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Abstract. Dielectric and resistive coatings based on glassnues with nickel boride
additives have been synthesized. It was foundthigamicrostructure of the resistive coating cossist
of a large number of phases. X-ray fluorescencéysisaevealed the presence of Ni and Cr borides
in the structure of the resistive layer. It wasrduhat the change in the structure and specific
surface resistance of resistive pastes practicddigs not affect the temperature coefficient of
resistance of the synthesized resistive tracks.
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Introduction

In the context of an increasing shortage of natarergy carriers, the use of electric current as a
source of thermal energy is becoming increasingigartant. One of the problems is the development of
an environmentally friendly, low-inertia electriedtter for heating premises, mobile railway and mrba
electric transport. Now the technology for the prcitbn of flat heating elements is expensive, low-
performance, energy-intensive and is based on #ikad of multiple screen printing followed by coml
thermal treatment of functional layers. The digiecind resistive pastes used in this process aderon
the basis of precious metals. The article analtsgnative technologies for the manufacture of fla
heating elements using surface engineering metigds

Given the high chemical and thermal stability, thaterial for the resistive coating is used brand
PRN paste (Paste-Resistive-Nickel). PRN pastesmade by adding nickel borides (NiB) to the glass-
ceramic composition of the BaO-Si2nO system. The resistive coating was applied gvaas-ceramic
surface obtained from steel. Steel in the annestige does not have structural and phase changeg du
cyclic heating and cooling in the temperature raog25...450°C, and is also resistant to corrosiodenn
atmospheric conditions. The thermal expansion @mefft of 430 steel is 10.4107 K™%, and glass-
crystalline materials based on the BaO-Sf00 system (10107 K1) are close in value to the thermal
expansion coefficient, which eliminates the podijbdf delamination coating from the substrate. [2]

Problem Statement

Development of a ceramic resistive material basedickel and chromium borides. Establishing the
possibility of regulating the operational charaistizs of film heating elements (power, resistaniog)
changing the modes of thermal operation.
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Experimental Approach

For the deposition of resistive coatings, we ugeetisl paste-like suspensions on a ceramic basis
(BaO-SiQ-Zn0) with the addition of fine powders of nickeichchromium borides. A resistive coating
was applied to a glass-ceramic surface obtaineste® grade 12X17. Steel in the annealed stateaidas
phase changes during cyclic heating-cooling in tdraperature range of 25...450°C, and is corrosion-
resistant under atmospheric conditions. The TCLE2f17 steel is 10.4107 K- and is close in value to
the TCLE of glass-crystalline materials based oa BaO-SiG-ZnO system (10107 K™, which
eliminates the possibility of delamination of thaating from the substrate [3]—[5].

For glass-crystalline systems BaO-5&h0O, a standard heat treatment is used, whichigtsnis
holding at the temperatures of the onset of criyatdion. To reduce the exposure time, the heatinent
temperature is increased. Such a mode of heattesatensures obtaining a high-quality homogeneous
coating, the surface of which does not requireskiitig machining [6].

For thermal treatment of glass-ceramic coatingslimmarily applied by screen printing, industrial
tunnel furnaces of the PEK-8 type with an OVEN THMB control unit were used. The 5-meter-long
PEK-8 tunnel furnace allows annealing of samplesigint different temperature zones (Fig. 1). Toieah
the appropriate structure, the optimal modes ofntlaé treatment of coatings were experimentally
established, which consist in annealing at differeemperatures depending on the furnace zone:
(TL=485C, T, =600C, T3 =696C, T4=773C, Ts = 780C, Te = 780C, Tr = 685C, Tg = 568C). The
holding time of the insulating coatings during haatment was 1 hour. For resistive coatings, laimi
temperature conditions of heat treatment were wm@tithe exposure was 1 and 1.5 hours.

M.a. ’5. " \\\

Fig. 1. Heat treatment process of insulating coatingsfirrmace PEK-8 [7]

To study the structure of the formed surface |lgymetallographic analysis was carried out according
to the standard technique on a MICROTECH® MMT-14iisroscope using the TopView software.

The determination of the elemental composition bga)X fluorescence analysis was carried out on
an X-ray spectrometer SER-01 “ElvaX Light”. ElvaXght SER-01 is a modification of the ElvaX
spectrometer with an extended range towards liginhents.

Investigations of the microhardness of coatingerafinnealing on NOVOTEST TC-MKV1
Microhardness testers. The principle of operatibthis device is identical to the principle of opton of
the Vickers hardness tester.
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The resistance of resistive coatings was measuredei temperature range of 20...30Qusing a
high-precision Schneider Electric Thorsman cate@omyultimeter.

Main Material Presentation

Glass-ceramic insulating coatings were synthesizethe surface of 12X17 steel. The thickness of
the coatings was 130...150 pm.

