH
1 MM, a JIMHUK JTOJDKHBI OBITH TIPH ATOM pa3HeCeHbI Ha pac-
crosiaue He MeHee 0,5—1 mm.

11. Haamucu n 0003HaYeHNsT HA MIUTIOCTPAIIUSAX Clie-
JyeT pacrionararb TaK, 4TOObl OHM HE CONPHKACAINCH
HU C KakuMu €€ vacTsaMmu. Ha 3agHuii TuiaH WuiiocTpanuu
YKETIaTeIIFHO He I0OABIATh CephIii (IIBETHON) (POH HIIH CETKH.

12. Tabmuiel HE MOMKHBI IyOImUpoBaTh rpadu-
kn. Kaknas tabnuma nmeer 3aronoBok. Ha Bce TaOmuiipt




MNPABUJIA O®OPMJIEHUS CTATEM

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUS, NPUHSTHIC B CTa-
The, PAacIIM(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €/IH-
Hun uamepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWTHECS B peOax-
tope MathType nenmukom. HabGop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsl, Homepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytores iumib (hopMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOxoauMO HCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 m,
MOJCTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IIT, CHMBOJI —
14,5 nt, moncumBon — 12,5 nt. Ctunu: Teket, QyHKIHUs,
yucno, kupwumina — mpudr «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >xupHbIii;
TpeYeCcKnuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoii; nepemennas — mpudrt «Times New
Romany, kypcus.

17. OtnenbHbIE CTPOYHBIC OYKBBI M CHELHAJIbHBIC
CHUMBOJIBI HaOHMpaIOTCsT B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30oBaHus penakropa ¢opmyua. [Ipu Habope
dbopmyr U OyKBEHHBIX O0O3HAYCHHN HEOOXOAUMO Y4YH-
TBIBaTh CJICYIONIME MpaBHiIa: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsl; Tpedeckre OyKBbI, MaTeMaTHYECKHE CHUM-
Bouibl (grad, div, In, min, max wu ap.), CAUHHIBI U3MEPE-
nus (B, Ik, B, kr u np.), kupunindeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
JJIEMEHTOB U COCIMHEHUH (B T. 4. B MHJEKCE) HAOUparoTcs
NMPSIMO; JTaTHHCKHE OYKBBI — IIEPEMEHHBIC I CHMBOJIBI (pr-
3WYECKUX BENWYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM IIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHI B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITh MOJHOCTBIO UIEHTHYHO. B pac-
mHdpoBKe GOPMYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI M X TOPSJIOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TIOPSAKY CIeA0BaHus B (hopMyrax.

19. Cricok MCHONb30BaHHBIX MCTOYHUKOB COCTaBIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK TIO TEKCTY, JOJDKCH
coziep Karh 1ojHbIe OubIorpaduyeckue JaHHbIe U IPUBO-
JIATCSI B KOHIIE cTarbi. He pekomeHnyeTcsi 1aBarh CChUIKU
Ha MaTtepualibl KOH(EPEHIIii, CTaThH U3 AIEKTPOHHBIX XKYp-
HayioB 0Oe3 uaeHtudukaropa DOI, yueOHbIe mOCOOMS, UH-
TepHeT-pecypchl. CChUIKM Ha HEOITyOIMKOBaHHBIE PaOOTHI
He JomyckatoTcst. JKenaresnbHo, 4TOObI KOJTMYECTBO CCHUIOK
66110 He MeHee 10; camoruTupoBanue — He Oomee 20 %.

20. ABTOpBI Ha OTAENIBHOM CTPaHULIE IPENOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMuIIHs, UMS, OTYECTBO,
yueHasl CTENEHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMas
JIOJDKHOCTB, aJIpEC AIEKTPOHHOI CBS3H.

21. Crarbu, n3nararomue pe3ynbTaTbl UCCIEI0BaHUH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE pa3pelIeHue Ha OINyOJIMKOBaHHE B OTKPBITOM
reyarH.

