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Abstract

The article describes experience of practical application of the differential thermoelectric tester
"THERMO FITNESS TESTING". Description of the sensor design and results of differential thermoelec-
tromotive force measurement for a large group of metals widely used in Russia are given. Usage of the
"THERMO FITNESS TESTING" device to test the quality of R6MS5 steel heat treatment is described.
Dependence of thermoelectromotive force on the heating temperature which can be used for practical pur-
poses was obtained. Usage the "THERMO FITNESS TESTING" to measure the thickness of a cement-
ed (carburized) layer of 12KH2N4A steel is considered. Dependence of the thermoelectromotive force
on the thickness of the cementation layer was also obtained.

Keywords: ThermoEMF, differential sensor, electrode, Seebeck coefficient, nondestructive testing
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OnbIT IPUMEHEHUs MPUOOPA TEPMOITEKTPUUECKOTO
KOHTPOJIs1 MeTa/10B ¥ cIiaBoB « THERMO FITNESS
TESTING»

A.H. Connatos', A.A. Conaros', M.A. Kocruna', A.A. AGyemianin’

i . . o .
Hayuonanvnotii ucciedosamenvekuti TOMCKUL NOAUMEXHUYECKUL YHUGepCUMen,
np—m Jlenuna, 30, . Tomck 634050, Poccus
2
Yuusepcumem Cghunxc,
Pecuonanvnas cayscedbnasn oopoea, Hoto-Acvtom 71515, Ecunem

THocmynuna 26.03.2024
Ipunama k newamu 15.05.2024

[IpuBenena naGOpManKs 0 MPUMEHEHUH MpUOOpa TepMmodnekTpudeckoro koHTponss « THERMO FIT-
NESS TESTING» st KOHTpOJsi METaJUIOB M CIIJIaBOB, KOTOPbIE INMHPOKO pacrpocTpaHeHsl B Poccun.
OcoOenHocTri0 TIprubopa sBisgercs auddepeHnnanbHbIi TaTINK, B KOHCTPYKIIUH KOTOPOTO HUCIOIB3YETCS
JIBa HAarpeBaeMbIX JIeKTpoa. JlaTank cHa0XEH CUCTEeMOI HarpeBa U CTaOMIIM3AINH TEMIIEPATyPhl TOPSTIUX
3MeKTpo/IoB. HarpeBaemble SJIEKTPOJBI UMEIOT OJWHAKOBYIO TEMIIEpaTypy, YTO IO3BOJHIIO TOJIYYHUTH
BBICOKYIO IOBTOpsieMocTh m3MepeHus: TepmModJIC. OmmcaH Takke TPUMEpP HCIOIL30BaHUS TpUOopa
«THERMO FITNESS TESTING» s KoHTposis KadecTBa Tepmoobpabotku ctamm PO6MS. Ilomyuena
3aBucuMocTh TepMoO/IC oT TemmepaTypsl HarpeBa IIOJ 3aKajKy, KOTOPYI0 MOXHO HCIOJh30BaTh
ISl TIpaKTHYECKHWX TIieyieid. PaccMoTpeH emie ommH TpuMep ucmoib3oBanms mnpuoopa «THERMO
FITNESS TESTING» ais KOHTPOJIS TOJNIIUHBI IEMEHTOBAHHOTO cios ctaimu 12X2H4A. Takke moiydeHa
3aBUCUMOCTH TepMOIJIC OT TONIIUHBI CIIOS IIEMCHTAIIHH.

KaroueBbie cioBa: TepmoDJIC, nuddepeHnanbHblii JaTIWK, dJIEKTpoJ, KodddummeHnt 3eebeka,
Hepa3pyHIAIoIINi KOHTPOJIb
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Introduction

After discovery of the Seebeck effect, the ther-
moelectric method for the testing of metal and alloy
products became widely used [ 1-6]. Thermo-electro-
motive force (thermoEMF) occurs in a closed circuit
of two conductors, where junctions are at different
temperatures. This condition is provided by the hot
and cold electrodes of the thermoelectric detector,
which provide two junctions with different tempera-
tures in contact with the tested product. The thermo-
EMF value depends on the temperature difference
between the hot and cold junction, therefore it must
remain unchanged during the measurement process.
Thermoelectric testing devices utilize measurement
systems of absolute [7-19] and differential thermo-
power [20-23]. The differential thermoEMF mea-
surement system is preferred due to the higher noise
immunity, sensitivity, and stability of the instrument
readings. This is due to the same temperature regime
at the contact points of the hot electrodes. The sim-
plest testing system based on differential thermopow-
er is shown in Figure 1.

Stan ard %

Heating element ¢

Cold electrodes

i I

0
Hot electrode
Test Sample

Figure 1 — The simplest differential thermoelectric mea-
surement system

The circuit consists of a sensor, a standard ref-
erence, a test specimen, and a galvanometer. The
sensor contains a hot electrode with a heater and
two cold electrodes. One electrode has a higher tem-
perature than the other. The electrode of the higher
temperature (hot electrode) is at temperature ¢,. The
other electrode of the lower temperature (cold elec-
trode) is at temperature #,, which is usually at am-
bient temperature. A galvanometer connected to two
cold electrodes forms a closed circuit together with a
reference, hot electrode, and a test specimen. The dif-
ferential thermoEMF depends on the temperature dif-
ference and the Seebeck coefficients of both samples:

Edi/' = AT(ax - aref )s

(1

a,r1s the Seebeck coefficient of the standard, a, is the
Seebeck coefficient of the test specimen; AT = t,—¢,.

Errors in measuring differential thermoEMF are
caused by two factors:

1. Incorrect determination of temperature differ-
ence AT at measurement points due to imperfection
of temperature sensors and their calibration [24].

2. Mismatch of points between which the tem-
perature difference AT and the differential thermo-
EMF E,-are measured.

In addition, the differential sensor shown in Fig-
ure 1 is inconvenient for practical use, because it has
three independent electrodes: one hot and two cold,
and its use in mobile devices is difficult. In addition
to the above, it is necessary to provide four contacts:
the first is the contact of the hot electrode with the
standard, the second is the contact of the hot elec-
trode with the test specimen, the third is the contact
of the first cold electrode with the standard and the
fourth is the contact of the second cold electrode
with the test specimen.

Design features of the developed device

Authors have developed and implemented an
original sensor design which is easy to use and is an
integral part of the developed differential thermo-
electric tester.

The main technical characteristics of the ther-
moelectric tester are given in Table 1. It should be
noted that thermoelectric testing devices are indica-
tor-type devices.

The sensor design and sensor's position on the
tested and reference samples is shown in Figure 2a,
whereas Figure 2b shows a photograph of the sen-
Sor.

It uses two heated electrodes E, and E, with
a common heater. Heated electrodes are made of
the same metal or alloy. This sensor design is very
convenient for practical use. When measuring dif-
ferential thermopower, it is necessary to ensure
that electrical and thermal contacts of the hot elec-
trodes with the reference and the test specimen are
established. Moreover, one hot electrode is only in
contact with the reference, and the other is only in
contact with the test specimen, while a common
heater for the heated electrodes ensures the same
temperature at both contact points. In the sensor
housing, the electrodes are glued together into a
common structure, and an insulating fiberglass gas-
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ket is placed between them. A heating element is
placed in the resulting round hole inside the elec-
trodes along with a temperature sensor just like the
ones installed in temperature-controlled soldering
stations. The electrodes are placed in the sensor
housing. The resulting thermoEMF is the sum of
the EMF of the contact pairs included in the mea-
suring circuit of the sensor:

E, =E*E, ~E+E,~E, )

where £, is the EMF of the metal pair the first hot
electrode- reference; E, is the EMF of the metal pair
reference-test specimen; E, is the EMF of the metal
pair the second hot electrode-test specimen; E, is the
EMF of the metal pair the first hot electrode-copper
connecting conductor; E5 is EMF of the pair of met-
als: the second hot electrode is a copper connecting
conductor. Since the heated electrodes are made of
the same alloy, we can write:

E,=E;. )

Table 1

Technical characteristics of the developed differential thermoelectric tester

Parameter Unit of Measurements Magnitude
Supply voltage Volt 220
Sensor temperature Degree Celsius 130+3
Temperature accuracy % +5
Threshold voltage during sorting Y 0.01...0.4
ThermoEMF measurement range uv 0...£9.99
Device readiness time minutes 15

Turning on the "Accepted" signal

Turning on the "Not accepted" signal

The indicator is green

The indicator is red

EMF is less than threshold voltage

EMF is greater than threshold voltage

Temperature
stabilization
unit Sensor
housing
Heater and
temperature
sensor

Thermal EMF
Heated electrode 1

measurement
unit
Reference
simple Heated electrode 2
Testing simple Insulator
a

Taking into account expression (3), formula (2)
will take the form:

E

w=EtE —E,.

“

The reference can be of any shape, because ther-
moEMF does not depend on the size and shape of
the sample. Technologically, it is easiest to produce

b

Figure 2 — Differential sensor: a — schematic representation of the sensor; b — photograph of the sensor

a reference metal or alloy in the form of a parallel-
epiped.

Value of thermopower is influenced by various
factors: structural condition, heat treatment, coating,
chemical composition, etc., therefore, the standard
reference and the test specimen should have only
one distinctive feature. For example, if the chemi-
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cal composition is inspected, then the other distin-
guishing features should be the same (heat treatment
mode, coating, structural condition, etc.).

It should be noted that not all groups of steel
can be inspected. According to Russian GOST stan-
dards carbon steels are divided into 3 main groups
(A, B, C), where Group A steel is usually used for
parts that are not hot in the manufacturing process,
Group B steel is used for parts that undergo hot form-
ing (stamping, forging) or heat treatment, and Group
C steel is typically used for welded structures. For
example, Group A steels, cannot be inspected due to
the different chemical composition of the same steel
grade. The steels of groups B and C can be inspected,
because they have the same chemical composition.
The preparation of samples for inspection includes
cleaning from rust, oil and dirt. Moreover, cleaning
cannot be carried out with a file or a similar tool to
exclude the ingress of tool particles into the contact
area of the electrodes, which will entail a change in
thermopower.

If the reference and the test specimen are the
same in chemical composition and structural state,
then the thermopower E, and E; will be the same,
but opposite in sign, and £, will be zero. If there are
deviations in the chemical composition or structural
state of the tested specimen from the standard, the
thermoEMF E, and E; will be different. £, will not
be equal to zero, however, considering the fact that

the contact temperature corresponds to the ambient
temperature, its value will be several orders of mag-
nitude lower compared to £, and £;. The compliance
criterion can be selected by the user by changing the
value of the "threshold". In most cases, this value
corresponds to 0.1 uV and is associated with the
tolerance of the chemical composition of the same
grade of steel produced at different times or by dif-
ferent manufacturers.

The proposed differential sensor design makes
it possible to reduce overall dimensions and increase
ease of use, especially in a portable version powered
by a battery for operation at sites where there is no
power supply network (oil pipelines, cold warehous-
es for storing supplied metal, etc.).

Application

For acceptance inspection and testing of com-
pliance with the Russian GOST standard of supplied
products and sorting of finished products by steel and
alloy grades, thermoEMF measurements of the most
widely used steel grades in Russia were carried out
using the developed differential thermoelectric tester
for metals and alloys.

Results of differential thermoEMF measure-
ments are given in Table 2, where columns list dif-
ferent steel grades used in the manufacture of the
standard reference, and rows indicate test specimens.

Table 2

Values of differential thermoEMEF of some of the widely used steel grades, denoted in Russian Cyrillic

alphabet between parentheses

Steel 9KHS R6MS5 3KH3M3F 4KH4VMF KHI2MF 6KHV2S U8A  KHI2F1 KHVG
grade (9XC) (P6M5) (3X3M3d)  (AMU22) (X12MD) (6XB2C) (Y8A) (X12d1) (XBI)
9KHS 0 —-0.95 -1.35 —-0.90 -1.25 —-0.45 —-0.60 -1.30 —0.80
(9XC) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
R6MS 0 -0.30 +0.15 -0.25 +0.55 +0.30 —-0.30 +0.25
(P6MS) +0.05 +0.05 +0.05 +0.03 +0.05 +0.05 +0.05 +0.05
3KH3M3F 0 +0.40 +0.10 +0.70 +0.75 +0.12 +0.50
(3X3M3D) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
4KH4VMF 0+ —-0.35 +0.45 +0.40 —0.30 +0.20
(JA122) 0.05 +0.05 +0.05 +0.05 +0.05 +0.05
KHI12MF 0+ +0.70 +0.60 —-0.10 +0.45
X12MD) 0.05 +0.03 +0.05 +0.05 +0.05
6KHV2S 0 —0.15 —0.85 —-0.25
(6XB2C) +0.03 +0.03 +0.05 +0.5

USA 0 —-0.70 —-0.10
(V8A) +0.03 +0.05 +0.05
KH12F1 0 +0.55
(X12d1) +0.05 +0.05
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Continuation of Table 2

Steel 20KH SHKH15 KHI2M KHI2F1 30 45 Us (V8) Ul2
grade 0X)  (IIX15) (X12M) (X12d1) (Cr.30)  (Cr.45) (V12)
20KH 0 0.50 0.90 1.90 0.50 0.60 0.75 0.80
(20X) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +5 +0.05
SHKH15 0 1.25 2.00 0.12 0.20 0.50 0.55
(IIX15) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
KHI12M 0 1.00 1.35 1.45 1.60 1.65
(X12M) +0.03 +0.05 +0.05 +0.05 +0.05 +0.05
KH12F1 0 2.05 2.15 2.40 2.45
(X12d1) +0.03 +0.05 +0.05 +0.05 0+0.05
0 —0.10 0.10 0.15
30(Cr.30) +0.05 +0.05 +£0.05 +0.05
0 0.20 0.25
45 (Cr43) +£0.05 +0.05 +0.05
U8 0 0.05
(¥8) +0.05 +0.05

From Table 2 it can be noted that some pairs
have very close thermoEMF values. For example,
KHI12F1 steel and KH12MF steel, as well as KHVG
steel and U8A steel. In Table 2, the pairs of steel 30
and steel 45, as well as steel U8 and steel U12, have
similar thermoEMF values. Therefore, errors are
possible during verification of supplies and sorting
of finished products of these pairs of steels. Other
steel grades have a greater difference in thermoEMF
and there are no problems with their sorting.

The developed thermoelectric testing device for
metals and alloys was used to inspect the quality of
heat treatment of R6MS5 steel, of which 10 samples
were used to study the dependence of thermopower
on the heating temperature. The samples were heated
in a CHO 24/1250 furnace with a temperature range
of 1150-1250 °C. The step of temperature change
was 10 degrees. Quenching was carried out by cool-
ing in oil. A sample of heat-treated steel of the same
grade, heated to 1225 °C, was used as a reference.
The resulted dependence of measured differential
thermoEMF on temperature is shown in Figure 3.
The confidence interval is 7 %.

Before inspecting another steel grade, it is nec-
essary to conduct preliminary studies on the depen-
dence of thermoEMF on the heating temperature. In
addition, it should be considered that when heated,
a decarbonized layer appears on the sample surface,
which has a strong effect on the value of thermo-
EMF, therefore it must be removed before measure-
ment.

1140 1160 1180 1200 1220 1240 T7,°C

Figure 3 — Dependence of differential thermoEMF on
heating temperature for hardening of R6MS5 steel

The main controlling parameter of chemical and
thermal treatment is the depth of the saturated layer.
To inspect the depth of the saturated layer, the metal-
lographic method is traditionally used, which is a di-
rect inspection method that is capable of determining
the depth of the cemented or nitrided layer with high
accuracy. Nonetheless, this method of inspection is
considered destructive because it requires the prepa-
ration of a metallographic specimen and, in addition,
the testing procedure is lengthy. To assess the pos-
sibility of using the developed differential thermo-
electric tester to inspect the depth of the cemented
layer, the dependences of the differential thermo-
EMEF on the depth of the layer on the sample were
plotted. To study the dependence of thermopower
on the thickness of the cemented layer, samples of
12X2H4A steel were prepared, subjected to cemen-
tation, quenching and tempering. The change in the
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thickness of the cementation layer was achieved by
grinding the surface of the samples. The size of the
sanded layer was 0.2 mm each time. At the same
time, the thickness of the cemented layer was in-
spected metallographically. After each grinding, the
differential thermoEMF was measured. The standard
reference was made of the same grade of steel but
was not cemented.

The differential thermoEMF along the depth of
the ground layer was determined at each step using
5 measurements. The time of one measurement is no
more than 3 s. The obtained dependence (Figure 4)
can be used as a calibration dependence to determine
the depth of the cemented steel layer.

30 rE Y%
20 r
10 F
d, mm
0 1 1 1 1
0 0.5 1 1.5 2

Figure 4 — Dependence of the differential thermoEMF
on the thickness of the cemented layer

The confidence interval for the experimental de-
pendence presented in Figure 4 is 6.5 %.

As can be seen from Figure 4, the change in dif-
ferential thermoEMF from the thickness of the ce-
mented layer is almost linear.

To inspect the thickness of the cemented or ni-
trided layer on another steel grade, it is necessary to
first obtain its dependence of the thermoEMF on the
thickness of the cemented layer and use it for calibra-
tion.

Conclusion

The thermoelectric tester developed by the au-
thors has found application in various industries
for incoming inspection of supplied steel, such as
quality control of heat treatment, determining the
presence of a decarburized layer and its depth, and
determining the thickness of the steel carburization
layer. All commercially produced portable thermo-
electric testing devices do not implement the differ-
ential sensor due to its bulky and inconvenient de-
sign. Hence, their main drawback is the change in
thermoEMF when the hot electrode is cooled due

to heat transfer to the cold sample under test. The
authors proposed an original design of a differential
sensor that ensures the same temperature regime of
hot electrodes, as well as ease of operation with such
a sensor. A simultaneous change in the temperature
of two hot junctions leads to a change in the absolute
emf of each hot junction, but the difference remains
unchanged.

A linear dependence of thermoEMF on the heat-
ing temperature for hardening R6MS5 steel has been
established, which can be used to assess the qual-
ity of heat treatment. Moreover, with an increase
in the heating temperature for hardening from 1150
to 1250 °C, the thermoEMF decreases from 40 pV
to —20 pV. The authors also established a linear de-
pendence of thermoEMEF on the thickness of the ce-
mented layer of steel 12X2H4A. With an increase
in the thickness of the cemented layer from 0.02 to
1.8 mm, the thermoEMF increases from 2 to 22 pV.
This relationship can be used to evaluate the quality
of cementation.

To sort widely used steel grades, during the
practical use of the device, differential thermoEMF
was measured for 15 steel grades. Most of them
have large differences in thermoEMF and can be
accurately determined. However, minor differences
(0.05+0.05 uV) were revealed for such pairs as:
KHI12F1 — KH12MF, KHVG — U8A, Steel 30 —
Steel 45 and U8 — U12, which makes it difficult to
sort these steel grades.

One of the possible ways to solve this problem,
according to the authors, may be a multi-temperature
regime. If the thermoEMF of the marked pairs of
metals varies in temperature (different slope of the
characteristics or their nonlinearity), it is possible
to measure the thermoEMF at several hot junction
temperatures and process the obtained data. This
field of research is a key focus for the authors.
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DOTOINIEKTPUYECKUN TATYMK C IBYCTOPOHHEH
CBETOYYBCTBUTEJIbHOCTHIO 1JI1 MOHUTOPHUHIA
JHEPreTHYECKOro pecypca COJTHEYHOr 0 U3JIy4YeHHu s

B.I1. BacusnieBuu, M.E. 30b1mmmuckast

Benopycckuil 2ocydapcmeennviil ynugepcumem uHGOpMamuku U paouod1eKmpoHuKy,
ya. I1. bposxu, 6, Munck 220013, Benapyco

Tlocmynuna 23.11.2023
Ipunama x newamu 24.04.2024

TouHble ¥ HaAEKHBIC U3MEPEHHUS CYMMApHOIO TOTOKA COJIHEYHOTO M3JIYyUYEHHS IMO3BOJISIOT OLCHUTH
3¢ (HEeKTUBHOCTD MCII0JIb30BAHUSI HA3EMHBIX ABTOHOMHBIX (POTOIICKTPUUCCKUX CUCTEM IHEProo0eCICUSHHUSI
B Pa3MYHBIX METCOPOJOTHYECKUX YCIOBHSIX. DTO JaéT BO3MOXKHOCTH 00J€€ TOYHO IPOrHO3HPOBATH
BO BpPEMEHH O0O0bEMbI BBIPAOOTKM  DHEPIHM, [ApaMeTPbl  AKKYMYJSATOPHBIX W  EMKOCTHBIX
HaKOIUTEJICH W CPOKM OKynaemMocTd 3arpar. Llenbpro HacTosmieid pa0OThl SBJISUIOCH CO3JIaHHUE
IOJIyIIPOBOTHUKOBON CTPYKTYPbI M TEXHOJOTHH (POTOIICKTPUUYECKOIO MPeoOpa3oBaTelis ¢ JIBYCTOPOHHEH
CBETOYYBCTBUTEIIBHOCTBIO W OKCTPEMaJbHO BBICOKOH 3((OEKTUBHOCTBIO UCIOJB30BAHUS —alIbOEIIO.
Paspabotan  (OTO3JIEKTPUYSCKUI JaTYMK HW3MEPEHUS WHTCHCHMBHOCTH COJIHEYHOI'O  H3JIyYCHUHSI
C JIByCTOPOHHEW CBETOYYBCTBUTEIBHOCTBIO, KOTOPBIH, B OTJIMYME OT TPATUIIMOHHBIX TEPMOIJICKTPUICCKUX
[MUPAHOMETPOB, SIBJIICTCS MAJOWHEPIIMOHHBIM, @ €ro CIEKTpPaJbHAs YYBCTBUTEIBHOCTH MOXKET OBITh
JIOCTATOYHO OJIN3KOMU K 3TOMY [TOKA3aTeIII0 Y CHIIOBBIX (POTOMPe0Opa30BaTeeii COIHEYHBIX AIICKTPOCTAHITHIH.
OTO MO03BOJIUJIO OILICHWBATh YPOBEHb HWHCOJISIIIMU, CIIOCOOHBIA OBITh IOJIHOCTBIO MPEOOpPa30BaHHBIM
B DJICKTPUYCCKYIO DHEPIUI0, OTpe3as MpU 3TOM HEAPPEKTUBHYIO TEIUIO00PA3YIONIYI0 JTMHHOBOJIHOBYIO
4acTh COJIHEYHOTO cIieKkTpa. [IpakTHYecKd peayin30BaHO CO3JaHUEC JIADOPATOPHOTO HM3MEPUTEIILHOTO
CTCeHJIA JIJISl TIPOBEPKH pabOTOCIOCOOHOCTH JaTunka. [IpoBeieHbl MOACTUPOBAHUE U DKCIEPUMEHTAIILHBIC
HCCJICIOBAHUS XaPaKTEPUCTHK ATUMKA, [IOATBEPIKIAIOIIHIE aICKBATHOCTh MOJIEIIH U €r0 paO0TOCIIOCOOHOCTD.
JIByCTOPOHHSISI CBETOYYBCTBUTEIBHOCTh JaTYUKA I103BOJISICT OJHOBPEMEHHO C IPSMOM W PacCESHHOM
COCTaBJISIFOIIMMU COJIHEYHOTO M3JIYUYCHHUsI KOHTPOJIMPOBATH COCTABJISIONIYIO, OTPAKEHHYIO OT TOBEPXHOCTH
3eMJIH, J1aBas 0oJiee MOJIHY0 HH(OPMAIUIO 00 SHEpreTHYeCKOM noTeHIrane CoiHIa B MECTE PACIIOIOKSHHSI
(hOTORIIEKTPUUECKOM CUCTEMBI AJICKTPOCHAOKEHHUSI.

KiroueBble c10Ba: OTOK COTHEUHOTO M3TyUeHHS, (POTOITEKTPHUCCKHI JATUHK, IBYCTOPOHHSSI CBETOUYB-
CTBUTEJIBHOCTD, aJIb0EI0
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Abstract

Accurate and reliable measurements of the total solar radiation flux make it possible to evaluate the effi-
ciency of using stand-alone photovaltaic systems in various meteorological conditions. These measurements
allow more accurately predict in time the energy production volume, accumulator and capacitive storage
devices parameters and the payback period. Research purpose was to study the possibility of creating a pho-
toelectric sensor and a method of uninterrupted measurement based on this sensor which allows to measure
total solar radiation flux including its direct, diffused and reflected components simultaneously. The photo-
valtaic sensor with bifacial photosensitivity was manufactured and applied, which is low-inertia comparing
to traditional thermoelectric pyranometers, and its spectral sensitivity is quite close to the same parameter
of photovoltaic power supply system. It creates the possibility to estimate the insolation level capable to
be completely converted into electrical energy without an ineffective heat-generating long-wavelength part
of the solar spectrum. A laboratory measuring stand was made to test the sensor's operability. Modeling
and experiments’ the sensor parameters were carried out and confirmed its operability. The bifacial photosen-
sitivity sensor allows to control simultaneously direct, diffused and reflected from the earth's surface compo-
nents of solar radiation, what gives more complete information about the energy potential of the photovoltaic
power supply system location.

Keywords: solar radiation flux, photovoltaic sensor, bifacial photosensitivity, albedo
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BBenenue

Kak mpaBuiio MOHHTOPUHT WHTCHCUBHOCTH
MPSMOT0, PAacCESHHOTO M OTPaXEHHOTO COJIHEY-
HOTO M3JIyYeHHS METEOPOJIOTUYECKUMH  CTaH-
IUSMH  BBINOJHSACTCS  TEPMODJICKTPUUCCKHUMH
MMMpaHOMETpaMH  C  IUIOCKOM  CIIEKTpallbHOM
3aBHCHMOCTBIO, pPa0OTa KOTOpPHIX OCHOBaHa Ha
tepmoniapHoM 3 dekre 3eebexa. TepmomnapHBIi
JATYUK TTUPAHOMETpa HarpeBaeTcsi OT COIHEYHOTO
M3ITy4eHUs U Tpeodpas3yeT MOBBIIICHHE TeMIIepaTy-
pbl B CIAOBIA DJIEKTPHUECKHH CHTHAN. Takwe
JMATYUKA TPEIararoTcs U ISl KOHTPOJIS WHCOJISIHH
B CHCTEMax COJHEYHOW OJHEPreTHKH, O0O0IamaroT
BBICOKOH WHEPIMOHHOCTBIO (18—60 ), CIOXHBI B
HM3TOTOBJICHUH U UMEIOT BBICOKYIO CTOUMOCTS [ 1, 2].

DOTOAIEKTPUUECKUA ~ JATYUK  COJTHEYHOro
WU3JIy4YE€HHUS] — OMNTORJEKTPOHHBIA  MOJYHPOBOI-
HUKOBBI  TIpuOOp, TMpeoOpasyromuid  3HEPTUio

(hoTOHOB B 3eKTpodHepruto. Eciiu BHENIHss 1enb
JaTyrKa 3aMKHYTa, TO B HEH, IPU OCBEUICHUU
CBETOYYBCTBUTEILHONH CTOPOHBI JaT4MKa, NpOTe-
KaeT TOK, BEJIMYMHA KOTOPOTO JIMHEHHO 3aBHUCHUT
OT MHTEHCUBHOCTH M3nyueHus. COBIaJieHHE CIICKT-
pa UyBCTBUTEIBHOCTH JaT4dKa U  COJIHEYHOU
Oarapen (HOTORIICKTPUUECKON CUCTEMBI CBOIMT K
MUHHMYMY pPa30poc JaHHBIX H3-332 IEPEMEHHBIX
CHEKTpalIbHBIX ycIOBUH. MHepuuoHHOCTH (OTO-
ANEKTPUYECKOTO naTynka He Gomee 10 Mc, uTo Ha
3 mopsAgka HWXKE, YeM Yy TEepMOAIEKTPUYECKOTO
nupaHoMeTpa. J[aTYMKu W3roTaBIMBAIOTCS B BHIE
JUOAHOW CTPYKTYphl M3 MOHOKPHCTAJUTMYECKOTO
KPEMHUS, MOJIKIIOUEHHOHN K mIyHTy. M3-3a HU3KOTO
COINIPOTHBIICHUSI IIYHTa BJIEMEHT paboTaeT B pe-
KUMe, OJNM3KOM K KOPOTKOMY  3aMBIKaHHUIO.
TemmepaTypHbIii KOX(PQPUIIMEHT TOKa KOPOTKOTO
3aMBIKaHUSl CO3/Ia€T HE3HAYMTENBHYI0 TIOrpell-
HOCTb [3].

[Iporotun  ¢doTornmekTpudeckux mpeodpazo-
Bareneir (POII) ¢ AByCTOpOHHEH CBETOUYBCTBH-
TeNBHOCTHIO OB co3maH B 1966 1., a yke B 1970-x IT.
Poccust BmiepBhle TpHMEHWMIA WX B KOCMOCE IS
sHeprooOecrieueHust cryTHUKOB. B 1980 1. cTamo
SCHO, YTO JIOTIOJHHUTEIHHOE  WCIOJIH30BAHHE
OTPaXEHHOTO OT TOBEPXHOCTH 3EMIIM COJIHEYHOTO
mnydeHus (arp0en0) yBETWYMBACT MOIIHOCTH
JIBYCTOPOHHHX COJHEYHBIX 3JIeMeHTOB Ha (5-30) %,
OJTHAKO BBICOKasg ce0eCTOMMOCTh Ha JIOJITO€ BpeMs
3a/iepKayia UX MPOMBIIIJICHHOE TPOU3BOACTBO [4].

UccnenoBanusi  JIBYCTOPOHHUX  COJTHEYHBIX
snemeHTOoB (CD), BBHINIOJHEHHBIE HAa OCHOBE

MOHOKPUCTAJNTIMYECKOM KPEMHHUEBOM MMOJIYNPOBO/I-
HUKOBOH TMOJUIOKKe, Oa3upoBaluCh Ha Ompe-
nIeJeHuH BoibTaMmrepHbIX (BAX), BOJBT-BaTTHBIX
(BBTX) xapakTepucTHK W OOECHCUCHHH BHEIIHEH
KBaHTOBOW d¢(dekruBHOCTH. Pe3ynbraThl TOKa-
3a]MM, YTO JABYCTOPOHHME KpemHueBbie CO —
OYeHb MHOTOOOEUIaNmas TEeXHOJIOTUUS C XOpo-

MIUMHA HNEKTPHIECKUMHU XapaKTePUCTUKAMU
u BBICOKUM 3HAYCHHUEM 3¢ (heKTUBHOCTH
¢doronpeodpazoBanus [5].

Coznan KOMMEpPYECKHUit JIBYCTOPOHHHN

CD Ha OCHOBE KpEeMHHS p-TUNA C IacCHUBAIUEH
MOBEPXHOCTEH IUIEHKOW HUTpUAA KPEMHUS U
pexopanbiM KITJT Gonee 22 % u 15 % nHa ¢pos-
TaJbHOH W TBHUIBHOW CTOPOHAaX COOTBETCTBEHHO
MpH CTaHIAPTHBIX yCIOBHAX m3MmepeHus (AM 1,5,
1000 Bt/M?, 25 °C) [6].

