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ABSTRACT

Introduction. One of the promising modern methods of coating formation is detonation gas
dynamic sputtering. Coatings obtained by this method have high adhesion to the substrate, dense
structure and specified functional properties. Development of technology for obtaining functional
coatings with high emission coefficient in the infrared range is an urgent need for the development of
high-temperature industrial processes and technologies. High-temperature industrial processes consume
a large amount of energy, so improving the energy efficiency of industrial equipment is considered as
one of the ways to overcome the ever-growing energy crisis. To this end, coatings with high infrared
emissivity have been developed for industrial furnaces. These coatings are usually applied to the furnace
walls, which significantly improves energy efficiency by increasing heat transfer from the heat-emitting
surfaces of the furnace. The purpose of the work is to obtain coatings with high emission indices in the
infrared range for further recommendation of its use in baking ovens of Shebekinsky machine-building
plant. Methods for studying coating specimens obtained by detonation gas-thermal method: scanning
electron microscopy, X-ray phase analysis, energy dispersive analysis, infrared spectroscopy. Results
and discussion. The microstructure, phase composition, emissivity and thermal cycling resistance of
Fe,0;; ALO, + 10 % Fe,0,; Ti + 10% Fe,O, coatings obtained by detonation gas-dynamic powder
spraying are investigated in this work. The results of the study showed that the obtained coatings have
a dense structure, increased emissivity and resistance to thermal treatment cycles, as a result of which
the structure of the crystal lattice of the coatings does not change.
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Introduction

Ceramic composite materials have been actively used during the last decade for protection against
abrasion and thermal corrosion. There have also been a number of works [1-6] devoted to the study of the
emissivity of ceramic composite materials in order to use it as coatings on the heat-transferring surfaces of
industrial furnaces to increase energy efficiency.

The heat treatment process is one of the most common technological operations in all industries. The
heat energy transfer in the furnace occurs through convection and radiation mechanisms, but radiation
heat transfer becomes dominant with increasing temperature [7]. The main criterion that characterizes the
efficiency of radiation heat transfer is the emissivity of the heat-emitting surfaces, in industrial heating
furnaces. Such surfaces are internal walls, gas ducts and coils, depending on the design and type of furnace.

Increasing the energy efficiency of industrial heating furnaces is currently considered as one of the
promising ways to overcome the ever-growing energy crisis, because it is in heating processes that a
large amount of energy is wasted [8]. To this end, ceramic composite coatings with high emissivity and
thermal stability during operation consisting of powder compositions of Fe,0,, 4,0, + 10 % Fe,O,, Ti +
+ 10 % Fe,O, were developed and investigated. The effect of the presence of iron oxide and aluminum
oxide in the coating on increasing emissivity was shown by other researchers [9—11]. Previously developed
coatings were applied in different ways on the heat-transmitting walls of the furnace, which significantly
improved the energy efficiency of heat energy transfer [9—-12]. The emissivity coefficient of a material is the
ability of its surface to radiate energy through radiative heat transfer; numerically this characteristic can be
expressed as the ratio of the energy radiated by a particular material to the radiated energy of a absolutely
black body at the same temperature, where a absolutely black body will have a value equal to 1, and for a
comparable material the value is in the range from 0 to 1 [13].

At present, many methods have been studied for applying high-emissivity coatings to metal surfaces,
for example: sol-gel method, glazing, magnetron sputtering, electron beam vapor deposition, plasma
spraying, etc. [14—19]. In the presented work, the possibility of forming coatings with high emissivity
coefficient on the heat-emitting surfaces of industrial baking ovens using detonation gas-dynamic spraying
is investigated. This method makes it possible to apply coatings with low porosity (1 %) and high adhesion
to the base [20], which will ensure the resistance of the coating to thermal cycling. The coating process is
carried out by heating and accelerating powders by detonation combustion products of combustible gas
mixture of propane, oxygen and air with a frequency of 20 Hz and above, the sprayed particles velocity
using this method reaches 1,200 m/s, and the materials utilization rate for oxide ceramic powders is not less
than 67 % [21, 22].

