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The composition and technological parameters of manufacturing low-temperature elec-
troporcelain with complex of high electrophysical and mechanical properties have been
developed. With the use of differential thermal, X-ray phase, IR spectroscopic and elec-
tron microscopic methods of analysis, physicochemical regularities in the formation of
electrical porcelain at 1200°C have been established. It is shown that high dielectric and
mechanical characteristics of low-temperature porcelain (p;, = 4.1-10' Ohm-cm; E = (29—
30) kV-mm™; tg5-10% = 12.11; 6, = 31 MPa) are provided by activating the sintering with
the participation of a modified feldspar melt and intensive formation of the mullite phase
in the form of microfibers with a predominant size of ~ 0.007+8 um with the addition of
complex mineralizer additives (12 wt. % pyrophyllite and 0.3 wt.% titanium dioxide).

Keywords: low-temperature electrical porcelain, dielectric strength, electrical resis-
tance, mineralizer, phase formation, mullite.

PaspaGoTaHbl cOCTABLI MACC U TE€XHOJOTMUECKUE MapaMeTPhl YCKOPEHHOTO HU3KOTeMIIepa-
TYPHOTO 00;KUTa BHICOKOBOABTHHIX (hapdopoBhix msossaTopoB. C menonnzoBanuem auddepedn-
UAJbHO-TEPMUYECKOTO, peHTreHodasosoro, UK-crMeKTPOCKONMNYECKOTO U DJIeKTPOHHO-MUK-
POCKOIMMYECKOTO METOJOB aHA/IN3a YCTAHOBJIEHB (GU3UKO-XUMUYECKNe 3aKOHOMEPHOCTH (hop-
MupoBaHus sjaeKkTpodapdopa mnpu Temneparype 1200°C. IIokasaHo, UYTO BBICOKUE
AW2JIeKTPHUYECKNe 1 MeXaHW4YeCKHue XapaKTepuCTHKHU HHUSKoTeMIepaTyproro dapdopa (py =
4.1-10™ Om-en;  E,, = 29-80 xkB-mm 15 1g5-10% = 12.11; o,,,,, = 31 MIla) obecueunsanorcs
3a CYeT aKTUBAIUM CIIEKAHWUS MIPU YUACTUM MOAUMUIINPOBAHHOTO IMOJEBOIITATOBOTO PACILIA-
BA U WHTEHCUBHOTO 0GPA30BAHUS MYJJIUTOBON (Pasbl B BUAe MUKDPOBOJIOKOH C Tpeodsamaro-
uiuM pasmepom ~ 0,007+8 MKM Tpu BBeJeHWM [JTO0ABOK KOMIIIEKCHOTO MUHEPAJIU3aTOPa
(12 mace. % nupoduanura u 0,3 mace. % AUOKCULA TUTAHA).

dizuko-ximiuni 3akoHOMipHOCTI (POPMYBAHHA BHMCOKOBOJBTHOI'0 €JEKTPONOPHEAHY 3
Temnepatyporo cuikanag 1200°C. K.5.Bozdarnosa.

Pospobieno ckmagu mMac i TexHOJMOTIUHI mapaMeTpU MPHUCKOPEHOTO HU3LKOTEMIIEPATYPHO-
TO BUNAJY BUCOKOBOJBTHUX (apdopoBUx izonaaTopiB. 3 BUKOPUCTAHHAM AudepeHItifino-
TepMiuHOrO, peHTreHo(a30Boro, IY-creKTPocKOMiUyHOTO i eMeKTPOHHO-MiIKPOCKOIIYHOTO Me-
TOAIB aHaJi3y BcTaHOBJeHO (dismko-ximiuni 3arkonHoMipHocTi dhopmyBanusa emnextpodapdopy
sa temneparypu 1200°C. ITokasano, 1m0 BucOki mienexTpuuni i MexaHiuHi xapakTepucTUKN
Hu3bKOTeMIIepaTypHOTO Ghapdopy (O = 4.1-101% Om-cm; Enp =29-30 kB-mm!; tgd-103 =
12.11; Cpasp = 31 MIIa) 3abe3neyyOThCA MIIAXOM CHiKAHHA 3a yduacTi moaudixkoBaHoro mo-
JILOBOIIITIATOBOTO PO3IJAaBY Ta iHTEHCUBHOTO YTBOPEHHS MYJiTOBOI )asm y BUTIAAL MiKpPOBO-
JIOKOH 3 mepeBaKHUM poaMmipom ~ 0,007+8 MM mpy BBeAeHHI 700aBOK KOMILIEKCHOTO MiHe-
parnisaropa (12 mac. % nipodinity i 0,8 mac. % giokcumy Turamy).
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1. Introduction

Porcelain remains an irreplaceable insu-
lating material due to its high dielectric
properties, resistance to some aggressive
factors of the environment (sun radiation,
high wettity, chemical emissions of facto-
ries) and as a consequence, long term of
effective exploitation (more than 25 years).
Priority direction of the development of
electrical porcelain technology is the reduc-
tion of fuel costs and the expansion of the
raw material base of production, while
maintaining a high level of performance
properties of products.