B 2021r. anamu3 psiHKa PV-ungycrpuun
nokasan, 4to aByctoponaue ®OOII B MomaynpHOM
WCTIOMTHEHUH CTaJd JIOCTYIHBI 10 TOW e IIeHe
3a THUKOBBIM BaTT, YTO W WX OJHOCTOPOHHHUE
SKBUBaJICHTHL. [IpuynHa 3TOr0 B TOM, YTO MOAYJIHU
13 nBycTOpoHHUX CO TpeOyIOT ampHOPH ITBOHHOTO
OCTCKJICHHUS, U B TO >X€ BpEeMsl MPOU3BOAUTEIU
OJIHOCTOPOHHHMX MOJYJIed dYalie TIepexoasaT Ha
MOAYTH C JBOHHBIM CTEKJIOM I YBEIUUCHUS
CpOKa CIYKOBbl TakuX MOJYJIEH U TPOJUICHUS
rapaHTHH Ha poayKiuto. [Ipenmonaraercs, 9ro npu
WCIOJIb30BaHUM JIBYCTOPOHHUX MOJIyJIell MOXHO
OKHJATh YBEJIMUEHUS TOA0BOH BRIPAOOTKH YHEPTHU
1o 30 % [7].

CoBpeMeHHass ~ JBYCTOPOHHSISI ~ COJHEYHAs
(oTodnmeKkTprUecKkass TEXHOJOTHs, OCHOBaHa Ha
nzyuenun moutd 400 crareil, OmyOIMKOBaHHBIX
¢ 1979 r. IlpoBenéHHble HcCCIENOBAaHUSA HaIpaB-
JICHHBI Ha TIOBBINICHWE TIPOU3BOIUTEIHHOCTH
MW paclldpeHre OOINero BKJIaga JBYCTOPOHHEH
TEXHOJIOTHH B OBICTPO PACHIMPSIONIMNACA TJIO-
OaJbHBIN PHIHOK COJHEYHOW dHEpruH [8].

3amaTeHTOBaHbl  Pa3NUYHbIE  KOHCTPYKIIHU
BBICOKOA(GEKTHBHBIX (HOTOIIEKTPHUECKUX MPEoO-
pazoBareneii ¢ JBYCTOPOHHEH CBETOUYBCTBU-
TEIHHOCTHIO, HCITOJIB3YIONINX TIPSIMOE B PACCETHHOE
U3Iy4YeHue, a Takxke anboeno [9-13].

JBycropoHHHE (POTOIIEKTPUIECKHE MOIYIH
SIBIISTIOTCS MHOTI'000€IIaoIIER aJbTEePHATHUBOU
OOBIYHBIM  OJJHOCTOPOHHUM  (DOTOAIEKTPUICCKUM
MOMYJISIM, OJTHAKO MHIYCTpUs IBycTOpoHHUX DOIT
0 CUX IOp HAaXOJWUTCA Ha CTAIUU CTAHOBIICHUS,
M TIPENICTOUT eNi€é MHOTO pPadOThHI, MPEXIE HYeM
OHa CTaHET TMOJIHOCTBIO 3pENod TEXHOJIOTUEH.
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Hampumep, cymectByeT HepeméHHas —3ajada
M0  WCIOJIb30BAHUIO  OTOW  TEXHOJIOTUH IS
MMOCTOSTHHOTO MOHHTOPHHTa CYMMapHOTO ITOTOKa
COJTHEYHOTO W3JIY4YCHHS, BKIIOYAs €ro OTpaxEH-
HYI0 COCTaBISIONIYIO, IyTEM MOJICIHPOBAHUS
KOHCTPYKTHBHBIX W JIJIEKTPHYECKHAX XapaKTepHC-
tuk OOIT [14].

Ilensro HacTosmeld pabOTHI SIBISUIOCH CO371A-
HUE TIOJYIPOBOJHUKOBONW CTPYKTYPBI H TEXHO-

Jorud  (POTOAIEKTPUUECKOTO  TpeoOpa3oBaTess
C JIBYCTOPOHHEW CBETOYYBCTBHTEIBHOCTBIO, & TaK-
K€ DOKCTPEMAIBbHO BBICOKOH 3 (HEKTHBHOCTHIO
WCTIOJIb30BaHMS aTb0e/10.
OcHoBHast yacTh

CmonenupoBad  (OTOINEKTPUYECKUNA  J1aT-

YUK CYMMAapHOTO COJIHEYHOTO W3Iy4YCHHUS Ha
OCHOBE MOHOKPHUCTAJNTMYECKOTO0 KPEMHHS, KOTO-
pBIi  HCIONB30BaJCS B KadecTBE IEPBHYHOTO
npeoOpa3zoBareist pU WU3MEPEHHSIX HHTEHCHBHOC-
TH TIOTOKA COTHEYHOTO M3Jy4YEHHs, MMOCTYMAIOMIeH
or ConHma, Heba M OT NOACTWIAIOUICH TIO-
BepxHOCTH 3eMid. DOTO3IEKTPUUECKUN JaT4YUK
npeo0pazyeT ONTHYECKOE M3Iy4YeHHE B aHaJoro-
BBII AJIEKTpUYECKUW curHail. Ui MOAeInpoBaHUs
IIOJIYIIPOBOJJHUKOBOM CTPYKTYpBI OIIT
ucnonb3oBana cpera COMSOL Multiphysics.
MogenpHass TONYNPOBOJHUKOBAs CTPYKTypa
JIBYCTOPOHHETO JaT4MKa MOKa3aHa Ha PHUCYHKeE l.
Kak BumHo wu3 pucyHKa, (OTOIIEKTPUICCKUIL
npeoOpa3zoBareib C JIByCTOPOHHEH CBETOUYBCTBU-
TEJBHOCTBIO BKJIIOYAJI B ceOs CHAassHHBIE MEXIY
COOOH TBUIBHBIMH CTOPOHAMH [Ba HMJCHTUYHBIX
CD, 6a3oBble 00nacTu (1) KOTOPBIX, BHIOTHEHBI U3
KPEeMHHUSI p-THIA MPOBOJUMOCTH, JIETHPOBAHHOTO
O0opom; SMmHTTepHBIe oOOmactu nt+-thma  (2)
CD, chopmupoBannsie auddysueir  docdopa,
00pa3yroT ¢ 0a30BBIMH OOJIACTSIMH T'OMOTCHHBIC
n+-p-nepexoibl;  BBICOKOJCTHPOBAHHBIE  CIIOH
pt-tuna  (3), mnonyuennsle auddysumeir  Oopa,
00pa3yloT ¢ 0a30BOil 00JACTHIO U3OTUIHBIE p-p+-
MEPEXO0/Ibl; PACIIONIOKEHHBIE HA THUIBHBIX CTOPOHAX
CD cmnomHble  METAJUIMYECKHE  KOHTAKTHI (4)
BBIMOJIHEHbI M3 XUMHYECKH OCKACHHOTO Ha
KPEeMHUH HHKEJS, TOKPBITOTO CJOEM TPHIIOs;
Ha OcCBemiaeMblx cTopoHax CD MeTalIudecKue
KOHTaKTHBIE CETKH (5) BBINOJHEHBI U3 XUMHUYECKU
OCaXIEHHOTO Ha KPEMHHH HHKEJsl, MOKPHITOTO
ClIoeM TIpUNOS; MasHOE COCJUHEHUE TBHUIBHBIX
KOHTAaKTOB (6); IPOCBETISAIONINE TNIEHKH U3 OKCUA

tantana Ta,O5 (7) pacnonoXeHbl Ha dMUTTEPHBIX
obmactsax CD; BHENTHUI METAUTMYECKUH BBHIBOJ (8)
U3 MeIHOH (DONBTH, TOKPBHITOH CJIOEM TPHUIIOS;
npsiMasi W paccesiHHas COCTAaBIISIONIAst CBETOBOTO
moToka (9); oTpak€HHAsI COCTABJIAIONIAs CBETOBOTO
motoka (10).

Ceer Light
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Pucynok 1 —MoenbpHas HOIYIPOBOTHIKOBAS CTPYKTYpa
JATYUKA C JTBYCTOPOHHEH CBETOYYBCTBUTECIBHOCTBIO: 1 —
0a3oBble 00J1aCTH; 2 — SMMHUTEPHBIE 001aCTH; 3 — CIION p+-
TUNAa; 4 — METAIUTMYCCKUE KOHTAKTHI; 5 — METAJTMYCCKHE
KOHTAKTHBIC CCTKH, 6 — IIastHO€ COCJHMHCHHE TBIIIbHBIX
KOHTAKTOB; 7 — MPOCBETISIONINE TUIEHKH; 8 — BHEUTHUI
MeTauTM4ecKkuii BeIBOM; 9, 10 — CBETOBOM IOTOK

Figure 1 — Semiconductor structure of the sensor with bi-
facial photosensitivity: 1 — p-type base; 2 — n+-type layer;
3 — p+-type layer; 4 — metal contacts; 5 — grid metal con-
tact; 6 — solder connection of the back contacts; 7 — antire-
flective film; 8 — external metal contact; 9, 10 — light flux

TexHoNmoruss M3rOTOBJIEHUS  JABYCTOPOHHETO
(hOTORNEKTPUYECKOTO JaTYMKA JIETKO Pealu3yercs
Ha MpaKTUKE U HE BKIIOYAECT HCIOIb30BAHUS
pPeAKUX M JparoleHHbIX MeTayioB. [IpumeneHue
UL CO3JAaHMsSI  AQHTHOTPAXKAIOUIET0  MOKPBITHUS
HAaHOCTPYKTYPUPOBAaHHOW IUIEHKH OKCHIA TaHTaja
TONIIUHOW 75 HM O0OYyCIIOBIEHO MPOCTOTOH €€
HAHECEHMs] METOJIOM  LEHTpu(yrupoBaHus U3
TUIEHKOOOPA3yOIIero pacTBOpa, aHOMAJIBHO HHU3-
KM K03(p(pHUIIMEHTOM OTpaKeHHs CBETa Ha JJIMHAX
BOJIH C MaKCUMaJIbHOH 3Heprueil B auamnasone 0,5—
0,7 MKM 1 XMMHUYECKOH CTOMKOCTBIO K DJIEKTPOIIUTY
JUIs XUMUYECKOTO HUKEIUpoBaHus. Mcnosiabzyemble
IJIS  CO3IaHus JaTdyuka JBa uAeHTUYHBIX CD
U3rOTOBJICHBI HA OCHOBE TOMOI'€HHOT'O KPEMHHUEBOTO
p-n-nepexona nmenu KII/1 18 %.
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HoBuzna MPOBEJAEHHBIX HcCleIOBaHUN
3aKIIIOYaeTCd B OPUTHHAIBHOCTH CHMMETPHYHON
KOHCTPYKITUM ~ TIOJNYTIPOBOAHUKOBOH  CTPYKTYPBI

OOIl ¢ nBYCTOPOHHEH CBETOYYBCTBUTEIHHOCTHIO,
coJepkallell nBa p-n-mepexoia Uil paslesIeHUs
HOCHUTEJIeH 3apsiia BMECTO OHOT'O KaK y aHaJOI'OB.
Takum  oOpazoM  pmocturaercs  OIQMHAKOBas
3 PeKTHBHOCTL  IpeoOpa3oBaHUsS  CBETa  Kak
¢ (QpoHTATHHOW, TaK W C TBUIBHOH CTOPOHBI
OOII, B To BpeMsa kak y syumero axamora KIIJ|

C TBUIBHOH CTOPOHBI 3HAYUTEIHHO HIDKE, YeM
KIIJ] ¢ ¢ponramsHOit: 15 % u 22 % cooTBeTCT-
BEHHO [6].

Mogenp  MOIyIPOBOJHUKOBOH  CTPYKTYPbI
CD ¢ [BYCTOpPOHHEH CBETOYYBCTBHUTEIHHOCTHIO
MoJTydeHa Ha OCHOBE MCXOJHBIX JTAHHBIX, BKITFOYAs
€ro CTPYKTYPHBIE, JJEKTPUYECKHE, ONTHYECKHE WU
reoMeTpuyeckiue TmapameTpel. KOHCTpyKTHBHBIC
mapameTpel CD ISl MOJCIMPOBAHUS TIPHUBEICHBI
B Tabmure 1.

Tabauya 1/Table 1

HUcxoanbie mapamMeTpbl MOZICJ'II/lpyeMOﬁ KOHCTPYKIHMHA COJTHCYHOI'0 3JIEMEHTA

Parameters of the solar cell model

[Tapamerp 3HaueHune
Parameter Value
Huamerp CO, mm
SC diameter, mm 100
Tonmunaa OII1, mx
Photovoltaic converter thickness, pm 330
Tonmunaa 6a30BBIX 00JaCTEH, MKM
p-type base thickness, um 150
Tonmuna sMuTTEpa, MKM
n+t-type layer thickness, pm !
YaensHOE conpoTuBieHne 6a3b1, OM cM
Base resistivity, Om-cm 10
[ToBepxHOCTHOE CONMPOTHBIEHHE SMUTTEPa, OM/O
n+-type layer surface resistance, Om/o 40
AHTHOTpaXaIOIIee MOKPBITHE

i Ta,O4
AR coating
TonmmHa c1ost aHTHOTPAXKAIOIIET0 MOKPBITHS, HM
AR coating thickness, nm 7
®dotoakTrBHAas oAb nosepxHoctu OIII, oM’
Photoactive surface area of photovoltaic converter, cm® 70x2
[1701a/1b CETYATOr0 METAIHYECKOT0 KOHTAKTA, CM” 6.6

2
Metal contact area, cm

Merannuueckuil KOHTaKT K KPEMHUIO

Metal contact to silicon

Ni-nipumnoii [TOC-61
Ni-solder POS-61

[Ipu mopenupoBanuu C3 HCHOIB30BAIU Clie-
IYIOIINE XapaKTePUCTUKH U JTOMYIICHUS:

— CTaHJAPTHBIN CIEKTP Ha MOBEPXHOCTH 3eMJIIU
AM1,5G4;

— MOKa3aTesb MPEIOMIICHUS AHTHOTPAKAIOIIETO
nokpeitus Ta,05 2,2;

— CKOPOCTHM TEHEpallud U  PEKOMOMHAIUU
HOCUTEJEeH B 3aBUCHUMOCTH OT PACCTOSHHUSA OT
noBepxHoctd CO 1mpu  yCIOBUM CTaHIAPTHOTO

coiHeyHoro crekrpa (AM 1.5).

B pesynbrare MOnENMpOBAaHUS  IMOJYYEHBI
¢doTosnexTpuueckne mapameTpel CO: BombTaMmep-
Has W BOJIbT-BAaTTHas XapaKTEPUCTUKU TIPH pa3-
JUYHBIX 3HAYEHUSIX WHTCHCUBHOCTH W3IYyUYCHHS.
Ha pucynke 2 mnoka3aHbl pe3yjbTaTbl MOJIEIU-
pOBaHUSl CEMEICTBA BOJBTAMIIEPHOM, a Ha pHU-
CyHKe 3 — ceMelCTBa BOJBT-BATTHOM XapaKTepuc-
Ttuk CO.
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Current, A

=]
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Voltage, V
Pucynok 2 — MojensHble BOJIbTaMIEPHBIE XapaKTEpUC-
TUKU COJTHEUHOTO 3JIEMEHTA MPU PA3IMYHBIX YCIOBUSX
OCBEICHUS

Figure 2 — Solar sell current-voltage curve model under
various lighting conditions

Pucynku 2 u 3 AeMOHCTPUPYIOT MOIy4YEHHBIE
MOJIEJIbHBIE CEMENWCTBA BOJIBTAMIIEPHBIX M BOJBT-

BATTHBIX XapaKTEPHCTHK COOTBETCTBEHHO MPH
Pa3JINYHBIX 3HAYCHHUSX HHTCHCUBHOCTH COTHEYHOTO
uznydeHusi. OCHOBHBIE MOJICNTBHBIC DIICKTPUUECKUE
napameTpbl CO, moydeHHbIe U3 ceMeiicTe BAX u
BBT1X cBenmensl B TaOaHUITy 2.

. — 1000W/m?>
0.8, — 800 W/m?2
600 W/m 2
— 400W/m 2
= 0.6 200 W/m 2
Eﬂ
£ 04
o
0.2+
0 0.1 0.2 0.3 0.4 05 06
Voltage. V

Pucynox 3 — MopenbHbIe BOJBT-BATTHBIE XapaKTEPUCTHKH
COJIHEYHOTO HIIEMEHTA IIPH PA3JINYHBIX YCJIOBUAX OCBEILEHUS

Figure 3 — Solar sell volt watt curve model under various
lighting conditions

Tabauya 2/Table 2

OcHOBHbBIE YIEKTPUUYECKHE MTapaMeTPhbI COJTHETHOI0 3JIEMEHTA P! YCJIOBUHU HHTEHCUBHOCTH ITOTOKA U3JTy1€HUSA

1000 B/, crnekTp AM 1,5

Main electrical characteristics of the solar cell under lighting condition AM 1,5

ITapameTpsl 3HaueHue
Parameters Value
ToOK KOPOTKOTO 3aMBIKaHHMsI, A )
Short circuit current, A 05
Hanpspkenue xonocroro xona, B

Open-circuit voltage 056
Tok MakCUMaIbHOI MOITHOCTH, A

Maximum power current, A 179
Hamnpsxenne MakcuManbHOM MOIIHOCTH, B

Maximum power voltage, V 051
MaxkcumanbHas MOIIHOCTh, BT

Maximum power voltage, W 092
Koaddunmenr 3anonnenus, FF 0.78

Fill factor, FF

B pesympraTe MomenupoBaHWS ~— IMOJIy4YeHA
MMUTAIIMOHHAsI MOJICJIb, ITO3BOJIAIONIAsT 0TOOpaXKaTh
cemeiicteo BAX u BBTX CDO B 3aBucumMocTtu
OT YPOBHS MHTCHCUBHOCTH COJTHEYHOT'O M3TyUCHUSI.
Paspaborannass Mojieilb ONKMCHIBACT pealibHBIN

OOII Uik ¢ HEKOTOPOW CTETNICHBIO MPHOIHKESHUS,
C y4€TOM NPUHATHIX JOIMYLIEHUI.

N3roToBieH OpUIHMHAIBHBIA  TPEXBBIBOJHOMN
(hoTosiekTpuueckuil  gatyuk guamerpom 100 Mm
c JIBYCTOPOHHEHN CBETOYYBCTBUTEJIBHOCTBIO
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HA OCHOBE MOHOKPHCTAJUIMYECKOTO  KPEeMHHUS
p-THIIA C CHMMETPUYHON OTHOCHTENBHO 0O0IIeH
0a30BOil OOMacTH OUTONAPHOM CTPYKTYpOH n+—
p-nt. JlaT4uKk CMOHTHPOBaH Ha 3EpPKATLHOM
mbeecTane ¢ MOMOIIBIO MOJBHKHOTO KapJIaHHOTO
YCTPOKMCTBA, MO3BOJISIOMIETO MEHSATh OPHUEHTALUIO
JaTyhKa OTHOCHUTENFHO TbeJecTala B pa3inYHbIX
TUTOCKOCTSIX, co3/iaBasi 3((eKThl OTpa)KeHUsI cBeTa
OT TIOJICTHJIAIOIIEH TOBEPXHOCTH.

B nmpomecce  u3MepeHHs — MapamMeTpoB
M3TOTOBJIEHHOTO JIaTYMKA MOJyYCHHBIE PE3yJIbTaThl
II0KAa3ajM, 4TO TOK KOpOTKOro 3amelikanus ®OII 7,
MPaKTUYECKU JIMHEHHO 3aBHCUT OT MHTECHCHBHOCTH
cBeta. TakuM 00pa3oM, MOXHO YTBEPXkJIaTh, UTO,
u3Mepsisl NpU OCBEIICHWH mapamerp [ ,, U Tpu
COOTBETCTBYIOIICH KalHOPOBKE MOXKHO IOIYYUTh
U/ieabHBIA H3MEPHTENIb HHTEHCUBHOCTH UCTOUHHKA
CBETa C JIMHEWHON HIKaJIOM.

Jns  mpoBepkM aJleKBaTHOCTU IOJTYYEHHOU
MOJENIM W PabOTOCIIOCOOHOCTH pPa3paboTaHHOTO
JaT4YMKa C IBYCTOPOHHEH CBETOUYBCTBUTEIBLHOCTBIO
coOpaH 1abOpaTOPHBIA CTEHJ TIO BJICKTPHUCCKON
cxeme, n300pakEHHOM HA PUCYHKE 4.

/ Bxkn ON

——®
RS4TIC FS [% 3.3 Oum
+ R330m
PucynoK 4 — DeKTprueckas  cxema  J1aGOpaTOpHOTO

cregga: IIC —mpsamas cropoHa AaTyuMka, OOpamIéHHAs
k Comnnity; OC — oOparHasi CTOpOHa JaT4HKa, oOpariéHHas
K 3epKaJIbHOMY IbEIeCTally

Figure 4 — Electrical circuit of the laboratory equipment:
FS —the forward side of the sensor turned to the Sun;
RS — the reverse side of the sensor facing the mirror podium

OnekTpuyeckass cxXemMa CTEHJa  IO03BOJIMIIA
W3MEpATh TapaMeTphbl JIaTYMKa: TOK KOPOTKOIO 3a-
MBIKaHHs [, W HampsbkeHue xonocroro xoma Uy, ¢
(hpOHTATTEHON CTOPOHBI W OOCHX CBETOTYBCTBHUTEITh-
HBIX CTOPOH TIPW HATYPHOM COJHEYHOM OCBEIICHUH
OIHOBPEMEHHO, YTO CHIDKAJIO OIIMOKY WX CPaBHEHUSL.
OKCIiepUMEHTaIbHbIC, MOJETbHBIE M pacuéTHbHIC
JTAHHBIE CBEJICHBI B TAONMUITY 3.

Tabnuya 3/Table 3

3KCH6pHMeHTaJ’leB]e, paC'-léTH])Ie U MOAECJbHbIC MapaMeTpbl AaTYUKaA

Experimental, calculated and model parameters of the sensor

[Tapamerp naTunka PponTanbHas Teutbnas O0e cTopoHEI
CTOpOHa CTOpPOHA i
Sensor parameter Forward side Reverse side Both sides
DKcrepuMeHTaIbHBIC TApaMEeTPhI TP HATYPHOM COTHEYHOM m3rydeHnn 1000 Br/m*
Experimental parameters at full-scale solar radiation of 1000 W/m?
l.A/IL A 1.90 0.4 2.30
U,,B/0CV,V 0.560 0.558 0.560
Ounn-dakrop, FF /Fill Factor, FF 0.78 0.78 0.78
Annbeno, % / Albedo, % 20
Mormraocts @311, Bt / Photovoltaic converter power, W 0.830 0.174 1.005
[pupoct mourHoctu / Power increment 21
Mo/ienbHbIe mapaMeTpbl IPH HHTEHCHBHOCTH m3myderus 1000 Br/m>
Model parameters at a radiation intensity of 1000 W/m*
I, AL A 2.05 0.41 2.46
U,,B/0CV,V 0.560 0.560 0.560
Oun-dakrop, FF /Fill Factor, FF 0.78 0.78 0.78
Anrbeno, % / Albedo, % 20
Momnocts @III, Bt / Photovoltaic converter power, W 0.895 0.179 1.074
[Mpupoct mourHocTn / Power increment 20
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Kakx cBHIETenhCTBYIOT MaHHBIC TaOMUIBI 3,
HaO0JaeTcd XOpoIasi CXOAUMOCTh JaHHBIX TI0
KITIOYEBBIM  OKCIIEPUMEHTAIBHBIM M MOJEIHHBIM
rmapaMeTrpaM  JaT4hKa, YTO  CBHJIETENbCTBYET
00 aJIeKBaTHOCTH MOJTyYeHHOMN MOJIEJIH.
[Mockonmpky KIIJl ¢ ¢poHTampHOW W THUTBHOU
CTOPOH B OTJIMYHE OT aHaJOroB OJWHAKOBHIC,
JATYNK HWMEeT TPEeIeNbHO BBICOKMN IOTEHIINAT
(hOTORIIEKTPHUECKOTO TMpeoOpazoBaHus  aab0Oeno.
PazpaboTtanapiii  (OTORIEKTPUUCCKUNA  JATIHK
C JBYCTOPOHHEH CBETOYYBCTBUTEIBHOCTHIO IIOCIE
JIOpabOTKM M TPaTyHPOBKH M3MEPUTEIHHOTO OJ0Ka
MOKET OBITh WCIOJB30BaH JUII MOHHTOPWHTA
9HEPreTUYECKOTO Pecypca COMHEYHOTO W3ITYUCHHUS.
[Ipemnoxennas  OBYCTOPOHHSISI ~ KOHCTPYKIIHWS
OOI1 m3-3a 3HAYMUTENHHOTO TPUPOCTA MOITHOCTH
Ha EAWHHWILy TUIOIAAN MOXET OBbITh NpUMEHEeHa

TAKXKEC B HpOI/ISBOZICTBe CHUJIOBBIX COJIHCYHBIX
MOJTyJIEeH.
3akjoueHne

Jns  HenpepeBHOIO MOHUTOPHHIA HHTEH-
CHBHOCTH  COJIHEYHOTO  HW3JIyY4eHHUS  BMECTO
TEPMODJIEKTPUYECKOTO MHPAHOMETPa IPEATIOKEHO
UCIIOJIBb30BaTh KPEMHHUEBBIH  (OTOIEKTPUUESCKHIA
npeoOpazoBarenb (JaT4uK) C ABYCTOPOHHEH CBETO-
YyBCTBUTEJIFHOCTBIO, TIO3BOJIIIOIINIA B pEXUME
peaJbHOTO BPEMEHU OTCIICKUBATH CYMMAapHBIH
JHEPreTHYECKUH pecypc MpsSMOro, pPacCEesTHHOTO
U OTpaXEHHOTO COJIHEYHOTO  H3JIyYCHHSI.
Takoil nmarymk, B OTIMYHE OT TPAAUIMOHHBIX
TEPMODJIEKTPUYECKUX MHPAHOMETPOB,  SIBISIETCS
MaJIOMHEPLUOHHBIM, @ €T0 CIIEKTpaJIbHasl TyBCTBH-
TENBHOCTh JIOCTaTOYHO OJM3Ka K OJTOMY JKe
NOKa3arelto  CHJIOBBIX  (horompeoOpasoBareneit
COJIHEYHBIX JJIEKTPOCTAHIMU. DTO TIO3BOJISET Olle-
HHUBaTh YpPOBEHb HHCOJILMH, CIIOCOOHBIH OBITH
HOJIHOCTBIO TIPE0OPa30BaHHBIM B DIEKTPUYECKYIO
JHEPIHIO, OTpe3as MpH OSToM HedPEeKTHBHYIO
TEII000pa3yIoNIyI0 JITMHHOBOJHOBYIO YacTh COJI-
HEYHOTO CIIEKTPA.

[lpoBesneHO  MoOAENMPOBAaHWE  ITOIYIPOBOI-
HHUKOBOW CTPYKTYpBI JIaTYMKa, €r0 BOJIBTAMIIEPHBIX
M BOJBTBATTHBIX XapaKTEPUCTHK TPH PA3THIHON
WHTCHCUBHOCTH  COJIHEYHOTO  H3JIY4YEHHs, 4YTO
TIO3BOJIMJIO  ONPEJEIUTh MOJEIbHbIE TpeOOBaHHs
K KOHCTPYKTHBHO-TEXHOJIOTHYECKHM U OJIEKTPH-
YeCKUM I[apaMeTpaM JaTdhka C JBYyCTOPOHHEH
CBETOYYBCTBHTEIILHOCTBIO. BBINOIHEHBI HKCIIEpH-
MEHTaJIbHbIE UCCIICIOBAHUS napaMeTpoB

W3rOTOBJICHHOTO MMPOTOTHIIA JaT4YMKa, MOATBEPIK-
JAToIre aJeKBaTHOCTh MOIEIH M pabOTOCIIOC00-
HOCTb JJaTYhKa

[IpoBesieHBI UCTIBITAHUSI TPOTOTUIIA B HATYP-
HBIX YCJIOBUSIX IIPH HWHTCHCHBHOCTH IPSIMOTO
consedroro m3mydenus 1000 Br/m?. UHTeHCHB-
HOCTh OTPaKEHHOTO TIOTOKA HW3JIyYeHHsI, Halpas-
JIIEMOTO Ha THUTBHYIO CTOPOHY JaT4iKa, COCTaBIIsIIA
200 BT/MZ, COOTBETCTBEHHO, BEJMYMHA ajb0eno
cocrasnser 20 %. IlpupocT MomHOCTH 3a CUET
(hOTORIEKTPUYECKOTO  MPEoOpa3oBaHUs  anb0e0
cocraBunl 21 %, YTO sBIAETCS OSKCTpEeMaJbHON
BEJIMYMHOM.
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JHEeProaAMCIePpCHOHHBIM PEHTIT€HOBCKUA MUKPOAHAINU3 —
KAaK MeTO/l MCCJIeJOBAHUS I'PAHULBI pa3jaesa aJlOMUHU M-
MOJUKPEMHUH NOCJIEe BO3ACUCTBUS AJIUTEIBHOIO

U OBICTPOr0 TEPMHYECKUX OTKUIOB

B.A. IInnunenko, H.C. KoBaabuyk, /I.B. lllecroBckuid, /.B. dKuryaun

OAO «MHTET'PAJI» — ynpasnsiowasn komnanus xonounea « AHTEI'PAJI»,
ya. Kasunya, 1214, 2. Munck 220108, Beaapyco

Tocmynuna 04.04.2024
ITlpunsama x nevamu 27.05.2024

OHEeProAUCHepCHOHHbI PEHTTCHOBCKUI MHKpPOAHAJIN3 SIBJSCTCS OJHUM M3 OCHOBHBIX METOOB IIO
OIIPEIENICHUIO 3JIEMEHTHOr'0 cocTaBa BeecTBa. O0anas BHICOKOH JIOKATbHOCTBIO M OTHOCUTEIBHO MaJlof
IIIyOMHON NPOHMKHOBEHUS JIEKTPOHHOIrO Jiyya (<1 MKM), JaHHBIH METOA HaléNn MIMPOKOE NPUMEHEHHE
B 00JIaCT MHUKPODJIEKTPOHUKH, KaK OCHOBHOM METOJ aHaju3a 3JEMEHTHOrO cocTaBa BemiecTBa. Meron
MIO3BOJISIET MCCIICAOBATh MOBEPXHOCTh BEIIECTBA KaK TOYEYHO, TaK M IO IUIOMIAAM C HOCTPOCHUEM KapT
pacrpenenieHus 3JIeMEeHTOB. B paboTe muccienoBanoch BAMSHUE UIMTENBHON M OBICTPOH TEpMOOOPaOOTOK
Ha (OpPMHPOBAHUE TPAHULBI pa3lesia ATIOMUHUH-NIOIMKPEMHUN C LENBI0 H3ydeHHs (OpPMUPOBaHMS
OMUYECKHX KOHTAKTOB B DJEMEHTHOM 0a3e HHTErpajbHbIX MHUKpocxeM. VccienoBaHue TIpaHULbI
pas3zena aIIOMUHHMK-TIONIMKPEMHHUI OCYILECTBISUIOCH METOAOM HSHEPrOJUCIIEPCHOHHOIO PEHTTCHOBCKOTO
MUKpOaHaju3a. Y CTAaHOBJICHO, YTO MPH JUTUTETLHOM TepMudeckoM oTxkure (450 °C, 20 MUH) MOIUKpEMHUIHA
MIOJTHOCTBIO PACTBOPSIETCS B AIIOMUHHUHM C MOCIEAYIOLIEH ero cerperaieil B Buie OTAeIbHbBIX arjloMepaToB
B IUIEHKE AJTIOMUHUS, YTO MOXKET IPUBECTH K IIOJHOMY OTKa3y pabOTOCIIOCOOHOCTH HHTErpaibHON
Mukpocxembl. Ilpu OpicTpom Tepmmueckom oTxkure (450 °C, 7c¢) Takoro siBJIeHHS HE OOHApPYKEHO.
Taxum oOpa3om, OBICTPBIA TEPMUYECKUI OTKUT LIEIECO00OPa3sHO HCIIOJIb30BaTh B KaueCTBE AlbTECPHATHB-
HOW 3aMEHbl TPAJULUOHHOIO JJIUTEIBHOTO TEPMHUYECKOIO OTXKUIAa B MHUKPOUIEKTPOHMKE. Takas 3amMeHa
MO3BOJISIET CYILIECTBEHHO YMEHBUIMTH PACTBOPEHHUE IMOJUKPEMHHS B aJIOMMHUH, W30€KaTbh paspyLICHHs
OMUYECKHX KOHTAKTOB M IOIHATH IPOLEHT BbIXOJAa TOJHBIX H3ACIMH B MPOLECCE H3TOTOBJICHUS
HUHTETPAJIbHBIX MUKPOCXEM.

