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ANEW METHOD FOR MONITORING THE PRODUCT SURFACE TEMPERATURE
AND ITS APPLICATION IN THE DEPOSITION OF VACUUM-ARC COATINGS

The subject matter of this study is the process of measuring the product surface temperature using a pyromet-
ric method during the deposition of vacuum-arc coatings, as well as the application of the obtained results to
control the coating deposition process. The aim of this work is to improve the stability, accuracy, and repro-
ducibility of product surface temperature measurements for effective control of the coating deposition process.
The objectives of the study are to develop an algorithm for monitoring the product surface temperature during
coating deposition and to determine the design conditions for planetary gear trains that ensure the product po-
sitioning exactly at the temperature measurement point after each full revolution. The methods used in this re-
search include analytical approaches and design methods for planetary gear trains that satisfy the specified
requirements. The following results were obtained. Based on an analysis of existing methods for measuring the
product surface temperature during coating deposition, the main disadvantages of each method were identi-
fied. The pyrometric method was determined to be the most suitable, as it allows accurate measurement of the
product surface temperature once the contamination of the pyrometer's input window is resolved. An opera-
tional algorithm for the proposed pyrometric temperature measurement system for monitoring the product sur-
face temperature was developed. The application of this algorithm during the deposition of vacuum-arc coat-
ings at various processing stages improves coating quality. When implemented, the algorithm ensures the sta-
bility, accuracy, and reproducibility of temperature measurement results by protecting the pyrometer optics
from condensation of cathode erosion products. This is achieved by switching off the plasma source, stopping
the rotation of the products in the vacuum chamber, and performing the temperature measurement after a de-
lay following the plasma source's shutdown. The temperature measurement process is carried out at each
stage of vacuum-arc coating deposition, including ion cleaning and coating deposition. Temperature monitor-
ing allows timely completion of the ion cleaning process without tempering the product material. During the
coating deposition stage, it enables maintaining the product temperature at a specified level by adjusting the
applied voltage. These measures help achieve high-quality coatings. Conditions were developed that make it
possible to obtain a simple planetary gear train (41-type) in which the planets perform an integer number of
revolutions per one revolution of the carrier. A sequence for the optimal kinematic and geometric synthesis of
such mechanisms was also developed for their subsequent application in technological processes of vacuum-
arc coating deposition. An example of the calculation of such a planetary gear train for the “Bulat-6" installa-
tion is presented. Conclusions. The scientific novelty of the results obtained is as follows: an algorithm for
monitoring the surface temperature of workpieces during coating deposition has been developed within the
proposed temperature measurement system, which incorporates a specially designed planetary gear train. This
ensures precise positioning of the workpiece at the temperature measurement point and enables control of the
vacuum-arc coating process based on temperature monitoring results, thereby contributing to the improvement
of the quality of the resulting coatings.

Keywords: vacuum-arc coatings; pyrometric method; temperature measurement system; temperature meas-
urement point; process control based on temperature monitoring results; planetary gear train.

1. Introduction terial from which a product is manufactured requires its
own permissible temperature range during processing.
1.1. Motivation For example, during the treatment of the products made

of R6M5 steel, the temperature should be maintained

Temperature monitoring and control of processed ~ Within the range of 480-550 °C [3]. At lower tempera-

products within the limits specified by the technological ~ tures, it is impossible to achieve high adhesion of the

process is a necessary requirement for obtaining high-  coating to the substrate material, whereas at higher tem-
quality vacuum-arc coatings [1, 2]. Moreover, each ma-  peratures tempering of the base material occurs.

Creative Commons Attribution
NonCommercial 4.0 International



https://creativecommons.org/licenses/by-nc/4.0/deed.uk
https://creativecommons.org/licenses/by-nc/4.0/deed.uk

Texnonozia eupodnuymea 1imaapHuUX anapamie

33

Thus, ensuring accurate temperature control con-
stitutes an important scientific, technical, and practical
task in the field of ion-plasma coating technologies.

1.2. State of the art

Among all known temperature measurement
methods [4-6], the main ones used in ion—plasma
coating deposition technologies are the thermoelectric
and pyrometric methods [1, 7]. The application of the
thermoelectric method is relatively simple when the
processed products remain stationary. However, when
the products are in motion — which is primarily required
to ensure the quality of processing — its use becomes
significantly more complicated. The mechanisms
developed in [7] for transmitting the electrical signal
from a thermocouple placed on a product located on the
planet gear of a planetary gear train and rotating both
around the planet axis and around the axis of the
planetary gear train itself are very complex. This
complexity has resulted in their very limited practical
use in industry.

A more promising method for application in
coating deposition technologies is the pyrometric
method of temperature measurement. This method
involves directing the infrared radiation emitted from
the surface of the pocessed products to the pyrometer
sensor in order to monitor their temperature [7]. The
simplicity of this method has ensured its widespread use
in industry. At most enterprises where coatings were
deposited on products, pyrometers of various
modifications of the “Smotrych” series, manufactured
by the Lviv plant “Termoprylad”, were used. The main
advantage of pyrometers is that they can be employed
for measuring the temperature of products that are
moving or located in hard-to-reach areas, which is
impossible when using thermocouples. In addition,
pyrometers respond quickly to rapid temperature
changes and do not distort the temperature field being
measured.

However, the use of the pyrometric method in ion—
plasma coating technologies (particularly in the
vacuum-arc method) is complicated by the fact that the
products of cathode erosion from the plasma source are
deposited on the window used for transmitting the
infrared radiation from the surface of the processed
products. This deposition reduces the transmission
capacity of the window and leads to significant errors in
the temperature measurement process.

