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ABSTRACT

In modern production technologies, various methods are used to strengthen the surface and increase
its operational qualities. Among these methods, the laser cladding process has been distinguished
in recent years by its superiority and wide application area.
Laser cladding is a process of melting and solidifying an additional material on the surface of the
base metal with the help of a high-energy laser beam. As a result, a coating layer with high wear,
corrosion and temperature resistance is formed. In this process, the temperature regime of both the
material to be coated and the base surface plays a decisive role, since temperature instability directly
affects the quality of the coating.
Thermal processes occurring during laser cladding are very fast and complex. Therefore, real-time
monitoring and control of the process is necessary.
Accurate and continuous temperature measurement is of great importance in ensuring the
homogeneity, microstructure, adhesion and resistance to cracking of the coating. Traditional
measurement methods have difficulty responding to this fast and dynamic process. Therefore, the
application of automated and highly sensitive sensor systems has become a necessity.
As a result of technological developments, non-contact measuring devices such as pyrometers,
thermal cameras and infrared sensors are integrated into laser coating systems. These devices make
it possible to measure temperature in real time and transmit the results to the controllers that control
the process. Control systems (for example, PID algorithms or artificial intelligence-based models)
can analyze this data and automatically adjust the laser power, coating speed and other parameters.
The purpose of this research work is to investigate methods for automating temperature
measurement at the working point (i.e. in the zone where the laser beam comes into contact with
the surface) in the laser coating process, to analyze applicable technologies and equipment and to
evaluate the factors affecting the efficiency of the process. Automation and digitalization measures
to be implemented in this direction in the future can accelerate the transition of the industry to more
sustainable, economical and high-quality product production.
The object of the research: technical means and systems used to measure temperature at the working
point (the zone affected by the laser) in the laser coating process and to automate this measurement.
This includes temperature measurement sensors (pyrometers, thermal cameras, and other infrared
devices), control modules used for data collection and processing (microcontrollers, PLC systems),
as well as software and control algorithms that provide communication between these components.
Thanks to the application of the proposed automated system, temperature deviations were reduced
from £50°C to £15°C, the microstructural stability of the product surface was maintained, and the
need for human intervention in the control process was significantly reduced.

It is recommended that future research continue to make control more flexible, predictable, and
safe through the application of artificial intelligence-based control algorithms, smart sensor techno-
logies, and cloud-based SCADA systems.
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Introduction

Coating processes are a type of industrial service that involves the use of specialized equipment and
techniques to join metal components or apply a protective coating to a metal surface. These services
are commonly used in industries such as manufacturing, construction, and transportation where the
integrity and durability of metal components are essential.

Welding services involve the use of heat and pressure to join two or more pieces of metal. Welding
can be used to create strong and durable joints in metal components such as pipes, beams, and
plates. There are several types of welding processes, including arc welding, gas welding, and
resistance spot welding, each of which is suitable for different types of metals and applications.
There are a number of different coating processes available, depending on the industry and
application. The coating process has a number of advantages and disadvantages, depending on the
type of coating used [1,2].

The history of coating processes can be traced back thousands of years to ancient civilizations such
as the Egyptians, Greeks, and Romans, who used heat and pressure to make weapons, tools, and
decorative objects from metals. Laser coating of metal surfaces is a unique and most effective
method of depositing wear-resistant coatings. It is carried out using new generation laser systems,
the operation of which is based on the use of a powerful fiber optic laser and a special nozzle. A
high-power laser beam is directed onto the surface of the part and creates a small molten pool. Metal
powder is fed to this area, which, when melted, forms a new layer. A robotic arm that prepares the
surface according to a pre-written program ensures the highest accuracy and speed of the process.
Thermal deformation and mixing with the base material are minimized due to the strictly limited
heating area and controlled power of the laser beam. The result is a completely dense hard coating
layer with excellent metallurgical adhesion, which cannot be achieved by other coating methods
(chromium plating, thermal spraying, etc.).