KiaroueBble cjioBa: OMHYECKHII KOHTAaKT, WMHTErpajbHas MHKPOCXEMa, I'paHHUIA pa3jiena aTlOMHHUI-
MOJIMKPEMHHH, ObICTpas TepMOo0OpadoTKa
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Abstract

Energy dispersive X-ray microanalysis is one of the main methods for determining the elemental com-
position of matter. Possessing high locality and a relatively shallow penetration depth of the electron beam
(<1 pm), this method has found wide application in the field of microelectronics, as the main method for
analyzing the elemental composition of matter. The method allows to study the surface of a substance both
pointwise and over an area with the construction of element distribution maps. In the paper we investigated
the influence of long-term and rapid heat treatments on the formation of the aluminum-polysilicon interface
in order to study the formation of ohmic contacts in the element base of integrated circuits. The aluminum-
polysilicon interface was studied using energy-dispersive X-ray microanalysis. It has been established that
during long-term thermal annealing (450 °C, 20 min) polysilicon is completely dissolved in aluminum fol-
lowed by its segregation in the form of separate agglomerates in the aluminum film, which can lead to a
complete failure of the integrated circuit. During rapid thermal annealing (450 °C, 7 s) such a phenomenon
was not detected. Thus it is advisable to use rapid thermal annealing as an alternative to traditional long-term
thermal annealing in microelectronics. This makes it possible to significantly reduce the dissolution of poly-
silicon in aluminum, avoid the destruction of ohmic contacts and increase the percentage of yield of workable

Oproducts in the process of integrated circuits' manufacturing.

Keywords: ohmic contact, integrated circuit, aluminum-polysilicon interface, rapid thermal processing
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BBenenue

[Ipu ycunupareiics TEHICHUUU yMEHb-
[ICHHS MIPOEKTHBIX HOPM M3TOTOBJICHUSI
HHTETPAIbHBIX MHKPOCXEM BCE OombIice
3HAYCHHUE MPHOOPETACT CHUKCHHE TEPMUUYECKOIO
BO3JICUCTBHUSI B TEXHOJOTUYECKOM TPOIECCE HX
u3rotoBiicHus [1—4]. Takas TeHAeHIMS CBs3aHa
CO 3HAYUTCNBHBIM YMEHBIICHUEM [JIUTEIbHOCTH
T Qy3MOHHBIX TPOLIECCOB, KOTOpas XapaKTepHa

IpU  BBICOKOTEMIIEPATypHBIX  TepMooOpaboT-
kax [5]. OcoOEHHO OCTPO 3TOT BOIPOC CTOUT
npu  (GOpMHUPOBAHMM  OMHYECKHMX  KOHTAKTOB

Kk kpemHuio u noiaukpemuuio (ITIKK). 9to o0ycios-
JICHO TEeM, YTO TpU JUIUTENBHOH TepMooOpaboT-
ke (450 °C, 20 MuH) NPOUCXOAUT HMHTEHCHUBHOE
B3aumojericteue [IKK ¢ amromunmeMm, u oOpa-
3oBanmio koHraomepatoB I[IKK B amromunum,
YTO TOPUBOJUT K YBEIUYEHHIO KOHTaKTHOTO
COTIPOTUBJICHUS KOHTAaKTa, a, 3HAYUT, K H3Me-
HEHHIO BOJIbT-aMIEPHBIX XapaKTEePUCTUK TpaH-
3ucrtopa. Kpome Toro, obpazoBaBiiuecs OCTpO-
YIOJIHBIE KOHTJIOMEpPaThI IIKK MOT'YT
NPUBECTH K YTEUKaM HIM K KOPOTKOMY 3aMbIKa-
HUIO MEXJY TOIOJOTHYCCKUMH CIIOSIMA HHTeT-
pabHBIX MHKpOCXeM. B kadecTBe albTepHATHUBBI
JUINTEIbHON TepMHYecKo 00padoTke BCE wHarie
npuMeHsietcsi  ObicTpasi TepmooOpadotka (BTO)
(450°C, 7¢), npu xortopor B3aumomupdy3us
amomuaug u IIKK waxomurcs ©Ha cramwm,
MO3BOJISIIOIIEH  chOpMUPOBATHCS  OMHUYECKOMY
KOHTakTy ©0e3 oOpa3oBaHMS  KOHTJIOMEpATOB
IIKK [6-8]. 3amMeTnM, 9TO B JUTEpAType UMEETCS
00JBIIOE  KONMYECTBO JIAHHBIX  ITOCBSIIEHHBIX
MEXaHU3MY B3aUMOJIEHCTBUS  AJIFOMUHHUU-KpEM-
HUM U aTIOMUHUH-TIOMUHUH, a 10 MEXaHU3MY
B3aumoaeiicteus amoMuHuil-IIKK takue nannble
MIPAKTHYECKH OTCYTCTBYIOT.

MeToauka 3KCIIEPUMEHTA

Ha KPEMHUEBBIX MJIaCTUHAX KIb 10
NUPOTCHHBIM  OKWCIICHHEM TIpH  TeMIlepaType
850 °C dopmupoBaiicss OKHCET KpPEeMHHUs. 3aTeM
Ha OKHCIIE KpPEMHHSI METOJIOM Ta30(a3Horo
ocaxaenus  popmupoBaiics [IKK  tommuHon
0,4 MKM, Ha TOBEPXHOCTh KOTOPOT'O MarHeTPOHHBIM
pachbUIeHHEM HaHOCHIAch TUIEHKA aOMUHHS (C
1 % npumecu Si), Tonmmuo# 3 MxMm. [lomyueHHbIe
crpykrypel Al-IIKK-SiO, mnonsepramuck paziand-
HBIM TEpMO0OOpabOTKaM: JUTMTEILHONH TEPMUYECKOM

oopabotke (450 °C, 20 muH, N,) u BTO (450 °C,
7 ¢, Ar). Ilpomecc BTO mnnmacTUH BBIMOTHSIICS
B atMocdepe aproHa npu aTMocepHOM JaBICHUH
Ha ycranoBke YBTO ITUT 1801. Atmocdepa aprona
BbIOpaHa AJISl UCKIJIIOYCHUS! OKHCIICHUS ATIOMUHUS
mpu  TepMooOpaboTke. IlmacTuHBl  00TyUaTHCH
C HeIUIaHApPHOW CTOPOHBI TAJOT€HHBIMH JIaMITAMU
JIUTEIBHOCTBIO 7 C.

UccnenoBanne rpanunbsl  pazgena  Al-IIKK
U OIpedeliecHHe 3JIEMEHTHOro cocrasa [9—10]
OCYILECTBIISUIOCH HA CKOJIE IUIACTHUHBI C IIOMOLIBIO
pacTpoBOro  3JEKTPOHHOTO  MHKpockomna (POM)
S-4800 ¢upmer Hitachi (Slnonust) ¢ »Hepro-
JUCIIEPCUOHHBIM  criekTpoMeTpoM  Quantax 200
¢upmer  Bruker (I'epmanms). Ilpodwmmm pacmope-
JIEJICHHUs 3JEMEHTOB CHUMAJKCh NPHU YCKOPSIOIIEM
HampspDKeHUH 5 KB, 9TO COOTBETCTBYET TIyOMHE
ananuza He 6omee 0,35 MKM.

Pe3yabTaTsl 1 NX 00cy:KIeHUE

Ha pucynke la npuenena POM dotorpadus
nornepeyHoro ceuenust cTpykrypel Al-IIKK-SiO,
0e3 TepMuYecKoro Bo3aeicTBuA. Ha Helt oTuéTinmBo
BuaeH I[IKK tommuuoi 0,4 MKM, W aJFOMHHHH,
paBHomepHo nexammii Ha I[IKK. Ha pucynxe 15
MpUBEACHBI MPOQUIN pPacpeieieHus] aTOMHUHNSA,
KPEeMHHUSI W KHCJIOpoJa MO TIyOMHE 3alieraHus
cnoés. Touka mepecedeHUs] alOMHHUS U KpeM-
HUS COBIIAJAET C HAYaJlOM KOHIICHTPAIIMOHHOTO
MaKCHMyMa KHCJIOpoja. DTO yKa3bIBaeT Ha TO, YTO
MEX/y aTIOMHUHMEM M OKHCIOM KPEMHHS JIEKUT
[IKK ¢ uéTkoif Hepa3MbITOM FPAHULICH.

Ha pucynke 2a npusenena POM ¢ororpadus
nonepedHoro ceueHus crpykrypel Al-IIKK-SiO,
nociie bTO (450 °C, 7c¢). Ha meit Bunmen IIKK
tonuuHo ~0,35 MKM, W PaBHOMEpPHO JEKallun
AIIOMUHUN  0e3 BUAMMBIX BKJIIOYEHHMH. Takum
obpaszom, TommuHa [IKK mociie BTO ymenpmmnach
Ha ~50 HM 10 CPaBHEHUIO C UCXOTHOUN CTPYKTYpOH,
0e3 TepMHrUecKoii 00paboTKH.

AHaJoruuHble pe3ynbTaThl MIOJTyYEHBI
METOZIOM DHEProAMCIEPCHOHHOIO MHKpOaHaJIN3a
nyTéM CpaBHEHMs KpHBBIX pacmpenesneHus Al, Si
nu O B crpykrype Al-IIKK-SiO,. Ha pucynke 15
BUHO, YTO TOYKa TepecedeHus KpuBbix Al m Si
nexut B npenenax 2,04 mxm. Ha pucynke 2b ona
coorBeTcTByeT 2,10 Mxm. PasHuma mexay Touka-
MH cocTaBiseT ~60 HM, 4TO XOPOILO KOPpeIupyeT
C IaHHBIMH, TOJyYeHHBIMH 10 POM dotorpa-
(UM CKOJIOB.
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Pucynox 1 — POM n3o6paxenne nonepeynoro ceuennst crpykTypsl Al-ITKK-SiO, 6e3 tepmuueckoit 06paboTku (a)
¢ pacripenenenueM Al, Si, O Boons mHENN cKaHUpOBaHHUS (b)

Figure 1 — SEM image of the cross section of the Al-polySi-SiO, structure without heat treatment (@) with Al, Si, O
distribution along the scanning line (b)
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Pucynok 2 — POM wusobpaxenue nomepedHoro cedenus: cTpykrypsl Al-IIKK-SiO, nocie GsicTpoit TepmMooOpadoT-
ku (a) ¢ pacupenencaueM Al, Si, O BOOJIb TUHUN CKAaHUPOBAHUS (D)

Figure 2 — SEM image of the cross section of the Al-polySi-SiO, structure after rapid heat treatments (a) with Al, Si, O
distribution along the scanning line ()

Takum  oOpazoM, mnpu  (HOPMHPOBAHHM  TOJHOCTBIO PACTBOPHICS B aOMHHUHU. DTO TaK¥Ke
OMMYECKOT0 KOHTakTa ¢ momomsto bTO mpoucxo-  moaTBep:KAaeTcs METOJOM SHEProjUCIEepCHOHHOTO
OUT  HE3HAUYUTEIbHOE  PACTBOPEHUS KPEMHHUS  MHKpoaHayiu3a (pUCyHOK 3b, nmuus 1). Ananus
B alOMMHHM 0Oe3 oOpa3oBaHMs B HEM KOHIVIO- KpuBBIX pacmpexaenenus Al, Si m O (pucyHok 3c,
meparoB [IKK, uro cBs3aHO ¢ HE3HAUMTENBHBIMH  JIMHHUSA 2) IOKa3aJ, 4YTO IIOSBUBILUECS KOHIJIO-
1 (Hy3nOHHBIMU TIpOIIECCAaMU MEXKIY aJIOMHHHMEM  Meparbl  HpPEACTABIAIOT  COOOHM  MOJIMKpHCTAl-
u [1IKK. JUYECKHUI  KPEeMHHU, KOTOphie  00pa30BajKCh

Ha pucynke 3a¢ npuenesa POM ¢ororpadust B pe3ynbrare MOJHOTO €ro pacTBOPEHUS B allFOMU-
noriepedHoro ceuenus crpykrypbl Al-IIKK-SiO, nuun. C noHwkeHHeM TeMmeparypbl, pacTBOPEHHBIN
mociie  JIUTeNbHOW  TepMmudeckod  oOpabotkm  IIKK Beimensercs B BHIE OTHENBHBIX KPYIHBIX
(450 °C, 20 wmwmu). Ha meit Bumgno, urto IIKK  ocTpoyrompHBIX KOHIIIOMEpaToB (PUCYHOK 3a).
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Pucynoxk 3 — POM wu300pakeHUe MONEPEUHOrO CEUCHHUs
crpykrypsl  Al-IIKK-SiO, mnocne minTensHOH TepMmu-
yeckoit 00pabdotku (a) ¢ pactpenencaueM Al, Si, O Bgonb
TUHAA CKaHUpoBaHUs 2 (b) n nuHNM ckaHupoBaHus 1 (c)

Figure 3 — SEM image of the cross section of the Al-
polySi-SiO, structure after long heat treatments (a) with
Al, Si, O distribution along the scanning line 2 () and the
scanning line 1 (¢)

Hammuume Takmx KOHIJIOMEpAaToB B  CJIOC

AJIFOMUHUSA  ABJISICTCA OI[HOﬁ U3 NPUYUH OTKa3oB

W3AEIUH  MHUKPORJICKTPOHUKH, IIOCKOJIBKY OHH
CBOMMHM OCTPOYTOJBHBIMH KpassMd MOTYT IIPOTHI-
KaTh M 3aKOpayuBaTh COCEJHUE TOIOJOIMUYECKHE
ciou. Kpome Toro, ux Hamuuue yMEHbIIAET
[IPOBOAMMOCTh IUIEHKM aJIOMHUHUS, a, 3HAYMT,
YBEJIMUMBAET KOHTAKTHOE CONPOTHUBIEHHE KOHTAK-
Ta aMfOMUHUN-KpeMHu# 1 amoMuHui-11KK.

3akjao4YeHue

MeTonoM  PHEPTOAUCTIEPCHOHHOTO  pEHTTe-
HOBCKOTO MHKpOAHajHM3a HCCIeI0OBaHA TpaHHIA
paznena amoMmuHui-IIKK mnocne BoznelcTBus
JUTUTEIBHOTO W OBICTPOTO TEPMUYECKUX OTIKHUTOB.
JlaHHBII MeTOon aHanu3a I03BOJISIET JIOCTATOYHO
TOYHO OMPEIENATh JIEMEHTHBIH COCTaB BEIIECTBA
C TIOCTpOCHHEM TpO(HIS paclpelelieHus Hc-
CJIeyeMBIX BEIIECTB BAOJb JHHUNA CKAHUPOBAHMS.

YCTaHOBIEHO, YTO TPU JUIUTEIHHOM TEPMHU-
gyeckom omxkure (450 °C, 20 MuH), BCICACTBHUE
I GY3HOHHBIX TMPOLIECCOB, MPOUCXOIUT PACTBO-
peHHe TOTMKPEMHHUS B aIFOMUHUH C 00pa3oBaHUEM
KPYITHBIX ~ KOHIJIOMEPATOB  TOJHMKPEMHHUS, YTO
SIBIISIETCS] OTHOW M3 MPUYUH OTKAa30B MHTETPATHHBIX
MukpocxeM. Ilpu OBICTpOM TEpMHUECKOM OTKHTE
(450 °C, 7 ¢) TaKoit TeHACHIIUK HE HAOJIOACTCSI.

Takum  00pa3oMm, CTaHIAPTHBIA  MpoLece
(OpMHPOBaHHS OMHUYECKHX KOHTAKTOB C HCIIOJNb-
30BaHMEM JUIMTEIBHOTO TEPMHUYECKOTO OTIKUTa
1enecoo0pa3sHo MCIONb30BaTh MPH W3TOTOBICHUU
W3eTMH ¢ TIPOCKTHBIMH HOpMamu Oosiee 1 MKM,
HampuMep, B  CHJIOBOH  MHKPODJIEKTPOHHKE.
C yMEHBIIEHHEM TPOEKTHBIX HOPM BIHSHHE
mporecca B3aumHOU auddysuun Ha GdopmupoBa-
HHE OMHYECKOTO KOHTAaKTa 3HAYUTENBbHO YCH-
JUBAETCS, 4TO OOYCIIaBIMBAaET CHIDKEHHE JIMOO
TEeMIIepaTypbl Harpy3kd, JIMOO BpPEMEHHU OTKHUTa
C TpUMEHEHHEeM Iporiecca OBICTPOH  TepMoO-
00paboTKH.
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Abstract

The problem of increasing the reliability of uncertainty estimation of measurement results is consid-
ered. The purpose of this work was to justify the application of the process approach to the formation of the
algorithm of uncertainty estimation on the basis of morphological analysis. It is theoretically substantiated
that from the standpoint of the system approach to achieving an acceptable degree of reliability of measure-
ment uncertainty estimates it is necessary to implement a process approach to the formation of the estimation
method as an algorithm of actions. The main stages of the estimation process are defined. It is established that
each stage of the estimation process can be realized by alternative methods. The morphological box method
as a realization of morphological analysis is proposed as a basis for its solution. A morphological box de-
sign of the uncertainty estimation process with an open architecture is presented, based only on commonly
accepted methods and approaches for realizing each step of the process. Two aspects of the application
of the morphological box method are identified. On the one hand, the morphological box allows to form
an algorithm of the uncertainty assessment process, maximally acceptable for the laboratory conditions,
as a combination of process steps, based on the task at hand, combining different variants of realization of
these steps. On the other hand, the morphological box acts as a tool for development of new methods of re-
alization of various stages of the uncertainty assessment process. Examples of using the morphological box
method to develop alternative algorithms of the uncertainty estimation process of the same measurement
method and to develop new methods of realization of different stages of the estimation process are considered.
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Mopdoaornyeckui moaxoa Kk paspadorke mpoiecca
OLICHUBAHUS HEONPEAeJIEHHOCTH U3MEPEHUH

II.C. CepenkoB, B.M. Pomanuak, A.B. 'pudxoBckmii

benopycckuii nayuonansHulii mexuuueckuil ynugeepcumen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

Hocmynuna 04.03.2024
Hpunama k newamu 06.05.2024

PaccmoTpena mpo0OiieMa TOBBILICHUS! JOCTOBEPHOCTH OLIEHMBAHUS HEOMPEACTIEHHOCTH PE3yJIbTaTOB
u3Mmepenuid. llenplo gaHHOM pabOTHI SIBJISIOCH OOOCHOBAaHWE IPUMEHEHUS! IPOIECCHOTO MMOJX0ja
K (OpPMUPOBAHMIO alNTOpPUTMa OIICHWBAHHS HEONPENeJIEHHOCTH Ha 0a3ze MOPQOIOTHYECKOro aHaIu3a.
Teopernueckn 0O0OCHOBAHO, YTO C MO3WIHMH CHCTEMHOIO IMOJX0/a K JOCTH)KEHHIO TIPUEMIIEMOH CTENeHH
JIOCTOBEPHOCTH OLICHOK HEOINPEAEIEHHOCTH WM3MEPEHUN CIIElyeT pealu30BaTh IIPOLIECCHBINA IOAXOJ
K (OpMHPOBaHMIO METOIa OLEHHBAHUS KaK aluropurMa jaedctBuil. OmnpeneseHbl OCHOBHBIC ATallbl
npoliecca OICeHUBaHMS. Y CTAHOBJICHO, YTO KaXKIbIH dTal Mpolecca OLCHUBAHUS MOXKET ObITh pealn30BaH
aNbTEepPHATUBHBIMU METOJIaMH. B KauecTBe OCHOBBI AJIs €€ PelIeHUs PeIOKEH METOT MOP(]OIOrHIecKoro
AIMKa Kak peanu3anus Mopdosoruueckoro aHanusa. [IpeacraBieHa KOHCTPYKIHS MOP(OIOrHYEcKoro
SIAKAa IpoLEecca OLEHUBAHMS HEONPENEIEHHOCTH € OTKPBITOM AapXUTEKTypOH, OCHOBAaHHAs TOJIBKO
Ha OOILENPUHATHIX METOJIaX U MOJAXO0/aX pealn3alny KaxIoro Tana npouecca. OnpeaeneHsl 1Ba acleKkTa
npuMeHeHus] MeToaa Mopdosoruueckoro siuka. C 0JHOH CTOPOHBI, MOPPOIOTUIUESCKUHN SLIUK MMO3BOJISET
(hopMUPOBAThH AITOPUTM TPOIECCa OLICHKH HEONPEACIEHHOCTH, MAKCUMAIILHO MPUEMJIEMBIN JJIsi YCIOBUN
nabopaTtopuy, Kak KOMOMHAIMIO ATAMOB MPOLIEcca, UCXOAs U3 MMOCTABICHHOHN 3aJauu, COYeTasi pa3inuHbIe
BapUaHThl peaju3aluu JaHHbIX 3TanoB. C Jpyrod CTOpOHBI, MOP(OJIOTUYCCKUI SIIUK BBICTYIACT KaK
WHCTPYMEHT I Pa3pa0OTKU HOBBIX METOJIOB peaju3allii Pa3IMYHbIX 3TAIlOB IPOLECCa OICHUBAHUS
HeonpeAenEHHOCTH. PaccMOTpeHbl MpHUMeEphl WCIOJIB30BaHUS METoJa MOP(OIOTHYECKOTrO SIIUKa IS
Pa3paboTKH albTePHATUBHBIX aJTOPUTMOB MPOIECCa OLUEHUBAaHUS HEONPEAETEHHOCTH OAHOTO M TOTO JKe
METO/1a U3MEPEHHUH 1 pa3pabOTKH HOBBIX METOJIOB PEaM3alliy Pa3IMUHBIX ITAIIOB MIPOIIEcCa OLICHUBAHHMS.

KiroueBble  ciaoBa:  HEONMPEACIEHHOCTh  W3MEPEHHs, MPOLECC  OIEHKH  HEONpPeIeEHHOCTH,
MOP(DOJIOTUYCCKHUH SIUK
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Introduction

Constantly growing requirements to objectiv-
ity and reliability of information about the quality of
products and services act as a stimulating factor for
the development of theoretical basis of metrology. The
indicator of measurement quality is, by definition, the
uncertainty of the result, which determines the risk of
incorrect decision making in relation to the circulation
of products and services on the market'. Until recent-
ly, the GUM model method was a tool for estimation
of measurement uncertainty”.

The emergence of standardized, i. e. generally ac-
cepted alternative methods, such as the Monte Carlo
simulation method®, empirical methods* based on the
use of the results of intralaboratory or interlaboratory
studies of measurement methods, allows us to con-
clude that the problem of objectivity and reliability
of measurement uncertainty assessment is still un-
solved [1-5].

From the point of view of system analysis, the
existing methods of estimation of measurement un-
certainty are not really such, because its key point is
the concept of process. System analysis assumes that
the criterion of unambiguous solution of the problem
related to the object is the consideration of the object
as a process [6, 7]. In our case, the object of analysis
is the process of measurement uncertainty estimation
(Figure), which includes stages”:

1. Formulation of the measurement problem:

1.1. Definition of measurement result Y as an
output quantity of the measurement process.

1.2. Identifying input variables X;, affecting Y.

1.3. Composing a measurement model as an ex-
pression of the type ¥ = f(X)).

"ISO/IEC  Guide 98-4-2019. Uncertainty —of
measurement — Part 4: Role of measurement uncertainty
in conformity assessment

2 GOST 34100.3-2017/ ISO/IEC Guide 98-3/ 2008.
Uncertainty of measurement — Part 3: Guide to the
expression of uncertainty in measurement

3GOST 34100.3.1-2017/ ISO/IEC Guide 98-3/
Suppl 1:2008. Uncertainty of measurement — Part 3:
Guide to the expression of uncertainty in measurement.
Supplement 1: Propagation of distributions using a Monte
Carlo method

*ISO/TS 21748:2010, Guidance for the use of
repeatability, reproducibility and trueness estimates in
measurement uncertainty estimation

> GOST 34100.1-2017/ ISO/IEC Guide 98-1/ 2024.
Uncertainty of measurement. Part 1: Introduction to the
expression of uncertainty in measurement

2. Assigning a probability distribution to input
values X; on the basis of available information.

3. Complexing of probabilistic characteristics
of input quantities JX; in accordance with the mea-
surement model ¥ = f(X,) in order to obtain proba-
bilistic characteristics of output quantity Y with the
subsequent estimation of the result — mathematical
expectation Y, total uncertainty #(Y) and expanded
uncertainty U(Y), P.

As a criterion of efficiency of the process of
measurement uncertainty assessment, the reliability
of the assessment is used. Obviously, the reliability
of the assessment is determined first of all by the
completeness and inexhaustibility of the whole array
of influencing factors involved in all stages of the
process, acting as a "skeleton" for the identification
of the sources of factors. From this point of view,
the existing generally recognized above mentioned
methods of measurement uncertainty estimation do
not "cover" the whole estimation process.

As a rule, they address only the third step of the
estimation process, and often not in full. None of the
above-mentioned methods solves the problem of jus-
tification of the set of input influencing quantities .X;,
correct determination of their probabilistic characteris-
tics, justification of the coupling function Y = f(X;) [7].
Consequently, there is no reason to expect from the
above methods of estimation of measurement uncer-
tainty the required level of objectivity and reliability.

A correct method for estimating uncertainty in
accordance with the systems approach as a "prob-
lem-solving methodology" should include the imple-
mentation of all three steps of the process, ensuring
the integrity of the solution to the problem of objec-
tivity and validity [6, 7]. At the same time, attention
should be paid to the fact that each stage of the above
assessment process, in turn, can be realized by differ-
ent alternative methods. This implies that there can
be many realizations of the process of measurement
uncertainty estimation as algorithms for solving the
problem representing the combination of different
methods at each stage. This fact opens up unlimited
possibilities of forming a correct and at the same time
effective algorithm for estimating the uncertainty of
the measurement (test) method in specific conditions
of the laboratory according to the criterion of maxi-
mum feasibility.

Obviously, to solve this problem it is necessary to
define a complete set of variants of realization of each
of'the process steps to form an algorithm for estimation
of measurement uncertainty for specific conditions.

112



Tpubopul u memoowt usmeperutl
2024. T. 15. Ne 2. C. 110-119
P.S. Serenkov et al.

Devices and Methods of Measurements
2024;15(2):110-119
P.S. Serenkov et al.

Input quantities
Xi

Measurement model

Y=rX)

Output quantity ¥

ﬁXiﬁ G &
Xp -a +a X, f(Y)
Coh
FiXi)
H >
/ \ Yo Y
Xo -a +a xi -
I\
11X
u(Y) u(y), p
I
Xo -a g +Ta "
Xi

Figure — Steps in the process of estimating measurement uncertainty

In this regard, the morphological box method is
of interest as an implementation of morphological
analysis [8-10]. Morphological analysis was devel-
oped for multifactorial, non-quantifiable problems,
when classical cause-and-effect modeling does not
give the desired result.

The morphological box method consists in di-
viding the object of analysis into meaningful con-
stituent elements. For each element, a set of possible
realizations contributing to the overall solution of the
problem is determined, after which a complete set of
solutions is formed by merging specific realizations
of all constituent elements. The search for the best
solution from the full set of solutions is performed
in accordance with the chosen criterion of accept-
ability.

To solve the problem of formation of an accept-
able for specific conditions algorithm of measure-
ment uncertainty estimation with the help of mor-
phological analysis, it is proposed to form the design
of the morphological box as a table, the inputs (ele-
ments) of which correspond to the stages of measure-
ment uncertainty estimation given above:

1 — identification of influencing factors;

2 — formation of the communication function
(measurement model);

3 — definition of input values;
4 — transforming distribution laws.

Element 1: Identifying influencing factors

This step of the algorithm is the most critical
from the point of view of the degree of confidence
in the measurement results, because it is often based
on the use of expert subjective opinions when iden-
tifying input influencing factors and assessing their
significance. In metrological practice, a number of
methods and techniques have been developed to fa-
cilitate the identification and search for influencing
factors:

—recommendations of the classical theory of er-
rors on identification of influencing factors belong-
ing to the groups: instrumental, methodical, subjec-
tive, measurement conditions [11];

— "uncertainty ladder", which is a hierarchical
scheme of the structure of measurement uncertainty
sources: part factor — part series factor — individual
laboratory factor — interlaboratory factor. The meth-
od provides a basis for determining and evaluating
such characteristics of measurement methods as pre-
cision and bias estimates [2, 20];

—significant factors taken into account in the
study of indicators of correctness and precision of
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measurement methods according to STB ISO 5725-3°:
operator, equipment, equipment calibration, envi-
ronmental conditions (temperature, humidity, air
pollution, etc.), time passing between measure-
ments, etc.;

— quality management tools — cause-effect dia-
grams in which the sources of uncertainty in the
measurement result are attributed to different parts of
the measurement system, e. g., S.W.L.P.E. (Standard.
Part. Part. Measuring Instrument. Man. Procedure
and Environment), P..S.M.O.E.A. (Part. Measuring
Instrument. Reference. Method. Operator. Environ-
ment. Assumptions) [12].

The above methods and techniques are based
on the assumption that, despite the great variety of
measurement tasks, it is possible to identify typical
sources of variability that together make the greatest
contribution to the uncertainty of the measurement
result. Expert methods such as brainstorming, ques-
tionnaires, surveys, etc. are used to identify signifi-
cant sources and factors.

Taking into account the subjectivity of these
methods, as well as the assumptions made at this
stage, there are risks associated with the identifica-
tion of not all factors X;, which affect the final result
of measurements.

The above methods and approaches can be, to
a first approximation, included in the design of the
morphological box table as alternative realizations of
the input "identification of influencing factors".

Element 2. Formation of the communication
function (measurement model)

The realization of this stage is a measurement
model — it is a functional dependence Y = /(X)) of val-
ues of all input factors of the measurement process X;
with its result Y. The summary measurement model as
a model of approximation of the coupling function can
be represented in a general form as:

(M

where Y is the estimated measurement result,
X, , X, ..x,, — influencing elementary and complex
factors (grouped data), /' — analytical link function,
a, ,a,, ...a,—parameters of the analytical link func-
tion to be determined.

Y = f(X)5% X G150y 5.0y,

6130 5725-3:1994, Accuracy (trueness and precision)
of measurement methods and results — Part 3: Intermediate
measures of the precision of a standard measurement
method

A measurement model is necessary in order to
shape:

—model of the measurement result (mathemati-
cal expectations model);

—model of uncertainty of the measurement re-
sult (standard deviation model).