Thus, despite the availability of effective tempera-
ture measurement methods, the problem of ensuring the
accuracy of pyrometric control under vacuum-arc pro-
cess conditions remains insufficiently resolved.

1.3. Objectives and tasks

Considering the above, the aim of the study is to
improve the pyrometric method for measuring the prod-
uct surface temperature during vacuum-arc coating dep-
osition processes.

The proposed approach is based on an operating
principle that prevents cathode erosion products from
reaching the window used to transmit infrared radiation
to the pyrometer sensor. The study also includes the
practical implementation of this method in the modern-
ized “Bulat-6” installation.

To achieve this aim, within the framework of this
study it is necessary to address the following tasks:

1. Analyze existing methods for measuring the
product surface temperature in coating processes and to
identify their main limitations in order to substantiate
the applicability of the pyrometric method.

2. Examine the problem of contamination of the
optical window in vacuum-arc technologies, particularly
under laser initiation of pulsed vacuum arcs, and to de-
termine possible solutions.

3. Develop an algorithm for a pyrometric tempera-
ture measurement system that ensures stability, accura-
cy, and reproducibility of results by protecting the opti-
cal window from cathode erosion products and perform-
ing measurements under stable conditions with precise
positioning of the component.

4. Develop synthesis conditions for a simple plane-
tary gear train that ensures an integer number of planet
revolutions relative to the carrier, and to define the se-
quence of its kinematic and geometric design for im-
plementation in the “Bulat-6 installation.

The article is structured as follows.

Section 2 describes the materials and research
methods employed.

Section 3 provides an analysis of the current state
of methods for protecting the infrared radiation output
window.

Section 4 presents the operating algorithm of the
temperature measurement system within the “Bulat-6”
installation.

Section 5 considers the design conditions of the
planetary gear train for the temperature measurement
system, including its application in vacuum-arc coating
technologies, the determination of conditions for ensur-
ing an integer number of planet revolutions, and con-
straints on their selection.

Section 6 presents the research results and their
discussion, including the analysis of existing tempera-
ture measurement methods and optical window protec-
tion approaches, the development of a pyrometric meas-
urement algorithm, and the substantiation of planetary
gear train parameters. The obtained results confirm the
effectiveness of the proposed approach in improving
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measurement accuracy and ensuring stable temperature
control, thereby enhancing the quality of vacuum-arc
coatings.

Section 7 concludes the article by summarizing the
main findings and outlining prospects for further studies
aimed at improving temperature control accuracy under
vacuum-arc conditions.

2. Materials and methods of research

The object of the study is the process of product
surface temperature control in vacuum-arc coating dep-
osition technologies.

The subject of the study is the pyrometric method
for measuring the product surface temperature, as well
as approaches for improving measurement accuracy
through protection of the pyrometer optical system from
contamination and the application of a planetary posi-
tioning gear train for products.

Experimental investigations were carried out using
a modernized “Bulat-6” vacuum-arc deposition installa-
tion. Temperature measurements were performed with
an OPTRIS CTlaser LT pyrometer, CF2 optics 75:1
series [8], which records infrared radiation emitted from
the surface of the processed products. The tested sam-
ples were manufactured from tool steel, which requires
strict adherence to specified temperature regimes during
processing.

To ensure stable measurement conditions, a spe-
cially designed planetary gear train was employed to
provide precise positioning of the product within the
measurement zone.

The research methods included:

— analysis of scientific and technical literature con-
cerning existing temperature measurement methods;

— development of an operating algorithm for the
pyrometric temperature control system;

— kinematic and geometric synthesis of the plane-
tary gear train;

— experimental validation of the proposed technical
solutions under vacuum-arc coating deposition condi-
tions.

The applied methods and the described experi-
mental installation ensure the reproducibility of the ob-
tained results.

3. Analysis of the current state
of the problem of protecting the infrared
radiation output window

A simple solution for protecting the optical win-
dow from contamination is based on the use of shutters
that are opened during observation of the coating depo-
sition process and closed at other times. Such a principle

has been implemented in installations of the ‘“Bulat”
series and in several other systems. To prevent contami-
nation of the pyrometer input window, a special insert
made of a NaCl single crystal was used in [9]. This in-
sert is placed at the end of the receiving nozzle of the
pyrometer and can be easily replaced or cleaned as it
becomes contaminated. However, the above-mentioned
simple solutions cannot be considered optimal, since
they involve manual labor for cleaning or replacing the
window through which the radiation passes.

The problem of protecting the radiation input win-
dow from contamination also arises in vacuum-arc
technologies when laser radiation is introduced into the
vacuum chamber to initiate a pulsed vacuum arc. In
modern plasma sources, this problem is mainly ad-
dressed by minimizing the number of cathode erosion
products (primarily vaporized material) that reach the
laser beam input window. An example of the implemen-
tation of this approach is presented in [10], where the
input window is protected by a shutter that opens only
for a short time during the passage of the radiation.
Such a solution undoubtedly reduces the amount of
cathode material deposited on the input window; how-
ever, it cannot completely eliminate window contamina-
tion.

A more radical solution for protecting the laser
beam input window in the pulsed plasma source with
laser arc initiation was proposed by Scheibe H.-J. et al.
[11, 12]. A similar approach is also used in one of the
plasma source designs described in [10]. In these sys-
tems, the path of the cathode material vapor flow to the
laser radiation input window is completely blocked. For
this purpose, a transparent screen made of polymer ma-
terial is installed in front of the window. During opera-
tion of the source, this screen moves in front of the radi-
ation input window, continuously renewing its transpar-
ency. However, this solution significantly complicates
the design of the plasma source and requires periodic
replacement of the screen after a certain operating time.