The purpose of the work is to obtain coatings with high emission indices in the infrared range for
further recommendation of its use in baking ovens of Shebekinsky machine-building plant. To achieve the
purpose the following tasks were solved:

1. The compositions were determined and powder compositions of Fe,O,, A,O, + 10% Fe,O,, Ti +
+ 10 % Fe,O, were prepared.

2. Technological parameters for applying powder compositions using the detonation gas-dynamic
method were determined.

3. The structure and phase composition of the obtained coatings were investigated.

4. The emissivity of the obtained coatings was determined.

5. The thermal stability of the obtained coatings was studied.

Research methodology

As raw components for the creation of coatings, powders 7i (PTS-1, purity 99 %), AL,O, (ChDA, purity
98.5 %), Fe,O, (extra-pure 24, purity 99.7 %) were purchased. The characteristics of the purchased
powders are given in Table 1.

Mixing of powder compositions of 4/,0,, PTS-1 and Fe,O, was carried out mechanically in a Fritsch
Pulverisette 6 planetary mill at a mass ratio of balls to mixture of 2:1 at a speed of 200 rpm for 5 min.

CM Vol 26 No. 2 2024



TECHNOLOGY OBRABOTKA METALLOV %

Table 1
Powders used for coatings
Particle size distribution, um
Name, grade Manufacturer Method of obtaining
d(10) d(50) d(90)
Ti powder, JSC POLEMA Tula,
PTS. ] Russia Amalgam metallurgy method 9.54 24.69 50.76
Donetsk Chemical Initial material calcination in a
ALO; powder Reagents Plant halogen-containing atmosphere 2.28 19.96 46.36
Donetsk Chemical Utilization of thermal decomposition
Fe,0; powder Reagents Plant products of iron 0.23 354 279

Coating was carried out by detonation gas dynamic spraying using a robotic complex (Fig. 1) for
detonation spraying of coatings, consisting of a multi-chamber shaped-detonation device (MCDS), a gas
post, a gantry robot, and a special powder feeder, which provides dosing and periodic powder feeding into
the MCDS. Powder injection into the combustion chamber of the MCDS in the process of detonation of the
combustible gas mixture ensures its heating and acceleration. Heated powders hit the substrate surface at
high speed, creating a dense composite coating [23-25].

Fig. 1. Robotic complex for detonation coating

The right side of Figure 1 shows the assembling sheet of the coated baking oven. After coating all the
heat-transferring surfaces of the oven components, the baking chamber is assembled.

The baking chambers in the baking ovens of the Shebekinsky Machine-Building Plant are made of St3
steel. The finished baking oven of the Shebekinsky Machine-Building Plant is shown in Figure 2.

A series of experimental specimens of coatings on a substrate of Sz3 steel with dimensions of 40x40 mm
(3 specimens for each coating material) were fabricated to study the microstructure, phase composition,
resistance to thermal cycling and emissivity.

Before coating, the surface of experimental specimens was cleaned from oil contamination with hexane
and subjected to sandblasting. Sandblasting was carried out at a pressure of 0.3 MPa with dry quartz sand
with grain size 1-3 mm up to the 3" class of purity according to GOST 9.402-82. Afterwards, residual
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Fig. 2. Appearance of a baking oven of JSC SHMZ

contamination was removed from the surface of the metal plate by compressed air not worse than the
1¥ class of contamination according to GOST 17433.
The modes of coating on the surface of the experimental specimens are given in Table 2.

Table 2
Coating parameters
Flow rate of fuel mixture components (rn3/h) Powder Spraying
Powder name Jir oxveen propane (30 %) + | consumption | distance
e butane (70 %) (g/h) (mm)
Fe,O, 1.41%/1.08%* 2.87*%/3.26%* 0.54*/0.65%* 11 40
ALO;+10 % Fe,O, 1.41%/1.08** 2.87%/3.26** 0.54%*/0.65** 52 70
Ti+ 10 % Fe,O, 1.3%/1.54%* 2.44%/3.04** 0.56*/0.67** 78 65
* — cylindrical combustion chamber; ** — annular combustion chamber/

The coating was applied by moving the barrel in the vertical scanning mode with a transverse displacement
of 5 mm in one pass. The inner diameter of the barrel was 16 mm, the barrel length was 500 mm, and the
detonation frequency was 20 Hz. The barrel displacement in vertical scanning mode for Fe,O,, 41,0, +
+10 % Fe,O, and Ti + 10 % Fe,O, composite coatings was carried out at a speed of 2,000 mm/min, 1,000
mm/min, 1,500 mm/min, respectively.