Various bases for classifying communication
functions can be proposed. To form this element of
the morphological box, it is rational to propose the
following classification of measurement models:

— coupling function, known a priori and having a
natural physical meaning;

— coupling function given a priori and represent-
ed as a series, e. g., Taylor series [13, 14];

— the link function, unknown a priori and present-
ed as a regression model based on the results of the
planned measurement experiment [15].

The situation when the coupling function is
known a priori is typical for indirect measurements.
For example, the model of indirect measurement of
direct current force as a physical law has the form:

U

5

I =

R

sh-r

where [ is the actual value of direct current force, A;
U is the actual value of measured voltage, V; R, ,. is
the actual value of shunt resistance, Ohm.

The situation when the coupling function is
specified a priori is typical for direct measurements.
The a priori unknown coupling function (1) can be
decomposed into a Taylor series within the frame-
work of realization of the model method of measure-
ment uncertainty estimation and represented with the
assumption as a linear additive model of the type:

Y=X,,+C+Cl2+..+C, 2)

where X, is the result of the instrument reading;
C, is the so-called corrections, e. g. influence factors
of the reference, operator, working environment con-
ditions, etc. [13, 14].

The situation when the unknown a priori cou-
pling function is formed as a statistical model based
on the results of a planned measurement experiment
is possible in all generally recognized methods of
measurement uncertainty assessment. This situation
is most typical for empirical methods of measure-
ment uncertainty estimation.

The ISO 5725 series® of standards considers
a statistical measurement model as a measurement
model:

y=m+B+te=p+(+B)+te, )
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where m = p + 6 is total mean value of measure-
ment result (mathematical expectation); p is accept-
ed reference value; & is measurement method bias;
(0 + B) = A is laboratory bias; B is laboratory bias
component; is bias component occurring at each mea-
surement according to repeatability conditions.

ISO 217484 considers a more generalized statisti-
cal model as a measurement model:

M
y=m+B+) Cx, +e, 4)

i=1

M
where Z C.x, are factors influencing the measurement
i=1
result, not taken into account by the model presented
in (3).

In terms of applying the communication func-
tion, two cases are possible:

1. If we use a modeling or Monte Carlo method
for numerical estimation of measurement uncer-
tainty by the method under study, we need the link
function (1), since it is directly involved in the es-
timation process. To obtain it, we should organize
a measurement experiment (full-factor plan of type
2", fractional factor plan, other), perform regression
analysis and obtain the link function (1) as a regres-
sion equation [12, 16].

2. If we use empirical methods to estimate the
measurement uncertainty by the method under study,
the coupling function (1) is not directly required.
ISO 5725-3° for this situation prescribes to organize
the measurement experiment according to a hierar-
chical nested plan and to perform a variance analysis
of the obtained results. Standard deviation in condi-
tions of perceptibility SR is an analog of the total
uncertainty of measurements by a specific method.

The above methods can be, to a first approxima-
tion, included in the design of the morphological box
table as alternative realizations of the input "forma-
tion of the link function (measurement model)".

Element 3. Definition of input values

There are two approaches to defining input
quantities:

—complex, in which probabilistic characteris-
tics, including the total standard uncertainty of the
measurement result, are determined at once;

— differential, in which probabilistic characteris-
tics, including standard uncertainties, are defined for
each input quantity.

The integrated approach, as mentioned above, is
characteristic of empirical methods for uncertainty
assessment [1].

The differential approach assumes that the set
of input quantities X1 , X2 , ... X, involved in the
measurement, can be conditionally divided into two
groups [13-15, 17]:

1) quantities whose values and uncertainties are
determined directly in the current measurement (as
a result of a single observation, repeated observa-
tions) — Type A estimation;

2) quantities, values and uncertainties of which
are determined on the basis of a priori information
(characteristics of used standards, reference materi-
als, reference data, etc.) — type B estimation.

The above methods can be, to a first approxima-
tion, included in the design of a morphological box
table as alternative implementations of the input "in-
put value determination" input.

Element 4. Transforming probabilistic
characteristics of input quantities in order
to estimate the measurement result and its
uncertainty

This element of the process of estimation of
measurement uncertainty involves complexing the
probabilistic characteristics of input quantities .X; ac-
cording to the measurement model ¥ =f(X,) in order
to obtain the probabilistic characteristics of the out-
put quantity Y: mathematical expectation YO , total
uncertainty u(Y), expanded uncertainty U(Y), P.

Two approaches” to transforming the character-
istics of input random variables taking into account
the coupling function in order to obtain the charac-
teristics of the measurement result are generally ac-
cepted: frequency and Bayesian [2].

The frequency approach is based on obtaining point
estimates (statistics), which can be used to construct
a confidence interval. Among the generally accepted
methods, the frequency approach implements the GUM
modeling method, empirical and combined methods [2].

The GUM modeling method is implemented as
an "eight-step method", and involves the element-
by-element assessment of contributions to the total
uncertainty of all influencing factors with their sub-
sequent complexing according to the "law of propa-
gation of uncertainties" [18].

Empirical methods of measurement uncertainty
estimation are based on experimental data obtained
from the results of intralaboratory or interlabora-
tory studies of the measurement method in terms of
bias and precision, additional statistical processing
of which allows estimating the total uncertainty of
measurements by the method under study [1].
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The combined method for uncertainty assess-
ment appeared as a rational need to apply a combi-
nation of GUM modeling and empirical methods to
the study of the same measurement method [19]. For
example, if a measurement process involves several
relatively independent operations, it is rational to
estimate the uncertainty of the intermediate results
of some of them by the modeling method and some
of them by empirical methods, using measurement
quality control data, proficiency tests, interlaboratory
comparisons, or other periodic controls [9, 21].

Note that when estimating the uncertainty of the
value Y by these methods, the distribution function
of the input values X; is not used explicitly. The gen-
erally accepted interpretation of the concept of prob-
ability is used.

When implementing the frequency approach by
the listed methods, it should be taken into account
that the methodological error of estimation u,(y)
or U (y), P, associated with the failure to correctly
transform the distribution laws of input quantities X
into the distribution law of the measurement result
Y, has not been quantitatively evaluated by anyone,
although it is, for example, brought to the forefront
by critics of the GUM modeling method [18].

The so-called "Bayesian approach" is adopted as
an idealized approach to transformation, for which
the quantitative measure of uncertainty of the mea-
surement result Y in the broad sense is the probabil-
ity distribution of a random variable associated with
the measured quantity, and in the narrow sense is the
scattering parameter of the same distribution (u.()))
or U (y), P.

The Bayesian approach involves transforming
the distributions of the input quantities X;, which in-
volves determining the probability distribution den-
sity of the output quantity Y based on the probability
distribution densities of the input quantities X, and
the measurement model used Y =f'(X;). The latter is
used to determine:

1) estimates of the mathematical expectation of
the quantity Y in the form of an estimate of y;

2) the coverage interval for the value Y corre-
sponding to a given probability (coverage probabil-
ity) P as the expanded uncertainty U (y);

3) estimates of the standard deviation of Y as the
standard uncertainty u,. (v) associated with y.

The transformation of distribution laws in the
Bayesian approach can be performed numerically
or analytically. Among the generally accepted meth-
odologically correct methods of finding the uncer-

tainty in accordance there is only one — the Monte
Carlo method [16]. The method numerically realizes
the transformation of the distribution laws of input
quantities into the distribution law of the measure-
ment result by numerical methods, i. e. it imitates the
analytical solution of the problem, since the value ¥
is not directly measured. Accordingly, the method
requires serious software and high competence of
the researcher.

The above methods can be, to a first approxi-
mation, included in the design of the morphologi-
cal box table as alternative realizations of the input
"transforming probabilistic characteristics of input
quantities".

Morphological box of the uncertainty
assessment process

Table 1 presents a morphological box of the un-
certainty assessment process, constructed based only
on commonly accepted methods and approaches for
implementing each step of the uncertainty assess-
ment process. Two positive aspects of the morpho-
logical analysis of the uncertainty assessment pro-
cess can be emphasized:

— the morphological box acts as a "constructor"
from which the method of uncertainty assessment
can be formed step by step as a combination of pro-
cess steps based on the task at hand, combining dif-
ferent variants of realization of these steps;

— the morphological box can be perceived as a
tool for forming new methods at different stages of
the uncertainty assessment process.

The use of the morphological box as a "con-
structor" for formation of the uncertainty assessment
process, which is the most acceptable for laboratory
conditions, is demonstrated in Table 2. As follows
from the table, laboratory specialists consider three
variants of realization of the process of uncertainty
assessment of the measurement method investigated
in the laboratory:

1 — within the framework of in-laboratory stud-
ies of method correctness and precision in accor-
dance with ISO 5725-3° it is supposed to use empiri-
cal methods;

2 —within the framework of interlaboratory
studies of method correctness and precision in accor-
dance with ISO 21748 it is supposed to use empiri-
cal methods;

3 — direct application of the GUM method is as-
sumed [18].
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Obviously, if the uncertainty assessment process
is composite, it is important to know the advantages
and disadvantages of each element in order to design
the most appropriate uncertainty assessment process
for the laboratory environment.

It should be noted that the morphological box
has an open architecture. In this sense, it is of sci-
entific interest as a tool for generating new meth-
ods at different stages of the uncertainty assessment
process. In Table 1, their place is highlighted as
"Other" on a gray background. We can give a num-
ber of examples of developments of the authors of
the article concerning new methods of realization of
separate stages of the uncertainty assessment pro-
cess:

Stage 1 (see Table 1). Identification of influenc-
ing factors. Methodology of identification of input
values of the measurement process using IDEF0
functional modeling methodology and the method of
alternatives as a method of expert evaluation [7, 12].

Stage 2 (see Table 1). Formation of the mea-
surement model. To solve complex measurement
problems of data analysis and decision making un-
der conditions of significant a priori uncertainty, in

our opinion, methods of nonparametric estimation
of passively collected measurement information, for
example, based on wavelet transforms, are promis-
ing [20]. The use of such models for solving this
class of problems allows minimizing the method-
ological error of linear approximation.

Stage 4 (see Table 1). Transformation of dis-
tribution laws. As an alternative to the Monte Carlo
method, we can propose the author's "method of suc-
cessive transformations" (MPT), which is designed
for efficient uncertainty estimation under a given
mathematical model of measurements (1) with an ar-
bitrary number of input quantities and a single output
quantity [2]. The efficiency of the estimation is man-
ifested in the fact that MPT realizes the algorithm
of estimation of measurement uncertainty through
transformation of distributions of input quantities. In
this case, in contrast to the Monte Carlo method, the
MPT assumes the possibility of a typical solution of
the estimation problem with minimum resource con-
sumption. The key point of the proposed method is
the technique of pairwise analytical convolution of
distributions of input quantities taking into account
the measurement model ¥ = f'(X,,..., Xy).

Table 2

Options for implementing the method uncertainty assessment process in the laboratory

Element (stage

Options for implementing the process of estimating method uncertainty

of the evaluation
process) 1

2 3

Classification of factors
of reproducibility conditions
according to ISO 5725-3

1. Identification
of influencing
factors

S.W.L.P.E. (Standard. Part.
Instrument. Measurement.
Person. Procedure and
Environment)

"Ladder of Uncertainties"

It is specified approximated
as a linear model in the form
of a Taylor series|
Y=X,,+C, +C,+..+C

2. Formation
of the communica-
tion function

as a statistical process model

It is set approximated ) ) )
It is specified approximated

as a linear model in the
form of a Taylor series
Y=X,,+C, +C,+...+C

according to ISO 21748
M
y:m+B+ZCixl. +e

i=1

3. Definition
of input values

Each input quantity is not
defined separately

Each input quantity is not

Differential approach, the
standard uncertainties of each
input quantity are determined

separately by type A or B

defined separately

No distribution law is used
(frequency approach). Empirical

No distribution law is used

(frequency approach).

4. Transforming
distribution laws

methods in accordance with
ISO 5725-3. Within the frame-
work of in-laboratory studies of
the measurement method the total
standard uncertainty of the mea-
surement result SR — analog of the
total uncertainty of measurements
is determined

Empirical methods in accordance
with ISO/TS 21748. Within
the framework of interlabora-
tory studies of the measure-
ment method the total standard
uncertainty of the measurement
result SR — analog of the total
uncertainty of measurements
is determined

No distribution law is used
(frequency approach).
GUM method
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Conclusion

It can be stated that the validity of measurement
uncertainty estimation is provided from the position
of the system approach through the development of
the estimation process as an algorithm of actions.
Taking into account the fact that different stages of
the process of measurement uncertainty estimation
can be realized by alternative methods, the possibil-
ity of developing the most acceptable algorithm of
actions for the conditions of the measurement labo-
ratory is determined. To solve the problems of deter-
mining the full set of variants of realization of each
stage of the process of measurement uncertainty esti-
mation for specific conditions the morphological box
method is proposed. The structure of the morpho-
logical box of a typical uncertainty estimation pro-
cess with an open architecture, which is based only
on the generally accepted methods and approaches of
realization of each stage of the process, is substanti-
ated. The possibilities of application of the morpho-
logical box method for development of an effective
algorithm of the process of uncertainty estimation of
the measurement method in the laboratory and for
improvement of the estimation process in terms of
creation of new methods of realization of separate
stages of the process are demonstrated by examples.
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Abstract

The difference in the spectral composition of artificial and natural lighting can negatively affect health, as
well as lead to a distorted perception of the color of surrounding objects. At the same time, a certain correc-
tion of the spectral composition of visible radiation in medical institutions and workplaces has a positive ef-
fect on human health, while can be carried lighting control out taking into account the data of personal sensor
devices that determine the human condition. The purpose of the research was to select criteria for comparing
natural and LED optical and visible radiation by spectral composition and by the visibility of color differences
in natural and LED lighting. The effectiveness of the application of known and developed criteria for assess-
ing the difference in the spectral composition of optical and visible radiation from natural and LED sources
was investigated, as well as for the visibility of color differences in natural and LED lighting. To minimize
the values of criteria are proposed additive and subtractive methods for calculating LED parameters. Their
comparison allowed us to conclude that a more complex calculation algorithm, but higher performance for an
additive technique than for a subtractive one with the same minimization results.

It was found that to simulate the spectral composition of natural radiation using LEDs, it is most effec-
tive to use the criteria "standard deviations of the relative differences between the optical and visible spectral
components of natural and LED radiation". A comparison of the criteria for the visibility of color differences
in natural and LED lighting showed approximately the same effectiveness of using the criteria "small color
differences" and "standard deviation by photoreceptors" at the present stage and the prospects for applying
the second criterion, provided that its acceptable values are established.

Keywords: optical and visible radiation, natural and LED lighting, spectral composition, color differences,
LED parameters
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HcciaenoBanue KPpUATEPUEB JIA CPABHCHUA €CTCCTBECHHOT'O
U CBETOAUOAHOI'0 U3JIYICHHUA 110 CIICKTPAJIBHOMY COCTABY

II.C. boraan, E.I'. 3aiineBa, A.A. CTenaHeHKO

benopycckuii nayuonansHulii mexuuueckuil ynugeepcumen,
np-m Hezasucumocmu, 65, Munck 220013, Berapyco

Hocmynuna 16.04.2024
Hpunama k newamu 22.05.2024

Paznuuue B CIEKTpaJIbBHOM COCTaBE HCKYCCTBEHHOI'O U €CTECTBEHHOIO OCBELIEHUS MOKET OTPULIATEIIBHO
CKa3aTbCsl Ha 370POBbE, & TAKKE IIPUBECTU K UCKAKEHHOMY BOCIIPUSITUIO LIBETA OKPYKAIOIIUX PEAMETOB.
B 10 e BpeMs omnpeneneHHas KOPPEKLUsl CIEKTPAIbHOIO COCTaBa BUAMMOIO U3JIyYEHHUs B MEIULIMHCKUX
YUpEXKJIEHUSAX U Ha pabounX MecTaxX OKa3bIBaeT MOJIOKHUTEIBHOE BIHUSHNE Ha 3/10POBbE YEJIOBEKa, IPHU ITOM
YIIPABJIICHUE OCBEILIEHUEM MOKET OCYILECTBISATLCA C yUETOM JAHHBIX IEPCOHAIIBHBIX CEHCOPHBIX YCTPOUCTB,
OTIPEEISIONINX COCTOSTHUE YesioBeKa. Llenbio mcciaeqoBaHuid sIBISUICS BBHIOOP KPUTEPHEB JAJIsl CPAaBHEHMS
€CTECTBEHHOI'O M CBETOJUOJHOIO0 ONTHYECKOIO M BHJMMOIO M3JIyYEHHH IO CIIEKTPAJIBHOMY COCTaBy U
[I0 3aMETHOCTU LBETOBBIX OTIUYMI IPU €CTECTBEHHOM M CBETOAMOIHOM oOcBelleHuu. lccienosanach
3P PEeKTUBHOCTH MPUMEHEHUS U3BECTHBIX U Pa3paboTaHHBIX KPUTEPHUEB [T OLICHKH OTIIMYHS CIIEKTPaIbHOTO
COCTaBa ONTHUYECKOTO M BUAMMOIO M3JIYyYEHUN OT €CTECTBEHHBIX M CBETOJUOJHBIX UCTOYHHMKOB, a TAKKE
JUISL 3aMETHOCTM LBETOBbIX OTIMYUN IIPU E€CTECTBEHHOM M CBETOJUOJHOM oOcBelieHuH. IIpemnoxkeHsl
aJIMTUBHAS U CyOTPaKTHBHAs METOAMKM pacyéTa MmapaMeTpoB CBETOAMONIOB i MMHUMHU3ALUU 3HAYEHUH
KputepueB. VX cpaBHeHHE TIO3BOJIUIIO ClIENaTh BBIBOJ O OoJiee CIOKHOM alTrOpUTME pacuéra, HO OOonbLIeH
MPOU3BOAUTENBFHOCTH AJISl AATUTUBHONW METOAWKH, YeM JUId CyOTpaKTUBHOM MPU OJUHAKOBBIX pe3ylibTaTax
MHUHHUMH3ALUU. B pesynbrare uccieqoBaHUi U MPOBEACHHBIX PACYETOB YCTAHOBJIEHO, YTO JUISl UMUTALUU
CIEKTPAJILHOTO COCTaBa €CTECTBEHHOIO U3TYUYEHHS C HCIIOIb30BaHUEM CBETOIMOAOB Hanboee 3PpeKTHBHO
HCIIOJIB30BATh KPUTEPUM «CPEJHEKBAIAPATUUECKUE OTKIOHEHMSI OTHOCHUTENIBHBIX PA3HOCTEH ONTHYECKHUX
U BUAMMBIX CHEKTPaJIbHBIX COCTABIAIOUIMX ECTECTBEHHOIO M CBETOIMOJHOIO M3iIydeHus». CpaBHEHHE
KPUTEPHUEB 3aMETHOCTH LBETOBBIX OTIWYMM IIPU €CTECTBEHHOM MU CBETOAMOAHOM OCBEILEHUU I10KA3aJ10
MPUMEPHO OAWHAKOBYIO 3((EKTHBHOCTb HCIONb30BAaHMSI KPUTEPHUEB «Mallble LBETOBBIC Pa3IHYMs» U
«CpeTHEeKBapaTHYECKOe OTKIOHEHHE Mo (OoTopenenTtopamM» Ha COBPEMEHHOM JTalle W MEePCHeKTHBHOCTD
[IPUMEHEHUS BTOPOr0 KPUTEPUS IIPHU YCIIOBUH YCTAHOBIICHHUS €r0 JOIIYCTUMBIX 3HAYECHUM.

KnroueBple cjoBa: ONTHYECKOE M BHIMMOE H3JIyY€HHME, €CTECTBEHHOE M CBETOAMOJHOE OCBELICHHE,
CHEKTpajbHbII COCTaB, IBETOBBIE Pa3jInUMsl, IapaMETPhl CBETOJUOOB
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Introduction

Currently, people use artificial lighting more
than natural, the spectral composition of which de-
pends on the geographical latitude of the area, time
of day, time of year, weather conditions [1, 2]. Stud-
ies [3—8] have established that the difference in the
spectral distribution of artificial and natural lighting
can negatively affect health, as well as lead to a dis-
torted perception of the color of surrounding objects.
At the same time, a certain correction of the spec-
tral composition of light radiation in medical institu-
tions and workplaces has a positive effect on human
health [9]. At the same time, lighting control can use
the data of personal sensor devices that determine the
human condition [10].

In addition to the effect on human health, the
spectral composition of visible radiation determines
the perception of the color gamut of reflective objects.
The distribution of the spectral density of the radiation
flux along the wavelength from objects is the product
of the distribution of the spectral density of the radia-
tion flux along the wavelength from the light source
and the spectral distribution of the reflection coeffi-
cient of the object. This means that under different
lighting conditions, the color of the same object may
differ. The absence of color distortions can be impor-
tant both in the production of technical products and
in the visual assessment and perception of art objects.

From the above, it is obvious that it is possible
to adjust the distribution of the spectral density of
the radiation flux from artificial light sources in such
a way that it is as close as possible to the distribution
of the spectral density of the radiation flux from a
natural source. If they coincide, the effect on the hu-
man body in general and on its visual system in par-
ticular will be the same. But due to the peculiarities
of vision, it is possible that even if these distributions
do not match, it is possible to ensure the so-called
colorimetric accuracy, i.e. the invisibility of the dif-
ference between the color of the object and the color
of the image [11].

The purpose of the research is to select criteria
for comparing natural and LED optical and visible
radiation in terms of spectral composition and the
visibility of color differences. At the same time, it is
necessary to solve 3 tasks: first, select the appropriate
criteria, secondly, based on the proposed criteria, de-
velop a methodology for calculating the parameters
of LEDs that simulate natural lighting, and thirdly,
evaluate the effectiveness of these criteria.

The ability to change the parameters of LED
radiation

Currently, the most common sources of artificial
indoor lighting are LEDs. The spectral density of the
radiation flux of LEDs, with the exception of white
ones, has a bell-shaped shape that does not cover the
entire spectral range of natural radiation along the
width of the base of the "bell". Therefore, to simulate
the spectral composition of natural lighting, it is nec-
essary to use different LED groups, each of which
contains a certain number of LEDs with the same
spectral radiation characteristics. At the same time,
the characteristics of the various groups together
should cover the entire spectral range of natural radi-
ation. It is possible to adjust the spectral composition
of the radiation generated by a set of groups, firstly,
by changing the number of LEDs turned on within
the group, and secondly, by changing the power sup-
ply current of the LED.

The spectral density of the radiation flux of the
source S,;(A) is calculated by the formula:

dr (%)
f' e
e\

an
where P, is the radiation flux of the source.

According to [12], a change in current has a
different effect the shape of the distribution of the
spectral density of the optical radiation flux S,,(})
for LEDs with different chemical bases. Red and yel-
low LEDs shift the wavelength of radiation corre-
sponding with an increase in the supply current to the
maximum intensity into the long-wavelength region
of the spectrum. At the same time, the right branch of
the "bell" expands, and the degree of these changes
differs significantly for different types of red LEDs.
For green LEDs, the corresponding shift and expan-
sion occur in the opposite direction, into the short-
wavelength region of the spectrum. For blue LEDs,
the current change slightly affects the shape of the
distribution of the spectral density of the optical ra-
diation flux §,,(2) and the displacement of its maxi-
mum. At the same time, the radiation power Peart of
LEDs increases with an increase in the current pass-
ing through their structures [13, 14], and this depen-
dence is linear:

P_ =kP,

eart Oeart >

(1

k is a parameter determined by the number m of emit-
ting LEDs of one group and their supply current i,
calculated by the formula:
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F, )

Oeart

(W)d,

Amax
= Lm Ocart
where A, A, are the minimum and maximum
wavelengths of the optical radiation range; the nor-
malization condition has the form:
Xmax

[ Spu )L =1. 3)

A comparison of equalities (1-3) shows that the
dependence between the distribution of the spectral
density of the optical radiation flux S,,,(A.k), created
when m LEDs of the same group are switched on,
through which current i flows, and the normalized
distribution of the spectral density of their optical ra-
diation flux S,,,,(A) is linear:

(7\‘ k) kSOeart (}\‘) (4)

eart

If the lighting system includes LEDs of differ-

ent spectral groups, then, taking into account expres-

sion (4), their total distribution of the spectral density

of the optical radiation flux S, (L) calculated using
the formula:

Seart (7\’) = Z kpSOeartp (}\’)’
p=1

eart

)

where p is the number of a group of LEDs of the
same type; 7 is the number of groups of LEDs of
the same type; &, is a parameter determined by the
number of emitting LEDs of the same type m,, in the
group and the relative value of the current supplying

them 7, calculated by the formula:
k, = i,m,,

where i, is the relative value of the current supplying
the group of LEDs with the number p; m,, is the num-
ber of emitting LEDs in the group with the number p;
Soearpp(M) 18 the normalized distribution of the spectral
density of the optical radiation flux for a group of
LEDs with the number p, and the normalization con-
dition is similar to condition (3):

kmax
-[km Oeartp (k)d;& = 1

Criteria for distinguishing the spectral
composition of natural and LED optical and
visible radiation

In order to determine the parameters of artifi-
cial lighting, which ensure the minimum possible
discrepancy between the distributions of the spectral
density of the optical radiation flux of artificial and

natural origin, it is necessary to select quantitative
criteria for such a discrepancy. When choosing these
criteria, it is possible to use the concept of physically
accurate reproduction, designed to compare the reflec-
tion spectra of an object and its image. The classical
definition of N.D. Nyberg's physical accuracy given in
[15] implies that all corresponding points of the origi-
nal and its image characterized by the same spectral
composition of radiation perceived by the observer.
With regard to the comparison of optical emissions,
this definition interpreted as follows: the distribution
of the spectral density of the optical radiation flux of a
source is physically accurate with respect to the distri-
bution of the spectral density of the optical radiation
flux of another source, if these distributions coincide.
Naturally, in this case, the observer will not notice the
color change when replacing the light source.
Obviously, the simplest criterion for estimating
the discrepancy between the two distributions of the
spectral density of the optical radiation flux from nat-
ural S,,,(}) and artificial S,,,,() sources is the stan-
dard deviation o, of their relative differences for all
values of wavelengths A, which must be minimized:

woe S (M) =S, (A
J.)L ( enat ( ) eart ( ))2 dk
T Saa(B) (©)
minG, )
}\‘ max A‘min
where S, () and S,,,,(A) are the intensity values, re-

spectively; for natural and artificial radiation at the
wavelength A, A, and A, are the minimum and
maximum values of the wavelengths of the visible
radiation range.

In addition, it is possible to make a comparison
not only for the distributions of the spectral density
of the optical radiation flux §,,,(A) and S,,,(}), but
also for the distributions of the spectral density of the
visible radiation flux $’, (A) and §’,,(A), which can
be calculated using the formulas:

Syt M) =8, W)V (M); 7
S, M)=S,,,Q)VR), (8)

where V() is a function of the relative spectral lu-
minous efficiency, for daytime vision it is given in
accordance with GOST 8.332-2013".

enat

eart

'GOST 8.332-2013. The interstate standard. The state
system of ensuring the uniformity of measurements. Light
measurements. The values of the relative spectral luminous
efficiency of monochromatic radiation for daytime vision.

General provisions. The date of introduction is 2015-10-
01. Edition (February 2019) as amended (IUS 7-2016).
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In this case, the criterion is the standard devia-
tion 6, of the relative values for all components in the
distributions of the spectral density of visible radia-
tion fluxes, which also needs minimized:

e Sy () = S V)
[REe
min nat(;\,)

>\‘max - 7\‘min

In the first case (optical radiation), the effect of
radiation on the human body as a whole is taken into
account, taking into account the effect on ganglion
cells that determine circadian rhythms, including
sleep and wakefulness, in the second (visible radia-
tion) — the effect only on its visual perception.

Information on the use of the standard deviation
to compare the spectral flux densities of optical LED
and natural radiation given in [16], and the spectral
composition regulated by changing the number of
LEDs of different groups.

By varying the number of LEDs of seven dif-
ferent groups with of 655 A total, it was possible to
achieve a standard deviation of 21.4 % from the solar
radiation spectrum. In addition, there was a signifi-
cant unevenness in the sensitivity of ganglion cells
(460 and 480 nm), which determine the regulation of
circadian rhythms, and a decline in the long-wave-
length region (670 nm).

Since the intensity of the LED radiation at any
wavelength is directly proportional to the supply cur-
rent. It is possible to minimize it by averaging over
the number of identical LED groups the modulus of
deviation of the maximum intensities in the distri-
butions of the spectral density of the optical radia-
tion flux for all groups of LEDs from the intensi-
ties of a similar distribution for a natural source at
the corresponding wavelengths. So the criterion A4
was selected the sum of the modules of the relative
deviations of the maximum values of distributions
Searp(Mmaxp) Tor €ach pth group of LEDs from the val-

‘maxp
ues of a similar distribution S,,,,,(A,,,) for a natu-

eart,
ral source at the corresponding \falues of the wave-
lengths A, of radiation. As in the case using the
standard deviation o, the calculation formulas of the
second group of criteria A4, and A4', respectively,
for optical and visible radiation with a total number

of groups have the form:

- Senat (xmaxp) - Seartp (}\’maxp )|
; Senat (7\‘

2
) dA ©)

A

minG, =

minA4, = l 5 (10)
r

maxp)

minAA' :lz Snat(}\‘matp)_Sartp(}\‘maxp)|’ (11)
¥ p=1 Senat (}\'maxp)
where X, is the values of the radiation wavelengths

corresponding to the maxima of the distributions of
the spectral density of the radiation flux of LEDs in
the p™ group, other designations correspond to those
given earlier.

It should be noted that currently, for both vari-
ants of the criteria (6,, 6, and A4,, A4"), there is no
information about their acceptable values in terms of
their effect on the human body in general and on the
visual system in particular. Therefore, when analyz-
ing the applicability of these criteria for evaluation,
it is currently advisable guided by a comparison of
their values and the nature of the discrepancies in
the distributions of the spectral density of radiation
fluxes of natural and artificial origin.

Criteria for the visibility of color differences
in natural and LED lighting

To select criteria for the in distinguishability
of the chromaticity of radiation from natural and
artificial sources, the concept of physiologically
accurate color reproduction used. If the colors of
the image perceived by the observer as the same
in relation to the colors of the object, according to
N.D. Nyberg, physiologically accurate reproduction
takes place [15]. R.W.G. Hunt [17] proposed the
concept of "colorimetric accuracy of color reproduc-
tion", where an additional factor of physiological ac-
curacy is the same conditions for viewing the origi-
nal and reproduction, i.e. including the same spectral
composition of lighting sources.

If the influence of visible radiation on color per-
ception analyzed, then when choosing a criterion for
comparing spectra from different sources, it is advis-
able to accept the condition of illumination of objects
with the same spectral distribution of the reflection
coefficient. Therefore, to analyze the color differenc-
es of radiation sources, a white background model
chosen as a reflecting surface, in which the reflection
spectrum is similar to that of the illuminate CIE E
with a uniform relative distribution of radiation pow-
er over the spectrum, i. e. the reflection coefficient of
the background surface in the entire visible range is
constant.

Similarly to the comparison of the original and
reproduction, in the future we will use the concept
of "physiologically accurate reproduction” if the ob-
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server does not distinguish the color of the radiation
from two sources on a white background with a con-
stant reflection coefficient of the background surface
in the entire visible range.

