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The study of heat and electrophysical properties in the system ‘stainless
steel—glass-ceramic coating’ is carried out. Insulating coatings based on the
glass-ceramic material of the PbO-Zn0O-B,0; system are synthesized on
stainless steel substrates. The temperature dependences of the dielectric loss
tangent and dielectric constant of the obtained functional coatings are inves-
tigated. The heat capacity, thermal diffusivity and thermal conductivity of
the coatings are investigated using a laser flash analysis. These properties
are then compared to ones of the substrates. By the method of differential
thermal analysis, the optimal modes of heat treatment of glass-ceramic coat-
ings are established. An optimal material with the best electrophysical prop-
erties is revealed. Possibilities of using dielectric coatings as functional lay-
ers for film heating elements are analysed.
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Mi «KOpPO3ifHOTPMBKA CTaJb—CKJIOKEpaMiuHe MOKPUTTSa». Ha mimkiaagkax is
KOPO3iHHOTPUBKOI CTAJIi CHHTE30BAHO i30JAIINHI IIOKPUTTSI HA OCHOBi CKJIO-
Kepamiunoro marepiany cucremu PbO-Zn0—-B,0;. Hocaizxeno TemnepaTypHi
3aJIEKHOCTI TaHTEHCY AieJIeKTPUYHUX BTPAT Ta AieJeKTPUYHOI ITPOHUKHOCTL
oJep:KaHUX (PYHKI[IOHAJIBHUX IMOKPUTTIB. MeTomoM ja3epHOTo crajaaxy moc-
JiIKeHO TeMJIOEMHICTh, TeMIePaTyPOIIPOBiIHICTH Ta TENJIOMIPOBiAHiCTL 0Zep-
KaHUX IIOKPUTTIB IMOPiBHAHO i3 aHAJOTIiYHMMHU BJIACTUBOCTSAMHU IIiTKJIAIOK.
MeTtogom mudepeHITiAHOrO0 TePMIiUYHOTO aHAJNi3y BCTAHOBJIEHO ONTUMAJbLHI pe-
JKUMHU TepMiuHoi 00pOoOKY CKJIOKepaMiuHMX MOKPUTTIiB. BusHaueHo onmTtuma-
JBPHUU MaTepian 3 HaWKpaummmu ejieKTpodismuyHmMU BjaacTuBocTAMU IIpo-
aHAJIi30BaHO MOKJIMBOCTI BUKOPUCTAHHSA JieJIeKTPUUYHUX ITOKPUTTIB AK (PYH-
KI[IOHAJIbHUX IIAaPiB JId IIJIIBKOBUX HATPiBHUX €JIeMeHTiB.

KarouoBi cioBa: ckJIoKepamMiunmit maTepia, i30admiiiHi moKpuTTsa, Temmaodpi-
3WYHI BJIACTUBOCTI, IIJIIBKOBUH HArPiBHUY €JI€MEHT.
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1.INTRODUCTION

Coatings and materials that contain metal oxides are widely used in
various fields of science and technology [1-3], foundry [4—6], tools [7,
8], and medicine [9—11]. Metal oxides [12—-14] and nanooxides [15] are
introduced into their composition to improve the performance proper-
ties of functional coatings. Oxides are also introduced into the compo-
sition of electrode materials for surfacing coatings [16, 17]. Layered
coatings with oxide layers allow to rationally combining the properties
of these layers and the base, and are characterized by high wear re-
sistance and corrosion resistance [18—20]. Such coatings are used in
light filter designs [21], as well as for simultaneous protection of steel
from wear and corrosion [22—-24].

Works [22—24] studied the stress-strain state of layered oxide coat-
ings under different load orientations, as well as with defects [25]. Re-
searchers [26—28] studied heat transfer and heat transporting in lay-
ered materials and coatings for their rational design. The theoretical
approaches proposed in [29—31] can also be applied to modelling and
development of oxide systems.

Requirements for protective functional dielectric coatings depend
on their operating conditions. Therefore, the coating should be chosen
depending on the type of operating environment, the quality of a stain-
less steel surface, and the properties of the substrate material.