To eliminate distortions in spectrometer readings,
in [13] the radiation input window was completely cov-
ered with a screen, while the radiation itself was sup-
plied to the spectrometer through a thin stainless-steel
tube with a diameter of 2.6 mm and a length of 20 cm,
mounted in the screen. The tube was positioned at a
distance of 18 cm from the target surface at an angle of
60° to the normal. Such a design reduces contamination
of the spectrometer input window, since particles from
the sputtered target enter the long tube of small diameter
only from a limited area of the target surface. However,
this solution also cannot completely eliminate contami-
nation of the input window.

The solutions proposed in studies [9-13] for pro-
tecting the radiation input window from contamination
cannot be considered fully effective, since they signifi-
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cantly complicate the design of vacuum coating deposi-
tion systems. In addition, such approaches aimed at
minimizing contamination of the radiation input—output
window still require its periodic cleaning or replace-
ment.

A method for solving the problem of radiation in-
put—output window contamination by maintaining the
window temperature not lower than a certain critical
temperature — dependent on the vapor flux density and
at which condensation of metal vapors does not occur
on any targets [14] — was analyzed in [15]. The reason
for the impracticality of this approach is that maintain-
ing the temperature of the radiation input—output win-
dow at a sufficiently high level (not lower than the melt-
ing temperature of refractory metals commonly used in
vacuum-arc technologies) is extremely difficult. Moreo-
ver, the windows themselves are typically made of vari-
ous types of glass. The most heat-resistant among them
is quartz glass, which can withstand temperatures up to
1100 °C (and up to 1400-1500 °C for short periods)
[16], which is still lower than the required level.

In many cases of vacuum-arc coating deposition
involving laser initiation of a pulsed vacuum arc, a pos-
sible solution is the method for cleaning the laser radia-
tion input window in a vacuum chamber proposed in
[17]. This method involves the periodic delivery of en-
ergy by an unfocused laser beam into the condensate
layer formed on the surface of the input window. The
periodicity of cleaning the laser radiation input window,
which determines its transmission capacity, is defined
based on the condition that the probability of vacuum
arc excitation must not fall below a specified level. The
spot area of the unfocused cleaning laser beam Synr On
the input window surface facing the vacuum chamber is
determined under the condition that the laser radiation
power density g on the cleaned surface lies within the
range 10* < q < 10° W/em?.

The initiation of a vacuum arc in a pulsed plasma
source using this method makes it possible to remove
the condensate layer from the laser radiation input win-
dow and ensures a stable probability of vacuum arc ex-
citation of about 95% at a pulse repetition frequency of
300 Hz, regardless of the plasma source operating time.
However, the application of such a method for measur-
ing the product surface temperature by the pyrometric
method in vacuum-arc coating processes is extremely
complicated.

In our opinion, the most advanced method current-
ly available for protecting the infrared radiation output
window during measuring the product surface tempera-
ture in vacuum-arc coating deposition processes using
the pyrometric method is the technique proposed in
[18]. In this method, a shutter is used that opens with a
delay after the vacuum-arc discharge has been switched
off and the rotation of the substrate holder (planetary

gear train) carrying the products has stopped exactly at
the temperature measurement point. This approach en-
sures high accuracy of the product temperature meas-
urements. To control the coating deposition process, the
developed temperature measurement system incorpo-
rates a control unit that maintains the temperature within
specified limits by adjusting the voltage applied to the
products. This enables stable thermal conditions to be
maintained during the process and ensures high quality
of the deposited coatings.

Study [18] describes the physical principles under-
lying the temperature measurement system. However,
due to the limited scope of that work, a detailed algo-
rithm of its operation within an ion-plasma deposition
system was not presented. For the same reason, the con-
ditions that must be satisfied during the design of the
planetary gear train were not specified. These conditions
ensure that after each complete revolution of the plane-
tary gear train, the product returns to exactly the same
position, thereby guaranteeing the invariability of the
temperature measurement point.

4. Operational algorithm of the product
surface temperature measurement system
integrated into the “Bulat-6” installation

The ion—plasma installation “Bulat-6" with an in-
tegrated temperature measurement system for the pro-
cessed products, implemented using the proposed meth-
od [18], is shown in Fig. 1.
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Fig. 1. Structural diagram of the system
for measuring the product surface temperature
during vacuum-arc coating deposition:
1 — pyrometer; 2 — infrared radiation; 3 — products;
4 —radiation output window; 5 — shutter-screen;

6 — electromagnet; 7 —actuator rod; 8 — control unit;
9 — vacuum arc excitation-extinguishing unit; 10 —
stepper drive controller; 11 — stepper drive; 12 —
plasma source power supply unit; 13 — plasma
source; 14 — plasma flow; 15 — vacuum chamber; 16
— planetary gear train; 17 — substrate holder; 18 —
evacuation system; 19 — bias voltage source
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The presented structural diagram makes it possi-
ble, based on the results of product temperature moni-
toring during the coating deposition process, to termi-
nate the ion cleaning process once the specified temper-
ature of the products is reached. It also enables regula-
tion of their temperature within a specified range by
varying the bias voltage applied to the substrate holder
(planetary gear train) directly during coating deposition.

The operating algorithm of this temperature meas-
urement system is presented in Figs. 2 and 3.

Figure 2 shows the sequence of operations during
ion cleaning of the product surfaces, when heating of
the products occurs simultaneously with the cleaning
process. At this stage, the products are heated to the
temperature at which coating deposition is subsequently
carried out, which must not exceed the tempering tem-
perature of the product material.