Objective

The aim of this research work is to investigate methods for automating temperature measurement
at the working point (i.e., in the area of contact between the laser beam and the surface) during the
laser coating process, to analyze the technology and equipment used, and to evaluate the factors
affecting the efficiency of the process. The object of the study: technical means and systems used
to measure the temperature at the working point (in the laser exposure zone) during the laser coating
process and the automation of this measurement. These include temperature measurement sensors
(pyrometers, thermal imagers, and other infrared devices), control modules used for data collection
and processing (microcontrollers, PLC systems), as well as software and control algorithms that
provide communication between these components.

Methods

Laser coating is a modern industrial coating method that makes it possible to improve the properties
of various parts of machinery and equipment, such as resistance to wear, corrosion and high
temperatures. In laser cladding, a filler material is applied to the surface of the workpiece, which is
fused to the surface of the base material using a laser beam. Under the influence of the laser beam,
a small part of the surface of the base material also melts, thus forming a stable molten bond between
the filler and the base material (Figure 1).

Laser cladding achieves excellent density and low mixing of the base material and the coating.
Typical coating thicknesses are in the range of 0.5-3 mm. A small heat input causes very little
change in the base material. Laser cladding is suitable for most coating-to-base material joints.
Examples of damage to be repaired: worn edges, creases, broken molds; wear of gear seats, bearings
on shafts, teeth of threaded fasteners, etc.; wear of stepped shaft surfaces (including keyways); wear
of exhaust and intake valves, valve spools; breakage, cracking of the mold wall for molding rubber
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or plastic; defects in the blades of gas turbine engines - wear of the body and base of the blade,
crushing and chips on the edge of the blade; wear of turbocharger rotors; damage to parts made of

Figure 1. Laser coating process

high-strength alloys operating under shock-abrasive and shock loads (drilling tools, punching dies,
etc.); wear and defects of large-sized products weighing up to several tons; and others.

During single-stage coating, the coating material is applied to the parts simultaneously with a laser
beam. Single-stage coating is an example of a process with a single-beam spray gun. Usually, the
laser beam is directed vertically onto the base material. In this case, the coating material is directed
at the laser beam at a certain angle (usually 45-55 degrees) to the place where the laser hits. Part of
the laser beam causes a certain melting of the coating material, and part of it causes melting of the
base material. At this time, the movement of the part (head) causes the mixing and solidification of
the molten coating and the base material.

For the process to be correct, the energy of the laser beam must be adjusted to the amount of coating
material and the movement of the part in the right way. In this case, the following cases are possible.
The speed and amount of material are kept constant, the laser energy is changed. In this case, when
the energy is reduced and increased, the mixing zone between the coating material and the base
material will change proportionally.

The speed of the process changes at a constant rate of the laser beam and the amount of coating. In
this case, the thickness of the mixing zone will be inversely proportional. It should be noted that in
this case there will be a change in the thickness of the coating. The laser and the process speed are
inversely proportional when the amount of fixed powder is variable. [4,3]

In single-beam sprayers, the sprayers are attached to the laser head at an angle of 45-55 degrees.
The distance between the place where the sprayer sprays the material and the place where the
process takes place is approximately 10 mm. Before starting the process, the spray material sprayed
by the laser beam must be adjusted. According to current requirements, the method of applying
coatings with continuous laser action has a number of undeniable advantages: ensuring the adhesion
strength of the base and filler metal; low residual stresses and deformation; ensuring the process
with a minimum penetration depth of the base; increasing the utilization factor of the deposited
material. In this work, the laser coating process was carried out in a robotic laser complex based on
a high-power multimode continuous wave ytterbium fiber laser LS-2. The surface coating was
applied by a coaxial method, with self-flow of PR-20Kh13N2: PR-NH17SR3 powder in a ratio of
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3:1 in a protective gas environment. The appearance, characteristics and operating parameters of
the laser coating complex are clearly shown in Figure 2.