When forming an insulating layer, it is important to ensure that it
is securely bonded to the substrate, as a failure of the continuity will
reduce its operational reliability. This applies to dielectric coatings for
film heating elements (FHEs) made using the technology of thick
films, which operate continuously at elevated temperatures (150—
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350°C). Such coatings shall not exfoliate from the substrate upon mul-
tiple heating from room to operating temperature. That is why the pa-
rameters of the thermophysical properties of functional coatings
should be as close as possible to the properties of the substrate. During
long-term operation, no phase transformations should occur in their
structure, which would cause a change in the dielectric properties.
Such coatings should be highly resistant to corrosive environments,
and the structural and geometrical parameters of the surface microge-
ometry should be such as to provide a high-quality application of the
resistive layer [32, 33].

Therefore, the study of heat and electrophysical properties in the
system ‘stainless steel—glass-ceramic coating’ has been carried out.
Temperature dependences of the dielectric loss tangent, dielectric
permittivity and specific resistance of dielectric coatings based on the
PbO-Zn0—-B,0, glass-ceramic system doped with Al,O;, SiO,, and BaO
oxides applied to AISI 420 stainless steel substrates are investigated.

2. MATERIALS AND RESEARCH METHODS

To prepare coatings based on the PbO-Zn0O—-B,0; glass-ceramic system,
mixtures of powders, the compositions of which are shown in Table 1,
are used. Each mixture is poured into an allundial crucible and melted
at 1180°C. After holding at this temperature for 60 min, the melt is
rapidly cooled to form an amorphous structure and prevent crystalli-
zation. The dried granules are ground and sieved to obtain powder
fractions with a granule size of not more than 56 um.

A dielectric paste is prepared by adding 25-35% butyl acetate and
2—3% nitrocellulose lacquer to the powder mixture. The slurry is
stirred for 2—3 hours in a vertical mill to form the appropriate molecu-
lar bonds between the particles. The resulting mixture is applied to a
prepared sample surface of AISI 420 steel and dried at 70°C. For all
specimens, the standard heat treatment [34] is performed with a two-
step annealing at 380 and 440°C, with exposure at these temperatures
for 45 min. The thermal treatment of the coatings is performed with-
out a protective atmosphere to activate the formation of oxides.

TABLE 1. Chemical compositions of powders for the synthesis of the PbO—
Zn0-B,0, glass-ceramic system based coatings.

Chemical composition, % wt.
Marking -
PbO ZnO B,0, Sio, Al, 0,4 BaO
SC100-1 75.5 12.0 8.4 2.1 2.0 -
SC90-1 75.3 11.6 8.5 2.1 0.8 1.7
SC 88 75.1 11.2 9.4 1.9 - 1.9
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The specific heat capacity, thermal conductivity and thermal diffu-
sivity studies of the functional coatings with respect to the substrates
are performed by the method of laser flash analysis in the temperature
range from 0 to 500°C using Netzsch LFA-427 apparatus [33]. To im-
prove the homogeneity of the crystal structure of the coating, the heat
treatment modes are optimized using differential thermal analysis
(DTA) of the initial powder mixtures.

The electrophysical properties of the formed insulating layers are
evaluated by measuring the temperature dependences of the resistivity
and dielectric characteristics in the ‘heating-cooling’ mode of the sam-
ples in a furnace at a rate of 4 = 1°C/min in the temperature range of
20-300°C.

3. RESULTS AND DISCUSSION

For the synthesis of functional insulating coatings, the glass-ceramic
materials of the PbO—Zn0O—-B,0, system are doped with BaO, Al,O,, and
Si0, compounds. These materials have high insulating properties when
choosing the right technological process of application to the substrate
[85—37]. The dielectric strength of such coatings is (8—23)-10° V/m,
which satisfies the technological requirements for the production of
dielectric layers of an FHE.

As substrates for insulating coatings, materials with minimal ther-
mal expansion (AISI 420 steel, etc.) or high heat transfer rates, which
will have no phase transformations in the operating temperature range
of the heating element, are selected.

Functional coatings based on the PbO-Zn0O—-B,0, glass-ceramic sys-
tem are applied to the AISI 420 steel surface using a thick film tech-
nology. As this oxide system relates to fusible glass-ceramic cements,
there are doubts about its use as an insulating coating for an FHE,
which is operated at elevated temperatures. Glass-ceramic cements are
devoid of the disadvantages of conventional amorphous glass materi-
als. After spreading on the surface and crystallization, they form a sol-
id crystalline structure typical of the sital.