As a criterion for the difference between the
chromaticity of natural and artificial radiation, we
will consider the threshold AE of color difference,
calculated from the distribution of the spectral den-
sity of optical radiation fluxes using color coordi-
nates [18]. The threshold AE color difference defined
as the difference between two colors in the CIELAB
equidistant color space. This is the color space ob-
tained by constructing in rectangular coordinates L*,
a*, b*, uniquely associated with the values of X, V¥
and Z of the three-color coordinates. Coordinate L*
characterizes the lightness proportional to the bright-
ness and takes values from 0 (black) to 100 (white).
Coordinate a* characterizes the change in the hue of
the color tone from green to red and vice versa, and
coordinate b* characterizes the change from blue to
yellow and vice versa.

There are 4 known methods for calculating small
color differences AE, developed by the International
Commission on Lighting (ICO): 1950, 1976, 1994
and 2000. The formulas of the latest technique [19]
contained mathematical gaps and implementation er-
rors [20]. Therefore, the 1994 methodology used to
calculate the AE threshold. According to this meth-

odology:
( AL AC AH
kLSL kCSC kH SH

where AL, AC, AH are functions of the color coordi-
nates L, _*, a _* b _* of natural radiation and L__*

nat > “nat ° art >

a,.”*, b, * of artificial radiation, the remaining coef-
ficients are constants [18].

The coordinates L*, a*, b* can be obtained based
on the x, y, z coordinates of the color of the analyzed
source, which, in turn, are functions of area-normalized
fluxes of natural and artificial radiation, as well as addi-
tion curves for the color space of the 1931 MKO [18].

According to [21], small color differences AE
are considered to be in the range from 1 to 10 units
of color contrast, and if AE is less than 2.3 for two
non-touching colors, then an ordinary observer hard-
ly perceives this difference.

The development of another criterion for the
visibility of color differences for natural and artifi-
cial lighting based on taking into account the direct
effect on the photosensitive receptors of the visual
analyzer. The effective energy effect Iy g p . and

= Y+ (=) + () (12)

nat

Iy G rwar Tor blue-, green- and red-sensitive photo-
receptors and rods in color channels of the visual
system determined as integral of the products of the
spectral distributions S,,,(}A), S,,(A) of the natural
or artificial radiation and of the spectral distribution
of sensitivity Vy ¢ p v [22, 23]

)“max

Ly =, Soa O W o W (13)
)“max

IB,G,R,Wart = J.x ‘ S ear (X)VB,G,R,W (M)dh, (14)

where Vy ;py are the spectral distributions of the
sensitivities of each group of photoreceptors (B —
red—sensitive, G — green—sensitive, R — red-sensitive
cones, W — rods respectively) are calculated by the
formula:

VB,G,R,W ES AB,G,R,WVOB,G,R,W (A),

where Vi ; » y are the relative spectral distributions
of the sensitivities of each group of photoreceptors,
the maximum values of which are equal to 1; 4 ; &
are the maximum values of the sensitivities of each
group of photoreceptors, determined by weight coef-
ficients, standard deviations and brightness of adap-
tation, given in [16].

In addition to cones and rods, the human visu-
al analyzer contains photosensitive ganglion cells,
which, according to recent studies [7], are not only
associated with the effect on circadian rhythms, but
also through the melanopsin produced by it can affect
visual perception. This impact requires additional re-
search and therefore cannot yet taken into account
when developing the criterion.

In the presence of artificial lighting created by r
groups of LEDs, the effect on each of the four pho-
tosensitive receptors, taking into account (13-15),
described by the formula:

A‘max a
IB,G,R,Wart = L _ ZSpeart (K)AB,G,R,WV;)B,G,R,W (M)dA. (16)
min 7]

in

P

(15)

It follows that if for each group of cones and for
rods equality of integration results observed for two
radiation sources, natural and artificial, the image
will be physiologically accurate, i. e. the observer
will not distinguish the color of the radiation sources
even if their spectral distributions do not match.

Therefore, as a criterion, it is possible to use
the standard deviation € of the relative differences
&p g g w Of the effects of natural and artificial radiation
on blue-, green- and red-sensitive photoreceptors, as
well as rods:
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S 2
mine = Z €RG.RI > (17)
B,G,RW
where:
_ IB,G,R,Wnar B IB,G,R,Wart (18)
€pG.RW = Ji >
B.,G,R ,Wnat

values of Iy ; r jyuas @0d Iy ¢ 7 @r€ calculated using
formulas (13) and (16), respectively.

In the future, we will call the criterion the stan-
dard deviation of € for photoreceptors. There is cur-
rently no information on the acceptable values of the
€ criterion.

A method for determining the parameters
of LED lighting to simulate the spectral
distribution of natural radiation

To optimize LED lighting that mimics natural
lighting, it is necessary to perform 2 steps. First,
you need to select the necessary set of LED groups
containing LEDs with the same spectral character-
istics. Secondly, it is necessary to calculate the rela-
tive values of currents in each group of LEDs, which
minimize the discrepancy in the distributions of the
spectral density of radiation fluxes from LED and
natural sources in accordance with the criterion used.
At the same time, the condition of normalization
(equality 1) of the area under the total distribution of
the spectral density of radiation fluxes for LED and
natural sources must observed.

It is possible to use both additive and subtractive
variants to perform the calculation.

In the additive version, the minimum number
of LED groups selected, the combination of which
provides coverage of the entire spectral range. Next,
using the gamultiobj function, which is a genetic
optimization algorithm for the MatLab application
software package, optimization performed based on
two criteria’s: by minimizing the analyzed criterion
and by the condition of equality of 1 area under the
total spectral distribution (normalization condition).
The criterion is calculated for all possible combina-
tions of k, parameters (formula (5)). A combination
of them is selected in which the deviation of the ar-
ea from 1 is no more than 1 % and the value of the
criterion is minimal. At the same time, it assumed
that a change in the current in the LED does not lead
to a change in the wavelength corresponding to the
maximum radiation. Formulas (3), (6), (9)-(12),
(17) used for the calculation. If the emission spec-
tra of natural and calculated artificial sources do not
match, their difference calculated, representing a set

of graphs of spectral sensitivity graphs of the miss-
ing LED groups in the set. After calculating the dif-
ference, the previously selected set of groups manu-
ally or automatically supplemented with groups of
LEDs with spectral characteristics corresponding to
the groups missing in the difference, and the calcula-
tion performed again. Then the above cycle repeated
until the values of the criterion and the discrepancy
in the distribution graphs of the spectral density of
radiation fluxes for LED and natural sources become
acceptable.

In the subtractive version, the maximum pos-
sible number of LED groups selected from the LED
catalogues; the second stage performed similarly.
When calculating, some groups of LEDs turn out
to be superfluous due to the zero value of the cor-
responding parameter k,,.

When using an additive technique, the volume
of calculations increases from cycle to cycle, an
analysis of the results after each cycle is required
and the introduction of spectral density distribu-
tions of radiation fluxes for new groups of LEDs,
carried out by the user or automatically. These two
operations complicate the algorithm in relation to
the subtractive technique. In this case, the user can
stop the calculation at any stage that satisfies him
according to the results. The subtractive technique
provides for a single introduction of spectral charac-
teristics of a large number of different LED groups,
one long calculation cycle, and the absence of the
possibility of user intervention before the end of the
cycle. The considerable duration of the calculation
cycle when using a subtractive technique compared
with an additive one can become an obstacle in its
use if it is necessary to reconfigure LED lighting
quickly in accordance with rapidly changing natu-
ral lighting.

In order to test the developed programs, 3 cycles
of calculations using the additive method carried
out for all the criteria considered in this paper and
the calculation for criterion 6, using the subtractive
method. At the same time, the calculation duration
using the subtractive method with the introduction of
spectral characteristics of 31 LED groups as initial
data exceeded the calculation duration of one cycle
using the additive method by about 58 times.

The normalized by area spectral distribution
of daylight power at a correlated color temperature
(CCT) of 10000 K [7] as natural radiation is used:

[778,, (d=1.
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As part of the first cycle of calculations using
the additive method, 4 groups of LEDs were selected
(blue QB-12, green ZG-10, red SY-28, yellow SE-
28) [24], the spectral characteristics of which cov-
ered the wavelength range of radiation from about
415 to 670 nm. At the second stage, in addition to
the above four groups, a fifth was introduced, con-
taining a warm white LED with two phosphors
with a CCT of 2700 K with a spectral range width
of 400-800 nm [25]. After the second cycle, based
on the calculated difference in the spectral density
distributions of natural and artificial radiation fluxes,
additional groups from the commercially available
list used in [21] were added to the already existing
LED groups, and a third calculation cycle was car-
ried out. The spectral characteristics numbers of the
added groups from the list shown in Table 1 for each
criterion.

As an example, Figure 1 shows graphs of spec-
tral density distributions of optical LED radiation
fluxes obtained of each of the three calculation cy-
cles while minimizing the criterion "relative standard
deviation ee of the values of spectral density distri-
butions of optical radiation flux".

Table 1
The numbers of spectral characteristics from the
list of groups used in [21], added at the third stage

Designation
of the criterion

Spectral characteristics
numbers of the added groups

5, 6,9,19, 26
5, 11,18, 19
Ad, 6,9, 11,20
A4’ 1,9,11,18
AE 2,6, 12, 18,20
g 6,11,19

The analysis of the graphs presented in Figure 1
shows that, with the transition to each subsequent
cycle corresponding to an increase in the number of
LED groups, the discrepancy between the spectral

density distributions of optical LED and natural ra-
diation fluxes decreases.

The values of all six minimized criteria obtained
of each calculation cycle are presented in Table 2 as a
result, and the results of calculating the k, parameter
values for each group of LEDs after the third cycle are
shown in Table 3. k, values in Table 3 are arranged in
the following order: first for groups containing LEDs
QB-12, ZG-10, SY-28, SE-28, then for a group of
warm white LEDs with two phosphors, then for the
added groups according to the numbers from Table 1.

on 5-
S
= 47
25|
o
Z 2t
=
&1t
oL ‘ ‘ N
400 500 600 700
A, nm

Figure 1 — Graphs of the distribution of the spectral den-
sity of the optical radiation flux from a natural source at a
CT of 10000 K (dotted line) and the results of three cycles
of calculating similar distributions from an LED source
for the criterion o, (blue line — after the first cycle, green —
after the second, red — after the third)

The data in Table 2 indicate that after each cal-
culation cycle, the values of all criteria decrease. At
the same time, different combinations of &, param-
eter values for LED groups correspond to each crite-
rion, which is shown in Table 3 as an example.

The spectral characteristics of 29 commercially
available LEDs were additionally introduced into
the initial data for calculation using the subtractive
method the available list used in [21] in addition
to the spectral characteristics of the groups used in
the second cycle of additive calculation (blue QB-
12, green ZG-10, red SY-28, yellow SE-28 [24] and
warm white LED [25]).

Table 2
The values of the minimized criteria after each calculation cycle
Cycle The values of the minimized criteria
number G, 6, A4, AA' AE €
1.0173 0.60779 0.91746 0.35289 8.526 0.5862
0.49051 0.33778 0.69179 0.185043 8.4913 0.35472
3 0.30334 0.2883 0.45468 0.096771 1.342 0.28557
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Table 3

K, parameter values for each LED group after the third calculation cycle

Designation of the criterion

k

D

G, 0.0072 0.1531 0.1372 0.0436 0.3149
G, 0.0000 0.1556 0.0160 0.0160 0.5806
A4, 0.0178 0.3115 0.2203 0.0128 0.0589
AA' 0.0138 0.1175 0.0149 0.0092 0.1502
AE 0.0293 0.0776 0.0559 0.0363 0.0557
€ 0.2528 0.0677 0.1684 0.0138 0.1142

0.1238 0.0953 0.0828 0.0425
0.1132 0.0581 0.0578

0.0261 0.0282 0.1640 0.1474
0.0066 0.0071 0.5813 0.0965
0.2144 0.0693 0.0573 0.1669 0.2338
0.1488 0.0304 0.1998

Approximately equal values of criterion 6,
(0.2883 and 0.29483) were obtained by additive after
3 calculation cycles and subtractive methods as a re-
sult of minimizing this criterion. The corresponding
graphs of the spectral density distributions of optical
radiation fluxes practically coincided in both cases.
In the first case, 9 LED groups were used for the syn-
thesis of artificial radiation, in the second — 13.

Analysis of the effectiveness of the criteria
for distinguishing the spectral composition
of natural and artificial radiation sources

A comparison of the results of minimizing the
criteria "standard deviation" 6,, 6, and the criteria
"average sum of the deviation modules of the maxi-
mum intensity values in the radiation spectrum of
the LED groups" A4, and A4', respectively for light
and visible radiation, showed that the first pair of
criteria is preferable according to calculations and
graphs. The cycle calculation time for both groups
of criteria turned out to be approximately the same.
The simplification of the calculation algorithm by
replacing the integral over the entire spectrum in the
first case of radiation with the sum of the maximum
intensity values in the radiation spectrum of LED
groups of LED groups in the second offset by the
need to introduce these maximum values into the
algorithm. Besides the graphs of the LED of spec-
tral density distributions of fluxes for the criteria of
the group "standard deviation 6," demonstrated a
greater and consistent approximation to the distri-
bution of the natural radiation spectrum after each
calculation cycle than for the criteria "average sum
of the modulus of deviations for optical radiation
spectrum of the LED groups A4,". The same result
was obtained when analyzing the criteria 6, and A4’
for visible radiation. As examples, Figure 2 shows,
respectively, graphs of the spectral density distribu-
tions of LED optical radiation fluxes obtained as a
result of the third calculation cycle according to the

criteria oe and AA4,, and Figure 3 shows graphs of
the corresponding spectral density distributions of
LED visible radiation fluxes according to the crite-
ria 6, and A4".

N W R W

Relative unit, x1 0

(e

400 500 600

A, nm

700

Figure 2 — Graphs of the distribution of the spectral den-
sity of the optical radiation flux from a natural source at
a CT of 10000 K (dotted line) and the results of the third
cycle of calculation of similar distributions from an LED
source (blue line — calculation according to the criterion
c,, red — calculation according to the criterion A4,)
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Figure 3 — Graphs of the distribution of the spectral den-
sity of the visible radiation flux from a natural source at
a CT of 10000 K (dotted line) and the results of the third
cycle of calculation of similar distributions from an LED
source (blue line — calculation according to the criterion
G, red — calculation according to the criterion AA4")
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Analysis of the effectiveness of the criteria
for the visibility of color differences
in natural and artificial lighting

A study of the effectiveness of criteria evalu-
ating the visibility of color differences in different
lighting showed that, in addition to the tradition-
ally used criterion of small color differences AE,
it is possible to use the criterion "standard devia-
tion € by photoreceptors". This criterion represents
the standard deviation of the relative differences in
the effects of natural and artificial radiation on blue-,
green- and red-sensitive photoreceptors, as well as
rods. After each calculation cycle for both criteria,
the value of the criteria decreased (Table 2), and for
criterion € — with greater monotony. The value of AE
after the third calculation cycle corresponded to the
invisibility of color differences when illuminating
a white sample with selected natural and artificial
radiation [21]. At the same time, the discrepancies
in the distribution graphs of the spectral density of
visible radiation fluxes for natural and LED sources
were smaller when calculated using the criterion €
(Figure 4).

Relative unit, x1 O'3
[\ w N W

—_—
L

[«

600
A, hm
Figure 4 — Graphs of the distribution of the spectral den-
sity of the optical radiation flux from a natural source at a
CCT of 10000 K (dotted line) and the results of the third
cycle of calculating similar distributions from an LED
source for the criterion "standard deviation € by photore-

ceptors" (blue line) and the criterion “small color differ-
ences AE”(red)

Each of these two criteria has its advantages and
disadvantages. For the AE criterion, despite cumber-
some calculations using empirical coefficients and
there are known as mathematical gaps and imple-
mentation errors [20] in the 2000 version, the accept-
able values given, in particular, in [21]. Acceptable
values for the € criterion are not currently set. They
can be determined by comparing them with the val-
ues of AE under the same lighting conditions.

The acceptable values for the € criterion are not
currently established. They can be determined by
comparison with the values of AE under the same
lighting conditions. At the same time, it can be en-
tered the values of the coefficients determining the
photosensitivity of the photoreceptors of the visual
analyzer at different brightness adaptations into the
calculation. In addition, the method of calculating
the criterion ¢ is simple. The values of the energy are
used absorbed by photoreceptors, so a criterion € has
a physical meaning. After conducting experiments to
determine the acceptable values of the criterion, its
use may become more preferable.

Conclusion

To compare the spectral composition of natu-
ral and LED energy and light emissions, 2 groups
of criteria were selected. These include, firstly, the
standard deviations of the relative differences in the
spectral density distributions of their optical and
light radiation fluxes of natural and LED radiation,
and secondly, the averaged modules of deviation of
the maximum amplitudes of LED radiation from the
amplitudes of natural energy and light radiation at the
corresponding wavelengths. To assess the visibility
of color differences in natural and artificial lighting,
the following were used: the well-known criterion of
small color differences and the developed criterion
"standard deviation by photoreceptors", which takes
into account the effects of radiation on blue, green
and red-sensitive photoreceptors, as well as rods.

A comparison of subtractive and additive meth-
ods for calculating the parameters of LEDs that mini-
mize the criteria allowed us to conclude that the cal-
culation algorithm is more complex, but its perfor-
mance is higher for the additive method than for the
subtractive one with the same minimization results.

The criteria "relative standard deviations of the
values of the spectral density distributions of the
optical and light radiation flux for LED and natural
sources" are more effective than the criteria associ-
ated with averaged modules of deviation of the maxi-
mum intensity of LED radiation from the intensity of
natural radiation to simulate the spectral composition
of natural radiation.

A comparison of the criteria for the visibility of
color differences showed their approximately equal
efficiency of use at the present stage, as well as the
prospects of using the criterion "standard deviation
by photoreceptors" if it’s acceptable values are es-
tablished.
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[IpoBeneHpl HSKCIIEPUMEHTANBHBIC WCCIEAOBAHUS IMOBEPXHOCTH HEMETAJUIMYSCKUX MAaTEpHaJioB
C OIpEJICIICHUEM IapaMeTPOB IIEPOXOBATOCTH TaKMX MAaTEPUANIOB, KaK KOXka, KOCTh, JIEPEBO, IIacTMAcCa
nocie 00padOTKU MOBEPXHOCTH MAaTEPUANIOB Ja3epHBbIM JydoM. sl OLEHKH KadyecTBa MOBEPXHOCTHOTO
CJIOSl MaTepHaJiOB MCIIOJIB30BaHbl TITyOWHA NMPOHWKHOBEHUS JIA3€PHOTO M3IYYECHHS B MaTepHall, CpeaHee
3HAYEHWE MHUKPOHEPOBHOCTEH, Cpe/lHee KBaJApaTHUYECKOE OTKJIOHEHHE MHUKpOHEpOBHOcTeH. Jlis
ONMHCaHUSI M3MEHEHHMI BEJIMYWH MHUKPOHEPOBHOCTEH HCIIONB30BaHBl TpaUKU KOPPEJSIUHA TMapaMeTpoB
MUKPOHEPOBHOCTEW M MOJYJIsl YIPYTrOCTH MOBEPXHOCTU PA3IMYHBIX HEMETAUIMYSCKUX MarepuanoB. J[is
OINMCaHMUs 3aBUCUMOCTEN Koppesanuu € npeACTaBJICHUEM B KOMIIBIOTCPE MCIIOJIL3YIOTCA alllIpOKCUMUPYIO-
e noJrHoMbl. [IpeasoskeHa perpeccoHHas MOJIelb, CBSA3BIBAIOIIAs CBOMCTBA MarepHasa ¢ BeTUYHHOM
MUKpOHEpOBHOCTEW. [IpuBeieHbI TaHHBIE 10 TITyOWHE abiAIUK JUIs APEBECUHBI, KOCTH, KOXKH, OPTCTEKIIa,
rpadyKu KOPPEJSIHA MEXAY BETMYHHOW MHUKPOHEPOBHOCTH IMOBEPXHOCTH M IUIOTHOCTHIO MaTepHalIOB,
MEX/y BEIMYMHON MHKPOHEPOBHOCTH IOBEPXHOCTH M MOAYJEM YIPYroCTH MaTephasioB, KodhduumeHT
KOPPEJSIIIUA MKy BEIMYMHONW MHUKPOHEPOBHOCTH TOBEPXHOCTH W TEMIEPATYypOW BOCIUIAMEHEHHS
OpraHruv4cCKux MaTcpualioB. HOHy‘leHHLIG MOZACIN TO3BOJIAKOT pCain30BaTh HpCI[J]O)KeHHI)II\/'I ITPUHIAIL
nazepHol 00pabOTKH HEMETAaUIMYEeCKUX MaTepHajioB, 3aKIFOUAIOIINICS B H3MEPEHUH MOAYJISL YIPYTOCTH
MOBCPXHOCTU MaTe€prala U Ha OCHOBAHHMU ITOJTYYCHHBIX HSMepeHI/Iﬁ YOpaBJIATE PEKUMaMU na3epH0171
oOpabotku wum3genuii. llpemmokeHa ycraHOBKa Ja3epHON OOpaOOTKH ITOBEPXHOCTH HEMETAJUTMYECKUX
MaTepUaoB C peau3allueil MPUHITNITA YIPaBISHHs peXUMaMi 00pabOTKU B 3aBHCUMOCTH OT H3MEPEHHBIX
3HAYCHWH BEIUYMHBI MOJIYJS YIPYTOCTH TOBEPXHOCTH MaTepuana. JlJis u3MepeHHus MOAYIsl YIPYTrOCTH
MaTepHualia UCIOIb3YyeTCsl CIEeUMAIbHBIN JaTYMK C BAABIMBAHUEM HMHACHTOPAa U KOMIBIOTEPHOU OLIEHKOU
MOJIyYECHHBIX U3MEPEHUN ¢ (OPMHUPOBAHMEM PEIICHUH IO YIPABJICHUIO PEKUMaMHU Jla3epHON 00pabOTKU
IMOBCPXHOCTU MaTepuralia. HOJ’Iy‘IeHHBIC OKCIICPUMCHTAJIBHBIC PE3YJIbTAThl ITO3BOJIMIIM HU3TOTOBUTH PAI
n3zenuii ¢ o0ecreueHueM 3a/IaHHOT0 Ka4eCTBA TIOBEPXHOCTH HEMETAIUTMYECKUX MaTeprajoB (TMChbMEHHBIH
mpuOop, H3/eTNe-MoIapoK MoionokeHaMm). [IpoBefeHHe JKCIEPUMEHTOB C HM3MEHEHHWEM MOIIHOCTH
Ja3ePHOTO W3IYYCHHS 10 pe3yjbraTaM H3MEPEHHUsS MOIYJsl YIPYTOCTH MOBEPXHOCTH HEMETAJUTMYECKUX
MaTepuaoB Moka3ano dPGEeKTUBHOCTh ONEPATHBHOTO 3aJaHus PSKUMOB paboThI Jaszepa ¢ oOecreueHueM
Ka4€CTBa MMOBCPXHOCTU HEMETAJINIMUCCKUX MAaTCPUAJIOB.
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Abstract

Experimental studies of the surface of non-metallic materials have been carried out to determine the
roughness parameters of materials such as leather, bone, wood, plastic after processing the surface of materi-
als with a laser beam. To assess the quality of the surface layer of materials, the depth of penetration of laser
radiation into the material, the average value of the micro unevenness, and the mean square deviation of the
micro unevenness were used. To describe the changes in the values of the micro unevenness, graphs of the
correlation of the parameters of the micro unevenness and the modulus of elasticity of the surface of vari-
ous non-metallic materials were used. Approximating polynomials are used to describe the correlations with
the representation in a computer. A regression model is proposed that relates the properties of the material
to the magnitude of the micro unevenness. Data on the depth of ablation for wood, bone, leather, plexiglass
are presented, graphs of the correlation between the amount of surface micro unevenness and the density of
materials, between the amount of surface micro-roughness and the modulus of elasticity of materials, the cor-
relation coefficient between the amount of surface micro unevenness and the ignition temperature of organic
materials. The obtained models make it possible to implement the proposed principle of laser processing of
non-metallic materials, which consists in measuring the modulus of elasticity of the surface of the material
and, based on the measurements obtained, control the modes of laser processing of products. The installa-
tion of laser surface treatment of non-metallic materials with the implementation of the principle of control
of processing modes depending on the measured values of the modulus of elasticity of the surface of the
material is proposed. To measure the elastic modulus of a material, a special sensor is used with indentation
of the indenter and computer evaluation of the measurements obtained with the formation of solutions for
controlling the modes of laser surface treatment of the material. The experimental results obtained made it
possible to manufacture a number of products to ensure a given surface quality of non-metallic materials (a
writing device, a gift for the newlyweds). Conducting experiments with changes in the power of laser radia-
tion based on the results of measuring the modulus of elasticity of the surface of non-metallic materials has
shown the effectiveness of operational setting of laser operating modes to ensure the quality of the surface of
non-metallic materials.

Keywords: surface quality, correlation, laser treatment, micro unevenness, modulus of elasticity

Aopec onsa nepenucku: Addpress for correspondence:

IOpan C.U. Yuran S.1.

Yomypmekuii cocyoapcmeennulii azpaphwiil yHusepcumenm, Udmurt State Agrarian University,

yi. Cmyoenueckas, 11, 2. Hoicesck 426069, Poccus, Studencheskaya str., 11, Izhevsk 426069, Russia
e-mail: yuran-49@yandex.ru e-mail: yuran-49@yandex.ru

[na yumuposanusn: For citation:

B.A. Anexcees, A.B. Yconvyesa, B.I1. Yconvyes, C.H. IOpan. Alekseev VA, Usoltseva AV, Usoltsev VP, Yuran SI.
OneHka nIepoX0BaTOCTH IOBEPXHOCTU HEMETAIUTHICCKUX Assessment of Surface Roughness of Non-Metallic Materials during
MaTepHaoB pH Jla3epHoil 00padoTke. Laser Processing.

TIpubGops! 1 METOABI U3MEPEHHH. Devices and Methods of Measurements.

2024.T. 15. Ne 2. C. 131-141. (In Russ.). 2024;15(2):131-141. (In Russ.).

DOI: 10.21122/2220-9506-2024-15-2-131-141 DOI: 10.21122/2220-9506-2024-15-2-131-141

132



Tpubopwvr u memoowl usmepeHul
2024. T. 15. Ne 2. C. 131-141
B.A. Anexcees u op.

Devices and Methods of Measurements
2024,15(2):131-141
V.A. Alekseev et al.

BBenenue

Jlazeppl MIMPOKO MCHONB3YIOTCS B PAa3IHYHBIX
00NacTsIX TEXHUKH, B TOM YHCJIE TP HU3lO-
TOBJICHUH XY 0KE€CTBEHHO-IIPOMBIIUICHHBIX H3/1e-
muit. [lo cpaBHEHWIO C TpPAAWIMOHHBIMU Me-
TolaMu 00pabOTKa MaTEepPHAJIOB C TIOMOIIBIO Ja3epa
o0yamaeT psAJ0M HEOCIOPHUMBIX TpeumymiecTs [1,
2]. OcHOBHOW TpoOJIEMON TPUMEHEHHS J1a3epHOM
00pabOTKM B TIPOMBIIIICHHOCTH W JIEKOPATHBHO-
MPUKJIATHOM HCKYCCTBE SBIISIETCS  OTCYTCTBHE
HaydYHO OOOCHOBaHHOW HMH(OPMAIMU O peKUMax
00paboOTKM pasIUIHBIX MaTepuaioB. Yacto mpu
WCTIONF30BAaHNH  OJMHAKOBBIX  PEKUMOB  JUIA
00pabOTKM pa3IUIHBIX MaTEPHUATIOB TIPOUCXOIUT
CHIDKEHHE KadecTBa NPOAYKUIWH, yBEIWYCHHE
BpeMeHH 00pabOTKH M pacxoja dHeprud [3, 4].

JlazepHasi TEXHOJOTHS IO3BOJSIET WMHTHPO-
BaTh pe3b0y, HAHOCHTH JIOJITOBEYHBIC pelbeHbIe
n300pakeHns, HO JI0 CHX IOp PEXKHUMBI 00pabOTKH
HEJIOCTATOYHO OTPabOTaHBl, TIOATOMY BCTPEUAIOTCS
U3JICTIHSL, BBITOJHEHHBIC TPH HEMOJXOJSIIEM JUIS
JaHHOTO Marepuana pexuMe. OHU HMEIOT HU3KHE
ICTETUUECKUE TMOKA3aTeNn; MPUUYUHON TOMY MOTYT
ObITh JIMOO HHM3KAs MOIIHOCTh H3JIYYCHHUs, JIUOO
CIIMIIKOM BBICOKas CKOpocTh 00paboTku. B pe-
3yJlbTaTe MPUMEHEHUS HE  COOTBETCTBYIOLIMX
MopoJie MaTepHaja pexKMMOB 00pabOTKH CHUKAETCS
KayecTBO 00pabOTaHHOHM MOBEPXHOCTH, 00padOTKa
Ja3epoM TPOUCXOAUT HE TMOJHOCTHIO, PHUCYHOK
MOJKET OKa3aThCsl HEUETKUM, TpeOyeTCst HOBTOPCHUE
OTIEpaLliK JIA3€PHOTO BO3ACUCTBHS MJIH, HANPOTHB,
MIPOMCXOJUT CUIIBHBIH OKOT, OOYTTTUBaHHUE U JaXKe
BO3rOpaHKe KPOMOK pe3a M3-32 BEICOKON MOIIHOCTH
W3ITyUYSHHUSL.

OkoHoMHYecKkass A(P(PEKTUBHOCTh JIA3EPHOTO
pe3aHusi TIOBBIIIAETCS TIPH BBIOOpE TMPABHIIb-
HBIX PEXHMOB 3a CYET YIy4IlIeHUS KadyecTBa
o0OpabaTeiBaeMOi TMOBEPXHOCTH W MHHHUMAaJIBHOTO
pacxonma sHeprun. HemanoBakHOE 3HaUCHHE UMEET
BpeMsi, 3aTpaunMBaeMoe Ha Ja3epHyr 00paboTKy.
YacTo npu 3aaHUN PEKUMOB Ja3epHON 00paboTKH
BO3HUKAIOT TPYIAHOCTH, CBA3aHHBIE C IPHCYTCTBUEM
CONYTCTBYIOIIMX M  MEIIAIOUMX  BO3JCHCTBUM,
HE TIPEyCMOTPEHHBIX B CTAHIAPTHBIX METOIHMKAX.

B Hactosmee Bpems B OOJIBIIMHCTBE CITydacB
KOHCTPYKTOPBI W TEXHOJOTHW BBIHYXICHBI CO-
BEpIICHCTBOBATh JIM3aifH, KAa4eCTBO IOBEPXHOCTH,
pa3pabarbhiBaTh TEXHOJOTHIO Jla3epHOU 00paboTKu
Ha OCHOBaHWM HaKoOIJICHHOro ombiTa [, 5, 6].
Yacto paszpaborumkaM He ynaércs peain3oBaTh

3aMbICell, TPETYCMOTPEHHBIH MPOEKTOM, B CBS3U
C HEJOCTAaTOYHOW HW3YYCHHOCTHIO BO3MOXKHOCTEH
TEXHOJOTMA W  OTCYTCTBHEM  PEKOMCHIAIHI
IS UX ipumeHeHus [7, 8].