Figure 2. View of the laser coating complex

Gas welding is a metal joining process that involves melting metals using fuel gases such as
acetylene, propane or hydrogen mixed with oxygen to create a weld. This type of welding is
commonly known as "Oxy-Acetylene Welding" because oxygen and acetylene are the most
commonly used gases in this type.

Gas welding Gas welding, also known as oxy-fuel welding or oxyacetylene welding, is a heat-based
process used to cut and join metals. It involves the combustion of fuel gases such as acetylene or
gasoline with oxygen to create heat that melts and joins the ends of the metals. The process can be
performed using a variety of gas combinations, but the most common are oxygen and acetylene. A
practical example of this type is illustrated in Figure 3 below.

Figure 3. Gas welding with oxygen and acetylene

Pyrometers are divided into two types based on temperature measurement technology: optical
pyrometers and infrared pyrometers [5,6]. Each type has specific uses and advantages, so the choice
of pyrometer allows for accurate, efficient temperature readings. Infrared (IR) pyrometers: non-
contact, high-speed measurement - These devices are ideal for non-contact and real-time
temperature measurement, especially in high-temperature and dynamic processes such as laser
coating. IR pyrometers determine the temperature of an object b.y measuring the thermal radiation
(infrared waves) emitted from its surface. This device uses Planck's law or Stefan-Boltzmann's law
to calculate the temperature without physical contact with the object. The basic principle is that hot
objects emit more infrared radiation — the sensor receives this radiation — the internal electronics
calculate the temperature. Optical pyrometers use traditional optical temperature measurement
technology. They work by observing the spectrum of light emitted by an object. These devices
contain sophisticated optical lenses and spectrum analyzers to capture and analyze the light. During
operation, the operator points the pyrometer at the target object. The device then detects changes in
brightness and color in the object's emission spectrum, which increase as the temperature increases.

———
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These changes are analyzed to determine the object's temperature. Optical pyrometers work well in
environments that are not affected by ambient light, making them ideal for bright temperature
measurements in high temperatures, high radiation, or bright environments, such as steel or glass
furnaces.

Different quenching temperatures for hypoeutectoid and hypereutectoid steels are due to the fact
that ferrite is present in the structure of hypoeutectoid steels below the GS line, and if quenching is
carried out from this area, austenite will turn into martensite, and ferrite will remain in ferrite.
structure as it is. Since ferrite is soft, it significantly reduces the hardness of the hardened steel.
Based on this, hypoeutectoid steels need to be heated above the GS line (i.e., above the Ac3 point).
In hypereutectoid steels, when heated above the PSK line (i.e., above the AC1 point), there is no
ferrite, therefore, there is no need to heat these steels above (above the SE line), because. A and C
are present in this area. A - when cooled, turns into martensite, and there will also be a solid
component - cementite in the structure. To determine the cooling conditions during hardening of
steel, it is first necessary to take into account the regularities of the transformation of austenite into
other structures at different cooling rates. The C-shaped diagram gives an idea of this.

When quenching steel, they usually try to obtain martensite in the steel structure. Therefore,
knowing the features of the formation of the structure during cooling of austenites at different
speeds, it is possible to determine the conditions for cooling the steel according to the C-shaped
diagram to obtain a martensite structure. The minimum cooling rate at which austenite cools to the
Mn point and then turns into martensite is the tangent to the C-shaped curve. This cooling rate is
called critical. Thus, the cooling rate during quenching must be higher than critical. For ordinary
carbon steels, this is about 150 m/ s.

This speed is achieved by cooling in water or aqueous solutions of salts.

Since quenching for martensite occurs only at a cooling rate higher than critical, with a sufficiently
large thickness of the part, it may turn out that the cooling rate in the core will be less than critical.
In this case, only a certain surface layer will be solidified on martensite, while the core will remain
unhardened, have a different structure and other properties.