22. IIpu HeoOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAMMCHOBaHKUE (POH/IA, OKa3aBuIero (puHaH-
COBYIO TIOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIONHEHA paboTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3BIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHE B peJIaKIUIO cTaTeil, paHee y)Ke OImyOIMKOBAaHHBIX HIIH
NPUHSTHIX K NeYaTH APYTUMH U3IaHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIME MEPEUUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamaiTcs aBropaM. JlaToll MOCTYMJIEHUS CUHUTAeTCs
JICHb TIOJIyYeHHsI pelaKkiiieil IepBOHAYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIlaM, OCYIIECTBIIs-
IOIIIM TIOCJIEBY30BCKOE 00ydeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEPIICHUS OOyUCHUS;
HE B3UMaET IUIaTy C aBTOPOB 3a OMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a COOOM MpaBoO MPOM3BOIUTH pellak-
TOPCKHE NPABKH, HE UCKAXKAIOLINE OCHOBHOE COZIEPKaHNE
CTaThH.




AUTHOR GUIDELINES

1. Article materials should correspond to the journal
profile and be clearly written.

2. An article should be submitted in Russian or Eng-
lish and will be published in its original language.

3. Articles received by the Editorial Board will be re-
viewed by 2 specialists. The main criteria of acceptance are
theme actuality, information value, and scientific novelty.

4. All materials should be submitted in two hard
copies together with electronic file in the Word for Win-
dows format (97/2000/2003). The paper should not ex-
ceed 14 pages of the typewritten text (Times New Roman,
12 points, 1.5-space).

5. The article should contain UDC number, Ti-
tle (printed in capitals), Authors’ names (the correspon-
ding author name should be marked with asterisk), full
Address of organization(s) in which the author(s) work,
Abstract (200-250 words), Keywords (not more than 5
words), Introduction, the Text of the paper with tables,
diagrams and figures (if there are any), Conclusion with
clearly stated inferences, List of References, List of Sym-
bols and Abbreviations (if it is necessary). Title, Authors’
names and affiliation(s), Abstract, Keywords should be
presented both in English and Russian languages.

6. The abstract should be informative (contain "squeeze"
from all sections of the article — the introduction stating the
purpose of the work, methods, main part and conclusion).

7. Figures should be black-and-white, represented
in graphical formats tif, attached with Excel or MS Graph
and added with captions. All symbols in figures should be
descripted.

8. Tables should be placed directly in the article
body. Diagrams and tables should not contain the same
information. Each table should have the title. All tables,
diagrams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article
should correspond to International System of Units.

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end of the
article with full bibliographic information. Order of refe-
rences should correspond to the order of their occurrence
in the text. It is not recommended to refer to conference
proceedings, papers from electronic journals without DOI
number, textbooks, internet resources. References on un-
published works are prohibited. It is recommended to refer
to not less than 10 references, self-citations — not more than
20 %.

13. The following information about every co-author
should be presented: family name, first name, patrony-
mic (or second) name (if there are any), scientific degree
and title, organization and position, full address with the
postal code for correspondence, office or mobile phone
numbers, fax, e-mail.

14. Articles containing investigation results obtained
in organizations should have a corresponding permission
for publication.

15. Names of Foundations or Programs financially
granted the research may be acknowledged in the end of
the text.

16. Authors are responsible for submitting articles
previously published or accepted by other publisher.

17. Articles not meeting the requirements of the Edi-
torial Board would not be accepted and may be returned
to the authors. The date of receipt is considered to be the
day when the Editorial Board receives the author’s original
paper.

18. Authors conducting postgraduate (graduate stu-
dies, doctoral studies) have a priority in publishing their
articles out of queue in the year of completion. Authors
do not pay for publishing scientific articles. The Edito-
rial Board can shorten and/or change the text if it does not
strain the meaning of the article.
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