Input: Uic; Uca; AU;
Tic; Tea; tea; N1; N2

v
{ y
Turn on arc Turn on PM, n
i !
'
n=Ni1
!

{ '
Turn off arc Turn off PM
' y
)

Delay 10 ms
v
Opening 5
!

T™MP

No
T = Tic
Yes

Fig. 2. Operational algorithm of the temperature
measurement system in the ion cleaning mode

Figure 3 presents the algorithm of system opera-
tion in the coating deposition mode, in which the tem-
perature required to obtain high-quality coatings is
maintained by adjusting the bias voltage applied to the
products.

| Turn off Uic H Turn on Uca I—b| Turn on PM |

4{ Supply N, - 10"'Pa |

Turn off PM

Turn on arc

n—NZ

Uea + AU

Fig. 3. Operational algorithm of the temperature meas-
urement system in the coating deposition mode

During the development of the presented algo-
rithms, the following assumptions were made:

— the processed products have been prepared for
coating deposition and loaded into the vacuum chamber
by mounting them on the planetary gear train planets
(substrate holder);

— the temperature measurement point has been set
on one of the processed products, selected as a reference
sample for monitoring the temperature of its surface.
The correct position of the temperature measurement
point on the surface of the reference product (20) is
shown in Fig. 4;

— a specially designed planetary gear train has been
employed; whose planets return to the same position
after each complete revolution;

— the installation vacuum chamber has been evacu-
ated to a pressure of (1...3)-10" 3 Pa;

— all installation units required for coating deposi-
tion have been prepared for operation;

— the shutter-screen has been set to the closed posi-
tion.

In the algorithms shown in Figs. 2 and 3, the fol-
lowing symbols and abbreviations are adopted:
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— Start — beginning of the coating deposition pro-
Cess;

— Input — input of technological process parame-
ters into the control unit: the voltage applied to the sub-
strate holder during ion cleaning Uic; the bias voltage
applied to the substrate holder during coating deposition
Uca; the voltage increment AU by which Uic is in-
creased or decreased during coating deposition; the
maximum temperature of the products during ion clean-
ing Tic; the optimal temperature of the products during
coating deposition Tca; the coating deposition time tca;
the number of complete revolutions of the planetary
gear train N1 between product temperature measure-
ments during ion cleaning; and the number of complete
revolutions of the planetary gear train N2 between
product temperature measurements during coating dep-
osition;

— Turn on arc — switching on the vacuum-arc dis-
charge;

— Turn on PM, n — switching on the drive of the
planetary gear train, where n is an integer number of
complete revolutions of the planetary gear train;

— Turn off arc — switching off the vacuum-arc
discharge;

— Turn off PM — switching off the drive of the
planetary gear train;

— Delay 10 ms — delay after switching off the vac-
uum-arc discharge before measuring the product tem-
perature;

— Opening 5 — opening of the shutter-screen for
temperature measurement;

— TMP — measurement of the product temperature;

— Supply Nz - 10" ' Pa — supply of the reactive
gas (in this case nitrogen) into the vacuum chamber up
to the specified pressure (10~ ! Pa);

— Stop — completion of the coating deposition pro-
cess.

View A
3 20 3

17

\

Fig. 4. Location of the pyrometer measuring spot on
the processed product surface when positioned at the
temperature measurement point (view A, Fig. 1):
20 — location of the pyrometer measuring spot on the
processed product surface at the temperature meas-
urement point; other designations are as in Fig. 1

5. Design conditions for the temperature
measurement system planetary gear train

5.1. Application of planetary gear trains
in the vacuum-arc coating deposition
technologies

To increase productivity of the vacuum-arc coating
deposition installations and improve the quality of the
obtained coatings, planetary gear trains of various de-
signs are used.

Modern ion—plasma installations are based on
principles that were developed at the Kharkiv Institute
of Physics and Technology of the Ukrainian SSR Acad-
emy of Sciences during the creation of the “Bulat”-
series installations. Due to the wide range of products
that could be processed in this installation, it was unfor-
tunately not equipped with a planetary gear train. The
substrate holder available in the installation was con-
nected, through an insulated shaft, to a motor that en-
sured rotation of the holder with the products mounted
on it at a rotational speed of 8 rpm. Therefore, at the
enterprises where the installation was used, technologi-
cal tooling was independently developed for specific
types of products, including the use of planetary gear
trains located inside the vacuum chamber.

One of the earliest installations in which a plane-
tary gear train was serially implemented is the IET-8
system. However, its use was limited when applying
coatings to relatively large products, which could not be
positioned on the planets of its planetary gear train.
Subsequently, with the development of modern ion-
plasma installations, a significant number of systems
appeared, most of which were equipped with planetary
gear trains. An example of such a system is the VDU-SI
vacuum-arc installation, developed by the Scientific and
Engineering Center “Plasmoteg” of the Institute of
Physics and Technology of the Belarus National Acad-
emy of Sciences in collaboration with the Smorgon Op-
tical Machine-Building Plant [19].

The circular table for product placement in this in-
stallation includes 60 planetary and 180 double plane-
tary rotation positions, all of which are easily remova-
ble. This configuration allows for mechanized loading
of products into the chamber, for which the system pro-
vides the possibility of equipping the installation with
specialized tooling and two sets of these positions. The
circular table is driven at a rotational speed of
1.5...2.0 rpm, while the double planetary positions ro-
tate at 30...40 rpm. The total weight of products pro-
cessed in the installation can reach up to 80 kg. Unfor-
tunately, this work provides neither an illustration of the
circular table, nor an explanation of the operating prin-
ciple of the applied temperature measurement system or
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the method used to protect the optical system from con-
tamination by cathode erosion products.

