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A NEW 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 ( -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 
 

1.1. Motivation 
 

Temperature monitoring and control of processed 

products within the limits specified by the technological 

process is a necessary requirement for obtaining high-

quality vacuum-arc coatings [1, 2]. Moreover, each ma-

terial from which a product is manufactured requires its 

own permissible temperature range during processing. 

For example, during the treatment of the products made 

of R6M5 steel, the temperature should be maintained 

within the range of 480–550 °C [3]. At lower tempera-

tures, it is impossible to achieve high adhesion of the 

coating to the substrate material, whereas at higher tem-

peratures tempering of the base material occurs. 
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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 Sunf on 

the input window surface facing the vacuum chamber is 

determined under the condition that the laser radiation 

power density q on the cleaned surface lies within the 

range 104 ≤ q ≤ 105 W/cm². 

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. 
 

 

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. 

 

 
 

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. 

 
 

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 ∆U 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 N₂  - 10⁻ ¹ Pa – supply of the reactive 

gas (in this case nitrogen) into the vacuum chamber up 

to the specified pressure (10⁻ ¹ Pa); 

– Stop – completion of the coating deposition pro-

cess. 
 

View A 

 
 

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. 

 

 

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 -type planetary gear train (hereinafter re-

ferred to as  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)
32
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where   – angular velocity, z – gear tooth number. 

Since in the  gear train 3 2z z , it follows that 

N < 0. 

The general equations for determining the gear 

tooth numbers in the  gear train have the following 

form [22]: 
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where P – technological parameter (natural number), 

k – planet number. 
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Fig. 6. Modified -type planetary gear train 

 

Substituting Eqs. (3) and (4) into Eq. (1) yields the 

relationship between the transmission ratio of the gear 

train 
(3)

1Hi  and the transmission ratio 
(3)

2Hi N : 

 

(3)

(3)

(3)

1 1H

2H

1 1H
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from which 
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Fig. 5. One-fourth of the circular table with planetary-

type substrate holders 
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Equation (5) determines the transmission ratios 

that satisfy Eq. (1) as a function of the parameter N (Ta-

ble 1). As the absolute value of N increases, 
(3)

1Hi  ap-

proaches 2. 

 

Table 1 

Transmission ratios of the gear train 
(3)

1Hi  depending  

on the parameter N 

N -2 -3 -4 -5 -6 -7 

(3)

1Hi  4 3 2.(6) 2.5 2.4 2.(3) 

N -8 -9 -10 -11 -12 -13 

(3)

1Hi  2.29 2.25 2.(2) 2.2 2.(18) 2.1(6) 

N -14 -15 -16 -17 -18 -19 

(3)

1Hi  2.15 2.14 2.1(3) 2.125 2.12 2.(1) 

N -20 -21 -22 -23 -24 -25 

(3)

1Hi  2.105 2.1 2.095 2.091 2.087 2.083 

N -26 -27 -28 -29   

(3)

1Hi  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]: 

 
(3) (3)

1H 1H max2 i i  ,   (6) 

 

(3)

1H max
2

i
1 sin


 

,   (7) 

 

where 
k


   – half of the central angle between adja-

cent planets z2, assuming their uniform distribution 

around the sun gear z1 (see Fig. 6). 

The values of 
(3)

1H maxi  for selected values of k, de-

termined using Eq. (5), are presented in Table 2. 

 

Table 2 

Values of 
(3)

1H maxi  for selected values of k 

k 20 30 40 50 

(3)

1H maxi  2.371 2.233 2.170 2.134 

k 54 56 60  

(3)

1H maxi  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: 

 

1
kP(1 N)

z
2N


 ; 2

kP
z

2N



; 3
kP(N 1)

2N
z


 . (8) 

 

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 f 2d  must 

satisfy the following condition: 

 

f 2 prd 1.2d ,   (9) 

 

where prd  – 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 minz 18 , the addendum circle diameter is related 

to the dedendum circle diameter as follows: 

 

a

f

d m(z 2) 18 2
1.55

d m(z 2.5) 18 2.5

 
  

 
, 

 

where m – module. 

 

 
 

Fig. 7. Maximum number of planets  

of a planetary gear train 

 

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

obtained: 

 

a f pr prd 1.55d 1.55 1.2d 1.86d    . 
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Thus, 

 

max
pr1

wz pr

k
1.86d

sin
d 1.86d






 
 
  

,               (10) 

 

where dwz – diameter of the working zone. 

To ensure the operability of the  gear train, the 

following conditions must also be satisfied: 

– inter-planet interference – the possibility of ar-

ranging all planets in a common plane: 

 

3 2 a2
w32

cos
m(z z ) sin d

cos k

 
 


,               (11) 

 

where   – pressure angle of a standard basic rack tooth 

profile,   = 20 degrees; w32  – gearing 2 3z z  pres-

sure angle; 

– condition of absence of interference in internal 

gearing 2 3z z  [23]; 

– condition of absence of undercutting for gears 

with external teeth 1 2z ,z : 

 

i

*
a

min 2

2h
z ,i 1,2

sin
 


, 

 

where *
ah  – coefficient of tooth addendum, *

ah  =1. 

The overall size of the gear train is limited by the 

dimensions of the installation working zone: 

 

f 3 wzd d .               (12) 

 

5.4. Example of planetary gear train design  

for the “Bulat-6” installation 

 

Input data: the working zone diameter  

wzd  = 400 mm; the maximum diameter of the pro-

cessed products prd  = 10 mm; economically justified 

minimum number of components per operating cycle: 

50 units. 