To determine the microstructure and phase composition, the obtained experimental specimens were
sawn into 4 parts with dimensions of 20x20 mm using an IsoMet 5000 precision cutting machine.

The microstructure, elemental composition and morphology of the obtained coatings were investigated
by scanning electron microscopy on a scanning electron microscope Mira 3 LMU (Tescan, Czech Republic).
A reflected electron detector was used in high-resolution mode at an accelerating voltage of 15 kV to obtain
images of the surface of composite coatings and areas for the study of the elemental composition. The
elemental composition of the specimens was studied by energy dispersive spectroscopy (EDS) in the AZtec
3.1 microanalysis system using an X-Max 50 detector (Oxford Instruments NanoAnalysis, High Wycombe,
England). The accumulation of EDS spectra and elemental composition distribution maps was carried out
at an accelerating voltage of 15 kV, working distance 15 mm. The beam current was set so that the signal
level was about 4,000—5,000 pulses per second.

CM Vol 26 No. 2 2024
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The phase composition of the coated experimental specimens was analyzed by X-ray diffraction with
stepwise scanning of 26 angles from 10 to 90° with a step of 0.05° on an ARL X 'TRA diffractometer (Ther-
mo Fisher Scientific, Switzerland) with Cu-Ka-radiation (A = 0.1541744 nm). The phase composition was
determined according to the standard technique in the PDXL program using the PDF-2 (JCPDS ICDD)
powder radiographic standards database (2008).

The infrared spectra were measured on an /RS 55/S IR Fourier spectrometer (Bruker, Germany) using
a registration monochromator controlled by a personal computer (PC). Diffraction gratings of 300 and 150
shp/mm were used to extend the spectral range. The working spectral range of the gratings was 1.4—4.0 and
2.8-8.0 um, respectively. Measurements were performed at a spectral slit width of 0.02 pm. The scanning
step was chosen to be 10 nm. Due to the high absorption capacity of quartz lenses designed to focus radia-
tion to the input slit of the monochromator in the range from 2.5 um, the latter were removed and replaced
by mirrors. The distance from the heated specimen (coated plate) to the monochromator slit was 60 cm. The
focused radiation from the specimens was fed to the input slit of the monochromator using an aluminum
mirror with focal length /= 150 mm. Mirror adapters (elliptical aluminum reflectors) were used behind the
output slit of the monochromator, the use of which made it possible to collect the output radiation from the
monochromator to the receiving area of the photodetector with minimal losses.

In the 1.0—4.0 um range, an automated turret with interference /R light filters switchable at wavelengths
of 1.0, 1.6, and 2.0 um was used to cut off higher-order radiation. In the 4.0-8.0 um range, additional
manually switchable /R light filters were used for a similar purpose. In the extended range of 1.0-10.0 um,
a module from ORIEL INSTRUMENTS (USA) was used as a photodetector (detector), the sensitivity of
which did not depend on the radiation wavelength.

During preliminary adjustment (debugging) of the recording system (signal search and optimization) in
the near-infrared range (1.0-2.0 um) we used more highly sensitive detectors: InGaAs-photodiodes /GA-
050-TE2-H (900—-1,700 nm), /IGA2.2-030-TE2-H (900-2,800 nm) and PbS-photoresistors PbS-050-TE2-H,
(900-3,300 nm) of the company “ELECTRO-OPTICAL SYSTEMS INC” (USA-Canada); InGaAsP photo-
diodes PD24-20TECI-PR (1,000-2,300 nm), PD25-20TECI-PR (1,000-2,500 nm), PD36-05PR (1,200—
3,800 nm) of the company “/BSG Company Ltd” (St. Petersburg, Russia). The photodiodes and photoresis-
tors were cooled to optimal temperatures. To increase the signal-to-noise ratio, registration was performed
using radiation modulation at the input of the monochromator. The modulation frequency was 500 Hz. The
pre-amplified signal from the detectors was fed to the main single-channel amplifier with a synchronous
detector Lock-in nanovoltmeter type 232 B (Poland, USA).