B cBsi3u ¢ 3TUM aKkTyanabHOM 3amayei sBIseTCs
pa3zpaboTka METOJIWMKHA TIO 33JaHHAI0 PEKUMOB
Jla3epHON 00pabOTKM MaTepHasoB, IO3BOJISIONIUX
MOJIyYUTh HEOOXOIMMOE KaueCTBO IOBEPXHOCTHU
W3JIENTUN U3 Pa3lIMYHBIX MaTEPUAIIOB, HATIPHMED, Pe-
BECHHBI, KOKH, KOCTH, OPraHUIECKOTO CTEKIIA U JIp.

PaccmaTtprBas MOBEpXHOCTh MarepHaia Kak
TPaHUIY MEXIY MAaTePUATIOM U OKPY’KAIOIIeH cpe-
JIOH, COCTOSTHUE TTOBEPXHOCTH MOKHO MPEJCTAaBUThH
MOJEINbIO TIOBEPXHOCTH, COZAEpXKAIIe MHO>KECTBO
napaMeTpoB (IepOX0BaTOCTh, BOJTHUCTOCTb, TIOPHC-
TOCTh, (pakTypa, penbed, TBEPAOCTD U IIp.), CBA3AH-
HBIX C TIPUPOJIOI MaTepuaa v YCIOBHSIMH 00pa3oBa-
HUSl TIOBEPXHOCTH, TOJyYEHHOU IMocie o0pabort-
ku [7-10]. IIpoBeaéuusle uccaeAOBaHUS TOKa3aIu
BO3MOXKHOCTh TOJTy4€HHUS] HEOOXOIWMOW IIepo-
XOBaTOCTH TOBEPXHOCTH HEMETAUTHYECKHX MaTe-
puasioB 3a CY€T MpEIBapHUTEIBHO 3aJaHHBIX 000C-
HOBaHHBIX PEKUMOB JlazepHoi 00padoTku [11-14].

MeToanka 3KCIIepMMEHTa

HccnenoBanue BBIMOIHUIN C UCIOJIB30BAaHUEM
obopymoBaHUs:

—nmazepHas ycrtaHoBka Trotec Speedy 300,
IUTIHA BOJIHEI JIa3epHOTO m3mydeHus 10,6 MM, Mak-
CUMaJIbHasE CKOpOCTh 00paboTku 3,55 m/c, Mak-
CUMaJIbHask MOLTHOCTH J1azepa 30 Br;

— mukpounteppepomerp MUM 4, amanazon
MU3MEpEHHs MapaMeTPOB LIEPOXOBATOCTH R, .. U R,
u TonmuHbl miéHok 0,1-0,8 MM, JHHEHHOE 1o
3peHus B mpocTpancTe npeamera 0,3 MM;

— nencutomerp JAHC-2, nuamason usmepeHus
ONTUYECKOW TUIOTHOCTH UYEPHO-OENBIX MaTepuaioB
(morapudmmueckuit macmrad) 0,00-4,00 b, mpexen
JIOIyCKAaeMO OCHOBHOM MOTPELIHOCTH HU3MEPEHUM
2 %, paspernaroinas ciocoonocts 0,01 b;

— (doToanekrpudeckuii  Omeckomep — DB-2,
JMana3oH M3MEPEHUH MoKaszaTelis CTerneHu Oiec-
ka 0-659%, nuana3oH M3MEpPeHMM moKa3aTeis
crernenn 6emu3ubl 0—100 %, ocHOBHAsT aOCOIIOTHAS
norpenrHocTts £4 %.

HccnenoBanne mnpoBOAMIM TPH  H3MEHEHHUU
MOIIHOCTU JazepHoro usnyudeHus ot 0,64 Bt no
9,6 BT, npu HOCTOSIHHON CKOpPOCTH MEPEMEIICHHUS
nmazepHoro minyderms 0,27 m/c, paszpemaromeit
cnocooHoctr 500 dpi, wacrore ummynscos 1000 I,
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nuamerpe C(OKYCHPOBAaHHOTO JIa3epHOTO  JIyda
0,1 MM, BepTHKAaJBbHOM HANpaBICHUU Ja3€pHOTO
Jy4ya Ha MaTrepual.

g 3amaHus peKUMOB JIa36pHOTO U3ITYUYEHHS
MPOBEIEHO  BOCIPOM3BEACHHWE  CTYNEHYaTOro
KJIMHA C HW3MEHEHHEM MOIIHOCTH JIa3€pHOI0
n3nydeHus. B xaxmoil u3 15 crymeHedt mpoms-
Boguiuch 10 TodeuHbix m3mepeHuid. M3o00paxkenus
MMOBEPXHOCTU TIOCJE Jia3epHOW 00paboTKH,

Pucynok 1 —ITosnyyeHHbie 00pa3iibl CTYIEHYATOrO KIIMHA
oprcrexie (e)

MoJTydeHHble Ha MUKpouHTephepomeTpe «MUU-
4» (pexuM MHUKpOCKoma) B Kaxjgod wus 15
CTyIEHEH IMOJIYyTOHOBOIO KJIMHA, IPUBEACHBI Ha
pucyske 1.

B ofmwem ciydae mnapameTpsl IOBEPXHOCTH
OIIPEIEISIOTCS PEKUMAMU JIA3EPHOH 0OpadOTKU H
(hM3MKO-MEXaHUUECKUMH CBOWCTBAMU Marepuaa.
DU3NKO-MEXaHNUECKHE CBOMCTBA MATEPHUAJIOB MPH-
BeJeHbI B Ta0mie 1.

Ha jipeBecuHe (a), TémMHOI (b) U cBeTIOi (¢) Koxe, KocTH (d),

Figure 1 — The obtained samples of a stepped wedge on wood (), dark (b) and light (c) skin, bone (d), plexiglass (e)

Duszuko-MexaHuyeckHne CBoOiicTBA MaTepuaioB

Physical and mechanical properties of materials

Tabauya 1/ Table 1

HaumenoBanue nokaszarenei Oprcrekio Temnas koka  CBeTias Koxa Koctb HdpeBecuna
Name of indicators Plexiglass Dark skin Light skin Bone Wood
TLI0THOCTD, KI/M’ 800-850 800-850
Density, kg/m’ 190 250-1250 250-1250  2060-2470  380-1110
Teépnocts, MIla
Hardness, MPa 70-120 33-247 40-80
Moviis viovroct. Clla 2500-6500 2500-6500

AYIE YIPYrocTH, 20002900  (ycnoBmeii)  (yemosmeii)  13.5-31.3 12-16
Modulus of elasticity, GPa . .

conditional conditional
Temneparypa pazmsraennsi, °C
. 90-105

Softening temperature, °C
TeMn§paTypa obOyrmmBanus, °C 120-150
Charring temperature, °C
Tewmmepartypa Bocruiamerenus, °C 460-635 130 130 200 250300

Ignition temperature, °C
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DU3MKO-MEXaHUUYECKUE CBOMCTBA MaTepHaloB,
IIPUBOJIUMBIE B JIMTEPATYPE, OCHOBAHBI Ha 00JacTH
X NPUMEHEHHs, a IOCKOJbKY 00JacTH IpUMEHe-
HUSl y NPUBEAEHHBIX MAaTEPUANIOB pas3Hble, IOA00P
[apaMeTpoB Ul CPaBHEHUs IPEACTaBISCT OIpe-
JETIEHHBIE TPYIHOCTH.

CpenHioro TiyOMHY aOlsUA W CPEIHIOI0
BBICOTY HEPOBHOCTEH HpPO(QUIS IMOBEPXHOCTH
IIPO3PAaYHOTO0 OECLBETHOIO OPraHUYECKOI'0 CTEKIIA,
HaTypaJbHON TEMHOM M CBETJIIOW KOXKH, KOCTH U

6

MoutHocTh Ja3epHoro oomyueHus, Bt

Laser power, W

JIPEBECHHBI MIPH W3MEHEHUH MOIIHOCTH JIa3epHOTO
M3ITydeHUs] MOXKHO TIPEJICTABUTHh HENPEPHIBHBIMH
IUTABHBIMH ~ BO3PACTAIOMIMMHU  BBIITYKJIO-BOTHY-
TBIMH TTOBEpXHOCTSIMHU (pucyHKH 2 u 3). CpenHsas
riyonHa a0msaumm  w3Mensercs ot 0,01 1o
2,97 mm. Cpenuss BbICOTAa HEPOBHOCTEH MPOhUIIT
noepxHoctu wu3Mensierca ot 0,05 mo 0,5 mm.
Hamnume w3MeHeHWit com3MepuMoro wmaciirada
CBUJICTETILCTBYET 00 OOIIHOCTH XapaKTEePHUCTHK
MaTepraoB.

Jlpesecuna Wood
Kocts Bone

Csetmas koxka Light skin
Temuast koxka Dark skin
Oprcrexio Plexiglas

=8
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e 0
X o}
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Pucynok 2 — Cpenusst miryOuHa aOnsiiuu sl pa3iMYHbIX MaTEpPHAIIOB B 3aBHCHMOCTH OT MOIIHOCTH JIa3€PHOTO
n3My4deHus: | —mpo3pauHoe OEclBETHOE OpraHM4YecKoe CTEKJIO; 2 — HaTypajipHas TEMHas M 3 —cBeTyas KOXa;

4 — KOCTbh; 5 — IpeBecuHa

Figure 2 — Average ablation depth for various materials depending on the laser radiation power: 1 — trans-parent color-
—bone; 5 — wood

less organic glass; 2 — natural dark and 3 — light leather; 4

, mm
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Jpesecuna Wood
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Temnuas koxa Dark skin
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MonrHoCTb JiIa3epHOro o0mydeHwus, Bt
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Pucynoxk 3 — Cpennee apudmeTnieckoe 3Ha4YCHUE OTKIOHEHUS TPOQUIIS ISl pa3INIHbIX MATEPHAIIOB

Figure 3 — The arithmetic mean of the profile deviation for various materials
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M3BectHO, YTO0 KOX(D(PHUIMEHT KOPPEIAITUU
BBIUUCIISIETCS TI0 Clienyromei hopmyre:

2 (=D, =)
V=Y (0, - 7Y

rae X;, ¥, — DJIEMEHTbl MAacCHBOB HaHHBIX [ U m
CTyIICHEH KJIMHA COOTBETCTBEHHO; X, ) — CPEIHHUE
3HA4YEHWSI MACCUBOB JTAaHHBIX / M 1 CTyTICHEH KIIMHA,
COOTBETCTBEHHO; 7 — KOJIMYECTBO CTYIIEHEH KIIMHA.
[ BBISBICHHSA CTENICHW BIUSHUS (PaKTOPOB
paccunTaHbl KOY(PPHUIUEHTH KOPPEISALUN MEKITY
BEJIMYMHOW MHKPOHEPOBHOCTEH U MOJYJEM YIpPY-
TOCTH, IUIOTHOCTBIO, TEMIEpaTypod BOCILIaMEHe-
Hus (pucynku 4-6). Kosdhdumments: koppensimun
paccuuTaHbl Ha KaxJI0i u3 15 cryneHeil cryneHya-
TOTO KJIMHA, IIOJIy9eHHOTO CO CTYIEHYaThIM
M3MEHEHHUEM MOIIHOCTH JIa3€PHOTO HW3IY4YEHHs OT
0,64 1o 9,6 Bt ¢ marom 0,64 Br.
MUKpPOHEPOBHOCTH ~ XapakTepU3yIOT  IIepo-
XOBaTOCTh TIOBEPXHOCTH. BemnmumHa MHKpOHe-
POBHOCTEH oOmpenensiach M0 MapaMerpaM Iie-
poxoBaroctr, mo I'OCT 2789-73 «lllepoxoBa-
TOCTh MOBEpXHOCTH. [lapaMeTpsl, XapaKTepUCTHKH
1 o0o03HaUYCHHs». BenmnmumHa MHUKpPOHEPOBHOCTEH
paccunThIBanach 1Mo R, — BEICOTE HEPOBHOCTEHN IPO-
¢, cusaroit B 10 toukax, R, — cpenHeMmy apud-
METHYECKOMY 3HAaYCHHIO OTKIOHEHHS MPOdUIISL.

o1 %

0.6 Ear e H\\_,// \

(D

0 2 4 6 8 10 12\ 14

KoaddumueHT koppemnsumn
Correlation coefficient

Howmepa ctynenu ~

= Step numbers

Pucynok 4 — KoapduumeHT KOppesiiud MexXIy BeJH-
YUHOH MUKPOHEPOBHOCTEH IIOBEPXHOCTU M MOAYJIEM
YOPYrocTH Martepuaiza B Kaxkaoil w3 15 crymeHei
CTYNIEHYATOT0 KJIMHA, TOJY4YEHHOTO C W3MEHEHHEM
MOIITHOCTH Ja3epHoro u3mydenus ot 0,64 1o 9,6 Br

Figure 4 — The correlation coefficient between the mag-
nitude of the surface micro-dimensions and the modulus
of elasticity of the material in each of the 15 stages of the
stepped wedge obtained with a change in laser radiation
power from 0.64 to 9.6 W

KoaddunmeHT Koppensiun Mex1y BEeTUnIHHON
MHUKPOHEPOBHOCTEH Ha COCEIHUX CTYNEHSX Ha
MOBEPXHOCTH M3JIEJIMH U3 KOXKH, KOCTH, JiepeBa M
OprCTEKJIa, UMEIOIUN CIydalHbIl HEJIMHEWHBII
BOITHOOOpPA3HBIA  XapakTep, M CBHUIETEIHCTBYET

0 TOM, YTO KOppEeIAIHOHHASL
BEJIIMYMHOM MHKPOHEPOBHOCTEM  Ha
CTYTIEHSIX TPAKTUYECKH OTCYTCTBYET.
IMUEHT KOPPENANNN HIDKE TIOPOTOBOTO YPOBHS
M3MEHSET 3HaK, JIMOO IIOJOKUTEIbHBIM, JHOO0
OTpULIATEIBHBIA, JakKe TIPH  HE3HAYUTEITHLHOM
YBEIMYEHUH MOIIHOCTH JIA3€PHOTO HW3IyUYEHUS,
MO3TOMY TPYAHO TPEANONI0KHUTh, KaKas BeINYHHA
MUKPOHEPOBHOCTEH OyAeT moydeHa.

CBSI3b  MEXKIY
COCE/THUX
Koadhdu-

03 . //\

/
10 /1’5\,/ 14
/

-0.3 /
J

Howmepa ctynenu
Step numbers

Koa¢dunument xoppemsmn
Correlation coefficient
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Zef

o
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-
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\

Pucynok 5 — KoappuumeHt Koppensiuuu MexIy BelH-
YMHOU MUKDPOHEPOBHOCTEH MOBEPXHOCTU U IIJIOTHOCTHIO
MaTepuaga B KaXIOM W3 15 cTymeHed cTynmeH4aTtoro
KJIMHA, [I0Jy4YEHHOIO ¢ U3MEHEHHUEM MOIHOCTH JIa3€pHO-
ro uznyuenus ot 0,64 no 9,6 Bt

Figure 5 — Correlation coefficient between the size of the
surface micro-dimensions and the density of the material
in each of the 15 stages of the stepped wedge obtained
with a change in laser radiation power from 0.64 to 9.6 W

-0.6

Correlation coefficient

Howmepa ctynenu
1 Step numbers

Koaddurment xoppensimn

Pucynok 6 — KoaxppumueHT KOppersiuun MexIy Belu-
YUHOI MUKPOHEPOBHOCTEH IIOBEPXHOCTH U TeMIepa-
Typo#l BOCIUIAMEHEHMs MaTepuaga B Kaxjaod u3 15
CTyNEHEH CTYNEeH4YaToro KJHMHA, MOJIy4€HHOIO C H3Me-
HEHUEM MOIIHOCTU JazepHoro mznydenus ot 0,64 mo
9,6 Bt

Figure 6 — Correlation coefficient between the size of the
surface micro-dimensions and the ignition temperature of
the material in each of the 15 stages of the step wedge
obtained with a change in laser radiation power from 0.64

t09.6 W

st ompeneneHus aHAaJIUTUYECKUX BbIpaXke-
HUIl TIOJMHOMOB AaNNpPOKCUMHPYIOMUX (QYHKIHUN
IPUMEHEH METOJ, HHTEPIOJSLUU C HCIIONb30Ba-
HUEM alIpOKCHUMAalUU I10 METOLY HaWMEHBIINX
KBaJIpaTOB C BBIIIOJIHEHUEM YCIIOBHUSL:
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F=3Y" (y-B(x)) — min, 2
rae F—muHuMH3upyemMas (YHKUMS; y; — IMIUPU-
YEeCKHE TOYKM CTaTUCTUYECKOW 3aBHCHMOCTH;
(B, x;) —ananuTHYeckass (QyHKIUOHAIbHAS 3aBH-
CUMOCTb.

C moMompIo CreNUaaIu3UPOBAHHOTO MPOTrpaM-
MHOro cpeactBa MathCAD 1o  BbIpaxkeHHIO
(2) momyuyena anmpokcuMHUpyOWas — (QyHKIHS
Kod(pULIMEHTAa KOPPEIALUU MEXKAYy BEITUUYUHON
MHUKPOHEPOBHOCTEH  MOBEPXHOCTH M MOAYJIEM
yHpPyrocTH Matepuana: R = — 0,0034x> + 0,0538x” —
—0,2195x + 0,8864 (pucyHok 4).

AHaJIOTUYHO TOJIyYeHBI ANNPOKCHMHUPYIOLINE
¢GyHKIMU KO3 PHULIMEHTa KOPPEIALUU  MEXKIY
BEJIMYMHOM MUKPOHEPOBHOCTEH IOBEPXHOCTH U
IJIOTHOCTBIO Matepuana: R = O,OO?vc3 - 0,0675x2 +
+0,4052x — 0,4569 (pucyHok 5).

AHaJIOTUYHO TOJIyYeHBI ANNPOKCHMHUPYIOLINE
¢yHKIMU KodPULMEHTa KOPPENSHUA MEXIy Be-
JUYMHOM MHKPOHEPOBHOCTEH IOBEPXHOCTH U
TEMIIEpaTypol BOCIUIAMEHEHHsI MaTepuaia: R
=0,0027x° — 0,0645x" + 0,441 1x — 0,8921 (prcyHoK 6).

HauOonbiiee BiaMsHME Ha BEIMYMHY MHUKpO-
HEpOBHOCTEH U3 (U3NKO-MEXAaHHMUYECKHX CBOWCTB
MaTEepHaJOB OKa3bIBACT yNPYrocTh Marepuana. s
yuéTa BIMSIHUS BEJIMYMHBI OTKJIOHEHHH yKa3aHHBIX
MEPEMEHHBIX paccuuTaeM Ko3((QHUIMEHTH! MapHOH,
YUCTOH (YaCTHOM) U MHOKECTBECHHOH (COBOKYITHOH )
nuHelWHoi koppensauuu IIupcona. CornacHo Mme-
TOOY MpsMOro cuéra MO HECTPYNIHPOBAHHBIM
JaHHBIM, KO3()(UIMEHT TapHOH KOpPEIILUU
[Mupcona umeet BUA:

;o=r = an:Ixiyi_z::lxi ;yf )
LY Y v - (Y )]

OTOT KOAQPHULUHUEHT TaKke U3MEHseTcst oT —l
qo +1. Ilpy HamuuMM HECKOIBKUX NEPEMEHHBIX
paccunuThiBacTcs  KOIPQPHUUUEHT MHOKECTBEHHON
(coBokymHOI) nuHEHHON koppemauuu Ilupcona.
Jlig TpéX epeMEeHHBIX X, V, Z OH UMEET BHU/I:

€)

2 2
Vo ¥ 10 =20, X1, XT,

R 4)

y/xz l_rxi

Ortor ko3¢ duumeHt usmensercs ot 0 mo 1.
Ecnu  »nuMuHMpOBaTh (COBCEM HCKIIOUUTH HIH
3a(huKCUpOBaTh Ha TOCTOSIHHOM YDPOBHE) BIIMSHHUE
z HA X U y, TO uX "oOwmas" cBI3b NpPEeBpaTHTCS
B "unctyro", oOpa3ysd UHUCTHIA (4acTHBIH) KO3-
¢unmenT nuHeiHo# koppenauuu [lupcona:

I"Xy

rx .z = rx.z = ‘
O Ja=rxa-n)
Oror kodpdunment wusmensercs or —1 10
+1. Ksagpatsl ko3¢ ¢unuentoB koppemsiunu (7)—
(8) wHaswmBaroTCcs KO3 (uIMeHTaMHu (MHACKCAMH)
JETePMUHAIIMHA — COOTBETCTBEHHO MApHOU, YHCTON
(4acTHOM), MHOYKECTBEHHOH (COBOKYITHOM):

-r

Xz

XI"yZ

)

— 2 _ 2 _ .
d,=rl=rl=d; ()
— 2 2 _ .
xy.z rxy.z - ryx.z dyx.z’ (7)
_ D2
D, =R ®)

Kaxnpiii 3 ko3 uimeHToB neTepMuHAIIH
m3mensiercss or 0 1o 1 W OIlEHHWBaeT CTENeHb
BAPUALIMOHHOW  ONpeneNEHHOCTHU B  JIMHEUHOHN
B3aMIMOCBSI3M TIEPEMEHHBIX, IMOKa3bIBasi JIOJIO Ba-
puanuu OAHON TepeMeHHOH (), 00yCIOBIEHHYIO
Bapuanued x u z. Jlyisg pacuéra, mpuHAB X — TUIOT-
HOCTh MaTepualla, ) — BEeJIMYNHY MUKPOHEPOBHOC-
TeH, z — MOJIyJIb YIPYTOCTH, TPOBEAS PacyEThl IO
BeIpaxxeHusIM (3)—(8), momy4uum:

R

ry = 00192, 1 = — 0,8437, r,. = 0,399, R, =
:0,4541, rxy.z = 0,7246, dxy = 0,000369’ dxy.z =
=0,5250, D,,, = 0,2062.

XZ

B3anMocBsA3b MEpeMeHHBIX X W y SBISeTCA
MOJIOKUTEIIHOM, HO HE TECHOM, COCTaBJIsIsI MO UX
napHoMy KO3(O(QUIMEHTY KOPPENsHA BEIHYHHY
ry = 0,0192 u mo yucromy — BenMUMHY 1, =
0,7246. Omna oueHuBaJllach II0 Iukajne Yemmoka
M TOJyYWJIach COOTBETCTBCHHO, Kak '"ciabas"
u  "Boicokas". Koadduumentsl aerepMuHALIUH
d,, =0,000369 u d,,,, = 0,5250 cBUIETENBCTBYIOT O
TOM, UTO BapHalus y (BeJIM4rHAa MUKPOHEPOBHOCTEH )
oOyciioBrieHa TMHEHHON Bapualmed x (TIOTHOCTH
Mmarepuana) Ttombko Ha 0,0369 % B ux oOmei
B3aMMOCBSI3H U B YMCTOH B3aMMOCBSI3H — Ha 52,5 %.
Takoe mnonoxxeHne O0OYCIOBICHO 3HAYUTEIBHBIM
BIIMSIHUEM Ha X U Y TPEThEU IEPEMEHHOU Z — MOy
ynpyroctu. TecHOTa 3TOI B3aMMOCBS3HM COCTaBIISIET
COOTBETCTBCHHO r,, =—0,8437 u r,, = 0,3999.

Kosdpduumenr MHOKeCTBEHHOH (COBOKYITHOI)
KOppemsiuu  TpEX  TMEpPEeMEHHBIX  ITOKa3bIBAeT,
YTO TECHOTA JIMHEWHOW B3aWMOCBSI3U X U z C )
cocrasisier Benuuuy R, = 0,4541, n ouenuBanach
mo mkane Yemmoka kak "ymeperHas". Koadou-
LUEHT MHO)KECTBEHHOW JNETEPMUHALIMU COCTaBIISCT
semmuuny D, =0,2062 u CcBHUACTENBCTBYET O
ToM, uto 20,62 % Bceli Bapuanmu y (BEIMYHHA
MHUKPOHEpPOBHOCTEH) 00ycJOBI€HAa COBOKYIHBIM
BO3ZCHiCTBMEM Ha HeE TMEepPeMeHHBIX X H Z.
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Ocransubie 79,38 % 00yCHIOBIECHBI BO3ACHCTBHEM
Ha y Apyrux (PakTOpoB WM Ke KPUBOJIMHEHHOM
CBSI3BIO TIEPEMEHHBIX J, X, Z.

Wcnonszysa npusenennsie B [11, 12] Bwipaxke-
HUS Ui CBS3M MEXKAY KadeCTBOM ITOBEPXHOCTHU
U peXHMaMH Ja3epHOW 00paboTkH, B 0O0IIEeM
ciydae, TpeACTaBUM JIMHEHHYIO ABYyX(paKTOPHYIO
PETPECCHOHHYIO MOJIEIb:

y=a,tax+taz.

©)

Koaddunuentsr Mmogenu a,, a,, a; onpeaeneHsl
METOZIOM HaWMEHBIINX KBAJAPaToB IO (opMymaM
13 KOPPEISIIUOHHO-PErPECCHOHHOTO aHaN3a.

B pesynbrare Mmaremaruueckoil 00paOoTKH
JNaHHBIX  DKCIECPUMEHTA TMOJy4deHa  perpeccu-
OHHasd MOJECJb, CBA3bIBAIOIAA BCJIIMYMHBI MHUKPO-
HEPOBHOCTEH W (U3HKO-MEXaHWISCKHE CBONCTBA
MaTtepuanga, MpH 3TOM BeIpakeHue (9) mpeobpa-
3yeTcs K 4aCTHOMY BUY:

y=-0,3287-0,00051x — 0,000039z, (10)

rae x IUIOTHOCTh MaTepuania; BEJIMYMHA
MHUKPOHEPOBHOCTEH; Z — MOIYJIb YIIPYTOCTH.

Beipaxkenue (10) mcmonp3yercs mis IMmonyde-
HUSl 3aJaHHOH  BEIMYMHBI MHUKPOHEPOBHOCTEH
¢ y4éTOM BIHSHMS IJIOTHOCTH Marepuana U Mo-
IyJisl YIIPYTOCTH.

Koaddumment xoppensiimn Mexay TITyOHHOM
aOJsLuK 1 TIOTHOCTBIO IPUBEAEH Ha PUCYHKE 7.

1

[ 12

»

8

Howmepa crynenn
Step numbers

10

Koadduuuent xoppensiuu
Correlation coefficient

Pucynok 7 — KoapduuuneHt Koppensiiun Mexy riyou-
HOW aOJsIMK M IUIOTHOCTBIO Marepuana B KaXIOH W3
15 crymeHeit cTymeHYaToro KiIMHA, TMOJXY4YEHHOTO C H3-
MEHEHHEM MOIIHOCTH JiazepHoro wu3mydeHus ot 0,64
10 9,6 Bt

Figure 7 — Correlation coefficient between the depth of
ablation and the density of the material in each of the
15 stages of the stepped wedge obtained with a change in
laser radiation power from 0.64 to 9.6 W

AHQJIOTUYHO (PUCYHOK 7) TIOJIyYeHBI am-
MPOKCUMHUPYIOIIME (QYHKIMUA CBS3M  BEJIMYHMHBI
MUKPOHEPOBHOCTEN C MIOTHOCTBIO R = 0,0007x> —
—0,0092x" + 0,0619x — 0,6494.

Haubomnpmee BIMSHUEC  HAa  BEJIMYUHY
MUKPOHEpPOBHOCTE W3  (PU3HKO-MEXaHUYECKUX
CBOMCTB MaTepHaliOB OKa3bIBaeT YIIPYrOCTh Ma-
Tepuana, a Ha TIyOWHy aONsAIUy MaTepuaia — ero
IOTHOCTh. CHIKeHnE KO3 UIIEHTa KOPPENSIIIN
NpY TOBBIIIEHHOH MOIIHOCTH HW3JIy4eHUs Ja3epa
BBI3BAHO HEJMHEHHOCTHIO TPOIECCOB MHPOJH3a U
BBICOKMM YPOBHEM OOYINIMBaHUS 00padaThIBa€MbIX
MaTepHuaoB.

Takum 00pa3oM, MOJIyYCHHbIE AaNNPOKCUMHU-
pyIOIIME IOJMHOMBI Uil Pa3IMUHBIX  BUAOB
rpadMKoB, OTPAKAIOMIMX BIUSHHE Pa3IUYHBIX
MeIarmuX (GakTopoB Ha MHUKPOHEPOBHOCTH,
MOTYT OBITh WCIIOJIb30BAHbI JJISI ONMUCAHUS MUKPO-
HEPOBHOCTEH Pa3IHMYHBIX HEMETATHYECKIX
MaTepHaoB.

B macrosmeii paboTe aBTOpPBI HMCXOAWIH
U3 TPEANONOKEHUS, UYTO JasepHas oO0paboTKa
COMpPOBOXK/IAETCSI  M3MEHEHHEM  IIepOXOBAaTOCTU
MOBEPXHOCTH, M, KaK CIEACTBHE, H3MEHEHHEM
BBICOTBI HEPOBHOCTEH MpPOGHIIA, CPeaHETo apud-
METHYECKOTO 3HA4YCHHUSI OTKJIOHEHHUS MpoQus,
JTUCTIEPCUH, ONTHYECKOH IUIOTHOCTH, OJjecka,
YTO BIMSET HAa OLEHKY NOTpeduTeneil m omnpexe-
JSIeT MOTPEOUTENbCKUE CBOWCTBA, JEKOPATUBHBIC
XapaKTePUCTUKH U HMHIUBUIYaJIbHBIE OCOOECHHOC-
TH XyJOXECTBCHHO-ITPOMBIIIJICHHBIX U3EITHH.

B pesynbrare mpoBeIEHHOrO aHannM3a MOKHO
C/IeNaTh BBIBOJ, YTO, M3MEHSSI MOITHOCTb JIa3€PHOM
00paboTKH, BapbUpys B HHU3KOM, CpEIHEM, HIIH
BBICOKOM JIMalia30He, a TaKkKe M3MEHSST KOJIMYECTBO
IPOXOJOB JIA3€PHBIM JIyYOM, MOKHO IIOJIyYUTb
HanOoJee KayecTBEHHOE M 4YETKOE H300pa’keHue,
oTBeUaroliee TpPeOOBaHWSIM  MOTpeOuTEeNne u
COOTBETCTBYIOIIUM CTaHIApTaM.

AHAJIOTHYHYIO METOJUKY MOXKHO HCIOJb30BaTh
NP 33JaHUN CKOPOCTH JIa3epHOTO TPaBHPOBAHHUA,
pasperaromeil CrocoOHOCTH, YacTOThl UMITYJIbCOB,
auaMeTpa c(hOKyCHpOBAHHOIO JIa3epHOro Jyda Ha
Mmarepuae, yria najeHus JIa3epHoro Jiyya U Jp.

Jnst  ynpaBiieHHS KauyecTBOM TOBEPXHOCTH
Opyd  Ja3epHO  00paboTKe  XyIO’KECTBEHHO-
MPOMBIIUICHHBIX ~ M3ACIUM  TyTEM  HU3MEHEHUs
pPEXKUMOB JTa3epHON OOpabOTKM Ha OCHOBE H3Me-
PEHUSI OCHOBHBIX BIHSIOMIMX (HAKTOPOB (PU3HKO-
MEXaHMYECKHX  XapaKTEPUCTHK MAaTepHajoB B
YCIOBUSAX JACHCTBHS IOMEX W HEOJHO3HAYHOCTH
CYUICCTBYIOIMX MOJENed JWHAMUKA MEXaHU-
YECKHUX BO3CHCTBUM, IPOBEACHO UCCIIEIOBAHUE T10-
Kazarejge TOYHOCTH, TOBTOPSEMOCTH, BOCIIPOU3-
BOJMMOCTH  pE3yJIbTaTOB  DKCIIEPUMEHTAIHHOTO
WCCIIEJIOBAHMS KauyecTBa MOBEPXHOCTH TIPU Jia3ep-
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HOM 00paboTKe W3AEIMA XyI0KeCTBEHHBIX TIPO-
MBICJIOB M3 KOXH, KOCTH, JIEPEBa U OPrCTEKIIA.