When hardening real parts, it is necessary to know when hardening is possible over the entire section
or how deep the hardened layer will be. The criterion for such an assessment is the hardenability of
the steel, which is understood as the depth of the hardened layer.[7,8]

The results of the study showed that accurate and real-time measurement of the temperature at the
working point during the laser coating process is one of the main factors in ensuring the physical
and mechanical quality of the coating. Maintaining the temperature at an optimal level during the
process minimizes structural changes and thermal deformations on the material surface, creating
conditions for obtaining a homogeneous and durable coating.

Conclusion

The non-contact infrared pyrometers used in the study allowed for high-speed and accurate
measurement of the temperature at the working point during laser coating. The temperature
fluctuation was monitored in real time through an automated measurement system, and when it
reached a critical level, the system was able to dynamically self-regulate by intervening in the
process parameters (adjusting the laser power, changing the scan speed, etc.).

The following main results were obtained based on the study:

1. Automatic temperature measurement directly affects the quality of the coating:

- Maintaining the optimal temperature range improved the adhesion and micromorphology of the
coating.

- Sudden increases or decreases in temperature have created cracks, pores, and unevenness in the
coating.
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XULASO

Miiasir istehsal texnologiyalarinda sathi giiclondirmak vo omaliyyat keyfiyyotlorini artirmaq iigiin
miixtolif Gsullardan istifado olunur. Bu iisullar arasinda lazerlo {izlonma prosesi son illordo 6z
iistiinliiyii vo genis totbiq sahasi ilo segilir. Lazer oOrtiiyii zaman1 bas veron istilik proseslori cox
stiratli vo miirakkabdir. Buna goroa do prosesin real vaxt rejimindo monitoringi vo nazarati zoruridir.
Temperaturun doqiq vo davamli 6l¢iilmasi ortiiyiin homojenliyinin, mikrostrukturunun, yapigsmasi-
nin vo ¢atlamaya davamliliginin tomin edilmosinds boyiik shamiyyat kasb edir. Texnoloji inkisaflar
noticoasinda pirometrlor, termal kameralar vo infraqirmizi sensorlar kimi tomassiz 6lgmo cihazlar
lazer ortiik sistemloring inteqrasiya olunur. Bu tadqiqat iginin moaqgsadi lazer ortiikk prosesindo is
noqtasinds (yani lazer siiasinin sothls tomasda oldugu zonada) temperaturun Slgiilmasinin avtomat-
lagdirilmasi iisullarin1 arasdirmagq, totbiq olunan texnologiya vo avadanliglan tohlil etmok vo
prosesin somaraliliyina tosir edon amillori giymatlondirmakdir. Tadqgigatin obyekti: lazerlo 6rtiilmo
prosesinda is noqtasindo (lazerin tosir etdiyi zonada) temperaturun &l¢iilmasi vo bu 6lgmonin
avtomatlasdirilmasi {igiin istifado olunan texniki vasitalor va sistemlor. Buraya temperatur 6lgmo
sensorlart (pirometrlar, istilik kameralar1 vo digor infraqirmizi cihazlar), mslumatlarin toplanmasi
va emali li¢lin istifado olunan idaraetma modullar1 (mikrokontrollerlor, PLC sistemlori), homginin
bu komponentlor arasinda slageni tomin edon proqram tominati vo idarsetma alqoritmlori daxildir.
Golacak tadqgiqatlarin siini intellekts osaslanan idarsetms alqoritmlori, agilli sensor texnologiyalari
v bulud asasli SCADA sistemlarinin totbiqi vasitasilo nozarati daha gevik, prognozlasdirila bilon
va tohliikasiz etmok {igiin davam etdirilmasi tdvsiys olunur.