For spectral measurements of specimens in the temperature range from 100 to 500 °C, a method was
developed and a thermoblock (mini oven) with heating of specimens and maintenance of its temperature
(relative to the required temperature) with an error of + 5 °C. The thermoblock consists of a heater, a heat
conducting sleeve made of copper (d = 40 mm, thickness & = 8 mm) and a heat-resistant casing. A 20x20
mm specimen was pressed to the copper sleeve using screws. Temperature control was carried out using a
calibrated constantan-copper thermocouple inserted into the hole of the copper sleeve. The required speci-
men temperature was maintained by selecting the heater current.

The error in spectra measurements in the vast majority of cases did not exceed £ 5 %. In some
cases, when the useful signal exceeded the background (noise) signal only 5-10 times, the error could
reach £ 10 %.

Thermal cycling of coated specimens was carried out in a muffle furnace. For each test, three specimens
were placed on a tray. The tray could be moved in and out of the furnace chamber. An air-cooling system
was attached to the outside of the chamber to cool the specimens. The oven temperature was set at 550
°C, as this is the maximum operating temperature of the hottest parts of the heat transfer surfaces of the
baking oven. The specimens were kept in the muffle oven for 30 min. Then the moving tray with the
specimens was removed from the oven and air cooling was applied to the for 10 min. One thermal cycle
consisted of 30 min heating and 10 min air cooling. The specimens underwent 300 cycles to evaluate the
effect on the coating.

Vol. 26 No. 2 2024 %
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Results and their discussion

The initial powders are represented by a wide range of particles of different shapes, among which we
can distinguish splinter, spongy, droplet, as well as particles of complex shape. The results of the study of
morphology and particle size of the initial powders are shown in Figure 3.

c
Fig. 3. Morphology and particle size of the initial powders:
PTS-1 (), 41,0, (b), Fe,0, (c)

CM Vol 26 No. 2 2024
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The results of the study of the phase composition of the initial powders are summarized in Table 3.

The results of the study of the particle size distribution of the initial powders are summarized in Table 4.

Figure 4 shows the SEM images of the experimental coating specimens sections.

A5 um thick coating of Fe,O, powder was formed on S¢3 steel (Figure 4, a). The contact zone between
the coating and the substrate has no defects or microcracks, which indicates high strength of the joint.

The coating applied from a composition of 41,0, + 10 % Fe,O, powders (Figure 4, b) is continuous,
without chipping, bubbles and through cracks. The thickness of the obtained coating is 50 pm.

When studying the structure of the coating formed from the composition of powders 7i + 10 % Fe,O,
(Fig. 4, ¢), it was found that it has a developed lamellar structure with a large number of interphase
boundaries. The coating is dense, there are no cracks and pores, and the coating thickness is 5 pm.

The results of energy dispersive spectroscopy are summarized in Table 5.

Table 3
Phase composition of the initial powders
Name, grade Phase Spatial group
PTS-1 powder Ti 194:P63/mmc
Powder PDA AL O, 7-Al,0, 227:Fd3m
Powder extra-pure 2-4 Fe,O, a-F,O, 167:R-3c
Table 4
Granulometric composition of the initial powders
Particle size distribution, pm
Name, grade
d(10) d(50) d(90)
Ti powder, PTS-1 9.54 24.69 50.76
Powder 41,0, 2.28 19.96 46.36
Powder Fe,O, 0.23 5.54 279
a b c

Fig. 4. Microstructure and morphology of the cross-section surface of experimental coating samples:
Fe,0, (), ALLO, + 10% Fe,0, (b), Ti + 10% Fe,0, (¢)

Vol. 26 No. 2 2024 %
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Table 5
Results of energy-dispersive spectroscopy
Coverage Element, weight %
£ 0 Al Ti Fe
Fe,0, 30.1 - - 69.9
ALO, + 10% Fe,O, 45.7 49.2 - 5.1
Ti+ 10 % Fe,0, 39.6 - 54.1 6.3

The results of energy dispersive spectroscopy (EDS), confirmed the expected elemental composition of
the witness specimens. The composition corresponds to the composition of the initial powders.
The results of the study of the phase composition of the coatings are summarized in Table 6.