Kak 66110 YyKa3aHO BhIIIEe, HANOOIBIIIEE BIMSHIEC
Ha BEIMYUHY MHUKPOHEPOBHOCTEH, ONMPEIEIISIONIHX
Ka4eCcTBO MOBEPXHOCTH 00pabOTaHHOTO MaTepHana,
OKa3bIBaeT yHpyrocth Mmarepuaina. i CHUKEHUS
BIIMSIHUSL U3MEHEHUST MOJIYJIS YIPYTOCTH MaTepuala
HA KAyecTBO TOBEPXHOCTH B TIpoIecCe Ja3epHOM
00paboTku paspaboTaHa (yHKIIMOHAIBbHAs CXeMa
YCTaHOBKH JUIS JIa3epHOH 00pabOTKH MOBEPXHOCTH
HEMETAJUTMYECKUX MaTepranoB (pucyHok 8) [15].

29 lJrol-s

J

314 I

5 7
N

Pucynok 8 — dynkunonanbHasg cxeMa Jla3epHOH ycra-
HOBKH: | —paboumii cToJ; 2 — yCTPOMCTBO BBOJA IPO-
rpaMM; 3 —yCTpOWCTBO  00pabOTKHM  TpoOrpamm;
4 — ycTpoiicTBO  ympaBieHHA  paboyuM  CTOJIOM;
5 — YCTpPOWCTBO YIIPaBJICHUS JATYUKOM; 6 — yCTPOWCTBO
o0OpaTHOU CBS3W; 7 — DaTYMK M3MEPEHHUS MOIYJS YIpy-
TOCTH TBEPIBIX MATEPHAIOB; 8§ — ONTHYECKas Ja3epHas
rOJIOBKA; 9 — yCTPOMCTBO 3aJaHMs PEKUMOB Ja3epHOU
obpadotku; 10 — mazep

Figure 8 — Functional diagram of the laser installation:
1 — desktop; 2 — program input device; 3 — program pro-
cessing device; 4 —desktop control device; 5 — sensor
control device; 6 — feedback device; 7 — sensor for mea-
suring the modulus of elasticity of solid materials; 8 —
optical laser head; 9 — device for setting laser processing
modes; 10 — laser

OcHOBHOH  mpUHIMI  pabOThl  yCTAaHOBKU
3aKIII0YAeTCSl B HENPEPHIBHOM H3MEPEHUM MOIY-
JIl YIPYrOCTH IOBEPXHOCTH MaTepuaja U uepes
00paTHyIO CBsI3b IPOUCXOOUT PETYIUPOBKA pe-
KHMOB Jla3epHON 00paboTKu MaTepHaia.

YcraHoBKa copepkKuT paboumit crom 1, Ha
KOTOPbIM  yCTaHaBIMBAeTCs OOBEKT  Ja3epHOM
00paboTKH, YCTPOHCTBO BBOJ@ Mporpamm 2, B
KOTOpOE BBOJAWTCS YNpPaBJsIoOIIas Iporpamma Jia-
3epHON 00paboTKM (BUA Ja3epHON 00pabOTKH,
pe3Ka WiH rpaBUPOBaHNE, KOOPIUHATH 00pabOTKN),
yCcTpoiicTBO 00padoTKu Tporpamm 3, yCTpOHCTBO
yhpaBlieHHs pabodynM cToloM 4, yCTpPOHCTBO
YIpaBIeHUs] JaTYMKOM S5, YCTPOWCTBO OOpaTHOM
CBA3M 6, MaTYUK H3MEPEHHS MOJIYJI YNpPYyrocTu

TBEPABIX MaTEpPHAIOB 7, YCTAHOBJICHHBIA IEpen
nazepoM (ONTHUYECKOW Jla3epHOW TOJOBKOH §),
YCTPOMCTBO 3aJlaHUsI PEKUMOB JIa3epHOW 0OpaboT-
ku 9 u nazep 10.

ITo xomaHie ¢ ycTpoicTBa BBOJA Mporpamm 2
KOOpJAMHATBl 00pabOTKM MOCTYHalOT B yCTPOICTBO
o0paboTku mporpamm 3, o00pabaThIBAlOTCS U
MOCTYIIAIOT B YCTPOWCTBO yIHpaBiieHHs pabouum
CTOJIOM 4 WJIM ONTHYECKOH JIa3epHON TOJIOBKOW &,
M0 KOMaH/e C KOToporo paboumii cron 1 mepeme-
maeT 00BEKT J1a3epHoi 00paboTKU B pabodyIo 30HY
JIA3€pPHOTO M3IIyYEHHUS M PACIIONIOKEHUS JaT4nKa
W3MEpPEHUsT MOAYJIi YHNPYIOCTH MaTepuaios 7.
ITo komanze ¢ ycTpoiicTBa 006paboTKU mporpamm 3
YCTPOMCTBO yMpaBICHUS S5 AATYUKOM AaKTHBHU3H-
pyeT IaT4uK W3MEpPEHHs MOAYNS YIPYrocTd
MaTepuanoB 7. 3Ha4YeHHs MOAYNS YIPYrocTH
o0pabaTeiBaeMOro Marepuana uepe3 yCTpoiCcTBO
o0OpaTHOI CBsi3u 6 TOJAIOTCS B YCTPOWMCTBO 3aja-
HUS PSKUMOB JIa3epHOW 00paboTKu 9. YCcTpoiicTBO
3aJaHusl PEXKMMOB Jla3epHOHM o00paboTkm 9 1o
KOMaH/JaM, TIOCTYNUBIINM C YCTPOMCTBa BBOJA
mporpamMM 2 W YCTpoiicTBa 0OpaTHOW CBs3H 0,
3a7aéT BHJ Jla3epHOH 00pabOTKM, KOOPAWHATEHI
00pabOTKH, MOIIHOCTH JIA3€PHOTO  W3IYUYCHHS,
CKOPOCTb TEpeMEIlEHUs Ja3epHoro Jyda W Jp.,
KOTOpBIE TIOCTyMaroT B jazep 10.

B xauectBe matumka 7 W3MEpPEHHS MOAYJIS
YOPYTOCTH TBEPABIX MaTepHaAIIOB  HCIOJIH30Ba-
HO YCTpoiicTBO Ha ocHoBe mnareHta PdD [16],
peanusyloliee crocod onpeAeseHus MOyl yIpy-
roctu lOHra marepuansa MHKpO- M HaHOYACTHUI
MyTéM COBMECTHOI'O HCIIOJIb30BAaHUS  JKCIIEpH-
MEHTAJIFHOTO  BAABIMBAaHUS  WHAGHTOpAa U
KOMIIBIOTEPHOTO ~ MOJEJIMPOBAHUS  BJIABJIMBAHUS
WHEHTOpPA METOI0M KOHEYHBIX 3JIEMEHTOB.

TexHoIOrn4ecKkue pexuMsl JIA3€PHON PE3KU U
JIa3epHOTO T'PABUPOBAHHS OPraHUYECKOIro CTeKJa,
JiepeBa, KOCTH, KOXXH, MeTajia, BBIOpaHHbIC B
pe3ynbTaTe SKCIEpUMEHTa, HCIOIb30BaHbl IPH
W3TOTOBJICHUH HACTOJBHOTO MUCbMEHHOTO Mprbopa
(marent P® Ha npomsblmeHHbI oOpaszer; 109645)
U Mojiapka MOJIOJI0kKeHaM (Jla3epHOoe rpaBUpOBaHNE
XpycTas, KOCTH, KOXKH, MeTallja).

3akjao4eHue

IIpoBeneHrie HATYpPHBIX JKCIEPUMEHTOB C
W3MEHEHHEM MOIIHOCTH JIA3€pPHOTO W3IIyYeHUs M
KCIIOJb30BaHUEM YHHMBEPCAIbHON H3MEPUTEIHHOMN
anmapaTypsl MO3BOJIIET WMHUTHPOBATH JIOO0H U3
pacipoCTpaHEHHBIX TEXHOJIOTHYECKHX PEKUMOB
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Ta3epHoil 00pabOTKH, BBIACIUTh U yUECTh BIUSHHE
(hakTOpOoB, OKa3bIBAIONINX HAMOOJBIINECE BIIHSHHC
Ha Ka4yeCTBO ITOBEPXHOCTH, OOBEKTUBHO OOOCHO-
BaThb BBIOOp HWIACHTU(UKAIMOHHBIX IPU3HAKOB
BOCIIPHATHS KadecTBa Jla3epHOH 00pabOTKH U
MapaMeTpoB 3aJlaHUsl PEKUMOB pabOTHI Jazepa,
0o0ecrednTs  TOBBIMIEHHE  BOCHPOM3BOJNMOCTH
MOJTyYeHHBIX PE3yIbTaTOB.

OKCIIepUMEHTaIbHOE HCCIIEIOBAHUE TIIyOH-
HBl a0IAnWW IS Pa3lUYHBIX HEMETaJUTMYeCKUX
MaTepualoB  IOKa3ajo  3aBUCHUMOCTh  IIepo-
XOBaTOCTH TOBEPXHOCTH TPH JiazepHOH oOpa-
00TKE OT MOIIHOCTH Ja3epHOro w3nmydeHus. llpu
3TOM IIEPOXOBATOCTh PA3IUYHBIX HATypPaTbHBIX
MaTepHayioB (KOXKa, KOCTb, IEPEBO) MCHSETCS OT
o0Opasia Kk 00pasiry H3aeiusl.

Jns  olleHKM  pas3IMuHBIX  MOBEPXHOCTEH
00pasmnoB m3menuil paccyuTaHbl KO3 OHUIIMEHTHI
KOppeNAlnd MEXIy BeJIMYMHAMH MHUKPOHEPOB-
HOCTEd W MOJYJNEM YIPYIOCTH TIOBEPXHOCTH
Marepuana. Jlig  [OJy4YEHHBIX  3aBUCHUMOCTEH
KOppENAINN TIapaMeTPOB HCIOJIB30BaHBI AIIPOK-
cumMupylomue QYHKIUA (TTOJWHOMBI) I TIpea-
CTaBJICHUS TMOJyYEHHBIX 3aBUCHUMOCTEH B KOM-
MbIOTEPHON MOJICIIHN.

ANTOPUTMHUYECKOE OINHCAaHHUE MHKPOHEPOB-
HOCTEH MOBEPXHOCTH PA3IUYHBIX HEMeTaJUTH4ec-
KHX MaTepuajoB C KOPPEISAIHMOHHBIMU 3aBUCH-
MOCTSMH TIO3BOJISIET OOECIIEYHTh OIEPATHBHYIO
PETYIMPOBKY pEXHMOB Jla3epHOH  00padOTKH
JUTSL yTIPaBJICHUS CTEMEHBIO INEPOXOBATOCTH IIO-
BEPXHOCTH PA3INIHBIX MAaTEPUAIIOB.

[Ipennoxena mazepHas yCTaHOBKa 00OpaboT-
KA TIOBEPXHOCTH HEMETAJUIMYeCKHX MarepHa-
JIOB C YIpaBIEHHEM peXHUMaMH OOpabOTKH IO
pe3ynbTaTaM  HM3MEPEHUs  MOAYJIS  YIPYTOCTH
TTOBEPXHOCTH 00pabaTEIBaEMOTO MarepHuania.
Jns  peanmzanuy  TPEUIOKEHHOTO TIPUHIIUIIA B
YCTaHOBKE PpACIOJIOXKEH CHeIHaIbHBIA  JaTduK
M3MEpEeHHsT MOJIYJIA yIPYTOCTH TIOBEPXHOCTH MaTe-
puana, cojepXamuii WHIECHTOpP C BJIaBIUBaHUEM
B MaTepHual.

Takum oOpa3om, Teopuss W TpPaKTUKa Ja3ep-
HOH 00pabOTKH C PEKOMCHIANWSIMH IO 3aJTaHHIO
PEXKUMOB OOpabOTKM MaTepHANIOB TOITBEPIKIACT
OTPOMHBIE  BO3MOYKHOCTH  JIa3€PHBIX  TEXHOJIO-
THYECKUX TIPOIIECCOB, KOTOPBIE ITO3BOJIAIOT (-
(beKTUBHO pemaTh KPYIIHBIE TPOU3BOJICTBEHHBIE
M XyJIOXecTBeHHBbIEe 3amauu. [Ipm »TOM mpumeHe-
HUE JIA3€pPHON TEXHHWKH BBIBOJIUT IPOU3BOJCTBO
Ha HOBBIM BBICOKOMHTEIIEKTYaIbHBI ypPOBEHb.

[IpoBenénHble UCCIEOBAHUS TO3BOJISIIOT TTOBBI-
cuTh  A(PPEKTUBHOCTH TPUMCHEHHS  JIa3ePHBIX
TEXHOJOTHH TIPH  CO3JIaHUH  XYJI0KECTBEHHO-
MPOMBIIIUICHHBIX U3JICITHH.
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CTpykTypa IUIaHAPHOM NMOBEPXHOCTH KPEMHHUEBBIX IJIACTHH
10 M mocJie OBICTPO TEpMOOOPaAdOTKH

B.A. IInsinnenxo’, A.A. Cepreﬁqmcl, JI.B. IllecroBcknii', B.A. CO.JIOL[yxa2

'0AO «MHTEI'PAJI» — ynpagnsowas komnarus xonounea « AHTETPAJLy,
ya. Kasunya, 1214, 2. Munck 220108, Benapyco

’I'HIIO «Onmuxa, onmoanexmponuka u nazepras mexruuxa» HAH Benapycu,
Jlozotickuit mpakm, 22, 2. Munck 220113, Benapyco

Tocmynuna 27.02.2024
lpunsama k neuamu 20.05.2024

Ha ceronnst BakHOM 3ajadyeil mpu CO3AAHUM COBPEMEHHBIX HM3JIEIUI MUKPOAJIEKTPOHUKHU SIBISETCS
yCTpaHEHHWe Ha TMOBEPXHOCTH IUIACTHH MEXaHWYeCKH HapyHIEeHHOTro ciosi. beictpas TepmooOpaboTka
ONITUYECKUMH UMITYJIbCAMHU CEKYHJHOM JUTMUTEIBHOCTH SBISETCS OJHUM M3 METOJOB YCTpaHEHHs Hapylle-
HUH KPUCTAIIIMYECKOH PeméTKH, BOSHUKAIONIUX MIOCIIe MOHHOTO JIeTHpoBanusi. OTHAKO, OCTANICS OTKPBITHIM
BOIPOC BOCCTAHOBJIEHUS KPUCTATUINIECKON CTPYKTYPBI IIOBEPXHOCTHOTO MEXaHHMYECKN HAPYIIEHHOTO CIIOS
Ha IUIaHaApHOW cTopoHe IuiacTuHbL. [IpoBeneHHe AaHHBIX MCCIEAOBAaHWNA METOJaMHU IMPOCBEUMBAIOIIEH
JJIEKTPOHHOM MUKPOCKOITUH, aHalu3a KPHBBIX JU(GPAKIMOHHOTO OTPaXKEHUs U dJeKTpoHHOH Oxe-
CIIEKTPOCKONMU HE IO3BOJHMIIO TOJIYYUTh JOCTOBEPHYIO WH(POPMAIUIO O COCTOSHUH KPUCTAITHUYECKON
peméTKn B TIOBEPXHOCTHOM cCjoe TONmuHOM wmeHee 30 HM, KOTOPBIH SIBISETCS OTBETCTBEHHBIM
3a CTPYKTYpHOE COBEpPIIEHCTBO MOJ3aTBOPHBIX AMAJIEKTPUKOB TOJIIMHOM MeHee 75 HM. DTO, B CBOIO
ouepe/Ib, He TI03BOJISIIO MPEAIOKUTH MOJIEh TBEPI0(ha3HON PEKPUCTAITH3AINH 1 1aTh €€ MaTeMaTHYecKoe
ormcanue. llenmsmMu pabOTHl SBISITUCH: — YCTAHOBJIIEHHE METOJIOM AM(paKunMu 0OpaTHO OTPaKEHHBIX
JJIEKTPOHOB OT TIOBEPXHOCTH WCXOJHBIX KPEMHHEBBIX IUIACTHH COCTOSIHUA KPHUCTAJUIMYECKOW PEHIETKH
KpEeMHHUSI B TOBEPXHOCTHOM cJoe€ TONmuHOW MeHee 30 HM 10 W mociie OBICTpOi TepMOOOPaOOTKH;
— MPOBEJIEHNE aHAIM3a AIIEMEHTHOTO COCTaBa 3arpA3HEHHS TTOBEPXHOCTH MCXOIHOTO KPEMHHUS 710 M MOCIe
OBICTPON TepMOOOpabOTKM; — pa3paboTka MojJenu TBepao(a3HOW PEKPUCTALIH3AINN TOBEPXHOCTHOTO
HaApYIIEHHOTO CJIOS Mocie OBICTPON TepMHUYEeCKOit 00paboTku 1 e€ MaTemaTHueckoe onucanue. [IpuBeaeHs
KapTHHBI TUPPaKIUK 00paTHO OTPaKEHHBIX JIEKTPOHOB OT MOBEPXHOCTHOTO CJIOS MCXOJHBIX KPEMHHE-
BBIX IIACTHH TONMMHMHOW MeHee 30 HM 10 W mociie OBICTPOl TepMooOpabOTKH, a TakkKe pPe3yJbTaThl
OYHCTKH TUIAHAPHOW IMOBEPXHOCTH HMCXOJHBIX KPEMHHEBBIX IUIACTHH OT 3arps3HSIONINX MpHUMeEcei.
[IpenoxeHs! MPOIEecChl, YMEHBIIAIOMNE YHEPTHIO aKTUBAIIUH TPOIlecca PEKPUCTAITN3ANN MEXaHUIECKH
HapyIIEHHOTO TOBEPXHOCTHOTO CJIOS KPEeMHHS W JaHO ero Maremarudeckoe omucanue. OrmpeeneHsl
napaMeTpbl OBICTPOH TEepMOOOPaOOTKH, O0ECIECUMBAOIINE MHUHMMH3AINUIO BO3JICHCTBHS TEMIIEPATYPhI
Ha KPEeMHHEBYIO TUIACTHHY Ui PEKPUCTAIUIM3AIMA MEXaHWYECKH HAPYIIEHHOTO CIIOS Ha €€ TUIaHapHOM
TTOBEPXHOCTH.

KaroudeBbie cioBa: ObicTpas TepMHuueckas o00paboOTKa, HapymIeHHBIH CIIOH, KpeMHHeBas IUTacTHHA,
TBepaodazHas peKpUCTAIUTA3ANHNS, 1e(pOPMAMOHHBIN MOTEHIIAAT
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Abstract

Presently it is important to remove mechanically disturbed layer on wafer surface during creation of
up-to-date microelectronic products. Rapid thermal treatment with optical pulses of second duration is
one of the applicable methods for removing disturbances in crystal lattice emerging after ion implanta-
tion. However the crystal structure of mechanically disturbed layer on wafer planar side is still unclear.
Researches by transmission electronic method, analysis of diffraction reflection curve and electronic Auger
spectroscopy has failed to provide reliable data about the state of crystal lattice in surface layer of at least
30 nm thickness. Hence it was impossible to suggest a model of solid phase recrystallization and to pres-
ent its mathematical description. The goals of the work were as follows: — identification of silicon crystal
lattice state in surface layer of 30 nm thickness before and after rapid thermal treatment by backward re-
flected electrons diffraction method using raw Si wafers surface; — analysis of contamination element com-
position on the surface of raw silicon before and after rapid thermal treatment; — model development for
solid phase recrystallization of surface disturbed layer after rapid thermal treatment and its mathematical
description. Images of back ward reflected electrons diffraction using surface layer of raw silicon wafers'
of 30 nm thickness and also the results of the planar surface of raw silicon wafers' cleaning from impurities
are provided. Processes reducing the activating energy of mechanically disturbed silicon layer recrystalli-
zation process were suggested and its mathematical description was provided. Parameters of rapid thermal
treatment mitigating the thermal impact on silicon wafer for recrystallization of mechanically disturbed
layer on its planar surface ware defined.

Keywords: rapid thermal treatment, disrupted layer, silicon wafer, solid phase recrystallization,
deformation potential
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BBenenue

BaxxnbpIM  ycnmoBueM  co3laHUA  HAAEKHBIX
U3IETUN MUKPOAJICKTPOHUKU SIBIISIETCS OTCYTCTBUE
Ha TIOBEPXHOCTH IUIACTMH MEXaHUYECKH Hapy-
IIEHHOTO CJI0 W KaKux-uOo 3arps3HeHuit [1].
[locne ¢uHWUIIHON  TONMMPOBKH  TIOBEPXHOCTH
Ha HeM ocTaércsi TOHKUN HApPYLIEHHBIM CIOH,
XapaKTepU3yeMblii MHUKPOUCKKCHHUSIMH KPHUCTaJ-
JTMYECKOW PEMIETKA W OCTATOYHBIMH MEXaHUYECKH-
MU HampspDkeHusMH. Hanwaume Takoro ciios mpu
BBICOKOTEMIIEPATYPHOI 0bpaboTke IJIaCTHH,
AMEIoNe MECTO TP TEePMUYECKOM OKHCIICHUH,
OT)KUTE HMOHHO-JETUPOBAHHBIX CIIOEB, AMHUTAKCHH,
MPUBOANT K  OOpa30BaHMIO  JTUCIOKAIMA |
MOBBIIIICHUIO pocTa APyrux aedexToB. KauecTBo
MTOJITOTOBKM  TTOBEPXHOCTH OKAa3bIBAET OOJNBIIOE
BIUsiHHUE Ha (popMupoBaHue TOHKUX (MeHee 0,1 MKM)
TUDIIEKTPUYECKUX CJIO0EB, T. K. B JaHHOM CiIydYae
BIUSIHUE JC(PEKTOB MOBEPXHOCTH HA MX IMapaMeTPhbI
3HAYUTENBHO yBEIMUNBaeTCS [2].

B cBmBu ¢ oa3tMM  Oomblnoe  3HAYCHHE
MPUOOPETAIOT METObl YCTPAHCHHSI MEXaHUYCCKU
HapyIIEHHOTO CJIOS Ha IUIAaHAPHOW IOBEPXHOCTH
KPEMHHUEBBIX IIAaCTHH. B HacTosimiee Bpems
M3BECTHO JiBa HamOoliee MPHUEMIIEMBIX MeTona
peuienuss  gaHHoW  3amaud.  [lepBwlidi  Meron
NPEANoNaraeT MPOBEACHUE  PEKPUCTAIUIU3ALUU
HapyIIEHHOTO CJIOSI C MPUMEHEHUEM HUMITYJIbCHOTO
(DOTOHHOTO ~ WBIYYCHHs] HAHOCEKYHIHOW  JUIH-
TEJIBHOCTH [3], BTOPO — C MPUMEHEHUEM UMITYJIbC-
HOTO U3Iy4YECHHS TaJOTCHHBIX JIaMIl CEKYHI-
Hoit jmnurensHOocTH [4,5]. B mepBom ciyuae
AMEET MeCTO Kuako(asHas peKpUCTAIUTH3AINS
MEXaHWYEeCKH HApYIICHHOTO CJO0S KPEMHUs, BO
BTOpPOM — TBepao(daszHas.

B cmydae TtBepmodazHO peKkpUCTAILTH3AINH
OCTa€TCs OTKPBITHIM BOIPOC: HACKOIIBKO ITPOUCXO-
JIUT BOCCTAHOBJICHHE KPUCTAJLUTUYECKON CTPYKTYPBI
MOBEPXHOCTHOro ciosi MeHee 30 HM Ha MjIaHapHOU
CTOpPOHE KPEMHMEBOM IIJIACTHHBI, KOTOPBIA HMEET
O4YeHb BAXHOE 3HAYCHHE JJISI Ka4ecTBa IO/A3aTBOP-
HBIX JIUAJIEKTPUKOB TOJIIMHON MeHee 75 HM. MeTto-
JIbl TIPOCBEUUBAIOIIEH ANEKTPOHHOM MHUKPOCKOTIUH,
aHaM3a KPHUBBIX AU(PPAKIMOHHOTO OTPAKEHHUS W
aeKTpoHHOW (’Ke-CIEeKTPOCKONUH 10 CHX II0p
HE TO3BOJIMJIA TIOJNYYHUTH JIOCTOBEPHYIO WH(pOpMa-
LA O COCTOSIHUM KPHUCTAJUIMYECKOH pelETKU
B ITIOBEPXHOCTHOM ciioe kpemHust MeHee 30 um [3].

[lpu »o1OM, ecam Momenb KUIKOGhazHOU
peKpHCTAIUIM3AIMKA XOPOIO omnucaHa B [6], TO o

Mofeny TBepAo(da3HoOl pekpucTaum3anud u e
AHAJIMTUYECKOM ONHCAHWH JaHHBIE B JIHTEparype
MpaKkTUYeCKu OTCYTCTBYIOT. [lockonbky mporecc
TBepaodazHoit peKpHUCTaITH3AITIT Oomee
MPEINOYTHTENICH ISl CEpUHHOTO TPOM3BOICTBA
M3-32 MPOCTOTHI HCIIOJIB3YEMOIr0 O00OpYIOBaHHSA U
€ro TPOM3BOTUTEIHLHOCTH, TO OIMCAaHUE MOIEIH
€ro TPOTEeKaHWs, 00eCleunBaroNieii BO3MOXHOCTh
yOopaBJICHUA 3THUM HNPOLECCOM, SABIACTCA aKTyallb-
HO¥ 3a7aueii B 001aCTH MUKPODJICKTPOHHUKH.

MeToauka IKCIIepUMeHTa

B kauectBe 00pa3moB IS HMCCIICAOBAHMSA
HCHOJB30BAINCH IUIACTUHBI KPEMHUS JIETMpPOBaH-
wple Oopom (KIAB 10) opuenramum <l111>
nuamerpoMm 100 MM moOCiiE XMMHKO-MEXaHHUUYECKOU
NOJAUPOBKH. YacTh IUIACTHH MPOXOAMIA OBICTPYIO
tepmooOpadorky  (BTO) B ecTecTBEHHBIX
aTMOC(EpHBIX YCIOBHAX MyTEM OOJIydeHHs C Iula-
HapHOI  CTOPOHBI  IJIACTUHBI  HEKOTE€PEHTHBIM
ONTUYECKUM HW3ITyueHHeM B TeueHue 7 c¢, obec-
MeYuBasl HarpeB MmacTul a0 temneparypst 1100 °C.

st monmyyeHus: KapTHHBI AU(pakuuu o0paTHO
OTPaXEHHBIX  DJIEKTPOHOB  OT  TOBEPXHOCTHU
ucxonHoro kpemuus u nocine bTO ucnonab3zoBaics
pacTpoBBIi  3IEKTPOHHBIM MHKpockon Versa 3D
(¢. FEI, Humepnaunpl) co BCTPOCHHOW CHCTEMOM
sHeprogucnepcuonHoro  anamm3a (EDX) wm
Judpakueld oOpaTHO OTPaXEHHBIX AIIEKTPOHOB
(¢. EDAX, Hunepnanasr). s momydeHus aHaIu3a
9JIEMEHTHOI'O COCTaBa 3arpsi3HEHUs] MOBEPXHOCTH
ucxoaHoro kpemHuss u mnocie bTO mnpumensuics
BTOPUYHO-HOHHBINA Macc-criekTpomeTp TOF.SIMS 5
(¢. IONTOF, I'epmannus).

Jns  onucanus nOpeanojiara€éMond  MOJAEINIH
PEKpHUCTAIUIN3AMN  MEXaHWYEeCKH HapyIIEHHOTO
C0s Ha IUIAHApHOW MOBEPXHOCTH KPEMHHEBBIX
mwractun  nytéM  eé bBTO ¢ npumeHenuem
MMITYJIECHBIX (DOTOHHBIX TIOTOKOB JIJTUTEIHHOCTHIO
~7c, obecneynBamOLIel HarpeB IJIACTUHBI [0
1100 °C, wucnonb30BalMCh AKCIEPUMEHTAIbHbBIE
pe3yIbTaThl, M3J0KEHHBIE B padoTax [8, 9].

Pe3yabTaThl M MX 00Cy:KIeHUE

DNEeKTPOHHO-MUKPOCKOTIMUECKHE — HCCIIEeI0BA-
HUSl JUTsE TIONMYYCHHsI KapTUHBI audpakuuu odpat-
HO OTpaXEHHBIX DJJIEKTPOHOB OT IOBEPXHOCTH
HCXOJHBIX KPEMHMEBBIX IUIacTUH J10 U nocie BTO
nokaszanu, 4to mnocie mnpoedeHuss bTO wumeror
MECTO 3HA4YWTEIbHbIE HW3MEHEHUsS B CTPYKType
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[IOBEPXHOCTHOTO CJIOS Ha IUIAHAPHOW CTOPOHE
mwiactuHbl. Tak, Ha mwiactuHax 10 bTO, nmeronumx
Ha IUJIAHAPHOW MOBEPXHOCTU TOHKUU MOBEPXHOCT-
HBII CJIOH C MUKPOMCKaXKEHHOU KPUCTANINYECKON
PELIETKON U HAJIMYMEM OCTATOYHBIX MEXaHMUECKHX
HanpspkeHU KUKydH-THHUM HMEIOT Pa3sMBITHIA

a

Bun (pucynok la). Ilocme mpoemenus BTO
HCXOIHBIX KPEMHMEBBIX IUIaCTUH Kukyuu-muHuu
crann Oosee YETKO BBIPAXKEHHBIMU (PUCYHOK 1b).
OTo cBHIETENBCTBYET O (opMupoBaHnu Ooee
COBEPILEHHON KPUCTANIMYECKON PEIIETKH MOBEPX-
HOCTHOTO €JI0s TOJMIIHHON MeHee 30 HM.

b

Pucynok 1 — Kaprussl audpakiuun o0paTHO OTPaKEHHBIX 3JIEKTPOHOB OT MOBEPXHOCTHU: ¢ — UCXOJHBIX KPEMHHEBBIX

IUIACTHH; b — mocie ObICTPON TepMOOOPaOOTKH

Figure 1 — Diffraction of back reflected electrons from the surface of: a — starting silicon wafers; b — after rapid thermal

treatment

Ilocme mpoBeneHHUsT AIEKTPOHHO-MHUKPOCKO-
MUYECKUX  HMCCICAOBAaHUNA  KApTHH JUPPaKIUU
00paTHO OTPaKEHHBIX AIEKTPOHOB OT TIOBEPXHOCTH
HCXOJIHBIX KPEMHHEBBIX INIACTHH 10 U mocie bTO
METOJIOM BTOPHUYHO-WOHHON MAacC-CIIEKTPOMETPHH
ObIT clmemaH aHaIW3  dJIEMEHTHOTO  COCTaBa
3arpsS3HeHUS TMOBEPXHOCTH JAaHHBIX  00pasIoB
(pucyHOK 2). AHanm3 pacrpeneieHnus dIeMEHTHOTO
cocTaBa 3arpsi3HEHHs] TIOBEPXHOCTH ITOKA3bIBAeT,

1000000

9TO  aOCOJIIOTHBIC  3HAYEHHUS  KOHICHTpAI[Mid
noJioxkutensHbix noHoB C, Fe, B, Na, Ca, Li nocie
nposeneHust bTO 3raunTensHo ymMeHbIMCH. Taxk,
a0CONIFOTHOE 3HAYCHHUE ITOJIOKHUTEIIBHBIX HMOHOB Fe
Ha MTOBEPXHOCTH KPEMHHST YMEHBIIIIOCH IPUMEPHO
B 2 paza, Na — B 2,5 pa3a, B — B 3,77 pa3, C —
B 4,67 pa3, Ca — B 1,36 pa3, Li — B 5 pa3. IIpu atom
a0COJIFOTHOE 3HAYCHHE ITOJOKHTEIBHBIX HOHOB Cu
OCTaJIOCh IPAKTHIECCKH HEM3MCHHBIM.