Calculation algorithm: 

1. Determine max
1

k 64
1.86 10

sin
400 1.86 10




 

 
 

  

. 

2. The number of planets k is selected based on the 

condition maxk k : k = 54. 

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

sion ratio for the selected k 
(3)

1H maxi  = 2.123 is deter-

mined. From condition (6), the value 
(3)

1Hi  = 2.1 is 

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: z1 = 360; z2 = 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 

(12): f 3 wzd d ; 3 wzmz 2m d  ; 

max
400

m 1.005
396 2

 


(mm). A standard module 

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, z0 = 32, 

0

*
ah  = 1, *

0c  = 0.35, x0 = 0.35. 

Selected geometric characteristics are presented 

below. 

The dedendum circle diameter of the ring gear (z3) 

is: f 3d 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: f 2 2d z m 2.5m 18 0.8 2.5 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: 

a2d  = 16 mm. 

7. The inter-planet interference condition is veri-

fied (Fig. 8): 3 2 2(z z )sin z 2
k


   , 

(396 18)sin 18 2
54


   , 21.98 > 20. The inter-planet 

interference condition is satisfied. 

 

 
 

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  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, Eq. (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 -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. 
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НОВИЙ МЕТОД МОНІТОРИНГУ ТЕМПЕРАТУРИ ПОВЕРХНІ ВИРОБІВ  

І ЙОГО ВИКОРИСТАННЯ ПРИ ОТРИМАННІ ВАКУУМНО-ДУГОВИХ ПОКРИТТІВ 

Ю. О. Сисоєв, О. Ю. Кладова, М. П. Ковальов, Є. І. Фесенко, Ю. В. Широкий 

Предметом вивчення в статті є процеси вимірювання температури оброблюваних виробів пірометрич-

ним методом при нанесенні вакуумно-дугових покриттів і застосування отриманих результатів для керуван-
ня процесом отримання покриттів. Метою роботи є підвищення стабільності, точності і відтворюваності 

результатів вимірювання температури виробів для керування процесом отримання покриттів. Завдання: 

розробити алгоритм моніторингу температури поверхні виробів при нанесенні покриттів і знайти умови 

проєктування планетарних механізмів, які забезпечують після кожного повного оберту позиціювання виро-

бу точно у точці вимірювання температури. Використовуваними методами є аналітичні, та методи проєкту-

вання планетарних механізмів із забезпеченням заданих вимог. Отримані наступні результати. 1. На основі 

результатів аналізу відомих методів вимірювання температури поверхні оброблюваних виробів в процесі 

https://doi.org/10.1016/0257-8972(92)90037-B
https://doi.org/10.32620/aktt.2022.4.04
https://doi.org/10.1333/s00897050918a
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отримання покриттів виявлено основні недоліки кожного методу і визначено пірометричний метод як такий, 

що дозволяє при вирішенні проблеми запилення вхідного вікна оптичної системи пірометра вимірювати 

температуру поверхні виробів з високою точністю. 2. Розроблено алгоритм роботи запропонованої системи 

вимірювання температури поверхні оброблюваних виробів пірометричним методом, застосування якого для 

моніторингу температури при отриманні вакуумно-дугових покриттів на різних етапах оброблення підвішує 

їх якість. При реалізації алгоритм забезпечує стабільність, точність і відтворюваність результатів вимірю-

вання температури виробів захистом оптики пірометра від конденсації на ньому продуктів ерозії катода 

шляхом вимикання джерела плазми, припиненням обертання виробів у вакуумний камері і здійсненням ви-

мірюванням температури з затримкою після вимикання джерела плазми. Процес вимірювання температури 

здійснюється на кожній стадії отримування вакуумно-дугових покриттів – іонного очищення і нанесення 

покриттів. Моніторинг температури виробів дозволяє своєчасно завершити процес іонного очищення без 
відпуску матеріалу виробів, а в процесі нанесення покриттів піддержувати температуру виробів на заданому 

рівні зміною напруги на них. Таки заходи сприяють отриманню покриттів високої якості. 3. Розроблено 

умови, що дозволяють отримати планетарний простий механізм (типу ), в якому сателіти роблять цілу 

кількість обертів на один оберт водила. 4. Розроблено послідовність оптимального кінематичного і геомет-

ричного синтезу таких механізмів для подальшого використання у технологічних процесах отримання ваку-
умно-дугових покриттів. Наведено приклад розрахунку такого планетарного механізму для установки «Бу-

лат-6». Висновки. Наукова новизна отриманих результатів полягає в наступному: розроблено алгоритм мо-

ніторингу температури поверхні виробів при нанесенні покриттів запропонованою системою вимірювання 

температури, в якій використано спеціально спроєктований планетарний механізм. Це забезпечує точне по-

зиціювання виробу в точці вимірювання температури і керування процесом отримання вакуумно-дугових 

покриттів за результатами температурного моніторингу, що, у свою чергу, сприяє підвищенню якості отри-

муваних покриттів. 

Ключові слова: вакуумно-дугові покриття, пірометричний метод, система вимірювання температури, 

точка вимірювання температури, керування процесом по результатам моніторингу температури, планетар-

ний механізм. 
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