The original and relatively simple planetary gear
train (Fig. 5) is presented in [20]. The use of this mech-
anism enables repeated sequential deposition of both
single- and multilayer coatings on cylindrical products.

Fig. 5. One-fourth of the circular table with planetary-
type substrate holders

Thus, to meet both the technological requirements
of the coating process and the economic efficiency of
the installations, it is necessary to design planetary gear
trains specifically tailored to the type of the processed
product. Moreover, when employing the proposed prod-
uct surface temperature measurement system, it is es-
sential to use a planetary gear train that ensures, with
each complete revolution, the exact same orientation of
the product at the initial position. The design calculation
for such a planetary gear train is presented below.

5.2. Determination of the conditions for an inte-
ger number of planet revolutions in a planetary
gear train

For the surface temperature measurement system,
a modified Ai-type planetary gear train (hereinafter re-
ferred to as A7 gear train) was selected, as shown in
Fig. 6. This mechanism offers advantages in terms of
high efficiency and relatively compact dimensions [21].

To satisfy the condition of an integer number of
planet revolutions per one full rotation of the gear train
(N), it is necessary to ensure the following ratio:

.3 z
Oy Zy

where o — angular velocity, z — gear tooth number.
Since in the A7 gear train z3 >z, , it follows that
N <0.

The general equations for determining the gear
tooth numbers in the A7 gear train have the following
form [22]:

kP
a==7: 2

I1H

where P — technological parameter (natural number),
k — planet number.

.3

Iy —2
22 =27 @3)

2= zl(il(a —1). 4

Fig. 6. Modified AI-type planetary gear train

Substituting Egs. (3) and (4) into Eq. (1) yields the
relationship between the transmission ratio of the gear

NG - NC)
train iy and the transmission ratio i,y =N:

.3
® 221 I1H -1

loH =1-—7——

from which
(©) 2i(3) 2N
2H
iy =1 8 =—, (5)
oy +1 N+1
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Equation (5) determines the transmission ratios
that satisfy Eq. (1) as a function of the parameter N (Ta-

. N©)
ble 1). As the absolute value of N increases, iy ap-

proaches 2.
Table 1

. . N C) .
Transmission ratios of the gear train iy depending
on the parameter N

N 2 -3 -4 5 6 7
|1(3H) 4 3 |26) |25 |24 |203)
N -8 -9 10 | A1 | ‘12 | 13
.1(3H) 229 | 225 | 2(2) | 22 |2.(18) [2.1(6)
N | -14 | 15 | 16 | -17 | -18 | -19
,1(3H) 215 | 214 |21(3) (2125 | 212 |2.(1)
N | 20 | 21 | 22 | 23 | -24 | -25
,1(3H’ 2105 | 2.1 |2.095 |2.091 |2.087 |2.083
N | 26 | -27 | 28 | -29

.1(3H) 2.080 | 2.077 | 2.074 |2.071

Not all transmission ratios can be realized for an
arbitrary number of planet gears. To determine the
range of admissible transmission ratios as a function of
the number of planets, the following inequality is
used [22]:

. .0

2 <y <y max » (6)
.(® 2
11H max :1—sin[3 ' O

where B:E — half of the central angle between adja-

cent planets z;, assuming their uniform distribution
around the sun gear z; (see Fig. 6).

.
The values of ijy max fOr selected values of k, de-
termined using Eq. (5), are presented in Table 2.

Table 2

N©)
Values of iy may fOr selected values of k

k 20 30 20 50
.(3)
11H max 2.371 2.233 2.170 2.134
k 54 56 60
.(3)
11H max 2.123 2.119 2.110

Furthermore, Eq. (5) makes it possible to express
the general equations in terms of the introduced parame-
ter N:

kP(1+N) —kP kP(N —1)
Ly=—",2y=——,; Ig=———. 8
172N 272N T 2N ®)
5.3. Constraints imposed on the selection
of the planet number

The size of the planet gear on which the product is
mounted during the technological process must exceed
the size of the component itself in order to ensure
smooth operation of the gear train without jamming.
Therefore, for example, in the case of coating drills, the
diameter of the dedendum circle of the planet d¢, must

satisfy the following condition:

drp >1.2d,,, ©)

where d, —diameter of the product (drill).

From an economic standpoint, the number of plan-
ets k should be as large as possible for a given compo-
nent size.

The maximum number of planets can be estimated
based on the condition of their dense arrangement along
the inner surface of a cylinder whose radius is equal to
the radius of the working zone of the vacuum chamber
(Fig. 7).

For a standard gear with the minimum number of
teeth z.,i, =18, the addendum circle diameter is related

to the dedendum circle diameter as follows:

dy _ m(z+2) _ 18+2

= = ~1.55,
df m(z-25) 18-25

where m — module.

Fig. 7. Maximum number of planets
of a planetary gear train

Then, taking into account condition (9), it can be
obtained:

d, =1.55d; =1.55-1.2d,,, =1.86d, .
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Thus,

T

1.86d j ’

kmax
sin_l _—
(dwz ~1.86d,,

(10)

where dw, — diameter of the working zone.

To ensure the operability of the A7 gear train, the
following conditions must also be satisfied:

— inter-planet interference — the possibility of ar-
ranging all planets in a common plane:

cosa

m(z3 —2,) sinZ>d,,, 1)

Ow32

where o — pressure angle of a standard basic rack tooth
profile, o = 20 degrees; a,,3p — gearing z, —z3 pres-
sure angle;

— condition of absence of interference in internal
gearing z, —z3 [23];

— condition of absence of undercutting for gears
with external teeth z;,z,:

*

a_ i
Zmin; zm,n_l,z,

where hz — coefficient of tooth addendum, hz =1.