As a result, their resistance to high temperatures increases sharply,
because the viscosity of the original glass material is no longer respon-
sible for this property, but the liquidus temperature of the crystalline
material is responsible for it. The dilatometric softening temperature
of SC 90-1 sealant in the amorphous state is 330°C, and in the crystal-
line state it is 480—500°C [34].

Doping the PbO-Zn0O-B,0; glass-ceramic system with Al,O; and
Si0, oxides reduces the ability to crystallize but at the same time in-
creases the moisture resistance of the coatings. BaO oxide is intro-
duced to improve the adhesive properties of the substrate with the
coating [37].
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As a result of the differential thermal analysis (DTA), the tempera-
ture dependences of the heat flux of the initial powders for the synthe-
sis of glass-ceramic coatings SC 90-1, SC 100-1, SC 88, and SC 90 are
obtained. It is found that the process of glass formation is accompanied
by a small and short-term endothermic effect. Due to the crystalliza-
tion of the glass material, a significant release of thermal energy is ob-
served on the heat flux diagrams. The heat treatment temperatures are
determined depending on the slope angle of the thermal effect curve
(Fig. 1), which indicated the phase transformations in the coatings due
to the release or absorption of thermal energy (AH).

The heat treatment process started with heating from room temper-
ature. For each of the grades of sealant powders, the temperature of
the beginning of the glass softening process and the temperature of the
onset of crystal growth (crystallization) are determined, which are
shown in Table 2. To make the coating structure homogeneous, the
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Fig. 1. Diagrams of changing the heat flux in coatings based on glass-ceramic
materials of grades SC 90-1 (a), SC 100-1 (b), and SC 88 (c¢).
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TABLE 2. Heat treatment modes for the coatings based on the PbO-Zn0O-B,0,
glass-ceramic system.

Heat treatment mode
Marking | The tempera- | 00 S SEHE, irhe orystallizad ¢1o 58 AL 00
ture of glass lass formation tion tempera- temperature
formation ¢,, °C g . ture t,, °C p .
Ty — Ty, Min Ty — Ty, Min

SC 100-1 378 45 492.3 60
SC 90-1 367 45 477.7 60

SC 88 370 20 476.7 45

glass formation temperature is raised by 15—20°C. The duration of iso-
thermal holding and the rates of heating and cooling are set experi-
mentally.

Dilatometric measurements showed that the softening temperature
of glass-ceramic materials based on the powders of SC 90-1, SC 100-1,
SC 88, and SC 90 grades in the amorphous state is approximately
330°C, while in the crystalline one it is 470—500°C. This allows obtain-
ing on the surface of these coatings a resistive layer for an FHE whose
synthesis temperature will not exceed the liquidus temperature (550—
590°C) of the crystallized coating material.

To compare the thermokinetic properties of the obtained dielectric
layers and substrates, their thermal diffusivity and thermal conductivi-
ty are studied in the temperature range 0—500°C. Formed coatings based
on glass-ceramic materials of grades SC 90-1, SC 100-1, and SC 88 have
a high affinity of values of specific thermal conductivity and thermal
diffusivity with the substrate, which will ensure the stability of heat
transfer from the resistive coating to the substrate of an FHE [33].

Dielectric losses are known to cause dielectrics to heat up, which can
lead to accelerated aging or thermal breakdown, especially if the die-
lectric losses are related to electrical conductivity [38]. Thus, when se-
lecting a material during the design of an FHE, it is necessary to esti-
mate the dielectric losses that may occur under these specific operating
conditions. Besides, the dielectric loss is an indicator of the change in
the microstructure of the dielectric.