The complex solution of the problem of
energy saving and in the production of por-
celain insulators is related to reducing of
duration and a decreasing of sintering tem-
perature using alternative raw materials.
Successful implementation of this direction
is possible under the condition of intensifi-
cation of the sintering and phase-formation
processes of porcelain during low-tempera-
ture firing (up to 1200°C), incl. methods of
chemical modification.

The purpose of this research is develop-
ing a composition of low-temperature elec-
trical porcelain and studying of the proc-
esses of structure formation and phase com-
position, as factors which determine the
functionality and reliability of porcelain in-
sulators during exploitation.

2. Experimental

The study used the following raw materi-
als: Vesco-Extra clay, kaolin, quartz sand,
feldspar material, dolomite, pyrophyllite
rocks (materials from Ukraine). Considering
the positive experience of the feldspar mate-
rials and pyrophyllites using [1-8] in porce-
lain technology, these raw materials were
used as a melting point and an activator of
the mullite phase formation under condi-
tions of low-temperature electrical porcelain
synthesis. As mineralizing additives, boron
oxide B,O3 — boric acid, Li,O — with lith-
ium carbonate, CuO, SnO,, TiOy — chemical
reagents of grade “pure” was additionally
introduced.

During experiments gamma-spectromet-
ric (CEG-001 "AKP-C"), differential-ther-
mal (NETZSCH STA 409 PC/PG), X-ray
phase (DRON-3M), infrared spectroscopic
Perkin Elmer Spectrum One) and electron
microscopic REMMA-101A) methods of
analysis were used. Dielectric and mechani-
cal properties of electrical porcelain samples
were determined in special laboratories of
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the High Voltage Research Institute (Slavy-
ansk, Ukraine); Higher School of Wismar
(Wismar, Germany); "Kharkiv Electronica”
(Kharkiv, Ukraine).

2. Results and discussion

The development of the low-temperature
porcelain masses was carried out using the
simplex-lattice planning method (Fig. 1).
The water absorption (as a characteristic of
the degree of sintering of ceramics), the
intensity of the main mullite reflex on the
X-ray patterns of porcelain samples (as a
criterion for completing the mullite forma-
tion process) and their general shrinkage
were chosen as optimization criteria. Analy-
sis of properties, which characterize the de-
gree of porcelain sintering, allowed to de-
termine the optimal ratio of raw compo-
nents (mass content, %): clay — 32, kaolin
— 8, feldspar — 383, quartz sand — 15,
pyrophyllite — 12, dolomite — 2 (over
100 %). This composition provides the
maximum level of sintering (water absorp-
tion W — 0.06 %) and minimal level of
shrinkage (L <14 %) at the firing tempera-
ture 1200°C. However due to insufficient of
mullite formation process, the obtained ma-
terial does not reach the level of mechanical
and electrophysical properties, required for
porcelain insulators (c 2 60 MPa,
Oyute 2 830 MPa, E > 25 kV-mm™! according
to GOST 20419-83).

For the intensification of mullite forma-
tion, the developed mass was modified by
adding mineralizing additives. The follow-
ing requirements were used, when choosing
mineralizers: efficiency of mineralizing
(from the standpoint of mullite formation),
lack of negative influence on electrophysical
properties and probability of high-tempera-
ture deformation of products during sinter-
ing, high dispersity, availability. During the
investigation, the effectivity of mineralizers
have been studied. According to [9-11]:

e TiO, — mullite formation in the form
of solid solutions;

¢ Li,O, B,O3 — decrease of the melt forma-
tion temperature and acceleration of recrystal-
lization of the mullite through the melt;

e CuO, SnO, — influence on reactivity
ability of the melt and coordination complex
of alumina ([AI]** — [AI]f*).