The overall size of the gear train is limited by the
dimensions of the installation working zone:

df3 < dWZ . (12)
5.4. Example of planetary gear train design
for the “Bulat-6” installation

Input data: the working zone diameter
dy; = 400 mm; the maximum diameter of the pro-

cessed products d,, = 10 mm; economically justified

minimum number of components per operating cycle:
50 units.

Calculation algorithm:

T
i _1( 1.86-10 )
400-1.86-10

2. The number of planets k is selected based on the
condition K < Kppax : kK =54.

3. Using Eg. (7), the maximum possible transmis-

1. Determine Ky = ~64 .

: . NE) .
sion ratio for the selected K ijymax = 2.123 is deter-

3
mined. From condition (6), the value |1(,j =21is

adopted. For this transmission ratio value, the parameter
N is determined according to Table 1 (N = -21).

4. Based on the general Eq. (8), the numbers of
teeth are selected as follows: z; = 360; z» = 18;
z3 = 396. The technological parameter P = 14 is calcu-
lated. The use of non-corrected gears is adopted.

5. The gear module is determined from condition
diz <dyys mzz+2m<dy,; ;
— 400
MaX ™ 396+ 2
smaller than the calculated value is selected, namely
m = 0.8 mm. At this module, the gears are classified as
fine-module gears.

6. A geometric design calculation of the mecha-
nism gears is performed under the assumption that the
gears are cut using a gear shaper cutter. The cutter pa-
rameters are selected in accordance with the require-
ments of GOST 10059-80: m=0.8 mm, z, = 32,

ha, =1, ¢ =0.35,%=0.35.

Selected geometric characteristics are presented
below.

The dedendum circle diameter of the ring gear (z3)
is: dfz =318.96 mm.

The condition (318.96 mm < 400 mm) confirms
the feasibility of accommodating the gear train within
the working zone of the “Bulat-6” installation.

The dedendum circle diameter of the planet gear
(z2) is: dfp=z,m-25m=18-0.8—25.0.8=12.22
(mm).

Condition (9) is verified: 12.2 > 1.2-10. Condition
(9) is satisfied, confirming the feasibility of mounting
the processed product on the planet gear.

The addendum circle diameter of the planet is:

(12):

=1.005 (mm). A standard module

dyp =16 mm.
7. The inter-planet interference condition is veri-
fied (Fig. 8): (z3 —zz)sing >2,+2,

(396—18)sin5—7;>18+2, 21.98 > 20. The inter-planet

interference condition is satisfied.

e *g”'fb
,\.‘ \\ "/
02 “VJ t._y \ 02

Fig. 8. Inter-planet interference condition verification
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8. The following conditions for the absence of in-
terference [22] are verified:

— undercutting of the pinion teeth during shaping
with the cutter;

— removal of ring gear tooth material by the cut-
ter’s fillet curve;

— interference between the ring gear tooth tip edges
and the fillet surface of the pinion teeth;

— interference between the pinion tooth tip edges
and the fillet surface of the ring gear teeth;

— interference between the teeth of the pinion and
the ring gear.

All conditions are satisfied; no interference is ob-
served.

At this stage, the kinematic and geometric synthe-
sis of the AT gear train is considered complete.

According to [22], to ensure the strength of the
gear teeth, the numbers of teeth of the central gears and
the planets should not have common factors; alterna-
tively, the sum of the greatest common factors should be
minimized as much as possible. In addition, to achieve
favorable vibration characteristics of the planetary gear
train, the numbers of teeth of the central gears should
not be multiples of the number of planets.

Unfortunately, Eqg. (1) contradicts these require-
ments. However, since the developed gear train is not
intended for power transmission and operates at rela-
tively low angular velocities (the carrier speed is 8 rpm
and the operating duration of the installation is 25 min),
the use of such tooth numbers is considered acceptable.

6. Results and discussion

The obtained results are structured in accordance
with the research objectives.

Within the framework of the first research objec-
tive, an analysis of existing methods for measuring the
product surface temperature during coating deposition
processes was carried out. It was established that ther-
moelectric methods, despite their simplicity of imple-
mentation, are poorly suited for conditions involving the
rotation of products in a vacuum chamber. In contrast,
the pyrometric method provides non-contact measure-
ment and high response speed; however, its application
is limited by the problem of contamination of the optical
system.

For the second research objective, existing ap-
proaches to protecting the infrared radiation output win-
dow from contamination by cathode erosion products
were analyzed. It was established that the currently ap-
plied solutions, including shutters in vacuum systems,
replaceable optical inserts [9], moving protective
screens [10-12], and elongated radiation transmission
channels [13], allow only partial reduction of material
deposition on optical elements and do not completely

eliminate this phenomenon. Moreover, these approaches
either significantly complicate the design of the vacuum
system or require periodic maintenance. It was also
shown that alternative methods, such as preventing con-
densation by heating the window [15] or laser cleaning
of its surface [17], are difficult to implement under con-
ditions of pyrometric temperature control. Therefore,
the analysis results indicate the absence of a universal
technical solution, which necessitates the development
of an effective method for protecting the pyrometer op-
tical system without complicating the installation design
or disrupting the technological process.

For the third research objective, a method and op-
erating algorithm for the pyrometric temperature meas-
urement system were developed to eliminate the influ-
ence of cathode erosion products on the optical system.
Temperature measurements are performed at each stage
of the vacuum-arc coating process, including ion clean-
ing and coating deposition. Continuous temperature
monitoring enables timely completion of the ion clean-
ing process without tempering the product material and
allows the product temperature to be maintained within
the specified range during coating deposition by adjust-
ing the applied voltage. These measures contribute to
the production of high-quality coatings.