In all materials in the studied frequency range (10°-10° Hz), the
tangent of the dielectric loss angle tgd decreases according to the hy-
perbolic law in the range from 0.35 to 0.0001 (Fig. 2). Besides, at low
frequencies in the temperature range of 20—300°C, there is a tendency
for the formation of maxima and minima in values of tgd with increas-
ing temperature, which indicates the presence of a mechanism of re-
laxation polarization of the dielectric due to the change in the polarity
of current carriers at the boundaries of structural defects (pores). The
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increase in the intensity of relaxation processes in coatings based on
powder SC 88 indicates an increase in the number of charged particles
at the interface between the main coating material and structural de-
fects. This factor indirectly indicates the increase in the volume frac-
tion of pores in the structure of the synthesized coatings. The increase
in the number of defects in coatings based on powder SC 88 can be ex-
plained by the decrease in the temperature interval between the begin-
ning of the glass formation process (¢;) and the crystallization process
(t,) due to the absence of refractory Al,O; oxide in their compositions.
It is found that the coating material based on SC 90-1 powder, which
is doped simultaneously with the oxides of barium (1.7%), silicon
(2.1%), and aluminium (0.8% ), does not create relaxation processes at
low frequencies and temperatures of 25—250°C. This indicates a mini-
mal number of structural defects (pores, dendritic liquations) in the
volume of the synthesized coating. This is substantiated by quantita-
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Fig. 2. Temperature dependences of the dielectric loss tangent of coatings based
on glass-ceramic materials of grades SC 100-1 (a), SC 90-1 (b), and SC 88 (¢).
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tive microstructural analysis of coatings [32]. It should be noted that
the values of the dielectric permittivity of the synthesized coatings de-
crease with increasing frequency range (10°-10° Hz) (Fig. 3).

The decrease in the dielectric permittivity, in this case, is caused by
electronic or ionic thermal polarization, whose dielectric contribution
is usually quite small (1073-10%). The increase of the dielectric permit-
tivity in the temperature range of 20—300°C is caused by rapid polari-
zation processes and practically independent of frequency. Instead, the
dielectric loss tangent (tgd) and the dielectric loss coefficient decrease
with increasing frequency.

The absence of extrema on the curve of changing the dielectric per-
mittivity of the coating based on the powder of SC 90-1 grade indicates
the absence of any microstructural changes in the studied temperature
range, which will ensure the stable operation of the dielectric.

To evaluate the efficiency of dielectric coatings at high tempera-
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Fig. 3. Temperature dependences of the dielectric permittivity of coatings based
on glass-ceramic materials of grades SC 100-1 (a), SC 90-1 (b), and SC 88 (¢).
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tures, the dielectric loss coefficient &” = €'tgd is calculated. With in-
creasing temperature, in coatings based on glass-ceramic materials of
grades SC 90-1, SC 100-1 and SC 88, there is an overall tendency of in-
creasing the dielectric loss coefficient over the whole temperature
range of 20—300°C. The temperature dependences of tgd and the die-
lectric loss coefficient increase exponentially with the temperature in-
crease since the conductivity also changes according to this law. The
electrical conductivity makes a significant contribution to changing
the dielectric loss of synthesized coatings at high temperatures and
low frequencies. Due to the absence of relaxation processes in the coat-
ings based on SC 90-1 powder, the synthesized coatings will have a
slight scattering of the dielectric loss values, which will increase the
stability of the insulator during its operation.

Like electric polarization, the charge transfer in the dielectric oc-
curs mainly under the influence of the electric field, but only a small
fraction of free electric charges contribute to the conductivity charac-
teristic of the dielectric, whereas polarization is the displacement in
the electric field of all related dielectric charges. However, in an alter-
nating electric field, these processes are almost indistinguishable.

Thus, it is found that the values of the specific resistance of coatings
based on glass-ceramic materials of grades SC 90-1, SC 100-1, and SC
88 decrease with increasing temperature in the range of 20-300°C.
Moreover, at room temperature the specific resistance of all coatings
varies within 5:10'°-5.10'! Q-m, whereas at temperatures 150—200°C it
is 5:10%-1-10'° Q-m. Changing the slope angles of linear dependences of
the change of the specific resistance at low and high temperatures in-
dicates a change in the nature of the electrical conductivity [38, 39].

Given that the average operating temperature of an FHE is 160—
190°C, it can be argued that insignificant dielectric losses and a de-
crease in the specific resistance of the synthesized dielectric coatings
will not significantly affect the reliability and safety of the heating
device as a whole.

4. CONCLUSIONS

The glass-ceramic coatings of the PbO-Zn0O-B,0; system on the sur-
face of AISI 420 steel have been synthesized. The thermal and electro-
physical properties of the obtained dielectric coatings after doping
with Al,O;, SiO,, and BaO oxides are investigated. It is shown that the
PbO-Zn0-B,0, glass-ceramic coatings doped simultaneously with the
oxides of 2.1% wt. SiO,, 0.9% wt. Al,O,, and 2.1% wt. BaO have an
optimal complex of electrophysical properties, which will allow their
use as insulating material in electronics and electrical engineering at
operating temperatures up to 250°C.
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