The influence mineralizing effect of the
additives was evaluated from the intensity
of reflections of crystal phases on the X-ray
patterns of samples (Table 1). As it can be
seen from presented data, the effect of min-
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Table. Dependence of intensity of reflexes quartz and mullite from mineralizing additions

Content of addi- Intensity of reflexes of crystal phases I, mm
tive, % .
3A1,04-25i0, Si0,
dgs = 0.3424 nm AL uite. % dgo = 0.4267 nm AL arisr o
Without additives 80+0.5 152+0.5 -
0.8 % B,04 85+0.5 +6.25 136+0.5 -10.53
0.3 % CuO 89+0.5 +11.25 14040.5 -7.89
0.3 % Li,0 87+0.5 +8.75 145+0.5 —4.61
0.3 % TiO, 9010.5 +12.50 150+0.5 -1.82
0.8 % SnO, 8810.5 +10.00 1810.5 —13.82

* mass content of additive, % (over 100 %)

(feldspar, quartz sand, dolomite)
' X, =10 %

X

Hﬂm Water absorption, %
(from 0.00 to 0.08)

(clay: kaolin)
X, =60 %

quartz sand = 15 %
dolomite =2 % (over100 %)

X,
(pyrophyllite)
X3 =40 %

m Intensivity of mullite

formation, rel.u.
(from 1.13 to 1.35)

E Total shrinkage, %
(from 11 to 14)

Fig. 1. Simplex-lattice planning method of the low-temperature porcelain masses.

eralizing additives consists not only in in-
creasing of the intensity of mullite reflexes
(+AI,,1ite)» Dut also in decreasing of quartz
reflexes intensivity (=Ag,4;), which indi-
rectly points to its dissolution. It has been
determined that TiO,, CuO and SnO, are
the most effective additives for accelerat-
ing the "ripening” of porcelain.

Additions of CuO and SnO, increase the
solubility of the quartz relicts but are less
effective from the aspect of enhancing por-
celain mullitization. The addition of TiO,
intensifies the mullite formation, practi-
cally does mnot promotes dissolution of
quartz in the melt, which in turn, along
with mullite, ensures the strength of the
product, and does not adversely affect the
characteristics of sintering of the mass,
such as CuO and Li,O, which shorten the
porcelain sintered state interval. On the
basis of the foregoing, as an optimum min-
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eralizing additive for the low-temperature
porcelain sintering, 0.8 mass. % of TiO,
(over 100 % on a dry substance) have been
added to the mass composition.

Studies of samples, which were obtained at
1200°C showed that the developed low-porce-
lain is characterized by complex of high elec-
tro-physical and physico-mechanical properties
that determine quality of high-voltage porce-
lain insulators, according to current GOST

20419-83: specific volume resistivity (f =
50 Hz); pyp= 4.1-104 Ohm-cm; electric
strength (at f = 50 Hz) E;, = 29-30 kV-mm~™

1. tangent of the dielectric loss angle (at f =
50 Hz) tgd-103 = 12.11; water absorption W
=0 %; bending strength oc,,, = 68 MPa;
tensile strength o©;,,, = 31 MPa; apparent
density Papparent = 2.86 g/cm3; linear coeffi-
thermal

cient of expansion Ogg_190°c =

825
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Fig. 2. IR-spectra of the low-temperature
porcelan sample 13.

4.9 degl, open porosity ¢ — no staining in
the fuchsine solution.

The results of X-ray diffraction analysis
of the material indicate that the crystalline
constituent of the developed material is
mainly represented by mullite (d/n = 0.540;
0.378; 0.3427; 0.3386; 0.287; 0.2696;
0.2546 nm) and residual quartz (d/n =
0.4266; 0.3343); cristobalite was not identi-
fied. Figure 2 shows an IR-spectrum of the
low-temperature porcelain sample. The pres-
ence of the mullite is indicated by bands at
1178 and 900 ecm !, which are characterized
by great diffusion, since groups AlIO, and
SiO, alternate disorderly. A strong doublet
band with maxima at 797 and 779 cm™! in-
dicates that the crystalline quartz is pre-
sented by o-form, since its other modifica-
tions give only one band in this region.

According to results of DTA (Fig. 3), the
process of formation of low-temperature elec-
trical porcelain is accompanied by two en-
dothermal effects (with maxima at 560°C and
880°C), which corresponds to the destruction
of kaolinite and pyrophyllite crystal lattice as
a result of the removal of chemically bounded
moisture, for which the mass loss was ~
2.5 % . The further insignificant increase in
mass (~ 0.5 %) can be explained by the for-
mation of the mullite phase which passes
from both components, such illustrated the
presence of two exothermic effects with max-
ima at 980°C and 1150°C. Thus, the presence
of two alumino-silicate materials in porcelain
composition, allows to intensify the formation
of mullite phase in the porcelain, under con-
ditions of low-temperature sintering.