In addition, measurement reproducibility is en-
sured through precise positioning of the product within
the measurement zone. For this purpose, a planetary
gear train is employed to guarantee that temperature is
measured at the same point on the product surface dur-
ing each measurement cycle.

For the fourth research objective, synthesis condi-
tions were developed for a simple Af-type planetary

gear train in which the planets perform an integer num-
ber of revolutions per one revolution of the carrier. A
procedure for the optimal kinematic and geometric syn-
thesis of such a mechanism was proposed for its subse-
quent application in vacuum-arc coating technologies,
enabling stable positioning of the products during pro-
cessing. The proposed design solutions were practically
implemented in the modernized Bulat-6 installation, and
an example of the planetary gear train calculation for
this installation is provided.

The high metrological performance of the devel-
oped system is achieved by ensuring that temperature
measurements are consistently conducted under identi-
cal conditions, namely when the product is stationary
(with rotation stopped) at a predefined measurement
point established during system calibration. The precise
product positioning at the measurement point after each
rotation of the substrate holder is ensured by the operat-
ing mode of the stepping motor and the use of a special-
ly designed planetary gear train of the substrate holder.

The obtained results demonstrate that the proposed
approach improves the quality of vacuum-arc coatings
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by enabling reliable temperature monitoring and techno-
logical process control based on the measured data.

The scientific novelty of the study lies in the de-
velopment of a fundamentally new pyrometric method
for measuring the product surface temperature during
vacuum-arc coating deposition, which ensures high
measurement accuracy and reproducibility. The princi-
pal innovations of the proposed method include tempo-
rary interruption of the vacuum arc during temperature
measurement, delayed opening of the shutter protecting
the pyrometer optical system from contamination by
cathode erosion products, and the use of a planetary
gear train that ensures temperature measurement at the
same point on the product surface. This combination
effectively eliminates the influence of contamination
and provides stable and accurate measurement results,
which is essential for improving the quality of vacuum-
arc coatings.

7. Conclusions

1. An analysis of existing temperature measure-
ment methods used in coating deposition technologies
was carried out, and the applicability of the pyrometric
method for vacuum-arc processes was substantiated.

2. It was established that the primary factor reduc-
ing the accuracy of pyrometric measurements is con-
tamination of the optical system input window by cath-
ode erosion products, which necessitates the develop-
ment of dedicated protection methods.

3. An operating algorithm for the pyrometric tem-
perature measurement system was developed to ensure
stability, accuracy, and reproducibility of measurement
results by eliminating the influence of cathode erosion
products and conducting measurements under controlled
conditions.

4. Synthesis conditions for a planetary gear train
were developed to ensure an integer revolution ratio of
the planets relative to the carrier and to enable precise
positioning of the product within the temperature meas-
urement zone.

Prospects for further research involve extending
the proposed method to other PVD coating deposition
processes, including thermal, magnetron, and related
modified technologies.

Contributions of authors: conceptual methodol-
ogy, problem formulation — lurii Sysoiev, the planetary
gear train synthesis — Olha Kladova, modeling and
calculation of the planetary gear train — Mykyta Ko-
valov, implementation, visualization, and documenta-
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tion of the measurement algorithm — Yurii Shyrokyi.
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. HOBMI METOJ MOHITOPUHI'Y TEMIIEPATYPH IIOBEPXHI BUPOBIB
I UOT'O BUKOPUCTAHHSA ITPU OTPUMAHHI BAKYYMHO-AYTI'OBUX ITIOKPUTTIB

IO. O. Cucoes, O. I0. Knaoosa, M. II. Kosanvos, €. I. @ecenko, I0. B. IllIupoxuii