210182
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10000
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c+
PucyHok 2 — PacnipesiesieHHe 9JISMEHTHOTO COCTaBa 3arpsi3HCHUSI ITOBEPXHOCTH HCXOHOTO
OBICTPOIT TepMOOOPAOOTKH

O+ Fe+ B+

Na+t+ Cat Cu+ Lit+

KpEMHHA HW TI0CJIC

Figure 2 — Distribution of contamination element composition on the surface of starting silicon and after rapid thermal

treatment (RTT)
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PesynbpTaTel aHamm3a 3IEMEHTHOIO COCTaBa
3arpsi3HEHMS] TOBEPXHOCTH MCXOIHBIX KPEMHHEBBIX
miatuH A0 u nocie BTO mokaspiBaioT, 4To NpHU
TBepA0(ha3HONH PEKPUCTAIIU3ALIMN TOHKOTO IIO-
BEPXHOCTHOTO ci10si MeHee 30 HM IPOUCXOAUT TakK-
e ero O4YHMCTKa OT MOHOB METAJIOB M YIJepona
3a cu€T ux audQy3un K MOBEPXHOCTH U MOCIEIYIO-
meld gecopOumu. OTO NPUBOAMT K YMEHBIICHHIO
WX KOHLEHTpallMd Ha MOBEPXHOCTH IUIACTHHBI.
[Tonmy4eHHble pe3yabTaThl CBUAETEIBCTBYIOT O TOM,
yto BTO nNOBEpPXHOCTH HMCXONHBIX KPEMHHEBBIX
macTuH o0ecrneunBaeT Kak (popmupoBaHue Oosee
COBEPILUCHHOW  KPUCTAIMYECKOH  CTPYKTYPHI
MIOBEPXHOCTHOTO CJIOSl, TaK M OYUCTKY €ro OT
3arps3HAIOIINX IPUMECEH.

Ha ocHOBaHMHM TONyY€HHBIX 3KCIIEPHMEH-
TJIBHBIX  PE3YJbTATOB MW  JKCIEPUMEHTAIBHBIX
pe3yNbTaTOB, W3JIOXKEHHBIX B padorax [4, 5],
MOKHO  TNPEUIOKUTh  CIEAYIOIYI0  MOZETb
PEKPUCTAJUIM3AMHA  MEXaHHYECKH HapyLIEHHOTO
cnogs npu BTO. TlockonbKy  HapylIEHHBII
cII0M npeacraBuieT  coOoi MEXaHUYECKH
ne(GOpPMUPOBAHHYIO KPHCTAUIMYECKYIO PELIETKY
Ha TIOBEPXHOCTH KPEMHHUS C  HU3MEHEHHBIM
NEKTPUYECKUM TIOJIeM, TO €& TOBEPXHOCTHAas
sHeprusi OyJeT 3HAYMTEIbHO BBINIE, YeM CBOOOI-

Hasi OSHeprus HeaeOPMUPOBAHHOM  KpHCTall-
muueckod  pemétku.  OOpasoBaHME — TaKoro
JNIEKTPUYECKOTO  MOJsl, Has3biBaeMoro aedop-

MAalMOHHbIM TOTCHLHUAIOM, MPUBOIUT K BO3HUK-
HOBEHHUIO 3JIEKTPOH-()OHOHHOTO B3aMMOJEHCTBUS,
KOTOpOE€  TOBBIIIAET  CBOOOAHYIO  3HEPTHIO
MOBEPXHOCTHOTO  cios.  Jlrobas  Tepmuueckas
00paboTKa MPUBOIUT K YMEHBIICHUIO CBOOOHON
SHEPTUH B TOBEPXHOCTHOM CJIO€ KPEMHHUEBOM
mnacTuHsl [1]. ITockonbKy OHA BO MHOT'OM CBsI3aHa
¢ nedopmanuell KpUCTAUIMUECKONW PEIETKH, TO
TepMHuYecKas 00paboTka OyIaeT NpPUBOIUTH K €€
YMEHBIICHHIO 3a CYET CHIKECHHUS MEXaHMYECKHX
HamnpsDKEHUH 107 BO3ACHCTBHEM TEMIIEPATypHI.
[Ipu sroM, uyem BblmIEe Temmeparypa oOpadOTKH,
TeM ObicTpee W B OOJIbIICH CTENEHH MPOUCXOAUT
YMEHBIICHHE JaHHOW SHEpPruu, a, CleJoBaTeNbHO,
u nedopMalui MOBEPXHOCTHOTO CJIOSl. ITO B CBOIO
oyepenb MNPUBOIUT K YMEHBLICHHIO HCKaKEHHS
KPUCTAJUIMYECKON PEIIETKU 3a CUET YMEHbILICHUS €€
nedopManyy B HAPYLIEHHOM CJIOE.

[Ipy wucnonb30BaHMM TPAAULUOHHOW  IJH-
TENBHOH TEepMHUYECKOH 00paboTkm  HamboJjee
MOJIHO JAaHHBIM IpolLecc MPOTeKaeT IpH TeM-
neparype, omuskout x 2/37, (7T, — Temmeparypa

roiaBneHus) [1]. B manHo# paboTe ObLIO MOKa3aHO,
4YTO M3MEHEHHE BpeMeHH OoOpadOTKM B Auamna3oHe
oT 7 10 60 MUH He BJIMSET HA HNPOLECC PENaKCAUU
MEXaHMUYECKHX HAaNpsDKeHUH, a, CIeJOBaTeNbHO, H
Ha YyMEHbIIEHHE JeQOopMaluyu KpPHUCTAUIMIECKOM
PELETKY TOBEPXHOCTHOrO clios KpeMHus. OueHka
SHEPIrUM aKTHBALMK CKOPOCTH TAaKOro mpolecca
npd  JJUTEIbHOM — TepMuueckoil  oOpabotke,
npoBef€HHas B pabote [7], TOKa3ama, 4TO OHA
coctaBisieT 2,7-3,0 3B. B Hamem ciayuyae mpouecc
PEKPUCTAIUIM3AIMHA  MEXaHHUYECKH HapyIIEHHOTO
cinosi (ymeHblleHHe JedopMalu) NPOTEKaeT B
60 pa3z opicTpee. [Ipu aTOM TEeMIIEpaTypa mpoBeIeHUs
JAHHOTO IMpollecca COOTBETCTBYET TeMIeparype
JUTHTEIBHON TepM00oOpaboTKH, a umMeHHo ~1100 °C,
KOTOpasi COOTBETCTBYET MAaKCHMAJIbHOH CKOPOCTH
ero MpoTEKaHUs. YBeIUUeHHE CKOPOCTH Hpolecca
PEKPUCTAIUIM3AMKA  MEXaHHUYECKH HapyIIEHHOTO
cios npu BTO cBs3aHo, MO-BUAUMOMY, C
YMCHBIICHHEM €€ HHEPruM aKTUBALlUH, OLICHKA
KOTOpOHM mpoBeAEHHAass Ha OCHOBAHWU YPaBHEHUS
Appenuyca, naérsennuuny 2,1 3B,urona0,6-0,9 3B
MEHbIIE, YeM MpU UIMTENBHOH TepMooOpaboT-
ke [8]. Ctonb HuU3Kas BEJIMYMHA DHEPTrUU AKTUBA-
muu npu bTO o0ycioBneHa TeM, YTO B JIaHHOM
Cllydyae  paccMaTpuBajcs  HapyLIEHHBIH  CIIOM
¢ OONBIINM KOJMYECTBOM Pa3OpBAaHHBIX CBsA3eH Si-
Si, a He chopmupoBaHHBIH 3a CUET X AeopMann
noJ  JeHCTBUEM  MEXaHHMYECKHX  HaNpsDKeHMH,
BO3HMKAIOLIMX B MPOLIECCe MOJIMPOBKU IIAHAPHOM
MOBEPXHOCTH KPEMHHUEBBIX TUIACTHH.

[lockonmbky  mpomecc — peKpUCTAIUIM3ALMH
HapyLIEHHOro CcJod HMIAET OT CJOEB KPEeMHHS C
HEUCKAKEHHON KPUCTAJUIMYECKOW PELETKOM, TO
CKOPOCTb €ro MpOTEKaHUs OyHZeT ONpenessiThCs
BEJIMYMHOW BHEIIHEH »HEPruu MOABOAMMOU K
TaKkOH CTPYKType, a Takxe sHeprueil cmssu Si-Si.
[Ipn nuTensHOH TepMOOOPAaOOTKE HAa CHHKEHHUE
neopMaMOHHOTO MOTeHLHAJIA JNEeUCTBYIOT
nBa mpouecca. lIlepBelii  mpomecc cBs3aH  C
BO3HMKHOBEHHEM TEIUIOBBIX KOJIEOaHUH PpEIETKH
Ipyd  Harpese, BbI3BIBAIOIINX  (HOHOH-(HOHOHHOE
B3aMMOZACHCTBHE, BTOPOW Imporecc 00yCIOBICH
(DOHOH-PNIEKTPOHHBIM  B3auMmozelcTBueM.  [lo
Mepe pocTa TeMIeparypbl HMPOMCXOAWT YCUJICHHUE
JEHCTBUSL  3THX  HIPOLECCOB, B  pe3yjbTare
yero OHHeprust cBsA3u  Si-Si yMeHbLIaeTcs, |
o0ecrieunBaeTcs POCT CKOPOCTH PEKPUCTAILIN3A-
UM MEXaHWYECKH HapyLICHHOTO CIIOS.

B cmysae BTO komumvectBo  (hakTopos,
JNEHCTBYIOIIMX Ha CKOPOCTb PEKPUCTAIIU3ALMNY,
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YBEIMUMUBACTCS O YETBHIPEX. DTO CBSI3aHO C TEM,
YTO B JJAHHOM CJIy4ac HarpeB MPOUCXOAMUT 3a CUET
MOTIIONIEHUST  (POTOHHOTO TIMOTOKa Tpu  (HOTOH-
3JIEKTPOHHOM B3aUMOJECUCTBUHU, KOTOPBIM NYTEM
MOCJIEI0BATEILHOTO AIEKTPOH-3JIEKTPOHHOIO, JICK-
pOH-GDOHOHHOTO ¥ (POHOH-(DOHOHHOTO B3aMMO-
JIEUCTBUI NEPENAET IHEPIUIO PELIETKE, TEM CaMbIM
MoBbIIast €€ TeMmmeparypy W MPUBOAS K Oosee
OBICTPOMY TOJIBOJY SHEPTHH K HAPYIIICHHOMY CIIOFO
[0 CPaBHEHUIO C JUTUTEIBHOW TEepMOOOPabOTKOA.
JlaHHble MEXaHW3MBbI  BBI3BIBAIOT  YMECHBILICHUE
SHEpruu cBs3u Si-Si B OOJbILEH CTENEHH, YeM MpH
JUTUTEIBHON TepMOOOpabOTKe, TEM CaMbIM HMEET
MecTo 0oJiee 3HAYMTEIBHOE YMEHBIICHUE DHEPIUU
AKTUBALIMK CKOPOCTU PEKPUCTAITU3ALIUH.

IlpennonaraeMplii MEXaHU3M pPEKpPUCTAIIU3A-
MM MEXaHWYECKH HAPYIICHHOTO CJIOS  TIOJ-
TBEPKIACTCSI  DKCHEPUMEHTAIBHBIMU  PE3YJIb-
TaTaMH, TIOJTy4eHHbIe B paboTe [9], KoTopble mokasa-
JY, 4YTO JJii BOCCTAHOBJICHUS KPUCTAJUIMYECKOU
PEMIETKY TIOCJI€ MOHHOTO JISTUPOBAaHUSL OOJIBITUMHU
JI03aMH TPEOYIOTCS TEMIIEPaTyphbl HUXKE, YeM IPH
JIETUPOBAHUN MAJIBIMH J103aMH. DTO TOBOPUT O TOM,
9TO TIpU OONBIIOM JehOPMAMOHHOM TTOTCHIIHAJIE,
Korma OMMKHHH TOPSAIOK B KPUCTAUTHIECKOMN
peméTke OTCYTCTBYET, T.e€. cBsi3u Si-Si nmbo
pa3opBaHbl, JIMOO OYCHb CIIA0BI, J1ake MPH CTOJNb
HuU3KUX  Temmeparypax <600 °C  mocrturaercs
HEoO0XOMMas CKOPOCTh PEKPHUCTATU3ALUU i e
BOCCTAaHOBJIEHHUS. B TO e Bpems mpu HEOONbIITNX
HapyLIEHUsX KPUCTANINYECKOH pEIIETKH, T. €.
MaiioM  JeOpMAIlMOHHOM  TIOTEHIMane,  JUis
JOCTIDKEHHS JaHHOW CKOPOCTH TpeOyroTcs Oonee
BBICOKHE TeMmepatypsl >900 °C.

Buano, 4TO B TaHHOM CITydae YHEPTHUsl aKTUBA-
LUMA CKOPOCTU PEKPUCTAILIM3ALNUNA HAPYLIEHHOTO
CJIOSl 3HAUUTEIBHO BBINIE, YeM [UIsl CHJIBHO
HapyLIEHHBIX cJoeB. JlaHHbIE 3aKOHOMEPHOCTH
KacaroTcsi kKak anurtenbHoi, Tak u BTO. Caenyer
OTMETHUTh, YTO JUIS YCTPaHEHUS MEXaHUYECKU
HapyImIEeHHOTO  CJIOSi  OOJydYeHHWe  HMCXOIHBIX
KPEMHHEBBIX TUIACTHH HEOOXOIUMO IPOBOAWTH
C TUTAaHAPHOW CTOPOHBL. DTO OOYCJIOBIEHO TEM,
9TO TOJBKO B 3TOM cliydyae OyayT IeHCTBOBaTh

BCE MEXaHU3MBlI, YCKOPSIIOIIHE porecc
PEKPUCTAIITN3ALIH.

Onaum u3 OCHOBHBIX apaMeTpoB,
OTIMCHIBAIOIINX IporIecc PEKpHCTATH3AINT

HapyImEHHOI'0 IMOBEPXHOCTHOI'O CJIOA KPEMHUSA
IOoCJIC (I)I/IHI/IHIHOﬁ IMOJIMPOBKHU, SABJIACTCA CKOPOCTH
Cro IMmpoOTCKaHUs. 3HaHue JaHHOI'0 IapaMeTpa
MO3BOJISICT ONPEACINUTL MIUTCIbHOCTL HMITYJIbCa

U IUIOTHOCTh MOILIHOCTH CBETOBOTO MOTOKA MPHU
BTO, obecneunBaroiue mnpoTekaHue TBepaodas-
HOM peKpUCTa/NIM3alMy HAPYIICHHOTO CJIOS Ha
MOBEPXHOCTH KPEMHHUEBOM IJIACTUHBI.

st onipeenieHus CKOPOCTH PEKPUCTATIIU3AIITI
U YCTaHOBJECHHUS €€ 3aBUCUMOCTH OT MapaMeTpoB
BTO Bocmonb3yemMcsi U3BECTHBIM BBIPAKEHUEM,

OMUCHIBAIOIINM JTaHHYIO 3aKOHOMEPHOCTH [9]:
V,= Vo exp(-E,/KT), (1)

e V,= 1,55'106 CM/C — MPEIIKCIOHCHIUAIbHBIH

MHOXHTEIb; V), — CKOPOCTb  PEKPUCTAILIM3ALINH;
E,—»Heprus  axkTUBallUM  IIpollecca  PeKpHC-
TaM3anud (11 MOHOKPHCTAJUTMYECKOTo  Si

E,=275B, nna amoppuoro Si E,=2353B);

k —nocrosunass  BombiMana; 7 — Temmeparypa
oOpa3ia.
yLII/ITI)IBaSI, qTo TOJIINHA HapyumeHHOTI 0O

MOBEPXHOCTHOTO cios coctaBimsger 0,1 mxMm [10],
ONpeAeTuM HIKHHUH Ipees TeMIepaTyphbl HarpeBa
TUTACTUHBI, KOTOPBIK oOecredrnBaeT HEOOXOAMMYIO
CKOPOCTh €ro TBepA0(a3HON PEeKPUCTAIITH3AIIH.
JanHoe TpeOGoBaHHE OOYCIOBICHO TEM, YTO OJHO
U3 OCHOBHBIX YCJIOBUHM IIPU CO3/IaHUU COBPEMEHHBIX
MHUKPO3JIEKTPOHHBIX H3J€IMA 3TO MHMHHUMHU3ALUA
BBICOKOTEMIIEPATYPHBIX HAIPY30K, OKa3bIBAEMbIX Ha
MOJTYTIPOBOJAHUKOBYIO IJIACTUHY B TEXHOJIOTHYEC-
KOM IIMKJI€ WX Wu3rotoBineHus. Jlnsg pemenuns
JTAHHOHW 3aJ]aui Ha OCHOBAaHWMHU BbIpaxkeHHs (1) ObLI
MPOBEJEH pPAcUET CKOPOCTEH PEKPUCTATUIM3ALNU
JUISL pa3JIMYHBIX TEMIIEpaTyp HarpeBa KpEeMHUEBOU
IJIACTHHBI IPY SHEPTUH aKTUBAILMK TTpoLiecca 2,6 5B
(pucynok 3). Vcmonb3oBaHWEe NaHHOW BEIMYUHBI
00yCIIOBJIEHO TE€M, YTO MEXaHHUYECKH HapyIICHHBINA
CJION TpeacTaBisAeT co00M MOHOKPHUCTAIIIMYECKUN
KpeMHHI ¢ 1ehOpMUPOBAHHOW KPHUCTAJUINIECKON
PeIETKOM, a He KpEeMHU, HaX O ASLIHICS B aMOphHOM
COCTOSIHUM. B CBA3M € HTUM HCIOIb30BaIACh
BEJIMYMHA OHHEPrMHM AaKTHBALlUM TIpoLecca pe-
kpuctaummsanun Ha 0,1 5B mensie, uem s
MOHOKPHUCTAJUIMYECKOIO KPEMHHUs, HE HMMEIOLIEro
HapylIeHUN KPUCTAININYECKON PEIIETKHU.

[nst  HaxoXIEHHs  TOJIIMHBI  PEKpUCTAJI-
JIM30BAaHHOTO CJIOS KPEeMHHUS HEOOXOAMMO 3HAaHUE
BPEMEHH €ro TepMOOOpabOTKH, a IOCKOIBKY
npu bTO  mHarpeB  KpeMHHEBOH  IUTACTHUHBI
OCYIIECTBIISIETCS CEKYHIHBIMH JUTUTEILHOCTIMU
CBETOBOIO TOTOKA C TMOCHeAyroueld craaueit
OCTBIBaHMS, TO JJISI XapaKTePUCTUKN JITUTEITHHOCTH
JMAHHOTO TIpoliecca BBEAEM MOHATHE 3(PGHEKTHBHO-
ro BpeMeHM Harpesa (T,;,). Yu4HThIBas, 4TO
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TeMmeparypa Ha 0OIy4aeMoil IMOBEPXHOCTH H
[0 TONIIMHE IUJIACTHUHBI SBJsIeTCS  (QyHKIMEH
IJIOTHOCTH MOIIHOCTH Y JJUTEIBLHOCTH UMITYJIbCa,
To BhIpaxkeHue (1) cinenyer 3amucarb B BUe:

Vp = VO exp[fEa/kT(EMm t)], (2)

e 1(E,,, {) — petienue ypaBHenus (3):

M0>

pchdTldt=(1-R)E, ,—2e.,o(T"—T,"), 3)

T'=T,npu ¢t = 0 — HauaNbHOE yCJIOBUE,

4 0
SCAHAG(T“x=h - TO ) - 0:
g, 0(T"._, —T,H—(1-R)E,,=0—rpaHUUHbIE yCIOBYS,
re p — IUIOTHOCTh KPEMHUS; ¢ — TEIJIOEMKOCTb
KPEeMHHUS; /i — TONIIMHA KPEMHHEBOW IJIACTUHBI;
E,, — IUIOTHOCTb MOIIHOCTU CBETOBOTO IOTOKA,
MaJaroLero Ha IUIacTuHy; I, — TeMIeparypa oKpy-

JKaroIIe cpelbl; R — oTpakaTelibHasi CIIOCOOHOCTH
KPEMHHUS,; [ — BpeMsI Harpena.

Vp.pum
18
16

14

12
10

950 1000 1050 1100 1150 1100 T.°C

Pucynok 3 — 3aBICHMOCTH CKOPOCTH PEKPUCTAILTH3AIIH
MEXaHUYECKH  HAPYLIICHHOTO  CJIOS  KPeMHHS  OT
TeMIIepaTyphl OBICTPOH TepMOOOPAOOTKH

Figure 3 — Dependence of recrystallization rate of physi-
cally disturbed silicon layer upon temperature at rapid
thermal treatment

Torma mnox Tygy OymeM TIOHMMAaTh BpeMs, B
TEYEeHHE KOTOPOTO CKOPOCTh PEKPUCTAIUIM3AIINY TIa-
JIaeT B e pa3 Mo OTHOUICHHWIO K €€ MaKCHMaIbHOMY
3HaueHHI0. [1oCKONbKyY, Kak moka3aHo B padote [6],
mpu 00paboTKe UMITYJIbCAMH CEKYHIHOM ITUTEIhb-
HOCTBIO OCHOBHOW BKIAJ B T,, BHOCHT BpeMs
Harpesa IJIACTUHBL, TO B pacy€éTax HE YUHUTHIBAJIOCH
BIIMSIHAC HA T, AMHAMUKA OCTHIBAHMS IJIACTHHBL.
Jst HaXOKICHUS T, W3 BBIpaXeHWs (2) ompene-
JSIOCh  TaKOe CHIDKEHHWE TeMIepaTypel OT e€

MaKCHMaJbHOTO 3HAa4eHUs,, KOTOpOE IPHUBOAUT K
YMEHBUICHUIO CKOPOCTH PEKPUCTAITU3AINY B € Pas.
Jlanee Ha ocHOBaHMM pacuéra JWHAMHKH Harpe-
Ba miacTuHbl B mpouecce bTO (pucynok 4) ompe-
ACTSUINCH T,y W YCTAaHABIMBAJACH 3aBUCHMOCTbH
TOJIIMWHBI PEKPUCTAITU30BAHHOTO MEXaHMUECKH Ha-
pyueHHoro cios ot temnepatypsl bTO nns pas-
JUYHBIX [UIOTHOCTEH MOIIHOCTH CBETOBOTO ITOTOKA
MIPU ATUTENBHOCTH UMITYJIbca 8 ¢ (PUCYHOK 5).

T, °C

1200 L 4
3
2
_____________________ ' 1
800 | i
400 | i
1 il 1 1 1
2 4 6 8 10 ¢, ¢

Pucynox 4 — 3aBucHMOCTb TeMIIepaTypbl KPEMHUEBOU
IUTACTUHBI OT AJIUTEIBHOCTH CBETOBOIO HMIIYJIBCA IPH
Pa3NMYHBIX IUIOTHOCTSAX ero MomHoctu: 1 — 20 Br/ewm?;
230 Br/em’; 3 — 40 Br/em?; 4 — 50 Br/ew”

Figure 4 — Dependence of the silicon wafer tempera-
ture on the heating time at various luminous flux power
densities: 1 — 20 W/cmz; 2 -30 W/cmz; 3-40 W/cmz;
450 W/em®

Ha ocHoBanum nanHoro pacuéra BHUAHO, YTO
MUHUMAIIbHAs TEMIIepaTypa, 00eCIIeYUBAIOIIast CKO-
poctu mporiecca, HEOOXOAWMBIE I PEKPHUCTA-
JIU3alMU HAPYIICHHOTO CJIOS KPEMHUSI TOJIIMHON
0,1 mxm, cocraBaster 950 °C  mpu  IJIOTHOCTH
MOIIHOCTU u3daydeHust 40 Br/cm? (pucyHoK 5).
[Ipu sToM ¢ yBenMYEHHEM IUIOTHOCTU MOIIHOCTH
m3nyyenuss o 50 Br/em?, uto COOTBETCTBYET
POCTYy CKOPOCTH HarpeBa IUIACTHHBI, HEOOXOauMast
TeMmreparypa A1 pPEKPUCTAUIM3alUU  CJOs
tommuaoi 0,1 mkm  Bospactaer g0 987 °C. Drto
00yCJIOBJICHO TEM, 4YTO 3a CYET pOCTa CKOPOCTH

Harpena BpeMs JOCTH>KEHUS MJIACTUHOU
temneparypsl 950 °C  yMmeHbIIaeTcs, BbI3bIBAs
TEM CaMbIM, CHIDKCHHE BCIHYHHBI T,,, 4,

CJIEIOBATENIHO, W TOJNIIMHBI PEKPUCTATIIN30BaH-
HOTO cJiof, T. €. OH cTaHOBHUTCA MeHblIe 0,1 MKM.
OTO O3HauaeT, 4yTo I MUHUMM3AIMH TeMIle-
parypHoOro Bo3xeicTBUs Npu BeIOOpEe pexxknma BTO
TpeOyeTcss y4YUTHIBATH HE TOJBKO TEMIeparypy
npoliecca, Ho U CKOpocTh e€¢ Habopa.
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Ny, um
4

950 1000 1050 1100 T,°C

Pucynoxk 5 — 3aBHCHMOCTH TONIIMHBI PEKPUCTAIIIA30-
BAaHHOTO HAPYIIEHHOTO CJIOS KPEMHHS OT TEMIIEpaTypbl
OBICTPOH TepMOOOPAOOTKU TSI PA3TUIHBIX IIOTHOCTEH
MOIIIHOCTH  CBETOBOTO TIOTOKA MPHU JUIMTEIBHOCTH

ummyisea 8 ¢: 1 —40 Br/em?; 2 — 50 Br/em®

Figure 5 — Dependence of the thickness of re-crysalliased
disturbed silicon layer upon the temperature of rapid ther-
mal treatment for various luminous flux power densities at
8 second pulse duration: 1 —40 W/ecm?; 2 — 50 W/cm?

Ha ocHOoBaHMM MaHHOTO pacyéra BUIHO, YTO
MUHUMaJIbHAs  TeMIIepaTtypa, o0ecreYrBaroIas
CKOPOCTH TIpoIiecca, HEOOXOAMMBIC JJIsi PEKPUCTAI-
JIM3AIUU HAPYIICHHOTO CJIOS KPEMHHMS TOJIIIMHOM
0,1 mxm, cocraBuser 950 °C  npu  IUIOTHOCTH
MomHOoCTH m3nyderns 40 Br/cm®  (pucyHOK 5).
[Ipu 3TOM ¢ yBETUYEHHEM IIOTHOCTH MOIIHOCTH
mnyaenust 1o S0 BT/CMZ, YTO COOTBETCTBYET
POCTY CKOPOCTH HarpeBa IUIACTHHBI, HEOOXOUMast
TeMmreparypa Uil  PEKPUCTaJUIM3AIlUU  CJIOS
tomuunoi 0,1 Mkm Bospactaer no 987 °C. Dro
00yCJIOBIEHO TeM, 4TO 3a CYET pocTa CKOPOCTH
HarpeBa BpeMs JOCTHIKCHUS IUTACTUHOW TeMIIe-
patypsl 950 °C yMeHbIIAETCS, BBI3BIBAs TEM CaMbIM,
CHIDKCHHME BEMYMHBI T,y, @, CIIENOBATENBHO, U TOJI-
IIMHBI PEKPUCTAJUTM30BAHHOTO CJIOSI, T. €. OH CTaHO-
BuTcsd MeHbire 0,1 MKM. DTO O3HA4yaer, 4To It
MUHUMH3AIMH TEMIIEPATYPHOTO BO3ICHCTBUS TpPU
BeIOOpe pexxrma bTO Tpebyercst yauThIBaTh HE TOJIb-
KO TeMIIepaTypy MpoIiiecca, HO ¥ CKOPOCTh €€ Habopa.

Ha ocHoBanum mnpoBeAEHHBIX pPacy€ToB (pH-
CyHKH 4,5) BUIHO, 4TO HauboJiee MPUEMIIEMBIM
pexxumom BTO, obecrieynBaroiMM MHUHHUMAJIbHOE
BpeMs BO3ICHUCTBUS TEMIIEpATyphbl HA KPEMHHEBYIO
IUIACTUHY IS TpOBeleHusi TBepaodasHoil pe-
KPUCTAJUTM3AIMA HAPYIICHHOTO CJIOS TOJIIUHON

0,1 mcm  mpu  Temmeparype 950 °C,  sBisieTcs
IUIOTHOCTh MOIIHOCTH CBETOBOIO Iortoka 40 Br/em®
npu t=3,7c. Takoii pexum BTO oOecreunBaer
TOJIIUHY peKpUCTaIn30BaHHOTO cost 0,11 MKM.

3akiiloueHue
[IpuBenensr kapTUHBI audpakmue 0OpaTHO
OTPXEHHBIX  JJNIEKTPOHOB ~ OT  MOBEPXHOCTH

WCXOJHBIX KPEMHHEBBIX IUIACTHH JO0 W TIOCIe
OBICTPOIl TEepMOOOPAOOTKH, BHI KOTOPBIX TIOMI-
TBepXkaaeT (GopMHUpOBaHHE OOJee COBEPIICHHON
KPUCTAJUTMYECKONW PEIIETKN MOBEPXHOCTHOTO CJOS
tommuHON Menee 30 HM B pe3ynbrare OBICTPOM
TepMooOpadoTKu. [Ipu 3TOM WMeEeT MeCcTO OYHCTKA
TUTAHAPHON TIOBEPXHOCTH HMCXOJHBIX KPEMHHEBBIX
miactul ot C, Fe, B, Na, Ca, Li, uro obecrieunBaet
(hopmupoBanue Ooiee COBEPUICHHOH CTPYKTYPHI
TUTAHAPHON TIOBEPXHOCTH HMCXOJHBIX KPEMHHEBBIX
ractuH.  [IpemoxkeHpl  Mpolecchl, yMEHBIIa0-
e DJHEPIui0 aKTUBAlMM TIpollecca PeKpH-
CTAIUTH3AIMA MEXaHWYEeCKH HapyIIeHHOTO TOBEpX-
HOCTHOTO CJIOSl KPEMHHS U JIaHO €r0 MaTeMaThdec-
koe omucanue. OmpeneneHsl mapaMeTpsl OBICTPO
TepMOOOPaOOTKH, 00CCTICUNBAIOIIIE MUHUMH3AITHIO
BO3JICMCTBAA  TeMmIlepaTypbl Ha  KPEMHHEBYIO
TUTACTUHY IS PEKPUCTAIUIN3ANNN MEXaHHUYECKH
HaApYIIEHHOTO CJI0S Ha €€ TUTaHAPHOI MTOBEPXHOCTH.
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MMPABUJIA O®OPMJIEHUS CTATEH

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.
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