Agar sozlor: lazer, lazer ortiik, lazer temperaturu, 6l¢mo, avtomatlagdirma.
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HCCJIEJOBAHUE ABTOMATU3ALUMU UBMEPEHUA TEMIIEPATYPbI
B PABOYEMU TOYKE ITPU JIASBEPHOM HAHECEHUHU ITOKPBITUHN
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PE3IOME

TenoBele MpoLecChl, MPOUCXOAIINE MPU JIA3ePHOW HAIIaBKe, OYEHb OBICTPBIE U CIOXHBIE.
[TosTOMY HEOOXOAMM MOHUTOPHUHT U KOHTPOJIb IIPOIiecca B pexKUMeE peajbHOro BpeMeHu. [loaromy
INPUMEHEHUE aBTOMAaTU3UPOBAHHBIX U BBICOKOYYBCTBHUTEIBHBIX CEHCOPHBIX CUCTEM CTalI0 HEOOXO-
TUMocTho. Llenbio JaHHOM HayyHO-HMCCIIe10BaTeIbCKOM paboThI SIBJISETCS UCCIIEI0BAaHNE METO/I0B
aBTOMAaTH3allUU U3MEPEHUS TEMIIEPATyphl B pabodel Touke (T.€. B 30HE KOHTAaKTa Ja3epHOro Jiyya
C IOBEPXHOCTHIO) B MPOLIECCE JIA3€PHOT0 HAHECEHUS OKPBITHH, aHAJIN3 TPUMEHSIEMOI TEXHOIOT U
U 000pylOBaHUS, a TAKKE OLIEHKA (PAKTOPOB, BIAMSIONMX Ha 3P(PEKTUBHOCTH mporecca. OObeKT
HCCJIEIOBaHMS: TEXHUIECKUE CPEJICTBA U CHCTEMBI, HCIIOJIb3yEMbIE JJI1 M3MEPEHUS] TeMIIEPATYPHhI
B paboyeii TouKe (B 30HE BO3ACHCTBHS JIa3epa) B MPOIIECCce JIa3ePHOT0 HAHECEHUsI TIOKPBITHI U aB-
TOMaTH3alMU 3TOTO M3MepeHus. K HUM OTHOCATCS NAaTYMKU U3MEPEHHs TeMIepaTypsl (IMpOMeT-
PBlL, TETJIOBU30PHI U Apyrue HH(GpaKpacHble TPUOOPHI), MOAYIH YIIPABICHUS, UCIIOIb3YEMbBIC IS
cbopa 1 00paboTku naHHBIX (MUKpOKOHTposwepsl, cucteMsl [1JIK), a Taxke nmporpammuoe odec-
MeYCHNUE U aJTOPUTMBI YIIPaBIEHUs, 00ECIIEUNBAIOLINE CBA3b MEKIY STUMH KOMIIOHeHTaMu. bra-
rojgapsi BHEAPEHHUIO MpeIaracMoil aBTOMATH3MPOBAHHON CHCTEMBbI OTKJIOHEHHSI TEMIIEPATYPHI
ynanoch cokpatuth ¢ +50°C mo £15°C, coxpaHUTh MHUKPOCTPYKTYPHYIO CTaOMIBHOCTH TTOBEPX-
HOCTH M3AENUH, a TaKKe CYIIECTBEHHO CHHM3UTh HEOOXOAMMOCTH BMEIIATENLCTBA YEJIOBEKA B
mporiecc ynpasieHus. PekoMeHIyeTcst IpoIOJKHUTE TalbHEHIITNE UCCIIeIOBAHNS, YTOOBI CAeNaTh
ynpaBiieHHe Oosee TMOKMM, NpelCKa3yeMbIM U 0e30MacHbIM 3a CUeT NMPUMEHEHHUS allrOpUTMOB
yTpaBJIeHHs] HA OCHOBE HCKYCCTBEHHOT'O MHTEIIEKTa, TEXHOJIOT M HHTEIUIEKTyalIbHBIX JaTYNKOB U
oOmaunbix cucteM SCADA.
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