The result of differential thermal and dila-
tometric analyses [12] formed the basis for
development of the sintering regime for low-
temperature electrical porcelain, which pro-
vides heating to 800°C with speed ~ 65—
67°C/h, heating with speed ~ —23°C/h in the
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Fig. 3. Results of thermogravimetric analysis
of low-temperature electrical porcelain.

temperature range 800-1000°C, with speed ~
40°C/h in the range 1000-1200°C, isothermal
exposure at 1200°C during two hours, rapid
temperature decrease to 1000°C with the speed
~115-117°C/h, in the range 1000—-700°C with
the speed ~ 30°C/h and at the section 700—
500°C — with the speed ~ 15°C/h.

As it known, the reliability of the insula-
tor during long-term operation is deter-
mined, first of all, by homogeneity of the
material structure. Studying of the mor-
phology of low-temperature was carried out
according to the petrographic and electron-
microscopic studies result. Characteristics
of the porcelain, which was obtained at
1200°C from the developed mass (sample
"NFT") and high-voltage porcelain of indus-
trial production (sample "VZF"), which was
sintered at high-temperature (1350°C), have
been analyzed.

Petrographic analysis of the factory-
made porcelain sample "VZF" showed that
its fragment is characterized by a rough
micro relievo and a large-block structure.
The most part of the mass of the material is
represented by an isotropic glass-mullite
components of light-brown color with aver-
age of light refraction N,~ 1.514+1.524.
Quartz (~ 23+25 %) is present as isometric
and elongated grains of irregular shape
with an average size 10+20 pm. The part of
grains reaches ~ 60 um. A thin border of
fusion with a width of up to 8 um is ob-
served around grains. Grains of residual
feldspar (~ 27+30 %) are noticeable. In
areas of feldspar grains mullite is formed in
the form of individual thin needles up to
10 um in size. Closed pores of round and
oval share (~ 8+12 %), which formed due to
degassing of the raw materials and releas-

Functional materials, 25, 4, 2018
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mullite crystals

a% ‘q

Fig. 4 Microstructure of the samples: (a-b) factory porcelain "VZF"; (c-d) low-temperature porcelain "NTF",

ing of the OH hydroxyl group during the
decomposition and sintering process of the
clay materials are observed. Pores with an
average size of 4+6 pm are distributed rela-
tively evenly and only occasionally form
chains and small clusters with a maximum
size of ~ 12 um. This indicated an insuffi-
cient degree of porcelain ripening.

The break of the sample of low-tempera-
ture porcelain "NFT" is characterized by
soft micro-relief, a small blockiness with a
thin interblock boundary. The structure is
characterized by greater homogeneity of the
glassmullite phase, without isolated sections
of feldspar glass and inclusions of large
quartz remnants. Main mass is represented
by colorless transparent isotropic glass mul-
lite aggregates (~ 75 %) with a refractive
index of Ny ~ 1.524+1.530.

The size of residual quartz grains does
not exceed 10 um. Around grains, edges of
reflow up to 2 um are marked up. Rem-
nants of feldspar are not distinguishable, on
their places in the field of feldspar glass,
mullite needles up to 2:(10+12) um in the
size are formed, that forms a felt-like
weave. The average size of single pores is
4+10 pm.

Results of studying of the structure of
porcelain samples using bitmapped electron
microscopy clearly reflects the features of
their structure. Microphotographs clear
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show crystalline and amorphous areas, that
correspond to mullite, quartz and glass
phase, which allows to estimate the ratio of
the material in crystalline and glass phase
and confirms quantitative data of pet-
rographical analysis. In fractographic pho-
tography of break of the sample "VZF", a
rough microrelief and a large-block struc-
ture are observed. To study the morphology
of the crystalline phase on the glassmullite
component of porcelain, the samples were
exposed to chemical etching in 10 % HF
solution. This allowed to determine that
mullite crystals, which were detected after
removal of the glass phase from the glass
mullite aggregate are represented by pris-
matic and acicular shapes (Fig. 4a) with a
size of 0.06x0.8 um?2 to 0.25x4.0 um. There
are isometric grains of quartz in the mate-
rial, the smallest of which exceed 2.5 um.
Fig. 4b illustrates the changes in quartz
crystals as a result of firing: the grain dur-
ing the transformation show cracks, along
which vitrification develops. In reaction
border, the initial stage of the formation of
cristobalite as a smallest nucleus is ob-
served.