Table 6
Phase of composite coatings
Coverage Phase Spatial group Composition, %
Fe,0, Fe,0, 74:Imma 100
a-41,0, 167:R-3c 54
ALO; + 10 % Fe,0, y-AL,0, 227:Fd3m 39
Fe,0, 227:Fd-3m 7
Tio, 136:P42/mnm 91
Ti +10 % Fe,0,
Fe,0, 227:Fd-3m 9

When coating from a composition of 47,0, + 10 % Fe,O, powders, a structure consisting of a-4/,0;,
y-AL,0, and Fe 0, solid solution phases is formed.

The coating obtained from the composition of powders 7i + 10 % Fe,O, consists of phases 7i0, and
Fe,0,. The transition of the 7i phase into the 7iO, phase is due to the oxidation of titanium, which occurs
during the formation of the coating.

Figure 5 shows the results of measuring the emissivity of experimental specimens of coatings at 450 °C.
The dips in the region of 4.25 um are caused by absorption of carbon dioxide, in the region of 1.82, 3.3, 5.9
and 6.5 pm are caused by steam.

Among the experimental specimens obtained, the coating Fe,0, at 450 °C showed the highest emissiv-
ity in the infrared range €, , um = 0.7 and ¢, ; um = 0.8. Composite coatings of A/,0, + 10 % Fe,O, and
Ti + 10 % Fe,O, have ¢, , um = 0.59 and 0.57 , respectively, and ¢, ;, um = 0.67 and 0.66 at 450 °C. Coat-
ing Fe,O, has the main peak of /R radiation in the region of 3—4 um, which is more promising for use in
the baking industry, because the radiation of this spectral range most deeply penetrates into the dough, ac-
celerating the cooking process.

According to the results of the analysis of the results of thermal cycling of experimental specimens, it
was revealed that the appearance of coatings did not change. The appearance of the coating specimens after
thermal cycling is shown in Figure 6.

The specimens underwent 300 cycles of thermal cycling without cracks and delaminations. The analy-
sis of X-ray phase diagram showed that after thermocycling there were no changes in the crystal lattice,
which indicates a high resistance of coatings to operational temperature changes. The results are presented
in Figure 7.

CM Vol 26 No. 2 2024
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ABB for A=3-7 um R=8.5 kW/m?, e = 1
Fe203 for A=3-7 um R=5.9 kW/m?, ¢ = 0,7
ALO3+10%Fe203 for A=3-7 um R=5.0 kW/m?, £ = 0,59
Ti+10%Fe20;3 for A=3-7 um R=4.8 kW/m?, ¢ = 0,57
Steel for A=3-7 pm R=4.8 kW/m?, ¢ = 0,57

W(m?nm)

nm

Fig. 5. Spectral emissivity of experimental coating samples at 450°C

a b c
Fig. 6. Appearance of coating samples after thermal cycling:
Fe,0, (a); ALO, + 10 % Fe,0, (b); Ti + 10 % Fe,0, (c)

Conclusions

Coatings Fe,0,; ALO, + 10 % Fe,O,, Ti + 10 % Fe,O,, obtained by detonation gas dynamic powder
spraying were studied for JSC Shebekino Machine Building Plant, Shebekino.

Analysis of the microstructure of the obtained coatings showed that it has a dense lamellar structure
with the absence of cracks.

The results of high-temperature cyclic heat treatment showed that the obtained coatings are resistant to
operating temperatures.

X-ray diffraction analysis showed that no changes in the crystal lattice of the coatings occurred under
the influence of cyclic heat treatment.

The results of infrared spectrometry of the obtained coatings show that at 7= 450 °C about 5 kW of

power can be obtained per square meter of a coating with a high emission coefficient. According to the
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Fig. 7. Comparison of the results of X-ray phase analysis before and after thermal cycling:

Fe,0, (a); ALO, + 10 % Fe,0, (b); Ti+ 10 % Fe,0, (¢)
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technical characteristics of baking ovens produced by Shebekinsky machine-building plant, the estimated
average power is 1 kW per square meter of a coating. Thus, the obtained specimens with coatings Fe,O.;
ALO,;+10 % Fe,O; Ti + 10 % Fe,O, give the supplied energy at 450 °C more than 3 times more efficient
than the specimens of steel St3, from which the ovens are made. Theoretically, even at 200 °© C, more than

1 kW/m” can be removed from the coating.
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