Resistive tracks on a ceramic base (BaO-ZiD) were synthesized on the surface of a glass-
ceramic coating with the addition of fine powdefsiwkel and chromium borides [8]. The surfacelod t
resistive track is smooth, dark gray. No visiblecnoatructural defects were found after the synthesi
the tracks. For the rubber tracks shown in Figpdliad a different exposure during the processimgt
1 hour (Fig. 22) and 1.5 hour (Fig. B).

a b

Fig. 2. Film heating elements with different nominal résige at room temperature:
a— 80 Ohm at 20°C; b — 280 Ohm at 20°C

The microstructure of the obtained coatings wasstigated using an optical microscope after
polishing the samples. It was found that the volwhéhe dielectric coating contains a large numdfer
pores of various sizes, unevenly distributed orstiréace of the samples (Figag The formation of pores
can be explained by the completed process of sabbm of organic solvents (terpeniol), which contai
coatings before heat treatment at temperature®@f.B00°C. As a result of the heat treatment, atakys
amorphous structure is obtained. The amorphoustateidue to its high brittleness will be wickedidg
polishing, as shown in Fig.I3
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Fig. 3. Microstructure of insulating coatings

It was found that the microstructure of the regesttoating consists of a large number of phases.
Dark areas on the microstructure indicate the measef crystal amorphous glass ceramics in thenvelu
of the resistive layer. The light areas are thdilgastructure consisting of two or more phaseg.(#).

The Vickers microhardness of the leading phasemeasured. The measurements were carried out
at loads of 0.0098...0.49 N. The value of the niiardness of the resistive layer varied in the range
77...345 HV. Such a large difference in the microhass values indicates that the resistive layerahas

Fig. 4. Microstructure of resistive coatings:- 80 Ohm at 20°C; b — 280 Ohm at 20°C

To establish the elemental composition of the oletdiinsulating and resistive coatings, X-ray
fluorescence analysis was carried out. It was fahatithe synthesized insulating materials createthe
basis of oxides BaO, ZnO and Si(Jable 1). The presence of oxides MgO, MhOuO was also found,
which are added to the coating structure for bettresion of coatings to the substrate and aativaif
crystallization processes during heat treatmené \éry crystalline structure of the coating prosida
appropriate level of electrical insulating propestiat high temperatures. It was found that theltregu
glass-ceramic coating belongs to Celsian ceramics.

X-ray fluorescence analysis of resistive coatingsned the presence of elements Ni and Cr in the
structure (Table 2). The glass-ceramic fractiorthef coating was not taken into account in the asly
Taking into account the fact that the spectrom&geR-01 “Elvax Light” does not make it possible to
assess the presence of boron in the material ibeaassumed that Ni and Cr form borides.
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Table 1
Chemical composition of the synthesized insulation coating obtained by X-ray fluorescence analysis
Atomic number of the oxide element Chemical compgbun Concentration, at. %
56 BaO 44.304 +0.113
14 SiO: 9.862 + 0.064
30 ZnO 9.148 + 0.037
12 MgO 3.949 £ 0.110
25 MnO; 3.295 + 0.042
29 CuO 1.558 £ 0.013
26 Fe0Os 0.789 + 0.017
Table 2
Elemental composition of the synthesized resistive coating obtained by X-ray fluorescence analysis
Atomic number of element Element Concentration%at.
28 Ni 92.4510 + 0.0481
24 Cr 7.2391 + 0.0485
26 Fe 0.3100 + 0.0174
12 Mg < 0.0001
13 Al < 0.0001
14 Si < 0.0001

To establish the temperature coefficient of remsistaof the obtained resistive materials, the
resistance of the tracks was measured in the tetyserrange of 25...300°C (Fig. 5). With an inceegs
temperature, the resistance of the tracks synth@sin the basis of pastes increases linearly [9].

It has been established that an increase in tregidnrof exposure during heat treatment of coatings
leads to a decrease in the resistivity of resistivatings. The specific resistance of the coatimitsr
exposure for 1.5 hours was 8...11% less in compamstimexposure for 1 hour.
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Fig. 5. Influence of temperature on resistance of regstiacksa — 80 Ohm at 20°C; b — 280 Ohm at 20°C

The linear dependence of the change in resistancéemperature allows you to calculate the
temperature coefficient of resistance of the residracks. It was found that the change in thacstire
and specific surface resistance of resistive pdsiepractically no effect on the temperature déciefit of
resistance of the synthesized resistive tracksORDD...0.00210 K). This allows the use of resistive
nickel-boron pastes in a wide range of specificstaaces.
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Conclusions

Dielectric and resistive coatings on a glass-cerdmaise with the addition of nickel borides were
synthesized on the surface of 12X17 steel. Théleiss of the dielectric coatings was 130...4%0 and
the thickness of the resistive track was 4080

It was found that the microstructure of the régstoating consists of a large number of phases.
The presence of crystal amorphous glass ceramitteimolume of the resistive layer is indicateddayk
areas on the microstructure. The light areas @&éetiding structure consisting of two or more phase

It has been established that an increase in tregidnrof exposure during heat treatment of coatings
leads to a decrease in the resistivity of resistivatings. The specific resistance of the coatimitsr
exposure for 1.5 hours was 8...11% less in compacigtimexposure for 1 hour.

To establish the temperature coefficient of resista of the obtained resistive materials,
measurements were carried out in the temperatagera5s...300°C. It has been established that csange
the structure and specific surface resistancesigtiee pastes have practically no effect on thepierature
coefficient of resistance of the synthesized rizsistracks. This allows the use of resistive nidieton
pastes in a wide range of specific resistances.
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