Thus, the structure of the "VZF" sample
is characterized by presence of quartz
grains and residual of clay minerals, inter-
spersed with the main mass, consisting a
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glass phase, permeated by crystals of pri-
mary and secondary mullite.

The crystalline phase of the "NFT" sam-
ple is represented by mullite (~ 33 %), in
the form of long fiber-like erystals with av-
erage size ~ 0.007-8.0 um, forming clusters
in the form of dense felt. Needle-shaped
crystals of mullite germinate in pores (Fig.
4c¢), which also helps to strengthen the ma-
terial. Due to partial melting of quartz
grains in feldspar melt, their sizes do not
exceed 1.0x1.0 pum2. The picture shows mul-
lite, that join together small residual quartz
grains (~ 1 um), which helps to bound them
into the strength monolith (Fig. 4d). Quartz
crystals and long curved crystals of secondary
mullite evenly fill the glass phase and form
strong felt-like structure of the material. As
it can be seen from represented pictures of
microstructure in low temperature porcelain
there are no cristobalite neoplasms, which
agrees with XRD and DTA results.

Thus, it has been established that the
developed low-temperature electrical porce-
lain differs by more homogenous fine-
grained structure, that is represented by
glassmullite phase which has small isomet-
ric grains of quartz that are significantly
degenerated due to fusion. Despite a signifi-
cant reduction in a sintering temperature
(1200°C instead of 1350°C, that used in tech-
nology of electroporcelain), the presence of a
complex flux, consisting of feldspar and dolo-
mite, ensures a formation of significant
amount of highly active melt, which creates
favorable conditions for the dissolution of
quartz grains and the development of secon-
dary mullite in the presence of mineralizing
components (pyrophyllite and TiO,).

This ensures an even distribution of the
fine dispersed components of low-tempera-
ture porcelain, which explains the high elec-
trical strength of the resulting material.
The homogeneous structure of the developed
material, as well as the optimal phase com-
position (fiber-like mullite and glass phase
in proportion 1.3: 1.0) helps to create more
dense material and provides a high index of
flexural strength and tear resistance.
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4. Conclusions

As the result of carried experiments the
composition and technological parameters of
low-temperature electrical porcelain have
been developed. According to the results of
experiments in special laboratories, the low-
temperature materials, which was devel-
oped, suits the requirements of GOST
20419-83 for high voltage silica porcelain.
Peculiar qualities of the low-temperature for-
mation process (at 1200°C) have been devel-
oped, which are in active sintering of the
material with modified feldspar melt and in-
tensive mullite phase formation with complex
mineralization (12 wt. % pyrophyllite and
0.3 wt. % titanium dioxide). The composition
is recommended for developing of high-volt-
age insulators with voltage up to 10 kV.

References

1. I.V.Synyakovskaya, V.V.Zajkov, Pyrophyllite
Raw Materials of the Kul-Yurt-Tau Deposit,
Uro RAN, Ekaterinburg (2010).

2. V.S.Bakunov, A.R.Murzakova, R.U.Shajahme-
tov et al., Steklo i Keramika, 12, 23 (2011).

3. T.K.Mukhopadhyay, S.Ghatak, H.S.Maiti,
Ceram. Int., 35, 1493 (2009).

4. E.S.Abdrakhimova, V.Z.Abdrakhimov, Zh.
Neorgan. Khimii, 52, 345 (2007).

5. E.Y.Fedorenko, M.I.Ryshchenko, E.B.Daineko
et al., Glass Ceram., 70, 1 (2013).

6. O.E.Baluta, Ja.V.Cimbaljuk, in: Book Abstr.
Inter-branch Sci.-pract. Meet. on Development
of Ceramic Production, Kyiv, Ukraine (2007),
p-39.

7. M.I.Ryshchenko, E.Ju.Fedorenko, M.A.Chirk-
ina, Steklo i Keramika, 11, 26 (2009).

8. E.B.Daineko, A.M.Juminov, N.Ju.Glushhenko
et al., in: Book 20th Sci. Youth School on
Metallogeny of the Ancient and Modern
Oceans, Miass, Russia (2014), p.275.

9. G.N.Maslennikova, Ju.T.Platov,
Keramika, 2, 19 (1998).

10. V.I.Vereshhagin, Steklo i Keramika, 12, 6
(2002).

11. T.V.Vakalova, A.A.Reshetova, Ogneupory i
Tekhn. Keramika, 7—8, 74 (2009).

12. E.B.Daineko, E.Yu.Fedorenko, M.I.Ryshchenko,
Ekologiya i Promyishlennost’, 4, 78 (2016).

Steklo i

Functional materials, 25, 4, 2018