IIpenmeToM BUBYCHHS B CTATTi € MPOLIECH BUMIPIOBAHHS TEMIIEPATYPH 00pOOIIOBAaHIX BHPOOIB TipOMETpHY-
HUM METOJIOM TIPH HAHECEHHI BaKYyMHO-IYT'OBHX IOKPUTTIB i 3aCTOCYBaHHS OTPUMAHUX PE3YNIbTATiB IS KEpyBaH-
HS TIPOIIECOM OTPHUMAaHHSA MOKPHUTTIB. MeT00 poOOTH € MigBUINEHHS CTaOlLIBHOCTI, TOYHOCTI 1 BiITBOPIOBAHOCTI
pe3yABTATIB BUMIPIOBAHHS TEMIIEpaTypy BUPOOIB ISl KEpyBaHHS MPOILECOM OTPHMAHHS MOKPHUTTIB. 3aBIAHHS:
PO3pOOHUTH aJITOPUTM MOHITOPHHTY TEMIIEPaTypH IOBEPXHI BHPOOIB MPH HAHECEHHI IMOKPUTTIB i 3HANTH yMOBH
MIPOEKTYBAHHS TUIAHETAPHUX MEXaHI3MIiB, SKi 3a0€3MeUyIOTh MicCIs KOKHOTO TIOBHOTO 00EPTY MO3UIIFOBAaHHS BUPO-
Oy TOYHO y TOYIli BUMIPIOBaHHS TEMIIEpaTypy. BIKOPHCTOBYBaHIMH METOAAMU € aHATITHYHI, TA METOIU MPOEKTY-
BaHHS IUIAHETAPHUX MEXaHI3MIB i3 3a0e3meueHHsIM 3amananx BUMor. OtprMaHi HacTymHi pe3yabTaTti. 1. Ha ocHOBI
pe3yNbTaTiB aHANI3y BIIOMHX METOAIB BHUMIPIOBAaHHS TEMIEpaTypu MOBEpXHI 0OpOOIIOBaHMX BHPOOIB B Mporeci
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OTPUMAaHHS IOKPHUTTIB BUSIBICHO OCHOBHI HEZOMIKH KO)KHOI'O METOY i BU3HAYEHO MiPOMETPUYHUH METOT SIK TaKHH,
IO J03BOJISIE NIPU BHPILIEHHI MPOOJIEMH 3alMJICHHS BXIIHOTO BiKHa ONTHYHOI CHUCTEMH MipOMETpa BUMIpPIOBATH
TEMIIepaTypy ITOBEpXHi BUPOOIB 3 BHCOKOIO TOUHICTIO. 2. Po3pobieHo airoput™ poOOTH 3alpOolIOHOBAHOI CHCTEMH
BHMIpPIOBaHHS TEMIIEPATYPH MTOBEPXHI 00pOOIIOBaHIX BUPOOIB MIPOMETPUIHIUM METOIOM, 3aCTOCYBAHHS SIKOTO JUIS
MOHITOPUHTY TeMIIepaTypH IpH OTPUMaHHI BaKyyMHO-/IyI'OBHX ITOKPHUTTIB Ha PI3HUX eTarax oOpoOJIEeHHS ImigBilIye
ix sikicte. Ilpu peaizamii anroputm 3adesrnedye cTaOUIBHICTh, TOUHICTH 1 BiATBOPIOBAHICTH PE3YJIBTaTiB BHMIpIO-
BaHHS TEMIIEpaTypd BUPOOIB 3aXHCTOM ONTHKH IIpOMETpa BiJ KOHJAEHcalil Ha HbOMY NPOAYKTIB €po3ii Karoaa
LIJISIXOM BUMUKaHHS JDKepesa IJIa3MH, MPUIMHEHHSIM 00epTaHHs BUPOOiB Y BaKyyMHUI KaMepi 1 371iCHEHHSIM BH-
MIPIOBaHHSM TEMIIEPATYpH 3 3aTPUMKOIO ITiCIsl BUMHUKaHHS JpKepena asMu. [Ipomec BUMIpIOBaHHS TeMIlepaTypH
3IIHCHIOETBCS Ha KOXKHIM CcTajii OTpUMYBaHHsS BaKyyMHO-AYTOBHX IOKPUTTIB — i1OHHOTO OYMIICHHS 1 HAaHECEHHS
TIOKPUTTIB. MOHITOPHUHT TEMIIEpaTypy BHPOOIB JIO3BOJISIE CBOEYACHO 3aBEPIIMTH IPOIEC IOHHOTO O4YMINEHHS Oe3
BiJIITyCKy MaTepiaily BUpOOiB, a B TIPOIECi HAHECEHHST TOKPUTTIB IMi/IEpKyBaTH TEMIIEpaTypy BUpOOiB Ha 3aJaHOMY
PiBHI 3MIHOIO Hampyru Ha HUX. TakW 3aXOJH CIPHUSAIOTH OTPUMAHHIO IOKPHUTTIB BHUCOKOi sikocTi. 3. Po3pobieHo
YMOBH, IIO JIO3BOJISIOTH OTPUMATH TLIAHETAPHMI TIPOCTHI MexaHisM (Tuny Al), B AKOMy caTeliTh poOsTh Iiny
KiUJIBKICTh 00epTiB Ha ofuH 00epT Bomwia. 4. Po3po0ieHo MmociioBHICTh ONTHMAaIBHOIO KIHEMATHYHOT'O 1 TeOMeT-
PUYHOTO CHHTE3Y TaKUX MEXaHi3MiB JUIsl MOAAIBIIOr0 BUKOPHCTAHHS Y TEXHOIOTIYHUX MPOLIECaX OTPUMaHHS BaKy-
YMHO-JIyTOBUX MOKPUTTIB. HaBeneHo npukiiaa po3paxyHKy Takoro INIaHETApHOTO MEXaHi3My JIsl yCTaHOBKH «by-
nat-6». BucHoBku. HaykoBa HOBH3HA OTPUMAaHUX PE3YJbTATIB MONSATAE B HACTYITHOMY: PO3pOOJIEHO aJlTOPUTM MO-
HITOPUHTY TEMIEpaTypH MOBEPXHI BUPOOIB MPH HAHECEHHI MOKPUTTIB 3alPONOHOBAHOI CUCTEMOI0 BUMipIOBaHHS
TEMIIEpaTypH, B sIKii BUKOPUCTAHO CIieliajlbHO CIPOEKTOBAHHUH TUIaHeTapHUH MexaHi3M. Lle 3abe3neuye TouHe HO-
3MIIIOBaHHS BUPOOY B TOYIIl BUMIipIOBAaHHSI TEMIIEPATypH 1 KepyBaHHS IPOIIECOM OTPUMAaHHS BaKyyMHO-IYTOBHX
TIOKPHUTTIB 32 pe3y/IbTaTaMu TEMIEPATyPHOTO MOHITOPUHTY, 110, Y CBOIO Yepry, CIPUsIE ITiABHUIICHHIO SIKOCTI OTPH-
MYBaHUX MOKPHTTIB.

KuiouoBi cjioBa: BaKyyMHO-yroBi MOKPHUTTS, MIPOMETPHUYHHUN METOJI, CUCTEMa BUMIPIOBaHHS TEMIIEPaTypH,
TOYKa BUMIPIOBaHHS TEMIIEpaTypH, KEPYBaHHs MPOLIECOM IO pe3yJbTaTaM MOHITOPUHTY TeMIepaTypH, IUTaHeTap-
HHUH MEXaHi3M.
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